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less than 100% due to crystal quality and epitaxial layer structure. A typical (7)) can

" reach about 70 to 80%. Further improvement has proven difficult to achieve. The
external quantum efficiency (7..) is stil much lower than internal quantum

25 efficiency. This is because the light extraction efficiency of conventional GaN-based
LEDs is limited by total internal light reflection, which occurs at the semiconductor-

air interface due to the high refractive index of GaN (n=2.5) compared to air (n=1).
The critical angle for the light generated in the active region is only about 23°. Most

of the light generated is repeatedly refiected into the substrate and eventually
30 absorbed. Assuming that light emitted from sidewalls and the bottom is neglected,

only a small fraction (4%) can be extracted from the surface.

Conventional GaN-based LEDs grown by metalorganic chemical vapor deposition
(MOCVD) use a nonconductive sapphire substrate. The epitaxial layers on the
35 sapphire substrate consists of usually a light-generating layer (active region)
sandwiched between a relatively thick n-type doped GaN layer and relatively thin p-

type doped GaN layer. The n-type GaN layer is formed by a stack of multiple layers
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Summary of the Invention

In accordance with a first preferred aspect there is provided a method to improve

35 the external light efficiency of light emitting diodes, the method comprising etching
an external surface of an n-type layer of the light emitting diode to form surface
texturing, the surface texturing reducing internal light reflection to increase light
output.
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25 The surface texturing may be at least one of: surface roughening, micro-lenses,
and surface roughened micro-lenses, holes, voids, pillars and vias. The micro-
lenses may be selected from: hemispherical, substantially hemispherical,
hemispherical with a flat top, a segment of a sphere, pyramidicia!, cylindrical, and
cuboid. The micro-lenses may be of:

30 (a) a spacing between the micro-lenses in the range 2 to 3um;

(b) a pitch of substantially 6um; and
(c) aradius of substantially 2um.
The micro-lenses may be substantially pyramidical and may have facets at an angle

of substantially 58°. The surface texturing may be over a part of the external

35 surface. The surface texturing may be in light spaces formed between joining

portions and an outer portion of a current dissipation array on the external surface.
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25 preferred erﬁbodiments of the present invention, the description being with

. reference to the accompanying iliustrative drawings.

in the drawings:
Figure 1 is a vertical cross-sectional view of a first preferred embodiment:
30 Figure 2 is an enlarged view of a part of Figure 1;
Figure 3 is an enlarged view of the right-hand end of Figure 2;
Figure 4 is a top plan view of the embodiment of Figure 1;
Figure 5 is a photomicrograph of a portion of a light emitting device according to the

first preferred embodiment;

35 Figure 6 is a scanning electron microscope image of a second preferred
embodiment;

Figure 7 is a more detailed image of a portion of Figure 6;
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The conductive layer 107 is for the transmission of light generated in the active
layer 106, the light passing through an external light output surface 108 of
conductive layer 107. The external surface 108 is the external surface of the air-n-
25 GaN interface. A bonding pad 109 is formed on the external surface 108. A current

dissipation array 110 may also be formed on the external surface 108.

The external surface is surface textured to improve external light efficiency by
reducing total internal reflection. Surface texturing may be by one or more of
30 surface roughening, micro-lenses, surface roughened micro-lenses, holes, voids,
pillars, and vias. One way of surface texturing is to etch the external surface 108 to
form a piurality of micro-lenses 111 from external surface 108. The micro-lenses
111 are preferably hemispherical or close to hemispherical. However, they may be
of any other suitable shape such as, for example, hemispherical with a flat top, a

35 segment of a sphere, pyramidcial, cylindrical, cuboid, and so forth.
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Figures 4 and 11 show the arrangements of the micro-lenses 111 in a current dissipation array
109, 110 on the external surface 108. The nature, purpose and construction of array 109, 110
is fully disclosed in our co-pending Singapore, patent application number 200606050-3 for an
invention titled “Electrical Current Distribution in Light Emitting Devices”; the contents of which

are incorporated herein by reference as if disclosed herein in its entirety.
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Agitation of the light emitting diode may be used during the etching. The agitation
may be by ultraviolet illumination. Additionally or alternatively, the surface texturing
may be by dry etching. The dry etching may be plasma etching, plasma

bombardment or laser processing. The dry etching may be before or after the wet
35 etching.



