20 FEB 2006 1 STRUCTURE OF P- ELECTRODE AT THE LI GHT- EMERG NG SI DE COF

LI GHT- EM TTI NG DI ODE BACKGROUND OF THE INVENTION 5 Field of the Invention
The present invention relates to a structure of a p-electrode at thg tapgjge:
energing side of a light-emtting diode, and particularly to a structure of
the p-electrode inproved so as not to obdtruct the passing of light in a
light- emtting diode using a w de-bandgap sem conductor such as ZnSe or
GaN. 10 Description of the Background Art A light-emtting di ode

(hereinafter referred to assifRICreRBOPEREEHEHCPAEOIIRN APne of the two nain
surfaces (top and bottom surfaces) and a p-electrode on the other. In the
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15 not to obstruct the passing of light. An LED such as an Al GaAs- based LED

has a structure in which a p-type GaAs contact |ayer, having a sufficient
el ectrical conductivity, is placed on the pn junction, and a small-area

dot- or ring-shaped p-el ectBAGEGRONNDeOFOTHENENVENTEON | ayer. In this
specification, the narrow p-electrode is also called a 20 bonding el ectrode

because .t i S | I-e_bondi ng. Because the p-type GaAs contact |ayer
has | ow rﬁes:ﬁz(f‘lgnogg,hgﬁgwﬁgég?he ability to diffuse a current injected from

the smal |l -areg p-el ectrode, making the cur- rent density nearly u&ilf r
e

under the conlBetPreaght Inyentyn aelates de a shmgiurg of 2 @-eleptrodemty ght-

emerging side of a light-emitting diode, and particularly to a structure of the
p-electrode improved so as not to obstruct the passing of light in a light-
emitting diode using a wide-bandgap semiconductor such as ZnSe or GaN.
10 Description of the Background Art
A light-emitting diode (hereinafter referred to as LED) has an n-electrode on
one of the two main surfaces (top and bottom surfaces) and a p-electrode on the
other. In the case of a surface-illuminating-type LED, either surface is used as
the light-emerging surface. The electrode, usually made of metal, is required
15 not to obstruct the passing of light.
An LED such as an AlGaAs-based LED has a structure in which a p-type
GaAs contact layer, having a sufficient electrical conductivity, is placed on the
pn junction, and a small-area dot- or ring-shaped p-electrode is placed on the
contact layer. In this specification, the narrow p-electrode is also called a
20 bonding electrode because it is used for wire bonding.
Because the p-type GaAs contact layer has low resistance, it has the ability
to diffuse a current injected from the small-area p-electrode, making the cur-

rent density nearly uniform under the contact layer. In other words, the p-type



GaAs contact |ayer desirably functions as a current-diffusing |ayer.
Therefore, when the narrow bonding electrode is fornmed on the p-type
contact layer, this sinple structure can sufficiently diffuse the @uggﬂem
However, when an LED is produced by using a material that makes it diffi*= 55
cult to obtain a | owresistance p-type s2m conductor, the semni conductor
itself cannot sufficiently diffuse the current. Wth a GaN- or ZnSe-based
wi de- bandgap sem conductor, it is difficult to produce a p-type
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the reason why an LED “using such a sem conductor iculty In
obtaining a,l owresistance p-type .10,contact la ) a resul the LED
cannot be BRedtHedarer Hondinelecads ffiged B dhe kehvhe GFRtaeb Ak Mo
current-diffusing | ayer, the bonding electrode for wre bonding al one
cannot di f$imgde shacture esn sulfidientlydiffyse the hermentype contact | ayer.
Consequently, the current is localized at the portion underneath the elec 15
trode. As aH@SeVdr, whien 8hMED kg radase®bytitankiohiaterial thag nsdedd RNdiffH-
decreased, notably decreasing the |lum nous efficiency. In addition, the
current. cr ' Cr 2 l.jfe he.: ./ vent. Lr.en
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bondi ng el ectrode, an LED having no current-diffusing layer usually has a
struct ur e ¢annghi sehsendly rdiffEsy the suprenieWVith an Saliemr éﬁS&erﬁeé‘cfmd@e
made of Au, for exanple, is forned on the entire surface of the

| i ght - em thamdgapegémivondmctdy] st &8 diffitulteto pavelueendiphigpel @mmiconddetdrspat-aced
on a portion of the light-emtting region. An can provide ohm c contact
with the : . : i AN i Qn, e
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using such a semiconductor has difficulty in obtaining a low-resistance p-type
10 contact layer. As a result, the LED cannot be provided with a current-diffusing
layer.

With an LED having no current-diffusing layer, the bonding electrode for
wire bonding alone cannot diffuse the current sufficiently in the p-type contact
layer. Consequently, the current is localized at the portion underneath the elec-

15 trode. As a result, the effective area of the light-emitting section is decreased,
notably decreasing the luminous efficiency. In addition, the current crowding
decreases the life of the LED. To prevent the current concentration at the por-
tion directly under or in the vicinity of the bonding electrode, an LED having no
current-diffusing layer usually has a structure in which an extremely thin

20 semi-transparent metal electrode made of Au, for example, is formed on the
entire surface of the light-emitting region. In this structure, the bonding elec-
trode is placed on a portion of the light-emitting region. Au can provide ohmic

contact with the p-type contact layer.



transparent thin-filmnetal electrode” to distinguish it fromthe bonding
el ec- trode. In other words, the p-electrode has a dual structure conposed
of the bonding el ectrode and t he sem -transparent thin- f"”‘”EtallﬂFEBZWﬁ
el ectrode. Whereas 5 the bonding el ectrode does not transmt |

sem -transparent thin-film nmetal electr8de can transmit |ight to a certain
extent. Consequently, light gen- erated at the pn junction can pass through
the sem -transparent thin-film netal electrode to exit to the outside.

However, al tTaoygis bpérifiedfiod,r #R6 RAIENhetdll Bldctdlie Ry bfcat6d 11008 "GO%EMING
10 the entire p-type contact layer can transmt light, its transmttance is

|l ow. As a | B, h e ted
fromthe acl{ali\glgl]}‘?naty@rﬁT@g s%ra%%ga%?mldr%eftpg@%ﬁﬁggly%[ Pteﬁlé)e mlﬂi irog%hsl%% fg
thin-filmnetal el ectrode., The axj al gﬂ [ ntenS| ty decreases bé t he
amount of tedeabdgither Jrerslsd them éleeztqud& 2o dyal stragiure sesmesedrofathe
reflection at the sem-transparent thin-filmnetal elec- trode decreases the
amount of bowghhgaetertgodgahd dhe tshmiitEih sparehe¢ thif-Sldemetid-electeade. Whicheas

brightness accordingly. To increase the light intensity (bright ness), it is
necessafy {mb 5%5 ¢ ; Cih URGRAT ent
t hi n- f%f m Emet gﬁﬁ cfaf% dé?ﬁ)%(%t e?&\%%rgguf ﬁfgh‘il \té %g‘%’g’éstg?'gs %‘mcr ease

t he transmt e of .the t al e de. To.achieve this t he

it cknoos Bretat oREP4P CandERRTHE HEN Bod setioiasotentuiasenl epﬁyfflﬁ%hhs%
el ec- trode is excessively thin, the electrical resistance in the |lateral
di recti on eratedrataties prdgeneas mpnt pess ftheouglo ftheusemntrah Spfaocrsn b thiny-filime
netal electrode. For 2 J FEB 2006 4 exanple, when An is used as the netal

el ectrode, yjgkatt 16 rB&Ew%:?fttbst gqﬁ{m_ed to 5 nm a sufficient current
cannot flow into the An electrode due to the in-
However, although the semi-transparent thin-film metal electrode covering

10 the entire p-type contact layer can transmit light, its transmittance is low. As a
result, in a GaN- or ZnSe-LED, part of the upward light emitted from the active
layer is absorbed or reflected by the semi-transparent thin-film metal electrode.
The axial light intensity decreases by the amount of the absorption and reflec-
tion losses.

15 The absorption and reflection at the semi-transparent thin-film metal elec-
trode decreases the amount of light emerging from the LED to the outside, de-
creasing the brightness accordingly. To increase the light intensity (brightness),
it 1s necessary to decrease the absorption and reflection at the semi-
transparent thin-film metal electrode. In other words, it is necessary to in-

20 crease the transmittance of the metal electrode. To achieve this purpose, the
thjckness. of the metal electrode can be decreased. However, if the metal elec-

trode is excessively thin, the electrical resistance in the lateral direction in-

creases, decreasing the effect of current diffusion by the metal electrode. For



creased resistance. It is desirable that the Au el ectrode has a thickness of
at least 10 nm preferably about 20 nm Al though thin, the An el ectrode
having a 5 thickness of about 20 nmhas a transmittance as | ow as 4Q% RRofP%
or so. In other words, about half the amount of the light is decreased by
the presence of the An electrode. The pfibli shed Japanese patent application
Tbkukai 2001-148511, entitled "Sem conductor light-emtting diode," has

di scl osed a nesh-shaped el ectrode 10 structure of an LED in which (a) a

mesh- shape&aﬂﬁls@ wHeRCANAdRiskd {OfHERR cRhl éleetfadbyﬂech%oma&segsqmecré&)eda
t ransparent ectrically conductive oxide electro- de |ayer nmade of indium

tin oxide (hereinaft referred to as |l mesh- shaped
reral el ot BaE Arineien st Gulorc B ot SBpORR eleurod VR RUFEET (e
oxi de el ectrode_ | ayer (the bondlngbelectrode is referred to as_a pad 15

el ect r ode qreagask ur@stapsel 1t rsdegiyablenthatiide Awrelectrede hassa dhiciness afdas
struc- ture is conposed of the bonding el ectrode, the ITO | ayer, the

mesh- shapdéaste0 am epefér-0de aband 20hemnAtghot ghothiac thé Ayieslectrde pravihgas
ohm c contact with the n-type contact |ayer. An injected current
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n-type 20 contact a uni |on Because the

has an enough thickness, Jt s the ability.to dl fuse rrent

Ther ef or e, OtHRE WX, CM#%}?&%?WM ghhtsat crea@f’éfﬁm the presensgnfy ed
to diffuse the current. Although electrically conductive, 1TOis |ess
conduct i vethehswnelgetra@ense Z U FEB 1006 5 quently, the transparent el ectrode
is as thick as 600 run to 1 u m Because the [ITOis |less conductive, the

bondi ng el eqieogabAYRéd MRipRn@SE GaAbnt %pﬁeﬂﬁeﬁ Q(f;k:m@ 2000148581, bitidleder to
obtain the uniformcurrent distribution throughout the

"Semiconductor light-emitting diode,” has disclosed a mesh-shaped electrode
10 structure of an LED in which (a) a mesh-shaped metal electrode is formed on
the n-type contact layer, (b) a transparent, electrically conductive oxide electro-
de layer made of indium tin oxide (bereinafter referred to as ITO) is formed on
the mesh-shaped metal electrode, and (c) a bonding electrode is formed at the
center of the oxide electrode layer (the bonding electrode is referred to as a pad
15  electrode in Tbkukari 2001-148511). In other words, the n-side electrode struc-
ture is composed of the bonding electrode, the ITO layer, the mesh-shaped
metal electrode, and the n-type contact layer.
ITO provides ohmic contact with the n-type contact layer. An injected current
sufficiently diffuses through the thick ITO layer and proceeds into the n-type
20  contact layer with a uniform distribution. Because the ITO layer has an enough
thickness, it has the ability to diffuse the current. Therefore, the semiconductor
layer (n-type contact layei:) 1s not required to diffuse the current.

