; e3ex| X6$TxY LI CGHT-EM TTI NG DI ODE AND LASER DI ODE TECHNI CAL FlI ELD 5 The

-present i'nvention relates to a light-emtting diode and a |la d
capable of emitting ultraviolet |ight through current inject jm@, f
- ART Hi gh-density recording nedia have been significantly deve
with 10 advances in information technol ogi es. For exanple, read-\WWP¥E¥ nedi a
in an optical recording system have been shifted from conpact disks to
digital video disks (DVig)T g i i igher density. The
reading and witing oper atToﬁgﬁ?ﬂﬁgﬂﬂbﬁ@?@&%ﬁ@@@?e per for
the medium of |ight. This inplies the possibilities of higher rmm m [H@m@ lm
density by use of light having a shorter wavel ength.-15 Fromthis RQI ML
view, as Wrﬂgi or |aser or |aser diode (hereinafter referred P¥*as
"LD"), GaAl Infrared-LDs for use in conmpact disks and Gal nAl P
i nfraged-LDs r..use in DVDs have cone into practical use. Further, various
resegé ches aﬂ-ég(%%e&t IyeBtion ¢ ‘NP?H@htp‘?"ﬁ@tﬂ’s)%%ipd%%d@f'aﬁﬁrl%@dq_ﬁﬁga@%ch as
a GN) ljght-emttin i ode capable of emtting blue Iight having shorter
wavel eng?‘]&"ﬁ?f‘q}i" ﬁY'—O%ﬁﬁﬂ'?tith@”S SHeeN(iRiectioMmatft er referred to as "LEDs")

are predom nantly used as displays, and practical applications of GaAs, @GP
and GaN LEDs have open the way for three-color display. Researches of an
ultraviolet LED are also carrying.,out forward applications to a backlight
for IiquPaCKGROENDARBEI ays or a Iight source for bactericidal devices or
ultraviolet-cure resins. 25 Zinc oxide (hereinafter referred to as "ZnQO'")

i s known as Bigb-dansityfeerdinanmedia have deeal sigrificantly ripvilogintg ravih@ vith
shaorter wavel ength than that of GaN. ZnOis widely used as green-col or

fl 3011068 cHVenaes & inferenatioarteehnoigies. iForlaxaries mepd-elrite imaatia inmAGpticHpe

el ectrol um nescence (EL) devices, and researches are also carrying out

f or war d repidingssystemthave beearshifteddram comgact disies foi digitdl oidevadisks @/ bs) by

t aki ng advantage of its 5 high electrical conductivity and an opti cal

t r ansparc@peblei of recoidinidinchigheretiensityh Thngeading ahd WwiiidYogdhatondNR dusha
direct transition type sem conductor having a band gap of about 3.38 eV at
room t empécaitdisks, araperfoxheditrsudH themesdiamast light. amhid itipAds Heloseyiflegnat h
range (about 350 nmat roomtenperature) by exciting with ultraviol et

li ght. Iof hidhghtecending degsit)i mdese efflighakaving aatieRecaBvdiendtabr i cat ed using
ZnO, such diodes )10 would be able to use as a punping source of

f 1 udbescent Fnermethisapsinbof khiegh -aden Setrjconeitetodilager e diager sl ditardr

| NVENTI ON (Problemto be solved by the Invention) 15 Cenerally, it iIs
requi r edefered dbnasa "ipp')y GaAMASTISFRREHL DR for %s;%”in”cérv\ﬁﬁctsﬁgké: %HQUGEQ{ZAHBO
fabricate a light-emtting diode or |aser diode. ile an n-type ZnO
t hi n-fi infracediLDe forbuses an eDvDbt Raue cBme Shtbf pralidal: udd1e EGHMH YifoQk
fabricating p-type ZnO thin-filminvol ves many chaltljenges. I'n’ facf’§i t he

first ardseatahesteadaniyityy biki RwaRs i BHEEaSudd f ofh‘ép(ﬂﬁs,egu%r? a%g%%é% Kawai ,

Csaka University, Japan. This article 20 describes that'a

t hiln- £ i ligntemnttipg di6dy exRBIOYF SHaRY IR }i@qttrﬁévﬁ%tzsnr@t‘%gv@@e@ngihm ered material

containing Ga substituted for a part of~ Zn | ormng-a film
20 Light-emitting diodes (hereinafter referred to as "LEDs") are predominantly used

as displays, and practical applications of GaAs, GaP and GaN LEDs have open the
way for three-color display. Researches of an ultraviolet LED are also carrying out

forward applications to a backlight for liquid crystal displays or a light source for

bactericidal devices or ultraviolet-cure resins.

25 Zinc oxide (hereinafter referred to as "ZnO") is known as one of luminescent



t hrough a pul sed | aser deposition (PLD) nethod under N20 gas so as to

-i ncrrease ‘*hol e concentration of the filmbased on a co-doping effect.

However, any other research organi zati ons have not been able to verify that

- the 25 ZnO thin-filmaccording to the above technique exhibits p-type

sem conchatdlalomitiRAGR HeUingtd Sorteh wehvBRnbiMhahiths SRRIN.C2H QT Wy 1! o
ype

Zn0 inherently tends to 5 )10 transformreadily into an n-

sem condyddOds graBA-dofsrdhubrdsRBAY rﬁ?fg‘?i ls‘?‘ﬁ)r%xﬁ{'@gal.ﬁ}%ﬁ-gﬁeerﬂ?-%!grﬁ?rgng}ﬁ%%g{ - This

conplicates fabrication of LEDs e actua curre ctl oits

- type 2000 SleaBrAReREePIED %%E‘{?éy’%é39918%6@2%@%‘3%%%?%&‘99&%5&8@90?@6'%&e of
: ) | e Vot oD |
S, e FEEAR R 8 BosbrkAP o Blvd Ao oI5 s @kRE ANanBe8 crivi ng =

band zgap, ut, 3. V., at roomtenperature. To the contrary,

cal ¢l aﬁl@'&g%@ﬁlcﬂ gon(gﬁgﬁﬂv Tk 9@&52&?”?9?&?”%'”ias"'%{blﬁi"t"'l‘é’(,e!e-rlﬁ){%@&ei-on type
sem conductor., I n additiaon, SrCu202 exhibits p-type conductivity by adding
K + ions (Iég o'fn%g@it fznﬁd§&1‘3fe fR3'Hen PWQLS,epnT'S,’%é’E@r(hﬁG@)? bamdgagrticl e
of Kudo ?*t al dfﬁscv bes as follows. The carrier concentration and nobility
of a Sr&PY FR £V A Foam itemPedtyTRy 806 rexpibits fluoresgepes ivtamoditravislet x 10' 3
cm'3 and 0,5 cn2/ Vs, respectively. It has a pyram dal quadratic system
(space dfayelenoinmangs (abepta3504m abiwosviemnanatues) by exciing vathaAsaviolet bgid. ¢ =
0.9825 nm Wiile the lattice matching between a Zn0 (0001 ) surface and a
Sr cu202 lf ighhemitlingagiedes or dagerSictesogar dre fabricatedr vsipg t200,asuoh diodea on Zn0
because quintuple of the lattice constant of SrCu2Q2 is approximtely equal
t 0 J§@xt Would Be abir to yeeiasea pumpingnsowte 2 Guorscentemateriatsy o highkderisiy ned as
a single crystal phase if a substrate has a tenperature of 200 C or nore.
Kudo et r%go_(dlagmq #&ed that diode characteristics were yielded by formng a
n-type 25 Zn0 filmon a SrCu202 film (Kudo, Yanagi, Hosono, Kawazoe, Yano,
APL, 75, 2851 ). However, a ZnO film having desirable crystallinity could
not be obtai ned because in the fabrication process of Kudo et al., the

Sr Cu22DI$ChOBYREOFINVENTAOMUbst rate and 3 then the Zn0 filmis forned
on the SrCu202 film Specifically, for assuring the desirable crystallinity
in a Zn{Problem ta eesaludd by Htecinmeistione heated up to 500 C or nore, which

| eads to vani shed di ode characteristics. As a result, Kudo et al. could not
corffd r m anyGeuoeratigs deris erdquireti t tte jdinode. p-type semiconductor to an n-type

semiconductor to fabricate a light-emitting diode or laser diode. While an n-type ZnO
thin-film can be fabricated without any difficulty, the technique of fabricating p-type
Zn0O thin-filrﬁ involves many challenges. In fact, the first article concerning this
technique was just reported in 1999 by Kawai, Osaka University, Japan. This article
20  describes that a p-type ZnO thin-film can be achieved by preparing a target made of a
sintered material containing Ga substituted for a part of Zn in ZnO and forming a film
through a pulsed laser deposition (PLD) method under N,O gas so as to increase hole

concentration of the film based on a co-doping effect.
However, any other research organizations have not been able to verify that the

25 ZnO thin-film according to the above technique exhibits p-type semiconductor



5 CuAl 02 and CuGa02 are al so p-type sem conductors suitable for joining to
-the 'n-type Zn0 sem conductor. CuAl 02 di scovered and reported by H Kawazoe
et al. (Nature, vol.389, p.939 (1997)) is a sem conductor having a
- so-cal l ed del af ossite-type crystal structure and exhibiting p-type

duct i yp h i@fti o3 ; : id
Chin i1 ‘Eq“éﬁﬁ*&‘ieﬁ?“ﬁés?‘%t Frnet i picio] fef s, o8 e, T Wicbhauct o
havi } _ L teot _ ‘ i biti —t
conduct rTo {ERUBCR, EROUPE HRRCSTUTAEH A HEY BuReds & Sl PP

sem con r tapl.li o_fabpication of diodes, but there has
not beegﬂ'yr?% ggt ﬁc\éﬁdgg@g oﬂ"? a%%@'g?{egn%(?f'cﬁ#'%gg 'd'érj[l)§ ﬂahtgg é}ﬁuﬁt?&gbﬂi odes
fromthe terials. .15 (Meaps for solving Problens) . The present

i nventi oﬁﬁ?ﬁrﬁgww@nj‘)ﬂtﬁﬁéﬂ@ﬁﬂ?’h ng di ode conprising an n-type znO | ayer
having desirable crystallinity and a p-type sem conductor |ayer selected

f rom%t he gr dgphq,sorm shesty VSPO%}?W, igdgalfometh dbycidiatm. anhe-typeygadl ayer
is formed gn 20 the n-type Zn0O_| ayer to provide a p-n junction allow ng the
Zno | ayeeMieondictorytq ravPdyRe #1@hsemirradystes enSreHa@ntis oang upt hetyper ovi des
a nethod for produci ng{ a light-emtting diode. This nmethod conprises the

st eps ofSefHEAdygioss syitaklp forjriningterthe m-typer 23 pemicenduchat r St@udtavisng a
tenperature which allows the ZnO |ayer to be formed 25 with desirable

cryst al IdeseiRed asan firgdirgchtjansitierhtypgrsemiconsiuctor pavipgea bamd gamdtiabout 3.ayer 4
selected fromthe group consisting of SrCu202, CuAl 02 and CuGa02. More
speci fi @a¢Y i reqra dempacpture. aToithe contegre ctal@fatidns gfrissarergy bardisuggestt her e
is provided an ultraviolet-light-emtting diode conprising an n-type Zn0

| aydP f dhatabisendiseattransitiondyne serbisbnataorandh exdition t $1Qy,08lexhibits Tp-typéC

| um nescence in the vicinity of a 5 band gap thereof, and a p-type

seni conganduntivitaybyr addihg df édohs ¢iuddieYarianipHosnsd, SKawgzay, APCU282226UAl 02
and CuGa02. The p-type layer is formed on the n-type ZnO |l ayer to provide a
p-n j un¢t998)).t her ebetween. In the light-emtting diode according to the
first aspect of the present invention, the transparent substrate may be a
si ngl e crysiThé astidis bf ldtido efldli Sestribgs as edlpaisal QLO substrate may have an
atomcally flat yttria-stabilized zirconia (YSZ) (111 ) surface. The

l'i ght - em 1 1 Thg cdiried @oacemniradion Gndambifty fdf aSErGIB0E ¢hinGfim tBSrid&ES BiRbugivent i on
may further include a transparent el ectrode inserted between the

tr arg patheriLB wistho@are and1dhemZhnd ays Em?/TRe rddpRBRRA. €N h erves
as an electrode for the ZnO layer. 15 The Ilghtp-@em't i ng %ggyérr}g@afncl ude

a N | ayesdrats spderdspdte dlolpy:-Pa 150 Bha NEiict @bndtaNesra T BE N54B@HRT arifr Ves as
an el ectrode for the p-type sem conductor | ayer.
' ¢ = 0.9825 nm. While the lattice matching between a ZnO (0001) surface and a
SrCuz20, (112) surface is 19%, SrCuyO, can be heteroepitaxially grown on ZnO
because quintuple of the lattice constant of SrCu,0; is approximately equal to
20  sextuple of the lattice constant of ZnO. Further, they can be formed as a single
crystal phase if a substrate has a temperature of 200 °C or more.
Kudo et al. confirmed that diode characteristics were yielded by forming a n-type
Zn0O film on a SrCu;0; film (Kudo, Yanagi, Hosono, Kawazoe, Yano, APL, 75, 2851).