10 The m crolens can be forned by etching part of the
sem conductor LED. First, photoresist is spun onto
the surface, and then patterns are fornmed on the
resi st by standard photolithography. These
photoresist patterns act as subsequent etching nask
for mcrolens formation. Instead of the photoresist,
other materials can also 15 be used as an etching
mask. After etching and renoval of any residua
photoresist, the mcrolens is formed. In a second
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are iACrpAsgABYa fastor pheditoa about 584. 30 Agi tation of

the |ight emttlng di ode may be used durlng the

hi | tation ravi ol
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sur f d&@H etskingr iTihg degragatioe ohfordary veltageidngp (VIhestedKQH etching is
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ser n chi
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pyr andeppgidlg Nmetat éfter egfacarpugleninge 0 haseveese tdakageasiren does not

| NCT e@Pade WRE tel itthdase bt &tafilg e ef f i ci ency of GaN- based
LEDs. As shown in Figure 7,7 sone of the large

pyram ds were broken and new small pyramds tips were
f or neldgwe 10 lsbows @ phimf préfhreett ertbaiimewwhihad b cpyibifdtiod f surface

gr ow M, gHenhh MBo1 bR 1S 6Rsi¥RYurtdcB€ 181F Mide 1@ses 111, The surface
roughening 1001 may be over all or part of surface 108 and/or all or part of micro

25 lenses 111. In this way the n-GaN surface 108 may have an untreated surface
and/or a surface roughened 1001 surface and/or micro lenses 111 and/or micro

ilenses 111 with surface roughening 1001.

As shown in Figure 12, a layer 1130 of another material may be formed on the

30 external surface 108 of the n-type layer. This may be before or after the surface is
surface textured. An outermost surface 1131 of the layer of another material is
surface textured for reducing internal light reflection for increasing light output and
external light efficiency of the light emitting diode. Surface texturing may be as
described above.

w
(W)

The ohmic contact layer 104 is formed on the external surface of the p-type layer

105. The ohmic contact 104 may reflect light for enhancing light emission of the



5 the n-GN surfaced 108 can continue. Figure 8 shows
the electrical |um nescence ("EL") output power from
surface 108 versus the injection current (L-1) with
different etching tinmes. The data was obtained from
the same LED dies before and after KOH wet etching and
nmeasured 10 on the wafer before dicing, so that any
factor other than the surface norphol ogy could be
negl ected. The out put power at a given current

i ncreased significantly after surface roughening.
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light emtting diode. The ohm c contact |ayer 104 may
conprise a stack of nultiple Ilayers of netals and

their alloys. The netal nay be silver, alum num or LLOYD WISE

another highly reflective netal. The highly
reflective netal may be for a light reflection |ayer
for enhancing light reflecti df of the I ght emtting
di ode. The second ohm c contact 5 |layer 104 nay cover
the entire external surface of the p-type 105.

THE eramsi vel y, the ohmc contact |ayer 104 may cover
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nci n
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| ayer 1@®upnchststie of-rhigpdersayard smﬂacena;ghbmdoﬁucmn@sesar

nore of a GaN-rel ated material such as, for exanple,

GN, I nGaN, Al GaN, AIGaInN InN and AIN. 15 In

addi ti of PYNehes deined eciaimyy WPerRly tmlighhemifing inde hag afayer of p-
107, sutypaemtdrieddnd iah agtivetyetbetweee kHeor-tyidagen ahdie p-tipepsyer.
side. This may be on p-type |ayer 105 and/or contact

| ayer 101 and/or ohm c contact |ayer 104. Wil st

t hér e hésmeibechasielgimer eeaipn2. therdinoine golivegaxie sempripes @hleast one
preferr Ggect&pfr&ﬁhﬁ&bﬁﬁﬁb&s‘iﬁmibﬁ alfuBRtemt wéllmdﬁ‘éﬂtdnﬁ’melld tquantum
will be underst%gd R}/ t hose illed in the technol ogy
concer n8gS gAY Vatiations or nodifications in

