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PHOSPHOR THIN FILM PREPARATION
METHOD, AND EL PANEL

BACKGROUND OF THE INVENTION

1. Technical Field

This invention relates to an oxysulfide thin film having a
light emitting function, and more particularly, to a phosphor
thin film used as a light-emitting layer in inorganic EL
devices or the like, a method of preparing the same and an
EL panel using the same.

2. Background Art

In the recent years, active research works have been made
on thin-film EL devices as small-size and large-size, light-
weight flat panel displays. A monochromatic thin-film EL
display using a phosphor thin film of manganese-doped zinc
sulfide capable of emitting yellowish orange light has
already become commercially practical as a double insula-
tion structure using thin-film insulating layers 2 and 4 as
shown in FIG. 2. In FIG. 2, a predetermined pattern of lower
electrodes 3 is formed on a substrate 1, and a first insulating
layer 2 is formed on the lower electrode-bearing substrate 1.
On the first insulating layer 2, a light-emitting layer 3 and a
second insulating layer 4 are successively formed. On the
second insulating layer 4, a predetermined pattern of upper
electrodes 6 is formed so as to construct a matrix circuit with
the lower electrodes 3.

Thin-film EL displays must display images in color in
order that they find use as computer, TV and similar moni-
tors. Thin-film EL displays using sulfide phosphor thin films
are fully reliable and resistant to environment, but at present
regarded unsuitable as color displays because EL phosphors
required to emit light in the primaries of red, green and blue
have poor characteristics. Engineers continued research on
SrS:Ce (using SrS as a matrix material and Ce as a lumi-
nescent center) and ZnS:Tm as a candidate for the blue
light-emitting phosphor, ZnS:Sm and CaS:Eu as a candidate
for the red light-emitting phosphor, and ZnS:Tb and CaS:Ce
as a candidate for the green light-emitting phosphor.

These phosphor thin films capable of emitting light in the
primaries of red, green and blue suffer from problems of
emission luminance, emission efficiency and color purity.
Thus color EL panels have not reached the commercial
stage. Referring to the blue color among others, a relatively
high luminance is achieved using S1S:Ce. However, its
luminance is still short as the blue color for full color display
and its chromaticity is shifted toward green. There is a desire
to have a better blue light-emitting layer.

To solve these problems, thiogallate and thioaluminate
base blue phosphors such as SrGa,S,:Ce, CaGa,S,Ce, and
BaALS,:Eu were developed as described in JP-A7-122364,
JP-A8-134440, Shingaku Technical Report, EID 98-113, pp.
19-24, and Jpn. J. Appl. Phys., Vol. 38 (1999), pp.
L1291-1292. These thiogallate base phosphors are satisfac-
tory in color purity, but suffer from a low luminance and
especially, difficulty to form a thin film of uniform compo-
sition because of the multi-component composition. It is
believed that thin films of quality are not obtainable because
of poor crystallinity resulting from inconvenient composi-
tion control, formation of defects resulting from sulfur
removal, and admittance of impurities; and these factors lead
to a failure to increase the luminance. In particular, thioalu-
minate base phosphors are quite difficult to control their
composition.

In order to develop practical full color EL panels, pro-
cesses of preparing phosphor thin films for blue, green and
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red light in a consistent manner and at a low cost are
necessary. Since matrix materials and luminescent center
materials of phosphor thin films individually have differing
chemical or physical properties as described above, the
preparation method differs depending on the identity of the
phosphor thin film. Then, if film depositing conditions are
set such that a phosphor thin film of a specific composition
may produce a high luminance, a phosphor thin film for
another color fails to develop a high luminance. This neces-
sitates a plurality of film forming apparatus for the overall
process of manufacturing a full color EL panel. The manu-
facturing process becomes very complex, and the cost of
panel manufacture increases.

Moreover, the EL spectra of the aforementioned blue,
green and red EL phosphor thin films are all broad. When
they are used in a full color EL panel, RGB necessary as the
panel must be cut out of the EL spectra of the EL phosphor
thin films, using filters. Use of filters complicates the manu-
facture process and, still worse, brings about a lowering of
luminance. When RGB is taken out through filters, the
luminance of blue, green and red EL phosphor thin films is
lost by 10 to 50% or more so that the luminance of the panel
is reduced below the practically acceptable level.

In order that an EL panel perform on a practical level, it
is required to maintain a luminance over a long period of
time, that is, have a long luminance life.

To solve the above-discussed problems, there remains a
need for red, green and blue phosphor thin films capable of
emitting light at a high luminance and a satisfactory color
purity enough to eliminate a need for filters, and having a
long luminance life. It is also required that such red, green
and blue phosphor thin films be prepared by an identical
film-forming method or film-forming apparatus.

SUMMARY OF THE INVENTION

An object of the invention is to provide a phosphor thin
film having a high luminance, a satisfactory color purity
enough to eliminate a need for filters, and a long luminance
life, and best suited for each element of RGB in full color EL
panels. Another object of the invention is to make it possible
to manufacture a full color EL panel using such phosphor
thin films, through simple steps and at a reduced cost.

The above and other objects are achieved by the invention
which is defined below as (1) to (10).