However, a ZnO film having desirable crystallinity could not be obtained because in

25  the fabrication process of Kudo et al., the SrCu,0; film is formed on a substrate and



The transparent substrate may include an indiumtin oxide (ITO |ayer
-heteroepitaxially grown thereon to serve as a transparent negative

el ectrode layer. 20 In this case, the ZnO layer is heteroepitaxially grown
-on the I'TO layer to serve as a |um nescent |ayer, and the p-type

seni condueh Ohe! 2¥@ ' filirs is§ RiARE G tﬁ@eSl@UgO% AT SBeSRENS, 2&@3%@‘ ;{r{%%“ on

| ayer. Further, the p-type sem conductor [ayer r med

Lher eon deRirBBIRSyARIRNARY 210 firfltE bibiEte hiust B hééﬁgﬁlipﬁglgbbkggoddf%@f%g

according to the first aspect present 1 nven

i : . tai ni i val ent tal 5
ol amont  ATCBUe S B BTG b8 HEGPUBNE, BRH Aeall o Rt B o
d ; ' pon, th i i ded hod f
or oduci it oy WReRFRE Mok RETIE o i mg o the 1irst aspect of the

presgnt inv [,AN. { t hod ,conprises the steps of form ng the n-type
Zn0 Payer SGC?J l@ﬁ@”%@éﬁ%@r%rﬁtalﬁ%ﬂétﬁ/?%ls@"\?ﬁﬂnpgc@g%ﬁ‘i"f?&'qfﬂilg'ﬂﬁlgttpaﬁ‘é at a
tenperature in . the range of 20 0,1200 C, and formng on the Zn0O | ayer the
p-type QEW%gE‘Quﬁ?'B'FoPg%‘P“i %é’%.'é? fliscayargd gnd fpparieddae i nifamegoe gbet.r at e at
a terrperlgture in_the range of 200 to 800 .C. According to a third aspect of
the pred¥RUe.KPEABY.dhI3Y HEOL))is asemicansiycter having @ sorcaliedrdelafossitertype t he
light-emtting diode according to the first aspect of the present

i nvent i 6FYstafisiractyes ardiexitibiing pdvpe eendiictipty. o CuA@nhagya bhed gapyhs. 1760 | ayer
on the transparent substrate while keeping a substrate at a tenperature in
t he ran§emsre.cang may pryides thimfiint baving@ resistivity afri@.1 ayer the p-type

sem conduct or | ayer including CuAl Q2 or CuGa02 whil e keeping the substrate
at 0t enper UGSz is alse 7 sagUcanidusion having5a S@ncalled Adelafossitgtype erylir t h
aspect of the present invention, there is provided a nethod for producing

t he |i ghirucivier ehdgextikjting actype deangluttvityhe Iff is soneesysbté that theseppagsat

i nvention. This nethod conprises the steps of form ng the n-type Zn0O | ayer
on the transpspentesemisonditctars davie teiaptabliigato faprichtiors obdioties ebutitherdhad | ng t he
surtace of the Zn0 20 layer with ultraviolet light to pronote

cryst al hotzzenoanyt hetuei cyseasfdfabrication ®f aioddseordiyht-Emitang RiddeRersR Thesnduct or
| ayer selected fromthe group consisting of SrCu202, CuAl 02 and CuGaQ2
wi t hout mhtegilaisng t he substrate) and irradiating the surface of the

15
(Means for solving Problems)
The present invention provides a light-emitting diode comprising an n-type ZnO
layer having desirable crystallinity and a p-type semiconductor layer selected from the
) group consisting of SrCu,O,, CuAlO; and CuGaQ,. The p-type layer is formed on
20  the n-type ZnO layer to provide a p-n junction allowing the ZnO layer to emit ultraviolet
light. ~
The present invention further provides a method for producing a light-emitting
diode. This method comprises the steps of forming an n-type ZnO layer on a
transparent substrate having a temperature which allows the ZnO layer to be formed

25  with desirable crysfallinity, and forming on the ZnO layer a p-type semiconductor layer



p-type sem conductor layer with ultraviolet Iight to pronote
-crystalli'zation therein. Either one of the nethods according to the second
to fourth aspects of the 25 present invention may further include the steps
- of optically polishing an yttria 6 stabilized zirconia (YSZ} single

crystal , selacteligmin e §raug cBASILAREEF S{r@%Z%L,r@mo%MéfcﬂGéé & tenperature in

the range of 1000 to 1300C to prepare the tranSparent substrate having an

atom cal |y fhrte SHEEIRESlY, 50(%%&%“@%%@@33%@?%@ p%gén-[%ehh'é% ! ?%l ié:{ | aser

light-emtting diode of "the preSent Inven n can 'bé conve

end f acel oep s firspREM ShitE dhfe bTRANH oRTEge At laer ibpena o a
oral anatsaratint SR R BebpiisBCody BUY |iPriiatca i e HEMH ST aces,

| ayers HATS gohy HEPqT e H i RGO LI P rsBiecied T | PaesiatRan
| ayer GPBBHRD R Lo RG> ol PUYRS VBRI (oMEZR0 theyor .

The stripe- ry-structure in each of the end faces also acts as a
current /%@ng{gEa?fgf:%’rﬁrPWé’ﬁ@rﬁ'nlJ'é%'PnftBﬁ"e%quﬁi ng | ateral current and
light within the Zn0O |ayer. H gh-efficiency |um nescence can be obtained by
i nj ecting c[]Pr"é%'{'g'?trﬁfB'ﬂtrm diode arerrdinadadie yirsi aspectinfdheliporient imvehtori,or war d
direction, and a | aser oscillation can be obtained by a threshold or nore
of currdhf tanseatenssubsiateomaycke acsinglenerystel sbstrete. i Thinsimgke drysyal
i ncreasing the difference between 20 the respective, refractive i ndexes of
t he1&r wyggr%tﬁdnayn@wma@miamu fieih gttembtabiieed ajptordalY SOOI NegeRiceef f ect can
provide a | owered threshold of |aser oscillation. For this purpose, CuAl02
. or CuGao2 Tigylight-emitéing adiode soatmtingubethe dirstSaspe2d 81 thd edseat invehyion a
My- substituted ZnO | ayer may be inserted between the ZnO and I TO | ayers. 25
A desi r 81slye figtthrc inslustet o dranisparebt adlexcdey ifsertet npeveent e treRbaMIUCT OF
| ayer 7

substrate and the ZnO layer. The transparent electrode serves as an electrode for

the ZnO layer.

15 The light-emitting diode may include a Ni layer formed on the p-type
semiconductor layer. The Ni layer serves as an electrode for the p-type
semiconductor layer.

The transparent substrate may include an indium-tin oxide (ITO) layer

) heteroepitaxially grown thereon to serve as a transparent negative electrode layer.

20  In this case, the ZnO layer is heteroepitaxially grown on the ITO layer to serve as a
luminescent layer, and the p-type semiconductor layer is formed on the ZnO layer to
serve as a hole-injection layer. Further, the p-type semiconductor layer includes a Ni
layer formed thereon to serve as a positive electrode.

In the light-emitting diode according to the first aspect of the present invention,

25  the p-type semiconductor layer may be a SrCu,O; layer containing a univalent metal



having a relatively high carrier concentration on a p-type sem conduct or
-layér having a relatively low carrier concentration to provide a p-n
junction therebetween and form ng an el ectrode on the fornmer |ayer, and

- this ohmc electrode can provide a | owered current injection threshold. 5

I n or derelement b0 hfdth%ZRBbLRYRY fbﬂhfe@réﬂmﬁﬁrebg exhi bit only desirable
e Da

intrinsic | um nescence in the vicinity of nd gap thereof, the half

bandwi dt h i nAéC_QﬁdiﬁBCtltSi 8 %etHhdy %sgéct(Wﬁﬁg%&%hﬁﬁ%eﬂﬁm%“&ﬁﬁ{ Ks;ﬁa?évri(g% ¥

shoul d be sufficiently narrow, or one ree or |ess,

di ffracty fi: pﬁé}q_ k 1 Vi Q. [e | ess,
nor e pre?g?ggwpgg%d%%@ Z'Zé (IJIP es'ﬁ'@ﬁg d%a?#&%(ghg\l}mbdtpg @SE%gP%ﬁe% &hfo wth
the cry el in the .The, light-emtting diqgde gf the present
nvent | arereitdnehub. . Msfhelnodiiera g ks dbiiad e BitPe.dnauser or
emtkin |L.traviole ight with deleting a green color. Specifically,
for gxh%&&ﬂ%%@&%ghﬁ"ﬁn ?Htﬁ"ﬁg ‘@R'ieuifﬁerﬁ’&ﬁ:@ﬁcsé"bﬁﬂat?ﬁga\;?'E‘PﬁTEt"yed'f‘ then@nggnd gap
t he crystf I ipi ié/%q t he §n0 | ayer should be sufficiently enhanced to
reduce &%yHont% f Gc B89 IREMIBY ¥k the, €nnlayer theo pwrA sariendugtorayarat ¢ ce.
Preferably, .th rapsparent substrate sufficiently transmts therethrough
the | um'"?fg %Sh%é&ﬁ%‘gbﬂen'fﬁmthe@Pﬁtrqtﬁmtﬁ@pzr%unedpéhe ENgedyA00 to )
terrperatldre;. The transmissivity at 380 nmis preferably in the range of 50
to 100%8 Rofe preferably 80 to 100% 20 Wiile the transparent substrate nmay
include a plastic substrate such as pol ycarbonate or poly nethyl

met hacr yl at &ccardiiciosa fitssaspectofthe pregend inventionytagre is prowided a esethodnt
glass, or a crystalline substrate such as yttria-stabilized zirconia (YSZ)
(1910) &irprediecioy thaplight-emittiogatiode saedrding, td the §irst exppiece df tiee fpeesent heni cal
properties sustainable to the process for formng the Zn0O | ayer, SrCu202

| ayer, Qyanlon.| akhis meth@bc@n@iss theysteps 6f fefrainglthy n-type Znduirdyaces teé t he
glass or crystalline substrate are 8 optically polished to provide

i ncr eastranspanemt sdistrateywhild kadpingca sabstrate rat astebperattie inthe $gegansf LO@
transparent substrate, the structural regularity in the crystal faces of

t he subtst 120%k °Csand:foredng dnttbe Zn® Eygsttal pitype yernicohbgctdnRybayRIudiddi S
advant ageousl y provi des enhanced crystallinity in the Zn0O layer and 5

i npr oveQuAlQsan&auza, whits leaxping thtisabstratb ait atyrspealatiraen Herahpabrseoeh as YSZ
(111 ) surface or sapphire (0001 ) surface preferably achi eves adequate

| attS ce80I@hi ng with Zn0 crystal lattice. Wien a transparent negative

el ectrode | ayer is inserted between the transparent substrate and the ZnO

| ayer as deAcaartiag td atfeurth adpectoftht padsent MveRBdre tindtbYs PRARICA a Aetidy Cryst al
capabl e of achieving adequate lattice matching with the material of the

t r anspaoeprodea ithee lightearhitiide dlodl esiccoffifig @8 aRe | st WSt tdreink! grasear ent
negati ve el ectrode | ayer ism‘rd?flde of indi u?nti n oxide (ITO, YSZ (111 )

sur t acdnventipar t Talsl MelRodddniprizks trﬁréﬁgtegb%fwhﬁﬁg ﬁ%@m-tﬂﬁsﬂﬁHé%%
e

| et i ce of
I TOis matched with YSZ so wel | . n0O | ayer havi ng deswaif}go

crx)staltfdnaiozaberitsuﬁsifmadmﬂauttﬁb%tih%%@@ts&&&e,liéacﬁﬂ friat rfa%@%filgegkhér

concentration of the ZnO | ayer should be in the rdnge o to 1 x

1020/ cn@yervitt DRraCRAdti IRght EPPRALE %Ws%lii:a?iohEiﬁfrle‘rﬂad?}d]fo?‘rnﬂ1 "orh {_HgSZP?he

depletion layer in the p-n junction region w ave an excessive
i ncr eaggybrt hLhylen 88MicoNaUEbE thylP detiEt | g egLration
is grea?feér élh@r? 1 x 102 Ian,);et he P Hoffthe gﬁ'oﬁw%oﬁéﬁﬁdgeof(\é)r%ﬁz,
CuAlOz and CuGaO; without heating the substrate, and irradiating the surface of the
p-type semiconductor layer with ultraviolet light to promote crystallization therein.

