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SPECIFICATION

TITLE OF THE INVENTION

FIELD EMISSION-TYPE ELECTRON SOURCE AND MANUFACTURING

METHOD THEREOF AND DISPLAY USING THE ELECTRON SOURCE

BACKGROUND OF THE INVENTION
1. ~"Field of the invention

The present invention relates to a field emission-Lype
electron source for emitting electron beams by means of
electrical field emission and a manufacturing method
thereof, and to a display using the field emission-Lype
electron source.
2. Description of the prior art

Conventionally,. as a field emission-type electron
source, there has been well-known a so-called Spindt-type
electrode which is disclosed, for example, in the United
States Patent No. 3,665,241 and so on. The Spindt-type
electrode is provided with a substrate on which many small
(fine) emitter chips of triangular pyramid shape are
disposed, emit{:ing holes for exposing apexes of the emitter
chips to the outside, and gate layecrs disposed in such a
manner so as to be insulated to the emitter chips. Thus,

the Spindt-type electrode can emit electron beams frcm the

apexes of the emitter chips tec the outside through the
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enitting holes by applying high voltage between the emitter
chips and the gate layers under a vacuum atmosphere in such

a manner that the emitter chips becomé negative electrodes

against the gate layers.

Fowever, in the Spindt-type electrocde, there exists
such a problem that when it is applied, for example, to a
flat light emitter or a display, it is difficult to enlarge
its area (electron emitting area), because manufacturing
process of the electrocde is complicated and further it is
difficult to produce many emitter chips of triangular shape
with higher efficiency. Meanwhile, in the Spindt-type
electrode, the electrical field converges to the apexes of
the emitter chips. Therefore, when the degree of wvacuum
around the apexes ¢f the emitter chips is lower so that
residual gas exists thereabout, the residual gas is ionized
by the emitted electrons to become positive ions so that
the positive ions collide to the apexes of the emitter
chips. Accordingly, the apexes of the emitter chips suffer
damages (for example, damages due to ion impacts) so that
there may be caused such a problem that current density or
efficiency of the emitted electrons becomes unstable, or
lives of the emitter chips are shortened. Therefore, the
Spindt~type electrode must be used under a higher wvacuunm
atmosphere (about 10 Pa to about 1€° Pa) in order to

prevenrt occurrence of the above-mentioned problem.
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Accordingly, there may be caused such a disadvantage that
thke manufacturing cost of the electrode is raised and
further the method of treatment of the electrode is
troublesome.

In order to improve the above-mentioned disadvantage,
a Tfield enission-type clectron source of MIM (Metal
Insulator Metal) style or MOS (Metal Oxide Semiconductor)
style has been proposed. The former is a flat field
emission-type electron source having a laminated structure
of (metal)~(insu1ator.film)—(metal), while the latter is a
flat field emission-type electror source having a laminéted
structure of (metall)-{oxide £ilm)-(semiconductor). ~h
order to raise electron-emitting efficiency of the above-
mentioned type of field emission-type electron source
{namely, in order to emit more electrons), iL is necessary
to reduce the thickness of the insulator film or oxide film.
However, if the thickness of the insulator film or oxide
film becomes thinner to excess, it is feared that
dielectric breakdown is caused when voltage is applied
between the upper and lower electrodes of the laminated
structure. Therefore, there may be a certain restriction
cn reducing the thickness of the insulator film or oxide
film, Thus, there exists such a disadvantage that its
electron emitting efficiency (electron extracting

efficiency) can not be raised so much, because the above-
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mentioned dielectric breakdown must be prevented.

Moreover, in recént years, as disclosed in the
Japanese Laid-Open Patent Publication No. 8-250766, there
has been proposed another field enission-type electron
source {semiconductor element for emitting cold electrons),
in which a porous semiconductor layer (porous silicon
layer) is formed by performirg anodic oxidation to one
surface of a monccrystalline semiconductor substrate such
as a silicon substrate in order to raise its electron
emitting efficiency, a thin metal film being formed on the
porous seniconductor layer. Hereupon, the electron source
can emit electrons wher wvoltage is applicd between the
semiconductor substrate and the thin metal film.

However, in the [ield emission-type electron source

disclosed in the Japanese Laid-Open Patent 2ublication No.

~ 8-250766, there exists such a disadvantage that it is

difficult to enlarge its area and to lower Iits
manufacturing cost, because the material of the substrate
must be restricted to semiconductor. Meanwhile, in the
field emission-type electron source, because a so-called
popping phenomenon is easily caused when electrons are
enitted, the amount of emilted electrons tends to become
unsteady. Accordingly, when the electron source is applied
to a flat light emitter or a display, there may be caused

such a disadvantage that light emission becomes unsteady.
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Thus, in the. Japanese Patent Applicazions of No. 10-
272340, No. 10-272342 and No. 10-271876 etc., the inventors
of the present application have proposed another field
emission-type electrode source including a strong field
drift layer through which electrons injected from an
electrically conductive substrate can drift, the layer
being disposed between the electrically conductive
substrate and a tain metal film, and the layer being formed
by oxidizing a porous polycrystalline silicon layer by
means of the Rapid Thermal Oxidation method (RTO method).

Hereupon, the porous polycrystalline silicon layer is
formed by making a polycrystalline silicon layer on an
electrically conductive substrate porous by means of an
arodic oxidation treatment. Meanwhile, the oxidation of
the porous polycrystalline silicon layer by the RTO method
is performed in a dry oxygen atmosphere using a lamp
annealing apparatus. In this case, temperature of the
oxidation may be 800-900 °C, and time of the oxidation may
be 30-220 minutes (Japanese Patent Application No. 10-
271876€). Further, tke thin metal fiim is formed using a
thin gold film of about 10 nm thickness, because electrons

(the electrons are considered as hot electrons), which have

. reached the surface of the strong field drift layer, must

be emitted to the vacuum atmosphere in such a manner <hat

they have passed through the thin metal film without being
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dispersed therein. In the field emission-type electron
source, electrons can be stably emitted, because its

electron emitting property has a smaller dependency to the

. degree of vacuum, and further a popping phenomenon is not

caused when the electrons are emitted. Further, in
addition to a semiconductor substrate such as a
monocrystalline silicon substrate, there may be used a
substrate in which an electrically conductive film (for
example, ITO film) is provided or a surface of a glass
substrate or the like, as the above-mentioned electrically
conductive suberéte. Therefore, in the field emission-
type e_ectron source, its area may be enlarged and its
manufacturing cost may be Zowered, in comparison with the
conventional electron source utilizing the porous
semiconductor layer produced by making the semiconductor
substrate porous, or the Spindt-type electrcde. Hereupon,
when a display is produced using this type of field
emission-type electron source, the thin metal film must be
patterned to a predetehni ned shape.

However, in the field emission-type electron source
disclosed in the Japanese Patent Application of No. 10-
272340, No. 10-272342 or No. 10-271876, the temperature of
the oxidatiori by the RTO method can not be raised over the
heat resistant temperature of the electrically corductive

substrate. Therefore, there exists such a disadvantage
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that materials of the substrate or the electrically
conductive film are restricted so that enlarging the
diameter (area) of the substrate is also restricted.

Meanwhile, in the field emission-type electron source
disclosed in the Japanese Palent Application of No. 10-
272340, No. 10-272342 or No. 10-271876, the porous
polycrystalline silicon layer, which has beer formed by
oxidizing the polycryslalline silicon layer by means of the
anodic oxidation treatment, is oxidized by means of the RTO
method. Hereupon, as an electrolyte solution used in the
anodic oxidation treatment, there may be used a solution in
which hydrogen fluoride aqueous solution and ethancl are
mixed together in the fatio of 1:1.

Hereupon, in the porous semiconductor layer (porous
polycrystalline silicon layer or porous monocrystalline
silicon layer) formed by the anodic oxidation treatment,
silicon atoms are terminated by hydrogen atoms. Therefore,
as disclosed in the Japanese Patent Application of No. 10-
272340, No. 10-272342 or No. 10-271876, if an oxidized film
is grown by the RTO method in the porous semiconductor
layer formed by the anodic oxidation treatment, hydrogen
atoms may remain in the oxidized film, or Si-OH bonds may
be produced. In consequence, there exists such a
disadvantage that it is difficult to form an minute

oxidized film having Si0, structure so that its breakdown
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voltage 1is lowered. Further, because the strong field
drift layer cont;_ains relatively much hydrogen, hydrogen
distribution in the strong field drift layer may change
w_ith the lapse of time (For example, hydrogen atoms drop

out from the surface of the strong field drift layer.).

~Therefore, it is feared that the stability of the electron

emitting efficiency as to time passing is deteriorated.
Thus, in the field emission-type electron source
disclosed in the Japarese Patent Application of No. 10-
272340, No. 10-272342 or No. 10-271876, although its cost
can be lowered and electroné can be stably enitted with
high efficiency in comparison with the field emission-tyoe
electron source discliosed in the Japanese Laid-Open Patent
Publication No. 8-250766, it is expected to improve the

electron emitting efficiency further more.

SUMMARY OF THE INVENTION

The presént invention, which has been performed to
solve the conventional problems described above, has an
object to provide a field emission-type electron source
which can easily enlarge its area (electron emitting area)
and lower its cost and a manufacturing method thereof, and
to provide a display using the source.

Further, the present invention kas another object to

provide a field cmission-type electron source .in which the
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change of the electron emittinq.'efficiency as to time
passing is smaller and its breakdown voltage is higher, and
a manufacturing method thereof.

Moreover, the present invention has a further object
to provide a field emission-type electron source of lower
cost which can stable emit electrons with high efficiency,
and a manufacturing method thereof.

According to a first aspect of the present invention,
which is preformed to achievé the cbjects described above,
there is provided a field emission-type electron source
including an electrically conductive substrate, a strong
field drift layer Zormed on a surface of the electrically
conductive substrate and an electrically conductive thin
film formed on the strong field drift layer, wherein
electrorns, which are injected into the electrically
conductive substrate, driZft in the strong field driftr layer
-0 be emitted outward through the electrically conductive
thin film by applying voltage betwcen the electriﬁally
corductive thin £film and the electrically conductive
sutbstrate in such a manner that the electrically conductive
thin film acts as a positive electrode against the
electrically conductive substrate, wherein the strong field
drift layer is formed by a process including an oxidation
step oZ oxidizing a porous semiconductor layer at

relatively lower temperature.
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In the field emission-type electron source, ip is
preferable. that the strong field drift layer is oxidized in
a liquid phase in the oxidation step. Further, it is
preferable that the porous semiconductor layer is formed by
performing an anodic oxidation to a semiconductor layer.
In the field emission~type electron source, its process
temperature is lower than that of the conventional field
emission-type electron source, in which the strong field
drift layer is formed by oxidizing the porous semiconductor
layer using the RTO method. Accordingly, restriction of
materials usable for the electrica’ly conductive substrate
becomes smaller so that enlarging the area (elec:iron
emitting area) and lowering the manufacturing cost of rhe
field emission-type electron source may be easily achieved.

According to a second aspect of the present invention,
there is provided a method of manufacturing a field
emission~type electron source including an electrically
conductive substrate, a strong field drift layer Zormed on
a surface of the electrically ccnductive substrate and an
electrically conductive thin film formed on~ the strong
field drift layer, whereir electrons, which are injected
into the electrically conductive substrate, drift in the
strong fleld drift layer to be emitted outward through the
electrically conductive thin film by applying voltage

between the electrically conductive thin film and the
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electrically conductive substrate in such a manner that the
electrically conductive thin film acts as a positive
electrode against the electrically conductive substrate,
the method including a main oxidation step of forming a
strong field drift layer by —oxidizing a porous
semiconductor layer a: relatively lower temperature.

In the mzin oxidation step, the porous semiconductor
layer may be oxidized in an electrcly:ze solution by means
of an clectrochemical reaction. As the -electrolyte
soluticn, for example, an acid scolution may be used. In
this case, the process temperature of Lhe manufacturing
method is lower than that of the conventional manufacturing
method, in which the strong field drift layer is formed by
oxidizing the porous semiconductor layer using the RTO
method. Accordingly, restriction for materials usable for
the electrically conductive substrate becomes smaller so
that a fleld emission-type electron source with a larger
area may ote manufactured at lower cost. Further, because
the porous semiconductor layer is oxidized by means of a
wet process, the manufacturing process nay be simplified in
comparison with the conventional manufacturing method.

Furlher, & supplemental oxidation step by means of a
rapid hecating process may be performed before and/or after
the main oxidation step.

Meanwhile, before the main oxidation step or before
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the main oxidation step and supplemental oxidation step, a
pre oxidation step of oxidizing the pordus semiconductor
layer using an oxidant sclution may be performed. In this
case, hydrogen atoms, which terminate the atom group on the
surface of the porous semiconductor layer, for example,
formed by an anodic oxidatlon, are substituted with oxygen
atoms by the oxidant solution. Accordingly, the amount of
hydrogen contained in the strong field drift layer becomes
less. In consequence, time-dependent change of hydrogen
distribution in the strong field drxift layer becomes
smaller so that =ime-dependent stability of the field
emission-type electron source may be improved.

Moreover, in the main oxidation step, the wvorous
semiconductor layer may be oxidized by means of at least
one of a treatment which applies ultraviolet rays to the
porous semiconductor layer in a gas atmosphere containing
at least one of oxygen and ozcne, a treatment which exposes
the porous semiconductor 1layer to plasma in a gas
atmosphere containing at least one of oxygen and ozone, a
treatment which heats the porous semiconductor layer in a
gas atmosphere contairing ozone, a trecatment which applies
ultraviolet rays to the porous semiconductor layer and
heats the porous semiconductor layer, and a zreatment which
applies ultraviolet rays to thec porous semiconductor layer

in a gas atmosphere containing at least one of oxygen and
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ozone and heats the porous semiconductor layer. In this
case, electron emitting efficiency of the electron source
may be raised in comparison with that of the electron
source manufactured by the conventional manufacturing
method, in which the strong field drift layer is formed by
oxidizing the porous semicorductor layer using the RTO
process. Further, because the process temperature is lower,
restriction for materials usable for the electrically
conductive substrate becomes smaller so that a field
emission-type electron source with a larger electron
enitting area may be manufactured at lower cost.

