Title of the Invention FIELD EM SSI ON ELECTRON SOURCE DETAI LED D\%@F@I P?%{T
OF THE INVENTION 5 Field of the Invention This invention relates teqaJgdekdy
em ssion el ectron source for emtting electrons due to the field emssion °
usi ng a sem conductor material wthout heating and a net hod of r

manuf act ur i Q% the same. More particularly, the present invention 10

rel aties toTitdeePd ERPsEINBANEIR@Rtron source applicable to a planar |ight

em tti-ng*apparatus, a display apparatus, and a solid vacuum device, and a

met hod of producing the same. Prior art 15 As field em ssion

el ectron sources, thosep usingside srecEdedodmort type el ectrode such as
disclosed in, for exanple, U S. Patent No. 3665241 are well known. The

Spi ndt type el ectrode corTEri ses_a subs@ lgﬁﬁ' ng a nultitude mnute
emtter chifFEASER PEPSREAFLPY phf abid h%@ posed thereon and gate
| ayers that_ 2 have, em ssion. hol es through which tips of the emtter chips
are exp%seftrnzfaﬂi é’%e%PﬁgEPXFagl?Pom the emtter chips. In this structure,
a high voltage is | i i.n..a.Vv ; e chi S
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semiconductor material without heating and a method of
manufacturing the same. More particularly, the present invention
10 relates to a field emission electron source applicable to a planar

light emitting apparatus, a display apparatus, and a solid vacuum

device, and a method of producing the same.

Prior art

15 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 minute emitter chips of
a triangular pyramid shape disposed thereon and gate layers that

20 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 a 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

25 chips through the emission holes.

However, the production process of the Spindt type
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However, the production process of the Spindt type el ectrode is
conplicated and it is difficult to nake a nmultitude of emtter chips of a
triangul ar pyramd shape with high accuracy and hence, difficult to make a
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nust be punpe hi gh degre vacuum (10[e ato err] Pa)
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difficult handling. In order to overcone the drawback descri bed above,
field gases into positive ions where the degree of vacuum is low and
the rzsidual gas exists in the vicinity of the tips of the emitter
10 chips. Therefore, the positive ions impinge on the tip of the
emitter chips and eventually damage the tips of the emitter chips,
resulting in such problems that the current density and efficiency
of the emitted electrons become unstable and the service life of
the emitter chips decreases. Thus, the Spindt type electrode has
15 such a drawback that the atmosphere in which it is used must be
pumped to a high degree of vacuum {10 Pa to 10™° Pa) in order to
- avoid the problems described above, resulting in higher cost and

difficult handling.

In order to overcome the drawback described above, field
20 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 the same structure one of a metal-oxide
25 film-semiconductor. However, it 1s necessary to reduce the

thickness of the insulation film or the oxide film in order to



20 em ssion electron sources of MM (Metal Insulator Metal) type and MOS
(Metal Oxide Sem conductor) type have been proposed. The fornmer is a field
em ssion el ectron source of a planar configuration having a | am nated
structure of netal-insulation filmnetal and the latter is the sane
structure ogne of a tal -oxide 25 filmsem conductor.. However, it is
necessary MHI@H&E@@%‘}I&%@?HBFHE@?'%ﬂf‘s’lﬂ%&x bR FReTRRY 1PRECBRPIERS i I m
in order to 2 i pprove, the eleciron em tting efficiency_to_thergby,

i norease { RETRETOEE B CGFECRR oRBLERSA (YEtkHyi 416 4o S4B o8y BES EoF L] SRR si on
el ectron sources, while making. {he insulation fi]mor t oxide filmtoo
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the elzctron emitting efficiency (pullout efficiency) cannot be
made too high because there is a limitation on the reduction of
10 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 mez.e by using a single-crystal semiconductor substrate such
15 as a silicon substrate, forming a porous semiconductor layer (a
porous silicon layer, for example) by anodization of one surface
of the semiconductor substrate, and fc;xming a surface electrode
made of a thin metal film on the porous semiconductor layer. A
voltage is adapted between the semiconductor substrate and the
20 surface electrode to cause the field emission electron source
(semiconductor cold electron emitting device} to emit electrons.
However, in the structure disclosed in Japanese Patent
Kokai Publication No. 8-250766, there is such a drawback that the
popping phenomenon is likely to occur during electron emission.
25 In the field emission electron source in which the popping

phenomenon is likely to occur during electron emission, the



According to this publication, the field em ssion electron source is nmade
by using a single-crystal sem conductor substrate such 15 as a silicon
substrate, form ng a porous sem conductor |ayer (a porous silicon |ayer,
for exanple) by anodization of one surface of the sem conductor substrate,

and for nm ngnavenhbaeeirebfoin s abstet idnAenht BedBkal i Hdllyt B dche . poruyys
sem conductor |ayer. A voltage is adapted between the sem conduct or
substrat e whéntttel P0ypsurd fteledleadssddr dlectawnesdirrd igludeeissimanar

el ectron source (sem conductor cold electron emtting device) to emt

el ectrons. ldghtvenitianghdesicecind ea diisdlasedppardapapeskeBat entsuik ai

Publ i cati on No. 8-250766, there is such a drawback that the popping
phenonenon drawbiakdl ghed dtbeutidht iig redtecmiditednuasiforml@s In the field
em ssion el ectron source in which the poppi ng phenonenon is |ikely to occur
during @l ectron entf8&nenthehdnyentogaestndied whnolerherrisdlat ddter @hove
emtted is |ikely to occur. Thus, when this type of field em ssion electron
source i s GFE¥PRSks AFRENA GgHE LEAT LN fhedEiglckemhsds bonlied plchyonmsarraes,
there is such a drawback that the light is not emtted uniformy. 5

Then, the AfvEREEHSS8HUHR StRRATASE RERPPEIRYke hPukddration No. 8-250766,

since a porous silicon layer formed by making the entire surface

of the single crystal substrate on the principal surface side

10 porous constructs a strong electric field drift layer into which

electrons are inj_ected, the strong electric field drift layer has

a heat conductivity lower than that of the crystal substrate and

the field emission electron source has a high thermal insulating

characteristics, which results in that the temperature of the

15 substrate rises relatively largely when voltage is applied and.

current is flown. Further the inventors found out that electrons

are thermally excited and electrical resistivity of the

single-crystal semiconductor substrate decrease when the

temperrature of the substrate increases, accompanied by increase

20 of the amount of electrons emitted. Therefore, this structure is

susceptible to the popping phenomenon during electron emission
leading to unevenness in amount of electrons emitted.

Based on the above findings, the present invention has

been accomplished. That is, the object of the present invention

25 istoprovide a field emission electron source capable of achieving

a stable emission of electrons with high efficiency at a low cost



drawbacks and found out that in the field em ssion electron source as

di scl osed in Japanese Patent Kokai Publication No. 8-250766, since a porous
silicon layer formed by making the entire surface of the single crystal
substrate on the principal surface side 10 porous constructs a strong

electric fiﬂ&' A dtthd 23 ;Jr%w/ﬁbchhel gsheons are injected, the strong
e

electric field drift layer has a héat conductivity |lower than that of the
crystal substrate and the f eld em ssion el ectron source has a high thernmal
i nsul ating characteristics, which results in that the tenperature of the 15

substrate risessuneaty Wi theaigfntnban voltage is applied and, current is
flown. Further the inventors found out that electrons are thermally excited

and el ectrical resistiwitordefr the sdiglerer yakal alserd-awitioned sobjecht e
decrease when the tenperature of the substrate increases, acconpani ed by
i ncreas& 20acedrdirey arpuntt iofstelesperonefethe t presernfthemafemtdéont htBeserugt ur e
IS susceptible to the poppi ng phenonenon during electron em ssion | eading
t 0 unevennessovidedroantf ieflde|elatumes: esduntesl. cEBuseising tae ebectricabings,
the present invention has been acconplished. That is, the object of the
present i nvepndert X substopteviavdng priéhciead surfaces pet sororveleetEpabl e
of achieving a stable em ssion of electrons with high efficiency at a | ow
cost 4 field drift layer formed on one of the principal surfaces of said
electrically conductive substrate and a surface electrode made of
10 a thin electrically conductive film which is formed on said strong
electric field drift layer, wherein a voltage is applied to said
surface electrode used as a positive electrode with respect to said
electrically conductive substrate, thereby electrons injected
from said electrically conductive substrate being drifted in said
15 strong electriceffect drift layer and emitted through said surface
electrode, characterized in that said strong electric field drift
layer comprises at least a) semiconductor crystal regions formed
in & ranher to stand up vertically on said principal surface of
the electrically conductive substrate and b) semiconductor
20 micro-crystal regions having nano-structures intervened between
the semiconductor crystal regions coated with an insulating film
which has a thickness smaller than the crystal grain size of said
semiconductor micro-crystal region and is formed on the surface
of taz semiconductor micro-crystal. Therefore, 1) the dependency

25 on the degree of vacuum of the electron emission characteristic

is low and no popping phenomenon occurs during the electron emission



and a nethod of producing the sane. The summary of the invention In order
to achi eve the above-nentioned object, 5 according to a first aspect of
the present invention, there is provided a field el ectron source conpri sing
an electrically conductive substrate having principal surfaces; a strong
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regions formed in a manner to stand up vertically on sa nci pa

of the el ecidhitald Yaggasuatiiswaonubsdd ahg BowbDbr8aHLEOMIUEISR t 10 in the
m cro-crystal regions having nano-structures intervened between the

seni conductaasecbfstiaing egicorenceatconul tgornd Rewkabhdgcf st Masichnhasr a
t hi ckness snaller than the crystal grain size of said
the Spindt-type electrode, as in the conventional example.
In the present invention, said semiconductor crystal is
10 preferably polysilicon. But other single crystal, poly-crystal
and amorphous semiconductor, for example, poly-crystal
semiconductor of IV group, IV-IV group compound semiconductor such
as SiC, III-V group compound semiconductor such as GaAs, GaN and
InP, and II-VI group semiconductor such as ZnSe may be used.
15 In the present invention, the semiconductor micro-
crystal region is formed by making the single crystal or poly-
cryst=l semiconductor porous by the anodization, which constructs
a drift region, the details thereof is described as in U.S. patent
application No. 09/140,647 which content is incorporated in this
20 specification by reference. The insulating film is preferably
made of an oxide film or a nitride film.

In order to achieve the above-mentioned object,
accor..ing to a second aspect of the present invention, there is
provided a field electron source comprising an electrically

25 conductive substrate, a strong electric field drift part formed

on one cf the principal surface of said electrically conductive



sem conductor mcro-crystal region and is forned on the surface of the

sem conductor mcro-crystal. Therefore, 1) the dependency 25 on the
degree of vacuum of the el ectron em ssion characteristic is | ow andno
poppi ng phenonmenon occurs during the electron emssion 5 Al so the

el ectrons can be emtted with a high stability and a high efficiency. 2) As
t he el ectr substyacormhitta suerfapstekactrade ofeni @oinuu@tteg Silmtfearmesgeh as
a single-crystal silicon substrate and the substrate such as a gl ass
substrate ®Rifl atromduRlesleriq |Thedd 6xddd PREEeorheribe JXed Ot I%hiléh
case it is made possible to achieve |arger em ssion area and | ower
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drift part preferably comprises drift regions 1n which the

electrons are drifted and heat radiation regions which have a heat

10 conductivityhigher than that of the drift region, the drift regions
and the heat radiation regions are mixed and distributed uniformly.
In a typical case, the drift regions has a mesh-like cross section
at ‘right angles to the direction of thickness of the electrically
conductive substrate and, the heat radiation regions which are

15 built up in the mesh openings. Therefore, the heat generated in
the drift region is radiated through the heat radiation region in
the strong electric field drift part and thus, no popping phenomenon
occurs during the electron emission and the electrons canbe emitted
with a high stability and a high efficiency.

20 The drift region may be a layer made by alternately
laminating layers whose porosity are different from each other in
the Zirection of thickness of the electrically conductive
substrate, thereby the efficiency of the electron emission can be
enhanced. And said drift region may be a layer whose porosity

25 changes continuously in a direction of thickness of the

electrically conductive substrate, thereby the efficiency of the



crystal region is forned by making the single crystal or poly- crystl

sem conduct or porous by the anodi zati on, which constructs a drift region,
the details thereof is described as in U S. patent application No. 09/ 140,
647 which content is incorporated in this 20 specification by reference.
The insul aglegtren nembs gt agsablbe enliencedan oxide filmor a nitride film
In order to achieve the above-nentioned object, according to a second
aspect of the presen'{['henﬁmfmlftgﬁ orh@pédi of pihey est-a ikeedal £ cadion d6ur ce

conprising an_electrically conducti ve substrate, a strong electric
field drifPrpherabpby nn t&? éﬁé‘Péf ofhe P mlygepf QEea grinighig circle.
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an insulating film on the surface thereof and therefore, the heat
radiation region has a high heat conduction characteristic and a
10 electrical insulating characteristic, resulting in the increase
of heat radiation. The insulating filn is preferably an oxide film
or a nitride film.

The surface electrode is preferablymade of a thinmetal,

but transparent and conductive films of ITO, Sn02 and Zn0O2 can be
15 used for the surface electrode.

The electrically conductive substrate is preferably a
substrate on one of the principal surface of which the electrically
conductive film is formed and therefore, it is made possible to
achieve larger emission area and lower production cost than in the

20 case of using a semiconductor substrate such as a single-crystal
silicon substrate as an electrically conductive substrate.