(1) Aphosphor thin film comprising a matrix material and
a luminescent ¢enter, wherein

the matrix material is an oxysulfide containing at least an
alkaline earth element, Ga and/or In, sulfur (S) and
oxygen (O),

the atomic ratio of oxygen to the total of oxygen and
sulfur, O(S+0), in the matrix material is in the range:
0/(S+0)=0.1 to 0.85.

(2) The phosphor thin film of (1) having the following

compositional formula:

compositional formula A,B,0,S,,:M

wherein M is a metal element serving as the luminescent
center, A is at least one element selected from the group
consisting of Mg, Ca, Sr, and Ba, B is at least one element
selected from Ga, In and Al, with the proviso that B
essentially contains Ga and/or In, X is in the range of 1 to 5,
y is in the range of 1 to 15, z is in the range of 3 to 30, and
w is in the range of 3 to 30.

(3) The phosphor thin film of (1) or (2) wherein the
luminescent center is provided by a rare earth element.
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(4) Aphosphor thin film comprising a matrix material and
a luminescent center, wherein

the matrix material is an oxysulfide containing at least an

alkaline earth element, Ga and/or In, sulfur and oxygen,
and the luminescent center is Eu.

(5) An EL panel having the phosphor thin film of any one
of (1) to (4).

(6) A method for preparing the phosphor thin film of any
one of (1) to (4), comprising the steps of:

forming a sulfide thin film, and

annealing the thin film in an oxidizing atmosphere into an

oxysulfide thin film.

(7) A method for preparing the phosphor thin film of any
one of (1) to (4), comprising the step of forming an oxysul-
fide thin film by a reactive evaporation process using at least
a material containing an alkaline earth element in sulfide or
metal form and a material containing gallium sulfide and/or
indium sulfide as the evaporation source, and oxygen gas as
the reactive gas.

(8) A method for preparing the phosphor thin film of any
one of (1) to (4), comprising the steps of:

forming a sulfide thin film by an evaporation process

using at least a material containing an alkaline earth
element in sulfide or metal form and a material con-
taining gallium sulfide and/or indium sulfide as the
evaporation source, and

annealing the sulfide thin film in an oxidizing atmosphere

into an oxysulfide thin film.

(9) A method for preparing a phosphor thin film according
to (8) wherein the evaporation process is a reactive evapo-
ration process using hydrogen sulfide gas as the reactive gas.

(10) A method for preparing a phosphor thin film accord-
ing to any one of (7) to (9) wherein the evaporation source
containing the alkaline earth sulfide contains the lumines-
cent center.

Function

The inventors first formed thin films of alkaline earth
thiogalates and alkaline earth thioindates, which are easier to
control the composition than alkaline earth thioaluminates,
as the phosphor intended for EL application. EL devices
were prepared using the thin films, but they failed to produce
the desired light emission. The thin films had an emission
luminance of 2 cd/m” at the highest. The luminance must be
increased in order that the thin films be applied to EL panels.

Based on these empirical results, the inventors continued
research on phosphor thin films of the above composition
and reached the present invention. It has been found that by
adding a certain amount of oxygen to alkaline earth thiogal-
late and alkaline carth thioindate base matrix materials to
form oxysulfides, an outstanding increase of luminance and
a substantial lengthening of luminance life are accom-
plished.

By adding various luminescence centers corresponding to
the desired colors of light emission to matrix materials based
on alkaline earth thiogallate and alkaline earth thioindate
and containing oxygen, there are obtained phosphor thin
films capable of emitting red, green and blue light of high
color purity at a high luminance. Additionally, these phos-
phor thin films can be formed using the reactive evaporation
process. Then the present invention is effective for reducing
the cost of full color EL panels.

BRIEF DESCRIPTION OF THE DRAWINGS

HIG. 1 1s a schematic cross-sectional view showing an
exemplary construction of the evaporation apparatus used in
the manufacturing method of the invention.
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FIG. 2 is a perspective view of a portion cut out of an
inorganic EL device of double insulation structure.

FIG. 3 is a graph showing the emission spectrum of the
EL device of Example 1.

FIG. 4 is a graph showing the emission spectrum of the
EL device of Example 4.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Several embodiments of the invention are described in
detail.

The phosphor thin film of the invention includes a matrix
material and a luminescent center. The matrix material is an
oxysulfide containing at least an alkaline earth element, Ga
and/or In, sulfur (S) and oxygen (O).

It is preferred that the phosphor thin film of the invention
has been crystallized, although an amorphous state having
no definite crystalline structure is acceptable. The crystals
present in the phosphor thin film of the invention are
preferably one or more of A;B,Se, A,B,S,, A,B,S; 5.5,
AB,S,, A,B..S,,, ABSS,,, and AB,,S,, wherein A stands
for an alkaline carth ¢element and B stands for Ga, In and Al,
with the inclusion of AB,S, crystals being especially pre-
ferred. In the phosphor thin film, O may substitute for part
of S in the crystals.

As used in the specification, the alkaline earth element is
selected from Be, Mg, Ca, Sr, Ba and Ra. Of these, Mg, Ca,
Sr and Ba are preferred, with Ba and Sr being especially
preferred.

The element to be combined with the alkaline earth
element is Ga and/or In, or Ga and/or In plus Al, in which
the combination of these elements is arbitrary.

