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Description
BACKGROUND OF THE INVENTION
TECHNICAL FIELD

[0001] This invention relates to a phosphor thin film
for use in electroluminescent (EL) devices, a method of
preparing the same and an EL panel using the same.

BACKGROUND ART

[0002] In the recent years, active research works
have been made on thin-film EL devices as small-size
or large-size, lightweight flat display panels. A mono-
chromatic thin-film EL display using a phosphor thin film
of manganese-doped zinc sulfide capable of emitting
yellowish orange light has already become commercial-
ly practical as a double insulation structure using thin-
film insulating layers 4A and 4B as shown in FIG. 5. In
FIG. 5, a predetermined pattern of lower electrodes 3A
is formed on a glass substrate 2, and a dielectric thin
film is formed as a lower insulating layer 4A on the lower
electrode-bearing substrate 2. On the lower insulating
layer 4A, a light-emitting layer 5 in the form of a phos-
phor thin film and an upper insulating layer 4B are suc-
cessively formed. On the upper insulating layer 4B, a
predetermined pattern of upper electrodes 3B is formed
S0 as to construct a matrix with the lower electrodes 3A.
As a general rule, the phosphor thin film is annealed at
temperatures below the strain point of the glass sub-
strate 2 in order to enhance luminance.

[0003] More recently proposed was a structure using
a ceramic substrate as the substrate 2 and a thick-film
dielectric layer as the lower insulating layer 4A. Another
device structure was proposed in which a high permit-
tivity BaTiO4 thin plate is used as the substrate and an
electrode is formed on the back of the substrate so that
the thin plate serves as an insulating layer and sub-
strate. Since ceramics such as alumina and BaTiO5 are
used as the substrate, these structures permit the phos-
phor thin film to be annealed at high temperatures for
providing an increased luminance. Also, since a thick
film or thin plate dielectric layer is used as the insulating
layer, these structures are resistant to insulation break-
down as compared with EL devices using a thin film as
the insulating layer. Advantageously, more reliable de-
vices can be manufactured. Then a structure of sand-
wiching a phosphor thin film like the double insulation
structure is not necessarily needed. The insulating layer
may be a single thick film or thin plate dielectric layer
only on one side.

[0004] Thin-film EL displays must display images in
color in order that they find use as computer, TV and
similar monitors. Thin-film EL displays using sulfide
phosphor thin films are fully reliable and resistant to en-
vironment, but at present regarded unsuitable as color
displays because EL phosphors required to emit light in
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the primary colors 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-
nescence center), SrGa,S,:Ce and ZnS:Tm as a can-
didate for the blue light-emitting phosphor, ZnS:Sm and
CaS:Eu as a candidate for the red light-emitting phos-
phor, and ZnS:Tb and CaS:Ce as a candidate for the
green light-emitting phosphor.

[0005] 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
SrS:Ce. However, as the blue color for full color display,
its chromaticity is shifted toward green. There is a desire
to have a better blue light-emitting layer.

[0006] To solve these problems, thiogallate and thio-
aluminate base blue phosphors such as SrGa,S,:Ce,
CaGa,S,:Ce, and BaAl,S,:Eu were developed as de-
scribed in JP-A 7-122364, JP-A 8-134440, Shingaku
Technical Report, EID 98-113, pp. 19-24, and Jpn. J. Ap-
pl. Phys., Vol. 38 (1999), pp. L1291-1292. These thio-
gallate base phosphors are satisfactory in color purity,
but suffer from difficulty to form a thin film of uniform
composition because of the multi-component composi-
tion. Itis believed that thin films of quality are not obtain-
able because of poor crystallinity resulting from incon-
venient composition control, formation of defects result-
ing from sulfur removal, and admittance of impurities;
and these factors lead to a failure to increase the lumi-
nance. Also the thiogallate and thioaluminate base
phosphors require high processing temperatures for
thin film formation, that is, high annealing temperatures
of 750 to 900°C after film deposition. This gives rise to
several problems. The substrate material is limited be-
cause the substrate must be noticeably heat resistant;
diffusion of elements occurs from the substrate or adja-
cent layer (insulating layer or the like) to the phosphor
thin film; interlaminar flatness is compromised; interlam-
inar separation occurs during high-temperature anneal-
ing; pixels are destroyed by surface diffusion during
high-temperature annealing; and a thermal guard must
be provided on the annealing apparatus for high-tem-
perature annealing, which adds to the expense.

[0007] In order to develop practical full color EL pan-
els, phosphor materials capable of establishing blue,
green and red phosphors in a consistent manner and at
a low cost are necessary. The processing temperature
at which phosphor thin films are processed differs with
individual materials as mentioned above. This means
that in a full color panel requiring three colors RGB to
be disposed within it, the conditions under which the re-
spective phosphor thin films are formed for providing the
desired emission characteristics differ among them,
rendering panel manufacture difficult. In particular, since
the thioaluminate and thiogallate base materials require
high processing temperatures as mentioned above, it is
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desired to lower the processing temperature. More par-
ticularly, it is desired that red, green and blue phosphor
thin-film materials capable of high luminance emission
be simultaneously formed and annealed at low temper-
atures.

SUMMARY OF THE INVENTION

[0008] An object of the invention is to provide a phos-
phor thin film which is improved in quality and cost by
lowering the processing temperature which is undesir-
ably high in the prior art thioaluminate and thiogallate
base phosphor materials. Another object of the inven-
tion is to provide a full color EL panel using the phosphor
thin film.