Although electrically conductive, ITO is less conductive than Au. Conse-



chip. If the bonding electrode is placed at a portion dose to the periphery
of the 5 ITO layer, the current will not flow sufficiently at the opposite
portion. The GaN-LED provided with the I TO transparent el ectrode w t?ptﬁ
using a nesh-shaped netal electrode has a problemin that the junctéb B 2006
barrier be- tween the ITO el ectrode and 3he n-type contact layer (n-GN) is
so high that the forward voltage drop becones as high as seven volts. As a
result, a low 10 voltage drive cannot be perfornmed. In the structure

di scl osed ({d}n%tﬁ@l%ﬁﬁiﬁ&ﬂb&lé’éﬁﬂodgqghsm&s eb0dRst 5haMStaBEahe
u

el ectrode ) is placed on the peripheral portion of the n-type contact
| ayer exclyding the central portiqn far plagcing the bonding, el ecfrode Wth
e above ik Eess dotdneti vy the bongme SleetndE bt alated af Lhe conter ofabe
because the current flows directly fromthe 1 TO |l ayer to the n-GN cont act

| ayer, thdT¥blayegeindoxgerbtc obtesnadhetnifons cevent dwttidbution thwwughbet thand,
in the case of the above-described structure disclosed by 7bkukai

2001- 1485%hip. IrhBe Gondend efdchdidelis plicdd /M pBetidd Sldsans rthE‘i)etlﬁﬂle?ﬁzﬂ‘tﬁBaped

netal electrode producing no voltage drop, and then flows from

mesh- shap tal glectro 20.de tao.the m_cend or |ayer (n-GaN contact
"ayer) Por d S v thecr Rt i Stimion SoERuSER a1 e ompOEs pbPGOR: < e
expl ai ned above, in the structure disclosed in the 7bkukai 2001-148511, the

current fl owheiGadr-HED provided poithithg 10Q transperenthelertrode aydhout neingsh 2 0
FEB 2006 6 shaped netal electrode, and the n-type contact |ayer. The

n- el ect r oggedlssRhpe@dnetl dlB@rodéhakr #Problead ihhthdtl gy jeiRige parder drposed

tothis, as in the present invention, there is a structure in which the
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the forward voltage drop becomes as high as seven volts. As a result, a low-
10 voltage drive cannot be performed.

In the structure disclosed in the foregoing Tbkukar 2001-148511, the mesh-
shaped metal electrode (Au/Ge) is placed on the peripheral portion of the n-type
contact layer excluding the central portion for placing the bonding electrode.
With the above-described GaN-LED having no mesh-shaped metal electrode,

15 because the current flows directly from the ITO layer to the n-GalN contact
layer, the voltage drop becomes as high as seven volts. On the .other hand, in
the case of the above-described structure disclosed by 7bokukar 2001-148511,
the current first flows from the ITO layer to the mesh-shaped metal electrode
producing no voltage drop, and then flows from the mesh-shaped metal electro-

20  de to the semiconductor layer (n-GaN contact layer) producing a voltage drop of
no more than about three volts.

As explained above, in the structure disclosed in the Zbkukar 2001-148511,

the current flows in order of the bonding electrode, the ITO layer, the mesh-



5 dopants, increasing the carrier density. This high carrier density
sufficiently reduces the resistance, facilitating the current di foﬁi on.
However, this process cannot be applied to the p-type contact IayeZ'difﬂﬁ?ﬁﬂﬁ
at by the present invention, for exanple. Consequently, researchers and
engineers are required to develop a surface- 10 illum nating-type LED
causing the light to exit through the p-electrode, par- ticularly an LED
using a w de-bandgap sem conductor such as ZnSe or GaN, in such a way that

the LED ha& d' ek V&Qct{rbﬁ@ax%&%ﬂé @-é@geg&ﬁh&‘étf Br.Thé ?EIE{;&Q@%E%B%E@“

with the p-type contact Taye€r to I ncr e optical outpu

THE IN\/EI\FI'I n .obj ect of .t sent invention is to_aqffer, an inproved
structure ft‘)tfoﬁen%‘dﬁér g%‘gﬁgl?ﬁ Bﬁ?%?c?ge% oppesed tthig as i the papsert an
LED. The inprovenent is to be attained by increasing the | i ght

t ransmit t ameentibng there & acstrocsirennowdeéch the p-alectade ishlaopd iatatheostdeut of
the LED. 20 According to the present invention, the foregoing object is

attai ned byoRf &8fich ithe Behi ledidrides. %eanﬂy? h%h’i:&éieldcy‘é& r@%ﬂfﬁ@fenﬁ:ﬁ*@ absorbs

l'i ght-energing side of an LED corrprl sin e foll ow ng rrenbers (a) an
n-type senyconductor subst FEB 2 (gtg an.n- t C[ﬂ}ﬁ ayer
f or med %n 5t JHfECAERE @’r?uﬁ%%? g%@‘ﬂ c%’%rcfl tY Wed on
the n-type cladding |layer; (d) a p-type cl addi n ayer formed on the actlve
| ayer: (e)reguges yhe resatance, fagltating bh@icmenﬁeﬂﬁuwpe Fawexsirnthis ayreeessand 5
(f) an n-electrode fornmed on the back face of the n-type sem conductor sub-
strate. cannot be applied to the p-type contact layer aimed at by the present invention,
for example.
Consequently, researchers and engineers are required to develop a surface-
10 illuminating-type LED causing the light to exit through the p-electrode, par-
ticularly an LED using a wide-bandgap semiconductor such as ZnSe or GaN, in

such a way that the LED has an improved light transmittance at the p-

electrode in contact with the p-type contact layer to increase the optical output.

15 ’ SUMMARY OF THE INVENTION
An ;)bject of the present invention is to offer an improved structure of the p-

electrode in contact with a p-type contact layer of an LED. The improvement is
to be attained by increasing the light transmittance of the p-electrode in order
to increase the optical output of the LED.

20 According to the present invention, the foregoing object is attained by offer-
ing a structure of a p-electrode formed at the light-emerging side of an LED
comprising the following members:

(a) an n-type semiconductor substrate;



The structure of the p-electrode conprises a nesh-shaped seni-transparent
thin-filmmetal electrode for diffusing electric current fornmed on EB, 2006
p-type contact layer and a bonding el ectrode for wre bonding. The netgl
el ectrode has 10 (a) a covering portion having a transmttance of at | east
10% and (b) an opening portion being fo¥med of a nultitude of wi ndows and
havi ng an opening ratio of at |east 20% The bonding electrode is fornmed at
t he periphery of the p-type contact |layer and is bonded directly to the
mesh- shaped %ﬁ B h APPE Eﬁfd?ﬁﬁ% 1iftr folnle® diEtld nSlype tséﬁﬁ@endlﬁ:tzﬂ?‘ §ubstrate

e

above-described LED may further conprise an n-type buffer layer be- t ween
the n-type s yctyar s bstrate ) addi ng | ayer. The
above- descrl Bé%l yFﬂ ‘Erﬁ%‘?‘f%%%??‘s@m ‘gagé%eg]gagﬁr’conductor | ayer be-
tween the p pe cl addi r apd the p-type_contact |ayer. The above-
descri bed LF_@)S @é%l%i@rqrsf@msdwrx the agtive laygs; buffer |ayer between
20 the n-type sem conductor substrate and the n-type cl adding | ayer and (Db)

a p- type sefs) aqntysd contlaay biycdbinaed onhihepp-type cleiddidlg baydragad and the
p-type con- tact layer. The foregoing LED having the n-type buffer Iayer may

have t f ol 1 : tor
subst rat e i s&gﬁhn&g’te %e%d?é&o%g%gsﬁ 3%‘%%5?&?"? Of%e thggibbg(%ﬁﬁ'&r'ﬁ] ayer | S an
n- ZnSe buffer (c) the n-type cl adding Iayer is an n-ZnMgSSe cl addi ng
| ayer; 5 (d)S'irﬂ act ive layer is a ZnCdSe/ ZznSe nul tipl e quantum wel |

(hereinafter referred to as MW active layer or a ZnSeTe active |ayer; (e)
t he p-typéelkt addiatgre af dhei p-edeqir@tdVpGBprideadalimgsh-shaped smeti-transparent

thin-film metal electrode for diffusing electric current formed on the p-type
contact layer and a bonding electrode for wire bonding. The metal electrode has

10 (a) a covering portion having a transmittance of at least 10% and (b) an opening
portion being formed of a2 multitude of windows and having an opening ratio of
at least 20%. The bonding electrode is formed at the periphery of the p-type
contact layer and is bonded directly to the mesh-shaped semi-transparent
thin-film metal electrode.

15 The above-described LED may further comprise an n-type buffer layer be-
tween the n—tsq.)e semiconductor substrate and the n-type cladding layer. The
above-described LED may further comprise a p-type semiconductor layer be-
tween the p-type cladding layer and the p-type contact layer. The above-
described LED may further comprise both (a) an n-type buffer layer between

20 the n-type semiconductor substrate and the n-type cladding layer and (b) a p-
type semiconductor layer between the p-type cladding layer and the p-type con-
tact layer.

The foregoing LED having the n-type buffer layer may have the following



(f) the p-type contact |ayer conprises a p-(ZnTe/ ZnSe) MM I ayer and a p-
ZnTh |l ayer forned on the p-(ZnTe/ZnSe) MMV Il ayer. 10 The foregoing LED
having both the n-type buffer |ayer and the p-type semi - conductor jgyep 2y
have the followi ng structure: (a) the n-type sem conductor substrate is an
n-type ZnSe substrate; (b) the n-type b&ffer layer is an n-ZnSe buffer

| ayer; (c) the n-type cladding |layer is an n-ZnMySSe cl addi ng | ayer; 15 (d)
the active layer is a ZnCdSe/ ZnSe MQV active |layer or a ZnSeTe active

layer; (e)g Rstype cladding layer is a p-ZnMySSe cl adding layer; (f) the
p-type sem conductor layer is a p-ZnSe layer; and (g) the p-type contact

Lhe. - ( ZnTe) B3 8a§ TRESHA SEpRIEon HELOP SPLGAYG 1 2B YR ADSe RES B Fowi ng

structure: (a) the n- type sem conductor substrate is an n-GaN substrate;
(b) the n- ty the adtipegbutfigelayes iannm-GaNedivdlit layet;ayer; Z J FEB 2006 9 (c)
the active layer is an InGN active layer; (d) the p-type cladding |ayer is

a p-AnGaN cl gjlehda-4 )éeﬂladmgla 62 id i nPZAVRSSOdhdding ByRE; i s a p- GaN
contact |ayer. The regO| ng LED havi ng the n-type buf Iayer may al so

an - 0N sured it ol Ehiql h Qe piSe i B51S GaRBNE Y g RFERAe, | °

(c) the n-type cl addi n Ia er i.s an n- &N cl addi ng | ayer;
referred to as active layer or a ZnSeTe acfive layer;

(e) the p-type cladding layer is a p-ZnMgSSe cladding layer; and
(f) the p-type contact layer comprises a p-(ZnTe/ZnSe) MQW layer and a p-
ZnTe layer formed on the p-(ZnTe/ZnSe) MQW layer.
10 The foregoing LED having both the n-type buffer layer and the p-type semi-
conductor layer may have the following structure:
{(a) the n-type semiconductor substrate is an n-type ZnSe substrate;
(b) the n-type buffer layer is an n-ZnSe buffer layer;
(c) the n-type cladding layer is an n-ZnMgSSe cladding layer;
15 (d) thé active layer is a ZnCdSe/ZnSe MQW active layer or a ZnSeTe active
layer; |
(e) the p-type cladding layer is a p-ZnMgSSe cladding layer;
) the p-type semiconductor layer is a p-ZnSe layer; and
(2) the p-type contact layer comprises a p-(ZnTe/ZnSe) MQW layer and a p-
20 ZnTe layer formed on the p-(ZnTe/ZnSe) MQW layer.
The foregoing LED may have the following structure:
(a) the n-type semiconductor substrate is an n-GaN substrate;

(b) the n-type cladding layer is an n-GaN cladding layer;



(d) the active layer is an InGaN active layer; 10 (e) the p-type cladding
| ayer is a p-Al GaN cl adding layer; and (f) the p-type contact Iayi;i @rﬂﬁ
p- GaN cont act | ayer. The foregoing LED having both the n-type buff rrgfi/
and the p-type sem - conductor |layer may al so have the follow ng structure:
(a) the n-type semiconductor substrate i & an n-GN substrate; 15 (b) the
n-type buffer layer is an n-GN buffer layer; (c) the n-type cladding |ayer
is an n-GN cladding layer; (d) the active layer is an InGaN active | ayer;

