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regions that forma pn or pin junction uffer layer has the
e.g. US 7,335,908. Particle-assisted growth can be achieved by use of chemical beam epitaxy

(CBE), metalorganic chemical vapour deposition (MOCVD), metalorganic vapour phase
epitaxy (MOVPE), molecular beam epitaxy (MBE), laser ablation and thermal evaporation
methods. However, nanowire growth is not limited to VLS processes, for example the

20 WO 2007/102781 shows that semiconductor nanowires may be grown on semiconductor
substrates without the use of a particle as a catalyst. One important breakthrough in this field
was that methods for growing group III-V semiconductor nanowires, and others, on Si-
substrates have been demonstrated, which is important since it provides a compatibility with
existing Si processing and non-affordable I1I-V substrates can be replaced by cheaper Si

25 substrates.

One example of a bottom emitting nanowire LED is shown in WO 2010/14032. This
nanowire LED comprises an array of semiconductor nanowires grown on a buffer layer of a
substrate, such as a GaN buffer layer on a Si substrate. Each nanowire comprises an n-type
nanowire core enclosed in a p-type shell and a p-electrode with an active layer formed
30  between the n-type and p-type regions that form a pn or pin junction. The buffer layer has the
1
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for light generation. While the first conductivity type of the core is described herein as an n-

type semiconductor core and the second conductivity type shell is described herein as a p-

20  type semiconductor shell, it should be understood that their conductivity types may be
reversed. A p-electrode layer extends over a plurality of nanowires and is in electrical

contact with at least a top portion of the nanoelements to connect to the p-type shell. The p-

electrode layer is at least partly air-bridged between the nanowires.

Traditional, planar LEDs comprise functional layers in a sandwich structure. In their

25  simplest form, the planar LEDs comprise at least three functional layers: a p-doped layer, an
active region, and an n-doped layer. Functional layers may also include wells, barriers,
intrinsic and graded layers (e.g., as part of the active region). The LED arrays described in
embodiments of the invention distinguish themselves by at least one of the functional layers

being electrically separated from the surrounding LEDs in the array. Another distinguishing
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Wth an air
of the invention comprises the steps of:

25 - providing an array of semiconductor nanowires comprising a second conductivity type
(e.g., p-type) region and a first conductivity type (e.g., n-type) region, the n-type region

extending to the base of the nanowire;

- depositing a sacrificial layer that completely covers nanowires in a non-active area and
partially covers nanowires in a LED area, leaving a top portion of the nanowires in the LED

30  area exposed;



accordance wth enbodi ments of the invention, the risk for discontinuities
is reduced or elimnated, and the |lateral current spreading is inproved due
to a uni fwormtihicedsmess of the p-el ectrode and optional &daiuscanakosBayer s
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i nvent icontawt Ihyer be tlenwteapghate sirfdceo@g. ke fialzooal swyfadetpoteldbedesanvepicalon of

the i nvention en consjdered in copjungtion.w th the accanpanyi ng .30
et naEnaia PR o e B et ERSB 1N fobAe § Tt SO RE SaN T on of
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described with reference to the acconpanyi'ng draw ngs, wherein: FIG 1
schemataceatlinge ithieshod iresntssof shadie ventios sthe aislt foo datontineiests redusedvs of a

nanow re%nllirllzal?e , gnciS th2 Tatra &M ERt sVI\)nretaQin% qg)%jﬁr%ﬁtd%e ?of a Brg?orhlq}{l%ﬂttlésggf the p-

electrode and optional additional layers deposited on the p-electrode.

One advantage of an air-bridge p-contact or electrode for top-emitting nanowire LEDs is
15  that a thick contact layer can directly contact the top portion of the nanowire LED. For top
emitting nanowire LEDs, a transparent p-contact layer is used. Without the air-bridge, the p-
electrode layer at the nanowire top portion must be made much thicker, which increases

absorption.

One advantage of the air-bridge p-contact or electrode for bottom-emitting nanowire
20  LED:s is that the reflective p-contact layer is only arranged on the top portion of the
nanowires and not the whole circumferential nanowire area. A reflective layer extending
down on the whole circumferential area would give significant losses due to total internal

reflection.

Thus, embodiments of the invention make it possible to obtain an efficient nanowire
25  LED with regard to internal conductivity, light generation and coupling of light out from the

nanowire LED.

Embodiments of the invention are defined in the dependent claims. Other objects,
advantages and novel features of the invention will become apparent from the following
detailed description of the invention when considered in conjunction with the accompanying

30  drawings and claims.



FIG 2 schematically illustrates a side cross sectional view of a nanowre
LED structure on a buffer layer in accordance with enbodi nents of the

i nventi orwoORbGgLe0@a- b schematically illustrate side cro®eTASeHi1OMAB2 Vi ews
of air-bridged p-electrodes in accordance with enbodi nents of the
inventug (fOFI . 4§-hdﬁphenat|cally illustrate side cross sectional views
of a filpael iptiemolbthehayings et hod in accordance with one embodi ment of
t he inventlon FIGs. 4i-s schematically illustrate side cross sectional

vi ews of @r@ﬁ@&ﬂ@db@&in@éﬁ?s‘%ﬁhé R eordw TBIRPBe B8 cABEPR HRRGBreWEd @ tRO1Ot her
enbodi nent of the invention, FIG 5 shows two scanning el ectron

m cr os gepempanygresdrawings, whareibr i dged p-el ectrode in 15 accordance with
enbodi ments of the invention, FIGs. 6a-i schematically illustrate side
Cross I ' tat | t rdance
Cr 0% 964 L0 AN Aled DGOl TPLARA BP0 P TRy By dance
m CB0S cepadingatioémbodiabamior eheliltk2nsibriuct ur e manuf act ured according to the
third inplementation exanple, 20FIG 8 schematically illustrates a side

Cross |onal view of an arr of nanomnre LED struct S conpri sing
axi al ;FS[ %ﬁ%‘ﬁ%a'ghﬁlué‘ﬁat%ﬁ & Slg%/ Fegetechom! ey nqnﬁwgggldﬁﬁagmurwopﬁ an
al terna&u‘ffé?l geﬁquc%aanc@ witEnbOWABhd BPthefih(@Entidn] | | UStrates a side cross

sect i onal devi ce according to a further enbodiment of the

i nvention, 25 FIG 10 shows the side view of the device of the enbodi nent
of Fi g.FlGsmsusahgmaticalysillbstrainsidektoks seepewp vieatseof @oriridged p-elgotrodes in
2011/16005 PCT/U&gOll/ 40932 illustrates a side cross sectiona

vi ew of “EGRVCCE 58%? ﬁ@spgﬁglgyg '™ urt her enbodi nent of the invention
and FI G 12 shows the side view of the device of the enbodinent of Fig. 11

mouot edrIGR. 4n-1s sdhepiatitally ill0stE{dP S0P Eiosd Secq o] &in.of fDatlaipﬂce@lmﬁ&mrdf pti on of
enbodi nent s As used herein, the term"air-bridged electrode" is taken to
mean arin@hedinasaerdancegithupre erbrdimgte dae Huewionn adj acent i ndi vi dual

devices to | eave an enpty space between the adjacent devices. The enpty

space 'ISIGQréﬁfsesrcﬂthtlcﬁﬂgl Elﬂ}éﬂgé@l(ﬂ%r&s}g%e&fgnﬁpﬁ%s gey! 'sé?:%ﬁd ﬁﬂpl%ltﬁgnt%{l&?éf athe

air-bridged electrode on the "top" and the support of devi ces on the
"bottonﬁmhmmnmhem@aMNBmemnBMﬂ@pﬁaddmbmbfdwnmwmnpelat|ve dependi ng on whi ch
way the device is positioned.

FIG. 5 shows two scanning electron microscope images of an air-bridged p-electrode in

15 accordance with embodiments of the invention,

FIGs. 6a-1 schematically illustrate side cross sectional views of a third implementation of a

method in accordance with another embodiment of the invention,

FIG. 7 shows a scanning electron microscope image of a nanowire LED structure

manufactured according to the third implementation example,

20  FIG. 8 schematically illustrates a side cross sectional view of an array of nanowire LED
structures comprising axial pn junctions and an air-bridged p-electrode in accordance with an

alternative embodiment of the invention,

FIG. 9 illustrates a side cross sectional view of a device according to a further embodiment of

the invention,

25  FIG. 10 shows the side view of the device of the embodiment of Fig. 9 mounted on a

submount with appropriate contacts,



For exanple, in one enbodi nent in which each individual device is a radial
core-shell nanowire, the air-bridged el ectrode covers the nanowire tips and
t he spacewbevwemsihe nanowi res, such that there is an eoptus2epas®3beneat h
the el ectrode between the nanow re support |ayer (e.g., substrate, buffer

| ayer, reflective or, transparent .conductive |ayer, 15insul ating mask
| ayer, Pﬁﬁc?{ e S ST Surbonal vifhof hcure a5 ST ¥y, nanowires
are usuahdovirhteF MeSheshtidg; 4Anostructures having a lateral size (e.g.,
di ameter for cylindrical nanowires or width for pyram dal or hexagonal

nanow res) of nano-scal e or nanoneter dinensions, whereas its |ongitudinal
si ze i Flntdakawsathasde vRirchf thadege oicthecebodineeng oihignl ymahsted pekerred to as
nanowhi sker s (e 20 ditmen§i nal nano-el enents, nanorods, nanotubes, etc.
Gener al MY TORNE PREEORGFA R AT ygonal cross section are considered to have
at | east two dinensions each of which are not greater than 300 nm However,

t he snamhil@bdéeription ®f amBodiméms or width of up to about 1 iim The one
di rensi onal nature of the nanow res provides uni que physical, optical and

el ectronic, properties, These properties can for exanple be used to form
devi ces utAT P%d?f@r%ém (SFR o BirfpeicRE e cifoder faken t@é@ﬁm,an@iqcrraﬁaﬁf&mwn Wi res)

or 10 Rl RAHEPARLEN SdjtREinAlviGRTRARE G ANE ¥in Qf#:péﬁsr&%g\% bdTRE&] i@l S that

usual | y cannot be conbi'ned due to large lattice . As the term
nanow radjaceqgldegses.t Hee onptydpaens peiahblpatuewded by theenljassodivatedn Wiet h an
el ongat ed shape., In other r w one dinmensio ' refers t i dt,h or
i anet &1 o0 BheifEsT RS Sinihe soPort Preghasten Prim EommPorboteihee
nanow neserd B thakaol ahd Botforg hRSSMESE HéRAAINg DNaRAEh whiltheIRYIRTRPRNtidnSd.
intended to refer to the effective dianeter. By effective dianeter, it is

meant tHes eavaplage coe embedimpgno i whigh sivdioindiyidug] dévieehie agadiglscosethellon of t he
structurg, . Y0 2004/ 100081RCT US2014( 040032 FI G, usShematl,cal Ly,

i |1 ustrates the basi sSfor a nanowi e LED ST U8t e T nPaccordance wit h
enbodi MRAb®ired, stidhethatti&Btid Sempty spiidertenpdtl theheuDde Gy eb@RMahewirs enough
for formng a nanowire LED, but due to the small size, nanowires are

pr ef er APROTRIYEHEEd SHPstifs. RyHerclangr  BTlegt YU RARR S CORGHFSINE 1T (i . e. |

nang- deyi i i jde to formthe LED structure. 5 For
il Irigst ﬁg%uﬁﬁglgg%?sggé’gg’e%i)e%ﬁtﬁf\g?éaﬁg(?e'nanovvi re LED devices will be described

herein as being made up fromnanowires 1 having an n-type nanowire core 2
and a p-t yipehsinebf nostchhalagy, npaowirgs are obuadly mgtetpheted arumnosteuactweehignd an

internedi ate active | ayer 4. wever, far the .purpose of, K enbodi nents of the
| hvont ORCHLABET b (BB YRR rRarss o RIGt Bopy sl PERHE i ond r ¢
core 2,nahbRirdHtf Yignd- 84S orhafbdlefeP@inknbivRE valeedas i3 1omYuBRar@steisup from a

mul titude of layers or 10 segnments. As described above, in alternative
enbodi rmekesstrametlySuchenagertaicRirgreye canmenkyerlsp natansdtte asnanosvhaskersaoani re by