[0009] In afirst aspect, the invention provides a phos-
phor thin film comprising a matrix material and a lumi-
nescence center. The matrix material has the composi-
tional formula:

M AB,0,S,

wherein M!l' is at least one element selected from the
group consisting of Zn, Cd and Hg, A is at least one el-
ement selected from the group consisting of Mg, Ca, Sr,
Ba and rare earth elements, B is at least one element
selected from the group consisting of Al, Ga and In, and
Vv, X, ¥, z and w are representative of atomic ratios, v is
from 0.005 to 5, x is from 1 to 5, y is from 1 to 15, z is
from more than 0 to 30, and w is from more than 0 to 30.
[0010] In preferred embodiments, M!l contains at least
Zn; the luminescent center is Eu; A is Ba and B is Al; or
Ais Srand B is Ga. Preferably, in the compositional for-
mula, v and x are such numbers that v/x is from 0.001
to 1; x and y are such numbers that y/x is from 1 to 4; z
and w are such numbers that z/(z+w) is from 0.005 to
0.85, more preferably from 0.005 to 0.3.

[0011] In a second aspect, the invention provides an
EL panel having the phosphor thin film defined above.
[0012] In a third aspect, the invention provides a
method for preparing the phosphor thin film defined
above, comprising the steps of forming a thin film con-
taining at least M!l, A, B and S, and annealing the thin
film. In a preferred embodiment, the annealing step is
conducted in an oxidizing atmosphere and/or at a tem-
perature below 750°C. In a preferred embodiment, the
forming step is to form the thin film on a substrate which
is set at a temperature of up to 600°C, and more pref-
erably up to 200°C.

[0013] The present invention is arrived at as a result
of searching for an EL material which can be prepared
by a low-temperature process. In the prior art, when a
thin film is formed from the thioaluminate or thiogallate
base material (the phosphor thin film of the invention
contains as the major component in its matrix material),
the thin film lacks the consistency of composition be-
cause of immature multi-component composition con-
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trol technology. Additionally, the temperature at which
the thin film is formed and at which it is annealed must
be high.

[0014] In an experimental run the inventors per-
formed, an EL device was fabricated by forming a thin
film of SrGa,S4:Eu which is an excellent green EL ma-
terial, and annealing it at 700°C which is lower than in
the prior art. However, this EL device failed to produce
the desired emission. The emission of this thin film had
a luminance of about 380 cd/m2 on 1 kHz driving, which
was insufficient for the operation of an EL device panel.
[0015] Searching for a phosphor material capable of
emission at a satisfactory luminance even when an-
nealed at low temperatures of about 700°C, the inven-
tors have found that using a material of a novel compo-
sition comprising a thioaluminate or thiogallate base
material as a main component and zinc sulfide as an
auxiliary component, a phosphor thin film capable of
emission at a high luminance can be produced at a rel-
atively low processing temperature. In an example
wherein zinc sulfide is added to a strontium thiogallate
base material, the resulting material can produce a high
luminance even when annealed at a relatively low tem-
perature, insofar as atomic ratios Zn/Sr and Ga/Sr are
properly controlled.

[0016] When a phosphor thin film of the invention is
formed on a substrate by an evaporation process, a
highly crystalline thin film is obtained even under the
condition that the substrate is set at a relatively low tem-
perature of 600°C or below, and especially 200°C or be-
low.

[0017] The present invention allows for a lower
processing temperature presumably because the crys-
tallization temperature of the phosphor thin film be-
comes lower. It is not well understood why the crystalli-
zation temperature lowers. The literature reporting that
barium sulfide and zinc sulfide become eutectic at a rel-
atively low temperature suggests that when an alkaline
earth element is used as the element A, for example, a
sulfide of Group Il element such as Al or Ga and an
alkaline earth sulfide react with each other or crystallize
together at a relatively low temperature. This probably
makes it possible to synthesize a crystal of alkaline earth
thioaluminate or thiogallate at a relatively low tempera-
ture.

[0018] The inventors have also found that by adding
a predetermined amount of oxygen to a sulfide in the
form of thioaluminate or thiogallate base material having
zinc sulfide added thereto, for converting the sulfide to
an oxysulfide, the luminance is dramatically enhanced
and the luminance life is significantly extended.

BRIEF DESCRIPTION OF THE DRAWINGS
[0019]

FIG. 1 is a schematic cross-sectional view showing
an exemplary construction of the evaporation appa-
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ratus used in forming a phosphor thin film of the in-
vention.

FIG. 2 is a graph showing the emission spectrum of
the EL device or panel of Example 1.

FIG. 3 is a graph showing the luminance versus
voltage of the EL devices or panels of Example 1
and Comparative Example.

FIG. 4 is a perspective view of a portion cut out of
an EL device.

FIG. 5 is a perspective view of a portion cut out of
an EL device of double insulation structure.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

[0020] Several embodiments of the invention are de-
scribed in detail.

[0021] The phosphor thin film of the invention con-
tains a matrix material and a luminescence center. The
matrix material has the compositional formula:

M' A.B.OS

viixPy ¥z w

wherein M!lis at least one element selected from among
Zn, Cd and Hg, A is at least one element selected from
among Mg, Ca, Sr, Ba and rare earth elements, B is at
least one element selected from among Al, Ga and In,
O is oxygen, and S is sulfur.

[0022] The letters v, x, y, z and w representative of
atomic ratios of respective elements are in the range:

v =0.005 to 5,
x=1to5,
y=11to 15,

z = 0 (exclusive) to 30,

and

w = 0 (exclusive) to 30;

preferably they are in the range:

v =0.005 to 5,

x=1to 5,
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y=1to 15,
z=1to 30,
and
w =1 to 30.
[0023] The matrix material represented by the above

compositional formula is a material in which a sulfide in
the form of an alkaline earth thioaluminate, alkaline
earth thiogallate, alkaline earth thioindate, rare earth
thioaluminate, rare earth thiogallate or rare earth thioin-
date or a mixture of two or more is mixed or combined
with a sulfide of element M!! selected from the Group 12
elements in the Periodic Table, to form an oxysulfide in
which sulfur is, in part, substituted with oxygen. The el-
ement Ml is effective for lowering the processing tem-
perature. Among the elements M!!, Zn is the most effec-
tive. Therefore, it is preferred to use at least Zn as M'l.
Specifically, it is preferred that the atomic ratio of Zn be
at least 10%, and especially 100% of M!l.

