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DESCRIPTION

LIGHT EMITTING DEVICE AND METHOD OF PRODUCING LIGHT

EMITTING DEVICE

TECHNICAL FIELD

The present invention relates to a light emitting
device and a method of producing a light emitting
device, in particular, a light emitting device capable
of emitting light with high brightness énd a method of

producing the light emitting device.

BACKGROUND ART
The development of a light emitting device

capable of emitting light with high brightness has

- shown significant progress in recent years.

The following kinds of lighf emitting devices are
available.

An LED and aﬁ LD emit light by injecting an
electrén and a hole into a semiconductor pn junction
formed of a’high—quality crystal and recombining the
electron and the hole.

An inorganic EL .causes electrical field excited
light emission by applying a high electric field to an
insulating phosphpr thin film and exciting a light
emitting center in the phosphor thin film with hot

electrons.
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An organic EL is obtained by laminating a light
emitting layer, an electron transporting layer, and a
hole transporting.layer formed of ‘an organic molecule
or a polymer thin filmd The organic EL causes exciton
light emission lécalized in an organic molecule with
the enekrgy of recdmbination between an injected
electron and an injected hole.

An LED and an organic EL capable of emitting
light with high brightness through a direct current
drive are each requested to not only haﬁe higher
brightness but also befdeveloped to be more simplé with
excellent productivity and high durability.

Japanese Journal of'Applied Physics 31, L 1606,
1992 discloses a DC drive type light emitting device
using a chalcopyrite. semiconductor, thé light emitting
device being of an MIS type diode constitution formed
of Al/ZnS/CuGaS,. In this light ehitting device; an
electron is injected through a Schottky barrier between
a metal layer and an insulating layer, whereby green
light having weak intenéity is emitted in a
semiconductor layer. |

In addition, Journal of Physics and Chemistry of
Solids 66, 1868, 2005 discloses a constitution in which
a heterojunction diode obtained by laminating a p-type
CuGas; chalcopyrite semiconductor layer and an n-type
znO:Al compound semiconductor léyer is sandwiched

between metals different from each other in work
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function. Attempts have been made to produce a DC
drive type light emitﬁing device having this
constitution. At present, however, only light having

weak intensity can be emitted from such device.

DISCLOSURE OF THE. INVENTION

However, the above-mentioned light emitting
device of the prior art cannot provide high brightness.

In view of the foregoing, the present invention
provides a DC drive typé light emitting device capable
of providing high brightness.

Therefore, according to the present invention,
there is provided a light emitting device, including:

a pair of electrbdes;

a light emitter placed between fhe electrodes;
and |

a semiconductor laminated tb be adjacent to the
light emitter,

in which the semiconductor contains one of a
chalcopyrite and an oxychalcogenide,

Further, according to the present invention,.
there is provided a method of pfoducing a light
emitting device in which a semiconductor containing one
of a chalcopyrite and an oxychaicogenide and a light
emitter in which‘a compound semiconductor provided with
a donor. and an acceptor emits light are laminated to be .

adjacent to each other, the method including:
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a first'step of forming a precursor by placing a
first mémber to be the semiconductdr and a second
member to be a base material for tﬁe light emitter so
that the first member and the second member are
adjacent to each other; and

a second stép of subjecting the precursor to a
heat treatment.

The incorporation of one of a chalcopyrite and an
oxychalcogenide 1nto a semiconductor adjacent to a
light emitter fac1lltates the injection of an electron

or a hole from the semiconductor into the light emitter.

-As a result, a light emitting device capable of

emitting light with high brightness can be provided.
Further features of the present invention will

become apparent from the following description of

exemplary embodiments with refeience to the attached

drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a sectional view showing a schematic
constitution of a ligﬁt emitting device as an
embodiment of the present invention.

FIG. 2 is a view showing the energy band
structure of the light emitting device as the
embodiment of the present invention.

FIG. 3 is a sectional view showing the schematic

constitution of the light emitting device as the



WO 2007/108526 ‘ PCT/JP2007/055936

10

15

20

25

embodiment of thg present inveﬁtion.

FIG. 4 is a sectional view showing a schemafic
constitution of the light emitting device as the
embodiment of the present invention.

FIG. 5 is a view showing the énergy band
structure of the iight emitting device as the
embodiment of the present invention.

FIG. 6.is a sectional view showing the schematic
constitution of the light emitting device as the -
embodiment of. the present invention.

FIG. 7 is a view showing the energy band
structure of the light emitting device as the
embodiment of the present invention.

FIG. 8 is a sectional view showing the schematic
constitution of the light emifting device as the
embodiment of the present invention.

FIG. 9 is a view showing thé energy band
structure of the light emitting device as the
embodiment of the present invention.

FIG. 10 is a schematic sectional view showing é
state before a heat tfeatment in the second step of a
method of producing a light emitfing device of the
present invention.

FIG. 11 is a schematic sectional view showing a
state after the heat treatment in the second step of
the method of producing a light emitting device of the

present invention.
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BEST MODE FOR CARRYING OUT THE INVENTION
(Embodiment 1)

Hereinafter, an exemplary embodiment for carrying
out the present invention will be described with -
reference to the éccompanying drawings.

FIG. 1 is a sectional view showing a schematic
constitution of a light emitting device as an
embodiment‘of the present invention.

As shown in FIG. 1, the light emifting device of
this embodiment is obtained by laminating an anode 11
on a substrate 10 and further laminating thereon a
semiconductor containing a chalcopyrite (hereinafter
referred to as "chalcopyrite semiconductor™) 12, a
donor-acceptor pair light emitter 13, and a cathode 14. .

A unit cell of the crystalline structure of a
compound represented by a I-III-VI, type among a large
number of existing chalcopyrites is a tetragonal system
obtained by stacking two sphalerite structures such as
ZnS as a representative example of the group II-VI in
the c-axis direction.:

The band structure shows a.direct transition type,
and selection of constituent elements allows the band
gap to be adjusted in a wide range from 0.96 to 3.49 eV.

The lattice constant can be adjusted in the range
of 0.531 to 0.641 nm, lattice matching with ZnS (0.541

nm) or the like is excellent, and the degree of freedom
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in the selection of a material is extremely high.