RO it i Bin SRS R S P R DAL TR,
n-si de o spetfondee ednsRREN t6 haENAH1€ast tvrP8intedsiBRs ERAtoRGhEh are not greater
than 300 nm. However, the nanowires can have a diameter or width of up to about 1 pm.
The one dimensional nature of the nanowires provides unique physical, optical and electronic
properties. These properties can for example be used to form devices utilizing quantum
25  mechanical effects (e.g., using quantum wires) or to form heterostructures of compositionally
different materials that usually cannot be combined due to large lattice mismatch. As the term
nanowire implies, the one dimensional nature is often associated with an elongated shape. In
other words, “one dimensional” refers to a width or diameter less than 1 micron and a length
greater than 1 micron. Since nanowires may have various cross-sectional shapes, the
30 diameter is intended to refer to the effective diameter. By effective diameter, it is meant the

average of the major and minor axis of the cross-section of the structure.
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By growing the nanowires 1 on a growh substrate 5, optionally using a
gromh mask 6 15(e.g., a nitride layer, such as silicon nitride dielectric
maski ng Iapenit/teoosdef i ne the position and determ ne thePhotusemiiomivsz f ace
area of the nanowires 1, the substrate 5 functions as a carrier for the

nanow r es that, praotrude fromthe substrate 5 t least. durin rocessing.
The bot t orﬁ%ﬂéﬂ_}e&@&%}fyéﬁu%rfaw@ ﬂ&%ﬁlﬁ S edoRimbF st el vl core 2
i nsi de SaeRiRRRHMEE inDerddds. T&Fﬁfr{c@g%Lo%iX%h R -nad§\GirSHRAGIALS: forfiRY aCONPr i Se

different materials such as | | -Vl 20sem conductors, Si, Ge, Al 203,
Si C, Quanowire ERsbyt det 0 the amall bige wss@dirdsrrquetrably painged inggoply$ canpromgSE

1050700; 2 (assi.gned .to GO AB),, .which i.s incoyparated by r rence herein
it s BB TRt R RO o AR Sea P S4C b 3P gy Gold SGHEr |y on

t he 5gr awr MEHRS PR sEs the indRi@faehBkNre [HTEdSHRS Wilkbe dSschibedtleséin adigpied t o
function as a current transport |ayer connecting to the n-side of each
nanow rieade upfking nanenwvitse | hevisgrph nSyRecnapgwhiaoerad 2ad 8 pHspa deB 35t tepgtpartly

25conpr | : ffer. ! .he _surface o h ubs e 5
Faci ng PR AEHBap Sl BUEQ by B LRARRRARLNE G ABGe e PEUBRME  01 1 e
| ayer, eswbodindehtLolfEaN na@rtionhaddvwaedN DD fiemot layiRed 6 tHIB. For Skarspl® glermah@wide The
buffer layer 7 is usually matched to the desired nanowire material, and

thus f (968 3-hfsachize Ryegfrodiidihe ebyeabe! 3 may ibe nfagde pp &9 dRulsititeds &yesg¥  an
n- type Ad | ay. 4 I SR Y; The
buf1 per SI% yg}tg%sﬁgcr%g%ﬁvg éﬁfﬁg%§%1%§?%®g§%@£€ glyghé&éggbmscgﬁ%ﬁg% subl ayers
(e.qg., MBadétandretdrGh)wine bphgiaredidiayediambtechelow 1 giiahe dwhitcote khedllB Bhy
content, Al GaN. t o | ower. Al content AlGaN or GaN. T anow res can.

Cor 1 s b o BRI thste RE BRTaR (RARE o 4 DB oF e B tde

sem CONFUetHASowHE M hal¥d RQ4ALIBPO0S1PCT/ US2011/ 040932 as a Il l-nitride

sem conductor (e.g., @GN, AllnGN, Al GN and InGaN, etc.) or other

sem conductors (e.g., InP, GaAs) are usually preferred. It should be noted
t hat the nBrnewwies the nagovatprprangegrawtheubstragi 3. foptienally meing piggdveth (easg 6, GaN
core, InGaN active |layer and InGaN shell haying a different In.to ratio
Chaf ¢ HEZadr it oS R ANG AR iEois AR ik RhE e oMoy o

| ayer Teai@inc@hebdt@eh interfied @tdofxhe Aar®mpRON [ the subdtrtd BEGMdtiohayker cab@dr férhe
nanowires. As will be described in nore detail with regard to FIGs. 9-12, a
conductthe/eanosyiss | that grotrude fpiths subptrate 2rié fapteluiing rpcasctng. iy booised as a
support. i ead, &f .0 I L1 rad : uffer
ayer el ERE Flndiarbbi Bt Rl &0 oS RS PR AR g B one or
nor e ofmishegdayer 6NFhe substd Husay dohpribudifferent ayeriald sythoy ldeson@adis f or

contacting the n-sjde of the nanowres 1. In prior_ art nanow re LEDs, the
coract PR BFuGHeE G-y gkggéﬂ’_aﬁéﬁiﬁﬁf’r@éﬁ-&%id&ﬁ?ﬁ@’é’aﬁthifh%}d’éE?ﬁbl i shed by
deposi ta‘pEHca%oH Sgl 1@9@)76@)@23@%%&%6'@ G119 ABSARHUES 'iﬁ’c%rﬂo@éf&{ by RekeRPALRRER the
p-type shell 3 of each nanowre 1 and extends to an insulating |ayer on the

subst r atsenbretyhuflf ene ¢ray@timenthtbe oamoucs il \veee grayedirettyermdbe growthswbsirats 8l at i ng
| ayer to adjacent nanow res. However, 15 since the nanowires of a nanowire

LED are clgsgl y,spaced and. bei ng .of hj spect ratio in der to gbtain a
i gh- | o gk BRTTREG: BAPIaRe oI aRBRth chitrk Rat PeRiPRE el on.
Typi caltbyhd i-f@e 6f eaSh GiHowRIcOC TR REn bS EBMPEsHRABY hevih g seistr@¢3pR4at i on are
used for el ectrode deposition. Due to the |ine-of-side deposition, a

pr &Per ewvmpabesgyihenlayer 1 aeangechan Be seifece RAMSWHPEReantIciag Sitaoniiigs eRfect are
observ esﬂo&lﬁ H} ricE %%); whﬂ;‘I oPexta%Ferel ﬁﬂniﬁgdetlg%r,%ﬁgﬂ £¢d éﬁq Gnd/or AlGaN buffer

layer 7 on a Si substrate 5. The buffer layer 7 is usually matched to the desired nanowire
material, and thus functions as a growth template in the fabrication process. For an n-type
core 2, the buffer layer 7 is preferably also doped n-type. The buffer layer 7 may comprise a
30 single layer (e.g., GaN), several sublayers (e.g., GaN and AlGaN) or a graded layer which is
graded from high Al content AlGaN to a lower Al content AlGaN or GaN. The nanowires

can comprise any semiconductor material, but for nanowire LEDs III-V semiconductors such
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20 with decreased thickness towards the base of the nanowires 1. Hence, in
order to obtain efficient |lateral current spreading, the thickness of the
p- el ect r osie 20i1l160d3@come unnecessarily thick on the tipspofi/usb@inamen r es
while being insufficiently thick in between the nanowi res. The shadow ng

o oSN 0o & & DTS S MbGaN 53 bt e
p-el ect he
i nvent IS@ﬁ'lldo%dﬁ‘étOIlSQ@?t IIEIﬁVGAAYs) Qferusu%%ﬂeﬂﬂl%q @tesﬁlﬂﬁlﬁrbe%e@%ﬁtth@ﬁ‘ﬁﬁwlfees 1.

FIG 3a schematic y illustrates a p-electrode 8 covering a group of
nanow rlemay comprisecereabdifernt inftetinks (e.geldaN3cané, InGeNmahm\iaywnﬂ InGaN- t ype,

t hen el ode 8 ul b n n- rode. ver tro Ls referred
o her o bE5e Battfe AR % 6 it RE e Fehis (RET o copkf HebPBS e s andSt S
freg- haﬂgbwrbweﬁe%e R4drAcabheRANAM fipport oaa@ups}ﬁmqaw foLRP ARARA Ry Ashe
nanowires 1. The p-electrode 8 encloses a top 30 portion of each nanowre 1

and t heviddy Q?@ﬁﬂ@étl@ mopedgsait i regard eFleendviilr cerEpcter lagerye .. ahigror

pelectr ri r re eg.,
' %or ot R a3 b Fog 3 B offaeRiRhdh HAIPRHIEY a0
ar r angegden thenfeuser At hus (tAs tetinl ‘Sufg@rdessr obedpport e ird@ideiany bﬁé ow and
as shown on the right and left edges of FIG 3a). D fferent additional

| ayer s qraRerpef hepodrmeson the p-el ectrode. For exanple |ayers that

i nprove el ectri cal conductivity or coupling of light out frominto the
nangwi re May,bge BuftePa ért P! RRANABPY S ting theTNSidRRP QW HafiowFR BlRUCt Ur e
of the enbodiments of the present Invention IS either adapted for top

em ttimyior anelanoanhEDenths sotﬂmcthigrqulgfhp +ide opea;lheranowde,l iptypoatlyom em t ti ng,

conducteamPEPE By Atr AT el arnsr s ShgLtPEser T ERKt edient s on

the p- QS/ sEHeH@%f%ﬁéh fﬂdﬁofvﬁfeelnzindf &Eenﬁbﬁﬁzﬁh ﬁlﬁ\ﬁla@&gsﬁ?er oﬁ&hé@&b%&ﬂtehﬁ 'bﬁff@r t he
termlight em ssion includes both visible Ii | ue or violet

| i ght) lwrwéfht cersluchivplay¢irxteads an itlahmsulaturg)lrayar @@ﬁjaémttmn%\glr@ﬁe\lﬂ@@ever he

P- ghects 006, NEedR1LOPEIANRAR Gl (el spabla SHOUL S AR MLko{bG, IR o Ly

i gh %1%815 P ﬂ?ﬁ% |um?s 8<ade £ @efﬁenaterlal

for t heorgerab GB{faﬁDszl,gh ilimP@sdehd |tIEHp él@étrcsdeeiep@ﬁu@fmstatdhlageﬂgamgwe&zmdnED The
| TO pref erabl¥ has a_ 15 thickness of 150-900nm nore preferably 250-650nm
nost prePisadyi lylez%éw@lt BOURTHES: P H8UIREE R0y BRPSANAR 37 UseldOReISHradsr pl anar
conpon r r ues. In
such cgdr%(é)sﬁéé\%fsﬁ? ﬁ %gglgéggp({sﬁ{edﬁfggg %EIIZ%? gxxf)t%le era%ﬁcl a %ut 150nm
Si nce trhanswirss z&ﬂcmijfadcb\om(gteﬂabtraranb@c\mﬁphabémltau argriing pf dedi-elgetrddae

drawback with increased thickness is_that the | TO has conparatively high
ab<8r ptWighdgsreasshickngsdpwpigh the hige oDthe PeNWKireskln steacs. dn Riddst toRbtigy as

possi bl i ANALBEAI ofi8aR Qfreh@he KEERiAGe NS thel; pefe@lrSWﬁﬁbécgme'u%n&&@starﬂ)he I TO
cannot readily be wet etched”if too thick, i.e. nmore than 150nm

Sur pr i ghielyloyn theepsogtthered nowi®s while Ibnmgsns‘Uéﬁlcwmbf thicklie betvode themaaowucsjanc e

with t di.nen of the resent ention.is hi
expl a 10 BYFHBE PHET PHAAI N oaE e B PTG RS RUHGF Y 8 et FERE e mi ned
by a trade-off between good |ight coupling, i.e. conparatively thick ITGO

25 and | owa pha&dtRide 8Mn atcobdanc® R@leattodhahtd b the inkehtidh® at [BeAtGaARIyEdiB0 be
conbl ned with | ayers
bridged between adjacent nanowires 1. FIG. 3a schematically illustrates a p-electrode 8
covering a group of nanowires 1. As noted above, if the shell 3 of the nanowires 1 is n-type,
then electrode 8 would be an n-electrode. However, electrode 8 is referred to herein as p-
electrode for ease of description. The p-electrode 8 is free-hanging between adjacent
nanowires 1 and is only supported by the nanowires 1. The p-electrode § encloses a top

30  portion of each nanowire 1 and thereby contacts the p-side of the nanowire LED structure.

