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METAL OXIDE THIN FILM, ORGANIC

ELECTROLUMINESCENCE ELEMENT

INCLUDING THE THIN FILM, SOLAR

CELL, AND THIN FILM FABRICATION
METHOD

CROSS-REFERENCE TO RELATED
APPLICATION

The present application 1s divisional of U.S. non-provi-
sional application Ser. No. 14/567,04°7. application Ser. No.
14/567,04°7 1s a continuation application filed under 35
U.S.C. 111(a) claiming benefit under 35 U.S.C. 120 and

3635(c) of PCT International Application No. PCT/IP2013/
066850 filed on Jun. 19, 2013 and designating the U.S.,

which claims priority to Japanese Patent Application No.
2012-139197 filed on Jun. 20, 2012, Japanese Patent Appli-

cation No. 2012-151848 filed on. Jul. 5, 2012, Japanese
Patent Application No. 2013-037851 filed on Feb. 27, 2013,
Japanese Patent Application No. 2013-071154 filed on Mar.
29, 2013, and Japanese Patent Application No. 2013-071163
filed on Mar. 29, 2013. The entire contents of the foregoing
applications are incorporated herein by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a C12A7 electride thin
f1lm fabrication method and a C12A7 electride thin film.

2. Description of the Related Art

Crystalline C12A7 has a representative composition
expressed as 12Ca0O-7Al,0 (hereinafter referred to as
“C12A’7”) and has a characteristic crystal structure including
voids (cages) with diameters of about 0.4 nm that are linked
three-dimensionally. The lattice framework forming the
cages 1s positively charged and forms 12 cages per unit cell.
One-sixth () of the cages are occupied by oxygen 1ons 1n
order to satisty an electrically neutral condition of the
crystal. These oxygen 1ons are particularly referred to as free
oxygen 1ons because they have properties chemically dii-
ferent from those of the other oxygen 10ns constituting the
framework. Crystalline C12A7 1s also denoted as
[Ca, Al O.]"*"20° (see F. M. Lea and C. H. Desch, The
Chemistry of Cement and Concrete, 2nd ed., p. 32, Edward
Arnold & Co., London, 1956).

Also, 125rO-7A1,0, (hereinafter referred to as “S12A77)
1s known as an 1somorphic compound of crystalline C12A7
and a mixed crystal compound of CI12A7 and S12A7
containing Ca and Sr at a given mix ratio 1s also known (see
O. Yamaguchi, A. Narai, K. Shimizu, J. Am. Ceram. Soc.
1986, 69, C36).

The inventors of the present invention, Hosono et al., have
discovered that by subjecting crystalline C12A7 powder or
a sintered body thereof to a heating process 1mn a H, atmo-
sphere to cause the cages to contain H-10ons and subsequently
irradiating ultraviolet light thereon, the crystalline C12A7
powder or the sintered body may be arranged to contain
clectrons in the cages and be able to exhibit permanent
conductive properties at room temperature (see WO 2005/
000741). The electrons contained are loosely bound to the
cages and can move Ireely in the crystals, and as such,
crystalline C12A7 exhibits conductive properties.

Crystalline C12A7 having such conductive properties 1s
referred to as a crystalline C12A7 electride. Because crys-
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talline C12A7 electrides have a very low work function of
about 2.4 eV, advantageous eflects can be expected by
applying crystalline C12A77 electrides to electron 1njection
clectrodes of organic EL (electroluminescence) elements
and cold electron emission sources, or reducing agents used
in chemical reactions, for example.

Generally, a crystalline C12A7 bulk 1s fabricated by
performing a sintering process on crystalline C12A7 elec-
tride powder under a high-temperature reducing atmosphere
(Patent Document 1). For example, the temperature of the
sintering process may be about 1200° C.

Although the above conventional method may be efiec-
tive for fabricating the crystalline C12A7 in bulk, the
method 1s not suitable for fabricating a crystalline C12A7
clectride thin film.

That 1s, 1n the case of fabricating a crystalline C12A7
clectride thin film using a conventional method requiring a
high temperature of about 1200° C., for example, materials
that may be used as the substrate of the thin film may be
limited to heat resistant materials. As a result, the combi-
nation of the types of materials that may be used for the thin
film and the substrate may be very limited.

For example, a glass substrate 1s often used as a versatile
substrate for various types of electrical devices and ele-
ments. However, the temperature limit for a glass substrate
1s about 700° C. at most. Accordingly, it would be diflicult
to form a crystalline C12A7 electride thin film on a glass
substrate using a conventional fabrication method owing to
the temperature limit of the glass substrate.

In light of the above, there 1s a growing demand for a
technique for fabricating a C12A7 electride thin film under
a low processing temperature to avoid or alleviate the
above-described shortcomings.

SUMMARY OF THE INVENTION

The present invention has been conceived in view of the
foregoing problems associated with the prior art, and 1t 1s an
object of the present invention to provide a technique for
fabricating a C12A7 electride thin film under a relatively
low processing temperature.

According to one embodiment of the present invention, a
C12A7 electride thin film fabrication method 1s provided
that includes a step of forming an amorphous C12A7
clectride thin film on a substrate by vapor deposition under
an atmosphere with an oxygen partial pressure of less than
0.1 Pa using a target made of a crystalline C12A7 electride
having an electron density within a range of 2.0x10"'® cm™
to 2.3x10,, cm™.

According to another embodiment of the present inven-
tion, a C12A’77 electride thin film 1s provided that 1s charac-
terized by having an electron density within a range greater
than or equal to 2.0x10'® ¢cm™ and less than or equal to
2.3x10> cm™; exhibiting light absorption at a photon
energy position of 4.6 eV; and being amorphous.

According to another embodiment of the present inven-
tion, a fabrication method 1s provided that includes a step of
forming an amorphous thin film by vapor deposition under
an atmosphere with an oxygen partial pressure of less than
0.1 Pa using a target made of a crystalline C12A7 electride
having an electron density within a range of 2.0x10'® cm™
to 2.3x10%' cm™.

According to another embodiment of the present inven-
tion, an amorphous thin film 1s provided that i1s fabricated
using a target made of a crystalline C12A7 electride and
includes an electride of an amorphous solid material includ-
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ing calcium, aluminum, and oxygen, wherein the Al/Ca
molar ratio 1s within a range of 0.5 to 4.7.

BRIEF DESCRIPTION OF THE

DRAWINGS

FIG. 1 schematically illustrates a structure of an amor-

phous C12A77 electride;

FIG. 2 1s a flowchart schematically 1llustrating a process
flow of a C12A7 electride thin film fabrication method
according to an embodiment of the present invention;

FIG. 3 1s a graph 1illustrating X-ray difiraction measure-
ment results of Sample 5;

FIG. 4 1s a graph illustrating internal transmittance mea-
surement results of Samples 1-3;

FIG. 5 15 a graph 1llustrating the absorption coeflicient of
Sample 3 and the absorption coeflicient of Sample 3 that has
been subject to a heating process;

FIG. 6 1s a graph illustrating a Tauc plot for Sample 5;

FIG. 7 1s a graph illustrating internal transmittance mea-
surement results of Sample 6 together with the internal
transmittance measurement results of Sample 2;

FIG. 8 1s a graph 1llustrating the work function of Sample
7 measured by ultraviolet photoelectron spectroscopy:;

FIG. 9 1s a graph 1llustrating the absorption coeflicient of
an amorphous thin film formed by vapor deposition under a
low-oxygen-partial-pressure atmosphere using a target made
of a crystalline C12A7 electride;

FIG. 10 1s a graph illustrating a ultraviolet photoelectron
spectroscopy measurement of Kinetic energy spectra of
photoelectrons 1n the amorphous thin film formed by vapor
deposition under a low-oxygen-partial-pressure atmosphere
using the target made of a crystalline C12A7 electride;

FI1G. 11 1s a graph illustrating the absorption coetlicient of
another amorphous thin film formed by vapor deposition
under a low-oxygen-partial-pressure atmosphere using a
target made of a crystalline C12A7 electride;

FIG. 12 1s a cross-sectional STEM 1mage of the amor-
phous thin film formed by vapor deposition under a low-
oxygen-partial-pressure atmosphere using a target of a crys-
talline C12A7 electride;

FIG. 13 schematically illustrates a configuration of an
organic EL element fabricated according to an embodiment
of the present invention;

FIG. 14 1s a graph illustrating light emission evaluation
test results of organic EL elements 404 and 4035; and

FIG. 15 1s a graph illustrating light emission evaluation
test results of organic EL elements 406 and 407.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

First, definitions of terms used 1n the present description
are given below.
(Crystalline C12A7)

In the present description, “crystalline C12A7” refers to
12Ca0-7Al,0, crystals and 1somorphic compounds having
a crystal structure similar to the C127 A crystal structure. The
mineral name of this compound 1s “mayenite”.