[0024] Element A is preferably at least one of alkaline
earth elements, and especially at least one of Ba and
Sr because they are effective for producing blue and
green emissions, respectively. The combination of ele-
ment A with element B is arbitrary. For producing blue
and green emissions, it is preferred to use at least one
of Al and Ga as element B. Specifically, what is to be
mixed or combined with element M!! sulfide is preferably
at least one of alkaline earth thioaluminates, alkaline
earth thiogallates and alkaline earth thioindates, espe-
cially barium thioaluminate containing Ba as element A
and Al as element B or strontium thiogallate containing
Sr as element A and Ga as element B or both. Since
these sulfides have a high crystallization temperature,
the present invention is advantageously applicable to
them. Especially preferred are barium thioaluminate
having Eu added as the luminescent center and stron-
tium thiogallate having Eu added as the luminescent
center. These combinations are effective for producing
blue and green emissions of a high color purity at a high
luminance. It is also preferred that the alkaline earth el-
ement in these preferred sulfides be, in part, substituted
with a rare earth element.

[0025] Described below is a preferred embodiment
wherein Zn is used as element M! and an alkaline earth
element is predominantly used as element A.

[0026] Inthe above compositional formula, vand x are
preferably selected so as to meet:

v/x =0.001 to 1,

more preferably 0.01 to 0.5, and even more preferably
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0.05 to 0.3. If v/x is too small, that is, if the Zn content
is too low, a high luminance cannot be provided unless
the annealing temperature of the phosphor thin film is
high. If v/x is too large, that is, if the Zn content is too
high, a high luminance cannot be provided whether the
annealing temperature is high or low. By contrast, a
proper range of Zn content ensures a high luminance
even when the annealing temperature is relatively low,
for example, below 750°C.

[0027] Inthe above compositional formula, x andy are
preferably selected so as to meet:

yix=1104,

more preferably 1.5 to 3, even more preferably 1.6 to
1.99, and most preferably 1.70 to 1.90. When Zn is add-
ed and y/x falls in this range, the luminance of a phos-
phor thin film as annealed at a relatively low temperature
is further improved.

[0028] The composition of the matrix material featur-
ing the co-presence of oxygen and sulfur is effective for
improving luminance and life characteristics and pre-
venting the luminance from declining. When a thin film
comprising the ternary sulfide (A-B-S) as the matrix ma-
terial contains oxygen, the addition of oxygen to sulfide
promotes crystallization of the matrix material during
film deposition or during post treatment such as anneal-
ing after film deposition, and permits the luminescent
center such as rare earth element to undertake effective
transition within the compound crystal field, producing
light emission at a high luminance. Also, the matrix ma-
terial in which a sulfide and an oxide are co-present is
stable in air, as compared with pure sulfide. This is be-
cause the oxide component protects the light emitting
component in the film from the ambient air. The higher
the oxygen content, the longer becomes the luminance
life. However, too high an oxygen content may lead to
a lower luminance. To acquire a high luminance and a
long life, the oxygen content in the matrix material
should desirably be adjusted to meet:

z/(z+w) > 0.005, preferably > 0.01,

and also desirably to meet:

z/(z+w) < 0.85, preferably < 0.5.

More desirably, the oxygen content should be adjusted
to meet:

z/(z+w) 2 0.1, even more preferably > 0.2

for the extended life, and also to meet:
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z/(z+w) < 0.3

for the high luminance.

[0029] It is preferred that the phosphor thin film has
been crystallized, although an amorphous state having
no definite crystalline structure is acceptable.

[0030] The crystal present in the phosphor thin film is
preferably one or more of A;B5(0,S)g, A4B,(0,S);, A,B,
(0,S)5, AB,(0,S),4, AB4(O,S)7, A4B14(0,S),5, ABg(O,
S)43 and AB,5(0,S)4g. Zn in the phosphor thin film may
be present, at least in part, as ZnS, or be contained in
the crystal as a substitute for at least part of element A
and/or B. Alternatively, Zn may be present in another
crystal (e.g., orthorhombic) containing Zn, A and B. Zn
may be present in two or more of these forms.

[0031] Itis noted that when Zn,A,B,O,S,, is a com-
pound of a stoichiometric composition, this compound
is considered to consist of v{Zn(O,S)}, x{A(O,S)} and (y/
2){B,(0,S)3}. Accordingly, z+w = v+x+3y/2 gives a sub-
stantially stoichiometric composition. To produce a high
luminance of light emission, the phosphor thin film
should preferably have a composition close to the stoi-
chiometry, and specifically,

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

is preferred.

[0032] The element contained as the luminescent
center is preferably a rare earth element. The rare earth
element is selected from among at least Sc, Y, La, Ce,
Pr, Nd, Gd, Tb, Ho, Er, Tm, Lu, Sm, Eu, Dy and Yb. Spe-
cifically, as the luminescent center to be combined with
barium thioaluminate matrix material, Eu is preferred for
the blue phosphor, Ce, Tb and Ho are preferred for the
green phosphor, and Sm, Yb and Nd are preferred for
the red phosphor. Among these, Eu is most preferred
because the most intense emission is produced when it
is combined with the matrix material. A combination of
Eu with strontium thiogallate matrix material results in a
green phosphor, and a combination of Eu with strontium
thioindate or barium thioindate matrix material results in
a red phosphor. An appropriate amount of the element
added as the luminescent center is 0.5 to 10 at% based
on the element A in the compositional formula.