A chalcopyrite to be used here is represented by
the I-III-VI, type, and one or more materials are
chosen from Cu and Ag for the group I, one or more
materials are selected from Al, Ga, andrIn for the
group III, and oné or more materials are selected from
S, Se, and Te for the group VI.

‘A wide gap semiconductor is favorable in order to
obtain visible light by supplying a carrier to the
donor-acceptor pair light emitter. The'termv"wide gap
semiconductor" as used herein generally refers to a
semiconductor having a band gap twice or more as’wide
as that of silicon, that is, a semiconductor having a
band gap of 2.2 eV or more.

AExamples of the wide gap semiconductor include
CuAls; (Eg = 3.49 eV), CuAlSe, (Eg = 2.67 eV), and.

CuGasS, (Eg

2.43 eV). The examplés further include
AgAlS; (Eg = 3.13 eV), AgAlSe, (Eg = 2.55 eV), AgAlTe;
(Bg = 2.27 eV), and AgGaS; (Eg = 2.73 eV).

Many chalcopyrite semiconductors show both the p-
type and n-type conduétion types owing to the holes and
defects of constituent elements. In particular, they
can providé p-type conduction which is diffiqult to
obtain in, for example, the group II-VI wide band gap
compound semiconductor. ‘

In order to obtain satisfactory donor-acceptor

pair luminescence, the light emitting device favorably
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has p-type conductivity with which holes can be
injected at a density of 1 x 10%° cm™? or more.

The donor-acceptor pair light emitter emits light
via the following mechanism: the respective energy
levels are formed by a donor and an acceptor added to a
semiconductor as é base material, and the electrons and
holes trapped in the levels recombine to emit light.

Such light emission occurs in many semiconductors
such as SiC (group IV-IV), GaP, Gals (group III-V), ZﬁS,A
ZnSe, and CdS (group II-VI). 1In particﬁlar, light
emitted from a deep donor-acceptor pair formed in a 7ZnS
base material is bright even at room temperature, so-
such material is finding use in a wide variety of
applications typified by a phosphor for a color-
television cathode-ray tube. Examples §f such phosphor
include a ZnS:Aqg,Cl blue phosphor and a ZnS:Cu,Al green
phosphor

The donor-acceptor pair light emitter to be used

- here can emit visible light as long as the light

emitter uses ZnS (Eg = 3.7 eV), which is a wide gap
semiconductor, as its:base material.

The light emitter is repreéented by ZnS:A,D, one
or more materials aré selected from Au, Ag, Cu, and N
for 'A' (acceptor), and one or more materials are
selected from Al, Ga, In, F, Cl, Br, and I for 'D'

(donor). The emission color is determined by energy

Adlfference between the donor level and the acceptor
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level to be formed.

For example, light emission having a peak
wavelength at about 2.4 eV is bbtained with ZnS:Cu,Al,
light emission having a peak wavelength at about 2.7 eV
is obtained with ZnS:Cu,Cl, and light having a peak
wavelength at aboﬁt 2.85 eV is emitted in ZnS:Ag,Al.

The donor concentration and the acceptor
concentration each have an optimum concentration at
which high emission brightness can be obtained with
such a range that no concentration quenéhing occurs.
For example, in the case of'ZnS:Cu,Al, the
concentration of Al as a donor is about 2 x 1074 mél/mol,
ahd‘the concentfation of Cu as an acceptor is about 1.2
x 107 mol/mol. 1In addition, in the case of ZnS:Aqg,Cl1,
the concentration of Cl as a donor is about 7 x 1072
mol/mol, and the concentration of Ag as aﬁ acceptor is'
about 1.8 x 7 x 107" mol/mol. |

In general, the donor-acceptor concentration is
favorably 1072 mol/mol or less.

Althdugh there are various kinds of donor-
acceptor combinationé; a material in common with:an
element selected from the elemenfs belonging to the
groups I and III for constituting the'chalcopyrite
semiconductor is favorably selected because of the
following reason: material diffusion from a
chalcopyrite due to a heat treatment in a method of

producing a light emitting device to be described later
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enables the formatioﬁ of the donor—acceptor pair light
emitter. ' |

When the donor and the acceptor are materials
different from the elements belonging to the groups I

and IIT for constituting the chalcopyrite semiconductor,

‘or when the donor and the acceptor are different from

each other in extent of material diffusion caused by a
heat treatment, the donor-acceptor pair light emitter
can be produced by the following method.

- That is, one of the materials is édded in advance
as an additive to the base material.

The addition finally results in the formation of
the aonor—acceptor pair light emitter.

In order that a light emitting device emits light
with higher brightness, the crystallinity of the donor-.
acceptor pair light emitter is favorably high. To
obtain high crystallinity, latticé matching between the
crystalline structures of the chalcopyrite
semiconductor and of the QOnor—acceptor pair light
emitter is of concern.

Examples of the:chalcopyrite semiconductor
adjacent to the donor-acceptor bair light emitter when
the lighfvemitter is of ZnS (having a lattice constant
of 0.541 nm) are shown below.

| The examples include CuAlS, (0.531 nm), CuAlSe,
(0.560 nm), and CuGaS; (0.535 nm). The examples further

include AgAlS, (0.570 nm), AgAlSe, (0.596 nm), AgAlTe,



WO 2007/108526 . ’ PCT/JP2007/055936
11

(0.630 nm), and AgGaS; (0.574 nm).
Lattice matching between them ranges from 1.11 to
16.5%. 1In such rangé, 10% or less is favorable.
The light emitting device of this embodiment is a
5 DC drive type light emitting device in which an’
electrode on the side of the chalcopyrite semiconductor
is connected to a positive electrode and an electrode
onlthe side of the donor-acceptor pair iight emittér is
connected to a negative electrode so that the donor-
10 acceptor pair light emitter emits light.
| That is, when a DC voltage is applied to the
light emitting device as shown in FIG. 1, a hole is
Supplied from the anode 11 on the side of the
chalcopyrite semiconductor, and an electron is supplied
15 from the cathode 14 on the side of the donor-acceptor
pair light emitter 13, whereby thg donor-acceptor pair
light emitter 13 emits light.
Examples of a material for the anode 11 include
metals and p-type semiconductors each having a large
20 work function close to the valence band of the
chalcopyrite‘semicondﬁctor, such as Pt, Ni, Au, ITO, Cu,
and Pd. |
Examples of a material for the cathode 14 include
alkali metals, alkali earth metals, materials belonging
25 to the group III, and n-type semiconductors each having
a small work function, such as ILi, Ca) Mg, Al, Lir/Al;

MgAg/Ag, Zn0:RAl, ZnO:Ga, InGaZnO., and In,03:7Zn0.
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With such éonstitution, as shown in FIG. 2, a
hole 16 is supplied and tfansported from the anode 11
into the chalcopyrite semiconductor 12, and an electron
17 is supplied from the cathode 14.