Crystalline C127A may include compounds in which a
part or all of Ca atoms and/or Al atoms 1n the C12A77 crystal
framework are replaced by other atoms to the extent that the
framework of the C12A7 crystal lattice and the cage struc-
ture formed by the framework are retained. Crystalline
C127A may also include isomorphic compounds in which a
part or all of free oxygen 10ns 1n cages are replaced by other
anions to the extent that the framework of the C12A’7 crystal
lattice and the cage structure formed by the framework are
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retained. Note that CI2A7 may be represented as
Ca,,Al, ,0O,, or Ca,,Al,,O,. 1n some cases.

Although not limited thereto, 1somorphic compounds may
include the following compounds (1)-(35), for example.

(1) Isomorphic compounds 1n which a part or all of Ca
atoms 1n the crystal are replaced by at least one type of
metal atoms selected from a group consisting of Sr, Mg,
and Ba. For example, a compound having a part or all
of Ca atoms replaced by Sr includes strontium alumi-
nate (Sr,,Al,,0;;), and a mixed crystal including Ca
and Sr at an arbitrary mix ratio includes calcium
strontium aluminate (Ca,,_ Sr, Al,,O;,, where X 1s an
integer within the range from 1 to 11, or a number
greater than O and less than 12 1n the case where X
represents a mean value).

(2) 1somorphic compounds 1n which a part or all of Al
atoms 1n the crystal are replaced by at least one type of
atom selected from a group consisting of S1, Ge, Ga, In,
and B. Ca,,Al, 51,0, 1s an example of such a com-
pound.

(3) 1somorphic compounds 1n which a part of metal atoms
and/or non-metal atoms (except for oxygen atoms) 1n
the 12Ca0-7Al1,0, crystal (including the above com-
pounds (1) and (2)) are replaced by at least one type of
transition metal atoms selected from a group consisting

of T1, V, Cr, Mn, Fe, Co, N1, and Cu; at least one type
of alkali metal atoms selected from a group consisting,
of typical metal atoms, L1, Na, and K; or at least one
type of rare earth atoms selected from a group consist-
ing of Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, and
Ybh.
(4) Compounds 1n which a part or all of free oxygen 1ons
contained 1n the cages are replaced by other anions.
Examples of other amons include, for example, H™,
H,”, H*~, 07, O, OH", F~, CI", $*~ and nitrogen (N)
anions,

(5) Compounds 1n which a part of the oxygen 1n the cage

framework 1s replaced by nitrogen (N) and the like.
(Crystalline C12A77 Electride)

In the present descriptions, “crystalline C12A7 electride”
refers to compounds in which a part or all of the free oxygen
ions contained 1n the cages (and other anions in the case
where other anions are contained in the cages) of the
crystalline C12A7 are replaced by electrons.

The electrons contained in the cages of the crystalline
C12A7 electride are loosely bound to the cages and can
move Ireely in the crystals. Thus, crystalline C12A7 elec-
trides exhibit conductive properties. Note that a crystalline
C12A7 compound having all of 1ts free oxygen 10ns replaced
by electrons may be expressed as [Ca, Al .O.,]** (4¢7) in
sOme cases.

(Amorphous C12A7 Electride)

In the present description, “amorphous C12A7 electride”
refers to an amorphous solid material made of a solvation of
amorphous C12A’7 as the solvent and electrons as the solute
and having the same composition as the crystalline C12A7
clectride.

FIG. 1 schematically illustrates the structure of an amor-
phous C12A7 electrnide.

Generally, 1n the crystalline C12A7 electride, cages share
walls to form a three-dimensional crystal lattice structure,
and electrons are contained 1n some of the cages. On the
other hand, as illustrated 1n FIG. 1, the amorphous C12A7
clectride has characteristic partial structures called bipolaron
5 dispersed within a solvent 2 made of amorphous C12A7.
The bipolaron 5 includes two adjoining cages 3 with each
cage 3 containing an electron (solute) 4. Note, however, that
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the structure and state of the amorphous C12A7 electride 1s
not limited to the above-described example. In other

examples, each cage 3 may be arranged to contain two
clectrons (solute) 4.

Also, a plurality of the cages may be agglomerated 1n
which case the agglomerated cages may be regarded as a
microcrystal. Thus, the amorphous C12A7 of the present
invention may include C12A7 with amorphous structures
including microcrystals.

The amorphous C12A7 electride has semiconductor-like
clectrical properties and has a low work function. The work
function of the amorphous C12A7 electride may be within
a range of 2.4 eV to 4.5 eV, or arange of 3 eV to 4 &V, for
example. The work function of the amorphous C12A7
clectride 1s preferably within a range of 2.8 ¢V to 3.2 eV.
Also, the amorphous C12A"7 electride has high 1omization
potential. The 1omization potential of the amorphous C12A7
clectride may be within arange of 7.0 €V to 9.0 eV, or within
a range of 7.5 eV to 8.5 eV, for example.

The bipolaron 5 hardly shows light absorption at the
visible light range with a photon energy range of 1.55 eV to
3.10 eV, but shows light absorption at around 4.6 eV. Thus,
an amorphous C12A7 electride thin film 1s transparent with
respect to visible light. Also, a sample may be tested to
determine whether 1t contains bipolaron 3, namely, whether
the sample includes an amorphous C12A7 electride, by
measuring the light absorption characteristics of the sample
and measuring its light absorption coeflicient at around. 4.6
eV.

Also, the two adjoining cages 3 forming the bipolaron 5
are Raman active and may show a characteristic peak around
186 cm™" upon being measured by Raman spectroscopy.
(C12A7 Electride)

In the present description, “C12A7 electride” includes
both crystalline C12A7 electride and amorphous C12A7
clectrifies described above.

Note that the crystalline C12A7 electride includes Ca
atoms, Al atoms, and O atoms, wherein the Ca: Al molar
ratio 1s within a range of 13:13 to 11:15. The Ca:Al molar
ratio of the crystalline C12A7 electride 1s preferably within
arange of 12.5:13.5to 11.5:14.5, and more preferably within
a range of 12.2:13.8 to 11.8:14.2.

The amorphous C12A7 electride includes Ca atoms, Al
atoms, and O atoms, wherein the Ca: Al molar ratio 1s within
a range of 13:12 to 11:16. The Ca:Al molar ratio of the
amorphous C12A7 electride 1s preferably within a range of
13:13 to 11:15, and more preferably within a range of
12.5:13.5 to 11.5:14.5. Further, as described below, an
amorphous C12A’7 electride thin film 1s preferably arranged
such that 67%, more preterably 80%, and more preferably
95%, of the Ca, Al, and O included therein are within the
above composition ranges.

Embodiment of Present Invention

According to one embodiment of the present invention, a
C12A7 electride thin film fabrication method 1s provided
that includes:

(a) a step of preparing a target made or a crystalline
C12A7 electride having an electron density of 2.0x10"®
to 2.3x10°! cm™; and

(b) a step of forming an amorphous C12A7 electride thin
film on a substrate by vapor deposition under an
atmosphere with an oxygen partial pressure of less than
0.1 Pa using the above target.

As described above, the conventional C12A7 electride
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C12A7 electride 1 bulk and includes a high-temperature
heating process at a processing temperature of at least 1200°
C., for example. Thus, such a fabrication method 1s not
suited for fabricating a C12 A7 electride thin film on a
substrate.

Note, 1n particular, that when implementing the conven-
tional fabrication method, 1t 1s diflicult to use a non-heat-
resistant material as the substrate. Therefore, the material of
the substrate 1s very limited.

In the thin film fabrication method according to the
present embodiment, an amorphous C12A"7 electride thin
film 1s formed by vapor deposition under a controlled
oxygen partial pressure using the crystalline C12A7 elec-
tride target.

In the {fabrication method according to the present
embodiment, a heating process at a high temperature of at
least 1200° C., for example, does not have to be performed.
That 1s, according to an aspect of the present embodiment,
an amorphous C12A7 electride thin film may be fabricated
under a comparatively low processing temperature. In this
way, the constraints in view of heat resistance requirements
of the substrate material may be relaxed such that the
amorphous C12A7 electride thin film may be formed on a
wider variety of substrates.

(Fabrication Method of Present Invention)

In the following, a C12A7 electride thin film fabrication
method according to an embodiment of the present invention
1s described with reference to the accompanying drawings.

FIG. 2 schematically illustrates a process tlow of the
C12A7 electride thin film fabrication method according to
the present embodiment.

As 1llustrated 1n FIG. 2, the fabrication method according
to the present embodiment includes:

a step ol preparing a target made of a crystalline C12A7
electride having an electron density of 2.0x10'° cm™ to
2.3x10°" cm™(S110); and

a step of forming a film on a substrate by vapor deposition
under an atmosphere with an oxygen partial pressure of
less than 0.1 Pa using the above target (S120).

The above steps are described 1n greater detail below.

