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emitting the electrons by applying a voltage between the electrodes. The
present invention also relates to 2 method of producing the same, and the use

of the same.

15 2. Description of the Related Art
As field emission electron sources, those using the so-called Spindt type
electrode such as disclosed in, for example, U.S. Patent No.3665241 are well
known. The Spindt type electrode comprises a substrate having a multitude of
minute emitter chips of a triangular pyramid shape disposed thereon and gate

20 Jayers that have emission holes through which tips of the emitter chips are
exposed and are insulated from the emitter chips. In this structure, a high
voltage is applied in a2 vacuum atmosphere to the emitter chips as negative
electrode with respect to the gate layer, electron beams can be emitted from
the tips of the emitter chips through the emission holes.

25 However, the production process of the Spindt type electrode is
complicated and it is difficult to make a multitude of emitter chips of a
triangular pyramid shape with high accuracy and, bence difficult to make a
device of large emission area when applying this technology to, for example, a
planar light emitting apparatus or a display apparatus. Also with the Spindt

30 type electrode, since the electric field is concentrated on the tip of the emitter
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avoid the problems described above, resulting in higher cost and difficult
handling.

In order to overcome the drawback described above, field emission
electron sources of MIM (Metal Insulator Metal) type and MOS (Metal Oxide
Semiconductor) type have been proposed. The former is a field emission
electron source of a planar configuration having a laminated structure of metal-
insulation film-metal and the latter is one of a metal-oxide film-semiconductor
structure. However, it is necessary to reduce the thickness of the jnsulation
film or the oxide film in order to improve the electron emitting efficiency to
thereby increase the number of electrons emitted with these types of field
emission electron sources, while making the insulation film or the oxide film too
thin may lead to dielectric breakdown when a voltage is applied between the
upper and lower electrodes of the Jaminated structure described above. Thus
there has been such a problem that, in order to avoid the dielectric breakdown of
the insulator film, the electron emitting efficiency (pullout efficiency) canpot be
made too high because there is a limitation on the reduction of the thickness of
the insulation film or the oxide film.

A different field emission electron source has recently been proposed in
Japanese Patent Kokai Publication No. 8-250766.  According to this
publication, the field emission electron source is made by using 2 single-crystal
semiconductor substrate such as a silicon substrate, forming a porous

semiconductor layer (a porous silicon layer, for example) by anodization of one
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electron emission, because it is supposed that (100) porous silicon layer has
10 holes of a diameter in the order of nano-meter and silicon crystal, which are
arranged at right angle to the surface.
However, in the structure disclosed in Japanese Patent Kokai
Publication No. 8-250766, since the substrate used therein uses a semiconductor
substrate, it is difficult to produce the device with a large area and to reduce the
15 cost thereof.
In any event, both of the structure disclosed in Japanese Patent Kokai
Publication No. 8-250766 and the structure disclosed in Japanese Patent Kokai
Publication No. 9-259795, involve the so-called popping phenomenon during
electron emission that leads to unevenness in the amount of electrons emitted,
20  and therefore causes unevenness in the light emission when the field emission
electron sources are applied to a planar light emitting apparatus or a display
apparatus.
SUMMARY OF THE INVENTION

Under these circumstances, the present invention bhas been
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accomplished. That is, a first object of the present invention is to provide a
field emission eleetron source capable of achieving a stable emission of
electrons with high efficiency by suppressing the popping phenomenon.

A second object of the present invention is to provide the use of the
field emission electron source in, for example, a planar light emitting apparatus,

80  a display apparatus and a solid vacuum device, all being of a kind capable of
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semiconductor substrate decreases when the temperature of the semiconductor
substrate is increased, accompanied by increase of the amount of electrons
emitted.  Therefore, these structures are susceptible to the popping
phenomenon during electron emission leading to unevenness in amount of
electrons emitted,

Bused on above findings, according to one aspect of the present
invention there is provided a field emission electron source comprising an
electrically conductive substrate, an oxidized or nitrided porous polysilicon
layer formed on the surface of said electrically conductive substrate on one side
thereof and having nano-structures and 2 thin metal film formed on the oxidized
or nitrided porous polysilicon layer, wherein a voltage is applied to the thin
metal film used as a positive electrode with respect to the electrically conductive
substrate thereby to emit electron beam through the thin metal film.

In the present invention, the electrically conductive substrate forms a
negative electrode of the field emission electron source and has strength enough
to support porous polysilicon layer in vacuum. When voltage is applied to the
electrically conductive substrate, the electrons are injected to the porous
polysilicon layer. The electrically conductive substrate may be metal substrate
such as chrome substrate or semiconductor substrate such as single crystal
silicon substrate as far as the electrically conductive substrate can form the

negative electrode. Also the electrically conductive substrate may be a
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the thin metal film. The porous polysilicon layer is polycrystal having grains.
There are nano-structures having oxidized or nitrided coating thereon on the
surface of the grains. The size of the nano-structures is smaller than
approximately SO nm, which is in the same order of the mean free path of
electrons in the single crystal silicon, so that the electrons injected to the porous
polysilicon layer reach the surface of the porous polysilicon layer with
suspected ballistic effect and less scattering of electrons. The suspectea ballistic
effect is the effect that electrons skip the mano-structures without collisions.
Concretely, the size of the nano-structures need to be smaller than 10 nm, and
preferably smaller than 5 nm.

It is preferred that the porous polysilicon layer is a polysilicon layer that
makes the field emission electron source have substantially no popping
phenomenon when voltage is applied to the thin metal film used as a positive
electrode with respect to the electrically conductive substrate thereby to emit
electron beam through the thin metal film. The porous polysilicon layer may
be made by alternately laminating a polysilicon layer having high porosity and a
polysilicon layer having a low porosity.

Also the porous polysilicon layer may be a layer whose porosity
changes continuously in the direction of thickness. In this case, the porous
polysilicon layer may be a layer whose porosity changes continuously in a
direction of thickness so that said porosity is higher on a side of the electrically

conductive substrate than on a front surface side,

ound out that the tenperature of the
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applying DC voltage between the conductive substrate and the thin metal film.

In the present invention described above, when the field emission
electron source is housed in a vacuum chamber and a collector electrode is
disposed at a position so as to confront the thin metal film, and a DC voltage is

15 applied with the thin metal film at a positive polarity with respect to the
conductive substrate, and a DC voltage is applied with the collector electrode at
a positive polarity with respect to the thin metal film, electrons emit from a
surface of the thin metal film. And it is made possible to achieve stable
electron emission with high efficiency.

20 In another aspect of the present invention, there is provided a method of
producing the field emission electron source which comprises forming a
polysilicon layer on an electrically conductive substrate, making the polysilicon
layer porous, oxidizing or nitriding the porous polysilicon layer and forming an
electrode made of a thin metal film on the oxidized or nitrided porous

25  polysilicon layer.

Where the conductive substrate is a semiconductor substrate, the
polysilicon layer is formed on the conductive substrate by the use of LIPCVD
(Low Pressure Chemical Vapor Deposition) process, sputtering process or so on.
Also the polysilicon layer may be formed by annealing an amorphous silicon

80 layer formed on a conductive substrate by plasma-CVD process. Preferably,



5 conbination of a substrate such as glass substrate and an electrically
condéictive thin filmforned on the surface of the substrate. In this case,
this structure makes it possible to produce the field em ssion el ectron
source having a larger em ssion area at | ower cost than that in the case

where sem conductor 5  substrates such as single crystal silicon substrate
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5nmnm It is prefprrecf t ha he porous polysilicon layer is a polysilicon
| ayer that 20 Siligarpprockss, titelytic &WD pranesgloesooon source have substantially

no POPPING,, The porous polysilicon layer is formed by a process that forms nano-
structures, such as anodization. The porous polysilicon layer is oxidized or
nitrided by the use of rapid thermal oxidation, chemical oxidation, oxygen

plasma oxidation, nitrogen plasma nitriding, thermal nitriding, or so on.
The metal thin film is formed on the porous polysilicon layer by the use

15  of evaporation, sputtering process, or so o1n.

In this case, the porous polysilicon layer may be formed by making the
polysilicon layer porous so that a polysilicon layer having a high porosity and 2
polysilicon layer having a low porosity are Jaminated alternately. Also, the
porous polysilicon layer may be formed by making the polysilicon layer porous
20 so as to have a porosity higher on the side of the electrically conductive
substrate than on the front surface side with the porosity changing continuously
in the direction of thickness.  In a further aspect of the present invention,

there is provided a planar light emitting apparatus which comprises a field

emission electron source comprising an electrically conductive substrate, an
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oxidized or nitrided porous polysilicon layer formed on the surface of said
electrically conductive substrate on one side thereof and having nano-structures
and a thin metal film formed on the oxidized or nitrided porous polysilicon layer
and a transparent electrode disposed to oppose said thin metal film. The
transparent electrode bas a fluorescent substance which emits visible light when

30  irradiated with electron beam being provided thereon. The directions of



phenomenon. when voltage is applied to the thin metal filmused as a

posi tive electrode with respect to the electrically conductive substrate
thereby to emt electron beamthrough the thin metal film The porous
polysilicon |layer nay be nade by alternately lam nating a polysilicon |ayer
havi ng hi gh porosity and a 25 pol ysili&on |l ayer having a | ow porosity.
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function of the thin nmetal filmis, the nore
thereof and having pano-structures and a thin metal film formed on the oxidized

10 or nitrided porous polysilicon layer. The field emission electron source is
formed in matrix configuration. A controller for controlling voltages applied
to said field emission electron sources and a transparent electrode disposed to
oppose said thin metal film are also employed. The transparent electrode has a
fluorescent substance which emits visible light when irradiated with electron

15 beam being provided thereon. Thus the directions of electron emission from
the ficld emission electron source are aligned substantially at right angles to the
surface of the thin meta! film, and therefore it is possible to achieve a display
apparatus of high definition without need to use a complicated shadow mask
and an electron convergence lens.