Either one of the methods according to the second to fourth aspects of the

25 present invention may further include the steps of optically polishing an yttria-



1 depletion layer will have a too thin thickness unsuited to | um nescent.
“Pref'erabl'y) the 20 carrier concentration of the ZnO layer is in the range
of 1 x 108 to 1 x 10'9 /cnB A process for form ng the SrCu202 | ayer on the
- Zn0 layer will be described in detail below. The carrier concentration of
t he Sr Custoldilizexyzirconi (VISZ)singbecrybtall and Heating said polidhisd YSABingld criybil garri er
concentration is less than 1 x 10'6 /cnB, the ZnO | ayer will have reduced

i nj ect akd eeraperaturenn lied esngensiui 40B0td 930070 REGRPAte thEPaksdardRsuBSirate
concentration greater than 1 x 102 /cnB | eads to deteriorated | um nous

ef fi ci enewirfy an atonsaliytiRt st@adeim nescent. In the light-emtting diode of
the present invention, |um nescent can be obtained by additionally formng

negative and positive el ectrodes on the Zn0 and SrCuzQz | ayers,
respectively. The negative el ectrode for applying voltage may be made of a

5 ke s AMQNE HORE AR NPORRRRHE WL NTISNZO | aver, and the positive

el ectrode nay be nade of a materi OW ng an ohm c contact with the
ohmi ¢ cont act 'S Tirs’ BRBE A0 nd Yed B BECeAIREAR Thelo 140 Ay
cont act ey REPEE reg el Bpuctue Yaerdly. Sorelally Reb B e rdiaiid k-
st | vt R oo Rbna BT Ae fRt b Eled BbfRacte Efhra e rsetdBen  ne
%G coveP NPT AESRETY el Mhsbofagn e Heiclofe s stgloehbeipo Biree fome, and
nealo ' beialet Bl RLlRos resasclive e b dapa FaPDAE NG rewreks. | BpeR Sivi t b
out st de 8 BECHeClt a1, LT RNEEE D & WiEer frticas bars 4G o Sl aTRelipoe) L1 ve

el ectrode t? be attached_to the ZnQ layer. In the light-enitting di ode of
the pr e AKX liu?ﬂ,gms!ed}ﬁ,th%Zﬁ@dgwr‘,@n@ﬁf@gygtpyba@tmagy%purrent/optlcal confinement

layer for confining longitudinal current and light within the ZnO layer. The
stripe-geometry-structure in each of the end faces also acts as a current/optical

15 confinement layer for confining lateral current and light within the ZnO layer.
High-efficiency luminescence can be obtained by injecting current into this
stripe-geometry-structure diode in the forward direction, and a laser oscillation can be
obtained by a threshold or more of current injection.

) The optical confinement effect is enhanced by increasing the difference between

20 the respective refractive indexes of the SrCu,0O, and ITO layers, and the enhanced
optical confinement effect can provide a lowered threshold of laser oscillation. For
this purpose, CuAlO,.or CuGaO, may be used as a substitute for SrCu,O,.
Alternatively, a Mg-substituted ZnO layer may be inserted between the ZnO and ITO
layers.

25 A desirable ohmic electrode is obtained by forming a p-type semiconductor layer




20 may be formed between the transparent substrate and the ZnO | ayer, and a
"positive electrode | ayer may be fornmed on the SrCuzQz |ayer. This structure
can elimnate the need for adequately coating the lead wires to be

" connected to the light-emtting diode, and thereby the |ead wires such as
Cu wi r ehaMinchauelativaly high ceayerb@nceninatidnech ag-type seetedriduetorialep dsivinigve

el ectrode | ayers, respectively. The negative el ectrode 25 | ayer is nade of
a transpareatvely dow rcaieemabreoenghtion tal grovide LanipaeJaediion thefsbehleerHhgl0

| ayer to be extracted to outside through the negative el ectrode | ayer and

the trarspaingrin sldasbd@ton. the forinbAdyRrt &R SHATRic @l&%ﬁe%nﬁﬁﬁo@i&@' for
the negative el ectrode | ayer may include ITO AZO (Al-doped Zn0), Gfo

( Ga- dopegivera)curreREnfeetiod tkhdidhere mis 5 a natural number), Sn02, and

Ga303. When a single crystal substrate is used as the transparent

subssrate, i) orerPGelIRiAMEZhE 56 A MBI AbISko SARBRI P heBRE VinasROCaLal o

| attice matchi ng between respective naterrals o he ZnO
layer. KehinBXEdARESH thGRinG (Halh ' .as. the transparent
substrate,ma sul ta'BI e rra'tneYiggﬁef or t%affﬁ%é%c{f%é Hea eb%?]‘rag@gﬁfnahgrmfﬁegudes

| TG, AZQunE4 ﬁfdoﬁ@?géﬁgeggé%fqgg %FS/?t%r plllgs?eO?hcglﬁgQ%enﬁtffﬁ%%étlyﬁa%/@?\{vn,s rﬁhﬁ%és cence

el ectrode layer 1s" appli e e positive elecC

fromth s € utgide through the SpCu202 |ayer
and  hoasGaR o, i Bk R3aF i ASRigkd, " Theel gl Frruplssamun

el ectro ter h itLve el ectrode r..has not. been '

di scoveggg{fégaﬁﬂe?%e&'g{%bﬁeﬁ%%@ (%gscfetgir%ogfeesét rl(l;ﬁé?\ag é"‘%f‘ COMRAtas such
as N or.Pt. An ditiopal al layer may be fornmed on the positive

el éﬂroggm‘? 8rryF%ﬂ'"ft¥"bE‘8\gﬁEaé(ﬁﬁanced connectivity with a lead wire or the
like. In the light-emtting diode of the present invention, a CuAl 02 |ayer
or CuGa02 | iD%F‘g%?/“B@%'Q e 9t the RgEeRt InYRMEionds chayactsriead by anaiiting. an

Lum nescence n_be 20 obtai ned by appl yi nq a negative voltage to the zZnO

| ayer aff a\gobaggglgti Y8 ageenitinghenlipuitiayoletdight Wih defptingircareenicgjarr . | n
this ca$e qqa%,f”i tapble material allow ng an ohm c contact with the CuAl 02
| ayer orP§d{iatydonsxhigiiip ondy,ikringic lmigesqanca it viginityeafithederdiaarct i on,
may be used as the positive electrode material. Further, a positive

el ect r dA8 Grysialinibgin Kie £aPnavercshauid besafitcientyyenhanced He reizenoxygerer, and
25 may be made of a netal such as NI or Pt. An additional netal |ayer may
be ¥Por r&deats and gxcesriverdr ian eancentsatioroaen@tadtiveal t o provi de enhanced
connectivity with a lead wire or the like. The term"M-substituted Zn0O"
her ei n nearfsrefaiablyn thehiteamsparest sebsiratgnsufticigstiyaltransmite biberetmoeghwiieh My
ions, and can be expressed by a chemical fornula (Zn~_x 5 MyX)02 where 0 <
x < 0. iummcmcepoﬁgﬁsbn@ewammmfr@m they2n@ layersit soomdempetatareSr Qin202,

CuAl 02 and CuGa02 | ayers has a |ower carrier concentration. For exanple, in
t he Srdigpgmissiyrat 38Rem iseieferablyiie thes angeraf 58tto dN0MByNdre prefezatlp@0by usi ng
SrCu202 as-is or reducing down the anmount of K to be added as a dopant. The
carri eto 38B%entration is arranged, for exanple, in the range of 1 x 10'6
/cnB to 1 x 10'9 )10 /cnB. One of p-type sem conductor |ayers consisting of
t hd0 Sr Cu202Vhiteu Ah® Aranspa@ntafibstratee msayh ascladédni ay heasticasub strate osuppntzeat i on,
and is preferably made of the sane material as that of the p-type

seni copdlycaronatesomppoly nesthylwesthaaylstera glass eobstedté eich EOGuaXagRiss.ori N t he
SrCuz02 | ayer, the higher carrier concentration may be obtai ned by

i ncr eabeatresistardrgiasy, onh dfystallibe sapitede sacin ad YRARstabliPed HBOAILAY SZ)
concentration is 15 required to be higher than that of the p-type-

sem cotdgtsarfat@ypersapphird 0001 sUEABE, i€ & FdqRiire8 A0 HRIE T Mehiieh p?Bger?iBQr eby
arranged, for exanple) in the range of 1 x 10~ /cnB to 1 x 10 cnB. The
|i ght - ensthinab 1di thd predeskTer RFMFRYthel ' ' 1 film
form ng net hod. Theepfi | mform ng@rret hzg]\(?a% fsﬁgf‘ﬂcgge%gﬁﬁﬁ’ﬁégz %é%tlato?eri ng,
22y ac guBaeaRQER! iFpsfedly, Bdh lthe igad infe© et hod
capabl e ofa%éorr?ﬁ ng a Zn0 ¥'i | m @ﬁaﬁg@gg'ﬁ? a%aldesn@(r);@?%m‘n%n??%tﬁ% ﬁg%t

undesi rabl e change in properties of the substrate. Various nethods such as
the PLD, sputtering, CVD or MBE nmet hod may be used to formi ng the SrCu202
| ayer on the ZnO | ayer. Wiile the Pl nmethod is suitable to formthe Zn0O
and SrCu202 layers with desirable crystallinity, 25 it has a problemin
mass production due to a limted filmarea, for exanple, of about



12 20 mm di aneter. Fortunately, a PLD apparatus capable of uniformy
-forting & filmhaving about 6-inch dianeter has been recently placed on the
mar ket. The sputtering nmethod is suitable for nass production because it

- can forma filmhaving a | arge area. However, as conpared to the PLD

met hod, bpticAippolisHEdN stevilie dvtneaseatarsnysdidty. i nity in the Zn0 and SrCu202
| ayers due to exposure of the filns to plasms. However, sone apparatus

such as a Helfi thercrpiallih€ SuBSPAE 3$ USe@'as! tAB t?é?‘rébEF‘ernt%HBgtrrﬁtE}‘ﬁ]eCQtP Lfal Of
preventing exposure of the filnms to plasnmas have been recently placed on

the mar Kedguighi@inQYP drpitilqdcdsSorte sabdifatd B feRbded tb Hed&yStalifind e Th0 " @bl €
Cu202 €|0 I W

honogenei ty in° 10 the Zn0O and Sr ayers. wever, rlripu Ies suchhas
C t ai i indyi b LN ixed dnto t t he
o e L AP B PR o 0 T
Zn0 d . it.is require oduce
200 00 AR AHE P Skl PR OB e Tl S 5850 AL