Further, if the main oxidation step is performed after
the electrically conductive thin film has been formed,
contamination due to organic materials produced in the
processes before the presgnt oxidation may be removed. In
consequence, there may be also obtained such an effect that
the electron emitting property is improved.

Hereupon, before and/or after the main oxidation step,
there may be performed a supplemental oxidation step of
oxidizing the porous semiconductor layer by means of a
rapid heating process, a further supplemental oxidation
step of oxidizing the porous semiconductor layer using an
acid solution, or the both supplemental oxidation steps
described above. In this case, the electron emitting

efficiency may be raised much more.
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Further, before the main oxidation step (in the case
of including no supplemental oxidation), or before the main
oxidation step and the supplemental oxidation step(s},
there may be performed a prc¢ oxidation step of oxidizing
the porous semiconductor layer using an oxidant solution.
In thls case, as descrlbed above, because hydrogen atoms,
which terminate the atom group on the surface of the porous
semiconductor layer are substituted with oxygen atom; by
the oxidant solution, the amount of hydrogen contained in
the strong field drift layer becomes less so that time;
dependent stability of the field emission-type electron
source may be improved.

Meanwhile, the pre oxidation step may be performed
before the oxidation step by means of the rapid heating
process.

In each of the above-mentioned manufacturing methods,
the porous semiconductor layer may be a [porous
monocrystalline silicor layer or a porous polycrys-tallinc
silicon layer. The electrically conductive substrate may
be an n-type silicon substrate. Further, the electi—ica.lly
condﬁctive substrate may be a substrate in which an
e.ectrically conductive film is formed on a surface of an
insulating plate such as, for example, a glass plate , a
ceramic plate or the like. The porous semiconductor layer

may be formed by performing an anodic oxidation to a
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semiconductor layer.

In each of the above-mentioned manufacturing methods,
it is preferable that the acid solution, which is used in
the main oxidation step or the supplemental oxidation step,
is dilute nitric acid, dilute sulfuric acid or aqua regia.
Further, it is preferable that the oxidant solution, which
is used in the pre oxidation step, is any one of or a
mixture of plural ones of concentrated nitric acid,
concentrated sulfuric acid, hydrochloric acid and hydrogen
peroxide. Hereupon, it is preferable that the oxidant
solution is used in a heated state in order to shorten
processinrg tine of the pre oxidation step so as to improve
its through put.

According to a third aspect of the present invention,
there is provided a display for displaying an image on a
screen thereof, including any one of the field emission-
type electron sources described above, a collector
electrode disposed so as to face the field emission-type
electron source, a fluorescent disposad on a surface of the
collector electrode, the surface facing the field emission-
type electron source, and a member for applying voltage
between the collector electrode and an electrically
conductive thin £ilm of the field emission~type electron
source, wherein when voltage is applied between the

collector electrode and the electrically conductive thin
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film, the image is displayed on the screen by colliding
electrons emitted from the field emission-type electron
source to the fluorescent so as to make the fluorescent

emit light.

BRIZF DESCRIPTION OF THE DRAWINGS

The ‘present invention will become more fully
understood from the detailed description given below and
the accompanied drawings, wherein:

Fig. iB is an elevational section view of a field
emission-type electron source according to the present
invention, in which the electrically conductive substrate
is composed of an n-type silicon substrate;

Fig. 1B is an elevational section view of a field
emission-type electron source according to the present
irvention, in which the electrically conductive substrate
is composed of a substrate in which an electrically
conductive film is formed on a glass plate:

Figs. 2A to 2D are elevational section views of
intermediate products or a final product in the main steps
of the manufacturing process of the fie_ld enission-type
electror source shown in Fig. 1A;

Fig 3 is a schematic view showing an outlire of a
electrochemical oxidation process in a porous silicon;

Fig. 4 is a view showing a principle o2 an electron-
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emitting mechanism in the field emission-type electron
source shown in Fig. 1a;

Fig. 5 is a view showing an elcctron-emitting action
of the field emission-type electron source shown in Fig.
1A;

Fig. 6A is an elevational section view of another
ficld emission-type electron source according to the
present invenlion, in which the electrically conductive
substrate is composed of an n-type silicon substrate;

Fig. 6B 1is an elevational section view of another
field emission-type electron source according to the
present invertion, in whicp the electrically conductive
substrate is composed of a substrate in which an
electrically conductive film is formed on a glass plate;

Figs. 7A to 7D are elevational sec-ion views oF
intermediate products or a final product in the main steps
of the nanufacturing process of the field emission-type
electron source shown in Fig. 6A;

Fig. 8 is a view showing a principle Ffor measuring
active properties of the field emission-type electron
source shown in Fig. 6A;

Fig. 9 1is & graph showing relationships between
voltage and current density (vcltage-current property) in
the field emission-type electron source of the present

invention and the field emission-type electron source of a
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comparative example;

Figs. 10A and 10B are views showing oxidized states of
a nano crystalline silicon layer;

Fig. 11 is a rough_perspective view of a display which
utilizes a field emission-type electron source using arn n-
type silicon substrate, according to the present invention;

Fig. 12 is an clevational section view of a display
which utilizes a field emission-type electron source using
a glass substrate, according to the present invention;

Fig. 13 is a graph showing an operating characteristic
of a field emission-type electron source .according to
Example 5 in Embodiment 14;

Fig. 14 is a graph showing an operating characteristic
of a field emission-type electron source according to
Example 2; and

Fig. 15 is a graph showing an operating characteristic
of a [ield emission-type electron source according to

Example 3.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
Hereinafter, preferred embodiments of the present
inventibn will be concretely described.
(Erbodiment 1}
Tig. 1A shows an elevational section of a field

emission-type electron scurce, in which the electrically
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conductive substrate 1s composed of an n-type silicon
substrate. Hereupon, the n-type silicon substrate is
composed of a (100) substrate whose electrical resistivity
is about 0.1 Q cm. As shown in Fig. 1A, the field
emission-type electron source 10 is provided with an n-type
silicon substrate 1, a non-doped polycryétalline silicon
layer 3 formed on a surface of the n-type silicon substrate
1, a strong field drift layer 6 formed on the
polycrystalline silicon layer 3, and an electrically
conductive thin film 7 formed on the strong Zfield drift
layer 6, the thin film 7 being composed of z thin gold film.
Further, an ohmic electrode 2 is provided on the back
surface of the n-type silicon substrate 1.

Thus, in the field emission-type electron source 10,
the n-type silicon substrate 1 is used as an electrically
conductive substrate. Hereupon, the electrically
conductive substrate is intended to cornstruct a negative
electrode of the field emission-type electron scurce 10, to
support the strong field drift layer 6 in a vacuum space,
and further to inject electrons into the streng field drift
layer 6. Therefore, the electrically conductive subsctrate
need not be restricted to the n-type silicon substrate, if
only it is capable of constructing the negative electrode
of the field emission-type electron source 10 and

supporting the strong field drift layer 6. For example,
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tke electrically conductive substrate may be composed of
metal such as chrome.

Moreover, as shown in Fig. 1B, the electrically
conductive substrate may be composed of a substrate in
which an electrically conductive film 12 (for example, ITO
film) is formed on a surface of an insulating vlate 11 such
as a glass plate (or a ceramic plate). In this case, it
would be possible to enlarge the electron emitting area of
the field emission-type electron source and to lower the
manufacturing cost of the socurce, in comparison with the .
case using the semiconductor substrate.

The strong field drift layer 6, which is formed by
oxidizing a porous polycrystal_ine silicon using an acid
solution, is a layer into which electrons are injected when
voltage is applied between the electrically conductive
substrate and the electrically conductive thin film (thin'
retal film). The strong field drift layer 6 is composed of
a polycrystalline body including many grains. On a surface
of each of the grains, a structure of nano meter order
having'an oxide film (hereinafter, being referred to "nano
structure”) exists. It is required that the dimension of
the nano structure is smaller than the mean free path of
the electron in the monocrystalline silicon, that is about
50 nm, in order Zo make electrons injected into the strong

field drift layer 6 reach the surface of the strong field
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drift layer 6 without colliding the electrons to the nano
structure (namely, without causing dispersion of electrons}.
Concretely, it is preferable that the dimension of the nano
structure is smaller than 10 nm, and further it is more
preferable that the diménsion is smaller than 5 nm.

In Embodiment 1, the electrically conductive thin filn
7 {(thin meta’. film) is composed of a thin gold film. The
electrically conductive thin film 7 is intended to
construct a positive electrode of the field emission-type
electron source 10, and to apply electrical field to the
strong field drift layer 6. Electrens, which have reached
the surface of the strong field drift layer € by apﬁlying
the electrical field, are emitted outward Zrom the surface
oZ the electrically conductive Lhin film 7 by means of the
tunnel effect. Hereupon, an ideal energy 6f the emitted
electrons is the energy difference obtained by subtracﬁing
the energy of the work function of the electrically
conductive thin film 7 from the energy of the electrons
obtained by applying DC voltage between the electrically
conductive substrate and the'electrically conductive thin
film 7. Therefore, the smaller the work =unction of the
electrically conductive thin film 7 is, it is more
desirable.

In Embodiment 1, although gold is used as a material

of the electrically conductive thin film 7, the material



10

15

20

25

22

need not be restricted to gold. Any metal may be used as
the material, if only its work function is small. For
example, aluminum, chrome, tungsten, nickel, platinur or
the like may be used. The work function of each of the

metals described above is as follows.

Gold : 5.10 ev Aluminum : 4.28 eV
Chrome : 4.5C ev Tungsten @ 4.55 eV
Nickel : 5.15 eV Platinum : 5.65 eV

Hereinafter, a manufacturing process of a field
emission~type electron source 10 will be described, while
referring to Figs. 2A to 2D.

'In the manufacturing process, after an ohmic electrode
2 has been formed on the back surface of an n-type silicon
substrate 1 at first, a non-doped polycrystalline silicon
layer 3 of about 1.5 gm thickness is formed on the n-type
silicon layer 1 so that the structure shown in Fig. 2A is
obtained. The film making process of the polycrystalline
silicon layer 3 is performed by mcans of the LPCVD process.
Ir the fi m making process, degree of vacuum is set to 20
Pa, temﬁerature of the substrate is set to 640 C, and flow
rate of monosilane gas is set to 600 sccm. Hereupon, if
the electricazlly conductive substrate is a semiconductor,
the film making process of the polycrystalline silicon
layer 3 may be performed by means of the LPCVD process or

—he sputtering process. Alternatively, the film making



[ §4]

10

15

20

25

23

process may be performed by anncaling an amolphous silicon
film so as to be crystallized, the amolphous silicon film
having been formed by the plasma CVD process.

If the electrically conductive substrate is a
substrate in which an electrically conductive film .is
formed on a glass plate, the polycrystalline silicon layer
may be formed by annealing an amolphous silicon film using
an excimer laser, the amolphous silicor film having been
formed on the electrically conductive film by <+the CVD
process. - Bescause the process for forning the
polycrystalline silicon 1layer 3 on the electrically
corductive film need not be restricted to the CVD process,
there may be used, for example, the CGS (Continuous Grain
Silicon) process or the catalytic CVD process.

After the non-doped po:ycrysﬁalline silicon layer 3
has been formed, a porous polycrystalline silicon layer 4
is formed by performing an anodic oxidation treatment to
the polycrystalline silicon layer 3 using an anodic
oxidation processing tank containing electrolyte composed
of a mixture in which hydrdgen fluoride aqueous solution of
55 wt¥ and ethanol are mixed togezher ir the ratio of
nearly 1:1. The anodic oxidation treatment is performed
with constant current while applying light to the layer 3
in such a manner that a platinum electrode (not shown) acts

as a negative elecirode and the n-type silicon substrate 1
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(ohmic electrode 2) acts as a positive electrode. Thus,
the structure shown in Fig. 2B is obtained. Hereupon, in
the anodic oxidation treatment, current density is set to
the constant wvalue of 10 mA/cm’, and time of the anodic
oxidation step is set to 30 seconds. Further, during the
anodic oxidation treatment, light is applied to the surface
of the polycrystalline silicon layer 3 using a tungsten
lamp of 500 W. In consequence, the porous polycrystalline
silicon layer 4 of nearly. 1 pm f.hickness is formed.
Although only a part of the polycrystalline silicon layer 3
is crystallized in this case, the whole polycrystalline
silicon layer 3 may be crystallized.

After the anodic oxidation treatment has been
completed, the electrolyte is removed £from the anodic
oxidation processing tank, and then dilute nitric acid of
nearly 10% concentration is .newly put into the anodic
oxidation processing tank. Then, using the anodic
oxidation yprocessing tank. containing dilute nitric acid,
the porous polycrystalline silicon layer 4 is oxidized by
letting constant current flow between the platinum
electrode (not shown) and the n-type silicon substrate 1
(ohmic electrode 2) in such a manner that the platinum
electrode acts as a negative electrode and the silicon
substrate 1 acts as a positive electrode. Thus, the

structure shown ir Fig. 2C is obtained. In Fig. 2C, the
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numeral 6 denotes a strong field drift layer formed by
oxidizing the porous polycrystalline silicon layer 4 using
acid (dilute nitric acid in this case).

‘Hereupon, it may be conéidered that when the porous
polycrystalline silicon layer 4 is oxidized by dilute
nitric acid, there occur such reactions as shown by the
following reaction Zormulas 1 and 2. In the reaction
formulas, h' denotes a hole, and e  denotes an electron.

(Negative electrode}

HNO;+3H™ — NO+2H20%3h* ---------------- reaction formula 1-
(Positive electrode)

3h™+Si+2H,0 — Si0,+4H e e rererrererreeces reaction formula 2

As shown schematically in Fig. 3, silicon oxide (Si0,)
is formed on the surfaces of pores of the porous
polycrystalline silicon layer 4 due to the above-mentioned
reactions. Further, the concentration of dilute nitric
acid or the current density (constant value} may be
conveniently changed in corre#pondence with any desired
thickness or quality etc. of the porous polycrystalline
silicon layer 4 which is to be oxidized.

