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ELECTRODE STRUCTURES FOR LEDS TECHNICAL FIELD [0001] The
Wgr%sﬂe]ﬂt (lsgé/zent!on relates generally 'to light emitting diodes %R%}%Jé?(%m
present invention relates more particularly to electrode structures that
mitigate optical losses and thus tend to enhance the brightness and/or the

efficiency of LEDs. BACKGROUND [0002] Light emitting diodes (LEDS)

for use, as indi Is.are I jwely

for thisLﬁJW&%%iﬁ%&n gﬁ#@r %&%ﬁ%ﬁ@g E—%B%@amp %gr%? sgéafé

commonly used to indicate that power has been applied to such devices

as radios, televisions, video recorde}rééVCRs and the like. [0003]

Although such contemporarfglgﬁig\! EEP ren generally suitable for

their intended purposes, they possess inherent-deficiencies that detract
000N their drerahrefiectivenvestiemdelatsmigiyerdy ekaniphd, geitigrg diodes
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mitigeiicatiptisabucksas providingsgéerdatoilanhaasentie gbrighinest rpdieg. the
eﬁg@ﬂ gﬂ pewer contemporary LEDs do not provide suffjcient o

illumination for such purposes. [0004] At least a part of this problem of

insufficient brightness is due to inefficiency of contemporary LEDs.

Efficiency of LEDs is a measure of the amount of light provided as

compared to the electrical power consumed. Contemporary LEDs are not

as efficient as they can be becBédedaffa‘&Nie light generated thereby is

lost due to internal absorption. Such jnternal absorption limits th t
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<PEASA 98058 Y WD INADIL ISR IS PR INEY RRSBRER applied to
such devices as radios, televisions, video recorders (VCRs), and the iike.

[6003] Although such contemporary LEDs have proven generally suitable
for their intended purposes, they possess inherent deficiencies that detract from
their overall effectiveness and desirability. For éxampié, the light output of such
contemporary LEDs is not as great as is sometimes desired. This limits the ability
- of contemporary LEDs fo function in some appiications, such as providing general
fllumination, e.g., ambient lighting. Even high power contemporary LEDs do not

provide sufficient illumination for such purposes.

[0004} At least a part of this problem of insufficient brightness is due to
inefficiency of contemporary LEDs. Efficiency of LEDs is a measure of the amount
of light provided as compared to the electrical power consumed. Contemporary
LEDs are not as efficient as they can be because some of the light generated
thereby is lost due to internal absorption. Such internal absorption limits the
amount of fight that can be extracted from an LED and thus undesirably reduces
the efficiency thereof.



from their overall effectiveness and desirability. As such, it is desirable to
provide LEDs that have enhanced brightness and/or efficiency. BRIEF
SUMMARY [0006] Systems and methods are disclosed herein to provide
brighter and/or more efficient LEDs. [0006a] In a first aspect of the
[00@%ention, fhews, isifrovgledarietantrade LENchaedaraveengeoacdhistauitabie
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fro Hﬂhally tranﬁ ﬁe dielectric r’qaterl | having an index of refraction
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LE‘WﬁlWt@d%%&ﬁﬁ%@t@ﬁ@higﬁaﬁrﬁ@d/ahdfﬁakﬁngya thickness greater than
'12 A, the dielectric material being formed as a single layer to the electrode
so as to enhance total mtergﬂ %ﬂ?ﬁé t For example, in
accordance with an embodimen épresent invention, an LED can

[0QQBhprise aYtiebivABR ciRsHRCSE RiRIr8iso\RRiNg "@‘r‘ﬁe’fﬁél Blekidgdérighter
anflo0mdvtoedfipanmicuizDly, the electrode can be formed upon a
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This'light is emitted in all directions. A comparatively optlca
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refiBigkodie) e&s&@ maiarigl «Qnather BestignPidle %ﬁé@ﬁtﬁhﬁcgpqeé‘e@ﬂ;&mhcmr

electric the semiconductor material he electro
Upggovﬁ’)eir%ﬁ R R e P uhaca T Starem sy then
V2 éﬁﬁ%@'ﬁf@ﬁ@@l%ﬂ%ﬁ@%ﬁ@éﬁ@ﬁﬂ%@%ﬁ reiffateciatricloithe glectrode so as
to seimicerRdutioIEiesialanrdtibrsdiar RN ABERBRMIENY JAecbrianHacie® an

er e S DO S A ST ) S TR Boce
StiyftHRe SHUBIFNgIR Wﬁltﬁt‘l ¥eskRfionductor material is being referred to,
[006i xampléldhen tetiwaleipngthef tHislighisls tawavelengimadhinugtes a
seRRBYRANEUCRTMAG REt emits light having a central wavelength A. This light
is emitted in all directions. A comparativeiy thick, optically transmissive dielectric
material can be formed upon the semiconductor material. A portion of the
electrode can be formed over the comparatively thick dielectric material.
Another portion of the same electrode can be in electric contact with the
semiconductor material. The electrode cooperates with the thick dielectric 1o
enhance reflection such that light emitted in the direction of the eiectrode is
reflected back into the semiconductor material and thus has another opportunity
to be extracted from the LED.

160081 The term wavelength (A), as used herein, refers to the wavelength
of light inside of the material that the light is traveling within. Thus, if iight within a
semiconductor material is being referred to, for example, then the wavelength of
this light is its wavelength within the semiconductor material.

[06009] The thick dielectric thickness can be greater than % A, where A is
the Wavelength of light inside of the thick dielectric material. The thick dielectric
material can have an index of refraction that is jower than that of the
semiconductor material and that is greater than or equal 1.0 The light emitiing
semiconductor material can comprise AlGaAs, AlinGaP, AlinGaN, and/or
GaAsP, for example. Other materials can similarly be suitable.



[0009] The thick dielectric thickness can be greater than '/2 A, where A is
the Wavelength of light inside of the thick dielectric material. The thick
W‘%)i%ln%g}{%%s @aterial can haye an index.of refraction that is lo‘ﬁ(@f@%ﬁ?@%&%
thé" 'semiconductor material and that is greater than or equal 1.0 The light
emitting semiconductor material can comprise AlGaAs, AllnGaP,
AllnGaN, and/or GaAsP, for example. Other materials can similarly be

[Q9iEble. 2 Wi 20whicalb3ofanemissieeodBiels 4 AAeRBa o) #¥ otERIyPe @
cArApsRaiRRlYe #hisk diglecticryensasln asempaiatislsthidiaereinoxide,
material such as silicon dioxide, silicon monoxi(zﬁe, ﬂﬁFZ and siloxane . i
Mgy st SIRKANG: RAIY TR 'Ex BRI F5irar EERKs SRS MpRjegean simiiary
hsWiaklee[0011] There can be an ohmic contact layer between the metal
electrode and the semiconductor. The ohmic contact layer can comprise

Edr%itljm tin O)fjﬁgre(lgdafﬁ;’%@%ﬁ? I%ﬁ%’ L% RUQ2 HIQuRXAMBLe (il electrode

rials can simi e suitable. The ohmic contact layer can be part of

atitb thenseoiestoriabyidhec ORTBIERRGICh IRETiIKAAoRRARESE, Ndip]tin oxide
(TRSIERARPSRASULRIIPRERSING KB hplweenthe metatalectadainnsty be

the’semiconductor. The current spreading layer is cog_né)osed_of indium tin
I

SRR nickBPoRIIBIREBDIATT B 8" CheP Hahids CARTSRRMSHRE device

coHiisRipg (B BhAvaedepad eneer more pairs of DBR dielectric layers can
be formed between the thick dielectric layer and the metal electrode such

{%ggéiaCh DR, dielegtrig @%ﬁ?@%ﬂ%&%’o{ %?%Pﬂgﬁﬁ&r‘irﬂ@m@@%eﬁmde

nt indices of refraction from e d/or odd multiples of

anloti sshrtiteidiovien] Hawh cayanbrapeRing (RYSBES diefeepremleingdium tn -

SHECAMIRL SEdariym, digxide, HOR, iR niR03ai3 Qak KRRiarly be suitable.
TIO22rO2Nb208, CeB2. ZnS, A1203, Sift/ niobium pentoxide (Nb205),

antalum pentoxide (Ta205), siloxane pol ' % i02, and/o
R Bl el O CRE L A BT o S e 4yl b tomes
between the thick dielectric laysr and the metal electrode such that each DBR
dislectric layer of this pair can be opfically transmissive, of different indices of

refraction from each other, and/or odd mulfiples of about %2 A thick.

iﬁﬂﬂ} Each layer of the pairs VOf DBR dieiect-fic material can comprise
fitanium dioxide TiO,, TikO5, TizOs, TiO, ZrOs, TiOZrONbOs, Cel,, ZnS, Al2Qs;,
SiN nichium pentoxide (Nb2Os), tantalum pentoxide (Ta:0s), siloxane polymers
Si0, Si0,, and/or MgFs, for example. Other materials can simiiarly be suitable.

[00145] The metal electrode can be comprise one or more metal layers,
wherein each metal layer can be selected from a group consisting of Al, Ag, Rh,
Pd, Cu, Au, Cr, Ti, Pt nickel/igold alioys, chrome/gold alloys, silverfaluminum

mixtures and combinations thereof. Cther materials can similarly be suitable.

fogi6] The LED can have either a vertical or lateral structure. A portion of
the metal electrode can form an area for wire bonding. A portion of the metal
electrode can make an electrical contact to the semicbndgctor material at the
edges of the thick dielectric material. A portion of the metal electrode makes an .
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[0016] The metal electrode can be comprise one or more metal layers,
wherein each metal layer can be selected from a group consisting of Al,

Ag, Rh, Pd, Cu, Au, Cr, Ti, Pt nickel/gold alloys, chrome/gold alloys,
silver/aluminum mixtures and combinations thereof. Other materials can
elesimidalr pdsdaniitabtbe [9@BIonadeitiBD rvateraldheithgh openiogkoinldieraihick

dieRdstuRa B rRROrtion of the metal electrode can form an area for wire
ing. ortion of the met ctrode ke an electrical contact
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dictieieeiica e HALNMYNGR HURiKICe: gredistiha 12 A ShATieanEaNGsn a
total i te aI re Iectlll of li i%ht and wherein a portion %B?e electrode is
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i n[ﬁ}%t-ﬁl gilﬁcté?de can make physical contact to the semiconductor via an

ayer or Gther materials than can be similarly suitable. [0018]
[Wﬂ&iordmg freREiBmd ARt RFITRAESEsehiARISESAT IMMeMdiaf e reflective
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can be formed upont aN material. A series of at least one DBR pair

upelrffe ﬁﬁﬁ%éﬁ%ﬁ‘ﬁ%ﬂ tHe FRIESsHicBh BRI Q8 TRRAA2(0628] 9{368%‘?{30?90”
thehbigiesitronte danide foatagal over both the thick

[0018} A portion of the electrode can be formed over both the thick
dielectric material and the DBR pairs. Another portion of the same electrode can
be in ohmic contact with the semiconductor material. The thick dielectric
thickness can be greater than 1/2 A

{00201 Each layer of the DBR pairs can be optically transmissive, of
different indices of refraction with respect to one another, and can be odd
multiples of about % A in thickness. Both the thick dielectric and the metal
electrode can make physical contact to the semiconductor via an ITO layer.
[0021] Thus, according to one or more embodiments of the present
invention a brighter and/or more efficient LED can be provided. increasing the
brightness and/or efficiency of LED enhances their utility by making them more
suitable for a wider range of uses, inciuding general illumination.



dielectric material and the DBR pairs. Another portion of the same
electrode can be in ohmic contact with the semiconductor material. The

wyﬁi%k ie!;esg);%ric thickness can be greater than 1 /2 A. [0020] a gslaﬁ}x% :%1; ct
the D pairs can be optically transmissive, of different indices of

refraction with respect to one another, and can be odd multiples of about
'/4 A in thickness. Both the thick dielectric and the metal electrode can

“108&RE physiddiizdnvactitnindlsaenierridityr yRearriaed gy epnigusion with the
 follBWn g eeRsiINg dORRBHRINMAESBIRAALP /NS Pllhe|BIRSE U RURRION a

brighter and/or more efficient LED can be provided. Increasing the
brightness and/or efficiency of LED enhances their utility by making them

more suitable for, i KIS ' ' FERR dumination. 4

WO 2007/136392%%820065§§Z§§Z@fﬁggﬁh|s in\%?l#on will be

mare fully understood in conjunction with the following detailed .
[RR&hiption faledRidgétndr SRS TRFfoI BARRRAr SRANGES sRpgoncept of critical
aPESCRIPTION OF THE DRAWINGS [0023] Figure 1 is a schematic

diagram showing the concept of critical angle; [0024] Figure 2 is a

i Zschemg@@fwgi\@mg%ﬁéﬁ% QRoLA, AR LER SBHEH Borary

26] Figur S a semi-schematic perspective view of a contemporary
laferataFlES 98Utire; [0026] Figure 4A is a semi-schematic diagram
showing light reflection at a contemporary GaN/Cr/Au interface; [0027]
[60gale 4B isrigurars seowisgrmilentivitytiat redpabliter/Mewnteifacemfiemporary
VFlgalﬁJr? Aﬁbfoédg{eatgm angles of incidence; [0028] Figure 5A is a
- % SMALC éﬁagram showing a contemporary electrode structure

having an ohmic contact layer; .
- [00267 Figure 4A is a semi-schematic diagram showing light refiection at a

contemporary GaN/Cr/Au interface;

{00277 Figure 4B is a chart showing reflectivity at the GaN/Cr/Au interface of
~ Figure 4A for different angles of incidence;

[0028]  Figure 5A is a semi-schematic diagram showing a contemporary -

electrode structure having an ohmic contact layer;

10029] Figure 5B is a semi-schematic diagram showing a contemporary

electrode structure having an ohmic contact/current spreading iayer,

[0030] Figure B6A is a semi-schematic top view of a porfion of a
contemporary LED die showing a circular contact that can also function as a bond
pad;

f0e31] Figure 68 is a semi-schematic top view of a porfion of a
contemporary LED dice showing a cross shaped contact with a circular bond pad;

[0032] Figure 6C is a semi-schematic fop view of a porlion of a
contemparary LED dice showing exemplary contact geometry that is suitable for
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[0029] Figure 513 is a semi-schematic diagram showing a contemporary
electrode structure having an ohmic contact/current spreading layer;

WL?%*@%E&%‘{G 6A is a seml-s.chema'glc top view of a portion fcq,/ S2006/034464
contemporary LED die showing a circular contact that can also function as

a bond pad; [0031] Figure 6B is a semi-schematic top view of a portion of

a contemporary LED dice showing a cross shaped contact with a circular
ugRNdthdaropso2Prigrk BRYRSasehificsiteRvalR Yo fidletRorassofdorian ¢ a
bSA ary LED dice showing exemplary contact geometry that is

suitable for -5 WO 2007/136392 PCT/U62006/034464 use with larger

LEDs and havin ircular contact.that can also function as a_hondin
BRI 0033] RS T & 2 sercer SRAE SRy o o Ry fow
atpechgiectistindiestrockistructure; [0034] Figure 7B is a semi-schematic

side view of a high aspect ratio electrode structure; [0036] Figure 8A is a

rfeimE schemats diagra shawindsiabhighiectpr ajiawCReMpRRYsPEct ratio
Interface; [0036] Figure 8B is a chart showing reflectivity at the Ag
e|pfbisdecshiEigie BA for different angles of incidence; [0037] Figure 9A
is a semi-schematic diagram showing light reflection at a contemporary
[@BaN]SiO2/ Atignterficisof asmitilanalituieapED) [FesenFijané slestion at a