20 In a further aspect of the present invention, there is provided a solid
vacuum device which comprises a field emission electron source comprising an
electrically conductive substrate, an oxidized or nitrided porous polysilicon
layer formed on the surface of the electrically conductive substrate on one side
thereof and having nano-structures and a thin metal film formed on the oxidized

25 or nitrided porous polysilicon layer, a positive electrode and a vacuum chamber.
Both of the field emission electron source and said positive electrode are
disposed in said vacuum chamber. Since the field emission electron source
copstitutes a cold cathode, it is not necessary to install a heating means unlike a
solid vacuum device of the prior art having a hot cathode which utilizes

30 thermionic electron emission, thus making jt possible to make the apparatus



preferable it is, since ideal energy of the emtted electron is equival ent
to t:he 10 work function of the thin nmetal filmless the el ectron energy
produced by applying DC vol tage between the conductive substrate and the
thin nmetal film In the present invention described above, when the field
em ssion electron source is housed in a vacuum chanber and a col | ector
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applied with the collectof el ectrode at a positive polarity with respect to
t he thin metal BRIEFDRIGRIPTGON ORTHE DRAWINGS ace of the thin nmetal film
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formed on g conduct ipigs SPRS{Y 2DC aRY ciIs@Sy¥Btié1dD wiews estiowilts ahsjoalsteps for
explaining the production process of the field emission electron source;
Fig. 3 is a schematic diagram for explaining the measuring principle of
emitted electrons of the field emission electron source;
Fig. 4 is a graph showing a voltage-current characteristic of the field
15  emission electron source;
Fig. 5 is a graph of Fowler-Nordheim plot of the data of Fig. 4;
Fig. 6A is an energy band diagram showing the above electron emitting
mechanism, and Fig. 6A shows energy band before applying DC voltage Vps;
Fig. 6B is an energy band diagram showing the above electron emitting
20  mechanism, and Fig. 6B shows energy band after applying DC voltage Vps;
Fig. 7 is a schematic diagram for explaining the energy distribution of
the above emitted electrons;
Fig. 8 is a graph showing a change in current with time;
Fig. 9 is a graph showing dependency of the current on the degree of vacuum;
25 Figs. 10A to 10C are cross sectional views showing major steps for
explaining the production process of a second embodiment;
Figs. 11A to 11C are cross sectional views showing major steps for
explaining the production process of the second embodiment;

Fig. 12 shows a voltage-current characteristic of the second

30 embodiment;



7 the polysilicon layer is forned by the use of LPCVD process. Conditions
of the LPCVD process include, for exanple, a vacuum of 20 Pa, a tenperature
of 640eC and a silane gas floating at 600 sccm Were the conductive
substrate is the conbination of the glass substrate-5 and the conductive
thin film polysilicon layer is formed on q{ge conductive thin fllmby

anneal i ng with an exgres d gsgod sf%'avmgwgﬁﬁgﬁnw 60Thd B lor 4 Bogn t he

conductive thin fil hese processes
the polysili ccu‘mtb@mﬁfentray be fornmed by CGS (Conti nuous Gra| n Silicon)
process, catalytic CVD process, or so on. 10 The porous

pol ysilicon |ayer i Figotdnsda gyapda showing s chhnge inoureentavith timeraddbaisesopd such
as anodi zati on. orous polysilicon |layer is oxidized or nitrided by the
use of rapid teri%t?‘ffﬁﬂgékl dat i on chem cal oxidation, oxygen plasma’

o) ot o711 090 Ak BT £ Sl el 80 B
of evapor at i oremisdiifdest:i ng pr ocess or so on. In this case, the porous
polysilicon layer may be forned by making the polysilicon Iayer porous so
that a polysilicon |FagsrlGfatendGate gospsecsingl views ahewingsinhjoc steps dper
‘having a Tow poi0Shink B Srofitio procet 0% Bl mbodimens; '

Fig. 17 is a schematic diagram showing a configuration of a planar light

10  emitting apparatus in a fourth embodiment;

Fig. 18 is a schematic diagram showing a configuration a display
apparatus in a fifth embodiment; and

Fig. 19 is a schematic diagram showing a configuration of a solid
vacuum device in a sixth embodiment.

15 DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

This application is based on patent applications No. HEI-9-297108 and
HEI-10-065592 filed in Japan, the contents of which are incorporated herein by
reference.

(First Embodiment)

20 Fig. 1 is a schematic diagram showing the configuration of a field
emission electron source 10 according to this embodiment, and Figs. 2A to 2D
are cross sectional views of major steps of producing the field emission electron
source 10. In this embodiment, an n-type silicon substrate 1 ((100)-substrate
having a resistivity of about 0.1 Qcm) is used for an electrically conductive

25  substrate.

As shown in Fig. 1, the field emission electron source 10 according to
this embodiment includes an n-type silicon substrate 1, an ohmic electrode 2, a
polysilicon layer 5, a porous polysilicon layer 6 oxidized by the rapid thermal
oxidation technique and a thin gold film 7 as a thin metal film.

30 The n-type silicon substrate 1 and the ohmic electrode 2 form the



porous polysilicon |layer may be formed by making the polysilicon |ayer
porous 20 so as to have a porosity higher on the side of the electrically
conductive substrate than on the front surface side with the porosity
changi ng continuously in the direction of thickness. |In a further aspect
of the present invention, there is provided a planar [ight emtting
apparatus which conprises a field enis§joﬂjelectyon source_conprising an
el ectrical ly ceeminetivesubsiiaier alke pelysitison layer §i iscformed @t the aclypp silisas

olysilicon la f d an the ace of said electrically,canducgtive

g ub)s/tS Ir alt e on O%@s&aﬁe&ﬂ? rtBBPOIéﬂ‘l‘glf’hLWﬁWSnAQ%Sbslf ?W#@%ﬁ’ﬁﬁ%ﬂﬁﬁﬁ?ﬁa%t al
filmformed oncth Wl Ak L I | :
transparent el g'ct %ﬁgé‘g%g%?? tltegteg%g(%ggggg%ﬁ%ﬁhy%tsal i }%&Wq 16
transparent el expid dstemabexidatidn)ané shanicaboriditivicer witridihg ead beusedsi bl e | i ght

when 30 irradiated with el ectron beam being provided thereon. The
directions %f 8 elhepoons pulysdicon layarh oxidized diydthermapish thermeal exidatinn

source are aligned substanti,ally at right angl to the s rfacf‘le of the thin
Tetal fi1m thOS P GHES BoNan R atce 1 e (AT STAHFS FREHE SRFL i ng
appar at us of agSi ' B : I

oFEet rode, 5 - saME iy SpoHEE1SA L IRAEE hInd S8 CFATNTIAEHER fre ., .
is provided a githpifaeaitpanahe singlti @istalosiiedms e Spacifically, @eisigiogthehaet r on

source conprising an
structures need to be smaller than 10 nm, and preferably smaller than 5 nm.

10 The gold thin film 7 is formed on the porous polysilicon layer 6, and the
gold thin film 7 is a thin film made of gold whose work function is small.
Incidentally, the thin metal film is not limited to the gold thin film 7, and may be
prepared from any suitable material as far as the work function of such suitable
material is small. Aluminum, chrome, tungsten, nickel, platinum can be used

15  therefor. The work function of aluminum is 4.28 eV, that of chrome is 4.50 ¢V,
that of tungsten is 4.55 ¢V, that of nickel is 5.15 eV, that of platinum is 5.65 ¢V,
and that of gold is 5.10 eV, according to “Journal of Applied physics, vol. 43
(1977) p 4729 - (H.B. Michaelson)”.

A method of making the field emission source 10 of the structure

20  described above will be described below with reference to Figs. 2A to 2D.

First the ohmic electrode 2 is formed on a back surface of the n-type
silicon substrate 1, and then an undoped polysilicon layer 3 of about 1.5 4min
thickness is formed on a front surface of the n-type silicon substrate 1 opposite
to the back surface, thereby to obtain a structure as shown in Fig. 2A. The

25 polysilicon layer 3 is formed by the use of LPCVD process, using a vacuum of
20 Pa, a temperature of 640°C, and a floating silane gas at 600 sccm. Then,
the polysilicon layer 3 is subjected to anodization or anodization with a constant
current while being irradiated with light. During this anodization, a liquid
electrolyte made by mixing a 55 wt % aqueous solution of hydrogen fluoride

30  and ethanol in a proportion of about 1:1 is used and a platinum electrode (not



electrically conductive substrate, an oxidized or nitrided porous

pol ysilicon |layer formed on the surface of the electrically conductive
substrate on one side thereof and having nano-structures and a thin netal
filmformed on the oxidized 10 or nitrided porous polysilicon |ayer. The
field em ssion electron source is formed,,n matrix configuration. A

troll f ol i | t | i id fj.eld | SSi | ect
Sour cos and & SRS she e e rle oS 00 b o B ouliCert b Rfe. eimiE 1 U
I I t : h
ahi ch oni torvi SEBTe A EREnE P SRt AnRe "B (i AhGEEAR, 2 A ©
provi ded t her epglysiTiaos 14yee 40{HepshifensefRireal tdCds' PPS 9ay¢rsd)otunl boBblatiRdfdsel d
em ssion el ectron source are aligned substantially at ri‘ght angles to the

surface of theshdwmimBigalBf i [lathisentbodiereat,the anodizatipn psidesewa camduictede a

di spl ay apparatus of high definition wthoyt need_.ta use a,copplicate
shadow mask® ant f&ﬂ&ﬂ%ﬁ&ﬁ@@ﬁ@ér?ege%ﬁsnsﬂzfoof 10 mA/cmj an dP{?PPHeQC}

aspect of the peneflon SNEDSHWcod e Uil SrAUMIISe ARt drife IRt Ce

whi ch conprises a nT Ssion electron sourcé& conprising rically

conductive subhyteBeyitBNighkbdimeshs uf N500 i WeginpstepUsmpodvriig theoprobexs gt
formed on the surface of the electrically conductive substrate on one side

t her eof and haanatizatiano- fisr acesniesharpdreust polysitizoal lafyet h bbrbed dpmhe
oxi di zed 25 . .nitrided, porous polysjlij.con I r, a positive electrode
and a vacuum ciugkpess “@Stfi?%ﬂfgt‘ﬂég |%’T1%° meak; gm]ee&ﬁ% 0%35? d’@sya?ﬁ&‘ogai d
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Then, by subjecting the structure of Fig. 2B, i.e., by effecting the rapid
thermal oxidization (RTO) to the PPS layer 4, a structure shown in Fig. 2C is
obtained. Reference numeral 5 in Fig. 2C denotes a part of the polysilicon
15 layer and reference numeral 6 denotes a part of the PPS layer processéd by the
rapid thermal oxidation (hereinafter referred to as RTO-PPS layer 6). The
rapid thermal oxidation process was conducted at an oxidation temperature of
900°C for the oxidation period of one hour. In this embodiment, since the PPS
layer 4 are oxidized by the rapid thermal oxidation, the layers can be heated up
20 to the oxidation temperature in several seconds, thus making it possible to
suppress entrainment oxidation taking place when charging into a furnace in
case the conventional oxidation apparatus of furnace tube type is used.
Then the thin gold film 7 is formed on the RTO-PPS layer 6 by, for
examplc; evaporation, thereby to obtain the field emission electron source 10
25 having a structure shown in Figs. 1 and 2D. While the thickness of the thin
gold film 7 is about 10 nm in this embodiment, the thickness is not limited to a
particular value. The field emission electron source 10 forms a diode with the
thin gold film 7 serving as a positive electrode (anode) and the ohmic electrode
2 serving as a negative electrode (cathode).