(Step S110)

First, a target for film formation to be used 1n a subsequent
step 1S prepared
The target 1s made of a crystalline C12A7 electride.

The method to be used for fabrlcatmg the target made of
the crystalline C12A7 electride 1s not partlcularly limited.
For example, the target may be fabricated using the con-
ventional method for fabricating the crystalline C12A7
clectride 1 bulk as described above. For example, the target
made of the crystalline C12A7 electride may be fabricated
by performing a heating process on a sintered body of
crystalline C12A7 at a temperature of around 1150-1460°
C., preferably around 1200-1400° C., under the existence of
a reducing agent such as T1, Al, Ca, or C 1n another example,
a press-molded powder body formed by press-molding a
crystalline C12A7 powder may be used as the target. A
large-area target made of the crystalline C12A77 electride
may be efliciently fabricated by performing a heating pro-
cess on a sintered body of crystalline C12A7 at a tempera-
ture of 1230-1415° C. under the existence of carbon and
metal aluminum while keeping the sintered body from
coming into contact with the metal aluminum. Preferably, a
target having an area with a diameter of at least 3 inches
(76.2 mm) and a thickness of at least 2 mm may be
tabricated. More preferably, a target having a large area with
a diameter of at least 4 inches (101.6 mm) and a thickness
of at least 3 mm may be fabricated.
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Note that the electron density of the tardet, namely, the
crystalline C12A7 electride, is within a range of 2.0x10'®
cm™ to 2.3x10°" cm™. The electron density of the crystal-
line C1A7 electride is preferably at least 1x10"” cm™, more
preferably, at least 1x10°° cm™, and more preferably at least
5%x10%° cm™, and mere preferably at least 1x10°' cm™. Note
that the higher the electron density of the crystalline C12A7
clect nde making up the target, the easier 1t 1s to obtain an
amorphous C12A7 electride having a low work function.
Particularly, to obtain an amorphous C12A’7 electride having
a work function of 3.0 eV or lower, the electron density of
the crystalline C12A77 electride 1s preferably at least 1.4x
10°" cm™, more preferably at least 1.7x10°" cm™, and more
preferably at least 2x10°' cm™. Further, in a case where all
the free oxygen 1ons (and other anions 1f other anions are
included) of the crystalline C12A7 electride are replaced by
clectrons, the electron density of the crystalline C12A7
electride is 2.3x10°' cm™. If the electron density of the
crystalline C12A7 electride falls below 2.0x10'® ¢cm™, the
clectron density of the resulting amorphous C12A77 electride
thin film formed using the target may be too low.

Note that the electron density of C12A7 electride may be
measured by iodometry.

Iodometry 1s a titration method that involves immersing a
sample made of C12A’7 electride 1n an 10dine water solution
of 5 mol/l, adding and dissolving hydrochloric acid into the
solution, and determining the amount of unreacted 1odine
included 1n the solution using sodium thiosulfate. In this
case, owing to the dissolution of the sample, the 10dine 1n the
i0odine water solution 1s 1onized by the following reaction:

L+2e —2I (1)

Also, 1n the case where the 10dine water solution 1s titrated
with sodium thiosulfate, the unreacted 10dine 1s converted to
sodium 10dide by the following reaction:

INa,S,04+l,—2Na [+Na,S 0, (2)

By subtracting the amount of 1odine titrated from the
above equation (2) from the amount of 10dine present 1n the
initial solution, the amount of 1odine consumed by the
reaction of the above equation (1) may be calculated. In this
way, the electron density of the C12A7 electride sample may
be measured. Note that 1odometry can be applied to both
crystalline C12A7 electrides and amorphous C12A7 elec-
trides.

The electron density of crystalline C12A7 electride may
be measured using absorption spectroscopy. Crystalline
C12A7 electride has a unique light absorption characteristic
around 2.8 eV, and as such, the electron density of the
crystalline C12A7 electride may be obtained by measuring
its absorption coeflicient at around 2.8 V. Note that 1n the
case where the sample 1s a sintered body, the sintered body
may be pulverized into powder, and the powder sample may
be measured using the diffuse reflection method, for
example.

The target obtained by the above process 1s used as a raw
material source in forming a C12A7 electride thin {ilm 1n the
next step.

Note that the surface of the target may be polished by
some mechanical means, for example, before the target 1s
used for film formation.

In general, a bulk of crystalline C12A77 electride obtained
through the conventional fabrication method may have a
thin coating (foreign matter) formed on its surface. When a
target having such a coating formed on its surface 1s used as
1s upon carrying out a film formation process, the compo-
sition of the thin film obtained by the film formation process
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may deviate from the desired composition ratio. However,
by polishing the target surface before using the target in the
film formation process, such problems may be eflectively

prevented.
(Step S120)

Next, a film 1s formed on a substrate by vapor deposition
using the target fabricated 1n step S110 described above.

In the present description, the term *““vapor deposition”
collectively refers to film formation methods that involve
vaporizing a target raw material and depositing the raw
material on a substrate, including, for example, the physical
vapor deposition (PVD) method, the pulsed laser deposition
(PLD) method, the sputtering method, and the vacuum
deposition method.

Note that among the various vapor deposition methods
that may be used, the sputtering method may be particularly
suitable. By using, the sputtering method, a thin film may be
deposited 1n a relatively uniform manner within a large area.
Examples of the sputtering method include the DC (direct
current) sputtering method, the high frequency sputtering
method, the helicon wave sputtering method, the 1on beam
sputtering method, and the magnetron sputtering method.

Heremaftter, step S120 1s described taking an example 1n
which film formation 1s performed using the sputtering
method.

In an embodiment of the present invention, the substrate
temperature 1s not particularly limited, and for example, any
temperature within a range from room temperature to 700°
C. may be used. Note that in embodiments of the present
invention, the substrate does not necessarily have to be
“actively” heated. (However, the substrate temperature may
“incidentally” rise as a result of the sputtering phenomenon,
for example.) For example, the substrate temperature may be
less than or equal to 500° C. (e.g. 200° C. or lower).

In the case where the substrate 1s not “actively” heated, a
material that does not have adequate heat resistance to high
temperatures exceeding 700° C. such as glass or plastic may
be used as the material of the substrate, for example.

Note that the substrate may be i any size or shape. Also,
in some embodiments, a heating process may be performed
on the substrate in a vacuum atmosphere before an electride
thin film 1s deposited thereon. For example, after exposing
the substrate to the atmosphere, the substrate may be held
under a vacuum of 107° Pa at 300° C. for 10 minutes. In this
way, moisture absorbed by the substrate may be eliminated,
and the surface of the substrate may be cleaned, for example.

The oxygen partial pressure at the time of film formation
should be less than 0.1 Pa. The oxygen partial pressure 1s
preferably 0.01 Pa or less, more preferably 1x107> Pa or less,
more preferably 1x10 Pa or less, and more preferably
1x107™ Pa or less. When the oxygen partial pressure is
greater than 0.1 Pa, there 1s a risk of oxygen being incor-
porated 1nto the deposited thin film to cause a decrease 1n the
clectron density.

On the other hand, the hydrogen partial pressure at the
time of film formation is preferably less than 0.004 Pa. If the
hydrogen partial pressure 1s greater than or equal to 0.00
Pa, there 1s a risk of hydrogen or OH components being
incorporated into the deposited thin film to cause a decrease
in the electron density of the amorphous C12A7 electride
thin film.

The sputtering gas used 1s not particularly limited. Sput-
tering gas may be a noble gas or an inert gas. An example
of the inert gas includes N, gas. Examples of the noble gas
include He (helium), Ne (neon), Ar (argon), Kr (krypton),
and Xe (xenon). These gases may be used alone or 1n
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combination with other gases. Alternatively, the sputtering
gas may be a reducing gas such as NO (nitric oxide).

Note that the pressure of the sputtering gas (internal
pressure ol the chamber) 1s not particularly limited and may
be freely adjusted to obtain a desired thin film. In one
particular example, assuming t(m) denotes the distance
between the substrate and the target (target-substrate dis-
tance), and d (m) denotes the diameter of the gas molecule,
the sputtering gas pressure (internal pressure of the cham-
ber) P (Pa) may be adjusted to a pressure that satisfies the
tollowing condition:

8.9%107%%/(td*)<P<4.5x1072%/(td?) (3)

In this case, the mean free path of sputtered particles may
be approximately equal to the target-substrate distance, and
the sputtered particles may be prevented from reacting with
residual oxygen. Also, 1 this case, a relatively simple and
inexpensive vacuum apparatus with a relatively high back
pressure may be used as the sputtering apparatus, for
example.

By implementing the above steps, an amorphous C12A7
clectride thin film may be formed on the substrate.

Note that the thickness of the amorphous C12A7 electride
thin film 1s not particularly limited, but may be 50 um or less,
tor example. The film thickness 1s preferably arranged to be
10 um or less, and more preferably 2 um or less. The film
thickness may be at least 1 nm, for example.

