PHASE- SHI FT MASK W TH ASSI ST PHASE REA ONS CROSS- REFERENCE TO RELATED
APPLI CATI ONS [0001] This application is a continuation-in-part of U S
Pat ent Application Serial No. 12/928,862, entitled "Photolithographic LED
fabrication using phase-shift mask," filed on Decenber 21, 2010, which

application is incorporated by reference herein. FIELD [0002] The present
di scl osure rel RHASESEHET MA(SKFWSI&HMSSISISRHA§&R£GW&$I i t hogr aphy,

and in particular relates to phase-shift nmasks having assi st phase regions.
BACKGROUND ART 100031 Phase-shift masks are used in a variety of

phot ol i t hogr aphi ¢ @REISSREFIRENCEPOREERATEDAPPIICATIONS ated circuits
and light-emtting diodes (LEDs). Phase-shift nmasks differ from

convent jiRiAl] qlﬂasoﬁﬁ&ﬁfoglié‘?§oﬂ%§§%ﬂ-{h-f)e§fﬁIU@PE{eﬂin\AﬁP@fc%ﬁSn SEHIN 1N 2

phase-shift "mas ve a relative phase erence elna
chr one- 192§, 8695 emtitkd, “Phb®@lithogrephar Ikl fateghatosusihg pheve-shifheadaihtledehat | ve

phase. The benefit  of Vi ng. sel ect. phase di.fferences for the transparent
regi onsg?"ﬁ’ ebﬁLsQ@-lgh‘i"ﬁ@h ﬁﬁ@f@apgn BSHY OrP‘Pfétegrbgﬁ%%éqnﬁﬁgeng’gi ons can be
configured so that the electric field anplitudes add in a nmanner that

result in a sharper imge intensity fipm@yge contrast). This in turn results
in an increased i magi ng resol ution when printing features in photoresist.

[ 0004] a - shi ft i ;[g > aakt i phase-shi ft

Fegi onslO0d 2 B e R A eI T2 phase

r egi onsphofilithograpilyaset shiafticubm silates tauglekershiftonasks haviog agpidt ehsserregipes ol ut i on
of repeating patterns. However, the inproved i nage contrast ceases at the

edge (perineter) of the litho field because the repeatin
pattern nust termnate. As a ?WW@%Me patterns forned gdj ace%t
to the field e tend to be distorted b iscontinuity j.n the, ot herw se
pener | dPUBIonEbEE Il mreR et wsedth Aaaniy st ohe@TReiPhlscbelSetans 19 ERE past by
confi g%mﬁ&nab&om@eg@at%&ﬁém@?ﬁ& lighCerhitghd ABESTIEDsE! Phasblehi it Aadks deer

distorted features would print ina region on the wafer that ultimtely
woul d rfoam lgenvestidnal shfomenen-plesawiskslin day thedransparenteegiorroin agphasarelifif act uri ng

S ET METERA W AT R S Ar e
regions all have the same relative phase. The benefit of having select phase differences for
the transparent regions in a phase-shift mask is that the transparent regions can be configured
so that the electric field amplitudes add in a manner that result in a sharper image intensity
(image contrast). This in turn results in an increased imaging resolution when printing

features in photoresist.

[0004] An example phase-shift mask can include alternating phase-shift regions, i.e., a
periodic pattern of 0 degree and 180 degree (7) phase regions. Such a phase-shift mask is
useful for enhancing feature resolution of repeating patterns. However, the improved image
contrast ceases at the edge (perimeter) of the lithography exposure field because the repeating
pattern must terminate. As a result, the feature patterns formed adjacent to the field edge tend
to be distorted by discontinuity in the otherwise beneficial phase interference. This issue has
been addressed in the past by configuring the phase-shift mask and the imaging field such
that the distorted features would print in a region on the wafer that ultimately would not be
used to form the actual device. However, not all manufacturing applications have this
flexibility, and therefore the conventional alternating-phase phase-shift mask cannot be

employed.
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100051 One exanpl e manufacturing application where distorted features at
the field edge can be problematic is in LED manufacturing. LEDs are

becom ng increasingly nore efficient due to continuous inprovenents in LED
fabrication and LED design. However, a general limtation on LED |ight

em ssi o iciency is due to a total internal reflection of the |jight
gener at B’&%&I t H?IFF eg%glp GEB?‘mifﬁ)“rturé%Wﬂé?UqrhW%er@ distqrigheatiges ak_at-he (eihgdgBased
LED, n-doped,8ndmBidRng @@Maﬁéﬁ@cﬁﬁn@LEIﬁﬁg QM@E&%ir&éin@re%ﬁg%lg apgy gﬁﬁgen&a N

substrate (e.g., sapphire) having a rface. The n-dope p- dope
| ayer s danidwontinumms avpiovembsty er LERfabroradonfind hEDGEM ghayrvevhigs gansal f ace

that interfaces with.air..Light_.i.s generated in.the active layer.and is
eni ttedﬁ@&ﬁ%‘?f} VA ﬂﬁbg@!‘ ginpsgionie ?ncgbﬁg%ﬁo,at rffgalge %qtlafliﬂgﬁwl tgh
ref r act pamRrdtdid®hiafthePept e eﬁﬁnﬁe,riﬁ%Lganiurﬁ-kl_ﬁﬁ@e-%hﬁ?a%aﬁh ILHS, f=adpaal T

interface a maxi mumincident-angl e cone ("exit cone") w thin which the
| i ght e3tdipsdend GalGlavewsiare suppertédibea spuicondiciirgubsifatasi tsapplyte) haging a

reflect ck.into the GaN str re due.tgo Snell's Law. [000 TQ J.mprove
LED 11 nn 66 S GOt maERept G M HRnueh b B hsdny Pl R Al

r ougheniagers tlisi sutaee ik fraeaced Witha@u ghigiad osiehaéd mlthe setlhviedsRr afdist ers the
internally reflected |ight, causing sone o% t he Iig_ht to fall within the

ed 1] ght : al |

exit coifeitissgauatlyiin al dirpetronsy Homewsr, Caprheyanglatively Righrrelrastivedndsx odf f i ci ency
of the I i BT Lt . i to have
o contrilTab A angul eft ARG HEng: AR RRR b RftERbLORE o0
sur f ace“eat tdmat’) whieinlvitish thavighaexiisdkapiGadN-ais interddder butandidedemihictalight
per f or mance. this en it is desiraple that the roughened substrate
surf acé® B%&E?E?‘P@ﬁ e ﬁ@&?aﬁ BEckys dae fpdiealh fbgﬁlwf eature pattern distortions.
SUMMARY 100081 An aspect of the disclosure is a phase-shift mask for use in
a_phot dPPR%oglapmpeoveddd? Hghtspiesion HagicRey. acHaig it lye bpen fabrigaied with
phase- shiof.bhdiRg E%ﬂ%ﬁ%te%uf@%? kﬁ{quﬁé}%n@iglﬁ%trgtfe sﬂgﬁéees_cﬁﬁirg }I%eriﬁghpa'ﬂ R sized to

a u t. pha I

be at or ove the resolution |1 dj acent se-s regions R have a
rel at i veflghablkghl] daliging seee of thedightedghb edthimtid ckhieonas aayextiathe ALEDE theredyer .

The phase-shif k al so has.a plurali of assist phase regions R . The
assi st IBWé%Véngélﬁir@ﬁEe SSla?Eﬁsé?ﬂqr’&EQngeilré%di ately adjacent at |east a
portion of the perinmeter, wth each assist phase regions R being sized
bel ow tIA®H esB RBHastuRDE cRiEPIMER! Algis desiebla tohavpp serirallablerandicpngstepice of

180 d egﬁiﬁqgéd &el}ogfﬂ-n%ﬁ}éé H)ugﬂ&ea%gﬁx%@ su?ﬂg? gd ﬁlla{ IlfhE &r]ﬁgs' 129 gn 1 %QE%']I:h le n the

phase- t mas pefimeter prefera I'ncl udes four edges.
phase- struéturer angiidansicalr erformbrea dloytharendnig edicaidptde dnat theactghehed hitbsravgr

edges. 0010]. 1 n the phase-shift sk, the perineter, preferably includes
f our CSP%%CF e]OfoIP‘?ffe‘Hlﬂé&ttt ahoygrde nﬁégfe&ﬁﬂe Pé%"srfléiﬁst(g}ﬂgg% regions R are
respectively arranged adjacent the four corners.

SUMMARY

[0008] An aspect of the disclosure is a phase-shift mask for use in a photolithographic
imaging system having a resolution limit. The phase-shift mask has a checkerboard array of
phase-shift regions R sized to be at or above the resolution limit. Adjacent phase-shift
regions R have a relative phase difference of 180 degrees, and the array has a perimeter. The
phase-shift mask also has a plurality of assist phase regions R’. The assist phase regions R’
are arranged immediately adjacent at least a portion of the perimeter, with each assist phase
regions R’ being sized below the resolution limit and having a relative phase-shift difference

of 180 degrees relative to the adjacent phase-shift region R.

[0009] In the phase-shift mask, the perimeter preferably includes four edges. The phase-

shift regions are preferably arranged adjacent each of the four edges.
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[0011] In the phase-shift mask, the assist phase regions R are preferably
arranged i medi ately adj acent the entire perineter of the checkerboard
array. [0012] The phase-shift mask preferably further has an opaque | ayer
i mredi atel y adj acent a perineter defined by the assist phase regions R

[ 0013] her. aspect of the disclqsure is a phase-shift mask for use in a
phot ol i [Aﬁrf}gé} adﬂ%@ PheagyPii g sk WaPrAYEisy Preierallyingludss foyrpofnesndefed by

wavel en T =Sl ; 5 : ﬁgﬁ% as a
surface?&gguE?%gpgggEﬁﬁggé&Fg%%éﬁgga?I;aﬁééﬁg 5¥gﬁgg?% t etﬁ{%q}Su

phot ol i ¢drogsaphi ¢ i magi ng system wavel ength. The phase-shift mask incl udes
a checkerboard array of phase-shift regions R supported by the mask body
sur f ace[0dnd] sild etk ghasdshiAtmBk, tbaystst phaseregiohdRi &6 prdfBiably aManpeddj acent
regi ons, R have a phase difference of 180 degrees. The checkerboard array
has a p@rneEpely adpmeent the prfie permeier phibecheserboggeditaynd four corners. The
phase-shi ft mask al so includes a plurality of assist phase regions R

suppor t B813ly tlhe phasssthithmasls preferelly fmalics basen epaquh tayer memedialcly adjasesized t o

be bel o Lutign li.mt. The. assi,st phase regions R are arranged
i mredi éﬁ@gggﬁgggﬁﬁy eém%ﬁﬂggﬁ?¥§“%§%%dges and the four corners so as to

surroun e perineter, wth.each assist phase region R having a .
ohase: S0 PRRURE Rttt g SREgrE RS PlasBerTamd tohiscda e abel ihabio i 1
region i&a%ﬁ% ySleat Havenol OrebdIBtiGHi RGN 28Rl gMNARE phRBIsA Mask RLQkAdskThe
phase-shift mask preferably further includes an opaque |ayer inmediately

adj acentody. Pes magk eadydws arvedadsy andhidie arask Hpdy isazsactialyitensparnt to the015]

Anot her . S u i ., .ph l.i ;hegraphical ly
ot or G S dedinit I SRR vt TEA Bt R AR 0SS 47 g
sem condhgcitedboasdhshy afl ghabavhifigegiosdR sagmricd dly thampst b&lyasukfayeindodized to
phot oresi st. The net hod al so.in¢ludes photolithographically inma igg a
hi ft

phase- S1i 3O Ak thateselution Hmdt, PHE adigent regiopid bayea paase diffisenos 4 d

mask i i i with
ndh acony ERas CE ERa B ARG R o BEAALE M AL ARESBLRI br (E8H AREREE " T
checkerdooamrsl Hura ghasdrals ftangséral soehedndesAndumlipt eff abist phaed regisis & spp@seedr egi ons

R each is si,zed to be | ow the resolutign l.imt. The assist phase regions
R are barhe EEC e a o) Sor PhETroRDn Fadste BOFCEO BF eiba T or
Each asgiesksibhas fe@noR’ Bre £8908d Phds@arl ddadhi he pRRARY OF cdRQ HedLes

relative to the adjacent (Phaseishift regicon"R. The nethod further includes
pr ocesdpwgrorigss phast torsegpend thaperimetsr.fwitheashpesistpdiass regioaR’ davipgetdresi st

oot or SLIfPRRE LN SRS BE T BUP st BSE b0 BICRERHA e

r oughengdphcsnibsdistathesesdpioa®e, The nmethod al so preferably further includes
forming a p-n junction nultilayer structure atop the roughened substrate

s U(rj f aclgooi@%ﬁe pibsbREitRARAH e fetdbBy RETHeERRRIMES 2 0SB I4yRE fnhSaiReRf er abl y
made OT Sa 1 re.
adj acgne a perimeter defined by the assist phase regions R’.

[0015] Another aspect of the disclosure is a method of photolithographically patterning a
semiconductor substrate. The method includes providing a semiconductor substrate having a
surface that supports a layer of photoresist. The method also includes photolithographically
imaging a phase-shift mask pattern onto the layer of photoresist. The phase-shift mask pattern
includes a checkerboard array of phase-shift regions R, with adjacent phase-shift regions R
have a phase difference of 180 degrees. The checkerboard array has a perimeter. And a
plurality of assist phase regions R’ each is sized to be below the resolution limit. The assist
phase regions R’ are arranged immediately adjacent at least a portion of the perimeter. Each

assist phase region R’ has a phase-shift difference of 180 degrees relative to the adjacent
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[0018] In the nethod, the photolithographic imagi ng has a wavel ength of
nomnally 365 nmand a unit magnification. [0019] In the nethod, the
substrate posts preferably have a di nension of one mcron or less. And the
met hod preferably further includes performng the photolithographic inmaging
at a nuneric [0020] .In the nethod, the

I ) I )
phase- sﬂlil%sﬁ'sﬁilé%%gﬁlﬁg %qu];lﬁt%f’g if"?rh@if ?r}%ﬁ@eﬁag@e%%mgdbaawoxea%kaywﬁﬁéa%ﬁe| y

adj acentedhdnek gdefined Y the assist phase regions R. [0021] In the
nethod,ﬁihe phd?ﬁ?ﬁ%ﬁograpﬁ%%al?y i mgi ng preferably includes stitching

t oget he o] i SALE; i al nt | ar.ray of
photoregygﬁpng%gn%%&{ﬂ%ﬂ%%§g? 0 ?Bﬁ%ﬁ%géégg%hgﬁégp@ﬁ%%?%ﬁ%#%??vofégghntire
subst r atrearray] QGRABtrafpddncthatediiae b rofghehal dibseito sufei "Shéimﬁﬁfbﬁ athoof form ng
an LED. The t.had i ncl udes photolithographically exposing photoresi st
suppor t %f&quﬁbqg Tagier etilee fgping dpyjgp@iongnylgiaret Heicgir atgR onghesed

phot or egjpsty .including passing illumnation light through a
phase-shiftmﬁggﬁiﬁaving a checkerboard phase-shift pattern having a

peri met @g)(lﬁ]u re H@%&Bg&é t%se%ié@r}ﬁugﬂé)r ?ﬁ%ﬁé@ﬁg b}‘!%%r&gﬁ %fasdie %tfs é{f)%isrg regions.