30 Now characteristics of the field emission electron source 10 of this



solid vacuum device of the prior art having a hot cathode which utilizes 30
t her.m onic electron em ssion, thus making it possible to nmake the apparatus
9 snaller and al so to suppress the evaporation and degradation of cathode
material, thereby achieving a solid vacuum devi ce of |onger service life.
BRI EF DESCRI PTI ON OF THE DRAVWI GS These &Ad ot her objects and features of

the present inye eGcQ | ear fromthe follow ng description
taken in conj u?‘@ﬁ?%‘ Fﬁltbﬁé]e ‘P@reg?’f:@av enbodi ments thereof and the
acconpanying draw ”gPhé EEW%&%%nMé&%n' édﬁ?cepﬁﬂ §$ h8hfdopsd YRakef chimbdrke
reference nunerals, and in which: Fig. IS a cross sectional view show ng
a field em ssi @t esiheo,tnb amds @ woblectof etectmdsme(mdidcﬂmmfor eirfitted electrondji gs. 2A

to 2D are cross sectional views show r;gwna jor steps for explaining the
product i on pr odxsp@sedfattah@%m@ 0 antoseandipne thecthin goldoiilne d; 2sshgwndn Kig.a3.
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respect to the ohmic electrode 2 (i.e. n-type silicon substrate 1), and a DC
voltage Vc is applied with the collector electrode 21 at a positive polarity with
respect to the thin gold film 7. Measurements of the diode current Ips flowing

10 between the thin gold film 7 and the ohmic electrode 2, and the electron
emission current Ie flowing between the collector electrode 21 and the thin gold
film 7 due to the emission of electrons € from the field emission electron source
10 through the thin gold film 7 (alternate dash and dot line in Fig. 3 represents
the emitted electron current) are shown in Fig. 4.

15 In Fig. 4, the DC voltage Vps is plotted along the horizontal axis and’
the current density is plotted along the vertical axis. Curve a in the drawing
represents the diode current Ips and curve b represents the electron emission
current Je. The DC voltage Vc is set constant at 100 V.

As will be seen from Fig. 4, the electron emission current Ie was

20 observed only when the DC voltage Vps was positive, while both the diode
current Ips and the electron emission current Ie were increased as the DC
voltage Vps was increased. Specifically, when the DC voltage Vps was 15 V,
current density of the diode current Ips was about 100 mA/cm® and the current
density of the electron emission current Ie was about 10 £ A/em®.  This value

25  of the electron emission current Ie is greater than that obtained with an field
emission electron source prepared by making the surface of a single crystal
silicon substrate porous, described previously in conjunction with the prior art
such as, for example, disclosed in JP Unexamined Publication No. 8-250766.
According to the "Electronic Information & Telecommunications Association

30 ED96-141, pp41-46", they described about 40 mA/cm? for the current density of



Fig. 6A is an energy band di agram show ng the above el ectron emtting
mechani sm and Fig. 6A shows energy band before applying DC voltage Vps;
Fig. 6B is an energy band di agram showi ng the above el ectron emtting 20
mechani sm and Fig. 6B shows energy band after applying DC voltage Vps;

Fig. 7 is a schematic diagramfor explaipi,ng the energy distribution of the
above emtted electrons; Fig. 8 is a graph showing a change in current with

time; Fig. 9 itheadipdaptursnodpsigndepanddvic’y faf the heurfent rdenkitprofithe eliggone of
vacuunm 25 . . Figs. 10A to 10C are cross sectional views show ng najor
steps for expl emifisig tauarept dduehenrithpr PEeswltage aVpecwasl Enb¥di nis; thisgs

L o S T L Bt R0 3SR LBL TPLALERD (1
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Fig. 14 s_:’a gr aph sRigwiSnghosvschawige Nondltsimr slofs of tite tleoBopfentisitors eapan
embodi ment ; versus DC voltage Vps. The fact that the plots lie on a straight line indicates
that the electron emission current Ie caused by the emission of electrons is due
to the well-known quantum tunneling effect. Mechanism of the electron
emission will be described below with reference to an energy band diagram of
10 Figs. 6A and 6B. In Figs. 6A and 6B, reference character n*-Si represents the
n-type silicon substrate 1, reference character RTO-PPS represents the RFO-PPS
layer 6, reference character SiOx represents a thin oxidized silicon film formed
on the top surface of the RTO-PPS layer 6, reference character Au represents the
thin gold film 7, reference character E; represents the Fermi level and reference
15 character Ey,c represents the vacuum level. Fig. 6A shows the state before the
DC voltage Vps is applied and Fig. 6B shows the state with the DC voltage Vps
being applied. When the DC voltage Vps, applied to the thin gold film 7
which is of a positive polarity with respect to the n-type silicon substrate 1,
reaches a predetermined threshold value, electrons e- are injected from the n-
20 type silicon substrate 1 into the RTO-PPS layer 6 by thermal excitation as
shown in Fig. 6B. At this time, since most of the DC voltage Vps is applied
across the semi-insulating RTO-PPS layer 6, the injected electrons e” are caused
to drift due to a strong electric field of, for example, about 10° V/cm in average
field intensity generated in the RTO-PPS layer 6, and migrate toward the surface
25  while losing kinetic énergy due to scattering by irregular potential and lattice
(Electron multiplication due to impact ionization may take place in this process).
The electrons € which have reached the surface of the RTO-PPS layer 6 are
supposed to be so-called hot electrons having higher kinetic energy than that in
the state of thermal equilibrium, and are supposed to easily penetrate the thin
30  gold film 7 through the sub-band of SiOx at the top surface of the RTO-PPS



5 Fig. 15 shows an anodi zation process for another exanple of the
secand enbodi nent; Figs. 16A to 16C are cross sectional views show ng major
steps for explaining the production process of a third enbodinent; Fig. 17
is a schematic di agram showi ng a configuration of a planar |ight 10
emtting apparatus in a fourth enbodi ment? Fig. 18 is a schematic diagram

showi ng 2 SOn"foght 618 ouletlb B BRRNCRIC Reldkfect | ERLITIMIGRAL P F1 O

19 is a schemattc di agram showPng a configurati on vacuum devi ce
in a sixth enbggisient. 1 5 DETAI LED DESCRI PTI ON OF THE PREFERRED

EMBODI MENTS This application is based on patent applications No.
HEI - 9- 297108 and HEIln10:85892efifyl éhisi hyphakesis, distnbodionenf snofgywiN(Eh odr e

i ncorporated herein by reference. (First, Enbodi nent) 20 ) Fig 1is a
schematic di agf &AL em fﬁgaéreﬂlﬁﬂﬂn Reciron; % of s mhodiataton
source 10 accordl gL orehnh sy ATROLIMRNLou AN Fo9%,  BOFSE 2R Sstne
sectional views of nhjor’steps of producing tRe'fie m’ssi on el ectron

source 10. In gikirbueishoshetetie, DO Wwdltaly PepsSis! 12 0D carRSh 'shb®'s the distribution
((100) -substrate having a resistivity of about 0.1 Qcm) is used for an

el ectrically cwhenths DE galtageu¥ips isaltSeV ansl @irwevs shawsithe distributionf whendthe
em ssion el eth)@wﬁ?a‘fgrec\?ps]i(s) lgc\(/\.orfgrioxr}lglritg%, it is found that the distribution of energy
N(E) of electrons is relatively broad and, moreover, includes high-energy
10  components of several electron volts, while the peak energy shifts toward higher
energy as the DC voltage Vps applied increases. Therefore it is supposed that
there occurs less scattering of electrons in the RTO-PPS layer 6, and that the
electrons e which have reached the surface of the RTO-PPS layer 6 are hot
electrons having sufficient epergy. The graph shown in the chain-lined circle
15 Ain Fig. 6B shows the qualitative relationship between the energy distribution
n(E) of electrons immediately before emission and the probability of tunneling
emission T(E), wherein a profile of the energy distribution N(E) of the emitted
electrons is determined by the product of n(E) and T(E) (N(E) = n(E) T(E)).
When the DC voltage Vps increases, for example, n(E) changes so that the
20 components in the high-energy tail increase and, as a result, N(E) shifts toward
higher energy as a whole.

The fact that the electrons are not subject to such a strong scattering that
causes relaxation to thermal equilibrium means less energy loss, i.e. thermal loss,
in the RTO-PSS layer 6 so that a high efficiency of electron emission current Ie

25 and stable emission of electrons are achieved. Fig. 8 is a graph showing the
diode current Ips and the electron emission current Ie of the field emission
electron source 10 of this embodiment with change in time. Time is plotted
along the horizontal axis and the current density is plotted along the vertical axis,
while curve a shows the diode current Ips and curve b shows the electron

30  emission current Ie. Shown in Fig. 8 is the result obtained by setting the DC



"this enbodi nent includes an n-type silicon substrate 1, an ohm c el ectrode

2, g polysilicon layer 5, a porous polysilicon |ayer 6 oxi

di zed by the

rapi d thermal oxidation technique and a thin gold film7 as a thin netal
film *30 The n-type silicon substrate 1 and the ohmic el ectrode 2
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crystal silicon layer. Such a characteristic of stable electron emission current
Ie with less chronic change achieved by employing the configuration of the
present invention cannot be achieved with the conventional field emission
eléctron source based on the MIM system or single-crystal silicon substrate of
which surface is made porous.

Now the dependency on the degree of vacuum of the electron emission
current Ie of the field emission electron source 10 of this embodiment will be
described below. Fig. 9 shows the diode current Ips and the electron emission
current Ie changing as a function of the degree of vacuum of the argon
atmosphere which surrounds the field emission electron source 10 of this
embodiment. In Fig. 9, the degree of vacuum is plotted along the horizontal
axis and the current density is plotted along the vertical axis. Curve a in the
drawing represents the diode current Ips and curve b represents the electron
emission current Je. Fig. 9 shows that a substantially constant electron
emission current Ie can be obtained in a range of degrees of vacuum from 10°
Pa to about 1 Pa, indicating an insignificant dependence of the electron emission
current e on the degree of vacuum. Thus, because of the low dependency on
the degree of vacuum of the electron emission current Ie of the field emission
electron source 10 of this embodiment, stable emission of electrons of high
efficiency can be maintained even when the degree of vacuum changes to some

extent. Thus, because the satisfactory electron emission characteristic can be



15 therefor. The work function of alumnumis 4.28 eV, that of chrone is
4.5Q eV, that of tungsten is 4.55 eV, that of nickel is 5. 15 eV, that of
platinumis 5.65 eV, and that of gold is 5.10 eV, according to "Journal of
Appl i ed physics, vol. 48 (1977) p 4729 - (H. B. Mchaelson)”. A nethod of
maki ng the field em ssion source 10 of th&7structure 20 descri bed above
will be descri betieva] evenvivith arlefvedegrezeoft vactkiiisit i8 Aot @eeddsarkito use threfielini c
electrode 2 is forned on a back surface of the n-type silicon substrate 1,
and then an unéBdstPHEEGseH sweee ndeer bighodegrisnfivatusmg and itrs nhaide lpossillei s
formed on a front suyrface of the ﬂ.—bc&]yl@e il%égn substrate 1 opposjte to the
back surface, PhBFUHNSEAT AppamAtys Whichiuses iheeticld emyisHiAn;slegtog sodrce I,at 25
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of 20 Pa, a tenperature o and a floating silane gas at 600
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aqueous sol ution, of. hydrggen fl.ugride 30. and ethanol jn. a proportion of
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conductive thin film such as an electrically conductive transparent thin film of,

10  for example, indium tin oxide (ITO), platinum or chromium formed thereon
may be used, in which case it is made possible to achieve larger emission area
and lower production cost than in the case of using a semiconductor substrate
such as n-type silicon substrate.