The phosphor thin film of the invention preferably has the
following compositional formula.

A BOS, M

oy 2w

In the compositional formula, M stands for a metal element
serving as the luminescence center; A stands for at least one
element selected from among Mg, Ca, Sr, and Ba; and B
stands for at least one element selected from among Ga, In
and Al with the proviso that B essentially contains Ga and/or
In. Specifically, B is Ga and/or In, a mixture of Ga and Al,
a mixture of In and Al, or a mixture of Ga, In and Al.

The atomic ratio of Al in the element B is preferably up
to 0.3. Too high an atomic ratio of Al makes it difficult to
control the composition of phosphor thin film, and compro-
mises the advantages of the invention that a high luminance
and a long life are obtainable by optimizing the composition
of alkaline earth thiogallate or alkaline earth thioindate.

In the above formula, x, y, z and w denote molar ratios of
elements A, B, O and S, and are preferably in the ranges of:

x=1to 5,

y=1to 15,

z=3 to 30, and

w=3 to 30.

In the matrix material, the atomic ratio O/(S+0) of
oxygen to the total of oxygen and sulfur, that is, z/(w+z) in
the above compositional formula is preferably from 0.1 to
0.85, more preferably from 0.1 to 0.5, and more preferably
from 0.1 to 0.4. By controlling the oxygen content in this
range, the luminance life is critically lengthened and a high
luminance is obtainable.

It is noted that when A,B,O.S,, is a compound of a
stoichiometric composition, this compound is considered to
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consist of x{A(0,S)} and (y/2){B,(0,S);}. Accordingly,
z+w=x+3y/2 gives a substantially stoichiometric composi-
tion. To produce a high luminance of light emission, the
phosphor thin film should preferably have a composition
close to the stoichiometry, and specifically,

0.9=(x+3y/2)/(z+w)=1.1

is preferred.

The composition of the phosphor thin film can be ascer-
tained by x-ray fluorescence analysis (XRF), x-ray photo-
electron spectroscopy (XPS), transmission electron
microscopy-energy dispersive x-ray spectroscopy (TEM-
EDS) or the like.

Oxygen is effective for outstandingly enhancing the emis-
sion luminance of phosphor thin films. Although the light
emitting device has a lifetime in that the luminance drops
with the lapse of light emitting time, the addition of oxygen
improves the lifetime performance and prevents the lumi-
nance from dropping. The addition of oxygen to sulfide
promotes crystallization of the matrix material during film
deposition or during post treatment such as annealing after
film deposition, and permits the luminescent center such as
rare earth element to undertake effective transition within
the compound crystal field, producing stable light emission
at a high luminance. Also, the matrix material itself is stable
in air, as compared with pure sulfide. This is probably
because the stable oxide component protects the sulfide
component in the film from the ambient air.

The element M contained as the luminescent center is one
or more elements selected from among transition metal
clements such as Mn and Cu, rare carth metal elements, lead
(Pb) and bismuth (Bi). The rare carth element is sclected
from among at least Sc, Y, La, Ce, Pr, Nd, Gd, Tb, Ho, Er,
Tm, Lu, Sm, Eu, Dy and Yb. Specifically, Eu and Ce are
preferred for the blue phosphor, Eu, Ce, Tb and Ho are
preferred for the green phosphor, and Pr, Eu, Sm, Yb and Nd
are preferred for the red phosphor. Among these, Eu, Pr, Tb
and Sm are preferred for combination with the matrix
material. The more preferred elements are Eu and Sm, with
Eu being most preferred. An appropriate amount of the
luminescent center added is 0.1 to 10 at % based on the
alkaline earth element.

As described above, the phosphor thin film having oxygen
added thereto is believed to produce stable light emission at
a high luminance since the luminescent center such as rare
earth element undertakes effective transition within the
compound crystal field. This effect becomes outstanding
only with the luminescent center which is sensitive to the
crystal field, and especially when the luminescent center is
Eu’+.

Among alkaline earth thiogallates, SrGa,S,:Ce has been
under study as the phosphor for blue emission. Ce has the
problem that Ce® and Ce** are co-present in the matrix
material as is known to be problematic with SrS:Ce. As a
consequence, the emission spectrum does not have a single
peak, and color control becomes difficult. In contrast, when
Eu is added, a single emission peak is obtained. It is also
believed that the reason why the luminance improving effect
due to oxygen addition is low in the event where Ce is added
is correlated to the co-presence of Ce>* and Ce**.

The phosphor thin film is preferably prepared, for
example, by the following processes. The following descrip-
tion refers to a Ba,Ga,0,S,:Eu phosphor thin film as a
typical example.

In a first process, a phosphor thin film is formed by
reactive evaporation using a barium gallate pellet having Eu
added as the evaporation source and H,S gas as the reactive
gas. The H,S gas is used in order to introduce sulfur into the
film.
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A second process relies on a multi-source evaporation
technique. The preferred procedures of multi-source evapo-
ration include, for example,

(1) binary reactive evaporation using a barium oxide pellet
having Eu added thereto and a gallium oxide pellet as the
evaporation source, and H,S gas as the reactive gas;

(2) binary vacuum evaporation using a barium sulfide pellet
having Eu added thereto and a gallium oxide pellet as the
evaporation source, but no reactive gas;

(3) binary vacuum evaporation using a barium oxide pellet
having Eu added thereto and a gallium sulfide pellet as the
evaporation source, but no reactive gas; and

(4) binary reactive evaporation using a barium sulfide pellet
having Eu added thereto and a gallium sulfide pellet as the
evaporation source, and O, gas as the reactive gas.