Further, the potentia’ voltage at the ond point may be
set to a préferable (optimurq) value, for example, in the
range. of several V to several tens V. Moreover, the
applied light or the temperature may be conveniently set to

a preferable value.
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Hereupon, as to the strong field drift iayer 6, it may
be considered that the surface of the fine silicon crystal
composed of the nano structure, which is formed by means of
the anodic oxidation treatment, is oxidized by diiute
nitric acid.

As shown in Fig. 4, it may be considered that the
strong field drift layer 6 incLudes at least pillar-shaped
polycrystalline silicon grains 61, thin silicon oxide films
62 formed on the surfaces of the polycrystalline silicon
grains 61, fine crystalline silicon layers 63 existing
among the polycrystalline silicon grains 61, and silicon
oxide films 64 formed on the surfaces of the fine
crystailine silicon layers 63. |

In Embodiment 1, because the porous polycrystalline
silicon layer 4 is oxidized using acid (dilute nitric acid),
the process temperature is lower than that of the
conventional manufacturing process (disclosed in Japanese
Patent Applications of No. 10-272340, No. 10-272342 or No.
10-27i876 by the inventors of the presert application), in
which the strong field drift layer is formed by oxidizing
the porous semiconductor layer by means of the RTO process.
Accordingly, restriction of materials usable for the
electrically conductive substrate becomes smaller so that
the field emission-type electron source may have a larger

electron emitting area and may be manufactured at lower
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cost. Further, because tne porous polycrystalline silicon
layer 4 is oxidized by means of the wet prdécess after the
anodic oxidation treatment, the manufacturing process may
be simplified in comparison with the case of oxidizing the
layer 4 by means of the RTC process after the anodic
oxidation treatment.

After the strong field drift layer 6 has been fornmed,
an electrically conductive thin f£ilm 7, which is composed
of a thir gold film, is formed on the étrong field drift
layer 6, for example, by means of the vapor deposition
process. Thus, there is obtained such a field emission-
type electron source 10 having the structure shown in Fig.
2D (Fig. 1A). Although the thickness of the electrically
conductive thin film 7 is set to rearly 10 nm in Embodiment
1, the thickness need not be restricted to that. Hereupon,
in the field emission~type electron source 10, there is
formed a diode in which the electrically conductive thin
film acts as a positive electrode (anode) while the ohmic
electrode 2 acts as a negative electrode (cathode).
Meanwhile, although the electrically conductive thin film 7
{thin gold film) is formed by means oI the wvapor deposition
process in Embodiment 1, the method of forming the
electrically corductive thin film 7 need not be restricted
to the wvapor de?osition process. Ffor example, the

sputtering process may be used.
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1t may be considered that in the field emission-type

electron source 10 of Embodiment 1, electrons are emitted

according to the following model.

That is, as shown in Fig. 5, let us suppose that a
collector electrode 21 is disposed so as to face the
electrically conductive thin film 7, DC voltage Vps is
applied between the electrically conductive thin film 7 and
the ohmic electrode 2, and further DC voltage Vc is applied
between the collector electrcde 21 and the electrically
conductive thin film 7. In that condition, when the DC
vollage, which is applied to thae electrically conductive
thin film 7 in such a manner that the thin film 7 becomes a
positive electrode against the n-type silicon substrate 1,
reaches a predetermined wvalue ({critical value), electrons
¢” are injected from the n-type silicon substrate 1 side to
the strong field drift 1layer 6 by means of _thermal
excitation. On the other hand, because tae elecirical
field, which is applied to the strong field drift layer 6,
is mostly applied to the silicon oxide films 64, the
injected electrons are accelerated by the strong electrical
field appiied to the silicon oxide films 64. Thus, within
the strong field drift layer 6, the electrons drift in the
direction indicated by an arrow A in Fig. 4 in the space
among the polycrystalline silicon grains 61 toward <the

surface of the layer 6. Then, the electrons pass tarough
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the electrically conductive thin film 7 to be emitted into
the vacuum after passing through the oxide layer on the
uppermost surface of the strong field drift layer 6.

In the field emission-type el_ectron source 10
manufactured according to the above-mentioned process, as
same as the case of the field emission-type electron source

proposed in the Japanese Patent Application of No. 10-

272340, No. 10-272342 or No. 10-271876 by the inventors of

the present application, electrons can be stably emitted,
because its electron emitting property has a smaller
dependency to the degree of vacuum, and further a popping
phenomenor. is not caused when the electrons are emitted.
Further, in addition to a semiconductor substrate such as a
monocrystalline silicon substrate, there may be u.sed a
substrate in which an electrically conductive film (for
example, ITO £film) is provided on a surface of a glass
plate or the like, as the electrically conductive substrate.
Therefcre, in the field emission-type electron source, its
electron emitting area can be enlarged and its
manufacturing cost can be lowered, in comparison with the
Spindt-type electrode.

Although both ¢f the anodic oxidatica treatment and
the oxidation treatment using acid after the anodic
oxidation treatment are performed using the same anodic

oxidation processing tank in Embodiment 1, it is of course
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that eacn of the treatments may be performed using its

individual anodic oxidation processing tank.

- {Embodiment 2}

Hereinafter, Embodiment 2 of the present invention
will be described. Hereupon, the fundamental construction
of the field emission-type electron source and the
manufacturing method thereof according to Embodiment 2 are
nearly as same as those of Embodimert 1 except the
following matters.

Namely, in Embodiment 2, after the anodic oxidation
treatment has been completed, the electrolyte is removed
from the anodic oxidation processing tank, and then dilute
sulfuric acid of nearly 10% concentration is newly put into

the anodic oxidation processing tank. Then, using the

~anodic oxidation processing tank contairing d:lute sulfuric

acid, the porous polycrystalline silicon layer 4 is
oxidized by letting constant current flow between the
platinum electrode (not shown) and the n-type silicon
substrate 1 {chmic electrcde 2) in such a manner that the
platinum electrode acts as a negative electrode and the
silicon substrate 1 acts as a positive electrode. That is,
in Emnbodiment 2, the surface of the fine silicon crystal
composed cf the nano structure, which is formed by mears of
the anodic oxidation treatwent, is oxidized by dilute

sulfuric acid.
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Hereupor, it may be considered that when the porous
polycrystalline silicon layer 4 is oxidized by dilute
sulfuric acid, there occur such reactions as shown by the
following reaction formulas 3 and 4. In the reaction
formulas, h' denotes a hole, and e denotes an electror.

(Negative electrode)

H,SO+2H" — SO,+2H,0+2h% - reereeerrenneans, reaction formula 3
(Positive eleclrode)

2h"1Si42H,0 = SiQ,+4H"+2g - reerermerencenes reaction formula 4

Hereupon, the concentration of dilute sulfuric acid or
the current density may be conveniently changed in
correspondence with any desired thickness or gquality etc.
of the porous polycrystalline silicon layer 4 which is to
be oxidized.

Further, the potential voltage at the end point may be
set to a preferable {optimum) value, for example, in the
range of several V to several tens V. Moreover, the
applied light or the temperature may be corveniently set to
a preferable value.

(Embodiment 3)

Hereinafiter, Embodiment 3 of the present invention
will be described. Hereupon, the fundamental construction
of the field cmission-type electron source and the
manufacturing method thereof according to Embudiment 3 are

nearly as same as those of Embodiment 1 except the
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following matters.

Namely, in E:mbbdiment 3, after the anodic oxidation
treatment has been completed, the electrolyte is removed
from the anodic oxidation processing tank, and then aqua
regia ((concentrated hydrochloric acid): (concentrated.
nitric acid)=3:1) is newly put into the anodic oxidation
processing tank. Thus, the.porous polycrystalline silicon
layer 4 is oxidized by aqua regia. Because silicon is
gradually oxidized in agqua regia, the surface of the fine
silicon crystal is oxidized by aqua regia which has
permeated into the pores in the porous polycrystalline
silicon layer 4 in Embodiment 3.

Thus, in Embodiments 1 to 3, the porosity of the
porous polycrystalline silicon layer 4 is rearly uniform in
the direction. of thickness of the layer by making the
current density constant during the anodic oxidation step.
However, by changing the current density during the anodic
oxidation step, there may be produced such a slructure that
pcrous polyerystalline silicon llayers with larger porosity
and porous polycrystalline silicon layer with smaller
porosity are laminated by turns, or such a structure that
the porosity successively changes in the direction of
thickness of the layer.

Méanwhile, in Embodiments 1 to 3, the strong field

drift layer 6 1is formed by oxidizing the ©vorous
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polycrystalline silicon layer using acid. However, the
strong field drift layer may be formed using acid by
oxidizing the porous polycrystalline silicon which is
formed by making monocrystalline silicon porous by means of
the anodic oxidation treatment.

fEmbodiment 4)

Hereinafter, Embodiment 4 of the present invention
will be described. In the field emission-type electron
source 10 according to any one of Embodiments 1 to 3, the
strong field drift layer 6 is formed by oxidizing the
porous semiconductor layer (porous polycrystalline silicon
layer 4 or porous nonocrystalline silicon layer), whkich has
been formed by means of the anodic oxidation Lreatment,
using acid. Further, because the mixture solution, in
which hydrogen fluoride agueous solutio_n and ethanol are
mixed together, is used as an electrolyte in the anodic
oxidation treatment, silicon atoms in the porous
semiconductor layer are terminated by hydrogen atoms.
Accordingly, because the hydrogen conlent in the strong
field drift 1layer 6 becomes comparatively higher, the
distribution of the hydrogen atoms changes with the lapse
of time so that the stability of the electron emitting
efficiency with time passing may deteriorated. For example,
when the electrically conductive thin film 7 ({(thin gold

film) is patterned on the strong field drift layer 6,
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hydrogen atoms may fall out from the strong field drift
rayer 6 so that the stability with time passing may be
deteriorated. Further, because the silicon atoms in the
porous semiconductor layer are terminated by the hydrogen
atoms, 1L may be difficult to form a minute oxide film such
as §io,.

On the other hand, in Embodiment 4, nhefore the porous
semiconductor layer (pcrous polycrystalline silicon layer 4
or porous monocrystalline silicon layer}, which has been
formed by means of the anodic oxidation treatment, is
oxidized using acid (for example, dilute nitric acid,
dilute sulfuric acid or aqua regia), namely before the
silicon oxide film is electrochemically formed, hydrogen
atoms which terminate silicon atoms are substituted with
oxygen atoms by immerging the porous semiconductor layer in
an oxidant solution for a time capable of oxidizing its
very surface layer. Hereupor, as the above-mentioned
oxidant solution, it is preferable to use any one or a
mixture of plural ones selected in a group of oxidants
composed of ritric acid (HNO;), sulfuric acid (H,S0,},
hydrochloric acid (HCl) and hydrogen verox:ide (H.O;) .

Thus, in Embodimenl 4, as shown in Fig. 6A, the strong
field drift layer 6 is formed by oxidizing the porous
semiconductor layer, whose very surface layer has been

oxidized by the oxidant solution, using acid. Accordingly,
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when the porous semiconductor layer is formed by means of
the anodic oxidation treatment, hydrogen atoms, which
terminate atoms of the surface of .the porous semiconductor
layer, are stbstituted with oxygen atoms by the oxidant
solution. In consequence, the hydrogen content in the
strong field drift layer 6 becomes smaller, thereby the
time-depending change of the hydrogen distrikbution in the
strong field drift layer 6 becomes smaller so that the
stability of thc layer may be improved. Further, in
Embodiment 4, because the oxide film produced by oxidizing
the porous semiconductor layer using acid tends to form a
8i0, structure or a structure similar to the Si0, structure,
the minuteness and quality of the oxide film may be
improved so that electron emitting ef_ficiency is improved
and further the breakdown voltage is raised. Hereupon, the
function of the strorng field drift layer 6 is as same as
that of the strong field drift layer 6 in Embodiment 1.
Hereupon, if the oxidant solution is heated, process
time of the oxidation treatment by means of the oxidart
solution may be shortened so that its throughput may be
improved. |
Moreover, as shown in Fig. 6B, as the electrically
conductive substrate, there may be used a substrate in
whick a electrically conductive film 12 (for example, ITO

film) is formed on a insulating plate 11 suck as a glass
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plate (or ceramic plate). In this case, enlarging the
electron emitting area of the field emission-type electron
source and lowering the manufacturing cost of the source
may be more easily achieved in comparison with the case
using a semiconductor substrate.

Next, a manufacturing process of a field emission-type
electron sourcc according to Embodiment 4 will be described
as an example, while referring to Figs. 7A to 7D. However,
because the manufacturing process is nearly as same as the
manufacturing process described in Embodimert 1 (Figs. 2A-
2D), the members corresponding to members in Embodiment 1
are given the same numeral aé same as those irn Embodiment 1
so that the detailed description about them will be omitted.
Further, as to the sieps as same as those in Embodiment 1,
the description about them will be simplified or omitted.

In the manufacturing process according to Embodiment 4,
as same as the case of Embodiment 1, after an ohnic
electrode 2 has becen formed on the back surface of an n-
type silicon substrate 1, a non-doped pclycrystalline
silicon layer 3 of about 1.5 pgm thickness is formed on the
front surface of the n-type silicon layer 1 by means of the
LPCVD process so. that the structure shown in Fig. 7A is
obtained. 1In Embodiment 4, the n-type silicon substrate 1
{{100) type of substrate), which is used as an electrically

conductive substrate, has electrical resistivity of 0.0l to
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0.02 Qcm and thickness of 525 gm.

Then, a porous polycrystalline silicor layer 4 is
formed by performing an anodic oxidation treatment to the
polycrystalline silicon layef 3 using an anodic oxidation
processing tank ccntaining electrolyte composed of a
mixture in which hydrogen fluoride aqueous solution of 55
wt? and etharol are mixed together in' the ratio of nearly
1:1. The anodic oxidation treatment is performed with
constant current while applying light to the layer 3 in
such a manner that a platinum electrode (not shown) acts as
a regative electrcde and the n-type silicon substrate 1
{(ohmic electrode 2) acts as a positive zlectrode. Taus,
the structure shown in Fig. 7B is obtained. In the anodic
oxidation treatment, current demsity is set to the constant
value of 30 mA/cm’, and time of the anodic oxidation step
is set to 10 seconds. Further, during the anodic oxidation
treatment, light is applied to the surface of the
polycrystaliine silicon layer 3 using a tungsten lamp of
500 W. Hereupon, in Embcdiment 4, the anodic oxidazion
treatment is performed in such a condition that only one
area whose diameter is 10 mm in the surface of the
polycrystalline silicon layer 3 contacts w.i.th. the
electrolyte, while the other area is sealed so as to be
prevented from contacting with the electrolyte. Further,

in Embodiment 4, the polycrystalline siiicon layer 3 is
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wholly made porous.