(Second Embodiment)

15 The basic configuration of the field emission electron source iO of the
second embodiment is substantially similar to that of the first embodiment
shown in Fig. 1, and therefore, only the production method will be described
below with reference to Figs. 10A to 10C and Figs. 11A to 11C.  In describing
the production method, only the difference from the first embodiment are only

20  described for the sake of brevity. While the porous polysilicon layer is a single
layer in the first embodiment, the porous polysilicon layer 6 in this second
embodiment is made by alternately laminating a polysilicon layer having a high
porosity and a polysilicon layer having a low porosity. This embodiment also
uses the n-type silicon substrate 1 ((100) substrate having a resistivity of about

25 0.1 Qcm) for the electrically conductive substrate as is the case with that in the
first embodiment.

First the ohmic electrode 2 is formed on the back surface of the n-type
silicon substrate 1, and then the undoped polysilicon layer 3 of about 1.5 4m
in thickness is formed on the front surface of the n-type silicon substrate 1,

30  thereby to obtain the structure as shown in Fig. 10A. .



polysilicon layer 4 (hereinafter referred to as PPS | ayer 4) can be
obt ai ned as shown in Fig. 2B. In this enbodi ment, the anodi zati on process
was conducted 5 wunder conditions of a constant current density of 10
mA cn2 and duration of anodi zation being 30 seconds, while irradiating the
surface of the ponS|I|con layer 3 with light by neans of a 500 Wtungsten

| anp during the pro odi.zat Qr oys silicon
| ayer 4 of about 1[%?%%%9@%]@ Lqeméq\@ﬁfg%d"{onéq#@ﬁg &%@?A¥%Ile
a part of the [ Q o) t
the entire pol‘eg}‘?i?(%%&@gméf mh@i!ﬁ-,ﬁ @lm g'w%gr%ﬁi Hshdéﬁdkgkﬁm bj ect| ng t he
structure of FmixingB 55.wt % la;qu&fu’sesolutm dsfhbydragexﬂ fhbﬂﬁemlnd(rxhﬂbkamhom
(RTO to the PPS |layer 4, a structure _ shown in Fi 2C i s _obtai ned.
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rapid thermal ﬂ& f&ld on process was conducted at an oxi datlon tenperature
of 900' C for the oxidation period of one hour. In this enbodi nent, since
the PPS | ayer 4 are Dhé dnadidation prowessapiad donducted inxihdafollowing bmdmgnsrs can
be heated up 20, to the oxidation tenperature in several seconds t hus
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anodization under the first condition and anodization under the second condition
were repeated alternately, three times each. The surface was irradiated with
light by means of a 500 W tungsten lamp during the process of anodization.
At the time when anodization under the first condition was completed, a porous
15 polysilicon layer 4a (hereinafter referred to as PPS layer 4a) haviﬁg a low
porosity was formed on the surface of the polysilicon layer 3, resulting in such a
structure as shown in Fig. 10B.
Then at the time when anodization under the second condition was
completed, a porous polysilicon layer 4b (hereinafter referred to as PPS layer
20 4b) having a higher porosity than that of the PPS layer 4a was formed on one
side of the polysilicon layer 4a adjacent the n-type silicon substrate 1, resulting
in such a structure as shown in Fig. 10C. When anodization under the first
condition and anodization under the second condition, each performed three
times, completed, such a structure as shown in Fig. 11A wherein the PPS layer
25  4a and the PPS layer 4b are laminated alternately is obtained.
In this embodiment, the porous polysilicon layer of the laminated
‘structure of the PPS layer 4a and the PPS layer 4b has a thickness of about 1 1
m. While a part of the polysilicon layer 3 is made porous in this embodiment,
alternatively the entire polysilicon layer 3 may be made porous.
30 Then, through rapid thermal oxidation of all the PPS layers 4a, 4b and



25 having a structure shown in Figs. 1 and 2D. Wile the thickness of
the.thin gold film?7 is about 10 nmin this enbodi nent, the thickness is
not limted to a particular value. The field enm ssion el ectron source 10
forms a diode with the thin gold film?7 serving as ‘a positive el ectrode
(anode) and the ohm c electrode 2 serving B a negative el ectrode

(cathode). 30 the polysilicdtaViagered acitaichereishowaflintFig. 11BIisl obmimal. OReféresse on
source 10 of this 13 enbodi ment will be described below. The field
eni ssi on el ect mamesdud de Hig. i1d Bndemotes the polysiticomnlayranprocessedbystowmapidand a

collector electrode ,21.(collector for emtijed el ectrons) is dispgs at a
position so as REMaQrigakont ﬁg{“e[remca "é‘é‘?eﬂalféq AR Gggegﬂ eipﬁrqiisd%?@‘ 1600

I nside of th j
Pa. A DC vol t adly B qeecitly 48 A FhRa oliaRod R, AL ARRHG B aTRIGE! T
pol arity wi sh ppspRGérstér AMECHNNTThe @hsidttheaeal dxidation protespevasidondutited at

substrate 1), and a’DC voltage Ve is applied with the collector electrode
21 at a positiae qxidsivnttympetature of PEGTC tfor athexithtiion periet! 6f one bour.  In this

FiIm 7 and t ho SBRIMEReaitcadbe & PSaactsts and dbr sb B EEDBMICORIPSRIS FEE
009, Do e 1 598 S AR, B 0 SRS BB ) it 10
temperature in several seconds, thus making it possible to suppress entrainment
10 oxidation taking place when charging into a furnace in case the conventional
oxidation apparatus of furnace tube type is used.

Then, a thin gold film 7 is formed on the RTO-PPS layers 6a and 6b by,
for example, vapor deposition, thereby to obtain the field emission electron
source 10 having a structure shown in Fig. 11C. While thickness of the thin

15 gold film 7 is about 10 nm in this embodiment, the thickness is not limited to a
particular value. The field emission electron source 10 forms a diode with the
thin metal film 7 serving as a positive electrode (anode) and the ohmic electrode
2 serving as a negative electrode (cathode).

Now characteristics of the field emission electron source 10 of this

20 embodiment will be described below.

The field emission electron source 10 is housed in a vacuum chamber
(not shown) and a collector electrode 21 (collector for emitted electrons) is
disposed at a position so as to confront the thin gold film 7 as shown in Fig. 3.
Inside of the vacuum chamber is evacuated to a degree of about 5X10° Pa. A

25 DC voltage Vps is applied to the thin gold film 7 at the positive polarity with
respect to the ohmic electrode 2 (i.e. the n-type silicon substrate 1), and a DC
voltage Ve is applied to the collector electrode 21 at the positive polarity with
respect to the thin gold film 7.

Measurements of diode current Ips flowing between the thin gold film

30 7 and the ohmic electrode 2, and electron emission current Ie flowing between



10 through the thin gold film?7 (alternate dash and dot line in Fig. 3
represents the emtted electron current) are shown in Fig. 4. 15 6ln Fig.
4, the DC voltage Vps is plotted along the horizontal axis and the current
density is plotted along the vertical axis. Curve a in the draw ng
represents the diode current Ips and cure® b represents the el ectron

em ssion curt qgl Jecle Pyl 50480 Mhe! tis® Shid B3 3"ulo 100 uisshin W1 | be

seen from Fig. el ectron em ssion cur serv only

when the DC volik@tishs\PfrotPhe TR Eﬂn%ﬁon}@ﬂédt@n%ﬁfbéi@tﬁi‘b%ﬁh@ltllﬁh%'@ld figg and

the el ectron em ssion current |l e were increased as the vol tage Vps was
i ncreased. Spetafd shakinyin Rikel?.t he DC vol tage Vps was 15 V, current density
of the diode current I ps was about 100 mA ¢n2 and the current density_of

the el ectron enissi dn Iagr bbrthe RC welsagserp¥ps isipjofted ajongcthe ongeptal 445 gad 25
of the ele
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CHLhe) o b RAMSRSO4 o Bl pgasd b e MBI e et
No. 8-250766. choremt dé.ngThoDOwlitapt ¥etis seticonstalitoatili¥n & Tel ecommuni cati ons
Associ ation 30 ED96-141, pp4l-46", they described abouyt .40 mA/c for the
current density of AS will be seen from Fig."12, the electron emission current le was
observed only when the DC voltage Vps was positive also in this embodiment
10  similarly to the first embodiment, while both the diode current Ips and the
electron emission current Ie were increased as the DC voltage Vps is increased.
Specifically, when the DC voltage Vps was 15 V, the current density of the
diode current Ips was about 1 mA/cm® and the current density of the electron
emission current Je was about4 £ A/cm®.  This value of the electron emission
15 current Ie is much greater than that obtained with the previously described
conventional field emission electron source, indicating a high efficiency of
electron emission exhibited by the field emission electron source of this
embodiment.
Fig. 13 shows Fowler-Nordheim plots of the electron emission current
20 e versus the DC voltage Vps. The fact that the plots lie on a straight line in
Fig. 13 indjcates that the electron emission current Ie caused by the emission of
electrons is due to the well-known quantum tunneling effect, as is the case with
the first embodiment.
Fig. 14 is a graph showing the diode current Ips and the electron
25  emission current e of the field emission electron source 10 of this embodiment
with change in time. Time is plotted along the horizontal axis and the current
density is plotted along the vertical axis, while curve a in the drawing shows the
diode current Ips and curve b shows the electron emission current Ie.
Shown in Fig. 14 is ths result obtained by setting the DC voltage Vps

30 constant at 21 V and the DC voltage Ve constant at 100 V. As will be seen



the diode current Ips and 1 ,[err]A'cm for the current density of the

el ectron em ssion current |le when the DC voltage Vps was 15 V. Thus, this
enbodi ment of the present invention is effective to provide the field

em ssion el ectron source exhibiting a high efficiency of electron em ssion.
5 Fig. 5 shows Fow] er-Nordheim pdlots of the el ectron enission

current versus l:i%'t @gﬁe&gﬁ?inyfﬁleﬁtﬁﬁ@nénr&?tnoi Hﬁieﬂ'éeﬁ @a%étg éﬂﬁgﬁgﬁwﬁén‘i ht

line indicates tha e el ofi *ém SSI on curren € em ssi on

of el ectrons iRpsdind the elebonvemlissionoomdireat BinUthe chserviethe FlEémBsion elddeRani sm
of the electron em ssion will be described belowwith reference to an

energy band di sapreenl@rofithis embgdimenty simila@ip. tol theHirst .enthodimentsBo thatftheence

character n'-Si. represents the n-type silicon substrate 1, reference
charact er RTO- $i98¢e  eiIFead Saq%@:qqf%cﬁpg ?@V@P%?“‘F"eﬁtef%ﬁéé ko madeteiged Si O

represents thi LA, L] Ll m kormed t he. t. cey.0f the
R0 pps | ayor thorfiafllatsRnl MY dohe T SO Rt l¥iis o b Yellrep 7
reference charé@gissionEtufrenr &sautls lefechni chay®! aehidveeisy %ﬁﬁoﬁné the

character E[err] represents the vacuum | evel. F g. 6A shovis the state
bef ore the DC sanfigagasionsf the pagspht ipdentiva ¢@ingot bBackiover with the comvenfidral t he

DC | t Vps,. hei ljed. Wh he .DC \Vps, lied to the thi
gol 4 11 L7 arfeh SRsgPE slefen srues heedimaye M Sytbpeoae chahsiigpe. | |
silicon subst rﬁ:tb‘:?tréiﬁ Jfgﬂﬁ%&%cg?glﬁpiggmo@gd t hreshol d val ue, el ectrons e-

are injected fromthe n- on Substrate 1 into the RTO PPS

llayer 6 byid hernal R dradizationpredsmiay Blsbibe. cabffed Okt 4sfoHotvk TEAs Shale® nost
of the DC voltage Vps is applied across the sem -insulating RTO PPS | ayer
6, the inject elag@ge&,ra(fm starting the @aodigation process with the current density setto 0

mA/cm®, the current density is increased from 0 mA/cm? to 20 mA/em? in 20
seconds, during which current density is kept at 2.5 mA/cm?® for two seconds
three times.  As a matter of course, the surface is irradiated with light by means
15 of a 500 W tungsten lamp during the anodization process. In this ‘case, the
porous polysilicon layer 4a having low porosity is formed in the period when

the current density is set to 2.5 mA/cm®.