Céﬁ%%‘g?%%%%@ﬁé%ﬁ%@ at the GaN/SiO2/Ag interface of Figure 9A for

incidence; [0039] Figure 10A is a semi-schematic
diagram showing light reflection at a contempgrary GaN/air interf

[§662b) Figurk'95B FE A% RAEIRSHMYIRASLRAY H He SN Aol Flpure

BA for different angles of incidence;

[0037] Figure 9A is a semi-schematic diagram showing light refiection at a
contemporary GaN/SiOy/Ag interface of a verticai struciure LED;

{06038} | Figure 98 is a chart showing refiectivity at the GaN/SiOx/Ag interface
of Figure 9A for different angles of incidence; '

[0039] - Figure 10A is a semi-schematic diagram showing light refiection at a
- contemporary GaN/air interface;

[0040] Figure 10B is a chart showing refiectivity at the GaN/air interface of
Figure 10A for different angles of incidence;

(00411 Figure 11A is a semi-schematic diagram showing light reflection at a
GaN/SiO; interface, wherein the thick dieleciric is thick according to an

embodiment of the present invention;

[0047] Figure 11B is a chart showing reflectivity at the GaN/Si0, interface of
Figure 11A for different angles of incidence;

- [0043] Figure 12A is a semi-schematic diagram showing light refiection at a
GaN/ SiOJ/Al interface according to an embodiment of the present invention;
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Figure 1 OA for different angles of incidence; [0041] Figure 11Ais a
semi-schematic diagram showing light reflection at a GaN/SiO2 interface,
in the thick dielectric is thick according to an embodiqe
W\gr%‘i@] ?tr%/%ention; [0042] Figure 11 B is a chart showing ref?é}%ﬂgﬁéﬂ‘;ﬁ%ﬁéém
GaN/SiO2 interface of Figure 11A for different angles of incidence; [0043]
Figure 12A is a semi-schematic diagram showing light reflection at a
[D0&AY/ SIO2 E/RRARRCE ACETEIRBIBIER BHBNEH e MSkarAl interface
of BUERHION 28 WIORRAZHL 367ABP S THLIRARAB WPRAGIBARRAL S s 1RBSIO,
is @ chart showing reflectivity at the GaN/S{%%ﬁggnterface %}gl ure 12A
layer @ffelesh MY SAKRIR Ace BB IAREN LIRS BT fRIng e an
elgsShRfthpoEaEal esdbh themtRirelength of incident light according to an
embodiment of the present invention; [0045] Figure 12C is a chart

rogA3}ng refsaidy st e CANMSIDRIAL RRHRRGPLHAUBAGATONA interface

ent anglés of incidence wherein thicknesses of the Si02 layer are

ofyFaaies thah oo dierrniciaalnn of ingldencrgihacibrdiigapases of the SO
iagg?bgﬁjém&@a‘?érthﬁé’ﬁesi%tﬂﬁé!eﬂz@qaie[ﬁ%ﬂd?ig%ﬁié% i@ according to an

emi-schématic diagram showing light reflection at a distributed Bragg
enRBEOBRYR BrRBRAREE IR nating layers of Si02 and Ti02
according to an embodiment of the present invention; [0047] Figure 13B is
[CDgBRrt showWiggreeliBbtisity sethiesDBRHipetiagf #iyshoviisa fohuiflestion at a
angles aqf inciden ording. t ; '
R T e e B pehaTio:
adiffeding tinglesrobadbiarnicd the srarastdndaidBodiment of the present
invention; [0043] Figure 15A is a semi-schematic diagram showing a first
[@Qﬁrppla_ry Efgb@ﬁﬁ&ﬂé@f ehsuisgended eﬁmdwmm@iﬁﬁmﬁyers of Figure
resent lgvent{on'

13A Tor different afgles of incidence according to an embodiment of the present
invention;
[0G48] Figure 14 is a chart showing reflectivity of several mat_eriais for

different angles of incidence according o an embodiment of the present invention;

[0549] Figure 15A is a semi-schematic diagram showing a first exemplary
embodiment of a suspended elecirode according to the present invention;

10050} Figure 158 is a semi-schematic diagram ~ showing a second
exemplary embodiment of a suspended eiectrode according to the present
invention;

f0051] Figure 15C is a semi-schematic diagram showing a third exemplary

embodiment of a suspended electrode according to the present invention;

(0082} Figure 15D is a semi-schematic diagram showing a fourth exemplary

smbodiment of a suspended electrode according to the present invention;

[0053} Figure 15E is a semi-schematic diagram showing a fifth exemplary

embodiment of a suspended electrode according to the present invention;
_ -



[0050] Figure 15B is a semi-schematic diagram showing a second

exemplary embodiment of a suspended electrode according to the present
Wig\égm]%%JgOSl] F?gure 15C is a semi-schematic diagram. %@%ﬁ%&gﬂgﬁ

exemplary “embodiment of a suspended electrode according to the

present invention; [0052] Figure 15D is a semi-schematic diagram

showing a fourth exemplary embodiment of a suspended electrode
[088&brding thigvsiESeltt vemiciehpIngts HigoraTsthavingemrEh&Rmelary

ciRRRshauRas ifbaresnion: smbadipantné pruspendesactrode
according to the present invention; -7 WO 2007/136392

PCT/US20Q06/034 0054] Figure 15F.is =S jc_di
wg%&ving a iﬁHrgéé%p{%rya} gér_%gc?giﬁrﬁenatugfg@ ‘g)%nﬁegﬂagc??&jﬁ%{a&emplaw
srabodidiag: toftheyumsentdd\a@rtbng0045)] Figahenic Adstaddmissckranttiog to

th\%li% ram {rﬁc&\évrl}r%‘%ra first exemplary embodiment of a suspended electrode

an ohmic contact layer according to the present invention; [0056]
Figure 16B is a semi-schematic diagram showing a second_exemplary
[ dimenftigtEes Bertied e RRTbHERITFUN o‘%ﬁﬁf:a@ant% Pydlgy @ “second
e R5eRIEM oo haintesert invensiemmdeasdkEigrte 16 iam samisschetaatidayer

diagram showing a third exemplary embodiment of a suspended
a‘%?@%@t‘ﬂ@é%ﬁﬁ 8??8%%’8%%’??[3& layer according to the present invention;

[0058] Figure 16D is a semi-schematic diagram showing a fourth
[086hplary Eigwisdibiens ot sausperreatinstasdriPaneintticbrienpiary
cIAYBhRRSINg 19, dheres et dnvartinnn [AR5ahinieusertatt isver according to

semi-schematic diagram showing a fifth exemplary embodiment of a

the BIRSRIE NERHIASEe with an ohmic contact layer according to the present
invention;

[0058] Figure 16D is a semi-schematic diagram showing a fourth exemplary
embodiment of a suspended electrode with an ohmic contact layer according to

the present invention;

[0059] Figure 16E is a semi-schematic diagram showing a fifth exemplary
embodiment of a suspended electrode with an ohmic contact fayer according to.
the prasent invention;

100697 Figure 16F is a semi-schematic diagram showing a sixth exemplary
" embodiment of a suspended electrode with an ohmic contact layer according fo
the present invention;

[0061] Figure 17A is cross-section view of a contemporary lateral structure
LED;
100627 Figures 17B-17D are semi-schematic perspective views showing

some steps in the process for fabricating the LED of Figure 17A;

[0063] Figure 18A is cross-section view of a lateral structure LED according
to an embodiment of the present invention;

-8-



[0060] Figure 16F is a semi-schematic diagram showing a sixth exemplary
embodiment of a suspended electrode with an ohmic contact layer

ccording to the present invention; [0061] Figure 17A is crQss: i
wa z(}%[lg} 4 %ﬁ%%%?’g?g‘

VIEW Of a contemporary lateral structure LED; [0062] Figures
semi-schematic perspective views showing some steps in the process for

fapricating the LED qf Ei 17A; [0063] Figure, 18A is cross-section view |,
{nﬁgg ateral ﬂ%ﬁﬁeﬂ_eéig'ggo?mnéeﬁﬁﬁ%ﬂﬁ@gﬁinﬁ’@ﬁ?%eﬁﬁ FpraYRt Showing
simvesteyy HBthvEQ@206Z41136 38X B4R 62 QEII0FAZG4rd0Ad] Figures

18B-18E are semi-schematic perspective views showing some steps in

rdbgsrocessdpy, fabfigating.ihes LEReh Figw o A 84%00P sl figuwe (1948 lcording

cross-section view of a lateral structure LED according to an embodiment
topRPRdBReHE G AR R RS666 VRIS 19B-19E are semi-schematic

perspective views showing some steps in the process for fabricating the
ragsBiof Figureglites, [0987]dHgare 2inissalsenaiacarssriperspsstiveshowing
view showing, another_e QéiEi)me t of su d% tuge, according to
o SR D S R e e e s 28 e
semi-schematic perspective view showing another embodiment of

Ie@fPended SidtrdAckorify ibRERBERREIRIIR BiRepiowing another

civertinsn{cldignte @ Mristarsesabsphem aliaeiagnasushenting 8@ present
.exemplary embodiment of the present invention in an elongated LED;

Y Figure21B is a semi-schematic diagram showing an exemplary
embodiment of the present invention in an elongated LED; [0071] Figure

[0098]s a serhigoRaABitsdiagrmt-stimmalcapesosfiive view showing another
embodiment of suspended structure according to an embodiment of the present
invention; '

[0069] Figure 21A is a semi-schematic diagram showing an exemplary
embodimant of the present invention in an elongated LED;

[0G70] Figure 21B is a semi-schematic diagram showing an exempiary
embodiment of the present invention in an elongated LED;

(0071} Figure 22A is a semi-schematic diagram showing an exemplary
embodiment of the present invention in an elongated LED;

10672} Figure 228 is a semi-schematic diagram showing an exemplary
embodiment of the present invention in an elongated LED;

100731 Figure 22C is a semi-schematic diagram showing an exemplary
embodiment of the present invention in an elongated LED;

[0074] Figure 23A is a semi-schematic diagram showing an exemplary
embodiment of the present invention in an elongated LED;



embodiment of the present invention in an elongated LED; [0072] Figure
22B is a semi-schematic diagram showing an exemplary embodiment of

thgjei (1?}5‘/315?3% |n\_/ent.|on in an elongated LED; [0073] Flgure; ZZP% ﬁﬁ%ﬂ% 034464
-semi-schematic diagram showing an exemplary embodiment of the

present invention in an elongated LED; [0074] Figure 23A is a
semi-schematic diagram showing an exemplary embodiment of the

[O8 RNt invEitieR A38n BloAgaRsa-EETRes iy OliEgrTB Y yYing an exemplary
e r?Jé&ﬂeﬁ%Qﬁ%@%ﬂé@én{Wéhﬁﬂw%ﬁ%ﬁ)ﬁga@@mﬁmhemaﬂc diagram

showing an exemplary embodiment of the present invention in an

R BT oy B S ST ot

candR0zT] &figweodsdnbisemniisohiematidodzashi. ERb WM an exemplary
embodiment of the present invention in an elongated LED. [0078]

dapppdimentsofdhe presgntdaveniing Aadhait §AANKIARHASE AeSkxempla
undérstood bzagiferring to the detailed description that fo_IIkoIZé It should Pary

SpposipratiatatrRERIR IBVSRER IR G 8IS aiRAUSer 1o identify like

elements illustrated in one or more of the figures. DETAILED
{@EspRl F_’T Bhb{ﬁmﬂéhtsigiffttém mﬁmﬁdéimesﬁ(ﬂﬁ Bag dngil laghveintagepansarest
u Od%é%%]:!()ggjryei%?rﬂﬁ%'C@ec%é?ﬁ}eg %%é}éﬂg%rlr%@%n%ws. It should be

eterostructure growi on a substrate by metal-organic vapor phase

appresigied atkihiliietesiargnee AnEDe iR e isfosuaRAUIR iIMRTBS fikgpeiements
IRRE-RLYRE &%?m%@&ﬂ%%@t sandwich a light producing layer,

I.e., an active region. Exemplary active areas may be quantum wells
surrounded by barrier layers. Typically, electrical contacts are attached to

the n-type and p-type senﬁ%g%r@@gmy@@}@ forward bias is -

applied across the electrical contacts electrons and holes flow from n-type
{ﬂag'gg%_ Light emitting devices {LEDs) emit light in response to excitation by
an electrical current. One typical LED has a heterostructure grown on a substrate
by metalorganic vapor phase epitaxy or a similar technique. An LED
heterostructure includes n-type and p-type semiconductor layers that sandwich. a
fight producing layer, i.e., an active region. -Exemgéary aciive areas may be
quantum wells surrounded by barrier layers. Typically, electrical contacts are
attached to the n-type and p-type semiconductor layers. When a forward bias is
~ applied across the electrical contacts electrons and holes fiow from n-type and p-
type layers to produce fight in the active region. Light is produced according to
well known principles when these electrons and holes recombine with each other

in the activa region.

r0080] The efficiency with which a LED converts electricity fo light is
deterfnined by the product df the internal quantum efficiency, the light-extraction
efficiency, and losses due to electrical resistance. The internal guantum efficiency
is determined by the quality of the semiconductor layers and the energy band
structure of the device. Both of these are determined during deposition of the

semiconductor layers.
' -10-



type layers to produce light in the active region. Light is produced
according to well known principles when these electrons and holes

dﬁr%@?}%%%glth each other in the active region. [0080] The ‘?‘t%(’%%nlfg{?’\(%m "

a converts electricity to light is determined by the pr
the internal quantum efficiency, the light-extraction efficiency, and losses
due to electrical resistance. The internal quantum efficiency is determined

[08§ the qualfypefioht sximebnariisieagyrs dha fReARERy bahtthakleares the
LEhBRgRYigR ﬁétttﬁg@r@r@@@tmmqﬂ@@&@@d@p@@ti%eﬁ@% extraction
semiconductor Tayers. -10 WO 20071136392 P%@U82006/034464 —
ofiengyrite etr 8RS Run IBRiGRABIPID Y Mfo St inSREARIPILAR Y dight in
sér%@a@{éﬁi@d@r‘fi?_@j&@!tit_@@g lﬁa@@ﬂ?ﬁf@ﬁwtém%w activectayeiisd Tigkt lighsorption
extraction efficiency is determined by the gegmetry of the LED, .
BRI MO BRIY Haseb) OReabe Jolch By Packase
electrical contacts, and light absorption by materials in contact with the
[OOBE] that arBersisgnovntuintavaesidend atpadiaise. "edEhsehistonadiaes of
ref¥ErRderdh iR bAVERlatively drigkhinginas o i efereliondGRnRe BeNEYsegion of

most of the light that Is generated in the active region of an LED is

amiérRafy riealr slesiptho¥ SHIfaan phiarp Biisp disreiPeg b Ssqapes:
T@%&ﬁ%@ig@fﬂi?i@m@gm&mth inshedtirieney ittifsimwt@rgﬁg@rﬁimmm] absorption of
. absorption of |i semiconductor lgyers an ectri .
ROt RS TIHRELHIRT (VIR TR R GPL SRR O g Dl iy When
thepticalyabsarptinadbytdhing tvansawentioa!gbtyréfechydding dvesdarent or
light extraction in an IS, impr: tanti {00 '
SR S it R ST

at interface to a lower index of refraction medium 12. The light can

b .
[9RE ot at ARRIFRG AR Rgh: 18T BRGh Th deR OF rBfiae B retraciion

B8R 1 1eReRIUMesS e iaiesface lovadoweringe xefiaaisactienimedian The

12 the light c ith t i ' [ iQn
IghL RN jqﬁ:a@?d.%?tl a’se &i grerr?tnasasqgfé%q Wgetﬁ Efrgl(%\{vﬁém Claeizﬁgf régf eaf(:t'o "Nefraction

medium 11 encounters the interface 1o a lower index of refraction medium 12 the
light can either be transmitted into the lower index of refraction medium 12 or be
reflected back into the higher index of refraction medium 11,

{00847 According to Snell's law, a portion of the light traveling from a
material having an index of refraction n; into a material having a lower index of
refraction n at an angle less than the critical angle ©. wili pass into the lower index
of refraction material. This is indicated by the arrow on the left that continues from
the material having the lower index of refraction ny into the material having the
higher index of refraction na.

