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SPECIFICATION

TITLE OF THE INVENTION
FIELD EMISSION-TYPE ELECTRON SOURCE AND MANUFACTURING

METHOD THEREOF

BACKGROUND OF THE INVENTION
1. TPField of the Invention

The present invention relates to a field emission-type
electron source. for emitting electron beams under influence
of an electric field and also to a method of manufacturing
the same. ,
2. Description of the Prior Art

Of the various field emission-type electron sources
known in the art, a Spindt-type electrode such as disclosed
in, for example, United State Patent No. 3,665,241 has been
well known. The Spindt-type electrode includes a substrate
having a multiplicity of emitter chips of a generally
triangular pyramid shape arranged on one surface thereof,
emission holes through which respective tips of the emitter
chips are exposed to the outside, and gate layers disposed
in an insulated relat;on to the emitter chips. When the
Spindt-type electrode is in use, electrons are emitted in
vacuum from the tips of the emitter chips through the

emission holes upon application of a high voltage to the
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gate layers then serving as negative electrode relative to
the emitter chips.

It has, however, been found that the Spindt-type
electrode does not only require a complicated manufacturing
process, but difficulty has hitherto been encountered to
tailor the emitter chips of the generally triangular
pyramid shape to precise dimensions. Accordingly, when it
comes to application of the field emission electron source
to, for example, a planar light emitter or a flat display,
the Spindt-type electrode is incapable of being
manufactured in a large format with a sufficlently large
surface area for electron emission.

The Spindt-type electrode has ;n additional problem in
that the electric field tends to converge so as to
concentrate on the tips of the emitter chips. Accordingly,
where the degree of vacuum around and adjacent the tips of
the emitter chips is so low as to permit residue gas to
drift around the tips of the emitter chips, the residue gas
tends to be positive ionized by the electrons emitted and
the resultant positive ions would subsequently collide
against the tips of the emitter chips. Once this occurs,
the tips of the emitter chips are damaged {(for example, as
a result of the ion bombardment), resulting in reduction in
stability and efficiency of the current density of the

electrons emitted and alsc reduction in lifetime of the
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emitter chips.

Accordingly, in order to substantially eliminate a
possible of occurrence of those problems, the Spindt-type
electrode has to be used in a highly evacuated atmosphere
(for example, about 10"° to about 10 Pa), and, for this
reason, the use of the Spindt-type electrode tends to
result in increase of cost and handling difficulty.

To substantially eliminate the problems inherent in
the Spindt-type electrode, the field emission-type electron
sources of a type utilizing MIM (Metal Insulator ﬁetal) and
MOS (Metal Oxide Semiconductor) havé been suggested. As
the nomenclature indicates, the MIM electron source makes
use Ef a nmtal;insulatér—metal laminar strucfure whereas
the MOS electron source makes use of a metal-oxide film-
semiconductor laminar structure. 1In these field emission-
type electron sources, the insulator film or the oxide film
is required to have a relatively small thickness in order
for the electron emission efficiency to be increased (i.e.,
in order for an increased mass df electrons to be emitted}.
However, the excessively smaller the film thickness of the
insulator film or the oxide film, the more often dielectric
breakdown may occur when a voltage is applied between upper
and lower electrodes of the laminar structure. Accordingly,
in the suggested field emission-type electron sources, the

extent to which the film thickness of the insulator film or
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the oxide film can be reduced is limited. In view of the
foregoing, the suggested field emission-type electron
sources requires means to be taken to avoid any possible
dielectric breakdown and, therefore, a problem is often
encountered in sufficiently increasing the electron
emission efficiency (electron extracting efficiency).

On the other hand, the Japanese Laid-open Patent
Publication No. 8-250766 discloses a field emission-type
electron source (a semiconductor element for emission of '
cold electrons) including, in order to increase the
electron emission efficiency, a monocrystalline
semiconductor substrate - such as, for example, silicon
substrate having one ‘surface region anodized to define 5.
porous semiconductor layer (a porous silicon layer) which
is in turn overlaid by a metal thin-film. Application of a
voltage between the semiconductor substrate and the metal
thin-film resunlts in emission of electrons.

However, in the field emission-type electron source
disclosed in the above mentioned Japanese publication, a
material for the substrate is limited to a semiconductor
and, therefore, difficulty has hitherto been encountered in
providing an electron source of a large surface format at a
reduced cost. Also, this known field emission-type
electron source is susceptible to a so-called popp:.i.ng

phenomenon, accompanied by a varying quantity of electrons
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emitted. For this reason, application of this known field
emission-type electron sources to a planar light emitter or
a flat display would result in a pattern of uneven
distribution of light.

In the Japanese Patents No. 296684 (Japanese Patent
Application No. 10-272340) and No. 2987140 {Japanese Patent
Application No. 10-272342), the inventors of the present
invention have suggested the field emission-type electron
source of a type wherein the porous polycrystalline silicon
layer is oxidized by the use of a rapid thermal oxidization
technique. Oxidization of the porous polfcrystalline
silicon layer by the use of the specific technique results
in formatioﬁ, between the electroconductive substrate and
the metal thin-film, of a strong electrical field drift

layer in which electrons injected from the

electroconductive substrate can drift.

By way of example, as shown in Fig. 16, the field
emission~type electron.source {hereinafter, merely referred
te Yelectron source®™) 10' includes an electroconductive
substrate that is defined by an n-type silicon substrate 1.

The n—type silicon substrate 1 has a major surface, with a

strong electrical field drift layer (hereinafter, merely

referred to "drift layer®) 6 formed on the major surface of
the silicon substrate 1. The metal thin-film identified by

7 is formed on the drift layer 6 as a surface electrode.
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An ohmic electrode 2 is formed on the back surface of the
silicon substrate 1.

As shown in Fig. 17, the electron source 10' when in
use is disposed 'in a highly evacuated envelope together
with a collector electrode 21. confronting the surface
electrode 7. A direct current voltage Vps 1s applied
between the surface electrode 7 and .the silicon substrate 1
{specifically, the ohmic electrode 2} so that the surface
electrode 7 can be held at a positive potential relative to
the silicon substrate 1. On the other hand, a direct
current voltage Vc 1is applied between the collector
electrode 21 and the surface electrode 7 so that the
co‘llector el.e'ctrode 21 can be held at a positiwve potential
relative to the surface electrode 7. When the direct
current voltages Vps and Vc are applied in the manner
described above, electrons injected from the silicon
substrate 1 into the drift layer 6 drift within the drift
layer 6 and are then emitted through the surface electrode
7 {Single-dotted 1lines in Fig. 17 indicate flow of
electrons e  emitted through the surface electrode 7.)
Accordingly, it is considered desirable that the surface
glectrode 7 employed in the electron source 10' is made of
a material having a low work function.

The current flowing between the surface electrode 7

and the ohmic electrode 2 is generally referred to as a
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diode current Ips. On the other hand, the current flowing
between the collector electrode 21 and the surface
electrode 7 is generally referred to as an emitted electron
current Ie. The higher the ratio {Ie/Ips) of the emitted
electron current Ie relative to the diode current Ips, the

higher the electron emission efficiency. In this electron

- source 10' now under discussion, the electrons can be

emitted even though the direct current voltage Vps is as
low as 10 to 20 volts.

The electron source 10' of the structure now under
discussion has so low a dependency of the electron emission
characteristic on the degree of vacuum that no popping
phenomenon will occur at the time of ‘emission of the
electrons. For this reason, the electrons can be emitted
stably at a high electron emission efficiency.

As shown in Fig. 18, the drift layer 6 is considered
including at least polycrystalline silicon columns (grains)
51, thin silicon oxide films, fine crystalline, silicon
particles 63 in the nanometer order and silicon oxide films
64 serving as an insulator. The silicon oxide films 52 are
formed on the surfaces of the polycrystalline silicon
columns 51 with the fine crystalline silicon ﬁarticles 63
interposed among the polycrystalline silicon columns 51,
The silicon oxide films 64 ecach having a thickness smaller

than the particle size of crystals forming the fine silicon
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particles 63 are formed on the surfaces of the fine
crystalline silicon particles 63.

In the drift layer 6 of the structure described above,
it may be thought that the surface of each grain is
rendered porous while a core of the respective grain
remains. in a crystal form. Accordingly, the electric field
applied to the drift layer 6 almost acts on the silicon
oxide films 64. As the result, the electrons injected are
accélerated under influence of the strong electric field
acting on -the silicon oxide films 64 so as to drift towards
the surface through interstices among the polycrystalline
silicon columns 51 as. shown by the arrow-headed lines A in
Fig. 10 (upwarti in Fig.. 10). Accordingly, the electron
emission efficiency can be increased. It is to be noted
that the electrons arriving at the surface of the drift
layer 6 are considered hot electrons that are tunneled
through the surface electrode 7 into the highly evacuated
atmosphere within the envelope. The surface electrode 7
has a thickness chosen to be within the range of 10 to 15
nm.

In the electron spurce 10' shown in Figs. 16 and 17,
in place of the semiconductor substrate such as the n-type
silicon substrate 1 wused for the electroconductive
substrate, an in’sﬁiétiﬁg substrate such as, for example, a

glass substrate, on which an electroconductive layer such
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as, for example, an ITO film is formed may be
advantageously employed. In this case, the electron source

of a relatively large surface format can be fabricated at a

reduced cost.

¥Fig. 19 illustrates the electron source 10" utilizing
the electroconductive substrate that 1is formed by
depositing on an insulative substrate 11 such as a glass
substrate on which an electrocoﬁductive layer 8 such as an
ITO film is formed. In the electron source 10" shown in
Fig. 19, the electroconductive layer 8 in the form of the
ITO film is formed on the insulating substrate 11. The
drift layer 6 is formed on the electroconductive layer 8.
The surface electrode 7 in tﬁe form of a metal thin—film is
formed on the drift layer 6. The drift layer 6 referred to
above is formed by depositing a non-doped polycrystalline
silicon layer on the electrocoﬁductive layer 8, anodizing
the polycrystalline silicon 1ayér t¢ render the latter to
be porous and finally oxidizing or nitriding the
polycrystalline silicon layef by the use of the rapid
thermal technique.

BEven in this electron source 10", the electrons
injected from the electroconductive layer 8 into the drift
layer 6 drift within the drift layer 6 before they are
emitted to the outside through the surface electrode 7, in

a manner substantially similar to that discussed in
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connection with the electron source 10' shown in Fig. 17.
Even though the direct current voltage Vps applied between
the surface electrode 7 and the electrqconductive layer 8
in the electron source 10" is as low as 10 to 20 wvolts, the
electrons can be emitted.