Then, the hole and the electron recombine in the
donor—écceptor pair ligﬁt emitter 13, whereby light
emission 15 having high brightness can be obtained.

The light emission 15 can be extracted to the
outside of the light emitting device through a
transparent electrode. A constitution using a
transparent substrate 18 as shown in FIG. 3 enables the
emitted light to be extracted in the direction of the
light emission 15: .

A constitution in which an n-type semiconductor
21 is provided between the cathode 14 and the donor-
acceptor pair light emitter 13 as shown in FIG. 4 is
also usable.

With such constitution, as shown in FIG. 5, the

hole 16 is supplied and transported from the anode 11

into the chalcopyrite semiconductor 12, and the
electron 17 is supplied and trahsported from the
cathode 14 into the n-type semiéonductor 21. Then, the
hole and the electron recombine in the donor-acceptor
pair light emitter 13, whereby the light emission 15
having high brightness can be obtained.

Alternatively, a constitution in which a p-type

semiconductor 23 is provided between the anode 11 and
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the chalcopyrite semiconductor_lZ as shown  in FIG. 6 is
also usable.

With such‘constitution, as shown in FIG. 7, the
hole 16 is supplied and‘transported from the anode 11
into the chalcopyrite semiconductor 12 through the p-
type semiconductof 23, and the electron 17 is supplied
from the cathode 14. Then, the hole and the electron
recombine in the donor-acceptor pair light emitter 13,
whereby the light emission 15 having high brightness
can be obtained. |

Further, a constitution provided with both the n-
type semiconductor.21 and: the p-type semiconductor 23
described above is also usable.

In addition, a constitution in which an insulator
20 is provided between the cathode 14 énd the donor-
acceptor pair light emitter 13 as shown in FIG. 8 is
also usable.

With such constitution, as shown in FIG. 8, the
hole 16 is supplied and Eransported from the anode 11
into the chalcopyrite semiconductor 12, and the
electron 17 is injectéd through a Schottky barrier
comprised of the cathode 14 and.the insulator 20. Then,
the hole and the electron recombine in the donor-
acceptor pair light emitter 13, whereby the light
emission 15 having high brightness can be obtained.

(Method of prbducing light emitting device)

The first step of a production method of this
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embodiment, that is, a step of forming a precursor by
placing a first member formed of a chalcopyrite
semiconductor and a second member forhed of a base
material for a donor¥accéptor pair light emitter so
that the first and second members are adjacent to each
other will be described.

As shown in FIG. 10, the anode 11 is placed on
the substrate 10, and the chalcopyrite semiconductor 12
is formed thereon.

Examples of a method of forming the chalcopyrite
semiconductor of fhis embodiment include a multi-source
deposition method, a sulfidization, selenidization, or-
telluridization method, a solid phase growth method, a
metal organic chemical vapor deposition method, a vapor
phase growth method, a sputteriﬁg method, and a laser
ablation method. Of'thosé, the multi-source deposition
method is advantageous in terms of composition
controllability, and the sputtering method is effective
in terms of convenience.

Raw materials for the chalcopyrite semiconductor,
which may each be supblied in the form of a sulfide,
selenide, or telluride, are parfially or entirely
supplied as metal materials, and are then heated in a
hydrogeh sulfide, hydrogen selenide,<or‘hydrogen
telluride atmosphere. Thus, each of the materials can
be turned into a sulfide, a selenide, or a tellﬁride.

A base material 22 for a donor-acceptor pair
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light emitter is formed on the chalcopyrite.
semiconductor 12 to obtain a precursor.

Examples of a method of forming the base material
for a donor-acceptor pair light emitter of this
embodiment include a multi-source deposition method, a
solution growth method, a metal organic chemical vapor
deposition method, a vapor phase growth method, a
sputtering method, and a laser ablation method. Of
those, the sputtering method and the solutlon growth
method are favorable in terms of convenlence, and, when
an additive is added, the multi-source deposition
method and the laser ablation method are favorable. It
should be noted that an additive can be added by an ion
implantation method before or after the formation of
the base material. |

The second step of the production method of this
embodiment, that is, a step of forming a donor-acceptor
pair light emitter at a portion where the first and
second members are adjacent to each other by subjecting
the precursor to a heat treatment will be described.

The heat treatment causes material diffusion from
the chalcopyrlte semiconductor 12 toward the base
material 22 for a donor—acceptor-pair'light emitter,
whereby the precursor is turned into the donor—acceptor
pair light emitter 13 of FIG. 11.

Although the heat treatment can be performed with,

for example, a general electric furnace as long as an
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atmosphére for the treatment can be controlled, tﬁe
treatment is favorably performed by a rapid heating
method with which a tiﬁe period for heating and cooling
can be controlled in order that the extent or range of
material diffusion due to heat may be controlled with
improved accuracy. In addition, a lamp or laser as
well és a heater méy be used as heating means.
(Embodiment 2)

This embodiment is characterized in that a
semiconductor containing an oxychélcogenide
(hereinafter referred to as "oxychalcogenide
semiconductor”) and a light emitting layer in which a
compound semiconductor provided with a donor and an
acceptor‘emits light are laminated so as to be adjacent
to each other.

The use of an oxychalcogenide semiconductor
instead of the chalcopyrite semiconductor of Embodiment
1 is also one favorable example. With such
constitution, a DC drive type light emitting device
capable of emitting light with high brightness even at
not low temperatures éan be obtained.

For example, as shown in FiG. 1, a light emitting

device of this embodiment is obtained by laminating the

~ anode 11 on the substrate 10 and laminating thereon .the

oxychalcogenide semiconductor 12, the donor-acceptor
pair light emitter 13, and the cathode 14.