The fact that the obtained thin film has a composition of
C12A’7 can be confirmed by composition analysis of the thin
film. For example, whether the thin film has the composition
of C12A7 may be evaluated by measuring the Ca/Al ratio of
the thin film using the XPS method, the EPMA method, or
the EDX method. If the film thickness 1s less than or equal
to 100 nm, the XPS method may be used; if the film
thickness 1s greater than or equal to 100 nm, the EPMA
method may be used; and 11 the film thickness 1s greater than
or equal to 3 um, the EDX method may be used to analyze
the thin film. Note, also, that whether the thin film 1s made
of an amorphous CI12A7 electride may be confirmed by
measuring the light absorption characteristics of a sample of
the thin film to determine whether light absorption occurs
around a photon energy range of 4.6 ¢V 1n the manner
described above.

Note that when the thin film 1s relatively thick, whether
the thin film 1s made of an amorphous C12A7 electride may
be confirmed using Raman spectrometry to determine
whether a characteristic peak is detected at 186 cm™*, for
example.

Note that although an example using the sputtering
method 1s described above as one exemplary method of
tabricating an amorphous C12A7 electride thin film accord-
ing to the present invention, a fabrication method of the
present mvention 1s not limited to the above example. In
other embodiments, the above two steps (steps S110 and
S120) may be modified, or an additional step may be
included.

For example, betore forming the amorphous C12A7 elec-
tride thin film on the substrate using the sputtering method
in step S120 as described above, a pre-sputtering process
(e.g. dry etching process) may be performed on the target.

By performing the pre-sputtering process, the surface of
the target may be cleaned, and deposition of a thin film with
a desired composition 1n the subsequent process step may by
tacilitated.

For example, when the target 1s used for a long period of
time, oxygen may be incorporated into the surface of the
target, possibly causing a decrease 1n the electron density of
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the crystalline C12A’7 electride constituting the target. When
such a target 1s used to form a thin film, the electron density
of the deposited thin film may also decrease. Also, when the
target 1s used for a long period of time, the composition of
the target may deviate from its 1nitial composition due to the
differences 1n the sputtering rates of the components con-
stituting the target (1.e. crystalline C12A7 electride). When
such a target 1s used to form a thin film, the composition of
the thin film may also deviate from the desired composition.

However, such problems may be prevented by performing,
a pre-sputtering process on the target.

Note that the pre-sputtering process may be performed
before a new film formation process 1s performed, or each
time the amount of time the target has been used reaches a
predetermined value, for example.

Also, note that the gas used in the pre-sputtering process
may be the same as the sputtering gas used during the film
formation process or a different gas.

Examples of preferred gases that may be used i1n the
pre-sputtering process include He (helium), Ne (neon), N,
(nitrogen), Ar (argon) and/or NO (nitric oxide).

In addition to the above, various other modifications may
be made to steps S110 and S120, and a new process may be
added as well.

(Amorphous C12A7 Electride Thin Film)

According to another embodiment of the present inven-
tion, an amorphous C12A7 electride thin film 1s provided.

An amorphous C12A7 electride thin film according to an
embodiment of the present invention has an electron density
within a range that is greater than or equal to 2.0x10"® cm™
and less than or equal to 2.3x10°' cm™, and exhibits light
absorption at a photon energy position of 4.6 eV. The
clectron density of the amorphous C12A7 electride thin film
is preferably greater than or equal to 1x10'” cm™, and more
preferably greater than or equal to 1x10°° cm™.

The above amorphous C12A7 electride thin ﬁlm may be
tabricated using the above-described fabrication method, for
example.

Note that the electron density of the amorphous C12A7
clectride thin film may be measured using 1odometry as

described above. Also, the bipolaron density of the amor-
phous C12A7 electride thin film may be obtained by mul-
tiplying the measured electron density by V5.

The film thickness of the amorphous C12A7 electride thin
{1lm 1s not particularly limited, but may be 10 um or less (e.g.
2 um or less). Also, the film thickness may be at least 1 nm,
for example.

Note that the amorphous C12A7 electride thin film may
be provided alone or the amorphous C12A7 electride thin
film may be formed on a substrate and provided 1n such a
state.

In the latter case, the material of the substrate 1s not
particularly limited. For example, the substrate may be made
ol a material such as glass that does not have adequate heat
resistance to high temperatures exceeding 700° C., for
example.

The amorphous C12A7 electrode thin film according to an
embodiment of the present mvention may be used as an
clectrode or a layer member such as an electron 1njection
layer of an organic EL element, a discharge electrode, or a
catalyst for chemical synthesis, for example.

The amorphous C12A’7 electride thin film according to an
embodiment of the present invention has conductive prop-
erties owing to hopping conduction of electrons within the
cages. The DC electric conductivity of the amorphous
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C12A7 electride thin film at room temperature may be 107
S-cm™' to 107" S:cm™', or more preferably, 1077 S-cm™" to
10~ S-cm™', for example.

The amorphous C12A7 electride thin film according to an
embodiment of the present invention may have an F* center
having an electron trapped 1n an oxygen vacancy as a partial
structure in addition to the bipolarons 5. The F™ center has
an electron surrounded by a plurality of Ca** ions but does
not have cages. The F* center has a light absorption band in
the visible light range of 1.55 eV to 3.10 eV with a peak at
3.3 eV.

Note that the concentration of F* centers within the thin
film is preferably less than 5x10"® cm™, and in this way, the
thin film may have a desirably hlgh transparency. The
concentration of F™ centers 1s more preferably less than or
equal to 1x10™® cm™, and more preferably less than or equal
to 1x10'" cm™. Note that the concentration of F* centers
may be measured by ESR based on the signal intensity of a
g-factor of 1.998.

In the amorphous C12A7 electride thin film according to
an embodiment, of the present invention, the ratio of the
light absorption coeflicient at a photon energy of 3.3 eV to
the light absorption coeflicient at a photon energy of 4.6 eV
may be less than or equal to 0.33.

The flatness of an amorphous C12A’7 electride thin film 1s
superior to that of a polycrystalline thin film because the
amorphous C12A7 electride thin film does not have crystal
grain boundaries. The EMS (root mean square) granularity
of the surface of the amorphous C12A7 electride thin film
according to an embodiment of the present invention may be
within a range of 0.1 nm to 10 nm, and more preferably
within a range of 0.2 nm to 5 nm, for example. Note that in
a case where the amorphous C12A7 electride thin film 1s
used 1n an organic EL element, the RMS granularity 1s
preferably less than or equal to 2 nm, and in this way, device
characteristics may be improved. Also, when the RMS
granularity 1s 10 nm or greater, device characteristics may
potentially be degraded, and therefore, a polishing process
or the like may have to be additionally implemented, for
example. Note that the EMS granularity may be measured
using atomic force microscopy, for example.

Other Embodiment

According to another embodiment of the present mnven-
tion, a fabrication method for forming an amorphous thin
film 1s provided that mvolves using a target made of a
crystalline C12A7 electride having an electron density
within a range of 2.0x10'® cm™ to 2.3x10°" cm™, and
forming an amorphous C12A7 electride thin film on a
substrate by vapor deposition under a low-oxygen-partial-
pressure atmosphere.

The amorphous thin film obtained 1n the present embodi-
ment may be made of amorphous solid materials including,
calcium, aluminum, and oxygen, for example. That 1s, the
amorphous thin film may be made of an electride of an
amorphous oxidized material including calcium atoms and
aluminum atoms. Note that amorphous states according to
the present invention encompass amorphous structures con-
taining microcrystals. In the amorphous thin film according
to an embodiment of the present invention, the Ca/Al molar
ratio 1s preferably within a range of 0.5 to 4.7, more
preferably within a range of 0.6 to 3, and more preferably
within a range of 0.8 to 2.5. Note that composition analysis
of the thin film may be performed using the XPS method, the
EPMA method, or the EDX method, for example.
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The amorphous thin film of the present embodiment may
have a composition that 1s different from the stoichiometric
ratio of C12A"7 and different from the composition ratio of
the target used for fabricating the thin film. Note that in the
case where the thin film 1s crystalline and the composition of
the thin film 1s different from the stoichiometric ratio of
C12A7/, the thin film would be made of a mixture of a
C12A7 crystal and a C3A (3Ca0-Al,O,) crystal and/ora CA
(3Ca0-Al,0;) crystal. C3A crystals and CA crystals are
isulators with relatively large work functions, and their
clectrical characteristics vary depending on the crystalline
site. Also, the thermal characteristics and mechanical char-
acteristics of these crystals vary, and they tend to form
discontinuous crystal grain boundaries such that the surface
tflatness may be compromised. On the other hand, even when
the composition of the amorphous thin film 1s different from
the stoichiometric ratio of C12A7, because diflerent phases
such as the C3A phase and the CA phase are not formed,
homogeneity and surface flatness may be achieved.