However, in the electron source 10" utilizing the
insulative substrate 11 as discussed above, the drift layer
6 1is formed by depositing a non-doped polycrystalline
silicon layer on the electroconductive layer 8, anodizing
the polycrystalline silicon layer to render the latter to
be porous and finally oxidizing the polycrystalline silicon
layer by the use of the rapid thermal oxidization technique.
Since the temperature at which oxidization is carried out
i1s relatively high (for example, ranging from 800 to 9200°C),
the insulative substrate 11 is required to be prepared from
an expensive quartz glass. For this reason, the electron
source 10" has a problem in that increase of the surface
format of the electron source 10" and/or reduction in cost
of making the electron source 10" are hampered. To
substantially eliminate the problem inherent in the
electron source 10" (hence, to enable the process to be
performed at reduced temperatures), it may be envisioned to
oxidize the porous polycrystélline silicon layer in contact
with acid or irradiation of ultraviolet rays in a gaseous

atmosphere containing at least one of oxygen and ozone.
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This oxidization technique allows the insulative substrate
11 to be prepared by the use of a glass substrate (such as,
for example, a noﬁ—alkaline glass substrate, a low alkaline
glass substrate or a soda lime glass substrate) that has a
lower heat resistance than that of the quartz glass
substrate and is more inexpensive than the gquartz glass
substrate.

It is, however, to be noted that in each of the
electron sources 10' and 10", although the non-doped
polycrystalline silicon layer is rendered to be porous in
its entirety, it may be rendered to be porous in part.

However, during thg manufacture of the electron source
10" utilizing the insulative substrate 11 and paréicularly
at the time the non-doped polycrystalline silicon layer is
deposited on the electroconductive layer 8 in the form of
the IT0 film, an amorphous silicon layer of a high
resistance tends to be formed at the interface between the
eiectroconductive layer 8 and the ﬁon-doped polycrystalline
silicon layer. For this reason, the amorphous silicon
layer of a high resistance remains between the
electroconductive layer 8 and the drift layer 6 or at the
iriterface of the drift layer 6 with the electroconductive
layer 8 and, consequently, supply of the diode current Ips
tends to be accompanied by a voltage drop at the amorphous

layer which in turn results in decrease of the voltage
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applied to the drift layer 6. This brings about a problem
that the direct current wvoltage Vps necessary to secure a
desired emission current Ie tends to be iz;creased to such
an extent as to result in reduction of electron emission
gfficiency. Also, once the voltage drop occurs at the
amorphous silicon . layer, heating takes place in the
amorphous silicon layer, resulting in a loss of thermal
stability. A Schottky barrier is observed between the
alectroconductive layer 8 and the amorphous silicon layer,
and the voltage drop as well occurs at the Schottky barrier.

Further, in the electron source 10" utilizing the
insulative substrate 11, the thickness of the amorphous
layer of a high resistance has a Variancé in the plane éo
that the potential in the plane has also a variance.
Therefore, the degree to make the layer porous during the
ancdic oxidation has a variance in the plane. As the
result, there may be caused such a disadvantage that the

amount of emitted electrons has also a variance in the

pline.

The presence of the amorphous layer of a high
resistance in the drift layer 6 may often constitute a

calise of formation of an amorphous layer 6a of a relatively

‘gr¥Et thickness in the drift layer 6 as shown in, for

'E"e‘, Fig. 20. In such case, the resistance of the

drift layer 6 increases and the current flowing through the
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drift layer 6 decreases. For this reason, as compared with
the electron source 10 wutilizing the n-type silicon
substrate 1, a problem is found in that the amount of the
electrons emitted tends to be reduced. In Fig. 20,
reference numeral 6c represents a crystallized layer, other
than the amorphous layer 6a, that is included in the drift
layer 6.

Microscopic observation of the section of the electron
source 10" utilizing the insulative substrate 11, that is
carried out by the use of a transmission electron
microscope {TEM) has indicated that the amorphous layer 6a
has an uneven thickness, as shown in Fig. 21. As discugsed
above, in thé drift layer 6, éhe strongest electric field
appears in the silicon oxide film 64 formed on the surfaée
of the fine crystalline silicon layer 63. Accordingly, as
shown in Fig. 21, the uneven thickness of the amorphous
layer 6a results in a varying field intensity from place to
place on the drift layer 6. For this reason, the electron

source 10" is incapable of allowing the electrons to be

emitted uniformly from the entire surface of the surface

elactrode 7. Thus, the electron source 10" has a problem
in that the energies of the electrons emitted from the

stirface electrode 7 are not distributed uniformly.

SUMMARY OF THE INVENTION
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Accordingly, the present invention has been developed
with a view to substantially eliminating the above
discussed problems in the prior art and is Iintended to
provide an improved electron source (field emission-type
electron source) hawving a high electron emission efficiency
and a high thermal stability, and a method of manufacturing
the same. Another object of the present invention is to
provide an improved electron source of the kind referred to
above that is inexpensive, but can emit an increased amount
of electrons.

To this end, according to one aspect of the present

-invention, there is provided an electron source (i} which

includes a substrate, an electroconductive layer formed on
a major surface of the substrate, a semiconductor layer
formed on the electroconductive layer, a drift layer
(strong electrical field drift layer) in the form of an
oxidized or nitrided porous semiconductor layer formed on a
surface of the semiconductor layer remote from the
electroconductive layer, and a surface electrode formed on
the drift layer, {ii} in which when a voltage is applied
with the surface electrode used as a positive electrode
relative to the electro_conductive layer, e-:lectrons injected
from the electroconductive layer drift in the drift layer
and are then emitted through the surface electrode, {(iii)

wherein the semiconductor layer is made of a low resistance
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semiconductor material utilizing means for lowering a
resistance thereof or a low resistance semiconductor
material formed by a process for lowering a resistance
thereof.

In the electron source, since the low resistance
semiconductor crystalline layer is formed on the
electroconductive layer, the Schottky barrier resulting
from the electroconductive layer can have a reduced
thickness. For this reason, the current can be supplied by
tunneling to reduce the voltage drop which would occur
across the Schottky barrier. Accordingly, as compared with
the electron source in which the high resistance amorphous
semiconductor la&er is férméd on the electroconductive
layer, the electron source of the present invention can
exhibit a high electron emission efficiency and a high
thermal stability.

In the above-mentioned electron source, preferably, at
least a portion of the electroconductive layer adjacent the
drift layer with respect to a direction of thickness
thereof is made of an electroconductive material effective
to suppress formation of an amorphous layer in the drift
layer. In such case, the amorphous layer contained in the

drift layer can be reduced and, therefore, the amount of

electrons emitted can be increased while the cost is

reduced.
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In the above-mentioned electron source, preferably,
the electroconductive layer is made up of at least two
electroconductive films laminated one above the other. In
this case, the uppermost one of the electroconductive films
has a property of easily reacting with the semiconductor at
about a- temperature at which the drift layer is formed.
This 1is particularly advantageous in that by properly
selecting the material for the electroconductive film
except the uppermost one, the resistance of the
electroconductive layer can be reduced.

In the above-mentioned electron source, the uppermost
electroconductive film may be made of Al, Ni, or an alloy

including Al and Ni as main components. In this case, the

uppermost electroconductive layer may be produced with a

low cost. It is preferable that the thickness of  the
uppermost electroconductive layer is not greater than 50 nm.
In this case, the amount of diffusion from the uppermost
electroconductive film into the drift layer may be reduced.
Further, any possible increase of the probability of
scattering of electrons within the drift layer can be
suppressed. * For this. reason, reduction of the e.lectron
emission efficiency can be suppressed.

In .the above-mentioned electron source, the uppermost
electroconductive film may be made of a material hard to

diffuse into the drift layer as compared with Al. In such



R e e e cimr e oo
T R W e

17

case, diffusion from the uppermost electroconductive f£ilm
into the drift layer can advantageously be suppressed,
resulting in improvement of the heat resistance apd the
time-dependent stability.

5 Also, in the above-mentioned electron source, a
silicide layer may be formed between the electroconductive
layer and the semiconductor layer so that the resistance of
the semiconductor layer can be lowered in the presence of
the silicide layer. The presence of the silicide layer is

10 effective to reduce the height of the Schottky‘barrier as
compared with the case in which the high resistance
amorphous  semiconductor layer is formed on the
electroconductive layer and also effective to inqreééé the
electron emission efficiency and the thermal stability.

15 For this reason, diffusion of constituent elements of the
electroconductive layer from the electroconductive 1layer
into the semiconductor crystalline layer can advantageously
be prevented. Also, alloying of the semiconductor
crystalline layer resulting from the diffusion can also be

20 suppressed to thereby increase the thermal stability.

In the above-mentioned electron source, the
semiconductor layer may include a plurality of films having
different resistances, with one of the films closer to the
electroconductive layer exhibiting a lower resistance to

25 thereby reduce the resistance of the semiconductor layer.
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In this case, a film of the semiconductor layer closer to
the electroconductive layer can have a lower resistance and,
therefore, the electron emissioﬁ efficiency c¢an be
increased.

In the above-mentioned electron source, the
semiconductor layer may be. of a structure having a
continuously varying resistance, with a portion of the
semiconductor layer closei to the electroconductive layer
exhibiting a lower resistance to thereby reduce the
resistance of the semiconductor layer. In this case, a

portion of the semiconductor layer closer to the

_ electroconductive layer can have a lower resistance and,

therefore, the electron emission efficiency can be
increased.

In the above-mentioned electron séurce, the
semiconductor layer having a low resistance may be formed
by heating to crystallize after formation of an amorphous
semiconductor layer. The semiconductor layer having a low
resistance may be formed by annealing to crystallize after
formation of an amorphous 'semiconductor layer. The
semiconductor layer having a low resistance may be formed
by laser annealing to crystallize after formation of an
amorphous semiconductor layer.

In the above-mentioned electron source, the

semiconductor layer having a low resistance may be formed
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by bheating with use of hyd;ogen to crystallize after
formation of an ‘- amorphous semiconductor layer. The
semiconductor layer having a low resistance may be formed
by crystallizing by means of a hydrogen plasma irradiation
after formation of an amorphous semiconductor layer. The
semic&nductor layer having a low resistance may be formed
by crystallizing by means of a hydrogen ion irradiation
after formation of an amorphou._sl semiconductor layer.