The p-electrode may extend down along the sides of peripheral nanowires, €.g., in order to



of other materials to obtain specific properties. For exanple, simlar
properties as when having a 500nm I TO can be obtai ned by having a 150nm I TO
covered wohoa/sbdsicon oxide | ayer. A thick p-el ectrodepCpristanalpdog2
uniformy thick, will also contribute to efficient heat dissipation.

30 her suitable materials for a p-electrode_on a top emtting deyice are
Zno, ddPeRYIZAE YA W&Pﬁ%g%ﬂ&hﬁwéah%m %@%}litbaélg“{fbeéés Rofadsil ant

par amete sy LRl as oS n/FRALRE ﬁglllt 4t Feft M@eggﬁ-ﬁdﬁ%@.5l!3q/ US2011/ 040932 good
transparency, electrical conductivity and the ability to nmake | ow resistive

contact to the shell. H gh thermal conductivity is also desirable, together
wi t h a matRitferent neditigeallayers maeke depopisardomidre prelecsiode giipr gxiupple layers that | n
one embod RNy grficag tn%g &‘”ﬂté‘c%g S ‘}“t‘Ctt”froediLtﬁ NS osyashrate is

or ovi deld P CIF ST IGLFTERFTHE PSRRIl 180t Qe eoty/iptg The BanaUe N P t ends i n
a pbanelepbdet ohhige Radodder € LEDs. For a bottomemtting LED, the
p-electrode is preferably reflective. As shown in the foll ow ng exanpl es,
the p-el ectrode may conprise one or nore additional | ayers deposited on the

p- el ect r odBNG RANOWHE AR piEctHe of theicahoriraenihell e Prese dyentian fredtber ties. FIG
SC %Iﬁg]gtje&%r t¥}t) h&&g@%g%?ﬁ%@é}g@tﬁﬁgﬁ{)m{e -elé?cn‘lagé‘,g)‘i”!bwo%'%&l&ﬁl@%é.Ur ein

10 acco nce w I ne on. rinciple 1t%is the
sane stlighcemissioashwhgwheisnpparQay8dj.c btiroughahp eeldactiveld gercmddfor bsffer layer

conparatively thi onducti ve | ayer 8' encl osi t he. p-type shell and a
o SR P et Bh et g it iaf elb e gRet & (i
Coﬁ@UCtds&?hé@ﬁﬁ,efhegérm ﬁglﬁlemésﬁblpﬁeﬂﬁ&t l%]dfﬁ Visﬁﬂ@figlﬁ'(e%.)s ﬁ)ﬁf&%@ Vijcﬂéf'ﬁigthgvﬁr ds the

base of the nanowire 1, |longer than the thick conductive |ayer 8". The thin
conductwelkad @yer IR radjatiorf. or 15 exanpl e be deposited using atonic |ayer
deposition or grown as an epitaxial |ayer on the p-type shell. Layer 8 may

be di scontjnuaus bet.ween .adj,acent nanow res and nma ver. onl he .
nanow r e At HBETUHAE RSy N §areron toris gy PaforBYal U il g

nanow rees majiritof higts eddift@geie DIED) hEdidbh MircORMeGITVE s hayiiblSmataial fo¢ used
to obtain an optimal interface to the p-type shell 3 and the thick
conductthe B-elegiiade. an patipulpefos e tap swittipg paqyyireehEDs Bl Rigfarlly das 201 i ght
coypl i ng: ] i \Y e ! f he
i 1By {isBREL BF 5D Blle oot SO SO ncRl pERYARP bR S0D I BOD )
6, the zpaceecidialpeeseddi® foaphnar@snpoaontahdoredeEDidbviees dreifdrynedbypayeii al | y
with a dielectric (i.e., insulatin eri al as .silicon oxide. For
par t i alPylaye P Bfade ,Su‘flh@r%ﬁanegaﬁges@iﬂnﬁé |06€bet_slﬁ§>h'amr-lme&‘d%bqv§f§%tduced.
For f ulspnf did@4hiS RAGRuch RESRathSnRABcdppbBesurRRt §irkadid. ¢8R drdlbik Wil the
enbodi nents descri bed 2% below wth regard to the contact schenmes for the
nanow riegeaset! tlebioebdis leat wiredHi3 havantpasati velyariglaatoniptios oflightydheefura dteed

ei t.her i n.air-bridged or non-air-bridged confiqurati e In the

£ oPPovih FlkBesinkirtAStvats BRTBE AnabrRSErae ktiee SO sicmmt o

nNanow rRatldITRY Eafobfe@dily bel feeéttRRAs Wot thick &f € hRNE thah Q 5GhfESSurpsifglylthe t hi s
enbodi nent, the sane conductive |layer is patterned to form both tt}u,e p and n

el ect r cotimahyEQP ghickness for she prpleetiedetiaaresdanse agthfthe embodiments of then

present invention is high. This can be explained by the fact that the efficiency of the nanowire
LED is determined by a trade-off between good light coupling, i.e. comparatively thick ITO,
25  and low absorption, i.e. comparatively thin ITO. The ITO can also be combined with layers
of other materials to obtain specific properties. For example, similar properties as when
having a 500nm ITO can be obtained by having a 150nm ITO covered with a silicon oxide
layer. A thick p-electrode, preferably uniformly thick, will also contribute to efficient heat

dissipation.

30 Other suitable materials for a p-electrode on a top emitting device are ZnO, doped ZnO

and other transparent conducting oxides (TCOs). Important parameters for this material are
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30 connecting to the n-side and p-side of the device are forned in pad
areas adjacent to the WD 2011/160051PCT/ US2011/ 040932 nanowi res form ng

t he nanowvoeoliAoosiHowever, the invention is not |im tedPCo/usheigd/ 040932
configuration. FIG 4a shows an array of nanowires 1 grown froma buffer

| ayer 7 through a growth maskjng | ayer 6. The nanow res preferably conprise
an’ n- t P84 HARBA F6Y DI éﬂ%ﬂlusgw il e ablTltsst_ot@%@Wgw&%lﬁw&f@magt itk an

i nt er megipt ‘Hi@ﬂﬂe\‘rﬁal‘ &)ﬁ@ﬁctﬂ/itfy% alkd g&firagﬁﬂé%%@thbxoxﬂith Q%ﬁ&%ﬁ‘r&ﬁc@&nd&c The
grow h mask 6 nmay be patternéd by photolithography to define openings for

t he nar(dependingroowphfigastid®scri bed for exanple in U S. Patent Nunber
7,829,443, In this inplenentation, the nanowires are grouped in an n-pad
area, a non-actiye are a LED.area (i.e., t rea ich.emits lLight) and
2 orba arlsremiBoBitar fun i hehbihstrt D ERBIER LR 4ol R B 5
this. XOeffedtin@xadnnk ee.§.hiRo@tht preterabigexRadain’ AplgRdurddr themhafdwir@ EEDBNOW I es
formng the light emtting part of the nanowre LED structure, whereby the
p-pad area and the LED. area coincide, as described in PCT |nternational

Appl i cat i oFPTRISHPERTIINENABethe WolotPdF BrefsabAy reflsctiisn daRhowr ingfhe

publ i shed, GRBrUANYIed, he B ABGe MAG RbRBKAE G HEhGE DY AR AR B olifkd dpS

enti rety.o‘gege?r ?Ilglﬁge ’tto gl %C ggehllg tlﬁg next step a prlgt ecigireon gyler Ogl IS
deposi tthep-edictrbéatt improving ths rdflebx er &al/mivenéudtive propeaissr es wi | | f orm LEDs,
to protect nanowires fromthe subsequent processing. O herw se residuals

from phot iL,st .and reactive ions from sputtering .an eactjve. ion etching
(R'B) ey EE0SR il SR Gre o T P 5! S A ERDEPCEAHTH af omi <
layer drRpaahideanitH Akbddifments BEtHeSAEn@dn AnPHALPE it Athé SUEE strfnfe adMRINAIE
with ALD as a deposition technique is its perfect step coverage. O her

mat er i ah$1Qudh basthe prrdectiode gpmpiises @gompastvelyitiiasonduciive laxepd Fnelossig02,

deposited with ar, ot her deposition.techniques.can also he used., This
ayer. iy e el SRR PR Lk O A BTGRP PR o

|l eft. thinRoat@give 0dyel 8y Ghe $hil epadictiv®mykiss feakdnaweowh yovearenihe Gasddof thdir ough
| i thography and etching, to the buffer layer 7 through the protection |ayer

and t heagPwite h. leagw than thhisk pendugiivedayer 871 Rhethieeondyetine laye SSRdWei n FI G
4b, - . i - 19)
f o e RIEPIR, Rpoflea U ARG b RXH or GRS FeiiPRDE R P 72) 1o

phot ol itypogredphyyer Thmae bp dseochtpruotebdtivoen ddjyent fanandret hied exposeat onhski ng
| ayer 6 between the nanow res ar ny suitable etc

b Lr et hod
whi ch dBnnarogpres hut prd thmpgking %rr6e %@%&?%ﬁ% ﬁsttweS? ﬂtﬁ’r‘V“@WEﬁ%-M‘ﬂé lﬁf)do

whi ch %&ngérﬁé}lt_%er‘iﬁirﬁéonﬁﬁétﬁ% 15’3Fer%i kixﬁ&‘us‘é&@@béﬁ'a%@piﬁﬁﬁh YntMedcB & grpect to a
[1l-nitride sem conductor buffer layer). The purpose is to access the

buf f er tg3d B3 dndfthe thagkr@nduciyedayee Beé carr bdeptivhisedion cuirent speding engypovi de an
el ectri.cal connection through the buffer layer, 7 to the n-si.de .of the
nafdw (10t GORINE nd B BRRGY  Thv'” o o mvihe P Ty e HEDHREY (o

n-type nanowire cores 2). Referring to FIG 4c, the next step is to

form a sacihiahigtelatil @y@bodifhents Uil dxSortoPROMASIERY &6, BHe spacd hrdwesiht abl e
sacrificial material layer, with two different thicknesses extendi ng over
t he norhagevirgecatabyw beddladdallp oppartiakheyith wielpmiae Greednydatingy gratesigh gi
conpl Eta%'s}iic‘éf?\éﬁfde.t %r\%‘ﬁﬂ&m r{ﬁ%d 's]?aﬁ:te,htﬁe AV PGk ¥EIoH 8 attIridD &f BaSclt shoul d
part | y cover the nanow res In e
For fully filled space, there is no longer an air-bridge. Thus, for the embodiments described
25  below with regard to the contact schemes for the nanowires, it should be understood than the

nanowires may be contacted either in an air-bridged or non-air-bridged configurations.

In the following first implementation of a method for forming a top emitting nanowire LED
structure is described with reference to FIGs. 4a-h. In this embodiment, the same conductive
layer is patterned to form both the p and n electrode layers. In this implementation, pads for

30  connecting to the n-side and p-side of the device are formed in pad areas adjacent to the

10



5 LED area 14, leaving a top portion of each nanowire 1 in the LED area 14
exposed. |If the sane contact materials are to be used in the n- and p-

el ect r odewQ 2arigmsosnhi ch shoul d be accessed as contact pa&d3/useoig/o4098he n- pad
area 11 and the p-pad area 15, the n-pad area is 11 preferably not covered
by photoresjst, This is clea enin the left parf of Fig. 4c. As

appr eci3PRHIEOBHEE g NPy Llﬁﬁqif%@ i 18vssHBR i figtted w&s can be forned
e.g. byodgpasidd ng 10 photoresist, and using two masks and two exposures
and then devel opnent, or |arger anplitude exposure in area 14 than in area
13 for a positive photoresist (or vice versa for negative photoresist).

