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(54) Field emission-type electron source

(57)  Alower electrode (2) and surface electrode (7)
composed of a layer-structured conductive carbide lay-
er is formed on one principal surface side of the sub-
strate (1) composed of an insulative substrate such as
a glass or ceramic substrate. A non-doped polycrystal-
line silicon layer (3) is formed on the lower electrode (2).
An electron transit layer (6) composed of an oxidized
porous polycrystalline silicon is formed on the polycrys-
talline silicon layer (3). The electron transit layer (6) is

Fig. 1

composed of a composite nanocrystal layer including
polycrystalline silicon and many nanocrystalline silicons
residing adjacent to a grain boundary of the polycrystal-
line silicon. When voltage is applied between the lower
electrode (2) and the surface electrode (7) such that the
surface electrode (7) has a higher potential, electrons
are injected from the lower electrode (2) toward the sur-
face electrode (7), and emitted through the surface elec-
trode (7) through the electron transit layer (6).
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Description
CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application is based on and claims the
benefit of priority from Japanese Patent Application
Nos. 2001-380355, 2002-083927 and 2002-083928,
the contents of which are incorporated herein by refer-
ence in their entirety.

BACKGROUND OF THE INVENTION
1. Field of the Invention

[0002] The present invention relates to a field emis-
sion-type electron source for emitting electron beams
by means of the field emission phenomenon.

2. Description of the Prior Art

[0003] Heretofore, there has been well known in the
art a field emission-type electron source (hereinafter re-
ferred to as "electron source" for brevity), as disclosed,
for example, in Japanese Patent Publication No.
2987140 and Japanese Patent Laid-Open Publication
No. 2001-126610.

[0004] The electron source disclosed in Japanese
Patent Publication No. 2987140 includes a lower elec-
trode, a surface electrode (upper electrode) composed
of a metal thin-film, and an electron transit layer (strong-
field drift layer) provided between the lower and surface
electrodes. The surface electrode is disposed opposed
to the lower electrode with interposing the electron tran-
sit layer therebetween. When a certain voltage is ap-
plied between the lower and surface electrodes such
that the surface electrode has a higher potential than
that of the lower electrode, the resulting electric field be-
tween the electrodes induces the flow of electrons from
the lower electrode to the surface electrode through the
electron transit layer.

[0005] For example, an oxidized or nitrided porous
polycrystalline silicon layer is used as the electron tran-
sit layer. In activating the electron source, a collector is
positioned opposed to the surface electrode while ex-
posing the surface electrode to a vacuum space. Then,
a DC current is applied between the surface and lower
electrodes such that the surface electrode has a higher
potential than that of the lower electrode, and simulta-
neously another DC current is applied between the col-
lector and surface electrodes such that the collector has
a higher potential than that of the surface electrode. As
a result of the above operation, electrons are injected
from the lower electrode to the electron transit layer, and
then emitted through the surface electrode after drifting
within the electron transit layer. Alteration such as oxi-
dation of the surface of the surface electrode causes de-
terioration in the efficiency of emitting electrons or the
electron emitting efficiency. Thus, the surface electrode
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is typically made of chemically stable metal (e.g. noble
metal such as gold) . In this case, the thickness of the
surface electrode is set at about 10 nm.

[0006] In electron sources, the terms "diode current
Ips" and "emission current (emission electron current)
le" generally mean a current flowing between the sur-
face and lower electrodes and a current flowing between
the collector and surface electrodes, respectively.
Greater ratio of the emission current le to the diode cur-
rent (le / Ips) provides higher electrode emitting efficien-
cy [(le / Ips) x 100 (%)]. The above electron source can
emit electrons even if the DC voltage to be applied be-
tween the surface and lower electrodes is in a low range
of about 10 to 20 V. Thus, the electron source can exhibit
enhanced electron emission characteristics having a
low dependence on vacuum degree, and emit electrons
stably without occurrence of the so-called popping phe-
nomenon during electron emission.

[0007] The lower electrode of the electron source
comprises a semiconductor substrate having a resistiv-
ity relatively close to that of a conductor, and an ohmic
electrode formed on the back surface of the semicon-
ductor substrate. Alternatively, the lower electrode com-
prises an insulative substrate and a metal conductive
layer formed on the insulative substrate.

[0008] On the other hand, the electron source dis-
closed in Japanese Patent Laid-Open Publication No.
2001-126610 comprises a surface electrode partially in-
cluding a carbon region made of carbon or carbon com-
pounds. This electron source can advantageously pre-
vent excessive diode current Ips to provide enhanced
electron emitting efficiency.

[0009] The conventional electron sources as de-
scribed above are used in a vacuum-sealed state. In this
connection, an assembling process of such electron
sources involves a relatively high-temperature thermal
process including a vacuum-sealing process (which is
performed at about 500 °C), which inevitably increases
the electrical resistance of the surface electrode and/or
the lower electrode. The increased electrical resistance
makes it difficult for voltage to be adequately applied be-
tween the surface and lower electrodes and/or between
the collector and surface electrodes, resulting in deteri-
orated electron emission characteristics (such as low-
ered emission current or electron emitting efficiency).
[0010] The surface electrode is composed of a metal
thin-film. The thickness of the surface electrode is set
at 10 nm as in the foregoing electron source. A gold thin-
film commonly used as the surface electrode is involved
with agglomeration at a temperature of 400 °C or more.
The resulting agglomeration deteriorates the thickness
uniformity and continuity of the thin film, and thereby the
electrical resistance of the surface electrode is in-
creased, resulting in deteriorated electron emission
characteristics. Tungsten and aluminum are known as
metal having high resistibility to such agglomeration.
However, if the surface electrode is made of tungsten
or aluminum, the surface of the electrode will be subject
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to oxidation, which leads to deteriorated electron emit-
ting efficiency.

[0011] Similarly, the lower electrode has an increased
electrical resistance. The following factors are assumed
as the reason for the increased electrical resistance.

(1) Agglomeration of metal

(2) Decrease in the film thickness of the lower elec-
trode due to thermal diffusion of atoms (metal at-
oms) constituting the lower electrode toward a layer
(e.g. electron transit layer) deposited on the lower
electrode

(3) Decrease in the film thickness of the lower elec-
trode due to thermal diffusion of atoms constituting
a layer (e.g. electron transit layer) deposited on the
lower electrode toward the lower electrode

(4) Increase in resistivity of the lower electrode

[0012] In addition to the aforementioned electron
sources, various modified electron sources for emitting
electrons by means of the field emission phenomenon
have been proposed. For example, one of the proposed
electron sources has a MIM (Metal-Insulator-Metal)
structure including an insulating layer serving as the
electron transit layer. Another electron source has a MIS
(Metal-Insular-Semiconductor) including a semiconduc-
tor layer provided between the electron transit layer and
the lower electrode.

[0013] In view of industrial availability of the various
electron sources, itis desired to provide increased emis-
sion current and enhanced electron emitting efficiency
contributing to reduction in power consumption. In all of
the above electron sources, electrons are emitted
through the surface electrode. Thus, the electron emit-
ting efficiency can be increased by reducing an energy
loss due to electron scattering within the surface elec-
trode. From this point of view, it is contemplable to re-
duce the thickness of the surface electrode insofar as
device characteristics are not adversely affected. For
example, Japanese Patent Laid-Open Publication No.
2001-243901 discloses an electron source intended to
provide enhanced electron emitting efficiency based on
the above approach. In this electron source, a surface
electrode includes a metal thin-film portion having a flat
surface, and a plurality of island-shaped raised portions
protruding from the surface of the metal thin-film portion,
the raised portions being continuously and integrally
formed with the thin-film portion. However, the respec-
tive metal raised portions of this electron sources are
connected with each other by the metal thin-film portion,
and thereby the film thickness of the metal thin-film por-
tion will impose a restriction on a lower limit of the elec-
trical resistance of the surface electrode. Thus, even if
it is tried to achieve a specific electrical resistance of the
surface electrode required for device characteristics,
there exists such an disadvantage that the thickness of
the metal thin-film portion cannot be sufficiently reduced
or the electron emitting efficiency cannot be sufficiently
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enhanced.
SUMMARY OF THE INVENTION

[0014] In view of the problems of the conventional
electron sources, it is therefore an object of the present
invention to provide an electron source capable of sup-
pressing deterioration of electron emission characteris-
tics and achieving enhanced thermal resistance.
[0015] It is another object of the present invention to
provide an electron source capable of suppressing the
increase of electrical resistance in a surface electrode
and achieving enhanced electron emission characteris-
tics.

[0016] In order to achieve the above objects, accord-
ing to one aspect of the present invention, there is pro-
vided an electron source (field emission-type electron
source) including a lower electrode, an electron transit
layer, and a surface electrode. The electron transit layer
is formed on the lower electrode and composed of a
composite nanocrystal layer including polycrystalline
silicon and a number of nanocrystalline silicons residing
adjacent to a grain boundary of the polycrystalline sili-
con. The surface electrode is formed on the electron
transit layer. In this electron source, an electron passing
through the electron transit layer is emitted through the
surface electrode. At least a portion of the surface elec-
trode and/or at least a portion of the lower electrode are
made of layer-structured conductive carbide or layer-
structured conductive nitride.

[0017] The conductive carbide or conductive nitride
has a relatively high conductivity, a relatively low work
function, a melting point higher than noble metal, and
an excellent diffusion barrier performance. In addtion,
the conductive carbide or conductive nitride has an ox-
idation resistance superior to that of metal such as tung-
sten or aluminum. In the electron source of the present
invention, at least a portion of the surface electrode and/
or at least a portion of the lower electrode are made of
layer-structured conductive carbide or layer-structured
conductive nitride. Thus, as compared to an electron
source having a surface electrode composed of a metal
thin-film, the electron source of the present invention
can provide enhanced thermal resistance of the surface
electrode and/or the lower electrode while suppressing
the deterioration of electron emission characteristics.
This makes it possible to prevent electron emission
characteristics from being deteriorated due to a thermal
process such as a vacuum-sealing process.

[0018] According to another aspect of the present in-
vention, there is provided an electron source comprising
a lower electrode, a surface electrode, and an electron
transit layer. The electron transit layer is interposed be-
tween the lower electrode and the surface electrode to
allow an electron to pass therethrough. An electron
passed through the electron transit layer is emitted
through the surface electrode. The surface electrode is
composed of a multilayer film including a conductive
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carbide or conductive nitride layer and a noble metal lay-
er, the surface electrode having a surface formed with
a number of concave portions allowing the multilayer
film to have a locally reduced thickness.