In order to produce the field emission electron source,
a part of the semiconductor region on the principal surface of the
electrically conductive substrate is made porous by anodization

25 1in the direction of thickness, and then the semiconductor region

and the porous semiconductor region are oxidized to form a heat



el ectrons are drifted and heat radiation regions which have aheat 10
conductivityhigher than that of the drift region, the drift regions and the
heat radiation regions are m xed and distributed uniformy. In a typical
case, the drift regions has a nesh-like cross section at right angles to
t he direct iredistiphi traiber afd ghdrifectegical, finehtna isuefagsselesleradad,
the heat radiation regions which are 15 built up in the nesh openings.
Ther ef or e, Mage e &t tyEn detivddf i Hn bedngr formedgndrhg straay Slegtehe ¢ he
heat radiatigon region in the strong electric field drift part and, thus, no
poppi ng phéFaFEn PR rdc SOPPrdgindgthRedsi &bt FEAlRR 8¢ okhanieaherat Rt ¥Uhs
can be emtted with a high stability and a high efficiency. 20
The drift &§@R-may be a | ayer nade by alternately |aminating | ayers whose
porosit)é are different fromeach other in the direction of thickness of the
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region can be formed using the same semiconductor material.
Therefore, it is not necessary to form the drift region and the
10 radiation region separately from the beginning of the preparation
and the shape of the pattern of the drift region and the heat
radiation region can be easily controlled. 2s a result, a field
emission electron source in which no popping phenomenon occurs
during the electron emission and electrons can be emitted with a
15 high stability and a high efficiency can be achieved at a low cost.
Where said anodization is effected, 1) if the
anodization is carried out after a column-like poly-crystal
semiconductor layer stood up vertically on the surface of the
electrically conductive substrate was made, mixture structure of
20 the semiconductor crystal regions and the semiconductor micro-
crystal regions can be easily made. 2) If the mask has cross-
section shape of a mesh with openings like a minute polygon is
arranged on an area on which the heat radiation region is to be
formed on the semiconductor region and then, the anodization is
25 effected, with the result that only the part of the semiconductor

region on the surface of the electricallly conductive substrate



The openings or void of the mesh-like drift region is preferably in the
shape of a m nute polygon or a mnute circle. The drift regions and heat
radi ati on regions my be 5 selected fromthe group consisting of a single
crystal, poly- crystal and anor phous of silicon or silicon carbide. The
heat radlatlp lon is prefer b|yé§F§I|ICOH or SI|ICOﬂ carbide with an
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el ectron source, a part of the sem conductor region on the principal

surface of rkfecel €ah b€ atdde pordust byeafobsideieni S made porous by
anodi zati on
Where said anodization is effected, 3) the magnetic field
10 is applied to the electrically conductive substrate during the
anodization in such a manner that the rate making the semiconductor
region porous in the vertical direction to the one surface of the
electrically conductive substrate is much faster than that in the
cther directions, with the result that the anisotropy in the rate
i5 of making the semiconductor region porous is enhanced. That is,
in the region which is to be a drift region by oxidation after making
porous, the anisotropy in the forming rate of the porous layer
during the anodization is enhanced. Therefore, the
controllability in the shape in the horizontal direction and in
20 the direction of thickness of the drift region can be enhanced,
with the result that the minute patterns of the drift region and
the heat radiation region canbe formed with a good controllability

in the direction of thickness.

25 Brief description of the drawings

These and other objects and features of the present

10



25 in the direction of thickness, and then the sem conductor region and
t he porous sem conductor region are oxidized to forma heat 8 radi ati on
region and a drift region, finally a surface el ectrode nade of a thin netal
filmbeing formed on the strong electric field drift part conprising the
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electron source according to the present invention;

Fig. 2 is a cross sectional view showing the first
embodiment of the present invention;

10 Figs. 3R, 3B, 3C and 3D are cross sectional view s showing
major steps for explaining the production process of the field
emission electron source of the first embodiment;

Fig., 4 is a schematic diagram for explaining the
measuring principle of emitted electrons of the field emission

15 electron source of the first embodiment;

Fig. 5 1is a graph showing a voltage—current
characteristic of .the field emission electron source of the first
embodiment;

Fig. 6 is a graph of Fowlev-Nordheim plot of the data

20 of Fig.5;

Fig. 7 is a graph showing a change in current with time
in the first embodiment;

Fig. 8 is a graph showing dependency of the current
density on the degree of vacuum in the first embodiment;

25 Fig. 9 is a schematic diagram for explaining the energy

distribution of the emitied electrons in the first embodiment:
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sem conductor |ayer stood up vertically on the surface of the electrically
conductive substrate was nmade, m xture structure of 20 the sem conduct or

crystal regions and the sem conductor mcro- crystal regions can be easily
made. 2) If the mask has cross- section shape of a nmesh with openings |ike

a_m nute pol ygon is atrandgon.an 3563 00 Wi ghnbhee healokadiali edsgai on

is to be forned on t Sém conduct or region an en, the anodization is 25

ef fected, w.tb; 8 t ' lfONn on
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that the mask has a cross section of a nmesh™with openings in the shape of a

mnute circle is arranged 10m,t Nes aheRl 0N a¥Ri GhbdSe bEREnd BEH alvs @howd@bon i s
to be formed on 5 the sem conductor region and then, the anodization is

effected, apkyrt BeepartoPfesidia 198miyC oA USEOdudtEHOBrodekBeos uti@erohdt he
el ectrically conductive substrate which corresponds to the drift region can

be made porgpsdiieanpdi zati on. Where said anodi zation is effected, 3) the
magnetic field 10 is applied to the electrically conductive substrate
during the Fig. 12 is a plan view of a photo-mask for explaining the
production process of the second embodiment;
Fig.13 is a schematic vertical cross sectional view
10 showing the third embodiment;

Fig.14 is a schematic vertical cross sectional view

showing the fourth embodiment.

Detailed description of the preferred embodiments
15 (First Embodiment)

Fig. 2 is a schematic diagram showing the configuration
of a field emission electron source 10 according to this embodiment,
Figs. 2A to 3D are cross sectional views of major steps of producing
the field emission electron source 10. In this embodiment, an

20 n-type silicon substrate 1 ((100)-substrate having a resistivity
of about 0.1 Qcm) is used for an electrically conductive substrate.

As shown in Fig. 2, the field emission electron source
10 according to this embodiment includes a polysilicon layer 5
oxidized by the rapid thermal oxidation technique on the principal

25 surfaceof then-type silicon substrate, a porous polysilicon layer

6 oxidized by the rapid thermal oxidation technique on the

12



anodi zation in such a manner that the rate nmaking the sem conductor region
porous in the vertical direction to the one surface of the electrically
conductive substrate is nmuch faster than that in the other directions, with
the result that the anisotropy in the rate 15 of making the sem conductor
regi on por guslyss leandeder Thahdis,gdld thhenr €ginon wihich s at Shibs Betrlft
regi on by oxidation after making porous, the anisotropy in the formng rate
of the por oftsln,ayfsrndid iarg thet peroasoppimsibicon i kayeshifancRad an ohmic

Ther ef or e, the controllability in the shape in the horizontal direction
and in 20 ¢hectiodetd ds Gbrobicimette dackheudfate eEditth NcdYPBeSahhePRed,
with the result that the mnute patterns of the drift region and the heat
radi ati on regostratzes be fornmed with a good controllability in the direction

of thickness. 25 Brief description of the draw ngs These and other objects
and featfures of the pfeddis @@Odlm%n?mﬁWIql%ﬁ%ﬁu‘%?‘e‘ﬁt? Edrﬁ Pﬁég

follow ng description taken in conjunction wth the preferred.e di nents
t her eof andas hah R ERFpaksA-hy d?%ﬁi‘-ﬂ?&évﬁh?%\é\%ﬁﬁemhi F&Eggﬁé‘f%@f re
designat ed ggnééggiégfgﬁéﬁ%?%é&“?%&%&?h %gga.gvgméfggtrode of the field
emission electron source 10 and supports said porous polysilicon
layer 6 in vacuum. Further, when voltage is applied to the
10 electrically conductive substrate, the electrons are injected to
the porous polysilicon layer.

And said porous polysilicon layer 6 acts as a strong
electric field drift layer where the electrons injected from the
electrically conductive substrate are drifted when voltage is

15 applied between the electrically conductive substrate and the thin
metal film,

A method of making the field emission electron source
will be described below with reference to Fig. 3.

First the ohmic electrode 2 is formed on a back surface

20 of the n-type silicon substrate 1, and then an undoped polysilicon
layer 3 of about 1.5 pm in 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. 3A. The polysi.licor.-
layer 3 is formed by the use of LPCVD process, using a vaci.xum of

25 20 Pa, a substrate temperature of 640°C, and a floating silane gas

at 600 sccm.
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5 Fig. 1 is a schematic diagramfor explaining the principle
of mechani smof electron emssion in the field em ssion el ectron source
according to the present invention; Fig. 2 is a cross sectional view
showi ng the first enbodi nent of the present invention; 10 Fi gs.

3A, 3B, 3C and 3D ar f%ggs§hze8£&8%$ﬁté@fyg%ﬁggﬁgpggggjgr»gtg@gmé&y the

expl ai ni ng the production process e I'on el ectron source of

o SEATRGEs, Cilor 4 4¢ SuPALRERL e laapial o o sytac

measuri ng ipleof "e rons o em ssion 15 electron

source of t&ugm{e'hrtﬁg,hﬁ‘goggﬁﬁ tirféﬁ%t% ¥ith a1 gitaPhpushayi tiis a

vol t age-current characteristrc o eld em ssion el ectron source of the

first enbo%]{ggglt_f;atgiog., 5 111$:8 Q9 PO 1 g¥= Wy fgi Ay Rl 86 Wi stigudis 20

of Fig.5 F I's a graph showi ng a change in current with tine in the
first egbodidBitsonFbs nydircyed ST & aninaieRandencyrepot Hitol Wi pdut

density on the degree of vacuumin the first enbodi nent; 25
Fig. 9 is aschemised dnaguaplhot nexpébécirgid hamonahgymii ssrubedi an of the

emtted electrons in the first enbodi nent; 11
negative electrode and the n-type silicon substrate 1 (ohmic
electrode 2) is used as a positive electrode. By this anodization,
a porous polysilicon layer 4 (hereinafter referred to as PPS layer
10 4) can be obtained as shown in Fig. 3B. In this embodiment, the
anodization process was conducted under conditions of a constant
current density of 10mA/cm’? and duration of anodization being 30
seconds, while irradiating the surface of the polysilicon layer
3 with light by means of a 500W tungsten lamp during the process
15 of anodization. As a result, the porous polysilicon layer 4 of
about lum in thickness was formed in this embodiment. While a
part of the polysilicon layer 3 is made porous in this embodiment,
the entire polysilicon layer 3 may be made porous.
Then, by effecting the rapid thermal oxidation (RTO)
20 to the PPS layer 4 and the polysilicon layer 3, a structure shown
in Fig. 3C is obtained. Reference numeral 5 in Fig. 3C denotes
a part of the polysilicon layer processed by the rapid thermal
oxidation and reference numeral 6 denotes a part of the PPS layer
processed by the rapid thermal oxidation (hereinafter referred

25 to as RTO-PPS layer 6). The rapid thermal oxidation process was

conducted at an oxidation temperature of 900°C for the oxidation

14



Figs. 10A and 10B are a schematic vertical cross sectional view and a
schematic transverse cross sectional view of the second enbodi nent,
respectively; Figs. 11A, 11B and 11C are cross sectional views showing 5
maj or steps for explaining the production process of the second enbodi nent;

Fig. 127s a8 nlan.¥isy ghud Phal @niRSkd Qi 25 0hag e pPs Okl @nang

process of “‘the second enbodinent; Fig.13 1s a schematic vertical cross

sectional C:ﬁgg S&Qic%@%?e_rt@%ﬁehbgﬂdﬁﬂmct%mme;rﬂsga heriad S£hesEBidL,

verti cal sectional "view show ng the fourth enbodi nent. Detail ed

descri ptionf 15perBrafieps e 2o Fertitfe dkidat o ¥empabaturenn) sévgral is
a schematic diagiam showi ng the configuration of a field em ssion el ectron

source 10 agLurid)0th@s maikd ngnbogoseib e EogsupidAe ds0eStr airanantossidatiomonal
views of major steps of producing the field em ssion electron source 10. In

thi s enfgodi teaing pRad8 whest yhergihd detosalfsirnate in ces8Mhe sobsenbiendlavi ng
a resistivity of about 0. 1 [err]cn) is used for an electrically conductive
substrate. oxidation apparatus of furnace tube type is used.

Then the thin gold film 7, which is a metal thin film,
is formed on the RTO-PPS layer 6 by, for example, evaporation,
thereby to obtain the field emission electron source 10 having

10 a structure shown in Figs. 3D and 2. 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

15 a negative electrode (cathode). While the thin metal film is
formed by evaporation in this embodiment, the method of forming
the thin metal film is not limited to evaporation and the thin
metal film may be formed by sputtering.