(e) the p- tYWtEbééﬁbegair@ﬁ/%raﬂhGaN%@?é\!la?e%dd' ng layer; (f) the p-type
sem conductor | ayer is a p-GN |l ayer; and {g) the p-type contact |ayer

is a p-GN cppt,act co din of yt he sent invention,
a structure gtﬁtg‘ b{% & 33"9?3? ﬁ@aﬁgﬁlﬁl‘*@%k’é’rﬁr& g side of an LED
conprising the foI | owi ng mem_bers: 2 J FEB 2006 10 (a) a sapphire
substrate: () tha mtynsrondagtiayey is ageGabeomtacthayere sapphire substrat e:

(c) an active layer fornmed on the n-type cladding |ayer; (d) a p-type

cl addi ng | aygie foregeghgoDED Aaditig Hee haype, biffdrelayer Pady BlscCloatache ¥FAWRT-
f or med on the p-type cladding layer; and (f) an n-el ectrode fornmed such that

after gé ﬁqﬁyon of the epitaxially grown |ayer of the p-type
contact Iay p-type cladding | ayer, and the ac- tive layer including a

xpose part B tbReivis penidondiichy solerateinamp G srbawde” 0
(b) the n-type buffer layer is an n-GalN buffer layer;
(c) the n-type cladding layer is an n-GaN cladding layer;
(d) the active layer is an InGaN active layer;
10 (e) the p-type cladding layer is a p-AlGaN cladding layer; and
() the p-type contact layer is a p-GaN contact layer.
The foregoing LED having both the n-type buffer layer and the p-type semi-
conductor layer may also have the following structure:
(a) the n-type semiconductor substrate is an n-GalN substrate;
15 (b) the n-type buffer layer is an n-GaN buffer layer;
(c) the n-type cladding layer 1s an n-GaN cladding layer;
(d) the active layer is an InGaN active layer;
(e) the p-type cladding layer is a p-AlGaN cladding layer;
(f) the p-type semiconductor layer is a p-GalN layer; and
20 (g) the p-type contact layer is a p-GalN contact layer.
According to one aspect of the present invention, a structure of a p-electrode
is formed at the light-emerging side of an LED comprising the following mem-

bers:



10 formed on the exposed part of the n-type cladding layer. In this aspect
al so, the structure of the p-electrode conprises a nesh-shaped .

sem -transparent thin-filmnetal electrode for diffusing electric cliy FERZO06
formed on the p-type contact |ayer and a bonding el ectrode for wire

bondi ng. The netal electrode has (a) a Xbvering portion having a
transmttance of at |east 10% and 15 (b) an opening portion being fornmed of
a multitude of wi ndows and having an opening ratio of at |east 20% The

bondi ng el ec@gqid%lgaﬂﬂ}gggg +9fb-2 peripheral portion of the p-type contact
on

| ayer and is irectlTy td the mesh-shaped seni-transparent thin-film
netal electrgde. In thi ect, the L further c rise an n-type

buf f er Iayer&ganv\%'g e?&ﬁggg%‘fﬂﬁfﬁl%@ﬁ%ﬁ@meﬁﬁ rST%"F?pe cl addi ng

| ayer. The LED may further con(i)ri se a p-type semi conductor |ayer between
the p-type clchddiangivesdpger fomned hp thetnytypadatiding layper . The LED may furt her
conprise both (a) an n-type buf- fer |ayer between the sapphire substrate

and the n-tygs £pagph ehddielapedforiedlod iERR00faykl; a p-type seni conduct or
| ayer between the p-type cladding |layer and the p-type contact |ayer. In

t hi t, hav,i - buf f | t foll i
struct o o 5P TREe SR R At hn e S RGBT A, by e
n-type cladding layer is an n-GN cladding layer;  (c) the active |layer is
an 1nGaN act {fy an|mrglgctrqde) formedpsughythad aden Agertainrpqrion of fhecamitaxiadly ng

| ayer; and (e) the p-type contact |layer is a p-GaN contact layer. 10 In
this aspect, gidwn ldglerid\itheg -baidcdtactkdyepetheus-tepe tladding by drhand thy pe-

tive layer including a surface portion of the n-type cladding layer is removed
by etching to expose part of the n-type cladding layer, the .n-electrode 18
10 formed on the exposed part of the n-type cladding layer.
In this aspect also, the structure of the p-electrode comprises a mesh-shaped
semi-transparent thin-film metal electrode for diffusing electric current formed
on the p-type contact layer and a bonding electrode for wire bonding. The metal
electrode has (a) a covering portion having a transmiftance of at least 10% and
75 (b) an opening portion being formed of a multitude of windows and having an
opening ratio of at least 20%. The bondjng electrode is formed on a peripheral
portion of the p-type contact layer and is bonded directly to the mesh-shaped
semi-transparent thin-film metal electrode.
In this aspect, the LED may further comprise an n-type buffer layer between
20 the sapphire substrate and the n-type cladding layer. The LED may further
comprise a p-type semiconductor layer between the p-type cladding layer and
the p-type contact layer. The LED may further comprise both (a) an n-type buf-

fer layer between the sapphire substrate and the n-type cladding layer and (b)



sem conductor | ayer may have the follow ng structure: (a) the n-type buffer
layer is an n-GaN buffer layer; (b) the n-type cladding layer is an nk&GhRB 2006
cl adding layer; (c) the active layer is an InGN active layer; 15 (d) the
p-type cladding |layer is a p-Al GaN cl adding | ayer; (e) the p-type

sem conductor layer is a p-GaN layer; andl (f) the p-type contact layer is a
p- GaN contact |ayer. The present invention offers a structure of a

p-el ectrode for a w de-bandgap ZnSe- or GaN-LED, which has | ow p-type

conducti vi é%—%@%é%ﬁc@ﬁd&&%r‘l&%éﬂ Bétween ¢ i)-'%yﬁ@l&laﬂﬂﬁﬁ'ﬁ?lx%: AR Yheld-Bfpe The
p- el ectrode conprises a nmesh-shaped sem tranSparent thin-film netal

el ectrode fort d'%}‘yusi ng electric current and a bonding electrode for wire
bondi ng. THE ﬁﬁ{i ®El ectrode has a coveri ng portion and an opening portion
fornmed of a nultitude of w . ndows. The_ bonding electro 2 0 FEB 2006 12 de is
formed at tHa {asiaghecty the Liltld hnvingdhe antyps buffpe layomnmiay) kave the follemt
flows fromthe bonding el ectrode through the nmeshed thin-film netal

el ectrode ingostiri@tuet ype contact |ayer. The current is diffused at the netal
el ectrode uni- formy including the peripheral portion, so that a uniform

t-distp] [ i ' D. Bei th hed
Ctructife, o F WSt bEABETARESE U RV U RS oe not cover the

structure, met al” porti1on _
he. out goi ngbitghe-Bpd et fver st eponbiaN sladsBndderessed. I n addi (ion,
the netal portion constituting the covering por- tionis thin and transmts
light, and t @ thpantivg lapert isoam [sGahadnsckhyeAs a re 1o sult, the out put
efficiency of the Iight energing fromthe LED is increased, and it becones
possi bl e to gf)fife RtPPObAdRg Bier i§R p-AlGaN cladding layer; and
(e) the p-type contact layer is a p-GaN contact layer.
10 In this aspect, the LED having both the n-type buffer layer and the p-type
semiconductor layer may have the following structure:
(a) the n-type buffer layer is an n-GaN buffer layer;
(b) the n-type cladding layer is an n-GaN cladding layer;
(c) the active layer is an InGaN active layer;
15 (d) the p-type cladding layer is a p-AlGaN cladding layer;
(e) the p-type semiconductor layer is a p-GaN lafer; and
(f) the p-type contact layer is a p-GaN contact layer.
The present invention offers a structure of a p-electrode for a wide-bandgap
ZnSe- or GaN-LED, which has low p-type conductivity because of the difficulty
20 in doping p-type impurities. The p-electrode comprises a mesh-shaped semi-
transparent thin-film metal electrode for diffusing electric current and a

bonding electrode for wire bonding. The metal electrode has a covering portion

and an opening portion formed of a multitude of windows. The bonding electro-



According to the present invention, the p-electrode of an LED has the fol -

| om ng structure: (a) a nesh-shaped thin-filmnetal electrode havin

opening portion com 15 posed of a multitude of w ndows and a cover?p&rﬁB 2006
portion conposed of a thin netal filmis placed on the entire surface of
the p-type contact |ayer; and (b) the netal electrode is directly bonded to
a bonding electrode for wwire bonding placed at the periphery of the p-type
contact l|ayer. Light generated at the pn junction passes through the opening

portion orgl E? forttled %%%%%ﬁﬁ%ﬁgﬂf the ﬁ-‘%)e;%bﬁtgﬁt P#est.i A% hﬁQ&E‘égP&fr&eﬂé the

outgoing Iig passes cove I'on havi ng an ordi nary

transmttapce. .The transm,t- tance,i§ at | east 10% . The mai ni ng.part _ of
the out goi HGVRifER tb&l%@%r@iﬂwdq OHgngi%ﬁg}nﬁg!P%d ghingfilm gnptal géataade
(transm ttance: 1009, increasing the 2 0 FEB 2006 13 output efficiency of
t he out goi tigthé gHypeAvotadilaget. Thd eupreasdntdiffuved it she matdlrdestrode tumie of
the p-electrode: (a) the circunscribed circle of each wi ndow of the opening

portion infofrﬁﬁg iHBRSE 3RE P esRiHerh] PORPAH ¥ tHatl ) ubiform Bl Aabne deairRdonBY

have a di ame- ter, L, of at nmpst 100 u m (b) the covering portion of the
nm and” (o SaeBRLAREREnt PAF R esb sRe Rahad Riberirey MR EHodREN ng
ratio of 30%to 90% 10 In a surface-illum nating-type LED using a
wi de- bandgeipthemeaishelreirade doemngt covegethe eatine mvafaceuel Hie prigme eantenkr ge
fromthe p-electrode side, the p-type contact |ayer has high resistance and
t her ef or e JdyeirSCéddguently, tlve dbédrps®n of the outgoing light by the metal electrode
can be decreased. In addition, the metal portion constituting the covering por-
tion is thin and transmits light, and the opening portion is increased. As a re-
10 sult, the output efficiency of the light emerging from the LED is increased, and
it becomes possible to offer a highly bright LED.
According to the present invention, the p-electrode of an LED has the fol-
lowing structure:
(a) a mesh-shaped thin-film metal elecirode having an opening portion com-
15 posed of a multitude of windows and a covering portion composed of a thin
metal film is placed on the entire surface of the p-type coﬁtact layer; and
(b) the metal electrode is directly bonded to a bonding electrode for wire
bonding placed at the periphery of the p-type contact layer.
Light generated at the pn junction passes through the opening portion or the
20 covering portion to exit to the outside. Some part of the outgoing Light passes
through the covering portion having an ordinary transmittance. The transmit-

tance is at least 10%. The remaining part of the outgoing light passes through

the opening portion without any loss (transmittance: 100%), increasing the



electric current. Notwithstanding this difficulty, an LED having an
increased output of light can be offered by increasing the Iight
transmttance through the 15 inprovenent of the p-electrode in contagty gt s
the p-type contact |layer without relying on ITO In the inproved

p- el ectrode, however, the opening portid8 does not nake contact with the
p-type contact layer. This creates the possibility of insufficient

diffusion of the current in the p-type contact |ayer and the acconpanyi ng de

20 crease Ju@?hymggwgﬂlﬁg&{t%gmgﬁghﬁurrent can be sufficiently diffused
when the p-type contact |ayer "has a sufficiently |ow resistance and the

W ndow is syffi-..cien narrQw. In.this nrespect, it is desjrabl.e that the
W ndow be narrdssie B kY prEidihyefipy, I BER e L e FEEPROIE: qoei ¢ apl e
that the circunscribed cir 2 0 FEB 2006 14 cle of the w ndow have a di aneter
of at npst 16D thmcimnmseribedisirclent each windowiofidbe opersreaseitiosl jn ther ow,
the increnment of the outgoing light is decreased. As described above,

accordi ng t ankfie-shapedRbndifty@idpMient thih-Slmusbiileeloétrb e mdy Bhes brdidtmd-or med
at the light-energing side of an LED is effective in increas- 5 ing the

out put ef figi,engy h@h merging fromthe LED. This effectiveness is
parti Clﬁaaﬂ ?er?’eﬁn‘a?%écb gg‘i #)(gnLII_IED using a w de-bandgap sem conductor such

as ZnSe or GaN. BRI EF DESCRI PTION OF THE DRAWNG 10 Figure 1 is a vertical
cross secti dh) tle coreering poriioe of the ayetdl elecEalepinay have a dhickness, 2 $€-atED

has the following structure: (a) the following |layers are formed on an
n-type ZnSe 1g4§510 Abf andhitnés60 ntf {1 | ayer, an n-ZnMySSe cl addi ng | ayer,

an ZnCdSe/ ZnSe MQW active |ayer, a p-ZnMySSe cl addi ng | ayer, a
p-ZnSe/ p* - th%eﬂllea pening 1?61(1:120911-8% A0S%etal electrode may have an opening ratio of
30% to 90%.

