28/ 07/ 2004 LI GHAT EM TTI NG DI ODE AND LASER DI ODE HAVI NG N- TYPE ZnO LAYER
AND P- TYPE SEM CONDUCTOR LAYER TECHNI CAL FI ELD The present 28(/é&i0don -
relates to a light emtting diode and a | aser di ode capable of emtting
ultraviolet light through current injectiron. BACKGROUND ART Hi gh-density
recordi ng nedi a have been significantly developing in line with 10
advances in information technol ogi es. For exanple, read-wite nedia in an
-optical recording SySHIEMETENGEHODEWARDEASHR DICDRTRAVING NAIYPEO di gi t al

vi deo di sks (DVDs) Zi(phAYER aND PIYPE SEMICONDYOTORAeXVER Y. The readi ng and
witing operations in such optical disks are perfornmed through the nedi um
of light. This inplies the possibilities of higher recording density by
use of TEOHMIChaHIBODa shorter wavel ength. 75 Fromthis point of view, as a
sem conductor | aser or |aser diode (hereinafter referred to as "LD"),

GaAgAs i nf 1RE prtskRBInf@ttiocdT8ate3 tS%”l@f\‘éégﬁiﬁiﬁiP?ﬁgnﬁl IQ@ér%io&en%éo%tgged' LDs for

use in DVDs have. cone into practic r, vari ous rches are
carryi gerf RSt R | & : other LDs, such as a' GaN

i ght-em t’ﬁn g di é@g ap%ﬁgﬂo@gﬁﬁﬁcﬁénbl ue |ight having shorter

wavel ength. 20 Light-emtting diodes (hereinafter referred to as
"LEDs")-are predom nantly used as displays, and practical applications of

GaAs, g‘ﬁBK@l’fblSﬁH have open the way for three-col or display.
Researches of an ulfraviolet LED are also .carrying out forward

for ' bact bl ARl inedi reid et SdhEnkRielbing i flee sfiae™ "
) S8EheEs I hfdhSllon SechBoiogibe, | Forexample, 1330 wiie Tedia 1 o opionl
recording s'ylstem have been s;hifted from compact disks to digital video disks (DVDs)
capable of récor_ding in higher density. The reading and writing operations in such
optical disksare performed through the medium of light. This implies the possibilities
of higher recording density by use of light having a shorter wavelength.

15 . From this point of view, as a semiconductor laser or laser diode (hereinafter
referred to as "LD"), GaAlAs- infrared-LDs for use in compact disks and GalnAlP
infrared-L.Ds for use in DVDs have come into practical use. Further, various
reseérches are carrying out toward the practical use of other LDs, such as a GaN
Iight—emiﬁing diode capable of emitting blue light having shorter wavelength.

20 Lightgm’itt_ing diodes (hereinafter referred to as "LEDs") are predominantly used
as displayé,_ 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 "Zn0") is known as one of luminescent



materials emtting |ight having a shorter wavel ength than that of GaN. ZnO
is widely used as green-color fluorescent materials, for eXdf@i2804in

| ow energy-el ectron-i npact type electrolum nescence (EL) devices, and
researches are also carrying out forward application to a transparent
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el ectrical conductivity and an optical transparency In a visi
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fluore i (Al WAV 350 at _room
temper a0 e BindtoBheY (et teyichB SIERIbCHER I 80 Bingid Sl e "ai o des
or | ase j S, C fahricated usi Zn0O. such diodes, 10 woul d, be abl e
0o uee BnplbARTRcs RaSe 8N b elhe Air By SORL el G Retase s,
recqrdin dja.,, DI SCLOSURE OF | NVENTION (Problemto be solved by the

| nv&nt i%‘ﬁ’j gﬁg{..r'c@e%'%HF‘f Ity and anoRticel franspate CYB]%V'é'bﬁﬁ YoyRergthyaifduct or to
an n-type , sem conl?%c%Oé_to({iabri cate a light-emtting diode or |aser

di ode. ~ Wi if B KIPWR ghen9iien digehiransitiancype semicenrteiat Baving ehsad oary
difficulty, the technique of fabricating p-type ZnOthin-filminvolves
many . AhdRo8hGe eVratioem tarprerpiuraang exlabis 56W@é¢¢ﬂcﬁgmt¢n glitravigdetni que was
just reported in 1999 by Kawai, Osaka University, Japan. This article 20
descr i Bevelangth range (ghaait 2adnmatioem) tamparsture) by: Axalinewidy ulyewipet fight- a t ar get
made of a sintered material -containing Ga substituted for a part of Zn in
ZnO andf igramiging dipdes of hessigliodespears bd fiahdeated aising £nOn spéh Djodest hod
under N20 gas so as to increase hole concentration of the film based on a
coiaopmfcgbﬁ@bde iHooRRera pampingt $narce ob Bugrescant geaterials iop ighdensityot  been
able to verify that the 25 ZnO thin-filmaccording to the above techni que
exhi bi recopdingpeedizni conduct or 2 28/ 07/ 2004 :

DISCLOSURE OF INVENTION
(Problem to be solved by the Invention)

15 Generally, it is required to join a 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
ZnQ thin—ﬁ!rﬁ 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 achievéd 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 ;ﬁulsed laser deposition (PLD) method under N>O gas so as to increase hole
concentration of the film based on a co-doping effect.

Howe\_/er, any other research organizations have not been able to verify that the

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



characteristics, at the tinme this application was filed. ZnO inherently
tends to transformreadily into an n-type seni conductor, aR&/0RE0a#y
fabricated as a stable p-type sem conductor. This conpl i cates fabrication
of LEDs to be actuated by current injectionto its p-n junction 5 1t has

not beetharAfenidiied, apyhéitesle thie" adicRiod W4y Akdan Ad anferéﬂ@ (6T | gonduct or

to a p-type ZnO sem conductor. SrCu2Q2 is one of p-type se uctors
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suggest IS a direc ransition type seéenico ddi tion,

SrQJZO%U%MIE'I)&@EO&ELXSD%Jﬁf%gd”ﬁ' vity by. add| ng K + ions (Ktido, Yanagi,

Hosono (1998)). The article of Kudo et al.

d b fol l Th t d robility of __a SrCu2C2
thi Afitm SrRc e § Caeﬁhéryﬁ%”%w‘ FEEHoRY SPBITS 2m g HPEn?58 and 0. 5

cnR/ Vs, respectjve yram uad system (space group:
Tt/ ) SRR | abo‘hts)’tpﬁntzn g5 licis s ChiDanti OB =00 15998 nim
Wiile the |l attice matching bet ween a ZnO (0001) surface and a SrCu2
(112) SEPYCRABUEIErs SYifably Eieping o e rdvea 6B PARCANIYLIYr oRACEP2ZIS0
because quintuple of the lattice constant of SrCu2Q2 is approximtely equal
to 20 Sexerisdasan ndirestifansitiondypes seinicoaducterdiaving: 2 hand gpR«yj abawt de f or ned
as a single crystal phase if a substrate has a tenperature of 200 C or
more. R atet'ooarll tergpgraiuwere dfa hetcomirebe celrdlatiensepl k3 preyowdesd sugoertd by
formn ype ZnO filmon a SrCu2@ film (Kudo, Yanagi, Hosono,
KahBzo awtaﬁ@ dlmtramsttorza@n@)semrmﬁw@r la ddioni Brfstuiiei m@\itdles:i-tyabl e
crystal i ni ty could-not be obtained because in 25 the fabrication process
of Kud@omucawty by hed dBrgCl0 Oorfsi (Kmdos Yapege Hasona, Kabszoat APANd33 220
(1998)).
The article of Kudo et al. describes as follows.
The carrier concentration and mobility of a SrCu,QO; thin-film fabricated through
15  the PLD method are 1 x 107 em ® and 0.5 cm?/Vs, respectively. It has a pyramidal -
quadratic system (space group: 141/a) and a lattice constant of a = b = 0.5480 nm and
¢ = 0.9825 nm. While the lattice matching between a ZnO (0001) surface and a
SrCuz0; (112) surface is 19%, SrCu,O, can be heteroepitaxially grown on ZnO
because quintuple of the lattice constant of SrCu,O. 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
ZnQ film on a SrCu,0; film (Kudo, Yanagi, Hosono, Kawazoe, Yano, APL, 75, 2851).
However, a ZnQ film having desirable crystallinity could not be obtained because in

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



28/ 07/ 2004 then the ZnOfilmis formed on the SrCu2Q2 film Specifically,
for assuring the desirable crystallinity in a ZnOfilm th@/&l%@@rate nmust
be heated up to 500 C or nore, which |eads to vani shed di ode
characteristics. As a result, Kudo et al. could not confirm any

| um neghemdiee fAr@dnfiirheis doated on HABRUD)dfilkU CGBPacifit 8l yalis0 asUringethe
sem conductors suitable for joining to the n-type ZnO sem conductor.

CUuAl O2 ddishaisly eFyasthliding i 8ZA0LHRE, B ddbsti@eanee behealed up(tHF0B€ or\rd89, p. 939
(1997)) is a sem conductor having a so-called del afossite-type crystal

St ruct Witfictaha8xBi Rinidred dode RRazRRANELd. Vidsya rE3ll, ®iddest A, kand &ﬁg of 3.1

eV or nore, and may provide a thin filmhaving a resistivity of 10. 10

QUG dhfirdt §Ry RinEESSLABIHGMAhe RR)NY @ so-cal |l ed del af ossite-type crystal
structure and ‘exhibiting p-type conductivity. It is conceivable that these
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The present invention further_ provides a nethod for producing a

Iight-QFrF‘Lof"i”rﬂﬁ_‘d EPpRLVide g Gin, MGAFRSILUYY PhE2st eps of forming an n-type

anjl ayer gn a_tr a%%garent_ substrate having a tenperature which allows the

Zn®’| ayer PHGEO2fi8 2 BeRYCOAdYEQT PaWNe & so-selgd tRlafgssitadyrs 6p#tahg on t he

ZnO | ayer a p-type sem conductor |ayer ) .
' strugture and exhibiting p-type conductivity. It is conceivable that these p-type

transpareht semiconductors have adaptability to fabrication of diodes, but there has
not been any actuél case of fabrication of diodes or light-emitting diodes from these -
materials.