The et al so'1nc S processin oresi posts to form

an arr sybst rat ts t defi.ned a rpughened substirate su ce. The
ot hoa 0958 7 SREIF Fal R B A bodtRgtie Fhading B Fafie el BATFalies T he
roughengd asdlbshitaignFitafigee to formthe LED. The roughened substrate
surface acts to scatter |light generated by the p-n nultilayer structure to

i ncreas@ofgy amPiim@hod, e dubsimait Heds Bﬂéfér@tﬂg%ag% At ERAFDnt Hli(‘iljaﬁ é)l* R,

havi ng an unroughened substrate surface. | I'n the nmethod, t

phase- sthid themagthogprefesatdyp Fiyrthen frichules herforaning aqhetaliglygraphinpdigatgsdt

adj acent a Epfinﬁierigp in@d by the sub-resol ution assist phase regions.
[ 0024] T8 HethSe QESF?thographically exposi ng the photoresist is

pref er carrjed out, at nuner.i cal apertur f 0.5 or less. [0025] In
the _rreta[m%o,] i e, ?‘éeﬁﬁlaé%igﬁf} r@@%@é fﬁ@%ﬁ@ﬂﬁﬁdpw&% Wonagugplayster abl y
car ri ednfdielVaYRLERG R iRfetdd AaHAR] byh385ifPhaRdeg@bnyRI t Magni fication.
[0021] In the method, the photolithographically imaging preferably includes stitching
together exposure fields to create a substantially continuous array of photoresist posts in the

layer of photoresist over substantially the entire substrate.

[0022]  Another aspect of the disclosure is a method of forming an LED. The method
includes photolithographically exposing photoresist supported by a semiconductor substrate
to form therein an array of photoresist posts, including passing illumination light through a
phase-shift mask having a checkerboard phase-shift pattern having a perimeter surrounded by
an array of sub-resolution assist phase regions. The method also includes processing the
array of photoresist posts to form an array of substrate posts that defined a roughened
substrate surface. The method additionally includes forming a p-n multilayer structure atop
the roughened substrate surface to form the LED. The roughened substrate surface acts to
scatter light generated by the p-n multilayer structure to increase an amount of light emitted

by the LED as compared to the LED having an unroughened substrate surface.

[0023] In the method, the phase-shift mask preferably further has an opaque layer

immediately adjacent a perimeter defined by the sub-resolution assist phase regions.

[0024] In the method, photolithographically exposing the photoresist is preferably carried

out at a numerical aperture of 0.5 or less.

4/27



[0026] In the nethod, photolithographically exposing the photoresist
preferably includes stitching together exposure fields to create a
substantially continuous array of photoresist posts over substantially the
entire substrate. [0027] The nethod preferably further includes

partions of the exposure fields that correspond to the assist

I .
SKSEeaPE@E%hs Tgfthe methpthaelalithqaranpically cxponmsihc REefOFgsih i Preleebl eriehd
advant aggs, ‘gg‘wewﬁggl(rj(%ﬁ&bﬁﬁﬂggj@rerg%?ﬁ& af Wit Nadinddigndet ai I ed description that

follows, and in y apparent to those skilled in the art

fromth SGri.ptio r.recogni zed ractiecing the. enbodi.nent S

descr i bPHET 3F iR P EEpEarkETRRE-GE R SEP LBt B bR PERA T TS e

cl ai s, stachingtdgetsr Epsapprndad ciarvd MBStantTNE @hahits @ea$ bf phdtérepisr t  of

this specification, and are hereby incorporated into the detailed

descri pPessrevsy sthstaatialhe e eptigaupstiate.j s to be understood that both the

foregoigg %eneral description and the follow ng detail ed description

pr esent B82%le| dbe anathqdpre fusther mgludes averlappingiperiians of thereaposuke fields
isclosure as it is clained.

under st andi ng t he .nat ure and char act of. the.

The ac c@ﬁﬁ%’ yls%odl%&? ghvﬁ ar‘?(f]lgﬁg}aée fel%qnﬁc(l)ggletpc})la%er'%\}ﬁ%asa' further understandi ng
of the disglosure, a are incqrporated.into.and constitute a part of this
epect 11 OE8lon Afiondl Safirgand FitdTeGs T st SUSNE St e b bf dPRded

di scl osaiseniptRRdh&tAORENE andid Part BE1 BERAATIPAAFRRNE & h8sd Kilfedhahdlart A8m
princi pl es and operations of the disclosure. BRI EF DESCRI PTI ON OF THE

DRAW NGBa @safjtioRloGrecpghigediby prasheing thecqnalysligents podescribiddlipreim ineludimgexanpl e
GaN- based LE. at_.i.ncl ude roughened substrat.e surface.defined,hy an
array oS goatd AR YRER S G MIERE RO Bis e BEF oS hIGE T case

i n LED dl4ihghbpstiite patt @i tHi9Bpee Hlcatisn, pas brechai@ishasipdratedinnshe d@kilen LED such
as showmn in FIG 1 and having a uniformarray of posts that define a

r ougherfsacrydiopiyirefcssnsst rat e surface; [0032] FIG 3 is a perspective view

of a portion of an exanple uniformarray of posts;, )
[0029] It is to be understood that both the foregoing general description and the following

detailed description presented below are intended to provide an overview or framework for
understanding the nature and character of the disclosure as it is claimed. The accompanying
drawings are included to provide a further understanding of the disclosure, and are
incorporated into and constitute a part of this specification. The drawings illustrate various
embodiments of the disclosure, and together with the description serve to explain the

principles and operations of the disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

[0030] FIG. 1 is a schematic cross-sectional diagram of an example GaN-based LED that

includes a roughened substrate surface defined by an array of posts;

[0031] FIG. 2 is a schematic plot of the measured increase in LED (light) emission (%)
versus post dimension (microns) for an LED such as shown in FIG. 1 and having a uniform

array of posts that define a roughened sapphire substrate surface;
[0032] FIG. 3 is a perspective view of a portion of an example uniform array of posts;

[0033] FIG. 4 is a close-up perspective view of four adjacent posts in an array of posts,

showing the edge-to-edge post spacing S, the post diameter D and the post height H;
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[0033] FIG 4 is a close-up perspective view of four adjacent posts in an
array of posts, show ng the edge-to-edge post spacing S, the post dianeter
D and the post height H [0034] FIG 5 is a schematic diagramof a
general i zed photolithography system used to conduct photolithographic

I magi ng_and to _generally carry out the methods of  the disclosure; [0035]

Flh G |6 [0034] ndle YstaichenaticHamam o ageagidrebphosplithogiapyesysien yed to

toli - ; in : i i ew of

Elxzn& SRR R HR e T Bendiptl ANl rethogSotnPURAOMEY of an
i d al so, incl n | hat  sh

e do 038 £lo. A AR KERMAD AR o nh R Bt s P THRELS ano

an | nsedysfend ddivnsheus. &N array of photoresist posts formed in the LED
regions; [0037] FIG 8A is a schematic diagramof a portion of an exanple

phase- sjposé] MEek, YRES fat PR WEIHH RAMDRIAbARAPIHLERS kBHUBNEelRs adMvbilas
transm ssive regions 'Ro having a 00 phase shift and transm ssive regions R
havi ng glgrl @nd fiph akgnredrit marky, ead 8o Fictudeg M InseiaA ¢had skowipthe iesppsute figas,

regi ons of e, phase-shift mask.of FI G 8A. [,0039] FI is a schematic
G Sor antor e RGOSR T eorTathag et gkt B an TS, o fs By o
array ofrrayWIphb@Fait peds forméll @i B B egiddse-shift regions are spaced apart
and have a pol ygonal shape; [0040] FIG 9B is simlar to FIG 9A but

wher ei nobsy Phases Al £ dchb @bl OMBg@REOCd FSEHbRDS an example phase-shift mask where
the mask pattern comprises regions R, with transmissive regions Ry having a 0° phase shift

and transmissive regions R; having 180° (w) phase shift;
[0038] FIG. 8B is a close-up view of four regions R of the phase-shift mask of FIG. 8A;

[0039] FIG. 9A is a schematic diagram of another example phase-shift mask that can be
used to form an array of sub-micron posts, wherein the phase-shift regions are spaced apart

and have a polygonal shape;
[0040] FIG. 9B is similar to FIG. 9A, but wherein the phase-shift regions are circular;

[0041] FIG. 10 is a scanning electron microscope image of an example array of pillars
formed as photoresist posts having a 3 micron thickness and using a phase-shift mask similar

to that of FIG. 8A, with regions Ry and R;; and with L/2 = 0.6;

[0042] FIG. 11A is top-down view of an example chrome-less phase-shift mask having the

checkerboard array of FIG. 8A, but that also includes sub-resolution assist phase regions;

[0043] FIG. 11B is a close-up view of an example of the inset region denoted as AA in
FIG. 11A showing a portion of the phase-mask pattern that includes the main checkerboard

phase-shift pattern and the corresponding example configuration of assist phase regions;

[0044] FIG. 11C is similar to FIG. 11B but wherein the assist phase regions configuration

further includes a corner assist phase region;

[0045] FIG. 12A schematically illustrates an example of an array of photoresist posts
formed by a checkerboard-pattern phase-shift mask that does not include sub-resolution assist

phase regions, showing how the perimeter posts are distorted relative to the interior (central)

posts;
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[0041] FIG 10 is a scanning electron mcroscope i nage of an exanple array
of pillars forned as photoresi st posts having a 3 mcron thickness and

usi ng a phase-shift nask simlar to that of FIG 8A wth regions Ro and R’
and with L/2 = 0.6; [0042] FIG 11A is top-down view of an exanple

chrone-| ess phaée-shi_ft, mask havi ng. the checkerboard array of 8A, but

G
that ol K09hol e L S frmUean il ioh ALS! it Bl ech Sgehgatiorh poms sl sl 15 | s
a cl 0Sep P dHian: Sfb-ARoBHATRIsRt BflasEE bl sh nf%qllog)é’t:ﬂggggm@ r PbtbRsft & 11A

i
showi ng a portion of the phase-nas attern tha es the main
checker poty ae phiztcatishy flic spattaethe iardot pestgor r espondi ng exanpl e
configuration of assist phase regions; [0044] FIG 11Cis simlar to FIG

11B but [004%) eiMGt hRisas@bstsepi@me viea fAnD apdtleddfray bDokitiftNsHotdrogibtudes a
corner assi st phase regiagn; [0045] FIG_ 12A schematically illustrates an
exanpl ePts FAMeg g Photorssisitlayes ap based 9adatargsnergied diping PIRERIRAZRANG- pat t er n

phase- Sﬂhgévﬁl{éﬁsgﬁw%@&ndqﬂﬁﬁraﬂﬂé tﬂe%‘ehb‘@&alséfﬁ'c{ ﬁ%ﬁé F‘&B-fé@olﬁﬁéﬁﬁ siPARE I egi ons,

showi ng perinmeter posts are distorted relative to the interior

( cent r ategiopssing; [0046] FIG 12Bis simlar to FIG 12A but with the
checker board- pattern phase-shift mask including the sub-resol ution assi st
phase r@Qu8ins FaGH. BHOWirs\gphhiohl, 4rB echeatatioek&hplp RedseseSiontl Wows 61 @akebstrate
substantially the same as the interior posts; [0047] FIG 13 is a

cr oss- s¥d1g BREFSsed vour ap appy phprsteld thy subptree suiksiwsingghoplidhegradist post s
f > o \
bhot of i TRgheoRl SDARCShint BUS o OB R R iCh R ASRET A S Mo course of 1 o

of t he feubingdddDuddconlimgs®itb¢ pehas disclogirens; and [ 0048] FI GS. 14A t hrough
14E are schematic exanpl e cross-sectional views of a substrate being

processed to forman array i ate surface using
phot ol i t hogr aphi ¢ i magi ng vmol{)ﬁ%gjtfﬁzys@%m@% and phot ol i t hogr aphic

B: gggﬁﬁb%ﬁg{gfﬁ ucgsls rllor{)v Engﬁe ?r? gtgi?toox];arfo?lg renmggdilr_n%%s o%?ﬁeoéigélgglré,o the

examples of which are illustrated in the accompanying drawings. Whenever possible, the
same or like reference numbers and symbols are used throughout the drawings to refer to the
same or like parts. The drawings are not necessarily to scale, and one skilled in the art will
recognize where the drawings have been simplified to illustrate the key aspects of the
disclosure. For example, in connection with the phase-shift masks disclosed herein, such
masks can contain many thousands of phase regions, and in certain Figures a limited number

of the phase regions are shown by way of illustration.