[0085] Conversely, according to Snell's law, all of the light traveling from a
material having a higher index of refracfion ny toward a material having a lower
index of refraction n; at an angle greater than the crilical angle @Cwﬂi be reflected
back into the higher index of refraction material. This mechanism is know is total

internal reflection (TIR) and is indicated by the arrow on the right that does not
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reflected back into the higher index of refraction medium 11. [0084]
According to Snell's law, a portion of the light traveling from a material

“%?\gg%gg?j]%dex of refraction ni into a material having a Iowg&jl%lgﬁl

refraction n2 at an angle less than the critical angle Q,will pass into {fﬁ{gBMM

lower index of refraction material. This is indicated by the arrow on the left

that continues from the material having the lower index of refr%?i%n nl
0

contpundpRERMETIR) BRINagheishes BrrtatiRirprEcTdyeEtC the material
hdvRRVBISabhachRISing teRnelh law.md afie Hghbiraxeling fteckahrough the

material havi(r}g a higher index of refraction nj toward a material having a

MRfRR! RSO SRR MRS R 78 reater than the critical angle

Ocwill be reflected back into the higher index of refraction material. This
[posahanismLigkheithis miakistet e vietez tuahar Rfak iy sigietited tndsists

0@%%Vﬁﬁ%%é%ﬁj%gﬁig%h%s@ﬁg SORLARR3RRr material where air or

continue from the material having the higher index

anErsastiaing inpidsiheaidsidromaieir) whishitiBeigeri vReioR it terface

siRe A Lraher exiendshack thigualiiesraatestal haxingithenbigber Typical
index of refraction. [0086] Light within a material having a high r&indeﬁjof ,
SPETRRIDICIRR NSRS AIA¥RIE H1YRMGTeREF FEREHYS %ﬁ'ﬂP@%ﬁ%d%am ient air

(meﬂdw éﬁtﬂﬁdlﬁﬁtﬁii%%b@m alf DO)abrenvensslating epaxy isthieh can have
outside material) which is incident u the interface surface at angles
a@r’@ﬂ@r?ﬁé&@% gfﬁgﬁé%@?é%y 51 dinal reflection. Typical

semiconductor materials have a high index of refraction compared to
[Q08Hlent air lnandiERadhn iabbis ceflertastipadss into)ihe: dRpuRMRge further

aGQ%’Qﬁ&Wh ichhcaphaveaan index ofsfrasties: ofanprarmatelyHisSlundesirable
0087] In an LED, this |I§ht is reflected back into the LED ctg%where

ahse OB SHRS oA THRRSGY Byt Bt BT ST 418 O RlsT iant that

tHendesirghigigasorption reduces the efficiency of the LED by reducing the
amount of light that the LED provides.

0088} For conventional LEDs, the vast majority of light generated within the
structure suffers total internal reflection before escaping from a semiconductor
chip: In the case of conventional Gallium Nitride (GaN) based LEDs on sapphire
subsirates, about 70% of emitted light can be trapped between the sapphire
substrate and the outer surface of the GaN. This light is repeatedly reflected due
to total internal reflection, thus suffering multiple absorptions by the metal
slecdtrodes and the other -materiais. it is thus deéirabie" to create structures that
tend to minimize this absorplion.

00891 As usad herein, the term electrode can refer to a conductor (such as
a metal conductor) that suppiies current to a semiconductor material of an LED.
Thus, an electrode can be in electrical contact with the semiconductor material.
Howaver, not all portions of an electrode are necessarily in contact with the
semiconductor material. Indeed, according to one or more embodiments of the

present invention, & portion of an elecirode is in electrical contact with the

-12-



[0088] For conventional LEDs, the vast majority of light generated within
the structure suffers total internal reflection before escaping from a

emi tor chip: In the case of conventional Gallium Nigfi {;}%}
v a{sa}e}%?é@%zz on sapphire substrates, about 70% of emitte I?g ﬁtI%%n e34464

trapped between the sapphire substrate and the outer surface of the

GaN. This light is repeatedly reflected due to total internal reflection, thus
sesUiFeRRYCA TSRS SR AROBPIhRFHaR CE18RBIRSIasR IR Bkl slectical
conaignals ttdssthrgesiiable to create structures that tend to minimize

this absorption. [0089] As used herein, the term electrode can refer to a

nductor (such as a metal cond r th ' t ~
m@gﬂﬁcondu 3%“%‘5%%@5%# nﬁ%ﬁ%eﬁﬁh%g%r% léﬁé%gtro etﬂécgagrﬁ%{ng tlﬁjgii%réetrl}é%ij ©
sfesmtacReiotiseosetinicondactorhaapelRier A3vaareRMot EYBOADIS & D 20
c erlz%rr?w(je?aﬁ{feg%%e?g%' s GBI e, semicondliHas JAYEERve region
ﬁn eed, according to one or more embodiments of the ‘present invention,

26 isobetasan-sget8dedndrasidttiesttrtacElRrifares -23 @ig 24 provide a
mRAAL /{38392 RCIALIFRAOBARARS | sgmigondusiossvRieiat et ohers the

portion of an electrode is not in electrical contact with the semiconductar. .
B0 REARFIN RIS )RS SPH SN AT BT G PR B ctive
s §haVR: RegienseRdhesHiase lla ndayer bahideanie- diysriaal obatact to p-

LED 20 can b l lectrodes, 23 and 24. p-
SR BLAVE B b B LE 5y ST E e an - layer 22.

Electrodes 23 and 24 provide a means to provide electrical power to LED
[0S itor devisettstrgonfiewalivsrehRwnsariissia deBrayauspisaleny pxrosed

aOplicAllyAranspRrei RlesticaiN AR UalHaig, suRsdraierddieompiaeder n-

of a material such as sapphire, the electrical contact toif- layer 21 and sl
815 DS AR RAA O B -IREPoH | RMHEEYGISHINN e STEIRGET o2
cShRNt Figuee 22 pdlayesdlaislpsadyiexpesas adtanisgrtageriod of p-layer

, 2?2&?%@%3@0 ?é?%tr %%n(tl%g !r_g%%%gq ggﬁig?ﬁgeivr\{g%a%%eyvﬁen&ashed lines) so as
to expose n-layer 24 therebeneath. After the creation of cutout area 28, the n-

layer electrical contact or electrode 24 can be formed.

- fooez] Such device structures as that shown in Figure 2 result in the current
flowing generally in the lateral direction. This is why they are referred to as lateral
structures. One disadvantage of such lateral structures is that a portion of the
acfive fight producing Tegion must be removed 1o produce the cutout structure 28
so the n-electrode 24 can be formed. Of course, this reduces the active region
area and consequently reduces the ability of LED 20 to produce light. |

[0083] Referring now fo Figure 3, an LED 30 can alternatively comprise
structures where the semiconductor (comprised of a p-layer 31 and an n-layer 32
that cooperate to define an active region 38) is supporied by an electrically
conductive substrate 37. Substrate 37 can be formed of an 'opﬁcatly transparent
conductive material such as silicon carbide or can be formed of an optically non-

transparent, electrically conductive substrate such as copper or molybdenum.
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layer 22 is buried beneath both p-layer 21 and active region 26. To make
electrical contact to n-layer 22, a cutout area 28 is formed by removing a

ortion of p-layer 21 and active layer 26 (the removed portion is indi
W y‘*?ﬂé"é‘é% fed lines) so as to expose n-layer 24 therebenegﬁ}igf?ﬁr)g{ﬁiegg“

creation of cutout area 28, the p- layer electrical contact or electrode 24
can be formed. [0092] Such device structures as that shown in Figure 2

SuekliERamat BN figwhigdrirmiietieadidAriiRtRIAYTHIS RoRRpt with

miheyiRisfeferred to as lateral structures. One disadvantage of such
lateral structures is that a portion of the active light producing region must

removed to prod the cutout structure 28 sa t -elegtrode 24 ¢
Eﬂgg‘%rmed.d@f%& S ﬁ?ﬁs Fi%‘f%gg S ACTIVE 'Peegi%%%%[?ggéa%tfd ger\?es a8 one
cleoisdguenily tieslutes thiscthiity GBLED e teptdddosigmtofotigsiop surface,
Referrin w Lo Figulr lternative ADL
o SR e e S O e Siiaos of LED

30-kuree 3 flavals doopeeteradideaiisandiiesione Sierh 3t s es e teespiprered

oL &leGiHgRly, copductive substrate 37. Substrate 37 can be formed of an
optically transparent conductive material such as silicon carbide or can be

(OG0 e e %ﬁ%%ggtg;ﬁ?ﬁg%gg%%@ggggg%%&%a DS iateral
!_.EEEW&m&a%ﬁ/@waﬁu%eﬁt@smmrbeempxif@ueéﬁisto hakeseitheqtifements
ing:fé?ﬁ?gdﬁi)rﬂp a{gpégéaﬁbg?ﬁ%gbmg&o;%% saie: O0RakInsweh LERZonductor,

y conduc Strat serves as one electrode while the

gotierleleiivatiecsBlectivitys rudiigprshieiabiitthe WPsuiaRes eg rRpats are
sl ey HERPRIACE: AGlorlipdes pis eRARPRSINGSUIEARISPTHER stbh as

_current flow Is in a generally vertical direction. Such devices are thus

chEraMam 85 HEPOBHTCAPSIRIONIAS IRRSHSPRRY AR BRTISCIRRARE nMedfoond
IecHodREAERdAraCIica oF dalarshrFBvitaIgbite sldeeicalusisatishity.

similar requirements. These requirements 7
[0096] Although chromium has good adhesion and gold -is a good eiectrical
conductor. Neither material has good optical reflectivity in the visible region. The
optical reflectivity and the corresponding optical absorption can be calculated from

the refractive indices of these structures and their corresponding thicknesses,

fo087] Where a material thickness has not been gE\)en herein, the thickness
can be assumed to be great enough such that optical interference effects are not
an issue. For example, such reflectivity calculations typically assume the incident
and exit medium to be semi-infinite. In casas of metal reflector layers where their
thickness have not been specified, they are assumed to be thick enough, typically
a few thousand nanometers, so that an insignificant amount of light reaches the
other surface of the metal. The refractive index values of Table 1 are used fo

calculate all reflectivity curves in this disclosure.

[0098]

Dielectric Material | Abbreviation %Waveiength Refractive index | Refraciive Ir
1
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include good adhesion, the ability to make ohmic contact to the
semiconductor, good electrical conductivity, and good reliability. Often,
Wt‘};ezz&%/rg&lél%r'ements are satisfied by using twp or more Iaye i*rl/:t%rzaoaﬁ 464
example aTirst layer of metal such as chromium or titanium ¢an provide
good adhesion and ohmic contact. A second layer of metal such as silver

or gold can provide good electrical conductivity [0096] Although

; " . 1 A T
chromium has good adhesion and ddi¥T8 a good dléB#R%I conductor.{imaginary)
Neither-material-hasigood-optical-reflectivity-in-the-visible-regio

an.-Thao
CTreYoTT—™c

SHUERINERECtivity an Plhe correspo 15% optical abgz)%l tion can be | %7

wlatad-fe £ 4

caleulated-from—the-fefractive-indicesgf-thesestroct and-them
- O -0.0011
:;W%EB! g)lﬁ)dq F‘Tcknggé@(:?s,. [0097] ﬁr?fgre a mater a?ld thickness has not

Ifﬁbﬁ]ﬁvsﬁwﬁ%ﬂm’ tf as;f@jé:kness carngag assumed|tq peHreat enough o

at optical interference effects are not an issue. For example, such

o

eflgctivity calculationgfypically assumgcthe incidentiand exit medium ®
e semi-infinite. in cases of metal reflector layers where their thickness

= =

—_—

\ausichot been specifigd; they are assifified to be thidkdenough, typically! &8
ew thousand nanometers, so that an insignificant amount of light reaches

—

—t

heheiersurface of e metal. The (é¥Pictive index ¢abdes of Table 1 are 14

reflectivitv-curves-in-this-disclosure- 10098} Refra
wth e y—ooTrv TS LLI ¢

Ised-tocalcylate all ) disclosure-f00981 Refraetive
W EIIREACEER Didletric MateriafRBbreviation \\z‘.f_:f\jgllengthJ T -14 \-/ggi)a@?

y = =

490965 4.7 Titaniim Dioxide TI0S 50 1257 0 BOLL Siicon Dioxide.”

- SR AP0 TAG5 O AT /-yj\rgc;bu 10 450 . G132 270
Gallium Nitride GalN 1 450 . 1245
Nano Porous . Si0._Nano B33 1.1 0
Silicon Dioxide
Titanium Dioxide | TiO2 833 2.87 0
Gallium Phosphide | GaP 633 3.31 0
Silicon Dioxide | Si02 833 | 1.456 g

Tabie 1
(00893 The thickness of materials as referenced in this disclosure can be in

absolute units, Tags, such as microns (um) or nanometers (nm). Alternatively, the
thickness of material can be given relative fo the number of wavelengths in the
medium, Tire. When given as the number of wavelengths (A), the parameter
specifically refers to the wavelength of light within the material itseli. This can be
converted to the absoiute thickness by multiplving by the index of refraction of the
material (N} as indicated by Equation 1 below. For example a % A of SiO; at 450
nm would be 78.8 nm (0.25 450 / 1.485).
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Gold Au 450 1.4 -1.88 Chromium Cr 450 2.32 -3.14 Indium Tin Oxide
ITO 450 2.116 -0.0047 Titanium Ti 450 2.27 -3.04 Silver Ag 450 0.132
2.72 Gallium Nitride GaN 450 2.45 Nano Porous Si02_ N
Wg Fom 1158%ide Titanium Dioxide Ti02 633 2.67 0 Gallium I*%Zﬁ 2?})(],%?4‘54
633 3.31 0 Silicon Dioxide |1 Si02 633 1 1.456 0 Table 1 [0099] The
thickness of materials as referenced in this disclosure can be in absolute
[081R88) TABS, such as miomaTs({nmedianometers (nm). Alferkatively) the

thickness of material can be given relative to the number of wavelengths

[doiee medipe, d; P{Bﬁlly%%@m%@%é%@mh@ﬁ&ﬁ weirRigaathsme, Hﬁ@two

parameter speC| refe he wave h of i ht within the material
HERIHS ol ber RAERES e ARtomBACRRE. S muliRGEy Toht
ekberiadexsob refraeiananidiae Hﬂdﬁﬂ@b(lﬂ)\fes m@mtedﬂewﬁwahan $-polarized
kﬁ%low For example a '% A of Si02 at 450 nm would be 76.8 nm (0.25 450
465). 15 WO 2007/136392 PCT/US2006/034464 [00100] TABS=
(T"Rel/ N) A (Equation 1) [00101] The optically reflectivity curve as a
[G0#eEDbN of IRElGEIANFIRhatPtWoITEs pfdhents, HRYPIPoISfizE8d FGREFRROIETY
setrRAHEBRIIGRY %t@@dﬁfdi?eegﬂmer@@wg%&@moﬁmm aethafe 44
a lower overall reflectivity than S-polarized light 0010&] I?ﬁeferrlncgE gw t?
_ qu@%%@”’ﬁ‘ : \“ﬁml%tt%ec%?ﬁ@%’ﬁ 141 Is provide rode utilizes

a typical chromium 42 and gold 43 electrode configuration and is formed upon &

he ele

GaN semiconductor 41. For a reflection at an incident angle of 45 degrees, an
average of only 25% of the P-polarized and S-polarized light is reflected while,
75% of the light is absorbed. Thus, this contemporary configuration is undesirably
highly absorbing.