15.
{Means for solving Problems)

The present invention provides a light-emitting diode comprising an n-type ZnO
layer having.désirable crystallinity and a p-type semiconductor layer selected from the
group consisting of SrCuz;0s, CuAlOz and CuGa0O,. 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 uitraviolet
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
fransparent 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



4 28/ 07/ 2004 selected fromthe group consisting of SrCu202i CuAl 2 and
CuGa®2. More specifically, according to a first aspect of tR&U3f89¢ént
invention, there is provided an ultraviolet-light-emtting di ode
conprising an n-type ZnO | ayer forned on a transparent substrate and

exhi bi tsalgctenlion MbIGra CorldbMORPSRALE.! BUARE Hh R, Of @ band gap

thereof, and a p-type sem condlcto ayer s the group
consisting AbreSESe g, G oot ¥R Lype I.a\}/er_ is formed on the
n-type znO | ayer 10 pirl%w ﬁe agg- n%j 'u%?%%t ?htggéjdég%é%:”ﬂﬂ”:t%re is
i - eFhiitii halefcH i F .the first aspect of the present
: In\%;t ﬁ{)f?]?laé?_%gq{”r ang%gl&;g"riftg Inéqg%é?lrog? &ORYSipe an '%'Uﬁﬁlzlé‘lcb F?l@i Eﬂm@dl@@t rate.
i i t.e may have .an atomcally at o
;P i Z[d;?%@‘?ﬂ%?%”z‘t ?F&%Sﬁﬁ%g’s ‘%’{PM“Q(R%X)"%QW‘FMDGSWGW@mw@mtwf Ag di olded
cardi t i LS spect. of the present invention may further include

th rgansb%g(rjeg'?flFS gﬁ%'{:etot'oé'égi%s%fypgds?f@%&ﬁt@rh@yﬁf Heigsdecefrom sthesgroape and t he
ZnO | ayer....Jhe transparent electrode serves as an electrode for the ZnO
| ayer . %%m% Pf ﬁ{-’]” té]Li'/H§2 @B dev@agz.i ndleupdyre Myer ay dormedopnettieon t he
p-type .semjcaonductor |ayer. The Ni layer serves as an el ectrode for the_
p-typen'tg%%e(gﬂﬁ\ﬂ?d'tt‘af’rqv p-niHachiandhesheeensubstrate may i ncl ude an
indiumtin oxide (1TO) |ayer heteroepitaxially grown thereon to serve as a
t ranspar eni? W@d@t’“?‘@@'t ng odg Ascoring to the @irdtraspbctsof daes preseheindamidrayer i s
het eroepitaxially grown on the I TO layer to serve as a |uninescent |ayer,
and t hE'eplranspared fubstratecmay bayesigle fcoste dsubstrafee Zh@ bmg@r chital S€rve as
a hol e-i njection |ayer. Further, the p-type sem conductor [ayer includes a
Ni 10| a§iehstraln may here ee etormisalyeliatettds-stabiized iroeni@ eSZy @9e.sukfacs he
light-emtti n<]:1 di ode according to the fi rst aspect of the plreser-lt
i nventi Onz‘The ight-emitting diode according to the first aspect. of the present invention

may further include a transparent electrode inserted between the transparent

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 fayer.

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 i_ight—e;mitting diode according to the first aspect of the present invention,

25  the p-type semiconductor layer may be a SrCuzO; layer containing a univalent metal



25 the p-type sem conductor |layer may be a SrCu2Q2 | ayer containing a
unival ent netal 5 28/07/2004 el enment of 20 at onP substitut eaS/f)MZOQ%e Sr
site thereof. According to a second aspect of the present invention, there
is provided a nethod for producing the light-emtting diode according to
the fir&émespeclo stbriheubfi@se iir thé1BeBitd Preofhi s met hod conprises the steps
of formng the n-type ZnO |l ayer 5 on the transparent substrate while

keepi ng th%cﬁz‘éﬁﬁﬁ%%ea abcahd B5MR% AFURE rBsditanyaiieR, e 39Grb@qd@ C and
formng on the ZnO | ayer the p-type sem conductor |ayer including SrCu2Q2

whi | e kaepbldol Modiid R fgtlendittihg "MEHAILES dIng tdthe ﬁ%@%sgéthQPtﬁeo 800 C.

According to a third aspect™ of the present 1nvéntion, there 1s provided a
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aspect o resent I nventi on. IS net conpri ses e step of
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aspect he present invention. This nethod conprises the steps of

f o
form ngj%%Ph ‘n-type ZnO | ayer on the . transparent substrate w thout
heating the substrate, irradiating the surface of the ZnO 20 | ayer with
ul travi ol et®acPEHRY toR PirgrRsPECtOfyae RraserbinyeRtion, K1ess 5 pr&H’&’eF’@rW?ﬁBdon t he
ZnO_ | ayer p-type sem conductor |ayer selected fromthe group consisting of
sr ¢Q2080r preguring hgdiahireading, diorsu Boersding nig ‘thﬁef'r§h8§?‘?‘-“ét‘%,th&rﬂePWtadi ating
the surface of the p-type sem conductor layer with ultraviolet |light to
pr onot @\@pygrﬂ.m This mqtma/ cprapisas, the steps of forming the n-type ZnO layer on the

transparent substrate while keeping a substrate at a temperature in the range of 200

to 1200 °C, and forming on the ZnO layer the p-type semiconductor layer including

CuAlO; or CuGaO; while keeping the substrate at a temperature in the range of 500 to
15 800 °C. -

According to a fourth aspect of the present invention, fhere is provided a method -
for producing the. light-emitting diode according to the first aspect of the present
invention. This method comprises the steps of forming. the n-type ZnO Iayer on the -
transparent substrate without heating the substrate, irradiating the surface of the ZnO

20 layer with ultraviolet light to promote crystallization therein, and fdrming on the ZnO
layer p-type semiconductor Iayér selected from the group consisting of SrCuxOs,
CuAlO, and CuGaQ; 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-



Ei t her one of the nethods according to the second to fourth _aspects of the
25 present invention may further include the steps of opti c§$/03/28811i shi ng
an yttria 6 28/ 07/ 2004 stabilized zirconia (YSZ) single crystal, and

heating sai d polished YSZ single crystal at a tenperature in the range of
1000t ostabiigedzitapniz @156 singheecrystah apa heatingssais polRhed Yiszvdingle @Ryt afri cal |y
flat surface. 5 BEST MODE FOR CARRYI NG OQUT THE I NVENTION A'light-emtting

di ode od terheeratize éntthé rareset 6for000a0 1BH0CONY Prémee ithe FaRspResl syrlate by
form ng a resonant structure therein. Specifically, each of t|f1e end faces

of  t hehdvirghdn etoniitdNdiatib@dieceal ong its long axis is subjected to a reactive
etching to provide a stdpe-geonetry structure thereon, and then total and

partial reflection mrrors are 10 fabdcated in the end faces, respectively,
to forma Fabry-Perot resonator. Each of the SrCU202 and I TO | ayers have a

w der fBE@TWEWF@'O%@@\QN@@UH%HEﬁ%\%%ﬁL i ndex than those of the ZnO

| ayer, and thereby acts as a current/ al confinement [layer for
11 po- geonar L/, cioé (oo Bpchert Blenttd Baf U SRR THE uoee
i ant e FR D aREN g Wb, " SnE0 Al e et ot af ned
For varr & &S Bodd Wi iloPg ohiq P S RERER i bitacti el iy oudpir eaol ¢
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can? pr STRad bt oy RS cnengly (BB Goatry RerohTeswemor { Resmyst posc.
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index than those of the ZnO Iayer, and thereby acts as a current/optical 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 conﬁnemeht layer for confining lateral current and light within the ZnO Iayer.
High-efficiency luminescence can be obtained by injecting current into this
stripe-geometry-structure diode in the forward direction, and a laser osciliation can be
obtained by a threshold or more of current injection. -
The optical confinement effect is enhanced by incréasing the difference between -
20 the respective refractive indexes of the SrCu,O; and ITO layers, and the enhanced
optical confinement effect can provide a lowered threshold of laser osc:i.liation- For
this purpose, CuAlO: or CuGaO, may be used as a substitute: for SrCu,Os.
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



|l ayers. 25 A desirable ohmc electrode is obtained by formng a p-type
seni conductor |ayer 7 28/07/2004 having a relatively high c3¥pvi@pos
concentration on a p-type sem conductor layer having a relatively |ow
carrier concentration to provide a p-n junction therebetween and form ng

an el echavingpacelatingy highnesrridragteicenteatibntdt & pahsd semlcBREASE @rrhévir?ﬁ; de a
| owered current injection threshold. 5 In order to allow the ZnO [fayer in

the di caleelativelyhowi daragd Yorstestrafdl € IpRbVidd'H B-n [UABlIOHE SSEBE&WeBnt Dy Vicini ty
of the band ga% t hereof, the half bar?gévm dth Fn l e'rockl ng curva of (0002)

. h i ci r .one degree
o | o domhingh ererbal IS roAHEL el Syl B Leclald Bl el I°O1 e

0.5 degkeRdBurtch® mi rably 0.3 degree or less. The half bandw dth
correl at e?% 16”wi tﬁjﬁcﬁgﬁg}reé@é linity in the ZnO |l ayer. The light-emtting
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' f bly i h e of 50 to 100% nore preferably 80 to
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s 0uanite s SRR Eue 7R ietnt ol ase, o & crystal [ine substrate such
as yttr | a-. 'ﬂ]g %Lti-gr%i inzgi éi(o:gg icngJl th(e\gsrggent inv_ention is characterized by emitting an -
ultraviolet light of 380 nm, or emitting only ultraviolet light with deleting a green. color,
Specifically, for exhibiting only intrinsic luminescence in the vicinity of the band gap
the crystaliinity in the ZnO layer should be sufficiently enhanced to reduce oxygen

15 defects and excessive Zn ion concentration in ZnO lattice:

Preferably, the transparent substrate sufficiently transmits therethrough the

luminescence of 380 nm wavelength from the ZnO tayer at room temperature. The

- . transmissivity at 380 nm is preferably in the range of 50 to 100% more pfeferably 80
to 100%.

20 While the transparent substrate may include a plastic substrate .such as
polycarbonate or poly methyl methacrylate, a glass substrate such as quartz glass or
heat-resistant glass, or a crystalline substrate such as yttria-stabilized zirconia (YSZ}
(111) surface or sapphire (0001) surface, it is required to have chemical properties

sustainable to the process for forming the ZnO layer, SrCu,0- layer, CuAlQ, layer or

25 CuGaO: layer. Preferably, both surfaces of the glass or crystalline substrate are



(111) surface or sapphire (0001) surface, it is required to_have chem cal
properties sustainable to the process for formng the ZnO ?%(@%/?904301202
| ayer, CuAl Q2 |ayer or 25 CuG2 |ayer. Preferably, both surfaces of the
gl ass or crystalline substrate are 8 28/ 07/2004 optically polished to

pr ovi deoplivaily pokisheddn provids inctepse bhnsmhissivityst al | i ne substrate i.s used as
the transparent substrate, the structural regularity in the crystal faces
of the subslfrtat erystaliiref betstrath lsouddaeas tes trahdgadrit\subbtratBe te Qrudt@yer - This
advant ageously provi des enhanced crystallinity in the ZnO | ayer and

| mpr ovekgilanityia ke biysei ficas be feubSFate T4 Refletiestiahid H9sBIRR) Athe Zersh as YSZ
(111) surface or sapphire (0001) surface preferably achi eves adequate

lat ti celaf@t cThiRgatvdritagebdSly Chrpoitias drbhésie cw\é\%gmitgtiﬁrtﬁg%g%%ergﬁgﬁt ive

el ectrode |l ayer is inserted between the tra re substr t he zZnO
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surfaces| aqtlth rly suitable for the substrate, because the lattice of
I'TO i seznqaéfgﬁg{crfq\lm e(?lYSZ so well. The ZnO | ayer having desirable

1 ni ' t. 1 bstrate. Th [
concent 1 at 1'5Hehf teREPB e fecblFe HkBuREF BT nshidef BRGNEeBH Ry vanshrse 1o -1
X 1020 / . 1f th ' 1 ti ' . th 1 X 1017 /cnB, ~
X 020 s Ml A e R bR SERERATALT B il S PR R o
05 B oy AR b Do Gl b Be A e 11 e
a too thin thickness u SL{iteg to lum nescent. Preferablythe 20 carrier
concentrtagfﬁ’?fﬁngf’eﬁsfgez‘%@ fodedpysrs Fﬂr EXRMPplgnybenthg tsansparephnegative 1019

/CMB A process for. forming the SrCU202 | ayer on the ZnO |l ayer will be
descri ﬁgqﬁ:?rpﬁeﬁayer is made of indium-tin oxide (ITO), YSZ (111} surface is %articUlarly'

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 rénge of 1 x
10" to 1 x 10‘20 /fem®. if the carrier concentration is less than 1 x 10" jem®‘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 lumineséént. - Preferably, the

20 carrier concentration of the ZnO layer is in the range of 1 x 10'®to 1 x 10"° fem?