(Third Embodiment)

The basic configuration of the field emission electron source 10 of the
20  third embodiment is substantially similar to that of the first embodimert shown
in Fig. 1, and therefore, only the production method will be described below
with reference to Figs. 16A to 16C. In describing the production method, only
the difference from the first embodiment are described for the sake of brevity.
While the porous polysilicon layer is a single layer having a uniform porosity in
25  the first embodiment, the porous polysilicon layer 6 in the third embodiment is a
layer whose porosity changes continuously in the direction of thickness so that
the porosity is higher on the side of the electrically conductive substrate than on
the front surface side thereof. This embodiment also uses the n-type silicon
substrate 1 ((100) substrate having a resistivity of about 0.1 Qcm) for the

30  electrically conductive substrate as is the case with that in the first embodiment..



to drift due to a strong electric field of, for exanple, about 10[err]
V/icnmin average field intensity generated in the RTO PPS | ayer 6, and
mgrate toward the surface 20 while losing kinetic energy due to
scattering by irregular potential and lattice (Electron nultiplication due
to inmpact ionization nay take place in t38 s process). Tlhe electrons e’

2?. ga:ﬂ Ihg\d/:ah(r)? "ol ot Rt e ac Rleshfe 2 Gome dusw s, Packisuriati bt ﬁfqdrﬁtt?%cgf ate

e i 1130
oot T I'm 7 CRLESH buiraf S, BCURHIRORRSoDe AP EAEE 3SR S WD
15 layer 6 dueint thickirsels fignid dhehefeat sufadd of thenlupt silidvar abyirite be

emtted to the outside. In order to verify this hypothesis, distribution of
energy N(E) oftheredytte ohtriethe staigture asshaven fn Bigd16fi ssi on el ectron source of

7 curve & Shovs t nel THICEE PR ISEMRIAS § IRSIBIEcls BARVELOR TR GisiRve &
. curve a Shous th BT & e
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that the distrmitg ans9fwtesiengeodk Bhlubibnedfekydrosen Faorigt abl ethanobPieada and,
nmor eover, includes high-energy 10 conponents of several electron volts,

whil e the peakprepertigyp shiabost tlohaa dlatimymerelectrode (not shown) as the pegative
electrode and the n-type silicon substrate 1 (ohmic electrode 2) as the positive

10  electrode. The anodization process was conducted in the following conditions:
the anodization was started with a constant current density of 0 mA/cm?, then
the current density was increased from 0 mA/cm® continuously (gradually) to 20
mA/cm®.  The surface was irradiated with light by means of a 500 W tungsten
lamp during the anodization process. At the time when the anodization is
16 completed, a porous polysilicon layer 4c having the porosity increasing
continﬁous]y from the front surface toward the n-type silicon substrate 1
(hereinafter referred to as PPS layer 4c) is formed, resulting in such a structure
as shown in Fig. 16B. In this embodiment, the PPS layer 4c has a thickness of
about 1#4m. While a part of the polysilicon layer 3 is made porous in this

20 embodiment, alternatively the entire polysilicoq layer 3 may be made porous.
Then through rapid thermal oxidation of the PPS layer 4c and the
polysilicon layer 3 (under conditions of an oxidation temperature of 900°C and
an oxidation period of one hour) and formation of the thin gold film 7, the field
emission electron source 10 of the structure shown in Fig. 16C is obtained.
25  While the thickness of the thin gold film 7 is about 10 nm in this embodiment,
the thickness is not limited to such particular value. The field emission
electron source 10 forms a diode with the thin metal film 7 serving as a positive
electrode (anode) and the ohmic electrode 2 serving as a negative electrode
(cathode). Reference numeral 5 in Fig. 16C denotes the polysilicon layer

30  which has been subjected to rapid therma) oxidation and Reference numeral 6



energy as the DC voltage Vps applied increases. Therefore it is supposed

t hat. there occurs |less scattering of electrons in the RTO-PPS | ayer 6, and
that the electrons e- which have reached the surface of the RTO PPS | ayer 6
are hot el ectrons having sufficient ene\rﬂgy. The graph shown in the
chain-lined circle 15 Ain Fig. 6B show3the qualitative relationship

bet ween the e | ' ' i | .at fore .

em ssion and m&gﬁsgggtgﬁ%gég% pl(mngﬁsn%& glir:r?);‘glilgcr? @%’%eﬂvﬁnigfeé:?e ? t§ 1'g‘?lgfi I
of the energy theghal dxidition. N(E) of the emitted electrons is determ ned by
the product of n(E) and T(E) (N(E) = n(E) T(E)). Wen the DC vol tage Vps
i ncreases, for exanpVailenthe) peresityyds changddabyt pmdpally inorgasingntle currédie
hi gh-energy tail increase,and, .as.a result, E) shifts toward higher
energy as a m‘ﬁﬂ”élﬁy 'IJ’I’émga@F anodizatinR, PEOGEss il Aais HmR %me@bbﬁh&ﬂm@%g’swh a

strong scatg er r Llon.: h | d | i-brjum neans | ess
energy | osssf iélg@b% @%ﬁﬁ%{dﬁélﬁ}(tﬁ h%rg%g% ﬁfg@%}rt C%ggl ’tlﬁa h]gh ﬁ?sgﬁ%e
efficiency of gresity beconmdssisiven newmernttyke sARonubshRb] an@mdst aBartthe

el ectrons are achieved. Fig. 8 is a graph showi ng the diode current Ips and
the el ectron diiPrtsugiaceurrent e of the field enmission electron source 10
of this enbodigent,with change in tine. Tine is plotted al ong the

hori zont al axi HHB%’H@O%WPﬁnt density is plotted along the vertical axis,
whil e curve a shows g;hei¢i : -1 h I on 30
em ssion current Ie.ﬁ%hg\?\}\solgﬁcﬁﬁﬁt%hﬁagﬁﬁgﬂ%@g iﬁ%og?@@@‘ yslfsgtpgiﬁ}naé t he
DC 10  light emitting apparatus using the field emission electron source 10 of any one

of the first to third embodiments. Components similar to those of the first
embodiment (or the third embodiment) will be denoted with the same reference
numerals and the description thereof will be omitted.
The planar light emitting apparatus of this embodiment has the field
15  emission electron source 10 and a transparent electrode 31 diSpOSCd‘ S0 as to
confront the thin gold film 7 of the field emission electron source 10, with the
transparent electrode 31 being coated with a fluorescent substance 32 which
emits visible light when imradiated with electron beam emitted by the field
emission electron source 10. The transparent electrode 31 is formed by coating
20 on a transparent plate 33 such as a glass substrate. The fransparent plate 33
having the-transparent electrode 31 and the fluorescent substance 32 both
formed thereon is held together with the field emission electron source 10 via a
spacer 34 into an integral structure, with the inner space surrounded by-the
transparent plate 33, the spacer 34 and the field emission electron source 10 is
25  evacuated to a predetermined degree of vacuum. Therefore, the fluorescent
substance can emit light when irradiated with electrons emitted by the field
emission electron source 10, and the light so emitted by the fluorescent
substance 32 is transmitted to the outside through the transparent electrode 31
and the transparent plate 33.

30 In the planar light emitting apparatus of this embodiment, when a DC



16 voltage Vps constant at 15 V and the DC voltage Vc constant at 100 V As
wll. be seen fromFig. 8, any popping phenonenon is not observed in both
the diode current Ips and the electron em ssion current le with the field
em ssion el ectron source 10 of this enbodi ment, so that the di ode current
I ps and the electron S enission current24e can be nai nt ai ned

substantial |y sohsgaMc f 11KV iwe. apBHe@ beRvdeh the tFBPASARCeleBRbdd BE agdtliaCe
of the grains is made porous but the core of the grains retains a crystal

state, it is altkis meppdidmd’ whidk th dramspraentredtataddoy3 Iagtothgi pugitive lpoagity with
transmts along the crvstal and radiates,t he outside. Therefaore
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of the pressnt thavemhloreleamiet Daoachiievasctyidsh g GORRidcenal rpfa'tt%:d

em ssion el ectron source based on the MIvl systemor single-crystal

silicon substr&ppesgonding to ther argae(size) nhidiee tinggedd fillm 7 was obtaidsdw Thes
dependency on the dﬁ?a&ﬁﬁq%% vacuum pof the el ectron em ssjion current |e of

the field em s&9R BIRCURR PRESIPY rephiensiiigsapritast bivhe fiskd emussion bed
e Changi ng as®hoFoRcrSA B B RASHEHLL BRie0HE ot ShESHERS: BEMRSPRDefer o
whi ch sur roundilii dridefhd: eRtEOAVE R eAfiftaANSAPHCAL & thelthi Zid film 7,
enbodinment. In _Fig. 9, the degree of vacuumis plotted along the horiZontal
10  indicating that the electrons e follow substantially parallel trajectories without
expansion or contraction of the electron ray. Thus because the electrons e’ are
emitted substantially at right angles to the thin gold film 7 and substantially
uniform within the surface thereof in this embodiment, it is not necessary to
install a convergence electrode used in the conventional planar light emitting
15  apparatus disclosed in “IEEE TRANSACTIONS ON ELECTRON DfVICES,
vol. 38, no. 10, OCTOBER 1991 pp 2355-2363”, making it possible to simplify
the construction and reduce the cost. Further, no popping phenomenon occur
during electron emission from the field emission electron source 10 thereby
reducing unevenness in the light,
20  (Fifth Embodiment)