[00103] Although Figure 4A shows a gold/chromium metal electrode structure
formed upon GaN, other metals and semiconductor materials can alternatively be

utitized.

i@&i@éj Referring now 1o Figure 4B, a chart shows reflectivily al the
GaN/Cr/Au interface of the device of Figure 4A for different angles of incidence.

j001058]  Referring now to Figure 5A, & more generic contemporary contact
structure is shown. According to this more generic contact structure, there may be |
an ohmic contact andjor current spreading layer 52 between a metal ‘contact 53
and a semiconductor material 51. The metal contact 53 may have multiple iayers
for purposes for adhesion, diffusion barrier, solder, electrical conductivity, and
ohmic contact. The layers can be fabricated from various metals and
combinations of metals, including nickel, platinum, titan%um, silver, aluminum, gold,
tin, lead, and chromium. The semiconductor material 51 can be from the material
systems such as AlGaAs, AllnGaP, AlinGaN, and GaAsP. The ohmic contact
tayer can be part of the metal electrode layers such as nickel oxide.
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semiconductor and electrode structure showing the reflectivity of an
electrode 44 for light originating within the semiconductor 41 is provided.

Wghz%foglf%gg%&de utlllges a typical chromium 42 gnd gold 43 eF@ggl&mem
configuration and is formed upon a GaN semiconductor 41. For a

- reflection at an incident angle of 45 degrees, an average of only 25% of
the P-polarized and S-polarized light is reflected while, 75% of the light is

[UBLhed. TREEHIE oMM IdRRP cRfighraiBrTisainuesnapsfivighstal oxide

sabsubinGilRP 1PShAlBoyg hibiguredtt shewss astdeiuerawBibeialurface of
electrode structure f rmedéJéE%GaN, othe‘étznetals and semiconductor
¥

SERAANLTn ShefhARElY Dy CREBATT RER RRIFRAING Bifire® upon
whithercbaitabovesicefizctivitpatithe cGal Gudu antedace pbts devies tioth as
Figure 4A far different angj(es of'igcid?nce. [99105 Referrir\g no!t t(% " :
aﬁigﬁ%’%ﬁ?@%ﬁ@‘g%ﬁ%ﬁc & r‘f?eam%]graa FEontact s ﬁ?c?l?rea i€ LRowA. aNows Tor
oActordorgatet this thereaggnienic cbtitact Efucemdctnduectnayrisdedam obudic as a

%%Q@CJ QLgurent spreading layer 52 between a metal contact 53
hand sé?é%?é/on@uctor material 51. The metal contact 53 may have multiple

ers for purposes for adhesion, diffusion barrier, solder, electrical

I
I8 Hilctivity FARAT URRRI O i S ABSIR) BIR SR B PRbRLR S iconductor

AVREEHS melLaigaélﬂu@mmirt@fgemp&m@aﬁeiabla@@@dﬂ@kehrmﬁmam absorb
titanium, silver, aluminum, gold, tin, lead, and chromium. The
BB o SRR B Soniaes AT Aol alaft fgpy plock the

addBais, slinGaP afdinGeigrantgBoAsh. Theapkmic EbntacsUahecoatetygporary

_ h i i - )
B B e AR R oL A, 30a portp o the
ingidsiatiiitilbebitectreainétsl celigetestdalsiinditpatad dagk ditpidkel device
vihdde gar hedergsited anentiRsubrcsinl: seaisaRduUCtorRS fersleiRtount of

an ohmic contact/current spreading layer 56 upon which metal electrode

abP QR forMaklly IHRRFITETEa8, 1R 66! sErMEg Watlipasof the electrode and

tends to scale proportionaily to the size of the elecirode contact area.

[00108] Referring now to Figures 6A-6C, the principle of current spreading so
as to mitigate the problem of current crowding is discussed. The p-layer and n-
layer of contemporary LEDs are thin and have relatively low electrical conductivity.
By themselives, these layers do not evenly distribute cumrent to all regions of the p-
n junction, i.e., the active region. For larger areas where portions of the active .
region are far away from the electrode, there wili be less current flow in these
distant areas than in areas close fo the metal contact. This results in uneven
current distribution and conseguent uneven light emission. To reduce current
crowding, the geometry of the metal electrodes is exiended over the

- semiconductor surface. These extensions however lead to additional undesirable
light absorption.

[00108] With pariicular reference to Figure 8A, a circular contact or electrode
62 can be formed upon a semiconductor 81 and can serve as a wire bond pad.
With particular reference to Figure 6B, a cross shaped contact 63 can be
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an ohmic contact and current spreading layer. There can be a layer that
allows for ohmic contact on the very top of the LED semiconductor

w@%{%{r}?lh :%L%Ch as a _heavny doped region. [00107] RggardI%%rﬂ{S%%%g&t‘t
métal electrode configuration, semiconductor material or L structure,

contemporary metal electrodes undesirably absorb some light. In

additional, metal contacts are not transparent, they block the available
cosutimed avdt wélesoighit Bante seabenTRUSHEREh SRRRMSoranyVith particular

refieSHQdes ﬁ%@&@uwi{%@%@egéam&ﬁbeﬂgﬁgamé@@@ SaROstiancek be
the incident light, but the remaining reflected light is dlrecteda!@ack into thef_
cafebipedwiierelaciiorier S3 (R L T bSRIERA MM RIRGS 2 Ph O RRTper LED
diggount of absorption is highly dependent on the exact configuration of
the electrode and tends to scale proportionally to the size of the electrode

Gontact areg. [00108] Referri jqur -A0, :
I e R B SO Y I A Rt powe
thelidGEBsedombesp fayerinarbndlager Pests ahorcR9ME DU RiAZH AT about
10545 BRYovaIeaigal condyelaly, AemeduasiiRes IusiRlas of
hot evenly distribute current to all regions of the p- n junction, i.e., the ]
deviiesizgite Forddripgraneayatiaavjioriond afane elive FeiioH apetaprion

ofay; oy ihe glecknde, thers willbe less ke flow in these distant

areas than in areas close to the metal contact. This results in uneven

current distribution and .consequent uneven light emission. To reduce., .,
QR crowa"ﬁé??ﬁ%oae E?%PSW r}}%elfgfj EE?% easblsso(g?(‘?gﬂdcg(ﬁ G52y an
et@&r@@énii@mdunmﬂmﬁ@c.eombe’sarextenﬁ'r@wiﬁtiv@i/&lel@@t@éﬁdiifo@iapffical
Cungg%rgnbke ‘!F%hhﬁgsgé%lggﬁ&%}%@9%\\9{%%?6}%“%3&{ freNGedfdgUiBen the
B UAr Contact oF electrode 62 can be formed Joona - _
ceetaitontiictales] idivke s@vevas SURireaBoRE M. OFVeR ParficiRyy microns.

ef i : i t SanckdadOof slectrical
NI TUSEE SO PRI HHO s

resistivity caused by decreasing the cross sectional area. In high power
applications, the slectrode may carry an amp or more of current. This requires the
cross sechional area, width (W) x thickness (T) to be of some minimum value fo
minimize electrical resistance. Thus, the contact area or width of the elecirode
cannot merely be reduced. without otherwise compensating for the increase in

resistivity of the electrode.

[60112] Referring now fo Figure 7A, a typical dimensioh fér a gold electrode
is W=20pm and T=2um for a fotal cross sectional area of 40 um?®. Theoretically,
one could keep a constant cross sectional area and therefore a constant electrical
resistance by proportionally increasing thickness while decreasing the width as

discussed with reference to Figure 7B below.

[00113] Referring now to Figure 7B, according fo one embodiment of the
present invention the aspect ratio of electrode 77 can be increased. That is, the
height of electrode 77 can be increase as compared fo the width thereof. For

example, the height can be increase so as to provide a thickness greater than 2.5
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combined with electrode 62 to enhance current spreading. With particular
reference to Figure 6C, various other geometrical structures 63 can

imilar i}g combined with electrode 62 to facilitate curren '
Wzisr%dgalc/i% ‘y%n larger LED dies. [00110] Typically, wire bon s%@%gég 6%‘64

a means to provide electric power the LED. However the wire bond pad
areas must be some minimum size of about 100m by 100m. Since the
HETze IBfiBIScHANRehdhe Pad ST leatiedrtidiabis deorptags avitheemiconductor

72bEHhiIng @ eRamIaAVE hgnd AeanEaR be Asignificantiprstionnebibgon is

overall surface area and for same LED devices, [00111] One method for
CRIBESHE e SNBSS0 rpiSrEEFINghE RS ARide Sl SIRPIECRPTiRiIGERTaRlY
ﬁ%@tﬁé&%@%ﬁf&%%ﬁﬂﬂﬁwjdthmfelthﬁaﬁk@@ErClﬂ%alfﬁggdlfiééh C@éh El@ﬁﬂ@ﬂ tand the
th semicondyctor material is the anly consideration, then the, . .
RHRRSEoth B BB naADWP LU AL SR SRieror & rdIFRgFongesiTed
ddnivevieftyar-Howsrtanremnsideratigndsshenmdesictibe moesse afnsiderations
electrical _resistiyity,c d by decreasing th tional !
o el SRS e P gioes SELRY ER e cotect
averent T iaasm.ﬁéines Hisscopdiss: mmmmalmmea MKWW wndkﬁlessr(eTc)essary 7
o0l some miimum welue o, minimize leglisl esistanges TSR el
CONACT area or Width of the electrode “be reduced without

of the 0 cannot.meré{k\/
otherwise compensating for the increase in resistivity of the electrode.

IR ReftRR BOW T RiYtRE PRV HBFURAR RESAMRSICR olg increase the
@?Mﬁom§ dﬁﬁtk\{&‘-a?@cﬁﬁcﬂ{éi G ippadotal 6HFoRae80 nalb@r@@e@fg&m% create
eoretically, one cou ep a_constant cross sectional area .
oS EE (Bl o LR BMAR; IRHorG Al el chehges @ hish
rifiektieibs \hitsddorkaising, the, Widthnaiso s ksedmithoreddeenitiartwith the art.

Figure 7B below. [00113] Referring now to Figure 7B, according to one

%ﬁ‘mjimentﬁéh&;ﬁﬁ%{wm the AsPerlyatie ef glerirrdenéésats, but

e increased. That is, the height of electrode 77 can be incréase as .
%Hﬁﬁ?é?@d’f@"tﬁ@%ﬁﬁﬁeﬂéﬁﬁ opfesistance ohmic contact to the semiconducior

material. In the case of p-type AlinGaN, only Ag combines low electrical
resistance with high reflectivity.

[00116] Referring now fo Figure 8A, an electrode structure comprised of Ag is
shown.. That i, an Ag electrode 82 is formed upon a semiconductor subsirate 81.

Unfortunately, Ag presents a reliabiiity concern because i is subject to tarnish and
| it is subjéc% to electromigration during device operation. Also, the contact
resistance of Ag-based contacts sometimes increases with time during device
operation.

[001173 Referring now to Figure BB, the reflectance of the Ag electrode of
Figure 8A for different angles of incidence is shown. Even with a highly reflective
metal electrode, silver, the absorption per reflection near normal incidence is about
10%. It would be desirable to further decrease absorption o well below 10%.

[00148] Referring now fo Figure 9A, it is known fo use a 1/4 A laver of

dielectric 103, i.e., SiOy, o enhance reflectivity in a vertical structure LED. The
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example, the height can be increase so as to provide a thickness greater
than 2.5 -18 WO 2007/136392 PCTIUS2006/634464 m. In this manner,

“{ﬁ%%[’%% ?cé%electrode 74 that is in contact with semiconduc:t%rcgfg,s(j%@(();&iss4 164

us available for light absorption) is reduced and light absorption is
consequently similarly reduced. Increasing the height of electrode 77
desirably maintains its conductivity. The contact area has been

dielectiaddd dniptRecieivRas BiRe SBRIIEHAOhANN Rrédsed SRl laver
1(}9,"b®£t_ Nl%l? dpd P?Chréo_fd&Hfé.WinbH)\.&eﬁ@l?m@ﬂﬁéﬁﬁugﬂé@ qost. andowever, as
_practical process considerations typic imit electrode thickness to 2.
RPHSIRSIPTILS HRPcRechr ol LRI SH1E8 G09S Ao SRR el Shance
re@BEAERYion become much greater than would be necessary if the
electrode was used for only electrical contact to the semiconductor

EM§ga'- [%é%ﬁle@?\ﬁ%w@ f 95 reduging.electrogle ARSOIRUORFITID 1/4 A

Increase the re ctrode. Several prior art approaches

lapravebeizianie dyeseatevidslciversrireliesimicecios. rpeSippintgad fight
inl9ddse ametal that hagalighyreflgaiivitys Thesesinslage te A9, Reaaped light

others known to one familiar with the art. [00115] The cgosen metal

inficleds HPABLORIFRIRRTS IYRTERSCRREEPHIP IMUSEAIESSRARsS fuTve around
4&€P%apla¥é%dfe§flt%ﬁ%0h6%c coriRetdn thesemitialgusiaucamaterial overall
e case of p-type AlInGaN, only A mhines low electrical. resistance
SRR FERRRT DD TR R S TR SSUEAE e O R 2nd the
PSiIGHASICRINDIITagrefog, ithshewnf BNaMS, ydipéldietrmidcsa isofoansaiiabie
n a semiconductor.substrate 81. Unfortu I sents a
Séﬁ%ﬂﬁ&%&rﬁ:@ e gﬁ E?Ita %ng)jggt% ?érr%%?a%%%%géubject to
electromigration during device operation. Also, the contact resistance of

1003 Blsed corensting et TRPEREBEATH M BTERRARY BYeRton. a reftective
clRReORHONY WRefaFng fsvEia g e88vike refieciangedd thedAhe LED

electrode of Figure 8A for different a,ng}es of wcid nce.is shown. Ev

Sg\yﬁf?g{}ﬁm@;rm%ﬁ% A comparatively thick dielectric’ matenal i Hisposed

between a conductive electrode and the semiconductor material sc as fo
electrically isolate portions of the electrode while allowing for other portions to
make slectrical contact. The dielectric material can be of a lower index of
refraction than the semiconductor and can be thick enough such that total internal
refiection occurs for incident angles greater than the critical angle G, as discussed

bhelow.

[o0121] Total internal reflection for dislectric materials provides the desirable
capability for approximately 100% reflectivity. Total internal reflection occurs
beyond the critical angle, ©;. In the case of a GaN to air interface, the crifical
angle is approximately 24°. In the case of a GaN to SiO; interface, the critical

angle is approximately 37°.

j00122] Referring now to Figure 10A, a semi-schematic diagram shows light
refiection at a GaN/air. A ray of light is shown being reflected from the interface

20



metal electrode, silver, the absorption per reflection near normal incidence
is about 10%. It would be desirable to further decrease absorption to well

._below 10%. [00118] Referring now to Figure 9A, it is know /
R Fg%ﬁ%’? “Bielectric 103, i.e., Si(c)Z, to enhance reflectivityQl)f&z”a{%\}/gegrﬂtfilg,:31‘[7'%464

structure LED. The -19 WO 2007/236342 PC TUS2006/034464 dielectric
103 is formed between a GaN semiconductor 104 and an Ag metal layer
batk hisotheoBaNigemieorikaser upsiedatdrdubavaursdbe AT eliegitenss is

grgﬁﬁ‘y{}%gtﬂ lows thesHse @ a 1/4 A of dielectric does not substantially
en ? [ %

ance reflectivity. [0 119‘]' Referring now to Figure 9B, it can be seen
that the use of the 1/4 A layer of djelectric.does.provid rg”u cdfi .
10p3Rakanca 161D BT S G URoReh R rar L2 ravated e Calvar
inteviaes K5 gl owea ey fehdifepatadredbigtitinocident upon this dielectric
layer has a deep dip in the reflectance curve around 470, as indicated by

[0%‘!‘(%@ 152. dhis dip.substaniaiyreedyaes heravesalriaficciiamSshows light

ted by the cufve 151 for the average of the S polarjzed and the P .
refietiinpeatighbaNeiSlordiere R 6P AP ARG SPHRRTRRISORARG Present
in%gt%%é‘? A%O%‘J'g@ftﬂgﬁtew@tQJ%m Qéli@w@mﬁf s gfionibytas Hidretectdies GaN
ccording to ong embodiment of the present jgvention, .a.