As described above, the layer constituted of the
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chalcopyrite §emiconductor'in Embodiment 1 favorably is
of a wide gap semiconductor which is transparent in a
visible light region. An oxychalcogenide is a
favorable material.because the oxychalcogenide contains
oxygen and hence the band gap of the oxychalcogenide
generally tends té be wider than that of the
chalcopyrite (sulfide material) described above. In
addition, the oxychalcogenide semiconductor is a
favorable material because it is generally of the p-
type conduction type. On the other hana, the carrier
transporting property of the oxychalcogenide
semiconductor is inferior to that of the chalcopyrite
semiconductor in some cases.

Phys. stat. soi. (a), 203, 2800-2811, (2006)
reports LaCuOS (Eg = 3.1) and LaCuOSe (Eg = 2.8) as
oxychalcogenides showing p-type conduction. Phys. stat.
sol. (a), 203, 2800-2811, (2006) aiscloses a
heterojunction diodé obtained by laminating a p-type
LaCuOSe oxychalcogenide: semiconductor layer and an n-
type InGéZnﬁ% semiconductor layer.

The oxychalcogeﬁide semiconductor of the present

invention is not particularly limited as long as it

' contains an oxygen element (O) and a ¢halcogen element

(S, Se, or Te) as its main components. Further, an
oxychalcogenide semiconductor containing a Cu element
as its main component is favorable because it shows

good p-type electric conducting property. In
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particular, a hole can bevinjected into a ZnS-based
donor-acceptor pair light emitter. This is probably
because a héle can be effectively injected from the
valence band formed by a hybrid orbital of Cu and §.
bf the chalcogen elements, S is favorably used'because
the largest band gap can be obtained.

The term "main component" as used herein refers
to a component the content of which is at least 1 mol%
or more in terms of atomic composition ratio.

The oxychalcogenide semiconductor.of the present
invention may be of a crystalline or amorphous
structure. Examples of the semiconductor when a
crystal is applied include LaCuOS and LaCuOSe.

When it is amorphous, an arbitrary‘ratio is
applicable to the element composition ratio. ' For
example, an La-Cu-0-S-based material can be represented
by a chemical formula LaxCuﬁksg, and each of x, vy, z,
and & can take an arbitrary value (except zero).

Thé ratio (z/3) of the oxygen element (O)(to the
chalcogen element is favorably in the range of 0.1 to
10. Other examples of the semiconductor material
include Al-Cu-O-S-based, Ga—Cu—d—S—based, Y-Cu-0-S-
based; In-Cu-0-S-based, Bi-Cu-0-S-based, Zn-Cu-0-S-
based, Sn—Cu—O—S—based, and Cu-0-S-based materials.
While materials with one or two kinds of metal élements
have been listed here, an arbitrary material with three

or more kinds of metal elements is also applicable.
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Such amorphous semiconductor allows a wide range
of element combinations and a wide range of composition
ratios. In addition, such amorphous semiconductor is
favorable because it can be formed into a thin film at
a relatively low temperature as compared to a crystal.
In addition, good.carrier transferring property can be
expected because it is free of any influence of a grain
boundary present in a polycrystalliné thin film.

Examples of a method of forming the
oxychalcogenide semiconductor of this eﬁbodiment
include a multi-source deposition method, a
sulfidization, selenidization, or telluridization
method, a solid phase growth methodn a metal organic
chemical vapor deposition‘method, a vapor phase growth
method, a sputtering method, and a lasér ablation
method. Of those, the multi-source deposition .method
is advantageous in terms of composition controllability,
and the sputtering method is effective in terms of
convenience.

For example, an LaCuOS polycrystalline thin film
or an La—Cu—O—S—based:amorphous thin film can be forméd
by a sputtering method involving the use of Lay03 and
Cu2S as targets. Alternatively; the LaCu0Ss
polycrystalline thin film or the La-Cu-0-S-based
amorphous thin film can be formed by a sputtering
method involving the use of the sintered product of a

mixture of, for example, La,0;, LasS;, and CuzS mixed at
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a desired composition ratio as a target.

An approach involviﬁg forming an amorphous filﬁ
and subjecting the film to an.annéaling treafment to
make the film polycrystalline may be employed as an
approach to obtaining a polycrystalline film.

The light eﬁitting device of this embodiment is a
DC drive type light emitting dgfice in which an
electrode on the side of the oxychalcogénide
semiconductor is connected to a positive electrode and
an electrode on the side of the donor-acceptor pair
light emitter is connected to a negative electrode so
that the donor-acceptor pair light emitter emits light.

That is, the light emitting device is of the same
constitution as that shown in FIG. 1 described in
Embodiment 1, provided that reference numeral 12-
represents the oxychalcogenide semiconductor in this‘
embodiment.

That is, when a DC voltage is applied to the
light emitting device as shown in FIG. 1, a hale is
supplied from the anode 11 on the side of the
oxychalcogenidevsemicénductor, and an electron is
supplied from>the cathode 14 on'the side of the donor-

acceptor pair light emitter 13, whereby the donor-

4acceptor pair light emitter 13 emits light.

The oxychalcogenide semiconductor is favorably
placed between an oxide transparent electrode typified

by ITO and a light emitting layer using a sulfide as
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its base ma?erial. Since both oxygen as a constituent
material of the oxide transparent electrode and sulfur
as the main constituent element of the sulfide light
emitting layer are contained, a light emitting device
that does not show a large property fluctuation against,
for example, elemént diffusion can be realized.

An oxychalcogenide semicondﬁctor layer 31
favorably has a thickness of 20 to 100 nm.

Here, a material described in‘Embodiment 1 is
applicable to the donor-acceptor pair light emitter.
For example, the light emitter is represented by
ZnS:A,D, one or more materials are selected from Au, Ag,
Cu, and N for an A (acceptor), and one or more
materials.are selected from Al, Ga, In, F, Cl, Br, and
I for.a D (donor). Although there are &arious kinds of .
donor-acceptor combinations, a material in common with
an element selected from the elements for constituting
the oxychalcogenide semiconductor is favorably selected.
This is because such selection enables the formation of
the donor-acceptor bair light emitter caused by
material diffusion frém an oxychalcogenide in a heat
treatmenf step in the method of‘producing a light
emitting device. In addition, a stable device that
shows small changes in pfoperties in association with
element diffusion upon driving can be realized.