Al so, the Photoskesissin agray ot oanowirse | grawn fpere abafferlsyqrd. through aeraiviily, exposi ng
and develsgﬁli 2 ea6f. reSI;[a (r)elsésztr tiepa ?rc%arhs rilgaarrll—? ]é4 aa(g]d' tcr:]o%anegrl&eg% ae2(posi ng
and devetspie %’5 s R ST I MR R e S T A G R L SO P T
deskr edypd dhell plyet Dhah iaf intdithelfPacticOnpEl Sfor Agehdr@ibmhs hoenpRBI®riesi st

| ayer 12 used in FIG 4b to pattern layers 9 and 6. In this case,

phot or @egoway@skﬁzn%bee@@ﬁé@é@bap%%e@%%rﬂpwo dsiinfPReRBEHEY Msdsnesier | bed

shove LR ki i I, PEROR BR300 5 oy ieyigec

phot or ., renove I'n darea ahd
par ti althyninowaeeare kdoupBe freani-pgl dren, RInGn-adtike drdvea DEXX arsd @p., L dred widaiove t he
protectiaon | ayer 9 on at |east the 20 exposed top portion nanow r es

. . ., of the
in the QR lgnBANY 4 PIg Aedr BORKYSESERPOO RIS (Bt IMBHBIB AESHY fimiad foe‘!%ﬁ- 10. This
ey obe KPRRaRMe BRI A6 BACHE D Gilvop ef &fétdgﬁ((é‘sléi}‘es%ﬁﬁﬁ Hell@hPehih

protective la not ‘the ma ng [ayer .g., sifTico mtnc%e) or
t he semadafitheataoowirelLEPrstiuayey, whemeby e mdradeacind theldiidwien esintide |ds desi r ed,

| ayer 9, may he in are ere |t does not. i rf I n.a contact

et weerieritred ShCb it i Rpdrnttm binieato et S Brh0BiABRREE™ o br ovi de
addi t i qgseleleeflt, plbiathed R&HhAY UOTD10MNd AR oRordtdtEnci®s ki RerAAR it6 entrey.

exanpl e, an al um nium oxi de 1ayer nay be used as such a permanent

protective layer 9 in conmbination with silicon nitride nmasking |ayer 6.
Ther eaf t erRefping te Flg 4ts dethe pst stapsa protegipp ddyerd is dipagited; #degst vy thet r ode

beggne t . Not - t-g~Le j arrow
spage. ervata Vit BS ARFP Ry ER (bR BRI EE ol Ll Roslifdtll {0 ng
or evapRoakiing GhearWie: isiddals Goncghitaesitthmddmeacel € iing Giden $paytering snd or ned at

the sane tine since the n-pad area 11 is exposed. It should be noted that
p- el ect'Fde 19 Hefiag RHIE) svicarte dehertnandyieoBiantiptiong ¢l depepitadiith- pad ar ea

15 WO £Qht/ QQ@%P?U APh1LA093 &%%g&%@ bRy QU Dhe bl il RLpAYer ed
by the rras%i/ %% | a esr ' élqlgnq%hg p- pa%1 ar ea. T%us, ya s&orat aglﬁg%wlt etween the
p- el ectadegpesition techiique Buifsfperfettayeprcovemgan ddbwi metedals esch & calvayinded .or

20  silicon oxides, e.g., Al,O3 or SiO», deposited with ALD or other deposition techniques can

also be used. This layer may fill an additional role as insulator on areas where it will be left.

Protection layer 9 deposition is followed by opening up, through lithography and
etching, to the buffer layer 7 through the protection layer and the growth mask in the n-pad
area 11. In other words, as shown in FIG. 4b, a photoresist or another masking layer (shown

25  as dashed lines 12) is formed over the entire device and then removed in the n-pad area 11 by
photolithography. The exposed protection layer 9 and the exposed masking layer 6 between
the nanowires 1 are etched by any suitable etching method which can stop on the buffer layer
(e.g., any wet or dry etching method which can etch a metal oxide or silicon oxide selectively
with respect to a III-nitride semiconductor buffer layer). The purpose is to access the buffer

30 layer 7 for arranging an electrode thereon, in order to provide an electrical connection
through the buffer layer 7 to the n-side of the nanowires 1 (i.e., an electrical connection

through n-type layer 7 to n-type nanowire cores 2).
11



However, if the left side portion of layer 16 is used to formthe

n-el ectrode, then it this portion of |layer 16 contacts the exposed buffer
| ayer 7 bwowernmetdse nanowires in the n-pad S5area 11. |t pehaiska 1loeo9snt ed
that |ayer 16 does not contact the nanowires 1 in the non-active area 13

which is vered b hot or esi st 13. Referring to FI G 4e, next step
's to do aREEHER: p.ﬁ{:‘ ‘Scr Xgit%lwteim@sa&ﬁglfﬁi Yﬁﬁlﬁ SHLSIAPIOMITFEI N 17 in
the p- RAAn&hEAul@blesAGitdrP ndfi&dl I AR BR NfPRH Ai&RAedds extélidin rbe done
by form ng anot her photoresist |ayer over the device shown in G 4d
(|ncIudhﬂgmiaau@nw@hﬂmnbtamaéhentTbﬁ@mmﬁeﬂadawmdmnééC@npbamyemmrﬂ@ in
non-active areaté % % S|ng H & Iggin the hot ?ﬁSt to

| eave t'HEB°BHBL Grasiet? htetaéeran Sirahiencd “eé ‘ode 16

cover ecLEl@%fe%tMP@h%ﬁg 2] téprorFf@ﬁ of EdcAGah®&wiré U.in e, LEMEred Qlﬂexﬁéﬁa [f&hé O renove
the electrode material 16 on the areas where electrode material is not

cover edapy cppigftsnatpaals arerfo by upedoim thhre- gday ielpgyodeseqyeay which shopld e 15
non- act | i ch b r t _et.ching which
ocs. nof e Rope: Bk, JB7wIa 40T a3 A Y2 Ting e M L

el ect r qatefelabysetiot Lovdred b phderedise abit il Dleatl$ scandh theaft puit of Fig. esoved in the
non-active area 13 between the n-pad area 11 and the active and p-pad areas
14, 15.2PRECES hgeneskiled in 4y, ar'hébe% phqterssislayray B fosmediere. by Hapenitg

phgtor , / asma

Bt Bt g ] e L T oo ¢ he
nanow raasplituderexphenreé EDiraa é@thhﬁ in Iﬂea§3ffmrmposﬂth& phiotordyi it dgrevive vdrsaeﬂmpt y space
18 between.th electroqe i@ nanowi res 1 and the masking | ayer .

Ref er r il6§24 RBOEPresds))- A5, 4 phofugsighrag CB@PP?Femblr“cB Yive$a é‘im@ on the

non- actdykesiAk %ﬁi é&efoﬁ%ﬁ% asitn‘s{ ffesﬂ?—ﬂﬁ R&sABLRENY ahd tHe%erI\ﬁ%q ckipUSing h@yer 16
forms the p-el ectrode contacts 25the tips of % he nanowire 1

p- shel |dsv@oping acﬁomrdat:s;sttdméy mka higoveayter figt iepist) hé&f qesiped! ther gwtoragstidl | as
the_n-el ectrode 16b whic ntact.s the n-buff r 7.in.the area
11157 @ SEdRghe hite i SiTg REPARURL bOT 1 Rrb bt W FpliBihaR TR, g
p- el ectih@gie chd?, e danaferiRtifletossd £pdord MBRtusHy thd\RethdodeadscAPed oRe

i ntersection bet ween the non-active area and LED area with the air-bridged

p- el ectip@epas L4 agd &5 butenasin pRe 13 eatviceasiafora nagasive pBot@ERsisplepsh@en i n
non- aCtde‘églegéae@hl%emm% ﬁg &' 7hd ’Jﬁ}’au §n 42§94t 0 formboth p- and

n-el ectro ove proc 857 quence illustrated by Figs. 4a
to 13

Referring to FIG. 4d, the next step is to remove the protection layer 9 on at least the
20  exposed top portions of the nanowires in the LED area 14 that are exposed outside of
photoresist pattern 10. This may be done by selective etching which selectively etches the
oxide protective layer 9 but not the masking layer 6 (e.g., silicon nitride) or the
semiconductor buffer layer 7 or semiconductor nanowires 1. If desired, layer 9 may be left
in areas where it does not interfere in a contact between the semiconductor material and a
25  respective electrode to provide additional electrical insulation on top of the masking layer 6.
For example, an aluminium oxide layer may be used as such a permanent protective layer 9

in combination with silicon nitride masking layer 6.

Thereafter the p-electrode layer 16 is deposited. Since the p-electrode becomes elevated
and does not have to extend down deeply into the narrow space between the nanowires 1,
30 line-of-sight processes such as sputtering or evaporation can be used. Of course the n-
electrode layer is formed at the same time since the n-pad area 11 is exposed. It should be

noted that p-electrode 16 does not contact the n-type buffer layer 7 in the p-pad area 15

12



WO 2011/ 160051PCT/ US2011/ 040932 4h, the p-electrode and n-el ectrode are
deposited in the sane step. The n-el ectrode | ayer 16b conprises an n-pad
area 11 owmoaofiimsdisipart of the buffer l|ayer 7. The p-el ecrrusd@iloapsr 16a
conprises a p-pad area 15 on the nanowires in a LED active area 14 or on a

di el ectric maski ayer .6 on the buffer |ayer 7 adjacent tqo the nanow res
in the hf@@sggﬁhz}@%ahaééﬁ wvsr_eﬂ_-bp;égealﬁ nGHck hig e Bsmﬁarf‘@a & %UpHr at ed
by a nQfcag blNReR iRE-L3cEQIIRING Sh & bIHBIMy 32 ROMINb & $re Lot CAV R gnOt  cont act
the p-electrode (i.e., these nanowires do not emt light). However, in an

al t er ndowevesat trdefenbdodomontof layhel pisaelsed torfode then-pleowpdbe thennt tisf i r st st ep
and the n-electro is fornmed fro diffe t material at a |ater stage.
auch a poritedani g cbRpeSa orrguirehines! FlhaRRtR rRoudty Aichd b Prdescr: bed
bel gw. akher des sdud bORoted tHahRiy&iaIRdok net @it thedAdowir@PBirl the Abirh&isve 4a- 4h
wi Il not be repeated below for brevity. The first two steps in the

second ¥¢buiviishts eaverrddydhephefeissischl. to the first enbodi nent nethod, i.e.
Figs 4a and b represent the same steps as Figs. 4i and j. However, the

protect VeRéf@}flﬁ_nlrg gtg EZ(ES'ALJI@%? SEE% eiL Y& an%t}?err%ﬂgb%gzg{gﬁi@%}éqgadﬁé‘g( !{eﬁ_bghe?' pad area 11

Fig. 4 as i1n next step, cra ., resist)

| ayer Ifhatdrasideposhtl@dn the d-pal ded | 2rienLEDhrek neasiethe aypall atdadt] . NOhis &g r es
are left uncovered in the n-pad . area 11 as in the first odi ment. Thus,
in the heébgleﬁag%rnmén% érmh@&r%kstﬂ%ye&awrﬂée i Sﬁﬂ‘éﬁl iR Eﬁ-?@r{m in area
1119 & S0F inkShHalCOUBHET 16 BSVeraBreliliEpARAT [Pin MOANRW/E §3a118) RENAPE RSV E
region 13, as opposed to in Fig. 4c where the |leftnost nanow res i n - pad
ar ea 1landrdevdopipg étegihptaresove teasle ththpho@desnapatdrn é3 onrbottheddskD tiar matall4 ar e

partially e ed on , the t i n,the photoresist 10a. The p-pad area 15 is
conpl eteé%lcﬁméggé§%%f’r‘?dnreﬁ’ﬁblfagﬁ%@s&t pattern 10a. Fig. 41 shows that the
protective layer 9 is at |least partially renoved fromthe exposed nanow re

tips in LERfarRe tdFid Bf Ahelpixt@pRs @MbadvE e LRAbAE makehe®sn tRar@rsshel | 3
of the nanowires in area 13 and the p-el ectrode. 25The p-el ectrode | ayer 16

i s t herVipapelstireds raafesd dnwnoticoveied by Zepist pagiesp 17 drogptherpse tions &3 j.g.ein the

st ruct T i tiv -1GO I ver t he

ohofor diefzactiEal3s VHn b AP MUEOMIE L dib ALRESIRNE P SRUHRPRpY e '

16 contthe plotbiesisepqpessd Opma el | BhiScailsed the ehatodd laes liotolbEEdm¢ ea 14 and t he

maski ng | ayer 6 in _the P pad area 15. WO 2011/160051PCT/ US2011/ 040932
discontinuous such that it is removed in the non-active area 13 between the n-pad area 11 and

the active and p-pad areas 14, 15.