In the above-mentioned electron source, it 1is
preferable that the amorphous semiconductor layer is a low
resistance amorphous semiconductor layer doped with
impurities.

‘I'I.le above;mentioned electron source may include
impurities added to the semiconductor layer to reduce the
resistance of the semiconductor layer.

The above-mentioned electron source may include
impurities added to the semiconductor layer to form another
semiconductor layer over the semiconductor layer _ha\.ring a
low resistance. It may include impurities added by an ion
implantation to the semiconductor layer to form another
semiconductor layer over the semiconductor layer having a
low resistance. It may include impurities added by an
impurity diffusion to the semiconductor layer to form
another semiconductor layer over the semiconductor layer

having a low resistance.
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In the above-mentioned electron source, it 1is
preferable that heat treatment has been carried after
formation of at ‘least one of the semiconductor layer, a
porous semiconductor layer, the drift layer and the surface
electrode.

In the above-menfioned electron source, it 1is
preferable that the drift layer includes sémiconductor
crysta;lline columns lying perpendicular to the major
surface of the substrate, fine semiconductor crystals in
nanometer order positioned among the semiconductor
crystalline columns and insulating films having a film
thickness smaller than a crystal size of the £fine
seniconductor crystals and forméd on surf;a;ces of the £fine
semiconductor crystals. In such case, in the drift layer,
electrons injected from the electroconductive layer into
the drift layer can be advantageously accelerated to drift
under influence of an electric field applied to the
insulating film without - colliding against © fine
semiconductor crystals. At this time, heat evolved in the
drift layer 1is dissipated through the semiconductor
crystalline columns and, therefore, the electrons can be
emitted at a high efficiency without being accompanied by
the popping phenomenon.

The semiconductor layer may be made of a

polycrystalline semiconductor. In this case, the surface
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area of the electron source can advantageously be increased.

Preferably, the polycrystalline semiconductor may be
made of a semiconductor material capable of being formed by
a low temperature process of not higher than 600°C. In
such «case, a non-alkaline glass substrate that is

inexpensive as compared with the quarts glass substrate can

_be used for the insulative substrate and, therefore, the

manufacturing cost of the electron source can
advantageously be reduced. Also, the surface area of the
electron source can further be increased. Depending on the
temperature at which the polycrystalline semiconductor

layer is .formed, a glass substrate having a low heat.

resistance as compared with the non-alkaline glass

substrate such as a low alkaline glass substrate or a soda
lime glass substrate can be employed for the insulative
substrate.

In the above-mentioned electron source, the
semiconductor layer may be made of silicon. Where silicon
is used as material for the semiconductor layer, a silicon
process can be employed and, therefore, where the electron
source is applied in a display device or the 1like, the
pattern of the electrb;onductive layer can be made fine or
to a high precision.

In the above-mentioned electron source, the

electroconductive iayer may be also made of metal. In this
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case, the resistance of the electroconductive layer can
easily be reduced. Yet, in the electron source, the
substrate preferably 1s a glass substrate having a heat
resistance to a temperature higher than or equal to 500°C.
In another aspect, the present invention provides a
method of manﬁfacturing an electron source (i) including a
substrate, an electroconductive layer formed on a major
surface of the substrate, a semiconductor crystalline layer
formed on the electroconductive layer, a drift layer in the
form of an oxidized or nitrided porous semiéonductor layer
formed on a surface of the semiconductor crystalline layer
remote from the electroconductive Ilayer, gnd a surface
el;-.\ctrode formed on the drift_-layer, '(ii) in v\;hich when a
voltage is applied with the surface electrode used as a
positive electrode relative to the electroconductive layer,
electrons injected from the electroconductive layer drift
in the drift layer and are then emitted through the surface
electrode, (iii) wherein the semiconductor crystalline
layer is made of a low resistance semiconductor material
utilizing means for lowering a resistance thereof or a low
resistance semiconductor material formed by a process for
lowering a resistance'thereof. The method includes the
steps of (iv) forming the electroconductive layer on the
substrate, (v} forming an amorphous semiconductor layer on

the electroconductive layer and then crystallizing the
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amorphous semiconductor layer to form the semiconductor
crystalline layer, (vi} forming a semiconductor layer over
the semiconductor crystalline layer and then rendering at
least a portion of the semiconductor layer to be porous to
thereby form the porous semiconductor layer, {vii)
oxidizing or nitriding the porous semiconductor layer to
form the drift 1layer, (viii} and forming the surface
electrode on the drift layer. Hereupon, the amorphous
semiconductor layer may be poly-crystallized, for example,
by heating.

The electron source manufacturing method is effective
to provide the electron source capable of exhibiting a high
electron emission efficiency and a high thermal stability
as compared with the electron source wherein the. high
resistance amorphous semiconductor layer is formed on the
electroconductive layer.

In the method discussed above, the heating may be
performed by means of a thermal annealing or .a laser
annealing. In such case, as compared with the electron
source wherein the high resistance amorphous semiconductor
layer is formed on the electroconductive layer, it is
possible to provide the electron source capable of
exhibiting a high electron emissior.l efficiency and a high
tharmal stability.

In the method discussed above, the amorphous
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semiconductor layer may be crystallized by heéting with use
of hydrogen. The amorphous semiconductor layer may be
crystallized by a hydrogen plasma irradiation. The
amorphous semiconductor layer may be crystallized by a
hydrogen ion irradiation. In such case, it is possible to
provide the electron source capable of exhibiting a high
electron emission efficiency and a high thermal stability
as compared with the -‘electron source wherein the high
resistance amorphous semiconductor layer is formed on the
electroconductive layer.

Also, in the practice of the nethod of the present
invention,; the amorphous_semiconductor layer may be made of
a low resistance amorphous semiconductor doped with
impurities. In this case, the resistance of the amorphous
semiconductor layer can be optimally controlled to thereby
optimally reduce the resistance of the low resistance
semiconductor crystalline layer.

It is to be noted that in the foregoing manufacturing
method, in place of the step {(v) of forming an amorphous
semiconductor layer on the electroconductive layer and then
crystallizing the amorphous semiconductor layer to form the
semiconductor crystalline layer, (ix) a step of forming on
the electroconductive layer a semiconductor crystalline
layer containing impurities added theretoc may be employed.

In such case, it is possible to provide the electron source
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capable of exhibiting a high electron emission efficiency
and a high thermal stability as compared with the electron
source wherein the high resistance amorphous semiconductor
layer is formed on the electroconductive layer.

The impurities may be added to the semiconductor
crystalline layer by means of an ion implantation or an
impurity diffusion. Even in this case, it is possible to
p;rovide the electron source capable of exhibiting a high
electron emission efficiency and a high thermal stability

as compared with the electron source wherein the high

resistance amorphous semiconductor layer is formed on the

-electroconductive layer.

Also, after formation of at. least one of the
semiconductor crystalline layer, the semiconductor layer,
the porous semiconductor layer, the drift layer and the
surface electrode, heat treatment may be carried out. In
this case, the  Schottky -barrier formed by the
electroconductive layer and the semiconductor crystall'ine
layer can be reduced or removed, making it possible to
provide the electron source capable of exhibiting a high

electron emission efficiency and a high thermal stability.

ERIEF DESCRIPTION OF THE DRAWINGS
The present invention will become readily understood

from the following description of preferred embodiments
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thereof made with reference to the accompanying drawings,
in which:

Fig. 1 is a schematic sectional elevation view of an
electron source according to a first embodiment of the
present invention;

Figs. 2A to 2E are schematic sectional elevation views
of the intermediate or final products, showing the seguence
of manufacture of the electron source shown in Figf 1;

Fig. 3 is a schematic view of the electron source of
Fig. 1, showing the manner in which electrons are emitted
from the electron source;

Fig. 4 is a schematic sectional elevation view of ;he
electron sourée according to a second embodiment of the
present invention;

Fig. 5 is a schematic sectional elevation view of the
electron source according to a third embodiment of the
present invention; .

Figs. 6A to 6E are schematic sectional elevation views
of the intermediate or final products, showing the sequence
of manufacture of the electron source shown in Fig. 5;

Fig. 7 is a schematic sectional elevation view of the
electron source according to a fourth embodiment of the
present invention;

Fig. 8 is a schematic sectional elevation view of the

electron source according to a fifth embodiment of the
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present invention;

Fig. 9 is a schematic perspective view of the electron

_source shown in Fig. 8;

Fig. 10 is a schematic sectional elevation view of a
main portion of .the electron source shown in Fig. 8;

"Fig. 11 is a schematic sectional elevation view,
showing a main portion of a modified form of the electron
source according to the fourth embodiment;

Figs. 12A to 12E are schematic sectional elevation
views of the intermediate or final products, showing the
sequence of manufacture of the electron source shown in Fig.
8;

Fig. 13 is a schematic view of the electrén source of
Fig. 8, showing the manner in which electrons are emitted
from the electron source;

Fig. 14 is a graph showing an electron emission
characteristic exhibited by the electron source of Fig. 8;

Fig. 15 is a chart showing Fowler—-Nordheim plots based
on the data shown in the graph of Fig. 14;

Fig. 16 is a schematic sectional elevation view of the
prior art electron source;

Fig. 17 is a schematic view of the prior art electron
source of Fig. 16, showing the manner in which electrons
are emitted from the electron source;

Fig. 18 is a schematic diagram, on an enlarged scale,
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showing a mechanism of emission of electrons from the
electron source of Fig. 16;

Fig. 19 is a schematic sectional glevation view of
another prior art electron source;

Fig. 20 is a schematic sectional elevation view of a
main portion of the prior art electron source shown in Fig.
19; and

Fig. 21 is a schematic sectional elevation view,
showing the portion of the prior art electron source shown

in Fig. 19.

DESCRIPTION OF THE EMBODIMENTS

This application is based on the Japanese Patent
Applications No. 11-295959, No. 2000-016388 and No. 2000-
016394, respective disclosures of which are hereby
incorporated by reference.
{First Embodiment)

Referring to Fig. 1, an electron source 10 (field

emission-type electron source) accoxding to the first

embodiment includes an insulative substrate 11 in the form

of a glass substrate (such as, for example, a non-alkaline
glass substrate}. On one major surface of the insulative
substrate 11, an electroconductive layer 8 made of tungsten
is formed. An n-type polycrystalline silicon layer 9,

which is a semiconductor crystalline layer, is formed on a
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surface of the electroconductive layer 8. On the n-type
polycrystalline silicon layer 9, a non—doped
polycrystalline silicon layer 3 is formed. on  the
polycrystalline silicon layer 3, a drift layer 6 (a strong
electrical field drift layer) in the form of a porous
polycrystalline silicon layer is formed. A surface
electrode 7 is formed on a surface of the drift layer.6.
Hereupon, the non-doped polycrystalline silicon layer 3 is
not essential and may be dispensed with, allowing the drift
layer 6 to be formed direct on the n-type polycrystalline
silicon layer 9.