Examples of a material for the anode 11 include

metals each having a large work function close to the
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valence band of the oxychalcogenide,§emiqonductor such
as Pt, Ni, Au, ITO, Cu, and Pd. A transparent
conductive electrode formed of an oxide typified by ITO
is particularly favorable.

Examples of a material for the cafhode 14 include
alkali metals, alkali earth metals,‘materials belonging
to the group III, and n-type semiconductors each having
a small work function such as Li, éa, Mg, Al, LiF/AlL,
MgAg/Ag, and ZnO:Al. tHowever, the e%amples are not
limited to them, and an arbitrary conductive material
is applicable.

With such constitution, as shown in FIG. 2, the
hole 16 is supplied and transported from the anode 11 -
into the oxychalcogenide semiconductor 12, and the
electron 17 is supplied from the cathode 14. Then, the
hole and the electron recombine in the donor-acceptor
pair light emitter 13, whereby the light emissipn 15
having high brightness can be obtained.

Alternatively, é light emitting device having any
one of the constitutions sﬁown in FIGS. 3 to 8
described above in Eﬁbodiment 1 can be constituted,
provided that reference numeral.12 represents the
oxychélcogenide semiconductor in this embodiment.

The following approach is favorably employed upon
formation of the light emitting device.

That is, a precursor in which a base material 22

for a donor-acceptor pair light emitter and an
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oxychalcogenide semiconductor 12 are placed so as to be
adjacent to each other is‘prepared, and i1s subjected to
a heat treatment. The heat treatment causes material
diffusion from the oxychalcogenide semiconductor 12
toward the base material 22 for a donor-acceptor pair
light emitter, whereby the donor-acceptor pair light
emitfer 13 can be formed. \ .

Although the heat treatment can be performed with,
for example, a general electric furnace as long as the
atmosphere for the treatment can be controlled, the
treatment is favorably performed by a rapid heating
method with which a time period for heating aﬁd cooling
can be conﬁrolled in order that the extent or range of
material diffusion due to heat may be controlled with
imp;oved accuracy. In addition, a lamp or laser as
well as a heater may be used as heafing means.
(EXAMPLES) |

Hereinafter, the present invention will be
described in more detail by way of examples. However,
the present invention is not limited to the following
examples. .

(Example 1)

This example is a first.example'of the productioh
of a light emitting device having a chalcopyrite
semiconductor and a donor-acceptor pair light emitter.

Pt is formed into a film as the anode 11 on-a GaPp

(100) substrate as the substrate 10. The film, which



WO 2007/108526 PCT/JP2007/055936

10

15

20

25

24

has a thickness of 106 nm, is formed by using a
magnetron sputtering device and a Pt target in a stream
of an argon gas under a pressure of 1 Pa at a film
deposition rate of 10 nm/min.

In any subsequent step, a multi-source vacuum
deposition device capable of supplying a hydrogen
sulfide gas and provided'with a resistance heating
evaporation source and an electron gun evaporation
Sourée is used.

First, the:temperatures of the reéistance heating

evaporation sources of Cu, Al, and S for obtaining

CuAlS; of the chalcopyrite semiconductor 12 are set to

1,000°Cc, 1,100°C, and 60°C, respectively.

" Then, the substrate temperature is kept at 600°C,
and deposition is conducted to have a thickness of 1 Hm
in a stream of an H,S gas under a pressure of 1 .x 1072
Pa at a film deposition rate of 2 nm/sec.

Next, ZnS as a base material for a donor-acceptor
pair light emitter is deposited to a thickness of 1OOA
nm by using an electron gun evaporation source under a
pressure of 1 x 1073 Pé while the substrate temperature
is kept at 200°C. |

After the film formation, the reésultant is
subjectea to a heat treatment in a tubular annealing
furnace made of quartz at 600°C for 20 minutes while a
mixed gas of an argon gas and hydrogen sulfide is

flowed into the furnace, whereby the donor—acceptof
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pair lighp'emitter 13 is formed.

After that, In;03:Zn0 is deposited to a thickness
of 400 nm to serve as the cathode 14 by using a
magnetron sputtering device and an In,03:Zn0O (90 : 10
wt%) target in a stream of an argon gas under 1 Pa at a
fiim deposition’réte of 10 nm/min.

In the light emitting device thus produced, a
positive electrode is connected to the Pt eléctrodep
and a negative electrode is connected to the ZnO:2al
electrode so that the device is driven by a direct
current. As a result, the light emission 15 having a
green color and having a peak wavelength at about 2.4
eV based on a ZnS:Cu,Al donor-acceptor pair can be
obtained. |

(Example 2)

This example is a second example of the
production of a light emitting device having a
chalcopyrite semiconductor ‘and a donor-acceptor pair
light emitter.

As shown in FIG. 3, ITO is déposited to a
thickness of 500 nm tg serve as a transparent electrode
19 on a quartz substrate asAthe‘transparent substrate
18 by using a magnetron sputtering device and an ITO
(SnO2 = 5 wt%) target in a stream of anﬁargon gas under
a pressure of 1 Pa at a film deposition rate of‘15
nm/min.

In any subsequent step, a multi-source vacuum
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deposition device capable of supplying a hydrogen
sulfide gas and provided with a resistance heating

evaporation source and an electron gun evaporation

:source 1s used.

First, Ag and Ga,S; for obtaining AgGaS, of the
chalcopyrite semiéonductor 12 are used as electron gun
evaporation sources, and are supplied at O.8‘nm/sec and
3.2 nm/sec, respectively.

Then,‘the substrate temperature is kept at 300°C,

and deposition is conducted to have a thickness of 1 um

.in a stream of an H;S gas under a pressure of 1 x 1072

Pa at a film deposition rate of 4 nm/sec.

Subsequently, the resultant is held in the device
for 30 minutes in a stream of an H;S gaé under a
pressure of 2 x 107? Pa while the substrate temperature
is kept at 600°C.