Referring to Fig. 4g, next step is removal of all remaining photoresist 10, 17, which can
20  be done by dissolving and/or plasma etching. This leaves the p-electrode layer 16 free-
hanging between the nanowires 1 in the LED area 14. This forms the air-bridge with empty

space 18 between the electrode 16, nanowires 1 and the masking layer 6.

Referring to Fig. 4h, finally residues of the protective layer 9 on the non-active area 13
that still may be present is removed. Thus, layer 16 forms the p-electrode 16a which contacts
25  the tips of the nanowire 1 p-shells 3 and contacts the masking layer 6 in the p-pad area, as
well as the n-electrode 16b which contacts the n-buffer layer 7 in the n-pad area 11. FIG. 5
shows two scanning electron microscope images of an air-bridged p-electrode in accordance
with this embodiment of the invention. The intersection between the non-active area and

LED area with the air-bridged p-electrode is visible on the left.

30 Since layer 16 was removed in non-active area 13, the same layer 16 may be used to

form both p- and n-electrodes. Thus, in the above process sequence illustrated by Figs. 4a to
13



As shown in Fig. 4n, a second photoresist pattern 17a is now provi ded over
the p-electrode layer 16 in the LED area 14 and the p-pad area 15.

Phot or esiwO 2patteersm 17a is renoved in areas 13 and 11. PhwAS201a9e093416 i s
exposed in areas 11 and 13. The exposed p-el ectrode layer 16 is then

renoved from areas 11 and 13 by sel ective 5etching, as shown in Fig.. 4o.
As shovit g Pﬁ?laqtr%lﬁ&}ld fralechipde a%eé@i)eﬁltefe%,theﬁawisge%r e -aleg'iﬁ%f#%ﬁf‘ag@he

p- el ectdoadRist eMel-pddak® Mon aMirdl JardVrittlosu i 1fy ek ndeht Yl ueiPlayespaces 18
between the nanowres in LED area 14, and fornms a p-contact pad in area 15.

Next, aonpwsghop-présicgtlspatthenanosdres sn appD awtive aregdder onraddectd¢ 14 and 15

but not the nl0 d area..l as can be seen in.Fig. 4 The. protective
Cayer gnishinetase i febirtgudy £ike0Sa R toniss die TrplagyR bR The

N- ebectd-paarkayer thgg—ﬂaﬂ arieie kgRAREd BFa RYEhctivARr@Nt3l dognpiisingCludi®y as shown
in Fig. 4r. Layer 20 may conprise Ti and Al sublayers or any other suitable

met al . Naagwire b whishtdadios comactdhpprstegtrpds fier thegg sanopvieps donetiemif lighhor t ed
nanowi res in area 11. Layer 20 rests on 15photoresist 19 in areas 13, 14
and 15. Fi i f1- -' i.Ch h ' n 19
isr ermvedlgi ?Vgé\feir’?i P %}é\?*tgrlngé;llve% Se%Jdl %ﬁgéhé%lgnt\i\g{e%?%galﬁggiﬁ r%gﬁ%gﬁi %gl?stt %%E

r emai niang they-elec@6dd i famed ficin b diffegeritheateridlaee tatadege Thehe precasoisel ect r ode
Iayers(ﬁG 20.in the non-active area 13. This prevents shorting of |ayer 16

and 20. sl AR Feds Adevilldediedyidesaribed ReleWackhelsseyprugn 8 thegmegur es 4h
andods Stk AiGRTRT HRN! L% Ril RE BelepQMIAAN (fbrgaft act s (e. 0., | ead

wires or bunp electrodes) to the p-el ectéode 16a, 16 and n-el ectrode 16b,
20, respectively. However, it should be understood that the contacts

descri bed Thet first apwerts in thef Segardegnigdimentanethdd ae edantidd to thetfirst p- el ect r ode
in p-pad.,area 15 and the.n-pad area 11 respectivel Furt hernpre, as noted
above, THEIETHLIE, | RN B ProR arS Rovras T gl andd Hlvere 36 "and
15 ar e (ROPidIdEds layat Nefd MbainOREWEScMBNAMJIVES ifthe SNMNiréa FFigs4j Ahnand 4s.
The following third inplementation of a nmethod for formng a bottom

em ttiAg8rlnowi re LED structure is described with reference to FIGs. 6a-h.
In this inplenentation pads for connecting to the n-side and p-side are

agggn for ni?Qhé Hex"t"sf%ﬁ% @cﬁﬁ&a?@%&%@ﬁﬂ%ﬁéﬁ% is?ﬁé&ﬁ&ﬁ ith%Joniffgl%hC\?oe”t to the

nanow r es ormng the nanowr ver, Invention I's
2011/ 16DBREAREH suG2 thhi h@4f3drenate leftmint@drédintthd s-pad headanme iretherfestt s t hat

were descri bed ove, W | ot be described again below for brevity. Fig.
6a s hpv%ntt%lgn%&t?ﬁasu bk Hof$1dgio F%r‘*ﬂtlbcaﬁ@ segpahatie nAT e ih 8l s ly
descri ba%iel’MrEl@f oS SR8 fitst LOthEicBhtft nafovPRQLRkRSHoRt ackidy Rgidi 10ak bﬁﬁcﬂeé—%bin"“ th

two thicknessés conplfetely 5 covers nanowres in the non-active area 13 and
part i alHig. &enechas 8 lelmostaoewresininppadrecd HDaracempledkly heewiereg. t Hee t op

i ti d, . The n-pad 1 d.t -pad.
nanoreByirul s EERITEN Lt oF Gaftel? Sapiser am fistiop if e RokGiR68 TR e OPer

pad area 15 is completely exposed in photoresist pattern 10a.

Fig. 41 shows that the protective layer 9 is at least partially removed from the exposed
nanowire tips in LED area 13 in order to provide for contact between the p-shell 3 of the

nanowires in area 13 and the p-electrode.

25 The p-electrode layer 16 is then deposited as shown in Fig. 4m. Layer 16 covers the
entire structure. The inactive 13 and n-contact 11 areas are now covered by the photoresist
10a and layer 16 is formed on top of the photoresist 10a. Layer 16 contacts the exposed p-
shells 3 of the nanowires in LED area 14 and the masking layer 6 in the p-pad area 15.

14



Referring to FIG 6b, in a next step, the protective |layer 9 on the exposed
top portion of the nanowires in the LED area 14 is sel ectively renoved.
Then, a pwelzetttwowke | ayer 16¢c, a 10current spreadi ng | aper/ukéa1anmd3pne or
nore reflector |ayers 16e are deposited over the entire device by for

i nstance sputtering.or evapor One or re of these, |ayers may be
onitted (eX@S OV‘f“rfé‘gFrl%f"lneEtS%P 33!}%@%&%&@ Eléalaﬁpm@avwd qv -ate minor
will bejdsedd layéisld PNde a8 Atred EBSHd t@@? @gmwfs qulok&}é{ﬁﬁ pla&eIBQWH%d

Referring to FIG 6c¢, in a next step the photoresist 10b is renoved to lift

of f Iayemsvaﬁmﬁm@EﬂGdnédd 1Bwis, lapet libgs eppasehanl drgasfldldndidd by a heat
treatment to tune the properties of the Iayers This | eaves | ayers 16c¢- 16e
in areas 14 and A npty
spaces 18 WSS PrRAP-Revhe 13F JBUL AR okl RS wete FLERL I EoP IR ot 22
andsn- elt@gid, adeifowddin Ag. 4hown in FI G 6d. Ref err| ng to FIG 6d, in
next step, the residues of the protective | ayer 9, on the non-20active area
13 is reaned i f desired. errin in a next step sol der

bal | dburrps Ay shsmyn indiig 4. pll Bmfﬁrezlfbl%g%l%eﬁﬁvzdlwyh Hretherrglesterdeddyet he
1
D B ecti 3 B RRSriddy S Shnd BAPREY Griks 18t b n R PR BRI ERD LS e

6. The]G—mhh&Mm@d@czmuptpuhdamuﬂiunrlcaI contact between the p-bunp 2la
and the p-shells 3 in area 14 25 The n-el ectrode 23 provi des contact

betmeen n 21b e 7 and n-co Thus, .t he buffer
oyvor o R B B0 FodieBt 1 B f oustnd el 1BnAT 861§ BPL Ol IE coned

by 1phe [Egdelr@cmr fl&ry bele B FOFiE 4P MAY ipiiRe@ive 8xee D RAN nRkEGE 1dyeRb afONNection to
t he Referring to FIG 6f, in'a next step the chip, i.e., the

LED stﬂﬁ@@mwbﬁomsXP@Eé@ealdver and 30 dlpped in a conductive adhesive 23
whi ch remains on the bunps 21a, 21b. In addition to 16 providing

electri cal NGONAYEL o :&E&’O 1stt]t%e{eggS{éﬁtoivglgthgrd;@%%iégrﬁcm ol DRV fﬁ%%heat

di ssi pation prop er rring 'n’ & hext step the chipis
mount ed_ayar 20 @y compriATime- Alrmblegaae @r why Sthpr aiitdblenedtglc UageeX) dntaatnd 26.
Althouqh described in terns a SBB arrangenent it js Sappreciated by a

per son B&FYRoser byfterhayesy and hélfmmweﬁléoraeﬁélaa?wws i85k lAvERrhiEsiiwds, such

aslgeaqﬂﬁmﬁgngqghgggag[@qg4ﬁ8qgect|ons Referring to FIG 6h, in a next
step, the space between 'the chip and the carrier is underfilled, for

exanpl e by an epoxy material 27. The underfill provides structural rigidity
and may aIEig eohowss lad'tfeoiif@te'pmmmdhhemtombisqu@am Bhis rdioRefdgpdifingfft o FI G

6, in la o tln aslrtegg3 1§ kﬁ Id l%usucilr az;[t %CSrehglnqr?gnByer 0 mrTPeaelt eflo¥m {he%@rt tally
electrode. There is no electrode layers 16, 20 in the non-active area 13. This prevents

shorting of layer 16 and 20. Dummy nanowires are located in the non-active area 13.

20 Figures 4h and 4s show in process devices prior to formation of contacts (e.g., lead wires
or bump electrodes) to the p-electrode 16a, 16 and n-electrode 16b, 20, respectively.
However, it should be understood that the contacts described with respect to figures 6, 10 or
12 are made to the p-electrode in p-pad area 15 and the n-pad area 11, respectively.
Furthermore, as noted above, the p-pad area 15 may be on top of nanowires (e.g., areas 14

25  and 15 are combined) rather than between nanowires as shown in Figs. 4h and 4s.

