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FI ELD The present invention relates to a quantumdevice utilizing a quantum
Lffect to be induced by electric fields, and nore particularly to an

*el ectroni ¢ device usi ng nanocrystalline silicons, such as an el ectron
source 10 adapted to emit el ectrons based on the electric field enission
‘phenonenon or a light-emtting device adapted to emit light in response to
applied electric fields. BACKGROUND ART 15 In the field of quantun1devices

t here have heretofore been nmade research and devel opnent o r
devi ce using nanocrystalline silicoPBSCRIRRI@N an el ect ronﬂmm‘m ‘mm \mm for
exanpl e, Japanese Patent No. 2966842) or a light emtting CenloSee, for
exanpl e, Japanese Patent Lai d20 Open Publication No. H06-9 i ype
of conventional electron source conprises a |lower electrod mm’ mﬂm,
el ectrode (upper el ectrode) fornme@UENTIMBENICEhIin fil m an 0se
opposed relation to the |Iower electrode, and a strong electrlc 5% e d
drift layer (hereinafter referred to as "drift W
5 TECHNICAL FIELD
The present invention relates to a quantum device
utilizing a quantum effect to be induced by electric fields,
and more particularly to an electronic device wusing
nanocrystalline silicons, such as an electron source
10 adapted to emit electrons based on the electric field

emission phenomenon or a light-emitting device adapted to

emit light in response to applied electric fields.

BACKGROUND ART
15 In the field of quantum devices, there have heretofore
been made research and development on an electronic device
using nanocrystalline silicons, such as an electron source
(see, for example, Japanese Patent No. 2966842) or a light-
emitting device (see, for example, Japanese Patent Laid-
20 Open Publication No. H06-90019).

This type of conventional electron source comprises a
lower electrode, a surface electrode (upper electrode)
formed of a metal thin film and disposed 1in opposed
relation to the lower electrode, and a strong electric

25 field drift layer (hereinafter referred to as "drift



2 | ayer") disposed between the | ower and surface electrodes. In the drift

| ayer, electrons drift fromthe | ower electrode toward the surface
£Llectrode in response to an electric field acting on the drift |layer when a
voltage is 5 applied between the | ower and surface electrodes in such a
menner that the surface el ectrode has a Righer potential than that of the
tower electrode. In order to allow electrons to be enmtted fromthe

el ectron source, a collector electrode is disposed in a vacuum space to be
10 opposed to the surface el ectrode. Then, a voltage is applied between the
col | ector elagerbdedanmdoshd betiaes éhectlraythyr iandushr tadmnatecthadeshe
col l ector el ectrode has a higher potential than that of the surface

el ectrode whl ethppl dirndta \lelyeage kdtagdenshe dovier afbrsurtlace épbewerrodes
15 in such a manner that the surface el ectrode has a higher potential than
t hat of theelewerodtetowade. the t hisfaay, odlcatinagss &n erespectsed ¥a oamnt he

| oner electrode to the drift layer, and then emtted through the surface

el ectrode aéitectdicf fiagdi acthagdonf tthleaydri ft20l affer dfhidrt 4 ayeitagel Lides a
nunber of nanocrystalline silicons. The surface electrode is formed of a
metal &thin &pphiée. getaeganl dhehilowkirl mMndhauimrce tdiekneste of imbsuth18 nm
For exanple, the | ower electrode of the conventional electron source is
conposed ofmansen corductix subshcat eldrthaddaghas candiicftian t potehat avel y
close to that of conductor, i=3 and an ohmic electrode formed on the
back surfacenhgh tteatserdfconduct swetibslicitzodd ter nahi wedder t e | aneow

el ectrode is conposed of an insulative substrate (e.g. a glass substrate
havi ng an i asgtatbns pesf opgBNERitBeger 8FbR StRUbSElaterbavi Bgudte, a

i nsul ation performance etc.), and a conductive |ayer nmade of netal material
and formed gp1lBetbhsWiddieubssr atigpdsed hen cenvendi@nakphicghtt@nbkt i ng
device, a pair of electrodes are provided, respectively, on both sides in

the 1ot hi ckpgssedi rest ittie okuarhg nesceftodayer rashydiNg v 1ageer ief
nanocrystalline silicons. Wien a voltage is applied between the el ectrodes,

the |um ”esﬁﬁ?hééY%etQ@é@{ akgs ldghtecedd the aenrlat gddl it karegtkt ed
t hrough one of the electrode. This electrode is fornmed of a netal 15 thin

filmhavi nge@ekbks!ﬂee%ﬁ §l1':HW!anﬂa£H§r| LEht tRet eem&abto&h@ngefe&geghhaxhe
metal thin filmof the electron source or the light-emtting device is

prepared t h%OHQBh@rSPHEEEEhQQ PREACERQE bRethikeurEaper ahkyerblie! andesi red

that a netal thin fitmfor use in a quantum devi ce, such as an el ectron
source or | t c a+fed t Kk
rocr oo HERBLETS! B ORISR e hBRaR hEES L BhEK OGRS BRh SBtes

Cover%@e to;g hase (Qrzfgéangéy%a%r dpm DESeent lAveh) o el Wid | C@qaﬁer

agglutination of 1ts conponents due to surface tension and Ot er

factors, potential than that of the lower electrode. In this way,
electrons are injected from the lower electrode to the
drift layer, and then emitted through the surface electrode
after drifting in the drift layer.
20 The drift layer includes a number of nanocrystalline

silicons. The surface electrode is formed of a metal thin
film (e.g. a gold thin film) having a thickness of about 10
nm. For example, the lower electrode of the conventional
electron source is composed of a semiconductor substrate

25 having a conductivity relatively close to that of conductor,



4 resulting in deteriorated durability of the electron source or
light-emtting device. Further, in a process of vacuunsealing the electron
,source, the netal thin filminevitably receives heat. Thus, the heat causes
“agglutination of the 5 conponents of the netal thin film and the
resultingly |l owered coverage to the base3l eads to deteriorated durability
of the electron source or light-emtting device. As one of solutions to

t hese problens, it is conceivable to nake the netal thin filmof chrom um
havi ng 10 a hi gher coverage than that of gold. However, chromumis

i nherently suscapt iding d 0e DxdtheddoOn foemedp@ar tie Okbdat isur flaew séiantke. | f
the netal thin filmis oxidized, the resultingly increased electrica

resi stance sheieshduttdr! eashiboreeteri or at indrtdrmatlieetingn emhesi obower
characteristics 15 of the electron source or the |um nescence

characteri sgigcetolbe ilsi Homeyadd i g devi cesudadive dndesiraabl y(d ner eased
power consunption. In addition, chromumis strongly influenced by inpurity

gas (parti0$l§QEYSuB§ﬁE§ﬂé Eévﬂﬁ@eénr@ﬁbdﬂaﬁlbﬁ paeryagutaespaceerwhieh
al so leads to 20 deteriorated durability of the el ectron source or

lightegittiggodevhee mNMARYaEF il ANVEN bEa¥formanew oétEhe, above a
problens, it is therefore an 25 object of the present invention to provide

a quantum deyhGctive iﬂgera%aaéf%§0ﬁéeals&u&%%lan arld Y i t&h NBhe

devi ce, having enhanced durability as conpared to the conventional quantum
devi ces. Inlgggggtggeaggbgggaggls obj ect, the present invention 5 provides
a quantum devi ce. e quantum devi ce includes a | ower electrode, a silicon

| ayer formed on Eﬂeﬂﬂgmﬁoﬁ%éﬁ%#éﬁﬁi'@EEHQLQﬂl%tﬂH&b%%quenaQPC¢¥§£abk'ne

silicons to induce a guantum effect in response to an electric

appl i ed thegelar -8adsa,car BROyIREA, MELUREArIRd 9N bhepLPnsLhieans hayge to

be in contact w t t € nanocryst a [ine I'i cons hi s quant um devi ce,

the s bfaceFEESQbEQge hfrdotied e ad Ca&pﬂgnggeenzll ¥ Chhas, xee! bent

compatibili he siTicon | ayer incC Ing a nunber of 15

nanocrystalhhﬁg "&fo%ﬁno%@ s@'gﬂjﬁﬁ§eEl??BShEe”CyWhEQUS acel@%ggfrog to

t he conventlona surface el ectr nmade of “nmetal, the Sur

forned of the ﬁtlﬁt@u LI| 8ane§ g%egnha@%%d gg&gbgg%egg tggygbllcon

| ayer mhlle Pevg g aggrega on cofrponent s 0 he surfa

e oxygen oFCHBLEF Py GOBEr nd Hh Yok 3'6? et AR, 1ol PR e BRaL

g nlxe e S|I|con ayer urt

the surface el ectr C ave, enhanced adhesion to t Ll n_|
wel | as enh8R€e&th %t é;ﬁgﬁ%%% %&l%gf? ﬁo?%s%gtgﬁgéed8§%2§ 3%%tue of

these %nhan%gd p Rerkggihgtgetg %%%ggde&h%%l%h the light to transmit

therethrough. The metal thin film of the electron source

or the light-emitting device 1is ©prepared through a
sputtering method or the like.

Generally, it is desired that a metal thin film for

20 use 1n a gquantum device, such as an electron source or

light-emitting device, has a reduced thickness as much as

possible. However, if the metal thin film is thinned, it

will have a poor coverage to a base (drift layer or

luminescent 1layer), or will cause agglutination of its

25 components due to surface tension and other factors,



6 the present invention can have nore stable quantum effect and enhanced
durability as conpared to the conventional quantum devices. The term"in
,contact with nanocrystalline silicons" 5 hereinis not limted to the state
“where nanocrystalline silicons and carbons are in direct contact with each
other, but the state where nanocrystallifle silicons are in indirect contact
W th carbons through a natural oxide filmformed on the nanocrystalline
silicons, or an insulating 10 film such as an oxide film nitride filmor
oxynitride filmfornmed the nanocrystalline silicons by use of oxidizing
means or nitesdl ningeansde Bechosatedtdusalpt bty caf | Yheli ¢teetrent soprevent
formati on of the natural oxide filmduring handling due to extrenely high
activity ofotheightsemiacingfdéhbcaanobuyshet)ibe sipreeassopithecuum-
insulating filmis fornmed on the nanocrystalline silicon in sonme devices.
The quant unsdevine tiietdékeptesensounvent toa mayal uthher fihol tdevataet gl
thin filmfornmed on the carbon thin 20 film In this case, the netal thin
filmmy bersadeves heatter iTausselwet debdtr araudes groupitomst sen ngf ofhgol d,
pl ati num silver, copper, hafnium zirconium titanium tantalum iridium
ni obi ugm cheempyAenes urdMutheande tal bitde ror £y i dend herheof re881ltanyghy
quant um devi ce of the present invention, the ,. 7 carbon thin filmmy be
made of grapbiybec@r gobaphiaige-|itke ceéhbonbake t Hieadsasetot hdetkedbratall

resi stance of the carbon thin filmcan be reduced as conpared to a carbon
thin filmnadeapf1aaprphoveecalbenren gbapvsdoti keégharbmntinghdeyiae.
required driving voltage and power consunption can be reduced while

suppr essi ng undegir abhe affectsoinemngat tgenehatsieon wropdiage dtopikn the
carbon thin film In the quantum device of the present invention, the
carbon thincbhlakiay1bave sakenci ing: 4 opeid yr yigel dedchyohfutopangnan
inpurity therein. In this case, the electrical resistance of the carbon
thin fipl m canphgneeduerd rayeCamar ethdto ¢ ngstdopedonatrben thirdmbummisThus,
a required driving voltage and power consunption can be reduced while
Suppressing H@%%h‘c@?' gudlcetli®ild A hoatafenat atéon gboddivolkagetdoap in
the carbon thin filnm In the quantum device of the present invention, the
carbon thin filmmychave a4 higknegseof SHVR Ok ihgssisFasxRxamd e, thke the
guantum device is an electron source, the deterioration in electron

em ssi on ef&%%hﬁ@ﬁ%g@@” Pﬁcreased electrical resistance thereof will
lead to deterioration in electron emission characteristics

15 of the electron source or the luminescence characteristic

of the light-emitting device, and to undesirably increased

power consumption. In addition, chromium is strongly

influenced by impurity gas (particularly, oxygen) or water

residing in the vacuum space, which also leads to

20 deteriorated durability of the electron source or 1light-

emitting device.

SUMMARY OF THE INVENTION
In view of the above problems, it is therefore an

25 object of the present invention to provide a quantum device,



20 suppressed. If the quantumdevice is a light-emtting device, the
deterioration in optical output can be suppressed. Further, in this carbon
thin film the lower limt of the thickness may be 1 nmor nore (while
“setting the upper 25 limt of the thickness at 5 nmor less). In this case,
t he 8 carbon thin filmcan stably achi@ve the above effect. Mre
specifically, if the surface electrode is forned of only the carbon thin
film the thickness of the carbon thin filmmy have a lower |imt of 3 nm
or nore. If the surface 5 electrode is formed of the carbon thin film and
the netal tdiuch fialsm atheeldnttharessovfrcehectardhon iohitnemiltimingy ®avECan
upper limt of 3 nmor less. In the quantum device of the present

i nvention, hieircqrbnhatbed Hukebibjtheaa fHompafredieed uikercenyempeeadbre 10
of 250C or nore. In this case, any water absorbed in the silicon |ayer can
be renoved §yaheatidgvieds250 C or nore under vacuum) the silicon |ayer
before the formation of the carbon thin film to provide enhanced
characteristics amndosd@bi tot ycofetdetifuandiedeyi tee Theseat bbavehthohi | m
can 15 be fornmed in succession to the conpletion of the renpval of the

wat er, st 0 kgepvidies skl iquemtuay etediamm waTke whiahnéupr elesritdengi watedes ram
bei ng re-absorbed therein when the quantum device is taken out into

at nosphere apfier tdeedtisad prnat i i(cappilayef f gotrmedsoocas thepr bowde nore
enhanced 20 stability of the quantum device. Wile the above effect may be
obt ai ned by.ignpP¥bA8 YALEHdiAgt Aenthbéeonf| AxRbcthsoEghineheal itorat lent in
a process precedent to the formation of the carbon thin film the silicon

layer includiggeca RUNdein@in Nareceystial lidepshdé cens awubteeasid y£261d
re-absorb water when it is taken out into atnosphere after 9 the heat

treatment, gﬂgﬂgdi tish & Gto Abidrid Va2 0f cakiser bitkg wvatenmt hesehed Biusthehe
formation o he carbon thin fil munder a tenperature of 250C or nore

al I owg ot he cafbagnt hidydi | Bt pdejhoramt it t hetsi | tigonnbayeryattet ine
removing water 5 thereéfrom so as to performan effective water-renoving

operati on. silicons.