Wi | et HeH ke it b i (o sl pstler bk HehBy L sty e Bslsh Bkt hod.
it 20 h i sadvantages of difficulty in formng a large size filmand
control ?ﬁ’h‘ngga'i%hﬁ?qcm conposition of the SrCuz02 | ayer. As above, each
of the filmform ng nethods has different features, and one suitable film
formi ng met th’ePré’yt FRSPant REGRY IR dlertragedayeids haerted betwaenthe trapenaragt t he
purpose. The applicable filmformng nethod can be limted by the substrate
mat er i a|s_ub|sH'a@5§r§j e daxsr psdeseribadsliateratbersybstratgris paeferably meseraftee, i f
the substrate is heated up to a tenperature, for exanple, of 100C or nore,

ungd$i r SBYHak capaller pfagrliaving adagsate ilaftieeranatghiser witk . thehmeyerial ofstheequi r ed
to forma filmat a tenperature |lower than that causing such an undesirable

t r ansf orlfansParent Regativeslechedriiaves floir erasmie. whemrthe ransparentinegative
reaction of materials on the surface of the substrate, such as the CVD or
VBE net IRiekirade layeruist misde af rindinmstirc axide (ITO), YSZ (111) surface is particularly
suitable for the substrate, because the lattice of ITO is matched with YSZ so well.
The ZnO layer having desirable crystallinity is formed on the transparent
15  substrate. The carrier concentration of the ZnO layer should be in the range of 1 x
10" to 1 x 10% Jem®. If the carrier concentration is less than 1 x 10" /em®, the
depletion layer in the p-n junction region will have an exceésively increased thickness
unsuited to luminescent. If the carrier concentration is greater than 1 x 102 /cm?, the
) ) depletion layer will have a too thin thickness unsuited to luminescent. Preferably, the
20 carrier concentration of the ZnO layer is in the range of 1 x 10" to 1 x 10" /em?®
A process for forming the SrCu,0, layer on the ZnO layer will be described in
detail below. The carrier concentration of the SrCu,0; layer is the range of 1 x 10'®
to 1x 10% /em®.  If the carrier concentration is less than 1 x 10'® /cm?, the ZnO layer

will have reduced injectable electron holes unsuited to luminescent. The carrier

25  concentration greater than 1 x 10%° /cm® leads to deteriorated luminous efficiency



The PLD or sputtering nethod allows the Zn0 and SrCu202 layers to be forned
"5 on the ‘plastic substrate. In this case, it is desired to promote
crystallization through a suitable nmethod such as light irradiation because
" such nethods thensel ves cannot provide sufficiently enhanced crystallinity
in the | anstited tbMimmessgnte, i n the sputtering method, the Zn0O | ayer is
formed w thout heating the substrate or under a filmformng condition at
room t enper ajg. i ﬁY—e?«Hit[i@ BidAk df e presehahledtint Ritni $0, if@y. the
Zn0 | ayer can be fgor med qo' 15 50 V\Pte)ééh@s%'g%}me%'bg a F?%#P)g/ Ogﬁita"rzr%gm
t enper at [ AL Jy: 1 iLje and
1) GudteRBINE formiiS PelEfvel e oSl RICAREES, oo el 23 fid 7 cE2SY

pr oduce esira g e having increas t he

crystallj.nj n a | r nhanced as ch as, pgssi bl e.
For "t hi s oefshadipeblifoif elNedashE usiishbatel dpliigoltoad ot i el et i ng

t he 0 rowth ultravi.olet |ight. s s Kr F exciner |aser.
Subsgéc}ueJr?? ?/33',31 %‘gew'gaéhz%ﬁmic g%t]acf ‘g'}t}f 8}3%23 i‘qye{-@dzﬁe PoZUe efler??@gﬁﬁn@%e
sputtering . thod at room tenperature, and then th ormed SrCu202 | ayer
is irrad‘?%t”éﬁﬂf] 7 ma{‘?rb?\?ia@]f’\éﬂngl Ay hmig cﬁf‘&%t"ﬂﬁ"cm&g&é'{‘ﬂ%@@h Aei®in. A
t ransparent Pe atci ve elbezctrode to be sandw ched between the plastic |ayer
and t he YAt53 %3%‘? s ieriestndegnateriat allowdngan Ratic gontastayithsidnQ layer-ect r ode
to be formed on the SrCu202 | ayer can be provided only through a film
forming proclkisnegessayipusgematatiabhavinga smalk warkrfupetion, syeh as Nijor Pidi at ed
with ultraviolet light, the light is reflected by the netal surface and

t her eby @nihematetial callowing, anoelgici eentactnwith the et dayer] nifed traterief  t he
filmformng nethods, when a glass or single crystal substrate is 25 used
as )tlfe theyingpalasae wonbiinctier suehuas Ag or ke, ther ehmicaentsct chendlive dchjerred t he
substrate can be heated up to a tenperature of 1000C Thus, the

cryst al |hesauge phsmakwerofungija ofithe SrCuz( Ibgersuf fi ci ent |y enhanced wit hin
the tenperature. The tenperature for formng the ZnO layer is preferably in
t he range ofEanbocontectl 200a&:e Detwegry dhallayerat mep be fooved Uhyf usingntHese
pronoted at a tenperature |l ess than 200C, while the conponents of the ZnO

| ayer winatetialsy apor éxamblata SutvdrepeitAgroeverimnathersurfaga tH86fGnap behsedt he
transparent negative electrode is sandw ched between the transparent

subst r atee thagositive Ziettiodgeand alGu ite WithyNi caleoing dhdeuffaceri@dredt raapekect ed

. tenperature preventing the respective materials of the transparent negative
el et5r odeed asctheamahatine efatfiroday eThén, otivese adies NgapibehatermBdabnthe 1ayerkhe
boundary face therebetween. For exanple, when the transparent negative

el ect r osdthl soléer. | in tisleasdDa afotdhl Ean theeforBB &R ahd rSrCLOD, 14efitd Expage ZN0
layer is limted to the range of 200C to 1000C. At a tenperature greater

t han 1000fs)dd & Pactraf tHnSudace ofedetZd wykhseasho albeMthé Pokitiveeiteblg o Phase,
and thereby a desirabl e boundary face cannot be forned therebetween. The

t enper aberattatiosd footheizn® falper. Sr Cu202 | ayer may be selectively arranged in 15
the range of 200C to 800C. The SrCu202 |ayer is not crystallized at a

t ertper at ur eln ewslighamitng@iose df Md prdsent RRchESh, i hBgate HBEPsde idY@r Zn0
| ayer at a tenperature greater than 800C, resulting In undesirable boundary

f ac20 bemayese tdi@edatwésh fifeQ#é’r%aFe%fAl %ﬁgstaagél%n@lqhé%d FH&SEZCHn@i A8oifife ST Cu202

| ayer may be applied to formthe CuAl O ayer or Cu | ayer as a

subst i t gleBtrb@s |aty|ée nSEyCHE erm ety 65 thel @cﬁw@yéﬁ uw§~9ﬁu§§9wenweﬁm§na%/” 02

| ayer or CuGa02 'l ayer  nay be selectively ‘arfanged 1 n the range o OCto

B00C.  Thie (Rl 02 deRusiiely o Re hakelurks 08k Gatablbagd iah aykfgper at ure

| ess than 500C, and w | acted w e underlyrn aye a

t enper agighe, SHPREbRIby éﬁba%qg L Dirk wWiRHES A %Pya[n e

bet ween the 25 Zn0 And CuAl '%ﬁ %@c@;ﬂg v @{rhg%gsg%@%& 5 g‘?’i’?[es?@‘&
to the negative and positive electrode layers, respectively. The negative electrode

25 layer is made of a transparent electrode material to allow luminescence from the ZnO

10



Particularly, by producing the light-emtting diode of the present

“invention, for exanple, on a YSZ (111 ) single crystal substrate through

the PLD nethod used as a filmform ng nmethod, the ZnO | ayer can be forned

- with enhanced crystallinity and desirable boundary face between the ZnO and
Sr Cu202 iy Laye i U.n f .Gl LD oht ai ned

i ght-em ﬁf?}% Bﬁggg.abtﬁgsgf)&gﬁé}@gém%?h Fmgr ﬂ%galﬁfee)'?gcﬁrggéfl lgg%'i gﬁgvﬁ?g a

| i ght e”t%rf%a ealsdtrdiban the band gap of the Zn0 and SrCu202 layers is

used as a light source for irradiating the target. Laser having a |ight

and Cher oby Anga8 GARaRcefF Bicchald ARl df e Negalflec eV haavg t no.
tar got - 100ode AR (ARG he ZyOE 2k e e 2RG8 b (50 @heep BLis e on

t he §ubstr te pla ec& gpl oser%é ;(ﬁqthe target to forma film Since vacuum
ul t r 3vi & R GHIPRN) PhRa: anthESrd | YVReRBSHSHE Biystsk §isirataisaised as thes

r equi reg to formvacuum al ong the optical path. This |eads to conplicated
st r uct ut@nsparent suhstrale; itis paeferabl tore 3 material capaie of aehievieg ageawateus. | n
contrast, the Kr F exciner |aser can advantageously provide sufficiently
strong I5tHeR matehing dstweers respectve malednld \f 3R guhsirateagnd thendnPelayeed
apparatuses are widely place on the narket. For exanple, when a YSZ (111 )
subst r af€r iexamptad hen BeYBZ s Dasubstrateuisstsent as the tiaosZarent ayestratenabe
formed with desirable crystallinity, and I TO can be used as the 20

t r ans pafuitable segiefisicfop the negative glectsodd layes ingludeghiTOp AZ0,i BEOdilnBa0OL0 be
produced with excellent |um nous efficient. Because, The YSZ (111 ) surface
can1@chi@®@)ms of N0 ¢€nO)mat ti ce nmatching with the 1 7O (111 ) surface, and
the ITO (111 ) can achieve sufficient lattice matching with the Zzn0 (0001 )
surface. Pr #f arteinsparenheletBdde Uafer) issapplieablel e bbsitiantelactiobatbgared to
utilize the above feature in lattice matching. 25 It is known that the

sur Faceluaiinédc208e Siang ltiee ZnPslagbr sarbskreatractedr thi Sldsiak NBloRighR s (L6,
substrate or the like can be flattened by processing at ﬁi gh tenperature

under viageuandtheapbsitve eficasdei layer.0 Hbewr! en stittle FhREHABE LIBEFSES
structure can be observed. Such structure is generally referred to as

"at om cabteyial fart theusdsithe efBbrode VaRt Pas ADedNSHNGIPEY, LAY tHréhTiHaT
atomcally flat surface could be.5 formed by subjecting YSZ single crystal

havitng maxitivef electrodelis intald of d@letd BEch AONPoMRAL A SbditieHal rrié&al?a;le?mfy ature
in the range of 1000C to 1300C, and the heat-treated YSZ singl'e crystal was

sui t ed Befoisedash hepidkiveddiSctfdife mbRribi @Hrodidbidrnarcél e é?;iiviy‘@itﬂraese”t
i nvention. The substrate having the atomcally flat surface i I sposed

opposedéyd WireasrGhe lilkkg get with a di stance, for exanple, in the range of 30
to 70 nm) 10 therebetween. Preferably, each of the target and substrate is

rotated in |hithe AghSemiitify HRadFNGe PRESEADINBhtion,'d CLAIGER vide an
ultimate vacuum gf 1 x I?PO -5 Pa in'the vacuurﬁ@eésgg?‘lctg%&&éﬁg(/gﬂ\%gc%r vapor

from t hayeremaglbe 1660 R0 AeBshitdle T TRY i%u%@& %y(f\f.apeﬁminﬁs@e o bdif@le POI Nt

in the entire processes because the SrCu202 readi |y causes chem car 15

reaot | GbtathédbyabEKing Y h@?at%tﬂta%f‘f?ﬂrheiﬁ'ndmyggd Q%o%HNéh@ié& {Vthe

i ncreasing the vacaumin The vess dry oxyden iIs intro i Nto the

vessel .cudloh e’ @ %RE o8B0l Myl HiE IO ARHakiaE. FAghotRuiRy 8 LNe

oxygen gas I ng a pressure | range 'o S
i ntrodyg I I r ess than 1 x .10 -4 Pa, netal In
undesi r aﬁﬁ‘i/bgét%gé \g@é\s(ﬁeg?t%%%ﬁaﬁg B 8 CliGads Tayer, slich as’Ni or Pt havirig &

small work function, may be used as the positive electrode material. Further, a

positive electrode layer may be formed on the CuAlO; layer or the CuGaO, layer, and