The electron source 10 according to the first
embodiment is féﬁtured iﬁ fhe.following points. That is,
no amorphous layer is formed on the electroconductive layer
8 and, instead, the n-type polycrystalline silicon layer 9
having a low resistance is formed thereon with the drift
layer 6 formed on the surface of the n-type polycrystalline
silicon layer 9 opposite to the electroconductive layer 8.

As described above, in the electron source 10
according to the first embodiment, since the n-type
polyérystalline silicon layer 9, which is the semiconductor
crystalline layer having a low resistance, is formed on the
electroconductive layer B, as compared with the prior art
glectron source in which the amorphous silicon layer having

a high resistance is formed on the electroconductive layer
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8, a Schottky barrier attributable to the electroconductive
layer 8 is so thin as to allow the current to flow through
tuqneling. This in turn brings about reduction of the
voltage drop at the Schottky barrier. Thus, as compared
with the prior art electron source in which the amorphous
silicon. layer having a high resistance is formed on the
electroconductive layer 8, the electron source 10 is
effective to exhibit an increased electron emission
efficiency and an increased thermal stability.

Although the electroconductive layer 8 employed in the
first embodiment has been described as made of tungsten (W),
material therefor may not be limited to it, but one, or an
alloy of some, of copper (Cu), aluminuzr; {al), nicicel (N1}, -
molybdenum {Mo), chromium (Cr), platinum (Pt), titan (Ti),
cobalt {Co), zirconium (2Zi), tantalum (Ta), hafnium (Hf),
palladium (Pd), vanadium {V}, niobium (Nb), manganese (Mn),
iron (Fe), ruthenium (Ru), osmium (Os), iridium (Ir), gold
{adu), silver (Ag) and silicon (Si) may be employed therefor.
The electroconductive layer 8 may alsc be made of a metal
oxide (transparent electrode) such as, for example, ITO,
Sn0, and 2ZnO. A lamination of f;lms of some of those
material can again be employed. In addition, the
electroconductive layer 8 may be in the form of the metal
oxide laminated with selected ones of the above listed

metallic materials including tungsten (W) or laminated with
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an alloy of some of those metallic materials.

The proceés for manufacturing the electron source 10
according to the first embodiment will now be described
with reference to Figs. 2A to 2E.

At the outset, the electroconductive layer 8 made of,
for example, tungsten is deposited on the first major
surface (upper surface in Fig. 2A) of the insulative
substrate 11 by the use of any known sputtering technique.
After the formation of the electroconductive layer 8, n-
type impurities are doped in the electroconductive layer 8
by the use of, for example, any known plasma CVD technique
to deposit a n-type amorphous silicon layer, followed by
crystallization by heating of the n-type amorphous silicon
layer to provide the n-type polycrystalline silicon layer S
as shown in Fig. 2A.

Other than that described above, the n-type
polycrystalline silicon layer 9 may be formed, after the
deposition of the n-type amorphous silicon layer by heating
the n-type amorphous silicon layer to crystallize, which
heating may be carried out by either annealing or laser—
annealing; subjecting the n-type amorphous silicon layer to
a heat treatment wusing hydrogen to crystallize; or
irradiating the n-type amorphous silicon layer with
hydrogen plasmas or hydrogen ions to crystallize.

Again alternatively, instead of the n-type amorphous
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silicon layef deposited on the electroconductive layer 8,
an n-type ‘polycrystalline silicon layer 9 having a low
resistance, which is added with impurities, may be
deposited direct on the electroconductive layer 8.
Formation of the n-type polycrystalline silicon layer 9 may
also be possible by means of ion implantation of impurities
into a polycrystalline silicon layer, after the deposition
of a non-doped polycrystalline silicon layer, under
operating conditions sufficient to avoid formation of the
amorphous silicon layer on the electroconductive layer 8.
Alternatively formation of the n-type polycrystélline

silicon layer 9 is again possible by diffusing impurities

into a polycrystalline silicon layer, after the non-doped

polycrystalline silicon layer has been deposited, under
operating conditions sufficient to avoid formation of the
amorphous silicon layer on the electroconductive layer 8.
In any event, after the formation of the n-type
polycrystalline silicon layer 9, the non~doped
polycrystalline silicon layer. 3 having a predetermined
thickness (for example, 1.5 um) is formed by the use of any
known plasma CVD technique to provide the structure shown
in Fig. 2B. Since the non-doped polycrystalline silicon
layer 3 is deposited by the use of the plasma CVD technique,
it can be formed by a low temperature process wherein a

heating temperature not higher than 600°C (specifically
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within the range of 100 to 600°C) is employed. It is,
however, to be noted that the process of forming the non-
doped polycrystalline silicon layer 3 may not be limited to
the plasma CVD process, but a catalytic CVD process may be
employed to form the non-doped polycrystalline silicon
layer 3. Even with the use of the catalytic CVD process,
the non-doped polycrystalline silicon layer 3 can be formed
in the low temperature process not higher than 600°C.

After the formation of the non-doped polycrystalline
silicon layer 3, an anodic oxidation process is carried out
under a predetermined condition, while the polycrystalline
silicon layer 3 is irradiated by light, with the use of an
anodizing bath wherein an electrolyte c&ﬁﬁrising é 55 wt®
hydrogen fluoride aqueous solution and ethanol mixed
together in a mixing ratio of 1:1 is filled and wherein a
platinum electrode (not showi} and the electroconductive
layer 8 are used as negative and positive electrodes,
respectively. Through this anodic oxidation process, a
predetermined depth of the polycrystalline silicon layer 3
down from the surface thereof opposite to the n-type
polycrystalline silicon layer 9 1is rendered porous to
thereby form a porous_polygrystalline silicon layer 4 as
shown in Fig. 2C. In the "first embodiment now under
discussion, the anodic oxidation process is carried out in

such a manner that throughout the entire period of anodic
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oxidation the power of 1light wused to irradiate the
polycrystalline silicon layer 3 and ti’xe current density are
kept constant. However, this anodizing condition may be
varied suitably {for example, the current density may be
variable). Although in the first embodiment now under
discussion a surface region of the polycrystalline silicon
layer 3 1is rendered porous, the polycrystalline silicon
layer 3 may be rendered porous in its entirety (that is,
the porous polycrystélline silicon layer 4 may be formed
directly on the n-type polycrystalline silicon layer 9).

After the anodic oxidation process, the electrolyte is
drained from the-anodizing bath, and an acid (for example,
aéproximately 10% dilvte nitric acid, approximately 10%
dilute sulfuric acid or aqua regia) is filled in the
anodizing bath. Using the anodizing bath containing the
acid and wherein the platinum electrode {not shown) and the
electroconductive layer 8 are used as negative and positive
electrodes, respectively, a constant current is applied to
oxidize the porous polycrystalline silicon layer 4 to form
a drift layer 6 as shown in Fig. 2D.

After the formation of the drift layer 6, a surface
electrode 7 in the form 6f an electroconductive thin-film
{for example, a gold thin-film}) is formed on the drift
layer 6 by means of, for example, any known deposition

technique, thereby completing the electron source 10 of the
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structure shown in Fig. 2E. Although in the first
embodiment now under discussion the surface electrode 7 has
a film thickness of 15 nm, the thickness thereof is not
limited thereto and the surface electrode 7 may have any
suitable film thickness provided that electrons flowing
through- the drift layer 6 can be tunneled. Also, although
in the first embodiment now under discussion the
electroconductive thin-film that eventually forms the
surface electrode 7 is formed by any suitable deposition
technique, any suitable process other than the deposition
technique, for example, a sputtering technique may be
employed to form the electroconductive j:hin—.film.

With the method discussed above, th'e electron source
10 capable of exhibiting a high electron emission
efficiency and a high thermal stability can be obtained.
Also, the polycrystalline silicon layer 3 can be formed by
the low temperature process such as, for example, the
plasma CVD process. The porous polycrystalline silicon
layer 4 1is oxidized in contact with acid. Also, the
surface electrode 7 is formed by the use of the vapor
deposition technique or the sputtering technique. For
these reasons, the electron source 10 can be manufactured
by the low temperature process of not higher than 600°C.
Accordingly, for the insulative substrate 11, a non-

alkaline glass substrate that is inexpensive as compared
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with the quartz glass substrate can be employed. As a
result, the manufacturing cost can be reduced and its:
surface area can be increased. Also, depending on the
temperature at which the polycrystalline silicon layer 3 is
formed, it is possible to use a glass substrate having a
heat resistance that is relatively low as compared with
that of the non-alkaline glass substrate such as a low-
alkaline glass substrate or a soda lime glass substrate.

The electron source 10 fabricated by the method
described above has a low .dependency of the electron
emission characteristic on the degree of vacuum as is the
case with the electron source disclosed in the previously
discussed Japanese Patents No. 296684' (Japanese Patent
Application No. 10-272340) or No. 2987140 (Japanese Patent
Application No. 10-272342). Also, no popping phenomenon
occur at the time of emission of electrons. For this
reason, the electron source 10 can emit electrons in a
stable fashion.

As is the case with the prior art electron source, and
as shown in Fig. 18, the drift layer can be regarded as
made up of at least polycrystalline silicoen columns 51,
thin silicon oxide films 52, fine crystalline silicon
layers 63 and silicon oxide films 64. Specifically, in the
drift layer 6, it is considered that respective surface

regions of the various grains represent a porous structure
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while core regions thereof remain in a crystal form.

According to the above-described method, the porous
polycrystalline siliéon layer 4 is oxidized in contact with
acid. However, it may be oxidized by illuminating it with
ultraviolet -rays under a gaseous atmosphere containing at
least one of, for example, oxygen and ozone. In such case,
ozxidization is preferably be carried out at a temperature
within the range of 100 to 600°C. Although the temperature
at which oxidization is carried out may be higher than
600°C, oxidization is preferred to be carried out at a
temperature within the range of 100 to 600°C since the
inexpensive glass substrate can be employed for . the
insulative substrafe 11. Where the silicon substrate of
the quartz glass substrate is employed for the substrate,
the porous polycrystalline silicén layer 4 may be oxidized
by the use of the rapid thermal method ({such as,- for
example, RTO method).