The following third implementation of a method for forming a bottom emitting nanowire
LED structure is described with reference to FIGs. 6a-h. In this implementation pads for
connecting to the n-side and p-side are again formed in n-pad areas and p-pad areas,

respectively, adjacent to the nanowires forming the nanowire LED. However, the invention is
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by for exanple wet or dry etching to form an opening 28 exposing the buffer
| ayer 7. If desired, the buffer layer 7 may al so be renoved through opening
28 to expweeaotiwossanowi re 1 bases. FIG 7 shows a nanowPCE/SR01a08098E
obtained by this inplenentation of the nethod with a 15 solder bunp
arranged gon _the pangwires. The p-. and n-el ectyqdes are accessed via the
carri erofdfmédrd E?S‘Pﬁg%gle 5@%%@9@@%&6 drverbRARPRE 1 5Ot RACSCUSAAER bot t om
em ttingdERdemige which emits light from LED areas 14 through the buffer

| ayer 7. As mentioned above, nanowi res nay conprise heterostructures of

conpositionally different materials, conductivity type and/or doping such
as the abdlig. @xdwpisithd soictugelwhichdekigtiker tskiguéa. uhein the praviystyrdesgrbedr pi n

junctian., I n addit.iaon, ial heterostruct s.within the nanow re core nay
1156 beViyieedt ke a BPren SRR phiih 06 Sath PPk B MG Toms
that capves nds@dirésdh thd gt agiod areatl3Rd iprtRllp @NEvkds ehddRowiteSin e LED
schenaticall¥ illustrates a plurality of nanowires with axial pn-junctions
(e.g., ¥ereldlesyingthetop nagewire goriesy exrsed- s dreddavie] § and the papap area 15
directi 0 i de. i air-bridge el ectrode 8 25

ar rangea?ré\;%%?e.ql E[Hdahﬁ ?ﬁ'gggjhﬁ}{]ﬁg%?egg%ﬁ?p%%% i'on is described in terns of
contacting of nanowire LEDs, it should be appreciated that other nanow re
based sem Refactingtto FIdeth, ¢es nexguclp, ts piotedtedd fee Otontthaergios¢dtop podiamdeds and,

in partjcul ar, devic {nvolving light absorption or light generation, such
s, " phohoipalitca b el gy e s stigchlel semayed Thelh diper s diet ¢n ot he sare
way o angrieft spoealollhFet188 ahdEndbr mblel HO&(@F lﬁﬁ?g eERAIL dEFRiBE ol dMhEeRmpE ed on
any nanowi re structures. WO 2011/160051PCT/US2011/ 040932 Al'l references
t o t op,debwtbyryr insterce dpattenng qr catporaien. | Qug adueredf tlmse tayerseagybadmitted

under st andi n nl an houl d not he. considered as, limting to specific
o+ ent dFRonreielP e B e e et SR B R e T R B 80 s
ar e notleAe6RSERMLEIell@yct GRfoBmed. Furt her enmbodi nents of the invention
provi de processes for packaging top emtting LEDs 5as discl osed above, and
such processes will be described below with reference to Figs. 9-12.

Ref er ence Referringde Figdes, iha mexy steg thesphakprissjstal Obdp resmaved ith Hft panaves 404.ED

st puct uf, V| ] i i : al ready
e oriog SR A8 % Sufindlf b BB R AdbOR BAGESHE ropttiFor BE

pr ef er dbyeys.nEde laavesNars ¢ 6ardoein areasddl Y4remd 0F. Ahiair bnlpais fanded m apecadbt t 0
direct the emitted light through the top, a mrraor is preferaply provided
bel ow. 8 FmBpGERccs S SteattRd 0en s R AYC OE e Ib-%éﬁctb%cg@é@a@ n one
enbodi ngRtodef 1€ hs tRvPm FAGNEACt 92 has been provided, an n-contact 93(20)
is provided on selected n-contact areas 11 on the LED array on the tips of

the nanow res and between the nanowires in contact with the buffer |ayer 96
in the selRdeedgde FHG1Gd, irongxt sigpdée sesivlise of tie preteaivewiyes Ypemdiemgn- The

n- gant act., suitably made..of .Ti/Al or other conductors (e.g., transparent
al ?@r naatclﬁ\v/%%r,eagg%% éjv'?%g)desﬁresf{' deposited so 15 as to cover the entire

nanowi re 94(1) and down through the nmasking |ayer 95(6) so as to contact
t he buf f erRéfayii t8F(G) 6e, nhenehytepfsbRler Ball biahpe(SBB) €e.popdivAg ZTiarmndeé- appl i ed
to the LED array. The )
bump 21b) afe attached to the p-pad 15 and n-pad 11 areas, respectively. In the p-pad area
15, the p-electrode 22 is isolated from the n-buffer layer 7 by the masking layer 6. The p-
electrode 22 provides electrical contact between the p-bump 21a and the p-shells 3 in area 14.
25  The n-electrode 23 provides contact between n-bump 21b and the n-buffer layer 7 and n-
cores 2. Thus, the buffer layer is accessed by the n-electrode / n-bump and the shells are
accessed by the p-electrode / p-bump to provide an external electrical connection to the

LEDs.

Referring to FIG. 6f, in a next step the chip, i.e., the LED structure, is flipped over and

30  dipped in a conductive adhesive 23 which remains on the bumps 21a, 21b. In addition to
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deposition of the n-contact can be perfornmed by any deposition techni que,
exenplified by sputtering, thermal or e-beam evaporation and plating. In
order to wakelicwmisact for the Ti/Al, openings are nmade POTiUSROITMSIBNG | ayer
95 by etching e.g., wet etching or by dry etching (RLE). 20l n order to

enabl e hand]ling during the further processing of the array, a.tenporary
carri erPreViflgs Efé“&i FdbRViRy W&é@ctgﬁaéﬁe%ﬁén@amrew ﬁhg%gﬁtﬁéﬁggﬁe% |y

shown ifoghest lines. This carrier is suitably a silicon wafer, a ceramc
substrate, or a glass or netal plate. There are several nethods for

achi eving the bonding of the carrier, such as a product obtainable from
Brewer SciRefewingdp FEd. 6grémpoexirsiepwad ehip romdiurigd omp camint 2€ presomekssesl. Ot her

I i h i 5 : I :
adhes velotERaf hEe-alle R, Bhaten R Rl BT s el Rl R bonea

andspr epptécRitddaiich patdroikalddyin figadrt @) thefe &P plheLebntddh elerhitevegasuth 8¢ lebd
attached, the original growh substrate 5 on which the nanowires were grown

i s subjveiEs edleadirane epMCHYSPr ocedure to provide a recess 97, such as an
openi ng, depression or full renoval of the growmh substrate down to the GaN
[ Al GaN bugferi.qy ¢ig. & Q8 ¢t AGKacRl h thdGhifah@¥re cARfer 30W dth of

t he recess %s Fﬁggcé?égL§§at esgﬁégkeF? é%gﬁ%hg ?slguﬁtaefy §§ dry et ching,
e.qg., tundediled\ibr 20ibipld 6985 tRGH 82041070700 82decll peridosuhctRrabdesisty wel |
known to the skilled arti.san. ossible to use wet chem ca

It is .also.
met hodM8May AWhAH: Wt%Wlﬁpr%‘ﬁd%HPtrfﬂsséﬁ?ﬂmEtchi ng. A further step of
renmoving (partly or entirely) the GaN Al GaN buffer |ayer and replacing it

W tih a conglerelringQo IFRH €61, {8 Ebxt st8P theCHARUBREatON Al boh®l doRslfe@ly dripafiaPi Nt. 1N
top emtting Sapplications this |layer can preferably conprise a mrror, but

shoul d bydor exanpamenher dryetabiig todpiamin epangngadiptyposing dresbufter layer 7t H& gr owt h
substrate. is..0nl rtly removed, in order to pr.ot the areas of. t he
subst  AeEh B ERE DY T alS B ety M e 3RPNBE PE g IR R Bt T
phot or agkst) are applied, depending on the etch method used. 10The m nor 91
is provided in the recess 97 for a top emtting LED. If desired, plural
mrrors may be forned in plural recesses in the substrate. The provision of

the minor kdih /58OYER PBRGTEE 1HICREG 8P @Inea oY flf sRplemapationobhe maheyvifethod i s
by 1§PUtLRIE) Banﬁ\qﬁglg%e%otnhﬁe SfoAres 1 a%dqlbélfélf@%?a@fac@ég%tvﬁ thel F,Ih' cker

hd @
| ayers 1 nprove t conductivity Hﬁt usua o0 not 1 nprove reflectivity
appr ecivaddbyusiny 4 prenaict29) andrptrhomhsacs 3a.h Tass folas mbbttam eerittimg By dpocat | on

150r plat.ing can be us This mnor. c assive in the sense that it is
o ef oRtiFh danr Jetidrata et prel Linran et G ai ol y ref ects 1ight out
fromthe array to the top of the nanowres. It can also be active, but then

addi t i onal A$iRREenedWSBva PahdWifdli Mgy mprRs hsletdsBut@psios copiiGodagymade i f
the buffer ends with a material such as Al GaN. After the mrror gas been
provi detfferepemptedals scoggugtiyityitypecand(ny daping sach 49 the pbowgteaeinglifigBradil g

20  heterostructures forming the pn or pin junction. In addition, axial heterostructures within the
nanowire core may also be formed. These axial heterostructures can form pn- or p-i-n-
junctions that can be used for light generation in a nanowire LED. FIG. 8 schematically
illustrates a plurality of nanowires with axial pn-junctions (e.g., the p-portion 3 located above
the n-portion 2 in the axial direction) contacted on the p-side 3 with an air-bridge electrode 8

25  arrangement.

Although the present invention is described in terms of contacting of nanowire LEDs, it
should be appreciated that other nanowire based semiconductor devices, such as field-effect
transistors, diodes and, in particular, devices involving light absorption or light generation,
such as, photodetectors, solar cells, lasers, etc., can be contacted in the same way, and in

30  particular the air-bridge arrangement can be implemented on any nanowire structures.
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20epoxy or other suitable heat conductive material, preferably of high
mechani cal strength, so as to provide structural rigidity. Oher

appropri ave 2wuatwoisal s are exenplified by, but not |im tedTtus2diiN09dz aphene,
and ot her polycrystalline or anorphous carbon filnms. Such materials may be
nost suitab)e in cases ere the growth substrate is fully renoved, as
deposi ti oril FHesnora e WB%t@Bhbﬁﬁea]ng‘ﬁfa e i 80 PYOE LRI r e
Then, td?l?y, QR SHoRIBHdt BE EbtsRietedl afé%ﬁﬁﬁﬁgg% sf)é&ﬂ'i@ SiGitatioh SROEAM e GRErier Cto
arrive at” the structure shown in Fig. 9. The structure thus obtained is
mount edlimensiors wif thelsirectmee it the trawdngsrage wot neeessaridy tos0de. as shown in Fig. 10.
The nmount structure surface may conprise |ayers to enhance adhesi on or

i nprove therpal properties.of the devi.ce such netal.s. . TiN. .ar ene, and
other " pol yarie st RRgels SEme sk fu RO sdr OEhREs oF shtug™E BREREr aory
gol @ oOrasd@isoRked abdolelGhi ViehIod¥edes hilabs dekBibeartRlSeRaB kdf&dndto Fis. ;4 gont act
areas to provide a bond pad for wire bonding. Wres 102, such as gold or
other wires are then attached between the npunt 100 and pad 101. Sol der 19

VO 2011/ 168USERETF OSHOTEP 4083 SHUKPS 2 5P BBfiENS %W%%Lﬁg’géru@tare_s%&w@gt he
wre 1%5§rg'}]§ﬁ%ideétof3§@%g%§&& TR 99%@&&1?{@&%3&%1%% of e%ﬁttﬂ%;l‘ﬂfﬁrlg% n the

p-el ectro Wre Ing 1s also is ' conta he
nount 00tacti20@lib yransplente pietergr pnaded BECQr @nduadtive polybgl b’ thor metalcdoedge 105

over the expgsed LEDs, suitably of a silicone naterial.. 5  Wwith
o er ertdetibarh te et atk et Sprbmitas R GH OB DRV ISR0BTON i nor | s
shown. P- and n-contacts 92, 93, respectively, are provided as descri bed

abgye W t hinfo@&dp @S httacR a MhiftoF, Qiffrer Akt dl BARNAEY. BNk efibofinicht, aft&qh@pt ached
in the sane manner. However, after the tenporary carrier has been provided,

t he or iqghtaal 92shab beengreviged, gn pengniaetd3(Hiis provigedyn saleskidigcongdct irorghl oret hods
such a Lshin r arinding could used.toq. 10Af.ter .the. v of the
R R e S KA L O S T

pr ovi dagyedno6 e Belbdted art@yEto pfoviGtlh baklfyr 1ar Wie Bodidiny. Tig ME@VicH 8 ditdbyy
sputtering. Then, the assenbly is glue bonded to a new substrate 112,

pr ef er dBdg A di/Ag obpheiFONd qters dRE, TapBREPNt FemagresptusB s 1 FR<is gePsistdsver 113
as ;adhesi i Ve i i . cess
ot 480" 3R Boef BBl ndh AR E QU] £ o indof D osidng over 93(G 1P AR Forlice
15bondithgbui 14yeeoG7 pivdeteby eftérizultiBble 06 boading beavire applidd tg.thellZED array.Tha

variation of the process just descriped in cqonnection with Fi_ 11 and 12,
the sa P%%‘E’e‘gsfh*? O i RRepATOr S bY st RgNIEn tﬁﬁmlwnayeamh&gﬁbﬁg a ninor

to the Bukdel, ha¥el or &-BedeathpbRfioMhfid @&iﬂgl In brdeABRAAKE dofiQetRoRITEADST T at e
112. Then the assenbly of new substrate and mnor is attached to the buffer

| ayer ofpetings 4EDade rmathe staskiog layer Wybygtchenhogdivagetching or lpfdrg ethse (RBYui r es