In this quantum device, the surface electrode 1is
formed of a carbon thin film which has excellent
compatibility with the silicon layer including a number of

15 nanocrystalline silicons, and high water-repellency. Thus,
as compared to the conventional surface electrode made of
metal, the surface electrode formed of the carbon thin film
can provide enhanced coverage to the silicon layer while
preventing aggregation of the components of the surface

20 electrode. In addition, the surface electrode can prevent
impurities such as oxygen or water from being mixed into
the silicon layer. Furthermore, the surface electrode can
have enhanced adhesion to the silicon layer as well as
enhanced heat resistance and oxidation resistance. By

25 virtue of these enhanced properties, the quantum device of



If the surface electrode is formed of only the carbon thin film the
quant um devi ce of the present invention nay be subjected to a heat
treatnent after the carbon thin film10 is forned therein and before the
“electric field is applied thereto. If the surface electrode is forned of
the carbon thin filmand the nmetal thin film the quantum device may be
.Subjected to a heat treatnment after the carbon thin filmand the netal thin
filmare fornmed therein and before the 15 electric field is applied
thereto. In this case, the carbon thin film can have enhanced filmquality
to provi de Emhapredestabinivieny isnd desathaesi soaaceteblehauammmne figecte.

For exanple, in an electron source, it is fundanentally required to have a
heat resistantecapannstd 20uasdbllidP0@swhcohpiasededassahy farnwentional
vacuum seal i ng process using frit glass. Thus, the heat treatnment should be
perfornmed ajuantenpdsatcee. cl ose to 400C. If the tenperature is excessively
| ower than 400C, the filmaquality will not be sufficiently inproved. If the
25 tenperature iBhexcess vely hkioghectt hantd00Gnokhystalidne d01ibomstil m
or the metal thin filmw !l be damaged. Thus, it is desirable to perform

t he hemt trigatsent iat oot ebpet aédr ecoftd80staté2MBerBnenspuadt yst devige of
the present invention may serve 5 (nmay be used) as an el ectron source by

arrangi ng téel sédn€oind aygrb&ss aasd romogdfrett dontict ayerh capabl etioér,
accelerating an el ectrode based on a strong electric field effect. In this

case, the shhtcophbaygtafdy k@ezeCOMRESdre/st@NAAmEst aliliayars Wwhaed i pgl udes
a polycrystalline silicon,
indirect contact with carbons through a natural oxide film
formed on the nanocrystalline silicons, or an insulating
10 film such as an oxide film, nitride film or oxynitride film
formed the nanocrystalline silicons by use of oxidizing
means or nitriding means. Because, it 1is practically
difficult to prevent formation of the natural oxide film
during handling due to extremely high activity of the
15 surface of the nanocrystalline silicon, or the insulating
film is formed on the nanocrystalline silicon in some
devices.
The quantum device of the present invention may
further include a metal thin film formed on the carbon thin
20 film. In this case, the metal thin film may be made of a
material selected from the group consisting of gold,
platinum, silver, copper, hafnium, zirconium, titanium,
tantalum, iridium, niobium, chromium, aluminum, and carbide
or nitride thereof.

25 In the quantum device of the present invention, the



10 and a nunber of nanocrystalline silicons residing around the grain
boundary of the polycrystalline silicon. The quantum device of the present
.4 nvention may al so serve (nmay al so be used) as a light-emtting device by
“arranging the silicon |ayer as a | um nescent |ayer capable of emtting 15
light in response to an electric field applied thereto. BRI EF DESCRI PTI ON
.OF THE DRAW NGS The present invention will be nore sufficiently understood
fromthe detail ed description and the 20 acconpanyi ng drawi ngs. In the
acconpanyi ng draw ngs, conmmon conponents or elenents are defined by, the
sane ref er engsbornehah s foime odes beFlGdd Aofs ggapbitiec AT seeaphead~ ik of
an el ectron source according to the present invention. FIG 1B is a 25
schemati c feagment ar yIrenthi gectadeow bhet led egitadtoadn sesigeance]1 ofh Hea 1A
FIG 2 is an explanatory diagramof an electron em ssion operation of the
el ectron sotgEson Nthi6G fiAm RE&SS. bRA tedBBedr essemmmarad views ofakpon

el ectron 5 source and internedi ate products in a production process of the

el ectron sogk e, £ Wk Chagbowfa apoagtetisoraritdmo o wfdideordett kencavoeee
according to the present invention. FIG 4 is a graph show ng respective
agi ng ghar aghgs) shi €8qaf rdiode igtihge Ko lardee Hrss i moweonr cemg umpt &en 10an

el ectron source according to the present invention. FIG 5 is a graph
showi ng respectiMBcadi g ithakaghekisstings widatioddleura&fdcandf eomsbean
current in an electron source according to the present invention. FIG 6 is

anot her graQQnéPQM&GQ bESPETtiye agbpogidStebacacheni shinsfoimdi ode current
and em ssion current in an electron source according to the present

invention. FIGS 1fAwaRd £Bi@¥an 9aapNses i fige r peRehItVeL@gimgion, the
characteristics of diode current, em ssion current and el ectron em ssion
effiCienCy’cg@Séﬁi@hEhGEilﬁ %@@MhéJEEa conducting property yielded by
10 doping an impurity therein. In this case, the electrical
resistance of the carbon thin film can be reduced as
compared to a non-doped carbon thin film. Thus, a required
driving voltage and power consumption can be reduced while
suppressing undesirable affects from heat generation or
15 voltage drop in the carbon thin film.

In the quantum device of the present invention, the
carbon thin film may have a thickness of 5 nm or less. For
example, if the quantum device is an electron source, the
deterioration in electron emission efficiency can be

20 suppressed. If the quantum device 1is a light-emitting
device, the deterioration in optical output can be
suppressed.

Further, in this carbon thin film, the lower limit of
the thickness may be 1 nm or more (while setting the upper

25 limit of the thickness at 5 nm or less). In this case, the



20 characteristics in an electron sources including a carbon thin film
havi ng a thickness of 0.5 nm and FIG 7B shows the characteristics in an
el ectron sources including a carbon thin filmhaving a thickness of 1.0 nm

"FIG 8 is a graph showing the relationship between 25 desorbed wat er
content and tenperature when a silicon Iﬁyer 12 used in an electron
.source according to the present invention is heated. FIGS. 9A and 9B are
graphs showi ng heat resistance in an el ectron source subjected to no heat

treatment before an 5 electric field is applied thereto. FEES. 9Ca@nd 9D
are graphs saohdmgtihbatfilbsicannskabhy anClel @%e rbhe shir¥e Stbfetted ?o%a
heat treatnment before an electric field is applied thereto. FIG_10Ais a
vertical sespeonficalbw ofifa ttighseofentt ke dedecel acdorirAg o PREY
present invention. FIG 10B is a schematic fragmentary en] arged view of the
|i ghtenittiphyedexiioeni thih GEi10A tEeCGhickness 2iDthrecasbPRohBIRVF W of a
lightemtting device and internediate products in a production 15 process
of the |ighhaenmhtvieng deviee, lihich atholv amprasduse¥en metthobhof spkéace
light-emtting device according to the present invention. FIG 12 shows a
graph show sgetespeaet iige folrarge chatlet errboncshdh dlirfemndehbet pehad

el ectrol um nescence 20 intensity with respect to voltage in a

| i ght-enittitRgndeiilee ateortdiingkness hef pthseneriooreritiion. LG nag BR¥Rs a
graph show ng respective aging characteristics of current density and

el ectrol uni gasagpee LNiensoty3i nmaoki gesseni tting device according to the
25 present invention. 13 BEST MODE FOR CARRYI NG OQUT THE | NVENTI ON Thi s
application is bagedngpoguanthus! aievd ceheobenbéi torefsqurt oknventiom t kdepri or
Japanese Patent Application No. 5 2002-064287, the entire contents of which
are incor poratgdnhemrainn Myl aheyepeea Witln ridmnehcendert he tarpemadmyieng

drawi ngs, several enbodinents of the present invention wll now be
speci figcal | yrdeseriched. yber Si£ornDE taseachnegnhadererbsorbed in the
silicon layer can be removed by heating (at 250°C or more
under vacuum) the silicon layer before the formation of the
carbon thin film, to provide enhanced characteristics and
stability of the quantum device. The carbon thin film can
15 be formed in succession to the completion of the removal of
the water, to keep the silicon layer from water while
preventing water from being re-absorbed therein when the
quantum device is taken out into atmosphere after the film
formation (capping effect), so as to provide more enhanced
20 stability of the quantum device. While the above effect
may be obtained by removing water in the silicon layer
through a heat treatment in a process precedent to the
formation of the carbon thin film, the silicon layer

including a number of nanocrystalline silicons would easily

25 re-absorb water when it is taken out into atmosphere after



10 or menbers having substantially the same structure and function are
defined by the sane reference nunerals, and duplicate descriptions wll be
~fundanmental ly omtted. (First Enbodinent) A first enbodiment of the present
“invention will be 15 described bel ow. A quantum device according to the
first enmbodinment is an electron source aflapted to enmit electrons based on
electric fields applied thereto, as one of electronic devices utilizing
nanocrystalline silicons. As shown in Fig. 1A, the electron source 10
according 20 to the first enbodi nent includes an el ectron source el enent
10a forned tore t heati de eoftreme sudfacsoofl tan hhglul abiléétyuledt raeeonbieg g. a
gl ass substrate having an insul ation perfornmance or a ceram c substrate
havi ng an iwsteat tloereian f or Mense) thdhtowhatiomnoEotire ecateprenthi®alf{ Hsl udes
a 25 lower electrode 2 forned on the side of the above surface 14 of the
i nsul at i ve swdst rat eerpera conposi t 25habonr ysbae & ayews 6theroedoom thenl ower
el ectrode 2, and a surface electrode 7 fornmed on the conposite nanocrystal

| ayer 6. Asfipsctd hes fordetadh thasesiliden chapesi &Etannoenysing watayer 6
i ncludes a polycrystalline silicon, and a nunber of nanocrystalline
silicogs reshéiagranound t e @i pebdupflaran ok fiflee tisley cwysé Bt témevshyi con.
In the electron source elenent 10a, the surface electrode 7 is opposed to
the | ower ebgetsoten?, and the 10 conposite nanocrystal |ayer is sandw ched
bet ween the surface electrode 7 and the | ower electrode 2. The thickness of
the lower el ectrpfletRei sug€hcat edkettrod@0 immicrnged 330 aidy el thebon

t hi ckness of the surface electrode 7 is set at about 10 nm The | ower

el ectrode 2chsnfeimef ehelfuantufglRideroforcail piéoyet tRb@ht {dhNmbiy/l m
made of nmetal material (e.g. elenmental nmetal such as G, W Ti, Ta, N, A1,

Cu, Au, Pt g8 Mjattey thenenbatotreatmenetaktee €REPEANAUEN1 ASEi1n
SI|ICIde) The conposite nanocrystal layer 6 is fornmed by subjecting a

polycyystal L ingoshbiCeRe2@ih0 MY estiald | 2Bdd On Pr LEES ﬁgdagﬁlled
oxi dat1on process. As shown in FIG 1B, the conposite nanocrystal |ayer 6

ncludes a pLULELLLY 9 Rl GukSiald |18 RO 9T 8 Aife Lot chbi Bagbbhoon
oxide filmb52 torned over the surface of each of the grains 51, the nunber

of nanocrys i 554 i {eshdihngihat waen the, ddiRCeet i 8 ahhy S1
and a 15 E?##cgglgxﬁég'Hﬁgﬂﬁ%gg?orﬁed ovér t he sur%ﬁae of eact of tﬁe

nanoct ystal hLngushb£ogs 3, ARacStLbaeReRk! decbl! ihbdchengh LAsHI 2LhRY

filmhaving a t ness ess t han the crystal grain size of

nanocrystalLhgechel hGA19nid PiiR DEC! B4 Fhaéhémr{em%ﬁﬁofsgltﬂa of

t he conposi Te nanocrystal Tayer er th e grains

nanocy ystal | iQSt?%é' CONS, §3 asndabgg gh! 1 gon. oxi de fil,ms, 52, %ées, a%ﬁgus

anor phous reg|on annrp ousTSiTTcon or pariial 'y oxidi zed anorp

oo L0pfigby! Epyfhe cmenl epermenyatal Lave qfte)uisepkies g

poncrystaIFlne sillicon nanocrys I ne” si

resi di ng argﬁﬂe %hg gé@gﬁ%gggpdag dﬁﬁhégger¥%§%§ %ﬁé% (ﬂfoigklcaﬁanﬁ%&h of

the grains 8nds hi Ckness direction

device. For example, 1in an electron source, it is
fundamentally required to have a heat resistance against
20 about 400°C which is necessary for a vacuum-sealing process
using frit glass. Thus, the heat ftreatment should be
performed at a temperature close to 400°C. If the
temperature 1is excessively lower than 400°C, the film
gquality will not be sufficiently improved. If the

25 temperature 1is excessively higher than 400°C, the carbon



15 electrode 2. In the first enbodinent, a plurality of conposite
nanocrystal |ayers 6 serve as a drift layer (strong electric field drift
.Jayer). The surface electrode 7 is forned of a carbon thin film 7a
"deposited (lamnated) on the conposite nanocrystal 20 |layer 6, and a netal
thin film7b deposited on the carbon thi A% ilm 7a. The carbon thin film 7a
i4s in contact with the nanocrystalline silicons 63 through the respective
silicon oxide films 64 formed over the surface of the nanocrystalline
silicons 63. As nentioned above, in this 25 specification, the state where
the carbon thim film ga the mabalnthiwi Fetn Cohl de¢ dpmadene Thus, it
nanocrystalline silicons 63 through the silicon oxide filns 64 is al so
descri bed hes edl@s byalnsengot her éxpnekké oheatherearbent t af naf FEBRPFEAFSTEN
contact with the nanocrystalline silicons 63". In view of 5 suppressing the
deterioratiof ®d0etec#RBnCemnm ssion efficiency, the thickness of the carbon
thin film7a in the surface electrode 7 is set in the range of 1 nmto 5
nm Further, theThetghanhiunkdevscef ofha heargoasdrnt niivemt Fen anadyt Berwet al
thin film7b is arranged at about 10 nm 10 Since the carbon thin film7a
is made of casaporbdeluswyi)ngatso Gnouplédtebenmessras Wiyt h agirkingdmanhitbh is a
primary conponent of the conposite nanocrystal |ayer 6 serving as a base

t hereof, itshascexceldent eenpatidtiddrigr fidld t Heicdonpbsy¢ee nrapedrlsst alf

| ayer 6, and high water 15 repellency. The carbon thin film 7a can al so
provi de excgttebéreoyagage whicce rbaei badsad ngn redsictong ehettinrt fiekdess,
and prevent inpurities such as oxygen or water from being mxed into the
conposi te napeeeyst alnl ayees Gaskn 8HAI biddcohhtagarbmayt benaf cbmpdaihas
excel | ent adhesion 20 with the conposite nanocrystal |layer 6 as well as
excel I ent hgahoregsshangayardwhxtHat helutesi at potgcrybeatathenstihiaohil m 7a
may be fornmed of various types of carbon material such as anorphous carbon,
graphiipe, graghid enlinkerCcayfonanstap®rgl Dindi amndohiskereaiddng birodhd
graphite or graphite-like carbon is used, the electrical 17 resistance of
the carbon thin d#diR 78onhbkrie Jedused @sl gorpst £ 1 t Be 1gavhan tithe film
made of anorphous carbon, dianond or dianond-|1ke carbon. Thus, a required

driving vol {agatanddreuRe 6ENEHEPLiraBesEN iBEehedueetayhiallgod seurpr aasiyng
undesirabl e "affects from heat generation or voltage drop in the carbon thin

film7a. FuptBer pd fudddj RSN bt Y ilghtdRRAd tiM ddie carbpnathbaghibymeha to
provi de a conducting property therein, the electrical resistance of the

carbon thin %'lh.@b?la Widy bgsr %dufﬁgi@és@@r@@aiﬁgetro hpHb oo doRed teamlon

thin film % us, a required driving voltage and power consunption can be

reduced whi ke syuppressisngndey raalb ke egttfr‘:i%t $ ifnemapeat; (generatdten or

vol tage drop i'n the carbon thin film7

BRIEF DESCRIPTION OF THE DRAWINGS
The present invention will be more sufficiently
understood from the detailed description and the
20 accompanying drawings. In the accompanying drawings,
common components or elements are defined by the same
reference numerals or codes.
FIG. 1A is a vertical sectional view of an electron
source according to the present invention. FIG. 1B is a