The electron density of the amorphous thin film 1s prei-
erably within a range that is greater than or equal to 2.0x10"®
cm™ and less than or equal to 2.3x10°' cm™. The electron
density of the amorphous thin film more preferably 1x10"”
cm™ or greater, and more preferably 1x10°° cm™ or greater.
Also, the amorphous thin film preferably exhibits light
absorption at a photon energy range around 4.6 eV.

The amorphous thin film has semiconductor-like electri-
cal characteristics, and has a low work function. The work
function of the amorphous thin film may be within a range
of 2.4 eV to 4.5 eV, or within a range of 2.8 eV to 3.2 €V,
for example. Also, the amorphous thin film has high 1on-
1zation potential. The 1onization potential of the amorphous
thin film may be within a range of 7.0 eV to 9.0 eV, or within
arange of 7.5 eV to 8.5 eV, for example. The amorphous thin
film according to the present embodiment has F™ centers at
a concentration of less than 5x10'® cm™, and thus has a
desirably high transparency. The concentration of F™ centers
is more preferably less than or equal to 1x10™'® cm™, and
more preferably less than or equal to 1x10"” cm™. Further,
in the amorphous thin {ilm according to the present embodi-
ment, the ratio of the light absorption coeflicient at a photon
energy ol 3.3 eV to the light absorption coeflicient at a
photon energy of 4.6 eV may be less than or equal to 0.35.

Note that descriptions of configurations, implementation
modes, and analysis methods to be used 1n connection with
the present embodiment that may be substantially 1dentical
to those described in connection with the previously
described embodiments (e.g. steps S110 and S120) are
hereby omitted.

EXAMPLES

In the following, specific examples of the present mnven-
tion are described.

Example 1

(Target Fabrication)

First, a raw material powder was obtained by preparing
and mixing CaO powder and Al,O, powder to a molar ratio
of 12:7. The raw material powder was heated to 1350° C. 1n
air to fabricate a bulk of crystalline C12A7.

Then, the crystalline C12A7 bulk was pulverized into
powder, and the powder was press-molded through cold
1sostatic pressing to obtain a crystalline C12A7 molded
body. Further, the molded body was placed 1n a carbon
crucible together with metal aluminum and heated to 1n a
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vacuum furnace. In the carbon crucible, the molded body
and the metal aluminum were separately held. The tempera-
ture was heated to 1300° C. and held for 6 hours, and 1n this

way, a crystalline C12A7 celectnnde sintered body was
obtained.

The sintered body was then cut into a disk shape with a
thickness of 5 nm and a diameter of 3 inches, and the

disk-shaped sintered body was fixed to a Cu backing plate
using In to obtain a sputtering target (simply referred to as
“target” hereinafter).

The electron density of the target was measured through
light absorption measurement. The result of the measure-

ment indicated that the electron density of the target was
8.5x10°° cm™.

(Amorphous C12A7 Electride Thin Film Formation)

Next, the target tabricated 1n the above-described manner
1s used to form an amorphous C12A7 electride thin film on
the surface of a substrate by sputtering.

A quartz substrate with a diameter of 80 mme and a
thickness of 2.3 mm was used as the substrate 1n the present
example.

An RF magnetron sputtering apparatus (by Canon Anelva
Corporation) was used as the film forming apparatus. Film
formation was performed 1n the following manner.

First, the target was mounted to a cathode of the appara-
tus. Then, air was evacuated from the interior of the appa-
ratus to reduce the internal pressure to 2.7x107> Pa or less,
and He gas (pre-sputtering gas) was introduced into the
apparatus thereafter. The He gas pressure was arranged to be
2.66 Pa.

Next, a shutter was placed between the target and the
substrate in order to prevent vapor of the target from being
transported toward the substrate. In such a state, a pre-
sputtering process was performed on the target by applying
a high frequency of 13.56 MHz at a power of 100 W to the
cathode to cause plasma generation around the cathode. The
power discharge was continued for 1.5 hours. In this way,
the target surface was sputtered by He and a new surface was
exposed.

After stopping the power discharge and evacuating gas
from the interior of the apparatus, Ar gas (sputtering gas)
was introduced 1nto the apparatus. The Ar gas pressure was
arranged to be 2.13 Pa. Note that the oxygen partial pressure
of the introduced gas was less than. 4.3x10~" Pa, and the
hydrogen partial pressure was less than 1.1x107° Pa. The
oxygen partial pressure within the chamber 1s estimated to
be less the 107~ Pa.

Next, a high frequency power was applied using condi-
tions substantially identical to those used in the above-
described pre-sputtering process to generate plasma, and the
shutter placed between the target and the substrate was
removed.

Thereafter, the power discharge was continued for 1 hour,
and a film formation process by sputtering (sputtering pro-
cess) was performed on the substrate. Note that the substrate
1s not heated during this process.

In this way, a thin film was formed on the substrate. The
thin film was formed to cover the entire surface of the
substrate.

The above process flow from the pre-sputtering process to
sputtering process as regarded as one cycle, and 1n the
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present example, a plurality of thin films with differing film
thicknesses were fabricated by varying the number of cycles
that were executed to fabricate the thin films.

The thickness of each of the thin films was measured
using a stylus type surface roughness tester. The film thick-
ness of the thin film after performing one cycle was approxi-
mately 180 nm. The film thickness of the thin film after
performing two cycles was approximately 400 nm. The film
thicknesses of the thin films after performing three cycles,
four cycles, and five cycles were approximately 690 nm,
approximately 770 nm, and approximately 1050 nm, respec-
tively.

In the following, the thin film sample having a thickness
ol approximately 180 nm 1s referred to as “Sample 17, the
thin film sample having a thickness of approximately 400
nm 1s referred to as “Sample 27, the thin film sample having
a thicknesses of approximately 690 nm 1s referred to as
“Sample 37, the thin film sample having a thickness of
approximately 770 nm 1s referred to as “Sample 47, and the
thin film sample having a thickness of approximately 1050
nm 1s referred to as “Sample 5.

(Evaluation)

The Ca (calcium) to Al (aluminum) ratios of the thin films

corresponding to Samples 1-5 were measured using the

EDX method. The measurement results are indicated in
Table 1 below.

SAMPLE CaAl,,
1 (x=)12.1
, 11.6
3 11.9
4 11.5
5 12.6

As can be appreciated from Table 1, the thin films
corresponding to Samples 1-5 each have a Ca:Al ratio of
approximately 12:14. Based on the above, 1t could be
confirmed that each of the above thin film samples has the
composition of C12A7.

With respect to Sample 5, 1odometry was performed to
evaluate the electron density of the thin film. The ftitration
result indicated that the electron density of the thin film
corresponding to Sample 5 was approximately (8.8+£1.6)x
10°° cm™. Because the target used in the other samples is
the same target as that used 1n Sample 3, 1t can be estimated
that the electron densities of the thin films of Samples 1-4
are about the same as the electron density of Sample 5.

Based on the above evaluations, 1t could be confirmed that
the thin films of Samples 1-5 are each made of C12A7
clectride.

Next, X-ray diffraction measurement was performed on
the Samples 1-5. No peak was observed i any of the
measurement results of the samples, and only a halo was
observed. Based on the above results, 1t could be determined
that the thin films of Samples 1-5 are all amorphous. FIG. 3
illustrates an X ray diffraction pattern obtained by measuring
Sample S5 as an example.

Based on the above analysis results, 1t could be inferred
that the thin films of Samples 1-5 are all made of C12A7
clectride.

Next, the internal transmittance of each of the Samples
1-5 was measured.

FIG. 4 illustrates the internal transmittance measurement
results of Samples 1-3. The internal transmittance of each of
the samples was calculated based on measurement results of
light transmaittance and reflectance of each of the samples.




US 12,100,529 B2

15

Specifically, assuming T denotes the light transmittance, R
denotes the reflectance, and I denotes the internal transmait-
tance, their relationship may be represented by the following,
equation:

I=T/(1-R) (4)

It can be appreciated from FIG. 4 that the transmittance of
cach of the samples decreases around the point where the
photon energy 1s approximately 4.6 €V. Such a decrease in
the transmittance 1s less conspicuous at Sample 1 and
becomes increasingly more conspicuous at Samples 2, 3, 4,
and 5; that 1s, the decrease in the transmittance becomes
more conspicuous as the film thickness increases. Based on
the above, 1t may be presumed that the decrease 1n trans-
mittance 1s caused by influences of the thin film; namely,
light absorption of the thin film, rather than influences from
the substrate such as defects on the substrate surface created
by plasma, for example. Also, the internal transmittance of
the samples at the visible light range of 1.55 eV to 3.10 eV
1s substantially equal to 1 indicating that the samples are
transparent 1n visible light.

As described above, the bipolarons of amorphous C12A7
clectride exhibit light absorption around the photon energy
range of 4.6 eV. Thus, the measurement results of FIG. 4
suggest that Samples 1-5 include bipolarons within their thin
f1lms.