[0033] In addition to the above-described matrix ma-
terial and luminescent center, the phosphor thin film of
the invention may contain trace additives or incidental
impurities. Exemplary of such trace additives or inciden-
tal impurities are B, C, Si, P, Cl, As, Se, Br, Te, |, Li, Na,
Rb, Cs, Ge, Sn, Sb, Tl, Pb, Bi, Sc, Ti, V, Cr, Mn, Fe, Co,
Y, Zr, Nb, Mo, Tc, Ru, Rh, Pd, Ag, Hf, Ta, W, Re, Os, Ir,
Ptand Au and mixtures thereof. To minimize detrimental
impacts on the luminance and other phosphor proper-
ties, the total content of these elements in the phosphor
thin film should preferably be 0.05 at% or less, especial-
ly 0.01 at% or less.
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[0034] The composition of the phosphor thin film can
be ascertained by x-ray fluorescence analysis (XRF), x-
ray photoelectron spectroscopy (XPS) or the like.
[0035] No particular limits are imposed on the thick-
ness 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. For this reason,
the phosphor thin film preferably has a thickness of
about 50 to 700 nm, especially about 100 to 300 nm. A
phosphor thin film with a thickness in this range fulfills
both a high luminance and a high emission efficiency.
[0036] In a preferred embodiment of EL device, the
phosphor thin film of the invention is sandwiched be-
tween zinc sulfide (ZnS) thin films. Namely, in the EL
device, the EL thin film preferably takes a laminate struc-
ture of ZnS thin film/phosphor thin film/ZnS thin film. The
sandwiching of the phosphor thin film between ZnS thin
films is effective for improving the electric charge injec-
tion and withstand voltage of the phosphor thin film, so
that an EL device is available capable of emission at a
high luminance with an applied voltage of up to 200 V,
which suggests ease of driving. The thickness of ZnS
thin film is preferably about 30 to 400 nm, more prefer-
ably about 100 to 300 nm. When ZnS thin films are pro-
vided, the structure is not limited to the three layer struc-
ture described above, and may be a structure of alter-
nately deposited ZnS and phosphor thin films with the
outermost layer being a ZnS thin film like a structure of
ZnS thin film/phosphor thin film/Zn$S thin film/phosphor
thin film/ZnS thin film. Alternatively, provided that a lam-
inate of three layers: ZnS thin film/phosphor thin film/
ZnS thin film is a unit, a structure in which a plurality of
such units are stacked is also acceptable. Also, a struc-
ture having a thin film of oxide (e.g., Al,O3) or nitride on
either side of a ZnS thin film/phosphor thin film/ZnS thin
film structure is preferred. When the phosphor thin film
is as thin as about 50 nm, the ZnS thin film combined
therewith functions as an electron injecting layer for the
phosphor thin film mainly for assisting in emission at a
high luminance. When the phosphor thin film is an-
nealed in an oxidizing atmosphere as will be described
later, the thin film of Al,O or the like also functions as
a cap layer for controlling the amount of oxygen intro-
duced into the phosphor thin film from the atmosphere.
The thin film of Al,O4 or the like preferably has a thick-
ness of about 5 to 150 nm, more preferably about 10 to
100 nm.

[0037] The phosphor thin film of the invention is pref-
erably prepared, for example, by the following evapora-
tion process. Reference is now made to a Zn,Sr,Ga,-
0,S,,:Eu phosphor thin film as a typical example.
[0038] In the evaporation process, a strontium sulfide
pellet having europium added, a gallium sulfide pellet
and a zinc sulfide pellet are prepared. In a vacuum
chamber into which H,S gas is admitted, these three
pellets are evaporated (i.e., ternary evaporation proc-
ess). The H,S gas is used so that sulfur may react with
the evaporated reactants.
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[0039] Europium (Eu) added as the luminescent cent-
er to the evaporation source is in a metal, fluoride, oxide
or sulfide 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 ad-
justed so as to provide the desired content in the result-
ing thin film.

[0040] In the evaporation process, the temperature of
the substrate is preferably from room temperature to
600°C, more preferably from 100°C to 200°C. If the sub-
strate temperature is too high, the thin film deposited
thereon 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. Too low a substrate temperature can
compromise the crystallinity of the thin film.

[0041] After the film deposition, the thin film is prefer-
ably annealed in order to improve the crystallinity and
adjust the composition thereof. The atmosphere during
the annealing is selected from reducing atmospheres of
vacuum, N, and Ar, oxidizing atmospheres of air and
the like, sulfur vapor, H,S and the like, depending on a
particular purpose. Annealing in an oxidizing atmos-
phere is advantageous in that oxygen is incorporated
into the thin film to form a matrix material of the desired
composition. The oxidizing atmosphere is preferably air
or an atmosphere having a higher oxygen concentration
than air. The annealing temperature is generally in the
range of about 500 to 1000°C, and preferably about 600
to 800°C. In the presentinvention, a fully high luminance
is available even when the annealing temperature is
lower than 750°C, and especially 700°C or lower. At too
low an annealing temperature, the effect of improving
crystallinity or luminance becomes insufficient. The an-
nealing time is generally about 1 to 60 minutes, and pref-
erably about 5 to 30 minutes. Too short an annealing
time fails to achieve the desired effect. Increasing the
annealing time beyond the range does not bring about
a significant enhancement of the annealing effect. Such
long term heating can undesirably damage the compo-
nents other than the phosphor thin film of the EL device
(e.g., electrode, substrate).