Now characteristics of the field emission electron

20 source 10 of this 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. 4. Inside of the vacuum

25 chamber is evacuated to a degree of about 5X10° Pa. A DC voltage

Vps is applied with the thin gold film 7 at a positive polarity

15



As shown in Fig. 2, the field em ssion electron source 10 according to this
enbodi nent includes a polysilicon |ayer 5 oxidized by the rapid thermal

oxi dation technique on the principal 25 surface of the n-type silicon
substrate, a porous polysilicon |ayer 6 oxidized by the rapid therma

oxi dati on h@%ﬂnkgyﬁeee thetde ohmilisddtirede hayere? AAtype golldiddin film
which is a thin I m formed on the porous polysilicon |layer 6. And

an ohmi ¢ e's%BEFcesl%eZl) s 40 @dx,ors}ouh bagk Tairfppqe edf wihR thé yuel lsidtiogon
substrate 1. In this en‘godi ment, a n-type silicon substrate 1

is used as eqrécglrgabrzc%ld ¥ Soamtnid yolanbsynalth réspeeteid theathjn gold
conductive substrate forns a negative electrode of the field em ssion

el ectron saqunee7 10 MrduseppatissoBahd dicdrisupoeysilipsciiowiyebebwean deuum

Further, when voltage is applied to the 10 electrically conductive

subst r ase, ttie glogat fads ar endnfeetcihio ¢l irodeu’, pehdsthe cohettayrsr . And
sai d porous polysilicon layer 6 acts as a strong electric field drift__|ayer

where t he erdctsions cumreotedef fbowime ketetaan daie poddnatier| cregtide &le are
drifted when voltage is
and the thin gold film 7 due to the emission of electrons e” from

the field emission electron source 10 through the thin gold film
7 (alternate dash and dot line in Fig. 4 represents the emitted

10 electron current) are shown in Fig. 5.

In Fig. 5, the DC voltage Vps is plotted along the
horizontal axis and the current density is plotted along the
vertical axis. Curve 2 in the drawing represents the diode current
Ips and curve B represents the electron emission current Ie. The

15 DC voltage Vc is set constant at 100V,

As will be seen from Fig. 5, the electron emission
current Ie was 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.

20 Specifically, when the DC voltage Vps was 15 V, current density
of the diode current Ips was about 100mA/cm? and the current density
of the electron emission current Iewas about 10 #A/cm®*. This value
of the electron emission current Ie was greater than that obtained
with a field emission electron source using the porous silicon

25 layer formed by making the surface of a single crystal silicon

substrate porous as a strong electric field drift layer, described
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15 applied between the electrically conductive substrate and the thin
metal film A nmethod of naking the field em ssion el ectron source wll be
described below with reference to Fig. 3. First the ohmc electrode 2 is

ndoped poPYSFAPEBAYI 45 6P WHE LML TS Che, PR 1Pt oRRERESTAT Y A28 on
Surface: 1 RELERyTPBIEOEATRAS b ol T ok PR SRR AE P ARERE i 1 con
a Lubstr ai EROBHA BT o 6 PN T R Sppybol A/t SR B crerd e
ol ysi |1 comenay 94 Cha,BREeCa TR kot Aot b AT EonstBn e Ty
o1 cctr byt S FE ol el BN e e e o nycir ogen

fluoride ar\ﬁbse angk ¥N anRisOPeht 5 dhsdakaitt of: thé prsrthtaidvanpiatiisim
el ectrode (rfot shown) I1s used as a negative el ectrode and the n-type
silicon subst#ats vk €9pFoide the field emission electron source exhibiting
a high efficiéncy of electron emission.
Fig. 6 shows Fowlev-Nordheim plot of the electron
10 emission current Ie versus DC voltage Vps. The fact that the plots
lie on a straight line indicates that the electron emission current
Ie caused by the emissicn of electrons is due to the well-known
quantum tunneling effect.
Fig. 7 is a graph showing the diode current Ips and the
15 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 emission current Ie. Shown in Fig. 7 is the
20 result obtained by setting the DC voltage Vps constant at 15V
and the DC voltage Vc constant at 100 V. As will be seen from Fig.
7, any popping phenomenon is not observed in both the diode current
Ips and the electron emission current Ie with the field emission
electron source 10 of this embodiment, so that the diode current

25 1Ips and the electron emission current Ie can be maintained

substantially constant with time.
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el ectrode 2) is used as a positive electrode. By this anodi zation, a porous
polysilicon layer 4 (hereinafter referred to as PPS | ayer 10 4) can be
obtained as shown in Fig. 3B. 1In this enbodi nent, the anodi zation process
was conducted under conditions of a constant current density of

10mA/ cnferr] and duration of anodization being 30 seconds, while .
irradiating the surf &t herpstesiFtienct a5aPE B HOThEMFSHBRns of a
500Wtungsten |lanp during the process 15 of anqdizatjon. a.res , the
or ouS po) ySI TSN Jenyiithy 188 SH6OEOnIE eFPTRRS PRy saRlPRHhEtR (his
enbodi ment. While a part g he polysjlicon |ayer 3 i d i hi s
enbodi ment , SNl BrEa O Aty Lihe; Bgﬁséﬁge}mﬁe rbecmzc %%r %ﬁg%iﬁﬁénwf%l@
effecting the rapid thermal _oxjdati.on .(RTO P Y, t he
pol ysil i contkP%fé’rnvﬁnta‘tO?lan&uH‘ﬁ*‘g %%%nnekéer%%oy}%ﬁt g?%%%.&kgﬁg?gﬁge
nuneral 5 in Fig 3C dengtes Lt : L] I RLeessseds by

t he rapi5d tﬁ%‘?‘?}%“ %&isdﬁqu(?n czi%g%rgéf S?gﬁéggnﬁggé%&?gngﬁégha part of E't;he

PPS | ayer pro essedo the rapid thermal oxidation (hereinafter referred 25
to as RTO ?a@%’f °  The rapid thermal oxidation process was conducted

at an oxidation tenpeggal unt, e 20U Gnf Chet BEgP&E Aot iUl of the

electron emission currenl Ie of the field emission electron source
10 of this embodiment will be described below. Fig. 8 shows the

10 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. 8, the degree of vacuum is plotted along the horizontal
axis and the current density is plotted along the vertical axis.

15 Curve A in the drawing represents the diode current Ips and curve
B represents the electron emission current Ie. Fig. 8 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

20 emission current Ie 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 emisison 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.

25 Thus, because the satisfactory electron emission characteristic

can be achieved even with a low degree of vacuum, it is not necessary
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period of one hour. In this enbodi nent, since the PPS | ayer 4 and
polysilicon layer 3 are oxidized by the rapid thermal oxidation, the |ayers
can be heated up to the oxidation tenperature in several seconds, thus
making it possible to suppress entrainment oxidation 5 taking place when
char gi ng i 86 s ftivenddel dnembssl drheleatvent sonade axiddat aohimlppgimoﬁf
furnace tube type is used. Then the thin gold film?7, which is a netal thin
film is fosowshpranchit REONRES possdible by priosiucexampinparetagorkigonses
thereby to obtain the field em ssion electron source 10 having 10 _a
structure thewiiedld Enssi@Dedrdtzon\goureet he athd drwescasft vhth tigndldsgd
film?7 is about 10 nmin this enbodi ment, the thickness is not limted to a
particul ar thekeef e féaserni ssion electron source 10 forns a diode with
the thin gold film7 serving as a positive el ectrode (anqde), and the_aohm c

el ectrddle 2 serving ¥eXts tAemahanisTdbEprSdecteqrtites oMt ERe dolfi n
forming t NEMLRFRORCEPCFTOm ST AGTHEERE% §0e0RbEr FELUHIRRT (Ho T n

cri osi on cPEELFBh SBERbHILARD O RS IRBBIPRAE - wi 11 be described bel ow
shown) “and & ool | ect BEEEFecty 4465170 i Borar Torma it 84 LreFEep®s

di sposed atem%sgggriw.s iw nensehgscéo%scggét[.f& of the PPS layer 4 of the specimen

10 shown in Fig. 3B after anodization was observed with a transmission
type electron microscope (TEM), it was confirmed that the
micro-crystal silicon layer having nano-structures (about 5nm in
the diameter) was grown around the columnar polysilicon. And when
the cross section of the specimen shown in Fig. 3A after forming

15 the polysilicon layer 3 was observed with a TEM, it was confirmed
that the polysilicon layer 3 was composed of aggregates (columnar
structure} of the fine columnar grains (crystal grain) oriented
in the direction of the film growth (in the wvertical direction
in Fig. 3A). With comparison of these observation results with

20 TEM, it is assumed that anodization of the polysilicon layer 3
progresses faster at the boundary of the grain, that is,
anodization progresses in the direction of thickness between the
columns of the columnar structure and the columnar silicon grain
structure remains after anodization. This is because the rate of

25 the formation of the porous layer (PPS layer 4) is faster than

that in the case that the porous silicon layer is formed by
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the thin gold film7 as shown in Fig. 4. Inside of the vacuum 25 chanber

I s evacuated to a degree of about 5X10[err] Pa. A DC voltage Vps is applied
with the thin gold film7 at a positive polarity 15 with respect to the
ohm c electrode 2 (i.e. n-type silicon substrate 1), and a DC voltage Vc is
appl i ed wi tadhadieing Itde erirglecoryg&al1satigoposnhytaasolaad thewsPACEespect
to the thin gold film7. Masurements of the diode current |ps flow ng

bet ween t hed@hsitiy afgdrainicrareryntel wd ldspnclayeschevirg pangngteneterest ron
em ssion current |le flow ng between the_collector electrode 21 apd the thin
gol d fil m MRRRe tBeEndWsSRR e teef Forls L& demvif oppgrhs FRAYGed "Rt & si on
el ectron source 10 thraou r}tthe thin gold film?7 (alternate dash and dot
line in Figtha ?%lgﬁ'fels‘éerﬂtg FE% a¥ITai Rt TR it r &Rt FRLF £&Fown i n

Fig. 5. Fig..5, th ) | t V| [ tted {, hor,i t al [
0 2o 0 Sl 0 S B B B SRl Nl el s
d ] ts_ the diaqd . d B ts_th

G 1 ¥ PLESETATS, ) HIS RS 107 SO GHE VAP SSREESIGRA"

100V. As w g%r\?@t&?ee r}:etn[a%mg:,-i g:‘heSpo@r.'laﬁsebgﬁz-r-gflyg{gfSéﬁ@tcon formed by

anodizing the polysilicon layer in the columnar structure seems
to have better properties than those of the porous poly-crystal
10 silicon formed by anodizing the bulk polysilicon layer.
From the above-mentioned results of TEM observation,
the porous polysilicon layer 6 (RTO-PPS layer 6) oxidized by a
rapid thermal oxidation as shown in Fig. 3D, that is, the strong
electric field drift layer is suppose.d to comprise at least, a
15 polysilicon 61 which is columnar semiconductor crystal, a thin
silicon oxide £ilm 62 formed on the polysilicon 61, a micro-crystal
silicon layer 63 which is a semiconductor micro-crystal intervened
between the columnar polysilicon 61, and a silicon oxide film 64
which is formed on the surface of the micro-crystal silicon layer
20 63 and is an insulating film having a thickness smaller than the
crystal grain slze of saldmicro~crystal silicon layer 63, as shown
in Fig. 1.
Therefore, in the field emission electron source 10
according to this embodiment, the electrons seem to be emittec
25 1in the following mechanism. When the DC voltage Vps, applied tc

the thin gold film 7 which is of a positive polarity with respect

20



current e was observed only when the DC vol tage Vps was positive, while
both the diode current Ips and the electron em ssion current le were
i ncreased as the DC voltage Vps was increased. 20 Specifically, when the
DC voltage Vps was 15 V, current density of the diode current |ps was about
100mA/ cnf erttd tanrd n-wpeursidiicotesabsyratet he edartieoa gredeiternduedent | e
was about 10[err]A/cnferr]. Thisvalue of the electron em ssion current le
was great ertiiteshdlithvadbeaiglettians @ arelihjedtesi tromelthetndiyrspat t&CoRi ng
the porous silicon 25 |ayer fornmed by meking the surface of a single
crystal silsumstrattestlr dindopbheuBTAsPES stayeny ebycthermél edxridiatyion.ayb
descri bed 16 previously in conjunction with the prior art. According to
the "El ect romie tinfer reirian n&stelodc orrahir sat fekd anpddiest iten theoBT@7EP
pp4l-46", they described about 40mA cnferr] for the current density of the
di ode cdrrelryep$ hadrpPlisd aaress dhe) sibicemexiderkaites 64ddihg L) BFtede
el ectron em ssion current |le when the DC voltage Vps was, 15 V.. Thus ,tgis
embodi ment SFEEHOLT Bsie PRCEMEFBRE LBINEFRRNE 616FET 1AL s FPRIGE
em ssion el ectron, source, exhibiti a high efficien f el ectrqn eni ssion.
o, 6 ShouBS TRt S0ONGT GNP REDE 19 orned pectrofzL fLed trFoligh the S5a88
between the polysilicon 61 in the RTO-PPS layer 6 toward the surface
in the direction of the arrow A in Fig. 1 (upward in Fig. 1). In

10 this case, the drift length of the electrons in the RTO-PPS layer
is very long as compared with the grain size of the micro-crystal
silicon layer 63 as described below, the electrons reach the
surface of the RTO-PPS layer 6 with almost no collision. The
electrons e which have reached the surface of the RTO-PPS layer

15 6 are hot electrons having a2 kinetic energy much higher by several
kT or much more than that in the state of thermal equilibrium and
easily penetrate the thin gold film 7 through the oxide layer at
the tcp surface of the RTO-PPS layer 6 due to tunneling, thereby
to be emitted to into the vacuum.