25 may be made of a metal such as Ni or Pt. An additional metal layer may be formed

11



20 substrate. At a pressure greater than 100 Pa, plunme to be formed by
irradiating the target with laser become small, and thereby a film cannot
be effectively forned. The substrate can have a tenperature in the range of
300C to 1200C. At a tenperature |less than 300C, the crystallization of ITC
i s not Sntfﬁwemo%nﬁ/la)éléﬁtmtrﬁﬁeﬁéldodeﬁ’&nf@ﬁbB%@hﬁeétMﬂgQ@H% RAANARI G | stics
cannot be expected. At a tenperature 25 greater than 1200C, conponents of

| TO wi | Ith®@keyapori zed) resulting in ineffective 17 formation of a film
Preferably, the tenperature of the substrate is in the range of 500C to

900C. Yt ichichm OBRUBAHIIRG! OCheRl Gy LILNAL GHERPAA Hi ! Y067 O O

YSZ (111 ) surFace can be torned. For exanple,

11 ; fo O,

e sut fIonet s SooRieg Vi M oS i Fad B8 e%?%?%ﬁ?ﬂi@ 9%:@‘%"1‘%{%@3??? tﬂe
f : _ _

i o nMGERRL Befe, 8055 R 2. (b Bt oclipd oAbty eersrpatatos oiieet f ode

cannot te ncti,on. 1§ the 1 TO has a thickness greater than 2000
nm thi y@ﬂ#@k {:ﬁ'ﬁ@nggg gﬁﬁ'?éé %Sy gaso?)t'P\ﬁ’ST eI APRENation. r &&Xil ti ng
in reduced agﬁung?ﬁc;% élo Ilight to be extracted outside. It is required to
sel ect S&¥90& & 5 UaRenayely th lqwear gariirceansenirations Maygle ebtediad,byas an

i npact on trég cgéstal | i ni t&?_ grain structure, surface flatness and

t r anspal¥RE XGHede 53 Qryesiring down thy apavnt of fidobeadsdedBsradonanti Theer is a
val ue dependi ng on ghe,a&Far atus. In the PLD apparatus gﬁescri bed in an
exanpl eSdEeHEQIGENTEHON i Fanggd ies example; imthe sange ofc! ¥ 3051 /0ed to§ xsH1'Bct i ng
th ene/rcgﬁ densit}y in the range of 1 to 10 J/cnR. In the process for

f ot ng/he 24X phpdype §%'C6R3©@W lgxsrsneansigiing qfrtbe ssnCerOp, ChalQaame of 1 x
10 "4 Pa to 100 Pa is introduced into the vessel. At a pressure less than 1
x 10 ~ PHGaRkiaNeryhas adigher aairier seneentratien,aund i praférablubatie af the stine
pressure 20 ?reater than 100 Pa, plunme to be forned by irradiating the

t ar get Tptemial asdhathefctbaw-typalsemicordiuctos elingatheilbwec aamiet cbacaitiatiohi vel v
formed. The substrate can have a tenperature in the rarige of 300C to

1000C. Far examyipendheSeClglslaybrathe3bigher téreec cordentratid@imaybebbiied s not
sufficiently pronoted and thereby desirable | um nous characteristics cannot

be expdwtiadreasingdhe Bmoempef itaibe addedibsn ddpant. 100X cartibecorcentraisrs iswi | | be
reacted wth the ZnO [ ayer and 18
15 required to be higher than that of the p-type semiconductor layer having the lower
carrier concentration, and thereby arranged, for example, in the range of 1 x 10" /cm?
to 1 x 10% /em?®.

The light-emitting diode of the present invention is produced through a film
forming method. The film forming method may include PLD, MBE, sputtering,
20  vacuum evaporation and CVD methods. It is important to select a method capable of

forming a ZnO film having desirable crystallinity without undesirable change in

properties of the substrate. Various methods such as the PLD, sputtering, CVD or

MBE method may be used to forming the SrCu,0; layer on the ZnO layer. While the

PLD method is suitable to form the ZnO and SrCu,0; layers with desirable crystallinity,

25 it has a problem in mass production due to a limited film area, for example, of about

12



t hereby a desirabl e boundary face cannot be formed between the I TO and ZnO
| ayers. Preferably) the tenperature of the substrate is in the range of
500C to 800C. Wthin this tenperature range, the Zn0O (0001 ) surface can be
het eroepitaxially grown on the ITO (111) surface. 5 A ZnO sintered body is
used as PMenrhatigmeter.Priedramabdly, a PhP dpbagstus icapabtbfdf ingoinly fdmﬁiﬁ'gfé fith The
Zn0 | ayer preferably has a thickness in the range of 20 nmto 2000 nm |f

the Zn0 hayieg abest Ginthididmeteshasbsert RRBN#PpIRBRd bRitSe kbt hi ckness cannot
cause effective lum nescence. If the ZnO |l ayer has a thickness greater than

2000 nm thi $nd bh@erinbirfdiAGE % SiebRSof MABE BcRRLLE BcduBPASRIId tm

resulting in reduced 10 intensity of light to be extracted outsi

requi r echdving 818Gk é’r@ﬁquﬁlbﬁ'e%'r,erégyco d Yo He bﬁﬁ%gﬁ%ﬁaHsc%nEQFP%g@{eegy

density has Tan i fipact on the crystallinity, grarn structure, su

1 8= erhchd SRR SROUNE I S0, B 280 B tbon S SR 57
doser] DSkl SIS Eod JASHA 4 4 T GRS 85,50 RS Rl st

the energy density In the range o

| ayer s figi ly, flattened in th t for formng the SrCu202
| ayer tg%gﬁtg(/.gﬁ%ﬁg{uée%pg%@%8&%‘89;?@8%‘&3 ttaﬁgﬁr'? ﬁ%plzﬁ@‘aﬁ vV§ b&ER, 702

| ayers. |t if en%:aI{ kn that the PLD nethod tends to form 20

seni sphé??%’gypg??ﬁ %%r{g?&gg-cal led droplets, on the surface of a thin
film These roérgsi o&sé undesirably forma p-n junction on the boundary
face between VB petind igseiistie te ﬁ%f@"r%.'argﬁif'émivﬂtr‘sﬁj%ﬁapi%ﬁwpge“e'ty in

di sszant a%?] usrz%g ffectively inject conductive holes fromthe SrCuz02

| ayéeP i LAt 8¢ ualerlaerg- abliRwever: ireRwitiss siich @s Gicontainasbindaases\al hol es
and el ectrons. 25 Fromthis point of view) the surface of the ZnO | ayer is
pr ef er abidferialdend R mixsd inte the laypisecihilg the MBRasthad iasuisdicta rrpg0dC in a
vacuum vessel , or irradiating the surface of the ZnO | ayer with a gas

cl ust er fieamth gphangad,grvstallsity ipfthenénQ aans SroesRelaversl agowitk thaPidt h a
polishing agent. The insufficient flatness of the surface causes degraded

| uni nou§edhed, df isfequitd tedntreduse arvoen gea inta @ filintferming \tissele and dwarebyng in 5
significantly deteriorated yield ratio. In the process for formng the

Sr Cu202theaguiface pk mplglgwill e oxitizeadn gesuliing ¥ difiiclty inherodacigg robletutar 10 - 4
Pa to 100 Pa is introduced into the vessel. At a pressure less than 1 x 10
"4 t, Beadmb. Sr or Cu undesirably separates out on the substrate. At a
pressure greater than 100 Pa, plunme to be forned by irradiating the target
with | aser Willelbe vasusneivhporatioh trethiaehiy omefdflsimplasinaid dssiestiesthba gt y
formed. The substrate can have a tenperature in the range of 250C to 800C.
At a t ehgedisadvantagassoftdiffioulB50 @riig a darge tsidel filmaridosontriollify GuE Bemizah ot
sufficiently pronoted and thereby desirable | um nous characteristics cannot
be expecarapositian af thenPrehaOuilayegr ofs aboved)@acB@d e filne FGMR Axthayseiasi | | be
reacted with the Zn0O | ayer 15 and thereby a desirable boundary face cannot
be /f or nditfetsat features randZorie suithbEr nX6@nihg yestod Rragfter stdated Wita féamey at ur e
of the substrate is in the range of 300C to 550C. Wthin this tenperature
rardfe) arhiés feafurdd Mhdatipgrthe porpoeef or ned on the Zn0 (0001 ) surface. In
particular, by selecting the tenperature around 500C, the SrCu202 | ayer can
be het er oepTheap@icailegnoviorming infithddBarl 88 Ohitbd By thé 86bstRle Matsrial 20/
sintered body is used as the target. A univalent netal of 20 atonte

a plastic substrate used as the transparent substrate, if the substrate is heated up to a
temperature, for example, of 100°C or more, undesirable transformation is caused in
the substrate. Thus, it is required to form a film at a temperature lower than that

25 causing such an undesirable transformation. A process required for promoting an
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or less as a dopant may be substituted for the Sr site thereof. For

exanpl e) the hole concentration of the filmcan be increased by adding 0.3
to 5 nmol % of Ktherein. The target is sintered under inert gas such as N2
or Ar. Preferably, the target is sufficiently densified. The densification

i s rel atongdtweablidd be Hdterdls 86 Mhesarhbs Spet st fhgfc)i éEBfHéC’évPbHrt a hot
(0] e

pressing nethod or a hot 20 i sostatic pressing neth I's suitab for

t hi s dengaBEl mathbaNis uH3BItalISi s axer preferably has a thickness in the
range of 20 nmto 2000 nm If the SrCu202 |ayer has a thickness |ess than

20,7 LT 1 LI GRE S ARG ARNSIEERBEAAYS IR SHIR e By L0, "

Zn0 | ayer. ayer® has a thickness grea

honery U BERdloBuHEREG R eask it adefiBy'vd Bfbridle BRysFAl-afRS iBLen 8" &Y

density o er because’ the energy densi

crystal IJ aity, i ructyre urface flatness and transparent

condh‘sct is'\%ﬂ%éﬁéi mn%gn%@hﬁ%o@htég@i?ﬂ%ge%?gﬁ}m JReinpgs 6‘?6’7’%@%‘?3 eanRety 4l e

dependi on the.a ratus. In the PLD apparatus described in the exanple,

a ~ 10 E’g%‘f'{’]%ds E“T"I:' o aB%ecgb‘irléﬁeiﬂIE@nynyﬁs@PeéyﬁFﬁg t REr x@mpledéhsiney in

the range of .1 t0,10 C In th rocess for form ng the CuAl 02 |ayer or

© CuGa02 |89§‘?{'“9( mstfz%éé%UZEQS'aM%fV'Fﬁapnaefﬁw&ﬁgﬁrf@%ﬂngtt%gw%mgfée@r undexalg ' 4

Pa to 100 Pa is inté,oduced into the vessel. At a pressure less than 1 x 10

-4 Pa, forming copdiion eLrogRLIeEIRESMIE. separ at es out on 15 the substrate. At

a pressure greater than 100 Pa, plunme to be forned bé irradiating the

target withBYaddie slewrtystatirationdamperatviesf Z0Q, itherZo@Qriayar des bef fosvedvel v

fosmad. The substrate can have a tenperature in the range of 500C to 800C.