[0042] Besides the annealing step, oxygen can be in-
troduced into the phosphor thin film by taking a suitable
means during film deposition. For example, an oxide is
used as at least one evaporation source, or a thin film
is formed by reactive evaporation using oxygen gas as
the reactive gas. It is also acceptable to employ two or
more of these oxygen introducing means.

[0043] The phosphor thin film thus formed is prefera-
bly a highly crystalline thin film. Crystallinity can be eval-
uated by x-ray diffraction, for example.

[0044] The pressure during evaporation to deposit the
phosphor thin film is preferably 1.33x10-4 to 1.33x10""
Pa. More preferably, the amount of H,S gas fed for com-
pensating for sulfur may be adjusted to maintain a pres-
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sure of 6.65x103 to 6.65x10-2 Pa. If the pressure ex-
ceeds the range, the operation of the electron gun be-
comes unstable, and composition control becomes very
difficult. The feed rate of H,S gas is preferably 5 to 200
standard cubic centimeters per minute (SCCM), espe-
cially 10 to 30 SCCM although it varies depending on
the power of the vacuum system.

[0045] If desired, the substrate may be moved or ro-
tated during evaporation. By moving or rotating the sub-
strate, the deposited film becomes uniform in composi-
tion and minimized in the variation of thickness distribu-
tion.

[0046] When the substrate is rotated, the rotational
speed is preferably at least about 10 rpm, more prefer-
ably about 10 to 50 rpm, and especially about 10 to 30
rpm. If the rotational speed of the substrate is too high,
it becomes difficult to provide a seal to maintain the vac-
uum chamber gas-tight during the process. If the rota-
tional 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 characteristics as the light emitting layer. 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.

[0047] The means for heating the evaporation sourc-
es and the substrate may be selected, for example, from
tantalum wire heaters, sheath heaters and carbon heat-
ers, as long as they have the predetermined thermal ca-
pacity, 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, preferably about +£0.5°C at
1,000°C.

[0048] FIG. 1 illustrates one exemplary construction
of the apparatus for forming the phosphor thin film of the
invention. Reference is made to an embodiment where-
in a thin film is deposited by evaporating sources of
strontium sulfide having Eu added as the luminescent
center, gallium sulfide and zinc sulfide while feeding
H,S. In the illustrated embodiment, a substrate 12 and
electron beam (EB) evaporation sources 14, 15 and 16
are disposed within a vacuum chamber 11.

[0049] The EB evaporation sources 14, 15 and 16 in-
clude crucibles 40, 50 and 60 which contain strontium
sulfide 14a having the luminescent center added, zinc
sulfide 15a and gallium sulfide 16a, respectively, and
electron guns 41, 51 and 61 having electron emitting fil-
aments 41a, 51a and 61a built therein, respectively.
Built in the electron guns 41, 51, 61 are mechanisms for
controlling electron beams. To the electron guns 41, 51,
61 are connected ac power supplies 42, 52, 62 and bias
power supplies 43, 53, 63.

[0050] The electron guns 41, 51, 61 produce electron
beams at predetermined powers in a controlled manner,
which are irradiated to the crucibles 40, 50, 60 for evap-
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orating the strontium sulfide 14a, zinc sulfide 15a and
gallium sulfide 16a at predetermined rates. Although
three E guns are used to control the evaporation sourc-
es in the illustrated embodiment, multi-source simulta-
neous evaporation can be performed using a single E
gun, which is known as multi-source pulse evaporation
process.

[0051] In the illustrated embodiment, the evaporation
sources 14, 15, 16 are depicted, for the convenience of
illustration, at positions corresponding to local areas of
the substrate. Actually, the evaporation sources are lo-
cated such that the deposited film may become uniform
in composition and thickness. Although the embodiment
illustrated in FIG. 1 uses three EB evaporation sources,
the evaporation sources are not limited to EB evapora-
tion. Depending on the material to be deposited and the
evaporation conditions, other evaporation sources such
as by resistive heating may be used.

[0052] The vacuum chamber 11 has an exhaust port
11a through which the chamber is evacuated to estab-
lish a predetermined vacuum in the chamber. The vac-
uum chamber 11 also has an inlet port 11b through
which a reactant gas such as hydrogen sulfide is admit-
ted into the chamber.

[0053] The substrate 12 is fixedly secured to a holder
12a. The holder 12a has a shaft 12b 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 predeter-
mined number of revolutions by a rotating means (not
shown). A heating means 13 in the form of a heater wire
or the like is closely secured to the substrate holder 12a
so that the substrate may be heated and maintained at
the desired temperature.

[0054] Using the illustrated apparatus, the vapors of
strontium sulfide, zinc sulfide and gallium sulfide are
evaporated from the EB evaporation sources 14, 15, 16
and deposited and bound on the substrate 12 to form a
phosphor thin film of Eu-doped strontium zinc gallium
sulfide. By rotating the substrate 12 during the evapo-
ration process if desired, the phosphor thin film being
deposited can be made more uniform in composition
and thickness distribution.

[0055] Using the phosphor thin film of the invention,
an EL device is manufactured. lllustratively, the phos-
phor thin film of the invention or a laminate of the phos-
phor thin film, ZnS thin films and Al,O4 thin films as men-
tioned previously is used as a light emitting layer 5 in
the double insulation structure shown in FIG. 5 or as a
light emitting layer in a structure in which an insulating
layer in the form of a thick film or thin plate dielectric
layer is provided only on one side.

[0056] Between two adjacent ones of the insulating
layers, light emitting layer and electrodes in the EL de-
vice, an intermediate layer such as a bond enhancing
layer, stress relief layer or reaction controlling layer may
be disposed. The thick film may be improved in smooth-
ness as by polishing its surface or using a smoothing
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layer.