A prc)cesé for forming the SrCuzO; layer on the ZnO layer will be described in
detail below. The carrier concentration of the SrCu,O; layer is the range of 1 x 10
to 1 x 10%° Jem®.  If the carrier concentration is less than 1 x 10" /em®, 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



detail below The carrier concentration of the SrCL1202 | ayer i4s t he range
of 1 x 1016 to | X 1020 /CMB. If the carrier concentration?¥87{284% than 1

X 1016 /CM3, the ZnO layer wll have reduced injectable el ectron holes
unsuited to lum nescent. The carrier 25 concentration greater than 1 X 1020

/ CMB | eadsuited datiekrieseatted | um nous efficiency 9 28/ 07/2004 unsuited to
| um nescent. In the light-emtting diode of the present invention,

| um nescent 1641 fyptoliehaetbasty Rsplokb Al oh AARBSCAL NecARd oS! U1 ve

el ectrodes on the ZnO and Sr ayers, respective ve
el ect rog SRRy Yoring Pk " berigla hovipg an
ohm c cggt act w ?’(1 t he %nob ayefg,ﬁagﬁgltl?%g%ﬁg—égé? 35@[32%?(3@6@ ZE)ge made
- of a migeldledAVERY " act with the SrCu202 |ayer. Ag is _
t ypi cal Ié?%us'er?iédascﬂ%g e-ﬁ{eéc'?ér%g&ge (r\?ge{%rpﬁgforaqqpmgﬁagﬂgeorﬁﬁy @ed’ﬁ?ﬁ’eaegavm th the
ZnO kay St ssal: e.a jal having a small work function,
such” as |erjloér] a@ﬂﬁ%@ %X ﬁé‘%@fgf ifh QPW k‘éfe’éﬁng ﬁ'?ﬁgeo%tb‘fﬁ gletragde may he
Sr Cu22 f terial. 10 having a |large work function such as Au or
Ag, t heb%ﬁ%&gce é%r% ﬁﬂgﬁ@} @E@HBW'"Qe?’éQﬁFE‘\’/gBmane&’ 0stBe o¥rCamik llavgsr kKAG usict i on of
the Sr | ayer. Eac ontact surface -between the |ayers may be fornmed by
usi ng ﬂfégé"y H%Efc[a?? E]e ne ednalppflalioying aryphaicgontachyith dveen@davene sur f ace
t her eof may, be used as the rRosi_tive_el ectrode, and a Cu wire with Ni
covering t his'STFGeSEYiR&ee G mateiakhaving a small awrk lenotien.asuchesalientRiode.
Then, theznej?wi res ma%) be attached to the layers wth solder. In this case,
a not cHPT AP maters REigwing eneohspie gaotagt ayitly theo SeQuskelayeut i dematepiat t of t he
sur1f acgaaot the ZnO | ayer so as to allow the positive electrode to be
at t S h Y 2 FEgeMwors éyétﬂqn $UchiarcAl pyAg- iaiohimia gontaddwnobt béachieesknt
invention, a negative electrode layer 20 may be forned between the
t r ans pEEALSS ghsmahwerkdactianeof theSrGyx6: layend - a positi ve
Each contact surface between the layers may be formed by using these
materials. - For example, a Cu wire with Ag covering the surface thereof may be used
as the positive electrode, and a Cu wire with Ni covering the surface thereof may be
15 used as the negative electrode. Then, these wires may be attached to the ia@ers'
with solder. In this case, a notch can be formed in the SrCi,0; layer to exp‘ose
outside a part _of the surface of the ZnO layer so as to allow the positive electrode to
be attached to the:ZnO layer. - .
in the light-emitting diode of the present invention, a negative electrode layer -
20 may be formed between the transparent substrate and the ZnO layer, and -a positive
electrode layer may be formed on the SrCu,0; layer. This structure can eliminate
the need for adequately coating the lead wires to be connected to the light-emitting
diode, and thereby the lead wires such as Cu wires without coating may be connected

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 Zn0O
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el ectrode | ayer may be fornmed on the SrCu2® |ayer. This-structure can
elimnate the need for adequately coating the |lead wres t @549d/2084nect ed
tothe light-emtting diode, and thereby the lead wires such as Cu wires
wi t hout coating may be connected to the negative and positive feI ectrode

| ayer s, layes pectid \krctednN® BRBHd SoBLIE S ve | oS

tr;nspargntmgl ectrode material to al%igwh?%rﬁs%eﬁ%gr%dﬁo%ﬂ:?@ng?elo

28/ 07/ 2Q8kpapisubfirdle. extracted to outside through the negative el ectrode
| ayer and the transparent substrate. A suitable transparent el ectrode

i j i I T AZO (Al -d d
Thoy. G (A TREAEn RO S ol B Skl R P
i ' t t t
Sbot r JEEE FRE, AZO T BRI, BPD (GO B D) a bl adoquat o
i ( [ [ - ri al f t dth
pncS | BRuRhoBh): 4RER IRPAZDs ¥ Guidhs ShoR Gl subSrate et s e,

trans t strate, .a suitaple material for e negative el ectrode

| ayer pﬁf@%ﬁ%ﬁ%ﬂtﬁ%a%ﬁ's@?%?rast‘)?égdﬁe alfﬁaf(eﬂﬂksqwbg'wof |ashigingadepuate. |t g
transparent electrqde |layer is _applicable to the positive el ectrode | ayer,
| U nedtlFE ARG HRWoSTD FSRRBIVeE Hiptesiala of the pestiate ang Sheicnihjasenn t he

Sr CU20 | ayer and the positive el ectrode | ayer. However, any suitable
tr-anspi:roér'?r"l‘/’glpé"’ct“?’%ba o€ di11disupsiraterie Usedias the tsansparendsubalyate, Bas not
been di scovered, and thereby the 15 positive electrode is nade of a.r neta
1, suc ﬁ”g%bl?\limﬂfa”@tfofﬁ\#‘%ﬁﬁg@tl\’@rﬁ@th@Pdﬁyﬁl’ra'yélﬂdﬁ-‘ayTO,béZOoE!”Z@i loGalie
positive electrode:, material to provi de enhanced connectivity with a*

| ed8 wil#ROby Of WeOB (%O n the light-enitting diode of the present
i nvention, a CuAl02 |ayer or CuGa02 |ayer may-be used as a substitut6 for
" the SrCU20#f #dipssparcninelasiiodedayearas 4pplicable to the positive electrode layer,

luminescence from the ZnO layer can be extracted to outside through the SrCu,0,
layer and the positive electrode layer. However, any suitable transparent electrode

material for the positive electrode layer has not been discovered, and thereby the

U .

15  positive eleétfode-is made of a _meta'!j such as Ni or Pt.  An additional metal layer may
be formed on‘ the positive electrode material to provide enhanced connectivity with a:
lead wire or the like. |

In the light-emitting diode of the present invention, a CuAlO, layer or CuGaO‘zr
layer may. be used as a substitute for the SrCu,0, layer. Luminescence can be

20  obtained by applying a negative voltage to the ZnO- layer and a positive voltage to the
CuAlO; layer or the CuGaOz layer. In this case, any suitable material allowing an
ohmic contact with the CuAIO; layer-or the CuGaO; fayer, such as Ni or Pt having a
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 additiorial metal layer may be formed

11



20 obtained by applying a negative voltage to the ZnO- layer _and a positive
voltage to the CuAl 02 | ayer or the CuG02 layer, In this ca§@@7QHQ4SU|table
material allowing an ohmic contact with the CuAl02 |ayer or the CuGa02

| ayer, such as Ni or Pt having a snmall work function, may be used as the

0Si t i Ven Bleqrisiteeldiioat inddteridrés biRld 884 ko LR R A AYer may be
Pormed on the CuA102 | ayer or thg m&%‘faﬁay%r,%%ﬁg\/@éb'm@%@ga%é%gr of a
met al spehx@s Ni or Pt. An additional netal |ayer may be fornmed 11

28/ 07/ 2004 on the positive. electrode material to provide enhanced '
hor i n mand 70 MURPENMYES Alor hotes e A i BB Pk AN (h b
o, 3R QR RE SRA3G Bl R et el GG (Sr6Uz02, |
o Ehe RO SUERG o B4EE A o bP B Shnesabr Boetmcomeeib e ned by
dopant e (AR e GUROATRRS | iasaer IiEdtemier coRasmprasion n Ree T ange
consi SEFHOH 7 e Syl Jayes, ibolowaharien caugeriiayion snavabe oottt by car 1| €

consi st ;
concent ratio nd js preferably nmade of the same naterial as. that of the
p-type “§'89185§H%§%"1’%'r5 0N E&A UGG G BRemasat ol 16 fo boadded asa dopant. Fohe exanpl e,
in the SrCU202 |ayer, the higher carrier concentration nmay be obtained by
i ncr eaS?HET ENCERHBURR IS@r ranggfg feexamel iatheraggpant x THT &£ncdo nixeto®
copcentration is 15 required to be higher than that of the p-type
eh cofffitict &ne efyrrypgasarmigondustardaysrs coasisfig of trec8riu.ahj COAIGNEnd her eby
arranged, for exanple, in the range of 1 X 1017 1CM38 to 1 X 10211 /CMB.
The | i gHEaBmiaversiasia bighenosartiercopcesteationi avistpreferatly piadd of 81 ddpeough a
film
material as that of the p-type semiconductor having the lower carrier concentration.
For example, in the SrCuzoz layer, the higher carrier concentration may be obtained
by increasing the amount of K to be added as adopant. This carrier concentration is
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°° fcm®.
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 rhay 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



i i i i VB tering,
form ng nethod. The film form ng nethod may |_ncI ude PLD, %4
20 vacgum evaporation and CVD nethods. It is inportant to _sgfygzﬁ é nmet hod
capable of forming a ZnO filmhaving desirable crystallinity wthout ]
undesi rabl e change in properties of the substrate. Various nethods such as