details of design or construction nmay be nade w t hout

departi ﬁ%étﬁdﬁ@s%ﬂ‘ﬁn&fﬁ%%ne'o‘ﬂy@ﬂmts'1%‘3 %@Y@hﬂ@%ce mturmg is by
THE CLAI NS 1 thod to jnprove the external |ight

ef fici eWESﬁtU?”QW'@rﬁChQWic?'tSPW "di odes, the method
conpri sing etching an external surface of an n- type

lager ofa hbBRod 'agmam%g htddhdg g'v@@?em thg Jhghmatswlﬂ:ti%ﬁ% an aqueous

texturln% the surface texturing reducing Internal

l'i ght Wtopof Briessym hydoridg ard giehiists 8fia tpperatifedpied predetermined
the surpawe. texturing is at | east one selected from

the group consisting of: mcro-lenses and surface
roughened mcro-lenses. 2. A nethod as clained in

cl & m 1A Mmeteekph cleimed|ip gRY oemPt ¢7ifg 'dioot evhigesly agitatigreef the light
of p- typetingRice isderfamtbd0rirahd stenin@yer bet ween the

n-type | ayer and the p-type | ayer.

7. A method as claimed in claim 6, wherein the agitation is by ultraviolet illumination.

8. A method as claimed in any one of claims 1 to 7, wherein the etching is by dry
etching.

9. A method as claimed in claim 8, wherein the dry etching is at least one selected

from the group consisting of: plasma etching, plasma bombardment or laser
processing.

10. A method as claimed in claim 8 or claim 9, wherein the dry etching is before or after
the wet etching.



3. Anmethod as clainmed in claim2, wherein the active

| ayer conprises at |east one sel ect ed fromthe group | oypwisE
consisting of: a quantumwell, quantum wells, quantum

dots, and quantumwires. 4. A method as clained in any

one of claims 1 to 3, wherein the surface texturing is

by wet etching with a chem cddl solution. 5 A nethod

as claimed in claim4, wherein the chem cal solution

i s 1&n adueeibed asgpiger dhanf onecf &EMsumtch i minetedretha meicro-lenses are

et chi gg séléctéﬁ fr&n tiRTPenR EoHsRLifgOSf: ﬁerﬁlé&ﬂﬁéa@rsrrbél@rmally hemispherical,
peri o

Do 50 AEnisphees) V0 o i ot BRanar g SoHBe. oot . alsdrcal, an
is perfgwtmbl during the etching. 7. A nethod as
claimed in claim®6, wherei n the agitation i s by
uItan%Iet il lum nat.ion. thod as clained in

ny2-one AgPetqaps faimed; %a’*iy°’\ﬁﬁ?é?'@i“ﬁ1t‘%?s1 SPeRin e Migragnses are of:
dr y et @)iagpaciig béiweert thecicaslecdeaimtbelrange 2 tedum; 8,
wher ei n l;hae Eﬁlﬁfﬁﬁa&gﬁtﬁ?y éﬁrl' ahg | east one selected from

the gr oup consistin oﬁ‘ asma etching, plasma
bonbar dfferft agivs piykstantislysd8ssi ng. 10. A nethod as
clainmed in claim8 or claim9, wherein the dry etching

'1?_15)? oﬁewgggo@fageflalmgy? \é'ﬁ"a}m thC hg]rgln tklé(?nYlProane% ag'e aubstantlally

wher ei nPY'RBidigAlaNg hP@r@@*ﬁ %ﬁa@ a”@%PfeséP%%P“P'r‘Ycﬁﬁ the group
conS| sti ng of hem spheri cal, subst ant| ally

sph hem heri c lat top, a o
seg % aﬁhcéquge ﬁfpya?ﬁ‘ed?fccg'ms ti {%H’}’Frgﬁlﬂ,’e Sif5igee texturing is
cuboi d OlezapArtnfsmhe)deraslsgﬁanerred in any one of clains 1
to 11, wherein the mcro-lenses are of: (a) a spacing

between the micro-lenses in the ran to 3& (b) a
oi 1Eh o TCIBER ETREEY 1 S aMaereCC)e SiriosRifabTa o I light spaces
subst anfdrrakd bet@eem joitiBg pértiorest amd cin astec pettioredt a durrehtadisgipation array

11, whepgia eg(ggg‘ Eg &l enses are substantially
pyram di cal an ave facets at an angle of

substantially 58.
16. A method as claimed in any one of claims 2 to 15, wherein a first ohmic contact is

formed on the external surface of the n-type layer and a second ohmic contact is
formed on p-type layer external surface.