At )30+t eiBr desirable carysteliaity sBomon Hempeyatues. | | Hawewer, o dtder CAlodRainT

CuGal02 is not sufficiently pronoted and thereby desirable |um nous

char act érhangedsiumingin eficiergy sndeptodidce & dasitabip dghttemitting dintder haviagn 800C,

the CuAl 02 or CuGa02 layer will be reacted with the ZnO | ayer and thereby a

desi r abineraasedoliightnesse toemnystallirityr of thed Zp6t layen is heef@nadlyl eyleanceddas he

CuAl 02 or CuGa02 layer. Preferably, the tenperature of the substrate is in

t he rangwcbf as30Ssible. 730E. thiy phirposehiits ist degisrdatempeomatey erystdiiizaBioAl B2 or

CuGa02 | ayer can be forned on the Zn0O (0001 ) 25 surface. In particular, by

sel ect i imgdidtiegtteendeOdayerewithy oitradiolsd Gght suich 26U FO@xdimgeraserd.

15 Subsequently, the SrCu0. layer is formed on the ZnO layer through the
sputtering. method at room temperature, and then the formed SrCu,O; layer is
irradiated with ultraviolet light to promote crystallization therein. A transparent
negative electrode to be sandwiched between the plastic layer and the ZnO layer can
be formed in the same way. A metal positive electrode to be formed on the SrCu,0,

20 layer can be provided only through a film forming process at room temperature.

Even if the metal layer is irradiated with ultraviolet light, the light is reflected by the
metal surface and thereby any effect of transformation cannot be expected.

In either of the film forming methods, when a glass or single crystal substrate is
used as the transparent substrate, during the formation of the ZnO layer, the substrate

25  can be heated up to a temperature of 1000°C. Thus, the crystallinity in the ZnO layer
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or CuGa02 | ayer can be heteroepitaxially growm on the zZnO (0001 ) surface.
A CUAl 02 ‘or CuGa02 sintered body is used as the target. The hole 5 )10
concentration of the filmcan be increased by adding a univalent netal as a
dopant, for exanple, 0.3 to 5 nol% of K therein. The target is sintered

under i neran bmsufficEntpenNanced MithinPihef terpltature, herheatetrferhtares i fofrhigt | v
densified. The densification is relatively difficult to achieve throtgh an

ordi nary thetzmailaybtis preferbblpriedse Pehdeebiheoh e tod1 JUU°C S‘Tﬁbaér%aglgﬁftﬁﬂ fad

method is suitable for this densification. The CuAl 02 or ayer

pr ef er ablryt BasicRntiNbrdA6RA dt t%hﬁ)ef'a"tﬂﬂaelegg t% 5600 wABGhE %H'pro[ggnt% SHAl &

or CuGa02 | ayer has a thickness lI'ess than nm this thinTt ness cannot
cause ef feerh8aidl Gl bk gg@ dNe Zn0 | ayer has a
t hi ckness greate \'ﬁ %%Bgmznér%oétt }Qﬁk %@é@‘?‘@o Eﬂ;pr oduct i ve. is

requised to $h&ET ¢ h%dqmpﬁreﬂpeﬁg tﬂx??sél%é(ro% r rsl(saéi?cfva ebt&&eﬁggégy 15

density has an 1 npact on e crys

flatness; c in th | 02 or Ga0 The
ener gy deﬁﬂ??érgﬁ?%gés@r%i%%gﬂ\%a?n? E%'Sénmeng &éé’ SﬁBB’EJ be Jér m?‘ﬁ 3thd PLD
apparatu Il |nthee oul d be obtained by
sgloecti ngelg gt%‘% 8}% {ﬁtH@n%ref’?/‘ np‘bﬁé'e?%ﬁ?géegfaqﬁ”q'ﬁOig‘eJVﬁwarWtWegaﬂy%r i's
parti cul afl sy able f.or tB positive electrode. The Ni |ayer can be 20 25
met hod i &€ FﬁB & P apd W 6n 33@53%%?%*@@@9@%@ atﬁhetbﬁéndara{ faeg t abl e
nmet al dtnhrough a m form ng nmethod. When the Ni layer is forned
thr ough {r\fr'é 'WeGRt hol %&?"?E% wenthgitranspg@nt naggtivegeleetresiealayergigimadat i s
not qu ei_ l[| formng the NN film _However, the filmformng efficiency
ot eI 3 bk dhe Emsatrs dov forminoiiBe AncblayReisimitas e range.of 2006 11
vi ew of %he filmformng efficiency, a suitable I% may be formed on the

N |ayer QQP &oﬁt@éemﬁﬁﬁ@&@@%@?ﬁﬂ 19Q07Cwi i apd Zoehare: leagtedi with sacth as a
Cu wire. Ni has a significantl ghl ow etching speed. If an el ectrode

mat eri al OfEGE tofprra apgthep ahagp. and ieareby 8 deaisatye doundary iaes/carmot he dbrmed
cont act W|th the SrCu20z layer is available, it is desired to use this
mat eri alt ﬁ@bﬁﬁlée%m tive electrode. The sanme can be applied to the case
where the CuAl 02 | ayer or CuGa02 |layer is used as a 5 substitute for the
Sr Cu20Z | ayeThe tempatpiueg for forming the SrCu,0; layer may be selectively arranged in
15 the range of 200°C to 800°C. The SrCu,0; layer is not crystallized at a temperature
less than 200°C, and will be reacted with the underlying ZnO layer at a temperature
greater than 800°C, resulting in undesirable boundary face between the ZnO and
SrCu,0; layers.
J The method for forming the SrCu,0O, layer may be applied to form the CuAlO,
20 layer or CuGaO; layer as a substitute for the SrCu,O, layer. The temperature for
forming the CuAIO; layer or CuGaO; layer may be selectively arranged in the range of
500°C to 800°C. The CuAlO; layer or CuGaO; layer is not crystallized at a
temperature less than 500°C, and will be reacted with the underlying ZnO layer at a

temperature greater than 800°C, resulting in undesirable boundary face between the

25  ZnO and CuAlO; layers or the ZnO and CuGaO; layers.
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The present invention will be described in detail in conjunction wth the
fol lI'owi ng exanple. ~ 10 Exanple 1 Fabrication of Lanmi nated Filns Targets of
an 1n203 (herein after referred to as "I TO') sintered body containing 10
wt % of SnQZ, a ZnO sintered body, a Sr~.x Kx Cu202 sintered body (where x
IS a substi tpud t il AT Lt . 0. and
metal Ni mr??gylgﬂ%pt’;’rg@.d @hgggétﬁ grﬁggﬁﬂs{ﬁr\%g g’tdpe)lsgct@g Fﬁﬁsgﬂgﬂﬁer@w&hﬁ%ﬁ, and
t he vac ' j A : | shed
substrate \}?'Elogﬂ(?(é% z?(fﬁ) ?‘ﬁ l&r trg%éel a\ﬂrﬁtg tgﬁosﬁﬂ?t ggg:"‘rDoug%n%eds@s%)g%%nm or

| ess was;di - S 0 e ith a distance of 30
¢ her asy om0 TRPRE e £nb0ieht odY BEGokiee Vi 5hodtiasd Gvilaid) 7o

at nosphey.i introduced in the.ch . After the substrate was

neat od dratBRRpl Y08 Aiten fha (B0i4Hg Susch s P aclietpacalent ke
(248.nm. exci nmet. |l aser pul ses. through a silica glass w ndow whil e arrangi ng
the Bne wvn&gagﬁwn&qu g?e‘?%??'ﬁe%ﬂglﬁmﬁfr@ré"é‘i%h pul se. The | aser was

st opped when the II‘O tgi n-filmhad a thickness of 800 nm and 25 the

t enper at ur e LGFER SHENARKE F 4 drimexciper lasestaning aHight erergi@reatenthanithewas 23
formed while arranging the energy density of laser in 5 Jlcn2 for each

pul se. PABA9FR&f t%?”&n@"é’r PlfpaEh Ioyesp is Hiedzaw atlighh seuncen fermigradiatingdkeess of
400 nm and the tenperature of the substrate was set at 350C. Then, a

Sr cu202 targeta- iapen hRMng orlighd enprdydess thangthegpandegemés gyt ataeshed bpfthé | aser
in 2 J/cn2 for each pul se. The |laser was interrupted when the SrCu202

t hi n- f i ERORISE Qi tetaeisandothexdy amylasenabtationtcanpet ke causedf t he substrate
was set at 25C.  Then, the Ni thin-filmwas forned by irradiatirig the N
tartet wi t hThadaser hamiagithe dghtenergy preaterghan thehband bep i absdrbed biyihdrad a

t hi ckness of 20 nm and the lamnated filmwas taken out to anbient air. In
order ténQr SIOVQs tewgetdo s lasehabigtiars sa thad dide Ggetvnateribbis depositéd ng
current, the surface of the Ni layer in the lamnated filmwas coated with
Au t hr oogyithe heubsjratet pleicad omidsedly Bhenet hirgétnées sorof a ffien AuSinee nvdduum Wwas 100
nm Fabrication of Mesa Structure The surface of the lamnated fil mwas
coat ed wirakioket dightreilt balihyerawtly labbbrbed SoypbRygereri air, it AL rod@rR) td forpt Ovi de
its thickness of 5 Nm by spin coating (2000 rpm 20s), and then dried at
90C f orvafium raibres . thdheptical heatis.ur fraee 1@ddst he Edrhpicassd i stiuadirat ekivit h
ultraviolet light (20 mW 10s) through a circul ar photonmask having a

di et emandgéiéntpand dndeageresstdn ithe apparat®s.cilal dontvai thaker dsyaheper (AZ
developer) to forma pattern. In this state, adhesiveness of the pattern

and et dbsergcatDadesitadednsy sbvidBesufriciamt l‘r@n%ﬂ@ﬁf bé&dueBlit isTHdtSabsbRsed 1 | m was
subjected to a heat treatnent at 110C for 30 m nutes and subsequently at

200C f asy dxygenimeRrrartiiiR6d apparatU3ed atd Wﬁie'rl]y)ﬂagé SRitRE nfArk@sa structure was

fabricated using CF4 gas and Ar gas through a reactive 25 ion etching

met hod. TherdibxarpidiwAety 8 YS2\8% ¢) Slsha Ylised dsifle IAmsHALRE sGodiie 24
) the ZnO layer can be formed with desirable crystallinity, and ITO can be used as the
20 transparent negative electrode. This allows a light-emitting diode to be produced
with excellent luminous efficient. Because, The YSZ (111) surface can achieve
sufficient lattice matching with the ITO (111) surface, and thc; ITO (111) can achieve
sufficient lattice matching with the ZnO (0001) surface. Preferably, the YSZ (111)

surface is sufficiently flattened to utilize the above feature in lattice matching.

25 Itis known that the surface of Al,Oj single crystal substrate, SrTiOj; single crystal
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pressure of 5 Pa, at an RF power of 250 W Then) the SrCu202) ZnO and I TO
| ayérs were etched using Ar gas under a gas pressure of 4.5 Pa, at an RF
power of 250 W The ITO | ayer was etched to the depth of 200 nm El ectrical
and Lum nous Characteristics 5 The Wprobe was brought into contact with

the | TO aodstiateoptHeie &in tBé‘@at%@H%y'H?éé’es%Hg%thgﬁrﬁte Erdthre he fgoative
and” AU

and positive poles were connected to the |IT egi on, respettiVel y.

When cur oeaimi@R FaBbiredoliigididht dltestey ananbrtal e LRl dhy Jen rease&; at an

appl i ed voltage of 0.3 V or nore. isi1s one o €YeD- n

j ti \ i t i Tn t Q.3,V 10 . Th

havel engpoaRBele!E AREal el R s A R St Exanpl o Fabr i cat i on
f Lam nat ed+kLl; j X i , f  the | d.