Next, the very surface layer of the porous silicon
layer 3 is oxidized by an oxidant solution. In Embodiment
4, as the _oxidant solution, there is wused nitric acid
{concentrated nitric acid) heated up to 115 °C, whose
concentration is nearly 70 §. Timc oxidation is 10 minute.

Then, dilute nitric acid of nearly 10% concentration
is newly put into the anodic oxidation processing tank.
Thus, using the anodic oxidation processing tank containing
dilute nitric acid, the porous polycrystalline silicon
layer 4 is oxidized by letting constant current flow
between the platinum c¢lectrode and the n-type silicon
substrate 1 in such a manner that the platinum electrode
acts as a ﬁegative electrode and the silicon substrate 1
acts as a positive electrode. Thus, the structure shown in
Fig. 7C is obtained. 1In Fig. 7C, the numeral 6 denotes a
strorg field drift layer formed by oxidizing the porous
polycrystalline silicon layer 4, whose very surface layer
has been oxidized by the oxidant solution, using acid
(Although dilute nitric acid is used in Embodiment 4,
dilute sulfuric acid or aqua regia may be used.}.

After the strong field drift layer 6 has been formed,
an electrically cecnductive thin film 7, which is composed
of a thin gold film, is formed on the strong field drift

layer 6. Thus, there is obtained such a Zield emission-
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type electron source 10 having the structure shown in Fig.
70. Although the thickness cf the electrically conductive
thin film 7 is set to nearly 15 nm in Embodiment 4, thé
thickness need not be restricted to that.

(Embodiment 5)

Hereinafter, Embodiment 5 of the present invention
will be described. However, because the fundamental
construction and the manufacturing process of the field
emission-type electron source according to Embodiment 5 are
nearly as same as those of Embodiment 4 {further Embodiment
1), as to the constructive elements and the manufacturing
step corresponding to those in Embodiment 4, detailad
description about them will be simplified cr omitted. Thus,
differences to Embodiment 4 will be mainly described.
Embodiment 5 will be described, referring to Figs. 6A-6B,
Figs. 7A-/D, Fig. 8 and Fig. 9. In Embodiment 5, as the
electrically conductive substrate, there 1is wused a
monocryatal n-type silicon substrate. 1 whose electrical
regsistivity is c.:omparatively near to that of an electrical

conductor (for example, (100) type of substrate whose

‘electrical resistivity is approximately 0.1 Qcm).

In the field emission-type electron source 10 shown in
Fig. 6A according to Embodiment 5, also, as same as the
case of Embodiment 4, electrons injected from the n-type

silicon substrate 1 to the strong field drift layer 6 drift
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the layer 6, and then pass through the electrically
conductive thin film 7 ({surface electrode) to be emitted
ocutward. The field emission-type electron source 10 is
characterized in that the strong field drift layer 6 has a
minute oxide film in which hydrogen content (entrance) is
less in comparison with the conventional case. Hereupon,
the oxide film is a very minute film having a SiQ,
structure or a structure nearer to the $iQ0, structure. In
the field emission-type electron source 10, because the
hydrogen content (entrance) in the strong field drift layer
6 is less, deterioration of thc eclectron emitting
efficiency due to time~depending change of the hLydrogen
distribution is less compared with the convertional case.
Further, becauée the oxide film is very minute in
comparison with the conventional case, the breakdown
voltage for insulation of the source-is higher.

Moreover, in Embodiment 5, although the strong field
drift layer 6 1is composed of the oxidized pozous
volycrystalline silicon layer, the layer 6 may be composed
of an oxidized porous monocrystalline silicon.

Next, a manufacturing process of a field emission-type
electron source according to Embodiment 5 will be described
as an example, while referring to Figs. 7A tc 7D. However,
because the manufacturing process is nearly as same as the

manufacturing prccess described in Embodiment 4 (Figs. TA-
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7D), the nembers corresponding to members in Embodiment 4
are given the same numerals as same as those in Embodiment
4 so that detailed déscription about them will be
simplified or omitted. Further, as to the steps as same as
those in Embodiment 4, description about them will be
simplified or omitted.

In the manufacturing process according to Embodiment 5,
as same as the case of Embodiment 4, after an ohmic
electrode 2 has been formed on the back surface of an n-
type silicon substrate 1, a non-doped polycrystalline
silicon layer 3 with a predetermined thickness (for example,
1.5 um}, which is one c¢f semiconductor layers, is formed
on the front surface of the n-type silicon layer 1 so that
the structure shown in Fig. 7A is obtained. Hereupon, as
same as the case of Embodiment 4 (Embodimenz 1), when the
electrically conductive substrate is a semicoaductor
substrate, the polycrystalline silicon layer 3 may be
formed by means of the LPCVD process, the sputtexzing
process or the like. Meanwhile, when the electrically
conductive substrate is a substrate in which an
electrically conauctive film is formed on a glass plate,
the polycrystalline silicon layer 3 may be formed by means
of the process similar to those of Embodiment 4.

After the non-doped polycrystalline silicon layer 3

has been formed, as same as the case of Embodiment 4, a
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pcrous polycrystalline silicon layer 4 is formed by
performing the anodic oxidation treatment so that the
structure shown in Fig. 7B is obtained. Altahough the
intensity of light applied to the polycrystalline silicon
layer 3 and the current density are constant during the
anodic oxidation process in the anodic oxidation treatment
in Embodiment 5, tkose may be conveniently changed during
the process (For example, the current density may be
changed.).

After the anodic oxidatiqn has Lkeen completed, the
very surface layer of the porous polycrystalline silicon
layer 4 is oxidized using an oxidant sclution. Further,
the layer 4 is oxidized by means of the RTO process so Lhal
a strong field drift layer 6 is formed. . Thus, the
structure shown in Fig. 7C is obtained. In short, in
Embodiment 5, hydrogen atoms, which terminate silicon atoms
in the porous polycrystalline silicorn layer 4 formed by
means of the anodic oxidation treatment, are substituted
with oxygen atoms by the oxidation solution. Hereupon, as
the oxidant solution, any one or a mixture of plural ones
selected in a group of cxidants composed of nitric acid
(HNO,} , sulfuric acid (H,S0,), hydrochloric acid (HC1) and
hydrogen peroxide (H.0,) may be used.

After the strong field drift layer 6 has been formed,

an electrically conductive thin film 7, which is composed
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of a thin gold film, is formed on the strong field drift
layer 6, for example, by means of the vapor deposition
process. Thus, there is obtained such a field emission-
type electron source 10 having the structure shown.in Fig.
7D. Hereupon, the thickness of the electrically conductive
thin film 7 need not be restricted to a particular wvalue,
it may be any desirable value if only electrons, which has
passed through the strong field drift layer 6, can pass
through the film 7. Further, although the electrically
cenductive thin film 7 is formed by means of the vapor
deposition process in Embodiment 5, the method of forming
the electrically conductive thin film 7 need nct be
restricted to the vapor deposition process. For example,
the sputter process may ke used.

Thus, in the above-mentioned manufacturing method, the
RTO process is performed to the very surface layer of ﬁhe
porous polycrystalline silicon layer 4 formed by means of
the anodic oxidation treatment after the oxidation process
using the oxidant solution, thereby the hydrogen cortent in
the strong field drift laver 6 becomes smaller so that a
minute oxide film having a 810, structure or a structure
nearer to the Si0, structure. In consequence, the field
cmission-type electrcn source, in which the time-dependent
change of the electron emitting efficiency is Less and

farther the breakdown voltage is higher, may be obtained.
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Moreover, in the field emi'ssion-type electron source
10 manufactured according to the above-mentioned
manufacturing method, as same as the field emission-type
electron source 10 according to Embodiment 4, electrons can
be stably emitted, because its electron emitting property
has a smaller dependency to the degree of vacuum, and
further a popping phenomenon is not caused when the
e_ectrons are emitted. Further, in addition to a
semicenductor substrate such as a monocrystalline silicon
substrate, there may be used a substrate in whick an
eleczrically ccnductive film (for example, ITO film) is
provided on a surface of a glass plate cr the like, as the
electrically conduc=ive substrate. Therefore, in the field
emission-type electron source, its electron emilting area
can be enlarged and its manufacturing cost can be lowered,
in comparison with the Spindt-type electrode.
(Example 1) |

Hereinafter, as Example 1, there will be described a
field emission-type electron source 10 manufactured under
the following conditions, by means of the manufacturing
method according to Embodiment 5.

In Example 1, as the n-type siliccn substrate 1,. there
was used a (100) type silicon substrate, in which the
electrical resistivity was 0.01-0.02 Qcm and the thicknress

was 525 um. The polycrystalline silicon layer 3 (see Fig.
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7A) was formed by means of the LPCVD process. In the film
forming process, the degree of vacuum was 20 Pa, the
Lemperature of the substrate was 640 °C, and the flow rate
of the monosilane gas was 600 sccm.

In the anodic oxidation. treatment, there was used an
electrolyte in which hydrogen fluoride aqueous solution of
55 wt% and ethanocl were mixed together in the ratio of
nearly 1:1. In the angdic cxidation treatment, only one
reqion of 10 mm diameter ir the surface of the
polycrystalline silicon layer 3 contacted with the
electrolyte, while the other region of the surface was
sealed so as not to contact with the electrolyte. Further,
a platinum electrode was immersed in the electrolyte, and
then a predetermined current was made flow between the
platinum electrode and the n-type silicon substrate 1
(chhmic electrode 2) in such a manner that the platinum
electrode became a negative electrode and the substrate 1
became a positive electrode, while applying 1light with
constant light power (intensity) to the polycrystalline
silicon layer 3 using a tungsten lamp of 500 W. Hereupon,
the current density was th constant value of 30 mA/cm?, and
the time of anodic oxidation process was 10 seconds.

As the oxidant solution, nitric acid (its concentration
being 70%) heated up to 115 °C was used. By the way, if the

oxidant solution is heated, the rate of cxidation is raised:
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so that the process time of the éxidation using the oxidant
sclution can be shortened.

In the RTO ©process for oxidizing the porous
polycrystalline .silicon layer 4, the flow raze of the oxygen
gas was 300 sccm, the-oxidizing temperature was 900 °C, and
the oxidizing time was 1 hour. The electrically conductive
thin film 7 (thin gold film 7) was formed by means of the
vapor deposition process, the thickness c¢cf the film being 15
nm.

The field emissicn-type electron source 10 was
introduced into a vacuum chamber {not shown), and then a
collector electrode 21 (elecﬁrade for collecting emitted
electrons) was disposed al a position facing to the
electrically conductive thin film 7 as shown in Fig. 8.
Then, the degree of vacuum in the vacuum chamber was set to
5 X 10 pa, DC- voltage Vps was applied between the
electrically conductive thin film 7 ({(anode} and the ohmic
electrode 2 (cathode), and further DC voltage Vc of 100 V
was applied between the collector electrode 21 and the
electrically conductive thin £film 7. Thus, there were
measured dicde current Ips flowing between the electrically
conductive Lhin film 7 and the ohmic electrode 2, and
emitted electron current Ie flowing between the collector
electrode 21 and the electrically conductive thin film 7 due

to electrons ¢ aemitted from the field emission-type
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electron source 10 through the electrically conductive thin
film 7 (The dashed line in Fig. 8 shows the current of the
emitted electrons.}.

Fig. 9 shows the resu:t of the mecasurement. In Fig. 9,
the horizontal axis shows the DC wvoltage Vps, and the
vertical axis shows the current density. Further, in Fig.
9, the marks O (D) and @ (®) show the diode current Ips
and the emitted electror current 1Ie in Example 1,
respectively.

Moreover, in Fig. 29, as an examnple for comparison,
there is also shown the result obtained by performing a
measurement similar to the above-mentioned measurement as
to a field émissicn—type electron source, which was
manufactured under the same conditions as those of Example
1 except omitting the oxidation usirg the oxidant solution
before the RTO process. In Fig. 9, the marks OO (®) and [ |
{@) show the diode current Ips and the emitted electron
current Ie in the example for comparison, respectively.

As appareat from Fig. 9, when Example 1 is compared
with the example Zor comparison, the diode current Ips of
Example 1 is lower than that of the exampie for comparison,
although the emitted electron currents Ie of the both are
rearly same. Because the electron emitting efficiency is
cxpressed by the ratio of the emitted electron currernt Ie

to the diode current Ips, that is Ie/Ips, it may be
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urnderstcod that the electron emitting efficiency of the
field emission-type electron source 10 according tc Example
1 is higher than that of the e:_:ample for comparison.
Further, a dielectric breakdown occurs at a point that DC
voltage Vps is 22 V in the example Zor comparison, while
such a dielectric breakdown does not occur iﬁ Example 1
even if DC voltage Vps is raised up to 28 V. That is, the
breakdown voltage of Example 1 is higher than that of the
example for comparison.

{(Example 2)

Hereinafter, as Example 2, there will be described a
fleld emission-type electron source 10 manufactured under
the following condition.

In Exarple 2, as the n-type silicon substrate 1, there
was used a (100} type silicon substrate, in which the
electrical resistivity was 0.01-0.02 Qcm and the thickness
was 525 pm. The polycrystalline silicon layer 3 (see Fig.
7A) was formed by means of the LPCVD process. In the film
forning prccess, the degree of vacuum was 20 Pa, the
temperature of the substrate was 640 °C, and the flow rate
of the monosilane gas was 600 sccm.