20 In the field emission electron source 10 of this
embodiment, as described above with reference to Fig. 7, the
eiectrons can be emitted without the occurrence of the popping
noise and with a high efficiency and a high stability. This is
because it is supposed that the surface of each grain in the RTO-PPS

25 layer is made porous but the core of each grain (polysilicon 61

in Fig. 1) retains a crystal state and it is also supposed that
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10 em ssion current le versus DC voltage Vps. The fact that the plots lie
on a straight line indicates that the electron em ssion current |le caused
by the em ssion of electrons is due to the well-known quantum tunneling
effect. Fig. 7 is a graph showi ng the diode current Ips and the 15

el ectron em ssion current le of the field em ssion electron source 10 of
this enbodinent wwth change in tinme. Tinme is plotted along the horizontal

axi s and the, L LRMrdeRsl by hepPy s ssb AN i@ sHekki §8bndxiBe NWYdt11

curve A shows the diode current Ips and curve B shows the electron em ssion

current le. QIWsiilncondel Ad mghel)Z@ndrﬁ&&détecéntaim@oﬁtsaabtjmeﬁéﬁ:z@c
vol tage Vps constant at 15 V and the DC voltage Vc constant at 100 V. As

wi Il be seertdnp¥patide FisanyfPRDPO-PES Phepaniidhdg Suppresbeaived in both
the diode current Ips and the electron emssion current le with the field

em ssion el ectron soumesetOonftididd senketbonedboves0ithis suppodiedidehauritant

25 |Ips and the electron em ssion current |Ie can be naintained

subst ant bal IRTC-EPS dalyen 6 whireh 19 a stSuriy :lelcardct Eleddi drdft siadre

el ectron emssion current le with | ess chronic change achi eved by enpl oyi ng

t he has a semi-insulating characteristic to make a strong electric
field lie. And it is supposed that in the RTO-PPS layer 6, the
electron scattering is small and the drift length is long, the
heat conductivity being high enough to suppress the thermorunaway

10 ofthediode current Ips. Therefore, it ismade possible toachieve

stable electron emission with high efficiency.

The facts that support the mechanism of the electron
emission due to the tunneling effect of the hot electrons as
described above will be described. Such facts are 1. Strong

15 electric field effect at the surface, 2. Drift length of the
electron, and 3. Energy distribution of the emitted electrons.
1. Strong electric field effect at the surface
In the diode formed by using porous silicon obtained
by anodizing the n-type single-crystal silicon substrate as
20 described in the conventional example (hereinafter, referred to
as a porous silicon diode), an electroluminescence {(hereinafter,
referred to as EL) light emission is first observed in the low
voltage range which is insufficient for cold electron emission.
In this light emission mechanism, it is important how the holes

25 with which electrons recombine generate. Judging from the

analysis of the EL light emission characteristics, the two process,
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configuration of the present invention cannot be achieved with the
conventional field em ssion electron source based on the MM5 system or
single-crystal silicon substrate of which surface is made porous. Now t he
dependency on the degree of vacuum of the el ectron em ssion current |le of
the field em ssion electron source 10 of this enbodinent wl erirﬁq%%zcri bed

bel ow. Fi g. tBeshenReikad 19f e Rl Ghidht’ "ofs tARd Ve henet eal i on
hbepher 6 MACEA-GEvsoah st hron Ravar diviet TR Sty S dohraeb 61 BARe
ot and ¢ hENGEPPERRRCE 5 S TBropTBatT IR b 4% eFPREh Tt iy o8\
The el oot r of BRPSERORSE F1S ACHraRog REERERLah e MU ELIN SolapiaPen.s

of vacuuin t PorPBrer PP balt o hERTE AL o T o an [nei gni i cant o oS
dependence of the el e%ﬁégg &b ‘?r@c%*%isgg ﬁée&{iﬁ@ th@oﬁ’rv&ér{éﬁeﬁg???%@ie‘i@quum

Thus, because of the ['ow dependency on 't egree um o e electron

em ssion CurJ‘iﬁ'&tilnbefQ.Emt PRefé st i Sl SR Qol £88 SENEGLertfh©fof Nk

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

mai ntai ned enxeRnWRABYt BE EREN &fc Diatviaslumvelanges be songuexdieiig Ak tbhus,
because the sati sf ac%(ory el ectron em ssion characteristic
the applied electric field, the strong electric field having an
10 intensity of about 10°® V/cm lies in the relatively shallow area
from the surface of the porous silicon layer to the depth of several
hundred nm in the porous silicon diode during the EL light emission.
Since the electron emission requires anapplied voltage much higher
than that required for the EL, it is supposed that the hot electrons
15 are concerned with the electron emission.
On the contrary, in this embodiment, since the oxide
layer is formed particularly intensively on the surface of the
RTO-PPS layer by a RTO process, like the case of the porous layer,
the strong electric field generated in the vicinity of the surface
20 causes the generation of the hot electrons and the electron
emission due to tunneling.
2. Drift length of the electron
Based on the measurement results of the time-of-£flight
of carriers which is related to a photconductive effect of the

25 porous silicon layer, it was'repor'ted that the drift length of

the carriers in the porous silicon layer was as long as about 1
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can be achieved even with a | ow degree of vacuum it is not necessary 18
to use the field em ssion electron source under a high degree of vacuum
and it is nade possible to produce an apparatus which uses the field

em ssi on eI ectron source 10 at a | ower cost with handling thereof nade

easi er. Next, the mechanism of the electron emssion in the
field em sS t £¢cB€LOE0ENG1d O(1idYi ¥/ @Nba®.MBBH1 6t khet prigsent
i nvention v&ﬁmng%g%eagg% bglg’r beeow First, in order to study the nechanism

of the el SOl 190 ST S5 iF@msWa8H (1893 LT D6S-FFOL) on of the PPS layer 4 of the
speci men 1 shown in Fig. 3B after anodi zati on was observed with a

transm ssion type el egifsORaruer 9scapeh (I&Mer i thamastheosfizened thet the

m cro-crystal silicon | ayer having nano-structures (about 5nmin the

di amet er) Weisc -y st=QuiRd 1t kencbhyenarn pdie gidricaen siAndonhbayeheard okls
section of the specinen shown in Fig. 3A after formng 15 the poI y5| | i con
| ayer 3snwasnebseihad vhée candiEivie edmstronsicaredet hade téas Pl i PP

| ayer 3 was conposed of aggregates (columar structure) of the fine

col urmar grel exstrarrsyst Bhayris ,nyhoat| ontarlisn the candustiionno Hre v repFn P

growh (in the vertical direction )
the porous silicon layer is not only the single-crystal silicon

structure itself, but also the surface layer of the micro-crystal
silicon layer and the interfacial structure suchas a thin silicon

10 oxide film between the micro-crystal silicon layers where a strong
electric field lies.

These fact are applicable to the RTO-PPS layer 6 in this
embodiment. In the case that an electric field having the similar
intensity lies, it is supposed easily that the drift length of

15 the electrons is sufficiently long as compared with the grain size
of the polysilicon 61 (200nm to 300nm in this embodiment) and the
electrons reaching the surface turn into hot electrons.

3. Energy distribution of emitted electrons

Distribution of energy N(E) of electrons emitted from

20 the field emission electron source 10 of this embodiment was
measured and the result is shown in Fig. 9. In Fig. 9, curve A
shows the distribution when DC voltage Vps is 12V, curve B shows
the distribution when the DC voltage Vps is 15V and curve ¢ shows
the distribution when the DC voltage Vps is 18V.

25 From Fig. 9, it is found that the distribution of energy

N(E) of electrons is relatively broad and, moreover, includes
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in Fig. 3A). Wth conparison of these observation results with 20 TEM it

I s assuned that anodi zation of the polysilicon |ayer 3 progresses faster at
t he boundary of the grain, that is, anodization progresses in the direction
of thickness between the colums of the columar structure and the col umar
silicon grain structure renmains after anodi zation. This is because the rate

of 25 the HighRhie@ByOlokHEnSRE OGE kavetal RNStayer vdlts s Wirasteethe hpanit hat
in the case that thé porous silicon layer is forned by 19 anodi zi ng t he

si ngl e- cr ysdrlrgi kheehssthedrdtd ohed thergpace tilenst tyoldfageh¥pai appliad st al
silicon | ayer having nano-structures where the quantum confinenent effect

i s devel opethdredseducethendfdee tite irelsatpposled thrgetbereinyecuny aiess remai n.
In this case, 5 judging fromthe control of electric conductivity and the
structural st thading babielliety robecinsehe RIQRRIHaAYegr &, nasdr tbhetr he

remai ns, the porous poly-crystal silicon forned by anodi zi ng the

pol ysi | isconeleaytarorisn whiiehcbhveneeachiedidther susfene b they RTOcEESr 1p¥epet ti es
than those of the porous poly-crystal 10 silicon formed by anodi zi nsq cEhe
bul k pol ysidtebotl ayectrdnpiavhagabofielciant sReEdY es s %, pEpUPPOSE

observati on, . o
that the quasi-ballistic electron emission phenomenon occurs.

The fact electrons having reached the surface are not
subject to such a strong scattering that causes relaxation to the

10 thermal equilibrium means less energy loss, i.e. heat generation
in the RTO-PPS layer 6 and the diode current Ips can be maintained
constant. Moreover, the columnar polysilicon 61 remaining in the
RTO-PPS layer 6 {see Fig. 1) contributes to the heat diffusion,
so that the popping ncise is suppressed.

15 In this embodiment, the polysilicon layer 3 having a
columnar structure deposited on the n-type silicon substrate 1
is anodized, but as long as the structure shown in Fig.l is obtained
finally, the bulk polysilicon layer may be deposited and be
anodized, Also, instead of the deposition of the polysilicon layer

20 3, the n-type substrat';e may be micro-treated into the columnar
structure from the principal surface down to a predetermined depth
on the surface side and then anodized.

While the n-type silicon substrate 1 ((100) substrate
having a resistivity of about 0.1 Qcm) is used for the electrically

25 conductive substrate in this embodiment, the electrically

conductive substrate isnot limited to the n-type silicon substrate
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t he porous polysilicon layer 6 (RTO PPS | ayer 6) oxidized by a rapid
thermal oxidation as shown in Fig. 3D, that is, the strong electric field
drift layer is supposed to conprise at least, a 15 polysilicon 61 which is
col umar sem conductor crystal, a thin silicon oxide film®62 formed on the
pol ysilicon 61, a mcro-crystal silicon |layer 63 which is a sem conductor

ni cr o- cr ysiral, Forexamske batmeenl siostsrtiamstcpasyaiqhresd WBSURSH 3t i | i con
oxide film®64 which is formed on the surface of the m cro-crystal silicon
layer 20 @3 aamdass SMOSEEAESt VAELR | FOBANG HY S WHPAC KRB SERRI RRr2} han t he
crystal grain size of said mc¢ro-crystal silican |l gyer 63, _as sho in Fig.
1. Ther ef ®kectniqadd ¥ conduUERi¥s; Bﬁg%%ﬁ%‘h @Hﬁh,fé E‘OOSCCB?Hi?Réa‘%A@‘%'hi s

mechani m {adiBhELR A BRe Gl geP Ve M EhBt - oRe Pk 815 T TR ch
{20 3 POALYS BOVHL et Bor SEpae a2l o LPpblle sy ot sllleve
{her ol e HaR] GRLRLORnREe? | R “KIRHE BrBopebod, o B I
the RTC}F*?% using a semiconductor substrate such as n-type silicon
substrate.
Where the conductive substrate is a semiconductor
10 substrate, the polysilicon layer 3 may be formed on the conductive
substrate by the use of LPCVD (Low Pressure Chemical Vapor
Deposition) process, sputtering process or so on. Also the
polysilicon layer may be formed by annealing an amorphous silicon
layer formed on a conductive substrate by plasma-CVD process and
15 crystalizing said layer. Where the conductive substrate is the
combination of the glass substrate and the conductive thin film,
the polysilicon layer 3 may be formed on the conductive thin film
by annealing with an excimer laser to an amorphous silicon layer
formed on the conductive thin film by CVD process. It is not
20 limited to CVD process, the polysilicon layer 3 may be formed by
CGS (Continuocus Grain Silicon) process, catalytic CVD process,
or so on. Where the polysilicon layer 3 is deposited on the
substrate by CVD process or so on, the polysilicon layer to be
deposited is influenced extremely by the orientation of the
25 substrate. Therefore, where the polysilicon lyaer 3 is deposited

on the substrate other than the (100) single-crystal silicon
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5 layer 6 is applied across the silicon oxide |ayer 64, the injected

el ectrons e[err] are accelerated by the strong electric field applied
across the silicon oxide |ayer 64 and are drifted through the space between
the polysilicon 61 in the RTO-PPS | ayer 6 toward the surface in the

(517 Pt e e st Bt o S g e
ComPar WA T LA BB Lol M SN Al Gl 0Rcope O o

with alnmost_no_.collision. The electrons e[err] which have reached the
surface of THeLFTO PPS | ayer 15 6 are hot electrons having a kinetic

energy nuch higher by, sqyar Q}F&J—ﬂén%d‘%ﬁﬁo&!ﬂﬁ@n& hathd Prkheapdratieand
|

thermal equilibriumand easiTy penetrate the thin goidfilm?throughthe
oxi de | gyer Ptc,!] iR S { acér of at 8RR ay ehpbaditeeinta It bRDGRT hoR
therebyas‘tyo Blgé m ?tsfal "tc% in%% theavacuum 20 v P In the field

eni ssi on el EELERTGSONR 10 Obx 1 i £ tar0disNREE |1 138 e €bi Hadipdldorbemis h
reference to Fig. 7, the electrons can be emtted w thout the occurrence of

t he poppi ng,Rphseidnd AMd Bhamtah fildatiiencyr axygerhpyhsma abiildabionThas i s
because it 1s supposed that the surface of each grain in the RTO PPS 25
| ayer is nmage pos@USIHuteddne rcokedot i@acmigrdidingpobyshbe iwerd 6In suFhga 1)

retains a crystal state and it is al so supposed that 21
case, nitrogen plasma nitriding, thermal nitriding, or so on can
10 be used. That is, a silicon nitride may employed as an insulating
film, instead of the insulating £ilm composed of a silicon oxide
film 64 as shown in Fig. 1.
Also, in the above-mentioned émbodiment, a gold thin
film 7 is used as a thin metal film. However, the thin metal film
15 is not limited to the gold thin £ilm 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 therefor. The work function of gold is 5,10 eV, that
of aluminum is 4.28 eV, that of chrome is 4.50 eV, that of tungsten
20 is 4.55 eV, that of nickel is 5.15 eV, that of platinum is 5.65
ev.
(Second Embodiment)
Fig. 10is a schematic diagram showing the configuration
of a field emission electron source 110 according to this