[00S50]  Aspects of the phase-shift mask with assist phase regions of the disclosure are
discussed in connection with the fabrication of LEDs by way of illustration. Thus,
information relating to LED structure and fabrication using photolithography are set forth

below.
Example LED structure

[0051] FIG. 1 is a schematic cross-sectional diagram of an example GaN-based LED 10.
Example GaN-based LEDs are described in U.S. Patents No. 6,455,877 and 7,259,399 and
7,436,001, which patents are incorporated by reference herein. The present disclosure is not
limited to GaN-based LEDs, and is directed to any type of LED formed using

photolithographic imaging and processing techniques and that could benefit from an
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DETAI LED DESCRI PTI ON [ 0049] Reference is now nmade in detail to various
enbodi nents of the disclosure, exanples of which are illustrated in the
acconpanyi ng draw ngs. \Wenever possible, the same or |ike reference
nunbers and synbols are used throughout the drawings to refer to the sane
or like parts. The draw ngs are not necessarily to scale, and gne skilled
in the Hereaggd light s%ﬁmszle\mﬁér@lg&lﬁ@doﬁﬁlm%wrfﬁaeéora@é&mnrﬁaaiyﬂ Sasts as

i1 ustrates 5@%&%}{ aspects of the disclosure. For exanple, in connection
with the p ase-shift masks di scl osed herein, such masks can contain many

t housan@él g{] &I@ %o i cf%gg sul%?r%ge:(% 1%%'{&&6" Excggé egééa?l&mater?als ng ﬂ]eOf the

phase r S are s |0n
phase- Sbesﬁrataaeknonemapplﬁt@tslcpfw@e 9iegt. onsspeiedtd&q) fibsedt0201iea @l di scussed
in connection with the fabrication of LEDs of illustration. Thus,

i nf or maBHayes paGtwg 30dhatprsledas gampdaped Sy larzs@r %rﬁaé\hlaﬁ & hf0 and a p-doped
phot ol i ﬁtﬁm&}i’eﬁ) E*Bé)r QLR 1 tr”)fs%r&v it g%r%e s5X iR e hFR m}é} wa gé(&i%ggéleig' G 1

is a schematic 0SS- tlona Iagram of "an exa
Exanpl e5GaNdbvicheh dcERs laae1e6(lj edtr thb adidN ldyeSi0 b'!ahgadjacdﬁo sub@tréﬁ&08 1 otired

7, 259, 399 7,436, 001, wh t t efe
her ei n. wggegrle%‘%ﬁ{nba w&'@?& rﬁ@ Fer ?t?qr*f?%ré%c’sor%ma Cﬁ%fs@éﬂfz Bsé?\ﬁf?fwef s
di r ect esh fsgdﬁeymtsmm&f 20 E@ctwarlw 64 %bﬂ@n@&omlekarhﬁgr ARREHIE H@eﬂftﬂﬁ vaimd

processi ng techni ques and that coul'd benefit froman 1ncreased |ight
em ssi o(rMQM@ stroctare el Iaene@bp@dE@ﬂm&&@&mpﬁd@t@wso@ﬂﬁnwtﬂmratm@tweo% posts

as desc gq‘ her ei n, .005 %1 qI::rD 18 Q(% § substrgte 20 hav t(%}
surface DOCTERA AR Y B R8T £ 8 CSUlS ?Frélf’z‘ﬁo’fen‘r’ceflﬁr& YSARBMHETE C, @aN,
Si, et cmuldlgRPSALNEEOM SURFIEAL@ 1RO SDTal bR gRbhdd tb aY@East tHLICEDNRhB0 t hat
i ncl udes an n-doped GaN | ayer ("n-GaN | ayer") 40 and a p-doped GaN | ayer
(" p- GaNempiggieR theratlgoygh.h a surface 52. The n- GaN Iayer 40 and the p-GaN

| ayer 50 sandwi ch an active layer 60, with the n-GaN | ayer 40 being
adj acen0083]bs Spebes 2001 thﬁSldIStT@Tle 2@an¢ia@®canlaﬁlay§ﬁt§xﬁ@b$teﬁ2 ghat deff\nernaul ti | ayer

20, nctiPoeoa) G TR R L ute Wha el b oYy pr B GHATTR GBI Mo

St ruct Wekove, ey o of pdsped lﬁtbﬁﬂﬂllﬁ@l‘ﬂw MPEIck 2D o @RSsubGadt Diké tHaBy@ts B4 ruct ure
30 thus defines a p-n junction, and is also referred to herein nore

gener aldrgmade gf ﬁ@f—‘rﬁu?ayrr%q mnaisrighi| §a ingipase 1D lighieraissipn ckficiansy crostssidr f ace 52
can be J OUIRANEH ! PnbAFSRIEE., L akkR I \3lh BTHES LR ORI ELYPHIR the

emitted LED wavelength A pp. It is important to note that while the emitted LED wavelength
ALep might be, for example, between 400 and 700 nm, the LED wavelength in the GaN layers
40 and 50 is roughly 2.5x smaller because of the GaN index of refraction n, which makes the
wavelength in the GaN layers 40 and 50 approximately 150 nm to 250 nm (i.e., A gp/n). In
an example, to efficiently scatter the light within n-GaN layer 40, posts 72 have a dimension
D of about 0.5 micron to about 3 microns. Also in an example, the edge-to-edge spacing S
between posts 72 can vary from 0. 5 micron to 3 microns, and the post height H can be up to

about 3 microns (see FIG. 3 and FIG. 4).

[0054] LED 10 is shown in FIG. 1 as having a sloped portion 80 formed in GaN multilayer
structure 30. Sloped portion 80 forms an exposed surface portion 42 of n-GaN layer 40 that
acts as a ledge for supporting one of two electrical contacts 90, namely n-contact 90n.
Example n-contact materials include Ti/Au, Ni/Au, Ti/Al, or combination thereof. The other
electrical contact 90 is the p-contact 90p, which is arranged on surface 52 of the p-GaN layer

50. Example p-contact materials include Ni/Au and Cr/Au. An example distance d1 is about
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[ 0053] Surface 22 of the substrate 20 includes an array 70 of posts 72 that
define a roughness of the surface 22 of the substrate 20. In an exanple
described in greater detail below, array 70 of posts 72 is etched into the
surface 22 of the substrate 20 so that posts 72 are nade of the substrate
material. To increase LED |ight em ssion efficiency, posts 72 preferably
have di ﬁﬁH%‘iOBﬁ@@énﬁxam%l‘?éi%? €7 ipaboy} bt pnighong.n AN expapiel I3 10s (yaicglY t han
the enmijted. LED V\angll cength KLED. It is inportant to note that while the
emtted L nﬁ gth KLED m ght be, for exanple, between 400 and 700 nm
t he LED vvavel ength in the GaN |l ayers 40 and 50 is roughly 2.5x smaller
because, of the Gﬂi\)léeg dex .of re ractl on n, which makes the wavel ength in the
GaN | ayBrgeasingh ﬁB}‘W ficledeY 50 nmto 250 nm (i.e., ?LEDIfl). In an
exanpl ejgo5s efﬁlG%%éc‘ﬁeﬁﬁ@& %I%f of ehﬁleééugélfm@ﬂeﬁéy if L@iﬁ@iﬁhk)@ﬁﬂﬁ&&@(%fmﬁ s 72
have a d| mensi on D of about 5 mcron to about 3 mcrons. Also in

exanpl eyersusgosdjmengor (lyerapatirag LED &9 mrasysb@\tvs IIVEICcdranddraymErlmnﬁoan 5

R L R R e L

sl oped R@sdecane aewf&brpaﬁldﬂbﬁawxamgtddr@ﬁéﬁﬁ aﬁta gobebest32. Bl@ped aQQfsEJ on 80
forns an exposed surface portion 42 of n- GaN ayer 40 that acts as a | edge

f or sup‘ﬁIbIPQfﬂ??@U‘éq’léle‘dfOfth@ ROSEIEriN eERY ¢OprVEng ﬂwdgﬁé%dge Prst spacEetS, dion.
Exanpl e t u i nation

t her eof? &%ﬁg&tgﬁeﬁ é@ltg{z:% ?4.@18 gﬂggnﬁzlgii%jgﬂghtl\@%%m %cr)nﬁégt]jjg?)\gl?gp V\I}N chis

arr i’ingeld)rom’gheuéd sg@phlfésmfacé he 1spslﬁ|ah<l fgﬁmﬂe&& a(‘; lEheaimH@capoﬁ camtiab:é inerdasy | aljs

i ncl ude Ni and Cr./Au. An e e di stance rons and an
exanpl éngi@ﬁ&'&teﬂm&@%lsmwe atiyecdp Sis re mn&% @9 )Eﬂhfaoqsts imeRsient |y 1
mm x 1 mhSHY ééfﬁeréll@ge??aﬁlepﬁqd%@ W Qfthe ﬁgﬁﬁﬁ"tm (@fcjr"‘ﬁhl%ﬂ%ﬂene[l’@%%of G 2
is a schemati ¢ pl ot a rreasure increaSe In LED (light) emssion (%

ver sus di 1GFOBS:) - f IG 1 and
havi ng [ﬁ% ]orE@ﬁﬁaey?O I“ftlb gsl%ls O%eﬁﬁd{-}gpth%ﬁ“r@lﬁgm 61%%8 ede lfgle 22 in a
sapphi riacisades forahléer 20d nEﬂrﬁiNe@dsﬁs . [Fol 8 paidbiny arryty é@ycﬁrferlay mquiremant@ﬁrean
exanpl e unlformarra Jai oft posts 72. . Fgl 4 |s a.cl gse-up tgers pective view
of four"9haeE° ! qorasdenas fletpels SHOMLRETCHE T dyRbl B JAOWBKY: 8P AF AEPSIS t he
post d'?@n@tnﬁ m@m@@g 1§ @1@1‘ fabhﬁjfgxl}% cc!'r'xsw-lgﬁ@ BE{Be' {/olﬁH?e 6&:@5 Q6 @n LED
havi ng an un oughened phire surtace 22°1s shown for reference at the "0
| ocat i dorm gredbastse/2i dtlselaw that poE@7l2|ogmha‘efmr373’emnalﬂe nms—wo@dnaleshapa angl to

t hi f ; t . di t
Lol | er AR PRGN DS SR P Fompreelin By Py gb RO GRS Brant 0056,
From t hR nehQlylifdridall @c..dhave Elob§d SRR MREH: RRfewh g, (I:-d%@ialvb Stiar@iias o Qfuare

general ly increases for taller and narrower posts 72. For a uni form array
70, oveardsaypeetagal s*l)@mwlcaw-hqm typevleans, etad Feclidi nrafuagdfand discagsed not
partlcl rl of,, RO ,as 1s
the r eg)eg)t a%lugtrz?[gs %ﬁ%’fas @W“’f‘@aﬁ (S)Stisﬁz ir%/o %Er?gn pqe é’lh(s)mrg%? é& tc7)2f orm

t he poshsbd thﬂdncalsmfn @ieed)riebpdndﬂigsﬁ(ﬁ;tsm msbdaamey ﬁiﬂMedi aatenahe 22 of
cross-sectional shape and, are shown as cylindrical posts with a round
cr oss ey éﬁﬁatﬁﬁoﬂé?ynwrcxhnﬂugftlrdé}? it e ppessesused te foinpiae sebsiain ot 2 al

e., fﬂ)%’ﬂl L8RS straight sidewalls), can have rectangul ar or
square crosse sg{g)t?sgg?f)&gzgipes a ki dney-bean type shape, etc. FIG 14E

d I
et 9485 2Nl S SRA LM LR T PR, i ROTRER AR
cor r es paolitt®grphicsimagingrsegs el ty fdlﬁf e ghobtd (dshiischidelideR vy haot at he

substrate 20 are non-cylindrical due to the process used to formthe
subst r &2¥dgd stoss-sectiopglphaprarafiies thapshpiedgess tﬁmﬁzt he ppgsipmetespiarigdih ) is
speaki t he
hot ol | RneH AR a8 aPaRLndhyl B BB dhe R o e oS R eHbht ik gt Rt

bel ow) ah@wmoﬁahmteddednycpmﬂsulsxe&thpmn&tr exhapte, pa&tldmmettéldh nsiyaefe:r edipes. Thus,
t he post . di ahse(her or dth D.is m@@ %erel n as ﬁresent ative or

ef f ect PAPIEK %rfl?)tﬁr a posb hayipg an ellipticg) gressspdiiong Sh@ © post and is not

limted to aé partlcular shape. For exanple, post dianeter Dmag refer to
[

the maj¥S8hxias disersedkiboye, @sgdgtcanélw%w%wrpnétwr 2r03sDSse@Pi onal

Shepe.ohORTShyhg L AOASRT U R, LoD U g O et

photollthographlc t echni ques woul d
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typically require a photolithographic system capable of imaging 0.5 mcron
features. Such photolithographic systens, however, are typically designed
for traditional sem conductor integrated circuit manufacturing for formng
the critical layers (i.e., the layers having the snallest dinensions) and
are general ly considered prohibitively expensive for LED manufacturing.
[0059] WBpelY seqyfrearpbotplighagmphys systesseapable of Imeging Ao tpicransaitegsndecky st ens

and met : i y : e

ubst ot S g B B R R B Y€ ol R i A EcorBlabe

ef fi ci emegraed ciosgianad:ficuriidpefos &rmihdiDs chitivalrigyeas Gy didlagerbdbviag ¢hesur f ace.
However, the photalithographic systens apd t hods descri he erein are
sui t abl ¥4l “@Qeﬁé}o’&éﬁp e %‘}H?raﬁ}é Fﬂ@%ﬁ;&]ﬁrpg&’t‘t& X?WE?“’%P{& t hogr aphi ¢
syst emsy Ly, gQiRhdation with a select type of phase-shift mask. The
phase-shift mask™is matched to the photolithography systenm s nuneri cal

Soer t . . . e el amm” 7 . i ed
i menst QI gty BEE BPbsbhe Becloql EMas phifof BbRaRS sSuucins RV bBhodER) 1
posts 7idr Gwetingars airdyall ef mapt 12 @f sukfacei32 6DEE subdtiate 20stofalssdabd EEDsiOg a

tradi tional chrone-aon-glass .ngn-phase-shift mask. Photol|fhographic i maging
[ 0060] lrivmgslnweﬁﬁedﬁ*ﬂ%vﬂgleaﬁfﬁlssmg IGIENFY RECUTRATRY rt %S%%Lﬁgsglﬁw &éed in
phot or egl &fih k'@dsﬂgtets‘dﬁaéer.‘t}%&@\féh'tﬂgﬂm&%g%l’ﬁ{)ﬂib iR MPBm e HIdEdesBRb IR

conditions, two coherent beams W th inci angl es 0 and wavel ength k can

i nt er f dregeih ergpyuitdble dombaieg ¢ayded ogruaingmyntdritisalsiayergthotadithagrarhec pistsnworiesi st
wh i,od P is.qgi P=21(2*SLn0). - di i I i, d-1 i
(chookSrpuEpsiPmSPh ek B pTpho<esul st TSRO s PRI B % our

coher engholR§aR®ara ktém® M\RurR@RIAB apditutd en il 1dinfi@ioh @ile. 2R rHANY tdRRME | N the
y-direction. 06l] FIG 5 is a schematic dl]%gram of a generalized

phot ol i RstsgiPdpningsiesiredhdinposionn dEs dlowss the photebthogmphyisy Bem de pEREmieh

di agra I i } i Y-
coord; e Hods TGS -RIRAL U RE BRI (SHED R Sbbest LG8 Sl

conf i gwhesmé-onpdist aomppixetsbift thagigr aphi ¢ i nagi ng, which is also referred to
herein as "photolithographi c exposure" because the imging results in the

eXposurghdblithoPPphesansdihg ve material, namely photoresist.
Phot ol i t hogr aphi ¢ i magi ng or photolithographi c exposure generally neans

capt uringed)’ Oftis LRAknDAAER oldtBUAR sRuBRRK cARGe bRRGLAGINJHRRARL HRE | 1 gnt

at an inmage plane within a wherein a photosensitive material
ar r angeéwogeteseetingcohiteht hglt hearDOFUndermecmaldcontigionsdge coherpiidgains withh

f to bot h,.Fl 5 | G . hotoli,th t 100 i | udes,
L o 25Gge T afeiS ahgpvatefich i b i@ R ol SRh R S¥RhE ke Bt Lol Ton
l'ens 130 theAiidtteTRUARRE BerfdtPB i @l & B POR/(A3Mn0)VaSkvalimefsibh SHPRRI tS a

phase-shi ft' mask 112 that is transparent to an exposure wavel ength of Iight
used bychieberbbandhpafteap i an sy planm cadde nRdade snpekniosinghfaur eohseenhy bdamis,wi t h a

surfac %ar]ﬁ]éﬁf ttwr(]) teatsﬁélqg retgdﬁlec?{c])%%ga %vrs}cl) gamrrsal% hg ?—tdtlr%gt?on].'l5 formed thereon.