10 In a surface-iluminating-type LED using a wide-bandgap semiconductor
such as ZnSe or GaN and causing light to emerge from the p-electrode side, the
p-type contact layer has high resistance and therefore it is difficult to diffuse
electric current. Notwithstanding this difficulty, an LED having an increased
output of light can be offered by increasing the light transmittance through the

15 improvement of the p-electrode in contact with the p-type contact laye_zr without
relying on ITO. |

In the improved p-electrode, however, the opening portion does not make
contact with the p-type contact layer. This creates the possibility of insufficient
diffusion of the current in the p-type contact layer and the accompanying de-

20 crease in luminous efficiency. The current can be sufficiently diffused when the
p-type contact layer has a sufficiently low resistance and the window is suffi-

ciently narrow. In this respect, it is desirable that the window be narrower.

More specifically, as described above, it is desirable that the circumscribed cir-



15 MQW 1| ayer, and a p-ZnTe |ayer (not shown in Fig. 1); (b) an n-el ectrode

Is fornmed on the back face of the n-type ZnSe substrate; and (c) the

mesh- shaped An p-el ectrode of the present invention is formed on thg[ FFRtME

contact |ayer conposed of the p-(ZnTe/ ZnSe) MM | ayer and the p- 20 ZnTe

|l ayer. Figure 2 is a plan view of a strudture enployed in Exanple 1 in which

a ZnSe-LED is provided on its p-type contact |ayer with a nesh-shaped p-

el ectrode having a nultitude of regul ar hexagonal w ndows arranged in

six-fol d 218k %008 wh oW BldnYeter bF ¥ hfOsE 108 f ! On tHeWhet hanal iahe

structure enployed in Exanple 1 in which a ZnSe-LED is provided on its

p-type contacft |layer with a nesh-shaped p- electrode having a nmultitude of

square w mﬁt@%ﬁwa‘fﬁ# PR, 6ﬂe %W%ﬁn@fttilﬁo‘!tg@@rgeh 1§ decpeagedyi ew

of yet another structure enployed in Exanple 1 in which a ZnSe-LED is

provi ded on Aist deseribedealoovet actoddiye towht hpresemishrsddiney the-girectirodd thavi ng

a nultitude of circular windows arranged in four-fold sym netry. 10 Figure

5is agr ] ' i | 00 10 a
g %Pgle%%‘gg%rﬁeﬁqﬁsﬂf gﬁ@%ﬁ{eh@ﬁ?&xﬂgf RELYCERT HCeFQXRSd fiinci8dd

of the nmesh-shap An el ectrode” an brightness Q of t e- LED

produced i.n anpl e LD .whi ch. the.ZnSe- LED i r oyi ON,l.t S.P-,.type
Cont act | dpEibgoY FERE AL NLIERC Sperepedsim e i, e BfPentds.
scissas represents the covering ratio a and the axis of ordinates represents
15 t he axiialpanticghangseentaykatda inhencbBDausing pewifle-bandghpysemicenduciairt h
the el ec-

such as ZnSe or GaN.

BRIEF DESCRIPTION OF THE DRAWING
10 Figure 11is a vertical cross section of the structure employed in Example 1 in
which a ZnSe-LED has the following structure:
(a) the following layers are formed on an n-type ZnSe substrate: an n-ZnSe
buffer layer, an n-ZnMgSSe cladding layer, an ZnCdSe/ZnSe MQW active
layer, a p-ZnMgSSe cladding layer, a p-ZnSe/p*-ZnSe layer, a p-(ZnTe/ZnSe)
15 MQW layer, and a p-ZnTe layer (not shown in Fig. 1);
(b) an n-electrode is formed on the back face of the n-type ZnSe substrate;'
and
(c) the mesh-shaped Au p-electrode of the present invention is formed on the
p-type contact layer composed of the p-(ZnTe/ZnSe) MQW layer and the p-
20 ZnTe layer.
Figure 2 is a plan view of a structure employed in Example 1 in which a
ZnSe-LED is provided on its p-type contact layer with a mesh-shaped p-

electrode having a multitude of regular hexagonal windows arranged in six-fold



trode (a = 1), the axial brightness takes a value of 1 as a reference).
Figure 6 is a vertical cross section of the structure enployed in Exanple 2
in which a GaN-LED has the followi ng structure: (a) the follow ng IggKiEEvBsggﬂﬁ
are formed on a sapphire substrate (an insulating 20 nmaterial): a

buffer |ayer, an n-GN cl adding |layer, 4% InGN active |ayer, a p-AnGN
cladding |l ayer, and a p-GN | ayer; (b) after a certain portion of the

| am nated | ayer of the p-GN | ayer, the p- Al GaN cl adding | ayer, and the

| nGaN act isggnﬁngﬁg; including a surface por 20 FEB 2006 16 lion of the n-GN
cl addi ng l'ayer TS renove by etching to expose part of the n-GaN cladding

| ayer, an n-glectrode i.s forne he exposed p f t GaN cl.addi ng

| ayer; and ?‘gsu#h 15 a4an yapwW P (}ﬁnp e’bﬁié'}l‘ét}l’}ecf’dﬁp %‘é‘@]‘ﬂ %\?éb#gon i s
formed on 5 the p-type contact |ayer (the p-GaN Iayer). Figure 7 is a plan
vi ew of a s¥mietLED esgiroyieled on Btanptype? comtachilajen withNa biesh-shppedied on
its p-type contact |layer with a nmesh-shaped p- el ectrode having a nultitude

of regul arel8a¥s@ORalinY AAAWSH AIdefo¥dSchdrd Windowt Srr2EHEN! four X8l st d=D
DESCRI PTI Oe\l OF THE I{']l\llj\(?El\n'l ON EITbOdI ments of the present | n\‘/lgntion are

expl ai xd bel ow by referring to the acconpanyi ng drawi ngs. In the draw ngs,
the sa Gfrber or sign refers to the sane elenent to avoid duplicated
expl anation. The ratios_of the dinmen- 15 sions in the draw ngs do not
necessari | y Fagiretde avplan view ofpiedrandthber spraictwes empdpyédin %@mple 1in

light-emtting el enent]
which a ZnSe-LED is provided on its p-type contact layer with a mesh-shaped

p-electrode having a multitude of circular windows arranged in four-fold sym-
metry.

10 Figure 5 is a graph showing a measured relationship betWeen the covering
ratio ¢ of the mesh-shaped Au electrode and the axial brightness @ of the
ZnSe-LED produced in Example 1 in which the ZnSe-LLED is provided on its p-
type contact layer with a mesh-shaped Au p-electrode, wherein the axis of ab-
scissas represents the covering ratio ¢ and the axis of ordinates represents

15 the axial brightness ¢ (when the contact layer is totally covered with the elec-
trode (¢ = 1), the axial brightness takes a value of 1 as a reference).

Figure 6 is a vertical cross section of the structure employed in Example 2 in
which a GaN-LED has the following structure:
(a) the following layers are formed on a sapphire substrate (an insulating

20 material): a GaN buffer layer, an n-GalN cladding layer, an InGaN active

layer, a p-AlGaN cladding layer, and a p-GaN layer;
(b) after a certain portion of the laminated layer of the p-GaN layer, the p-

AlGaN cladding layer, and the InGaN active layer including a surface por-



The present invention ains at inproving an LED that uses ZnSe or GaN, which
has a w de bandgap and even when sufficiently doped with inpurities, shows

high resistivity because of the shortage of charge carriers. 20 [b E@g@ﬁlﬁof
the el ectrode] The present invention ains to inprove the shape of N]

p-el ectrode from which the light emergels [c. P-type contact |layer] 2 0O FEB
2006 17 Wth a w de-bandgap sem conductor such as ZnSe or GaN, the dopi ng of
p- type inpurities is not easy. Even if the doping is satisfactorily

pertor med. h6n AGhURAAT dAddinkTaylis %@g%yg@w;é@%_&?%woﬂh%

excited fromt acceptor 1 n nmafly tases. e carrier is
scarce in nunmber ndg.a current 5 injected fromjhe parrow p;:el ectrode
cannot di 1 vedietrdg {layes an H-eelﬁcwé%ls Esmekon, § eDorefl DRE: of thpre:
contact layer, the current is localized at the portion directly under the

p- el ect r ode. G& claddove layersasdt uati on, the nmesh-shaped thin-film netal
el ectrode of the present invention is placed on the p-type con- tact |ayer,

such as a p-&pehe r@esafsrﬁa%@i B/ pPelcdiiode lof BhéWradbfioRkeatiohd% Tormed @ul d-

Covering ratio a of the thin-filmelectrode] In a conventional ZnSe-LED, the
entire surfage of th -t coptact A i covered with a
seni-tfgnspaﬁ5%$4?ﬁ?§9$F¥%$§Y%%@%8&EgaiﬁggFﬁing to the present invention
the covering ratio a is not 1 but expressed as 0 < a < 1. The ¢transmttance
(3 of the cdlisared soatplen viem of avsmciure emploreskin Expmplee2 19 which & | m
el ectrode, and hence is denoted as (3 (d). In the present invention, the

thi ckness @abl-EfD liarpiidéditon ritd fetgmncentacnbdydrERitHCansaasieBhhyed When
the thickness is the sanme, the covering portion, whose covering ratio is a

. has the gectrode having a multitude of regular hexagonal windows arranged in six-fold
symmetry.
10
DETAILED DESCRIPTION OF THE INVENTION

Embodiments of the present invention are explained below by referring to
the accompanying drawings. In the drawings, the same number or sign refers
to the same element to avoid duplicated explanation. The ratios of the dimen-

15 sions in the drawings do not necessarily coincide with the explanation.
{a. Material for the light-emitting element]

The present invention aims at improving an LED that uses ZnSe or GaN,
which has a wide bandgap and even when sufficiently doped with impurities,
shows high resistivity because of the shortage of charge carriers.

20  [b. Shape of the electrode]

The present invention aims to improve the shape of the p-electrode from

which the light emerges.

[c. P-type contact layer]



sane transnittance 8 (d) as in the conventional LED. Unlike the conventional

LED, the thin-filmelectrode of the present invention has an opening
portion. 20 The opening portion, whose ratiois 1 - a, has a tran?gﬁ%ﬁzﬂlﬁe
of 1. The presence of the opening portion, however, may create insuffi
diffu- sion of the current. The current giffusion at the p-type contact

| ayer is affected by the presence of the opening portion. The
current-diffusi ng power of the p Z 0 FEB 2006 18 type contact |ayer is

denot ed by 0, d t

ci rcunscri bed Ci r?ﬁgggé%%ﬁ% COB gﬁ{e ‘I‘C—)CHQ%I tn%%l nc?ggag\esa{% hel%lgt&ep'
current-di ffusing pawer, y decre es the_current-diffusing p can
be expr essWREIMRURPPS igioh qagE Evend he dpwis ﬁwésfg*ﬁ%cgslmenfmaae&g@q he p
5 electrode is denoted by T the transmttance T, for the conventional net hod
can be exautbedesh bytedqletw) amd b} mahypaitise Holds athexditedfroar thwaceptdre
transmttance T2 for the present invention can be ex- pressed by equation

o et g i i o
If T2/ T
met hod 2 I 1%1%65@1&3% P#’ff{%erﬂ ptre tl(c%)r‘]&} ﬂg’é %{)F}g arily

| arger than $ (d). Accordl ng to equatlon (3), the present i nvention is
ef f ecti ve saméaciolayey. Tnsthespaiype contactilaper the chrtentrisdedaliedcatribeep drfionl ow
transmttance). More specifi- cally, the present invention is effective when

the coveri gigeétdf hder thé §58ldch@dde. To improve this situation, the mesh-shaped

thin-film metal electrode of the present invention is placed on the p-type con-
tact layer, such as a p-ZnSe, p-ZnTe, p-BeTe, p-GaN, or p-AlGaN contact layer.
10 [d. Covering ratio ¢ of the thin-film electrode]

In a conventional ZnSe-LED, the entire surface of the p-type contact layer is
covered with a semi-transparent thin-film electrode. According to the present
invention, the covering ratio ¢ 1is not 1 but expressed as 0 < ¢ < 1. The
transmittance B of the covering portion varies with the thickness 4 of the

15 thin-film electrode, and hence is denoted as B (d). In the present invention, the
thickness d'is similar to that in the conventional LED. Consequently, when the
thickness is the same, the covering portion, whose covering ratio i1s o, has the
same transmittance B (d) as in the conventional LED. Unlike the conventional
LED, the thin-film electrode of the present invention has an opening portion.