25 embodiment, Figs. 11A to 11C are cross sectional views of major

steps of producing the field emission electron source 110. Inthis
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heat generated by applying voltage transmts along the crystal (polysilicon
61 in Fig. 1) and radiates to the outside ,therefore tenperature rise of
RTO PPS | ayer being suppressed. Based on the discussion above, it is
supposed that the 5 RTO-PPS | ayer 6, which is a strong electric field drift
| ayer, has a sem -insulating characteristic to make a strong electric field
lie. And Iteﬁgo(ﬁm%,e%ﬂ HBE%#Q dine BROsEFSctayerLod, hhtiengleeesastivity
scattering I's small and the drift length.is |long, the heat conductivity
bei ng hi gh gooEgd & OnSUPPIES HAte oirhehepEbnaueyod Pfowfextamplei,oda 00urr ent
| ps. Theretore,”it Is nmade possible to achieve stable electron em ssion
wi th high egﬁbgtfﬁﬁé’-hé@!ﬁld‘ ackesi el veuprer tabbhe oechReamnsniofuddie felreahr on
em ssion due to the tunneling effect of the hot el ectrons as described
above will bgedesceibegd. coumirtiiaet subserateStrong 15 electric field effect
at the surface, 2. Drift length of the electron, and 3. Energy distribution
of the esritted el ect rasshdkn Bhrking tDedthd €iéile|ahisfsfiotnt ebectrrn Sept&€e I n
t he di ode forned by using porous silicon obtained by anodizing the n-type
si ngl e- crystab sidomiime tibsthiat emhed 20entidnwliuded & suroagcoheehiiodirld
exanple (hereinafter, referred to .

drift part 106 formed on the principal surface side of the n-

type silicon substrate 101 and a surface electrode 107 of a thin
metal film which is formed on the strong electric field drift part

10 106. And an ohmic electrode 102 is formed on the back surface of
the n~type silicon substrate 101.

For the field emission electron source 110 of this
embodiment, the surface electrode 107 is disposed in the vacuum
and a collector electrode (not shown) is disposed at a position

15 so as to confront the thinmetal film, When a DC voltage is applied
with the surface electrode 107 at a positive polarity with respect
to the ohmic electrode 102 and a DC voltage is applied with the
collector electrode at a positive polarity with respect to the
surface electrode 107, electrons injected from the n-type silicon

20 substrate 101l into the strong electric field drift'; part 106 are
drifted in the strong electric field drift part 106 and emitted
through the surface electrode 107. In this case,. the current
flowing between the surface electrode 107 and the ohmic electrode
102 is called the diode current and the current flowing between

25 the ccllector electrode and the surface electrode 107 is called

the electron emission current. The efficiency of electron
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as a porous silicon diode), an el ectrolum nescence (hereinafter, referred
to as EL) light emssion is first observed in the | ow vol tage range which
is insufficient for cold electron emssion. In this |ight em ssion
mechanism it is inportant how the holes 25 w th which el ectrons reconbi ne

generate. Jlﬂnq%is'}.%tn Egg}gggeagél‘é@ %f%fiot tgﬁeélre 4 IR ?ﬁ%’tﬁgion current

f
characterisetlcs, hé& twWo process, tunneling o e electron from

the val ence pand @foddeuththt. hldles! e dHend BhA B4 RndfkaRR g

conducti on ereo h ectron av e to 1 npact ionizaion,

are proposeq,d ofi ik c#8R8H 8L BNeFBEHRNSGR S 1NY Cevleh whBH' & Bt Pitayel.
AppL Phys. 81 (1997) 1407-1412). These two processes require the strong

electric figtds 15uded BBohE AW 120 &std gﬁﬂ@@ab@%@deﬁ&h@@mmoﬁ the
dependency on the excitation wavel ength of PL quenching due to the applied

electrig fimdd add ey cbRgcekeettir6déi 2d2l, having an 10 intensity of about
106 Vicmlies in the relatively shallow area fromthe surface of the porous

silicon |ayer to the fapiitrohgseVectatidumidleddmifn pdwet Addouscsrdingriai ode
during the EL light emi ssion. Since the electron em ssion requires an
appl i ed voltlegeramsehthegbediment comprises a drift region 161 of which the
cross section at the right angles to the direction of thickness
of the 'n—type silicon substrate 101, an electrically conductive
10 substrate, is in the structure of mesh and in which the electrons
are drifted, and a heat radiation region 162 which is filled in
the crystals like openingsof the mesh-like drift region and which
has a heat conductivity higher than that of the drift region 161.
That is, the heat radiation region 162 is formed in the pillared
15 structure in the parallel direction to the direction of thickness
of the n-type silicon substrate 101. Inthis case, thedrift region
161 is made of oxidized porous silicon and the heat radiation region
162 is made of oxidized single-crystal silicon.
Thus, in the field emission electron source 110 of this
20 embodiment, because heat generated in the drift region 161 is
radiated through the heat radiation region 162, the popping
phehomenon is not observed during the electron emission and the
stable electron emission can be achieved with a high efficiency.
A method of making the field emission electron source

25 wWill be described below with reference to Fig. 11.

First the ohmic electrode 102 is formed on a back surface

29



than that required for the EL, it is supposed that the hot el ectrons 15

are concerned with the electron emssion. On the contrary, in this

enbodi ment, since the oxide layer is formed particularly intensively on the
surface of the RTO-PPS | ayer by a RTO process, |ike the case of the porous

| ayer,, theﬁéﬂg%@égﬁé 401 {4 gRREERLCT0NN bhE MGH Mildtdviesie sur face

20 causes enerdtion of the hot electrons and the el ectron enission

due to tunpgli i brigREbM durhreebection-Bgpeds DIt ddre subasuataent
results ofgﬁhggg?ﬁ%25?¥%?rghtg%f cé?rieﬁ% whi ch isg?elated to a

photcondUCFLb!? &f { RE orfr o i8% 1BOpAEeHidd RN ayphotomasiash rshpemt éd t hat
the drift [ength of the carriers in the porous silicon |ayer was as |ong as

about 1 23giq [£8rdo MoHHAEr ras Bét ARG XENE0] rtesl il (hOfke rdtaingre( Rs
Sedlacik et al, Thin Solid Filns 255(1993) 269-271). This value is nuch
| arger ghagnbhe shzeigfl 1he. niTtleophbysiabkksi|isorpristymrctied tthespohoas

silicon layer and it 5 neans that the conductive el ectrons can be nade
easi |y to kerhetuebatiatotise plhae stmperbittheorssicitsme sk 183ndustdemeradly

electrons in
minute square (for example, in the order o£ 0.1 gm). The photomask
M may be constructed in such a structure that the plane shape of
the resist mask 103 is a minute polygon, minute circle, minute
10 star and the like other than a square.

Then the n-type silicon substrate 101 on the principal
surface side thereof is subjected to anodization with a constant
current while being irradiated with light. During this
anodization, a liquid electrolyte made by mixing a 55 wt % aqueous

15 solution of hydrogen fluoride and ethanol in a proportion of about
1:1 is used and a platinum electrode (not shown) is used as a
negative electrode and the n-type silicon substrate 101 (ochmic
electrode 102) is used as a positive electrode. By this
anodization, the region which is not covered with resist mask 103

20 on the principal surface side of the n-type silicon substrate 101
is made porous and a porous layer 111 made of porous silicon is
formed, resulting in the structure as shown in Fig. 11B. In Fig.
11B, reference numeral 112 designates a semiconductor layer
composed of a part of the n-type silicon substrate 101. The

25 semiconductor layer 112 is in the structure of a square pole. 1In

this embodiment, the anodization process was conducted under
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the porous silicon layer is not only the single-crystal silicon structure
itself, but also the surface | ayer of the mcro-crystal silicon |ayer and
the interfacial structure such as a thin silicon 10 oxide film between the
m cro-crystal silicon |ayers where a strong electric field |lies. These fact
are applicable to the RTO-PPS |layer 6 in this enbodinent. In the case that

an electri Cg%:%ﬁ@i%io&gattgb%%?emtg a&@ﬂ@r}gﬂsﬁt&} §_§11_dn¥A/ic‘fa25d%RPa§th§§§i ly

that the dri en of 1 ectrons 1s sufficiently | ong as conpared

with the grakn&#e 2% ohhse PRy V50 EEEQHd@ﬁ WZOQNAYrad380 MY i thd Prdncipal
embodi ment) and the el ectrons reaching the surface turn into hot el ectrons.

3. Energy digffibaltdornef neﬁkbéeﬂiﬁi&ﬁi rsvibss tlatler 10Ut Oth dfidrtebyymdlEs of
electrons emtted from20 the field enm ssion electron source 10 of this

enbodi ment yas: BBANUF @y Ssh W RRpr@stirg ithespoyded $ offi gnodizatnidi g. TAeseurve
A shows the distribution when DC voltage Vps is 12V, curve B shows the

di stri bug i ogoniiEhiéhe abe prdpcgel ¥psar exdhylahdareact simived lthereto.
di stribution when the DC voltage Vps is 18V. 25 FromFig. 9, it

is found thah thes dindodimemitonthé rewigy di Eheopréhetpabrsuytfageelsidevely
broad and, noreover, includes 24
the n-type silicon substrate 101 alsc serves as a semiconductor
region.
Then, by effecting the rapid thermal oxidation (RTO)
10 to the porous layer 111 and the semiconductor layer 112, a strong
electric field drift part 106 is formed. Thereafter, the surface
electrode 107 made of a gold thin film is formed by, for example,
deposition on the strong electric field drift part 106, resulting
in the structure as shown in Fig. 11C. In Fig. 11C, reference
15 numeral 161 designates a porous layer 111 oxidized by rapid thermal
oxidation corresponding to the above-mentioned drift region 161
and refercnce numeral 162 designates a semiconductor layer 112
oxidized by rapid thermal oxidation corresponding to the
above-mentioned heat radiation region 162. That is, the strong
20 electxic field drift part 106 is composed of the drift region 161
and the heat radiation region 162 in Fig. 11C. The rapid thermal
oxidation process was conducted at an oxidation temperature of
900C for the oxidation period of one hour. While the thickness
of the surface electrode 107 is about 10 nm in this embodiment,

25 thethickness isnot limited to a particular value. While themetal

thin film (for example, thin gold film) serving as the surface
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hi gh- energy conponents of several electron volts, while the peak energy
shifts toward hi gher energy as the DC voltage Vps applied increases.
Therefore it is supposed that there occurs |ess scattering of electrons in
the RTO-PPS | ayer 6, and that the 5 electrons which have reached the
surface of the RTO-PPS | ayer 6 are hot el ectrons having sufficient energy.
That is, it supposed that the quasi-ballistic electron em ssign phenogenon
occurs. Theelectredectdbris formeg byaeHanoratieurimddis eMNRA1BgEFect 0
such a strong scattering that causes relaxation to the 10 thermal |,

equi | i bri unmathed dfeferming §heltdrin metal fidayiyBRErkmided Ho eNaPRTA PR

| ayer 6 and the diode current I.as can be maint ai ned constant. reQvely the
col utmar pokusi thecthisl medwdi §iAg PaYthe For@edPLy sPRECErIR%e ’\Iﬁﬁ 1§

contributes to the heat diffusion, so that the popping noise i s suppressed.
15 enisphok hekeehirnismnice (A8 S6FRSi #i @bﬂd?ég’e*%hst \ﬁuﬁga‘&e
col umar structure deposited on the n-type S;ll.l i con S.‘{bStEa e i Se & ogi zed,
but as |%ongeasctredsd it enhdm? P‘P}S’F'%/:g‘.’ef FStB‘B‘?%l Aeg F_E r?é’ijalg}? Pg’re“ Bul k
POLYSIL 1 Con L SHELTRY B SSRORIA o 00l 30aCh il M ol ARIAAY obde
Tt SRS AR LT K0 SoAESHR L B ek ap o
positive electrode and the negative electrode is diode current.
In the field emission electron source 110 produced by
10 the above-mentioned process, less change of the electron emission
current with change in time and no popping noise was observed and
the electrons were emitted with a high stability and a high
efficiency. In this field emission electron source 110, because
the dependency of the electron emission characteristic (for
15 example, electron emission current) on the degree of vacuum is
low and the satisfactory electron emission characteristic can be
achieved even with a low degree of vacuum, it is not necessary
to use the field emission electron source under a high degree of
vacuum, and it is made possible to produce an apparatus which uses
20 the field emission electron source 110 at a lower cost with handling
thereof made easier.
In the field emission electron source 110 of this
embodiment, because the anodization is effected after the resist
mask 103 is disposed on the semiconductor region of the n-type