Next, ZnS as a base materiél for a donor-acceptor
pair light emitter is deposited to a thickness of 100
nm by using an electron gun evaporation source under a
pressure of 1 x 107° Pa while the substrate temperature
is kept at 200°C. |

Thereafter, the fesultant:is subjected to a heat

treatment at 500?C,for 10 seconds while a mixed gas of

" an argon gas and hydrogen sulfide is allowed to flow by

using an infrared lamp annealing device, whereby the
donor-acceptor pair light emitter 13 is formed.

After that, Al is deposited to a thickness of 100
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nm to serve as the cathode 14 by using a vacuum
deposition device at a film deposition rate of 20
nm/min.

In the light emitting device thus produced, a
positive eléctrode is connected to the ITO electrode,
and a hégative electrode is connected to the Al
electrode so that the device is driven by a direct
current. As a result, the light emission 15 having a
blue color and having a peak wavelength)at about 2.7 ev
can be obtained.

(Example 3)

This example is a third example of the production
of a light emitting device having a.chalcopyrite
semiconductor and a donor-acceptor pair light emitter.

As shown in FIG. 4, Ni is deposited to a
thickness of 200 nm to sefve és the anode 11 on a soda
lime glass substréte as the substrate 10 by using a
magnetron-sputtering device and an Ni target in a
stream of an argon gas under a pressure of 1 Pa at a
film,depositién rate of 10 nm/min.

In any subsequeﬁt step, a multi-source vacuum
deposition device provided wifh.a‘resistance heating
evaporation source and an eiéctron gun evaporation
source is used. |

The temperatures of the resistance heating
evaporation sources of Cu and In are set to 1,000°C and

80°C, respectively, and a Cu layer having a thickness
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of 100 nm and an In layer having a thickness of 100 nm
are alternately formed under a pressure of 1 x 1073 pa
in such a manner that the total number of layers
becomes four, that is, the total thickness of the
layers becomes 400 nm.

Aftef that, in a stream of an H,S gas, the
substrate temperature is increased to 500°C, and then
the resultant is annealed for 30 minutes to be turned
into CuInS,, whereby the chalcopyrite semiconductor 12
is formed.

Next, a pellet obtained by adding 5 x 107* mol/mol
of Al to ZnS as a base material for a donor-acceptor
pair light emitter is used as an electron gun
evaporation source.

Then, the substrate témperature is kept at 200°C, .
and depositionﬁis conducted to have a thickness of 100
nm under a pressure of 1 x 107 Ppa. |

Thereafter, the resultant.is subjectéd to a heat
treatment at 500°C for 20 seconds while a mixed gas of
an argon gas and hydrogen sulfide is allowed to flow by
using an infrared lamé annealing device, whereby the
donor-acceptor pair light.emittér 13 is formed.

~After that, InGaZnO4 is deposited to a thickness
of 100 nm to serve as the n-type semiconductor 21 by
using a magnetron sputtering device and an InGaZnoO4
target in a stream of an argon gas under 1 Pa at a film

deposition rate of 10 nm/min.
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Fur;her, Zn0:Al is deposited to a thickness of
400 nm to sérve as the cathode 14 by using a magnetron
sputtering device and a ZnO:Al (Aiﬁh = 2 wt®) target in
a stream of an argon gas under 1 Pa at a film
deposition rate of 10 nm/min.

In the light emitting device thus produced, a
positive electrode is connected to the Ni electrode,
and a negative electrode is connected to the ZnO:Al
electrode so that the device is drivenvby a direct
current. As a result, the light emission 15 having a
green color and having a peak wavelength at about 2.4
eV can be obtained.

(Example 4)'

This example is a fourth example‘of the
production of a light emitting device having a
chalcopyrite semiconductor and a donor-acceptor pair
light emitter. |

As shown in FIG. 6, the device is produced on a

.p-type GaP (100) substrate as the p-type semiconductor

23 by using a multi-source vacuum deposition device
provided with a resisfance heating evaporation source .
and an electron gun evaporation.source.‘

First, the temperatures of the resistance heating
evaporation sources of Cu, Al, and Se for the
chalcopyrite semiconductor 12 are set to 1,050°C,
l,lOO°C, and 210°C, respectively.

Then, the substrate temperature is kept at 300°C,
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and deposition is conducted to have a thickness of 500
nm under a pressure of 1 x 107 Pa at a film deposition
rate of 0.5 nm/sec. After that, the substrate
temperature is increased to 500°C, and the resultant is
annealed for 1 hour, whereby CuAlSe; is formed.

Next, ZnS as a base material 22 for a donor-
acceptor péir light emitter is deposited to a thickness
of 100 nm by using an electron gun evaporation source
under a pressure of 1 x 10" Pa while the substrate
temperature is kept at 200°C. "

Thereafter, the resultant is subjected to a heat
treatment at 600°C for 20 seconds while a mixed gas of
an‘argon gas and hydrogen sulfide is allowed to flow by
using an infrared lamp‘annealingkdevice, whereby the
donor-acceptor pair light emitter 13 is formed.

After that, ZnO:Ga is deposited to a thickness of
400 nm to serve as the cathode 14 by using a magnetron
sputtering device and a Zno:Ga (Ga,03 = 3 wt$) target in
a stream of an argon gas under 1 Pa at a film
deposition rate of 10 nm/min.

Further, Au is aeposited to a thickness of 100 ﬁm
to serve as the anode 11 on the back surface of the p-
type semiconductor 23 by using the vacuum depos1tlon
dev1ce at a film deposition rate of 20 nm/min.

In the light emitting device thus produced, a
positive electrode is connected to the Au electrode,

and a negative electrode is connected to the %ZnO:Ga
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electrode so that the device is driven by a direct
current. 'As a result, the light emission_lS having a
green color and having a peak wavélenéth at about 2.4
eV based on a ZnS:Cu,Al donor-acceptor pair can be
obtained.

(Example 5).

This example is a fifth example of the production
of a light emitting device having a chalcopyrite
semiconductor and a donor-acceptor pair light emitter.

As. shown in FIG. 8, Ni is deposited to a.
thickness of 200 nm to serve as the anode 11 on a soda
lime glass substrate as the substrate 10 by using a
magnetron sputtering device and an Ni target in a

stream of an argon gas under a pressure of 1 Pa at a

film deposition rate of 10 nm/min..