The electron source 10 according to the first
embodiment of the present invention basically functions in
a manner similar to the prior-art electron source showﬂ in
Fig. 17. By way of example, as shown in Fig. 3, within a
highly evacuated envelope - (not shown), a collector
electrode 21 is disposed within the envelope in face-to-
face relation with the surface electrode 7. A direct

current voltage Vps is applied between the surface
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electrode 7 and the n-type 'silicon substrate 1
{specifically, the ohmic electrode 2} so that the surface
electrode 7 can be held at a positive potential relative to
the silicon substrate 1. On the other hand, a direct
current wvoltage Vc is applied between the collector
electrode 21 and the surface electrode 7 so that the
tollector electrode 21 can be held at a positive potential
relative to the surface electrode 7. When the direct
current voltages Vps and Vc are applied in the manner
described above, electrons injected from the n-type silicon
substrate 1 into the drift layer 6 drift within the drift
layer 6 and are then emitted through the surface electrode
7 (Single-dotted lines in Fig. 3 indicate the flow of
electrons e emitted through the surface electrode 7).
Accordingly, even with the electron source 10 according to
the illustrated embodiment, as is the case with the priox
art electron source, the electrons can be emitted even
though the direct current voltage Vps applied between the
surface electrode 7 and the electroconductive layer 8 is as
low as 10 to 20 volts.

According to the first embodiment, the drift layer 6

" 1s formed of the porous polycrystalline silicon that has

besen oxidized. However, .the drift layer 6 may be formed of
porous polycrystalline silicon that has been nitrided, ox

in the form of a porous polycrystalline semiconductor layer



10

15

20

25

39

that has been oxidized or nitrided. Also, the n-type
polycrystalline silicon layer 9 may be of a multi-lavered
structure wherein a plurality of n-type polycrystalline
silicon layers having different resistances (impurity
concentrations) are laminated one above the other, with the
lowest resistance exhibited by one of the n-type
polycrystalline silicon layers ¢losest to the
electroconductive layer 8. The n-type polycrystalline
silicon layer 9 may have a resistance (impurity
concentration) that continuously wvaries in a direction
across the thickness thereof, with the lowest resistance
exhibited by a portion of the n-type polycrystalline
silicon layer 9 closest to thé electrocoﬁductive 'layer 8.
In the first embodiment, as a semiconductor crystal layer
of a low resistance, the n-type polycrystalline silicon
layer 9 is employed. However, in place of the n-type
polycrystalline silicon layer 9, a p-type polycrystalline
silicon layer may be employed.

After the formation of the n-type polycrystalline
silicon layer 9 that is a semiconductor crystal layer, the
polycrystalline silicon layer 3 that is a crystalline
semiconductor layer, the porous polycrystalline silicon
layer 4, the drift layer 6 or the surface electrode 7, at
least one heat treatment (at a temperature not higher than

600°C) 1is effective to reduce or eliminate the Schottky
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barrier, which may be formed by the electroconductive layer
8 and the n-type polycrystalline silicon layer 9. Thus,
the electron source 10 capable of exhibiting a high
electron emission efficiency and a high thermal stability
c¢an be obtained.

(Second. Embodiment)

The electron source according to the second embodiment
is substantially similar in structure to that according to
the first embodiment. However, the second embodiment
differs from the first embodiment in that as shown in Fig.
4 pertaining to the second embodiment a p-type silicon
substrate 12 is employed for the. substrate and the
electrocondu'ctive layer 8 is defined by an n-type silicon
layer.

More specifically, in the second embodiment, in place
of the insulative substrate 11 employed in the foregoing
first embodiment, the p-type silicon substrate 12 is
enployed. Because of this, not only can the
electroconductive layer 8 be formed by the n—-type silicon
layer, but the electroconductive layer 8 and the n-type
polycrystalline silicon laver 9 can be grid-aligned.

Even with the electron source 10 according to the
second embodiment, as is the case with that according to
the first embodiment, it can exhibit a high electron

emission efficiency and a high thermal stability. The
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electron source 10 according to the second embodiment can
be fabricated by the method substantially identical with
that employed to provide the electron scurce according to
the first embodiment, with an exception that -the
electroconductive layer B8 is formed by, for example, an
epitaxial growth method, an ion implantation method or a
diffusion method. This is because in the second embodiment
the p-type silicon substrate 12 is employed for the
substrate in contrast to the insulative substrate employed
in the first embodiment.

{Third Embodiment)

Referring to ?ig. 5, the electron source 10 shown
Eherein includes an insulative substrate 11 iﬁ the form of
a glass substrate (for example, a non-alkaline glass
substrate) . On one major surface of the insulative
substrate 11, an electroconductive layer 8 made of tungsten
is formed. A tungsten silicide (WSi,} layer 19 is formed
on a surface of the electroconductive layer 8. A non-doped
polycrystalline silicon layer 3 is formed on the silicide
layer 19, which is in turn covered by a drift layer 6 made
of an oxidized porous polycrystalline silicon. A surface
electrode 7 is formed on a surface of the drift layer 6.
Hereupon, the non-doped polycrystalline silicon layer 3 is
not essential and may be dispensed with, allowing the drift

layer 6 to be formed direct on the silicide layer 19.
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The electron source 10 according to the third
embodiment is featured in that the silicide layer 19 is
formed on the electroconductive layer 8 and the drift layer
6 is formed on one of opposite surfaces of the silicide
layer 19.

According to the third embodiment as described above,
since the silicide layer 19 having a low resistance is
formed on the electroconductive layer 8, as compared with
the prior art electron source in which the amorphous
silicon layer having a high resistance is formed on the
electroconductive layer 8, the height of a Schottky barrier
generated at the intexrface can be reduced, allowing the._
current to flow J;_n an incr.e.ased aﬁtoﬁnt through the drift
layer 6 (that is, to increase the diode current Ips} and,
for this reason, the electron emission efficiency can be
increased. Also, an increased thermal stability can be
appreciated since the amount of heat dissipated can be
reduced. Also, since the silicide layer 19 is formed on
the electroconductive layer 8, it is possible to avoid
diffusion of constitute elements of the electroconductive
layer 8 from the electroconductive layer 8 into the
polycrystalline silicon layer 3 and the drift layer 6,
resulting in increase of the thermal stability. No
Schottky barrier virtually exist between the

electroconductive layer 8 and the silicide layer 19, but it
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may exist Dbetween the silicide layer 19 and the

polycrystalline silicon layer 3. However, the height of

‘the Schottky barrier is smaller than that which would be

formed between the electroconductive layer 8 and the
polycrystalline silicon layer 3 when no silicide layer is
employed and, therefore, the voltage drop across the
Schottky barrier can advantageously be reduced.

Although in the third embodiment the electroconductive
layer 8 has been described as made of tungsten (W),
material therefor may not be limited to it, but one, or an
alloy of some, of copper (Cu), aluminum {Al), nickel (Ni},
nmolybdenum {(Mo), chromium (Cr}, platimm (Pt),.titan {Ti),
cobalt (Co), zirconium (2i), tantalum (Ta), hafnium (Hfj;
palladium (Pd), vanadium (V), niobium (Nb}, manganese {(Mn)},
iron (Fe), ruthenium (Ru}, rhodium (Rh}, rhenium (Re),
osmium (Os), iridium (Ir), gold {Au), silver (Ag) and
silicon ({Si}) may be employed therefor. A lamination of
films of some of those materials may also be employed. The
electroconductive layer 8 may also be made-of a metal oxide
{transparent electrode) such as, for example, ITO, Sno, and‘
Zn0. 1In addition, the electroconductive laver 8 may be in
the form of the metal oxide laminated with selected ones of
the above listed metallic materials including tungsten (W)
or laminated with an alloy of some of those metallic

materials.
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The process for manufacturing the electron source 10
according to the third embodiment will now be described
with reference to Figs. 6A to 6E.

At the outset, the electroconductive layer 8 made of,
for example, tungsten is deposited on the Ffirst major
surface (upper surface in Fig. 6A} of the insulative
substrate 11 by the use of any known sputtering technique.
After the formation of the electroconductiwve layer 8, the
tungsten silicide (WSi,) layer 19 1is formed on the
electroconductive layer 8 by the use of, for example, any
known sputtering technique as shown in Fig. 6A.

After the formation of the silicide layer 19, the non-
doped polycrystalline éilicon layer 3 having a
predetermined thickness (for example, 1.5 um} is formed by
the use of any known plasma CVD technique to provide the
structure shown in Fig. 6B. Since the non-doped
polycrystalline silicon layer 3 is deposited by the use of
the plasma CVD technique, it can be formed by a low
temperature process wherein a heating temperature not
higher than 600°C (specifically within the range of 100 to
600°C) is employed. It is, however, to be noted that the
process of Tforming the non-doped polycrystalline silicon
layer 3 may not be limited to the plasma CVD process, but a
catalytic CVD process may be employed to form the non-doped

polycrystalline silicon layer 3. Even with the use of the
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catalytic CVD process, the non-doped polycrystalline
silicon layer 3 can be formed in the low temperature
process of not higher than 600°C. Since the silicide layer
19 is formed beneath the non-doped polycrystalline silicon
layer 3, metallic constituent elements of the silicide
layer 19 act as a catalyst at the time of deposition of the
polycrystalline silicon layer 3. Then, by lowering the
temperature of crystallization, crystallization can be
facilitated. Also, the amorphous silicon layer can be
reduced. For these reasons, the crystallized
polycrystalline silicon layer 3 can be .formed on the
silicide layer 189. Accordingly, the voltage .drop which -
would occur ét the intéfface cr:-xn.advantageausly be reduced.