25 schematic fragmentary enlarged view of the electron source




Preferably, the netal thin film7b is nmade of a 15 material having
relatively high conductivity, relatively I ow work function, excellent

.Ooxi dation resistance and chem cal stability. Such a material includes gold,
"platinum silver, copper, hafnium zirco hunl titanium tantalum iridium
ni obi um chrom um alum num and 20 tungsten. Carbide or nitride of these
mnetals nmay al so be used. The netal thin film7a nmade of these materials can
have enhanced adhesion with the carbon thin film 7a to provide an inproved
yield ratio in the production process of the electron source. 25 As shown
in FIG 2, im ©Bkéerlho allow electrons to be 18 enmitted fromthe electron
source elenent 10a, a collector electrode 9 is disposed._in OppOfed relation
to the surface eFEGtrdde 17 ThenSXPRENSHREY bELREEA™ hefsu?fack &F &Ct} ode 7
and the collector electrode 9 is maintained in vacuum 5 and DC vol t age
Vps is applémisptmeepediel surd hckhe| eke¢ BN 75eMCe ne? | olhér tfectrode 2 in
such a manner that the surface electrode 7 has a higher potential than that
of the |ower el eRi€dde 32 FortHerare DGl Véers | ifdd BeBRRER t he
collector electrode 9 and the surface electrode 10 7 _in such a manner _t hat
the cobl ect ssuetecsnddenBeimad bahe gheodpoteniap PRAAUERAPNOPLPRESSUPFace
el ectrode 7. The DC voltages Vps, Vc can be adequately set to all ow

el ectrons ivhectidctnbn sherktewewhélcketstote 2 nredbrctakan tegthed oa§hthfie
surface electrode 7 after drifting in the 15 conposite nanocrystal |ayer 6
(one-dot chaiactiorssburEéGaclordiingate the pPreacndt &n¥enRfeAB-e- enitted
through the surface electrode 7). It is believed that the electrons

reachi ng the surfage of4thdsconmposi eaphnocshyei g | ay@spr@caridenot aging

el ectrons, and such electrons are emtted to the 20 vacuum space after

readi |y tunpgLirpgtthieugbst b€ duoflaceurrent and emission current in an

10 electron source according to the present invention.

FIG. 5 is a graph showing respective aging
characteristics of diode current and emission current in an
electron source according to the present invention.

FIG. 6 is another graph showing respective aging

15 characteristics of diode current and emission current in an
electron source according to the present invention.

FIGS. 7A and 7B are graphs showing respective aging
characteristics of diode current, emission current and
electron emission efficiency, wherein FIG. 7A shows the

20 characteristics in an electron sources including a carbon
thin film having a thickness of 0.5 nm, and FIG. 7B shows
the characteristics 1in an electron sources including a
carbon thin film having a thickness of 1.0 nm.

FIG. 8 is a graph showing the relationship between

25 desorbed water content and temperature when a silicon layer



el ectrode 7. In short, an electric field acting on the conposite
nanocrystal |ayer 6 when the surface electrode 7 has a higher potenti al
than that of the lower electrode 2 allows electrons to drift fromthe | ower
"electrode 2 toward 25 the surface el ectrode 7. 19 Cenerally, in this type
of electron source el enent 10a, a current2f| owi ng between the surface
electrode 7 and the |lower electrode 2 is referred to as "di ode current

| ps”, and a current flow ng between the collector electrode 9 and 5 the
surface electrode 7 is referred to as "em ssion current (em ssion electron
current) |etisédeeikl Gn2)eldberehectooncen sscondehdii ctencyh¢ preséntps) x
100 [99) is increased as the ratio of em ssion current le to diode current
Ips (_ le /ihpshtisni hsrieasedd. Even if the DC voltage Vps to be 10 applied
bet ween the surface electrode 7 and the | ower electrode 2 is in a | ow range
of about 10 to 2BISS.tBR ehdctBormrsowr=phk) dScoant ngedo toeipteseatin
invention can emt electrons. Thus, the vacuum dependence of el ectron

em ssi on chanaelectsdncsoaatebgubgduted 56 BS hoeatl tovatheptebbfons tn be
stably emtted wi thout occurrence of a so called popping phenonenon. It is

bel i eved t hateetectr aiglar ei €nbpbedetir aindha ®l ectIes .sose candl egenirdOa in
the followi ng nodel. The DC voltage Vc is applied between the coll ector

el ectrode 9gaRghd0 shewshgf ageael eebE0d€arfcén sHChaa mapBetrbhat sbhiece
col | ector e?ectrode 9 has a higher potential than that of the surface
subjected to a heat treatment before an electric field is
applied thereto.
FIG. 10A 1is a vertical sectional view of a light-
10 emitting device according to the present invention. FIG.
10B is a schematic fragmentary enlarged view of the light-
emitting device in FIG. 10A.
FIGS. 11A to 11D are sectional views of a light-
emitting device and intermediate products in a production
15 process of the 1light-emitting device, which show a
production method of the light-emitting device according to
the present invention.
FIG. 12 shows a graph showing respective change
characteristics of current density and electroluminescence
20 intensity with respect to voltage in a light-emitting
device according to the present invention.
FIG. 13 shows a graph showing respective aging
characteristics of current density and electroluminescence
intensity in a light-emitting device according to the

25 present invention.



el ectrode 7 while applying the DC vol tage Vps between the surface el ectrode
7 and the lower electrode 2 in such a manner that the surface el ectrode 7
.-has a higher potential 25 than that of the |ower electrode 2. 20
El ectrons e- are thermally excited, and injected fromthe |ower el ectrode 2
into the conposite nanocrystal |ayer 6. WAen the DC voltage Vps is applied
1o the conposite nanocrystal |ayer 6, nost of the generated electric field
5 acts on the silicon oxide films 64. Thus, the electrons e injected into
t he conposite nanocrystal |layer 6 is accelerated by the strong electric
field acting on the silicon oxide filnms 64 to drift in the region of the
conposite nanocrystal |ayer 6 between the grains toward the 10 surface
el ectrode 7BESTtMeDHi FeBt CARRYINGEheUEr FBsINVENREOEent er of FIG 1B. Wen
the DC voltage Vps goes up to a predeterm ned value (e. g. a potenti al
equal to or greaTeistbapltihetwonk ifsubetsieon wfornt handrechdimpi Bhei bAn?Bisf the
surface electrode 7), the electrons e- tunneling through 15 the surface
el ectrode 7oérerénirtted firont Héevgouion sferanese PatsnprdppsicathenelNect rons
e- tunnel through the nanocrystalline silicons 63 without scattering
because eachoop-bhé28@nothestaaltiime irlticodrs &B wWascl skeelapproriraaed y
equal to a Bohr radius. Thus, the electrons e- accelerated 20 by the strong
electric figkdeantbpgreferbacthin silicon oxide films 64 forned over the
respective nanocrystalline silicons are emtted through the surface
el ectrode 7 aftewidni fdmgdrrd heo corposideempatndnyst dtavayes, 6 severadlt
scattering. 25 Since heat generated in the conposite nanocrystal

embodiments of the present invention will now Dbe

specifically described. Members common in each embodiment
10 or members having substantially the same structure and
function are defined by the same reference numerals, and
duplicate descriptions will be fundamentally omitted.
(First Embodiment)
A first embodiment of the present invention will be
15 described below. A guantum device according to the first
embodiment is an electron source adapted to emit electrons
based on electric fields applied thereto, as one of
electronic devices utilizing nanocrystalline silicons.
As shown in Fig. 1A, the electron source 10 according
20 to the first embodiment includes an electron source element
10a formed on the side of one surface of an insulative
substrate 1 (e.g. a glass substrate having an insulation
performance or a ceramic substrate having an insulation
performance) . The electron source element 10a includes a

25 lower electrode 2 formed on the side of the above surface



21 layer 6 is released through the grains 5, the electrons can be stably
emtted fromthe conposite nanocrystal |ayer 6 w thout occurrence of the
poppi ng phenonenon during the el ectron em ssion operation. In addition, the
el ectrons 5 reaching the surface of the conposite nanocrystal |ayer 6 are
emtted to the vacuum space after readil}4tunneling t hrough the surface
kel ectrode 7 because they woul d be hot el ectrons as nentioned above. The
el ectron source el enent 10a operabl e based on the 10 above principle is
generally referred to as "Ballistic electron Surface-emtting Device". In
the el ectronf sdlvece iDgUaeEdvei ngubsttntef i kst enbeBPRSAte t PenegFyatal
electrode 7 is fornmed of the carbon thin film 7a havi ng excel |l ent
conpati bi | itavewt 6 thernsdcomothe e Leateder §bearreager?,6 dedvigngsusfacsase
t hereof and high water-repellency, and the netal thin film7b. The carbon
thin film 7aleatrpdevildef axoel | ent tdeveremjeowhi¢ enkaockyssailng a¥tucti on in
filmthickness, and prevent inpurities such as oxygen or water from being
m xed into 29 tdescodipEesi te metocirlysiatefrayeth®. dompsdditts onanepsyesabon
thin film7a has excellent adhesion with the conposite nanocrystal |ayer 6
as wel b as kxget| éntnbtatiesesi sbhnceyahdlbindasibhcorsi gndngenumhas, othe
el ectron source 10 can prevent or suppress the conventional problens such
as the 25 peshoogystalbénsusiateorbeceésnddeng Arommtheheogpasint boungary
of the polycrystalline silicon.
In the electron source element 10a, the surface
electrode 7 is opposed to the lower electrode 2, and the
10 composite nanocrystal layer 1is sandwiched between the
surface electrode 7 and the lower electrode 2. The
thickness of the lower electrode 2 is set at about 300 nm
(e.g. 330 nm), and the thickness of the surface electrode 7
is set at about 10 nm. The lower electrode 2 is formed of
15 a single-layer or multilayer metal thin film made of metal
material (e.g. elemental metal such as Cr, W, Ti, Ta, Ni,
Al, Cu, Au, Pt or Mo; alloy thereof; or intermetallic
compound such as silicide). The composite nanocrystal
layer 6 is formed by subjecting a polycrystalline silicon
20 to a nanocrystallization process and an oxidation process.
As shown in FIG. 1B, the composite nanocrystal layer 6
includes a plurality of polycrystalline silicon grains 51,
a thin silicon oxide film 52 formed over the surface of

each of the grains 51, the number of nanocrystalline

25 silicons 63 residing between the adjacent grains 51, and a



nanocrystal |ayer 6, the aggregation of the conponents of the surface
el ectrode 7 and the oxidation of the surface electrode 7. Therefore, as
conpared to the conventional electron source having the surface el ectrode
formed of only 5 the netal electrode, thg el ectron source 10 according to
the first enbodi nrent can have enhanced d Pability whi | e suppressing
Jdeterioration in electron em ssion efficiency. Wth reference to FIGS. 3A
to 3D, a production nmethod of the electron source 10 according to the first
enbodi ment 10 will be described below. In the roductign rocess of the
el ectron sotirkiecam, oxidewdi 18y &4 r 6aEmedi RVERe % \Of %Celg)a i naetaeccg’f i?
formed by depositing (laminating) first and second nmetal |ayers dﬁgog&ted
to have a dihernamekreesliing SxbHA®s &1 anf Marst FHIM (e by
depositing first 15 and second netal |ayers to have a thickne of 330 nm
wherein theldiest h@@@lathy@rfﬁ§ﬂhaﬁévéﬁgtﬁ%aﬁpﬁﬁ¥P85ﬁav¥?%Ftﬁ?f%heggeof 80
nm and the second netal |ayer is made of tungsten to have a thickness of
250 nn) is ¢iysta¥ognednosivke ofi dehof NBRECEYFFALEIRE SALLASH aéﬁ ve 1t
substrate 1. Then, 20 a non-doped pol ycrystalline silicon |ayer 3 having a
gi ven 5hi ckiesdeld.eyedl. hah) ke f grored rgma heegber &l e&t€odeOBPPEL pRovi de
a structure as shown in FIG 3A The lower electrode 2 may be formed, for
exanpl e, thiamgbrassplttéayay nét hootker a vhper 8bBposidiadmsrethbd. FAB 25
polycrystalline silicon layer 3 may be fornmed, for exanple, 23 through a
CVD et hod f4f6yByses hbilne ps At eotyYDofeahddtheasal yeoe- o¥Difefholsepé: ), a
sputtering nmethod, a CGS (Continuous Grain Silicon) nmethod, or a nethod of
deposi ting agorphousm siamocephomsd thgnohaséh- anheaimomphavs 5 sddiasioust
silicon. After the formation of the non-doped polycrystalline silicon |ayer
3, a conpospiethabbgrysidizédyemodphovbudihgcpolycrystalline silicon grains
51, nanocrystalline silicons 63 and anorphous silicon is fornmed through a
10 That is, the composite nanocrystal layer 6 includes

the polycrystalline silicon, and the number of

nanocrystalline silicons 63 residing around the grain

boundary of the polycrystalline silicon. Each of the

grains 51 extends in the thickness direction of the lower

15 electrode 2. In the first embodiment, a plurality of

composite nanocrystal layers 6 serve as a drift layer
(strong electric field drift layer).