PLI B0 mputiemetery, Fatiriately, a FBE apphhads GRYaHIE of 8fbi, FHNg o he
tSP?:UZOZ Iay@ejlr on thg ZnO | ayer. Wile the B%Iy_l D net ﬁocﬁrlﬁ)ys sumdz;%ll to form

. , . o E it has a
the ZnOhavidg SbUDMchayeetemhad e icbaEniSEUPoRlNe Mhfgy 25 it
probl emin mass production due to a Ilmytapeﬁ fi1I'marea, %or exanpl e, of

about 12 287rﬂéflsawm§0nmaiisagmhsme-fomééy@{apg@%on Jl?ecg[j D ARR R A AR capabl e

' ] i Mecently
of uniformy formng a film having about . anete .
i I bl e, for mass production
l'aced bavindie laRjekgrea. THBwePeH LEThRDaNRE R9%e! M) 5 Wil ook
Eecause it d(':]an forma film havi _ngﬁg fégige a(rjeg.r @E%(%lﬁt[’u tr%oi ﬁ&ii’ﬁéer ;got gnd
. thes Pl erihaieb @estdifinityan B ZRO QRIS c s8N ARSed, of 3
Srcu2® | ayers due to&e?(posure ofjd?hez@? @%rsg%uoréiffﬁﬁéﬁuﬁg?vg‘gﬁp?gms
appar alpigsrsn A6wéverebbmo bonBiihE s, APRAT 2ty Of
capabl emof preventing eapos&ig ofh. gﬁg aF!s"f'i 'EP pipﬁg?%rgm}f@%g?grgw Ie(r:ne\r/]vitltﬁ
| aced pRitbhSopREELlcapdhie hod is.-su .
dpesi rabsfbe hon%ﬁﬁnelgtcfpl n 0% ?‘%@ '%@%%Hr%PMmFat?@@mWé}qen . X
I mpuri teg, :iﬁg}l% G jjned in gases of material tend to mixed into the
a ayers.r éﬁ}ﬂ? t eestwgrg %%r %d is suitable to forma filmwith enhanced
crystalli ”iTth}é '\p the, ZnO an rCutZOZ | ayers as with the PLD m:,jth‘od, it is
required to I'n 4 u%tlélo‘g@ﬁ'@%b_ff‘a? OHP & largs fifm. with Aepigahie Sembgeneity inher eby
the équéalﬁﬁ (o] tal will be oxidized, resulting in diffi qul ty in producing
ol Scul' S ?é@g@z%\ﬂﬂ%&t WS URMPEEgsostan @ Cresntained & gasesalf si npl est
and ea 'gg thod, .it, . hat?l di sadvant ages of difficulty in formng a large |
size fi am“"jﬂ%%fgﬁ{ nied; IR 6 davere i White the MBE method is suitable to form a
film with enhanced crystallinity in the ZnO and SrCu,0, layers as with the PLD -
method, it is required to introduce oxygen gas into a film-forming vessel, and thereby
the surface of metal will be oxidized, resulting in difficulty in brodUcing molecular
15 beams.,
While the vacuum evaporation method is one of simplest and casiest method, it °
has disadvantages of difficulty in forming a large size film and controlling the chemical
composition of the SrCu,0; layer. As above, each of the film"forfniﬁ.‘g'méthdds has *
different features, and one suitable film forming method may be'éeiectéd with focusing
20  on its features meeting the purpose.
The applicable film forming method can be limited by the substrate material. In
a plastic substrate used as the transparent substrate, if the substrate is heated uptoa
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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conposition of the SrCu2Q2 | ayer.. As above, each of the filmformrg
nmet hods has different features, and one suitable fil mforn%(@wﬁﬂ@‘hod may
be' sel ected with focusing 20 on its features neeting the purpose. The
applicable filmformng nethod can be Iimted by the substrate material. a

pl ast i coxddiverahetidrsetmaterfalteort trRNsRiceNdf 1HYRSbEIRIE, sidh ddehesoNEL bate is
heated up to a tenperature, for exanple, of 100C or nore, undesirable

t r ansf oVBEtrhéMol Sis GALGiIebId it thishassubstrate. Thus, it is required to forma
filmat a tenperature |ower than that 25 causing such an undesirable

transf or matfiIp} A P spGRS o rREMbE Gflod @ thePZ RBhi WC@Jbg]@y@ré/ttﬁBg i&@ﬂedoxi dative

reaction of materials on the surface of the substrate,” suc e CVD or

N one e plastkaabUIA, Bo's cbe, 68 3siretl 6 pRomBein sttt fiugfil o7
al I ow N an . on 't |
N 60! SUAESE mbdhol %L]Jgﬁ%sr@glmr%d%ﬁg?ﬁae[%@ﬁég§BE\J| He%l%dsoﬁeﬁrgg%ﬁ/gggaﬁﬂ%tﬁs ol ves

sui t'abl'e ne such as | rra on béecause suc

d S Ll . he | -
cxcanpl SOMHE Ry eBRbhcb SRR S Pl ¥ e BREBITE Ot heat i ng
vi'rtue BreF BykERle Zup ver e I ERA BT Pealit B b3k Sy eE an e
for med 19 wi.t h desirabl e crtéstal Linity at roomtenperature. However, in

order 4" TYRIRY RONABNIOAM GIPREAI et Fi ci ency and produce a desirabl e
light-emttjng,di ode havi I ncreased brightnes e crystallinity of the
Und | ayer B i SGn Sl fation SRES Shum it 2000 Fe&nst BYeFian be ol Yooe. 1
S Sesir_ d to pronote (f_rivstallization b¥ i rradi ating_éthe ZnO | ayer with

ul f'Pav e fesrahie QYRIANEYY @t feogy dPmppratyser  Hawevehp b fAideR 119, ORtRE sr cuzce.

layer is fornmed on the ZnO | ayer through the sputtering. nethod at room
t enper &hpRcedalyiningis efficieney @hd drredese epdesiipble fight-emitting diode having

increased brightness, the crystallinity of the ZnO layer is preferably enhanced as
much as pbssible. For this purpose, it is desired to promote crystallization by
irradiating the ZnO layer. with ultraviolet light such as Kr F excimer laser.

15 Subsequently, theﬁ‘ SrCuz0O2 layer i_s formed on the ZnO layer through the:
sputtering.‘method at room temperature, and then the formed SrCu,O. layer is:
irradiated wiih 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 SrCuz0y

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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irradiated with ultraviolet light to pronote crystallizati Oﬁé}ﬂgfr? n. A
transparent negative electrode to be. sandw ched between t 08¢ ¢ | ayer

and the ZnO | ayer can be formed in the same way. : A netal positive
el ectrode to be fornmed on the SrCu2® ": 20 | ayer can be provided only

t hr ough canfhiel suffigentyngnimneee seithirt tHeo MR AR At et Lot e et al
| ayer is irradiated with ultraviolet light, the |i 5 tpeir@ﬂfé;ﬂre%{rﬁ@gby t he

met al sthef dc@ layat it fpeefekabiyamyth@frgﬁgé opﬁoéur@{bsﬁﬂ?dx&t_i %ECWQ%QZ%@ggplect ed.
g g a

In either of the filmform ng nethods, when a glass or si

subst r abet sufficierstiychramotdipatt 4 RATRAGERS ChGE ] %dﬁ’gp rniegﬂ? tgﬁtg\g‘;,g%rﬁ?gf on of

the ZnO | ayer, the substrate 5 can be heate 0

1000C. {heWBnO tdyer aiimsd eddokiBed Yt 4 fork a%p%#@y&&,ﬂ%ﬂ%%% 7/ 2004 can be

sufficiently enhanced within the tenperatur rature for formng
cryseal 1 zaron e CrefaR Bebafie) WSS & arairibriateen: & than
Fenper i potere SBIRARTING 180 2l e EF OBt iU cbarpeschRect r ode i s
aver SR e e e prd CARE B GR e st it e remerang nebaivesspect | ve
From r cacytelileneh B8 2hB ey TR s i apeh aeori dnoboundsan fackor
tho T ensseEebh? FOPERRRHE Ve SR arapaient gesaiiecitrademenianpsiool 2000
cadh oS 18 PR Ts e pRadEe ZavtioyPukdbites adbe ratgeconzamagy face
Vayer AdB0e’ FBielTReERy e gipaiegiran 100016, Nihand angerored0eduits BRAC

TheSr 2, layer is not crystallized at a tenperature
O&l%er fo t%¥m an_oﬁus:r phase, >rgmd thereby a desirable bchTLIJ)ndary face cannot be formed

therebetween.
The temperature for forming the SrCu,0, tayer may be selectively' arranged in
15 the range of 200°C to 800°C. The:8rCu,0; layer is not cfystaliized 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
SrCu20; layers.
The method for forming the SrCu,0, layer may be applied to form the CUAIO,
20 layer or CuGan layer as a substitute for the SrCu,Q, layer. The temperafure for
forming the CuAlO, Iayér or CuGaO; layer may be selectively arranged in the range of
500°C to 800°C.  The CUuAIO, layer or CuGaO; layer is not crystallized at a
temperature less than 500°C, and will be reacted with the underlying ZnO layer ata
temperature greater than 800°C, resulting in undesirable boundary face between the

25  Zn0 and CuAiOQ, layers or the ZnO and CuGa0; layers.
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: o : t a
|l ess than 200C, and will be reacted with' the underlying ZnQO | ayer at
tenperature greater than 800C resulting in undesirable bodfdr3p0tace
between the ZnO and SrCu22 |ayers. The nmethod for form ng the SrCu2®2
| ayer may be applied to formthe CuUAlO2 20 |layer or CuGO2 |ayer as a

i i g E ture for formng the CuAl Q2
Tayer of QuGSOS T ayery PR/ B ioh b BRE I iine e navegRoBs or S00C 1 o
' s hot crystallized at a
tenper at P EL 28 2 TR L0 MU il Y st it W e ReMesicacy Zn0
; han ,800C, resulting in undesirable
boundar 1 SaERE P, 0 AZL Elyeb 0aR 5 lhiped Wik e Sherd st yanis Qe
: ' ducing the light-enmitting diode
of the B BRUTEY R baied nelrpBlarklSiioadyers 1y aghings excalint al ]
' : h.the BLD method used as a filmformng method, the Zn
f;ly)?}rg'gﬁ"’ﬁo‘tysﬁ% ! Y\APF*?F%ﬁﬁ'&ﬁagahfcwgmamwdﬁ-ty and dels: r abl eSbFunQary
O SrCu2C® | ayers to achi eve excell ent uni nous
fe? fC iecibgﬁl\(lz\ginar?teP %‘é‘%{;ﬁ? %?%éﬁ Ari':gﬁ’fd@ﬁ%/ lesemipvinga dghtlersegy greateralaKthes or Ar F
exci ner_laser having a |ight energy greater than the band gap of the ZnO
and Sr (H?E%qupa dhe 4n9 ﬁ%gr@&% lnyeyis wead awafight sourealfatiiragatimettear get .
Laser Qaving a light ener?¥ | ess than the band gap is not absorbed by the