25 silicon substrate 101, the n-type silicon substrate 101 is made

porous alcng the direction of thickness in the area which is exposed.
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VWhile the n-type silicon substrate 1 ((100) substrate having a resistivity
of about 0.1 [err]cn) is used for the electrically 25 conductive substrate
in this enmbodi ment, the electrically conductive substrate is not limted to
the n-type silicon substrate 25 and, for exanple, a netal substrate such

h b : |
Such a8 ant E?@%ﬁ??%;%f@gegﬁdﬁeﬁm 33% BURELERIFr WbRe2 QNOMAIIGIY andim

ransparent thin | mof, for éxanple,

i ndi um ti n s%ﬁru(cl"ﬁg.)ai %@h@@ﬂf@&{bfﬂwﬂ 4408 QQQQH&tél\&tfrlﬂcrE{@IdranEt

t her eon na ch case It made possible to achieve |arger

em ssi on &gy G'PM’EEhePrﬁth&Cci il s&A%h ENeBtiantdouresa 1 drsitagsa

sem conduc strate such as n-type silicon substrate. Were the

conductive ApSBBLEcHE MW alPetisabehaabetetbet polttsid that
| ayer 3 nayagga?%?ﬁrrgdisgs e conductiveasubstrate by the use of LPCVD (Low

Pressurg CB%vafégti/ ?’él@@ﬁ@&btﬂi@nﬂ DF O S8ye 5 pbth ehed @ ymaaesle entsoeon.
Al'so the polysilicon Tayer may be fornmed by annealing an anorphous silicon

| ayer formagd @8ca SPRMCELNG1EUEBYS Bd e syl ipbassub i tpr ovellse grdntipal
crystalizing said | ayer. Wiere the conductive substrate is the
surface side thereof porous, conventionally.
Therefore, in the field emission electron source 110
according to this embodiment, the electrons seem to be emitted
10  in the following mechanism. When the DC voltage applied to the
surface electrode 107 which is of a positive polarity with respect
to the n-type silicon substrate 101 (ohmic electrode 2) reaches
a predetermined threshold value, electrons are injected from the
n-type silicon substrate 101 into the strong electric drift part
15 106 by thermal excitation. On the other hand, there are a large
number of micro-crystal silicon layers having nano-structures
where the quantum confinement effect occurs in the drift region
161 of the strong electric field drift part 106, and on the surface
of the micro-crystal silicon layer, the silicon oxide film having
20 a thickness smaller than that the crystal grain size of the
micro-crystal silicon layer is formed. At this time, since most
of electric field applied to the strong electric field drift part
106 is applied across the silicon oxide layer formed on the surface
of the micro-crystal silicon layer, the injected electrons are
25 acceleratedbythe strongelectric fieldappliedacross the silicon

oxide film and are drifted in the drift region 161 toward the
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conbi nati on of the glass substrate and the conductive thin film the
polysilicon layer 3 may be formed on the conductive thin film by annealing
with an excinmer |laser to an anorphous silicon |ayer forned on the
conductive thin filmby CVD process. It is not 20 linmted to CVD process,
the pol ysi 'sagggflggyg%%mycgsef Qe dy DYt QR JtEOBE o ed eGtabnsSid veay)

process, cata process, or so on. \Were the polysilicon layer 3 is

deposi t ed h %b@ﬁ: Alewbyn QA BFACRSSI A 0O mikhe-pelyshl isidd doayer
to be depoggpédg?s I fif uenged extrgnely by the orientation of the 25

substrate. ;,Ther etaree1¥BLEENE NP Viid isinrTacrasE Bhésdoepostdgidbro élhe
substrate other than the (100) single-crystal silicon 26 substrate, such
deposi ti on genditi 888 ABYcHEL Setort.harhthel ot xwid wbdehgheve Terchwrs the

per pendi cular direction to the principal surface In the above-nentioned
enbodi ngnt ,siidra RPSEl exerd¥i sinddarionha 6fokysihotc @l dedyons3havingé@ anisdd by
a rapid thermal oxidation technique, but the oxidization is not limted to
a rapid t herigeroXidatienenandycseveral Ikiatamueh norexhiehepl diam that

oxi dation can be used. Instead of oxidation, nitriding can be used. In such
a in the state of thermal equilibrium and easily penetrate the

surface electrode 107 through the oxide layer at the top surface
of the drift part 106 due to tunneling, thereby to be emitted to
10 into the vacuum.

In the field emission electron source 110 of this
embodiment, the electrons can be emitted without the occurrence
of the popping noise andwithahighefficiencyand a high stability.
This is because it is supposed that heat generated in the drift

15 region 161 of the strong electric field drift part 106 by applying
volta;ge transmits along the heat radiation region 162 and radiates
to the outside, thereby temperature rise being suppressed.

Based on the discussion above, it is supposed that the
strong electric filed drift part 106 has a semi-insulating

20 characteristic to make a strong electric field lie. And it is
supposed that in the strong electric filed drift layer 106, the
electron scattering is small and the drift length is long, the
heat conductivity being high enough to suppress the thermorunaway
~of the diode current. Therefore, it is made possible to achieve

25 stable electron emission with high efficiency.

The facts that support the mechanism of the electron
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case, nitrogen plasma nitriding, thermal nitriding, or so on can 10 be
used. That is, a silicon nitride may enployed as an insulating film
instead of the insulating filmconposed of a silicon oxide film 64 as shown
in Fig. 1. Also, in the above-nentioned enbodinment, a gold thin film?7 is
used as a thin netal film However, the thin nmetal film1l5 is not limted
to the gol deiiigidn de7+to attek roayned i pgephifedt fafotthenot @ iefireonsapERidd as
far as the work function of such suitable material is small. Al um npum
chrone, tungssenbad abele.pbathnfaccamdee lusstrome refertritméirdfkefifcti on
of goldis 5. 10 eV, that of alumnumis 4.28 eV, that of chrone is 4.50
eV, that ofat uflgstaur2te andd255DeVftt hengblh of g gleatrof.ev, that of
platinumis 5.65 eV. (Second Enbodinent) Fig. 10 is a schematic di agram
showi ng the confi gur athiwm dfasedf ionl dhenabevermenteianesh fasikscd 288 4ccbt di ng
to this 25 enbodinent, Figs. 11A to 11C are cross sectional vieis of Pajor
steps ofs produsiprpsdtk thadl dhened SEEROBE e oPREBIAT UL FO FHIPRISPE7°

enbodi nent, an n-type silicon substrate 101, having a resistivit
the hot y(flectrons in the field emission gelectron sourcg 110 of

this embodiment.
In this embodiment, as described above, a part of the
n-typesiliconsubstrate101<n1theprincipalsurfacesidethereof
10 serves as a semiconductor region and this semiconductor region
is anodized. However, any one of single-crystal silicon,
poly-crystal silicon, amorphous silicon, single-crystal silicon
carbide (SiC), poly-crystal silicon carbide or amorphous silicon
carbide or so on may be laminated as a semiconductor region on
15 the n-type silicon substrate and then anodization may be effected.
Also, the electrically conductive substrate is not limited to the
n-type silicon substrate and, for example, a metal substrate such
as a chromium substrate, or a glass substrate with a conductive
thin film such as an electrically conductive transparent thin film
20 of, for example, indiim tin oxide (ITO), platinum or chromium
conductive £ilm 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. Where the conductive substrate is a
25 semiconductor substrate, the polysilicon layer may be formed on

the conductive substrate by the use of LPCVD process, sputtering
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nearly simlar to that of the conductor(for exanple, (100)- substrate
having a resistivity of about 0.1 [err]Jcm is used for an electrically
conductive substrate. 5 As shown in Fig. 10, the field em ssion
el ectron source 110 according to this enbodi nent includes a strong electric

field dri fgggréé%% l%g 1&@;@@ ms%h%her %:BE%QﬁiiééHflaé%Fezsh%‘i‘/ 8k ¥Ben8d bype

silicon su a surface electrode 107 of a thin metal film

which is fanaed) oAt AR Shé Ao el nehdrdebihe@ash d0corkdifctiArd an
ohm c el ectrode 103 I's formed on the back surface of the n-type silicon

substrate 1QbstFatetBe HilsLbfha Vs Jritedieentorryeyatezidd sfid Hiayer.
enbodi nent, the surface el ectrode 107 is disposed in the vacuum and a

col l ector gheekr ede £8RELEHDVE)sisstthateoded tae aopbshatbon k¥ the gdass
confront the thinmetal film Wen a DC voltage is applied with the surface

el ectroge Hbsttradepsd ttheecqmdiact ive whih fidspethe tmoyse Idlooincl ayec mayde
102 and a DC voltage is applied with the collector electrode at a positive
pol arity widehfoeseton the idonduatigectmlredilndey 207eadling twidtsan rgxsdred from
the n-type silicon 20 substrate 101 into the strong electric field drift
part 106 aneseénr f6ech emorhbous ruidd asinetayer fidmied onitthe papdugbhbve drin
emtted through the surface el ectrode 107. In this case, the current

f1 owi ng betfildenbyh&VBuptacess} editr dge neg71anitedcto AR RAKESSedE02 i s

called the diode current and the current flow ng bet ween C asqs
polysilicon layer may be formed by CGS (Continuous Grain Silicon)

10 process, catalytic CVD process, or so on. Where the polysilicon
layer is deposited on the substrate by CVD process or so on, the
polysilicon layer to be deposited is influenced extremely by the
orientation of the substrate. Therefore, where the polysilicon
layer is deposited on the substrate other than the (100)

15 single-crystal silicon substrate, such deposition conditions may
be set that the polysilicon grows in the perpendicular direction
to the principal surface of the substrate.

In the above-mentioned embodiment, a gold thin film is
used as a thin metal film to form a surface electrode. However,

20 the thin metal film is not limited to the gold thin film, 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 therefor.

When a part of the semiconductor region is made poious

25 by anodization, such a magnetic field is applied to the n-type

silicon substrate 101 that the rate of making the semiconductor
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25 the collector electrode and the surface electrode 107 is called the

el ectron em ssion current. The efficiency of electron 28 em ssi on
increase as the ratio of the electron em ssion current to the di ode current
i ncreases. The electrons can be emtted with the field em ssion el ectron

source 110,.6Y80 PHEHuE DE #0b lpdidididmllaewdazeabosh 46 tise Arividiple
appl i edbet weén the surface electrode 5 107 and the ohmic el ectrode 102. The

strong el eglhisg-bi 8kdrgai htt Pgé ts1DGaE Gubditigteol1Obewht elsets ambodi nent
conprises a érift region 161 of which the cross section at the right angles

to the diregakiceriehil ikt idfe bBsbriyPd ssihtk Fastelrsthan ¢ha@lin &he
electrically conductive 10 substrate, is in the structure of nesh and in
whi ch the ¢iaehr anseat ol iitter thantesuheathatathataisategpynitsethavriate is
filled in the crystals |ike openingsof the nesh-like drift region and which
has a hgat gxoRakLhdg Wdrpusi ghenhthardt hathuws, beeawse frheranisat ol iTREE i s,
the heat radiation region 162 is fornmed in the pillared 15 structure in

t he paral | edatdi oécfémming thhepaious leyarofurinernedszetiemeihthg e %o con
substrate 101. In this case, the drift region 161 is made_of oxidi zedporous
silicon andttifve hedto badi Sridh regiami6l by above-mentioned rapid therma

oxidation is enhanced, the shape of the drift region 161 in the

horizontal direction and in the direction of thickness can be
10 controlled in a better manner and the minute pattern of heat

radiation region 162 and the drift region 161 can be formed in

the direction of thickness with a good controllability. In this

case, to enhance the anisotropy, the magnetic fieid may be applied

across the n—type silicon substrate 101 in the vertical direction.
15 (Third Embodiment)

The field emission electron source 110 of this
embodiment has a configuration as shown in Fig. 13 and the basic
configuration thereof is substantially similar to that of the
second embodiment. Therefore, only the difference fromthe second

20 embodiment will be described below for the sake of brevity.

The field emission electron source 110 of this
embodiment is characterized by the structure of the drift region
161 in the strong electric field drift part 106 shown in Fig. 13.
In this embodiment, the drift region 161 is in the laminated

25 structure (multi-layered structure) made by alternately

laminating a first drift layer 161b having a higher porosity and
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162 is made of oxidized single-crystal silicon. Thus, in the field em ssion
el ectron source 110 of this 20 enbodi nent, because heat generated in the
drift region 161 is radiated through the heat radiation region 162, the
poppi ng phenomenon is not observed during the electron em ssion and the

tabl e el ect | ssi b i eved with a high.effigi d
of ki ng_ EhESFPRRSTARRARER" o U PRRLGS A CEMsE BT e AeRirt B IR
i th ref to Fig. 11.. First the ohpic.elect i gegimea back
Sur i ace 26 Ehatop sRESAHLE (Havan Lemney iie TR, B e T e

applied to t hghgg{%i}tﬁgér%%%agfﬁgt &pffg-gs@%nshgigortmbhagesﬂ:ﬁllaﬁai d

phot or esi st & a onas own In Fig. 13 to forma

resist mask 103,,9eC3%! 00l Dodd\Srdlddifleteuas Soo ¥t dd1 il tAd/sanshe

phot omask I such a structure at the plane shape of the

resist pask 103 is a Ly en( kBere¥anpiel bé drteteyader of
0.1 [er ]m?el%]reen&eotr%ﬁn%gEakﬂ'm@%é&{so%g‘tﬁl}c{led iﬁ such a structure that
the plane shape of thﬁxdse,_Sis%caﬁﬁﬂielﬁfelics efhiFisAYhee DOLYEAN soiraet 218iaL] e,

m nute 10 star and the I'i ke other than a square.
this embodiment comprises a drift region 161 in the multi-layered
structure as described above, the overflow of the diode current
can be suppressed more effectively and the efficiency of the
10 electron emission canbe enhanced, comparedwith the field emiss ion
electron source of the first embodiment.

The process of producing the field emission electron
source of this embodiment is almost the same as that in the second
embodiment and only the conditions of anodization are different.