[0061] FIG. 5 is a schematic diagram of a generalized photolithography system 100, and
FIG. 6 is a more detailed schematic diagram of an example photolithography system 100.
Cartesian X-Y-Z coordinates are shown for reference. Photolithography system 100 is
configured to perform photolithographic imaging, which is also referred to herein as
“photolithographic exposure” because the imaging results in the exposure of a photosensitive
material, namely photoresist. Photolithographic imaging or photolithographic exposure
generally means capturing light that passes through a mask and imaging the captured light at
an image plane within a DOF, wherein a photosensitive material is arranged generally within

the DOF to record the image.
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[ 0063] The anount of phase shift generated by a | ayer of material of

thi ckness d and refractive index nis given by A9 = 2n(n-1)da where X is

t he photolithographic i magi ng wavel ength. An exanple material for phase
mask 112 is quartz or fused silica. In an exanple, phase-shift mask pattern
115 is forned by selective etching surface 114 of the phase mask 112 to

create W9§EbndVER refpenes terhoth R ernd41Gh0. rhoradithogranty syslamnlPUdRgEesshi fti ng
Gt fer choh@p st di 90 af M Bhalo PR RARARITRRE 1105 bOIEARIGS IS V) e b
subst r amevetblgmbitBie stapp d3Q. sMasibgageat 1@ sAPporSubphiasatsi ftAfaskelyl 2hikatiin t he form

of a wafer. In an exanple, photaolifhogra stem 10Q.is a 1:1 system
(i.e., ‘iﬁ?ﬂsParﬁ’é‘gtﬂiaflieEB‘F%E‘%W \gﬁéw?h o IR U PRl laa@mﬂé@o hasBout

0.3 andyapef 3RS adlod i1 gt Witthraas’ﬁ'rfal:@l14"@1&@411%58&?§?%€J§h§§m5§1@pdﬂ&d S
(nomnally 365 nnm). 1n another exanple, a reduction photolithography system
can be feswdd thereoan exanpl e, phot ol i t hography system 100 is suitable for use

in processing non-critical layers in a sem conductor process. An exanple
phot ol i f0R63Ir afihy asypahiestiph@ée shifit pedzraed by a daer yf mgteaal oftthekpdsetiandt hogr aphy

systens and. net hods. di.scl.osed herein is the S ireTM 10Q .phot ol i t hogr aphy
syst em "HASH RIS 71 SO B %@ﬁ,(n-ﬂ - whegg, S oEphoisliegrmmiS M) An

ex a_”D' ewWe‘Pdn%ﬁi I QR eﬂgﬁﬁﬁe %?a_@eriaﬁ‘ %r%@& rﬁaékalrl'zél?hﬁar%rﬁlwd%ﬂ%ap P4 that
defines a pupil P wth a diameter DP and that defines a pupil plane PP.

|11 umi neseoylel @Baseshgbmiskgpatedh 1 65 islfoummddriat ssloshiag elcking fstrfagesid 4101 2hdpy

provi di a_squ image S| that. fills. ortion of pupi) P..1n .exanpl e,
Bour ce MHaGEad T ol TReregiont oF sl Sl bt ROy BbRldind pap & BRI &
coher enagefidab Gic faph 0P th BB Pk IV 3 t@Rcd@Qedion Bediiffersht BhcknetdSbt DP,
where pupil P .is assuned to be circular. For different source inmages S

ot her thyahcambipgsneolthgse srathasissc, the definition of the partial coherence a
beconmes nore conplicated. In an exanple, the illum nation of phase-shift
mask 110064 Kdhiveablg suhstriateastdger 36 supportsrsibgitate Her Bdfstrp@@08hay be in the

Phot ol it hogr.aphy system 10Q al.so.i,ncludes an i.cal, ,alignment system 150,
S R S T A T S R B L K b
machi nenadnsfi@ifion 8 dteNymMBL hasYSh@iBric L ARbb®A.3 ahd GrurEss atsiElt ens are
disclosed in U S. Patents No. 5,402,205 and 5,621,813 and 6, 898,306, and in

U S Patlestolapwnycdensihsudens he iNoe (ammeby I65nmyhcanogir ewmsplantl pat ent

o ow oftdRoR RO NRREABRE L Eferdtal fe HBDTf el Bhlnlle, R dE Ry i RGP O
phot ol ii$ hiogbkaby usyis tpesocddil n@mdritadag gy??(rl;ié Hgleli&i(ghdﬂh’ﬁd)r mbégnnantexampks 136G

used for global alignnment, as well nment mar ks 136F for fine
al | gnn@ﬁp%é@@grqnﬁgéystmlO%B%ahl?]&tr CRRYPROUEYLS Pg)?‘rélf%\‘;ﬂi’hﬁ’ﬁéﬁtefﬁ%%’o types of
al i gnn%l;@thmrdfs%lésé@h&l%gf i98hd g@}ﬁ?&’@“f(ﬁ) gﬂo%lﬁhé»&@%@ﬁsﬁeﬁéavéifaﬁ&%ﬂwen or

adj acent exposure fields EF. posure fields e di scussed in greater
det ai | (Hehieeh,ilnc.cBambet,i@rifevintdn t hei r for mati on usi ng phase-shift mask 112
in the photolithographic process of formng LEDs 10. [0068] Wth reference
agai n f@0ds] G A6 exanplexanpétéondpid A ineludgrarentabiyspeanrelshéh ASchatdesing d i ght

15 J ed al |s. A2 and that ' al i t light 153 of
\SAg_ldrefgﬁaP Pt Q\gﬁgﬁﬁ@%@ﬂé%_x iyt & Publ a%g%aggﬁﬁtfrﬁ@aﬁ!ogg i gé@m'ﬁgweéet ween
axis Mo flighifa@PhRENAEHLAL 1 AXbSpATididk d Klited 2081 i TR PRIy 158 ar e

arranged along axis A3. Fold mTror 158 folds axis A3 to forman axis A4
t hat i pupéPallh eh exangy.sioerncamiage Al is aAwiormgirculaydiss withraohghetanbRI. 1T

t hrough projection.l ens 120 d to,substr . 20. tical gnnment system
150"t S8ebltrg” mettnssioullestPeE e Sih AR aetingtgs & ROUBP AR Bk ent boam
spl i tt glpil P4s &Ruinbe tSbIGr@PROFoF Biffefdtt sdirbe ARdbek SI Bthdt thafh shikfle uhiTBER
sensor 160 is electrically connected to an i mage processing unit 164

conf i gdisedthe defprier ebthdipgitichFohaienge s keapmas wardsomptisgieds éngoexapgde. themge
brocesg gt ihld o 4841 8y EELN1 A kYUEPIRRSARRHE Aaflbifhdopni t 170 and
al so t0 noveabl & lSUbstTat 6 stage .

[0066] Photolithography system 100 also includes an optical alignment system 150, such

as a through-the-lens alignment system as shown, which may utilize a machine-vision
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[0069] In the general operation of photolithography system 100, |ight 108
fromillumnator 106 illum nates phase-shift mask 112 and phase-shift mask
pattern 115 thereon, and the phase-shift mask pattern 115 is i naged onto
surface 22 of substrate 20 over a sel ect exposure fi eld EF (FIG 7) via

exposure_ light 121 from prol ectr on | ens 120. nment patter ns 115W

The i
for m suBdgnman sypisnneapplraplical phgnmey sysienas Qr?d&c E‘gg{pfﬁ &aEpisiNo.t ypij cal | y
coat ed ayer 135 (FIG
5 so B B B B b S e R S S N S T err e to
subst r at 2520735, W0d0patdhosml patdo gpelpdatios yrs:tlamrﬁ@@tedsbyuskcbnbe) héeinm a
relatively large nunber (e.g., thousands) of LEDs 10 on a single substrate
20 usi n@ophpt GGt Moo glphview G GXgmpRIKbokdt DO glad il kpexRe$ivlde EF 43
conbi nation with photolithographic pr ocessr ng techni ques. The | ayers making
up LEDs[o1ed p¥ phefplidaeraphy sysiampi@, anriﬁlsa inglades gopat élr%rrenémaélf 66hd-  scan
fashi o e ft
ok patory QR QBRSNS ARRAR dishifmhlics Tl Br (RUDEBRASR AL
exposurA4). fNeﬂedhatEEthetdxemplt&rewshhefttboﬂﬁsbeqm’[aﬂlgnmeﬂﬂxﬁarkm$B6 bsiderioper |y
aligned to th ousl| med er and in to the pr vi ously
f or med %SPﬁalga?@%HC@ oatat 1 ARG S Stacldsip st §9fdaﬁ*g3§ @Slgagie{d.s dt'e 20
rel ati vge URcpRes ir %%l%tfnt ddBBKeldw2n BSTREH AN itR theiPfofmMiod HgnPHRLE8RIAL | oned
substrate alignnment marks 136 and an alignnent reference, ich i1n optical
al i gnnmemeasksligtiathel®tolghegrephoe progess ofdetning LgMsdft marks 116. [ 0071] Thus,
in the operation of optical alignnment system 150, alignnent |ight 153 from
i ght s[0068je M5izh terfavmiesrgajnan@@x() SsanAXamplt apsicaledligamkericsybtenbEdnmslotes 4 er
154 al n axi s towards | ens 156, Al jignment s through | ens
To6 andity Siuss (5 SERHY iond SRerPor? MRS ietiefibeuiib BRESES shi f sk
112 andypreRingf 1,0 besta spidéeraBd id frdngbdF haliReBedBhbeRibeRlaxSULS ks 22 Of

substrate 20, including substrate alignnment mark 136. A portion 153R of
al i gnrrenﬂpdndghtar B8 A Addnsdéb edd farf@lmnslmOf heazarphgsideng atie A30 Fahl

substrate aI 36 and .tr, Is back .t hr ough ec Iens 120
and thodish sRATET LT RD pdd #1540 iRl BRRI ORI aBisaln AR Gnnent
mar k1 kfwvelshiolgh ﬁﬁslew@l(ﬂﬁx@ugmbﬁ)ﬁd’cﬁbﬁ leak 190 ARt Jkikatd 36. Optichlflipagbhtve,
then diffracted |ight 153S fromthe substrate alignment nmark 136 is

col | ectsefemIdg 2o impladesamimaae parofoleinged plong peis Al1apacgAbbaaensplittss f or s
fromrefshects I strate

al { gnimant il BibosRe T 136 s BB nHOETSSTIRREE SIBORSOY sy’

mask alcogmsviglt to marixkragel@rosmsmgmnasl 6&moﬁﬁglgﬁdﬁﬁﬂlbrot’:@fs drmbmagem cqitined btyy pes of
optical. alignment sry{stems such as . of Zﬂé t he al j gnment 8f erence

i s the BA8T 801 G0q Tags PLOgeSH Wit | arre 9<‘i”§a cengertsd it 2AISBlaY #RitdA

Ilthograa@méow%ro%aﬁré il $1agb Q993] | mege sensor 160 generates an
el ectrical signal Si represengatr ve of the captured digital inage and sends

It Lo IpFaR. pfn%@%éﬁe@&i Efatéloégfghétﬁﬂf%ﬁ%ggf%%%én’?%é‘ri (%?;Tlpﬁfs“frb& adapt ed

(e.g., via image proces war e er-readabl e nedi um
such asllamimatop 196 Uhinhindi6Sphast-chifiembhsk M2 anelghasrsii® sisisk gawdmtihe t}reececei ved

digital inage. | artjcul ar e pr.ocessi 64 | adapte
per f or ﬁ%g?et@rﬂfr Q@g rtpﬁrsﬁndfﬁtlrr @ﬁﬁ@rlroréa&@gﬁfga%%&?ﬁ%%t@ 4 Rdetry
al i gnmepto IRy Kell Wf(}tﬂ \H@@a?ﬁgs@retl@%{ 02r ﬁb&tﬂré{ﬁc@drﬁ@h@?ﬁmﬂﬁe eﬁ&‘ﬂn& per ate a

correspondi ng stage control ghal S2 th i's 'sent to noveabl e substrate
st age Daerns hHg¥ fpmerézsgawglhgnmntlrﬁa‘lrkaﬂ&@ Sertats 22ofisnegetesl@isaypiSsi o

k| palL i iR BT ATRRS R I G T TR el e

subst r ghie BiRYR1EB01 lwﬁ%elréboirdb@l ald tr\énpﬂeefe@tdmr@ekgo in the Z-plane, if
necessary, for focusing purposes) until the imges of mask and substrate

align 7018 BiotdikBo@Rchyl3RieR BOPsLIREQ fhim & relaﬁl'l/élg ChbyneHRE (L ngSEd)

i ndi catli ng pr oper alrgnnent of phase-shift mask 112 and substrate 20
thousands) of LEDs 10 on a single substrate 20 using photolithographic imaging
(photolithographic exposure) in combination with photolithographic processing techniques.