Thus, 1t can be appreciated from the above internal
transmittance measurement results that the thin films of
Samples 1-5 each correspond to amorphous C12A7 elec-
tride.

FIG. 5 illustrates an absorption coeflicient curve of
Samples 1-5 (solid line). The absorption coeflicient curve
may be calculated by normalizing the above internal trans-
mittance measurement results with respect to the film thick-
ness. Note that because the absorption coetlicient curves of
Samples 1-5 are substantially the same, only the absorption
coellicient curve of Sample 3 (sold line) 1s illustrated in FIG.
5. FIG. 5 also illustrates an absorption coeflicient curve of
Sample 3 after a heating process 1s performed thereon
(dashed line). The heating process on Sample 3 was per-
formed 1n atmosphere at 600° C. for 1 hour.

It can be appreciated from the measurement results of
FIG. 5 that an absorption peak at the position where the
photon energy 1s around 4.6 ¢V can no longer be observed
from the measurement result of Sample 3 that has undergone
the heating process (the absorption rate at the corresponding
position is less than 100 cm™"). By performing the heating
process, the thin film of the sample oxidized and the
clectrons within the cages disappear. That 1s, the character-
istic structure of the amorphous C12A7 electride as 1llus-
trated 1n FIG. 1 1s lost as a result of performing the heating,
process, and the thin film 1s no longer an electride (conduc-
tive) thin {ilm. Note that the absorption coeflicient measure-

ment accuracy may be 100 cm™' depending on measure-
ment conditions, and in such case, it may be presumed that
light absorption can no longer be observed once the absorp-
tion coeflicient is reduced to less than 200 cm™" at the photon
energy position of around 4.6 eV.

Based on a lauc plot of Sample 5 as illustrated 1n FI1G. 6,
the optical band gap of Sample 5 was determined to be 5.1
eV. This value was a reasonable value 1n comparison to the
optical band oar of crystalline C12A7 which 1s 5.9 eV.

In view of the above, i1t could be confirmed that the thin
films of Samples 1-5 are made of amorphous C12A7 elec-
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tride that include bipolarons with two adjoining cages each
containing an electron as 1illustrated n FIG. 1.

Example 2

Sample 6 was {fabricated by forming an amorphous
C12A7 electride thin film on a substrate 1n the same manner
as the above Example 1. However, in Example 2, the
pre-sputtering process using He gas was not conducted.
Instead, before using the crystalline C12A7 electride target,
the surface of the crystalline C12A7 electride target was
polished with a diamond file. Note that the sputtering
process using Ar gas was conducted for 2 hours in the
present example. Other processing conditions were the same
as those used for fabricating Sample 1 of Example 1.

FIG. 7 illustrates internal transmittance measurement
results of Sample 6. Note that in FIG. 7, the internal
transmittance measurement results of Sample 2 1s indicated
along with the internal transmittance measurement results of
Sample 6.

As can be appreciated from FIG. 7, a substantial decrease
in transmittance could be observed i Sample 6 at the
position of the photon energy of 4.6 eV,

Thus, 1t could be confirmed that an amorphous C12A7
clectride thin film has been formed on the substrate surface
in Sample 6.

Example 3

(Work Function of Amorphous C12A7 Electride Thin Film)

A sample (Sample 7) having an amorphous C12A’7 elec-
tride thin film with a thickness of 10 nm formed on an ITO
was fabricated by performing the sputtering process for 4
minutes using a glass substrate with ITO (indium tin oxide)
instead of a silica glass substrate. Note that other than the
above processing conditions, Sample 7 was fabricated 1n the
same manner as Example 1.

The work function of Sample 7 was measured by ultra-
violet photoelectron spectroscopy. In order to obtain a clean
surface, measurement was performed under ultra-high
vacuum (1077 Pa), and organic matter was removed from the
surface by Ar sputtering before measurement. Also, X-ray
photoelectron spectroscopy was performed belore and after
the Ar sputtering process to confirm that the thin film sample
has not been damaged. Further, a DC voltage (bias voltage)
was applied to Sample 7 so that Sample 7 may be at a
negative potential with respect to the measurement device.
By applying such a bias voltage to the sample, influences of
surface potential may be removed.

FIG. 8 illustrates the kinetic energy distribution of elec-
trons emitted from Sample 7 that 1s 1rradiated with ultra-
violet light. As illustrated 1n FIG. 8, even when the bias
voltage 1s changed from 5 V to 10 V, substantially the same
spectrum may be obtained, and as such, 1t may be appreci-
ated that Sample 7 1s not charged up, and the spectral shape
reflects the work function of the sample. Also, these results
indicate that Sample 7 1s electrically conductive. Based on
the minimum kinetic energy of the photoelectrons 1n FIG. 8,
the work function of Sample 7 was determined to be

approximately 3.1 V.
When the RMS roughness of the surface of the amor-

phous C12A7 electride thin film of Sample 7 within a 20x20
um range was measured using an atomic force microscope,
the RMS roughness was approximately 1.9 nm. On the other
hand, when a similar measurement was conducted on the
surface of the ITO film (polycrystalline film) on the glass
substrate before forming the amorphous C12A7 electride
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thin film, the RMS roughness was approximately 4.6 nm.
From the above results, 1t could be appreciated that the
amorphous C12A7 electride thin film exhibits a high flatness
and 1s therefore suitable for application to thin film devices.
Also, 1t could be appreciated from the above results that the
surface tlatness may be improved by forming the amorphous
C12A7 electride thin {ilm on a polycrystalline thin film.

Example 4

An amorphous CI12A7 electride thin film sample was
formed on the surface of a substrate by sputtering using a
crystalline C12A77 electride target having an electron density
of 1.5x10*' cm™' according to optical absorption measure-
ments performed thereon. The target had a diameter of 2
inches.

An RF magnetron sputtering apparatus (manufactured by
ULVAC, Inc.) was used as the film forming apparatus. The
thin film sample was formed 1n the following manner.

First, the target was mounted to the cathode of the
apparatus. Then, air was evacuated from the interior of the
apparatus to reduce the pressure to 1x10™ Pa or lower, and
Ar gas was introduced into the apparatus. The Ar gas
pressure was adjusted to 0.21 Pa. The oxygen partial pres-
sure of the introduced gas was less than approximately
4.3x1077 Pa. The partial pressures of the gas components of
the atmosphere within the chamber before and after intro-
ducing the sputtering gas were measured using a mass

spectrometer (residual gas analyzer MICROPOLE System

manufactured by HORIBA STEC, Co., Ltd). Belore intro-
ducing the sputtering gas, the partial pressure of H,O was
3x107° Pa, and the oxygen partial pressure was 1x107° Pa.
After introducing the Ar gas, the partial pressure of H,O was
below the measurement limit, and the oxygen partial pres-
sure was 9x107° Pa.

Then, a high-frequency power at 50 W was applied to
generate plasma, the shutter arranged between the target and
the substrate was removed, and film deposition was per-
formed. Note that the distance between the target and the
substrate was arranged to be 10 cm.

The light absorption coeflicient of the formed thin film
was calculated from the measurement results of light trans-
mittance and reflectance of the sample. More specifically,
assuming 1 denotes the light transmittance, R denotes the
reflectance, t denotes the thickness, and A denotes the light
absorption coelilicient, their relationship may be represented

by the following equation:

A=Ln(T/(1-R))/z (5)

In FIG. 9, light absorption can be observed at a photon
energy 1n the vicimity of approximately 4.6 eV. As described
above, bipolarons of amorphous C12A7 electride indicate
light absorption 1n the vicinity of a photon energy of 4.6 eV.
Thus, the results of FIG. 9 suggest that the thin film sample
includes bipolarons. Also, the ratio of the light absorption
coellicient at a photon energy po sition o1 3.3 eV with respect
to the light absorption coeflicient at the photon energy
position of 4.6 eV was 0.35 or less.

Then, an amorphous thin film was formed on an ITO
substrate using the same sputtering conditions as those
described above, and the work function of the thins film was
measured using ultraviolet photoelectron spectroscopy
(UPS). The thickness of the amorphous thin film was
arranged to be 10 nm.

In order to obtain a clean surface, measurement was
performed under ultra-high vacuum (10~7 Pa), and organic
matter was removed from the surface by Ar sputtering
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before measurement. Also, X-ray photoelectron spectros-
copy was performed before and after the Ar sputtering
process to confirm that the thin film sample has not been

damaged. Further, a DC voltage (bias voltage) was applied
to the sample so that the sample would be at negative
potential with respect to the measuring device. By applying
such a bias voltage, influences of surface potential can be
removed.