15 That is, in this embodiment, anodization under the first condition
with current density being small and anodization under the second
condition with current density being large are repeated
alternately. At the time when anodization under the frist
condition is completed one time, a porous laver having a low

20 porosity is formed on the surface of the n-type silicon substrate.
Then at the time when anodization under the second condition is
completed, a porous layer having a high porosity is formed on one
side of said porous layer having a low porosity adjacent the n-type
silicon substrate 101.

25 (Fourth Embodiment)

The field emission electron source 110 of this
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Then the n-type silicon substrate 101 on the principal surface side thereof
IS subjected to anodi zation with a constant current while being irradi ated
with light. During this anodization, a liquid electrolyte made by m xing a
55 wt % aqueous 15 sol ution of hydrogen fluoride and ethanol in a

propor i on of about 11112 el ARl 2L g qunel §OFL Q00 { Dol sRoWe i

used as a

ntyp | Con sbbstrate 101 (ohmic
el ectrode 102)_.is u ed a \Y; Ri,$ geoéhggtégnthé he
regi on whi &9 Haige &8\5‘e?hgr88?h %e%ils %imtl gn t he princi pal
surface side c%ffg é}& S| Lvh%?@Fé&'QSfoh%etH@élfﬁeﬁ&Q@e BebRtheddsbdnd
porous | ayeﬁ' porous silrcon isfornmed, resulting in the

structure %&J&mw \«E'lq bélﬁeswlﬁea bdilfy f&f AIRNGAKRUGE Bredily.
desi gnates a sem conductor |ayer conposed of a part of the n-type silicon

substrate 101. The 25 Sefica@ndusketohaytectddnisoidtd A tstofuthise of a
square pole. In this enbodinent, the anodi zati on process was conducted

under 30 . AQNMiddANS sOfhar SOFGE BIY By LREtstiansiure of tifmmArdfferegiamd
duration of anodization being 30 seconds, while irradiating the principal
surface of fé&e ihr EMEeqﬁirdngl@fle@lﬂbﬁtr:ai@ld.@kl\ﬂttpai:t git6 blroweairs Fig. 14,
In this embodiment, the drift region 161 is a layer whose porosity
changes continuously in the direction of thickness. In this case,

10 the porosity increases continuously from the front surface toward
the n-type silicon substrate 101. Components similar to those of
the second embodiment will be denoted with the same reference
numerals and the description thereof will be omitted.

Thus, since the field emission electron source 110 of

15 this embodiment comprises a drift region 161 whose porosity changes
continuously as described above, the overflow of the diode current
can be suppressed more effectively and the efficiency of the
electron emission canbe enhanced, compared with the field emission
electron source of the second embodiment.

20 The process of producing the field emission electron
source of this embodiment is almost the same as that in the seconc
embodiment and only the conditions of anodization are different.
That is, in this embodiment, the current (current density) is
changed continuously during anodization, with the result that the

25 porosity of the porous layer described in the second embodiment

changes continuously.

39



of a 500Wtungsten |anp during the process of anodization. These 5
conditions are proposed as an exanple and are not limted thereto. In this
enbodi ment, the region on the principal surface side of the n-type silicon
substrate 101 al so serves as a sem conductor region. Then, by effecting the

idth I i dat i 0 | - Ll
ggﬁ; Coadﬁ(r:[rgr Fg;/e?t Il}g% (egragiprl(])eﬁg £ e%prgfggj\&?g%%s%%/f;]fsléé&%&%%?s f or med.
e ot PSR 8 CL R MR I ErREn O ShORbIn  PLO lddDaleds bl 1

resulting i1 8t UEHLE A% SRR L %gdi}%&oﬂ N & I:QmPiL&ﬁ]d[ %fﬁé.i?&% 15
nuneral 161" designates a porous 1ayer 1 oX1 drzedby raptd er ma
(r))e(:‘ e?elngg ﬁg%ftr a?g?géaﬁeﬂsel élg(?ses ayggm gg%ggg% ggah{@alé‘él%fglj}%n%m gﬁgggt%?/n

rapi d ther ngt oxidatdn BRI e3ROILAE L0rERCe 2DAVE-dBHd QRedpaeadt1kagdhat i on
region 162. That is, the strong 20 electric field drift part 106 is

conposed of sihereitd tlorlegisOfbﬁ;@éd.anq*hbhﬁemla&iﬂ@gb%hgnmﬁ@& ars 462dipedi 9.
11C. The rapid thermal oxidation process was conducted at an oxi dation

t enper at ur ebpfa YUY therhal bkedoxishaty ey todfoimonaididyr reYhbheléhe
t hi ckness of the surface electrode 107 is about 10 nmin this enbodi nent,
25 the thiwkossporsosidly |ldharnged tonapanbuslbyarval ue. Wil ethenetal thin
film(for exanple, thin gold film serving as the surface
Although the present invention has been fully described
10  in connection with the preferred embodiments thereof and 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

15 unless they depart therefrom.
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31 el ectrode 107 is formed by evaporation i ' ., the net hod
of formng the thin metal filmis not |imted, oesv@naraty on_and the thin
metal filmmay be forned by sputtering. The figﬂ O L Blctron source
1.10 forns a diode with the surface 5 el ectr @8 gnyey *s a positive
el ectrode (anode) and the ohnic el ectrode 102 serving as a negative

el ectrode @HArhDSeJLATMIED cCi8T ent which fl ows when a DC voltage is applied
bet ween the positive electrode and the negative el ectrode, i s diode current.
In the fielld em ssi oA ELetdremnissiateleryipRo§arEas bFORRF 141
above-nenti oned process, |ess change of the electron em ssion current .with
change in time and nenplsitd awdilyecoR@Uebstt FeBS BRyte heVePaRrdls aRere
emtted with a high stability and a high efficiency. In this field

em ssi on elssgtfereRsSgource 110, because the dependency of the el ectron

em ssi.on characteristic (for 15 exanple,, electron em ssio urre n the
degree Bf vacuumis RoSFEIRE FH@%E?F?‘E@%&?& &WFS?%es&;?gr?ne SE)rd
characteristic can_be achi eved _even w th . ow, degr.ee vacu it 4. not
necessary RFipsdPehe SPirépﬁeénP§si58ﬁdeleé<?F%5ﬁc 93g¥ c‘éoﬁﬂg%’?l‘ggh%%t#eagée;’e of
vacuum and it is made, POSSIbLS L0, PLOGES AN RBRLEA HEg UL RoURES in a

manher to stand up vertically on the principal surface of said

electrically conductive substrate and b) semiconductor micro-

crystal regions having nano-structures intervened between said

[}
o

semiconductor crystal regions with an insulating film having a
thickness smaller than the crystal grain size of said semiconductor
micro-crystal region, formed on the surface of said sgmiconductor
micro-crystal; and

a surface electrode of a thin conductive £ilm formed on

[
8]

" said strong electric field drift layer, to which a voltage is
applied as a positive electrode with respect to said electrically
conductive substrate, thereby electrons injected from said
electrically conductive substrate being drifted in said strong

20 electric effect drift layer and emitted through said surface
electrode.
2, A field emission electron source as claimed in Claim 1,
wherein said strong electric field drift layer comprises at least
a) drift regions for drifting electrons therethrough and k) heat
25 radiation regions having a heat conductivity better than that of

said drift regions, both regions being mixed and distributed
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20 the field enission electron source KL-&%:a.] ower cost with handling
t hereof made easier. in the field em ss’._ 4

. l'\ ﬂlﬂm’ﬂrce 110 of this
enbodi nent, because the anodi zation is " s ey he resi st mask 103

i s di sposed on the sem conductor region of the n-type 25 silicon substrate
101, the n-uyp@orsily eortheupsineims l 60rfscemiesaid elechrbaglineogidustiven of
thickness in the area which is exposed. 32 Therefore, judging fromthe
control of silesttrdteconductivity and the structural and heat stability, the
strong electric field drift part 106 in the field em ssion electron source
110 of this3enbodi mert filelduembswsibn elhgteon srumcsr aghasdaash iBtGlaifhdn
that 5 of the strong electric field drift |ayer obtained bymake the entire
surface of whereimgiald sigoar silkctsacslibsidafeibh Iawepgorngigessdridte

si de thereof porous, conventionally. Therefore, in the field em ssion

el ect rorP sobeEoNs FHAUENdFRECE oS HE £ HfgANeAte ERECEFActFVTESOEMPE be
emtted 10 ip the foll ow ng chani sm_ \Wen .the DC vo|tage IJ d to_the
surface el RTFRFP2D FURTRCH Pgeﬁ?*% SRGYE AR L SPPg‘flCWrY% ¥ (,at%et’ooffhe

n-type sil I%g{lcgugggr %trgs%O%egzgggnnc a?:I ercitgrh%dean2 lerseai(::geghe direction of

x

thickness is in the structure of a mesh and, and heat radiation
regions which are built up in the mesh openings and made of a
10 semicconductor crystal region having a heat conductivity higher
than that of said drift region.
4. A field emission electron source as claimed in Claim 1,
wherein said drift region is a layer made by alternately laminating
layers whose porosity are diiferent from each other in the direction
15 of thickness of the electrically conductive substrate or a layer
whose porosity changes continuously in a direction of thickness.
5. A field emission electron source as claimed in Claim 3,
wherein said drift regions have a mesh-like cross section at right
angles to the direction of thickness of the electrically conductive
20 substrate and are provided with minute polygon or minute circle
openings uniformly distributed.
6. A field emission electron source as claimed in Claim 1,
wherein said drift regions and said heat radiation regions is made
of any one selected from the group consistingofasiliconorsilicon
25 carbide single~crystal, a silicon or silicon carbide poly-crystal

and an amorphous silicon or silicon carbide.
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a predeterm ned threshold val ue, el ectrqns_afﬁyﬂ ected fromthe n-type

silicon substrate 101 into the strong e” "lmlmt 15 106 by
thermal excitation. On the other hand, 1% s Le nunber of

mcro-crystal silicon layers having nano st Ué’tijf‘ess wifer @~ t he quant um
confinement effect occurs in the drift (grpon 161 of the_st ong__{ el, %Cil’l C
field drifl- part 106 fiagd cﬁﬂ%%ﬁ%%?iﬁ@ﬁr SRESHi &7 &Wbetdrail Ry

| ayer, the silicon oxide filmhaving a thickness ,smal l hgg%?a t he

crystal grébereiy Sajd tsr?éllﬁPEQBCEPljs’P?aFr% ?’f)&%tr‘? FFFLonE A5P
time, since nost of electric field agg i.ed fo t%e Sé#‘ lga Egﬁtrlc f|eId
By anggidaf

drift partPaD®§ ssed‘ﬁ-ﬁlqng&lc&EFog‘é Bhe |?k?EabJrP orméd on the

f f th t al I th 25
accel oral B by The ShEsRIScPREAT e F1BEH TaR AT s heF co ke P TR BF do

fil d drjfted, drj.f f
tlhl ;n 22:Sea{v]§ﬁ1éé%hts$atl4 g_‘r@fﬁ? r&?-ﬁﬁégg?ggfr}%&% ggg\%gvészg]%% theS Wir#Gee I N

ons 1s very as conpared with

the grain gfze of e mCLorGryst b 15l L Con kAN ¢ 1%, ehegt ¢ ons, keagh the

surface of gion ho colTTsion. The el ectrons

whi ch havegreached the 9 SR 86600%16Re rdh! ddur&daenc b enhola gt a¢trons
havi ng a nﬁéh

wherein said insulating film is an oxide film or a nitride film.
10. A field emission electron source as claimed in Claim 1,

10 wherein the electrically conductive substrate is a substrate on
the principal surface of which the electrically conductive film
is formed.

11. A method of manufacturing a field emission electron
source as claimed in Claim 2 which comprises the steps of:

15 ‘ making a part of the semiconductor region on the
principal surface side of the electrically conductive substrate
porous by anodization in the direction of thickness through the
mask with the predetermined voids distributed uniformly;

oxidizing the semiconductor region which is made porous

20 in the structure of mask to form said strong electric field drift
part comprising said drift region and said heat radiation region;

.forming a surface electrode made of a thin metal film
on said strong electric field drift part comprising said drift
region and said heat radiation region.

25 12. A method of manufacturing a field emission electron

source as claimed in Claim 11, wherein said mask has voids of minute
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hi gher kinetic energy several kT or much nor

e higher than that in the state
of thernmal equilibriumand easily peneigageiidiaaonaf el ectrode 107
t hrough the oxide | ayer at the top surf'E' : i Hgmlluw part 106 due to
tunneling, thereby to be emitted to 10" wkii @rud+ie vacuum In the field
em ssion electron source 110 of thjis enbodi nent, the el ectrons (ﬁan be

eiisiniivuiine.

em tted WRNMECT RE BERRSFS Sies16f St HE IRFH P hEP SR MAS aFFANdehoghthe
efficiency and a high stability. This is_becausg it.is sup ed that heat
gener at ed $ERIGRD F691PBGPRA Hoan ot R aRG 18Pettr PEETTETST dr i f t

06 b | yi I j | 4 he_h di ati | 62
nd radiat B o § ho PRETE. Of 1 By CErIAT et Fis BET TLAPELEd
Based t he di i b [ that th . . el '
Filed ri FTORES 500 Rs ek phe b Ade BERETo b0t BRgpabt et Gl pBRLEES
ied dri f1°per “106 A sl - ehdpac |
il ed ari to 19ae ETRektfun O Bkt s APRIRL A bl Y SRR RO ©

ength is L8N e maste0apducthul byrhehog by oy £rupl o SuRp: pa5 Lhe

t her mor unaway current. ore, It i's na ossi bl é’to

achi eve 26,0.85abls6, hecyspP: &l SAREHBNEDI Gl BHE ftERCYpa TTHRlraEkTo} N

support the nechanismof the electron
the electrically conductive substrate is much faster than that in

the other directions.