[0019] In this electron source, an energy loss due to
electron scattering will be reduced in the region of the
surface electrode formed with the concave portions as
comparted to other region. Further, electron emission
characteristics can be enhanced while suppressing the
increase of electrical resistance in the surface electrode
because the electrical resistance of the surface elec-
trode is substantially determined by the film thickness
of the multilayer film composed of a conductive carbide
layer or conductive nitride layer and a noble metal layer.

BRIEF DESCRIPTION OF THE DRAWINGS

[0020] A more complete understanding of the inven-
tion will be apparent from the following detailed descrip-
tion when taken in conjunction with the accompanied
drawings in which same elements have the same refer-
ence numerals, wherein:

Fig. 1 is a sectional view of an electron source ac-
cording to a first embodiment of the present inven-
tion;

Fig. 2 is an explanatory diagram of a general elec-
tron emission operation of electron sources accord-
ing to first to fourth embodiments of the present in-
vention;

Fig. 3 is an explanatory diagram of a microscopic
electron emission operation of the electron sources
according to the first to fourth embodiments of the
present invention;

Figs. 4A to 4D are sectional views of in-process and
final products provided in major steps of a manu-
facturing process of the electron source according
to the first embodiment of the present invention;
Figs. 5A and 5B are sectional and top plan views of
the electron source according to the second em-
bodiment of the present invention, respectively;
Figs. 6A to 6E are sectional views of in-process and
final products provided in major steps of a manu-
facturing process of the electron source according
to the second embodiment of the present invention;
Fig. 7 is a sectional view of the electron source ac-
cording to the third embodiment of the present in-
vention;

Figs. 8Ato 8D are sectional views of in-process and
final products provided in major steps of a manu-
facturing process of the electron source according
to the third embodiment of the present invention;
Fig. 9 is a sectional view of the electron source ac-
cording to the fourth embodiment of the present in-
vention;

Figs. 10A to 10D are sectional views of in-process
and final products provided in major steps of a man-
ufacturing process of the electron source according
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to the fourth embodiment of the present invention;
and

Fig. 11 is a graph showing the relationship between
current density and voltage Vps before and after a
heat treatment in the electron source according to
the fourth embodiment.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

(First Embodiment)

[0021] A firstembodiment of the present invention will
now be described.

[0022] As shown in Fig. 1, an electron source 10 ac-
cording to the first embodiment of the present invention
includes a substrate 1 composed of an insulative sub-
strate (e.g. glass substrate or ceramic substrate), and a
lower electrode 2 made of layer-structured conductive
carbide and formed on one (diffusing surface) of the
principal surfaces of the substrate 1. A semiconductor
layer or a non-doped polycrystalline silicon layer 3 is
formed on the lower electrode 2. An electron transit layer
6 (strong field drift layer) composed of an oxidized po-
rous polycrystalline silicon layer is formed on the poly-
crystalline silicon layer 3. Further, a surface electrode 7
made of layer-structured conductive carbide is formed
on the electron transit layer 6. In the electron source 10,
the surface electrode 7 and the lower electrode 2 are
disposed opposed to one another, and the electron tran-
sit layer 6 is interposed between the surface electrode
7 and the lower electrode 2. The thickness of the surface
electrode 7 is set at 10 nm or less.

[0023] While the first embodiment employs the insu-
lative substrate as the substrate 1, any other suitable
semiconductor substrate such as a silicon substrate
may be used as the substrate 1. Further, while the poly-
crystalline silicon layer 3 is interposed between the elec-
tron transit layer 6 and the lower electrode 2 in the first
embodiment, the electron transit layer 6 may be formed
directly on the lower electrode 2 without interposing the
polycrystalline silicon layer 3.

[0024] For the purpose of allowing electrons to be
emitted from the electron source 10, a collector 21 may
be positioned opposed to the surface electrode 7, as
shown in Fig. 2. Then, after evacuating the space be-
tween the surface electrode 7 and the collector 21 to
provide a vacuum space, a DC voltage Vps is applied
between the surface electrode 7 and the lower electrode
2 such that the surface electrode 7 has a higher potential
than that of the lower electrode 2, and simultaneously a
DC voltage Vc is applied between the collector 21 and
the surface electrode 7 such that the collector 21 has a
higher potential than that of the surface electrode 7. By
appropriately setting the DC voltages Vps and Vc, elec-
trons are injected from the lower electrode 2 to the elec-
tron transit layer 6, and then emitted through the surface
electrode 7 after drifting within the electron transit layer
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6. The one-dot chain lines in Fig. 2 indicate the flow of
the electrons e' emitted through the surface electrode
7. The electron reaching the surface of the electron tran-
sit layer 6 can be considered as a hot electron. Thus,
after readily tunneling through the surface electrode 7,
the electron will be emitted into the vacuum space. In
the first embodiment, electrons pass through the elec-
tron transit layer 6 under an electric field between the
lower electrode 2 and the surface electrode 7 which is
induced when the voltage is applied between the lower
and surface electrodes. The electrons are moved from
the lower electrode 2 to the surface electrode 7 through
the electron transit layer 6 by the electric field caused
when the surface electrode 7 has a higher potential than
that of the lower electrode 2.

[0025] In the electron source 10 according to the first
embodiment, greater ratio (le / Ips) of the emission cur-
rent le flowing between the collector 21 and the surface
electrode 7 to the diode current Ips flowing between the
surface electrode 7 and the lower electrode 2 provides
higher electron emitting efficiency.

[0026] As shown in Fig. 3, it can be assumed that the
electron transit layer 6, at least, includes a plurality of
columnar polycrystalline silicon grains 51 (semiconduc-
tor crystals) disposed along with each other on the side
of the selected principal surface of the substrate 1, a
thin silicon oxide film 52 formed on each surface of the
grains 51, a number of nano-order silicon nanocrystals
63 (semiconductor nanocrystals) interposed between
the adjacent grains 51, and a number of silicon oxide
films 64 each of which is formed on each surface of the
silicon nanocrystals 63 and is composed of an insulating
film having a film thickness less than each crystal grain
size of the silicon nanocrystals 63. That is, in the elec-
tron transit layer 6, each of the grains has a porous sur-
face, and a crystalline state is maintained at each central
region of the grains. Each of the grains 51 extends in
the direction perpendicular to the lower electrode 2 or
in the thickness direction of the lower electrode 2.
[0027] In the electron source 10 according to the first
embodiment, the electron emission would be caused
based on the following model.

[0028] A DC voltage Vps is applied between the sur-
face electrode 7 and the lower electrode 2 such that the
surface electrode 7 has a higher potential than that of
the lower electrode 2, and simultaneously a DC voltage
Vc is applied between the collector 21 and the surface
electrode 7 such that the collector 21 has a higher po-
tential than that of the surface electrode 7. When the DC
voltage Vps reaches a given value (critical value), elec-
trons e are injected from the lower electrode 2 into the
electron transit layer 6 under thermal excitation. At the
same time, the electric field applied to the electron tran-
sit layer 6 mostly acts to the silicon oxide films 64. Thus,
the injected electrons e~ are accelerated by the strong
electric field acting to the silicon oxide films 64. Then,
the electrons drift toward the surface electrode or in the
direction of the arrows in Fig. 3 through the region be-
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tween the adjacent grains 51 in the electron transit layer
6. After tunneling through the surface electrode 7, the
electrons are emitted from the surface electrode 7 to the
vacuum space. The electrons injected from the lower
electrode 2 into the electron transit layer 6 are acceler-
ated by the electric field acting to silicon oxide films 64,
and then emitted through the surface electrode 7 after
drifting approximately without scattering due to the sili-
con nanocrystals 63 (ballistic electron emission phe-
nomenon). Further, heat generated at the electron tran-
sit layer 6 can be released through the grains 51. Thus,
during electron emission, the electrons can be stably
emitted without occurrence of the popping phenome-
non. The electrons reaching the surface of the electron
transit layer 6 (hot electrons) are emitted into the vacu-
um space after readily tunneling through the surface
electrode 7. The electron source based on such an op-
erational principle is referred to as Ballistic electron Sur-
face-emitting Device.

[0029] As described above, the lower electrode 2 and
the surface electrode 7 is made of conductive carbide.
Generally, the conductive carbide has a relatively high
conductivity and a relatively low work function. The con-
ductive carbide also has a melting point higher than that
of noble metal such as gold, and an excellent diffusion
barrier performance. In addition, the conductive carbide
has an oxidation resistance superior to that of metal
such as tungsten or aluminum. The conductive carbide
having these properties includes chromium carbide,
molybdenum carbide, tungsten carbide, vanadium car-
bide, niobium carbide, tantalum carbide, titanium car-
bide, zirconium carbide, and hafnium carbide. In view of
thermal stability, work function and reproducibility, it is
preferable to use titanium carbide, zirconium carbide or
hafnium carbide.

[0030] In the electron source 10 according to the first
embodiment, the lower electrode 2 and the surface elec-
trode 7 is made of layer-structured conductive carbide.
Thus, as compared to an electron source having lower
and surface electrodes made of a metal, the electron
source according to the first embodiment can provide
enhanced thermal resistance of the lower electrode 2
and the surface electrode 7 while suppressing the de-
terioration of electron emission characteristics. This
makes it possible to prevent not only the increase of
electrical resistance in the lower electrode 2 and the sur-
face electrode 7 due to a thermal process such as a vac-
uum-sealing process but also agglomeration in the sur-
face electrode 7, and thereby to avoid undesirable de-
terioration of electron emission characteristics. Further,
the lower electrode 2 made of the conductive carbide
can prevent respective atoms constituting the substrate
1 and the semiconductor layer 3 (the electron transit lay-
er 6 in case of omitting the semiconductor layer 3) from
being diffused therebetween. Thus, the materials of the
substrate 1 and the semiconductor layer 3 (the electron
transit layer 6 in case of omitting the semiconductor lay-
er 3) can be selected from various alternatives. Similar-
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ly, the surface electrode 7 made of the conductive car-
bide can prevent respective atoms constituting the sur-
face electrode 7 and the electron transit layer 6 from
being diffused therebetween. Thus, the materials of the
surface electrode 7 and the electron transit layer 6 can
be selected from various alternatives.