The layers making up LEDs 10 are formed, for example, in a step-and-repeat or step-and-
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[0075] Wth reference again to FIG 5, the imaging of phase-shift mask
pattern 115 can be viewed as a diffraction process whereby |ight 108

i nci dent upon phase-shift mask 112 is diffracted by phase-shift nask
pattern 115 to form (diffracted) exposure light 121, with sone of this
(diffracted)  exposure light 121 %? t he | owest dlffractl on orders, e.g.,
the zer ¥aBiesbionzng thenertpressechingethein (Jiup) R (@ rarging Phsssihi tcrﬁﬁﬁktﬁaétﬂrfby

proj ect t9 ity of

t he |mal1 W?Aégﬁe%t%ﬁiglsgfra fﬂefc?iglggo e{nhg a%%87 ?gkg&esg%ela%&lrise%%? g%lg 1t'i&§e§ f nunber
of the bl paetret Somdserte propeeiyl dhgndsdsto ths pwelduslgSotnoed llagerahmfmqtartmuiaarmcﬁ t he

projection |ens teth r.o- or der |ffrac .ed beamis sinply a
st ai ghPePRTEUGH %8%%%&%%%@3%455 ht linﬁéﬁ%‘”épfj RBPESH il of

i ntensi foyaii@ 1§ Pask RRYEMANI @SusiipShelo? ndRO ST ﬁllela}i’or@ﬂEntﬂﬁx%H 586tratd B ARlent hUS,
when the photolithographic imging process is viewed as a diffraction

pr ocessmagkydBokind hoglignmhent safetceen, Wodchciawpbeal @bghmguirsgsiemad S0ps Pmd gremotei s
diffractign roceﬁ %kofgrma desired image. In particular, with the proper
desi gn quﬂ PAkS H& 112 and the phase-shift regions R therein, the

- di f t d b ted. Fur th . a hoi
o tho B3 hishah it aPearon e PP irL ALEHRAS b | Do s BH W eSS 1581 ong
can selggk syht6 hszifrmaisaaaﬁgaﬂg et dccEenby bbith Spiir 158 aphglaeldAdiographi ¢

i magi ng process. Specif y, the size of aperture stop AS can be adjusted
so t hattowntd} lertsel 516w®\1fgnnsrnt bglddH3 dassts theowgh 1b1®a}ﬁ§ andds rﬁbt:t@d ol foil

proj ection 120. 77] M over, he .af ar e t| o] |ike o

P honorBBEr SRl PER bk flest op TS 1 2B EaS Pl 6

t wo- di nEisboeRdurfRes 2D ef subshias 2o sitiutlingBsKstRad Al nmehmaﬂmma@ offoinft mask
112 so that first-order beans are generated in both the x- dlrectlon and the

y- di r eck38rof abignmertlighe 4p isrradect rt’lalééffa@o”e@ifs&!lbér%t%&@ aphaubgete- or der beam
I's subs I%H%eﬁt! 11anke1|3 @nﬁ%a@gls bﬁzﬂ{jth% (§ Qeddi8e %?ﬁ)t:{ndcthlfohgﬁ slg,[sll}écp Thi s

transm zero- or beam mu Jranti a zero in-a

i s accanmmki dbeghd in mﬁ&umdugfemhslelgGMt aark hlgs ahabeeaslamfhbrerms&raléz SO
that the different phaesh;ft R .have t rea. Exa

phase- sthighmepgagk 1360y aiffragteee, félﬁp 3@350%%}1%1?%&%5.35 mnag}easﬁﬁﬁfatf‘aa tﬁﬁ‘m%n of an
exanpl %ﬁﬁ%&i&!lfe&e sk 112 where phase-shift mask pattern 115 conprises
transm ssive ase-shift features or regions R, wth transm ssive

Feai ondUgA! natlk EaRuIRiPY! eicRich USRS SN ihs BV o bO AR RECUELPRACT, 20,
of f Ourpopﬂitﬁsléﬁiha §1Ipef1ﬁg>bsmﬂSmﬁg6f)f pleaabstait Alignimeak mhil?] 36 arfdl ask&Mgnment

Phase- shi regions Ro and R c are are with a dinension (side Iength) L,
with tHear Héé@nélﬁagft sengeyi s Pﬁf%mSE@ﬂéaaamt gtk d 19 38 vedbat agtlicagenh a

checker%?erngep 6tﬁéﬂ%§ésr Alopdal aP gmgﬁrggsga angu&{EEQﬁf QS&E‘E sthhasi&s ﬁgne nt

regions R can have a onab , In particu ar dan

| east oeferante & the pptidahaligmagne systeralopsdvd prisan dalibrated pegwdain 18hegrephy [ 0080]
Phot ol Ith‘@‘ﬂe@g’% system 100, when configured with phase-shift mask 112
havi ng & & oard phase-shift mask pattern 115, can perform

phot ol i t hographic i maging to formin photore 135, cor r espondi n
per i oailtd 7033 fm a&?ﬁ@éﬁ@é#é@é@&?ﬁ%% ﬂ?@gcwtwﬁﬁﬁ%?ss%wo BERPHRS, |
subst and;a xﬂagé%ﬁ skt f&fmﬁgggfb%sﬁﬂlghurﬁtf 164“%111%%@3?0&&'@%&1@%4%5 R Of the

phase-shift mask 112. Specifl ere 1s a tial-period doubling
dur i ng atlyged (eag)i vig npagm}ﬂ’ssqssm/geoﬁi@yretdrrdaodmitln alcomute@deatdfabhshmum lsidht mask

pattern 115 IS suﬁs@%%ial m/ doubl ed at .su rétg f Su strati so t hat
twi ce A3 THMPTIAP tPY rmrlé‘&gSﬁ?EocﬁFsén%? t & e‘ate fli?é AL e 20. This
i s becpbsRulaRamags prorbdty il fg4as bl Hled®PR AR pRESN reddehitdAlEehe al | owi ng
for conbination of the zero-order beamw th each first-order beamthat
r epr odgeresinppsed substrate and mask alignment mark images to measure their relative

displacement and generate a corresponding stage control signal S2 that is sent to moveable

substrate stage 130. Image processing unit 164 also sends an image signal S3 to display unit

170 to display the superimposed substrate and mask alignment mark images.
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original spatial period of the phase-shift mask 112. By elimnating the
zero-order beam only the two first-order beans are i maged. When these two
first-order beans are conbi ned, they produce a sinusoidal pattern with

twi ce the spatial peri od of the original phase-nmask mask pattern 115 Thus
when L E‘%@% Emclron otore5|st featu s havi ng a di nension of L/

mi cron 4he Tnarspetse tp 6ge okl giega tnmmbl? ﬁUkb*FFB'Ee@FE}gFHQBP%HﬁFH“ihﬁagl ng

i's that xt §eMdVaA¥ b GAthY Ze}%lﬁh@‘?f e%e§sglye g@%@ﬁg?d s@%l llfn,'[tlé]ﬁle’mfaggsg(ﬂg into

photoresi st [ayer 135 wth arp teatu ogr ap stem
100 havimagk ami su:bugatﬂghgxmit aragkshl 16 and i3 6 ardNAignsd [—"1& :du}ect]ly ipetihosayer e Ki

oo comah e U AlhaTeS 0 PR Bt by SO TReS where

k2 is apother \ﬁrocess- based constant that degends on the parti cuI ar
phot ol i 488k aphitk rifeisaesagahie G- 61 theimagipe ekphase-ehift mask pattapsl 151998108 is a

tradeof {;.bed ‘Q@galfﬁgﬂfowﬁo&'s %hgéb§'ﬂghtq|q§ 1n&19%ﬁ%%)0§§9 rsﬂff?ﬁlaﬁpl psgd for LED

manuf acture are tradi tional y not” n substrates used in
sem condidicacded l@hp}pasem}mﬁfraaslkmattmgl 1150 ﬂ“mxt (dlffmstedLE{posmtbStghal Hs with omee a

war page t hat . exce man ens m cron
(pegkgt%f(tggl(flg%‘c reég‘gs ﬁgs@dag ZS’C% tg? I%Wesga‘ggﬁ‘?tﬁ’[“ér%s eﬁ\dthﬁﬁ?ﬁ?torge "mi crons
(peak- t gravak bﬁ]x)anwﬁﬁum@md&%ﬁ@&hg @apfuh@a@ BFoj eJﬁhae&q@@ea%d%aMbr% anarity
has generally been considered pr obl enatlc for using a

phot ol i pieseyesipiHgyer fadi mbe praide ekt omagfr farEdby poojetivades 130 is Higectlyt endant

I d h f. f 0 I
trac ¢ 1S Gt b Gl TRy RIS LRGeS 1" 2

phot ol i ﬁrbﬁgﬁ@rphyis pPmt NoRIha the zdrb@rder difffdonedl BadmlissigbBen {thiigitwhdubn t hat
can be created in the photoresist is given by 0.7*2i /NA (i.e., k1l is equal

to 0. 7)commoneribatcapdidbtics s Wer @cmmp%d trasl ofdpiersitygo she imageand as aichtinat ar e

1 mcr 15 hdLdest required NA is 0.255 when using an imagi ng wavel ength
of ki 2&?[@% 2% er@t his NA, the DOF for an unaberrated imagi ng systemis

5.6 m , i th rder,.of the within-fi

on- 11 0AE0: UG VR PR S et PrRds el T HARNARG 1 e

di ffi curbedsq phetolisibgiphiy s@stenN08whe bé behfiburkd foptitrd@isiffitictloh PecBXsF.
Consequently, posts 72 that are forned outside of the DOF will not neet the

necessapPyor§} & éesalﬁé ipgsp nregfiasnyitk she prppasleyicpehehase-shithaaskubiZrgda

h t th
P s s phasCRAR ibofonf RAGRL BL oABlacP R lid HOM BBIYE JRRHACENRahRr ' "€, )
i s equakith @pfp8) choldel of thasz¢ h@pprtaretof@pbrtmfefs&xptAS)forrmcjucumgehszm eagled NA

b bout half bout. 4 dt
conventFBAGF R SRS pdrs icoBnglD i B UPoE A B IBATOCESS. and. ¢ he
DOF be %cal%eslfezof/ a?@\gure sk AS lé]in B b Fskthalbnld the dfirst %9&5] By way

of exarrpl e, photol it raphical 'y expose photoresists in order to obtain
posts ﬂszltaht@ﬂ bh@meala Cdp@m@tke'rprbzeﬂl&n el 2h using an i magi ng wavel ength ki =
365 nm the required NAis nowonly 0.11, and the DOF is now over 30
m cr ond0&L]t hxoreaeh tiexgosurcatibnel ghidEkké or cheokerbbaadt phtkdon subbé faained a0 wi | |
fall well wt t he. DOF,

substrate {5 by creatlng a two-dimensional periodic phase-shift mask pattern 115 on phase-

shift mask 112 so that first-order beams are generated in both the x-direction and the y-

direction. However, care must be taken to ensure that the zero-order beam is substantially

eliminated, and to do so the electric field for the transmitted zero-order beam must be

substantially zero in amplitude. This is accomplished in one embodiment by configuring

phase-shift mask 112 so that the different phase-shift regions R have the same area.
Example phase-shift masks

[0078] FIG. 8A is a schematic diagram of a portion of an example phase-shift mask 112

where phase-shift mask pattern 115 comprises transmissive phase-shift features or regions R,
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[ 0086] In an exanpl e, photolithography systens 100 used to carry out the
nmet hods descri bed herein have a relatively |low projection lens NA (e.g., of
0.5 or lower) as conpared to present-day critical-level projection | ens NAs
(e.g., of 0.5 and greater) and aI so have a relatively |arge inmaging

wavel ength (e.g.,. about X |= nm or any of the ot her . nmercury Irnes)
as conp‘érrtéaratltrnﬁrlé% Btﬁsgzrﬁ ift egiops Barharlé%éro iPhasisAYt sl Ensmgishe phasegshiftgeep

W at a. ‘ﬁ@'Re'I'lQ% gflgééaét g,gjlse Sopsequently, |ower-NA | onger-wavel ength
phot ol i t Rogr aphy s stems f are pref erred because they are generally nuch

| ess EXR&Z%V%EO J chase ﬁ%roaftfg N 1§[tr§ 0 ems seg' P'fgm%sk Nfzcaﬁ

shorter % Iengt dvance §0t O1'PY ogra or Cri

| evel s FIG. Sy Rm@@lslﬁftqegxﬂﬁmnt ARIRY dr& gquate with adliaéetbrcisideUérigsh) L,[WiGBiRE FI G
9A is a schematic di agram of anot her exanpl e phase-shi ft nmask 112 that can
be usedPhageslifiregianaRhayingeqpal awsané cppfigiargd iya sheskerbagrd peteraiamaray- ot The

phase-s ¢ I d FIG 8B,
except %Hh eéﬁgﬂ(?cgmgﬁt Eirl)agausg 031% ?uén hgg(g x{r}l;%ﬁsl%%bl'é sfipe ﬁhcgfe}l shift

regi onSdedembaRihavdnaMmsdnmmﬁa @mldr/sﬁa;&ndvedrsbamraadad)oa}rmnal shegen one

anot her. Phase-shift regions Ro and Ri, are shown as bei ng octagonal by way
of illumoseyti Phoelittyrapharpdtemtiypewidn @aliggrdatitpptase sisifi rhiskriagilantg aFl G
9B is simlar to FIG _9A, but illustrates an exanpl e phase-shift mask 112
wher ei rehepierpensd eh%SﬁrShtft rﬂéai perR by, a peréqrmyphotelshamaphiy Huegng clognound

sectio Wn]p%éw?@s%t Eeﬁr t A g%&:lﬂhxgé]%&g)ﬁg (lgeg’ éh@é’l?e}boa?%cf@atﬁr%ﬁ g\? t rcg}glle%lo

al um nu ase- are printed inp st 1ilayer
135 wi tdf abuhislt/antte ,adub;tamtﬁvélys}mtfﬁhaiquelnﬂemmﬂl 2f thatphede-shsft b@y@md{ bhthe

traditi soI gn i m.t of a 1 mcron design photol.ithography system
100, a2 needlin ot s dncnar-rnas doufie e AETREE Y L ¢ o

and Fl Gro@Bs, 'v%e'fréli?ytthé §pdil faRIIIE pthQseCQ{‘Ft nfkk bEt%‘erH@@ST?stsfuBstﬁﬁti’al@%%bﬁg af the
final photolithographic inmage that fornms array 70 of posts 72° [00891 FIG