It is acceptable to use metallic Eu and metallic Ba as the
evaporation source instead of the barium oxide pellet having
Eu added in the procedure (1), and instead of the barium
sulfide pellet having Eu added in the procedure (4).

In the especially preferred embodiment of the second
process, an oxysulfide thin film is obtained by placing at
least a gallium sulfide evaporation source and an evapora-
tion source of barium sulfide having a luminescent center
added thereto in a vacuum chamber, admitting oxygen (O,)
gas into the vacuum chamber, and evaporating gallium
sulfide and barium sulfide substance from the respective
sources and depositing the evaporated substances on a
substrate while binding the substances with oxygen.

In a third process, oxygen is introduced into a phosphor
thin film by anneal treatment. That is, once a sulfide thin film
is formed, it is annealed in an oxidizing atmosphere to
convert to an oxysulfide thin film.

The preferred evaporation procedures used in the third
process include, for example,

(1) binary reactive evaporation using a barium sulfide pellet
having Eu added thereto and a gallium sulfide pellet as the
evaporation source, and H,S gas as the reactive gas;

(2) binary reactive evaporation using a barium sulfide pellet
having Eu added thereto and a gallium sulfide pellet as the
evaporation source, but no reactive gas;

(3) binary vacuum evaporation using a barium thiogallate
pellet having Eu added thereto as the evaporation source;
and

(4) binary reactive evaporation using a barium thiogallate
pellet having Eu added thereto as the evaporation source,
and H,S gas as the reactive gas.

It is acceptable to use metallic Eu and metallic Ba as the
evaporation source instead of the barium sulfide pellet
having Eu added in the above procedures (1) and (2).

The anneal treatment in the third process is carried out in
an oxidizing atmosphere such as oxygen or air. The oxygen
concentration in the annealing atmosphere is preferably at
least the oxygen concentration in air. The annealing tem-
perature is preferably set in the range of 500° C. to 1,000°
C., and more preferably in the range of 600° C. to 800° C.
The annealing causes oxygen to be introduced into the
phosphor thin film and substantially improves the crystal-
linity of the phosphor thin film.

Among the procedures of the third process, the use of the
procedure (1) or (2) as the evaporation method is especially
preferred.

Among the above-mentioned processes, the third process
is most preferred. The third process facilitates to control the
oxygen content in the phosphor thin film and to form a
phosphor thin film having high crystallinity.

The element added as the luminescent center to the
evaporation source is in a metal, fluoride, oxide or sulfide
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form. Since the content of the luminescent center in the
evaporation source is different from the content of the
luminescent center in the thin film which is formed using
that evaporation source, the content of the luminescent
center in the evaporation source is adjusted so as to provide
the desired content in the thin film.

In the above processes, it is preferred that the luminescent
center be previously added to the alkaline earth sulfide, and
most preferably, the luminescent center be present as a
sulfide (e.g., EuS) in the alkaline earth sulfide (e.g., BaS)
evaporation source. It is possible to uniformly add less than
several percents by mole of the luminescent center to the
alkaline earth sulfide. When a pellet, powder, compact or
mass of the alkaline earth sulfide having the luminescent
center added is evaporated, the luminescent center evapo-
rates together with the alkaline earth sulfide and reaches the
substrate so that the minor amount of the luminescent center
is distributed in the thin film being deposited in a well
controlled manner. Since the alkaline earth sulfide serves as
a carrier for the impurity (luminescent center), 1 mol % or
less of the Iuminescent center can be precisely and uni-
formly added to the thin film.

The alkaline earth sulfide used as the evaporation source
may have a deviation within about 10% from the stoichi-
ometry. However, when the luminescent center is added to
the alkaline earth sulfide to form the evaporation source, the
composition of the alkaline earth sulfide should preferably
be as close to the stoichiometry as possible, in order to
increase the precision of the addition amount of the lumi-
nescent center.

In the above-described processes, the temperature of the
substrate during the evaporation may be at room temperature
to 600° C., preferably 100 to 300° C. If the substrate
temperature is too high, the thin film of matrix material may
have more asperities on its surface and contain pin holes
therein, giving rise to the problem of current leakage on EL
devices. Also the thin film can be colored brown. For this
reason, the aforementioned temperature range is preferable.

The oxysulfide thin film thus formed is preferably a
highly crystalline thin film. Crystallinity can be evaluated by
x-ray diffraction, for example. To promote crystallinity, the
substrate temperature is set as high as possible. Not only the
above-mentioned anneal treatment in an oxidizing
atmosphere, but also anneal treatment in vacuum, N, Ar,
sulfur vapor or H,S is effective for improving crystallinity.