In the anodic oxidatipn treatment, there was used an
electrolyte in which hydrogen fluoride aqueous solution of
55 wt% and ethanoi were mixed together in the ratio of

nearly 1:1. In the anodic oxidation treatment, only one
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region of 10 mm diameter in the surface of the
polycrystalline silicon layer 3 <contacted with <he
electrolyte, while the other region of the surface was
scaled so as not to contact with the electrolyte. Further,
a platinum electrode was immersed in the electrolyte, and
then a predetermined current was made flow between the
platirum clectrode and the n-type silicon substrate 1
(ohhmic electrode 2} 'in such 2 wanner Lhat the platinum
electrode became a negative electrode and the substrate 1
became a positive electrode, while applying light with
constant light power (intensity) to the polycrystalline
silicon layer 3 using a tungsten lamp of 500 W. Hereupon,
the curreat density was th constant value of 30 mA/cm?, and
the tire of anodic oxidation process was 10 seconds.

After the porous polycrystalline silicon layer 4 had
been fcrmed, the layer 4 was electrochemically oxidized with
the constant current of 1 mA/cm® in 1 molar wt% of sulfuric
acid solution of 70 T in such a manner that the platinum
electrode kecame a negative electrode and the n-type silicon
substrate > {electrically conductive substratej became a
positive electrode. Then the porous polycrystalline silicon
layer 4 was washed using water and further dried. up.
Moreover, on the oxidized porous pclycrystallire silicon
layer 4, there was formed an electrically conductive thin

film 7 (surface electrode) composed of gold (Au} having a
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thickness of io nm.

Thus, the electron emitting efficiency of the field
emission-type electron source 10 obtained as described above
was measured in such a manner that the electrically
conductive thin film 7 became a positive electrode and the
n-type silicon substrate 1 (ohmic electrode 2) became a
negative electrode. According to the measurement, when the
voltage Vps was 20 V, the emitted electron current was 1 u
m/cm’. The result is shown in Fig. 14.

Thus, although the only oxidation treatment of lower
temperature was performed, there is observed emission of
electrons of the emitted electron current. Therefore, if
there is used a substrate such as a glass plate, which
requires to be treated at lower temperature process, arny
desired field emission-type electron source may be
manufactured. |

Hereupon, the processing condition such as kind of tke
acid, current density or the like need not be restricted to
the above-mentioned condition.

(Example 3)

Hereinafter, as Example 3, there will be described a
field emission-type electron source 10 manufactured under
the following conditions.

In Example 3, as the n-type silicon substrate 1, there

was used a (100) type silicon substrate, in which the
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electrical resistivity was 0.01-0.02 Qcm and the thickness
was 525 pm., The polycrystalline silicon layer 3 (see Fig.
74) was formed by means of the LPCVD process. In the film
forming process, the degree .of vacuum was 20 Pa, Lhe
temperature of the substrate was 640 °C, and the flow rate
of the monosilane gas was €00 sccm.

In the anodic oxidation treatment, there was used an
electrolyte in which hydrogen fluoride aqueous solution of
55 wt% and ethanol were mixed together in the ratico of
nearly 1:1. In the anodic oxidation treatment, only one
region of 10 mm diameter In the surface of the
polycrystalline silicon layer 3 contacted with the
electrolyte, while the other region of the surface was
sealed so as not to contact with the electrolyte. .Further,
& platinum electrode was immersed in tne electrolyte, and
then a predetermined current was nade flow between the
platinum electrcde and the n-type silicon substrate 1
(ohhmic electrode 2) in such a manner that the platinum
electrode became a negative electrode and the substrate 1
became a positive electrode, while applying light with
constant light power (intensity) to the polycrystalline
siiicon layer 3 using a tungsten lamp of 500 W. Hereupon,
“he current density was th constant wvalue of 30 mA/ cm’, and
the time cf anodic oxidation process was 10 seconds.

Aftor the porous polycrystalline silicon layer 4 had
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been formed, the layer 4 was electrochemically oxidized with
the ccnstant current of 20 mA/cm? in 1 melar wt$ of sulfuric
acid solution of 25 T in such a manner that the platinum
electrode became a negative electrode and the n-type silicon
substrate 1 (electrically conductive sui:strate) became a
positive electrode. Then the vorous polycrystalline silicon
layer 4 was washed using water and further dried up.
Further, a supplemental oxidation Lreatment by means of the
rapid thermal oxidation process was performed to the layer 4.
In the rapid thermal oxidation process, the flow rate of
oxygen gas was 300 sccm, the oxidizing temperature was
750 C, and the oxidizing time was 1 hour.

Then, on the oxidized porous polycrystalline silicon
layer 4, there was formed an electrically conductive thin
film 7 (surface electrode) composed of gold (Au) having a
thickness of 10 rm.

Thus, the electron emitting efficiency cf the field
emission-type electron source 10 obtained as described above
was measured in such a manner that the electrically
conductive thin film 7 became a positive electrode and the
n-type silicon substrate 1 (ohmic electrode 2} became a
negative electrode. According to the. measurement, when the
voltage Vps was 20 V, the emitted electron current was 10 o
m/cm’. The result is shown in Fig, 15.

Thus, although there was performed the only oxidation
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treatmenﬁ cf comparatively lower temperature in comparison
with the process using the only rapid thermal oxidation
procesé, there is cbserved much emnission of electrons o the
eritzed electron current. Thercfore, if there is used a
substrate, which requires tc be treatéd at lower temperature
process, any desired field emission-type electron source may
be manufactured.

Hereupon, the processing condition such as kind of the
acid, temperazure of the acid, current density, the type of
the rapid thermal oxidation or the 1like need not be
restricted to the above-mentioned condition.

{Embodiment 6)

Hereinafter, Embodiment 6 of the present invention
will be described. However, because the fundamental
construction and the manufacturing process of the field
erission-type electron source according to Embcdiment 6 are
nearly as same as those of Embodiment 5, as to the
constructive eiements and the manufacturing step
corresponding to those in Enbodiment 5, detailed
description about them will be simplified or omitted. Thus,
d}fferences to Embodiment 5 will be mainly described.
Exbodiment 6 will be described, referring to Figs. 6A-6B,
Figs. 7A-7D, Fig. 8 and Figs. l10A-10B.

As describe above, in the field emission-type electron

source 10 shown in Fig. 4, the strong field drift layer 6
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includes at least the pillar-shaped polycrystalline silicon
grains 61, the thin silicon oxide films 62 formed on the
surfaces of the polycrystalline silicen grains 61, the finé
crystalline silicon layérs 63 of nano meter order existing
among the polycrystalline silicon grains 61, and the
silicon oxide films 64 formed on the surfaces of the fine
crystalline silicon layers 63, each of the films 64 being
an insulating film having .a thickness smaller than the
diameter of a crystal particle of the £fine crystalline
silicon layer 63.

In the strong field drift layer 6 of the field
emission-type electron source 10 described above, it may be
considered that the surface of each of the grains is made
porous, while the crystal state is maintained in the
central portion of each of the grains., Therefcre, the
electrical field, which 1is applied to the strong field
drift layer 6, is mostly applied to the silicon oxide films
64. Thus, elcctrons injected to the layer 6 are
accelerated by the strong electrical field applied to the
silicon oxide films 64 so that the electrons drift among
the polycrystalline silicon grains 61 in the direction of
the arrow A irn Fig. 4 toward the surface of the layer 6.
Rccordingly, the electron emitting efficiency of the source
is improved.

Thus, the inventcrs of the present application have
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performed the following inventions according to Embodiments
6 To 14 in view of the silicon oxide films 64. That is,
the inventors of the present application considers that the
whole surfaces of the fine crystalline silicon iayers 63
would be covered by oxygen atoms 65 as shown in Fig., 10A
when the surfaces of the fine crystalline silicor layers 63
have been completely oxidized, while the surfaces of the
fine crystal silicon layers 63 would not be wholly covered
by the oxygen atoms 65 as shown in Fig. 10B when the
oxidation has been performed by the RTO process (namely,
the fine crystal .silicon layers 63 would be insufficiently
covered by tlLe oxygen atoms 65). Thus, the inventors have
verformed the inventions according to Embodiments 6 to 14
on the basis of the above-mentioned consideration. In
Embodiment 6, as the electrically conductive substrate,
there is used a monocrystalline n-type 's.ilicon substrate 1
whose electrical resistivity is comparatively near to that
cf an electrical conductor ({(for example, (100) type of
silicon substrate whose electrical resistivity is
approximately 0.1 Qcm).

In the field emission~type electron source 10 shown in
Fig. 6A according to Fmbodiment 6, also, electrons injected
from the n-type silicon substrate 1, whica 1is an
e_ectrically conductive substrate, drift the strong field

drift layer 6, and then are emitted outward through the
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electrically conductive thin film 7, by a process as same

as that of Embodiment 5. Hereupon, materials for the
electrically conductive thin film 7 need not be restricted

to. gold. Any material (for example, aluminum, chrome,

tungsten, nickel, platinum or the like) may be used if only

its work function is small.

Further, although the electrically conductive thin
film 7 is formed as & single layer in Embodiment 6, it may
be formed as a laminated thin electrode film composed of at
least two layers laminated in the direction of the
thickness of the layers. When the electrically conductive
thin film 7 is composcd of a laminatced thin electrode film
having two la?ers, for example, gold or the like may be
used as the ﬁaterial for the upper layer of the laminated
thin electrode film. On the other hand, as the material of
the lower layer of the laminated thin electrode film (the
thin layer facing the strong field drift layer 6), there
may be used, for example, chrome, nickel, vlatinum,
titanium, iridium or the like. |

Next, a manufacturing process of a fie.d emission-type
electron source according to Embodiment 6 will be described
as an exanwle, while referring to Figs. 7A to 7D. However,
because the manufacturing process is nearly as same as the
manufacturing process described in Fmbodiment 4 or 5(Figs.

72-7D), the members corresponding tc members in Embodiment
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4 or 5 are given the same numerals as same as those in
Embodiment 4 or 5 so that detailed description about them
will be simplified or omitted. Further, as to the steps as
same as those in Embodiment 4 or 5, description about them
will be simpl.lfied or omitted.

In the manufacturing process according —o Embodiment 6,
as same as the case of Embodiment 4 or 5, after an onmic
electrode 2 has been formed on the back surface of an n-
type silicon substrate 1, a non-doped polycrystallire
silicon layer 3 with a predetermined thickness (for example,
1.5 gm), which is cne of semiconducior lavers, is E£ormed
on the front surface of the n-tyve silicon layer 1 so that
the structure shown in Fig. 7A is obtained. Hereupon, the
polycrystaliine silicon layer 3 is formed by means of a
brocess similar tc that of Embodiment 4 or 5.

After the non-doped polycrystalline silicon layer é
has been formed, as same as the case 0Z Embodiment 4 or 5,
a porous polycrystalline silicon layer 4 is formed by
perfocrming the anodic oxidation Lreatment so that the
structure skown in Fig. 7B is cbtained. ln the anodic
oxidation treatﬁent in Embodiment 6, the current density is
constant. Further, during tae anodic oxidation process,
light is applied to the surface of the polycrystalline
silicon layer 3 using a tungsten lamp of 500 W so that the

polycrystalline silicon layer 3 is wholly made porous.
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However, only a portion of the polycrystalline silicon
layer 3 may be made porous. | |
Next, a strong field drift layer 6 is formed by
oxidizing the porous polycrysﬁalline silicon layer 4 so
that the construction shown in Fig. 7C is obtained.
Hereupon, during the step of oxidizing the porous
polycrystalline silicon layer 4, the porous polycrystalline
silicon substrate 4 is oxidized by applying ultraviolet
rays thereto in a gas atmosphere containing at least one of
oxygen (0O,) and ozone (0;). Hereupon, as the light source
of the ultraviolel rays, there may be used, for example, an
ultraviolet lamp {for example, a low-pressure mercury lamp
whose main wave length comporent is 185 hm or 256 nm} or an
excimer laser whose main wave lenglh component is 172 nm.
Time for applying the uliraviolet rays may be conveniently
set to a value in a range of a few minutes to a few hours.
After the strong field drift layer 6 has been formed,
an electrically conductive thin film 7 is formed on the
strong field drift layer 6, for example, by means of the
vapor deposition process. Thus, there is obtained such a
field emission-type electron source 10 having the structure
shown in Fig. 7D. Hereupon, although Lhe =electrically
conductive thin film 7 is formed by means of the wvapor
deposition process in Empodiment 6, the method of forming

the electrically conductive thin £iim 7 need not ke
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restricted to the vapor deposition process. For example,
the sputter process may be used.

By tne way, in the manufacturing method disclosed in
the Japanese Patent Application of No. 10-272340 cr No. 10-
272342, the strong field drift layer 6 is formed by
oxidizing the porous polycrys:zalline silicon layer 4 by
mecans of the RTO process. In this case, because the
temperature of oxidation is comparatively higher (800-900
°C}, it may be obliged to use a substrate in which an
electrically conductive film is provided on an expensive
quartz glass, or a monocrystalline silicon substrate, as
tke electrically conductive substrate. Accordingly,
because it is restricted to enlarge the area of the
electrically conductive substrate, there may occur, for
example, such a disadvantage that it is difficult to
achieve a display having a larger area.

On the contrary, in the manufacturing method of the
field emission-type electron source according to Embodiment
6, because the porous polycrystalline silicon layer 4 is
oxidized ir .he gas atmosphere containing at least 6ne of
oxygen and ozone while applying ultraviolet rays thereto
during the oxidation step of the silicon layer 4, the
electron emitting efficiency (efficiency of emitting
electrons) is raised in comparison wizh the method of

forming the strong field drift layer by oxidizing the
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porous polycrystalline silicon layer 4 by means of the RTO
process. Hereupon, the electron emitting efficiency is the
value obtained by the formula of (Ie/Ips)X100 on the basis
of the diode current Ips and the emitted electron current
Te. It may be considered that the reason why the electron
emitting efficiency is high as described above, is such a
matter that when thce ultraviolet rays are applied in the
ozone atmosphere, for example, silicon bonds in tke
uppermost surface of the fine crystal silicon layer 63
shown in Fig. 10B are cut by the ultraviolet rays and Si-0
bonds are produced by active ozone so that the ratio of the
surface of the fine crystal silicon layer 63, which is
ccvered by the oxygen atoms 65 (That is, it approaches an
ideal state shown in Fig. 10A.) is improved. Hereupon, it
is of course that decomposition of the gas is promoted by
applying the ultraviolet rays.