Seﬁ@f%ﬁﬁg}é@@fedﬁﬁ%é@trdéﬁreaﬁ]%%‘i?egl:(%ﬁt %‘fearreiébetwg%n jdo the GaN
seplgetrilemncthebED e mcandactos matgsialf Aocoiepesativeheatdckhan the

gieéfctrii?n?terial is disposed between a conductive electrode and the
CrEERIiRORGUCtr material so as to electrically isolate portions of the

electrode while allowing for other portions to make electrical cgontact. Th

[08i88 ric mBRIREIRANTKW 0% I5IEFINtEX oft réftakiGHINEN TRESCIVIY 2t tne
GaRMIRONHHSE NG Gag ke Thickenemahsuchghal tithldatencal ateedionto an

occurs for incident ané.;rlfes %e ter than the critical angle O, as discussed
SRRRAMRI £ 19 BIEPRIEIMS TERBCtion for dielectric materials provides the
desirable

[00126] Referring now to Figure 124, is a semi-schematic diagram show fight
refiection at 2 GaN/ SiO»/Al interface according to an embodiment of the present

invention, A portion of electrode 173 is suspended over GaN substrate 171 and
has a thick dielectric Si0, layer 172 formed therebetween. Another porfion of
electrode 173 is formed dirsctly upon GaN subsirate 171,

[004273 Referring now fo Figure 128, is a chart showing the P—pa%arization
reflactivity at the GaN/SiOyAl interface of Figure 12A for different angles of
incidence wherein thicknesses of the SIO; layer are less than or equal to 1% A
according to an embodiment of the present invention. At a 1/16 A of SiO; there is
no total internal reflection effect and the reflectivity is marginally worse than without
the SO, layer. At a 1/4 h of SiO; there is still no TIR effect and the reflectivity is
dramatically worse. At 1/2 )x of SiO; fotal internal reflection does occur for large
incident angles but a tremendous dip in reflectivity ocours at approximately 38°.
At 1% h, totai intemal reflection occurs for the high angles of incidence and no
noticeable dip in reflectivity. Since TIR begins at 1/2 A of SiO;, the term “thick”
dielectric will refer to all dielectrics thicker or equal to 1/2 A,
1.



capability for approximately 100% reflectivity. Total internal reflection
occurs beyond the critical angle, Op. In the case of a GaN to air interface,

the critical angle is a [ : '
WS g pproximately 24. In the case of a GaN_t T%'Ig)z%os 034

interface, the critical angle is approximately 370. [00122] Re erring now &
Figure 10A, a semi-schematic diagram shows light reflection at a GaN/air.

A ray of light is shown being reflected from the interface -20 WO
10208811363 R=FU N SRB0SIOBIDNER 'Bhckint HhetaRoyeRtickiBgtdly at the

cHgSRl A2 1 heeausetheiangleohingidengerisnormarirsthanitbrisAtisalvherein
angle e0. [001%Referrlng now to Figure 103, a chart shows reflectivity

thikRe eI P e ity B B8 SO ATER diffe BRI GHY Rl FidEnt ioht

2094240 Referdpg paminige drbbeat serahgehematic diagram shows
light reflection at a GaN/SiO2 interface according to an embodiment of

L t ion. A of i ' [ f ]
O Rhee of HEEal SERhR e, e e A e fr
tobeickiiatoahesBedtoseriiicendat ibiciesnas1 Botbasatiistheangleepventional
o;ﬁﬁge%%ﬁ#fﬁégéﬂhgﬂ g RICREANGIR;S - LI REFSHING 1IBANAE in the

igure rt shows reflectivity at the GaNISiO2 interface of Figure

miemferiiRg cRfeaRSes of Meidentiesitisding BigrceiPodiNeishoplipwvs the

reESRRYBYRRLOR: {904 26LR efsE#gNaWIS Hissrenl 2ciBdbses, one at 1.75 A,
semi-schematic diagram show light riﬂe tion at a Ga%SiOZ@/ﬁ?I interface

pR EBRARPIFAN Embodiffe YRR RIRCIVERRS. R PR A9

electrode 173 is suspended over GaN substrate 171 and has a thick

- [ahéBitric SiP2layergl Tovommadutreiddetvsamiscbeeipdisaram shows light
r%g%r&g%tlg Jisfrmed @ﬂé%%?%ﬂ@&&?@@?}ﬂQ%Wﬁiﬁs%@oﬂ%éﬁ@ﬁng iayers of

_ eferring now to Figure 1237is a chart showing the P-polarization )

SiendER Ry ailife GERSIGM AT e ithics detsgtile 38k resaitRRnt 8magreording
t®fan embodiment of the present invention. An electrode 184 makes elecirical
contact to semiconductor material 181 and is the final layer onto top of the DBR
stack. Thick dielectiic laver 185 is formed between the DBR stack and

- semiconductor material 18'?.

[00131] The thick diglectric creates an effective reflecior at high angles.
However, it doas not substantially enhance the refiectivity below the critical angle.
it is possible to add a distributed Bragg reflector (DBR) fo reflect the light at these
lower angies. DBRs are typically fabricated using a series of alterhaiing high
index/low index dielectric materials. As shown in Figure 13A, a series of 2 pairs of
% A Si0, and ¥ A TiO» over a thick layer of 1 %4 A S0, enhances the refleciivity at
lower angles. DBRs use optical interference to affect reflectivity, as result their
thickness is more critical than the thickness of the underlying thick SiO, layer.

[00132] Table 2 below provides further information regarding the electrode
materials utilized according to one or more embodiments of the present invention.

The reference wavelength for the coating thickness is 0.4500 microns. The phase

9.



incidence wherein thicknesses of the Si0O2 layer are less than or equal to
1% A according to an embodiment of the present invention. At a 1/16 A of
w%i%g%ﬂ%r%izs no total internal reflection effect and the reflecr'giv%)égtsm6 034464
marginally worse than without the Si02 layer. At a 114 A of SitFHHErE 3
still no TIR effect and the reflectivity is dramatically worse. At 112 A of
Si02 total internal reflection does occur for large incident angles buta
angeieiandmiee diplierelEt iigeoteels dEppralinealay 3B iaverse A etgpident
mgbt%r&aé@ﬁ'ﬁméﬁ{ﬁ GrefigRnales o NaBHNRARHANO
noticeable dip in reflectivity. Since TER begins at 112 A of SiO2, the term
"thick" dielectric will refer to all dielectrics thicker or equal to 112 A. -21
[03e°2007/136392 PCT/US2006/034464 [001281 Referring now to Figure
12C, is a chart showing reflectivity at the GaN/SiO21Al interface of Figure

MaRaifdr differentHriginessincidence wherein thicknesses of the Si02

layer.are greater than 1% the wavelength of incident light according to an
Abmbodiment of th&¥#888nt invention. [00129] Once the dielectric layer is

areatarthan th
oo T

geaterthan-th s-riptt-thiekness for total internal reflection, its exact
ﬁ&kness IS not%?%ﬁﬁ | as in cpnventional optical coatings based on

TiRterference:This sigREsOr greater latitude in the manufacturing process.
is is illustrated in Figure 12C, which shows the reflectivity curves of for

spofhick dielectricagByagiiferent thicknesses, one at 1.75 A, and the other

at 1.85 A. The total internal reflegtion angle does not change. [00130]
TReferring now {AE§OOEL3A, a semi-schematic diagram shows light
reflection at a distributed Bragg reflector (DBR) comprised of alternating

Si8gers of Si0218R7HMPUHO2 183 on top of the thick dielectric SiO2 base

layer 185 accotding-to-an-embodiment of the present invention. An
electrode 184 makes electrical contact to semiconductor material 181 and

is the final .layer onto top of the DBR $ 5 Ehick dielectric layer 185 is
formed between the DBR stack and semiconductor material 181.

[00134] Referring now to Figure 13B, is a chart showing reflectivity at the
DBR iayers of Figure 13A for different angles of incidence according to an
embodiment of the present invention compared to a design with only thick
dielectric compared to a design with no thick dielectric and no DBER.

-[00135} Refef"ring Row to Figure 14, is a chart showing reflectivity of several
materials for different angles of incidence according to an embodiment of the
present invention as compared to prior art. A Au metal layer with a Cr under layer
has the worst reflectance as indicated by the lowest curve 1851. Al is substantially
better as indicated by curve 1952, Ag is even betler as indicated by curve 1853.
An Ag metal layer with a thick SiO; dielectric under layer has generally better
reflectance than Ag, although curve 1954 dips below curve 1253 in some places.

An Ag metal layer with 2 pairs of DBR foliowed by with a thick SiO; has the best
refiectance, as indicated by curve 1255,

-



[00131] The thick dielectric creates an effective reflector at high angles.
However it does not substantially enhance the reflectivity below the
% # . Itis possible to add a distributed Bragg reflege /@%/594454
ectt e light at these lower angles. DBRs are typically fabrlcated using
a series of alternating high indextlow index dielectric materials. As shown
in Figure 13A, a series of 2 pairs of ' A Si02 and '/4 A TiO2 over a thick
[OfR8lof 1 oRRlesig BHWafﬁcE%‘i% 1éfle SR HPARRUMIRABRONSE first

e&@? %t@ﬁfﬁr@ﬁ%m affee; rﬁglgséwalfd a@l&}]ﬁwﬁéﬂe}bdbmk@s@ itieonsTesent
- critical than the of the e t 0 2 :
inSEH (LSRR R T R BITToE & (e CB SR L e Tt @

thldilldIéﬁfcbagcmdmgstfnmed)tmambmmdwﬁ@&i&rmeh’eﬁiﬁe&awmmtﬂnbm both
S;;]’[%hetéefer ce wavelength for the coating thickness is 0.4500 microns.
i JREEE -22 WO 2007/136392 PC [US2006/034464 and retardance
values are in degrees. The coating has six layers. The incident media is

[0 The ViRferengtenie IigaHRdass 6. SvosreRmalifogiagpm shows a
sdeldiprigkdRiokReammibi2PR00e i 3E0980dd023€E5PHAGE0 thélZresent

0.250000_Ti02 0.250000 SiO2 0.750000 T 0l
mteﬁ'@f}re%*geff@e% (S e S %h@% %%E{%i% @41:%@&“ ata
psﬂ:%tgobﬂéfe@rwm@msmm@mmmwm dfieciminizdimaatiefdisported

vent ign with only thick dielectric
'}gg}ﬁ’?g 8%(?2\ Eeffilelectnc and no DBR.
100138} Referring now to Figure 15C, a semi-schematic diagram shows a

thsrd exemptary embodiment of a suspended elecirode accordmg to the present
invention. Electrode 142c is suspended above the GaN substratn 141 such that a
thick air gap 143¢ is formed therebstween. Electrode 142¢ is supported only on
one side thereof.

[00139] Referring now to Figure 150, a semi-schematic diagram shows a
fourth exempiary embodiment of a suspended electrode according to the present
invention. Electrode 1424 is suspended above the GaN substrate 141 and & thick
Si0; layer 143d is formed therebetween. Electrode 142d is supported on both
sides thereof.

[00140] Referring now to Figure 15E, a semi-schematic diagram shows a fifth
exemplary embodiment of a suspended electrode according to the present
invention. Electrode 142e is suspended above the GaN substrate 141 and a
plurality of sections of a thick SiO; layer 143e are formed therebetween. Electrode
142e is supportad on both sides and in the middie thereof.

[00141] Referring now to Figure 15F, a semi-schematic diagram shows a
sixth exemplary embodiment of a suspended electrode according to the present
invention. Electrode 142f is suspended above the GaN subsirate 141 such that a

Db



[00135] Referring now to Figure 14, is a chart showing reflectivity of
several materials for different angles of incidence according to an

mpaodiment of the present invention as compared to prior
wa yz.(?(}%ﬂ? 307 d?&@a’%i’;/%%ﬂh

layer with a Cr under layer has the worst reflectance as indica

lowest curve 1951. Al is substantially better as indicated by curve 1952.

Ag is even better as indicated by curve 1953. An Ag metal layer with a
thighckiSioasieltils farephiRaraastyeRtrduirpEads HoRbRHRratas Agly on
or@tRgugRLsURre 1954 dips below curve 1953 in some places. An Ag metal

layer with 2 pairs of DBR followed by with a thick Si02 has the best

reflectance,.as indicated urve 5.-23 WO 2007/13 !
O o0 BN R R S M oG So (5 g A ladferm shows a first
exeengiimghematididiagraoh sheveperfist ejantiptieyvédthbadimeniofentact layer

suspended.ele ing t i ' :
o R SRR TS RIEASY SN B ePe i ton i
sifsiffor iocitiah of dhetne dRAE ReERbE E01 472 36/ diliopartdbinb dth oxided  TO) layer

4 Anereof. [00137] Referring now to Figure 15B, a semi-schematic diagram
shows a second exemplary embodiment of a suspended electrode

according to the present invention. trode 142b Is suspended aboy
IO S SRTGREN ON e (it P B P g e 2
sdbenebeseeeinrlenttadinial?aols s wppperdedreleothosidesiananmtheic contact

middle thereof. | ing. now te,Fi : Lschematic =
*a&?a"g?a?ﬁ"“s%%“ %039 é%%%%ﬁ%%{gﬂb?ﬁm%ﬁtﬁéﬁé% s‘t?s?ﬁ%ged electrtgcfjeF 9ure
16 comlintpidetbairebEiguraviéni srcem daode pezitipnsakipdiadiasiie (TO)
ia?%? GaN substrate 141 such that a thick air gap 143c is formed

herebetween. Electrode 142c is supported only on one side thereof.

9] Refgrring. now to Figute 15D, g semi-schematic diagram shows a
A ‘84} exen%ﬁ?ﬁ%%%@r# b?%{esd en%e%ag]ggﬁ%“ eaz;ﬂ:cgor‘arcrl\rga e #
ihikeegamplary embodiment of a suspended elecirode with an ohmic contact layer
according to the present invention. The structure of the electrode of Figure 16C is

similar to that of Figure 15C, except for the addition of indium tin oxide (ITO} layer
" 144, .