No particular limits are imposed on the thickness of the
phosphor thin film. However, too thick a film requires an
increased drive voltage whereas too thin a film results in a
low emission efficiency. Illustratively, the phosphor thin film
is preferably about 100 to 2,000 nm thick, especially about
150 to 700 nm thick although the thickness varies depending
on the identity of the phosphor material.

The pressure during evaporation is preferably 1.33x10™*
to 1.33x107" Pa (1x107° to 1x10~> Torr). More preferably,
both the amounts of O, gas for adding oxygen and H,S gas
for promoting sulfidation may be adjusted to maintain a
pressure of 6.65x107° to 6.65x107 Pa (5x107° to 5x107™*
Torr). If the pressure exceeds the range, the operation of the
electron gun becomes unstable, and composition control
becomes very difficult. The feed rate of H,S or O, gas is
preferably 5 to 200 standard cubic centimeters per minute
(SCCM), especially 10 to 30 SCCM although it varies
depending on the power of the vacuum system.

If desired, the substrate may be moved or rotated during
evaporation. By moving or rotating the substrate, the depos-
ited film becomes uniform in composition and minimized in
the variation of thickness distribution.
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When the substrate is rotated, the rotational speed is
preferably at least about 10 rpm, more preferably about 10
to 50 rpm, and especially about 10 to 30 rpm. If an attempt
is made to increase the rotational speed of the substrate
above the range, it becomes difficult to provide a seal to
maintain the vacuum chamber gas-tight. If the rotational
speed of the substrate is too low, compositional gradation
may occur in the thickness direction within the chamber so
that the resulting phosphor thin film may have poor char-
acteristics. The means for rotating the substrate may be any
well-known rotating mechanism including a power
transmission/gear mechanism having a power source such as
a motor or hydraulic rotational mechanism combined with
gears, belts, pulleys and the like.

The means for heating the evaporation source and the
substrate may be selected, for example, from tantalum wire
heaters, sheath heaters and carbon heaters, as long as they
have the predetermined thermal capacity, reactivity or the
like. The temperature reached by the heating means is
preferably in the range of about 100 to about 1,400° C., and
the precision of temperature control is about £1° C., pref-
erably about +0.5° C. at 1,000° C.

FIG. 1 illustrates one exemplary construction of the
apparatus for forming the light emitting layer according to
the invention. Reference is made to an embodiment wherein
oxygen-added barium thiogallate:Eu is produced by using
gallium sulfide and barium sulfide as the evaporation
sources and admitting oxygen during evaporation. In the
illustrated embodiment, a substrate 12 on which the light
emitting layer is to be deposited, and EB evaporation
sources 14 and 15 are disposed within a vacuum chamber 11.

The electron beam (EB) evaporation sources 14 and 15
serving as means for evaporating gallium sulfide and barium
sulfide include crucibles 40 and 50 which contain gallium
sulfide 14¢ and barium sulfide 15¢ having a Iuminescent
center added thereto, and electron guns 41 and 51 having
electron emitting filaments 41a and 51a built therein,
respectively. Built in the electron guns 41, 51 are mecha-
nisms for controlling electron beams. To the electron guns
41, 51 are connected ac power supplies 42, 52 and bias
power supplies 43, 53.

The electron guns 41, 51 produce electron beams at
predetermined powers in a controlled manner, which are
irradiated to the crucibles 40, 50 for evaporating the gallium
sulfide 14a and the barium sulfide 15 having a luminescent
center added thereto in a predetermined ratio. Also employ-
able is a process in which multi-source simultaneous evapo-
ration is performed using a single electron gun, which is
known as multi-source pulse evaporation process.

The vacuum chamber 11 has an exhaust port 11a through
which the chamber is evacuated to establish a predetermined
vacuum in the chamber. The vacuum chamber 11 also has a
reactive gas inlet port 115 through which oxygen or hydro-
gen sulfide gas is admitted into the chamber.

The substrate 12 is fixedly secured to a holder 124. The
holder 124 has a shaft 125 which is rotatably held by an
outside rotating shaft mount (not shown) so that the vacuum
may be maintained in the chamber 11. The shaft 12b is
adapted to be rotated at a predetermined speed by a rotating
means (not shown). A heating means 13 in the form of a
heater wire is closely secured to the substrate holder 12¢ so
that the substrate may be heated and maintained at the
desired temperature.

Using the illustrated apparatus, vapors of gallium sulfide
and barium sulfide are evaporated from the EB evaporation
sources 14, 15 and deposited on the substrate 12 where they
are bound with the oxygen admitted to thereby form an
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oxysulfide thin film. By rotating the substrate 12 during the
evaporation process if desired, the thin film being deposited
can be made more uniform in composition and thickness
distribution. Although two EB evaporation sources are used
in the illustrated embodiment, the evaporation source is not
limited to an EB evaporation source, and another evapora-
tion source such as a resistive heating evaporation source
may be used depending on a particular material and condi-
tions used.

There have been described the phosphor thin film material
and the method of manufacture by evaporation according to
the invention, by which a phosphor thin film capable of light
emission at a higher luminance and having a long lifetime
can be easily formed.

Using the phosphor thin film of the invention, an inor-
ganic EL device is manufactured, for example, to the struc-
ture shown in FIG. 2.