20 The opening portion, whose ratiois 1 - o, has a transmittance of 1.

The presence of the opening portion, however, may create insufficient diffu-
sion of the current. The current diffusion at the p-type contact layer is affected

by the presence of the opening portion. The current-diffusing power of the p-



about 0.8 (the opening ratio is nore than about 0.2). As described in
Exanple 1 20 bel ow, when the covering ratio is about 0.7 (the opening ratio
is about 0.3), the anmount of the output light is increased by at | t 10%
[e. Repetitive pattern of the wi ndow of the opening portion of thezﬁﬁﬁﬂimmlm
2 0 FEB 2006 19 netal electrode] The nesHed pattern of the thin-film

el ectrode can be produced by formng a mnultitude of windows. An irregular
pattern can be used. A regular pattern, also, can be used, in which the
same pat t efyel Bt 8A9AYEHis BORREAIP! £, which BalRASS VAl of § o YSRsFhaidtakhel d
rotational 'y symmetrical pattern, a four-fold rotationally sym netrica
pattern, or a_two-fold rotatjopally s trical pattern. In these three
patterns, el Hdhe %rcwcmijﬁa&mi%ﬁﬁ& egwndam el thepeming ipgrpasas, the
hexagon, a square, a circle, or an ellipse. The photolithography can
produce anyurcgpediffusing pdvwer fv | desressds. dl@nda, dHe culPerptadiffrsingipolverhmrs ane
easi ness. Wien the opening ratio (1 - (Y) is specified (this automatically

poci 11 catPoRBEASEL Bl fie BRI Shitiand of Y btk MR Uty 1

a) in accordance with the symmetry and the shape of the windowis explained
bel ow. 45 ¢lectreils i$ denlotedtlyt Thtlee trpnsymtiencecE| fopthe eomverfigmal @ethvod 2 | n

a six-fold rotationally symetrical pattern, the distance between the cen-

ters of th@e@ﬂ%%ggéub?g;ﬂam:\ﬁ)j s denoted by M The area of the triangle
y the cen

pro- duced b ers of the neighboring three windows is expressed as
3112m4. T ;2@ of the wwindowis not limted to a reg )ar hexagon. A
circle or squar can be used. Figures 2 and 7 show a pattern in which the
wi ndow has the shape

On the other hand, the transmittance 7, for the present invention can be ex-

pressed by equation (2).
10 T,= B(do +(1- a)v(D 2).
From the two equations, equation (3) can be derived.
TiT = y(DIB@D+ {1- y()IB(d} o
=1+ {(y(DIB(@-1} (O- o) 3.
If 7,/ T, is smaller than 1, the conventional method is superior to the method
15  of the present invention. v (I) is close to 1 but not necessarily larger than 8
(d). According to equation (3), the present invention is effective when B (d)is
small (when the thin-film metal electrode has low transmittance). More specifi-
cally, the present invention is effective when the covering ratio ¢ is less than
about 0.8 (the opening ratio is more than about 0.2). As described in Example 1
20  below, when the covering ratio is about 0.7 (the opening ratio is about 0.3), the
amount of the output light is increased by at least 10%.

[e. Repetitive pattern of the window of the opening portion of the thin-film



of a regular hexagon. In this case, the symmetry of the arrangenent of the

wi ndows coincides with the symmetry of the shape of the w ndow. Conse-
quently, when the circunscribed circle of the wi ndow has a dianeter off FEB:Z[@E
0 FEB 2006 20 2M 3"2, the opening ratio is 1. The ratio |I/Mleternines the
opening ratio (1 - a) as shown in equatikh (4). (1 - (y)(regular hexagonal

w ndow) = (3/4)(L2/M) (4). The value of (1 - a) varies fromO to 1. Hence,
50<(1- (j)(regular hexagonal window) 1 (5). In the case of a square

w ndow, alﬁllgpélgge&l}g% 4 ndows can be formed at the places arranged in
six-fold symetry, e entire pattern cannot be in six-fold symetry

b f t f, th h d f 12/ 2,
where Lis t HORIRREPR A ateTrel B DURCERR BLEPIETTorE: OF RRETERA PcomIBES: 1o
fore, the openln ratio (1 - (j) is expressed bg equatlon (6) (1 - a

) (squar e vintdiatyde-of wirgdowey. (apiwpgylelr patbumvem bonse J_Axegellammmz), Rlsot he

nei ghbori ng squares on the sane axis of symetry are in contact with each

ot her. Thedf bé @sell, Bowhath BRe sAfleegsRern ReyahtbdaF o} émﬁnplé rit @4 PeEsibRY ds,
(1 - a)(square vmndow) has an upper Iimt of 15 less than 1. Hence, 0 < (1

- 0)(s are wn 3 C f wi_ndow,
the wi 2530 ase %%%F@g o% gé}%a@?fgg\ﬂ%% rlca:} sattp‘%?e%dt% et @irﬁ%)tla%tldﬁgh iPete.
Therefore, the qpening ratio (1 -.a) is expressed by e uatlontil 20 (1 -
u ) (ci rcul BetisHdRAtiemm, ara reodeldyqtationslly symmetedalpa egp thrge
nei ghboring circles are in contact with one another.
patterns, the shape of the window can be any type, such as a regular hexagon, a
square, a circle, or an ellipse.

The photolithography can produce any type of the thin-film metal electrode

10 pattern with the same easiness. When the opening ratio (1 - o) is specifted
(this automatically determines the covering ratio o), a pattern that easily

satisfies the specification can be used. The process for obtaining the opening
ratio (1 - o) in accordance with the symmetry and the shape of the window is
explained below.

15 [f. Six-fold rotationally symmetrical pattern (Figs. 2 and 7)]

In a six-fold rotationally symmetrical pattern, the distance between the cen-
ters of the neighboring windows is denoted by M. The area of the triangle pro-
duced by the centers of the neighboring three windows is expressed as 3'2//4.
The shape of the window is not limited to a regular hexagon. A circle or square

20  can be used. Figures 2 and 7 show a pattern in which the window has the shape
of a regular hexagon. In this case, the symmetry of the arrangement of the
windows coincides with the symmetry of the shape of the window. Conse-

quently, when the circumscribed circle of the window has a diameter of L =



Therefore, L cannot be increased beyond that limt. In other words, (1 20
FEB 2006 21 a )(circular wi ndow) has an upper limt of less than 1. Hence, O
< (1 - a)(circular window) < it /2.3112= 0.906 (9). [g. Four-fold 79 FEB 7006
rotationally symmetrical pattern (Figs. 3 and 4)] In a four-fold
rotationally symetrical pattern, also, 2the di stance between 5 centers of

t he nei ghboring w ndows is denoted by M The area of the square produced by
the centers of the neighboring four windows is expressed as 1112. The shape

of the wi n@m#z,sm@bpéﬁmgg%& £ 2. PHaEo £ defbfimid EOHAEp BEY

. r_
equi l ateral triangle canbe used. However, in the case of a regular Ohgxagon
or equilateral ;triangle | t gh the wi ndows can be forned at the pl aces
ar io ranggg S SHO3R 1 SﬂH"@?ﬂRg#ry, the entire pattern cannot be in
four-fold symme- try because of the nature of the w ndow shape. Figure 3
shows a patt€ln b(ephlathdtgonahdondbal =tB)EHEAF) of a guare; Fig. 4, a
circle. In the case of the square wi ndow shown in Fig. 3, the symetry of

the arran nt . of e wn-_do COINCI with the symmetry of the shape of
the wi ndo%ﬂ%‘%ﬁﬁfe 1ﬁfi%11%m%9q h&ocﬂﬁim%ri bed circle of the window has
a dianmeter of L = 2112M the opening ratio is 1. The ratio LMleterm nes the

openingrati @ & A -(io )regslahbexaginal eepmaiomndn=<{ 10). (1 - a (Bf.square wi ndow)
= L2/ 211F (10). The upper limt of the opening ratio is 1. Hence, 20 0 < (1

- a)(square w.pdow) <.l n_kh e Ci I i w.gh in
Fig. 4, the I\énptg%l % S‘:’rc'aftzll %&‘lji%‘ree&?@n%? ségﬁngﬂetE‘Eaﬂﬂo‘{rﬁﬁ%l}%ﬁg?%‘eﬁi% e
di aneter of_ the circle. (1, - _a.)(circular, wwndow = (ic /4)(L2/1M (12).
places arranged in six-fold 'symmetry, the entire pattern cannot be in’ six-fold
symmetry because of the nature of the square shape. The window has an area
of /2, where Lis the diameter of the circumscribed circle of the square. There-
10 fore, the opening ratio (1 - ¢ ) is expressed by equation (6).
(1- o¢)(square window) = (1/3¥H(IANE) o (6).
However, when L = (3'%/2¥)M, the neighboring squares on the same axis of

symmetry are in contact with each other. Therefore, I cannot be increased

beyond that limit. In other words, {1 - ¢ ){square window) has an upper limit of
15 less than 1. Hence,
0 = (1- o)(square window) = 3'%2 = 0.86 (7.

In the case of a circular window, the window has an area of = /4, where Lis
the diameter of the circle. Therefore, the opening ratio (1 - o) is expressed by
equation (8).

20 (1- o Ycircular window) = (/2 - 3*3(I* AF) (8).
However, when L = M, the neighboring circles are in contact with one another.

Therefore, I, cannot be increased beyond that limit. In other words, (1 -



2 0 FEB 2006 22 Wen L = M the neighboring windows are in contact with one
another. There- fore, the opening ratio cannot be increased beyond t ;:EB @]“ﬁ
limt. The opening ratio has an upper limt expressed by equation (13). <
(1 - (j)(circular window) _ 0.785 (13). 5 [h. Thickness dof the thin-film
el ectrode] As described earlier, conventdlonally, an el ectrode having a

uni form thickness of 20 nmcovers the entire surface of the p-type contact

| ayer. The transmt- tance at a thickness of 20 nmis about 50% This neans

oot chsed £0TEeREr KRG has AL BREARFHORS Mnab 1 SIS absor ption i s

decreased, the el ectrical resistance. This in- crease in resistance
extrenely dedr &adds whéitadaemindpwin Enher Boddi50.986ect ro- Be to the

sem -transparent thin-filmelectrode. Therefore, the thin-filmelectro- de

nmust have LeBEESH 16 ; roducti on process,
it is di ff?gégﬁa%ﬁ!tfo prct)gﬁlgg%&t I n-%ﬁ%&f%ﬁ%ﬁ@ﬁ‘gfﬁg‘%ﬁt hi ckness of | ess

than 10 15 .nm Even.i.n the coyering porti.on conposed t he t hi n net al
fim it i s 1Deditunrad saraRoRRLY asRdmerital RaliRaR, Alavs the: distancs: baBUH 1096
This requirenment deter- mnes the upper limt of the thickness. Au is an
excel | ent ¢rnters of theagighbdring vandbww sl dentateddy NésThei areayofathe paoaredes
ohm c contact with a p-type contact 20 |ayer. Depending on the production

net hod, whgibdu@edby' the cégers of the ki EBbbfing Aup RrirtldwOl ¥xsrRded tisvesf i | m
can be produced with a resistivity of about 2 X 10-6 Qcm 1In the present

i nvent i on, i, i, RBRGE i SSEH 9950t FnilbE®E) W% RAPIH il Db QaBER, RO06

equilateral triangle can be used. However, in the case of a regular hexagon or
equilateral triangle, although the windows can be formed at the places ar-
10 ranged in four-fold symmetry, the entire pattern cannot be in four-fold symme-
try because of the nature of the window shape. Figure 3 shows a pattern in
which the window has the shape of a square; Fig. 4, a circle. In the case of the
square window shown in Fig. 3, the symmetry of the arrangement of the win-
dows coincides with the symmetry of the shape of the window. Consequently,
15  when the circumscribed circle of the window has a diameter of L = 220, the
opening ratio is 1. The ratio Z/M determines the opening ratio (1 - ¢ ) as shown
in equation (10).
(1- o)(square window) = I*/2MF (10).
The upper limit of the opening ratio is 1. Hence,
20 0 = (1- o)square window) = 1 (11).
In the case of the circular window shown in Fig. 4, the opening ratio is ex-
pressed by equation (12), where Lis the diameter of the circle.