10 is asusfeenin r@uelsteat@ POrsorthairtwsesap endnSiEyk invelight ofgiens ae&anmﬂeé aptheay 70' of

phot or es t for v otore having a 3
i or on TRHEATs Tl b The e daRER bR B TR pliP Bl MVBE F
8A, W t{br @iralsiBatsdil dftthé 2Gb@ngerBoad e tHach Wir§thoridrbeamQhil. reﬂi’@ﬂut%'s dnet er

(w dth) D of each photoresist post 72' is about 0.6 mcrons. is noted

agai n tdikginal peatishpgtodott thhphase-sBiflsmaskolli2s Bypelingiaatingthg zgre- gder hsf@mu aakr cut |
have slppgd, ﬁtsgﬁté&g L’? férg ithad t\ﬁ’ﬁ‘%aﬁlg%omgﬁéﬁgfbe%tﬂs%ﬁ%%g{l &*% e”t an

estimation o sizecand's oresis

t he sakgodiceialsinustidalt patern Whiaseics tief spatidiperiod bhthasigtal phasendsk ghasRS 100901
FIG 11Ais own view of an exanpl e chrone-| ess phase-shift magk 112
sim| arpattentlﬂgt gﬁ%mmn |1c1§11°8%1 pﬁrtereswt@atleesatw&%saedlrmnwwf iyf T ﬁé i nset
regi on @k dil Gn bt ¥signot ed as AA. Phase-shift mask 112 of FIG 11A includes
a phase-shift nmask pattern 115 supported by surface 114 of the phase-shift

mask 1lgy d z'i'r[lle'd't‘ it J‘ﬂ{ot&ﬂﬁx\%ﬁtﬂ% %emgé thif Qﬁéﬁmﬁ%ﬁ%@%&ﬁ&@%&er n 115

has a ent (or |nter|or or oar arra
al t er nahdtregn bétpﬁeteé Kii.f. t in{aged 1I1Ddﬂ§5(ﬂ01)651rse@y@fﬂ53 SRort}aﬂﬂr;Rfeaﬂneg kethepar d arr ay

115C has a,perineter 115P i n¢l udes ed 5E and four, cor 115PC.
Not e t RRPIO}HREEAPhX Ay figm 188%%%@%@@@%% gt N ié <biMESRai 71 er
by it (ARG ﬂqgQ%G@a&%lémtasﬁﬂﬂe&%rﬁé'ﬁé%éeﬂﬂ) §£ndoi‘f%%§er{cﬁ% StheRatiR@ar
satisfy this condition can"be used, e.qg. and

photolithographic process. The DOF is glven by kg M /NA?, where k, is another process-

based constant that depends on the particular photolithographic process and is often

approximately 1.0. Thus, there is a tradeoff between feature size FS and DOF.

[0082] Substrates 20 used for LED manufacture are traditionally not nearly as flat as
substrates used in semiconductor chip manufacturing. In fact, most LED substrates 20 have a
warpage (due to MOCVD processing) that exceeds many tens of microns (peak-to-valley)

across the surface 22 of substrate 20, and about 5 microns (peak-to-valley) over each
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etc. Phase-shift regions R generally are sized to be at or above the
resolution limt of the particular photolithographic system 100 in which
phase-shift mask 112 is intended to be used, i.e., the phase-shift regions
R are sized to forma suitable or usable feature in photoresist |ayer 135
or |ike nmedium 0091] Phase-shift mask pattern 115 furth i ncl udes an

.Lner |
assi st w@ﬁﬁe&é%r L aly degusa o pen-Blanafiltyglas Bencsd it hesn cepddared BigAhd arr ay
115C at : j i ideSF It | on
assi st Prasefc el SRkt Bl odoe FATLAPET AT ot a
por t i onatthdpedinmtdddOR t&8Rtivestoche asowtt ofsebsontemondlattiyes 115E. Here,
sub-resol ution neans that the assist phase regions R, when inmaged by a
phot ol i f083) aphh eratin@galthos)Bii@MAPHRYpidgesd thi aedsWohantiohal ghotddiehd@iphyesul t
in the formation of what would normally be considered a suitable or usable
f eat ur ePhodeesistacthe papimuyy fpgfuse sige (lmepddth} Biat eandel qreadedaingshe plteissist ispost

72 . EAa0eRP05.IRASE o 4010 10 095, PoPlRREnARRONER if RafesiPloid o) acent

phase- regi ons of ¢ oard array si st phase regions R
def i ne fratpessithdtaer 1 fi&oh dn siag shesteqpiaéd WAns 058 wHe@ @8R ahnmagi@gexanpl e,

determnin et her_ ivep,assi phase ion i s sub-resoluti.on can be
det er mww?%%@um %ﬁo@dﬁa ‘f‘ﬁ}ﬁ)‘?a'gﬁi)&ﬁ[ Iy aPHH&’%‘%&?S%WﬁF% © 112
in a phalesRNvhichVeomBRi diRrotel: Rahid- I L Msele HonltRYREs 8Ndtypaal nBD f any of
the assist phase regions R forned in the photoresist |ayer 135 coul d be

consi desubsiraic 20 Thisinacaos thas Hiwill be eléffignié thget @d eotrewrposurhdeldidsio-residd t mask

112 is beji.n t rint. [009 | n_an. examl e, at,l sgne. of the

assi st PHAdBET Do 3n8 il ol s BB Sios B s TP ot et acent
phase shi hécekR@y Sife hd shapbegkaemeasd array 115C, and anot her di nension that
is substantially smaller (e.g., e.g., '"Athe size or smaller) than that of

the adjpegdt PRAeS Whbh uifgh PRaR-shifPBRH 11aRNcEXBRINGI pRHS1iBESadhA
out si de of ‘phase-shift mask pattern 115 (i.e., immediately adjacent
per i metphotoradsts fthamsiisunplraisies siegihehenme)printesl i gosn bydeiias 0 kige-ounsl

0005 PR OEN o TG BRH e P Brol B% RPEPNRIBERbREE bl or "t

st eppi ngcradisaidp B DIRBE abdlit ik agBsHpRal t@lidind 4 BonvienBonal @kl. Thes karbaas
array 115C falls within the area that is actually inmaged within the

exposurhestdiagngteER, Njwa e dxdd e éhd PEFdgcemesir e stitched, the unprinted
areas associated with assist phase regions, R _overlap with the pattern in

the next expoB@e=fikeVNAEF. kN déok)DEI DU % sinilar to FIG 11B but
shows anot her exanple of the phase-shift mask pattern 115 but wherein the

assi st [ e Bggvaynd egamplegtorpdivtadinthdguathienllyierpbsghdotonesstom ardergo obtain
posts 72 that have a diameter D = 1 micron using an imaging wavelength A, = 365 nm, the
required NA is now only 0.11, and the DOF is now over 30 microns so that each exposure

field EF for non-flat LED substrates 20 will fall well within the DOF.

[0086] In an example, photolithography systems 100 used to carry out the methods
described herein have a relatively low projection lens NA (e.g., of 0.5 or lower) as compared
to present-day critical-level projection lens NAs (e.g., of 0.5 and greater), and also have a
relatively large imaging wavelength (e.g., of about A; = 365 nm, or any of the other mercury
lines), as compared to present-day critical level imaging wavelengths (e.g., deep UV at a
wavelength of 193 nm). Consequently, lower-NA, longer-wavelength photolithography
systems 100 are preferred because they are generally much less expensive to purchase,
operate and maintain than the higher-NA, shorter-wavelength advanced photolithography

systems used for critical levels in semiconductor manufacturing of integrated circuits.
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assi st phase region R respectively disposed at one or nore of the corners
115PC. The corner assist phase region R shown in FIG 11B has a it phase
shift to maintain the checkerboard array pattern. Al so, in an exanple, the
corner assist phase region R is snmaller than the non-corner assist phase

regions rrang adj ent edges 115E. Thus n_an npl e embodi nent
assi st Bﬁ%ﬁ F§§ §g§ F@“Eét?ﬁ?aé% Pé%rlqﬂaﬁrﬁﬁ%l&m&atees t maskdbel that eany

sur roungy uRAH MRLE e]l;aBP; I f‘dmﬁ se
regi ons R'u are conétgr} u edO éf?o@ﬁ@?fg%g%nﬁégsrﬁﬁln%] sltqjlllrefrﬁg%dngez }liargréetS@?@ﬂSP
[ 0097] Eﬁﬁiosli?r@“ KlGe |9élss Emibar thet st FItc Bedanti(ftj@t B8y exceptftbatrthare isargepagne ay

t t. 72 b L 10 | ud
{ or m ngbRgear R §ioRgr T prsiibioseo i reslpmif e Ry ke R Pnr L2 Hkarer ned -
| ayer i aEét?aﬂaﬁQrcHﬁ%ﬁ@§§othéi‘3 Imgseaswﬂt%g%ﬂstttb%eqmye SHHLLRQ dndbndt ePs

between exposure fields EF, it is possible to construct a process that
i ncor pobxawey o dhustsatiani qfeg exppe\tEpe oft il xgoingl phase- Binﬁt/rcgteni rEaIéi OBdn similaED

fabricati oges develo usi ful r aI Present |

LED iy 3 Bl TR A ARG Rt 12 P B LR SR B 157
anywher geeficilhe waf er (substrate 20) . Rat her, substantlaIIy the entire
wafer is forned to include an array 70" of photoreS|st posts 72' w t hout
any submpugst i @ aaﬁ@eésﬁgrdunesectanaqb%mm L@ wRR A PO 18k aNcH & and thus
a substantlally continuous array 70. [0098] This conflguratlon of posts 72
i s possipme pealaodeun hBhasaisbdipsaions Rayad R, aeeptinited ingtheioresisthayer EBS wéthdo not
need to array..70. .This, all.ows .for W th anra

goner | B ub PR Rt S S a ot SR s Rk Par e o 2.

Si nce thai@bi ays@ropt&xtolttﬁﬁgtaphy $ysteat 1@EVA@edmesgbfotfme dohﬁgaeuaes dfphagd by
the wafer_ sup i nste of the device manufacturer. Since onldg one
a

phase- sHilf fnaﬁlﬁsskl zlﬁf IGS%&@B@J E40+ Y3 1sdhatt syepieipo copirahthe geqracty andeach post

f t d
o T deuraB8E bR et bt Sk Bie PAERERAN s BN 10 A ko115
- espectORBIIE iGN F A Sl A Bt RS TR BB b R BTV . ¢ o

exanpl exhopltesig pdkts 72’ fmslkd ﬂ:ﬂﬁmgsuuepﬁbtb&st‘solemﬁmqaaﬁ@& Dinide&hickiagy ei n
each LED i ncludes the forpation of thousands of posts 7 see FIG 1), so

Chat ¢ s nes eyl owsiutda on e det ST Shegticre it reeions, -
1
ek RN 195 Lo R ARRIARD DBF LRI bRl et i 69‘?@‘%%55 a

peri netlers nbﬂﬁFag'amrttmtrthe gspaif phﬁotmsmﬂpt&tsﬂmfcam Iqayc(e o, &s madelcmghdvet hogr aphy
exposur field ElF ”B? f at res A; (g ter 118 of the gtxtgosure field
EF are® p§f161d98fa e[l g FEdes QFGF%fttéﬁc?émB%%h factEdge
115E. s[z@%%@@haﬂ%'o@thé&%t&%hﬁ%%ts%l’ K thd éeﬂk%fomh%%aﬂ&? formation of a

(negative) array 70" of photoresist posts 72" using a phase-shift nmask 112

wher ei only includes checkerboard array 115C.
Array 9)(5!% @F@ggsﬁgg@%n%ltgéﬁﬁ%sr}?éa% P formed at the perineter of the
exposu erior centr osts. 72: C formed i nsj de of the
per 1 oG Fb FTAR G R KB Shan SRR Tl Brdss BURBGTER or o

rel ati ¢inilar td et sldvar inClTIGDGAt ¥ 1(7}21 IB 1sTa1@10$l£ﬁp oRhest thobkés rédol o8RIG t he
interiqgr or central posts 72'C ar hows s}e{garated by a dashed line for

ease ofl IMNJeuted 86 Agh Rlpserishift Hask lslﬁ Heil(ie b inrdudes puinaseppuld mepk paiéqrs
[00101]; 15 E@poﬁ%@ b&/ %urcfad@ T@aloriie @a@-sﬂtﬁ%&mtllw ahll s%@z&% 8k bloviRRKFIEL 2
further I n

di ng” assi st phase Tegi ons peri net er - surroundi ng
conf i g§AatRhase-sthtivmsk pafiér. 112 hBs a Eﬁ&rai etsuhtetmgoramamy chigkerbbandhaotagrié SCst

posts 72! |nc des, pe er, s;s 72' P_that ha ubst |aII t.he sane
hape AdtEEaaE BpBerb Tt Coleureius B ARhBraC b St HAT e TorEo R Thi s
confi gpeahiep1fsy th@hﬁ%ﬁﬂi@ahé({%%s MBStk arddLBuf BGHMERS 16p0d mathlae?th%edsﬁlﬁ

m nim ze) the exposure of acent photoresist areas, enabling subsequently

expos edegistRonessi ey pavettbein 9{1@& Shtﬁﬁsaiefémbye?xﬁ@@@ﬁgreﬁti)@lndshﬁlﬁnlf o be stitched
toget herm%‘"na!1 (())rtJ 2[)f ﬁlagea Peglons R that satisfy this condition can be used, e.g., Ry, and R3,,

etc. Phase-shift regions R generally are sized to be at or above the resolution limit of the
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[00102] FIG 13 is a cross-sectional view of a 2D nodeled array 70" of
(positive) photoresist posts 72' formed in a photoresist |ayer 135 as based
on data generated using the PROLI TH(r) photolithographic inmaging sinulation
software, available from KLA-Tencor, MIpitas, California. The phase-shift
mask 112 uysed in the photolitho raphlc exposure sinulation included a few