17. A method as claimed in claim 16, wherein the second ohmic contact is able to
reflect light for enhancing light emission of the light emitting diode.

18. A method as claimed in claim 16 or claim 17, wherein the second ohmic contact

comprises a stack of multiple layers of metals and their alloys.

19. A method as claimed in claim 18, wherein the metal is a highly reflective metal

including at least one of: silver and aluminum.

20. A method as claimed in claim 19, wherein the highly reflective metal is for a light

reflection layer for enhancing light reflection of the light emitting diode.

21, A method as claimed in any one of claims 16 to 20, wherein the second ohmic

contact covers the entire p-type layer external surface.



14. A nmethod as clained in any one of clains 1 to 13,

wherein the surface texturing is over a part of the

external surface. 15. A nethod as clainmed in claim 14,LLOYD WISE
wherein the surface texturing is in |ight spaces

formed between joining portions and an outer portion

of a current dissipation arrdﬁ on the externa

surface. 16. A nethod as clainmed in any one of clains

2 to 15, wherein a first ohmc contact is forned on
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18. A nethod as clainmed in claim16 or claim17,
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reflection |ayer for enhancing |light reflection of the
light emtting diode. 21. A nethod as clained in any
oné4.of élliahtresnittisg tiede2epmpribing e axternal sydacertd apimrtyre layer of the light
con]tc act eﬂﬁﬂ%%odehl%vﬁﬁ@tduﬁ%eptewm% ﬂoﬁtb/é%ir bﬁéﬁ:ﬁlﬁg"&he surface texturing
surface

ne. of - EPER R MYCPE nSe Ly BTG SEaHs dafiiouot SR exera
cont act lighteliceney gidre lighhemitting i@de.- whepen Iheyserfaextegoimglis at least

sur f ace gndMsgiBerd NBorh qg@b%@@%o% stind BE nRcrbYeRSed A¥Eburface roughened
external surface being at |east partially covered wth

at | easfM&ENSESef | ective material for reflecting |ight
for enhancing light em ssion of the light emtting

di 9% ﬁgh&rﬂr‘ﬁﬁ%&’i%@% (9:; rﬁiacmﬁ%a'inm Zﬁ%e%r}ﬁthgfl q"?lef%htm@ d?o ehas a

rein t active ayer —an
the n- tW@r 9f gye f&?t%f' ?”dl %‘a?&{"edﬁl@f E@W@?I\‘Bﬂ”ﬁ%r‘ﬁ‘yﬁh@d the p-type
group cefedsting of: a GaN-related material, GN,

InGaN, AlGaN, AlGlnN, InN and AIN. 24. A light

emtting diode conprising an external surface of an

n- €9pe Adigblrentting diedq asgaimectinictaim @g vdietsiretha gotivadayer comprises at
sur f ace da6Xdridr de@teti GfofEfle RYoBlehligtEy of: REqRHILAAEEI, quantum wells,

X rin
textu gantum dots, and quantum wires.

27. A light emitting diode as claimed in any one of claims 24 to 26, wherein the micro-
lenses are selected from the group consisting of: hemispherical, substantially
hemispherical, hemispherical with a flat top, a segment of a sphere, pyramidicial,
cylindrical, and cuboid.