Further, using a Cu-Ga (Ga4= 40 wt%) target
deposition is conducted to have a thickness of 600 nm
to serve as the chalcopyrite semiconductor 12

After that, the resultant is subjected to a heat
treatment in a tubular annealing furnace made of quartz
at 500°C for 30 minutés while a mixed gas of an argon
gas ahd hydrogen sulfide is floﬁed into the furnace,
whéreby CuGaS; is formed.

ZnS as a base material for a donor—-acceptor pair
light emitter is grown by a solution growth metﬁod to
have a thickness of'100 nm on the resultant. The

solution growth method is performed as described below.
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The substrate is immersed for 5 minutes in a
solution of 80°C prepared by dissolving 0.025 M of zinc
acetate Zn(CH3CO0), and 0.375 M of thiourea [SC(NH,),]
in 2.5 M of ammonium hydroxide NH,0H.

‘Then, a nitrogen gas is blown to thé surface of .
the substrate, anavthe whole is dried. After that, a
mixed gaé of an argon gas and hydrogen sulfide is
flowed by using an infrared lamp annealing device.

Then, the reéultant is subjected to a heat
treatment at 500°C for 20 seconds, whereby the donor-
acceptor pair light emitter 13 is formed.

After that, ZnS is deposited to a thickness of 30
nm to serve as the insulator 20 by using a vacuum
deposition device and an electron gun evaporation
soufce under é pressure of 1 x 1073 Pa while the
substrate temperature is kept at 300°C.

After that, ZnO:Al is deposited to a thickness of
400 nm to serve as the cathode 14 by using a magnetron
sputtering device and a ZnO:Al (Al,05 = 2 wt%) target . in
a stream of an argon gas under 1 Pa at a film
deposition rate of 10:nm/min.

In the light emitting deviée thus produced, a
positive electrode is connected to thé Ni electrode,
and ‘a negative electrode is connected to the ZnO:Al
electrodé so that the device is driven by a direct
current. As a result, the light emission 15 having a

green color and having a peak wavelength at about 2.4
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eV based on a zZnS:Cu,Ga donor-acceptor pair can be
obtained.
(Example 6)

This example is an example of a light .emitting

device having a polycrystalline oxychalcogenide

semiconductor and a donor-acceptor pair light emitter.
The structure of the light emitting device is as shown
in FIG. 1.

Pt is depoéited as the anode 11 on a GaP (100)
substrate as the substrate 10. The deposition is
condd&ted to a thickness of 100 nm by using a magnetron
sputtering device and a Pt target in a stream of an
argon gas under a pressure of 1 Pa at a film deposition
rate of 10 nm/min.

Next, the oxychalcogenide semiconductor layer 12

formed of LaCuOS is formed. An LaCuOS layer having a

‘thickness of 50 nm was formed by a co-sputtering method

involving the use of Lay03 and CuS targets. The
substrate temperature is room temperature, and a mixed
atmosphere of Ar and H,S having a pressure of 0.5 Pa
(Ar : HpS = 19 : 1) ié used.

Subsequently, the LaCuOS film is crystallized by
being subjected to an annealing treatment at a
substrate temperature of 700°C for 20 minutes in a .
stream of an H,S gas under a pressure of 1 x 1072 Pa.

Nekt, ZnsS as é base material for a donor-acceptor

pair light emitter is deposited to a thickness of 100
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nm by>using an electron gun evaporation source under a
pressure of 1 x 107 Pa while the substrate temperature
is kept at 200°C.

Thereafter, the resultant is subjected to a heat
treatment in a tubular annealing furnace made of quartz

at 600°C for 20 minutes while a mixed gas of an argon

vgas and hydrogen sulfide is allowed to flow into the

- furnace, whereby the donor-acceptor pair light emitter

13 is formed.

After that, 72n0:Al is deposiﬁed to a thickneés of
400 nm to serve as the cathode 14 by using a magnetron
sputtering device and a ZnO:Al (Al203 = 2 wt%) target in
a stream of an argon gas under 1 Pa at a film
deposition rate of 10 nm/min.

In the light emitting device thus produced, a
positive electrode is connected to the Pt electrode,
and a negative electrode is connected to the ZnO:Al
electrode so that the device is. driven by a direct
current. As a result, the light emission 15 having a
green color and having a peak wavelength at about 2.4
eV based on a ZnS:Cu,Al donor-acceptor pair can be
obtained. .

(Example 7)

This example is an example of a light eﬁitting
device having an oxychalcogenide semiconductor.énd a
donor-acceptor pair light emitter. The structure of

the light emitting device is as shown in FIG. 3.
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ITO is deposited as the trénsparent electrode 19
on a quartz substrate as the transparent substrate 18.
The deposition is conducted to have a thickness of 500
nm by using a magnetron sputtering device and an ITO
(SnO; = 5 wt%) target in'a stream of an argon gas under
a pressure of 1 Pa at a film deposition rate of 15 |
nm/min. |

Next, the oxychalcogenide. semiconductor layer 12
formed of LaCuOS is formed. An LaCuOS layer haVing a
thickness of 60 nm is formed by a sputtering method
invblving the use of a sintered material target formed
of LaS3, Lay03, and Cu,S. |

Next, a base material for a donor-acceptor pair
light emitter is deposited by using a multi-source
vacuum deposition device capable of sgpplying a
hydrogen sulfide gas and provided with a resistance
heating evaporation source and an electron gun
evaporation source. A pellet obtained by adding 5 x 10~
' mol/mol of Ag to ZnS as the base material for a
donor-acceptor pair light emittef is used as an
electron gun evaporatioh»source.‘ The deposition is
conducted to have a thickness of 100 nm under a
pressure of 1 x 1\0"3 Pa while the substrate temperature
is kept at 200°C.

Thereafter, the resultant is subjected to a heat
treatment at 500°C for 10 seconds while a mixed gas of

an argon gas and hydrogen sulfide is allowed to flow by
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using an infrared lamp annealing device, whereby the
donor-acceptor pair light emitter 13 is formed.