[0031] Inthe firstembodiment, each of the lower elec-
trode 2 and the surface electrode 7 is entirely made of
layer-structured conductive carbide. Alternatively, at
least a portion of each of the lower electrode 2 and the
surface electrode 7 may be made of layer-structured
conductive carbide, and the remaining potion may be
made of metal such as Cr, W, Ti, Al, Cu, Au, Pt or Mo;
alloy containing such metal; or semiconductor material
such as impurity-doped polycrystalline silicon. Further,
either one of the lower electrode 2 and the surface elec-
trode 7 may be devoid of the conductive carbide. For
example, the lower electrode 2 or the surface electrode
7 may be made by using metal such as Cr, W, Ti, Al, Cu,
Au, Pt or Mo; alloy containing such metal; or semicon-
ductor material such as impurity-doped polycrystalline
silicon. In this case, the deterioration of electron emis-
sion characteristics can also be suppressed as com-
pared to the conventional electron sources.

[0032] When a glass substrate is used as the sub-
strate 1, the glass substrate may be appropriately se-
lected from a silica glass substrate, no-alkali glass sub-
strate, low-alkali glass substrate or soda-lime glass sub-
strate, depending on a process temperature. In case of
employing a ceramic substrate, the substrate 1 may be
composed, for example, of an alumina substrate. The
electron source 10 according to the first embodiment
may be used as an electron source for display devices.
In this case, a suitable patterning of the lower electrode
2, the surface electrode 7 and the electron transit layer
6 may be appropriately selected.

[0033] With reference to Figs. 4A to 4D, a manufac-
turing process of the electron source 10 according to the
first embodiment will be described below.

[0034] A lower electrode 2 composed of a conductive
carbide layer is first formed on one of the principal sur-
faces of a substrate 1 through a sputtering method or
another suitable method. Then, a semiconductor layer
or a non-doped polycrystalline silicon layer 3 is formed
on the side of the selected principal surface of the sub-
strate 1 (on the lower electrode 2 herein). Through the
above step, the structure as shown in Fig. 4A is ob-
tained. A film forming method for a conductive carbide
layer serving as the lower electrode 2 will be described
later. The polycrystalline silicon layer 3 may be formed
through various film forming methods such as a CVD
method (e.g. LPCVD method, plasma CVD method or
catalytic-CVD method), a sputtering method or a CGS
(Continuous Grain Silicon) method.

[0035] After the non-doped polycrystalline silicon lay-
er 3 has been formed, a porous region is provided up to
a given depth of the polycrystalline silicon layer 3 by
means of an anodizing process. Through this step, a po-
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rous semiconductor layer or a porous polycrystalline sil-
icon layer 4 is formed, and thus the structure as shown
in Fig. 4B is obtained. In the anodizing process, a
processing bath is used which contains an electrolytic
solution consisting of a mixture prepared by mixing a
water solution containing 55 wt% of hydrogen fluoride
with ethanol at the ratio of about 1: 1. The anodizing
process is performed by immersing a platinum electrode
(not shown) and the lower electrode 2 into the process-
ing bath, and applying a certain voltage between the
platinum electrode and the lower electrode 2 at a con-
stant current while irradiating the polycrystalline silicon
layer 3 with light, to form the porous polycrystalline sili-
con layer 4. The obtained porous polycrystalline silicon
layer 4 includes a polycrystalline silicon grain and a sil-
icon nanocrystal. While the porous region is formed in
a portion (up to a given depth) of the polycrystalline sil-
icon layer 3 in the first embodiment, the porous region
may be formed in the entire polycrystalline silicon layer
3 (up to a depth reaching the substrate 1).

[0036] After the completion of the anodizing process,
the porous polycrystalline silicon layer 4 is oxidized
through an oxidation process. Through this step, an
electron transit layer 6 composed of the oxidized porous
polycrystalline silicon layer is formed, and thus the struc-
ture as shown in Fig. 4C is obtained. In the oxidation
process, the porous polycrystalline silicon layer 4 is ox-
idized, for example, through a rapid heating method to
form the electron transit layer 6 including the grains 51,
the silicon nanocrystals 63, and the silicon oxide films
52, 64 (see Fig. 3).

[0037] A lamp annealing apparatus is used in the rap-
id heating method for the oxidation process. A furnace
is kept in O, gas atmosphere. The substrate is heated
from room temperature up to a given oxidation temper-
ature (e.g. 900 °C) at a specific programming rate (e.g.
80 °C/sec). The substrate is maintained at the oxidation
temperature only for a given oxidation time-period (e.g.
one hour) to perform a rapid thermal oxidation (RTO)
processing. Then, the substrate is cooled down to room
temperature. The oxidation process is not limited to the
rapid heating method. For example, the electron transit
layer 6 including the grains 51, the silicon nanocrystals
63 and the silicon oxide films 52, 64 may be formed by
using an oxidation-processing bath containing an elec-
trolytic solution (e.g. 1 mole/L of H,SO,4, 1 mole/L of
HNO,, or aqua regia), and applying a constant current
between a platinum electrode (not shown) and the lower
electrode 2 to electrochemically oxidize the porous poly-
crystalline silicon layer 4.

[0038] After the electron transit layer 6 has been
formed, a surface electrode 7 composed of a conductive
carbide layer is formed on the electron transit layer 6,
for example, through a sputtering method. Through this
step, the electron source 10 as shown in Fig. 4D is ob-
tained. A film forming method for the conductive carbide
layer serving as the surface electrode 7 will be described
later in conjunction with the film forming method for the
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lower electrode 2.

[0039] The manufacturing process of the electron
source 10 according to the first embodiment can provide
the electron source 10 having enhanced thermal resist-
ance with suppressing the deterioration of electron
emission characteristics.

[0040] In the first embodiment, the lower electrode 2
and the surface electrode 7 each composed of the con-
ductive carbide layer are formed through a sputtering
method. A usable sputtering method may be selected
from various types such as an RF sputtering method,
RF magnetron sputtering method, DC sputtering meth-
od and DC magnetron sputtering method. In this case,
the conductive carbide layer is formed through a sput-
tering method using a target consisting of conductive
carbide. These methods can provide the conductive car-
bide layer with excellent stability and reproducibility as
well as a high throughput, which achieves a reduced
manufacturing cost and an increased electron emitting
area of the electron source 10. In addtion, an existing
sputtering apparatus can be readily diverted to an ap-
paratus for forming the conductive carbide layer, which
provides a downsized equipment investment and a re-
duced equipment cost. Thus, the electron source 10
having enhanced thermal resistance with suppressing
the deterioration of electron emission characteristics
can be provided at a lower cost. Further, the conductive
carbide layer can be formed at a relatively low process
temperature.

[0041] The film forming method for the conductive
carbide layer is not limited to the aforementioned sput-
tering methods. For example, the conductive carbide
layer may be formed through a vacuum evaporation
method using a deposition source consisting of conduc-
tive carbide, or a reactive sputtering method using a tar-
get consisting of metal (pure metal) and gas (reactive
gas) including carbon. The vacuum evaporation method
or the reactive sputtering method can also provide the
conductive carbide layer with excellent stability and re-
producibility as well as a high throughput, which
achieves a reduced manufacturing cost and an in-
creased electron emitting area of the electron source 10.
Thus, the electron source 10 having enhanced thermal
resistance with suppressing the deterioration of electron
emission characteristics can be provided at a lower cost.
Further, the conductive carbide layer can be formed at
a relatively low process temperature. In addtion, when
the conductive carbide layer is formed through the vac-
uum evaporation method, an existing vacuum evapora-
tion apparatus can be readily diverted to an apparatus
for forming the conductive carbide layer, which provides
a downsized equipment investment and a reduced
equipment cost.

[0042] An EB (Electron Beam) vacuum evaporation
method is one of appropriate vacuum evaporation meth-
ods to be used, because conductive carbide has a high
melting point. On the other hand, the reactive sputtering
method using a target consisting of metal (pure metal)
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and gas (reactive gas) including carbon can facilitate the
control of carbon concentration in the conductive car-
bide layer. That is, in the reactive sputtering method, a
type of the reactive gas or a mixing ratio of inert gas
such as Ar to the reactive gas including carbon atoms
can be appropriately selected to control a carbon con-
centration in the conductive carbide layer so as to pro-
vide the conductive carbide layer having a desired car-
bon concentration. Further, as compared to the carbide
target, the pure metal target having a higher purity is
widely placed on the market. Thus, the reactive sputter-
ing method can provide the conductive carbide layer in-
cluding a less amount of metal impurities as compared
to the sputtering method using conductive carbide as a
target, and thereby performance decrement due to im-
purities can be suppressed.

[0043] The film forming method for the conductive
carbide layer may further include a method of annealing
a metal film (e.g. titanium film, zirconium film or hafnium
film) under gas atmosphere including carbon. This
method is advantageously to improve the purity and film
quality of the conductive carbide layer. The film forming
method for the metal film may include a CVD method,
vacuum evaporation method and sputtering method. In
view of productivity and film quality, it is preferable to
use a DC magnetron sputtering method using Ar gas.
For example, when CH, gas is used as the gas including
carbon, the conductive carbide layer can be formed by
annealing the metal film at a temperature of 1000 °C .
Thus, as with the aforementioned film forming methods
for the conductive carbide layer, the method of anneal-
ing a metal film under gas atmosphere including carbon
can provide the conductive carbide layer with excellent
reproducibility and stability. This makes it possible to
achieve areduced manufacturing costand an increased
electron emitting area of the electron source 10. In ad-
dtion, an existing apparatus (DC magnetron sputtering
apparatus or appealing apparatus) can be readily divert-
ed to an apparatus for forming the conductive carbide
layer, which provides a downsized equipment invest-
ment and a reduced equipment cost. Thus, the electron
source 10 having enhanced thermal resistance with
suppressing the deterioration of electron emission char-
acteristics can be provided at a lower cost. Further, as
compared to the reactive sputtering method, defects
due to plasma damages will be reduced to form the con-
ductive carbide layer having a higher purity and film
quality. From this point of view, the above annealing
method is suitable for forming the lower electrode 2, par-
ticularly, in a ceramic substrate used as the substrate 1.
[0044] Alternatively, the conductive carbide layer may
be formed through a CVD method. The CVD method
can provide the conductive carbide layer with excellent
reproducibility and stability as well as a high throughput,
which achieves a reduced manufacturing cost and an
increased electron emitting area of the electron source
10. Thus, the electron source 10 having enhanced ther-
mal resistance with suppressing the deterioration of
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electron emission characteristics can be provided at a
lower cost. Further, the CVD method is excellent in a
step-coverage performance. In the CVD method, an or-
ganic metal compound such as (CsHs), Ti Cl, (Dichlo-
rotitanocene) may be used as a deposition source. How-
ever, it is desired to use chloride such as titanium chlo-
ride, zirconium chloride or hafnium chloride, in view of
a problem of stability of the deposition source itself. A
mixed gas of hydrogen and gas including carbon atom
such as CH, (methane), C5Hg (propane), CgH5CHj5 (tol-
uene), CCl, (carbon tetrachloride) or CH;0H (metha-
nol) may be used as the reactive gas. Since a thermal
CVD method involves a process temperature of 600 °C
or more, it is preferable to use the plasma CVD method
capable of lowering the process temperature.