FIG. 10 1illustrates the kinetic energy distribution of
clectrons that have been released from the sample that has
been 1rradiated with ultraviolet light. In this case, even when
the bias voltage 1s changed from 5 V to 10 V, substantially
the same spectrum 1s obtained, and therefore, 1t can be
appreciated that the sample 1s not charged up and that the
spectral shape retlects the work function. Also, these results
indicate that the sample has a conductivity. Based on the
minimum Kinetic energy of the photoelectrons i FIG. 10,

the work function was determined to be approximately 2.9
eV.

Example 5

Amorphous thin film samples were formed on a quartz
substrate and a nickel substrate under sputtering conditions
substantially similar to those used in the above Example 4
other than that the electron density of the target was 1.4x
10" cm™. Note, however, that in order to facilitate analysis,
the film deposition time was altered from that used for
fabricating the device in the above example, and the film
thickness was increased. The obtained samples had a film
thickness of 202 nm.

First, the sample was deposited on a quartz substrate,
using the above equation (5), and the light absorption
coellicient of the thin film was measured to obtain measure-
ment results as illustrated in FIG. 11. In FIG. 11, light
absorption can be observed at around a photon energy of
approximately 4.6 eV. As described above, bipolarons of
amorphous C12A7 electride indicate light absorption around
a photon energy of 4.6 eV. Thus, the results in FIG. 11
suggest that the thin film sample imncludes bipolarons. Note,
also, that the ratio of the light absorption coeflicient at the
position of 3.3 eV with respect to the light absorption
coellicient at the position of 4.6 ¢V was 0.35 or less.

Next, the composition of the sample deposited on the
nickel substrate was analyzed by EPMA. Note that a carbon
thin film with a thickness of 50 nm was formed on the
sample surface 1n order to avoid charge-up of electrons from
the sample surface. Also, 1n order to avoid the influence of
the underlying nickel, the acceleration voltage was set to 5
kV. The EPMA analysm results of the thin film revealed that
the thin film sample included Ca, Al, and O, and that the
Al/Ca molar ratio was 1.76.

Example 6

An amorphous thin film sample was formed on a surface
of a substrate by sputtering using a crystalline C12A7
electride target having an Plectron density of 1.4x10°' cm™
according to light absorption measurements performed
thereon. The target diameter was 2 inches.

An RF magnetron sputtering apparatus (manufactured by
ULVAC, Inc.) was used as the film forming apparatus. The
thin {ilm sample was formed 1n the following manner.

First, a Flat-ITO substrate manufactured by Geomatec Co,
Ltd. was prepared. This substrate has a 150-nm-thick ITO
film formed on a glass substrate. Then, the target was
mounted to the cathode of the apparatus. Then, airr was
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evacuated from the interior of the apparatus to reduce the
pressure to 5x1077 Pa or less, and Ar gas was introduced into

the apparatus. The Ar gas pressure was arranged to be 0.5 Pa.
The oxygen partial pressure of the mtroduced gas was less
than approximately 4.3x10~" Pa, the oxygen partial pressure
within the chamber was estimated to be less than 10~ Pa.

A high frequency power at 50 W was applied to generate
plasma, the shutter arranged between the target and the
substrate was removed, and film deposition was performed.
The distance between the target and the substrate was
adjusted to 10 cm, and sputtering was conducted for 90
seconds.

FIG. 12 1s a cross-sectional STEM 1mage of the thin film.
It can be appreciated from FIG. 12 that a layer with a
thickness of approximately 10 nm has been deposited on the
I'TO film by the sputtering process. Note that Al-Ca-O was
detected from this layer by TEM-EDX.

Example 7

An organic EL element was fabricated in the following
manner, and their characteristics were evaluated. The
organic EL element was configured by arranging a cathode
as the bottom electrode on a glass substrate, and arranging
an electron 1njection layer, an electron transport/light-emait-
ting layer, a hole transport layer, a hole 1njection layer, and
an anode as the top electrode 1n this order.

(Sample Fabrication)

Organic EL elements 404 and 405 were fabricated 1n the
following manner.

First, a 30x30 mm Flat-ITO substrate manufactured by
Geomatec CO., Ltd. was prepared as the substrate. The
substrate has a 150-nm-thick I'TO film formed on non-alkali
glass.

A Kapton tape cut to a width of 1 mm was adhered to the
I'TO substrate and then immersed in an etching solution for
2 minutes to remove the I'TO from portions of the substrate
not covered by the Kapton tape. The etching solution was
prepared by fabricating a water solution including
FeCl,.6H,O and 10on exchanged water at a weight ratio of 1:1
and adding concentrated hydrochloric acid at the same
weight as the water solution. The temperature of the etching
solution was adjusted to 45° C.

Then, the Kapton tape was removed, and the substrate
was subject to ultrasonic cleaming with a neutral detergent
for 5 minutes, followed by ultrasonic cleaning 1n pure water
for 5 minutes, and this cleaming process was carried out
twice. Further, the substrate was subject to ultrasonic clean-
ing 1n acetone for 5 minutes, followed by ultrasonic cleaning
in IPA for 5 minutes, and this cleaning process was carried
out twice. Finally, the substrate was immersed in boiling
IPA, and was slowly taken out.

A resulting glass substrate 410 having the 1-mm-wide
ITO formed thereon as wiring (cathode 420) was then
introduced 1nto an apparatus having a sputtering film depo-
sition chamber, a vacuum deposition chamber, and a glove
box that are interconnected, and air was evacuated from the
apparatus to reduce the pressure to approximately 3x107>
Pa. Then, an amorphous thin film was deposited on top of
the cathode 420, as an electron 1njection layer 430.

The amorphous thin film was formed by sputtering using
a 2-inch-diameter crystalline C12A7 electride target having
an electron density of 1.4x10%' cm™. Ar gas was used as the
sputtering gas, and the pressure of the introduced gas was set
to 0.5 Pa. The oxygen partial pressure of the introduced gas
was adjusted to be less than approximately 4.3x10~7 Pa. The
oxygen partial pressure 1n the chamber would presumably be
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less than 10~ Pa. The distance (TS distance) between the
sample and the target was arranged to be 10 cm. Also, the
output of an RF power supply was arranged to be 50 W. Note
that a pre-sputtering process using Ar gas was performed
prior to carrying out the present film deposition process. The
glass substrate 410 was not actively heated.

The thickness of the resulting amorphous thin film was
approximately 5 nm.

Then, the glass substrate 410 having the electron 1njection
layer 430 (and the cathode 420) formed thereon was intro-
duced 1nto the vacuum deposition chamber of the apparatus,
and an Alg3 layer was formed as an electron transport/light-
emitting layer 440. The thickness of the Alg3 layer was
arranged to be approximately 50 nm. Then, an a-NPD layer
was formed as a hole transport layer 450. The thickness of
the a-NPD layer was arranged to be approximately 50 nm.
Also, a MoQ, layer was formed as a hole mjection layer 460.
The thickness of the MoO, layer was arranged to be approxi-
mately 0.8 nm.

Note that the Alg3 layer, the a.-NPD layer and the MoO,
layer were formed on the 20x20 mm region to completely
cover the electron 1njection layer 430, using a metal mask.
The degree of vacuum during the film deposition was
arranged to be approximately 8x107° Pa.

Then, an anode 470 with a width of 1 mm was formed by
vapor deposition to be orthogonal to the cathode 420. That
1s, a 1x1 mm region where the cathode 420 and the anode
470 overlap corresponds to a region energized upon being
applied a voltage. In the present example, silver was depos-
ited to have a thickness of 80 nm as the anode 470.

By implementing the above steps, the organic EL element
404 including the glass substrate 410, the cathode 420 made
of ITO, the electron 1mjection layer 430 made of an amor-
phous thin film, the electron transport/light-emitting layer
440 made of Alg3, the hole transport layer 450 made of
a.-NPD, the hole mjection layer 460 made of MoQO,, and the
anode 470 made of silver was fabricated.

Next, the organic EL element 405 was fabricated as a
comparative example. The organic EL element 405 1s sub-
stantially 1dentical to the organic EL element 404, except
that 1t does not include the electron injection layer 430.
(Evaluation of Organic ELL Flement)

Next, the voltage and the luminance of the above organic
EL elements 404 and 405 were measured. The measure-
ments were conducted by determining the luminance
obtained upon applying a predetermined voltage between
the cathode 420 and the anode 470 of the organic EL element
404 or 405 within a glove box that 1s purged of nitrogen.
Note that a luminance meter (BM-7A) manufactured by
TOPCOM was used to measure the luminance.

FIG. 14 1llustrates the measurement results of the voltage
and the luminance of organic EL eclements 404 and 405.
Light emission by the organic EL element 404 having the
clectron mjection layer 403 made of an amorphous thin film
could be observed at approximately 6.8 V, and light emission
at 2000 cd/m* was observed at approximately 12 V. On the
other hand, with respect to the organic EL element 405 that
does not 1nclude an electron 1njection layer, light emission
was observed at approximately 7.5 V, and light emission at
60 cd/m* was observed at approximately 9.4 V. Because the
difference between the organic EL elements 404 and 403 lies
in the presence/absence of the electron injection layer, 1t
could be confirmed that by including the electron 1njection
layer, electron injection into Alg3 may be increased and light

emission characteristics may be improved.