Fig. 18 is a schematic diagram showing the configuration of the electron
source when the field emission electron source 10 of any one of the first to third
embodiments is applied to a display apparatus. In this embodiment, as shown
in Fig. 18, a plurality of the field emission electron sources 10 are arrayed in a

matrix configuration, with each field emission electron source 10 corresponding

W
(U}

to a pixel. The DC voltage Vps described in conjunction with the first
embodiment and applied to the field emission electron source 10 is controlled .
by an X matrix controller circuit 41 and a Y matrix controller circuit 42, In
other words, each field emission electron source 10 which should have the DC

30 voltage Vps applied thereto is selected by the X matrix controller circuit 41 and



axis and the current density is plotted along the vertical axis. Curve a in
the .drawi ng represents the diode current Ips and curve b represents the

el ectron em ssion current le. Fig. 9 shows that a substantially constant

el ectron em ssion current |le can be obtained in a range of degrees of
vacuum from 1lio5 2.5 Pa to about 1 Pa, pgdicating an insignificant

dependence of fhaeYehfefix QdnBbiles cRAICYD! @R efectVds L1 ElRle8 ;ttﬁgﬁgp&n-

Thus, because of the | ow dependency on the degree of vacuum o ectron
eni ssi on cur r eseledted fitld ¢mnissioelettctron ssiroan 18] ect ron source 10 of this

enbodi nent, stable em ssion of electrons of high efficiency can be

mai nt ai ned even whenlBh8isglayr apastus, at thimeshadyeent thassa trengerent electiode

Thus, because ti s tory e tron enissio haracteri stic n.he
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made possi ble To produce an apparatus which uses the tfield em ssion

el ectron sour cthefouath embadierent aBhought iothehoelni ingthiehdredfg. mefte fassparent 5

Wiile the n-type silicon substrate 1 ((100) substrate havi ‘naga resistivity
of about 0.1 [¥FFFedH isiatpdevith 3rflyasescentenibsianes whichosmite visinde dighkwhare in

(b5 embod Ty e et SORCU AR R Tl B b P
substrate wi thi@ The transparent electrode is formed by coating indium tin oxide (ITO) on a

10  transparent plate such as glass substrate,

The electrons emitted by each field emission electron source 10 emerge
from the thin gold film 7 substantially at right angles to the thin gold film 7 and
substantiaily uniform within the surface thereof so that the electron rays are
substantially parallel. The display apparatus of this embodiment is capable of

15  causing only a portion of the fluorescent substance which opposes.the field
emission electron source 10 to emit light. Therefore, a high definition display
apparatus can be made without need to install a complicated shadow mask
unlike the prior art.

(Sixth Embodiment)

20 Fig. 19 is a schematic diagram showing the configuration of a solid
vacuum device which uses the field emission electron source 10 of any one of
the first to third embodiments. Components similar to those of the first or third
embodiment will be denoted with the same reference numerals and description
thereof will be omitted.

25 The solid vacuum device of this embodiment is of a triode type wherein
the field emission electron source 10 serves as a cathode, an anode 51 (positive
electrode) is disposed to oppose the thin gold film 7 of the field emission
electron source 10, and a meshed grid 52 is installed between the anods 51 and
the cathode. The anode 51, the grid 52 and the cathode are sealed in vacuum

30  atmosphere by means of sealers 53, 54. In this embodiment, the sealers 53, 54



conductive thin filmsuch as an electrically conductive transparent thin
filmof, 10 for exanple, indiumtin oxide (1TO, platinumor chrom um
formed thereon may be used, in which case it is nade possible to achieve

| arger em ssion area and | ower production cost than in the case of using a
sem conductor substrate such as n-type sidé6 con substrate. (Second

Enbodi ment) 15and an electriddlly dmriuctiveaubs@ate abhsisting of the d-iypk dilieon Ssbsomte
el ectron source 10 of the second enbodi ment is substantially sinilar to
that of the fi dsionstitseir vaeuuskbambarn Fig. 1, and therefore, only the

roduction nethod wi Ll . be described ,belowwith reference,to Figs. 10A to
Ii)OC and Figs. 11A tohﬁl?f. Sqﬂl‘f?ff%%‘ﬁ‘m gevige 1af dhisr RbRAIMSAL Rleoas 2 pautiede
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first enbodpnerbltagdWppes silicdab Yifd fid18 @enissiieElebtrom séultcs 16 amante elelestisment
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porosity and aapoigasidratedrbyl anode vielteganya appbed betmeen tthe afddesS learisoltie hint

al so uses the n- | 1icgon substrate 1 100) substrate havj a
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as is the case_ Wy th ' | ' ty, ELESt, l C3: trode
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the undoped potigsvilu€ofl D@yshagt VE applied bétwken 18 id SRiaslenagativeselearoded on
the front surface of the n-type silicon substrate 1, 30 thereby to obtain
the struct dPe aad theophmiaelegtrpde 2oa,

While the vacuum devices of the prior art usually utilize a cathode
based on thermionic electron emission, a solid vacuum device based on cold
cathode having a long service life can be achieved by using the field emission
electron source of the present invention.

15 Although this embodiment is described in connection with the solid
vacuum device of triode type, the present invention can also be applied to a
multielectrode type.

Although the present invention has been fully described in connection
with the preferred embodiments thereof and the accompanying drawings, it is to

20 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.



18 Then, the polysilicon layer 3 is subjected to anodization with a
constant current while being irradiated with light, by using a liquid

el ectrolyte nade by m xing a 55 wt % aqueous sol ution of hydrogen fluoride
and ethanol with a proportion of about 1:1, a platinumelectrode (not
shown) as the negative 6 electrode and the n-type silicon substrate 1
(ohmc electrode 2) as the positive el ectypde. The anodi zati on process was
conducted in the follow ng conditions: with constant current density of 2.5
my cn2 and durWHARISC ERPaSion of 4 seconds being set for first

condi ti on, and1 constg%%lgurr.ent g‘(tg&?itg/ of 20 mA.cn?2 10 and duration of
anodi zati on of*'5 sec 58 Yt SUWELTRIRGHESt | on, anodi zati on under
the first condition [ 40 R e second condition were
repeated alternatel ya"i‘lrgti ?ggﬂ%ﬁﬁfgggéwsﬁjﬁge@%urface was irradiated with
light by means of a an08xilzed g titided poroudusolydlitdie 143ee fommedOdn AOSirEAki ON.
At the time when anodi zati on under the first condition was conpleted, a
porous 15 polafssaid elnctiicallyr congdugtingr siibstratecon pp¢ sidectherepfandirsingpano-4a)
having a | ow gﬁro?t%q\;\ﬁs formed on the surface of the polysilicon |ayer 3,
resul ting in sUBK"H*$@™fcture as shown in Fig. 10B. Then at the time when

anodi zation under t henseapnd ANHhEPBn Y& oxidized or nitrided porous polysilicon
layer, wherein a voltage is applied to said thin metal film used as a positive
10  electrode with respect to said electrically conductive substrate thereby to emit
electron beam through said thin metal film.
2. The field emission electron source according to claim 1, wherein said
porous polysilicon layer is a polysilicon layer that makes said field emission
electron source have substantially no popping phenomenon when voltage is
15  applied to said thin metal film used as a positive electrode with resped to said
electrically conductive substrate thereby to emit electron beam thrdugh said thin
metal film.
3. The field emission electron source according to claim 1, wherein said
porous polysilicon layer is made by alternately laminating a polysilicon layer
20 having high porosity and a polysilicon layer having low porosity.
4. The field emission electron source according to claim 1, wherein said
porous polysilicon layer is a layer whose porosity changes continuously in the
direction of thickness. |
5. The field emission electron source according to claim 1, wherein said
25  porous polysilicon layer is a layer whose porosity changes continuously in a
direction of thickness so that said porosity is higher on a side of the electrically
conductive substrate than on a front surface side.
6. The field emission electron source according to claim 1, wherein said
polysilicon layer is an undoped polysilicon layer. '

30 7 The field emission electron source according to claim 1, wherein said
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conpl eted, a porous polysilicon |layer 4b (hereinafter referred to as PPS

| ayer 20 4b) having a higher porosity than that of the PPS | ayer 4a was
formed on one side of the polysilicon |ayer 4a adjacent the n-type silicon
substrate 1, resulting in such a structure as shown.in Fig. 10C. Wen
anodi zation under the first condition anqnﬁnodization under the second

o F g 1A arde SRR SRt SRS coPHRES o pspiste sighes Alas and e "
ol yo | fcon | ayarieyy Corfle iy fin, Rrned8A A Shitaee M, B Ttsporente
PPS | ayer 4b habstatehi ckness of about 1[err]- m Wile a part of the

polysilicon | a 2%/er 3 is made porous in this enbodinent, alternatively the
entire polysil%con ay@pthgdnel, psedueinge thorfteld. edission ‘electronThauree twihiohgh

rapi d ther gl n ald the PPS | ayers 4a, 4b and 19 the

pol ysili con%al a@)éﬁpr% g‘ ss([?%ﬂfcqfure shown in Fig. 11B is obtai ned. Reference

numeral 5 in Fig. 1ESoRnalRysionelel tol drSabiByfy obf @ﬁﬁm&%the rapi d
ot

thermal oxi dati on. Ref eren nuner a a an or ous

pol ysilicon |ayers main@smﬂpb}ysﬂxhen lagpt gofolney mal oxi dation (hereinafter
referred to as RTO .5, PPS | ayers 6a and 6b). The rapid thermal oxidation

process was conduct é’aldd@ﬂ&ﬁfﬂkﬂ@églséiﬁ poserpeplysitieomlayegoindrr | C for an
oxi dation period of f&%%np electro& made of a thin metal film on said oxidized or

10 nitrided porous polysilicon layer.

S. The method of producing the field emission electron source according
to claim 8, wherein said making said polysilicon layer porous is making said
polysilicon layer porous so that a polysilicon Iayer having high porosity .and a
polysilicon layer having low porosity are laminated alternately. :

15 10 The method of producing the field emission electron source éccording
to claim 8, wherein said making said polysilicon layer porous is making said
polysilicon layer porous so that the porosity is higher on the side of the
electrically conductive substrate than on the front surface side and porosity
changes continuously in the direction of thickness.