r 'Foeh2dPseangung antont isspedyylesshanaberbaabl| gep ismct abeeibeBeCHased. 10
'%ES Ioa er_havi ng t%e | i ght energy greater than the band gap is absorbed by
t he ,z??@cb?*’ H(tizOatargel aust thereby any dadensbiatiab catic besausdat t he tar get
"material is deposited on ' the substrate pl aced opposedly to the target to
forth a fil hedpsrrdayingubeniohli aneagy oleater Itharhthevband des isrbeb@iekilny @asor bed by

oxygen_in air, it is required to forrp vacuum al ong t he opti_cal -path. Thi'_s
| eads 12800‘6@101“2@2 tadgeliip vatise Rsedablbiimusd that the target material is deposited ‘
on the substrate placed opposedly to the target to form a film. Since vacuum
ultraviolet Iigh_t will be inherently -absorbed by oxygen in air, it is required to form
vacuum along the optical path. This leads to complicated structure, difficult
15 management and increased cost in the apparatus.- in :contrast, the Kr 'F excimer
laser can advantageously provide sufficiently strong light because it is not absorbed -
by oxygen in air, and related apparatuses are widely place on the market,
For exampie, when a YSZ (111) substrate is used as the transparent substrafé,
the ZnO Iayer can be formed with desirable crystallinity, and ITO can be used as the
20 transparent negative electrode. This allows a light-emifting diode to be produced
-with excellent luminous efficient. Because, The YSZ (111) surface can achieve
sufficient lattice matching with the ITO (111) surface, and thf; 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 It is known that the surface of ALLO; single crystal substrate, SrTiO; single crystal
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[ [ . In contrast, the Kr * F
nagenment and increased cost in the apparatus’.
éicrane?g | aser can advant ageously provide sufficiently st roﬁ@’ofipgﬂf 3ef:ause
it is not absorbed by oxygen in air, and related apparatuses are wide yth
pl ace on the market. For exanple, when a YSZ (111) substrate is used as e

{r anspamabstratabs e cohlid RGN AUFL B RF A AR D desiratle
clrys':al ldl n Eﬂﬁrﬁ?jggééi;g ;arl?é_ ge ?{See" {S g dj Pde to be produced with excellent
Ieuren'cn(r)asegﬂi cient. Beéattjse, %He%&% e@l"ﬂ% SLFeP SuCctuse, cag hecolesesved: i ci ent
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| att s 1) surface, and the I TO (
sﬁf f : g??ﬁ Igﬂ;???g%tr?%{%@%g&%réé}q%% C@@O@ﬁt)sugﬁ?‘? ace. Preferably, the

i j il he above feature
YSZ (111 f; fficiently flattened to utilize t \
in | <(31t ti )ce ?rlggf gﬁ‘%ﬁé&g{%é | {“Sfc's"%% t & Stmias catemioply dlabsua@o sosings e
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' . ST single crystal 16 28/07/2004 s_ubstrate or t
i i? gafr?ﬁggé B? Igg@teg ne%ﬂrg? SH}%%B%W% iRg HPf@gafmmaﬂm??ljg?ﬂz a vcngﬁug m or
i 5 tent that step an errace s _ _
obser ver AR A a EmbrE< S M e o1y 000F G1tp SB0DLS et s kv
i n has di scovered that a simlar atom ca y fla
iﬂﬁ 1]: Zﬁ?%%%ﬁa’eﬂ%??g%f’#%? seiehle useg Seetsuh@trafsmrgheg'gm-@nmﬁwt iodewi ﬂti@hgo'; 2 e
icall ol ished to a heat treatnent at a tenperature in tl
L?Cigo %36’?1'% ONandhendibsiate hpengetle ateBicilnglat wikstab m@&ot S%FR/ te ﬁ?i.g (r)] |
use as . a sut@} ate for the light-emtting diode of the present i .

{ thoaidistance, foraxaswid, ac thd mndie1eReE 7RpPsed! y to
The suBEPPeR W% T V&tfb?nf or eofanpl e,s}pg] t he rar?ge of 30 to 70 mm 10

eagg eég{w;pge? @%;-tpg&c gé;mpfdne trget ancialbstats BubeldPhisidid f gted 1n
_ {/;iuﬁﬂq}t% f%eqlgrggfgiin_?nn?ﬁga\?;z?un{ v:atsslelS dfgl lr’:‘rmt/ce): \R/at er vapor fromthe
vessel . The process for renoving water vapor is a
It is desired to provide an ultimate vacuum of 1 x 10™° Pa in the vacuum vessel
to remove water vapor from the vessel. The process for removing water vapor is a
critical poinf in the entire processes because the SrCu20; readily écauseas chemical -
15 reaction with water. After water vapor is removed by sufﬁcien'tl-y incfeasing the |
vacuum in lthe vessel, dry oxygen is introduced into the vessel.
in the process for forming the ITO negative electrode Iayer,: the oxygen gas
having a pr,gssure_.in the range of 1 x 10 “*Pato 100 Pa is introduced inta the \re“ssel. E
At a pressure less than 1 x 10 ™ Pa, metal In undesirably sepai-'ates‘ébut on the
20  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 300°C to 1200°C. Ata
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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critical point in the entire processes because the SrCu2® readi IE causes
chem cal 15 reaction with water. After water vapor is renové 08&20 4
sufficiently increasing the .vacuumin the vessel, dry oxygen is
introduced into the vessel. In the process for formng the I TO negative

el ect r dgenatigreef atfiine. oRyejenablyathe teadergiue off hessubstraie ishie thangeeobf | x 10
"4 Pa to 100 Pa is introduced into the vessel. At a pressure less than | x
10 . - a 590°Crtetaf0°Cn Withirsthisalepesstp@r ahge, aUIT®AIM hete?dbpaafasly gicvn At a
pressure greater than 100 Pa, plume to be forned by irradiating the target

w th | asevsbhétareusasd ¢an bafbrineer eby a fil m cannot be effectively forned.
The substrate can have a tenperature in the range of 300C to 1200C. At a

t enper at ur erdresampharan3AeCsintdied Bbyy tahtinff | @9 of 35018 ARl éél@fee' ciently

pronoted and thereby desirable | um nous characteristics cannot

XS ket PkgmRYOR ets SURSAY e ETGHR riSah 0 !

vapori ze resulting in ineffective- for on o

Pr ef er abh¥kndfen it RAGRIH56 nAf toltBoHPS tif t@%@}'b%ais% tﬁf&ﬁnésaﬂgga fﬁtap 5900C to
an | I

900C. Wthin this tenperature range, II'mheteroepitaxially grown

o o ik P 3FeCEs08 BT el SR M RO
ange P delu SRASkkeAth. [the 18 hAY BLoRRe GRalec i oot Al 88 o |
ol ot r B MRBE 3SR 8RR Rkl PR Are e on E a3 tuded eRABETgr eat er
th%l 29%3 t?ﬁ]eretgﬂiagtgatogli}ﬁﬁ%%t hi ckness causes | owered optical transm ssivity,

resal ti t of 10 light to be extracted outside. It is
ot o0, 8 SR IR QSR R ol ok Rk PSR e Bl
flat ne%esnse}{}dhas an impact on the crystallinity, grain structure, surface flatness and
fransparent - conductivity in the ITO layer. The energy density of laser is a value
depending on the apparatus. In the PLD apparatus described in an example.
15 described later, a desired fitm could be obtained by selecting the energy density in the
. range of 1 to 10 Jicm?.

In the process for forming the ZnO layer, the oxygen gas having a pressure in
the range of 1 x 10 *Pa to 100 _Pg is introduced into the vessel. At a pressure less
th._an 1x TO # Pa, metal Zn undesirably-separates out on the substrate. Ata pressure

20 greater thaﬁ 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 iess 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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i Vi i i f laser is a
transparent conductivity in the 1TO layer. The energy density o _
val uep dependi ng on the apparatus. |In the PE_D appar at us qe?,é/pm@aﬁ n an
exanpl e. 15 described later, a desired filmcould be obtained by sel ecting
the energy density in the range of 1 to 10 J/cnR2. In the process for

f or i ngthehebyZndbdiapler bourkieryoRe ean 4R Be M| AbAWBE P BRUTE 4 218 Lange of 1

Xx 10 -a Pa to 100 Pa is introduced into the vessel. At a pr

than 1 Rrefé@rablyPthe terhperaiite LHMﬂ(:‘,:ig@Qtrg{te gemag%t Fa?)]rg?}géf §§0%¢ﬁ%§6§t§¢rat e. At

ng the
a pressure 20 greater than 100 Pa, plunme to ( _

i i fil annot be effectively
t ar get Within thissehpbREtRE®an éZn@gﬁ%@pgpﬁgé’e &l @%ﬁ]eﬁ%&?@étaﬁﬁﬁ}m@m 6 1000C.

formed. The substrate can have a t ure i

. . . h
At a tenpern I han 300C, the crystallization of ZnOis not
sufficient I@F%;{?)ﬁgtsgggcéind t hereby desirable . |um nous characteristics

' ture.greater than 1000C, the | TO | ayer
Wi be reaors el yIR e FIBE I Rle S B8 gaphoba 6l i bl
; d ZnO rs. refera :
het ormar et or ot 2pRaf Rt baS B nbiess Iy trioson 8 o tade0e. W thi h
[ - h O (0001) surface can be heteroepitaxialiy _
;?B\Smt %gge'[lﬁfaﬂélr %é?gﬁjhéssugftég'éne(sﬁq%rﬁ'n%%ﬁﬁh thigdyini thicksess esnndie t ar get .~
Pr ef er ah) . target is sufficient] densified. The ZnO | ayer preferably
has a ?ﬁ‘f%ﬁﬁﬁé@"%ﬂ“’gﬁ‘gs‘r‘%{}?&e Ifftﬁ?% a8 bane thigkpess arenter Znap Pager has a
tﬁ?ckn S hi8SRick hgn, 2o nrn. this thin thickness cannot cause effective
| umi negﬁ‘erﬁc'g. ‘F{‘. %ﬁ%“%ﬁcﬁ“&%HO‘ﬁ%@dé)&tlﬁalcﬂzmssjwéatresumngam R@d6ed NM this

thjck.. thickn apses | owered optical transmissivity, resulting in |
re1 uce'&ﬁef?&@ﬁﬁfi‘ﬁi?B9egﬁfacpt|a@ﬁptstd@. be extracted outside. It is required to

e ener density of |aser because the energy
sel eqt adeﬁ“fsa trequ(lered t%yselect ade%uate energy density of laser because the energy

density has an impact on the crystaliinity, grain structure, surface flatness and
transparent conductivity in the ZnO layer. The energy density of laser is a value
depending on the apparatus. In the PLD apparatus described in the example, a

15 desired film could be obtainéd by selecting the energy density in the fange of 1 to 10
Jiem?,