After the formation of the non-doped polycrystalline
silicon layer 3, an anodic oxidation process is carried out
under a predetermined condition, while the polycrystalline
silicon layer 3 is irradiated by light, with the use of an
anodizing bath wherein an electrolyte comprising a 55 wt¥
hydrogen fluoride aqueous solution and ethanol mixed
together in a mixing ratio of 1:1 is filled and wherein a
platinum electrode (not shown) and the electroconductive
layer 8 are used as negative and positive electrodes,
respectively. Through this anodic oxidation process, a
predetermined depth of the polycrystalline silicon layer 3

down from the surface thereof opposite to the silicide
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layer 139 is rendered porous to thereby form a porous
polyerystalline silicon layer 4 as shown in Fig. 6C. In
this third embodiment now under discussion, the anodic
oxidation process is carried out in such a manner that

throughout .the entire period of anodic oxidation the power

"of light. used to irradiate the polycrystalline silicon

layer 3 and the current density aie kept constant, However,
this anodizing condition may be varied suitably (for
example, the current density may be variable). Although in
the third embodiment now under discussion a surface region
of the polycrystalline silicon layer 3 is rendered porous,
the polycrystalliﬁe silicon layer 3 may be_rendered porous
in its entirety (that is, the porous polycrystalline
silicon layer 4 may be formed directly on the silicide
layer 19). In addition, the silicide layer 19 may be
rendered to have a porous structure.

After the anodic oxidation process, the electrolyte is
drained from the anodizing bath, and an acid (for.example,
approximately 10% dilute nitric acid, approximately 10%
dilute sulfuric acid or aqua regia) is filled in the
anodizing bath. Using the anodizing bath containing the
acid and wherein the platinum electrode (not shown) and the
electroconductive layer 8 are used as negative and positive
electrodes, regpectively, a constant current is applied to

oxidize the porous polycrystalline silicon layer 4 to form
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a drift layer 6 as shown in Fig. 6D.

After the formation of the drift layer 6, a surface
alectrode 7 in the form of an electroconduqti%e thin-film
{for example, a gold thin-film) is formed on the drift
layer 6 by means of, for example, any known deposition
technique, thereby completing the electron scurce 10 of the
structure shown in Fig. 6E. Although in the third
embodiment now under discussion the surface electrode 7 has
a film thickness of 15 nm, the thickness thereof is not
limited thereto and the surface electrode 7 may have any
suitable film thickness provided that electrons flowing
through the drift layer 6 can be tunneled. Also, although
in the third embodiment n§W' under discussion the
electroconductive thin-film that eventually forms the
surface electrode 7 is formed by any suitable deposition
technique, any suitable process other than the deposition
technique, for example, a sputtering technique may be
employed to form the electroconductive thin-film.

With the method discussed above with refe:ence to Figs.
6A to 6E, the electron source 10 capable of exhibiting a
high electron emission efficiency and a high thermal
stability can be obtained. Also, the polycrystalline
silicon layer 3 can be formed by the low tTemperature
process such as, for example, the plasma CVD process.. The

porous polycrystalline silicon layer 4 is oxidized in
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contact with acid. Also, the surface electrode 7 is Fformed
by the use of the vapor deposition technigue or the
sputtering technique. The silicide layer 19 as well can be
formed at a relatively low temperature. For these reasons,
the electron source 10 can be manufactured by the low
temperature process of not higher than 600°C., Accordingly,
for the insulative substrate 11, a non-alkaline glass
substrate that is inexpensive as compared with the quartz
glass substrate can be employed. As a result, the
manufacturing cost can be reduced and its surface area can
be increased. Also, depending on the temperature at which
the polycrystalline silicon laye; 3 is formed, it 1is
possiblé-to use.a glass substrate having a heat reéistance
that is relatively low as compared with that of the non-—
alkaline glass substrate such as a low-alkaline glass
substrate or a soda lime glass substrate.

As is the case with the first and second embodiments,
the electron source 10 fabricated by the mefhod described
above has a low dependency of the electron emission
characteristic on the degree of vacuum. Also, no popping
phenomenon occur at the time of'emission of electrons. For
this reason, the electron source 10 can emit electrons in a
stable fashion.

As is the case with the prior art electron source, and

as shown in Fig. 18, the drift layer can be regarded as
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made up of at least polycrystalline silicon columns 51,
thin silicon oxide films 52, fine crystalline silicon
layers 63 and silicon oxide films 64. Specifically, in the
drift layer 6, it is considered that respective surface
regions of the var_ious grains represent a porous structure
while core regions thereof remain in a crystalline form.,

According to the above-described method, the porous
polyerystalline silicon layer 4 is oxidized in contact with
acid. However, it may be oxidized by illuminating it with
ultraviclet rays under a gaseous atmosphere containing at
least one of, for example, oxygen and ozone. In such case,
oxidization . is preferably carried out at a temperature
within the range of 100 to 600°C. Although the temperature
at which oxidization is carried out may be higher than
600°C, oxidization is preferred to be carried out at a
temperature within the range of 100 to 600°C since the
inexpensive glass substrate can be employed for the
insulative substrate 11. Where the silicon substrate of
the quartz glass substrate is employed for the substrate,
the porous polycrystalline silicon layer 4 may be oxidized
by the use of the rapid thermal method {such as, for
example, RTO method).

The electron source 10 according to the third
embodiment of the present invention basically functions in

a manner similar to that shown in Fig. 3. Electrons
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injected from the electroconductive layer 8 inte the drift
layer 6 drift within the drift layer 6 and are then emitted
through the surface electrode 7. :Aécordingly, even with
the electron source 10 accordihg to the illustrated
5 embodiment, the electrons can be emitted even though the
direct - current voltage Vps applied. between the surface
electrode 7 and the electroconductive layer 8 is as low as
10 to 20 wolts.
According to the third embodiment, the drift layer 6
10 is formed of the porous polycrystalline silicon that has
been oxidized. However, the drift layer 6 may be formed of
porous polyqrystaliine silicon that has:been nitrided, or .
in tﬁe form of'a porous polycrystalline semiconductor layex
that has been oxidized.or nitrided. Also, the silicide
15 layer 19 may not be limited to WSi,, but any metal-to-metal
compound including any suitable metallic element and Si may
be employed. Examples of such metallic element includes,
in addition to W, Ti, V, Cr, Mn, Fe, Co, Ni, Zr, Nb, Mo, Ru,
Rh, Pd, Hf, Ta, Re, Os, Ir and Pt. Also, the silicide
20 layer 19 may be a multi-layered structure of silicide films.’
{Fourth Embodiment}
The electron source according to the fourth embodiment
is substantially similar in structure to that according to
the previously described third embodiment. However, the

25 fourth embodiment differs from the third embodiment in that
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as shown in Fig. 7 pertaining to the fourth embodiment an
n-type polycrystalline silicon substrate 9 which is a
semiconductor crystal layer having a low resistance is
enployed on the silicide layer 19 and, on the other hand, a
polycrysfalline silicon layer 3 is formed on the n-type
polycrystalline silicon layer 9.

Even with the electron source 10 according to the
fourth embodiment, as is the case with that according to
the third embodiment, it can exhibit a high electron
emission efficiency and a high thermal stability. The
electron source 10 according to the fourth embodiment is of

& design wherein the silicide layer 19 intervenes between

the électroconductive layer 8 anoi the n~type

polycrystalline silicon layer 9. For this reason, any
possible diffusion of constituent elements of the
electroconductive layer 8 from the electroconductive layer
8 into the n-type polycrystalline silicon layer 9 can be
avoided and the crystalline property of the silicon layer 9
can be improved.

The electron source 10 according to the fourth
embodiment can be fabricated by the method gubstantially
identical with that employed to provide the electron source
according to the third embodiment, with an exception that a
step of forming the n-type polycrystalline silicon layer 9

is added. The n-type polycrystalline silicon layer 2 can
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be formed in a manner described in connection with
formation of the n-type polycrystalline silicon layer 9 in
the first embodiment. Howe\fer, in place of the n-type
polycrystalline silicon layer 9, a p-type polygrystalline
silicon layer may be employed.

Although in any one of the first to fourth embodiments
of the present invention, the glass substrate has been used
for the insulative substrate 11, the substrate 11 may not
be limited to such glass substrate and may be a silicon
substrate on which an insulating film {such as, for example,
an oxide film of SiOx or AlOx, or a nitride film of S8SiNx,
BN or AlINx) has been formed, or a metallic substrate on
which an insulating film {such as, for exaﬁple, an-oxide
film or a nitride f£film) has been formed.

(Fifth Embodiment)

Referring to Figs. 8 and 9, the electron source 10
shown therein includes an insulative substrate 11 in the
form of a glass substrate (for example, a non-alkaline
glass substrate). On one major surface of the insulative
substrate 1, an electroconductive layer made of
electroconductive material is formed. A drift layer 6 made
of an oxidized porous polycrystalline silicon 1s formed on
the electroconductive layer 8.

In the fifth embodiment, the electroconductive layer 8

is comprised of upper and lower electroconductive films 8a
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and 8b laminated one above the other in a direction across
the thickness therecf. The upper electroconductive f£ilm 8b
remote from the substrate 11 is made of an
electroconductive material of a kind having a property that
can easily react with silicon at a temperature (for example,
in the .range of 100 to 600°C) which is about equal to the
temperature at which the drift layer 6 is formed. On the
other hand, the lower electroconductive film 8a adjacent
the substrate 11 is made of an electroconductive material
of a kind having a property hard to react with silicon. In
other words, in the fifth embodiment, a surface portion of
the electroconductive layer 8 adjacent the_ﬂrift layer 6 is
made of an electroconductive material of a kind capable of
suppressing formation of an amorphous layer in the drift
layer 6. For this reason, as shown in Fig. 10, the
amorphous layer 6a contained in the drift layer 6 can be
reduced (i.e., the film thickness of the amorphous layer 6a
can be reduced). Accordingly, the amount of electrons
emitted can be increased while reduction of the
manufacturing cost is secured.

Although the electroconductive layer 8 emploved in the
fifth embodiment has been described as composed of the two
electroconductive films 8a and 8b, three or more
electroconductive films laminated one above the other may

be employed therefor. In such case, the uppermost




10

15

20

25

54

electroconductive film and the lowermost electroconductive
film, 7remote from and adjacent the substrate 11,
respectively, should have respective properties similar to
those of the upper and lower electroconductive films 8b and
Ba.