20 11. A planarlight emitting apparatus comprising:

a field emission electron source comprising an electrically conductive
substrate, an oxidized or nitrided porous polysilicon layer formed on the surface
of said electrically conductive substrate on one side thereof and having nano-

structures and a thin metal film formed on said oxidized or nitrided porous

[ ]
(9]

polysilicon layer; and

a transparent electrode disposed to oppose said thin metal film, whefein
said transparent electrode has a fluorescent substance which emits visible light
when irradiated with electron beam being provided thereon.
12. A display apparatus comprising:

30 field emission electron sources comprising an electrically conductive

AR



enbodi nment, since the PPS |ayers 4a and 4b and the polysilicon |layer 3 are
oxi di zed by rapid thernmal oxidation, the |ayers can be heated up to the

oxi dation tenperature in several seconds, thus naking it possible to
suppress entrai nnent 10 oxidation taking place when charging into a
furnace in case the conventional oxidation apparatus of furnace tube type
is used. Then, a thin gold film7 is forned on the RTO PPS | ayers 6a and 6b
by, for exanpl #bsizaisern @aptized eronitrided @oedns polysilicon layehformiediod therswfican

The thin 15 ot B aaercrtly SRR SRR o Pue shisothermafiand: Fog pitnoss
the thin 15 g8t EFTH?EY hioge sffotl i .
form a di ode ek ehannf A i fim Kified, & SARTLSRAR. 6 ROHOEY pbRGGE

(anode) and t hgolghiticon dhyee! WhERIR ssidr fiéld% MiSsion NYEAEIIY So &S hfeOfiimed in
(cathode). Now characteristics of the field em ssion electron source 10 of

this 20 erfbodnatsix cofigursiondescri bed bel ow. The field enission el ectron
source 10 is housed in a, vacuym cba r (npt shown) and a.coll ector .

el ectrode 21 (colled &Pn%ﬁefeﬁqrt F%;@ﬁ%%g‘i"g‘ﬁﬁs ?%‘?iﬁ@s%@d&a{wﬁ $BSHIPPon so
as to confrontekfeord &4 obdsfilm?7 as shown in Fig. 3. Inside of the
vacuum chanbereis?%r{/acdgg%égg%o a degree of about 5 X 10[err] Pa. A 25 DC

vol tage Vps is appl ixgaispateheclebirodeddibpbstd koropave saltbtiing shetd] ) WRkdih Y
with respect to,the ohmc electrode 2 (i.e. the n-type silicon substrate

1), and a DC \A3id tigaspacentslegtiods das adludrescent substance avhich eoite visibletlighte
positive pgjariiyy, }’}"}JJ?MEE %xgﬁncetlec}t%ntb%gmtbheiigg %lvgjdehitkggegh.
13. A solid vacuum device comprising:

a field emission electron source comprising an electrically conductive
substrate, an oxidized or nitrided porous polysilicon layer formed on the surface
of said electrically conductive substrate on one side thereof and having nano-

16  structures and a thin metal film formed on said oxidized or nitride.d porous
polysilicon layer;

a positive electrode; and

a vacuum chamber, wherein both said field emission electron source and

said positive electrode are disposed in said vacuum chamber.

O



Measurenents of diode current Ips flow ng between the thin gold film30 7
and .t he ohmc electrode 2, and el ectron emi ssion current |le flow ng between
20 the collector electrode 21 and the thin gold film7 due to the em ssion
of electrons e fromthe field em ssion electron source 10 through the thin
gold film7 are showmn in Fig. 12. In Fig 12, the DC voltage Vps is plotted
al ong the horizontal axis and 5 the currerritO density is plotted along the

vertical axis. Curve a in theABSIRAGTr@PIdHERISCLOSWREde current |ps and

curve b represents the eigaly eMesrds enre¥RbRNSoURcE [ heeBlioy b age Ve is
set constant at 100 V. AspoMudiNee TaeeBaMiEOMnRbJustlort PREESLGE T ON em ssion

current | e was obserwye nl.v. I . Iyt |.so in
this enbodi nent 10 \é gilﬁ@aér%fg\@g%tl#_%%fi :%r%su¥ ee%%ggta%&ﬁghyoﬁn@ﬁ@vedi ode
current |ps angdubditatelleGh’ diesd o5 imttided gaRois Eély‘éﬂfc@n'lﬂ?ére@%ﬁne’dsoﬁ lmge DC
voltage Vps is increased. Specifically, when the DC voltage Vps was 15 V,

t he current 5dessifage of saif elatinedly nondectivel subsinats cabonxt side tkgreofParnihvinge

current density of the electyon em ssiopn cyrrent |e was, about 4 .
JLerr]Acne. TRABOGHREWISS indha i @etalhiohi b §omredion Sai OEKNZadeos Bitridkch
greater than t bt ai Rt t tevi ly . . . entiongl, field
o et e Dok AR s WRIF SR i SPEG S e 2
used as a positive electrode with respect to said electrically conductive substrate
thereby to emit electron heam through said thin metal film.

10

Fig. 1



el ectron em ssion exhibited by the field em ssion electron source of this
enbadi nent. Fig. 13 shows Fow er-Nordheimplots of the el ectron em ssion
current 20 |e versus the DC voltage Vps. The fact that the plots lie on a
straight line in Fig. 13 indicates that the el ectron em ssion current le
caused by the em ssion of electrons is due to the well-known quantum
tunneling effect, as is the case with t hé/fPrst enbodi ment. Fig. 14 is a
graph show ng t he dIOdeAfzgé | ps and the electron 25 enission current
le of the field em ssio ctfron source 10 of this enbodi nent with change
intine. Time is plotted along the horizontal axis and the curre density

is plotted al ong the verti cal ows the
di ode current Ips and curve b shows the el ectroh~eni sShon cu €Be Shown
in Fig. 14 is the result obtaiped hy~setfiny.fhe Devol{age VD

constant at 21 V and the DC vo ifl | e seen
21 fromFig. 14, the popping p di ode
current I ps and the el ectri) € the field
em ssion el ectron source IOT of e first
enbodi nent, so that the diode | } 5L%?-current

| e can be mai ntai ned
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S substantially constant with tinme. Such a characteristic of stable

el ectron em ssion current le with [ ess chronic change achi eved by enpl oyi ng
the configuration of the present invention cannot be achieved with the
conventional field em ssion electron source based on the MM system or
single-crystal silicon substrate of which surface is nade porous. 10

The anodi zation process may al so be carrd/dd out as follows. As shown in

Fig. 15, after startlgg-/(é 3nod| zation process with the current density
set to 0 mAVcnR, the nt~density is increased fronkglnA/ch to 20 mA/cm

in 20 seconds, during which current density is kept a 5 mdcn2 for two
agg—s irradiated with

seconds three tines. As a v oY
light by neans 15 of a 50|zat|on process.
s formed

In this case, the porous polysilicon |ayer 4a having | ow porosity
in the period when the current density is set to 2.5 mA cnR. (Thigd
Enbodi ment) The basic configuration of the field em ssion electrcﬁrg

10 of the 20 third enbodinent is subst%wnlajly S|nllar to that o he
first enbodi mnent shown in Fjig.}1, he producti pn net hod
wi |l be described be|OM/Mﬁt% rEf re ce 16C I n d& 'S?ng

t he production nethod, onlyjth h st enbodi mept Ce
descri bed for the sake of b evtty |Ie the porous'poty5| is a
single layer having a unlfo poros ty |d 2)5 }tde fli r $t , the

porous polysilicon |ayer
porosity changes conti nuo s/y |q/1he grreciron gfﬁthupkn

"DNNNN

Current density ( A/em?)

oL L o g
-20-15-10 56 O 5 10 16 20

Voltage Vps (V)



the porosity is higher on the side of the electrically conductive substrate
than on the front surface side thereof. This enbodi nent al so uses the
n-type silicon substrate 1 ((100) substrate having a resistivity of about
0.1 Qcm for. the 30 el ectrically conductive substrate as is the case
with that in the first enbodi nent.. 22 First, the ohmc electrode 2 is
formed on the back surface of the n-type silicon substrate 1, and then the
undoped polysilicon |ayer 3 of about 1.5 [err]min thickness is formed on
the front surface of the n-type silicon substrate 1, thereby to obtain the
structure as shown in Fig. 16A. 5 Then the polysilicon layer 3 is
subj ected to anodi zation with a constant YT ent while being irradi ated
with light, by using a liquid electrolyte nade by m xing a 55 wt % aqueous
solution of hydrogen fluoride and ethanol with a proportion of about 1:1, a
pl ati num el ectrode (not shown) as the negative el ectrode and the n-type
silicon substrate 1 fojig c &l ectrode 2) as the positive 10 electrode. The
anodi zati on process was conducted in the foll ow ng conditions: the

anodi zation was started with a constant current density of 0 mM¥cm then
the current density was increased fromO md cm continuously (gradually) to
20 mN cnR. The surfacgowds irradiated with |ight by nmeans of a 500 W

tungsten | anp during the aphodi zati on process. At the'time whed the
anodi zation is 1077 L . ]
108 ¢ -
o
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N
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15 conpleted, a porous polysilicon |layer 4c having the porosity increasing
contd nuously fromthe front surface toward the n-type silicon substrate 1
(hereinafter referred to as PPS |layer 4c) is formed,. resulting in such a
structure as shown in Fig. 16B. In this enbodinent,. the PPS | ayer 4c has a
t hi ckness of about 1,[[err]m Wile a part of the polysilicon layer 3 is
made porous in this 20 enbodi nent, alternatively the entire polysilicog

| ayer 3 may be nmade porous. Then through4ryagi d thermal oxidation of the PPS
| ayer 4c and the polysilicon |ayer 3 (under conditions of an oxidation

t enper ature of 3&%[ rQ#C and an oxi dation period of one hour) and formation
of the thin gol fi&m ,Athe field em ssion el ectr8idgour ce #o—¢f vobe
structure shown in Fig. 16C is obtained. 25 VWi | ¢ i dkness of the

thin gold film7 is about 10 nming .QJS di ment,| the thigkness is not
limted to such particular ¥§g#e. i 1.SSI on source 10
forms a diode with the thi R melal film 7 serving as . ifve el ectrode

(anode) and the ohmc ectraode 2 serving as a nega trode
(cathode). Reference nuneral 5 in Fig. 16C denotes ilicon | ayer Do
whi ch has been subjected to rapid thermal oxidati of rence nuneral 6
23 denotes the PPS | ayer 4c (RTO PPS | ayer 6) whi ch subjected to

rapi d thermal oxidation.
| /|
S S S

Fig.68
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While the porosity is changed by gradually increasing the current density
during the anodi zation process in this enbodi nent, the porosity nmay 5

al so be changed by gradual |y decreasing the current density, in which case
the porosity becones | ower near the n-type silicon substrate 1 and hi gher
near the front surface. (Fourth Enbodinment) Fig. 17 is a schematic diagram
showi ng the configuration of a planar 10 light emtting apparatus using
the field em ssion electron source 10 of any one of the first to third
enbodi nents. Conponents simlar to those of the first enbodi nent (or the
third enbodinment) will be denoted with the sane reference nunerals and the
description thereof will be omtted. The péfﬂ r light emtting apparatus of
this enbodi ment has the field 1.5 em ssion electron source 10 and a
transparent el ectrode 31 di sposed so as to confront the thin gold film7 of
the field em ssion electron source 10, with the transparent el egtrode 31
being coated with a fluorescent substance 32 which emts visibleljlight when
irradiated with electron beamenitted by the field em ssion el ‘ron source
10. The transparent electrode 31 is formed by coating 20 on a,lransparent
plate 33 such as a gl ass substrate(®|Gp8 Qﬂb%ﬂﬁ%&kh@"ﬂlate 33 having the
transparent el ectrode 31 and the fluorescent substance 32 both f\grmed
thereon is held together mnth the fiel en153|on el ectron source 10 via a
spacer 34 into an inDegral struggure ggn e |n r spﬁ§e surrounded by
the transparent plgte 33 "t’he sfacer and@he f| eld e