Example 8

Organic ELL elements were fabricated in the following
manner, and their characteristics were evaluated. The
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organic EL elements were configured by arranging a cathode
as the bottom electrode on a glass substrate, and arranging
an electron 1jection layer, an electron transport/light-emait-
ting layer, a hole transport layer, a hole 1njection layer, and
an anode as the top electrode in this order. The organic EL
clements were further configured to extract light from the
anode side.

(Sample Fabrication)

Organic EL elements 406 and 407 were fabricated in the
following manner.

First, a 30 mmx30 mmx0.7 mm non-alkal1 glass substrate
was prepared as the substrate. The substrate was subject to
ultrasonic cleaning with a neutral detergent for 5 minutes,
tollowed by ultrasonic cleaming 1n pure water for 5 minutes,
and this cleaning process was carried out twice. Further, the
substrate was subject to ultrasonic cleaning in acetone for 5
minutes, followed by ultrasonic cleaning in IPA for 5 min-
utes, and this cleansing process was carried out twice.
Finally, the substrate was immersed in boiling IPA, and was
slowly taken out.

The resulting glass substrate 410 after the cleaning pro-
cess was then itroduced into an apparatus having a sput-
tering film deposition chamber, a vacuum deposition cham-
ber, and a glove box that are interconnected, and air was
evacuated from the apparatus to reduce the pressure to
approximately 3x10™> Pa. Then, the glass substrate was
introduced into the vacuum deposition chamber of the

apparatus.

Then, a 1-mm-wide aluminum film with a thickness of 80
nm was formed on the class substrate 410 by vacuum vapor
deposition as the cathode 420 using a metal mask.

Then, the glass substrate 410 having the cathode 420
formed thereon was introduced into the sputtering film
deposition chamber, and an amorphous thin film was formed
on the cathode 420 as the electron imjection layer 430.

The amorphous thin film was formed by sputtering using,
a 2-inch-diameter crystalline C12A7 electride target having
an electron density of 1.4x10°' cm™. Ar gas was used as the
sputtering gas, and the pressure of the introduced gas was set
to 0.5 Pa. The oxygen partial pressure of the introduced gas
was adjusted to be less than approximately 4.3x10~" Pa. The
oxygen partial pressure 1n the chamber would presumably be
less than 10~ Pa. The distance (TS distance) between the
sample and the target was arranged to be 10 cm. Also, the
output ol an RE power supply was arranged to be 50 W. Note
that a pre-sputtering process using Ar gas was performed
prior to carrying out the present film deposition process. The
glass substrate 410 was not actively heated.

The thickness of the resulting amorphous thin film was
approximately 2 nm.

Then, the glass substrate 410 having the electron injection
layer 430 (and the cathode 420) formed thereon was 1ntro-
duced 1nto the vacuum deposition chamber of the apparatus,
and an Alg3 layer was formed as the electron transport/light-
emitting layer 440. The thickness of the Alg3 layer was
arranged to be approximately 50 cm. Then, an a.-NPD layer
was formed as the hole transport layer 450. The thickness of
the a-NPD layer was arranged to be approximately 50 nm.
Also, a MoO, layer was formed as the hole injection layer
460. The thickness of the MoO, layer was arranged to be
approximately 0.8 nm.

Note that the Alg3 layer, the a.-NPD layer and the MoO,
layer were formed over the entire 20x20 mm area to
completely cover the electron imjection layer 430 using a
metal mask. The degree of vacuum during the film deposi-
tion process was arranged to be approximately 8x107° Pa.
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Then, the anode 470 with a width of 1 mm was formed to
be orthogonal to the cathode 420. That 1s, a 1x1 mm region
where the cathode 420 and the anode 470 overlap corre-
sponds to a region energized upon being applied a voltage.
Note that gold with a thickness of 5 nm was deposited as the
anode 470.

By implementing the above steps, the organic EL element
406 1including the glass substrate 410, the cathode 420 made
of aluminum, the electron 1njection layer 430 made of an
amorphous thin {film, the electron transport/light emitting
layer 440 made of Alg3, the hole transport layer 450 made
of a-NPD, the hole mnjection layer 460 made of MoQO,, and
the anode 470 made of gold was fabricated.

Also, the organic EL element 407 was fabricated as a
comparative example. The organic EL element 407 was
fabricated 1n the same manner as the organic EL device 406
except that LiF was used as the electron injection layer 430.
The LiF layer was deposited by vacuum deposition to have
a thickness of 0.5 nm.

(Evaluation of Organic ELL Flement)

Then, the voltage and the luminance of the organic EL
clements 406 and 407 were measured. The measurements
were conducted by determining the luminance obtained
when a predetermined voltage 1s applied between the cath-
ode 420 and the anode 470 of the organic EL element 406
or 407 1n a glove box purged of nitrogen. The luminance
meter(BM-7A) manufactured by TOPCOM was used to
measure the luminance.

FIG. 15 1llustrates the measurement results of the voltage
and luminance of the organic EL eclements 406 and 407.
With respect to the organic EL element 406 including the
clectron 1njection layer made of an amorphous thin film,
light emission of 1600 cd/m* was observed at approximately
10 V. On the other hand, with respect to the organic EL
clement 407 including the electron injection layer made of
LiF, light absorption of 600 cd/m” was observed at about 10
V. Because the diflerence between the organic EL elements
406 and 407 lies 1n the electron 1njection layer, it could be
confirmed that by using the amorphous thin film as the
clectron 1njection layer 430, electron injection into Alg3
may be increased and light emission characteristics may be
improved.

Further, the present invention i1s not limited to these
embodiments, but various variations and modifications may
be made without departing from the scope of the present
invention.

What 1s claimed 1s:

1. A C12A7 electride thin film, comprising:

calcium;

aluminum; and

oxygen,

wherein the calctum and the aluminum are present 1n a
calctum-to-aluminum molar ratio 1n a range of from
13:12 to 11:16,

wherein the thin film has an electron density 1n a range of
from 2.0x10"® to 2.3x10°' cm™,

wherein the thin film exhibits light absorption at a photon
energy position of 4.6 eV,

wherein the thin film 1s amorphous and has a thickness of
50 um or less,

wherein the thin film does not have crystal grain bound-
aries,

wherein the thin film has a RMS granularity of surface 1n
a range ol from 0.1 nm to 10 nm, and

wherein the thin film has an F* centers concentration of
less than 5x10"® cm™.
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2. The thin film of claim 1,
wherein the calcium-to-aluminum molar ratio 1s 13:13 to
11:15.

3. The thin film of claim 1, having a light absorption value
at the photon energy position of 4.6 eV greater than or equal
to 100 cm™'.

4. The thin film of claim 1, having a thickness less than
or equal to 10 um.

5. The thin film of claim 1, wherein the calcium-to-
aluminum molar ratio 1s 13:12 to 11:16, which 1s different
from a stoichiometric ratio of C12A7.

6. The thin film of claim 1, wherein the calcium-to-
aluminum molar ratio 1s 11.9:14.1 to 11:16.

7. The thin film of claim 1, wherein the calcium-to-
aluminum molar ratio 1s 12.1:13.9 to 13:14.

8. The thin film of claim 1, wherein the electron density
is in a range of from 1.0x10" to 2.3x10*" cm™.

9. The thin film of claim 1, wherein the electron density
is in a range of from 1.0x10°° to 2.3x10*! cm™.

10. The thin film of claim 1, having a surface RMS
granularity in a range of from 0.1 nm to 2 nm.

11. The thin film of claim 1, wherein the thickness 1s in a
range of from 202 nm to 50 um.

12. The thin film of claim 1, wherein the thickness 1s 1n

a range of from 400 nm to 50 um.
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13. A method of producing an electrode or an electron
injection layer of an organic EL element, the method com-
prising:

applying the C12A7 electride thin film of claim 1 into the

clectrode or the electron 1mjection layer.

14. A method of fabricating an organic EL element, the
method comprising:

configuring by arranging a cathode as the bottom elec-

trode on a glass substrate, and arranging an electron
injection layer, an electron transport/light-emitting
layer, a hole transport layer, a hole imjection layer, and
an anode as the top electrode 1n this order,

wherein the bottom or top electrode or the electron

injection layer 1s the C12A7 electride thin film of claim
1.

15. The thin film of claim 1, wherein a ratio of a light
absorption coetlicient of the thin film at a photon energy
position of 3.3 ¢V with respect to a light absorption coet-

>0 ficient at a photon energy position of 4.6 eV 1s less of less

than or equal to 0.33.

16. A layered system, comprising;:
the thin film of claim 1, formed on a glass substrate.

% o *H % ex



	Front Page
	Drawings
	Specification
	Claims