[00145] Referring now to Figure 18D, a semi-schematic diagram shows a
fourth axempla.ry embodiment of a suspended electrode with an ohmic contact
layer according to the present invention. The structure of the electrode of Figure
16D is similar to that of Figure 15D, except for the addition of indium tin oxide
(ITO) layer 144, |

100146} Referring now {o Figure 16E, a semi-schematic diagram shows a fifth
exemplary embodiment of a suspended slectrode with an ohmic contact layer
according to the present invention. The structure of the electrode of Figure 16E is
similar to that of Figure 15E, except for the addition of indium tin oxide (iTO) layer
144,
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invention. Electrode 142d is suspended above the GaN substrate 141 and
a thick SiO2 layer 143d is formed therebetween. Electrode 142d is

W%u%%%teﬁggcz)n both sides thereof. [00140] Referring now to }Eér?fyg)rj% gﬁi?gds%i ”

semi-schematic diagram shows a fifth exemplary embodime
suspended electrode according to the present invention. Electrode 142e
is suspended above the GaN substrate 141 and a plurality of sections of

Si02 Refefrnmaare riigdrthifheantan-erbaimmlic diggam shows a
sﬁ&ﬁ%ﬁﬂ:@b@%ﬁ&ﬁ%ﬁﬂgfiﬁ thepaickiie hierefadOpitd HRefeRERgMeW jayer

to Figure 15F, a semi-schematic diagram shows a_sixth exempla
{0

SGRABIEMENEGT ArEBRp R AR et SIS gt IR ERER T%QH%@F s

siReireslentd 2F isisuspeatied abpvecing Sadtiaidstbiedkad SHAXBALE O) layer
» 4 WO 2007/136392 PCT/US2006/034464 thick Si02 layer 143f is

‘r}‘med therebetween. Electrode 142f is supported only on one side
thereof. [00142] Referring now to Figure 16A, a semi-schematic diagram

[eABHE a firsﬁ@i@ﬁﬂﬁaﬁp‘é’n’f@oﬁi%ﬁ@ ofé“sfhgﬁbn@@d@émlaﬂé vigigmporary,
|BRIC e GRLLBYEr 2 AGGREHEISNR PISSRIY MgRligR, hihe structure of

the electrode of Figure 16A'is similar to that of Figure 15A, except for the

it findium ti ide (ITO) | 144. 100143] Referri t
B oo U R e RGeS . Sabon Bl Sond pacs
'I@@i’bmﬁ:@efﬁ&ﬁ a‘&iﬁﬂa@_déd @pptitmi’emvitﬁ amr;lamiduzmtaemlagadac_tor 1083.
siegﬁ?égh%ﬁ?&h%ﬁsﬁn ?%%'&“% oh"§ %&&%f%‘t‘e‘%?eo gg%e'egggﬁ(%%ﬁwems

Is similar to that of Figure 16B, except tor the addition of indium tin

CORUSISERCHN Iyfaya DA p RN (RS tolFigui@38and p-tayer 1087 are
REBIALNPRAIGARMKBD RIS B iBNL SR RTRREINERE A Rrent causes

suspended electrode with an ohmic contact layer according to the present
ARVER BRICTHO St R RIRAUF TP BIGRGROEEN fa gk ey principles.

(001501 With particular reference to Figure 178, the fabrication of the LED of
Figure SA comprises forming a semiconductor layer 1093 upon a substrate 1096,
Semiconducior fayer 1093 comprises an n-layer 1088 and a p-layer 1097 (as
shown in Figure 17A). '

001511 With particular reference to Figure 17C, a portion of p-layer 1087 is
removed, such as by eiching. A sufficient amount of p-layer 1087 is removed so
as to expose a portion of n-layer 1008 therebeneath. Removal of the portion of p--
-Iayér 1097 defines a cutout portion 1088, The formation of cut out 1080 leaves n-
iayer 1098 exposad.

00162] With particular reference to Figure 17D, wire bond pad 1081 is
formed upon p-layer 1097 and wire bond pad 1082 is formed upon n-layer 10808,
wire .bond pads 1081 and 1092 cover a comparatively large portion of the surface
area of semiconductor 1083, For example, the eiectrode wire bond pads of a
contemporary LED can be 100 um x 100 pm. They thus absorb an undesirably
iérge amount of the light produced by active region 1094. Further, the
comparatively large cut out area 1099 that is req'uired for wire bond pads 1082
28



similar to that of Figure 15C, except for the addition of indium tin oxide
(ITO) layer 144. [00145] Referring now to Figure 16D, a semi-schematic

w%%gmm %ngs a fourth exemplary embodiment of a suspepgffg{%l&%%gg& P
with an'o e

mic contact layer according to the present invention.
structure of the electrode of Figure 16D is similar to that of Figure 15D,
-except for the addition of indium tin oxide (ITO) layer 144. [00146]
uRgaBirakg nisweesidiresiti Oh 2elvRseRMAtEtiaGFaHkh S ritgtuces the

aMRMPIeNYigmbndRness oassikspepartelecirpdenmith agintumitecatiadds sach
layer according to the pres %tinventjon. The sguc,turei Oi%}fé%em de of b
elefirda e ienaidsThal ORIt Ps S YBERE IGPIRd GRTgFON can be

alBiuifcERtQodt TOhayeerdidur2ibd\He20PA 38R for smalier LEDs.
PCT/US2006/034464 [00147] Referring now to Figure 16F, a

[oF{Bspchematic d| %ﬁé‘q\y%ﬁ%@%ﬂb&'ﬁ%ﬁmo%mm f such an

suspended electrode an ohmic contact layer according to the present

elpobatens reweubelrdsapariabyeribie andigarialy pidsiimPraoctiatibeffers
shigueddh fpapsiordhs agddiionpbndiumdin axidaddlitd) layer dédnplie, the

00148] Referring now to Figures 17A-17D, an exemplary, contemporary,

elgivad B SHUShIG HesSHBRH A pPOEaSS B MR R S EHOWRD O8I Provides

abAithnanishiangefereneaidontiigmieidd A adged offindrehonidspatishaORts active
and 1092 facilitate, the afg I'ciltion of current to a semiconductor 1093.

RN te st ﬁ%??ﬁ 8%%%% %%%%%? te 1096. Semiconductor

1093 comprises an p-layer 1097 and a n-layer 1098 (n-layer 1098 and
[P0S4 100 Rarierdemenaly iftelcigargeabfrdihe purposssrinmnigateral LED

sHisckssiank khe ?#&E@Q& CHURRRIAG VB IRHAR P4 pIRsHIfRACBE the present
~according to well known principles. [00150] With {)artlcular reference to :
‘mﬁﬁﬂ?@ﬂfg‘?tﬁmﬁﬁricﬁtitﬁ gﬁ@q_%r@dgyar 11041 and 1102 is formed bensath

wire bond pads 1081a and 10823, respectively. Thick dielectric layers 1101 and
1102 enhance the refleciivity of wire bond pads 10912 and 1082a such that
undesirabie light absorption thereby is substanﬁaity decreased. A portion of each
wire bond pad 1091a and 1082a remains in contact with semiconductor 1083 so
as to facilitate current flow therethrough. “ | '

[00155] As used herein, a thick dielectric layer is a layer having sufficient
thickness such that effects of interference are not substantial. Moreover, as used
herein a thick dislectric laver can have a thickness of greater than % A. For
example, a thick dielectric layer can have a thickness equal or great then % A,
approximately 1.5 A, approximately 1.75 A, or greater than 1.75 i |

[00156] With particular reference fo Figures 18B and 18C, semiconductor
1083 is formed upon substrate 1096 and cutout 1099 is formed in semiconducior
1083 as in Figures 178 and 17C.

100157] With particular reference fo Figure 18D, thick dielectric layers 1101
and 1102 are formed upon p-tayer 1097 and n-layer 1088, respectively. Thick
dielectric layers 1101 and 1102 can be formed according to well known princi'ples.
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Figure 9A comprises forming a semiconductor layer 1093 upon a
substrate 1096. Semiconductor layer 1093 comprises an n-layer 1098
and aﬁé§3¥er 1097 (as shown in Figure 17A). [00151] With particular

Rl 3 Figure 17C, a portion of p-layer 1097 is remo %?@ﬁ?ﬁ‘ﬁ]%@ﬁvé
etching. A sufficient amount of p-layer 1097 is removed so as to expose a

portion of n-layer 1098 therebeneath. Removal of the portion of p- layer ‘
[000GBHefinekvitctaticpiati cafaeogs Tive fighvatidof witolrondopadaliesia is

fd?méageg#dgggé?légq&s&- #%%ﬁg] Withr-nattic s sefrrense o F@a%ﬂﬁ?&% pond

wire 91 is tormed upon p-layer 1097 and wire bond pad

pasdfPidd gdermehyecsdodt iRae perirhagsvrrdhiahdizigsticddesal 102. As
rRINDAAtIRI¥aII8 RAsHRR ohthrirkriass: apRaof semigopduCctciR93ontacts

For example, the electrode wire bond pads of a contemporary LED can

SHBICODPIAK {BF HECTIIENEALS absorb an undesirably large amount of
the light produced by active region 1094. Further, the comparatively large

[atEa]t areaREBAhDBW by tigddotSiredbond padspbo ia2eaE&D structure

7/[1 / [ t | Ve
T
atpatemporary LEDs. Since the size of each electrode is fixed regardless =

of device size, the undesirable light absorption can be a significant
[amrgon of thpvavesatisurinesiar@scpasticiglads fopamatiocid HBlectiR0BS3} 1101
It is warthwhile to appreciate that that the formatign, of such lectrode..
oD A R TRy TRV 2P U Ot & g PP ctvel.
ThidistdiatdtadViagtag el BVemitithel ek trodensa dhecfieibtiviaity oviexdmple pads
el e ihed i ti ith: Eig - X
B R R e e MBS A0A hserty
degrsasedchitrartissdane wittahondrmadetD8ng anste gRe campies in contact

wRiPduegd, 00 LR4] Refering RO i9iEIRLEER 48 RdRE, an exemplary
lateral LED :

[00161] With particular reference to Figures 19B and 19C, semiconductor
1093 is formed upon substrate 1096 and cutout 1089a is formed in semiconductor
1083 as in Figures 178 and 17C. However, in this embodiment cutout 1098a is
formed in an L-shaped configuration so as io mitigate the amount of surface area
therecf‘ In this manner, less of the active area is sacrificed in the formation of

cutout 1099a and the brightness of the LED is conseguently enhanced.

[00162] With particular reference to Figure 18D, a thick dielectric laver 1101
is formed upon the p-layer 1087. Another thick dielectric layer 1102a is formed
partially on the p-layer 1097 and partially on the n-layer 1088, Thick dielectric
iayers 1101 and 11022 can again be formed according to well known principles. In
this instance thick dielectric layer 1102a is formed downwardly, along the side of p-
layer 1087 and active layer 1094 so as to slectrically insulate wire bond pad 1082b
therefrom. That is, thick dieleciric Eéyer 1102a is formed upon both p-layer 1067
and n-layer 1098, as well as the interface therebetween, i.e., active lfayer 1084,
Thick dielectric layer 1102z stair steps downwardly from n-layer 1087 to n-layer
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structure and the process for forming it according to an embodiment of the
present invention are shown. A thick dielectric layer 1101 and 1102 is
rmed beneath wire bond pads 1091a and 1092a, respectively. Thick
%?3&?331%%3/&3 1101 and 1102 enhance the reflectivity of %?r%%bsgfﬁ%lggégd
1091a and 1092a such that undesirable light absorption thereby is
substantially decreased. A portion of each wire bond pad 1091a and

10§62 i amrfigHEatiRacOiviics celesHiRIYP1 09853 8ok ARdfitdfethe cross

seletrenbiiew theragiarough. [00155] As used herein, a thick dielectric layer
is a layer having sufficient thickness such that effects of interference are

ey Forena thick dielectric | |
R e TPl B ey TR AT S TR T 3 e e
fhavedashieknisstetpaat pagielit tmer/ thiclaplipmatriatisyer.3 01 and wire bond
pfg%gﬁ%ﬁﬂ%a@%’owéd%oé@fﬁﬁﬁé@@ﬁﬂaﬁéﬁ; %?’%Mtﬂi%@ﬁ%@yer 1102a.

rence to Figures 18B and 18C, semiconductor 1093 is formed upon

AmpwrdienedosPane. cureitien s Yo RaBd RREcHIRORJGRIGE 0gayes 287 and

Figesh loBuard ddfe DR 6bYYithpastaylansotaranes o higvee id8lnce, wirs
thick dielectric layers 1101 and 1102 are formed upon p-layer 1097 an

[ and X
bkl BRY 0S92 D detiven SPMER e dREBIRG OY FOF SRYA RSt pielectric
1&@@1‘171@ @@Q%ﬁiﬁl%t@dﬂ@él@%]/@tﬁimgmﬁ&ydﬁm. 200 18634Rration of wire
PCT/US2 034464, [00158] With particular reference to Figure 18E,

W B3 c?o é)%%blzﬁ?faﬁ el%’?rWe%Qé%?eas at least partially cover thick

dielectric layer 1101 and wire bond pad 1092a is formed so as to at least

[eansdly covén thibie diersbastimanir 11X AdickaehitonaieBove 8 pén 1102a

DYERRARCRRLS A ARSRBGAMRBrREPESNdeRRAEBo2L t
%eréég‘é%%ﬁﬂ[ Olés%%%eferri&?%ow%o Figure 1§§-19E an exemé)la soes

r .
SARFE E15 TS HAL % it Boe LETGPIITARG R CLGHIRG (0o Provides a
larabedimanbet AR seNtdnuentingr artiahowthe brightness of the LED.

we
&

100165} According to the present invention, a thick dislectric can be formed
between at jeast a porfion of each bond pad andfor electrode and the
semiconductor material. The thick dislectric material enhances reflectivity such
that undesirable light absorption by the bond pad and/or electrode is substantially

mitigated.

[00166] Referring now to Figure 20A, a semi-schematic perspective view
shows one embodiment of a suspended electrode structure according o an
embodiment of the present invantion. A metal electrode 162 is formed upon a
semiconductor 161. A thick dielectric 183 is formed between metal electrode 162
and semiconductor 1681. A portion of elecirode 162 is formed over thick disiectric
163 and a portion of electrode 162 contacts semiconductor 161 such that elecirode
162 is in electrical contact with semiconductor 161.

[00167] Referring now to Figure 20B, a semi-schematic perspective view

shows another configuration of a suspended electrode structure according to an

embodiment of the present invention. This structure is generally similar to that of
o0,



[00160] With particular reference to Figures 19A A thick dielectric layer
1101 and 1102a is formed beneath wire bond pads 1091a and 1092b,
spectively. Thick dielectric layers 1101 and 1102a enha ne
Hp 04 f\/ﬁty %(/lre bond pads - 1091a and 1092b such that undegsn%%fmﬁmﬁém
absorption thereby is substantially decreased. A portion of each wire
bond pad 1091a and 1092b remains in contact with semiconductor 1093
' Figoras 204aeilterd dhafethitlovaigtated | \BitHp Hivkaar veferesicdhat Rigaiess of

e;%%{%o@@d g‘g QUCQRANCING 93 is fosmerdiuparsubsirate g@}@%A As

cutout 1 ormed in semiconductor 1093 as in Figures 17

S moa@vazmahf@témmﬁwwﬁ@m@a S3dmpamisenticipnped are
oRAMIGYration $Ras KdtoMatieAMauNk f brstfaee s dbessrfiolirdbisns of

manner less of the active area is sacrlflce in the formatlon of cutout

elegtodaand the BghtiBISK ofdiRierED is'EdnsdytienRiFsiivaRcedSroo E8BRCtNY

siMitbopatitolaraeiareacsuo ditsen BB thiek sheldplsic layer 1101 is
formed upon the p-layer 1097. Another thick dielectric layer 1102a is

d par, I
E&ﬁ’?ggﬁdlelec%r@y%;e%?l %%y é‘% %;gé?ﬂ ﬂ%ﬁ%@%r&e Xa?éi%)grg%attg flize
thigkl| diatewinigsriaensietinm ithadmsramssaREgcIBES 18 dra pozeeRt invention.
Figrmed downyard ym@@“ %%?SSB?%r@hiﬁtiﬁg%égﬁ%aél%@@ié’%ﬁﬁéﬁ 109 the

so as to electrically insulate wire bond pad 1092b_therefrom. That is, thick

bansie Biie ay & orme RACRiRARH aﬁoﬁﬁﬂ%m%&%w‘aﬁi& nthg & igakon of
c@ﬁé’h@'WB@@I%@QM{M\A@WW%E%M@@&Gl‘tﬂ@%m{ﬁhﬁ{im of light

dielectric layer 1102a ps, downward m n-layer 1097t n -layer .
B%W@%gg 3%? é@%é mg%\fv 5% &% aﬁ%r%%%flgura Bon f mirror;
niblek effelectriadayef ﬁ@émlsmaseantm&he emsevsédnrpm&ﬁuaglréwe cutout

19A Jorglf% éy 8@5 rd%esf e@&ea;c}al: ég;urrg l%% Paghy aratively

To1A 18 ormed’sd as 0 at Iea t partially Cover t kd ectric layer 1101
Im&w@m@ﬁgﬂ(ﬁmdg\zw isef@ﬁmwwégﬂﬁﬁaﬂiéﬁst partially cover thick
dielectric layer 1102a.