After that, Al is deposited to a thickness of 100
nm to serve as the cathode 14 by using the vacuum
deposition device at a film deposition rate of 20
nm/min. |

In.the light emitting device thus produced, a
positive.electrode is connected to tﬁe ITO electrode,
and a negative eléctrode is connected to the Al
electrode so that the device is driven by a direct
current. As a result, the light emission 15 having a
blue color and having a peak wavelength at about 2.7 eV
can be obtained.

(ﬁxample 8)

This example is an‘example of a iight emitting
device having an oxychalcogenide semiconductor and a
donor-acceptor pair light emitter;

ITO is deposited as the transparent electrode 19
on a quartz substrate as the transparent substrate 18.
The deposition is conducted to have a thickness of 500
nm by using a magnetrén sputtering device and an ITO
(Sn0z = 5 wt‘%) target in a streém of an argon gés
undef a pressure of 1 Pa at a film deposition rate of
15 nm/min. _

Next, a base material for a donor-acceptor pair{
light emitter is de?osited by using a multi-source

vacuum deposition device capable of supplying a
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hydrogen sulfide gas and provided with a resistance

heating evaporation source and an electron gun

evaporation source. A pellet obtained by adding 5 x 10~

mol/mol of Cu and Al to ZnS as the base material for
a donor-acceptor pair light emitter is used as an
electroh(gun eﬁaporation source. The deposition is
conducted to have a thickness of 100 nm under a
pressure of 1 x 1073 Pé while the substrate temperature
is kept at 200°c.

Thereafter, the resultant is subjected to a heat
treatment at 500°C for 10 seconds while a mixed gas of
an argon gas aﬁd hydrogen sulfide is allowed to flow by
using an infrared lamp annealing device, whereby the
donor-acceptor pair light emitter 13 is formed.

Next, the oxychalcogenide semiéonductor layer 12
which includes Al1-Cu-0-8 and is amorphous is formed.

An Al-Cu-0-S layer having a thickness of 30 nm is
fofmed by a co-sputtering method involving the use of
Al,03 andeuZS targets. The layer is formed in such a
manner that the compoéition ratio A1l : Cu : O : S
becomes about 1 : 1 ::1 : 1.

After that, Ni is deposited to a thickness of 100
nm to serve as the anode by using the vacuum deposition
device at a film deposition rate of 20 nm/min.

In the light emitting device thus produced, a
negative electrode is connected to the ITO electrode,

and a positive electrode is connected to the Ni
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electrode so that the device is driven by a direct
current. As a result, the emitted light having a blue
color and having a peak wavelength at about 2.4 eV can
be obtained.

The present invention can be utilized in an LED
or an organic EL.i

" While fhe present invention has been described

with reference to exemplary embodiments, it is to be
understood that the invention is not limited to the
disclosed exemplary embodiments. The scope of the
following claims is to be accorded the broadest
interpretation so as to encompass all such
modifications and equivalent structures and functions.

This application claims the benefit of Japanese
Patent Application Nos. 2006-074626, filed March 17,
2006, and 2007-061869, filed March 12, 2007, which are
hereby incorporated by reference herein in their

entirety.
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CLAIMS

1. A light emitting device, comprising:

a palr of electrodes;

a light emitter placed between the electrodes;
and |

a semiconductor laminated to be adjacent to the
light emitter,

wherein the semiconductor contains one of a
chalcopyrite and an oéychalcogenide. |

2. A light emitting device accdrding té claim 1, .
wherein:

the chalcopyrite is represented by a I—IIi—VIz

Atype; and

a material is .chosen from Cu and Ag for the group
I, a material is selected frqm Al, Ga, and In for the
group III, and a material is selected from S, Se, and
Te for the group VI.

3. A light emitting device accoraing to claim 1,
wherein:

a constituent ;naterial of the light emitter is-
represented by ZnS:A (acceptor);D (donor); and

at least one material is selected from Au, Ag, Cu,

and N for the A (acceptor), and at.leasf one material
is selected from Al, Ga, In, F, Cl, Br, and I for the D
(donor) . |

4. A light emitting device according to claim 3,
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wherein at least one of the A (acceptor) and the D
(donor) comprises

the same materials as the materials of the group
I and the group III which constitute the chalcopyrite
when thg semiconductor contains the chalcopyrite, and

the éame Amaterial as the material which
constitutes the dxychalcogenide when the semiconductor
contains the oxychalcogenide. |

5. A light émitting device abcording to claim 3,
wherein the A (aéceptor)K and the DA (donor) have 'a
concentration of 107 mol/mol 6r less.

6. A light emitting device according to claim 1,
wherein: v

the chalcopyrité is‘represented by a I-III-S,
type; and |

a material is chosen at least from Cu and Ag for
the group I and é material is selected at least from Al
and Ga for the group III.

7. A light emitting dévice according to claim 1,
wherein: |

| a constituent ﬁaterial of the light emitter is

represented by ZnS:A (acceptor),b (donor); and

a material is selected at least from Ag and Cu
for the A (acceptor), and at least one material is
selected from Al, Ga, énd Cl for the D (donor).

8. A light emitting device according to claim 1,

wherein lattice matching between the chalcopyrite or
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the oxychalcogenide and a material which constitutes
the light. emitter is 10% or less.

9. A light emitting device ‘according to claim 1,
wherein the semiconductof is provided on an anode side
of the'light emitter, aﬁd a positive electrode of a DC
power supply is éonnected to an anode and a negative
electrode of the DC power supply is connected to a
cathode so that light is emitted.

10. A light emitting device according to claim 1,
wherein the oxychalcogenide comprisés an amorphous
material.

11. A light emitting device according to claim 1,

wherein the light emitter contains a compound having a

- crystalline structure of a sphalerite structure.

12. A method of producing a light emitting device
in which a semiconductor containing one of a
chalcopyrite and an oxychalcogeniae and a light emitter
in which a compound éemiconductor provided with a donor
and an acceptor emits light are laminated to be
adjacent to each other, the method comprising:

a first step of:forming a precursor by placing a
first member to be the semiconductor and a second
member to be a base material for the light emitter so
that the first member and the second member are
adjacent to each other; and |

a second step‘of subjecting the precursor to a

heat treatment.
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13. A method of producing a light emitting device
according to claim 12, wherein the heat treatment is

performed by a rapid heating method.
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