In the fifth embodiment, the upper electroconductive
film 8b is made of aluminum (Al) while the Ilower
electroconductive film 8a is made of copper {(Cu) having a
resistance lower than that of aluminum (and, hence, the
resistance of the electroconductive layer 8 as a whole is
low) . However, in ©place of aluminum, the upper
electroconductive film 8b may be made of nicke; (Ni), .
cobalt (Co), chromium (Cr), hafmium (Hf), molybdenum (Mo),
palladium (Pd), platinum (Pt}, rhodium (Rh), tantalum (Ta},
titan (Ti), tungsten (W) or zirconium {Zi), or an oxide
thereof. Further, there may be used an alloy film formed
of plural ones in the above-mentioned metals, or an alloy-
silicide film including at least one of the above-mentioned
metals and Si. On the other Thand, the lower
electroconductive film 8a may be made of a low resistance
material (wiring material} such as, -for example, copper,
silver or aluminum. A material capable of exhibiting a
high adhesion with glass, such as chromium or titan may
also be employed therefor. In addition, a multi-layered

structure of those materials may be employed.
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Where aluminum is employed as material for the upper
electroconductive film 8b, as shown in Fig. 10, the film
thickness of the amorphous layer 6a can be sufficiently
reduced down to a value smaller than that in the prior art
shown in Fig. 20. Also, variation in thickness of the
amorphous layer 6a can also be minimized (the interface
between ‘the amorphous layer 6a and the crystallized layer
6c becomes substantially flat). For this reason, wvariation
of the field intensity at various regions of the drift
layer 6 can advantageously be minimized. Accordingly, no
localized distribution of energies of the electrons emitted
from the surface electrode 7 will occur. Also, where
nickel is employed as material for the - upper
electroconductive film 8b, as shown in Fig. 11, the drift'
layer 6 can be defined only by the crystallized layer 6c
and no amorphous layer 6a is formed. For this reason, as
compared with the use of aluminum for the upper
electroconductive film 8b, the electron emission efficiency
can be increased.

The upper electroconductive film 8b preferably has a
film thickness as small as possible. If this film
thickness is not greater than 50 nm, it appears that the
amount of diffusion of metallic elements from the. upper
electroconductive film 8b into the drift layer 6 can be

reduced. For this reason, it appears that any possible
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increase of the probability of scattering of the electrons
within the drift layer can be suppressed to thereby
suppress any possible reduction of the electron enission
efficiency. The film  thickness of the upper
electroconductive film B8b should be selected in
consideration of the diffusion of the metallic- elements
discussed above so as to be sufficiently smaller than the
thickness of the drift layer 6.

The process for manufacturing the electron source 10
according to the fifth embodiment will now be described
with reference to Figs. 12A to 12E.

At the out§et,'the lower electroconductive film 8a is
deposite& on one major surface (upper surface in Fig. 12A)
of the insulative substrate 11, followed by formation of
the upper electroconductive £film 8b over the lower
electroconductive film 8a to complete the electroconductive
layer 8 as shown in Fig. 12A.

After the formation of the electrocondgctive layer 8
comprised of the lower and upper electroconductive films 8a
and 8b, a non-doped polycrystalline silicon layer 3 of a
predetermined thickness (for example, 1.5 um) is formed on
the upper electroconductive layer 8b by the use of, for
example, any known plasma CVD technigue as shown in Fig.
12B. Since the non-doped polycrystalline silicon layer 3

is deposited by the use of the plasma CVD technique, it can
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be formed by a low temperature process wherein a heating
temperature not higher than 600°C (specifically within the
range of 100 to 600°C) is employed. It is, however, to be
noted that the ©process of forming the non-doped
polycrystalline silicon layer 3 may not be limited to the
bplasma CVD process, but a catalytic CVD process may be
employed to form the non-doped polycrystalline silicon
layer 3. Even with the use of the catalytic CVD process,
the non-doped polycrystalline silicon layer 3 can be formed
in the low temperature process of not higher than 600°C.
After the formation of the ﬁon—doped polycrystalline
silicon layer 3, an anodic oxidation process is carried out.
ﬁnder a predetermined condition, while the ﬁolycrystalline
silicon layer 3 is irradiated by light, with the use of an
anodizing bath wherein an electrolyte comprising a 55 wt$
hydrogen fluoride aqueous solution and ethanol mixed
together in a mixing ratio of 1:1 is filled and wherein a
platinum electrode (not shown) and the electroconductive
layer 8 are used as negative and positive electrodes,
respectively. Through this anodic oxidation process, a
porous polycrystalline silicon layer 4 can be obtained as
shown in Fig. 12C. In this fifth embodiment now under
discussion, the anodic oxidation process is carried out in
such a manner that throughout the entire period of anodic

oxidation the power of 1light used to irradiate the
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polycrystalline silicon layer 3 and the current density are
kept constant. However, this anodizing condition may be
varied suitably (for example, the current density may be
variable}.

After the anodic oxidation process, the electrolyte is
drained from the anodizing bath, and an acid (for example,
approximately 10% dilute nitric acid, approximately 10%
dilute sulfuric acid or aqua regia) is filled in the
anodizing bath. Using the anodizing bath containing the
acid and wherein the platinum electrode (not shown) and éhe
electroconductive layer 8 are. used as negative and positive
glectrodes, respectively, a constant current is applied to .
oxidize the porous polycrystalline. silicon layer 4 1::0 form
a drift layer 6 as shown in Fig. 12D.

After the formation of the drift layer 6, a surface
electrode 7 in the form of an electroconductive thin-film
(for example, a gold thin-film) is formed on .the drift
layer 6 by means of, for example, any known deposition
technique, thereby completing the electron source 10 of the
structure shown in Fig. 12E. Although in the firth
embodiment now under discussion the surface electrode 7 has
a film thickness of 15 nm, the thickness thereof is not
limited thereto and the surface electrode 7 may have any
suitable film thickness provided that electrons flowing

through the drift layer 6 can be tunneled. Alsoc, although
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in the fifth embodiment now vunder discussion the
electroconductive thin-film that eventually forms the
surface electrode % is _forﬁed by any suitable vapox
deposition technique, any suitable process other than the
deposition technique, for example, a sputtering technique
may be employed to form the electroconductive thin-film.
With the method discussed above, the polycrystalline
silicon layer 3 can be formed by the low temperature
process such as, for example, the plasma CVD process. The
porous polycrystalline silicon layer 4 1is oxidized in
contact with acid. Also, the surface electrode 7 is formed
by the use of the vapor deposition technique or the
sputtering téchnique. For these reasons, the electron
source 10 can be manufactured by the low temperature
process of not higher than 600°C. Accordingly, Zfor the
insulative substrate 11, a non-alkaline glass substrate
that is inexpensive as compared with the quartz glass
substrate can be employed. As the result, the
manufacturing cost can be reduced and its surface area can
be increased. Also, depending on the temperature at which
the polycrystalline silicon .layer 3 is formed, it is
possible to use a glass substrate having a heat resistance
that is relatively low as compared with that of the non-
alkaline glass substrate such as a low-alkaline glass

substrate or a soda lime glass substrate.
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Moreover, the upper electroconductive film 8b of the
electroconductive layer 8 is formed of the material that
can easily react with silicon (that is, a cons£ituent
element of the polycrystalline silicon layer 3} at the
temperature at which the polycrystalline silicon layer 3 is
formed. For this reason, formation of the amorphous layer
within the polycrystalline silicon layer 3 can be
suppressed (that 1is, formation of the amorphous layer
during an initial stage of deposition of the
polycrystalline silicon layer 3 can be suppressed). As the
result, increase of the xesistance of the drift layer 6

over a required value can be prevented (and the drift layer

6 can.have a resistance comparable to that of the drift

layer 6 employed in the prior art electron source 10' using
the n-type silicon substrate 1). Accordingly, the electron
emission efficiency can be increased.

The electron source 10 fabricated by the method
described above has a low dependency of the electron
emission characteristic on the degree of vacuum as is the
case with the eleétron source disclosed in the previously
discussed Japanese Patents No. 296684 {Japanese Patent
application No. 10-272340) and No. 2987140 (Japanese Patent
application No. 10-272342). Also, no popping phenomenon
occur at the time of emission of electrons. For this

reason, the electron source 10 can emit electrons in a
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stable fashion.

According to the above-described method, the porous
polycrystalline silicon layer 4 is oxidized in contact with
acid., However, it may be oxidized by illuminating it with
ultraviolet rays under a gaseous atmosphere containing at
least one of, for example, oxygen and ozone. In such case,
oxidization is preferably carried out at a temperature
within the range of 100 to 600°C. Although the temperature
at which oxidization is carried out may be higher than
600°C, oxidization is preferred to be carried out at a
temperature within the range of 100 to 600°C since the
inexpensive glgss substrate can be employed for the
insulative substrate 11. The' fiim thicknéss of the upper
electroconductive film 8b is preferred to be not greater
than 50 nm because of the following reason. Specifically,
if the upper electroconductive film 8b has a film thickness
greater than 50 nm, the metal element forming the upper
electroconductive film 8b will be diffused in .a large
amount into the polycrystalline silicon layer 3, resulting
in the polycrystalline silicon layer 3 forming into a
silicide laver. Also, since this silicide layer is
rendered porous, it is suspected that even though the drift
layer 6 is formed, the electron emission efficiency will be
lowered as a result of increase of the probability of

scattering of the electrons within the drift layer during
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operation of the electron source. In other words, the £film
thickness of the upper electro.conductive film 8a should be
so selected as to minimize the amount of diffusion into the
drift layer 6 (while permitting only diffusion into =a
region of the electroconductive layer 8 adjacent the drift
layer 6) to thereby minimize any possible influence upon
the electron emission efficiency.

When the upper electroconductive film 8b is made of
the material of a kind hard to diffuse into any of the
polycrystalline silicon layer 3, the porous polycrystalline
silicon layer 4 and the drift layer 6, rather than aluminum
(that 'is, of a kind capable of exhibiting a high diffusion
enthalpy), diffusion of the elements forming the upper
electroconductive film 8b which would occur as a result of
increase of temperature during the manufacture and/or
operation can be effectively suppressed. The diffusion
enthalpy of aluminum is generally 329 kJ/mol (78.7
Kcal/mol) . The material capable of exhibiting a higher
diffusion enthalpy than aluminum includes Ni, Co, Cr, Hf,
Mo, Pd, Pt, Rh, Ta, Ti, W, Zr or an oxide thereof.

The electron source 10 according to the fifth
embodiment basically functions in a manner similar to that
of the first embodiment shown in Fig. 3. By way of example
as shown in Fig. 13, electrons injected £from the

electroconductive layer 8 into the drift layer 6 drift
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within the drift layer 6 and are then emitted through the
surface electrode 7. Accordingly, even with the electron
source 10 according to the fifth embodiment, the electrons
can be emitted even though the direct current wvoltage Vps
applied between the surface electrode 7 and the
electroconductive layer 8 is as low as 10 to 20 wvolts.