The surface of the ZnO layer should be sufficiently flattened in the step for
forming the SrCu,0; iayer to provide a desirable boundary face between the ZnO and
SrCuz0; layers. it is generally known that the PLD met'hod- tends to form

20 semispherical protrusions, so-called droplets, on the éurface of a thin film.. These
protrusions undesirably form a p-n junction on the boundary face between the ZnO
and SrCuzozrlayers. . This is significantly disadvantageous to effectively inject
conductive holes from the SrCu,0., layer into the ZnO layer and achieve
recombination ot 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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density has an-inpact on the crystallinity, grain structure, surface
flatness and transparent conductivity in the ZnO | ayer. Thgg@ﬁ’@p@ﬁl density
of laser is a value depending on the apparatus. In the PLD apparatus
described in the exanple, a .15 desired filmcould be obtained by selecting

the enefigiecigsiot gniealinget BHOYE t071200tO ih aGraduliiMessECorS: the ZnO
| ayer should be sufficiently flattened in the step SfSor' ffgr%%%ﬁgg ?'];‘1% Sr CU202

| ayer tsurfacedf dee Zndésiar alithey WQ&éybéﬁi%r%niﬁ@guH}q@%Q%O@ﬂgy ?ﬁssrg 202

| ayers. Jt is generally known that the PLID ten
sem sphand pallshpigokitiu g igaNshing anem! | surface of a thin
e ager Q’He%s%ﬁlc?érﬁ ﬂa@%s% g]etqeis a5R FH%oundary

film.. These protrusions undesirably forma p- unc

face bedeypaded RenikoGd efRfns) GHZOR: prb@UE S -uﬁ\bieriﬂﬁ? Zjlgﬂgr Igs:eﬁcuﬁltﬁg ér oR0?2

di sadvant ageous to effectively 1 nj'ect conduc

layeyr ididrifidanBy 4B@ribryed yRRfagghi eve reconbi nation of the conductive holes
and el ectrons.” 25 Fromt%i s point of view, the surface of the ZnO |l ayer is

sl 2o 1 BOS hR EA LR000, BBl BB Bl by o e
i th a er ERREF T B PERLING oo BicetiRaliieveel " resmie bssauses
O Y 1O g, S0 PR Ao ol Bl bembrtans et o
o B e B e iy o s
{180, el e Bl bl P 25 U O Ll
: L;:‘ﬁgf{ ahgngtﬁ% gﬁ?ét%gfp%pm%é taesfr(laprerat%l(r)e %eﬁ]%rrrgngg?)lf |2;509C? ?0 tagg"rce.byAtaa i
temperaturé' less than 250°C, the crystallization of SrCuz0; is not sufficiently
promoted _and thereby desirable luminous characteristics cannot be expected. Ata
temperature greater than 800°C, the SrCuz0, layer will be reacted with the ZnO layer -
- 15 and thereby a desirable boundary face cannot be formed between the ZnO and
SrCu,0; layers. Preferably, the temperature of the substrate is in the range of 300°C
to 550°C. Within this temperature range, the SrCu.0, layer can be formed on the
. £n0 (0001) surface. In particular, by selecting the temperature ar_buh'd' 500°C, ‘the
SrCuz0; layer can be heteroepitaxially grown on the ZnO (0001) surface.
20 A SrCu,0; 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 ineﬁ 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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The substrate can have a tenperature in the range of 250C t%jqo?g%%mAt a
tenperature |ess than 250C, the crystallization of SrCu2Q2 i SR
sufficiently pronoted and thereby desirable | um nous charact ngClSJZIOZ aver
cannot be expected. At a tenperature greater than 800C, the Sr y

' i ound face
ot b oot Seh FBS e 10 MR EN R ik ihiap) B ”
cannot be forned betwee Zn0O al : e

t t range 300C to 550C. Wthin
Smperature Tange, "t he S aiscl [ Aper i ARES oo et oo

i iLng.the tenperature around 500C,
S i [ ayer can be RRPRTBLIE LT et G savsreclmeiug irbgapnsar f ace.

i i A uni val ent nmetal of 20
20 A Sr od s-used as the target.
at ono g?@%% ?é;-%ﬁ(gq%f)eg'an% t“&%”@za%%@ﬁ 2 thickpessogregtes tigin 20a®eninhetisof . For

| - i i be increased by adding 0.3
amnpl ey : ; ntration of the filmcan (
'?)(; ?mﬁh‘g/éokgﬁlc&?%ﬁ%é?gﬁﬁ&%ﬁ%"e'target is sintered under inert gas such as N2

: . t. is sufficiently densified. The densification
?g 'rA\reI ar |r \e/fe ;&@p‘%’é’”&%’pg i%@é‘g%dﬁq%ﬁi%}t Hewmsityhofalaser blécmnsy_th@telmﬁy 3u|t Sa
i ' j hot 20 28/ 07/ 2004 isostatic pressing metho
glcj)lt t g[)l e 4 g’? 'iyﬁlt gggig}opr?f:?ic’@ameoﬁwsﬁﬂ@itESr gmmrubwﬁe,r ;u;gj?ga?aiirg}@shag R
[ ' f 20 nmto 2000 nm If the Sr a _
thi okna2bspBsbl oot ArGuChitsvern ey donsiy Gad (€bL8Rl Ve
i nj i to the ZnO layer. If the ZnO 'ayer has a ( _
Igple:f Ealrd%?’ﬁg‘ﬁfnﬁgg{)t X gﬁ%ﬁ@s- t &leyPthﬂpmamiui; ﬁeuﬂﬂﬁé@ﬁWfHeVéxarhﬁigje %Slr ;agwh ; gd
i t he energy
t el ect. adequate energy density of |aser becau;e
a(l’)l 1§rrp§8§" %ﬂﬁ'?‘h%m&? §’§t°§’?alm¢ﬂ by selgetitigths tenemfydensity il fhecangé af Pes50and

i Vi i 22 layer. The energy density of |aser
trans ent conductivity in the SrCu _
"is a \F/)g{cﬂb dependi ng on the apparatus. In the PLD apparatus described in

the exanpl ﬁm’ th%_ process for fo.rming the CuAlO; layer or CuGa0, 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 séparates' outon

15 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 for?hed.

The substrate can have a temperature in the range of 500°C to' 800°C. At a
temperature less than 500°C, the crystallization of the CuAlO, or Cuéad{' is not :"
sufficiently promoted and thereby desirable luminous characteristics canﬁot' ‘be

20  expected. Ata temperature greater than 800°C, the CuAlQ, or CuGa0, 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 rangé of 650°C to 750°C. Within this

temperature range, the CuAlO, or CuGaOy layer can be formed on the ZnO (0001) .

25 surface. In particular, by selecting the temperature around 700°C, the CuAlO; fayer
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i i i density in the
i I m coul d be obtained by selecting the energy
%gnggsg;eg IL 10 J/cnR. In the process for form ng the CuARSR7{280&r or

i in the range of 1 'x 10
ayer, the oxygen gas having a pressure in
Fﬁggc?ollzo Pa is in?roduced into the vessel. At a pressure less than 1 x

' (1Y) | arates out on 15 the substrate.
A 2 pross e gzrlﬁﬁtrgréhtbﬁgﬁ%8§ﬂ%§%”g§% 5’%%9&%(%)@@%&& ating ]the
Car g oo ’ by a filmcannot be effectively
target withal obego | L.....and thereby A N
fgr %Ed. The sg;ggrg?g gg(r?g?iv%m er‘?‘gﬁﬁ)&g’ai%r‘@e?n% Héer tanget. of THOQ®GI¢ 0' 8

EoMhRLf n.500C, t crystallization of the CuAlQ2 or
gtjegozti s né‘?*’““s'ﬁ?‘it?%?%{? yb%F‘SFﬁ?tsﬁggaﬁHdm@r%\gal@ﬁsmetatﬂsea Howdrnags

ISl : ected. At a tenperature greater than 800C,
the CuAl G e E3aIMe08: Kbt Poe The cereeti sidtemdturziez o @esuchnss L her eby
[ ty face cannot be formed between the ZnO | ayer and the
&i?o'zr%?b&@yﬁae&%?'% g?eeﬁ%rgﬁbliﬁ/,suﬁmnﬂy edqrsifietiur eThef deRgificatst [siatog i f in
h : C.to 750C. Wthin this tenperature range, the CuAl o]
Lhe tandesddy Anfk

CuGa2 Tay U do pehimggitheprahen @’ﬂ@a@ﬂﬁﬂﬂ)aﬁ?g?&qﬁ?%ﬂ@g%%&# ggir 3 by

i t erature around 700C, the aye 07
Sdejlegg)tzlan %Et/gsstéﬁ‘gp ARSIt Eredeqs] isasuitdblley fayr tbﬂmhdeuﬁsiﬁdwtozﬂ %@98%@03 ,face. A

: in i S d as the target.
CuAIOZCor 2 sintered bodyls_us.e ( o il as a

aGE" RIREerakly fipe anthisinescineths edndy o2 nROtR200Y NAl ety O®
ggggﬁtnt Pgtq%;ﬁ:grrilﬁs?%ﬁ to 5 nmol % of K thdgei n. The target is sintered
8

under FHféfqr’z WESS @hiaafgrhaserthmkneseneéﬂhahlzﬂ,mﬁ,hm.-sttzp,rrg@ﬁckhg%ssg;gé;o?i ently

densified. The densification is relatively difficult to achiév hr ough an

L nar At ncan s urBrua Bl 2000k 905 g1 1
S‘? Eap g?%r'sagﬁsrlﬁ'b?@ 20Ahrokthisstbick thitkitess a1@preduddenm to 2000 nm 1 f the
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
15 is a value depending on the apparatus. In the PLD épparatus described in the
example, a desired fiim could be obtained by selecting the energy density in the range
of 1 to 10 J/icm?.
| 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
20 PLD method by use of a Nj target, any additional equipmént is not require for forming
the Ni film.- However, the fitm forming efficiency of this method is relatively low
because the Ni target refleqts 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

25  connecting wire such as a Cu wire,
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CuAl @2 or CuGa®2 | ayer has a thickness less than 20 nm this thin thickness
cannot 10 cause effective injection of holes to the ZnO | ayY8/7/3004t he ZnO
| ayer has a thickness greater than 2000 nm this thick thickness is
unproductive. It is required to select adequate energy density of | aser

ctr ot ur e, et aagop R O BENRE SIREC b SRt Fiteqatisvidbie Tenal co or
CuGa2 Lty of |aser. 15 is a yal ue dependi ng on the
appar at S pionERCeril BREMIE BE bRk s e it Sl ke e ied 11 m

could i ped | ecti t he .ener density in the_range of 1 to 10
Jl cre. b‘ﬁ’aﬂjﬁ%' a‘@gd?%freg’gtf’ﬁfs@&ﬁgrrl"§teﬁﬁ'i % eeoqsﬁ‘r"ete%{@t'i?@ﬁ t The samecearode. The
Ni |ay . formed through any. filmform ng nethod. When the N | ayer
is for qn%dgﬁﬁlfe%ﬁé% the, 4258 L%eg‘@?hééA'E&z yer oF (43902 lavgetis usey asidi ti onal
equigprent s not, requjr or formng the NI film However, the film
fgrﬁpnﬁué?wt@ir}%w ﬁ“ﬁ?ﬁ?gyﬁ%t hod is relatively |ow because the N target
reflects laser. In view of the filmformng efficiency, a suitable nethod
is the sputtering or vacuum evaporation method. Further, a suitable netal

| ayer be formed on the NI |ayer to provide enhanced connectivity with a
25 con 'T‘m@)vm' re such as a Cu wre. 22 28/07/2004 Ni has a significantly
| ow et chi n% speed. |f an electrode material suitable for being etched and
capabl e of THeRresgnhivantioshwill beatastalod Wi delteiltih eoSuRSPwIaRS foilswingvai | abl e,
it is desired to use this material as the positive electrode. The sane can
be appE¥®BPlEo the case where the CuAl 2 | ayer or CuGa02' layer is used as a
5 substitute for the SrCu2Q | ayer. (Exanple) The present invention wll
bel@escrBxample A detail in conjunction with the follow ng