HG. 2 is a perspective view showing a device of the
double insulation structure as an exemplary inorganic EL
device using the phosphor thin film of the invention as a
light emitting layer 3. In FIG. 2, a predetermined pattern of
lower electrodes 5 is formed on a substrate 1, and a first thick
insulating layer (or thick-film dielectric layer) 2 is formed on
the lower electrodes 5. On the first insulating layer 2, a
light-emitting layer 3 and a second insulating layer (or
thin-film dielectric layer) 4 are successively formed. On the
second insulating layer 4, a predetermined pattern of upper
electrodes 6 is formed so as to construct a matrix circuit with
the lower electrodes 3.

Between the substrate 1, electrodes 5, 6, first insulating
layer 2 and second insulating layer 4, there may be disposed
intermediate layers such as a layer for enhancing bond, a
layer for mitigating stress, and a layer for preventing reac-
tion. The thick film may be improved in smoothness as by
polishing its surface or using a smoothing layer.

The substrate used herein is not critical as long as it is
constructed of a material having a heat resistant temperature
or melting point of at least 600° C., preferably at least 700°
C., especially at least 800° C. so that the substrate may
withstand the thick-film forming temperature, the forming
temperature of the light emitting layer and the annealing
temperature of the light emitting layer, and the substrate
maintains the predetermined strength. Illustrative examples
include ceramic substrates of glass, alumina (Al,O), for-
sterite (2Mg0.Si0,), steatite (Mg0.Si0,), mullite
(3A1,0,.25i0,), beryllia (BeO), aluminum nitride (AIN),
silicon nitride (Si;N,), and silicon carbide (SiC+BeO) as
well as heat resistant glass substrates of crystallized glass or
the like. Of these, alumina substrates and crystallized glass
substrates are especially preferable. Where heat transfer is
necessary, substrates of berillia, aluminum nitride or silicon
carbide are preferred.

Also useful are quartz substrates and heat oxidized silicon
wafers as well as metal substrates such as titanium, stainless
steel, Inconel and iron base materials. Where electro-
conductive substrates such as metal substrates are used, a
structure in which an insulating thick film having a lower
electrode buried therein is formed on a substrate is preferred.

A material having a relatively high permittivity selected
from among well-known thick-film dielectric material is
preferably used as the thick-film dielectric layer (first insu-
lating layer). Of these materials, for example, lead titanate,
lead niobate and barium titanate based materials are pre-
ferred.

The thick-film dielectric layer has a resistivity of at least
10® Q-cm, especially about 10*° to 10*® Q-cm. Its relative
permittivity e is preferably about 100 to 10,000. Its thickness
is preferably 5 to 50 um, especially 10 to 30 um.
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The thick-film dielectric layer is formed by any desired
method. Methods capable of relatively easily forming films
of 10 to 50 um thick, for example, the sol-gel method and
printing/firing method are preferred.

Where the printing/firing method is employed, a material
is fractionated to an appropriate particle size and mixed with
a binder to form a paste having an appropriate viscosity.
Using the paste, a coating is formed on a substrate by a
screen printing technique, and dried. The coating is fired at
an appropriate temperature, yielding a thick film.

Examples of the preferred material of which the thin-film
dielectric layer (second insulating layer) is made include
silicon oxide (Si0,), silicon nitride (SiN), tantalum oxide
(Ta,0y), strontium titanate (SrTi0,), yttrium oxide (Y,0;),
barium titanate (BaTiO;), lead titanate (PbTiO;), lead zir-
conate titanate (PZT), zirconia (Zr0O,), silicon oxynitride
(SiON), alumina (AL,0,), lead niobate, and a mixture of
Pb(Mg,sNi, ;)05 and PbTiO; (PMN-PT). The thin-film
dielectric layer may be constructed by a single layer or
multiple layers containing at least one of the foregoing
materials. In forming the thin-film dielectric layer, any of
conventional methods such as evaporation, sputtering and
CVD may be used. The thin-film dielectric layer preferably
has a thickness of about 50 to 1,000 nm, especially about
100 to 500 nm.

The lower electrode is formed between the substrate and
the first insulating layer or within the first insulating layer.
The lower electrode is exposed to high temperature during
the anncaling of the light emitting layer and also to high
temperature during formation of the first insulating layer
when the first insulating layer is constructed by a thick film.
It is then preferred that the material of which the lower
electrode is made be heat resistant and specifically, contain
as a main component one or more elements selected from
palladium, rhodium, iridium, rhenium, ruthenium, platinum,
tantalum, nickel, chromium and titanium.

The upper electrode is preferably a transparent electrode
which is transmissive to light in the predetermined emission
wavelength region because the emitted light often exits from
the opposite side to the substrate. When the substrate and
insulating layer are transparent, a transparent electrode may
also be used as the lower electrode because this permits the
emitted light to exit from the substrate side. Use of trans-
parent electrodes of ZnO, ITO or the like is especially
preferred. ITO generally contains In,05 and SnO in stoichi-
ometry although the oxygen content may deviate somewhat
therefrom. An appropriate proportion of Sn0O, mixed with
In,0;is about 1 to 20%, more preferably about 5 to 12% by
weight. For 1Z0, an appropriate proportion of ZnO mixed
with In, O is generally about 12 to 32% by weight.