source 10 is

ssion el ectron
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25 evacuated to a predeterm ned degree of vacuum Therefore, the
fluorescent substance can emt light when irradiated with electrons emtted
by the field em ssion el ectron source 10, and the light so emtted by the
fluorescent substance 32 is transmtted to the outsi.de through the
transparent electrode 31 and the transparent plate 33. 33 In the
planar light enitting apparatus of this ef#d8i mnent, when a DC 24 vol tage
Vc of 1 kV was appl Fef begween the transparent el ectrode 31 and the thin
metal film7 wth the transparent electrode 31 at the positive polarity
with respect to the thin netal film7, and the DC voltage Vps of about 15 V
was applied between thel OHE | ectron
source 10 and 5 the ohm c jel ectrode 2 to em't electrons, then| a

fl uorescence patterg cof nding to the area (skzp) of the thin gold film
7 was obtai ned. Thi sgnmeans tjh an_current density
generated by the fiepd ert5|on el ectron source 10 is substantially uniform
within the surface g thé thin gold film?7, and that el ectrons—¢e- are
emtted at right angles topthe thin gold film7, 10 indicatingjthat the

el ectrons e- foIIOM/subéﬁhntrally parallel trajectories w thouttexpansion
or contraction of tH electrijon ray. Thus because the el ectrons ¢- are
enitted substantlallg ajorPght angles to the thin gold film 7 apd
substantial ly Q 7
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“uniformwithin the surface thereof in this enbodinent, it is not necessary
to install a convergence el ectrode used in the conventional planar |ight
emtting 15 apparatus disclosed in "I EEE TRANSACTI ONS ON ELECTRON DEVI CES,
vol. 38, no. 10, OCTOBER 1991 pp 2355-2363", nmaking it possible to sinplify
the construction and reduce the cost. Further, no popping phenonenon occur
during electron emssion fromthe field em ssion el ectron source 10 thereby
reduci ng unevenness in the light. 20 (Fifth Enbodinent) Fig. 18 is a
schemati ¢ di agram showi ng the configurat’/i/d8 of the el ectron source when the
field emssion electron source 10 of any one of the first to third
enbodi nents is applied to a display apparatus. In this enbodi nent, as shown
in Fig. 18, a plurality of the field enm ssion electron sources 10 are
arrayed in a 25 matri x configuration, with each field em ssion electron

. he BT xol Lage NVps/deseri e~ 3n

source 10 corres in a pifxe
conj unction mﬁthp?ﬁzélglgzaenEOg' ; [ | em ssion
el ectron source 10 is controlled by \q N i S (recuit 41 and a
Y matrix controller circuit 42, ~ 8 " tsi-n
el ectron source 10 whi ch shoul{d ha s \ bl i ed thereto
is selected by the X matripQ i '

-4 2
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the Y matrix controller circuit 42, and electrons are emtted only fromthe
selected field em ssion electron source 10. The display apparatus of this
enbodi ment has a transparent el ectrode di sposed so as to confront the

el ectron source, that is, so as to confront the thin .5 gold film7 of the
field em ssion electron source 10 in a manner simlar to that in the fourth
enbodi nent al t hough not shown in the draq/¥% The transparent electrode is
coated with a fluorescent substance which'’emts visible |ight when
irradiated with the electron beamemtted by the field em ssion el ectron
source 10. The transparent electrode is fornmed by coating indiumtin oxide
(1TO on a 10 transparent plate such as gl ass substrate4gghe égctrons
emtted by each field em ssion electron source 10 energe Arom #he thin gold
film?7 substantially at right a

substantial |y unjd iftAhin the ' %on rays
are substantially §§¢2FVZ?. The jai ; jnent is
capabl e of 15 causing only a Mort\on t heN\{| uorgscent\subs whi ch

opposes the field em ssion gleg¢tlron urce 10 ts_em t\ligh The¢refore, a
hi gh definition display apﬁh€th§\can e made w tyout ed tw ipstall a
conpl i cat ed shadow mask unlTke t - g

Fig. 19 is a schematic diagram showi ng the configuration of a solid vacuum
devi ce which uses the field em ssion electron source 10 of any one of the
first to third enbodi nents. Conponents simlar to those of the first or
third
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enbodi nent will be denoted with the sanme reference nunerals and description
thereof will be omtted. 25 The solid vacuum device of this

enbodi ment is of a triode type wherein the field em.ssion electron source
10 serves as a cathode, an anode 51 (positive electrode) is disposed to
oppose the thin gold film7 of the field em ssion electron source 10, and a
meshed grid 52 is installed between the anode 51 and the cathode. The anode
51, the grid 52 and the cathode are seal ed/i% vacuum 30 at nosphere by
means of sealers 53, 54. In this enbodinment, the sealers 53, 54 26 and
an electrically conductive substrate consisting of the n-type silicon
substrate 1 constitute & A@culd chanber. In the solid vacuum device of this
enbodi nent, electrons are emtted fromthe field em ssion el ectron source,
that is, the cathode, when the DC 5 voltage Vps is applied to the field
em ssion electron source 1f, and the el ectrons are accelerated by anode

vol t age Va applied bet n the ahode 51 and thd thid gold film 7, do that
the anode current la flows petween the anode 51 and the cath . The
magni t ude of the anode currgent la can be controlled by adj ing tHe val ue
of DC voltage Vg applied befween the grid 52 as a negativefel ectrode 10
and the ohnic el ectrode 2. '
10723 .
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Wil e the vacuum devices of the prior art usually utilize a cathode based
on thermonic electron em ssion, a solid vacuum devi ce based on cold

cat hode having a long service |ife can be achieved by using the field

em ssion el ectron source of the present invention. 15 Al t hough this
enbodi nent is described in connection wth the solid vacuum devi ce of
triode type, the present invention can also be applied to a nultielectrode
type. Although the present invention has been fully described in connection
with the preferred enbodi nents thereof and the acconpanying drawings, it is
to 20 be noted that various changes angggﬁLfications are apparent to
those skilled in the art. Such changes difications are to be
understood as included within the scope of the present invention as defined
by the appended cl ai ns qup QQE{ depart therefrom 27 WHAT | S CLAI MED
1S 1. A field em ssi b on source conprising: an electrically
conductive substrate; 5 an oxidized or nitrided porous polysilicon
| ayer fornmed on the surface of said electrically conductive substrate on
one side thereof and havi ng nano-
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structures; and a thin nmetal filmformed on said oxidized or nitrided
porous polysilicon |ayer, wherein a voltage is applied to said thin netal
filmused as a positive 10 electrode with respect to said electrically
conductive substrate thereby to emt electron beamthrough said thin netal

film 2. The field em ssion electron source according to claiml,
wherein said porous polysilicon layer is a polysilicon |ayer that nakes
said field em ssion el ectron source havel tantially no popping

phenonenon when voltage is 15 applied to said thin nmetal filmused as a
positive electrode with respect to said electrically conductive substrate
thereby to emt electron beamthrough said thin netal film 3. - The
field em ssion elecyﬁzgj§quqce according to claim1, wherein said porous
polysilicon layer is de by alternately lamnating a polysilicon |ayer 20
havi ng hi gh porosity and a polysilicon |layer having | ow porosity. 4.

The field em ssion el (] source according to claim3l1, wherein said
porous polysilicon layer [s a |ayer whoke pordsity cHanges dontinubuslly in
the direction of thicknesg. 5. The field em ssion el ectron source
according to claiml1, whefein said 25 porous polysilicon layer is allayer
- whose porosity changeéOcontinuoust in a direction of thickness so thgt
said porosity is higher op a side of the edgctrically conductive substjrate

than 'on a front surface s|de. 6. The figld em ssion el ectron sourde
according to clatﬂzl,ISQgrein,Qng a rus —

—
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polysilicon layer is an undoped polysilicon |ayer. 80 7. The field

em ssion el ectron source according to claiml, wherein said 28

el ectrically conductive substrate conprises a substrate such as gl ass, and
an electrically conductive thin filmforned on a surface of the transparent
substrate. 8. A method of. producing the field em ssion el ectron source
which 5 conprises the steps of: formng a polysilicon |ayer on an

el ectrically conductive substrate; making said polysilicon |ayer porous;
oxidizing or nitriding said porous polysilicon layer; and formng an

el ectrode made of a thin netal filmon _said oxidized or 10 nitrided
porous polysilicon layer. 9. The né#Kd8 of producing the field enission
el ectron source according to claima8, wherein said nmaking said polysilicon
| ayer porous is making said polysilicon |ayer porous so that asRolysilicon
| ayer having high porosity.and a polysilicon [ayer having |l ow pgrosity are

| am nated alternately. 15 10. The nmethod of producing theg§ield
em ssion el ectron source according to claim8, wherein said naklng said
pol ysilicon |ayer por OLtS ﬁﬁ)@tﬁ) R?lsﬁﬁdi Wws.Ing 0‘
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pol ysilicon | ayer porous so that the porosity is higher on the side of the
electrically conductive substrate than on the front surface side and
porosity changes continuously in the direction of thickness. 20 11. A
pl anar |ight emtting apparatus conprising: a field em ssion electron
source conprising an electrically conductive substrate, an oxidized or
nitrided porous polysilicon |layer fornmed -on the surface of said

el ectrically conductive substrate on one side thereof and havi ng nano-
structures and a thin nmetal filmfornmed on said oxidized or nitrided porous
25 polysilicon layer; and a transparebB/e$ectrode di sposed to oppose said
thin nmetal film wherein said transparent el ectrode has a fl uorescent

subst ance which enits visible light when irradiated with el ectron beam

bei ng provided thereon. 12. A dlsplay apparatus conprising: :<3

field em ssion el ectron sources g ng_an 3 0 tiéﬁ 29
substrate, an oxidized or nitridg 75 t he
surface of said el eﬁ't[rg,ci(a)ﬂ cond br eof and
havi ng nano- structures and a thi i gi qd or
nitrided porous polysilicon |aydr 8] ect’ron
sources are fornmed in O

ety
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5 matri x configuration; a controller for controlling voltages applied to
said-field em ssion electron sources; and a transparent el ectrode disposed
to oppose said thin netal film wherein said transparent el ectrode has a
fluorescent substance which emts visible light 10. when irradiated with
el ectron beam bei ng provided thereon. 13. A solid vacuum devi ce
conprising: a field em ssion electron source conprising an electrically
conductive substrate, an oxidized or nitrided porous polysilicon |ayer
formed on the surface of said electrically conductive substrate on one side
t her eof and havi ng nano- 15 structures and a thin nmetal filmfornmed on
said oxidized or nitrided porous polysilicon |layer; a positive el ectrode;
and a vacuum chanber, wherein both said field em ssion el ectron source and
said positive electrode are disposed in ﬁﬁvqsvacuun1chanber.
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Fig.l8
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' Xmatr_ix controller circuit |
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