20 In order to enable handling during the further processing of the array, a temporary carrier C
is bonded to the p-contact side. The carrier is schematically shown in ghost lines. This carrier is
suitably a silicon wafer, a ceramic substrate, or a glass or metal plate. There are several methods
for achieving the bonding of the carrier, such as a product obtainable from Brewer Science
called “Temporary wafer bonding” or contact bonding. Other alternatives are to use photoresist,

25  BCB or some other polymer temporary adhesive material. The adhesive is coated on the
components to be bonded and pressure (and optionally heating) is applied. When the carrier is
attached, the original growth substrate 5 on which the nanowires were grown is subjected to an
etching procedure to provide a recess 97, such as an opening, depression or full removal of the
growth substrate down to the GaN / AlGaN buffer layer, i.e. on the back side of the array. The

30  width of the recess is indicated by the bracket. Etching is suitably by dry etching, e.g., the so
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20t hat the adhesive is practically fully transparent in order that undue
| osses will not occur. The adhesive 113 in this case is |ocated between the
m nor l1lliweanditrifeeosbuffer |ayer 7. In these enbodi nents, pChaSemouosdd, 111
is used as the support for the nanowires 1 in addition to and/or instead of

the substrate 5 and/or ffer layer 7. \Wile the invention has bee

descr i satef BB Riers vl et w@%{ Slfﬂ%ef{parre_%aélnf vaﬁq%?on?éf»l@@ﬁ%aset%etfhe%a he nost
practi _(.‘rﬁéthélﬁq)rgrcgﬁlgfnté@@h&fg}&qm%%ﬂagtching: is to be understood that the
invention is not to be limtedto the disclosed enbodi nents, on the

contrary, it is intended to cover various nodifications and equival ent
ar r angemend suiilier liep of isgoginggpardy ot ¢ndiredppibe aby/ SlCaN:tter Byl qug:replacing iti ght

emttina.di od LE structure 0 i Sinq; .plurality of. .devices
o g ot b REe? I S S o SRTRAY 81 Me uBuPhthE ] fBluBELL O | (o @

first copheibhyihisMajeyp Sef®ONEHAGIRE a RAROMbIEhEOH®e aRfspartnefde bogimg second
conductivity type sem conductor shell for formng a pn or pin junction that
i n opercAtiftiyg applisatinss an active region for |ight generation, and a

first electrode | ayer that extends over the plurality of devices and is in

el ectri cal If,\f\tﬁéégl%%h é’iil}%ﬁ?gitgisi dnﬁé%l?remch,Qf B%/dgpto%rotiea%éjﬁ&s%?%he: ﬁ%gé}&'fﬁ’em to

t he shell, eint rst” electro ayer i's at | east par

ai r - br i vdgetdshvatdvee fortitbe depréessios, sutabld hmsks (glat, peototesist gredippted, defeyling
structure of claim 1, wherein the first conductivity type conprises n-type,
the secWribe eShBGECASY t ype conprises p-type and the first el ectrode | ayer
conprises a p-electrode layer. 153. The light emtting diode (LED)

stngct ure ple milrr 01 Z prbvbERIhCRBRE 03 o1 Bp SRRGNELRD. BldeGfetosieral A¥esrs whi ch
el ectrically connects to the n-type nanowire cores. 4. The light emtting

di ode (m&D)e formestinpluralgpcassesiimihg subitratee iThe pravissanspidha mirgyspn boppiared a
7P L FPURG e o B o ARV Se R RIS L e ves
l'i ght ehickiidsngf sboadBur L Fhikk&layeatitipeovefithmal donductivite bel wusilhedsngpport | ayer
'S improve reflectivity appreciably. Alternatively methods such as thermal or e-beam evaporation
15  or plating can be used. This mirror can be passive in the sense that it is not electrically active in
the array. The mirror simply reflects light out from the array to the top of the nanowires. It can
also be active, but then additional steps, such as thinning of resistive layers should be made if the

buffer ends with a material such as AlGaN.

After the mirror has been provided ,the recess 97 is filled up with a filler material 98, e.g.
20  epoxy or other suitable heat conductive material, preferably of high mechanical strength, so as to
provide structural rigidity. Other appropriate materials are exemplified by, but not limited to
TiN, graphene, and other polycrystalline or amorphous carbon films. Such materials may be
most suitable in cases where the growth substrate is fully removed, as deposition times may be a
constraint when used in deep recess structures. Then, the entire structure is debonded from the

25  temporary carrier C to arrive at the structure shown in Fig. 9.

The structure thus obtained is mounted to a suitable mount structure or carrier 100, as
shown in Fig. 10. The mount structure surface may comprise layers to enhance adhesion or
improve thermal properties of the device such as metals, TiN, graphene, and other
polycrystalline or amorphous carbon films. Contacts pads, preferably gold or other conductive

30  materials 101 are deposited on the n-contact areas to provide a bond pad for wire bonding. Wires

102, such as gold or other wires are then attached between the mount 100 and pad 101. Solder
19



reflective.
t he support

6. The light emtting diode (LED) structure of claiml1, wherein
| ayer is transparent. 7. The light emtting diode

(LED) arrag2ofi/wb@iim 2, wherein the thickness of the ai PCcTABb11Mg®AE2

p- el ectrode
structyre of

| ayer is 150nm - 900nm 8. The light emtting di ode (LED)
artl

lajm 1, wherein the p-electrode is at |east .
ref | ectURPS Oégoﬁ%énawbwe (e eg’fl&dﬁﬁ(lwf%ye-'s‘\t#%&%@-w%er BIGA0R S wher ei n
the p-el@GhbAda disthk hRISRBECHd: wiROK: bohBfiglid % mSMH blchid orthPES hED)

structure of

claim9, wherein at | east one other transparent |ayer is

ar r angedown 100 &ipllegl herenopleyided a pin@ciod Wl 00 PAATE USR0veL AI@4308Rd11. The
| i ght Lttin | gde. (LED) st.ructure of claiml1l, wherein the LED is

fli p-cﬁrrgpﬁ%éwggg'ogﬁtsg&(%% %fla]el ectrodes on a carrier. 12. The |ight
emtting diode (LED) structure of claim4, further conprising a mrror
progi ded bbwwyithefaanew FR. CDa8&riaf¥: thd povlsidhif agaisive migrodisadewh HED)

structure of

claim12, wherein the mrror is provided in a recess forned in

t he subgfmzgostacs 2P sespecdivelyt Bparaviled @s defsribsg abeye Wit sgspect 1o Fignig % i ght
e St . Poee o e y
emttl ”a%d%!tn gor%{yg:r a er b;lyg}g& hacREd G %@J&%@H{I gwev&oﬁqe&!tﬁé @%Ptgrgg! urality

of mnors i

It recesses. ht emtting (LED)

st ruct wagriephacherh prav@iedyhe beginaltshbstrater ¥ B rernovedr sustebly by bdhefe| diouyle materi al

t hat part

jally fill
metilo S s%ch as polishing or grinding couﬁir!be use

sai d recess, d vvh(?rei n a remai ni ng portion of

too.

10 After the removal of the substrate so as to expose the buffer layer (e.g., AlGaN) 7, a mirror

111 is provided on the buffer layer 7. Suitably an Ag mirror is provided by sputtering. Then, the

assembly is glue bonded to a new substrate 112, preferably using any of silicone, epoxy, BCB or

other types of polymer 113 as adhesive. Finally, the carrier C is removed.

The same process steps as in the previous embodiment are used to make contacts, wire

15  bonding and the protective “bulb” 105, as shown in Fig. 12.

In a variation of the process just described in connection with Figs. 11 and 12, the same

process is used except that instead of applying/attaching a mirror to the buffer layer, instead the

mirror 111 is applied to a new substrate 112. Then the assembly of new substrate and mirror is

attached to the buffer layer of the LED array structure by glue bonding. This of course requires

20  that the adhesive is practically fully transparent in order that undue losses will not occur. The

adhesive 113 in this case is located between the mirror 111 and the buffer layer 7. In these

embodiments, the mirror 91, 111 is used as the support for the nanowires 1 in addition to and/or

instead of the substrate 5 and/or buffer layer 7.

While the invention has been described in connection with what is presently considered to

25  be the most practical and preferred embodiments, it is to be understood that the invention is not

to be limited to the disclosed embodiments, on the contrary, it is intended to cover various

modifications and equivalent arrangements within the scope of the appended claims.
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the recess is filled with a filler material providing structural rigidity
and high thermal conductivity. 16. The light emtting di ode (LED)

st ruct ur ewof2ocl/mbos 12, wherein the mrror i s glue bonde@&crasseona/ oofo3z he
buffer |ayer and the substrate, and physically bonded to other 15of the
buffer layer and the substrate. 17. The light emtting di ode (LED)
structure of claim5, wherein the support |ayer conprises a mrror and
wherein the mrror is provided in place of a renoved n-type sem conduct or
buffer | ayebAAME:ful |y renoved substrate. 18. The light enmitting diode
(LED) structure of claim2, wherein each device conprises 20a nanostructure

cont ai ni ngl. tAgighidigittidghodN@HD)andc@re, a6hprsngayer between the core and the
shell. 19. The light emtting diode (LED) structure of claim1l1, wherein the
nanost r uct ur g2 ebwgw o devices Grranggtkiiqe bysigepn & support layer, wheyeingagh devieq

em ting di odénpkEEbh rFlrdREMER Dty s@mﬁeokdumeﬁa%en&Q@resatﬁra%rehcﬂo%gr
25conpri ses a sem conduct or subStTate. . l'ight emtting diode (LED)

structure of sesond peBluctingr epa sertulﬁen@cmréhetl} Emiéomayga paenpini jyedticarthat-ipad
area on a fi 5I§éraadﬁﬁ{aér091de§ L‘fﬁ&"&:fr 01!1 ?&ﬁlght geneiaEBﬁgaefltdp' el ectrode | ayer

conprises a p=p ea on ena wres®in"a ctive area or on a
dielectric nas Iﬁursmglelcaydaerlam thdtte:xtmﬂi everltixygnradicy efcdevicet and 3én aantﬁ)iwhlr es in
t he 30LED active ar. 1 2011/f11613 851PCT/ US2011/ 040 ﬁ ad area
and the p- pafPdidy’ 3é esaébaa'ioatp%‘l%’yo TS LT YN E] ﬂ&f‘oﬁ“ﬁ |‘§ cf

nanow r es Whiiedt eRetretl 1agedi$ @kast Patlpafl tefdee @ Betwedr theAleWRESN O of o
manuf acturing a nanowire light emtting diode (LED) structure, conprising:

5- providing a support |ayer;
2. The light emitting diode (LED) structure of claim 1, wherein the first conductivity

type comprises n-type, the second conductivity type comprises p-type and the first

electrode layer comprises a p-electrode layer.

15 3. The light emitting diode (LED) structure of claim 2, further comprising a second n-

electrode layer which electrically connects to the n-type nanowire cores.

4. The light emitting diode (LED) structure of claim 3, wherein the support layer
comprises a n-type semiconductor buffer layer on a substrate, which buffer layer

serves as n-contact, and the n-electrode layer contacts the buffer layer.