Also the electrode may be a silicon-based one. The silicon
electrode may be either polycrystalline silicon (p-Si) or
amorphous silicon (a-Si), or even single crystal silicon if
desired.

In addition to silicon as the main component, the silicon
electrode is doped with an impurity for imparting electric
conductivity. Any dopant may be used as the impurity as
long as it can impart the desired conductivity. Use may be
made of dopants commonly used in the silicon semiconduc-
tor art. Illustratively, B, P, As, Sb and Al are preferred. The
preferred dopant concentration is about 0.001 to 5 at %.

In forming the electrode from these materials, any of
conventional methods such as evaporation, sputtering, CVD,
sol-gel and printing/firing methods may be used. In forming
a structure in which a thick film having an internal electrode
is formed on a substrate, the same method as used in forming
the dielectric thick film is preferred.
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The electrode should preferably have a resistivity of up to
1 Q-cm, especially about 0.003 to 0.1 Q-cm in order to apply
an effective electric field across the light emitting layer. The
preferred thickness of the electrode is about 50 to 2,000 nm,
especially about 100 to 1,000 nm, although it varies with the
material of the electrode.

The phosphor thin films of the invention are applicable to
a variety of EL panels, for example, full color panels,
multi-color panels, and partial color panels of partially
representing three colors for display purposes.

EXAMPLE

Examples are given below for illustrating the invention in
more detail.

Example 1

An EL device was fabricated using a phosphor thin film
according to the invention. For both the substrate and the
thick-film insulating layer, a BaTiO; base dielectric material
(permittivity 5,000) was commonly used. A Pd electrode
was used as the lower electrode. The device was fabricated
by furnishing a green sheet for the substrate, and forming the
lower electrode and thick-film dielectric layer on the sheet
by a screen printing technique, followed by firing of the
overall structure. The surface was then polished, yielding a
substrate bearing a thick-film dielectric layer of 30 ym thick.
A BaTiO, film was formed thereon to a thickness of 400 nm
by sputtering. This was annealed in air at 700° C., yielding
a composite substrate.

On the composite substrate, a multilayer structure of
AL, O film (50 nm thick)/ZnS film (200 nm thick)/phosphor
thin film (300 nm thick)/ZnS film (200 nm thick)/A1,0, film
(50 nm thick) was formed. The thin films flanking the
phosphor thin film served so that the resulting EL device
might produce stable light emission.

The phosphor thin film was formed by the following
procedure using an evaporation apparatus constructed as in
FIG. 1. Note that a resistive heating evaporation source was
used instead of the EB evaporation source 14.

An EB evaporation source 15 containing S1S powder
having 5 mol % of EuS added and a resistive heating
evaporation source (14) containing Ga,S; powder were
placed in a vacuum chamber 11, into which a H,S gas was
admitted. The substances were simultancously evaporated
from the respective sources, and deposited on a rotating
substrate heated at 400° C., forming a phosphor thin film.
The rates of evaporation from the respective sources were
adjusted so that the phosphor thin film was deposited on the
substrate at a deposition rate of 1 nm/sec. The feed rate of
H,S gas was 20 SCCM. The multilayer structure including
the phosphor thin film thus formed was annealed in air at
750° C. for 10 minutes.

For composition analysis purposes, the multilayer struc-
ture was also formed on a Si substrate and thereafter,
annealed. The conditions under which this multilayer struc-
ture was formed and annealed were the same as those used
for the above-described multilayer structure in the EL
device. The phosphor thin film in the multilayer structure
was analyzed for composition by x-ray fluorescence to find
an atomic ratio (arbitrary unit) of

Sr: 5.91,

Ga: 18.93,

0: 11.52,

S: 48.81, and

Eu: 0.33.
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That is, atomic ratios in Sr,Ga,0.S,,:Eu were

Ga/Sr=y/x=3.20,

0/(5+0)=z/(w+2)=0.191, and

(x+3y/2)/(z+w)=1.04.

By RF magnetron sputtering technique using an ITO
oxide target, a transparent ITO electrode of 200 nm thick
was formed on the above multilayer structure at a substrate
temperature of 250° C., completing the EL device.

When an electric field having a frequency of 1 kHz and a
pulse width of 50 uS was applied across the electrodes, the
EL device emitted green light having a luminance of 2300
cd/m? in a fully reproducible manner. The spectrum of light
emission is shown in FIG. 3.

Example 2

In Example 1, Tb was used instead of Eu, providing
emission of green light at a luminance of 53 cd/m>.

Example 3

In Example 1, one or more of Mg, Ca and Ba were used
instead of Sr or together with Sr. Equivalent results were
obtained, with emission of bluish green light.

It is noted that in the phosphor thin films formed in
Examples 2 and 3, y/x in the compositional formula was in
the range of 2.2 to 3.0, z(w+z) was in the range of 0.13 to
0.33, and (x+3y/2)/(z+w) was in the range of 0.9 to 1.1.

Example 4

An EL device was fabricated as in Example 1 except that
the phosphor thin film was formed by the following proce-
dure using In instead of Ga.