[0057] For example, a dielectric layer formed by a so-
lution coating/firing method may be formed on the lower
insulating layer 4A in FIG. 5 for the smoothing purpose.
It is noted that the solution coating/firing method in-
volves coating a solution of dielectric material precursor
to a substrate and firing the coating to form a dielectric
layer and is exemplified by the sol-gel method and the
metallo-organic decomposition (MOD) method.

[0058] If it is necessary to restrain diffusion of ele-
ments from a thick-film insulating layer to the phosphor
thin film, a barrier layer of BaTiO5 or the like is preferably
formed between the thick-film insulating layer and the
phosphor thin film.

[0059] Any desired material may used as the sub-
strate as long as the substrate has a heat resistant tem-
perature or melting point of at least 600°C, preferably at
least 700°C, especially at least 800°C so that the sub-
strate may withstand the forming temperature of the EL
device layers and the annealing temperature of the EL
device, the substrate allows deposition thereon of func-
tional thin films such as a light emitting layer by which
the EL device can be constructed, and the substrate
maintains the predetermined strength. lllustrative exam-
ples include glass substrates, ceramic substrates of alu-
mina (Al,Oj), forsterite (2MgO:-SiO,), steatite
(Mg0-8i0,), mullite (3Al,04-2Si0,), beryllia (BeO), alu-
minum nitride (AIN), silicon nitride (SizN,), and silicon
carbide (SiC+BeO) as well as heat resistant glass sub-
strates of crystallized glass or the like. Of these, alumina
substrates and crystallized glass substrates are espe-
cially preferable because the heat resistant temperature
is higher than about 1000°C. Where heat transferis nec-
essary, beryllia, aluminum nitride, silicon carbide and
the like are preferred. Also useful are quartz, heat oxi-
dized silicon wafers, etc. 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 a thick
film having an internal electrode is formed on a substrate
is preferred. It is noted that since the phosphor thin film
of the invention permits low-temperature annealing, the
substrate used may have a relatively low heat resistant
temperature or melting point in harmony with the an-
nealing temperature.

[0060] Any well-known dielectric thick-film material
may be used as the material of the dielectric thick-film
(lower insulating layer). Materials having a relatively
high permittivity are preferred. For example, lead titan-
ate, lead niobate and barium titanate based materials
are preferred. The dielectric thick film has a resistivity
of atleast 108 Q-cm, especially about 1019to 1018 Q-cm.
A material having a relatively high permittivity as well is
preferred. The permittivity s is preferably about 100 to
10,000. The preferred thickness is 5 to 50 um, especially
10 to 30 um.

[0061] The dielectric thick film is formed by any de-
sired method as long as a film having a predetermined
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thickness can be formed in a relatively simple manner.
The sol-gel method and printing/firing method are espe-
cially preferred. Where the printing/firing method is em-
ployed, a material is fractionated to an appropriate par-
ticle size and mixed with a binder to form a paste having
an appropriate viscosity. The paste is applied onto a
substrate by a screen printing technique, and dried. The
green sheetis fired at an appropriate temperature, yield-
ing a thick film.

[0062] Examples of the material of which the thin-film
insulating layer (upper insulating layer) is made include
silicon oxide (SiO,), silicon nitride (Si3N,), tantalum ox-
ide (Tay,Og), strontium titanate (SrTiOg), yttrium oxide
(Y,03), barium titanate (BaTiO3), lead titanate (PbTiO3),
PZT, zirconia (ZrO,), silicon oxynitride (SiON), alumina
(Al,O4), lead niobate, PMN-PT base materials, and mul-
tilayer or mixed thin films of any. In forming the insulating
layer from these materials, any of conventional methods
such as evaporation, sputtering, and CVD methods may
be used. The insulating layer preferably has a thickness
of about 50 to 1,000 nm, especially about 100 to 500 nm.
[0063] The lower electrode is generally formed within
the lower insulating layer. The lower electrode is ex-
posed to high temperature during heat treatment of a
light emitting layer and also during formation of the lower
insulating layer if the lower insulating layer is construct-
ed by a thick film. Therefore, the lower electrode should
preferably have heat resistance and illustratively be a
metal electrode. The metal electrode may be a custom-
ary metal electrode containing as a main component
one or more elements selected from palladium, rho-
dium, iridium, rhenium, ruthenium, platinum, silver, tan-
talum, nickel, chromium and titanium.

[0064] On the other hand, the upper electrode is pref-
erably a 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. Transparent electrodes of ZnO, ITO, 1ZO and
the like are especially preferred. ITO generally contains
In,O5 and SnO, in stoichiometry although the oxygen
content may deviate somewhat therefrom. An appropri-
ate proportion of SnO, mixed with In,O5 is about 1 to
20%, more preferably about 5 to 12% by weight. For
I1ZO, an appropriate proportion of ZnO mixed with In,O4
is generally about 12 to 32% by weight. It is noted that
when a transparent substrate is used so that the emitted
light exits from the substrate side, the lower electrode is
a transparent electrode.

[0065] Alsothe electrode may be a silicon-based one.
The silicon electrode may be either polycrystalline sili-
con (p-Si) or amorphous silicon (a-Si), or even single
crystal silicon if desired. 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 do-
pants commonly used in the silicon semiconductor art.
lllustratively, preferred dopants are B, P, As, Sb and Al.
The preferred dopant concentration is about 0.001 to 5
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at%.

[0066] In forming the electrode, any of conventional
methods such as evaporation, sputtering, CVD, sol-gel
and printing/firing methods may be used. In forming a
structure including a dielectric thick film having an inter-
nal electrode built therein, the electrode is preferably
formed by the same method as used in forming the di-
electric thick film.