[0045] The conductive carbide layer may be formed
by annealing a multilayer consisting of a metal film (e.
g. titanium film) and a carbon film. Alternatively, the con-
ductive carbide layer may be formed by annealing a film
made of a mixture of metal (e.g. titanium) and carbon.
Theses methods can also provide the conductive car-
bide layer with excellent reproducibility and stability,
which achieves a reduced manufacturing cost and an
increased electron emitting area of the electron source
10. Thus, the electron source 10 having enhanced ther-
mal resistance with suppressing the deterioration of
electron emission characteristics can be provided at a
lower cost.

[0046] Inthe firstembodiment, the electron transit lay-
er 6 is composed of the oxidized porous polycrystalline
silicon layer. Alternatively, the electron transit layer 6
may be composed of a nitrided porous polycrystalline
silicon layer or an oxynitrided porous polycrystalline sil-
icon layer. Further, the electron transit layer 6 may be
composed of any other suitable oxidized, nitrided or ox-
ynitrided porous semiconductor layer. When the elec-
tron transit layer 6 is composed of the nitrided porous
polycrystalline silicon layer, a nitriding process of nitrid-
ing the porous polycrystalline silicon layer 4 through a
rapid heating method using NH; gas may be employed,
as a substitute for the oxidation process of oxidizing the
layer 4 through the rapid heating method using O, gas.
Further, when the electron transit layer 6 is composed
of the oxynitrided porous polycrystalline silicon layer, an
oxynitriding process of oxynitriding the porous polycrys-
talline silicon layer 4 through a rapid heating method us-
ing a mixed gas of O, gas and NH; gas may be em-
ployed, as a substitute for the oxidation process of oxi-
dizing the layer 4 through the rapid heating method us-
ing O, gas. In this case, a silicon oxynitride film will be
formed instead of the silicon oxide films 52, 64 in Fig. 3.

(Second Embodiment)

[0047] A second embodiment of the presentinvention
will be described below.

[0048] As shown in Figs. 5A and 5B, an electron
source 10 according to the second embodiment com-
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prises a substrate 1 composed of an insulative substrate
(e.g. insulative glass substrate or insulative ceramic
substrate), and an electron source device 10a formed
on one of the principal surfaces of the substrate 1. The
electron source device 10a comprises a lower electrode
2 formed on the selected principal surface of the sub-
strate 1, a semiconductor layer or a non-doped polycrys-
talline silicon layer 3 formed on the lower electrode 2,
an after-mentioned electron transit layer 6 formed on the
polycrystalline silicon layer 3, and a surface electrode 7
formed on the electron transit layer 6. Specifically, in the
electron source device 10a, the surface electrode 7 and
the lower electrode 2 are disposed opposed to one an-
other, and the electron transit layer 6 is interposed be-
tween the surface and lower electrodes. The thickness
of the lower electrode 2 is set at about 300 nm, and the
thickness of the surface electrode 7 is set such that it
does not exceed 10 nm. While the second embodiment
employs the insulative substrate as the substrate 1, any
other suitable semiconductor substrate such as a silicon
substrate may be used as the substrate 1, and the lower
electrode 2 may be comprised of the semiconductor
substrate and a conductive layer (e.g. ohmic electrode)
deposited on the semiconductor substrate. Further,
while the polycrystalline silicon layer 3 is interposed be-
tween the electron transit layer 6 and the lower electrode
2 inthe firstembodiment, the electron transit layer 6 may
be formed directly on the lower electrode 2 without in-
terposing the polycrystalline silicon layer 3.

[0049] The lower electrode 2 is composed of a single
layer thin-film made of a metal (e.g. Mo, Cr, W, Ti, Ta,
Ni, Al, Cu, Au or Pt; alloy containing such metal; or in-
termetallic compound such as silicide). Alternatively, the
lower electrode 2 may be composed of a multilayer thin-
film made of such a metal. Further, the lower electrode
2 may be made of a semiconductor material such as
impurity-doped polycrystalline silicon.

[0050] The electron transit layer 6 is formed by sub-
jecting the polycrystalline silicon layer to a anodizing
process and an oxidation process as described later. As
with the electron transit layer 6 in the first embodiment,
the electron transit layer 6 in the second embodiment
includes grains 51, silicon oxide films 52, silicon nanoc-
rystals 63, and silicon oxide films 64 (see Fig. 3). In the
second embodiment, the remaining region other than
the grains 51, silicon nanocrystals 63 and silicon oxide
films 52, 64 is formed as an amorphous region made of
amorphous silicon or partially oxidized amorphous sili-
con. Thus, the polycrystalline silicon and the number of
silicon nanocrystals 63 residing adjacent to the grain
boundary of the polycrystalline silicon are mixed togeth-
er within the electron transit layer 6.

[0051] The surface electrode 7 is composed of a mul-
tilayer film having a conductive carbide or conductive
nitride layer 7a deposited on the electron transit layer 6
and a noble metal layer 7b deposited on the conductive
carbide or conductive nitride layer 7a. The surface of the
multilayer film is formed with a number of concave por-
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tions 8 allowing the multilayer film to have a locally re-
duced thickness. In view of thermal stability and repro-
ducibility in a film forming process, it is preferable to use
titanium carbide, zirconium carbide, hafnium carbide, ti-
tanium nitride, zirconium nitride, hafnium nitride, nio-
bium nitride, tantalum nitride or the like.

[0052] The noble metal layer 7b is made of platinum
as a noble metal. While the noble metal is not limited to
platinum and the noble metal layer 7b may be made, for
example, of gold or iridium, it is preferable to use plati-
num in view of reproducibility in a film forming process.
[0053] In order to provide increased emission current
and enhanced emitting efficiency, it is required to reduce
the thickness of the surface electrode 7. For this pur-
pose, the thickness of the conductive carbide or con-
ductive nitride layer 7ais set such that it does not exceed
4 nm, and the total thickness of the conductive carbide
or conductive nitride layer 7a and the noble metal layer
7b is set such that it does not exceed 10 nm. As de-
scribed above, the surface of the surface electrode 7 is
formed with the number of concave portions 8. In the
region having the concave portions 8, the surface of the
conductive carbide or conductive nitride layer 7a is ex-
posed to outside. That is, the depth of the concave por-
tion 8 is approximately equal to the thickness of the no-
ble metal layer 7b. However, the depth of the concave
portion 8 may be less than, for example about one-half
of, the thickness of the noble metal layer 7b.

[0054] Inthe electron source 10 or the electron source
device 10a as a ballistic electron surface-emitting type
electron source according to the second embodiment,
steps of emitting electrons or an electron emission mod-
elis the same as that of the electron source 10 according
to the first embodiment (see Figs. 2 and 3). Thus, as
with the electron source 10 according to the first embod-
iment, the electron source 10 according to the second
embodiment exhibits enhanced electron emission char-
acteristics having a low dependence on vacuum degree
and free from the popping phenomenon, and thereby
can emit electrons stably.

[0055] As above, in the electron source 10 according
to the second embodiment, the surface electrode 7 is
composed of the conductive carbide or conductive ni-
tride layer 7a and the noble metal layer 7b, and the sur-
face of the multilayer film is formed with the number of
concave portions 8 allowing the multilayer film to have
a locally reduced thickness. Thus, an energy loss due
to electron scattering caused in the surface electrode 7
will be reduced in the region of the surface electrode 7
formed with the concave portions 8 as comparted to oth-
er region. Further, electron emission characteristics can
be enhanced while suppressing the increase of electri-
cal resistance in the surface electrode 7, because the
electrical resistance of the surface electrode 7 is sub-
stantially determined by the film thickness of the multi-
layer film composed of the conductive carbide or con-
ductive nitride layer 7a and the noble metal layer 7b.
[0056] When a glass substrate is used as the sub-
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strate 1, the glass substrate may be appropriately se-
lected from a silica glass substrate, no-alkali glass sub-
strate, low-alkali glass substrate or soda-lime glass sub-
strate, depending on a process temperature. In case of
employing a ceramic substrate, the substrate 1 may be
composed, for example, of an alumina substrate. The
electron source 10 according to the first embodiment
may be used as an electron source for display devices.
In this case, a suitable patterning of the lower electrode
2, the surface electrode 7 and the electron transit layer
6 may be appropriately selected.

[0057] With reference to Figs. 6A to 6E, a manufac-
turing process of the electron source 10 according to the
second embodiment will be described below.

[0058] A lower electrode 2 composed of a metal film
(e.g. molybdenum film) having a given film thickness (e.
g. about 300 nm) is first formed on one of the principal
surfaces of a substrate 1 composed of a silica glass sub-
strate. Then, a non-doped polycrystalline silicon layer 3
having a given film thickness (e.g. 1.5 um) is formed on
the lower electrode 2 to provide the structure as shown
in Fig. 6A. The lower electrode 2 may be formed, for
example, through a sputtering method or a CVD meth-
od. Alternatively, the lower electrode 2 may be formed
through a method of forming a non-doped polycrystal-
line silicon layer and then doping an n-type impurity into
the polycrystalline silicon layer by means of a thermal
diffusion method, or another method of forming a non-
doped polycrystalline silicon layer and simultaneously
doping an n-type impurity into the polycrystalline silicon
layer (i.e. forming an conductive polycrystalline silicon
layer directly on the substrate 1 without using an ion-
implantation method or thermal diffusion method).
[0059] By using the co-doping method of doping si-
multaneously with film formation as the method for form-
ing the lower electrode 2, the lower electrode 2 and the
non-doped polycrystalline silicon layer 3 can be contin-
uously formed by the same film forming apparatus with-
out any carry-in-and-out operation. The lower electrode
2 is not limited to the n-type polycrystalline silicon layer,
and it may be composed of a p-type polycrystalline sili-
con layer. In this case, a p-type impurity may be doped
inthe non-doped polycrystalline silicon layer 3. The non-
doped polycrystalline silicon layer 3 may be formed
through various film forming methods such as a CVD
method (e.g. LPCVD method, plasma CVD method or
catalytic-CVD method), a sputtering method, a CGS
method, or a method of depositing amorphous silicon
and then laser-annealing the amorphous silicon.
[0060] After the non-doped polycrystalline silicon lay-
er 3 has been formed, an anodizing process is per-
formed to form a porous polycrystalline silicon layer 4 in
which polycrystalline silicon grains 51 (see Fig. 3), sili-
con nanocrystals 63 (see Fig. 3) and amorphous silicons
are mixed together. Through this step, the structure as
shown in Fig. 6B is obtained. Hereupon, the procedure
for performing the anodizing process is as same as that
of the first embodiment.
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[0061] After the completion of the anodizing process,
an oxidation process is performed to form an electron
transit layer 6 composed of the composite nanocrystal
layer having the structure as shown in Fig. 3. Through
this step, the structure as shown in Fig. 6C is obtained.
[0062] In the oxidation process, the porous polycrys-
talline silicon layer 4 is oxidized, for example, through a
rapid heating method to form the electron transit layer
6 (see Fig. 3) including the grains 51, the silicon nanoc-
rystals 63, and the silicon oxide films 52, 64. The pro-
cedure for performing the oxidation process is as same
as that of the first embodiment.