[00169] The exemplary embodiments of Figures 21A-24 are implementations
of an elongated chip. Such elongated chtps can provide anhanced brtgh‘mess with
better efficiency.

[00170] Referring now fo Figure 21A, an electrode design for an elongated
chip is shown. . Thick dielectric layers 1002 and 1003 can be formed under each of
the bond -pads 1008 (the p-bond pad, for exampie} and 1007 (the n-bond pad, for
example). N-bond pad 1007 and n-electrode extension 1001 are formed upon an
etched away portion of semiconductor material 1008 or cutout 1004

f00171] The thick dielactric layers 1002 and 1003 insuiate the bond pads
1008 and 1007 from semiconductor material 1008 so as to miligate cusrent
crowding. This results in an improved geometry for more even current flow. Hot
spots that cause uneven brightness and can resulf in damage to the LED are
substantially mifigated.
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As mentioned above, a portion of wire bond pad 1091a contacts p-layer
1097 and a portion of wire bond pad 1092b contacts n-layer 1098. In this

ire bond pad 1092b is formed downwardly, ins%%tﬁ% eIl
' yer

[ [
“ﬂt@o%&?r?{%giﬁ%ck dielectric layer 1102a and electrically contacting ng-?é

1098. The configuration of wire bond pad 1092b is best seen in Figure

19A. [00164] In this embodiment, thick dielectric layers 1101 and 1102a
[08d82kntial§yaltightisHig AieiBRBR BN ES wife bBRH PadRerbo4Rishd cRisstve
o38rRIde: enfencarihe boghtnags afdhed BDwiFing redceskwira@f paspsattively.

1099a provides a larger active area 1094, so as to gJé{?t*%er enhan etg?he hout
EHRGRTES KHho TED (O 6y A ST SIBULH o UG o fnenos

sahalreiiigatan W fornTed: hetwieeniatdaast beposion the eslebtmies fhdt provide
and/or elect nd, the semiconductor material. The thi lelectric
o GRtmGe Iahdeu T e AN SRR SIS % Esebday Bpresert

y SUC undesirable lig orption b
inteentiamnd pad and/or electrode is substantially mitigated. [00166]

Referring now to Figure 20A, a semi-schematic perspective view shows

foRAG $Mbodimentof a-RusRended sipstiare Btaicta agterdingimation (TIR)

embodiment of the present invention. A metal electrode 162 is formed

PigYiPS BSHREARKRIGCYBRBESNIRKSNBRIGHE 18RRI R of more

emsiat-alaat ofenkbeapdisavaictneudies 162. A poBtnstieiect ddertB i and
formed over thick dielectric, 163 and a portion of electrpde 162 contacts.

R o BT T R (AR 8 TR T bl g, t

fustrercantductoijiblief0attdn Referring now to Figure 20B, a

semi-schematic perspective view shows another.configuration of a

geRgnded ggctipde sirqeiurgRoseraing tami1arbogimesiGiibe above can
present invention. This structure is generally similar to thaéof -Zgagv

. Q
sopRAEEYAD R USSEOERPIA ARF R FoloR R AP IR AR EHRE 2
18663.is boken wawarishalspagipas ehsalatirgdeyks2 ¢00feinds 1003) can be

sSemiconducter,is diferent piages 1383 B2 88nE%n extensions 1007 and
1005, so that current flow through semiconductor (and consequently the active
region thereof) is more evenly distributed.

[00175] Bond pads 1006 and 1007, as shown in Figures 21A and 21B, are
not located exactly at the end of the wire traces or exdensions 1001 and 1005.
This is to show that bond pads 1008 and 1007 can be placed at any arbitrary
location along the trace. Thus, bond pads 1006 and 1007 can be placed at the
end, near the end, and/or in the middle of extensions 1001 and 1005. Any desired
iocation of bond pads 1006 and 1007 can be used.

100176] Referring now to Figure 21B, a potential improvement with respect to
the configuration of Figure 21A is shown. The area of cutout 1104 is reduced by
putting the n-bond pad above the p-surface and separated form the p-surface by
the thick dieleciric. That is, at least a portion of the n-bond pad is not in cuiout
1104 and cutout 1104 can thus be much smaller than in Figure 21A. This thick

dielectric must also cover the edges of the cutout to ensure isolation of the n- bond
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shown in Figure 20B, multiple contacts of electrode 162 to semiconductor
161 are provided. As those skilled in the art will appreciate, various

configurations of electrode 162 and thick dielectric 163, wi ro
W?ﬁoggﬁ?g%%ing semiconductor 161 in various different plactgg?/a%;%m%%w‘“

possible. [00168] Figures 21A-24 show exemplary electrode structures
that utilize thick dielectrics according to one or more embodiments of the

patdsent v ertiayer Fdhekiamisle asae of v itayéis sidsethanehdiasdhwsize
o&ﬂ%%o(f?!é“&%%ﬂg%%md% RadsrRerae-RAYANEaes REMRY by using a

construction include: the mitigation of current crowding, thus facilitating a
sromiiplifietPabIRfY 67 PRARZAGHPAPIIBRYVERERHon because the

dielectric layer(s) under the electrode can form a mirror; more efficient
[0osg Pf the eimission. aigsitadbis atnedatbhyecskobgrinbeytandaresipatrodes
more easily scalgble design for.a large range, of die sizes: camparativel
B A e SR e IS el COHeR oAt S BBLOOL R T suor
case fharyssnbodiniiries elbbitndes 2BX-24 banefipRimdrigations 4¥-ddC show
elanga; i n i ' n i .
A RIS e R e M e

sdefsigneiesimbisly dghdaneaip WERge. Thick dielectric layers 1002 and
1003 can be formed under each of the bond pads 1006 (the p-bond pad,

[doﬁfsprrplekgmrk@ﬁdmhmm@@r&@mmmwkﬂw& Badvi08pt into |
and n-electrode extension 1 re for upon an .etc aw rtion ...

05 SRREAN ST SO Pt Too DO S e 2 B Kellning
(dagetisus00 2Entritad8dnadatethetmadgiaey 2006 asciecivagiorm a single

B B s e gnuipedTisn e

results in‘an'improved g _ .
Howevaue grveRdriopivess ard ¢an7rasdtid dainagelicnigrihngrea single

bHRSiaRtalY Butigalgde-3R&NEAIGAVHASES9eE phRISROGEAAS44a4 together.

In this manner, any desired number of such electrodes can be used.

(001793 With particular reference to Figure 22A, two n-bond pads 1217 and
1218 and a single p-bond pad 1219 can be used. Two thick dielectric layers 1204
and 1283 can be formed between sach bond pad 1219 and the semiconductor
material 1280 disposed therebeneath. Similarly, a thick dielectric layer 1202 can
be formed befween bond pads 1217 and 1218 and the semiconductor material
1201 of cutout 1281. As meniionad above, such consfruction results in more even

current distribution. This is particularly true for arger and/or higher current LEDs.

[00180] With particular reference to Figure 22B, the area of cutout 1201 is
reduced with respect to that shown in Figure 22A in a manner analogous to that of
Figure 21B. Again, two thick dielectric layers 1204 and 1283 can be formed
between each bond pad 1219 and the semiconductor material 1280 disposed
therebeneath. Similarly, a thick dielectric layar 1202 can be formed between bond
pads 1217 and 1218 and the semiconductor material 1201 of cutout 1281.
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[00172] Such thick dielectric layers are not formed under conductive
extensions 1001 and 1005 that define n-wiring and p-wiring respectively.
i%;;zlom and 1005 thus more evenly distribute currgptthrouahout.,
semiconductor 1008. That is, the distance between the electrodes that
provide current to the LED tends to be more equal according to one

aspect of the present invention. [00173] It is worthwhile to appreciate, that
D ormo VBN BRI R SRS & B BAEARR FRasnsion 1203
eeiraRchagdigit exisadtioaddniok eietortaret 20bacimnenis otthainsagert3o of p-

invention. The use of BR structyre ig,optional and c e used, .
W D RS ER o et o TS Bt T2bon Aol e thick
dexbaincddigims ebdfectiod. 1083 24nTihe foseed DiRveeticeadBRetlpadd 88 and

Scri c tangially miti ir bsoipti f light,, .

S e B S N
digjeaisia tarandda 0e8) karidsemed rasddasenbant berds phtls 19w6 HitE and the
s2A0Z-ABMO hensah @gensionsdOHlsand 1005, so that current flow

through semiconductor (and consequently the active region thereof) is

ly distributed, [00175] B ds 10 007, h i
(RGP 21 AR BARCURY e BBRTAr Bl Atk erid BRIGAITe Fbdte ™
layree e sevessBa0h andifofFwiThis Dtesheanthavbawl patte 188peattide bond

7. I t ' i I ;

AT OGRS A AR SrRRAG PRTRCe 0 o
witidelitb ot yrrenbimgcE00Thaed 1H0o6d ARY esitddids cationdpadisisetic 1503
- 1006-aRd TR0LERR kedsser [BALIRI Refer %"91%?@5’%@%%5&«1%&;@@ pad

ﬁtentlal iImprovement with respect to the configuration of Figure 21A is

BRHCTHE AredomAitdRimedsas redasbd BP4piitigta Asosaraske of the

cahswadhedssadace Fnguseparatedform thed-shefasechpdie dhicleversed with
dielectric. That is, at Iea}[,aﬁ)ortig’g 0 ?‘}e n-bond pad is not in cutout
riﬁ?ﬁ%??d“&ﬁ?@lﬁ BAAGES 'smaller than in Figure 21A. This

thick

[00183] With particular reference i{o Figure 24, a iwo elecitrode LED that

facilitates more uniform current distribution is shown.  An n-bond pad 2403 and a
p-bond pad 2404 are formed upon a semiconductor material 2401, n-bond pad
2403 has a2 thick dielectric layer 2406 form between itself and semiconductor
material 2401, Similarly, p-bond pad 2404 has a thick dielectric layer 2407 formed
between itself and semiconductor material 2401, '

[00184] A cutout 2402 facilitates contact of n-bond pad 2403 {o the n-layer of
semiconductor 2401, A portion of n-bond pad 2403 can be formed outside of
cutout 2402 (and thus upon the p-iayer of semiconductor material 2401) and a
portion of n-bond pad 2403 can be formed within cuiout 2402 (fo provide electrical
confact with the n-layer). Similarly, a portion of thick dieiectric layer 2406 can be
formed outside of cutout 2402 (and thus upon the p-layer of semiconductor
material 2401) and a portion of thick dielectric layer 2406 can be formed within
cutout 2402.
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dielectric must also cover the edges of the cutout to ensure isolation of the
n- bond -31 WO 2007/136392 PCT/US2006/034464 pad from the

er. That is, the area of the cutout is reduced such that the S|ze of
tﬂ@‘}gvyﬁ%s Hrea is increased. The larger emission area facilita (Eeﬁ%y g4 e
a smaller cutout 1004 can enable a greater power output. [00177] In
some. applications, the distance between the p and n electrodes may be

[66d Sfkat, thurdrssunprd 4465 andeliioRidirpirionaged YoREgoUm exiend down
8% e dirs Rl W'ﬁ@rﬂqsféﬁﬁy #8 %?@?'6% fé%&%%&?ﬁb?%%tenal

show various exemp ary Imp ementations of threé electrode deS|gns that

2681 itigate@ssiRth aweitesirkbiftgthigh Fiswiard IBitageclonarsly reaindtriisgds to

nafhigHBLres 2 A Abutthageband Prd ieahowh SRRBIKE MEObrightness and
electrlcalle isolated pads 1217 and 1218. In principle, they can be

SHGiEnRYg O FPABSRSFEAARE with one another) and thus

effectively form a single pad. There can be two separate wire bonds, one
{09 83€h of padsidnd Dardigadien Béleestdndsgtipr 220 dmbfeddnspads to more

AP GikediE 3 %“r?ﬁrﬁ”@x‘r’&u% ihep a,sinale BRI Me%%&ﬁﬁ HSRH Whot. 4

electrically connect bond 217 and 1218 together. Inthis manner,

PaRjafe S RO REGC b ftRXRRSIRN BATsEaN [t Faerhdirectly upon

sBAtliGHal cRIerenes 59293!9‘!‘r@v&ﬁ&ﬂ‘é’%%@@@e@%ﬁ@ié@ér7ﬁél‘ébé%§eﬂﬁ‘d a
single p-bond pad 1219 can be used. Two thick dielectric layers 1204 and

an be,f rme bet n each bgnd pad 1219 and the, semiconductor
%ngé?ter |12 |sp% G thd eE)eeSne'ia%)“2 Op %r@ Sma}%k%]ilgf(ec%% %“&qaye" s
sh%@cansmwﬁeﬁr@erwemm@ﬂ&)mamﬂ areel deissaddogivean the thick

FERUGAIHE R ALeHBk L 2 @A SHIOU: RHpesuensg Q@&M%%“éﬁ@ctmde

construction results in more even current distribution. This is partlcu arly

iRy g eet raRfaraniiol e gieerisondipEDaie Bl B wWikephegeuRe via an ohmic

deiereneededrigwe A rilpimrpapdcutout 1201 is reduced with respect
to that shown in Figure 22A in a manner analogous to that of Figure 21B.

E@@‘?é%} two tllxgléoq ;lwegc gcol:%/ B n%gs%d'eanq d2 ments otb %Logpesent invention, the
thick dieiectric can be non-perforated. That is, the dielectric can be continusus in
cross-section. i can be formed such that it does nol have any holes or
perforations that would cause the thick disleciric to appear to be discontinuous in
cross-section.

[60189] The dielectric material can be porous. Thus, thick dielectric
rmaterials which may otherwise be {oo dense (and thus have to high of an index of
refraction) can be used by effectively reducing the density (and the effective indsx
of refraction, as well) by making the dielectric material porous or non continuous.