[0067] The electrode should preferably have a resis-
tivity 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 depends on the electrode material.
[0068] The phosphor thin film of the invention is ap-
plicable to a variety of EL panels, for example, full-color
panels for display, multicolor panels and partially color
panels partially displaying three colors.

EXAMPLE

[0069] Examples are given below for illustrating the
invention in more detail.

Example 1

[0070] An EL device (or panel) was fabricated using
a phosphor thin film according to the invention. The EL
device basically has the structure shown in FIG. 4.
[0071] For the substrate 2 and insulating layer 4,
BaTiO5-PbTiO4 base dielectric material having a permit-
tivity of 5,000 was commonly used. For the lower elec-
trode 3A, Pd was used. On fabrication, a sheet of the
substrate 2 was formed, and pastes for the lower elec-
trode 3A and insulating layer 4 were screen printed ther-
eon to form green sheets, which were co-fired. The sur-
face of the insulating layer 4 was polished to a thickness
of 30 um. On the insulating layer 4, a BaTiO5 coating
was formed by sputtering as a barrier layer to a thick-
ness of 400 nm. This was annealed in air at 700°C.
[0072] On the barrier layer, a thin film laminate having
the structure of Al,O5 film (50 nm)/ZnS thin film (200
nm)/phosphor thin film (200 nm)/ZnS thin film (200 nm)
IAl,O5 film (50 nm) was formed as the light emitting layer
5. It is noted that the numerical value in parentheses
designates a thickness and the respective thin films are
formed by the evaporation process.

[0073] The phosphor thin film was prepared by a ter-
nary evaporation process. An EB evaporation source
containing a SrS pellet having 5 mol% Eu added, an EB
evaporation source containing a ZnS pellet and an EB
evaporation source containing a Ga,S; pellet were
placed in a vacuum chamber into which H,S gas was
admitted. The reactants were simultaneously evaporat-
ed from the respective sources and deposited on a ro-
tating substrate heated at 150°C, forming a thin film of
Zn,Sr,Ga,0,S,,:Eu. The evaporation rates of the sourc-
es were adjusted such that the film was deposited on
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the substrate at a deposition rate of 1 nm/s. The H,S
gas was fed at 20 SCCM.

[0074] After the uppermost layer, Al,O4 thin film was
formed, the structure was annealed in air at 700°C for
10 minutes.

[0075] For composition analysis, the same thin film
laminate was similarly formed on a Si substrate and an-
nealed. The forming and annealing conditions of the thin
film laminate were the same as used for the thin film
laminate in the EL device. The phosphor thin film in the
thin film laminate was analyzed for composition by flu-
orescent x-ray analysis, finding an atomic ratio (arbitrary
unit) as shown below.

Zn 1.36
Sr 8.82
Ga | 16.42
(0] 7.01
S 26.44
Eu 0.45

This indicates that the atomic ratios in Zn, Sr,Ga,0,S,;:
Eu are:

v/x =0.15,

y/x = 1.86,

z/(z+w) = 0.21,
and
(v+x+3y/2)/(z+w) = 1.04.

The Eu contentis 5.1 at% based on Sr. It was previously
ascertained that the phosphor thin film for composition
analysis had an identical composition with the phosphor
thin film in the EL device.

[0076] By RF magnetron sputtering technique using
an ITO target, a transparent ITO electrode (upper elec-
trode 3B) of 200 nm thick was formed on the uppermost
layer, Al,O5 thin film at a substrate temperature of
250°C to complete an EL device.

[0077] The emission performance of the EL device
was examined by connecting leads to the upper and
lower electrodes and applying an ambipolar electric field
having a frequency of 1 kHz and a pulse width of 50 ps.
Green light emission having a luminance of 2,170 cd/
m2 and (0.2218, 0.6954) in CIE 1931 chromaticity dia-
gram, matching with the NTSC level, was produced in
a reproducible manner. FIG. 2 shows a light emission
spectrum of this EL device.

[0078] For comparison purposes, an EL device was
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similarly fabricated except that a phosphor thin film of
Zn-free SrGa,(S,0), was formed instead of the above
phosphor thin film. This phosphor thin film was also an-
nealed in air at 700°C for 10 minutes. For the compar-
ative device and the inventive device, the relationship
of luminance (L) to applied voltage (V) was examined.
FIG. 3 shows the L-V characteristics of these devices.
It is evident from FIG. 3 that when a phosphor thin film
is formed on a substrate at a low temperature of 150°C
and annealed at a relatively low temperature of 700°C,
the inventive device produces green light emission at a
remarkably higher luminance than in the prior art.

[0079] Also, EL devices were similarly fabricated ex-
cept that the annealing conditions were controlled so
that the phosphor thin film might have a z/(z+w) value
of 0.003 or 0.110. By continuously applying AC voltage
at 1 kHz, these devices were examined for luminance
loss. After 40 hours of operation, the device wherein z/
(z+w) = 0.110 provided an emission luminance dropped
to 70% of the initial luminance and the device wherein
z/(z+tw) = 0.003 provided an emission luminance
dropped to 20% of the initial luminance. It was confirmed
that the luminance life can be significantly improved by
controlling the oxygen content of the phosphor thin film.

Example 2

[0080] An EL device was fabricated as in Example 1
except that a BaS pellet was used instead of the SrS
pellet, a Al,S5 pellet was used instead of the Ga,S; pel-
let, and a phosphor thin film of Zn,Ba,Al, O,S,,:Eu hav-
ing a thickness of 300 nm was formed. The phosphor
thin film was analyzed for composition by fluorescent x-
ray analysis, finding an atomic ratio (arbitrary unit) as
shown below.