[0063] After the electron transit layer 6 has been
formed, a conductive carbide or conductive nitride layer
7a having a given film thickness (appropriately selected
in the range of 1 nm to 4 nm) and a noble metal layer
7b having a given film thickness (e.g. 3 nm) are sequen-
tially formed on the electron transit layer 6, for example,
through a sputtering method. Through this step, a multi
layer composed of the conductive carbide or conductive
nitride layer 7a and the noble metal layer 7b is formed,
and the structure as shown in Fig. 6D is obtained. A
method for forming the conductive carbide or conductive
nitride layer 7a may be selected from various thin-film
forming methods such as a sputtering method (e.g. RF
sputtering method, RF magnetron sputtering method,
DC sputtering method, DC magnetron sputtering meth-
od, or reactive sputtering method), a vacuum evapora-
tion method, and a CVD method. Alternatively, the con-
ductive carbide or conductive nitride layer 7a may be
formed through a method of depositing a metal film on
the electron transit layer 6 by means of the sputtering
method or vacuum evaporation method and then an-
nealing the metal film under gas atmosphere including
carbon or nitrogen, or through another method of de-
positing a metal film on the electron transit layer 6 by
means of the sputtering method or vacuum evaporation
method and then implanting carbon ion or nitrogen ion
into the metal film. A method for forming the noble metal
layer 7b may be selected from various thin-film forming
methods such as a sputtering method (e.g. RF sputter-
ing method, RF magnetron sputtering method, DC sput-
tering method or DC magnetron sputtering method), a
vacuum evaporation method, and a CVD method.
[0064] Then, through a heat treatment process, a
number of concave portions are formed on the multilay-
er composed of the conductive carbide or conductive
nitride layer 7a and the noble metal layer 7b, and the
electron source 10 having the structure as shown in Fig.
6E is obtained. In the heat treatment process, the mul-
tilayer is subjected to a heat treatment at a temperature
in the range of 300 °C to 450 °C for a given time-period
(e.g. 15 minutes to 120 minutes) under nitrogen atmos-
phere. Thus, the concave portion can be formed at a
relatively low process temperature. While the heat treat-
ment is performed under nitrogen atmosphere in this
heat treatment process, it may be performed under any
other suitable inert gas atmosphere or in vacuum. A us-
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able heat treatment may include an annealing using an
electric furnace, an annealing based on light irradiation
(e.g. lamp annealing), and a laser annealing.

[0065] The manufacturing process of the electron
source 10 according to the second embodiment can fa-
cilitate manufacturing the electron source 10 having en-
hanced electron emitting efficiency with suppressing the
increase of electrical resistance in the surface electrode
7.

[0066] In the second embodiment, also, the oxidation
process may be substituted with a nitriding process or
an oxynitriding process as same as the case of the first
embodiment.

[0067] Inthe second embodiment, the electron transit
layer 6 is composed of the composite nanocrystal layer
as shown in Fig. 3. Alternatively, the electron transit lay-
er 6 may be composed of an insulative layer made, for
example, of Al,O3, SiO, or the like. In this case, the elec-
tron source provided with a semiconductor layer can op-
erate as with an electron source having the MIS struc-
ture. On the other hand, the electron source provided
with no semiconductor layer can operate as with an
electron source having the MIM structure. In either elec-
tron source, electron emission characteristics can be
improved by appropriately setting the thickness of the
electron transit layer. In addition, the forming process of
the electron transit layer can be simplified.

(Third Embodiment)

[0068] A third embodiment of the present invention
will be described below.

[0069] As shown in Fig. 7, an electron source 10 ac-
cording to the third embodiment comprises a substrate
1 composed of an insulative substrate (e.g. insulative
glass substrate or insulative ceramic substrate), and an
electron source device 10a formed on one of the princi-
pal surfaces of the substrate 1. The electron source de-
vice 10b comprises a lower electrode 2 formed on the
selected principal surface of the substrate 1, a semicon-
ductor layer or a non-doped polycrystalline silicon layer
3 formed on the lower electrode 2, an after-mentioned
electron transit layer 6 formed on the polycrystalline sil-
icon layer 3, and a surface electrode 7 formed on the
electron transit layer 6. In the electron source device
10b, the surface electrode 7 and the lower electrode 2
are disposed opposed to one another, and the electron
transit layer 6 is interposed between the surface and
lower electrodes. The thickness of the lower electrode
2 is set atabout 300 nm, and the thickness of the surface
electrode 7 is set such that it does not exceed 10 nm.
[0070] While the third embodiment employs the insu-
lative substrate as the substrate 1, any other suitable
semiconductor substrate such as a silicon substrate
may be used as the substrate 1, and the lower electrode
2 may be comprised of the semiconductor substrate and
a conductive layer (e.g. ohmic electrode) deposited on
the semiconductor substrate. Further, while the poly-
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crystalline silicon layer 3 is interposed between the elec-
tron transit layer 6 and the lower electrode 2, the elec-
tron transit layer 6 may be formed directly on the lower
electrode 2 without interposing the polycrystalline sili-
con layer 3.

[0071] The lower electrode 2 is composed of a thin
film made of the same metal as that of the lower elec-
trode 2 of the electron source according to the second
embodiment.

[0072] The electron transit layer 6 is formed by sub-
jecting the polycrystalline silicon layer to a anodizing
process and an oxidation process as described later.
The electron transit layer 6 in the third embodiment in-
cludes grains 51, silicon oxide films 52, silicon nanoc-
rystals 63, and silicon oxide films 64 as with the electron
transit layer 6 in the first embodiment (see Fig. 3), and
the remaining region other than the grains 51, silicon
nanocrystals 63 and silicon oxide films 52, 64 is formed
as an amorphous region made of amorphous silicon or
partially oxidized amorphous silicon as with the electron
transit layer 6 in the second embodiment.

[0073] The surface electrode 7 is composed of a con-
ductive nitride layer 7c deposited on the electron transit
layer 6 and a metal layer 7d deposited on the conductive
nitride layer 7c. The conductive nitride layer 7c is made
of conductive nitride consisting of titanium nitride. Gen-
erally, the conductive nitride has a relatively high con-
ductivity, a melting point higher than that of noble metal
such as gold, and an excellent diffusion barrier perform-
ance. In addtion, the conductive nitride has an oxidation
resistance superior to that of metal such as tungsten or
aluminum. The conductive nitride having these proper-
ties usable in the conductive nitride layer 7c is not limited
to titanium nitride, and it may be chromium nitride, mo-
lybdenum nitride, tungsten nitride, vanadium nitride,
niobium nitride, tantalum nitride, zirconium nitride, or
hafnium nitride. In view of thermal stability, work function
and reproducibility, it is preferable to use either one of
titanium nitride, zirconium nitride, hafnium nitride, nio-
bium nitride and tantalum nitride.

[0074] The metal layer 7d is made of platinum which
is one of noble metals. The material of the metal layer
7d is not limited to platinum, and the metal layer 7d may
be made of any other suitable noble metal such as gold
or iridium. However, platinum is particularly effective to
assure thermal stability.

[0075] Inthe surface electrode 7, the thickness of the
conductive nitride layer 7c is set such that it does not
exceed 4 nm, and the total thickness of the conductive
nitride layer 7c and the metal layer 7d is set such that it
does not exceed 10 nm, in order to suppress the dete-
rioration of electron emitting efficiency or provide other
advantages.

[0076] Inthe electron source 10 or the electron source
device 10b as a ballistic electron surface-emitting type
electron source according to the third embodiment,
steps of emitting electrons or an electron emission mod-
elis the same as that of the electron source 10 according
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to the first embodiment (see Figs. 2 and 3). Thus, as
with the electron source 10 according to the first embod-
iment, the electron source 10 according to the third em-
bodiment exhibits enhanced electron emission charac-
teristics having a low dependence on vacuum degree
and free from the popping phenomenon, and thereby
can emit electrons stably.

[0077] Inthe electron source 10 according to the third
embodiment, the surface electrode 7 is composed of the
conductive nitride layer 7c made of conductive nitride
and deposited on the electron transit layer 6, and the
metal layer 7d deposited on the conductive nitride layer
7c. As described above, the conductive nitride has a rel-
atively high conductivity, a melting point higher than that
of noble metal such as gold, an excellent diffusion bar-
rier performance, and an oxidation resistance superior
to that of metal such as tungsten or aluminum. In add-
tion, the conductive nitride layer 7c has an excellent ad-
hesiveness to the metal layer 7d. Thus, as compared to
an electron source having a surface electrode com-
posed of a metal thin-film, the electron source 10 ac-
cording to the third embodiment can provide enhanced
thermal resistance of the surface electrode 7 while sup-
pressing the deterioration of electron emission charac-
teristics. Thatis, the electron source 10 according to the
third embodiment can suppress undesirable agglomer-
ation otherwise caused in the material of the surface
electrode 7 to prevent the deterioration of electron emis-
sion characteristics due to a thermal process such as
the vacuum-sealing process. Further, the surface elec-
trode 7 composed of the conductive nitride layer 7c and
the metal layer 7d can prevent respective atoms consti-
tuting the surface electrode 7 and the electron transit
layer 6 from being diffused therebetween. Thus, the ma-
terials of the surface electrode 7 and the electron transit
layer 6 can be selected from various alternatives. The
surface electrode 7 may be formed of only the conduc-
tive nitride layer.

[0078] While the third embodiment employs the glass
substrate as the substrate 1, the glass substrate may
be substituted with any other suitable substrate in the
same manner as that in the second embodiment. The
electron source 10 according to the third embodiment
may also be used as an electron source for display de-
vices in the same manner as that in the second embod-
iment.