(1- o )(circular window) = (= /(M) (12).



23 thin-filmel ectrode. Consequently, current can be injected sufficiently
even when the An thin-filmhas a thickness as thin as 10 to 30 n”ﬂ}FEB 2006
Dependi ng on the production nethod, when the thickness is 20 nm e An
thin-filmhas an ab- sorption coefficient of about 50% When the thickness
I's reduced to 10 nm 5 whereas the absord®ion coefficient is decreased to
about 30% the electrical re- sistance inevitably increases. Wen the

t hi ckness is reduced to less than 10 nm the electrical resistance

I ncreases Ny un ' . . . h : bt of
t he thickd@ggﬁTg dgﬁZpéﬁgggmﬁéﬁﬁgénﬁggE§Q§F356$&¥%§nﬁygh§%$PﬁBpgﬁbg%b éthe
covering portion. It _is desirable that the covering pQrti ‘has a 10 .
Cransm tt J4E® e omening satis camnohbe fcreaned bavied Haa E@%oa%mégg@ma
a), where a is the absorption coefficient and d is the thickness. \Wen d=

20 nm t Head amrgpyier faniteexpsessed byTbguation €13X. he absorption coefficient a is
0.0346 nn '. The thickness for obtaining the transmttance of 0.1 can be

cal cul ated by ds-(1i.ng ) ihecfdH¥ihabwh £ o ®s(-0. 03464, andghhe result is 66
nm However, the 15 el'ectrical resistivity of a thin filmvaries

considerably wi.th the praoduction nethod and conditions. An is relatively
stabledn @hﬂgll?]@%?féc‘foé?hf 'ﬁ)‘é‘ﬁﬂ'—ﬁcm}d@ﬂ)roduci bility than any other

nmetal s. Considering the foregoing aspects, the upper limt of the thickness

i s about 60 Awdeddeibed, eaktlienonventiofalipna dlectrolle Hevimg waifedmatidvlenedshi s
I's a rough neasure. Actually, the resistivity of An also varies with the

duct | RAE ! d i
Retor m noden) Ao B0es O lehbiol b kllE! 6f B (38 AL BRI THE Bty

0.1. 2 0 FEB 2006 . . .
tance at a t%:ﬁckness of 20 nm is about 50%. This means neaxly half of the light

is absorbed uselessly. If the thickness is decreased to less than 20 nm, whereas
10 the amount of the absorption is decreased, the electrical resistance. This in-

crease in resistance extremely decreases the current from tﬁe bonding electro-

de to the semi-transparent thin-film electrode. Therefore, the thin-film electro-

de must have a thickness of at least 10 nm. In terms of the production process,

it is difficult to produce a thin-film electrode having a thickness of less than 10
15 nm,

Even in the covering portion composed of the thin metal film, it is desirable
that the metal film has a transmittance of about 10%. This requirement deter-
mines the upper limit of the thickness. Au is an excellent material because it
has low electrical resistivity and provides ohmic contact with a p-type contact

20 layer. Depending on the production method, when an Au film has a thickness i1s

20 nm, a highly conductive film can be produced with a resistivity of about 2 X
10° Qcm.

In the present invention, the bonding electrode is directly bonded to the Aun



[1. Exanple 1 (ZnSe white LED having a honeyconb-structured p-el ectrode)]
Wth w de-bandgap sem conductors, it is difficult to obtain a p-type. Even
when the p-type is obtained, because of the scarce charge carriers,?{ fEf 2005
not easy to diffuse the current at the p-type contact |ayer. ZnSe and (&N
are typical 5 exanples of these sem corBuctors. Figure 1 shows an exanple
of a ZnSe-based white LED to which the present invention is applied. A
ZnSe-LED is a blue LED that emits blue Iight having a wavel ength of about

485 nm YN NIRfddICORIRENMIN " Aliteht ARPE iHibdeaNod iy &iA'

beconmes a certain type er, the ener at es

or ange-to-yegl | fl ugr.es neéﬂt’le en 10 ter vel ength i.s about 590.nm at
Che Subst rien e A RERHEE hle g eRithems (e ar WotochT b e iingn 1
produce white light. Hence, such a ZnSe-LED is called a white LED (see
Japanese pmtodnctitn megd; 4shemthe [thickneiss ie 200ty the 2ox YhinEfimaxasbngalowt h

process was perfornmed by using a nol ecul ar-beam epitaxy 15 apparatus

equi pped Wdgrptign ZsbetRibnt df ZHekd 56%! WBEn IPeClibknadt N radhéal t8UD nd, Cd

cell, an My cell, etc. The followi ng |layers were forned on an n-type-

conduct, ve_¢n | e-cr I te 2 b e l.e aty beam epi{ axi al
G owt h e FHRea PRI EOY B LIS & Fecradied UP o 0% P ERTLERAL P,
m 20 (b) an n-type ZnWMySSe cl adding | ayer .4 having a thi ckness of 0.5 u m
(c) an zZncasanzs mpeyitablydnrraases,yWhen, thephicknessys sedwiggdodess timn A nmyer 6
having a thickness of 0.5 um (e) a p-type ZnSe layer 7 having a thickness
of 0.2 /i thie dectrizal ZedistBed006e sk} ta ap-wyhasieale extedtayir tle bthexdnpoded of
a p-type ZnTe | ayer (not shown in

the upper limit of the thickness is determined by the necessity of the transmit-

tance at the covering portion. It is desirable that the covering portion has a

10 transmittance of at least 0.1. The transmittance is expressed as exp(-« * d),
where o is the absorption coefficient and d'is the thickness. When d= 20 nm,
the transmittance is 0.5. Therefore, the absorption coefficient « 1is0.0346 nm-
'. The thickness for obtaining the transmittance of 0.1 can be calculated by us-
ing the equation 0.1 = exp(-0.03464d), and the result is 66 nm. However, the

15 electrical resistivity of a thin film varies considerably with the production
method and conditions. Au is relatively stable in this respect and has better
reproducibility than any other metals. Considering the foregoing aspects, the
upper limit of the thickness is about 60 nm. Hence,

10 ﬁm = d = 60nm (14).

20 As mentioned above, this is a rough measure. Actually, the resistivity of Au also
varies with the production method and conditions. Therefore, the thickness d
can be determined such that the covering portion has a transmittance of at

least 0.1.



Figure 1) which is forned on a p-type (ZnTe/ ZnSe) MM I ayer, the p-type

ZnTe | ayer having a thickness of 60 nm 5 The tenperature of the wggkrﬂ$e
during the epitaxial gromh was maintained at 275 to 325 C. The g ﬂ ate
was nmaintained at about 0.4 to 0.7 p mhr. N trogen (N was supplied as a
p-type inpurity fromthe N radical gun t2d the surface of the ZnSe
substrate. Chlorine was used as an n-type inpurity and evaporated fromthe
ZnCl 2 cell. This concludes the explanation for the process 10 for the

s conudred aithd ChEERE BRI E s ha P Bl e FEP AL (e

peri pher al rtion,of each devi.ce is etched e udi n the central portion
for the Ii gﬁ’?‘-ténﬂ‘%"r'f%ﬁnﬁ%@? (ﬁ“??m?‘l’ﬂfi‘,mtf’% 15-1§J§&‘2ﬂ§égl‘g§ﬁ@¥n A PrlyBec¥ys8ed at
t he peripheral portion. A bonding electrode 9 conposed of 15 Ti/Au for wire
bondi ng washénthe ¢-typetib@bsapedeteqmrsepifehalscaometchamrgefcattiersy) it isypet &isge

| ayer 7. The bonding el ectrode 9 was not intended to inject a current

directly t@ 8iffide- {hPBurkRae dtaRY pAypblcon@sctl BiyRRIBASE ad MICRAY drderypiédqient
to the p- type ZnTe layer (not shown in Figure 1) of the p-type contact

(
| ayer t hrou h nei ghbor i u_electrade 20. The curye | | n order
of the Doriible 38 thif SERGn ARt SRRt S ps ol Praihblect s Zo2Ehadtde 56
the p-type ZnTe layer, = the p-type (ZnTe/ZnSe) MMV | ayer, and_the p-type
Znse | ayorwiite EEDhto whiehriile praseat iAveaon tAcpdiedoieZaSenbED tha bo
accelerates the deterioration. Therefore, the current is not intended to
f1 ow t hr ought tieato el Blhed tthBAng Thevavel gt of ebott B2 neh FEBwARRE 26

bondi ng el ectrode 9) provided at the peripheral portion is capable of
bllocking L1, REL ARG RlhsFHik ?Qhoped with an impurity that becomes a certain type

of color center, the blue light generates orange-to-yellow fluorescence (the cen-

10 ter wavelength is about 590 nm) at the substrate, and the blue light and the

fluorescence are combined to produce white Light. Hence, such a ZnSe-LED is

called a white LED (see Japanese patent No. 3087742 entitled "white color

LED").

Epitaxial growth process was performed by using a molecular-beam epitaxy

15 apparatus equipped with a Zn cell, a ZnCl, cell, an Se cell, an N radical gun, a

| Cd cell, an Mg cell, etc. The following layers were formed on an n-type-

conductive ZnSe single-crystal substrate 2 by the molecular-beam epitaxial
growth method:

(a) an n-type ZnSe buffer layer 3 having a thickness of 1 p m;
20 (b) an n-type ZnMgSSe cladding layer 4 having a thickness of 0.5 z m;

(c) an ZnCdSe/ZnSe MQW active layer 5;

(d) a p-type ZnMgSSe cladding layer 6 having a thickness of 0.5 z m;

(e) a p-type ZnSe layer 7 having a thickness of 0.2 u m; and



Next, a mesh-shaped Au el ectrode 20 having a honeyconb structure was forned
with a thickness of d= 20 nmon the entire surface of the Iight-eniating 5
region (central portion). An n-el ectroge 10 conposed of In or Ti / ALU i&B 2006
formed on the back face of the n-type ZnSe substrate. After the formation
of the electrodes 9 and 10, the epitaxially grown wafer was cut to obtain a
mul titude of LED chips having the shape of a 400- u m square. Figure 2
shows a plan view of one of the chips. The bonding el ectrode 9, 10 formed on

the top surfage of the chi i §.conposed of narrow helts at the four sides
of the squar Zﬁa?n%mﬁ’ep“r‘)é‘fa&ﬁ)qyt%gdf B 02930‘259(?1%?%8 %/Fﬁ? L@’FEE"%@F‘P%Wi s used
for wire bonding). The honeyconb-shaped thin-fil mel ectrode 20 covers the
rest of theFigse dhirfhiele is foreed- ey per-bwat ot eiZafer MQWe tayent the thhiape
honeyconb- shaped thin-filmelectrode 20 can be seen through the w ndows.

The current doés layet hasbng & thiclkdewno®s0chmli rectly from the bondi ng el ectrode.
I nstead, the current flows laterally fromthe bonding electrode 9 to the

thin-filnyel quknadperdfire bf AR siBitedle iRy Gér dpRakial LRWEh SAMMARMinede current
flowing in the p-type contact |layer diffusés toward the center of the

wi ndow. The L JA X o) a_l frang. such.th t he,t,0 face was
the face \/\/ne(riltzsltCE %\éﬁ%- t%pg%glééﬁhoretg\%vgag IP%}EFW%ncf.% %Oab‘?ﬁgbﬁe%do‘zr{g%

p- el ectrode g{t]_he bondi ng el ectrode 9) were connected by wire bonding.