Zn 1.40
Ba 8.86
Al 16.45
0] 6.88
S 26.50
Eu 0.44

This indicates that the atomic ratios in Zn,Ba,Al,0,S,,;:
Eu are:

v/x =0.16,

y/x = 1.86,

z/(z+w) = 0.21,

and
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(v+x+3y/2)/(z+w) = 1.05.

The Eu content is 5 at% based on Ba.

[0081] The emission performance of the EL device
was examined as in Example 1. Blue light emission hav-
ing a luminance of 700 cd/m2 was produced in a repro-
ducible manner. For comparison purposes, an EL de-
vice was similarly fabricated except that a phosphor thin
film of Zn-free BaAly(S,0), was formed instead of the
above phosphor thin film. This phosphor thin film was
also annealed in air at 700°C for 10 minutes. The light
emission of the comparative device was not blue, but
dark orange and had a luminance of several cd/mZ. It is
thus evident that when a phosphor thin film is formed on
a substrate at a low temperature of 150°C and annealed
at a relatively low temperature of 700°C, the inventive
device produces blue light emission at a remarkably
higher luminance than in the prior art.

[0082] Also, an EL device was similarly fabricated ex-
cept that the annealing conditions were controlled so
that the phosphor thin film might have a z/(z+w) value
of 0.003. By continuously applying AC voltage at 1 kHz,
the comparative EL device and the inventive EL device
wherein z/(z+w) = 0.21 were examined for luminance
loss. After 40 hours of operation, the device wherein z/
(z+w) = 0.21 provided an emission luminance dropped
to 60% of the initial luminance and the device wherein
z/(z+w) = 0.003 provided an emission luminance
dropped to 30% of the initial luminance. It was confirmed
that the luminance life can be significantly improved by
controlling the oxygen content of the phosphor thin film.

Example 3

[0083] EL devices were fabricated as in Example 1
except that the values of v/x and y/x in the phosphor thin
film of Zn,Sr,Ga,0,S,,:Eu were changed as shown in
Table 1. The luminance of these EL devices was meas-
ured as in Example 1, with the results shown in Table 1.

Table 1
Device No. | v/x y/x | Luminance (cd/m?)
1 1.27 | 2.52 631
2 0.05 | 1.78 1742
3 0.35 | 2.48 655
4 0.27 | 1.73 1711
5 0.15 | 1.86 2170
[0084] The advantages of the invention are evident

from Table 1. The luminance of the phosphor thin film is
improved by introducing Zn therein. A very high lumi-
nance is achieved when v/x is from 0.001 to 1 and y/x
is from 1.6 to 1.99.

[0085] In an additional run, phosphor thin films were
formed using Ba as element A, In as element B and Eu
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as the luminescent center, and annealed at a relatively
low temperature of 700°C. It was confirmed that the ad-
dition of Zn to the phosphor thin film achieved an im-
provement in the luminance of red light emission.

BENEFITS OF THE INVENTION

[0086] The phosphor thin films of the invention pro-
duce blue, green and red light emissions of satisfactory
color purity at a high luminance. The use of these phos-
phor thin films eliminates a need for filters in EL panels.
Such improved emission characteristics are achieved
by a low temperature process. Therefore, the invention
makes great contributions to the performance improve-
ment and cost reduction of multi-color EL devices and
full-color EL devices.

Claims

1. A phosphor thin film comprising a matrix material
and a luminescence center, said matrix material
having the compositional formula: M',A.B,O,S,,
wherein

M!l is at least one element selected from the
group consisting of Zn, Cd and Hg,

A is at least one element selected from the
group consisting of Mg, Ca, Sr, Ba and rare
earth elements,

B is at least one element selected from the
group consisting of Al, Ga and In, and

Vv, X, ¥, Zand w are representative of atomic ra-
tios, v is from 0.005 to 5, x is from 1 t0 5, y is
from 1 to 15, z is from more than 0 to 30, and
w is from more than 0 to 30.

2. The phosphor thin film of claim 1 wherein in the
compositional formula, v and x are such numbers
that v/x is from 0.001 to 1.

3. The phosphor thin film of claim 1 or 2 wherein in the
compositional formula, x and y are such numbers

that y/x is from 1 to 4.

4. The phosphor thin film of any one of claims 1 to 3
wherein M!' contains at least Zn.

5. The phosphor thin film of any one of claims 1 to 4
wherein said luminescent center is Eu.

6. The phosphor thin film of any one of claims 1 to 5
wherein A is Ba and B is Al.

7. The phosphor thin film of any one of claims 1 to 5
wherein A is Sr and B is Ga.

8. The phosphor thin film of any one of claims 1 to 7
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10.

1.

12.

13.

14.

15.

20

wherein in the compositional formula, z and w are
such numbers that z/(z+w) is from 0.005 to 0.85.

The phosphor thin film of any one of claims 1 to 7
wherein in the compositional formula, z and w are
such numbers that z/(z+w) is from 0.005 to 0.3.

An EL panel having the phosphor thin film of any
one of claims 1 to 9.

A method for preparing the phosphor thin film of any
one of claims 1 to 9, comprising the steps of:

forming a thin film containing at least M|, A, B
and S, and
annealing the thin film.

The method of claim 11 wherein the annealing step
is conducted in an oxidizing atmosphere.

The method of claim 11 or 12 wherein the annealing
step is conducted at a temperature below 750°C.

The method of any one of claims 11 to 13 wherein
the forming step is to form the thin film on a sub-
strate which is set at a temperature of up to 600°C.

The method of any one of claims 11 to 13 wherein
the forming step is to form the thin film on a sub-
strate which is set at a temperature of up to 200°C.
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