[0079] With reference to Figs. 8A to 8D, a manufac-
turing process of the electron source 10 according to the
third embodiment will be described below.

[0080] A lower electrode 2 composed of a metal film
(e.g. molybdenum film) having a given film thickness (e.
g. about 300 nm) is first formed on one of the principal
surfaces of a substrate 1 composed of a silica glass sub-
strate. Then, a non-doped polycrystalline silicon layer 3
having a given film thickness (e.g. 1.5 um) is formed on
the lower electrode 2 to provide the structure as shown
in Fig. 8A. The procedure for forming the lower electrode
2 and the procedure for forming the non-doped polycrys-
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talline silicon layer 3 are as same as those of the second
embodiment.

[0081] After the non-doped polycrystalline silicon lay-
er 3 has been formed, an anodizing process is per-
formed to form a porous polycrystalline silicon layer 4 in
which polycrystalline silicon grains 51 (see Fig. 3), sili-
con nanocrystals 63 (see Fig. 3) and amorphous silicons
are mixed together. Through this step, the structure as
shown in Fig. 8B is obtained. The procedure for perform-
ing the anodizing process is as same as that of the first
embodiment.

[0082] After the completion of the anodizing process,
an oxidation process is performed to form an electron
transit layer 6 composed of the composite nanocrystal
layer having the structure as shown in Fig. 3. Through
this step, the structure as shown in Fig. 8C is obtained.
In the oxidation process, the composite nanocrystal lay-
er 4 is oxidized, for example, through a rapid heating
method to form the electron transit layer 6 (see Fig. 3)
including the grains 51, the silicon nanocrystals 63, and
the silicon oxide films 52, 64. The procedure for perform-
ing the oxidation process is as same as that of the first
embodiment.

[0083] After the electron transit layer 6 has been
formed, a conductive nitride layer 7c having a given film
thickness (e.g. 1 nm) and a metal layer 7d having a given
film thickness (e.g. 3 nm) are sequentially formed on the
electron transit layer 6, for example, through a sputter-
ing method. Through this step, a surface electrode 7
composed of the conductive nitride layer 7c and the met-
al layer 7d is formed, and the electron source 10 having
the structure as shown in Fig. 8D is obtained.

[0084] The manufacturing process of the electron
source 10 according to the third embodiment can pro-
vide the electron source 10 having enhanced thermal
resistance with suppressing the deterioration of electron
emission characteristics.

[0085] In the third embodiment, the conductive nitride
layer 7c of the surface electrode 7 is formed through a
sputtering method. A usable sputtering method may be
selected from various types such as an RF sputtering
method, RF magnetron sputtering method, DC sputter-
ing method and DC magnetron sputtering method. The
conductive nitride layer 7c is formed through a sputter-
ing method using a target consisting of conductive ni-
tride. This method can provide the conductive nitride
layer 7c having a low surface roughness with excellent
reproducibility and stability as well as a high throughput,
which achieves a reduced manufacturing cost and an
increased electron emitting area of the electron source
10. In addtion, an existing sputtering apparatus can be
readily diverted to an apparatus for forming the conduc-
tive nitride layer 7¢, which provides a downsized equip-
ment investment and a reduced equipment cost. Thus,
the electron source 10 having enhanced thermal resist-
ance with suppressing the deterioration of electron
emission characteristics can be provided at a lower cost.
Further, the conductive nitride 7c layer can be formed
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at a relatively low process temperature.

[0086] The method for forming the conductive nitride
layer 7c¢ is not limited to the aforementioned sputtering
methods. For example, the conductive nitride layer may
be formed through a vacuum evaporation method using
a deposition source consisting of conductive nitride, or
a reactive sputtering method using a target consisting
of metal (pure metal) and gas (reactive gas) including
nitrogen. The vacuum evaporation method or the reac-
tive sputtering method can also provide the conductive
nitride layer 7¢ having a low surface roughness with ex-
cellent reproducibility and stability as well as a high
throughput, which achieves a reduced manufacturing
cost and an increased electron emitting area of the elec-
tron source 10. Thus, the electron source 10 having en-
hanced thermal resistance with suppressing the deteri-
oration of electron emission characteristics can be pro-
vided at a lower cost. Further, the conductive nitride lay-
er can be formed at a relatively low process tempera-
ture. In addtion, when the conductive nitride layer 7c is
formed through the vacuum evaporation method, an ex-
isting vacuum evaporation apparatus can be readily di-
verted to an apparatus for forming the conductive nitride
layer 7c, which provides a downsized equipment invest-
ment and a reduced equipment cost.

[0087] The reactive sputtering method using a target
consisting of metal (pure metal) and gas (reactive gas)
including nitrogen can facilitate the control of nitrogen
concentration in the conductive nitride layer 7c. That is,
in the reactive sputtering method, a type of the reaction
gas and a mixing ratio of inert gas such as Ar to the
reactive gas including nitrogen atoms can be selected
to control the composition of nitrogen in the conductive
nitride layer 7c. Thus, the reactive sputtering method
can provide the conductive nitride layer 7c having a ni-
trogen composition controlled at a desired value.
[0088] Generally, as compared to the nitride target,
the pure metal target having a higher purity is widely
placed on the market. Thus, the reactive sputtering
method can provide the conductive nitride layer 7c in-
cluding a less amount of metal impurities as compared
to the sputtering method using conductive nitride as a
target, and thereby performance decrement due to im-
purities can be suppressed.

[0089] Alternatively, the conductive nitride layer 7¢
may be formed through a CVD method. The CVD meth-
od can also provide the conductive nitride layer 7¢ hav-
ing a low surface roughness with excellent reproducibil-
ity and stability as well as a high throughput, which
achieves a reduced manufacturing cost and an in-
creased electron emitting area of the electron source 10.
Thus, the electron source 10 having enhanced thermal
resistance with suppressing the deterioration of electron
emission characteristics can be provided at alower cost.
Further, the CVD method is excellent in a step-coverage
performance. Since a thermal CVD method typically in-
volves a process temperature of 600 °C or more, it is
preferable to use the plasma CVD method capable of
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lowering the process temperature.

[0090] Inthe step of forming the conductive nitride lay-
er 7c¢, the conductive nitride layer 7c may be formed by
depositing a metal film (e.g. titanium film) on the electron
transit layer 6 through a vacuum evaporation method or
a sputtering method and then implanting nitrogen ions
into the metal film. This method can also form the con-
ductive nitride layer 7c having a low surface roughness
with excellent reproducibility and stability. In addition,
this method can reduce the roughness of the interface
between the conductive nitride layer 7c and the metal
layer 7b, which achieves a reduced manufacturing cost
and an increased electron emitting area of the electron
source 10. Thus, the electron source 10 having en-
hanced thermal resistance with suppressing the deteri-
oration of electron emission characteristics can be pro-
vided at a lower cost. Further, this method can form the
conductive nitride layer 7c at a relatively low process
temperature, and facilitate the control of conductivity in
the conductive nitride layer 7c.

[0091] Alternatively, in the step of forming the conduc-
tive nitride layer 7c, the conductive nitride layer 7¢ may
be formed by depositing a metal film (e.g. titanium film)
on the electron transit layer 6 through a vacuum evap-
oration method or a sputtering method and then subject-
ing the metal film to a heat treatment under gas atmos-
phere including nitrogen. This method can also form the
conductive nitride layer 7c having a low surface rough-
ness with excellent reproducibility and stability. In addi-
tion, this method can reduce the roughness of the inter-
face between the conductive nitride layer 7c and the
metal layer 7b, which achieves a reduced manufactur-
ing cost and an increased electron emitting area of the
electron source 10. Thus, the electron source 10 having
enhanced thermal resistance with suppressing the de-
terioration of electron emission characteristics can be
provided at a lower cost.

[0092] In the third embodiment, also, the oxidation
process may be substituted with a nitriding process or
an oxynitriding process as same as the case of the first
embodiment.

[0093] The lower electrode 2 may be formed to have
a multilayer structure, and at least one of the layers may
be formed as a conductive nitride layer. The conductive
nitride has a relatively high conductivity, a melting point
higher than that of noble metal such as gold, an excel-
lent diffusion barrier performance, and an oxidation re-
sistance superior to that of metal such as tungsten or
aluminum. Thus, as compared to an electron source
having a lower electrode 2 made of a metal, the lower
electrode 2 having the conductive nitride layer can have
enhanced thermal resistance with suppressing the de-
terioration of electron emission characteristics to pre-
vent the deterioration of electron emission characteris-
tics due to a thermal process such as the vacuum-seal-
ing process. Further, since the lower electrode 2 is com-
posed of the multilayer structure having at least one of
conductive nitride layer, the conductive nitride layer can
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provide enhanced thermal resistance of the lower elec-
trode 2. Further, another layer deposited on the conduc-
tive nitride layer can be arranged to provide reduced
electric resistance of the lower electrode 2, and en-
hanced adhesiveness between the lower electrode 2
and a layer forming an interface together with the lower
electrode 2. It is to be understood that the entire lower
electrode 2 may be composed of a conductive nitride
layer.

[0094] The conductive nitride layer used in the lower
electrode 2 may be made of the same conductive nitride
as the material used in the conductive nitride layer 7¢ of
the surface electrode 7. Further, the conductive nitride
layer of the lower electrode 2 may be formed through
the same method as that for forming the conductive ni-
tride layer 7c of the surface electrode 7.

(Fourth Embodiment)

[0095] A fourth embodiment of the present invention
will be described below.

[0096] As shown in Fig. 9, an electron source 10 ac-
cording to the fourth embodiment comprises a substrate
1 composed of an insulative substrate (e.g. insulative
glass substrate or insulative ceramic substrate), and a
lower electrode 2 formed on one of the principal surfac-
es of the substrate 1. A semiconductor layer or a non-
doped polycrystalline silicon layer 3 is formed on the
lower electrode 2. An electron transit layer 6 (strong-
field drift layer) composed of an oxidized porous poly-
crystalline silicon layer is formed on the polycrystalline
silicon layer 3. Further, a surface electrode 7 is formed
on the electron transit layer 6. Specifically, in the elec-
tron source 10, the surface electrode 7 and the lower
electrode 2 are disposed opposed to one another, and
the electron transit layer 6 is interposed between the
surface and lower electrodes. The thickness of the sur-
face electrode 7 is set at 12 nm or less. While the fourth
embodiment employs the insulative substrate as the
substrate 1, any other suitable semiconductor substrate
such as a silicon substrate may be used as the substrate
1. Further, while the polycrystalline silicon layer 3 is in-
terposed between the electron transit layer 6 and the
lower electrode 2, the electron transit layer 6 may be
formed directly on the lower electrode 2 without inter-
posing the polycrystalline silicon layer 3.