That 1. a STE RS hos BeRlEepBE O Siilel atmical B5T eirace snuid: hen

Zn0 thingfil f or.ne the 15 SrCu202 thin-film In this case, a ,

p-t ypé; t iofé’r?se g&y}%bje&t'ggsfrﬁﬁmﬂlﬁt%ﬁtél hayving bath fagesrarisalborelisbed W eyreats not
avai | ablﬁe and thereby a ﬂl ass substrate coated with Ni as the electrode
was used CHLIGLAL AEMDETatHER T tieieape #f 1080 G nilaPATGnhthet beasfireat@®?, a
Zn0 si ntgégdg&zd\é Sr~ x Kx Cu202 sintered bodg and nmetal N were

pr epar ed! SFHY¥ES Qﬁgéﬁ"éa%'%rtg USP @8t substratepfan the dghteemittingddiote of #wium of
1 x 10's Pa was provided in the chamber. Then, a Si 02 glass substrate

havi ng m’ea%%ggﬁvg%mh&%ﬁum&atai hppdre dhe piomindlly flad surthcabievedispbsed ar get
with a distance of 30 mmtherebetween. Oxygen gas having a pressure of 2 x
10 ' 3 PPPROsadida siRehitaragh withess distancedive edainple, fire treheemigerof 38 toe70 i,
sutgstrate was heated up to 350C, the surface of the SrCu20z 25 target was

i r P48 atteerefpiieary  Prefeabiv machf it targetsed qublstrete isho@tghinatssidis 67 20! ass
25 w ndow while arranging the energy density of laser in 2 J/cn? for each
pul se. Tﬁ@tllnaﬂmhaa'§nstopped when the SrCu202 thin-filmhad a thickness of
200 nm Then, a ZnO thin-filmwas formed while arranging the energy density
of |aser in lEsJesired topravidshapultiseate Theudrasen a6 SiPd arthe Rhesumheeséhe Zno
thin-filmhad a 5 thickness of 400 nm Then, an ITO thin-filmwas forned
whi | e ai® semevrRywater vaper fpmdthesigsgelof Thageocdss f6r ﬂérﬁ&ﬂn{wat oPW ge. The
| aser was interrupted when the ITO thin-filmhad a thickness of 800 nm and
t he | anicritgadgofritlimthaentick processes becatiseahit SHOU,OA ré@AH SIUsHS [CHERMIMAS
provided to the fornmed lamnated film In the nmeasureneént of.a

cur tent reastioageitic veatarct exftestwater aapanid réYAaved by’ SGHEEAH) i réét}.fﬁjlgg%. ng ~ 10
p-n junction could be observed However, no |um nescent could be Tonfirned.

| NDUSTRVatLUAPRLINEABESSI Ty 3§ gbh @intrediddd iR Hb9desqf the present invention
including a p-n junction yielded by form ng SrCu202, CuAl 02 or CuGaO2 | ayer

on a Zn0 hain thg prodess fedformirf &ld 1T0 trﬁégé@e%@éir@&é,l%*ér,r fhel 8{‘,\?95?'":: ??%bl ty

havi ng a wavel ength of 380 nm at roomtenperature w thout an

The |i gavimgratpréssyrelirthe @hgé o 15 B5 Pl MR Aink ARl Jesant |y
dornsi zed through mcro fab?i cation, and thereby Psaglégsé? @Lﬁg{wgyet%g&bpti cal
reco

wavel ength Than that of comenti orl o5 an coesiatl Epalte ST b

re@or disupstiaresi W d pre88iire Grbater BN dtOPAESL A to be formed by irradiating the
target with laser become small, and thereby a film cannot be effectively formed.

The substrate can have a temperature in the range of 300°C to 1200°C. At a

temperature less than 300°C, the crystallization of ITC is not sufficiently promoted and

thereby desirable luminous characteristics cannot be expected. At a temperature

25 greater than 1200°C, components of ITO will be vaporized, resulting in ineffective
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Further, the light-emtting diode of the present invention emts
ultraviolet light. Thus, this light-emtting diode is suited to a punping
source of any visible fluorescent materials. This makes it possible to
achieve a ultra-small or super-sized and ultra-slimlight source to be

app! i cafbematiori bf arfilmat Peaferdby, tises temperdiueelorheleubstRste i@t MY HifYe of he
light-emtting diode of the present invention emtting ultraviolét |ight 26

i s sui t 300°C t8 9OORDI NY/iBMIHESteMiperatiysl nasmrf%iq&eﬁeﬁgaﬁﬁ@%% whi ch
are recently devel oping, for exanple, to be applicable to hydr n-'source

syst em for y@R{PrBLHEc¥aH B fdinfede! ed engine. The light-em tting diode of
the present invention can provi (?e resource saving and environnental ly

friendly degdg ' t LN e ment _of society.
27 °F Y e et an G SRl ey BB R SARER Hgefiasage
CONpEi Si n g . on a.transparent substyat nd
oxiy Bi £ 1AgoEn yetet Ry B0 BUEls SRy orirk T BR A0 e ricteinidy 2
t her eof - ' ugct | ayer .sel ected fromthe group
consi st Proepo R eBrRRR MR Alag ! ik (e ickapas '<Seith BBr med on
said n- 1 r to provige a p-n junction therebetween. 2. A
Foht - b anai Bngs® cBlesR BonreBislrlcen endlBereby Sa nedavensisarede
substrate is a, single.crystal sub te. 3. Alight-emtting diode as
def i nedcwﬁﬁqeﬂ\uafﬁwém sléiﬁ?f ﬁ'f‘% Pe acihdpgss granter tes am. $hisni cal |y
flat ytthr.i a-stabilized zirconia (YSZ) (111 ) surface. 4. Alight-emtting
di ode” aldeiVGREST faLtes IRveredpptas! transrnissivitn ceidtig in fadusep @mmnt of ect r ode
i ns teﬁl betgeen-the transparent substrate and the zZnO | ayer, said
t r At pal @R o fpEXiraplgd auside.ng as an el ectrode for said Zn0 layer. 5. A
light-emtting diode as defined in claim1, which further includes a N
| ayer formel ipreqyeedpta splecisedgausinigoeay densily ofJaser Décduagehe smevgyng as an
el ectrode for said p-type seni conductor layer. 6. Afight-emtting diode as
def i nedd§nsity| Basman, mpac hon (he hesystaliioity dereirastrucldieinsufaceoXathess | arQ | ayer
heteroepitaxially grown thereon to serve as a transparent negative
el ect r ofRNSPAVRIT Capueidiity inhibeZTO layger The aeergy cdmisitpafabser igrawalen t he
| TO | ayer to 28
depending on the apparatus. In the PLD apparatus described in an example
15 described later, a desired film could be obtained by selecting the energy density in the

range of 1 to 10 J/cm?.
In the process for forming the ZnO layer, the oxygen gas having a pressure in
the range of 1 x 10 * Pa to 100 Pa is introduced into the vessel. At a pressure less
) than 1 x 10 *Pa, metal Zn undesirably separates out on the substrate. At a pressure
20  greater than 100 Pa, plume to be formed by irradiating the target with laser become
small, and thereby a film cannot be effectively formed.
The substrate can have a temperature in the range of 300°C to 1000°C. At a
temperature less than 300°C, the crystallization of ZnO is not sufficiently promoted
and thereby desirable luminous characteristics cannot be expected. At a

25 temperature greater than 1000°C, the ITO layer will be reacted with the ZnO layer and
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y ~. ~ a serve as a lumnescent |ayer, the p-type sem conductor |ayer being
forned o said Zn0O layer to serve as a hole-injection layer, said p-type
sem conductor layer including a Ni layer fornmed thereon to serve as a
positive electrode. 7. Alight-emitting diode as defined in ,claima1,

wher ei n Ywirebypa tigsieateebboraduly CicercanayEse fofmad Defvedtnkay ran%.%ﬁ@ilewe?g a
uni val ent netal el enment of 20 atontosubstituted for the Sr site thereof. 8.

A net hodPfeferaplypdve itempardtirehbr a8 sbsteatdiigdg tﬂ@fﬂa@ﬁg +f”566%' f_qg)gséi. d

met hod conprising the steps of formng the n-type ayer o

t r anspar @mthirststeripefatl fafgk SRR AD édr'(?%g Eg%%azfa% 5 h?tﬁéo%ﬁﬂggigwé%v&nn the

range of 200 to 1200 C, and form ng ayef

sem condéh:mé_rrrbaﬂq:{) duUMcdi ng SrCu202 while keeping the substrate at a
tenperature in the rTange of 200 to 800 C. 9. A nethod for producing a

lightgem tti ' ] inclatml, sai t hod. conpri sing the steps
of ftgr m ng t'&hgng-%@%&%nggydégdo%%ﬁéa@ﬁgnJ%EE‘EW? y'stﬂﬁég;g&f (3 %ﬁﬁ'm@t%epi ng
a substr : a i n range of 200 to 1200 C, and form ng on
he-zn0 (e, nThE RGN BVEE Bredablihasra igiess Ao idhgoci AdoEmdp 000m05 7
while k in trate al .a tenperature in the range of 500 to 800 C.
10. A ne h'od@f"gér]%ﬂi)g%g‘éf ﬁasé‘ f"i’%ﬂ@gﬁﬁ% AQ ¥ Bate thisfthinchiokness aamnat, sai d
met hod ising the.steps of forning the n-type ZnO | ayer on the
| transpa%%ggé &fI]B%‘?VPa‘PH“R}&%CEB&?- Hgéﬁq %@8t'ﬁ)éersfﬁﬂ%@rtB'FbOeSSrgradt@ttharg 2008
surtace of thhe Zn0 l%er with ultraviolet light to pronote crystallization
t her ei n" 'S Y5 thiFkBRss Kausstolowsyed opties) Jeansariseidivd vesulting iy erdusedect ed
fr the . gra onsi sting of SrCu202, CuAl 02 and 29 1~ CuGa02 wit hout
heat¥ng' t%%s'@pﬁi'egbtpize %P&'@qudr%ﬂd@i ng the surface of the p-type
sem conduct ?r, | ayer wiwth ultraviolet light to pronote crystallization
therein. 111A "RaviFRst itiselget Pequiate epietdyedensity afrlasérabeedlistothdOenehly ch
further /includes the steps of optically polishing an yttria-stabilized
zi r coni SeMsiyziasafylirepactyen dhe eystatiody,i onirs strdciuos,i sinésteY 8atrissBUhsy Cr yst al
at a tenperature in the range of 1000 to 1300C to prepare the transparent
subst r atr@nsparentgcanduatiatyi inatheyZ® dayesur The @eneidd. déWsity of laser is a value
ultraviolet-light-emtting |aser diode conprising: an n-type ZnO | ayer
for med @#Pesdingans fhe ampaslbst riat the aicD eppahittis igsombed iMtHd BSaMmple, a
| umi nescence in the vicinity of a band gap thereof; and a p-type
serficc oréRded imppuld bebblained by setecting the enprgyafsisty imthedtange 4303, 10CUAl 02
and QuGaQz, said p-type | ayer being forned on said n-type Zn0O | ayer to
provi de/emp-n junction therebetween, wherein said substrate is a single
crystal substrate, said ZnO layer is heteroepitaxially grown on

My- subst i t uthed sanfdcehet éreo@plx layealshyulgrseveumiBiensy dlatbAed o thy St for
substrate, and said p-type sem conductor |ayer includes; a first p-type

seni corfomingthd SyGu,Chdayendo provilend tusitabld BYRIdPRTACe Yt OEIS fM 27AbipR and
serving as a hole-injection la er Y, and a second p-type sem conduct or

| dyer uGUHQ: dayeabat ilvabygreghilyc anbivar tERNERNELE irﬁ@thoaai&ée?%rrﬂ' type
sem conductor |ayer being formed on said first p-type sem conductor |ayer.

3020 A{ sen@pheScal(Sor(BANSA:Aletadroplefs, An tie siack oPE3n: fil
A@A(.AA(LA AL Ay, . Af.AE.AQ@. A@QA(. AS, . A 7V lss ¢ im. These
protrusions undesirably form a p-n junction on the boundary face between the ZnO
and SrCu,O; layers. . This is significantly disadvantageous to effectively inject
conductive holes from the SrCu,0, layer into the ZnO layer and achieve

recombination of the conductive holes and electrons.

25 From this point of view, the surface of the ZnO layer is preferably flattened by
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to 550°C. Within this temperature range, the SrCu,0; layer can be formed on the

ZnO (0001) surface. In particular, by selecting the temperature around 500°C, the

,\) SrCu0; layer can be heteroepitaxially grown on the ZnO (0001) surface.