) Fabrication of Laminated Films

Targeté of an 1n;0; (herein after referred to as "ITO") sintered body containing

10 wt% of SnO,, a ZnO sintered body, a Sry.. Kx Cuz0; sintered body (where x is a

substitution rate of K ion substituted at Sr site, and x 0 0.2) and metal Ni wc-'zi'e

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 2 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

Jfem? 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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exanple. 10 Exanple | Fabrication of Lam nated Filnms Targets of an In203
(herein after referred to as "I TO') sintered body contai ni naS/Oz/@O%%of
Sn02, a ZnO sintered body, a Sri, Kx Cu202 sintered body (where x is a
substitution rate of Kion substituted at Sr site, and x * 0.2) and netal
Ni  wer eforrhBd pyieipaarehginfhibe ecricag\g dbssityest dager e 6dJ/cm? dorPddhehasdertheand the
vacuumof 1 x 10-6Pa was provided in the chanber. Then, a polished

subst r atserads ngterrd{Séd (MHdn trRUZhACHRINENM Rl A Hiltkha&Lof 1O0IGINESSTd e | nm or
| ess was di sposed opposedly to and above the target with a distance of 30

nm t hertehpleyaer of ey sestgtswad vedt Jwopcessure of 2 x 10 "3 Pa as 20
at nospheric gas was introduced in the chanber. After the substrate was

heated up_Tend@0SiCU,05 B AIRCRaE otk WhAS LitaRGhg e ér{e@ﬂh@ﬁmﬁf} ¥ th Kr F
(248 nm excimer laser pulses through a silica gihass w ndow whi'l e
[ : ' I ' f 1rhe |
s ot apn T AT RS e B s B BihehShe SRROC AT 35 ¢ he
t ' trat 0 Ther ipnsfi 23
Sper el £ ilictle vﬂ?ﬁ?’g AfL End@% RfodbiuR e ikt GAOHNLNSEIAM vas

28/ 07/ 2 arrangi ng tHe energy density o 2 o hJ{jch
f . The.. iLnt qila) Zn0O iQsfi

thi cﬁﬁﬂsﬂz#ﬁ%ﬂ}ﬁﬂaﬂ?@{fﬁﬁﬁé@ é%ﬁiéﬁﬂiggﬁsmf%@em@aa%@' Jhg e o g5ofc. |
hen. . Ay . . . .

aser Ptk el i obf WG hkasesRiraB i e bE ciriandl e or tuzce

n and the te tyre of the substrate

thin-film, had a fhickness. of 20 r
was setwagtmg%'t9“t éﬁn%'ﬁ,g'epﬁg'r‘Ni Inegf ?\r-'?)]l Y55 Sk P(%?%nggﬁé With AQias 3 889 he N
target with laser. The | aser _was interrupted when the Ni thin-filmhad a
t e adle' B i cUiEat RS Syriater it BN VAT Mofhé [e ARG oS SARPENt ai 1
I'n order t}&) se Weprobe coated with A%.as a | ead o

wnth“‘ u through the sputtering method. The thickness of the Au thin-film was 100

nm.

Fabrication of Mesa Structure

The s'urface of the laminated film was coated with a commercially available
15 . photoresist (AZ p4620) to provide its thickness of 5 um 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 pm, and immersed in a. commercia.lly 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 CFs gas and Ar gas through a reactive

25 ion etching method. The Au and Ni layers were etched using CF4 gas under a gas
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10 wire for injecting current, the surface of the Ni layer in the |am nated
filmwas coated wth Au through the sputtering nethod. The 280760t ss of
the Au thin-filmwas 100 nm Fabrication of Mesa Structure The surface of.
the lamnated filmwas coated with a commercially available 15 photoresi st
(AZ p462ogssuee pi DPiadat art BF phivek oe250 WE  Fhpm) thy S30U0£ a0 A1 172080ersPm
20s), and then dried at 90C for 30 . mnutes: Then, the surface of the film
was i r mede atchedwising At gasaundelr etgds [@BEsur@ @f B/ PA.0st)ant RE QedRr 8f S5 Gl ar

phot omask having a dianeter of 500 pm and i mrersed in a.. CONErCi ally
avai | ablTee de@ehyapavas(dehecde\ied gasthlof boohal,m a pattern. In this state,

adhesi veness of the pattern and etching 20 resistance of the filmwere

i nsuffici engleciitasand bemfobTOMasacaIRiest ed to a heat treatnment at 110C for,
30 minutes and subsequently at 200C for | h, under anbient air. Reactive

nut , _ ! i . A ga
| on &t chi ngTAe NP probeskad SoUER: IM‘B%OE?Q&E %@F@k@i@éﬁéﬁﬁﬁ?%@@g oSS 1oy

through a reactive 25 ion etching ne

250 W Theh SR 3na I SHA Y T PR Pt vBre B Bl o Gae
et ched 7o DHeRaRt reareuwine sufigntlp® 2hlod Inetels s, aithteri Lo 5
above TeERy dbreatal B, ah bl 0Ree bh dusi Ve onmiBios! {hlbe Aoanes dhar o
Cher ot ot rrdeficlRs o Py aPted ey REPEESLLI Ry INeBBreLat ot 1hB0 of 0. 3
v %o "hére. quh% mi;asve?erh%thogf the light was about 380 nm.

Comparative Example

Fabrication of Laminated Films

The film forming process of the example was reversed. That is, a SrCuz0;
thin-film was first formed on a substrate, and then a ZnO thin-film was formed on the
15 SrCuy0; thih-ﬁlm. In this case, a,p-fype transparent electrode material exhibit_i':ng
high conductivity was not available, and thereby a glass substrate coated with Ni'as
the electrode was used.
. Targets of an In;O3 sintered body containing 10 wi% of SnO,, a Zn0O sintered -
body, a Srix Kx Cu0; 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 debosited 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 = 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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characteristics of p-n junction diodes. Lum nescent rapidly i ncreased at
0.3 Vor 10 nore. The wavel ength of the |ight was about 3885/[H200

Conpar ative Exanple Fabrication of Lam nated Filns The filmform ng
process of the exanple was reversed. That is, a SrCu2@ thin-filmwas
first feintdely ehilmasangng dteeeneagydemsty mlazeﬂntmu/nnflfcbrmamasaufser med on the 15
SrCu2@® thin-film In this case, a . p-type transparent el ectrode nmateri al

exhi bi ti ng Whehaszonehscétoppddywhers theoSrGa), ltsibifitn hatd tHivheby oP2gd ass
substrate coated with NF as the el ectrode was used. Targets of an 1n203

si nt er edhbe,dy ZB@ntrn-find vakOforhed efhilSNdgngolihe &ricig e aefsinPedksein® 1, K
Cu202 sintered body and netal NI were prepared. These targets 20 were

placed jmnd fBkRaehapiies., BRdIdder WRC HEMGfied whehOtR PROVBH-fIRPYades in the
chanber. Then, a Si02 gl ass substrate having Ni deposited thereon was

di Sp9SethickABBO SLAOY nk amen APV tHhesi rmmetfommmed%ﬁérgg’rgﬁtr%fe

t her ebet ween. Q<ygen gas having a pressure of as at%spherl c
2 f t
gggcwaf h%ﬁglstzqface ol? 6%@1%‘8%]@%@?{%5 P{A\atreﬁ-a‘é Iéévl\egg\ﬁa:é B?faerd'% gfe ed\c/i\ﬁ \6\? @Wuﬁmg
nm  eXCiufref) ﬁé&étm!i( &r%ﬂ ZhcBthb! 1 o @é(kgﬁjo%‘{’ 4 W whil e
e 5‘ each

arrangi ng t ener gy ‘laser e | aser

was sto&ped V\’@ﬁ"&at 2?ru§(ru%3ﬁ%2 e&r@wﬂeé omtﬂ% 48%%&&“'1&'%[}%3% f Zggln{]gﬂ% T_hen, a

ZnO thin-fi mwas ornmne arranging nergy in5

j/cove f | [ was errupte enthe ZnOthnfllmhad

a5 thl@ ﬁ%@%nbﬁ PﬁfS%c'ﬁrﬁ? " ‘f'ﬁg Slﬁar?(ftﬁ”n'fﬁ qopl-l%e%g Efra?tﬁﬂﬁt'q/\ﬂp'f:a{%ﬂrangl ng
nS|t | aser /[ CVM for each ser was

| ol T s RB ROk qusEEd | Mool B R a B3R R and tne

| am nated fil mwas taken out to anbient

INDUSTRIAL APPLICABILITY

The light-emitting diode of the present invention including a p-n junction yielded

by forming SFCUzOz, CUAIO; or CuGa0: layer on a ZnO having a desired crystallinity -
15 provides ulfraviolet tight having a wavelength of 380 nm at room temperature without
any difficulty.