[0097] Inthe electron source 10 as a ballistic electron
surface-emitting type electron source according to the
fourth embodiment, steps of emitting electrons or an
electron emission model is the same as that of the elec-
tron source 10 according to the first embodiment (see
Figs. 2 and 3). Thus, as with the electron source 10 ac-
cording to the first embodiment, the electron source 10
according to the fourth embodiment exhibits enhanced
electron emission characteristics having a low depend-
ence on vacuum degree and free from the popping phe-
nomenon, and thereby can emit electrons stably.
[0098] While the fourth embodiment employs the
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glass substrate as the substrate 1, the glass substrate
may be substituted with any other suitable substrate in
the same manner as that in the second embodiment.
The electron source 10 according to the fourth embod-
iment may also be used as an electron source for display
devices in the same manner as that in the second em-
bodiment.

[0099] The lower electrode 2 is made of highly doped
n-type polycrystalline silicon. However, the material of
the lower electrode 2 is not limited to the n-type poly-
crystalline silicon, and the lower electrode 2 may be
made of metal such as Cr, W, Ti, Al, Cu, Au, Pt or Mo;
alloy containing such metal; or impurity-doped semicon-
ductor other than polycrystalline silicon.

[0100] The surface electrode 7 is composed of a con-
ductive carbide layer 7e deposited on the electron tran-
sit layer 6 and a noble metal layer 7f deposited on the
conductive carbide layer 7e. The conductive carbide
layer 7e is made of conductive carbide consisting of zir-
conium carbide. Generally, the conductive carbide has
a relatively high conductivity, a relatively low work func-
tion, a melting point higher than that of noble metal such
as gold, and an excellent diffusion barrier performance.
In addtion, the conductive carbide has an oxidation re-
sistance superior to that of metal such as tungsten or
aluminum. The conductive carbide having these prop-
erties usable in the conductive carbide layer 7e is not
limited to zirconium carbide, and it may be chromium
carbide, molybdenum carbide, tungsten carbide, vana-
dium carbide, niobium carbide, tantalum carbide, titani-
um carbide, or hafnium carbide. In view of thermal sta-
bility, work function and reproducibility, it is preferable to
use either one of zirconium carbide, titanium carbide
and hafnium carbide.

[0101] The noble metal layer 7f is made of platinum
which is one of noble metals (That is, the noble metal
layer 7f is composed of a layer-structured platinum lay-
er). However, the noble metal to be used is not limited
to platinum, and the noble metal layer 7f may be made
of any other suitable noble metal such as gold or iridium.
Further, a portion of the noble metal layer 7f may be
composed of a layer-structured platinum layer, and the
remaining portion may be made of different noble metal
other than platinum.

[0102] In the surface electrode 7, the thickness of the
conductive carbide layer 7e is preferably set at 4 nm or
less, and the thickness of the noble metal layer 7f s pref-
erably setat 8 nm or less. More preferably, the thickness
of the conductive carbide layer 7e is set at 2 nm or less,
and the thickness of the noble metal layer 7f is set at 4
nm or less to provide enhanced electron emitting effi-
ciency.

[0103] In the electron source 10 according to the
fourth embodiment, the surface electrode 7 is com-
posed of the conductive carbide layer 7e made of con-
ductive carbide and the noble metal layer 7f made of
noble metal. As described above, the conductive car-
bide has a relatively high conductivity, a relatively low
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work function, a melting point higher than that of noble
metal, an excellent diffusion barrier performance, and
an oxidation resistance superior to that of metal such as
tungsten or aluminum. In addtion, the conductive car-
bide layer 7e has an excellent adhesiveness to the noble
metal layer 7f. Thus, as compared to an electron source
having a surface electrode composed of a metal thin-
film, the electron source 10 according to the fourth em-
bodiment can provide enhanced thermal resistance of
the surface electrode 7 while suppressing the deterio-
ration of electron emission characteristics. That is, the
electron source 10 according to the fourth embodiment
can suppress undesirable agglomeration otherwise
caused in the material of the surface electrode 7 to pre-
vent the deterioration of electron emission characteris-
tics due to a thermal process such as the vacuum-seal-
ing process.

[0104] Further, the surface electrode 7 composed of
the conductive carbide layer 7e and the noble metal lay-
er 7f can prevent respective atoms constituting the sur-
face electrode 7 and the electron transit layer 6 from
being diffused therebetween. Thus, the materials of the
surface electrode 7 and the electron transit layer 6 can
be selected from various alternatives.

[0105] With reference to Figs. 10A to 10D, a manu-
facturing process of the electron source 10 according to
the fourth embodiment will be described below.

[0106] A non-doped polycrystalline silicon layer hav-
ing a given film thickness (e.g. 1 um) is first formed on
one of the principal surfaces of the substrate 1, and an
n-type impurity is doped into the polycrystalline silicon
layer through an ion-implantation method or heat treat-
ment to form a lower electrode 2 composed of a con-
ductive polycrystalline silicon layer (n-type polycrystal-
line silicon layer). Then, an additional non-doped poly-
crystalline silicon layer 3 having a given film thickness
(e.g. 1.5 um) is formed on the side of the selected prin-
cipal surface of the substrate 1 (on the lower electrode
2) to provide the structure as shown in Fig. 10A. The
procedure for forming the non-doped polycrystalline sil-
icon layer 3 is as same as that of the second embodi-
ment. When the lower electrode 2 is made of metal such
as Cr, W, Ti, Al, Cu, Au, Pt or Mo, or alloy containing
such meta, the lower electrode 2 may be formed, for ex-
ample, through a sputtering method or vacuum evapo-
ration method.

[0107] After the non-doped polycrystalline silicon lay-
er 3 has been formed, a porous region is provided up to
a given depth of the polycrystalline silicon layer 3 by
means of an anodizing process. Through this step, a po-
rous semiconductor layer or a porous polycrystalline sil-
icon layer 4 is formed, and thus the structure as shown
in Fig. 10B is obtained. The procedure for performing
the anodizing process is as same as that of the first em-
bodiment.

[0108] After the completion of the anodizing process,
the porous polycrystalline silicon layer 4 is oxidized
through an oxidation process. Through this step, an
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electron transit layer 6 composed of the oxidized porous
polycrystalline silicon layer is formed, and thus the struc-
ture as shown in Fig. 10C is obtained. In the oxidation
process, the porous polycrystalline silicon layer 4 is ox-
idized, for example, through a rapid heating method to
form the electron transit layer 6 including the grains 51,
the silicon nanocrystals 63, and the silicon oxide films
52, 64 (see Fig. 3). The procedure for performing the
oxidation process is as same as that of the first embod-
iment.

[0109] After the electron transit layer 6 has been
formed, a conductive carbide layer 7e and a noble metal
layer 7f are sequentially formed, for example, through a
sputtering method. Through this step, a surface elec-
trode 7 composed of the conductive carbide layer 7e
and the noble metal layer 7f is formed on the electron
transit layer 6, and thus the electron source 10 having
the structure as shown in Fig. 10D is obtained.

[0110] The manufacturing process of the electron
source 10 according to the fourth embodiment can pro-
vide the electron source 10 having enhanced thermal
resistance with suppressing the deterioration of electron
emission characteristics.

[0111] In the fourth embodiment, the conductive car-
bide layer 7e of the surface electrode 7 is formed
through a sputtering method. A usable sputtering meth-
od may be selected from various types such as an RF
sputtering method, RF magnetron sputtering method,
DC sputtering method and DC magnetron sputtering
method. In this case, the conductive carbide layer 7e is
formed through a sputtering method using a target con-
sisting of conductive carbide. These methods can pro-
vide the conductive carbide layer 7e having a low sur-
face roughness with excellent reproducibility and stabil-
ity as well as a high throughput, which achieves a re-
duced manufacturing cost and an increased electron
emitting area of the electron source 10. In addtion, an
existing sputtering apparatus can be readily diverted to
an apparatus for forming the conductive carbide layer
7e, which provides a downsized equipment investment
and areduced cost. Thus, the electron source 10 having
enhanced thermal resistance with suppressing the de-
terioration of electron emission characteristics can be
provided at a lower cost. Further, the conductive carbide
layer 7e can be formed at a relatively low process tem-
perature.

[0112] The film forming method for the conductive
carbide layer 7e is not limited to the aforementioned
sputtering methods. For example, the conductive car-
bide layer 7e may be formed through a vacuum evapo-
ration method using a deposition source consisting of
conductive carbide, or a reactive sputtering method us-
ing a target consisting of metal (pure metal) and gas (re-
active gas) including carbon. The vacuum evaporation
method or the reactive sputtering method can also pro-
vide the conductive carbide layer 7e having a low sur-
face roughness with excellent reproducibility and stabil-
ity as well as a high throughput, which achieves a re-
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duced manufacturing cost and an increased electron
emitting area of the electron source 10. Thus, the elec-
tron source 10 having enhanced thermal resistance with
suppressing the deterioration of electron emission char-
acteristics can be provided at a lower cost. Further, the
conductive carbide layer 7e can be formed at a relatively
low process temperature. In addtion, when the conduc-
tive carbide layer 7e is formed through the vacuum
evaporation method, an existing vacuum evaporation
apparatus can be readily diverted to an apparatus for
forming the conductive carbide layer 7e, which provides
a downsized equipment investment and a reduced
equipment cost.