Final Iy, theNiHpgemm@Y) wansupliglias aaptysi mnusity fem thepirpdicaltgigetol e | anp.
As described earlier, the shape of the nesh-shaped el ectrode is produced by
2 0 FEB 2006 sifadeopithegZeSarsmtisirated e Chlorme nviswesed sascan asypsi mopwrsy asduar es, or
regul ar hexagons, at symmetrically arranged places, such as in six-fold
symretry or fegaorited drons yHENEACY celki JHisecodclubiesthe @xpREMiGHPEEE ploegkr ode in

whi ch square w ndows

10 for the epitaxial growth on the n-type ZnSe wafer.
Subsequently, chemical etching was conducted on the surface of the epitaxially
grown wafer such that the peripheral portion of each device is etched excluding
the central portion for the light-emitting region. Thus, the p-type ZnSe layer 7
was exposed at-the peripheral portion. A bonding electrode 9 composed of

15  Ti/Au for wire bonding was formed on the exposed peripheral portion of the p-
type ZnSe layer 7. The bonding electrode 9 was not intended to inject a current
directly to the p-type ZnSe layer 7. It was intended to inject the current to the p-
type ZnTe layer (not shown in Figure 1) of the p-type contact layer 8 through the
neighboring Au electrode 20. The current flows in order of the bonding

20  electrode 9, the mesh-shaped thin-film metal electrode 20, the p-type ZnTe layer,
the p-type (ZnTe/ZnSe) MQW layer, and the p-type ZnSe layer 7. If the current
flows through the peripheral portion, it accelerates the deterioration. Therefore,

the current is not intended to flow through the peripheral portion. The Ti/Aun

layer (the



are arranged in four-fold symretry. Figure 4 shows a nmesh-shaped el eﬁrg@m
in 5 which circular windows are arranged in four-fold symetry. The & 5 p
L of the circunscribed circle of the windowis designed to be 10 to 40 u m
for ex- anple. The optical output of the LED having the p-el ectrode
structure of the present invention was dasured under a constant-current
node. A current of 20 mA 10 produced a highly bright white-light em ssion
with a light intensity of 5 nW The relationship between the covering ratio

a of the &%ﬁﬁg I - ' =k L int.ensi i al
bri ght nesrs? wigéirgr%é%% 32 pﬁﬁ{r{ g Qflﬂg‘ﬂﬁ ¢ gr%ﬁ'te? imnét’ﬁg‘bﬂ; E%Q%Bhﬁfs‘i %M&glr(%s
mesh-shaped Au el ectrodes having a different covering ratio a. The neasured
results ar W?#PP&G@: The axis 15 of abscissas represents the
covering ratio a ; the axis of ordinates represents the axial brightness Q
The bri ght nd¥extpfa anesh-fhaped Aw mlevdtadey 20ybavingDavheneyzonil ktrarctaryiveas The
total brightness is obtained by placing the LED at the focal point of an

i nte- gratforthedPRithea thicknebeofPAH 2@ bthe RedTe sifrfacetdf thellRthtaéhRtidghey

are reflected 20 by the sphere, and the intensity is nmeasured. On the other

hand, the |- Al SS I taln b rl h \.cal optput, of
the LED i Sarigh Gee & batiRRy: ApdbeBBitento FERREREPr I AT Yot

In other words, the axial brightness is the power of the light emtted to a
speci fi ed onthebpek faceef then-tware Zobe spdstsdatel bri ghtness is roughly
proportional to the total brightness. Because the axial brightness is

easi er in neger the forohetian i ofl therélgbiro@ss 9i snda@s the kphtixialip g re@mpaateaon in
this exanple. The measured results confirned that as the covering ratio a of

the metal a5 cut to obtain a multitude of LED chips having the shape of a 400- zm

square. Figure 2 shows a plan view of one of the chips. The bonding electrode 9,

10 formed on the top surface of the chip, is composed of narrow belts at the four
sides of the square and a projection at one side (this projected portion is used
for wire bonding). The honeycomb-shaped thin-film electrode 20 covers the rest
of the top surface. The p-type contact layer underneath the honeycomb-shaped
thin-film electrode 20 can be seen through the windows. The current does not

15 flow downward directly from the bonding electrode. Instead, the current flows
laterally from tﬁe bonding electrode 9 to the thin-film electrode 20, from which
the current flows downward. The current flowing in the p-type contact layer
diffuses toward the center of the window. The chip was fixed onto a lead frame
such that the top surface was the face where the p-type electrode was formed.

20 The lead and the p-electrode (the bonding electrode 9) were connected by wire
bonding. Finally, the unit was sealed with a resin to form a bullet-type LED
lamp.

As described earlier, the shape of the mesh-shaped electrode is produced by



5 el ectrode decreases, the emtted-light intensity (axial brightness) Q

I ncreases. The follow ng data are average val ues obtai ned by neasuring the
brightness on a nultitude of sanples having a predetermnm ned cover iZdgfiBatiifo:
when a =1, & 1, when a =0.69(L=40 pm, Q1.16, 10 when a =0.61(L=40 pm,
Q=1.23, when a =0.49 (L =40 um, & 1.357 and when a =0.49 (L =20 u m, Q=
1. 36. The conventional LED has a structure in which the entire surface of
the p-type contact layer is covered with a sem -transparent netal el ectrode

(Au el ect rQfking Womliititadd w%aasws%%crﬁfgﬁ@ﬂaéss) shudires, of Togulf¥Ads0fs! S

taken as a ence, and the axi al tness at a = sreferred to as

1. The graph of brightness shown.in Fig.. 5 is plo d using this,ref nce
val ue. neht SREReREALT,AFsaterd Bl4cesooHeh @i GHRR WML Sroloyhfold he
optical output increases by a factor of 1.16. Wen the covering ratio a is
0. 61 (the sypeniaty. fEgnve i3ssliow9 r mesh-shapedaledode ip whichcrmwreswindoavs
factor of 1.23. When the covering ratio ais 0.49 and L 40 u m the optical
out put i NC4RASASMBYA 3n faeE-061d Fynie eti8s Fidlhady dhéws aJndbh ahbyed eli@foddim

covering ratio ai1s 0.49 and L = 20 u m the optical output increases 2 0

the advant Bk Bro b Srimdle o Banill b apRr (Rt M WiakactRl g8t e

above data _can be used to. roughI% determne the termy {L)/ %}3 (d) in
equation (the arpemgsabed gixcle fkthe supdem s depigned te bgatl &m 403y me forhesi n
the 5 average value of y (L)18 (d). The result is expressed by equation
(15). y(L)hRp# 1. 6
The optical output of the LED having the p-electrode structure of the present
invention was measured under a constant-current mode. A current of 20 mA
70 produced a highly bright white-light emission with a light intensity of 5 mW.
The relationship between the covering ratio ¢ of the mesh-shaped Au electro-
de and the emitted-light intensity (axial brightness) ¢ was measured in the

light-emitting region by using various mesh-shaped Au electrodes having a
different covering ratio o . The measured results are shown in Fig. 5. The axis

15 of abscissas represents the covering ratio ¢; the axis of ordinates represents
the axial brightness @.

The brightness of a surface-illuminating-type LLED varies with an angle. The
total brightness is obtained by placing the LED at the focal point of an inte-
grating sphere. All the emitted light beams are collected after they are reflected

20 by the sphere, and the intensity is measured. On the other hand, the axial
brightness is obtained by measuring the optical output of the LED with an in-
strument placed on the normal of the plane of the LED. In other words, the

axial brightness is the power of the light emitted to a specified direction. The



(15). The el ectrode thickness d is 20 nm Wen the transmttance 8 (d) is
0.5, the diffusion power y (C is about 0.8. The axial brightness rﬁaﬁ
little difference between L = 40 u mand L = 20 u m. This neans t Q\t g%
L has a value of 10 40 u mor less, the p-type contact |ayer has the ability
to diffuse the current sufficiently. [28 Exanple 2 (GaN-based bl ue LED

havi ng a honeyconb-structured p- electrode)] GaN is another exanple in which
the p-type layer cones to have high resis- 15 tance and therefore makes it

difficult Saalbtifesd'id iehbi BHiRrfloRHPYS AR Rtal BRhnGls. BEAHAH

blue LED to which the presen vention is applied. The follow ng |ayers
were forned. a. hite substrate 22.b he net.al argani ¢ . chem cal, yapor
doposi &1 oroiRbLEatRRSY faRtith in ThEaktnk, IE alArbSRRALS 15 Befhife L8 G
30 nm 20 (b) an n-type @GN cl addi ng | ayer 24 having a thickness of 4 u m
(c) an | ndaR compazasominthizexamplea p-t ype Al GaN cl adding | ayer 26 having a

thickness of 0.1 um and (e) a p-type GaN | ayer 27 having a thickness of

0.3 u. M Z TheéEReaB0oed@esilts eqnfininley, thas sshthencoveriig ratio dr ofehehmegalnwas
conducted at a corner por- tion to expose the n-type GaN cl addi ng | ayer 24,

excl udi ng the centyal portjon for . .the |.ight-emtit. region, An n-type
metal @ ectronadsdefidstecthermiite el iotensifd (ol Brisithnfra & tpreatss
exposed part of the n-type GaN cl adding |ayer 5 24. Then, a bondi ng
el ect r ode Plge fllowangedataratierayenage values obsaineddyt meaguring the hynghimess onng
region. The rest of the light-emtting region was covered with a

a multitude of samples having a predetermined covering ratio:

when ¢ =1, §=1,
when ¢ =0.69 (L=40 pm), ¢=1.16,

10 when ¢ =061 ([L=40 pm), §=1.23,
when ¢ =0.49 (I.=40 pm), ¢=1.35, and
when ¢ =049 (L =20 pm), §=1.36.

The conventional LED has a structure in which the entire surface of the p-type
contact layer is covered with a semi-transparent metal electrode (Au electrode).

15 This structure corresponds to o -= 1. This condition is taken as a reference,
and the axial brightness at ¢ =1 is referred to as 1. The graph of brightness

shown in Fig. 5 is plotted using this reference value. When the covering ratio

o is 0.69 (the opening ratio is 0.31), the optical output increases by a factor of
1.16. When the covering ratio ¢ is 0.61 (the opening ratio is 0.39), the optical
20 output increases by a factor of 1.23. When the covering ratio ¢ 1s 0.49 and L=
40 pm, the optical output increases by a factor of no less than 1.35. Similarly,

when the covering ratio o is 0.49 and £ =20 p m, the optical output increases



thin-filmnetal electrode 29 being conposed of N /Au, having a thickness of
20 nm and having a honeyconb structure. After the formation of the

el ectrodes, the epitaxially grown wafer was cut to 10 obtain chi ps2larggmgps
t he shape of a 300- u msquare. Figure 7 shows a plan view of one of the
chips. The n-el ectrode 30 conposed of TiZBAu was pl aced on the |ower stage
of the chip at the lower right portion of Fig. 7. The bonding el ec- trode 28
was placed at the upper left portion of the upper stage. The light- emtting

regi on Wag,ycQYRHSH ofino et eh AR 936 MPREE #at8 AELA9 e on GRARCEE a8 a2 / AU.