10 14. A method of manufacturing the field emission electron
source as claimed in Claim 11, wherein said polycrystal
semiconductor is formed as a column on one of the principal surfaces

of said conductive substrate and then said anodization is effected.
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em ssion due to the tunneling effect of the hot electrons are as descri bed
above. Such facts are 1. Strong electric field effect at the surface and 2.
Drift length of the electron. Thus, based on the above-nentioned facts 1
and 2, it 5 is supposBAdELRaEMIPBIGNcELEOPROMIEOER[Rted due to tunneling of
the hot electrons in the field em ssion electron source 110 of this

enbodi nent. In this enbodi nent, as a@bstrabe&d above, a part of the n-type
silicon substrate 101 on the principal—strface side thereof 10 serves as a
sem conduct or regi onhend idigressdiedoadfitebd emigisdion $laabiPReILUIEIVEFer
any one of single-crystal silicon, poly-crystal silicon, anprphous silicon,
si ngl e- cr gstew crigti tnmwidatbetlect S0y camobg-amiytdtesl withiac bhgbaatakid iy

anor phous silicon carbide or so on may be | am nated as a sem conduct or

regi on onsh@ athisymetffpeishtycom eubethadofpdodeing ot £alfton M
effected. Also, the electrically conductive substrate is not linmted to the
n-typessi fiiedd ewissicn elaatiron souscama strang@lactadsstietd %&?ﬁ RS
chrom um substrate, or a glass substrate with a conductivghthin.fLIn1such

as an el ed06i &l Ereeddost the R THRSaHdHCASHOSEEAES 00D oFRe fRFL1GERAN e,

indiumtin oxide (I TO, platinumaqr chrom um ¢on tive fiimfo 1t her eon
may be us&#ripg pgﬁégggépqtaiqyrrace efecgroge f%y:made of a go£5ﬂ¥kln

film is formed on the strong electric field drift part 106. And
the ohmic electrode 2 is formed on the back surface of the n-
10 type silicon substrate 101. In this field emission électron
source 110, when the surface electrode 107 is disposed in the vacuum
and a DC voltage is applied to the surface electrode 107 which
is of a positive polarity with respect to the n-type silicon
substrate 101 {(ohmic electrode 2), electrons injected from the
15 n-type silicon substrate 101 are drifted in the strong electric
field drift part 106 and emitted through the surface electrode
107. The strong electric field drift part 106 comprises a drift
region 161 which has a cross section in the structure of mesh at
right angles to the direction of thickness of the n-type silicon
20 substrate 1, which is an electrically conductive substrate, and
a heat radiation region 162 which is filled in the voids of the

mesh and has a heat conduction higher than that of the drift region
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made 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 silicon
substrate. Were the conductive substrate is a 25 sem conductor substrate,
the polysilicon |layer may be fornmed on the conductive substrate by the use
of LPCVD process, sputtering 35 process or so on. Also the polysilicon

| ayer nmay be fornmed by annealing an anorphous silicon |ayer forned on a
conductive substrate by plasma-CVD process and crystalizing said | ayer.
Where the conductive substrate is the cppination of the glass b substrate
and the conductive thin film the polysilicon |layer may be fornmed on the
conductive thin filmby annealing with an exciner |aser to an anorphous
silicon layer formed on the conductive thin filmby CVD process. It is not
limted to CVD process, the polysilicon |ayer nmay be fornmed by CGS
(Continuous Gain Silicon) 10 process, catalytic CVD process, or so on.
Where the polysilicon layer is deposited on the substrate by CVD process or

so on, the polysilj layer to be deposited is influenced extrenely by the
orientation of th gtrate. Therefore, where the polysilicon |ayer is
deposited on the substrate other than the (100)

.
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15 single-crystal silicon substrate, such deposition conditions may be set
that the polysilicon grows in the perpendicular direction to the principal
surface of the substrate. In the above-nenti oned enbodi ment, a gold thin
filmis used as a thin nmetal filmto forma surface el ectrode. However, 20
the thin netal filmis not limted to the gold thin film and may be
prepared fromany suitable material as far as the work function of such
suitable material is small. Al um num chrome, tungsten, nickel, platinum
can be used therefor. Wien a part of th®/ksem conductor region is nade
porous 25 by anodi zation, such a magnetic field is applied to the n-type
silicon substrate 101 that the rate of making the sem conductor 36

region porous in the perpendicular direction to the principle surface of
the n-type silicon substrate 101 which is an electrically conductive
substrate is nuch faster than that in the other direction, with the result
that the anisotropy in the rate 5 of naking porous is enhanced. Thus,
because the anlsot éa the rate of form ng the porous |ayer during
anodi zation of th éﬁ?- which is to be a drift region 161 by
above-nentioned rapid thernal
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oxi dation is enhanced, the shape of the drift region 161 in the horizontal
direction and in the direction of thickness can be 10 controlled in a
better manner and the mnute pattern of heat radiation region 162 and the
drift region 161 can be forned in the direction of thickness with a good
controllability. In this case, to enhance the anisotropy, the nagnetic
field may be applied across the n-type silicon substrate 101 in the
vertical direction. 15 (Third Enmbodi ment?) The field enission el ectron
source 110 of this enbodi nent has a configuration as showmn in Fig. 13 and
t he basic configuration thereof IS substantially simlar to that of the
second enbodi nent Ther f onl yt hedi f f erencefront hesecond 20

enbodi mrent w | | qF&S? d bel ow for the sake of brevity. The field

eni ssion el ectron 'sosce 110 of this enbodiment is characterized by the

structure of the drift regj el d drift part
106 shown in Fig. 13. In tft i is in the
| am nated 25 structure (npkii—+a g ternately
laminating a first drift |gyéis, pnﬁ03|tzﬁ§vd 37
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a second drift layer 16l1a having a |lower porosity in such a manner that a
second drift layer 161 having a |ower porosity is fornmed on the front
surface of the drift region 161. Conponents simlar to those of the second
enbodi nent will be denoted with the sanme 5 reference nunerals. The
description thereof will be omtted. Thus, since the field em ssion

el ectron source 110 of this enbodi nent conprises a drift region 161 in the
mul ti-layered structure as descri bed above, the overflow of the diode
current can be suppressed nore effecti Vel and the efficiency of the 10

el ectron em ssion can be enhanced, conparedwith the field em ssion el ectron
source of the first enbodi nent. The process of producing the field em ssion
el ectron source of this enbodinment is alnost the sane as that in the second
enbodi mrent and only the conditions of anodization are different. 15 That
is, in this enbodi nent, anodization under the first condition with current
density being small and anodi zati on under the second condition wth current
density being large are repeated alternately. At the tinme when anodi zati on
under the frist condition is conpleted one tine, a porous |ayer having a
low 20 porosity is forned on the surface of the n-type silicon substrate.
Then at the tine di zation under the second condition is conpleted,
a porous |ayer havi-ngZa high porosityziﬁ formed on one side of said porous
| ayer having a | ow porosity adjacent t( n-type
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silicon substrate 101. 25 (Fourth Enbodinent) The field em ssion electron
source 110 of this 38 enbodi nent has a configuration as shown in Fig. 14
and the basic configuration thereof is substantially simlar to that of the
second enbodi nent. Therefore, only the difference fromthe second
enbodi-nent will be described below for the sake of brevity. 5

The field em ssion electron source 110 of this enbodinent is characterized
by the structure of the drift region 1612in the strong electric field drift
part 106 shown in Fig. 14. In this enbodinent, the drift region 161 is a

| ayer whose poro#ﬂv q@bnges continuously in the direction of thickness. In
this case, 10 the Q%w sity increases continuously fromthe front surface
toward the n-type silicon 405t rprerToT Conpgonehtstsim | to those of the
second enbodinent will be denotdqd with the sane reference/jnunerals and the
description thereof will be omt{red. Thus, since the fj&Pd eni ssion

el ectron source 110 of 15 this lenbodi nent conprpses drift region 161

whose porosity changeg,contﬂpao |y as described alpve, the overfl ow of the
di ode current c
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can be suppressed nore effectively and the efficiency of the electron

em ssion can be enhanced, conpared with the field em ssion el ectron source
of the second enbodi ment. 20 The process of producing the field
em ssion el ectron source of this enbodinent is alnost the sanme as that in

t he second enbodi nent and only the conditions of anodization are different.
That is, in this enbodiment, the curreazlﬁcurrent density) is changed
continuously during anodization, with the result that the 25 porosity of

t he porous | ayer described in the second enbodi nent changes conti nuously.
39 For exanple, the current density is increased (gradually) as tine
passes fromthe thgﬁégge the anodi zation is started. At the tine when the
anodi zation is co a porous layer having the porosity increasing
continuously in the direction 5 of thickness fromthe front surface toward
the n-type silicon substrqte 101 is formed. The resulting porous |ayer is
oxi di zed by a rapid t herr garTomprocess o rorma riit regjon 161
whose porosity changes contlruously Al t hough the present inventibn has
been fully descrlbed3 100 ~
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10 in connection with the preferred enbodi nents thereof and the
acconpanying drawings, it is to be noted that various changes and

nodi fications are apparent to those skilled in the art. Such changes and
nodi fications are to be understood as included within the scope of the
present invention as defined by the appended clains 15 wunless they depart

therefrom 40 WHAT IS CLAIMED I S: 1. " Afield emssion electron
source conprising: an electrically condu; 4ye substrate having princiapal
surfaces; 5 a strong electric field drift layer fornmed on one

of the principal surfaces of said electrically conductive substrate,
conprising at |east a) sem conductor crystal regions forned in a manner to
stand up vertically on the principal surface of said electrically
conductive substrate and b) sem conductor mcro- 10 crystal regions having
nano-structures intervened between said sem conductor crystal regions with
an insulating filmhaving a thickness snmaller than the crystal grain size
of said sem conductor mcro-crystal region, forned on the s« ftace of said
sen conduct or
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m cro-crystal; and 15 a surface electrode of a thin conductive
filmfornmed on said strong electric field drift layer, to which a vol tage
is applied as a positive electrode with respect to said electrically
conductive substrate, thereby electrons injected fromsaid electrically
conductive substrate being drifted in said strong 20 electric effect drift
| ayer and emtted through said surface el ectrode. 2. Afield
em ssion electron source as clained in Claim1, wherein said strong
electric field drift |ayer conprises atsgl/east a) drift regions for drifting
el ectrons therethrough and b) heat 25 radiation regions having a heat
conductivity better than that of said drift regions, both regions being
m xed and distri bﬁgm’QAniforrﬂy on the principal surface of said
el ectrically conddc t'sdbstrate. 3. A field em ssion el ectron
source as clainmed in CQaim2, wherein said strong electric field drift
| ayer conprises drift 5 regions through which said electr ar lgﬁyifted,
formed on the princi pgt p U IR TR L CRITRET “é’g strate,
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whi ch the cross section at right angles to the direction of thickness is in
the structure of a nmesh and, and heat radiation regions which are built up
in the nesh openings and made of a 10 sem conductor crystal region having
a heat conductivity higher than that of said drift region. 4. A
field emssion electron source as clainmed in Claim1, wherein said drift
region is a |layer nade by alternately Igninating | ayers whose porosity are
different fromeach other in the direcfdf 15 of thickness of the

el ectrically conductive substrate or a | ayer whose porosity changes
continuously in a direction of thickness. 5. A field em ssion

el ectron source ai:thizEZﬂz‘ Claim3, wherein said drift regions have
anesh-1ike cross setgon i ght angles to the direction of thickness of

n

the electrically condycti 20 substrate_and are_provi ded A[thl?d&?e
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7. A field emssion electron source as clainmed in Claim1, wherein
sai d sem conductor mcro-crystal regions are made of a porous sem conductor
mat eri al obtai ned by anodi zation. 8. A field em ssion el ectron
source as clained in Cdaim2, 5 wherein said heat radiation regions are
covered on the surface thereof by an insulating filmof an oxide filmor a

nitride film 9. A field em ssion electron source as clained in
Claim 1, wherein said insulating filmis an oxide filmor a nitride film
10. A field enission electron sdf/dé as clained in daim1, 10

wherein the electrically conductive substrate is a substrate on the
principal surface of which the electrically conductive filmis formed. 11.
A met hod of manufacturing a field em ssion electron source as clainmed in
Claim 2 which conpz:? 722 steps of; 15 maki ng a part of the
sem conduct or regi én princi pal surface side of the electrically
conductive substrate porous by anodi zation in the direction of thickness
through the mask with the predeterm ned voids distributed uniformy;

oxi di zing the sem conductor region i£h is made porous 20 in the
structure of mask to formsaid stron lectric field drift part conprising
said drift region and j L ali jon:. 1 face

el ectrode nade of a thi Ao
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on said strong electric field drift part conprising said drift region and
said heat radiation region. 25 12. A nmet hod of manufacturing a
field em ssion electron source as clained in Caim1l, wherein said mask
has voids of mnute 43 pol ygon or mnute circle distributed uniformy is
arranged on the sem conductor region and then, the anodization is effected.
13. A nmet hod of manufacturing the field em ssion electron source as
claimed in Caim1ll, wherein the magnetic field is applied 5 to said
electrically conductive substrate durirfd/t!fe anodi zation in such a manner
that the rate making the sem conductor region porous in the verti cal
direction to the one principal surface of the electrically conductive
substrate is nuch faster than that in the other directions. 10 14.

A nmet hod of manufacturing the field em ssion electron source as clained in
Claim 11, wherein said polycrystal sem conductor is fornmed as a columm on
one of the principal surfaces of said conductive substrate and then said

anodi zation is ef thigd134
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