[0113] An EB (Electron Beam) vacuum evaporation
method is one of appropriate vacuum evaporation meth-
ods to be used, because conductive carbide has a high
melting point. On the other hand, the reactive sputtering
method using a target consisting of metal (pure metal)
and gas (reactive gas) including carbon can facilitate the
control of carbon concentration in the conductive car-
bide layer 7e. That is, in the reactive sputtering method,
a type of the reactive gas or a mixing ratio of inert gas
such as Ar to the reactive gas including carbon atoms
can be appropriately selected to control a carbon con-
centration in the conductive carbide layer 7e so as to
provide the conductive carbide layer 7e having a desired
carbon concentration. Further, when using the reactive
sputtering method, a desired film of titanium carbide, zir-
conium carbide or hafnium carbide can be formed at a
relatively low substrate temperature of 150 to 500 °C.
[0114] Generally, as compared to the carbide target,
the pure metal target having a higher purity is widely
placed on the market. Thus, the reactive sputtering
method can provide the conductive carbide layer 7e in-
cluding a less amount of metal impurities as compared
to the sputtering method using conductive carbide as a
target, and thereby performance decrement due to im-
purities can be suppressed. In view of film-thickness uni-
formity and coverage performance of the surface of a
conductive carbide layer 7e having a thickness of 4 nm
or less as in the fourth embodiment, the sputtering meth-
od, vacuum evaporation method or reactive sputtering
method is more advantageous than other film forming
methods to form such a conductive carbide layer.
[0115] In the fourth embodiment, the electron transit
layer 6 is composed of the oxidized porous polycrystal-
line silicon layer. Alternatively, the electron transit layer
6 may be composed of a nitrided porous polycrystalline
silicon layer or an oxynitrided porous polycrystalline sil-
icon layer. Further, the electron transit layer 6 may be
composed of any other suitable oxidized, nitrided or ox-
ynitrided porous semiconductor layer. The oxidation, ni-
triding or oxynitriding method and the characteristics or
advantages in these cases are as described in the first
embodiment.
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(Example)

[0116] With reference to Fig. 11, a measurement re-
sult of electron emission characteristics in both states
before and after an actually produced electron source
10 through the manufacturing process according to the
fourth embodiment was subjected to a heat treatment
will be described below.
[0117] In this example, a silicon substrate was used
as the substrate 1, an n-type polycrystalline silicon layer
being used as the lower electrode 2, an oxidized porous
polycrystalline silicon layer being used as the electron
transit layer 6 (strong field drift layer), a zirconium car-
bide layer being used as the conductive carbide layer
7e of the surface electrode 7, and a platinum layer being
used as the noble metal layer 7f of the surface electrode
7. The thickness of the conductive carbide layer 7e was
2 nm, and the thickness of the noble metal layer 7f was
4 nm. The conductive carbide layer 7e was formed
through an RF magnetron sputtering method using a tar-
get consisting of zirconium carbide under Ar gas atmos-
phere.
[0118] Set out below were formation conditions of the
conductive carbide layer 7e;

Pressure of Ar gas: 0.5-7 Pa

RF power density: 0.5 - 3.0 W/cm?

Substrate temperature: 30 - 150 °C
in which the data shown in Fig. 11 was obtained from
the electron source having the conductive carbide layer
7e of zirconium carbide formed under the following con-
ditions.

Pressure of Ar gas: about 1.3 Pa

RF power density: about 1.7 W/cm?2

Substrate temperature: about 50 °C
[0119] Set out below were formation conditions of the
noble metal layer 7f;

Pressure of Ar gas: about 0.7 Pa

RF power density: about 0.6 W/cm?

Substrate temperature: about 50 °C
[0120] The electron source 10 was introduced into a
vacuum chamber (not shown) to measure the electron
emission characteristics of the electron source 10 in the
state as shown in Fig. 2. That is, the collector 21 was
positioned opposed to the surface electrode 7. Then, a
DC voltage Vps was applied between the surface and
lower electrodes such that the surface electrode 7 had
a higher potential than that of the lower electrode 7,
while another DC voltage Vc was applied between the
collector and surface and electrodes such that the col-
lector 21 had a higher potential than that of the surface
electrode 7.
[0121] Fig. 11 shows the measurement result of elec-
tron emission characteristics in the state when vacuum
degree in the vacuum chamber was set at 5 x 105 Pa,
and the DC voltage Vc was set at a constant value of
1000 V. In Fig. 11, the horizontal axis indicates the DC
voltage Vps, and the vertical axis indicates the current
density. The marks "A" indicate the current density of
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diode current Ips in the state before the heat treatment.
The marks "B" indicate the current density of emission
current le in the state before the heat treatment. The
marks "C" indicate the current density of diode current
Ips in the state after the heat treatment. The marks "D"
indicate the current density of emission current le in the
state after the heat treatment. The heat treatment was
performed under N, gas atmosphere at 400 °C for 1
hour.

[0122] As can been seen from Fig. 11, in the electron
source 10 of this example, neither emission current le
nor emission emitting efficiency are degraded by the
heat treatment. Further, in the electron source 10 of this
example, whereas the diode current Ips is reduced by
the heat treatment, the emission current le is increased.
This proves that electron emitting efficiency is improved.
While the invention has been described by reference to
specific embodiments, various modifications and alter-
ations will become apparent to those skilled in the art.
Therefore, it is not intended that the invention be limited
to the illustrative embodiments herein, but only by the
appended claims and their equivalents.

Claims
1. Afield emission-type electron source comprising:

a lower electrode;

an electron transit layer formed on said lower
electrode and composed of a composite nanoc-
rystal layer including polycrystalline silicon and
a number of nanocrystalline silicons residing
adjacent to a grain boundary of the polycrystal-
line silicon; and

a surface electrode formed on said electron
transit layer, in which

the field emission-type electron source is
adapted to allow an electron passing through
said electron transit layer to be emitted through
said surface electrode, wherein

at least a portion of said surface electrode is
made of layer-structured conductive carbide or
layer-structured conductive nitride.

2. The field emission-type electron source according
to claim 1, wherein said surface electrode includes
a conductive carbide layer or conductive nitride lay-
er deposited on said electron transit layer, and a no-
ble metal layer deposited on the conductive carbide
layer or conductive nitride layer.

3. The field emission-type electron source according
to claim 2, wherein at least a portion of the noble
metal layer is composed of a layer-structured plat-
inum layer.

4. The field emission-type electron source according
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to claim 2, wherein the conductive carbide layer or
conductive nitride layer of the surface electrode has
a thickness of 4 nm or less, while the noble metal
layer of the surface electrode has a thickness of 8
nm or less. 5

5. The field emission-type electron source according
to claim 1, wherein the conductive carbide is titani-
um carbide, zirconium carbide or hafnium carbide,
and the conductive nitride is tantalum nitride, titani- 70
um nitride, zirconium nitride or hafnium nitride.

6. A field emission-type electron source comprising:

a lower electrode; 15
a surface electrode; and

an electron transit layer interposed between
said lower electrode and said surface electrode

to allow an electron to pass therethrough,
wherein 20
the field emission-type electron source is
adapted to allow an electron passed through
said electron transit layer to be emitted through
said surface electrode, wherein

said surface electrode is composed of a multi- 25
layer film including a conductive carbide layer

or conductive nitride layer and a noble metal
layer, said surface electrode having a surface
formed with a number of concave portions al-
lowing the multilayer film to have a locally re- 30
duced thickness.

7. Afield emission-type electron source comprising:

a lower electrode; 35
an electron transit layer formed on said lower
electrode and composed of a composite nanoc-
rystal layer including polycrystalline silicon and

a number of nanocrystalline silicons residing
adjacent to a grain boundary of the polycrystal- 40
line silicon; and

a surface electrode formed on said electron
transit layer, wherein

the field emission-type electron source is
adapted to allow an electron passing through 45
said electron transit layer to be emitted through
said surface electrode, wherein

at least a portion of said lower electrode is
made of layer-structured conductive carbide or
layer-structured conductive nitride. 50

8. The field emission-type electron source according
to claim 7, wherein the conductive carbide is titani-
um carbide, zirconium carbide or hafnium carbide,
and the conductive nitride is tantalum nitride, titani- 55
um nitride, zirconium nitride or hafnium nitride.

17



EP 1 328 003 A2

18



EP 1 328 003 A2

"
XN
¥ |
2/
-

A~

. e oTe

N R/
R R BRI
242 N AN AN
mm(\//mum mmm\/num\
o ote o) ofe B350\ 7 5350
(@, N ¢ ). & ), &
ot o > s
aﬂx_. A USSA 4 A
QU L) ToR A O 5

N75550 N7 28

BB\
.._\’L: o/

52

GO

/ b, 4
— {— o~ -~ ' ‘ four
FTON N TN
ﬁm ole! »/e X ie) (0 ¥
I ANG L RIS AT
00 “ nn./ux ol S0 OO

19



Fig 44

EP 1 328 003 A2

7

W/

>
Ao,

et A

=

oS

AN
AN

e A AL e A,
7 \1 Z 77 /\ p 77 I~ 2
\ O\ \
O\ \
\ WO N NN N
\\ RN N N R N R
NN NN N

/
7
AN

Fig. 48

Fig 4C

Fig. 4D

107

B \., T

RN AR
ARTRANRING N N N

N NS TN X AL ,f.;'&-.;'";
L4l A o TR et KL L LAY oA

Z

& -.‘\

NN

ANIS
N
AN

N

AN

X
7
AN

WO N\ 2
\ \\\
\

\\ N\ \\1

2
N
AN

Z
WO\ N\
O\
O\
O\

20



EP 1 328 003 A2

Frg. 54
g 8 8 7b}7
| ey
TRy
N
\_2
N\

21

10a



Fig 64

EP 1 328 003 A2

Fig 68

AT\ W 7

7o o

VailLatr 2 R LV

7T

Firg 6C

Fig 60

Fig 6F g

w0/

2

z LLLLLLLLL.

L
VAY \ % \ N & . o~ \’;
R A RN A LA DA KR IR R P AN S
LE & L0V B SRS AL K M MY B T VIS AV 55 S

10a

AV s Siscdl YA Yeszd Y
AN AN o
N

S AN AN S
R AN R IR TN N AR
PO AL AT LXK 4 A MTI XLV BT P LT L O

Z. P
\\\\\\\\\\\
NRARL TR R RN RN
N NN N
SO\ AN NS NS

22



EP 1 328 003 A2

; fj/ 10b

AN EE AR A D NNY N
A A R R A R R A

Na
Y Lt Z gl 2 Pl 7R DA T BT R T 5 Ao
)‘ks

frg 8B ‘

TMIV DL Skl S Il W ANV BT AN M XY T T T
\—3

Fig 8C

c

D7

NN\ \
JE NNSNONNNNNNNNN
10

23



EP 1 328 003 A2

PuSiH

VAR VAT i

CTMIATViE,

= e T
\ Ll 2
NN \
O NN \
QAN NN \
WO N0 NANN
OO\

AN
N
WO\
WO\UY
N\

Fig. 10D

RN {\'\t
AR AN

,\.
AR N
MWD \.\.:\Q\\
r AN S A 2

PR
ST Ll AT
TR

AV XY Rl

24

N
\\\\
\\\\\\
ﬁ\\\\\\\\\
) \\\\\\\\
\\\\AN
N



1.0x1072
1.0x10™* |

1.0x107°

CURRENT DENSITY [A/cm’]

1.0x10°

EP 1 328 003 A2

1.0x107"°

o C
A
8 a4
o A
. 2
A
A
A
A
l
10

VOLTAGE Vps [V]

25

15

20



	bibliography
	description
	claims
	drawings