28. A light emitting diode as claimed in any one of claims 24 to 27, wherein the micro-
lenses are of:
(a) a spacing between the micro-lenses in the range 2 to 3pm;
(b) a pitch of substantially 6um; and
(c) aradius of substantially 2um.



being for reducing internal light reflection for

increasing light output and external I|ight efficiency

of the light emtting di ode, wherein the surface LLOYD wise
texturing is at |least one selected fromthe group
consisting of: mcro-lenses and surface roughened

m cro-lenses. 25. A light emilft | ng diode as clained in
claim 24, wherein the light emtting diode has a

| ag®r of fght ppdtingadiefe & dgimediin &t &, (WAgein Bt Misenlenses are
t he n-t ypstantang pyrandicalsmd Paleyfpcets dtay @hgle ditsubAartialies:.
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di ode as clained in any one of clains 24 to 26,

wherein the mcro- |enses are selected fromthe group
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hem sph I r
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one of clains 24 to 27, wherein the mcro- |lenses are
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(c) a r aditaps isghrmadnnt the extemnphsudiage of theOyIPRWagEr ant3a serond ohmic
A 1 ght ceid: Isirétehed bR PRy pRTayel dddifilsirface! ai m 27, wherein

the mcro-lenses are ‘substantially pyram di cal and

have facets at an angle of substantially 58. 30. A

| i ght eniligbt engtticg didée asclained medkin 132 awlyerem éecfecaidaihmc contact is
24 10 290 WYRfi&h fyht Bﬁerﬁm%d‘lr%q{éht Jnﬁggﬁou mg li§R ey dode.

part of the external surface. . l'ight " emtting

di ode as clainmed in claim 30, V\herel n the surface

t ess.ur i Agightenitiing digdetas ciiaess chior 3eeal clagh & evhejebi the Bgtond ohmic
portion .
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emtting diode as clained in any one of clains 25 to

3135 whepaight emitfing tﬁédecﬂ?.rﬂaﬁinediﬁ) Bliac34, waerbantedetans & Rhly reflective
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36. A light emitting diode as claimed in claim 35, wherein the highly reflective metal is

for a light reflection layer for enhancing tight reflection of the light emitting diode.

37. A light emitting diode as claimed in any one of claims 32 to 36, wherein the second

ohmic contact covers the entire p-type layer external surface.

38. A light emitting diode as claimed in any one of claims 32 to 36, wherein the second
ohmic contact covers a portion of the p-type layer external surface, with the
remainder of the p-type layer external surface being at least partially covered with
at least one reflective material for reflecting light for enhancing light emission of the

light emitting diode.

39. A light emitting diode as claimed in any one of claims 25 to 38, wherein the p-type
layer, the active layer and the n-type layer are at least one selected from the group
consisting of: a GaN-related material, GaN, InGaN, AlGaN, AlGalnN, InN and AIN.



contact is forned on p-type |ayer external surface.

33. Alight emtting diode as clained in claim 32,

wherein the second ohmic contact is able to reflect _
l'ight for enhancing |light em ssion of the |ight LLOYD WISE
emtting diode. 34. Alight emtting diode as clained

in claim32 or claim33, wherdin the second ohnmic

contact conprises a stack of nultiple |ayers of netals

and their alloys. 35. Alight emtting diode as
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a L ght Anigk! eﬁﬁtﬁrﬂgod"odeaa\é%faln‘éarm QQR%CWM% 'tr@h;t.lrface texturlng on the p-
reflection of ngt emtting diode. 37. A
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entire p-type | ayer external surface. 38. A light

emtting diode as clainmed in any one of clains 32 to
36,42-\/\he%emﬂth?q1és SEFeaddin BHANe ‘écﬁ'ﬁ"ﬁﬁzﬂ e Rrefushey qoatPfising surface
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reflective naterlal for reflecting |ight for enhancing
light em ssion of the light emtting diode. 39. A

light emtting diode as clained in any one of clains

25 to 38, wherein the p-type layer, the active |ayer

and the n-type layer are at |east one selected from

the group consisting of: a GaN-related material, GaN
InGaN, AlGN, AlGlnN, InN and AIN. LLOYD WSE 14 40.
Alight emtting diode as clained in any one of clains

24 to 39 further conprising surface texturing on the
p-type side. 41. Alight emtting diode as clained in

cl ai m 40, wherein the surface texturing on the p- type
side is on at |east one |layer selected fromthe group
consisting of: the p-type |ayer, the ohm c contact

| ayer, and the contact |ayer. 42. A nethod as cl ai ned

in any one of clains 1 to 23 further conprising

surface texturing on the p-type side by surface

texturing at | east one |l ayer selected fromthe group
consisting of: the p-type layer, the ohm c contact

| ayer, and the contact | ayer.