The surface electrode 7 is formed of a carbon thin

film 7a deposited (laminated) on the composite nanocrystal

20 layer 6, and a metal thin film 7b deposited on the carbon

thin film 7a. The carbon thin film 7a is in contact with

the nanocrystalline silicons 63 through the respective

silicon oxide films 64 formed over the surface of the

nanocrystalline silicons 63. As mentioned above, in this

25 specification, the state where the carbon thin film 7a is



10 nanocrystallization process to provide a structure as shown in FIG 3B.
The nanocrystallization process is perforned by using a processing bath
-containing an electrolytic solution which is a mxture prepared by mxing a
wat er solution containing 15 55 wo of hﬁgrogen fluoride with ethanol at a
ratio of about 1 . 1. In the processing th, a given voltage is applied
Jbetween a plati numel ectrode (not shown) and the | ower el ectrode 2. The
conposite nanocrystal layer 4 is forned by supplying a given constant
current to the 20 polycrystalline silicon layer 3 while irragiatin it with
light. Afteint Hadigesitet ¢omtaEt t We thanldes yBRBPFEYELROALPRO -C %oﬁ%osite
nanocrystal |ayer 6 having the structure as shown in FIG 1B is obtained

t hrough an 2Broxgbathenspideessoxddpr b¥ime 84sifudtaredgscshbRA FRIELE

24 3C. The oxidation process is perforned by using an oxidation-processing
bat h cont ai hyngisime| eber sixprias sigit '6he( €agbon mbhinr ofilysde, 1S mdP/ 1 of
HNO3, aqua regia etc.). In the oxidation bath, a given voltage is applied 5
bet ween a pkatiruom eliébt thde nanscrytedad)l iaed giHe daaveer62] ect Fad&Eigwt 81

el ectrochem cal |y oxidi ze the conposite nanocrystal |ayer 4. Through this
process, theuppmpesiihg nabber ysdatef xyertBn nclafdi nglesdrgrai n€M3ES1PRe
nanocrystalline silicons 63, and the silicon oxide filns 52, 10 62 is
formed. Theedfiidaehoy, ptheesbicknees bifnithedcasbohe tbiactfidahdrmi éal the

oxi dation process, but any other suitable oxidation process such as a

rapi d- heat i sar@séicdatdler trookess imyske usedheAftamge heff dr mati om bf nhe
conposite nanocrystal layer 15 6, a carbon thin film7a and a netal thin
film7b arertetmed,i Rheutdtaandhd cknekace felcbet cadbon ithinhe iflor Maofana

|am nate filmformed by depositing (lam nating) the carbon thin film 7a and
the netal thihe hict@i7khis fFfanmedoon st he ranmpdsiate abandclyWstal. | ayer 6 to
provi de an el ectron source 20 10 having a structure as shown in FIG 3D

Wi | e 1iphe car bon gtilice f then 7@aflBynbecHt med Iinhr Gaghivarmads tdif n-dardbmn
form ng net hods, such as a vapor deposition nethod, a sputtering nethod, an
i on platingpmidhedng tHhesr@mip CVD eekhedter aa REGY sklhooh whith is a
understood that a thin-film25 form ng nmethod capable of formng a thin

filmhaving gueRry component of the composite nanocrystal layer 6
serving as a base thereof, it has excellent compatibility
with the composite nanocrystal layer 6, and high water-

15 repellency. The carbon thin film 7a can also provide
excellent coverage while facilitating reduction in film
thickness, and prevent impurities such as oxygen or water
from being mixed into the composite nanocrystal layer 6.
In addition, the carbon thin film 7a has excellent adhesion

20 with the composite nanocrystal layer 6 as well as excellent
heat resistance and oxidation resistance.

The carbon thin film 7a may be formed of various types
of carbon material such as amorphous carbon, graphite,
graphite-like carbon, diamond or diamond-like carbon. If

25 graphite or graphite-like carbon is used, the electrical



25 fil mthickness and excell ent coverage should be used. The netal thin
filmmay be formed through various thin-filmform ng nethods, such as a
-vapor deposition nethod, a sputtering nmethod, an ion plating nethod or a
" CVD nmethod. 5 The above el ectron-source Eroduction met hod al |l ows an

el ectron source 10 to be produced at a hidgh yield rate while suppressing
Jdeterioration in electron em ssion efficiency and i nproving durability. As
descri bed above, in the first enbodi nent, the 10 conposite nanocrystal

| ayer 6 includes the silicon oxide filnms 52, 64 in addition to the

pol ycryst al témessand¢eonlgrtdiensc@&bandthhe daddcrist Wilinbesingdised 633
However, a silicon nitride filmor silicon oxynitride filmmay be incl uded
as a substitconmafet thetkel cevbooxitédanf iflidem FBIBALT 1SIrPhdS casleon,

i nstead of the oxidation process, a nitriding process or an oxynitriding
process maydbeEnaskdor| diehenel-ddtkeorcasdharce 10hascoradi meguieed i dsfving
enbodi nent is used as an el ectron source for displays, a nunber of electron
source el ememitsad®da amy beoweaparashymi @appr opni abel y ypaduerdi nghihe

| ower el ectrode 2, the surface electrode 7 and the conposite nanocrystal

| ayer B, anspipesnsatn@ngediesitdid i défettenefsomf dommtof geheratsvhatove
substrate 1 in a matrix pattern. Further, in the first enbodi nent, the
surface el eedToskge 7drspcamposes oarbbe 2hihaniiiat €741 | mFuandiest, i ngf odnt he

carbon thin film7a and the
impurity is doped into the carbon thin film 7a to provide a
conducting property therein, the electrical resistance of
the carbon thin film 7a will be reduced as compared to a
10 non-doped carbon thin film. Thus, a required driving
voltage and power consumption can be reduced while
suppressing undesirable affects from heat generation or
voltage drop in the carbon thin film 7a.
Preferably, the metal thin film 7b is made Qf a
15 material having relatively high conductivity, relatively
low work function, excellent oxidation resistance and
chemical stability. Such a material includes gold,
platinum, silver, copper, hafnium, =zirconium, titanium,
tantalum, iridium, niobium, chromium, aluminum, and
20 tungsten. Carbide or nitride of these metals may also be
used. The metal thin film 7a made of these materials can
have enhanced adhesion with the carbon thin film 7a to
provide an improved yield ratio in the production process
of the electron source.

25 As shown in FIG. 2, in order to allow electrons to be



26 netal thin film7b. However, the surface electrode 7 may be formnmed of
only the carbon thin film 7a. (Exanple of First Enbodi nent) An el ectron
.source 10 as a first exanple was produced 5 in accordance with the
“production method according to the first_enbodi nent, and respective agi ng
characteristic of diode current |ps and &fi ssion current le in the el ectron
:;source 10 were neasured. The neasurenent result is shown in FIG 4. In the
first exanple, an insulative substrate 1 10 is a glass substrate. A | ower
electrode 2 is a lamnate filmconsisting of a titaniumlayer having a

t hi ckness MigD-afin BRem. AheudScdiamayErUFeR | AYCEeRRi éRAes S ofFC DERCHY

whi ch were fornmed through a sputtering nethod. In the first exanple, a

non- doped polaatnaereal Pi he dbsBPEEdoAn QPEOSTI Fedatian 3/ e $of heee

t hrough a plasma CVD nethod to have a thickness of 1. 5 um The

nanocr yst aléjecttiate pt oc eBremastiperirace ddiver? nghars el 22%¢ ot 42 ¢ Ereds uti on
prepared by m xing a water solution containing 55 wt % of hydrogen fl uoride
with ethanol abtdatd@ reelbecfombelectrode. A nis hmadhéatipefytine ‘atWyemon
cooled down to OC, a constant current of 25 mA/cn2 froma power supply was
suppl i ®d beiveera t i€ | owdrtagleecVipsde 12. . apedikedg hetwaeanodee anguaiptat i num
el ectrode serving as a cathode for 8 seconds while irradiating the

princi pal setdaceodd P2Sandietipol yawgstal ¢écheode | 2 com $aglera namnner| tiyat by
using a 27 500 Wtungsten lunp as a light source. An el ectrochem cal

oxi dati on ptloeessr fidse uskelciasodde’ dxaslad i lohglpeocessentnahnthan that of

oxi dati on-processing bath containing 1 nol/1 of HZS09, a voltage of 27 V
was appl i ed:thet veesr ae péat rodkn 2| eckuotlee b, (aobC sholwmdgandct he &ppkied

el ectrode 2. A surface electrode 7 is a lamnate filmconsisting of a

car bon t hi npétlerathaviayl ectdi cknessrofie 29 nandntha gotfathi aléctmdbavi ng
a thickness of 10 nm which were forned through a sputtering nethod. 10 In
nmeasurpng diode Gifdiens hRsnaid ©ESSths aulledtdre, eldetebéet Pormaouace 10
was first introduced in a vacuum chanber (not shown), and a coll ector

el ectrode hngsedi sposedisl oppesedatebattns bortheessléateoekettr otre?
(see FIG 2). Then, a DC voltage Vc was applied in such a 15 nmanner that

the collectpr elgttsgds 9vpas avhi gbgr peéentbabubbanyt haétof tbheagsubhace
el ectrode 7 while applying a DC voltage Vps in such a manner that the

surface el egt£0dgorshagjachbahentpotrat i alethanethabdef 2t he beweniekeat r ode
2. 20 FIG 4 shows the neasurenment result of electron em ssion

characteri Sﬁhfﬁuaﬁ thge cangiddQn Lhaltaowacuym i préhe gaicriiMghambeknes 1 X
10-3 Pa, and the™DC current Vps is 19 V. In FIG 4, the horizontal axis

represgnts alapsedet haBocaRdrhie 14kt cal (hd udepEesant siRe §UL hert 25
density. Further, a indicates an aging characteristic of

2 indicate the flow of electrons e  emitted through the

surface electrode 7). It is believed that the electrons

reaching the surface of the composite nanocrystal layer 6

are hot electrons, and such electrons are emitted to the

20 vacuum space after readily tunneling through the surface

electrode 7. In short, an electric field acting on the

composite nanocrystal layer 6 when the surface electrode 7

has a higher potential than that of the lower electrode 2

allows electrons to drift from the lower electrode 2 toward

25 the surface electrode 7.



28 the current density of diode current Ips, and ~i indicates an aging
characteristic of the current density of em ssion current le. As seen in
-FIG 4, the electron source 10 of the first exanple exhibited an excell ent
“aging 5 characteristic in both the diode_current Ips and the enission
current le. FIG 5 shows respective aginé9characteristics of di ode current
Jdps and emi ssion current le in an em ssion source 10 of a second exanple
and an el ectron source of a 10 conparative exanple. In FIG 5, the

hori zontal axis represents a |apsed tine, the vertical axis_on the_left

si de representi®gnarablyentn dehsstyee of oBkeetFPRNEOVESe ShEMERE VARt cal
axis on the right side representing a current density of em ssion current
le. Furthera gutBentdifderdadarbalgieny chag actsfpsei elerctipdecut rand 8efsity
of diode current Ips in the electron source 10 of the second exanple, (3

i ndi cating aoweyi rdechacdet & i §5i cederried cia rent "ddiosie yCWfremt sSPsh,
current le in the electron source 10 of the second exanple, y indicating an
agi ng 20 chandcéecustréentof lowengubetweedehbet gobledrodecedéartentel Bsand t he
el ectron source of the conparative exanple, and b indicating an aging

char acberi sthe sfirfheeceteentodendi iy véfenrsedi ba sarf'entsseonncuheent

el ectron source of the conparative exanple. Differently fromthe el ectron
source 25 ineki&sidn ehecetrent conrsntii céelO (otet REGsegdond &renplectr2d used
in the neasurenent of FIG 5, a voltage of 32 V was applied in the

oxi dati on pentessonTekd fekeehcgn Soute Of Ipsimpar dtd0/el ®kanpbeihagseassdrf ace
el ectrode fornmed of a gold thin film 5 As seen in FIG 5, the electron
source 10 okst bresesond efasplestishngurbensuitate elieder aderéntodped (ef the
lam nate fil mconsisting of the carbon thin film7a and the netal thin film
7b exhi bi t edean eppesl lientime&gs €dhar ageni stfi ahef Ihevehtsgé ovipsutbebe | e,
as conpared to 10 the conparative exanple having the surface el ectrode
formedoof ombpltibe Meéakeéhi ntid | Burbaie i &lektrbsiepr Ovesnd hathd he oslegct r on
source 10 of the second exanpl e provides enhanced agi ng characteristics in
the em ssiogletieat le 88dinhes eleat nah 68i aboeftf | £O erey,2@SVeomhar ed
to the 15 conparative exanple. FIG 6 shows respective aging

characteri Steil%%tQBndisQﬁﬁ&eUrlr@néct@.ﬁd@ﬂ? el IO LaEseNt iheehRisn @a@Ctron
source 10 which is different fromthe electron source concerning FIG 4 in

terms of thepgenditdansf. t henz@, nanesr yakalihi zRidatidiacess anddtien
oxi dation process. In the nanocrystallization process for the electron

source 10 cQRGLALAY @h&a@teﬁigvf&g cQnsi Bkl NBe@icéd! QW cHkrend panigd for
supplying a current of 2.5 mA/cnR for 2 seconds and a high current period

For syppl yi ng 2 +GUneR: e Zx A7 fALRIEEQT whLREGONEEHRE cheBERIEE Iy ee
times. Further, a
called popping phenomenon.

It is believed that electrons are emitted from the
electron source element 10a in the following model. The DC
voltage Vc is applied between the collector electrode 9 and

20 the surface electrode 7 in such a manner that the collector
electrode 9 has a higher potential than that of the surface
electrode 7 while applying the DC voltage Vps between the
surface electrode 7 and the lower electrode 2 in such a

manner that the surface electrode 7 has a higher potential

25 than that of the lower electrode 2.