20 A 8rCu20; sintered body is used as the target. A univalent metal of 20 atom%
or less as a dopant may be substituted for the Sr site thereof. For example, the hole
concentration of the film can be increased by adding 0.3 to 5 mol% of K therein. The
target is sintered under iner] gas such as N, or Ar.

Preferably, the target is sufficiently densified. The densification is relatively

25  difficult to achieve through an ordinary method, but a hot pressing method or a hot
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holes to the ZnO layer. If the ZnO layer has a thickness greater than 2000 nm, this
thick thickness is unproductive.

It is required to select adequate energy density of laser because the energy
density has an impact on the crystallinity, grain structure, surface flatness and
transparent conductivity in the SrCu,0, layer. The energy dc'ansity of laser is a value
depending on the apparatus. In the PLD apparatus described in the example, a
desired film could be obtained by selecting the energy density in the range of 1 to 10
Jlem?,

In the process for forming the CuAlO, layer or CuGaO, layer, the oxygen gas
having a pressure ‘in the range of 1'x 10 * Pa to 100 Pa is introduced into the vessel.
At a pressure less than 1 x 10  Pa, metal Cu, Al or Ga undesirably separates out on
the substrate. At a pressure greater than 100 Pa, plume to be formed by irradiating
the target with laser become small, and thereby a film cannot be effectively formed.

The substrate can have a temperature in the range of 500°C to 8pO°C. At a
temperature less than 500°C, the crystallization of the CuAlO, or CuGaO; is not
sufficiently promoted and thereby desirable luminous characteristics cannot be
expected. At a temperature greater than 800°C, the CuAlO; or CuGaO, layer will be
reacted with the ZnO layer and thereby a desirable boundary face cannot be formed
between the ZnO layer and the CuAlO, or CuGaO, layer.  Preferably, the
temperature of the substrate is in the range of 650°C to 750°C. Within this
temperature range, the CuAlO, or CuGaO, layer can be formed on the ZnO (0001)

surface. In particular, by selecting the temperature around 700°C, the CuAlO; layer
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N2 or Ar. Preferably, the target is sufficiently densified. The densification is
relatively difficult to achieve through an ordinary method, but a hot pressing method or
a hot isostatic pressing method is suitable for this densification. The CuAlO; or
CuGaO; layer preferably has a thickness in the range of 20 nm to 2000 nm. If the
CuAIlO; or CQGaOz layer has a thickness less than 20 nm, this thin thickness cannot
cause effective injection of holes to the ZnO layer. If the ZnO layer has a thickness
greqter than 2000 nm, this thick thickness is unproductive.

It is required to select adequate energy density of laser because the energy
density has an impact on the crystallinity, grain structure, surface flatness and
transparent conductivity in the CuAIO; or CuGa0, layer. The energy density of laser
is a value depending on the apparatus. In the PLD apparatus described in the
example, a desired film could be obtained by selecting the energy density in the range
of 1 to 10 J/cm?

A Ni layer is particularly suitable for the positive electrode. The Ni layer can be
formed through any film forming method. When the Ni layer is formed through the
PLD method by use of a Ni target, any additional equipment is not require for forming
the Ni film.- However, the film forming efficiency of this method is relatively low
because the Ni target reflects laser. In view of the film forming efficiency, a suitable
method is the sputtering or vacuum evaporation method. Further, a suitable metal
layer may be formed on the Ni layer to provide enhanced connectivity with a

connecting wire such as a Cu wire.
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be applied to the case where the CuAlO, layer or CuGaO; layer is used as a

S substitute for the SrCu,0, layer.

(Example)

The present invention will be described in detail in conjunction with the following

example.

)10 Example 1

Fabrication of Laminated Films

Targets of an In,03 (herein after referred to as "ITO") sintered body containing
10 wt% of SnO,, a ZnO sintered body, a Sry.x Ky Cu,0, sintered body (where x i$ a
substitution rate of K ion substituted at Sr site, and x O 0.2) and metal Ni were
15 prepared. These targets were placed in a PLD chamber, and the vacuum of 1 x 10
Pa was provided in the chamber.
Then, a polished substrate having YSZ (111) surface having a surface
roughness of 1 nm or less was disposed opposedly to and above the target with a
) distance of 30 mm therebetween. Oxygen gas having a pressure of 2 x 10 - Pa as
20  atmospheric gas was introduced in the chamber. After the substrate was heated up
to 900°C, the surface of the ITO target was irradiated with Kr F (248 nm) excimer laser
pulses through a silica glass window while arranging the energy density of laser in 6
Jicm? for each pulse.
The laser was stopped when the ITO thin-film had a thickness of 800 nm, and

25 the temperature of the substrate was set at 800°C. Then, a ZnO thin-film was
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had a thickness of 200 nm, and the temperature of the substrate was set at 25°C.

Then, the Ni thin-film was formed by irradiating the Ni target with laser. The laser
was interrupted when the Ni thin-film had a thickness of 20 nm, and the laminated film
was taken out to ambient air. In order to use a W probe coated with Ag as a lead

Y10 wire for injecting current, the surface of the Ni layer in the laminated film was coated
with' Au thro.ugh the sputtering method. The thickness of the Au thin-film was 100
nm.

Fabrication of Mesa Structure

The surface of the laminated film was coated with a commercially available
15 photoresist (AZ p4620) to provide its thickness of 5 MM by spin coating (2000 rpm,
20s), and then dried at 90°C for 30 minutes. Then, the surface of the film was
irradiated with ultraviolet light (20 mW, 10s) through a circular photomask having a
diameter of ‘500 pym, and immersed in a commercially available developer (AZ
) developer) to form a pattern. In this state, adhesiveness of the pattern and etching
20 resistance of the film were insufficient. Thus, the film was subjected to a heat
treatment at 110°C for 30 minutes and subsequently at 200°C for 1 h, under ambient

air.

Reactive lon Etching

A mesa structure was fabricated using CF4 gas and Ar gas through a reactive

25 ion etching method. The Au and Ni layers were etched using CF, gas under a gas
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5 The W probe was brought into contact with the ITO and Au regions of the above
mesa structure device, and the negative and positive poles were connected to the ITO
and Au region, respectively. When current was applied thereto, the current value
rapidly increased at an applied voltage of 0.3 V or more. This is one of
characteristics of p-n junction diodes. Luminescent rapidly increased at 0.3 V or

) 10 more. The wavelength of the light was about 380 nm.
Cpmgarative Example

Fabrication of Laminated Films

The film forming process of the example was reversed. That is, a SrCu,0,

thin-film was first formed on a substrate, and then a ZnO thin-film was formed on the

15 SrCuz0; thin-film. In this case, a p-type transparent electrode material exhibiting
high conductivity was not available, and thereby a glass substrate coated with Ni as

the electrode was used.

Targets of an In;O; sintered body containing 10 wt% of SnO,, a ZnO sintered

) body, a Sr1.x Ky Cuz20; sintered body and metal Ni were prepared. These targets
20  were placed in a PLD chamber, and the vacuum of 1 x 10°® Pa was provided in the
chamber. Then, a SiO, glass substrate having Ni deposited thereon was disposed
opposedly to and above the target with a distance of 30 mm therebetween. Oxygen

gas having a pressure of 2 x 10 3 Pa as atmospheric gas was introduced in the
chamber. After the substrate was heated up to 350°C, the surface of the SrCu,0,

25 target was irradiated with Kr F (248 nm) excimer laser pulses th'rough a silica glass
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thin-film had a thickness of 800 nm, and the laminated film was taken out to ambient
air. A mesa' structure was provided to the formed laminated film. In the
measurement of.a current-voltage characteristic, a non-linear characteristic indicating

) 10 p-n junction could be observed. However, no luminescent could be confirmed.

INDLJSTRIAL APPLICABILITY
The light-emitting diode of the present invention including a p-n junction yielded
by forming SrCu,0,, CuAIO, or CuGaO;, layer on a ZnO having a desired crystallinity
15  provides ultraviolet light having a wavelength of 380 nm at room temperature without
any difficulty.
The Iigh_t-emitting diode of the present invention can be significantly downsized
through micro fabrication, and thereby is best suited to optical recording media. In
) addtion, the hght—emnttmg diode has a shorter wavelength than that of conventional
20 diode. This provides higher recording density in optical recording media.
Further, the light-emitting diode of the present invention emits ultraviolet light.
Thus, this light-emitting diode is suited to a pumping source of any visible fluorescent
materials. This makes it possible to achieve a ultra-small or super-sized and
ultra-slim light source to be applicable to illumination devices and display devices.

25 Further, the light-emitting diode of the present invention emitting ultraviolet light
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sisfi g Of/«gr 202, CUAIOz and CuGa0y, said p-type layer being formed on said

n-type ZnO layer to provide a p-n junction therebetween.

2. Alight-emitting diode as defined in claim 1, wherein said transparent substrate is

) a single crystal substrate.

3. Alight-emitting diode as defined in claim 2, wherein said single crystal substrate

has an atomically flat yttria-stabilized zirconia (YSZ) (111) surface.

4. Alight-emitting diode as defined in claim 1, which further includes a transparent
electrode inserted between the transparent substrate and the ZnO layer, said

transparent electrode serving as an electrode for said ZnO layer.

) 5. A light-emitting diode as defined in claim 1, which further includes a Ni layer
formed on the p-type semiconductor layer, said Ni layer serving as an electrode for

said p-type semiconductor layer.

6. A light-emitting diode as defined in claim 1, which further includes an indium-tin
oxide (ITO) layer heteroepitaxially grown thereon to serve as a transparent negative

electrode layer, wherein the ZnO layer is heteroepitaxially grown on the ITO layer to
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7. A light-emitting diode as defined in claim 1, wherein said p-type semiconductor
fayer is a SrCu,0, layer containing a univalent metal element of 20 atom% substituted

for the Sr site thereof.

8. A method for producing a light-emitting diode defined in claim 1, said method
) comprising the steps of forming the n-type zZnO layer on the transparent substrate
whilg keeping the substrate at a temperature in the range of 200 to 1200 °C, and
forming on the ZnO layer the p-type semiconductor layer including SrCu,0, while

keeping the substrate at a temperature in the range of 200 to 800 °C.

9. A method for producing a light-emitting diode defined in claim 1, said method
comprising the steps of forming the n-type ZnO layer on the transparent substrate
while keeping a substrate at g temperature in the range of 200 to 1200 °C, and
forming on the ZnO layer the p-type semiconductor layer including CuAlO, or CuGa0,

) while keeping the substrate at a temperature in the range of 500 to 800 °C.

10. A me_thod for producing a light-emitting diode defined in claim 1, said method
comprising the steps of forming the n-type ZnO layer on the transparent substrate
without heating the substrate, irradiating the surface of the ZnO layer with ultraviolet
light to promote crystallization therein, and forming on the znoO layer p-type

semiconductor layer selected from the group consisting of SrCu,0,, CuAlO, and
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11. A method as defined in either one on claim 8 to 10, which further includes the

steps of optically polishing an Yttria-stabilized zirconia (YSZ) single crystal, and

heating said polished YSZ single crystal at a temperature in the range of 1000 to

1300°C to Prepare the transparent substrate héving an atomically flat surface,

12.  An ultraviolet-light-emitting laser diode comprising:

) an n-type ZnO layer formed on a transparent substrate and exhibiting only

intrinsic luminescence in the vicinity of a band gap thereof; and

a p-type semiconductor layer selected from the group consisting of SrCu,0,,

CuAlO; and CuGa0,, said p-type layer being formed on said n-type ZnO layer to

provide a p-n junction therebetween, wherein

said substrate is g single crystal Substrate,

said ZnO layer is heteroepitaxially grown on Mg-substituted Zno

heteroepitaxially grown on said singie crystal substrate, and

said p-type semiconductor layer includes; a first p-type semiconductor layer
having a relatively lower carrier concentration and serving as a hole-injection layer,

and a second P-type semiconductor layer having a relatively high carrier

concentration, said second p-type semiconductor layer being formed on said first
p-type semiconductor layer.
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