Thus, according to the manufacturing method of
Embodiment 6, because the porous polycrystalline silicon
layer 4 is oxidized in the gas atmosphere containing at
least one of oxygen and ozone while applying ultraviolet
rays thereté during the oxidation step oZ the silicen layer
4, the electron emitting efficiency is raised. Further,
because the strong field drift layer 6 is formed by
oxidizing the poroﬁs polycrystalline silicon layer 4

without heating the layer 4, the strong field drift layer
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may be formed at a .iower temperature'in comparison with the
case of forming the strong field drift layer by oxidizing
the porous polycrystalline silicon layer by means of the
RTO process (in this case, it must be heated up to 800 to
900 °C). Therefore, because the process temperature is
lower, restriction for materials of the electrically
conductive substrate becomes less so that enlarging area
and lowering ménufacturing cost of tﬁé electron source may
be easily achieved.

(Embodiment 7)

Hereinafter, Embodiment 7 of the present invention
will be described. However, because the fundamental
construction and the manufacturing process of the field
enission-type electron source according to Embodiment 7 are
nearly as same as thcse of Erxbodiment 6 except that its
oxidation step of the porous polycrystalline silicon layer
4 is different from that of Embodiment €. Therefore, as to
the constructive elements and the manufacturing step
corresponding to  those in Erbodiment 6, detailed
description about them will be simplified or omitted. Thus,
differences to Embodiment 6 will be mainly described.

In Embodiment 7, in the oxidation step of oxidizing
the porous polycrystalline silicon layer 4, the porous
polycrystalline silicon layer 4 is oxidized by exposing the

layer 4 to plasma in a gas atmosphere containing at least
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one of oxyger and ozone (main oxidation step). Hereupon,
the plasma may be produced, for example, using a high

frequency of 13.56 MHz. When high frequéncy of 13.56 MHz

- is used, RF power may be set to, for example, several tens

of W to several hundreds of W. Further, time for exposing
the porous polycrystalline silicon layer 4 to plasma may be
conveniently set to a value in the range of several minutes
to several hours. Hereupon, plasma may be produced by
caﬁsing electric discharge in the above-mentioned gas
atmosphere. Meanwhile, plasma may be produced in another
gas atmosphere (for example, inert gas).

Thus, according to the manufacturing method of
Embodiment 7, as same as the case of Embodiment 6, the
electron emitting efficiency may be raised in cocmparison
with the conventional case of forming the strong field
drift layer by means of the RTO prccess. TFurther, as same
as the case of Embodiment 6, the area of the field
emission-type electron source 10 may be easily enlarged and
further the manufacturing cost of the source may be easily
lowered.

(Erbodiment 8)

Hereinafter, Embodiment 8 of the present invention
will be described. However, Dbecause the fundamenzal
censtruction and the manufacturing process of the field

erission-type electron source according to Embodimert 8 are
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nearly as same as those of Embodiment 6 except tLhat its
oxidation step of the porous polycrystalline silicon layer
4 is different from that of Embodiment 6. Therefore, as to
the constructive elements and the manufacturing step
corresponding. to those in Embodiment 6, detailed
descripticn about them wili be simplified or omitted. Thus,
differences Zo Embodiment 6 will be mainly described.

In Embodiment 8, in the oxidation step of oxidizing
the porous polycrystalline silicon layer ¢, the porous
polycrystalline silicon layer 4 is oxidized by heating the
layer 4 in a gas atmosphere containing at least ozone (main
oxidation step). Hereupon, Lhe temperature and time of the
heating process may be conveniently set to a value in the
range cf 100.to 600 °C and a value in the range of several
minutes to several hours, respectively. Hereupon, the
temperature of the heating process may be higher than 600 °C.
However, it is preferable to set the temperature to a
convenient value in the range of 100 to 600 °C in view of
lowering restriction for materials of the electrically
conductive substrate (for example, in order to use a
substrate in which an electrically conductive film is
provided on an glass plate whose price is more inexpensive
than tkat of a quartz glass plate, as tke eiectrically
conductive substrate).

Thus, according to the manufacturing method of



10

15

20

25

64

Embodiment 8, as same as the case of Embodiment 6, the
electron emitting efficiency may be raised in comparison
with the conventional case of forming the strong field
drift layer by means of the RTO process. Further, as same
as the case of Embodiment 6, the area of the field
emission-type electron source 10 may be easily enlarged and
further the manufacturing cost of the source may be easily
lowered. |

gEmbodiment 9)

Hereinafter, Embodiment 9 of the present invention
will Dbe described. However, because the fundamental
construction and_ the manufacturing ovrocess c¢i the field
emission-type eliectron source according to Embodiment 9 are
nearly as same as those of Fmbodiment 6 except that its
oxidation step of the porous polycrystalline silicon layer
4 is different from that of Embodiment 6. Therefore, as to
the constructive eLements and the manufacturing step
corresponding to  thosc in Embodiment 6, detailied
description about them will be simplified or omitted. Thus,
differences Lo Embodiment 6 will be mainly describ;d.

In Embodiment 9, in the oxidation step of oxidizing
the porous polycrystalline silicon layer 4, the porous
polycrystalline silicon layer 4 is oxidized by applying
ultraviolet rays to the layer 4 and heating the layer 4

(main oxidation step). Hereupon, the temperature and time
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of the heating process may be conveniently set to a value
in the range of 100 to 600 °C and a value in the range of
several minutes to several hours, respectively. Hereupon,
although the temperature of the heating process mayf be
higher than 600 °C, it is preferable to set the temperature
to a convenient value in the range of 100 to 600 °C due to
the same reason as that of Embodiment 8.

Thus, according to the manufactﬁring method of
Embodiment 9, as same as the case of Embodiment 6, the
electron emitting efficiency may be raised in comparison
with the conventional case of forming the strong field
drift layer by means of the RTO process. Further, as sane
as the case of Embodiment 6, the area of the field
emission-type electron source 10 may be easily enlarged and
further the marufacturing cost of the source may be easily
lowered.

{(Embodiment 16)

Hereinafter, Embodiment 10 of the present invention
will be described. Ho*ever, because the fundamental
construction and the manufacturing process of tae field
emission-type electron source according to Embodiment 10
are nearly as same as those of Embodiment 6 except that its
oxidation step of the porous polycrystalline silicon layer
4 is different from that of Embodiment 6. Therefore, as to

the constructive elements and the manufacturing step
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corresponding to those in Erbodiment 6, detailed
description about them will be simplified or omitted. Thus,
differences_to Embodiment 6 will be mairly described.

In Embodiment 10, in the oxidation step of oxidizing
the porous polycrystalline silicon layer 4, the porous
polycrystalline silicon layer 4 1is oxidized by applying
ultraviolet rays to the layer 4 in a gas atmosphere
containing at least one of oxygen ard ozone and heating the
layer 4 (main cxidation step). Hereupon, the temperature
and time of the heating process may be conveniently set %o
a value in the range of 100 to 600 °C and a value in the
range of several minutes to several hours, respectively.
Hereupon, although the temberature of the heating process
may be higher thar 600 °C, it is preferable to set the
terperature to a convenient value ir the range of 100 to 60C
°C due to the same reason as that of Embodiment 8.

Thus, according to the manufacturing method of
Embodiment 10, as same as the case of Enbodiment 6, the
electror emitting efficiency may be raised in comparison
with the conventional case of ferming the strong field
drift layer by means of the RTO process. Further, as same
as the case of Embodiment 6, the area of the ZIield
enission-type electron source 10 may be easily enlarged and
further the ranufacturing cost of the source may be easily

lowered.
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{(Embodiment 11)

Hereinafter, Embodiment 11 of the present invention
will be described. The fundamental construction and the
manufacturing process of the field emission-type electron
source according to. Embodiment 11 are nearly as same as.
those of any one of Embodiments 6 to 10. However, the
manufacturing mcthod is characterized in that it includes a
supplemental oxidation step of oxidizing the porous
polycrystalline silicon layer 4 by means of the rapid
heating process performed before and/or after the main
oxidation step in any one of Embodiments 6 to 10. Hereupon,
the supplemental oxidation step by the rapid heating
process, ir which for example a lamp annealing apparatus is
used, is performed in a dry oxygen atmosphere by setting
the temperature and time of the oxidalion process tc 600-
900 °C and 30-1Z0 minutes, respectively. Thus, according to
the manufacturing method of Emrbodiment 11, the electron
emitting efficiency may -be much more razised, because
insufficient oxidation in the oxidation process, which is -
caused in the conventional oXxidation process, is
supplemented.

(Embodiment 12)

Hereinafter, Embodiment 12 of the present invention

will be described. The fundamental constructior and the

manufacturing process of the field emission-type electron
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source according to Embodiment 12 are nearly as same as
those of any one of Embodiments 6 to 11. However, the
manufactur-ing method is characterized in that it includes
another supplemental oxidation step of oxidizing the porous
polycrystalline silicon layer 4 using acid performed béfore
and/or after the main oxidalLion step (or the supplemental
oxidation step in Embodimeht 11} in any one of Embodiments
6 to 11. That is, in the manufacturing process according
te Zmbodiment 12, the strong field drift layer € is formed,
fcr example, by performing any one of the following
treatments (1}-{(10) to the porous polycrystalline silicon
layer 4. In the following treatments, {A] denotes the
supplemental oxidation step using acid, [M] denotes the
main oxidation step, and [H] denctes the supplemental
oxidation step by means of the rapid heating prccess.

(1y  [al = Ml

2y M1 — [A]

3y [l — [

(4} [M] — [ul

(5) [a] » [M] - [H]

(6y [H] — [MI — [a]

(77 [l - [H] — M

8) [l -[al - MM

(9 [ > [a] — [H]

(10 [l - [u] — [A]
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Hereupon, the supplemental oxidation step using acid
may be performed using a processing tank (the processing
tank for the anodic oxidation treatment in Embodiment 6 may
be used for this purpose) containing acid (for example,.
HNO,, H,S0,, aqua regia or the Tike} by letting flcw a
predeternined current between the  platinum electrode (not
stown) and the n-type silicon substratc 1 (ohmic clectrode
2) in such a manner the platinum electrode acts as the
negative electrode and the substrate 1 acts as the positive
electrode.

Hereupon, it may be considered that when the porous
polycrystalline silicon 1layer 4 is oxidized using, for
example, dilute nitric acid (for example, dilute nitric
acid of 10%) before the mair oxidation sfep, there occur
such reactions as shown by the reaction formulas 1 and 2
described above {(Embodiment 1). Meanwhile, it may be
censidered that when the porous polycrystalline silicon
layer 4 is oxidizgd using dilute sulfuric acid (for example,
dilute sulfuric acid of 10%) before the main oxidation step,
there occur such reactions as shown by the reaction
formulas 3 and 4 described above (Embodiment 2).

Thus, according to the manufacturing method of
Embodiment 12, insufficient oxidation in <the oxidation
process, which is caused in the conventional oxidation

process, is supplemented so that the electron emitting
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efficiency may be much more raised.
(Embodiment 13)

Hereinafter, Embodiment 13 of the present invention
will be described. The fundamental construction and the
manufacturing process of the field emission-type electron
source according to Embodiment 13 are nearly as same as
those of any one of Embodiments 6 to 10. However, the
manufacturing method is characterized in that it includes a
pre oxidation step of oxidizing the porous polycrystalline
silicon layer 4 using a oxidant solution before the main
oxidation step in any one of Embodiments 6 to 10. That is,
the strong field drift layer 6 is formed by performing the
main oxidation step after the very surface layer of Z<he
porous polycrystalline silicon layer 4 has been oxidized.

In the manufacturing method according Lo each of
Embodiments 6 to 10, because the mixture solution, in which
hydrogen fluoride aqueous solution and ethanol are mixed
together, is used as the electrolyte in the anodic
oxidation treatment, silicon atoms are terminated by
hydrogen atoms. Accordingly, the hydrogen content in the
strong field drift layer 6 becomes comparatively higher so
that the breakdown vcltage is lowered or the distribution
of the hydrogen atoms charges with the lapse of time. 1In
consequence, it 1s feared that the stability of the

electron emitting efficiency with time passing may
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deteriorated.

On the contrary, in the manufacturing method according
to Embodiment 13, the hydrogen atoms terminating the
silicon atoms in the porous polycrystalline silicon layer 4,
which has been formed by the anodic oxidation treatment,
are éubstituted with oxygen atoms by the oxidant solution,
Hereupon, as the oxidant solution, there may be used any
one or a mixture of plural ones seiected in a group of
oxidants composed of  nitric acid, sulfuric acid,
hydrochloric acid and hydrogen peroxide aqueaocus solution.

Thus, in the manufacturing method according to
Embodiment 13, the main oxidation step is performed after
the very surface layer of the porous polycrystalline
silicon layer 4 formed by the anodic oxidation treatment
has been oxidized wusing the oxidant solution, in
consequence the hydrogen content in the strong field drift
layex 6 can be lowered. Therefore, in the obtained field
emission-type electron source, time-dependent change of the
electron - emitting efficiency may be smaller and the
breakdown voltage may be higher.

Meanwhile, in the manufacturing method according tc
each of Embodiments 11 and 12, a pre oxidation step of
oxidizing the pbroﬁs polycrystalline silicon layer 4 using
an oxidant solution may be performed before the main

oxidation step and the supplemental oxidation step(s).
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In the oxidation step using the oxidant solution, if
the oxidant solution is heated, the rate of oxidation
becomes larger so that the processing time may be shorteﬁed.
{Example 4)

Hereinafter, as Example 4, there will be described a
field emission-type electron source 10 manufactured under
the following conditions, by means of the manufacturing
method according to Embodiment 13.

In Example 4, as the n-type silicon substrate 1, there
was used a {100) type silicon substrate, in which the
electrical resistivity was 0.1 Qcm and the tkickness was
525 pm. The polycrystalline silicon layer 3 ({see Fig. 7A}
was formed by means of the LPCVD prbcess. in the film
forming process, the degree of vacuum was 20 Pa, the
temperature of the substrate was 640 °C, and the flow rate
of the monosilane gas was 600 sccm.