30 4 rapid-heating oxidation process was used as the oxidation process. The
el ectron source 10 concerning FIG 6 exhibited an excellent stability

-agai nst aging as with the electron source of the first exanple in FIG 4. 5
"In the electron source 10 of the present invention, the thickness of the
carbon thin film7a is set at 1 nmor moR8, and thus the carbon thin film
:can be stably introduced. FIGS. 7A and 7B show the stability of electron 10
em ssion characteristics or the stability of diode current |ps, em ssion
current le and electron em ssion efficiency of the electron source 10,
wherein FIG 7A Bhowksrome eharnet Bhesnbatdyi pxan teldectansh suiectad | Aromdi ng
a carbon thin film7a having a thickness of 0.5 nm and FIG 7B 15 shows

t he charact®ene stowsri alantebdet Ronndourtdes dompasi ey marechostahi hayérm 7a
having a thickness of 1.0 nm As seen in FIG 7A and 7B, while the carbon
thin film 7&. hawhem athéi Oknesslttfgd Vipspricvi agsl Bedt dbl ehad ecoémposehe ssi on
characteristic, the electron em ssion 20 characteristic is significantly
det eri or at egahdct e £nr bagetrhien fidsn 7af hanengendrittiheskeafr 0z 5£haldThe
reason of this deterioration would be assuned that carbons constituting the
carbonst hi nadts mfacige ovilbcan bsliasdfsbapeswit hahtsf othienglactaeoplseteé fil m
when the thickness is 25 0.5 nm The reason woul d al so be assuned that even
if a 31 fihfedésedul hyitbor meh acsombds ctent nehbeetyscannotlayerobta@i ned due
to excessively thin filmthickness. Thus, when the surface electrode 7 is
formed of thecepsbored hipy fiche 7atvewly nRilddctirtiidn Fhikiy7bacting s cdesthed to
set the 5 thickness of the carbon thin film7a at 3 nmor |less so as to
reduce the §ilmdéhi ckiess ofilkke surfase pligd rade ¥he Orddieort ber baad,
when the surface electrode 7 is forned of only the carbon thin film7a

wi t hout thecc@i%é“élﬁé“ﬂaﬁbi:f‘}/g@al' ial/srdesbeefetn 88t Hhgihbi ekngsa ehet he
carbon thin 10 film7a at 3 nmor nbre so as to suppress increase in

el ect j peal g&?fééﬁneﬁec@beecwdﬁ | Ofe | §1POLLh bAT b8 R ther&h£ChE opngour ce
10, but can also be applied to other quantum device such as a

i ght-emi ttpog-devieerrd. He. canhen thion dd | i gaber yBd upder 3506 o

nore, 15 the electron source el enent can have enhanced characteristics or

stability. F v\gﬂege APMEqt Ba kel ald sthspFBeEﬂe@ald%eraqedcdva&ergeelatte@t and

t enper at ure e tenperature of” a silTicon layer is increased to desorb

wat er in thaﬁghl LGN fayer faﬁceaghow Jher mRrk JPesgl pt i en) BPees r oFethay) -

In FIG 8, e anount of desorbed water Is represented by the value of ion

current in 9?8&%6%;10 R 795 shwneh BCELG 8.5 rg Ofth‘}%%%bed

wat er am)un can in the' t enper at ure range of l'ess.

these, peaks,yatg rf%%eabéf’é?teﬁoéé‘ the sl 1dfPn: L8y es 't%éjeéé’&%g- sEE‘é\%’.

In this process, the electrons e tunnel through the
nanocrystalline silicons 63 without scattering because each
of the nanocrystalline silicons 63 has a size approximately
equal to a Bohr radius. Thus, the electrons e accelerated

20 by the strong electrie field acting on the thin silicon
oxide films 64 formed over the respective nanocrystalline
silicons are emitted through the surface electrode 7 after
drifting in the composite nanocrystal 1layer 6 without
scattering.

25 Since heat generated in the composite nanocrystal



32 conposite nanocrystal layer 6 (silicon layer) can be heated at 250C in
vacuum before the formation of the carbon thin film7a, to renove water
-absorbed in the conposite nanocrystal |ayer 6 so as to provi de enhanced 5
characteristics or stability of the electron source elenent. Further, the
carbon thin film7a can be forned in sucééssion to the conpletion of the
aenoval of the water in the conposite nanocrystal |ayer 6 by heating or
warm ng, to keep the conposite nanocrystal layer 6 fromwater while 10
preventing water from being re-absorbed therein when the quantum device is
taken out iMMyentédospheskeadé@rthheudlor e i gnaodsthe tae bohetbronsi tan7a
(capping effect), so as to provide nore enhanced characteristics or
stability dfetbeabllgctanit tsaalr Eeoel eimentcdiizosWe | rahbergboué dffyent 45 may
al so be obtained by renoving the water through a heat treatnent in a
process pregegenit t @ dderdepicet bOn e t peppanborptidtiandridin duld neonphsi t e
nanocrystal |ayer (silicon layer) including the nunber of nanocrystalline
silicons wosl geash | ymigsabsordpawieiomhen an elactLon; saecee POctrons
intermedi ate product is taken out into atnosphere after the heat treatnent,
due tosits f@@&hﬁbc%' th¥ Qfurahser MngtMat ebmbBereen nahdesysitha fosyati on of
the carbon thin film 7a under a tenperature of 250C or nore allows the

carbon thingfd | @uli@ teey fes M eonys feus OpRLid ea fe8ACYs@A  ayenrnalitgy 25
removing water therefrom so as to performan effective 3 wat er-renovi ng

operation. diysuoReEakl QhrifadeotelddidRik 1D bBBagkECERAY SRIHIGE B, hBHt can
al so be applied to other quantum device such as a light-emtting device. In

this operatdplet+tbgs CAEbRBnE hbRehii hisrpRY be forned after heating 5 the
conposite nanocrystal layer 6 (silicon layer) at 250C or nore to renove

wat er therefrom Tﬁé‘de&QQErBHOEbﬂgcteh%l%‘rhl%%ttr ale dr d GAR L EMPRT BLHT €.

In the production process of the electron source 10, the electron source 10
may beysubj 5%?§ t r;eat ft arhon _thin and

t he ngtal %§6€€|In1%% re fé%ﬁegsﬂﬁgéggg aﬁ%f%P?ogetgﬁe ElecF%ngFﬁgfd is
applied to é?g%ﬁfgﬁt§89f388r8ﬁ1991n§0D8€9¥ de enhanced stability and heat

resi st ance e electron source efenent Oa or the electron source 10.
In the electron source 10 according to the first

embodiment, the surface electrode 7 is formed of the carbon
thin film 7a having excellent compatibility with the
15 composite nanocrystal layer 6 serving as a base thereof and
high water-repellency, and the metal thin film 7b. The
carbon thin film 7a can provide excellent coverage while
facilitating reduction in film thickness, and prevent
impurities such as oxygen or water from being mixed into
20 the composite nanocrystal layer 6. In addition, the carbon
thin film 7a has excellent adhesion with the composite
nanocrystal layer 6 as well as excellent heat resistance
and oxidation resistance. Thus, the electron source 10 can
prevent or suppress the conventional probléms such as the

25 peeling of the surface electrode 7 from the composite



15 FIGS. 9A to 9D show difference in heat resistance between heat-treated
and non-heat-treated el ectron sources. FIG 9A shows el ectron em ssion
-characteristics neasured under the condition that an electric field is
“applied to the electron source 10 after the formation of 20 the el ectron
source elenent 10a. FIG 9B shows el ectr@d emission characteristics
Jre-neasured after the electron source 10 which has been applied with the
electric field is subjected to a heat treatnent under N2 atnosphere at 400C
just for 1 hour. As seen in FIGS. 9A and 9B, the 25 deterioration of the

em ssi on cunaent¢rystshowsyehato,t hthe 84geéggtionm sdurkde icompomerids G 9C
shows el ectron em ssion characteristics neasured under the condition that

t he el ect rothsosnegate isleaibjosiet €d boda tieat oxiéat ient odndsgre NBuafaospher e
at 400C 5 just for 1 hour after the electron source elenment 10a is forned
and before a@aneetescdei 0.fi efTHersfapp}i ed tcotbhered ecbr dhesoooneedOionat then
an electric field is applied to the electron source 10. The characteristics
in FIG 9C arecappnoxdintel yathegsehe esrthoseeidctt&de IPorhOdFbE oADyshows

el ectron em ssion characteristics neasured under the condition that the
el ectron soufiéemb@al electrode, the electron source 10 according to
the first embodiment can have enhanced durability while
suppressing deterioration in electron emission efficiency.

With reference to FIGS. 3A to 3D, a production method

of the electron source 10 according to the first embodiment

10 will be described bélow. In the production process of the
electron source 10, a lower electrode 2 in the form of a

laminate film formed by depositing (laminating) first and

second metal layers deposited to have a given thickness

(for example, a laminate film formed by depositing first

15 and second metal layers to have a thickness of 330 nm,
wherein the first metal layer is made of titanium to have a

thickness of 80 nm, and the second metal layer is made of

tungsten to have a thickness of 250 nm) is first formed on

the side of one surface of an insulative substrate 1. Then,

20 a.non—doped polycrystalline silicon layer 3 having a given
thickness (e.g. 1.5 um) is formed on the lower electrode 2

to provide a structure as shown in FIG. 3A. The lower

electrode 2 may be formed, for example, through a

sputtering method or a vapor deposition method. The

25 'polycrystalline silicon layer 3 may be formed, for example,




subjected to the heat treatnment in FIG 9C is re-subjected to a heat
treatnent under NZ at nosphere at 400C just for 1 hour, and then an electric
field is applied to the electron 15 source 10. As seen in FIGS. 9C and 9D,
"the characteristics in FIG 9D are approximately the same as those in FIG
9C, which shows that the el ectron source?Ps not damaged. That is, the

el ectron source 10 has a heat resistance against 400C. 20 If an electric
field is applied to a non-heat-treated el ectron source 10, the el ectron
source 10 will be damaged after heat treatnent, because the carbon thin
film 7a unstabbegh n af | CHPquee thad daid§a Dol Bhed, dRMefatE by Vel Bt tond
(quanta) passing therethrough. Thus, the 25 el ectron source 10 shoul d be
subj ect ed toatebyticealPemeth®b etdefora appyieming aaddtadc A ebdto
the el ectron source 10, to provide enhanced filmquality of the carbon thin
film 7a and(toptbredueaGreesi st@htecot) t heeshedyr orPBoufce MEELAd t é
surface electrode 7 is fornmed of only the carbon thin 5 film7a, the

el ectron sogepesi0ingy aherphbuected taora aedt thesat hasrr-adnrealieg ckRBon
thin film7a i1s fornmed therein and before the electric field is applied to
the el gctropmsephees19i1iB8ohhi s way, the el ectron source el enent 10a or the
el ectron source 10 can have enhanced stability and heat 10 resistance as
with the above caseer Thihe opsrfmdtDoni sfnathd imin-edopedt belekceystehlévar ce
10, but can also be applied to other quantum device such as a
light-emttiiRgideMi cayekr 3N & pragidcate stanspoysital t heybeat resilsdange
agai nst 400C i s one o? critical characteristics for the 15 el ectron device
10 because phisrieauitede toliesamptrainkobla wacverysealliligepsédéssongsing
frit glass. Thus, the heat treatnent should be perfornmed at a tenperature
close to 40Q6. |fridhe tRMMYAIUL € i SiEXERSSI VESY | Ovemetihan th@0Cght heaf i | m
quality will not be sufficiently inproved. If the 20 tenperature is
excesgipvel y fhi 1400Cont Be ceRisROR ot Bird viiidema? & tatudtve ematsals hiokinn
filn1§8 mj|PQE%Q§§§§§§§}4$%§§, ?t i's desirgble to performthe heat

treatment at aghenpggpature of 380 to 420C

The nanocrystallization process is performed by using

a processing bath containing an electrolytic solution which

is a mixture prepared by mixing a water solution containing

15 55 wt$ of hydrogen fluoride with ethanol at a ratio of

about 1 : 1. In the processing bath, a given voltage is

applied between a platinum electrode (not shown) and the

lower electrode 2. The composite nanocrystal layer 4 is

formed by supplying a given constant current to the

20 polycrystalline silicon layer 3 while irradiating it with
light.

After the completion of the nanocrystallization

process, a composite nanocrystal layer 6 having the

structure as shown in FIG. 1B 1is obtained through an

25 oxidation process to provide a structure as shown in FIG.



More specifically, the above heat treatnment or the 25 formation of the
surface electro rode 7 can be perforned, 36 for exanple, by the foll ow ng
-process. It is understood that this process is not limted to production of
“the electron source 10, but can al so be applied to production of other
guantum devi ce such as a light-emtting @évice. 5 As with the above
exanple, a lower electrode 2 made of netal is first formed on an insulative
substrate 1 fornmed of a glass substrate. Then, a polycrystalline silicon

| ayer 3 is formed on the |lower electrode 2, for exanple, through a plasm
CVD. The pogyecrystmid i nexiddtiian lpayefesd 1Qsi spsulfpeaked be ausing an
nanocrystallization process based on anodi ¢ oxidation, and a conposite
nanocryst al ok 8yt ién+prboesEiIny WLal i NnGomwtader ifid s ahher el acthodyghcan

el ectrochem cal oxidation process. Then, a carbon thin film7a is forned
through a 15:3Rtiéer (8ggprocess/ 1| Of thisH,pr acess/1an feHRoL | 0OAqEQUFEgia

i nternmedi ate product is heated up to 250C under a vacuumof 1 x 10-5 Pa or
less to forgia, parban tdid dkidvaohayiog, aat Riickpessoidfage g Bypingdt his
process, the vacuumis once reduced due to desorption of water fromthe

conposit e 20 PRHOET St h altavih be YOEEFodS heritedsabwWRr Mty Afhleer 1ower
substantially the entire water in the conposite nanocrystal |layer 6 is

desorbed thgigffphyet he vasuwWNdEYRenli® 4108, Od'bix?.i(c)ﬂ%le vahde bshgh8ite

heating. Then, the carbon thin film7a i1s forne ave a thickness of

nm After tgﬁ?ﬁgr Oryat hoRof 4 he ¢aLHARNt BiA Sf iﬁxrageasls,t hend espRpakyte is

37 reduced Intaining the vacuumto forma C |ayer having a

thi ckness Oﬁaﬁoe%éeglan A daves having, g thi ckpgss of ,8,om sihen, i he

el ectron source I'sS subj "'ected to a heat treatnent under N2 atnosphere at

400 C5 ju?éré&chHE%gg%ﬂéesi‘?igbﬁgt6!39 Lha! BnkSsapRbbRdokogkhes ehectbon

source 10. con I ment second I ment of the present 1 nvention

w il b desgyi ?gﬁ;ggkﬂgw Aﬂl%a%d&ei@a%@ncgopﬁ%q%sdifg.ﬁghtgﬁtﬁgg&ngol(ehe

enbodinment 1's a emtting vice ad o emt ased on

et L BLEcPRBLhE E0F! B3 N A SLECTHRD! Gl 68, UELLEZERG

nanocr yst al e sil1cons. snown 1 n |gh -emtting device

cubctrate 207 GnbiER BRAFESE! BREPoRE 30t FBY HedoBh LH: CKARR 2ol BEECAPSt he

n-type silicon gubstr te 21. A lum nescent |ayer 26 having a nunber of
nanocrystalW?Xe & Ffcons 63 (see FIG 10B) is formed on the front surface

of the silicon Sﬂgggga%ﬁez%brﬁg i%n gEpgﬁeehgﬁéggQ%ezEahgcrystal layer

15 6, a carbon thin film 7a and a metal thin film 7b are
formed in turn, and a surface electrode 7 in the form of a
laminate film formed by depositing (laminating) the carbon
thin film 7a and the metal thin film 7b is formed on the
composite nanocrystal layer 6 to provide an electron source