In the evaporation chamber shown in FIG. 1, a resistive
heating evaporation source was used instead of the EB
evaporation source 14. An EB evaporation source 15 con-
taining SrS powder having 5 mol % of Eu added and a
resistive heating evaporation source (14) containing In,S,
powder were placed in a vacuum chamber 11, into which O,
gas was admitted. The substances were simultaneously
evaporated from the respective sources, and deposited on a
rotating substrate heated at 400° C., forming a phosphor thin
film. The rates of evaporation from the respective sources
were adjusted so that the film was deposited on the substrate
at a deposition rate of 1 nm/sec. The feed rate of O, gas was
10 SCCM. Annealing was conducted in N, gas at 750° C. for
10 minutes.

For composition analysis purposes, the multilayer struc-
ture including a phosphor thin film was also formed on a Si
substrate and thereafter, annealed. The conditions under
which this multilayer structure was formed and annealed
were the same as those used for the above-described mul-
tilayer structure in the EL device. The phosphor thin film in
this multilayer structure was analyzed for composition by
x-ray fluorescence to find an atomic ratio (arbitrary unit) of

Sr: 5.48,

In: 16.81,

0: 6.65,

S: 52.84, and

Eu: 0.28.

That is, atomic ratios in Sr,In O_S, :Eu were

In/Sr=y/x=3.07,

0/(S+0)=z/(w+z)=0.111, and

(x+3y/2)/(z+w)=0.94.

The EL device thus obtained was examined for light
emission characteristics as in Example 1. The device emitted
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red light having a luminance of 30 cd/m? in a fully repro-
ducible manner. The spectrum of light emission is shown in
FIG. 4.

Example 5

EL devices were fabricated as in Example 1 except that
when the phosphor thin film was annealed, at least one
parameter of temperature, atmosphere and humidity was
changed so as to control O/(S+0) to the value shown in
Table 1.

These EL devices were continuously driven under the
same conditions as in Example 1 for determining an initial
luminance and a luminance half-life (the time taken until the
luminance decreased to one-half). The results are shown in

Table 1.
TABLE 1
Initial
luminance at Luminance
Device No. 0o/(S +0) 1 kHz, cd/m? half-life, hr
1 0.05* 2080 800
(comparison)
2 0.13 4430 10000
3 0.20 5660 8000
4 0.27 5720 1500

*outside the limited range

It is evident from Table 1 that when 0/(S+0) is 0.1 or
greater, the initial luminance becomes high and the emission
life is fully prolonged. It is noted that for the phosphor thin
films of the respective EL devices which are represented by
the compositional formula: Sr,Ga 0_S, :Eu, y/x was in the
range of 2.2 to 2.7, and (x+3y/2)/(z+w) was in the range of
0.9 to 1.1. The composition of the phosphor thin film was
determined by TEM-EDS analysis on a cross section of the
device after the luminance evaluation.

The results of TEM-EDS analysis revealed that the phos-
phor thin films formed in this example and the foregoing
examples had been crystallized, with the primary crystal
phase being AB,S,,.

Benefits of the Invention

The phosphor thin films of the invention are capable of
emitting light of red, green and blue colors and at a satis-
factory color purity and are applicable to full color EL
panels and multi-color EL panels without a need for filters.
The invention also enables to enhance the luminance and
lengthen the luminance life of the phosphor thin film by
controlling the oxygen content therein. Therefore, inexpen-
sive EL panels having a high luminance and a long lifetime
can be fabricated, and the invention is of great worth in the
industry.

Since the phosphor thin films of the invention contain as
the main component alkaline earth thiogalates and/or alka-
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line earth thioindates, which are easier to control the com-
position than alkaline earth thioaluminates, they achieve a
high luminance in a well reproducible manner and with
minimized variations and their yield is high.

According to the invention, phosphor thin films capable
of emitting light of red, green and blue colors are obtainable
using materials having analogous chemical or physical prop-
erties. Therefore, phosphor thin films of different colors can
be formed using an identical film-forming method and film
deposition apparatus, which simplifies the process of fabri-
cating full color EL panels and reduces the manufacturing
cost thereof.

What is claimed is:

1. A phosphor thin film comprising a matrix material and
a luminescent center, wherein

the matrix material is an oxysulfide containing at least
an alkaline earth element,
at least one of Ga and In,
sulfur (S), and
oxygen (O);

the atomic ratio of oxygen to the total of oxygen and
sulfur, 0/(S+0), in said matrix material is in a range of
from 0.1 to 0.85.

2. The phosphor thin film of claim 1, wherein the phos-

phor thin film has the following compositional formula:

AB0.S,M

where

M is a metal element serving as the luminescent center,

A is at least one element selected from the group con-
sisting of Mg, Ca, Sr, and Ba,

B is at least one element selected from Ga, In and Al, with
the proviso that B is at least one of Ga and In,

X is in the range of 1 to 5,

y is in the range of 1 to 15,

z is in the range of 3 to 30, and

w is in the range of 3 to 30.

3. The phosphor thin film of claim 1 or 2 wherein the

luminescent center is provided by a rare earth element.
4. A phosphor thin film comprising a matrix material and
a luminescent center, wherein

said matrix material is an oxysulfide containing at least
an alkaline earth element,
Ga and In,
sulfur and
oxygen, and

luminescent center is Eu.

5. An EL panel having the phosphor thin film of claim 1.

* #* * #* #®
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