1001940] in view of the foregoing, one or more embodiments of the prasent
invention provide a brighter and/or more efficient LED. increasing the brighiness
of an LED enhances its utility by making it better suited for use in a wide of
applications. For example, brighter LEDs can be suitable for general illumination
applications. Further, more efficient LEDs are desirable because they tend to

<34-



between each bond pad 1219 and the semiconductor material 1280
disposed therebeneath. Similarly, a thick dielectric layer 1202 can be
r een bond pads 1217 and 1218 and the semic%gjg’
“Irﬁgpger’%%%\gl of cutout 1261, .82 WO 2007/136395 PCTIULGOSSINSATES"
[00181] With particular reference to Figure 22C, p-wiring extension 1203
extends beneath n-bond pad thick dielectric 1202 such that a distal end

rerhiog $hp-ORRING EXEcIRIBR BxiBHJEWENS AhRBTENEK ddlediicinesauired in

oRIBRIR, HsHick cdiglacikicolaviess k@4 and 1283 can be formed between
each bond pad 1219 and the semiconductor material 1280 disposed

eneath. Similarly, a thick dielectric layer 1202 cap he formed . .
IO en boR TR TS SR TG AR te. B EAe o, i oy the
invkoditout 28buj0cGIS2byVithdpestizuddh st faronpets FiglifitaBmeaa] tariations

-la the p- reversed.i ' ith-a ; .
o e o that pevonton
Acenttingtiother wigeesy Tmarectisrsisiveiiecdithkiieing flleving daims.
Thus, n-bond 1507 and thick n-bond pad dielectric 1503 are formed on
cutout 1504 and p-bond pads 1511 and 1512 and thick p-bond pad
dielectric 1501 are not formed on cutout 1504 (which is the opposite of the
construction shown in Figures 22A-22C). Thus, the electrodes are
reversed with respect to those shown in Figures 22A-22C. [00183] With
particular reference to Figure 24, a two electrode LED that facilitates
more uniform current distribution is shown. An n-bond pad 2403 and a
p-bond pad 2404 are formed upon a semiconductor material 2401. n-bond
pad 2403 has a thick dielectric layer 2406 form between itself and
semiconductor material 2401. Similarly, p-bond pad 2404 has a thick
dielectric layer 2407 formed between itself and semiconductor material
2401. [00184] A cutout 2402 facilitates contact of n-bond pad 2403 to the
n-layer of semiconductor 2401. A portion of n-bond pad 2403 can be
formed outside of
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cutout 2402 (and thus upon the p-layer of semiconductor material 2401)
and a portion of n-bond pad 2403 can be formed within cutout 2402 (to
provide electrical contact with the n-layer). Similarly, a portion of thick
dielectric layer 2406 can be formed outside of cutout 2402 (and thus upon
Claimsthe p-layer of semiconductor material 2401) and a portion of thick
— dielectric layer 2406 can be formed within cutout 2402. -33 WO
2007/136392 PCT/US2006/034464 [00185] n-bond pad 2403 and thick
dielectric layer 2406 thus extend down the side of cutout 2402 from the
1. Arayerdoddh stmdayeriof seemeamductor higieriat ddfitoda sifashionsimiiamg;
to that of Figure 21B. Such construction tends to minimize the size of
zutoal 2u0Zadwd 2hds tends to enhance the brightness and efficiency of
the LED, as discussed above. [00186] p-wiring or extension 2407 extends
Frovantpepidicl Pasandtsixg telaorés AR IDaNERRINea ehrefrstigh gieater than
active region of semiconductor 2401. A portion of p-pad 2404 and all of | .
or equabyife g ATEUTRCHITh &S P EOSETPERIR Ut WmiveRe terfisiietis pugrrial is
(without a thick dielectric layer therebetween), [00187] Altho gBh inF %% as 2

formed 1819 heYiRCaSIRAENREIEHER AR 45 dr I SHENRT TR SORETBE 6fiED

. DBR pajrs gan be deposed between the thick ,dielectric a e electrode.

single 13RS IFUTRAF B G5 TR0, e GG Th a8 contact it
the semiconductor material, the contact can be via an ohmic contact layer
or current spreading layer. [00188] According to one or more

. fbadmenis glie resenidoeniin ihe i dielectric can be

non-perforated. e dielectric can be continuous in cross-section.

I cRpde fRmmed suchithat it daesngtihave amnbolesion Refforatiensdidfucting

would cause the thick dielectric to appear to be discontinuous in
materifF@@ersection. [00189] The dielectric material can be porous. Thus, thick

dielectric

another portion of electrode is deposed on top of the dielectric material.

3, The electrode structure as recited in  claim 1, wherein the dielectric

material has a thickness of approximately 1.75 &

4. The electrode structure as recited in  claim 1, wherein;
the electrode is formed upon a semiconductor material; and
the dieleciric material is formed intermediate a portion of the electrode and the

semiconductor material.

s, The electrode structure as recited in claim 1, wherein:
the electrode is formed upon a semiconductor material;
the dielectric material is formed intermediate at least a portion of the .electrode and
" the semiconductor material; and
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materials which may otherwise be too dense (and thus have to high of an
index of refraction) can be used by effectively reducing the density (and
the effective index of refraction, as well) by making the dielectric material
porous or non continuous. [00190] In view of the foregoing, one or more
|Mbodirentzet thRkrRIemvertianpiavide abrighiesaadiar Mpethe group
efficient LED.. Increasing the brightness of an LED enhances its utility by
consistiiaksng it better suited for use in a wide of applications. For example,
brighter LEDs can be suitable for general illumination applications.
El@ther, more efficient LEDs are desirable because they tend to -34 WO
2007/136392 PCT/L?S2006/034464 reduce the cost of use (such as by
Adthdgaky the amount of electricity required in order to provide a desire
amount of light. [00191] Embodiments described above illustrate, but do
Adnlisalt; thed invention. It should also be understood that numerous
modifications and variations are possible in accordance with the
pafeibles of the present invention. Accordingly, the scope of the invention
is defined only by the following claims. 35 Claims- 1. An electrode
structure for a semiconductor LED, the electrode structure comprising; a

electrode; and an optic issive dielectric m%%rialap%vipgo%n riges
At ora P

eta lly trans
6 R CEs A e T i SRS R AELehn
semicondunftor u&ogfxr/vhicﬁthe dielectric. material is formed and having a

at 1easttﬁf§<rrr\}‘ea§esm§resg eF than 1/ &,ggﬁg%?é'%%ﬁ%%%rferial being formed as a

%{%}%Iﬁe 2&9%%5%0 the electrode so as to enhance total internal reflection of
Shg . 2. Thé électrode structure as recited in claim 1, wherein: a portion of
stﬂ%%&!q&g%&éin electrical communication with a semiconducting
material; and another portion of electrode is deposed on top of the

ligtectric material.

siloxane polymers; and

air.

7.  The electrode structure as recited in claim 1, further comprising an ohmic

contact laver formed between the electrode and a semiconductor.

8. The electrode structure as recited in claim 1, further comprising:
an ohmic contact layer formed between the electrode and a semiconducior; and
wherein the ohmic contact layér comprises at least one material selected from the
group consisting of:
indium tin oxide;
nickel oxide; and

RuO2.
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3. The electrode structure as recited in claim 1, wherein the dielectric
material has a thickness of approximately 1.75 4. The electrode structure
as recited in claim 1, wherein; the electrode is formed upon a
semiconductor material; and the dielectric material is formed intermediate

9. EnPeilianel theslgeliedecind thelsemichrthietosmpaiaral. 5. The
electrode structure as recited in claim 1, wherein: the electrode is formed
dipeRraiserpiterdusier foatesinlbéhecdiedeoiriclmatattalisifarnesiconductor;
intermediate at least a portion of the electrode and the semiconductor
wWiateiinlizndhdbctheseeticaydu dorparatefiaticospmisesditckoastories; and
material selected from the group consisting of. AlIGaAs; AlinGaP;
WhirGakheaihiG adrRctdeTheekptitde seuciyrdopsddenwd in claim 1,
wherein the dielectric material comprises at least one material selected
from the group consisting of: silicon dioxide; silicon monoxide; MgF2;
siloxane polymers; and air. 7. The electrode structure as recited in claim

10 Theyrfher s pt EREE GAnTiRCiEshtdBt RIGER fotmdrbstwEamprising a current

electrode and a semicor%\ductor 8. The electrode structure as recited in
spreadigilaye: FoRER: RWiETSH 6%% & SBRIEEPI-EY formed between the

electrode and a semiconductor; and

11.  The elecirode structure as recited in claim 1, further comprising:
a current spreading layer formed between the metal and a semiconductor; and
wherein the current spreading layer comprises at least one material selected from the
group consisting oft
indium tin oxide;
nickel; and

Ru(2.

12.  The electrode structure as recited in claim 1, further comprising:

at least one pair of dielectric layers configured so as to define 2 DBR structure
and disposed between the electrode and the dielectric; and

wherein each pair of dielectric layers is substantially optically transmissive, is
comprised of layers of materials of different indices of refraction, and is a multiple of

approximately ¥ ). thick.

13. The electrode structure as recited in  claim 1, further comprising:

a dielectric base layer;
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wherein the ohmic contact layer comprises at least one material selected
from the group consisting of: indium tin oxide; nickel oxide, and Ru02.
-37 9. The electrode structure as recited in claim 1, further comprising: an
ohmic contact layer formed between the electrode and a semiconductor;

whesgintiephimie enntachipyanis RasOTthe semitReduciy dryisedanad the
wherein the ohmic contact layer comprises a heavily doped layer. 10. The

dielectrlegiiots sirupidieiasretited iwyetaimvihefutiekcampiaisg thaeutient and
spreading layer formed between the metal and a semiconductor. 11. The
electiadadiiDBRdidsceritagdn mliainvhpiistivart corstprisingatarziseetted from
spreading layer formed between the metal and a semiconductor; and
the growherasisting ofirrent spreading layer comprises at least one material
selected from the group consisting of: indium tin oxide; nickel; and
RG¥2. 12. The electrode structure as recited in claim 1, further comprising:
at least one pair of dielectric layers configured so as to define a DBR
§tAtdture and disposed between the electrode and the dielectric; and
wherein each pair of dielectric layers is substantially optically
: nissive, is comprised of layers of materials of different indices of
refraction, and is a multiple of approximately '/a it thick. 13. The electrode
ticture as recited in claim 1, further comprising: a dielectric base layer;

. _ZQfF%Z;

o Ti02Zr02Nb205;

Ce02;

nS;

A1203;

SiN;

ITC;

niobium pentoxide (Nb205};
tantalum pentoxide (Ta203); and

siloxane polymers 510, 5102, or MgF2.

14, The electrode structure as recited in  claim 1, wherein the electrode

comprises at least one metal layer.

15. The velectrode structure as recited in claim 1, wherein;
the electrode comprises at least one metal layer; and
wherein the metal laver(s) are selected from the group consisting of:
Al;
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at least one pair of DBR dielectric layers formed between the electrode
and the dielectric base layer, the dielectric base layer having a thickness
greater than /2 X ; and wherein each DBR dielectric layer pair comprises
at least one material selected from the group consisting of: Ti02; Ti305;
Al'é,ZOS; TiO; Zr02; Ti02ZrO2Nb205; Ce02; ZnS; A1203; SiN; ITO;
niobium pentoxide (Nb205); tantalum pentoxide (Ta205); and siloxane
melymers SiO, Si02, or MgF2. 14. The electrode structure as recited in
claim 1, wherein the electrode comprises at least one metal layer. 15.
fhe electrode structure as recited in. claim 1, wherein; the electrode
comprises at least one metal layer; and wherein the metal layer(s) are
Gelected from the group consisting of: Al; -39 Ag; Rh; Pd;

Ay

Cr;

platinm;

titanium;

nickel/gold alloys;

chrome/goid alloys;

silver/aluminum mixtures; and

combinations thereof.

16.  The electrode structure as recited in claim 1, wherein the electrode 1s formed

upon a semiconductor material so -as to define a lateral structure.

17.  The electrode structure as recited in claim 1, wherein the electrode is formed

upon a semiconductor material so as to define a vertical structure.

18.  The electrode structure as recited in claim 1, wherein a portion of the metal forms

an area for wire bonding.

19.  'The electrode structure as recited in claim 1, wherein 2 portion of the metal makes an

electrical contact to a semiconductor material at the edges of a dielectric material.

20.  The electrode structure as recited in claim 1, wherein a portion of the metal makes an
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Cu; Au; Cr; platium; titanium; nickel/gold alloys; chrome/gold alloys;
silver/aluminum mixtures; and combinations thereof. 16. The electrode
structure as recited in claim 1, wherein the electrode is formed upon a
semiconductor material so as to define a lateral structure. 17. The

electricBl@OHEHR FHE UG BSHRLIBIR LRIM T VR GBI R SIS BEOSR R FOERR rial.

upon a semiconductor material so as to define a vertical structure. 18. The
electrode structure as recited in claim 1, wherein a portion of the metal
forms an area for wire bonding. 19. The electrode structure as recited in

21. GlienldeiydderginapoHicaithi riaial Makesdn telefiticatvantastiib id porous.
semiconductor material at the edges of a dielectric material. 20. The
electrode structure as recited in claim 1, wherein a portion of the metal
makes an -40 electrical contact to the semiconductor material through
22.  Gperirgsadasediviscaicavittdnnlcldm Thehetwttrdueditioctueormgeriadinagnprises
in claim 1, wherein the dielectric material is porous. 22. The electrode
porousdifbture as recited in claim 1, wherein the dielectric material comprises
porous ITO. 23. The electrode structure as recited in claim 1, wherein the
dielectric material is porous SiO2. 24. The electrode structure as recited
in claim 1, wherein the dielectric material is_porous engugh to reduce.its

23, RS SURER N B UG S AT RO th YRS TR %fiﬂéé%ﬁ%&ea?%f\ﬁ%ﬂfnﬁms

) the semiconductor material.
SlO‘z.

24. The electrode structure as recited in claim 1, wherein the dielectric
material 15 porous enough to reduce its effective index of refraction such that total internal

reflection occurs within the semiconductor material.

25. A reflective electrode structure comprising:

a metal electrode;

an AlInGaN material configured to emit light about a central wavelength 4,

silicon dioxide dielectric material formed as a single layer upon the AlinGaN material,
the dieleciric material having a thickness greater than ¥ ) so as to enhance total mternal
reflection of light; and

whersin a portion of the electrode is formed over the dielectric material and another

portion of the electrode is in ohmic contact with a semiconductor material.

26.  The reflective electrode structure as recited in claim 25, wherein the dielectric material

and electrode make physical contact to the semiconductor via an ITO layer.
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25. A reflective electrode structure comprising: a metal electrode; an
AllinGaN material configured to emit light about a central wavelength a;
silicon dioxide dielectric material formed as a single layer upon. the
AllnGaN material, the dielectric material having a thickness greater than
27. I 28045 o-enpbance iatalintrmnalsaefactionehightBnehwheERIB® comprising
portion of the electrode is formed over the dielectric material and another
forminPripn Litheplesirde s dhehnkg&onRfaatvihasamnicerdustahmateniahpon a
26. The reflective electrode structure as recited in claim 25, wherein the
semicoiRlecl g maieriahdafehlectiadadnakespiiysiesdconthahto the dielectric material
semiconductor via an ITO layer. -41 27. A method for forming an
electricalectiadsistractaas: fonampdEil), thietrethadrodm firisinghd aemingaductor material
dielectric material as a single layer having a thickness greater than 'h X
while difowving selrisoreiiotberpatedal dtiid@intngds comilativiewtest sdataticivith the
that the dielectric material electrically isolates at least one portion of the _
semicoer&m@d@at@mlth@@ﬁi\mBmg@fépmgt@rﬁéh%/ﬁné@mh@ é&fe@@i% material
other portion of the electrode to make electrical contact with the

electricaliniso HatRCRT AR ARTIRHIRAO IO FEHOARS BrRRETERTbAE Beatlerirode that

dielectric material , electrically isolates from th&gﬁgiconductor n;ftterial

make coRtpeh b6 eGP LB HEaE HRE R R

semiconductor material are formed of the same material. 28. The method
as recited in claim 27, wherein the portion(s) of the electrode that the

28, di%(;eetﬁg ; 2 itg%r,{g'c&'%c%ﬁcgggnif%ﬁ from the c%%%% Itﬁ%ta{e%@s&@ae fhat the

an of the electrode that make the

die}ectﬁ%rmg%@%ﬁj %EQE&L%%?i ?Acﬁ%eg%%s@rﬁiggﬁ@}(&r m#lial and the portion(s) of

the electrode that make contact with the semiconductor material are formed as a single layer.
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