The light-emitting diode of the present invention can be significantly downsized
through ﬁiicro fabrication, and thereby is best suited to optical recording media. " in -
addtion, the Iight-emitting 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 uliraviolet 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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air. A mesa structure was provided to the forned lamnated film In the

measurenent. of. a current-voltage characteristic, a non-|i 288¥/2004

characteristic indicating 10 p-n junction could be observed. However, no

| um nescent could be confirnmed. | NDUSTRI AL APPLI CABILITY The light-emtting

di ode ofs tiiteddteseplimpingessLres df@hy&b@%-@eﬁer@tihgl%bi&@tdé}@m% gy formng

SrCU202, CuAl02 or CuGa02 layer on a ZnO having a desired. crystallinity

15 provigtestyldevampmgetor &Mpl8ald B8 ppneatié 89 Hhhrdkn3se f!é“b ¢ %ﬂ'

t enperature j\7lvith0u{3 lgany di ff? cul ty. a%;])e I'i ght Ehtgm'rdtg’t inng rl odgé%r?' t he

pr esent aifaxRibié ORydidfe Rt dd Urgireant e dRyMSIngiffhgt 9l MHgr I cati on,

and thereby is beét g%ited to é%tical ?eé@?%%ng ﬁegkgg ?fr%% gﬁ%%?%n, t he

|1 ght - e, Ltsd i ; r I hat . of ' convent ional = 20
mvEAtido cah e@tﬁ?%ﬁ@otﬁb@ de6lha 8N e‘?\ogérnnértﬁg@/ptf%dff ngiggs %nd

di ode. This provi gher recordrng density in tica rdi ng nedi a,

Fur ther ] i SRt henSodl 1he present invention emts :
ul tréz;vi%?rgﬁtégﬂpgreﬁ%hé% t |saﬂ?)5%{}9'% itting diode is suited to a punping

source of any visible fluorescent materials. This nakes it possible to
achieve a ultra-small or super-sized and ultra-slimlight source to be
applicable to illum nation devices and display devices. 25 Further, the
light-emtting diode of the present invention emtting ultraviolet |ight 26
28/ 07/ 2004 is suited to a punping source of a hydrogen-generating

phot ocat af yst which are recently devel oping, for exanple, to be applicable-
to hydrogen-source systemfor autonobile hydrogen-fuel ed engi ne. The
light-emtting diode of the present invention can provide resource saving
and environnmentally friendly devices, and contribute to perenni al

devel opment of society. 27 28/07/2004
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What is clained is: 1. An ultraviolet-light-emtting diode conprising: an
n-type ZnO layer forned on a transparent substrate and exhi 887880bnly 5
intrinsic lum nescence in the vicinity of a band gap thereof, and a p-type
sem conductor | ayer selected fromthe group consistingOf SrCU202,

CuAl 02and CuGa02, said p-type layer being forned on said n-type ZnO | ayer
to provide a p-Wij I t her ebet ween, wherein said transparent substrate
is ffall yttri a@#@é@?ﬁlltaizng%i 1%1 rconia (YSZ) (111) 10 single crystal
substrate having an atomcally flat surface, wherein said light-emtting

di ode further includes an indiumtin oxide (1 TO |layer heteroepitaxially
grown on said transparent substrate to serve as a transparent negative

el ectrode | ayer,1.and Aheliavinlet-hghtZrmtiingdipds eomprissrgiepi t axi al |y grown on
the ITO |layer to serve as a 15 |um nescent |ayer, the p-type sem conductor
| ayer being formednaypesdnO BEge fayerd 610 a sensparcas sabdieke and| eaxbibihiz baler .

2. Alight-emtting diode as defined in claim1, wherein said p-type

sem conguctigirins@Y fhineScefceSin G2 Gidinkiig 2 h baidd 841LikBrebl@nd- t ype semi conduct or
| ayer contains 20 20 atonPo or |ess of a univalent netal substituted for a

Sr site of the Sl EL f p ' ! it Ng
di ode which i nclétugegI a%é“ﬁxﬁ/dé‘g% r%% I ai&gr%df fgé%%Qg%S{é&% Pgsﬁés‘%)“%mé%? m’é&&?%’t rate
and exhi biting only nptrinsic | umnescence in.the . vicini of a band, gap
her cof , arfch/aih A GuCa0r R oty e G Frine gt omg "eebigl Pt paRies’: y pe
| ayer being fornmed on said n-type ZnO |l ayer to provide a p-n junction 28
t her ebet we e R-1dHICHORERCHY§ERpri sing the steps of forming the n-type ZnO
| ayer on the transparent yttria-stabilized zirconia (YSZ) (111) single
crystal substratvehenginisag teanspacwmubstrdty i [[a)] Wuiafshdulizedi 4isokieS¥) @hE)
substrate at a tenperature in the range of 200 to
10  single crystal substrate having an atomically flat surface,
wherein said light-emitting diode further includes an indium-tin oxide (ITO) layer
heteroepitaxially grown on said transparent substrate to serve as a transparent negative
electrode layer, and
wherein the ZnQ layer is heteroepitaxially grown on the ITO layer to serve as a

15 luminescent layer, the p-type semiconductor layer being formed on said ZnO layer to

serve as a hole-injection layer.

2. A light-emitting diode as defined in claim 1, wherein said p-type
semiconductor layer is a SrCu,0; layer, wherein the p-type semiconductor layer contains

20 20 atom% or less of a univalent metal substituted for a Sr site of the SrCu,O; layer.

3. A method for producing a light-emitting diode which includes 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 including SrCu,0y, said

25 p-type layer being formed on said n-type ZnO layer to provide a p-n junction
28



1200 C, and formng on the ZnO | ayer the p-type sem conductor | ayer
including 5 SrCu2@ while keeping the substrate at a tenperature in the
range of 200 to 800 C. 4. A nethod for producing a light-emtting di ode
whi ch includes an n-type ZnO |layer fornmed on a transparent substrate and
exhibiting only intrinsic lum nescence in the vicinity of a band gap

t hereof, and a p-type sem conductor |ayer including one of 10 CuAl02 and
CuGaCR, saitherghetwera, baig enethnst emynprisingeidie sieps af tpriing e wiyoe FaPelayerdipgyi de
a p-n junction therebetween, said nethod conprising the steps of formng

t he n-type tZaPardndyi@iriasmabili@dt ziaceapa(ERT) Y111)i singt abyydtalz aubswite Cloaviigg, @iYSZ)
(111) single crystal substrate having an atomcally flat surface while

keeping a %%tﬁﬁiﬁ:ﬁl Bt Ahrface HREERP NG Ghd Subkife 4EH Benpepturd 3F tHeGad@08k %60 1@nd
form ng on the ZnO | ayer the p-type sem conductor | ayer 15 includi ng CuAl Q2

or Cu@2 I.l e _keepi t he subst at tenperature .in the range.of 500
Lo 800 ¢ S0 ol PfpintopB i 4D dutt ofte CRBF P Goble! Mk APFRRE oi mg
an n-type ZnO layer formed on a transparent substrate and exhi biting only
intrinsbc |Sufifesddledeeping thessubgrajg diafpmpergiureinghe snga pf 2Hbiocd0 “Gand a
p-type sem conductor |ayer selected fromthe group consisting of SrCu2Q2,

CuAl @2 and CuGa®2, said p-type |ayer being forned on said n- type ZnO | ayer
to provide a p-n junction therebetween, said nethod conprising the steps

ff ' th - ; - bRt bl
of forning Z)e ?1%@%59%9 Bé8hcifg'a 13t ShABRP &R0 N ik RIS &Ph t*;feiﬁ;g(l)at

zirconia (YS single crystal "subs e having an atom ca

surface w thout. heating the substrate i.L.r-adi at .09 he
20 | ayer WPCh IPER OrOrEEs redR B st o iMfipsi it kA58, Blinb oG,
therein, and form ng on the ZnO | ayer the p-type sem conductor. . |ayer

sel ected f rVafithet agbyish 2R Ahgrest; ﬂégc?f P?&ﬁ&goﬂﬁﬁﬁhﬁ?fd“@ﬁ’ég@z O Yhout
heating the substrate, and irradiating the surface of the p-type
seni codfuct@rAlDagmt Cuiraly, stid patypolager heinghiormed o said Dty P £/Q fayer [oRIeVidh

therein.
a p-n junction therebetween, said method comprising the steps of forming the n-type ZnO

layer on the transparent yttria-stabilized zirconia (YSZ) (111) single crystal substrate
having an atomically flat surface while keeping a substrate at a temperature in the range
of 200 to 1200 °C, and forming on the ZnO layer the p-type semiconductor layer

15  including CuAlO, or CuGaO, while keeping the substrate at a temperature in the range of

500 to 800 °C.

5. A method for producing a light-emitting diode which including an n-type ZnO

layer formed on a transparent substrate and exhibiting only intrinsic luminescence in the

20  vicinity of a band gap thereof, and a p-type semiconductor layer selected from the group
consisting of SrCu0,, CuAlO; and CuGaOz, said p-type layer being formed on said n-

type ZnO layer to provide a p-n junction therebetween, said method comprising the steps

of forming the n-type ZnO layer on the transparent yttria-stabilized zirconia (YSZ) (111)
single crystal substrate having an atomically flat surface without heating the substrate,

25  irradiating the surface of the ZnO layer with ultraviolet light to promote crystallization
29



5 6. Anmethod as defined in either one on clains 3 to 5, mh%g@a&gééher
includes the steps of optically polishing an yttria-stabil coni a
(YSzZ) single crystal, and heating said polished YSZ single crystal at a
tenperature in the range of 1000 to 1300C to prepare the transparent
substrate having an atomcally flat surface 10 7. An

uItraV|oIet-I| ttin |od r|S|n

formed on alth F&‘n ‘gFéthgy L ?réqg FP%IBH%QCI 9 yéf Z‘)eg)sffoﬁéﬁbe
crystal substrate having an atonlcally flat surface and exhlbltlnq
intrinsic |SATHEEHAE ATy (A Pe g Cubabsnyithpny hepfineethe: sul

p-type sem conductor |ayer selected fromthe group consisting of SrCu202,
CuAlC2 and iGa@Gaeg theandags-afithe pitmesemieindgctbolapedvidh ubaviplet lighpe Ead@oteayer
to provide a p-n junction therebetween, wherein a My-substituted ZnOis
het er oepi t axyilliyatphakeieian sai d single crystal 20 substrate, wherein said
n-type ZnO | ayer is heteroepitaxially grown on said My-substituted ZnQ,
and vvhe(r;ei n said p-type sem conductor |ayer includes; a first p-type

sem conductor layer having a relatively lower carrier concentration and

serving as a hol

| ayer havi ng a réélpgwcﬁl%?yag#h carerltih?arr I%goglcéei?\ |oﬁ%%§9%ﬁgg}r§88%ysal d
second p-type seni co | ayer .bej rmado |df|rst .
Son contuct Gyl Polishine i Syrigreb s S (A elh besub atBewing ; ¢
claim1l, which further 5 includes a Ni |layer formed on theop t)llg)e

seni conductteid peljsed (Y% singls equstal Hoxtampesature in the range of 1000 to 1300°C to

prepare the transparent substrate having an atomically flat surface.

10
7. An ultraviolet-light-emitting laser diode comprising:
an n-type ZnO layer formed on a transparent yttria-stabilized zirconia (YSZ)
(111) single crystal substrate having an atomically flat surface and exhibiting only
intrinsic luminescence in the vicinity of a band gap thereof; and
15 a p-type semiconductor layer selected from the group conmsisting of SrCu,O,

CuAlQO; and CuGaO,, said p-type layer being formed on said n-type ZnO layer to provide

a p-n junction therebetween,

wherein a Mg-substituted ZnO is heteroepitaxially grown on said single crystal

20  substrate,
wherein said n-type ZnO layer is heteroepitaxially grown on said Mg-substituted

Zn0O, and
wherein 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,

25  and a second p-type semiconductor layer having a relatively high carrier concentration,

30



el ectrode. 31
28/07/2004

said second p-type semiconductor layer being formed on said first p-type semiconductor

layer.

8. An ultraviolet-light-emitting diode as defined in claim 1, which further

5 includes a Ni layer formed on the p-type semiconductor layer to serve as a positive

electrode.

31