20 10 having a structure as shown in FIG. 3D. While the
carbon thin film 7a may be formed through various thin-film
forming methods, such as a vapor deposition method, a
sputtering method, an ion plating method, a thermal CVD
method or a PECVD method, it is understood that a thin-film

25 forming method capable of forming a thin film having even



20 formed on the lum nescent layer 26. In this light-emtting device 20, a
| oner electrode 25 is conprised of the silicon substrate 21 and the ohmc
-el ectrode 22. The |um nescent |ayer 26 is sandw ched between the | ower

el ectrode 25 and the upper electrode 27. Mre specifically, the | ower 25

el ectrode 25 is disposed on one side in &% thickness 38 direction of the
Jum nescent |ayer 26, and the upper electrode 27 is disposed on the other
side, so that the | ower electrode 25 and the upper electrode 27 act as a
pair of electrodes. In this light-emtting device 20, light 5 generated in
t he | um nestebh thyekn26si snduepuk ldendi dovdnagegleiihel dipperuseect r e 27.
The thickness of the upper electrode 27 is set at about 10 nm The

| um nescentméayer 26 n sfibnmedbybsulfjeantdchgthrpobiicryestialis nehsnkif¢am

| ayer or a silicon layer to a 10 nanocrystallization process and an

oxi dati on processg Aseisioaw, | isudHc ak0 B, tdeot umdayescidnitor] ayerthi2a@l,i nal udes
a plurality of polycrystalline silicon grains 51, a thin silicon oxide film
52 formed oyputtbeisyrhetrodf eachonfplheiggainsshbd, othe oubbmetabd.
nanocrystalline 15 silicons 63 residing between the adjacent grains 51, and
a silieon oxide fThémabévkorened tewer s csurdmeiiofi @achetiod h€llows an
nanocrystalline silicons 63. The silicon oxide film®64 is an insulating
film havi ngegethieknessud®ssithaiy tbe gnsdddedr aikn $i aeghf fiheld rate
nanocrystalline silicon 63. It 20 is believed that the remaining region of

the | um nesgentcl a¥RipAG iRy thaptethergtabns 3h tdEdareer yshalkking
silicons 63 and the silicon oxide filns 52, 64 is fornmed of anorphous

silicon or partibabh¥yoxhdi ZRgravpnghausapihiegn. That is, the |um nescent
| ayer 26 includes the 25 polycrystalline silicon, and the nunber of

ol yoryatal 1ine 2711 con  Eoon oot T graine o1 citonde oot ey
di rectipon o kL 'd%gyg te T I €Gh00e; Ril~d ripgd of
a par%gn th?%ﬁ?§F%$% gggllaniﬁ%?édl%%eghgﬁlgﬁ?ﬁgggﬁnﬁkfa3§#ggg?§aﬁglggneta
thin film2gb,Lamgatedqondhgqgathen t nehel MIrder Jite, CAHRON LRiiR G | m
27a is in contact wth the nanocrystalline silicons t hrough the
respective silicancoxi fy ed oV : age of
nanocrystal?%%%ﬁgiP?cgﬁg'éﬁéﬁﬁéﬁégﬁyewvo I%%p%?%%é#%% g%éor%%?%ﬁeéf Fight
generated itk um t d:gyer .26 e eri ti o]

opti cal outgﬁ%?g?hen%ﬁ?ﬁﬁﬁgsgﬁg%ltﬁg é%r:%%%¥h?%y%pﬁﬁgg%h F%i?héﬁﬂépgf

hi ckness o FRESES: Bn=r RPROFEr AT £ T87n b R con 81 Lk & i m 27b &'
arranged at —about _1 Far re t f. the r t hi n
arrangsd ol ;A0QUL 1000, FALCEUR SATENECRMNS AR MORE.L (e athOn AP
carbon thi nPFPERRI7RTcaR SFOBLEETisR Beokte e bW watte T
facilitating reducti in filmzihi cknes an revent_ i rifres as
oxygen or water #&on&%&?nge '§E£P?nt88P%gelu%#ﬁes%é?érégggr %és IﬁH&@t

addition, the. carbon,.thin film 27a has _excel |l ent _adhesi Wi h
Iuninescentepggg%mfgta§iﬁeF?e§Lagxé%}I%g?cﬁggP S N S

number of electron source elements 10a may be prepared by
20 appropriately patterning the lower electrode 2, the surface
electrode 7 and the composite nanocrystal layer 6, and then
arranged on the side of one surface of the insulative
substrate 1 in a matrix pattern. Further, in the first
embodiment, the surface electrode 7 1is composed of the

25 laminate film consisting of the carbon thin film 7a and the



25 resi stance and oxi dation resistance. 40 The material of the carbon
thin film27a nmay be sel ected on the sane basis as that of the carbon thin
-film7a in the first enbodinment. In this case, it is understood that the
sanme effects as those in the first enbodi nent can 5 be obtained. Further,
if an inpurity is doped into the carbon £fin film27a to provide a
:conducting property therein, the electrical resistance of the carbon thin
film27a will be reduced. Thus, a required driving voltage and power
consunption can be reduced whil e suppressing 10 undesirable affects from
heat gener atdterl othiml fate dbop iHPHeewar Bom SHFR2EE|I MLIETELCYS Wi tHPY he
carbon thin film7a in the first enbodinent. The material of the nmetal thin
film27b mpe ey tiie sambdastbimstilmt’af the netal thin film
15 7b in the first enbodinent. In this case, it is understood that the sane
ef fects as those(Exuigie fdf sEimsthRilmedine=t) be obtained. In order to allow
the light-emtting device 20 as shown in FIG 10A to emt light therefrom
a voltage may beaROchpptied betweenlOhe suppeii ks tecvanitl @ WandP¥ AL dther

el ectrode 25. The |um nescent |ayer 26 generates light in response to an

el ectric fighdaasbiragntbewdan Wan phedvotiagemeshagplaicsy rsdingecke t Beeupper
el ectrode 27 and the | ower electrode 25. The light generated in the

| um nescent £ 25s4 a¥@ibodBmehtem dhed ressictd vaf t @ging andranad ey tsirisughtt he

diode current Ips and emission current Ie in the electron

source 10 were measured. The measurement result is shown

in FIG. 4. In the first example, an insulative substrate 1

10 is a glass substrate. A lower electrode 2 1is a laminate

film consisting of a titanium layer having a thickness of

80 nm and .a tungsten layer having a thickness of 250 nm,
which were formed through a sputtering method.

In the first example, a non-doped polycrystalline

15 silicon layer 3 (see FIG. 3A) was formed through a plasma

CVD method to have a thickness of 1. 5 um. The

nanocrystallization process was performed by using an

electrolytic solution prepared by mixing a water solution

containing 55 wt% of hydrogen fluoride with ethanol at a

20 ratio of about 1 : 1. 1In the electrolytic solution cooled

down to 0°C, a constant current of 25 mA/cn? from a power

supply was supplied between the lower electrode 2 serving

as an anode and a platinum electrode serving as a cathode

for 8 seconds while irradiating the principal surface of

25 the polycrystalline silicon layer 3 with light by using a



41 upper electrode 27. In the light-emtting device 20 according to the
second enbodi nent, the upper electrode 27 is fornmed of the carbon thin film
-27a having excellent conpatibility with 5 the |um nescent |ayer 26 serving
as a base thereof and high water-repellency, and the nmetal thin film 27b.
The carbon thin film 27a can provide exceél | ent coverage while facilitating
ireduction in filmthickness, and prevent inpurities such as oxygen or water
frombeing mxed into 10 the |Ium nescent |ayer 26. In addition, the carbon
thin film27a has excellent adhesion with the |um nescent |ayer 26 as_ well
as excel | entOhdat turgssemntemANdSoRi daghén s0adicst-andt FirEtieERenical
light-emtting device 20 can prevent or suppress the conventional problens
such as theoxbddtion IPrafeshevappesed| et tlorlcop7dd t bon t ECTLHE nestem | ayer
26, the aggregation of the conponents of the upper electrode 27 and the
oxi dati on obxidmet ippepretessinge b27th Theredbringas coapitedh o, 2
conventional light-emtting device having the upper electrode fornmed of
only the netaltafecvfods, Yhea20 domghtecenpetwaen devirle R0t cotef hEed® t he
second enbodi nent can have enhanced durability while suppressing
deteriBrati oot nsiopitn cahndutpat lowéthetederetdee2to FIGS. 11A to 11D, a
production nethod of the light-emtting device 20 according to the 25
second enbodi nent shtrfabe desctrbéd bHeiswa lamPniahnet iiblpr odusisbhngroess
of the light-emtting device 20, an ohmic electrode 22 is first fornmed on
the back susfagepef Bhshl Feom 3ubsavahe 21thTbknesa abn2dopednd a gold
polycrystalline silicon |ayer 23 having a given thickness 5 (e.g. 1.5 um
is formed opnhihe ANNchPin§uel agel Gnddre sfl ilooms ukdticat eveXie t 6opmedi de a
structure as shown in FIG 11A The non-doped polycrystalline silicon |ayer
23 may be fenpBdghhsoyghttbeifagnRefRbod as that of the polycrystal silicon
layer 3 in the first enbodinent. 10 After the formation of the non-doped
pol yciystal | i nergi hbgo0rhiayenidde aupasner ypsahnbagaisddonnchindeng de,
pol ycrystalline silicon, nanocrystalline silicons and anorphous silicons is

formed through ananadystalkbzatliconygsoFagstt ol pf eyddeed@ Str ULt vaeuas
showmn in FIG 11B. The 15 nanocrystallization process nmay be the sane as

that in thecBBﬁEEren@HgknEQﬁewﬁﬁFfﬁaﬂimféx”HHKﬂééHbﬁﬁ dikstrode 9 was
nanocrystal l1zation process, a |lum nescent |ayer 26 having the structure as

shown in Fl &; SL8BekS gt %’b%@ehhrpélﬂ&tféh oxbdathOn spreeess 2ledOrqdeviide a
structure as shown in Fl 11C. The oxidation process nay be the sane as

oo R od RIS yeneh b pfseeh aver

15 manner that the collector electrode 9 has a higher
potential than that of the surface electrode 7 while
applying a DC voltage Vps in such a manner that the surface
electrode 7 has a higher potential than that of the lower
electrode 2.

20 FIG. 4 shows the measurement result of electron
emission characteristics on the condition that a vacuum in
the vacuum chamber is 1 x 10™° Pa, and the DC current Vps
is 19 V. In FIG. 4, the horizontal axis represents a

lapsed time, and the vertical axis represents a current

25 density. Further, o indicates an aging characteristic of



in turn. Through this process, an upper electrode 27 in the 25 formof a
laminate filmformed of the carbon thin film 27a 43 r and the netal thin
-film27b is formed on the |um nescent |ayer 26 to provide a light-enmitting
device 20 having a structure as shown in FIG 11D. The respective nethods
of fornming the carbon thin film27a and #8e netal thin film5 27b nmay be
the same as those of formng the carbon thin film7a and the metal thin
film7b in the first enmbodi ment, respectively. The above production method
allows a light-emtting device 20 to be produced at a high yield rate while
10 suppresstig detrerntr ateinii tivn @t dtedie ogiipuenandPsmpredd g #DAABAFPEY. 1 n
the second enbodi ment, the lum nescent |ayer 26 includes the silicon oxide
films 52, 64niagaddi thamattetrhietpol pdr yuteal durrernst | dewdl gy aphs eBisgaant he
nanocrystalline 15 silicons 63. However, a silicon nitride filmor silicon
oxynitride &ubpemayIbe i wdssh atn aF3absHi t dthe fareatirorsisdwore okPdetfil ms
52, 64. In this case, instead of the oxidation process, a nitriding process
or an oxyni thedi ngirst example exhibited an excellent aging
5 characteristic in both the diode current 1Ips and the
emission current Ie.
FIG. 5 shows respective aging characteristics of diode
current Ips and emission current Ie in an emission source
10 of a second example and an electron source of a
10 comparative example. In FIG. 5, the horizontal axis
represents a lapsed time, the vertical axis on the left
side representing a current density of diode current Ips,
and the vertical axis on the right side representing a
current density of emission current Ie. Further, o
15 indicates an aging characteristic of the current density of
diode current Ips in the electron source 10 of the second
example, p indicating an aging characteristic of the
current density of emission current Ie in the electron
source 10 of the second example, y indicating an aging
20 characteristic of the current density of diode current Ips
in the electron source of the comparative example, and &
indicating an aging characteristic of the current density
of emission current Ie in the electron source of the

comparative example. Differently from the electron source

25 in FIG. 4, the electron source 10 of the second example



process may be used. 20 In the second enbodi nent, the upper electrode 27 is
conposed of the lamnate filmconsisting of the carbon thin film 27a and
-the nmetal thin film27b. However, the supper el ectrode 27 nmay be formed of
only the carbon thin film27a. In the second enbodi ment, the | ower

el ectrode 25 is 25 conposed of the silicéd substrate 21 and the ohmic 44
‘el ectrode 22. Alternatively, the lower electrode may be a single-Ilayer or
mul tilayer netal thin filmmde of netal and fornmed on the insulative
substrate, as in the first enbodinent. 5 In the light-emtting device 20,
whi | e the |ustdedberithd FyRasweenert uds F4C | easta t FelhafABcPyst3d | Y nwas
silicons 63, the grains 51 are not essentially included therein. In this
case, a paréppliedeipriths preldakierePbPCend- si ITheore kabsidht 80PICmgthe
subj ected to the nanocrystallization 10 process and the oxidation process
wi t hout forobmgatheipel ystapstlsl | hae < | Besharay arlexdfa héoprracidal @
surface of the silicon substrate 21. Further, the silicon oxide filns 52,
62 may be ngbldstknnhi &fily.included. In this case, the oxidation process may
be omtted, or the silicon oxide 15 filns 52, 62 may be renoved after the
format bon of theAsilsemm dxi dEI¢i| s 52he6xleqtnde sesdse ehbodifelihe the
non- doped pol ycrystalline silicon layer 23 is formed on the n-type silicon
substrate 2%ecbndt eadmpfl et lissinst et e face relgper&te pol ferypsdabli ifbe
silicon | ayer may be used as the polycrystalline silicon |ayer 23.