The p-GaN l'ayer 27 can be seen through the w ndows of the nesh- shape

el ectrode. The chi s fixed onto a l,ead fr .. The lead and the bonding
el ectrode WQ%E&%@BBWW?%%%#%Q%Fﬁ%FVP he unit was encap-
sulated with an epoxy resin to forma bullet-type LED | anp. The optical

out put of tAde shovwr dasawprebe uasd teozeughly def¢zmine ddesterm - v £8) duid dnt
node. A current of 20 mA produced a highly bright blue-light emssion wth

a light i ntensidny (Hf THR 3 Ogl.g@a;w%rmé{,hgfs{ e(itﬂt% {@f_aq;il&ﬂ 69 td BBt ewar d

voltage was 3.6 V. 2 CF 1 WHAT Al ME tructure of a
p-el ectrode forned, at the, || E@) rqi ng .si de of | ight-.emtting diode
Cher o inf vrerpes sRbiiot 6 o F i) Thersnthas cimpriocd ty gt () oe

sem conductor substrate; (b) an n-type cladding |ayer formed on the n-type

sem conduct ory (BUpédratles (c) an active |layer formed on(ishe n-type cl adding
| ayer; (d) a p-type cladding |ayer formed on the active |ayer;

The electrode thickness dis 20 nm. When the transmittance B (d)is 0.5, the
diffusion power vy (Z) is about 0.8. The axial brightness ¢ has little difference
between =40 pm and L =20 g m . This means that when Z has a value of
10 40 o m or less, the p-type contact layer has the ability to diffuse the current
sufficiently.
[2. Example 2 (GaN-based blue LED having a honeycomb-structured p-
electrode)]
GaN is another example in which the p-type layer comes to have high resis-
15 tance and therefore makes it difficuit to diffuse current. Figure 6 shows an ex-
ample of a GaN-based blue LED to which the present invention is applied. The
following layers were formed on a sapphire substrate 22 by the metalorganic
chemical vapor deposition (MO-CVD) method:
(a) a GaN buffer layer 23 having a thickness of 30 nm,

20 (b) an n-type GaN cladding layer 24 having a thickness of 4 pm,

(c) an InGaN active layer 25,

(d) a p-type AlGaN cladding layer 26 having a thickness of 0.1 z m, and

(e) a p-type GaN layer 27 having a thickness of 0.3 u m.



(e) a p-type contact |layer fornmed on the p-type cladding layer; and (f) an
n-el ectrode forned on the back face of the n-type sem conductor substrate;
(g) a p-type sem conductor |ayer between the p-type cladding |ayer %ﬂ? t he
p-type contact layer; the structure conprising: (h) a nesh-shaped FEB 2006
sem -transparent thin-filmnetal electrdfle for diffusing electric current
formed on the p-type contact |ayer, the netal electrode having: (hl) a
covering portion having a transmttance of at least 10% and (h2) an

openi ng por igHReQRbMAy & SRR fin FiPUE L AHIRKE g WAAWIu Bl al & \WoRFePPor-

opening ratio of at |east 20% and (i) a bondinhg el ectrode for w re bonding,

t he bondi ng el ectrode, being: i1y ,f Qred, at the I phery of th -t.ype
contact | 2y £0 £¥ROsq By nbtgw e(éa]gi ‘f]a@ﬁ%g F’é’eﬂ% ﬁga?‘gﬂgﬁéﬁ °§8%¥aitlﬁ)£héﬁar ent
thin- filmnmetal electrode. 2. A structure as _defined by claim1, wherein

t he LED f Uerithe lightpematdinsanegiont fpeniype eneﬂa&wéectb@dw\éé reomeosedt gfpBi/Au

sem conduct or substrate and the n-type <cladding layer. 2 0 FEB 2006 32 3. A

struct ure was €aindPen e sudfavebf thBekpbsed Part HRheli-thvs Cedlplddiess 14yr an
n-type buffer |ayer between the n-type sem conductor substrate and the

n-type £l a?f'i'fl?en{,aayﬁéﬁdj%gdelé&)ro&‘e BRI P%iFE Bofi QE #a8 foh@%a on Bl Bt e dille
p-type ¢l addi'ng 'ayer an
light-emitting region. The rest of the light-emitting region was covered with a
thin-film metal electrode 29 being composed of Ni/Au, having a thickness of 20
nm, and having a honeycomb structure.

After the formation of the electrodes, the epitaxially grown wafer was cut to

10  obtain chips having the shape of a 300- 1 m square. Figure 7 shows a plan view

of one of the chips. The n-electrode 30 composed of Ti/Au was placed on the

lower stage of the chip at the lower right portion of Fig. 7. The bonding elec-

trode 28 was placed at the upper left portion of the upper stage. The light-

emitting region was covered with the mesh-shaped p-electrode 29 composed of

15 Ni/Au. The p-GaN layer 27 can be seen through the windows of the mesh-

shaped electrode. The chip was fixed onto a lead frame. The lead and the

bonding electrode were connected by wire bonding. Finally, the unit was encap-
sulated with an epoxy resin to form a bullet-type LED lamp.

The optical output of the LED of Example 2 was measured under a constant-

20 current mode. A current of 20 mA produced a highly bright blue-light emission

with a light intensity of no less than 4 mW. Under this condition, the forward

voltage was 3.6 V.



the p-type contact layer. 4. A structure as defined by claim?2, wherein: (a)
the n-type sem conductor substrate is an n-type ZnSe substrate; (b) the
n-type buffer layer is an n-ZnSe buffer layer; (c) the n-type cl addilnbFB ABfer
is an n-ZnMySSe cl addi ng | ayer; (d) th? active layer is one nmenber selected
fromthe group consisting of a ZnCdSe ane mul ti pl e quantum wel |
(hereinafter referred to as MW active |layer and a ZnSeTe active | ayer;
(e) the p- WHATJISHEAMMERS: is a p- ZnMySSe cl adding | ayer; and (f) the
p-type contact |ayer conprises a p-(ZnTe/ZnSe) MQW | ayer and a p-ZnTe | ayer
formed on the p-(2ZnTe/ZnSe) MM Il ayer. 5. A structure as defined by claimS3,

wherein: (@) - S S P&ﬁjﬂ;ﬁ? LR B rla Sy ZhSe substrate;
(b) the n-?’y%tgﬂﬁﬁﬁéppﬁgglr&ﬁgagn n- n@gﬂ %Hgﬁtgnﬁe%gg;s%‘ypfﬂéﬂﬁ-type

cl addi ng | eniftting Hicde (hefeilyafbGerefrasitios LB ,fthe([@Dtcbﬁl/;ﬁl-‘sﬁﬁgte | ayer is one
menber selected fromthe group consisting o a ZnCdSe/ ZnSe" MV acti ve | ayer
and a ZnSeTe acfa)we n-gypersemiednductonsubytpatec| addi ng | ayer is a p- ZnMySSe

cl adding layer; . (f) the p-type.sem conductor layer is a p-ZnSe |ayer; and
(g) the p-type @@%Wﬂe§@$egMJw o thendypsssaniconduetayer and a

p- ZnTe Iayéed ltmrg()l{%r_ned on the p-(ZnTe/ ZnSe) MM | ayer. 6. A structure as

defi ned by (Hal ’1, wherein: (a) the n-type sem conductor substrate is an

e S Dt L) b R AL AU I ol e Ly
is a p-A GN cl@jd prgypesieddingigyer formed on the active layer;

(e) a p-type contact layer formed on the p-type cladding layer; and

(f) an n-electrode formed on the back face of the n-type semiconductor
substrate;

(g) a p-type semiconductor layer between the p-type cladding layer and
the p-type contact layer;
the structure comprising;:

(h) a mesh-shaped semi-transparent thin-film metal electrode for
diffusing electric current formed on the p-type contact layer, the metal
clectrode having:

(h1) a covering portion having a transmittance of at least 10%,;
and

(h2) an opening portion being formed of a multitude of windows
and having an opening ratio of at least 20%; and

(i) a bonding electrode for wire bonding, the bonding electrode being:

(i1) formed at the periphery of the p-type contact layer; and

(i2) bonded directly to the mesh-shaped semi-transparent thin-

film metal electrode.
2. A structure as defined by claim 1, wherein the LED further comprises an n-
type buffer layer between the n-type semiconductor substrate and the n-type
cladding layer.



33 2 0 FEB 2006 (e) the p-type contact layer is a p-GN contact layer. 7. A
structure as defined by claim2, wherein: (a) the n-type sem condchg)rFEazg[]B
substrate is an n-GN substrate; (b) the n-type buffer layer is an n-&N
buffer layer; (c) the n-type cladding ggyer is an n-GN cl addi ng layer; (d)
the active layer is an InGN active |a ; (e) the p-type cladding |ayer is
a p-A &GN cl addi ng | ayer; and a;i;a the p-type contact layer is a p-GN
contact | ajeh stwcivse g5 defined by ldlai,lwhctehyﬂmlldﬂalmrthﬂhemmpnse% a) the n-type

sem conductor suRstrate is N substrate; e buffer |ayer
is an n-GaN bufélaglanma é’ieb‘{f?%r PE‘YFS%?W?%*&%&H?W“%‘S? “"lt%r SH2®aN cl addi ng
| ayer; (d&&ﬁﬁ@@g&ﬂﬂ@gﬁﬁ d%ghnl nGaN active |ayer; (e) the p-type

cl addi ng | ayer g layer; (f) the p-type sem conductor

layer is a p-Gafp)laapeype ﬁﬁﬁcoﬁ&)ctbﬁfﬁy@r bath@eh M paypt eMadirgSladearid@N cont act
layer. 9. A structure as defined by €laim 1, V\/nereln the circunscri bed

circle of Heghtypeicuitactddyerhe openi ng portion in the nesh-shaped
sem -transparent thin-film nmetal electrode has a dianmeter, L, of at nopst
100 m 10. 4ASfughire as dgEined by sdainng, wherei: 1, wher el n the covering portion

?Li;Eﬁes;m“,S“&Biﬁen&ggg%é@mapsﬁhs@?s%%ﬁéis'a@bn AR
R e A M SR i, T 0

(c) the n-type cladding layer is an n- ZnMgSSe cladding layer;

(d) the active layer is one member selected from the group consisting of
a ZnCdSe/ZnSe multiple quantum well (hereinafter referred to as MQW) active
layer and a ZnSeTe active layer;

(e) the p-type cladding layer is a p-ZnMgSSe cladding layer; and

(f) the p-type contact layer comprises a p-(ZnTe/ZnSe) MQW layer and
a p-ZnTe layer formed on the p-(ZnTe/ZnSe) MQW layer.
5. A structure as defined by claim 3, wherein:

(a) the n-type semiconductor substrate is an n-type ZnSe substrate;

(b) the n-type buffer layer is an n-ZnSe buffer layer;

(c) the n-type cladding layer is an n-ZnMgSSe cladding layer;

(d) the active layer is one member selected from the group consisting of
a ZnCdSe/ZnSe MQW active layer and a ZnSeTe active layer;

(e) the p-type cladding layer is a p-ZnMgSSe cladding layer;

(f) the p-type semiconductor layer is a p-ZnSe layer; and

(g) the p-type contact layer comprises a p-(ZnTe/ZnSe) MQW layer and
a p-ZnTe layer formed on the p-(ZnTe/ZnSe) MQW layer.
6. A structure as defined by claim 1, wherein:

(a) the n-type semiconductor substrate is an n-GaN substrate;

(b) the n-type cladding layer is an n-GaN cladding layer;

{c) the active layer is an InGaN active layer;

(d) the p-type cladding layer is a p-AlGaN cladding layer; and



to 90%
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(e) the p-type contact layer is a p-GaN contact layer.
7. A structure as defined by claim 2, wherein:

(a) the n-type semiconductor substrate is an n-GaN substrate;

(b) the n-type buffer layer is an n-GaN buffer layer;

(c) the n-type cladding layer is an n-GaN cladding layer;

(d) the active layer is an InGaN active layer;

(e) the p-type cladding layer is a p-AlGaN cladding layer; and

(f) the p-type contact layer is a p-GaN contact layer.
8. A structure as defined by claim 3, wherein:

(a) the n-type semiconductor substrate is an n-GaN substrate;

(b) the n-type buffer layer is an n-GaN buffer layer;

(c) the n-type cladding layer is an n-GaN cladding layer;

(d) the active layer is an InGaN active layer;

(e) the p-type cladding layer is a p-AlGaN cladding layer;

(f) the p-type semiconductor layer is a p-GaN layer; and

(g) the p-type contact layer is a p-GaN contact layer.
9. A structure as defined by claim 1, wherein the circumscribed circle of each
window of the opening portion in the mesh-shaped semi-transparent thin-film
metal electrode has a diameter, L, of at most 100 pum.
10. A structure as defined by claim 1, wherein the covering portion of the
mesh-shaped semi-transparent thin-film metal electrode has a thickness, d, of at
least 10 nm and at most 60 nm.
11. A structure as defined by claim 1, wherein the opening portion of the mesh-
shaped semi-transparent thin-film metal electrode has an opening ratio of 30%

to 90%.