1.6 m cPYHCWa R0t i hegraphin pysten %‘?Hh‘élh@a sgrighmRk 51?c1ﬁé@@é®ééa g used,
(alternati t only
t he Ief?és@%EhQ%E$ﬁgﬂﬁﬁ%sg(%ﬁﬁgﬁh 11 %a %?kg%ﬁh ?gg; oto |tt %Eaphlc
exposur B3lusdikeanedilinne wavel engt h of 365 nmwith a prolectlon | ens

nunmeri cal aperture (NA) of 0.28 and a partial coherence factor a = 0.57,
whi ch gjoees) tlmaw:ﬂﬁﬁkﬂa&hpwaﬂhilsfmk ﬁfcl@lresanﬁ@est pﬁt&rﬁ@ﬁ@ﬂr&l}t ialimt of
(0.7) XINA - 1 mcron. [00103] The shape of of the |eft-nost
resi st SHETUNgng the Wtrgmeelﬁeééwé aray &5 atedgp ééélﬁ yAﬁ%féteWBP‘é‘sOftaﬁr&V 14$At he

|l eft-

adj acent pKpr %’? ; %ﬁ%ﬁ?&g@rﬁ?%&g@hwe‘@%ﬂ%r(k 1$&§ 13 e(r&%r%?g%gglgt 4 nglggjg%%}ﬁst good
featur eleaxoraqmmc@quiehntetm 1WaR, such hhat dnefot rrexd@edge‘s 11 hile. H)emosmh-fesmluabni EF. On

t he ot her the resist wall_ W.35R of phot ore5|st | ayer. 135 associ at ed
Wi th th@eaﬁgﬂ it 259ist PRsE regerys Bo Wﬁﬁag@gg ioy @ Rhgtqlithogsahic igaging ysiym

rel ati vigiigy M&@ol%&?ﬁmﬁh% %ter%éu?r{ inWad fo?mah&ijbf;@flét%dl@ﬁ&rﬁ seopt i mal
feature formation on the right edge of the exposure field [ 00104] The

nunber Wnélﬁelr@blas@nabic bt usablyi %mtgrd?smhdasx foe cramplera NSISbifeaaIsthlsq a pheigesisegi ons

R on a n se ft ma ends ze of exposure.field EF

and i R 57" JBEEEE Bhir fPRRT R 5% £EPRERPaRle iR of WS HeafERRI N SR ana

a Pi t chrefibds Rfoﬂaaédl&rb%ard Arhsy NS esssV: Plhasp hasEnstri detﬁnea@eaﬁ&tdmlls fgi ven by
( SEF/ P72) 2. way of example, for SEF 1 0 nm and P72 0.0016 Mmm N=

(10/0 GG&IS‘L)I’E“@H@ 07. The nunber N of assist phase regions R arranged

at all four edges of the phase-shift mask 112 is given by N =

4* (10/ d009216) In onessxpowle, Thicsmimingowhether agivernsssist phasd r¢giomBsissubphase

et nod TPy tFefG el B Rl € BhOB BB PR B n B R T

of the idiagbbeseisttiventtdid@sueh a8 pladoetisflaydriang secin@fghedf sehstisaitassur f ace
22 having an array 70 of posts 72 in the course of fornm né LEDs 10 using

phot ol i'egieny Bpfireed ﬂatjiemoaﬁw%&ﬂy@bm%@@h%mr@l%r%kaawah or &8¢ ques usi ng
h d bed ab A
phase: ik hﬂésw%éewnghaaﬁ i o T

ot r et [ A g8 Rl b Oﬁﬂna&w? 1?%@15%?@20“5}‘3 Tt e Seneb it e 20
havi ng iphetsamesk fHe ddpeerit phabe Siifpe wRaﬁehe%ZeﬁbbaﬂLaaﬁatyrlatse 284 anbiteer et hod

t hen |ncI udes arrangl ng the coate substlr ate 20 on noveabl e substrate stage
130 of dymersen thabigsalisntisily seplade g rigs, 2 8)e sizner spvdlen-tha) that ofdBk 112 as

descri (§¢ FIGS. 11A through 11C) that includes
lrglg ag%‘égsreay?qﬁg%o and

checke assi st pattern 115A is arranged at mask stage

110 of tho a gn i ncl S, operating
pinot o 100 ol BB T3 T s ohbsHEt DR etebE Palffid P B hg. wher aby
phase- shinfeliatep Kd}&d@?lt béri¥ien $ EfloMskist pﬂak&lfﬁgﬂﬂislwmlﬂcltgihﬁ opdife bacichrblfl

resul t ant (dlffract ed) exposure Ilght 121 from phase shift mask pattern 115

i s captefivd lddsoithal feseppsie Hieklcel’ Bes sherpsedep(sep églp’ols’@ phot oresi st | ayer
135 over an exposure field EF to forman array 70 Ehot oresi st posts 72
over smWS&ntInaﬁm f;xatnmée espist phasexpoiony B’ am@%tﬂmutsrdﬁ ef the sieppingtareatadd i n

FIG 14§as§s 01% ternlif &L enc (%%cllf:elr&)arg%ﬁ tlFSé ?aé}lts %{ LER r&lﬁtons 10°

are foP Bredi st ayé)r xposure in an
exanpl actohigy Enargleasﬁt}ﬁrhtli‘etexpaﬁlke flaldtiel. fwhd® eyas uticld Lr Qxfe sh&hﬁm the 30 NMM

and where each LED 10 is 1 mm square, there are 450 LED regions 10
associ HppEnted ?Wa%%ﬂc@ﬁéd\é@raéﬂﬁ‘i Rhage EpiongR’ eeilap with gheymittern i tonesh when
phot ol 'e%ﬁﬁ%gfeafﬁ’JHE%ys" em 100 operates at unit magnification. Inset Bin FIG
7 shows an '

[0096] FIG. 11C is similar to FIG. 11B but shows another example of the phase-shift mask

pattern 115 but wherein the assist phase regions configuration further includes one or more
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array 10A'" of LED regions 10' associated with the formation of LEDs 10. The
LED regions 10' are separated by scribe areas 11. However, array 70" of

phot oresi st posts 72' is formed everywhere over exposure field EF (see FIG
7, Inset C), including in scribe areas 137 shown in Inset A Field-to-field

stitching. may be required at the exposure field rders. Since phase-shift
mask 1135515 PRASAITERR ﬁérqssewt:kygiaﬁp@%% Ofif 8F BIOFS %ﬁgﬁﬁom@rgtuégg- fliefeencat t he

peri net &g Phnhg¥ PR R SRl EinG, 118 Bad 24 ;Qhége%h@@mtrﬁa?t%h} he E’E&%e%gﬁﬁs s and
obvi ates the need to have a portion of the exposure fie e.g., the
exposur ardy pdtcme dykss,)inrmeskaeplenths coimbeasaise plsast 3agion ROBBE]lekitiah theedoar ence

to FIG 14C  the exposed photaresist |aye 35.0f FIG 14B is processed
'? gwr eﬁo%n?fr?é?ﬁ%‘éﬁe ;eg&ng% @E@@%%i é"‘%’ﬁc?%%e@i%t ?Th&s lflémreéﬁ‘ﬁ?]é: exposed
resi st {Mpsditde¥© ai%@b?&s@%g%ﬁs ROEﬁle l@@fy@gr@éd @ysuﬁ@hncp(e_.g@hﬁhﬁé&&b%s,uﬁ{aﬁﬁcﬁ 72

or its conpl errentarz; eature, a hole. This photoresist array is then

et ched pgrimgierstiaid alndinptiet examle gmapdimenkasthiit phascaetinnyResreaonfigdied &t ed by

arr ows o t.ransfer the.phot ist pattern into the substrate 20,
t her ebygtﬁ‘garslérpan&glaffl ?%OU?BPS%&B&??I%Z in surface 22 of substrate, as shown

in FIG . 00109]. FI 14E is simlar to FIG 14D and_ji,| |l ustrates an
exarp! el o SSRGS Holoh P45 B S rbinecliot 08y pisidr est LI RIFBOTEE,  he
pyr am dgdstsSIIPahass 5wk foﬁﬁﬁtfg ANaN30 iluRQ bk ah FiPA bPpSY FRRE 22 of
substrate 20 may be obtai ned from non-pyram dal h@ ot or esi st posts 72' using

t he af otubstsdie 20 pethedirstnatigrmed ddyel oube L ¢op. Newgtarphotd ilhegraphyesys®m s

configu i lurality o ED.r.egi ons ' having a suitably
post-rog@ﬂtg#es p§u8§’¥ere ateP %%Fef%%lés % 1?%@551R%Q%F%ns¥%8€al' e t@a&i ng standard
phot ol i ihbegoaplkchiesitts L Eldweabr, kidalsindn howehirgliesnal Ihl‘jljsfabﬂﬁdtuﬁgﬁocéss)r
exanple, forming GaN nul tilayer structure 30 atop the roughened surface 22
of subsVisdeychpcdpung fdhwalsaalignep. doptcatly, iDdFhmanyaelHpadhe9orF to | ayers

50 and rfboscEiB? ﬁfe@%g IEdrll%t a¥led ?&ib%hﬂl\é@ 1i3'7. alﬁk@hel% n tLQ Qhfet ksulbgtr%@ \?b% b afiRpar ent

to those s e art that “various nodifications an ari atrons can
be nadeubstattiedlyphesent wdifadd fismeé tointhwdatan deppa 701 sfgphbtaesidtipestsgrit and

Cover CHEHDANY P ESTOHD S Ward ST BFEIBIooR PO 8EY UFE BRoH ded oy
cone WgBithntldl ea@RBUbh®0.appended claims and their equivalents.

[0098] This configuration of posts 72 is possible because the subsequent layers used in

forming the LED 10 do not need to align to array 70. This allows for wafers with array 70 to

be generic in that they can be used for any LED device regardless of die size. Since the array

70 so formed is not device specific, it can be formed by the wafer supplier instead of the

device manufacturer. Since only one phase-shift mask 112 is needed for each type of array

70 (e.g., each post size for posts 72), the cost of phase-shift mask 112 can be amortized over

all devices that use the same array 70.

[0099] In phase-shift mask 112, checkerboard array 115C effectively serves as an infinite
array with respect to the interior portion of the exposure field EF. In practice, for example,
phase-shift mask 112 is used to form thousands of LEDs, wherein each LED includes the
formation of thousands of posts 72 (see FIG. 1), so that there are many thousands of phase-
shift regions R and R’ making up checkerboard array 115C and assist pattern 115A.
However, when phase-shift mask pattern 115 only includes checkerboard array 115C so that
its perimeter 115P terminates at the boundary of the corresponding lithography exposure field
EF, the features at the perimeter 118 of the exposure field EF are distorted due to the lack of
phase interference beyond the edge 115E.
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What is clainmed is: 1. A phase-shift mask for use in a photolithographic

I mgi ng systemhaving a resolution limt, conprising: a checkerboard
array of phase-shift regions R sized to be at or above the resol ution
limt, with adjacent phase-shift regions R have a rel ati ve phase difference
of 180 degrees, the array having a perineter; |urality of

a
assi st 9034y Fagi %SWGH@W%}YQ@HSWW? ﬁiré!aflo’&ﬂf%&?ﬁﬁtl‘éﬁ) aﬂé&@? ®f portion of
the per e t ] I
5ol ut PROESis sty 12 A0 AR ARG, T 0w AR B BE IR UK R AR 1T ohlN®
degr eeSmCHaklad ¢heeketrboetrh|arrayij1 aenAnphasemshidéd peragitarpdsts 722P fokhedphéee- shi f t
mask of c]aim wherein } erimeter includes faour
phase- sPirfReter ﬂa;wpeé‘ﬂrﬁ&e&sr N P B RTESR ITRERATS @ﬁ@%?ﬁ@dpﬂgﬂgﬁ@e 3. The
phase- gﬁarﬁﬁet@'&s@& £ RbD Bat tK\?ﬁérﬁh&extﬂb% sPRF b TRL G0 OFIHARR tf Rin€AbNEr S

defined by t four edges, assi st ase regions R respectively
ar r angepbstsd]2aCe e phemfeupostor2iBragd themntefllwe optrasel pists 12’ Gmekstofvsany  of

cl ai ms s]épgrg{e(a%% (ﬁtshc\tlg-'l%{ee or eaEsQ St ﬁ?us{ratlorp toa 1§1ngugh Qeiween these two types of

posts.

[00101] FIG. 12B is similar to FIG. 12A but with phase-shift mask 112 further including
assist phase regions R’ with the perimeter-surrounding configuration shown in FIG. 11B.
The resulting array 70’ of photoresist posts 72’ includes perimeter posts 72°P that have
substantially the same shape as interior posts 72’C by virtue of the assist phase regions R’.
This configuration for phase-shift mask 112 reduces (and can be used to minimize) the
exposure of adjacent photoresist areas, enabling subsequently exposed photoresist patterns of

adjacent exposure fields EF to be stitched together without a gap.

[00102] FIG. 13 is a cross-sectional view of a 2D modeled array 70’ of (positive)
photoresist posts 72” formed in a photoresist layer 135 as based on data generated using the
PROLITH® photolithographic imaging simulation software, available from KLA-Tencor,
Milpitas, California. The phase-shift mask 112 used in the photolithographic exposure
simulation included a few 1.6 micron square phase-shift regions R arranged in a
checkerboard (alternating) pattern with 0.4 micron wide assist phase regions R’ on only the
left side of the phase-shift mask 112. The simulated photolithographic exposure used an i-
line wavelength of 365 nm with a projection lens numerical aperture (NA) of 0.28 and a
partial coherence factor 6 = 0.57, which gives the photolithographic projector a feature

resolution limit of (0.7) A/NA ~ 1 micron.