Al ternativellgmiaapet §pémscbhedstinhsbfatbeandraop- thpe gaolycipsead ithe
silicon layer may be used as the silicon substrate 21 and the

pol ycryst al mknelsi | tieom | afielm 23,7k espebtibieky. 24n ( Bexygd el axft Seegridg
Enbodi ment) 45 A light-emtting device 20 as one exanple was actually
produced i ncageardapsetwict bt hehgr eniietion metriredtaceor dasgcbopthedseoond
enbodi nent, and a vol tage-current characteristic and el ectrol um nescence

i ntensioty (Ehebcbhparsitiyr wRaepleasavddg The seafaceneltectesde fosmekown
in FIG 12. In this exanple, an n-type silicon substrate having a
resistivityogf dhilly tKen Masalsetias fimnsi | Thap dubhstirtat es2proved that

the electron source 10 of the second example provides
enhanced aging characteristics in the emission current Ie
and the electron emission efficiency, as compared to the

15 comparative example.
FIG. 6 shows respective aging characteristics of diode
current Ips and emission current Ie in an electron source
10 which is different from the electron source concerning
FIG. 4 in terms of the conditions of the
20 nanocrystallization process and the oxidation process. In
the nanocrystallization process for the electron source 10
concerning FIG. 6, a cycle consisting of a low current
period for supplying a current of 2.5 mA/cm? for 2 seconds
and a high current period for supplying a current of 25

25 mA/cm? for 4 seconds was repeated three times. Further, a



A non-doped polycrystalline silicon |ayer 23 (see FIG 10 11A) was forned

t hrough a plasnma CVD nethod to have a thickness of 1. 5 um The
-nanocrystallization process was perforned by using an electrolytic solution
prepared by m xing a water solution containing 55 w % of hydrogen fluoride
with ethanol at a ratio of about 1 . 1. PA the 15 el ectrolytic solution
cool ed down to OC, a constant current of 25 mA/cn2 froma power supply was
suppl i ed between the | ower el ectrode 25 serving as an anode and a pl ati num
el ectrode serving as a cathode for 8 seconds while irradiating the_,

princi pal sbaphdeherting psi@etyonalRbafes0 W3s i 68 AferthS aﬁ—ﬁaFFaﬁt by
using a 500 Wtungsten lunp as a light source. An electrochem cal oxidation
process waspuseesas t heTbri datliesiyerocesirden af ox¢erEeombrdceEsFng Bath
containing 1 nol/1 of H2S04, a voltage of 27 V was applied between a

pl ati num el eghibileedneh showd)ledd amidbild Hyoweraiglsctadeg 285 Wil AReupper
electrode 27 is a lamnate filmconsisting of a carbon thin film 27a havi ng
a thi cknessebéc2rom aodraegofdthhi Aiifstnekawbhg ant RL6knéss of 10 nm which
were formed through a sputtering nethod. 5 In FIG 12 show n .
characteristics dh tthe |élgtendnt sngrdevilde 00 dhe pxesxapphlayventaon,

hori zontal axis represents a voltage applied between the upper el ectrode 27
and t he | oweheekadtkndes26f ahe tdeerbeer tihdal %iXirs bn ihesé¢efatsidam or
representing a current density of a current 10 fl ow ng between the upper

el ectrode 2@oasd thad owdnsel edta odea@n anchime ¥ekmi cabnaxbs omstiekd yri ght
side representing an el ectrol um nescence intensity. Further, a indicates a
dependence ehtt-Baueusrent density of the current flow ng between the

el ectrodes 27, 25 to the 15 applied voltage, and ~ indicates a dependence
of the el ectrol uprpgscenge wAdengityshewt hehappkitativdityagef As leedronn
FIG 12, the light-emtting device 20 of this exanple provided excell ent
optical out pul sshbhespRsticte rafstilkes o athd ysodbi het yobfade odeplduad dmet ween
20 the upper electrode 27 and the |lower electrode 25. FIG 13 shows a graph
showi ng respeet i wanidQiith Char aeher Tst izo8l ofldderenr ernssdensidff iefi drrey
current flow ng between the el ectrodes 27, 25, and the el ectrol um nescence
intensity. L¥ Fifee 13ietbeoRorigonial 125 axhsreepresests aal apisedb tiths the
vertical axis on the 47 left side representing the current density of the

current flownngahelweerilhe U4ppsh eheckiode sbliraiuk t hecleiengebkedarasa 25,
and the vertical axis on the right side
thin film 7a having a thickness of 0.5 nm, and FIG. 7B
15 shows the characteristics in an electron sources including
a carbon thin film 7a having a thickness of 1.0 nm. As

seen in FIG. 7A and 7B, while the carbon thin film 7a

having a thickness of 1 nm provides a stable electron

emission characteristic, the electron emission
20 characteristic is significantly deteriorated in the carbon
thin film 7a having a thickness of 0.5 nm. The reason of

this deterioration would be assumed that carbons
constituting the carbon thin film 7a grow in an island
shape without forming a complete film when the thickness is

25 0.5 nm. The reason would alsoc be assumed that even 1f a



representing the el ectrolum nescence intensity. Further, a 5 indicates an
agi ng characteristic of the current density of the current flow ng between
-the upper electrode 27 and the | ower el ectrode 25, and ~ indicates an aging
characteristic of the electrolum nescence_intensity. As seen in FIG 13,
the light-emtting device 20 of this exanple provided 10 excel |l ent aging
icharacteristics. Wile not shown in FIG 13, the light-emtting device 20
of this exanple also has excellent aging characteristics in both the
current density and the el ectrol um nescence_intensity, _as _co areg to the
conventionafilfghtsenfeting Heyned  ha¥i ngut heCupper %ngFECtEEHBO 7 BSrned
of only the netal thin film Wile the present invention has been_descri bed
by referencebtairpdcifiec BabediGRSTiVelvar B8R foidi™ i ERLFERESENd affBfati ons
w || beconme apparent to those skilled in the art. Therefore, it is_intended
that the present the ismrdimdeorelectwnnds i hi £8d fogmede qf |the rgarhen thin
enbodi nents herein, but only by the appended clainms and their equival ents.

| NDUSTRI AL APPi| CABldndrYne6aisthint ifddad Hbovel fhe dpfdmiedm devFek the

according to 48 the present invention is useful for providing inproved

adhesi 6n of thheksasfaoé &hecicrsibonwithint Hd 1gi | Tacat | AyRiR, Oheh€SPeSPs@&nce

and oxi dation resistance as well as enhanced durability, and suitable as

el ectron soubcesdirces theghtfidm ttthimgkndes ce§. the surface electrode 7.
on the other hand, when the surface electrode 7 is formed
of only the carbon thin film 7a without the metal thin film
7b, it is desired to set the thickness of the carbon thin

10 fiim. 7a at 3 nm or more so as to suppress increase in

electrical resistance. This condition is not limited to
the electron source 10, but can also be applied to other
quantum device such as a light-emitting device.

If the carbon thin film is formed under 250°C or more,

15 the electron source element can have enhanced
characteristics or stability.

FIG. 8 shows the relationship between desorbed water
content and temperature when the temperature of a silicon
layer is increased to desorb water in the silicon layer

20 (through Thermal Desorption Spectrometroy). In FIG. 8, the
amount of desorbed water is represented by the value of ion
current in proportion thereto. As shown in FIG. 8, some
peaks of desorbed water amount can be found in the

temperature range of 250°C or less. At these peaks, water

25 absorbed in the silicon layer is desorbed. Thus, the



49 CLAIMS 1. A quantum device conprising: a lower electrode; 5 a silicon

|l ayer forned on said |ower electrode, said silicon layer including a number
-of nanocrystalline silicons to induce a quantumeffect in response to an
electric field applied thereto; and a ca Qon thin filmforned on said
silicon layer to be 10 in contact with t%e nanocrystalline silicons. 2. The
iquant um devi ce according to claiml, further conprising a metal thin film
formed on said carbon thin film 3. The quantum devi ce according to claim

2, wherei id 15 | i ' i :
e e oot L bines et b S CoPRSEreSh BalBL Frth, 88, Rebedalr o

: : R P i'am “Zrrconi um
titanium tantalum iridium niobium chrom al_ unm '
nitride thereok504C ?ﬁeV&G&Hﬁﬂumeé%ecé%&cfogrrgﬁ*n%tgla‘%%ngc bt i‘?g’\‘/\ﬁgﬁbhﬂ Bai

érern said

20 carbon thin filmis conposed of graphite or graphite-]ike car : Th
quant um devitdmacéardi f§ t Fe&eFiem Walffer & ‘%Q? 2a¥%on£?ﬁincPP$§$ﬁ5§-a ©

conducting property yielded by doping an inpurity therein. 25 6..The
quant um deviaroatgdtding taveFai nPl, ®RerePd saf provide ~ ehhanced

5 characteristics or stability of the electron source element.
Further, the carbon thin film 7a can be formed in

succession to the completion of the removal of the water in

the composite nanocrystal layer 6 by heating or warming, to

keep the composite nanocrystal layer 6 from water while

10 preventing water from being re-absorbed therein when the
quantum device 1is taken out into atmosphere after the
formation of the carbon thin film 7a (capping effect), so

as to provide more enhanced characteristics or stability of

the electron source element 10a. While the above effect

15 may also be obtained by removing the water through a heat
treatment in a process precedent to the formation of the
carbon thin film, the composite nanocrystal layer (silicon
layer). including the number of nanocrystalline silicons
would easily re-absorb water when an electron-source

20 intermediate product is taken out into atmosphere after the
heat treatment, due to its high ability of absorbing water
therein. Thus, the formation of the carbon thin film 7a
under a temperature of 250°C or more allows the carbon thin

film to be formed on the composite nanocrystal layer after

25 removing water therefrom, so as to perform an effective



50 carbon thin filmhas a thickness of 5 nmor less. 7. The quantum device
according to claim®6, wherein the thickness of said carbon thin filmis 1
snmor nore. 8. The quantum device according to claim1, wherein said 5
carbon thin filmis a filmformed under a tenperature of 250C or nore. 9.
The quantum devi ce according to claimi, ¥hich is subj ected to a heat
dreatnent after said carbon thin filmis formed therein and before the
electric field is applied 10 thereto. 10. The quantum device according to
claim2, which is subjected to a heat treatment after said carbon thin film
and sai d mewakerhrampvingapeeratidd -t hERéPnCRR2BEPBr &St RetelldBELPE fPel d
is applied thereto. 15 11. The quantum device according to claim9, wherein
sai d heat ttbat mdmctiromesdwredlis Puterfist atlse §F FMPLA2bE OIRerThe
quant um devi ce according to claim10, wherein said heat treatment is.
perforned atjuantempeteativree wic3gast @ 2biglPoCriBt iMte dgvaseum déni Eals
according to any one of claims 1 to 12, wherein said silicon layer is a
strong el ecopecatiiehd dhbftakbyerthapaﬁﬁémomaacbelépamﬁdgaéﬁéét%@ﬁ§ibased
on a strong electric field effect, wherein said quantum device 25 serves as
an el e6t rontheuroaposifet nanocrystal layer 6 (silicon layer) at 250°C
or more to remove water therefrom, and then cooling the
substrate down to room temperature.
In the production process of the electron source 10,
the electron source 10 may be subjected to a heat treatment
10 after the carbon thin film 7a and the metal thin film 7b
are formed therein and before the electric field is applied
to the electron source 10, to provide enhanced stability
and heat resistance of the electron source element 10a or
the electron source 10.
15 FIGS. 9A to 9D show difference in heat resistance
between heat-treated and non-heat-treated electron sources.
FIG. 9A shows electron emission characteristics
measured under the condition that an electric field is
applied to the electron source 10 after the formation of
20 the electron source element 10a. FIG. 9B shows electron
emission characteristics re-measured after the electron
source 10 which has been applied with the electric field is
subjected to a heat treatment under N; atmosphere at 400°C

just for 1 hour. As seen 1in FIGS. 9A and 9B, the

25 deterioration of the emission current Ie shows that the



14. The quantum devi ce according to claim 13, wherein said silicon layer is
a conposite nanocrystal layer which includes a polycrystalline silicon, and
-a nunber of nanocrystalline silicons residing around the grain boundary 5
of said polycrystalline silicon. 15. The quantum device according to any
one of claims 1 to 12, wherein said silicdh layer is a |lumnescent |ayer
:capabl e of generating light in response to an electric field applied
t hereto, wherein said quantum device serves 10 as a light-emtting device.
AY.AY. AF. A A A A AAAAAMAAAAA AAAAAAAAAAAAAAAAA
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400°C.

20 If an electric field is applied to a non-heat-treated
electron source 10, the electron source 10 will be damaged
after heat treatment, because the carbon thin film 7a
unstable in film quality damage would be damaged by
electrons {quanta) passing therethrough. Thus, the

25 electron source 10 should be subjected to heat treatment
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lo!p! qlt! vl Z"##gE:
to provide enhanced film quality of the carbon thin film 7a
and improved heat resistance of the electron source 10. If
the surface electrode 7 is formed of only the carbon thin
5 film 7a, the electron source 10 may be subjected to a heat
treatment after the carbon thin film 7a is formed therein
and before the electric field is applied to the electron
source 10. In this way, the electron source element 10a or
the electron source 10 can have enhanced stability and heat
10 resistance as with the above case. This operation is not
limited to the electron source 10, but can also be applied
to other quantum device such as a light-emitting device.
From a practical standpoint, the heat resistance
against 400°C is one of critical characteristics for the
15 electron device 10 because it is requited, for example, for
a vacuum-sealing process using frit glass. Thus, the heat
treatment should be performed at a temperature close to
400°C. If the temperature is excessively lower than 400°C,
the film quality will not be sufficiently improved. If the
20 temperature is excessively higher than 400°C, the carbon
thin film 7a or the metal thin film 7b will be damaged.
Thus, it is desirable to perform the heat treatment at a
temperature of 380 to 420°C.

More specifically, the above heat treatment or the

25 formation of the surface electro rode 7 can be performed,
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3986109 for#exgmgyg()by the following process. It 1s understood

'10%Z&f() 1109%Z& () - &$109%Z& () - M 10%Z&' () - 0F00111111UJ @Dnlslo%ﬁ& ()
10Z 10Z that this process 1s not limited to production of
electron source 10, but can also be applied to production
of other quantum device such as a light-emitting device.

5 As with the above example, a lower electrode 2 made of
metal is first formed on an insulative substrate 1 formed
of a glass substrate. Then, a polycrystalline silicon
layer 3 is formed on the lower electrode 2, for example,
through a plasma CVD. The polycrystalline silicon layer 3

10 is subjected to a nanocrystallization process based on
anodic oxidation, and a composite nanocrystal layer 6 1is
formed by creating oxide films therein through an
electrochemical oxidation process.