In the anodic oxidation treatment, there was used an
clectrolvte in which hydrogen fluoride aqueous solution of
55 wt% and ethanol were mixed together in the rafio of
nearly 1:1. In the anodic oxidation treatment, the surface
of the polycrystalline silicon layer 3 was made contact with
the electroiyte. Further, a predetermined current was let
flow Dbetween the platinum electrode immersed in the
electrolyte and the n-tyove silicor substrate 1 (ohhmic

electrode 2) in such a manner that the platinum electrode
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became a negative electrode and the substrate 1 became a
positive electrode. Hereupon, the current density was the
constant value of 30 mA/cm’, and the time of the anodic
oxidation process was 10 seconds.

In the pre oxidation step, as the oxidant solution,
there was used a mixture seclution in whichk sulfuric acid and
hydrogen peroxide aqueous solution are mixed together. Then,
a sample, in which a porous polycrystalline silicon layer 4
was formed, was immersed in the oxidant solution for 30
minutes.

After the pre oxidation step, a supplemental oxidation
step was performed. In the supplemental oxidalion step, the
sample was e_ectrochemically oxidized in a sulfuric acid
solution of 1 molar weight percent, by lezting flow a
constant current of 20 mA/cm® between the platinum electrode
and the n-type silicon substrate 1 (oamic electrode 2} in
such a manner that the platinum electrode became the
negative electrode and the substrate 1 became the positive
electrode. Further, the sample was washed using water, and
then dried up. Then, the main oxidation step was performed.
In the main oxidation step, ultraviolet rays, whose main
wavelengths are 185 nm and 254 nm, were applied to the main
surface of the sample (substrate] in a gas atmosphere

containing oxygen and ozone while heating the sample up to

500 °C. Time of the main oxidation process was 1 hour.
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The electrically conductive thin film 7 was formed by
patterning a thin gold film using a photo lithography
technique, an etching technique or the like, the gold film
being deposited on the whole surface of the strong field
drift layer 6 by means of the vapor deposition process.

Hereupon, itke thickness of the electrically conductive thin

. film 7 was 10 nm.

The field emission-type electron source 10, which had
been manufactured as described above, was introduced into a
vacuum chamber (not shown), and then a collector electrode
21 {(electrode for collecting emitted -electrons) was disposed
at a positicn facing the electrically conductive thin film 7
as shown in Fig. 8. Then, the degree of vacuum in the
vacuum chamber was set t6 5X 10 Pa, and then DC voltage Vc
of 100 V was applied between the collector electrode 21 and
the electrically conductive thin film 7. Further, there
were measured diode current Ips flowing between the
electrically conductive thin film 7 and the ohmic electrode
2, and emitted electron current le flcwing the collector
electrode 21 and the electrica’ly conductive thin film 7 due
to electrons & emitted outward from the field emission-type
electron source 10 through the electrically conductive thin
film 7, while wvariously _changing DC voltage Vps applied
between the electrically conductive thin film 7 {anode) and

the -ohmic electrode 2 (cathode). In consequence, there was
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obtained such 'a good result that the emitted electron
current Ie was 10 phR/cm.
(Embodiment 14)

Yereinafter, émbodiment 14 of the present invention
will be described. Fig. 11 shows an example of a display
using a field emission-type electron source 10 having a
construction nearly as same as that of Embodiment 6.
However, in the field emission-type electron source 1¢ of
Tmbodiment 14, which is a 1little different from the field
emission-type eleciron source 10 of Embodiment 6, each of
the electrically conductive thin films 7 is formed in a
striped shape. |

As shown in Fig. 11, the display Pl is provided with a
glass substrate 33 which is disposed so as to face the
electrically conduct-ive thin films 7 of the field emission-
type electron source 10. Thus, on the surface of the glass
substrate 33, which faces the field emission-type electron
source 10, collector electrodes 31 of striped shape are
formed. Further, the display Pl 1is provided with a
fluorescent layer 32 which emits visible light due te the
electron beams emitted from the e_ectrically conductive thin
films 7, the layer 32 being formed- so as to cover the
collector electrodes 31. Hereupon, a space formed between
the field emission-type electron source 10 and the glass

stbstrate 33 is in a state of vacuum.
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In the display Pl, each of the electrically conductive
thin films 7 is formed in the striped shape, and further
each of the collector electrodes 31 is also formed in the
striped shape in such a manner that it extends 1ir a
direction perpendicular to each of the electrically
conductive thin films 7. Accordingly, when voltage
(electrical fileld) is applied to one of the collector
electrodes 31 and one of the electrically conductive thin
films 7, the electrode 31 and the film 7 being conveniently
selected respectively, clcctrons are emitted only from the
electrically cocnductive thin film 7 to which voltage is
applied. Heréupon,'only electrons emitted from the regicn,
which exists in the e_ectrically conductive thir film 7 from
which the electrons are emitted, corresponding to the
collector electrode 31, 'to which voltage is applied, are
accelerated so that the electrons make the fluorescent
layer 32 covering the collector electrode 31 emit light.

Thét is, in the display P1 shown in Fig. 11, a portion
in the fluorescent layer 32, which corresponds to the region
where the electrically conductive thin film 7 and the
collector electrode 31, to each of which voltage is applied,
cross together, can be made emit light, by.applyinq voltage
to a specific electrically conductive thin film 7 and a
specific collector electrode 31, Thus, images or letters

can be displayed on the screen of the display Pl by
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conveniently changing the electrically conductive thin film
7 and the collector electrode 31, to each of which voltage
is applied.

The manufacturing method of the field emission-type
electron source 10 in Embodiment 14 is nearly as same as
that in Embodiment 6. However, the manufacturing method is-
characterized in that after the electrically conductive thin
films 7 patterned in the predetermined shape (striped shape
in Embodiment 14) have been formed, there is (are} performed
at least one of a treatment which applies ultraviolet rays
to the layer in a gas atmosphere containing at least ore of
oxygen and ozone as described in Embodiment 6, a treatment
which exposes the layer to plasma in a gas atmosphere
contairing at least one of oxygen and ozone as described in
Embodiment 7, a treatment which heats the layer in a gas
atmosphere containing ozone as described in Embodiment 8, a
treatment which applies ultraviolet rays to the layer and
heats the layer as described in Embodimeﬁt 89, and a
treatment which applies ultraviolet rays to the layer in a
gas atmosphere containing at least one of oxygen and ozone
and heats the layer as described in Embodiment 10. Thus,
according to the manufacturing method, by performing the
treatments described above, contamination due tc organic
materials produced in the processes before the treatments

may be removed, as well as the porous polycrystalline
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silicon layer is oxidized so that the electron emitting
efficiency may be raised.

Hereupon, the electrically conductive thin films 7 of
striped shape may be formed, for example, according to the
following process. That is, after an electrically
conductive thin f£ilm 7 has been formed on the whole surface
of “he strong field drift layer 6, a photo resist laver is
applied and formed on the electrically conductive thin film
7. Then, the photo resist layer is patterned by means of
the photo lithography technique. Next, the electrically
conductive thin film 7 is etched using the photo resist
layer as a mask, and then the photo resist layer is removed.

Hereupor,, the electrically conductive thin films 7 of
striped shape may be directly formed on the strong field
drift layer 6 by means of the wvapor deposition process or
the like using a metal mask having an aperture pattern of
the striped shape.

In Fig. 12, there is shown an example of a display
using a field emission-type electron source 10' which is
provided Qith a substrate in which an electrically
conductive film 12 is formed on a glass plate 11 as shown in
Fig. 6B.

As shown in Fig. 12, in the display P2, an anode
electrode 42 is disposed ebove the field emission-type

electron source 10' while forming a space 41 therebetween,
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and further a fluorescent glass substrate 43 is disposed on
the surface of the anode electrode 42 so as to contact with
the electrode closely. Further, the space 41 is enclosed by
a shutter glass 44. Hereupon, the space 4. is nearly in the
state oI vacuum; Moreover, spacers 45 are provided at some
desired positrions between the field emission-type electron
source 10’ and the anode electrodes 42. The field emission-
type electron source 10' is provided with a plﬁrality of
electrically conductive thin films 7. Further, ir the
position Zacing each of the electrically conductive thin
films 7, a flucrescent member 46 is provided or the lower
surface of the anode electrode 42.

Thus, when a predetermined voltage is applied between
specific (desired) ones in a plurality of clectrically
conductive thir films 7 and the anode electrodes 42 facing
the specific films 7, electrons e- emitted from the specific
electrically conductive thin film 7 proceed in the direction
sahown by the arrow X, and then collide to the fluorescent
members 46 facing the specific electrically conductive thin
films 7. 1In consequence, the fluorescent members 46 emit
l.ight as shown by the broken line L.

In the display P2, by applying voltage to specific
electrically conductive thin films 7, and specific anode
electrodes 42 and electrically cornductive film 12, the

specific ones in a plurality of fluorescent members £6,
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which face the specific electrically conductive thin films 7
to which vcltage is applied, can be made emit 1light.
Accordingly, images or letters can be displayed on the
screen of the display P2 by conveniently changing the
electrically conductive thin film 7 and the electrically
conductive film 12, to each of which voltage is applied.
{Example 5)

Hereinafter, as Example 5, there will be described a
field emission-type electron source 10 (see Fig. 11}
manufactured under the following conditions, by means of the
manufacturing.method according to Embodimént 14,

In Example S, as the n-type silicon subsbLrate 1, there
was used a (100} type silicon substrate, in which the
electrical resistivity was 0.1 Qcm and the thickness was
525 um. The polycrystalline silicon layer 3 {sce Fig. 7A)
was formed by means of the LPCVD process. In the film
forming process, the degree of wvacuum was 20 Pa, the
temperature of the substrate was 640 °C, and “he flow rate
of the monosilane gas was 600 sccm.

In Lhe anodic oxidation treatment, there was used an
electrolyte in which hydrogen fluoride aqueous soluticn of
55 wtd and' ethanol were mixed together in the ratic of
rearly 1:1. In the anodic oxidation treatment, the surface
of the polycrystalline silicon layer 3 was made contact with

the electrolyte. Further, a predetermined current was let
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flow between the platinum electrode immersed in the
electrolyte and the n-type silicon substrate 1 (ohhmic
electrode 2) in such a manner thét the platinum electrode
became a negative electrode and the substrate 1 became a
positive electrode. Hereupon, the current density in the
anodic oxidation process was the constant value of 30 ma/cn?,
and the time of anodic oxidation process was 10 seconds.

In the rapid heating process for oxidizing the porous
poiycrystalline silicon layex_' 4, the flow rate of the oxygen
gas was 300 sccm, the oxidizing temperature was 900 °C, and
the oxidizirg time was 1 hour. The electrically conductive
thin filn 7 was formed by patterning z Lhin gold film using
a photo lithography technigue, an etching technique or the
like, the gold fi:m belng deposited on the upper surface of
the strong field drift 1layer 6 by means of the vapcr
depcsition process. Hereupon, the thickness of the
electrically conductive thin film 7 was 10 nm.

After the electrically conductive thin film 7 had been
formed, there was performed an oxidation treatment

{hereinafter, it is referred to "after treatment"} which

- applied ultraviolet rays to the layer ir a mixed gas

atmosphere (2000 ppm) containing oxygen (0,}) and czone ({Q0,}.
A low-pressure mercury lamp of 110 W was used as a source of

ultraviolet rays. The zemperature and time of the heating

process were 200 °C and 30 minutes, respectively.
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Further, there was manufactured a field emission-type
electron source to which the after treatment had not been
performed, as the comparative example 1 (example for
comparison). Moreover, as the comparative example 2, there
was also manufactured a field emission-type electron source,
in which the electrically conductive thin film 7 had been
formed using a metal mask and to which the after treatment
had not been performed. The differerce between Example 5
and the comparative example 1 was only whether the after
trecatment was performed or not. The difference between
Example 5 and the comparative example 2 was as follows.
Namely, in Fmbcdiment 3, the electrically conductive thin
film 7 was patterned by means of the plholo litlhography
technique or the 1like, and then the after treatment was
performed. On the other hand, in the comparative example 2,
the electrically conductive thin film 7 was patterned during
the film-forming step using the metal _mask, and then the
after treatment was not performed.

Eackh of the field emission-type electrcn sources 10,
which had been manufactured as described above, was
introduced into a vacuum chamber (nct shown), and then a
collector electrode 21 (electrode for collecting enmitted
electrons) was disposed at a positicn facirg the
electrically conductive thin film 7 as shown in Fig. 8.

Tnus, the degree of vacuum in the vacuvwm chamber was set to
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5 X 10° Pa, and then DC voltage Vc of 100 V was applied
between the collector electrode 21 and the electrically
conductive thin film 7. Further, there were measured diode
current Ips flewing between the electrically conductive thin
film 7 and the ohmic elecitrode 2, and emitted electron
current Ie flowing between the collactor electrode 21 and
the electrically conductive thin film 7 due to electrons e’
emitted outward from the field emission-type electron source
10 through the electrically conductive thin film 7, while
variously changirg DC voltage Vps applied between the
electrically conductive thin film 7 (anode! and the ohmic
electrode 2 {(cathode). The result oZ the measurement are
shown in Fig. 13.

In Fig. 13, the hori;ontal axis shows the DC voltage
Vps. The left vertical axis shows the current density of
the diode current Ips or the emitted electrcn current Ie.
The right vertical axis shows the electron emitting
eificiency (Ie/IpsX100). Further, the graphs in Fig. 13
show the following physical properties, respectively.

Continuous line @ (M): Ips in Example 5

Dashed line ® (M): Ie in Example 5

Broken line ® (M): Fff in Examp.e 5

Continuous line @ ([M): Ips in the comparative ex. 1

Dashed line ® {(O): Ie in the comparative ex. 1

Broken line ® (O): Eff in the comparative ex. 1
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Continuous line @ {O): Ips in the comparative ex. 2
Dashed line ® (O): Ie in the comparative ex. 2
Broken line ® (O): Eff in the comparative ex. 2
Ips: diodce current |
Ie : emitted electron current
~Eff: electron emitting efficiency
In Fig, 13, when the comparative example 1 is compared
with the comparative example 2, the current density of the
emitted electron current Ie of the comparative example 1 is
smaller than that of the comparative example 2 (see graphs
®, ® ), although the current densities of the diode

currents Ips of the both are ncarly same {see graphs @,®).