Fig. 14 illustrates the electron emission
characteristic of the electron source 10 fabricated by the
method described above. 1In Fig. 14, the axis of abscissas
represents the direct current voltage Vps applied while the
axis of ordinates represents the current density. In the
graph of Fig. 14, a group of void circles A {O} represent
change of the diode current Ips exhibited by the electron
source 10 wherein the electroconductive layer 8 is of a
W/Ti structure (that is, wherein the upper and lower
electroconductive films 8b and 8a are made of W and Ti,
respectively}; a group of darkened circles B (@) represent
change of the current Ie of the emitted electrons exhibited
by the electron source 10 wherein the electrocenductive
layer 8 is of the W/Ti structure; a group of squares C ([1}
represent change of the diode current Ips exhibited by the
electron source 10 wherein the electroconductive layer 8 is

of an Al-Si/W/Ti structure (that is, wherein the upper and

"lower electroconductive films 8b and 8a are made of Al-Si

and Ti, respectively); a group of darkened squares D (H)
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represent change of the current Ie of the emitted electrons
exhibited by the electron source 10 wherein the
electroconductive layer 8 is of the Al-Si/W/Ti structure; a
group of triangles E (A} represent change of the diode
current Ips exhibited by the electron source 10 wherein the
electroconductive layer 8 is of a Ni/W/Ti structure (that
is, wherein the upper and lower electroconductive films 8b
and 8a are made of Ni and Ti, respectiwvely}:; and a group of
darkened triangles F {A) represent change of the current
Ie of the emitted electron exhibited by the electron source
10 wherein the electroconductive layer 8 is of the Ni/W/Ti
structure.

Fig. 15 illustrafes a charf showing Fowler-Nordheim
plots based on the date on the current Ie of-the emitted
electrons and the direct current wvoltage Vps shown in the
graph of Fig. 14. In the graph of Fig. 15, a group of
darkened squares H (M) represent the data associated with
the electron source 10 wherein the electroconductive layer
8 is of the W/Ti structure; a group of darkened triangles I
(A} represent those wherein the electroconductive layer 8
is of the Al-Si/W/Ti structure; and a group of darkened
circles G { @® ) represent those  wherein the
electroconductive layer 8 is of the Ni/W/Ti structure.
Regardless of the nature of the electroconductive layer 8,

the condition under which an anodic oxidation process was
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carried out was such that the current density was 12.5
mA/cm’ and was supplied for 6 seconds. Also, regardless of
the nature of the electroconductive layer 8, the condition
under which oxidization with the use of an acid was carried
was such that the voltage applied was 20 wvolts and the
current ° density was 12.5 mA/cm’. The  upper
electroconductive film 8b was 50 nm in film thickness. The
direct current voltage V¢ during the characteristic
measurement was fixed at 100 volts.

Fig. 14 makes it clear that the favorable current Ie
of the emitted electrons and the favorable electron
emission efficiency (Ie/Ips) have been obtained.

In the fifth embodiment, the drift laver 6 is formed
of an oxidized porous polycrystalline silicon. However,
the drift layer 6 may be formed of a nitrided porous
polycrystalline silicon, or in the form of an oxidized ox
nitrided porous polycrystalline semiconductor layer.

Although the present invention has been described in
connection with the preferred embodiments thereof with
reference to the accompanying drawings, it is to be noted
that various changes and modifications are apparent to those
skilled in the art. Such changes and modifications are to
be understood as included within the scope of the present
invention as defined by the appended claims, unless they

depart therefrom.
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What is claimed is:
1. A field emission—type electron source which
comprises:

a substrate;

an electroconductive layer formed on a major
surface of the substrate;

a semiconductor layer formed on the
electroconductive layer;

a strong electrical field drift layer in the form
of an oxi&ized or nitrided porous semiconductor layer
formed on a surface of the semiconductor layer remote from
the electroconductive layer; and

a surface electrode formed on the strong
electrical field drift layer, in which

when a voltage is applied with the surface
electrode used as a positive electrode relative to the
electroconductive layer, electrons . injected from the
electroconductive 1layer drift in the strong electrical
field drift layer and are then emitted through the surface
electrode, wherein

the semiconductor layer is made of a low
resistance semiconductor material wutilizing means for
lowering a resistance thereof or a low resistance
semiconductor material formed by a process for lowering a

resistance thereof.
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2. The field emission-type electron source as

claimed in Claim 1, wherein at least a portion of the
electroconductive layer adjﬁcent the strong electrical
field drift layer with respect to a direction of thickness
thereof is made of an electroconductive material effective
to suppress formation of an amorphous layer in the strong
electrical field drift layer to thereby reduce the
resistance of the semiconductor layer.

3. The field emission-type electron source as
claimed in Claim 2, wherein the electroconductive layer is
made up of at least two electroconductive films laminated
one above the other, and wherein the uppermost one of the
electroconductive films has é property.of easily reacting
with the semiconductor at about a temperature at which the
strong electrical field drift layer is formed.

4. The field emission-type electron source as
claimed in Claim 3, wherein the uppermost electroconductive
film is made of Al, Ni, or an alloy including Al and Ni as
main components.

5. The field emission-type electron source as
claimed in Claim 3, wherein the uppermost electroconductive
film has a film thickness not greater than 50 nm.

6. The field emission-type electron source~ as
claimed in Claim 3, wherein the uppermost electrocpnductive

film is made of a material hard to diffuse into the strong
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electrical field drift layer as compared with Al.

7. The field emission-type electron source as
claimed in Claim 1, further comprising a silicide layer
interposed between the electroconductive layer and the
semiconductor layer and effective to lower the. resistance
of the semiconductor layer.

8. The field emission-type electron source as
claimed in Claim 1, wherein the semiconductor layex
comprises a plurality of films having different resistances
and wherein one of the films closer . to  the
electroconductive layer exhibiting a lower resistance.

S. The field emission-type electron source as
claiﬁed in Claim.l, wherein the semiconductor layer is of a
structure having a continuously varying resistance, with a
portion of the semiconductor layer «closer to the
electroconductive layer exhibiting a lower resistance to
thereby reduce the resistance of the semiconductor layer.
10. The field emission-type electron squrce as
claimed in Claim 1, wherein the semiconductor layer having
a low resistance is formed by heating to crystallize after
formation of an amorphous semiconductor layer.

11. The field emission-type electron source as
claimed in Claim 1, wherein the semiconductor layer having
a .low resistance is formed by crystallizing an amorphous

semiconductor layer using hydrogen after formation of the
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12. The field enmission-type electron source as
claimed in Claim 1, wherein the semiconductor layer having
a Jlow resistance 1is a low resistance amoréhous
semiconductor layer doped with impurities.

13. The field emission-type electron source as
claimed in Claim 1, further comprising impurities added to
the semiconductor layer to reduce the resistance of the
semiconductor layer.

14. The field emission-type electron source as
claimed in Claim 13, further comprising impurities added to
the semiconductor layer to form another semiconductor layer
over'the semiconductor layer having a low resistance.

15. The field emission-type electron source as
claimed in Claim 1, wherein heat treatment has been carried
after formation of at least one of the semiconductor layer,
a porous semiconductor layver, the strong electrical field
drift layer and the surface electrode.

l6. The field emission-type electron source as
claimed in Claim 1, wherein the strong electrical field
drift layer includes. semiconductor crystalline columns
lying perpendicular to the major surface of the substrate,
fine semiconductor crystals in nanometer order positioned
among the semiconductor crystalline columns and insulating

films having a film thickness smaller than a crystal size
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of the fine semiconductor crystals and formed on surfaces
of the fine semiconductor crystals.

17. The field emission-type electron source as
claimed in Claim 1, wherein the semiconductor layer is made
of a polycrystalline semiconductor.

18. . The field emission-type electron source as
claimed in Claim 17, wherein the polycrystalline
semiconductor is made of a semiconductor material capable'
of being formed by a low temperature process of not higher
than 600°C.

19. A method of manufacturing a field emission-type
electron source comprlslng a substrate; an
electroconductive layer formed on a major surface of the
substrate; a semiconductor crystalline layer formed on the
electroconductive layer; a strong electrical field drift
layer in the form of an oxidized or nitrided porous
semiconductor layer formed on a surface of the
semiconductor crystalline layer remote from the
electroconductive layer; and a surface electrode formed on
the strong electrical field drift layer, in which when a
voltage is applied with the surface electrode used as a
positive electrode relative to the electroconductive layer,
electrons injected from the electroconductive layer drift
in the strong electrical field drift layer and are then

emitted through the surface electrode, wherein the

*®
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semiconductor crystalline layer is made of a low resistance
semiconductor material utilizing means for lowering a
resistance thereof or a low resistance semiconductor
material formed by a process for lowering a resistance
thereof, said method comprising the steps of:

forming the electroconductive layer on the
substrate;

forming an amorphous semiconductor layer on the
electroconductive layer and then crystallizing the
amorphous semiconductor layer to form the semiconductor
crystalline layer:;

forming a seniconductor layer. over the
semiconductor crystalline layer and then rendering at least
a portion of the semiconductor layer to be porous to
thereby form the porous semiconductor layer;

oxidizing or nitriding the porous semiconductor
layer to form the strong electrical field drift layer; and

forming the surface electrode on the strong
electrical field drift layer.
20. A method of manufacturing a field emission-type
electron source .comprising a substrate; an
electroconductive layer formed on a major surface of the
substrate; a semiconductor crystalline layer formed on the
electroconductive layer; a strong electrical field drift

layer in the form of an oxidized or nitrided porous
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semiconductor layer formed on a surface of the

semiconductor crystalline layer remote ~ from the

electroconductive layer; and a surface electrode formed on

the strong electrical field drift layer, in which when a
voltage is applied with the surface electrode used as a
positive electrode relative to the electroconductive layer,
electrons injected from the electroconductive layer drift
in the strong electrical field drift layer and are then
emitted through the surface electrode, wherein the
semiconductor crystalline layer is made of a low resistance
semiconductor material utilizing means for lowering a
resistance thereof or a low resistance semiconductor
materiai formed by a process for lowerihg a resistance
thereof, said method comprising the steps of:

forming the electroconductive layer on the
substrate;

forming the semiconductor crystalline layer on
the electroconductive layer, said semiconductor crystalline
layer containing impurities added thereto}

forming a semiconductor layer over the
semiconductor crystalline layer and then rendering at least
a portion of the semiconductor layer to be porous to
thereby form the porous semiconductor layer;

oxidizing or nitriding the porous semiconductor

layer to form the strong electrical field drift layer; and
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forming the surface electrode on the strong

electrical field drift layer.