[00103] The shape of wall W72’ of the left-most resist wall W135L of photoresist layer 135
closely resembles that of the left-most photoresist post 72°, which in turn closely resembles
the adjacent post (denoted 72’°C for center or interior post), indicating good feature formation
all the way to the left edge of the exposure field EF. On the other hand, the resist wall
W135R of photoresist layer 135 associated with the unassisted right edge of phase-shift mask
112 is distorted relative to the other photoresist walls, indicating less-than-optimal feature

formation on the right edge of the exposure field EF.
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R are arranged i medi ately adjacent the entire perinmeter of the
checkerboard array. 5. The phase-shift mask of any of clains 1 through 4,
further conprising an opaque |layer imedi ately adjacent a perineter defined
by the assist phase regions R. 6. A phase-shift mask for use in a

P avel entIORTHIc de PLEPRON of phise-shilh SeiasR ThO PR UG T SAASFECENSE Fgiamisk body
ener al ' S i [ C. ¢ '
oavel orisy pPE g phARSARE Rk | SaEndiial e L IA0E BRI AR IS B EE por t ed

wavel engt e array o regi o
by the pmsk7Dindyrag dJof Hoeamenposiuedtld dinfeesiat Ser armbopiecht ve of pastd T itlen i mi t,

wi th adj acent_ regions .R have a.phase difference, of, 180 rees, .the
checker Bag By R agR s i RRTEPY Mialo Rep ualy ST FRarPy e dges
and fourg ;e HRIS, =460 16 mm, N= (fl@/d@(b(}l%?'i B yx 0. a38inenbRPRS 61 488t PR R |
supported by the substrate surface each sized to be bel ow the resol ution
limt, siiohsRherrangsidst alh e edgesgif desptRse-ahiftanggdd 12nseidembe Ny =adj acent t he
pluralify e sthe.four, cqrners s to.surround the, peri er,
b heab Q0OPIRR5 SO0 oMt R RGeS Sy el Phi R pp by BB 47, 5o
degr eesathigd Rt ¥@né® chétkedhacenly jasase-shift region R and relative to the
adj acent assi st phase region R .

Example method for forming the roughened substrate surface

[00105] Thus, an aspect of the disclosure includes a method of forming a roughed substrate
surface 22 having an array 70 of posts 72 in the course of forming LEDs 10 using
photolithographic imaging and photolithographic processing techniques using phase-shift
mask 112 with assist phase regions R’ as described above. An example method of forming
array 70 of posts 72 is now described with reference to FIG. 6 and also to FIGS. 14A
through 14E.

[00106] With reference first to FIG. 14A, the method includes providing a substrate 20
having photoresist layer 135 atop surface 22 of substrate 20. The method then includes
arranging the coated substrate 20 on moveable substrate stage 130 of photolithography
system 100 (FIG. 6). The phase-shift mask 112 as described above (see, e.g., FIGS. 11A
through 11C) that includes checkerboard array 115C and assist pattern 115A is arranged at
mask stage 110 of photolithography system 100. The method then includes operating
photolithography system 100 to perform photolithographic imaging whereby phase-shift
mask 112 is exposed with illumination light 108, and the resultant (diffracted) exposure light
121 from phase-shift mask pattern 115 is captured and imaged by projection lens 120 to
expose photoresist layer 135 over an exposure field EF to form an array 70 of photoresist

posts 72° over substantially the entire exposure field EF. This is illustrated in FIG. 14B.

[00107] With reference to FIG. 7, note that many LED regions 10° are formed in photoresist
layer 135 for each exposure field EF. Thus, in an example where phase-shift mask pattern
115 has an area of 15 mm x 30 mm, and where each LED 10 is 1 mm square, there are 450
LED regions 10 associated with each exposure field EF, which is also 15 mm x 30 mm when
photolithography system 100 operates at unit magnification. Inset B in FIG. 7 shows an

array 10A’ of LED regions 10’ associated with the formation of LEDs 10. The LED
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7. The phase-shift mask of claim®6, further conprising an opaque | ayer

I mredi ately adj acent a perineter defined by the assist phase regions R. 8.
A nmet hod of photolithographically patterning a sem conductor substrate:
provi di ng a sem conduct or substrate having a surface that supports a |ayer
of photoresi st; otoli t hographjcally inmagjn hase-shi f{ mask

pat t er nfeg%ﬂtlaibh%ws%%te@?y Sitegresid: Wf@e% A 8 h‘?%@"%é%ﬁk?%&%‘? dfnis

CONpri sfied cCHPREGE RIS dppiurYicRIEIPNES 816N, fifisel @%‘if?&lﬁdiﬁg i drfbeartlaggent
phase-shift regions R have a phase difference of 180 degrees, the

checker $hoamndndnsea\. Haslirig-fimldseitchieg may banchuareg buthalekpgsuof field boslerphase

regi ons,.R ch si.zed.to.he bel ow t he resoluti.on lim with the assi st
bhase T Sgrs SRRk T Py S B SRR tfep St At BF ¢ e
per i net gdrimatbrt dF RPSUrAHSHHF, BHAERI11A6I @8 siRichhd\ré@saih@seasiht hedli fof er ence
of 180 degrees relative to the adjacent phase-shift region R and

pr ocesshayg atneetighelttbe expostre| iy EF (@2t theraxaopee fieldiedgen) resjdeoh spiilt eesi st
featuref37 9. The nethod of claim8, further conprising: processi ng
t he photoresist features to create an array of substrate posts that define

a rough S trate surface; formn -n j.uncti L | ayer
struct u@@ﬁgq]oW&Wﬁ?&%@%@e@ﬁ&’éﬁ%e?ﬁgq@g’ﬁore%éqayﬁﬁgQ?ngn?lﬁg%‘ 121 Elaims
or 9, VWhesRkd tbh@mﬁ%ﬁ&ﬁg&é@&@ﬁsﬁh@%ﬁﬁ{/ﬁﬁ%t%biﬁg ofBfiRnRlve %ﬁiﬁ%ﬂ kQist 11. The
met hod of any of clains t hr ou_gg 0, erein the photolithographic imaging
has a vi@oEHehphaiomssishdnicars ayay38) of phefntesist perts 73 ey s cpeatementary feature,

a hole. This photoresist array 70’ is then etched using standard photolithographic etching

techniques as indicated by arrows 200 to transfer the photoresist pattern into the substrate 20,

thereby forming array 70 of posts 72 in surface 22 of substrate, as shown in FIG. 14D.

[00109] FIG. 14E is similar to FIG. 14D and illustrates an example where posts 72 in array
70 have a non-cylindrical shape, i.e., the pyramidal shape as shown. Such shapes for posts 72
formed in surface 22 of substrate 20 may be obtained from non-pyramidal photoresist posts

72’ using the aforementioned etching techniques.

[00110] Now that substrate 20 is configured with a plurality of LED regions 10’ having a
suitably post-roughened substrate surface 22, LEDs 10 are fabricated using standard
photolithography-based LED fabrication techniques. This includes, for exarhple, forming
GaN multilayer structure 30 atop the roughened surface 22 of substrate 20 and then adding p-

contact 90p and n-contact 90n to layers 50 and 40, respectively, as shown in FIG. 1.

[00111] It will be apparent to those skilled in the art that various modifications and
variations can be made to the present disclosure without departing from the spirit and scope
of the disclosure. Thus it is intended that the present disclosure cover the modifications and
variations of this disclosure provided they come within the scope of the appended claims and

their equivalents.
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12. The method of claim9, wherein the substrate posts have a di nension of
one mcron or less, and further conprising perform ng the photolithographic
i magi ng at a nunerical aperture of 0.5 or less. 13. The nmethod of any of
clainms 8 through 12, wherein the phase-shift mask further conprising an
opaque | ayer immediately adjacent a perineter defined by the assist phase
regionsVW@ﬂlsckWF€¢Hé nmet hod of any of clains 8 through 13, wherein the

phot ol i t hographi cally i magi ng i ncludes stitching together exposure fields
to create a substantially continuous array of photoresist posts in the

| ayer of photaoresist, aver substantial|y. the entire.substrate. 15. A nethod
of formng a P BREC R Trg Rrsa ccretgithelfuhi e B3 iing s

phot ol i febs1gfi@Phin@atdpr@Xiesi ng phot oresi st supported by a sem conductor
substrate to formtherein an array of photoresist posts, including passing

i 11 uni nation Richpekerbmarligrayzoiphasceshifiregionsd kizedin bt ar abricidbe salugon
phase- sjy,fit wﬁﬁﬁégﬁééﬁt Eﬁ‘é’s:e!lﬁiﬂ?‘reg%rnk QL a%'l%ﬁ%’é‘x%%g dfPer@fle BF 1 8Y drees, the
sub-resoluti on assist phase régli ons; processing the arr of
phot or estasthaphgtaspdrimetat andan array of substrate posts that defined a

roughened substrate surface; and ,
d a plural?ty 0 ass?st phase regions R’ arranged immediately adjacent at least a

portion of the perimeter, with each assist phase regions R’ being sized below the resolution
limit and having a relative phase-shift difference of 180 degrees relative to the adjacent

phase-shift region R.

2. The phase-shift mask of claim 1, wherein the perimeter includes four edges, and the

phase-shift regions being arranged adjacent each of the four edges.

3. The phase-shift mask of claim 2, wherein the perimeter includes four corners
defined by the four edges, with assist phase regions R’ respectively arranged adjacent the

four corners.

4. The phase-shift mask of any of claims 1 through 3, wherein the assist phase regions

R’ are arranged immediately adjacent the entire perimeter of the checkerboard array.

5. The phase-shift mask of any of claims 1 through 4, further comprising an opaque

layer immediately adjacent a perimeter defined by the assist phase regions R’.

6. A phase-shift mask for use in a photolithographic imaging system having a
resolution limit and a wavelength, comprising:

a mask body having a surface, the mask body generally being transparent to the
photolithographic imaging system wavelength;

a checkerboard array of phase-shift regions R supported by the mask body surface
and sized to be at or above the resolution limit, with adjacent regions R have a phase
difference of 180 degrees, the checkerboard array having a perimeter that includes a plurality

of edges and four corners; and
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formng a p-n multilayer structure atop the roughened substrate surface to
formthe LED, wherein the roughened substrate surface acts to scatter |ight
generated by the p-n nultilayer structure to increase an anount of |ight
emtted by the LED as conpared to the LED havi ng an unroughened substrate
surface. 16. The nethod .of claim15__wherein the phase-shift mask further

havi ng an opaduduieliye! assistatines sRiPna B apnerted by diq substere sutacheactbyzadhe
sub-res ' | I egi . The: h ] ai or 16,
mhereinRgﬁg%% i?ﬁ%%%%ﬁﬁ?@gﬁvyﬁgﬁgngﬁg t %”% %@E?egﬁgﬁkﬁgkﬁgg%%gﬁ out at a
nuner i calja@petht phealatdy of edgasrant dssfour d@nerf ke asret snadund thelpatimefe?, with eddh n

phot ol i t hogr aphi cal | y, exposi t he, or esi is carried out a wavel ength
of noni ?%15?91@%56&% EERE 3 %Se'ﬁgﬁﬁ&?éﬁaf? ahl80 deges *m%“‘i?éf’ﬂ%f‘da‘ﬁ%e%y of

ol ai s Jt BriuaRod & el SRl agI ARG I RXPOSI ng t he

phot oresi st includes stitching together exposure fields to create a

substantially continuous array of photoresist posts over substantially the
entire substrate. . 20..The nethod of.claim19,.further conpr.isi

over | aphi ng. parE B BT Pk Ehae Pl Fpirine D PrasIang o i ssi s
phase rgpaRAsa pdrirhéter QITREE H§ M dssidBSHase regions R’.

8. A method of photolithographically patterning a semiconductor substrate:

providing a semiconductor substrate having a surface that supports a layer of
photoresist;

photolithographically imaging a phase-shift mask pattern onto the layer of
photoresist, the phase-shift mask pattern comprising a checkerboard array of phase-shift
regions R, with adjacent phase-shift regions R have a phase difference of 180 degrees, the
checkerboard array having a perimeter, and a plurality of assist phase regions R’ each sized to
be below the resolution limit, with the assist phase regions R’ arranged immediately adjacent
at least a portion of the perimeter, with each assist phase region R’ having a phase-shift
difference of 180 degrees relative to the adjacent phase-shift region R; and

processing the photoresist layer to form a periodic array of photoresist features.

9. The method of claim 8, further comprising:
processing the photoresist features to create an array of substrate posts that define a
roughened substrate surface; and

forming a p-n junction multilayer structure atop the roughened substrate surface.

10. The method of claim 8 or 9, wherein the semiconductor substrate being made of
sapphire.
11. The method of any of claims 8 through 10, wherein the photolithographic imaging

has a wavelength of nominally 365 nm and a unit magnification.
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12. The method of claim 9, wherein the substrate posts have a dimension of one
micron or less, and further comprising performing the photolithographic imaging at a

numerical aperture of 0.5 or less.

13. The method of any of claims 8 through 12, wherein the phase-shift mask further
comprising an opaque layer immediately adjacent a perimeter defined by the assist phase

regions R’.

14. The method of any of claims 8 through 13, wherein the photolithographically
imaging includes stitching together exposure fields to create a substantially continuous array

of photoresist posts in the layer of photoresist over substantially the entire substrate.

15. A method of forming a light-emitting diode (LED), comprising:
photolithographically exposing photoresist supported by a semiconductor substrate
to form therein an array of photoresist posts, including passing illumination light through a
phase-shift mask having a checkerboard phase-shift pattern having a perimeter surrounded by
an array of sub-resolution assist phase regions;
processing the array of photoresist posts to form an array of substrate posts that

defined a roughened substrate surface; and

forming a p-n multilayer structure atop the roughened substrate surface to form the
LED, wherein the roughened substrate surface acts to scatter light generated by the p-n
multilayer structure to increase an amount of light emitted by the LED as compared to the

LED having an unroughened substrate surface.

16. The method of claim 15, wherein the phase-shift mask further having an opaque

layer immediately adjacent a perimeter defined by the sub-resolution assist phase regions.

17. The method of claim 15 or 16, wherein photolithographically exposing the

photoresist is carried out at a numerical aperture of 0.5 or less.

18. The method of claim 17, wherein photolithographically exposing the photoresist is

carried out a wavelength of nominally 365 nm and at unit magnification.
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19. The method of any of claims 15 through 18, wherein photolithographically
exposing the photoresist includes stitching together exposure fields to create a substantially

continuous array of photoresist posts over substantially the entire substrate.

20. The method of claim 19, further comprising overlapping portions of the exposure

fields that correspond to the assist phase regions of the phase-shift mask.
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