Then, a carbon thin film 7a 1s formed through a

15 sputtering process. In this process, an electron-source
intermediate product is heated up to 250°C under a vacuum
of 1 x 10 Pa or less to form a carbon thin film 7a having
a thickness of 1 nm. During this process, the vacuum is
once reduced due to desorption of water from the composite

20 nanocrystal layer 6 which is heated or warmed. After
substantially the entire water in the composite nanocrystal
layer 6 is desorbed therefrom, the vacuum returns to the
original value before heating. Then, the carbon thin film
7a 1s formed to have a thickness of 1 nm. After the

25 formation of the carbon thin film 7a, the temperature is
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5 just 1 hour before an electric field is applied to the
electron source 10.
(Second Embodiment)
A second embodiment of the present invention will be
described below. A quantum device according to the second
10 embodiment is a light-emitting device adapted to emit light
based on electric field applied thereto, as one of
electronic devices utilizing nanocrystalline silicons.
As shown in FIG. 10A, the light-emitting device 20
according to the second embodiment comprises an n-type
15 silicon substrate 21, and an ohmic electrode 22 formed on
the back surface of the n-type silicon substrate Z21. A
luminescent layer 26 having a number of nanocrystalline
silicons 63 (see FIG. 10B) is formed on the front surface
of the silicon substrate 21, and an upper electrode 27 1is
20 formed on the luminescent layer 26. In this light-emitting
device 20, a lower electrode 25 is comprised of the silicon
substrate 21 and the ohmic electrode 22. The luminescent
layer 26 is sandwiched between the lower electrode 25 and

the upper electrode 27. More specifically, the lower

25 electrode 25 is disposed on one side in the thickness
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direction of the luminescent 'layer 26, and the upper

electrode 27 is disposed on the other side, so that the
lower electrode 25 and the upper electrode 27 act as a pair
of electrodes. In this light-emitting device 20, 1light
5 generated in the luminescent layer 26 1is output outside
through the upper electrode 27. The thickness of the upper
electrode 27 is set at about 10 nm.

The luminescent layer 26 is formed by subjecting a
polycrystalline silicon layer or a silicon layer to a

10 nanocrystallization process and an oxidation process.
As shown 1in FIG. 10 B, the luminescent layer 26
includes a plurality of polycrystalline silicon grains 51,
a thin silicon oxide film 52 formed over the surface of
each of the grains 51, the number of nanocrystalline
15 silicons 63 residing between the adjacent grains 51, and a
silicon oxide film 64 formed over the surface of each of
the nanocrystalline silicons 63. The silicon oxide film 64
is an insulating film having a thickness less than the
crystal grain size of the nanocrystalline silicon 63. It
20 is believed that the remaining region of the luminescent
layer 26 other than the grains 51, the nanocrystalline
silicons 63 and the silicon oxide films 52, 64 is formed of
amorphous silicon or partially oxidized amorphous silicon.
That is, the luminescent layer 26 includes the

25 polycrystalline silicon, and the number of nanocrystalline
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5 27a laminated on the luminescent layer 26, and a metal thin
film 27b laminated on the carbon thin £ilm 27a. The carbon
thin film 27a is in contact with the nanocrystalline
silicons 63 through the respective silicon oxide films 64
formed over the surface of the nanocrystalline silicons 63.
10 In view of suppressing absorption of light generated in the
luminescent layer 26 to prevent the deterioration of
optical output, the thickness of the carbon thin film 27a
in the upper electrode 27 is set in the range of 1 nm to 5
nm. Further, the total thickness of the carbon thin film
15 27a and the metal thin film 27b is arranged at about 10 nm.
For the same reasons as those of the carbon thin film
27a in the first embodiment, the carbon thin film 27a has
excellent compatibility with the luminescent layer 26, and
high water-repellency. The carbon thin film 27a can also
20 provide excellent coverage while facilitating reduction in
film thickness, and prevent impurities such as oxygen oOr
water from being mixed into the luminescent layer 26. 1In
addition, the carbon thin film 27a has excellent adhesion
with the luminescent layer 26 as well as excellent heat

25 resistance and oxidation resistance.
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7a in the first embodiment. In this case, it is understood
that the same effects as those in the first embodiment can
5 be obtained. Further, if an impurity i1is doped into the
carbon thin film 27a to provide a conducting property
therein, the electrical resistance of the carbon thin film
27a will be reduced. Thus, a required driving voltage and
power consumption can be reduced while suppressing
10 undesirable affects from heat generation or voltage drop in
the carbon thin film 27a, as with the carbon thin film 7a
in the first embodiment.
The material of the metal thin film 27b may be
selected on the same basis as that of the metal thin film
15 7b in the first embodiment. In this case, it is understood
that the same effects as those in the first embodiment can
be obtained.
In order to allow the light-emitting device 20 as
shown in FIG. 10A to emit light therefrom, a voltage may be
20 applied between the upper electrode 27 and the lower
electrode 25. The luminescent layer 26 generates light in
response to an electric field acting thereon when the
voltage 1s applied between the upper electrode 27 and the

lower electrode 25. The light generated in the luminescent

25 layer 26 is emitted outside after transmitting through the
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In the light-emitting device 20 according to the
second embodiment, the upper electrode 27 is formed of the
carbon thin film 27a having excellent compatibility with

5 the luminescent layer 26 serving as a base thereof and high
water-repellency, and the metal thin film 27b. The carbon
thin film 27a can provide excellent coverage while
facilitating reduction in film thickness, and prevent
impurities such as oXygen or water from being mixed into

10 the luminescent layer 26. In addition, the carbon thin
film 27a has excellent adhesion with the luminescent layer
26 as well as excellent heat resistance and oxidation
resistance. Thus, the light-emitting device 20 can prevent
or suppress the conventional problems suchlas the peeling

15 of the upper electrode 27 from the luminescent layer 26,
the aggregation of the components of the upper electrode 27
and the oxidation of the upper electrode 27. Therefore, as
compared to the conventional light-emitting device having
the upper electrode formed of only the metal electrode, the

20 light-emitting device 20 according to the second embodiment
can have enhanced durability while suppressing
deterioration in optical output.

With reference to FIGS. 11A to 11D, a production
method of the light-emitting device 20 according to the

25 second embodiment will be described below.
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In the production process of the light-emitting device
20, an ohmic electrode 22 is first formed on the back
surface of a silicon substrate 21. Then, a non-doped
polycrystalline silicon layer 23 having a given thickness

5 (e.g. 1.5 um) 1is formed on the principal surface of the
silicon substrate 21 to provide a structure as shown in FIG.
11A. The non-doped polycrystalline silicon layer 23 may be
formed through the same method as that of the polycrystal
silicon layer 3 in the first embodiment.

10 After the formation of the non-doped polycrystalline
silicon layer 23, a nanocrystal layer 24 including a
polycrystalline silicon, nanocrystalline silicons and
amorphous silicons is formed through a nanocrystallization
process to provide a structure as shown in FIG. 11B. The

15 nanocrystallization process may be the same as that in the
first embodiment.

After the completion of the nanocrystallization
process, a luminescent layer 26 having the structure as
shown in FIG. 10B is obtained through an oxidation process

20 to provide a structure as shown in FIG. 11C. The oxidation
process may be the same as that in the first embodiment.

After the formation of the luminescent layer 26, a
carbon thin film 27a and a metal thin film 27b are formed

in turn. Through this process, an upper electrode 27 in the

25 form of a laminate film formed of the carbon thin film 27a
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layer 26 to provide a light-emitting device 20 having a
structure as shown in FIG. 11D. The respective methods of
forming the carbon thin film 27a and the metal thin film

5 27b may be the same as those of forming the carbon thin

film 7a and the metal thin film 7b in the first embodiment,
respectively.

The above production method allows a light-emitting
device 20 to be produced at a high yield rate while

10 suppressing deterioration in optical output and improving
durability.

In the second embodiment, the luminescent layer 26
includes the silicon oxide films 52, 64 in addition to the
polycrystalline silicon grains 51 and the nanocrystalline

15 silicons 63. However, a silicon nitride film or silicon
oxynitride film may be included as a substitute for the
silicon oxide films 52, 64. In this case, instead of the
oxidation process, a nitriding process or an oxynitriding
process may be used.

20 In the second embodiment, the upper electrode 27 is
composed of the laminate film consisting of the carbon thin
film 27a and the metal thin film 27b. However, the supper
electrode 27 may be formed of only the carbon thin film 27a.

In the second embodiment, the lower electrode 25 is

25 composed of the silicon substrate 21 and the ohmic
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single-layer or multilayer metal thin film made of metal
and formed on the insulative substrate, as 1in the first
embodiment.

5 In the light-emitting device 20, while the luminescent
layer 26 includes at least the nanocrystalline silicons 63,
the grains 51 are not essentially included therein. In
this case, a part of the principle surface of the silicon
substrate 21 may be subjected to the nanocrystallization

10 process and the oxidation process without forming the
polycrystalline silicon layer 23 on the principal surface
of the silicon substrate 21. Further, the silicon oxide
films 52, 62 may be not essentially included. In this case,
the oxidation process may be omitted, or the silicon oxide

15 films 52, 62 may be removed after the formation of the
silicon oxide films 52, 62.

In the second embodiment, the non-doped
polycrystalline silicon layer 23 is formed on the n-type
silicon substrate 21. Instead of this structure, an n-type

20 polycrystalline silicon layer may be used as the
polycrystalline silicon layer 23. Alternatively, a p-type
silicon substrate and a p-type polycrystalline silicon
layer may be used as the silicon substrate 21 and the

polycrystalline silicon layer 23, respectively.

25 (Example of Second Embodiment)
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A light-emitting device 20 as one example was actually
produced in accordance with the production method according
to the second embodiment, and a voltage—-current
characteristic and electroluminescence intensity (EL

5 intensity) were measured. The measurement result is shown
in FIG. 12. In this example, an n-type silicon substrate
having a resistivity of 0.1 Q cm was used as the silicon
substrate 21.

A non-doped polycrystalline silicon layer 23 (see FIG.

10 11A) was formed through a plasma CVD method to have a
thickness of 1. 5 pm. The nanocrystallization process was
performed by using an electrolytic solution prepared by
mixing a water solution containing 55 wt% of hydrogen
fluoride with ethanol at a ratio of about 1 : 1. In the
15 electrolytic solution cooled down to 0°C, a constant
current of 25 mA/cm® from a power supply was supplied
between the lower electrode 25 serving as an anode and a
platinum electrode serving as a cathode for 8 seconds while
irradiating the principal surface of the polycrystalline
20 silicon layer 23 with light by using a 500 W tungsten lump
as a light source. An electrochemical oxidation process
was used as the oxidation process. In an oxidation-
processing bath containing 1 mol/l of H;SOs, a voltage of

27 V was applied between a platinum electrode (not shown)

25 and the lower electrode 25.
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An upper electrode 27 is a laminate film consisting of
a carbon thin film 27a having a thickness of 2 nm and a
gold thin film having a thickness of 10 nm which were
formed through a sputtering method.

5 In FIG. 12 showing characteristics of the light-
emitting device 20 of this example, the horizontal axis
represents a voltage applied between the upper electrode 27
and the lower electrode 25, and the vertical axis on the
left side representing a current densify of a current

10 flowing between the upper electrode 27 and the lower
electrode 25, and the vertical axis on the right side
representing an electroluminescence intensity. Further, «
indicates a dependence of the current density of the
current flowing between the electrodes 27, 25 to the

15 applied voltage, and f indicates a dependence of the
electroluminescence intensity to the applied voltage.

As seen in FIG. 12, the light-emitting device 20 of
this example provided excellent optical output,
irrespective of the polarity of the voltage applied between

20 the upper electrode 27 and the lower electrode 25,

FIG. 13 shows a graph showing respective aging
characteristics of the current density of the current
flowing between the electrodes 27, 25, and the

electroluminescence intensity. In FIG. 13, the horizontal

25 axis represents a lapsed time, the vertical axis on the
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flowing Dbetween the wupper electrode 27 and the lower
electrode 25, and the wvertical axis on the right side
representing the electroluminescence intensity. Further, «

5 indicates an aging characteristic of the current density of
the current flowing between the upper electrode 27 and the
lower electrode 25, and B indicates an aging characteristic
of the electroluminescence intensity. As seen in FIG. 13,
the light-emitting device 20 of this example provided

10 excellent aging characteristics. While not shown in FIG.
13, the light-emitting device 20 of this example also has
excellent aging characteristics in both the current density
and the electroluminescence intensity, as compared to the
conventional light-emitting device having the upper

15 electrode 27 formed of only the metal thin film.

While the present invention has been described by
reference to specific embodiments, various modifications
and alterations will become apparent to those skilled in
the art. Therefore, it 1is intended that the present

20 invention is not limited to the illustrative embodiments

herein, but only by the appended claims and their

equivalents.

INDUSTRIAL APPLICABILITY

25 As mentioned above, the quantum device according to
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heat resistance and oxidation resistance as well as
enhanced durability, and suitable as electron sources or

5 light-emitting devices.
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1. A quantum device comprising:

a lower electrode;

5 a silicon layer formed on said lower electrode, said
silicon 1layer including a number of nanocrystalline
silicons to induce a quantum effect in response to an
electric field applied thereto; and

a carbon thin film formed on said silicon layer to be
10 in contact with the nanocrystalline silicons.

2. The gquantum device according to claim 1, further

comprising a metal thin film formed on said carbon thin

film.
3. The quantum device according to claim 2, wherein said
15 metal thin film is composed of a material selected from the

group consisting of gold, platinum, silver, copper, hafnium,

zirconium, titanium, tantalum, iridium, niobium, chromium,

aluminum, and carbide or nitride thereof.

4. The quantum device according to claim 1, wherein said
20 carbon thin film is composed of graphite or graphite-like

carbon.

5. The quantum device according to claim 1, wherein said

carbon thin film has a conducting property yielded by

doping an impurity therein.

25 6. The quantum device according to claim 1, wherein said
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8. The quantum device according to claim 1, wherein said
5 carbon thin film is a film formed under a temperature of

250°C or more.

9. The quantum device according to claim 1, which 1is
subjected to a heat treatment after said carbon thin film
is formed therein and before the electric field is applied

10 thereto.

10. The quantum device according to claim 2, which is
subjected to a heat treatment after sald carbon thin film
and said metal thin film are formed therein and before the
electric field is applied thereto.

15 11. The quantum device according to claim 9, wherein said
heat treatment is performed at a temperature of 380 to
420°C.

12. The quantum device according to claim 10, wherein said
heat treatment is performed at a temperature of 380 to

20 420°C.

13. The quantum device according to any one of claims 1 to
12, wherein said silicon layer 1is a strong electric field
drift layer capable of accelerating electrons based on a
strong electric field effect, wherein said quantum device

25 serves as an electron source.
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14. The quantum device according to claim 13, wherein said
silicon layer 1is a composite nanocrystal layer which
includes a polycrystalline silicon, and a number of
nanocrystalline silicons residing around the grain boundary
5 of said polycrystalline silicon.
15. The quantum device according to any one of claims 1 to
12, wherein said silicon layer 1is a luminescent layer
capable of generating light in response to an electric
field applied thereto, wherein said quantum device serves

10 as a light-emitting device.