~Accordingly, the electron emitting efficiency of the

comparative example 1 is smaller than that of the
comparative example 2 (see graphs ®,®). The reason may
be considered as follows. Nzmely, in the comparative
exanple 1,. there may remain contamination of organic
materials due to the remaining resist of the photo rgsist
layer used for patterning the electrically conductive thin
film 7. On the other hand, in the comparative example 2,
such contamination of organic materials may less remain,
because the metal mask is used for pattering the
electricelly conductive thin film 7.

Next, when Example 5 is compared with the comparative

example 1, the currenbL density of the diode current Ivs of
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Example 5 is smaller than that of the comparative example 1

(see graphs @, ®), although the current density of the
emitted electron current Ie of Embodiment 3 is larger than
that of the comparative example 1 (see graphs @, ®).
Accordingly, the electron emitting efficiency of Example 5
is higher <than that of the comparative example 1 (see
graphs @,®). For examplé, when the DC voltage Vps is 20
V, the current density of the emitted electron current Ie
of Example 5 is as 30 times as that of the comparative
example 1, the current density of the diode current Ips of
Example 5 beiﬁg .as one fourth {1/4) as that of the
conmparative example 1, and the electron emitting efficiency
df Example & being as 120 times as that of the comparative
exampie 1. Namely, the electron emitting efficiency cof
Example 5 is much larger than that of the comparative
exanple 1.

Furthei, when Example 5 is compared with the
comparative example 2, the current density of the emitted
electron current Ie of Example 5 is larger than that of the
comparative example 2, in conseguence the electron emitting
efficiency of Example 5 is higher +than that of the
comparative example 2. Hereupon, the reason why the
current density of the emitted electrcn current Ie of
Example 5 is larger than that of the comparative example 2,

ray be considered as follows. Namely, in Example 5, there
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may be obtained such an effect tha:t the surface of the
field emission-type electron source 10 is purified by the
after treatment, and/or an effect that the quality of the
silicon oxide film 64 (see Fig. 10A) in the surface of the
fine crystal éilicon iayer 63 which constructs the strong
field drift layer 6, is improved (the ratio of the surface
covered with oxygen atoms is increascd).

Although Lhe present invention has been described in
relation to particular embodiments thereof, many other
variations and modifications will become apparent to those
skilled in the art. It is preferred, therefore, that the
vresent invention be limited not by the specific disclosure

herein, but only by the appended claims.
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WHAT IS CLAIMED IS:

1. A field emission-type electron source comprising
an electricaily conductive substrate, a strong field drift
layer formed on a surface of the electrically éonductive
substrate and an electrically conductive thin £ilm formed
on the strong field drift layer, wherein electrons, which
are injected into the electrically conductive substrate,
drift in the sfrong field drift layer to be emitted outward
through the electrically conductive thir film by applying
voltage between the electrically conductive thin film and
the electrically conductive substrate in such a manner that
the electrically conductive thin film acks as a positive
electrode against the électrically conductive substrate,
wherein

the strong field drift layer is formed by a process
including an oxidation step of oxidizing a porous
semiconductor layer at relatively lower temperature.

2. Tne field emission-type electron source according
to claim 1, wherein the strong field drift layer is
oxidized in a liquid vhase in the oxidatior step.

3. The ficld enission-type clectron source according
to claim 2, wherein the porous semiconductor 1layer is
forred by performing an anodic oxidaticn to a semiconductor
layer.

4, A method of manufacturing a field emission-type

heet Has Been Replaced
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electron source including an electrically conductive
substrate, a strong field drift layer formed on a surface
of the electrically conductive substrate and an
electrically.conductivc thin film formed on the strong

field drift layer, wherein electrons, which are injected

_into the electrically conductive substrate, drift in the

strong field drift layer to be emitted outward through the
electrically conduclive thin film by applying voltage
between the electrically conductive thin film and the
electrically conductive substx;'ate in such a manner that the

electrically conductive thin film acts as a positive

-electrode against the electrically conductive substlrate,

the method comprising a mair oxidation step of forming a
strong field drift layer by 9oxidizing a porous
semiconductor layer at relatively lower tcmperature. .

5. The method of manufacturing the field emission-
tyve electron source according to claim 4, wherein the
porous semiconductor layer is oxidized in a liquid phase in
the main oxidation step.

6. The method of manufacturing the field emission-
type electron source according to claim 5, wherein the
liquid phase is an acid solution.

7. The method of manufacturing the field emission-
type electron source according to claim 4 or 5, wherein the

porous semiconductor layer is oxidized in an electrolyte

e
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solution by means of an electrochemical reaction in the
main oxidation step.

8. The method of manufacturing the field emission-
type eiectron source according to claim 7, wherein the
electrolyte solution is an acid solution.

9. The method of manufacturing tﬁe field emission-
type electron source according to claim 4, further
comprising a supplemental oxidation step by means of a
rapid heating pfocess, the supplemental oxidation step
being performed beZore and/or after the main oxidation step.

10. The method of manufacturing the field emission-
type electron source according to claim 5, further
comprising a supplemental oxidation step by means of a
rapid heatirig process, <the supplemenial oxidation step
being performed before and/or after the main oxidatior step.

11. The method of manufacturing the field emission-
type eliectron sdu;'ce according to claim 6, further
comprisirg a supplemental oxidation step by means of a
rapid heating process, the supvlemental oxidation step
being performed before and/or after the main oxidation step.

12, The method of manufacturing the field emission-
type electron scurce according to claim 7, further

comprising a supplemental oxidation step by means of a

‘rapid heating process, the supplemental oxidation step

being performed before and/or after the main oxidation step.

~ This gp,
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13. The method of manufacturing the field emission-
type electron source acco_rding to claim 8, <further
comprising a supplemental oxidation step by means cf a
rapid heating process, the supplemental oxidation step
being performed before and/or after the main oxidation step.

14. The method of manufacturing the field emission-
type electron source according to claim 4, furthexr
comprising a pre oxidation step of oxidizing the porous
semiconductor layer using an oxidant solution, the pre
oxidaticn step being performed before the main oxidation
steo or before the main oxidation step and the supplemental
oxidation step.

15. The method of manufacturing the field emission-
type electron source acccrding to claim 5, further
comprising a pre oxidation step of oxidizing tThe porous
semiconductor layer using an oxidant sclution, the pre
oxidation step being performed before the main oxidation
step or before the main oxidation step and the supplemental
oxidation step.

16. The method of manufacturing the field emission-
type electron source according ‘to claim 6, further
comprising a pre oxidation step of oxidizing the porous
semiconductor layer using an oxidant solution, the pre
oxidation step being performed before the main oxidation
step or before the main oxidaticn step and the supplemental

This Sheet Has
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oxidation step.

17. The method of manufacturing the field emission-
type electron source according to claim 7, further
comprising a pre oxidation step of oxidizing the porous
semiconductor layer using an oxidant solution, the pre
oxidation step being performed before the main oxidation
step or before the main oxidation step and the supplemental
oxidation step.

18. The method of manufacturing the field emission-
type electron source according to c¢laim 8, further
comprisirg a pre oxidation step cf oxidizing the porous
seniconductor layer using an oxidant solution, the pre
oxidatior step being performed before '1:he main oxidation
step or before the main oxidation step and the supplemental
oxidation step.

19, The mwethod of manufacturing the field emission-
type electron socurce according to claim 9, further
comprising a pre oxidation step of cxidizing the porous
semiconductor layer using an oxidant solution, the pre
oxidation slep beinQ performed before the main oxidation
step or before the main oxidation step and the supplemental
oxidation step.

20. The metnod of manufacturing the field emission-
type electron source according to claim 10, further

comprising a pre oxidation step of oxidizing the porous

———————
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semiconductor layer using an oxidant solution, the pre
oxidation step being performed before the main oxidation
step or before the main oxidation step and the supplemental
oxidation stcep.

21. The method of manufacturing the field emission-
type electron source according to claim 11, further
comprising a pre oxidation step of oxidizing the porous
semiconductor layer using an oxidant solution, <the pre
oxidatior step being performed before the main oxidation
step or befére the main oxidation step and the supplemental
oxidation step.

22. The method of manufacturing the field emission-
type electron source according to claim 12, further
comprising a pre oxidation step of cxidizing the porous
semiconductor layer using an oxidant solution, the pre
oxidation step being performed before the main oxidation
step or before the main oxidation step and the supplemental
oxidation step.

23. The method of manufacturing the field emission-
type electron source according to «claim 13, further
comprising a pre oxidation step of oxidizing thc porous
semiconductor layer using an oxidant solution, the pre
oxidation step being performed before the main oxidation
step or before the main oxidation step and the supplemertal -

oxidation step. ‘h‘ﬁhﬁ‘““‘-~mm_“\_
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24. The method of manufacturing the field emission-
type electron source according to claim 4, wherein in the
main oxlidation step, the porous semiconductor layer is
oxidized by means of at least one of a treatment which
applies ultraviolet rays to the porous semiconductor layer
in a gas atmosphere containing at least one of oxygen and
ozone, a treatment which exposes the porous semiconductor
layer to plasma in a gas atmosphere containing at least one
of oxygen and ozone, a treatment which heats the porous
seniconductor layer in a gas atmosphere containing ozone, a
treatmert which applies ultraviclet rays to the porous
semiconductor layer and heats the porous semiconduclor
layer, and a treatment which applies ultraviolet rays to
the porous semiconductor layer in a gas atmosphere
containirg at least one of oxygen and ozone and heats the
porous semiconductor layer,

25. The method of manufacturing the field ‘emission-
type electron source according to claim 24, wherein the
main oxidation step is performed after the electrically
conductive thin film has been formed.

26. The method of manufacturing the field emission-
type electron source according to claim 24, further
comprising a supplemental oxidation step of oxidizing the
porous semiconductor layer by means of a rapid heating

process, the supplemental oxidaticn step being performed

————
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before and/or after the main oxidation step.

27. The method of manufacturing the field emission-
tyoe electron source according to claim 25, further
comprising a supplemental oxidation step of oxidizing the
porous semiconductor layer Dby means of a rapid heating
process, the supplemental oxidation step. being performed
before and/or after the main oxidation step.

28. The method of manufacturing the field emission-
type electron source according to claim 24, furthex
comprising a further supplemental oxidation step of
oxidizing the porous semiconductor layer using an acid
solation, the further supplemenzal oxidation step being
performed before and/or after the main oxidation step.

29. The metkod of manufacturing the field emission-
type electron source according to claim 25, <further
comprising a further supplemental oxidation step of
oxidizing the porous semiconductor layer using an acid
solﬁtion, the further supplemeptal oxidation step Lkeing
performed before and/or after the main oxidation step.

30. The method of manufacturing the field emission-
type electron source according to élaim 24, further
conprising a pre oxidation step of oxidizing the porous
seniconductor layer using an oxidant solution, the pre
oxidation step being performed before the main oxidation

step.
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31. The method of manufacturing the field emission-
type electron source according to c¢laim 25, further
comprising a pre oxidation step of oxidizing the porous
sémiconductor laver using an oxidant solution, the pre
oxidation step being performed before the main oxidation
step.

32. The method of manufacturing the field emission- -
type electron source according to claim 26, further
comprising a pre oxidation step of oxidizing the porous
semiconductor layer using an mox_idant- solution, the pre
oxidation step being performed before the main oxidation
step and the supplemental oxidation step.

33. The method of manufacturing the field emission-
type electron source according to claim 27, further
comprising a pre oxidation step of oxidizing the porous
semiconductor layer using an oxidant solution, the pre
oxidation step being performed before the main oxidalion
step and the supplemental oxidation step.

34, The method of manufacturing the fisld emission-
type electron source according to claim 28, further
comprising a pre oxidation step of oxidizing the poxrous
semicondiuctor layer using an oxidant solution, the pre
oxidation step being performed before the main oxidation
step and the supplemental oxidation steps. |

35. The melhod of manufacturing the [ield emlssion-
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type clectron source according to c¢laim 29, further
comprising a pre oxidation step of oxidizing the porous
semiconductor layer using an oxidant sclution, the pre
oxidation step being performed before the main oxidation
step and Lhe supplemental oxidation steps.

36. The method of manufacturing the field emission-
type electron source according to any one of claims 4 to 35,
wherein the porous semiconductor layer is a porous
monocrystallire silicon layer or a porous polycrystalline
silicon layer.

37. The method of manufacturing the field emission-
type electron source according to any one of claims 4 to 35,
wherein the electrically conductive substrate is an n-type
silicon substrate.

38. Tne mcthod of manufacturing the field emission-
type electron source according to any one of claims 4 to 35,
wherein the electrically conductive substrate is a
substrate in ‘which an electrically conductive film is
formed on a surface of an insulating plate.

39. The method of manufacturing the field emission-
type electron source according to claim 38, wnerein the
insulating plate is composed of giass or ceramic.

40. The method of manufacturing the Iield emission-
type electron source according to any one of claims 4 to 35,

further comprising a step of forming the porcus
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semicorductor layer by performing an anodic oxidation to a
semiconductor layer.

41. The method of manufacturing the field emission-~
type clectron source according tc claim 6, 8, 11, 13, 16,
18, 21, 23, 28, 29, 34 or 35, wherein the acid solution is
dilute nitric acid, dilute sulfuric acid or aqua regia.

42. The method of manufacturing the field emission-
type electron source according to ary one of claims 14 to
23 and 30 to 35, wherein the oxidant solution is any one of
or a mixture of plural ones of concentrated nitric acid,
concentrated sulfuric acid, hydrochloric acid and hydrogen
peroxide.

43. The method of manufacturing the field emission-
type electron source according to claim 472, wherein the
oxidant solution is used in a heated state.

44. A display for displaying an image on a screen
thereof, including:

a field emission-type electron source according to any
one of claims 1 to 3;

a collector electrode dispused so as to face the field
emission~type clectron source;

a fluorescent member disposed on a surface of the
collector electrode, the surface facing the field emission-
type electron source; and

a member for applying voltage between the collector
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electrode and an electrically conductive thin film of the
ficld emission-type électron source; wherein

when voltage 1is applied between the collector
electrode and the electrically conductive thin film, the
image is displayed on the screen by colliding electrons
emilted from the field emission-type electron source to the
fluorescent member so as to make the fluorescent member

emit Light.