20 5. The light emitting diode (LED) structure of claim 1, wherein the support layer is

reflective.

6. The light emitting diode (LED) structure of claim 1, wherein the support layer is

transparent.

7. The light emitting diode (LED) array of claim 2, wherein the thickness of the air-
25 bridged p-electrode layer is 150nm - 900nm.

8. The light emitting diode (LED) structure of claim 1, wherein the p-electrode is at
least partly reflective.

9. The light emitting diode (LED) structure of claim 1, wherein the p-electrode is

transparent.

30 10. The light emitting diode (LED) structure of claim 9, wherein at least one other

transparent layer is arranged on the p-electrode.
21



-providing a plurality of devices arranged side by side on the support
| ayer, wherein each device conprises a first conductivity type

sem conduwwoanim@m@M re core and an encl osi ng second con@dTiuseetp4d99pe
sem conductor shell for formng a pn or pin junction that in operation

provi des a tive r |on for ener on; epo
sacrificiajL?§9%¥§Fﬁ JGSHﬁF@ﬁLFES %@EW?CEHQHBéng@§1'£ ikibﬁ%BEfPWb ar ea
and partial | Yp&RMEOStolddBtdEMEGRSIe Bn & chiEPr- area, |eaving top portions of the
devices in the LED area exposed; and - depositing a first electrode |ayer

0

bet voen + hE ty HRueRh Rl ERT (APERR A YR ATARCL B

conductivity pryppkled batpmi the aanostiypered he second conductivity type conprises
p-type and the first electrode |ayer conprises a p-electrode |ayer. 24. The

nmet Bod of 13, gheligh enhittidghB6deCQMD) ssiub@red@dsint 1 ) Gvherese dendirdr @ @evidede
| ayer which electrically connects to the n-type nanowire cores. 2025. The

met hod of cl aifrd 12acss praiediin therubs(tath srid reepyepxtensing fostae Arfferlaygse
sem conductor buffer layer on a substrate, which buffer |ayer serves as
n- cont act khdht hightensikteng diodie(LIED)etructorg efcd@m e fuydfef epmpiasieg a pRaalityhe

nanowi re nethod of cla in the support |ayer conprises at | east
one of a tran% FgﬁTHﬁ%ﬁ%Fﬁﬁym¢@gﬁg?tlve | ayer or a senlconductor

substrate. The nethod, o aim 25, ere a vice co ri ses a
cor e-shel | 15%3% Hie R g ﬂﬁl%{ﬂ‘%é“&gﬂ‘&e ofyqlumg el"‘ﬁle q’ﬁﬁmér@f FUBPYIY @r
betypyeen the cRpec@RAniBSITHR |phrt1aﬁ§ flll-gtﬁ%drf?éegéj(in@fwh@e% Mrrfainihy rﬁ}ﬁ)ﬂﬁ)‘h of
conprising a dielectric masking | ayer on the support |ayer such that the

cores protr ud@lefrm@ﬁs ltsrﬁléledumfheer fillexyeateridd pouvgding pewditmgbrigidity ned highbki ng | ayer,
and the sheII L &eﬁ%on t he masking layer. 3029. The nethod of claim
28, further §|ﬂ & ving the sacrificial |layer such that a first

por i on of %bfggg@,; SR AR e LR A
bonded to one of the buffer layer and the substrate, and physically bonded to other
15 of the buffer layer and the substrate.

17. The light emitting diode (LED) structure of claim 5, wherein the support layer
comprises a mirror and wherein the mirror is provided in place of a removed n-type

semiconductor buffer layer and fully removed substrate.

18. The light emitting diode (LED) structure of claim 2, wherein each device comprises
20 a nanostructure containing the core, the shell and an active layer between the core

and the shell.

19. The light emitting diode (LED) structure of claim 1, wherein the nanostructure

comprises a core-shell nanowire.

20. The light emitting diode (LED) structure of claim 1, wherein the support layer

25 comprises a semiconductor substrate.
21. The light emitting diode (LED) structure of claim 3, wherein:
the n-electrode layer comprises an n-pad area on a first part of the buffer layer;

the p-electrode layer comprises a p-pad area on the nanowires in a LED active area
or on a dielectric masking layer on the buffer layer adjacent to the nanowires in the

30 LED active area; and
22



active area is renoved and a second portion of the first el ectrode |ayer

| ocated on top of the nanowire shells forns an air-bridged p-el ectrode.

30. The mwOhod/wbosel ai m 29, wherein the sacrificial |ayecTasuniosm®s? a

phot or esi st. 31. The nethod of claim25, wherein the buffer |ayer
conprises at | east one of gal i Hm S5nitride or, alumnumagallium.nitride. 32.

The net hod of themaRasasep angdihe Bipad piea age PRIy RUMSTIVE €2 SOMPHNERar ent

conduct i ve oxiglfimb A¥5wird3vhilh 8o WBt fRthcRtheGl@bdRsliel N Cl ai m 29, further
conprising the stép of tenporary bonding a carrier to the side of the

St UG U © 90T 31l A SRR £und 03 hond U TRE . @515 @Bl 1 ©1 ai m

33, further conprising e step of etchirmg one recesses in the
substrat e doworhgridige buffer |ayer. 35. The nethod as clainmed in claim 34,
further conprising.formn m nor on the buffer layer in the at |east one
rec@ss to renddP? q_%ﬁpglftiacﬁ?f;ure top emtting. 36. The nethod as

claimed in cl %Fré‘{h&% afﬁi'ﬁrﬁﬁ'@rof%{?ﬁlaéé Stdiged Libk b{z‘QidE!&ﬁ tRd sdp%éﬁtlay‘éﬂe%xz}{e?&ﬁss
150over the mnor w %h a filler materiall and renoving the structure fromthe
carrier. 37. &b daetchoampsses adirstadndurtivitaitype38midondudter nanowpeicsierapdragnovi ng

the substrate fromthe structure | eaving the buffer. | ayer exposed and
honl e o sl e Aok doped S s <Pl eflor B iner B G f o
emtting. junction B8 in DREraliBh PRAIRS ak hédiveaegion 6 lﬁéh_?_‘ﬁéyeratfdﬂf t her

conprising attaching a carrier to the 20mrror. 39.  The nethod as cl ai med
i n16l ai m 29, fdapokiting e sapificsd] dayeathahedinplgtely eoaersithe devacashe agippyetive e, t he

carrier having_.a rror,0n aqne, surf.ace fagi the buffer |ayer. .40. A top
e tting 11 ghi=oa ERu ARy aaTy HER E=b Bl Lpgr @i el 2 1Y

of devices | ogatid iDthed HD hsh esposkacmdof a support layer, the devices
conprising 25a_ sem conductor nanowire core of a first conductivity type and
a seni conduct ofEPSRENE a first electrode layer on the exposed top portions of the devices and

over the support layer between the devices.

15 23. The method of claim 22, wherein the first conductivity type comprises n-type, the
second conductivity type comprises p-type and the first electrode layer comprises a

p-¢lectrode layer.

24. The method of claim 23, further comprising depositing a second n-electrode layer

which electrically connects to the n-type nanowire cores.

20 25. The method of claim 24, wherein the support layer comprise an n-type
semiconductor buffer layer on a substrate, which buffer layer serves as n-contact

and the n-electrode layer contacts the buffer layer.

26. The nanowire method of claim 24, wherein the support layer comprises at least one

of a transparent layer, a reflective layer or a semiconductor substrate.

25 27. The method of claim 25, wherein each device comprises a core-shell nanowire

containing the core, the shell and an active layer between the core and the shell.

28. The method of claim 27, further comprising a dielectric masking layer on the
support layer such that the cores protrude from the buffer layer through openings in

the masking layer, and the shells are located on the masking layer.

30 29. The method of claim 28, further comprising removing the sacrificial layer such that a

first portion of the first electrode layer located on the sacrificial layer in the non-
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of a second conductivity type; a first transparent electrode which is
electrically connected to the shells of the devices; a second el ectrode

| ocat ed iwoebactsnoscal contact with the first surface of PChaSsuppads2 | ayer
and el ectrically connected to the cores of the devices through the support

| ayer; 30a carrijer attached to the device; st contact e ectrlcally
connect i ng t ht¥sAFsads rempvad and a second partion nghetﬁrﬁrét ¢lpqtegde ‘PY&{Q‘B@Q on

2011/ 160051PCH},UsA0LLH04093R:1R SREONIEBALALL-Bharidel cal | y connecting g the
carrier to a second pad area of the secon Iectrode and a reflective

layer | OCg?icquppﬁle dtd'f%} &rﬁsw%faiehl‘t%e%c\élzf%‘?ﬁﬁfé@?érﬁ%t fkek APnG@LdAEr substrate

is locate ow the reflective ayer enlttlng *di ode (LED)

structure ﬁf l al r’ﬂozld e w%@dwglgre%thtge %u&w llrélf/'\esrl CO?'n\é()?‘ISg'S at%(i‘east one 0 aﬂlu%lwt Ihp

end; the bas suppo conpr|3|ng

subst rate or @mmefcfretuudnayﬁrgauaﬂﬁlnith@e,f| rst el ectrode extends from the tip
end of the nanowi res down between the nanowires. 1042. The light emtting

di ode (LEB) Biert&hsd 6f QhinfdRivhefcln tWhRERERodN@nfieNE CLEAPREhS@RdARIRI I gap
i n spaces between the nanowi res between the first el ectrode and the support

| ayer. 43oxifhdayer.ght emitting diode (LED) structure of claim40, wherein

- type, ain Citdrebi B2sRRRdh Qlp R o R e R skt P RERg s se

I11-nitride genieendtekile of@icaitivaturd@iOMidigs the nanowires.

10 34. The method as claimed in claim 33, further comprising the step of etching one or

more recesses in the substrate down to the buffer layer.

35. The method as claimed in claim 34, further comprising forming a mirror on the buffer

layer in the at least one recess to render the LED structure top emitting.

36. The method as claimed in claim 35, further comprising filling the at least one recess

15 over the mirror with a filler material and removing the structure from the carrier.

37. The method as claimed in claim 33, further comprising removing the substrate from
the structure leaving the buffer layer exposed and applying a mirror to the buffer

layer to render the LED structure top emitting.

38. The method as claimed in claim 37, further comprising attaching a carrier to the

20 mirror.

39. The method as claimed in claim 29, further comprising attaching a carrier to the

structure, the carrier having a mirror on one surface facing the buffer layer.

40. A top emitting light emitting diode (LED) structure, comprising:
a plurality of devices located on a first surface of a support layer, the devices comprising
25 a semiconductor nanowire core of a first conductivity type and a semiconductor shell
of a second conductivity type;
a first transparent electrode which is electrically connected to the shells of the devices;
a second electrode located in electrical contact with the first surface of the support layer
and electrically connected to the cores of the devices through the support layer;
30 a carrier attached to the device;

a first contact electrically connecting the carrier to a first pad area of the first electrode;
24



44. The light emtting diode (LED) structure of claim40, further
conprising a dielectric masking |layer with openings |ocated on the first
surface obvotha/so@port | ayer such that the cores el ectripcalusgoicomoazrt t he
first surface of the support |ayer through the openings and the shells are

electrically isolated fromthe first surface of the support 20l ayer by the
maski ng | ayerond %@Fac‘rﬁgcﬁqc oMLt frear e PL‘EE)}C"Ea Hﬁ‘gtaﬁ%o fhecesend a4,

/
wher ei n: theddioat: ghectrode pad area is | ocated between the nanowi res on

t he masking layer; and the second el ectrode pad area is |ocated on the
first surfaelecofe {dyer supipdrbeldvatherconest afetbe deieesn aewiin 88 ¢anriarsubgenté g i n

t he masking.,layer,. .25 46, A nmethod of naking a top emtting light emtting
(LED) structlﬁ‘f‘%?d"%%%tt}feslieﬂ‘@(?tlvggﬂﬁr’ng a plurality of devices located on a
first surface of a support |ayer, the devices conprising a sem conductor

nangw re ¢orenedfgh@emittigg divaoduEDd) sthicyuré ypeamndoavigesihconduct or shel | of a
second conductivity type; formng a first transparent el ectrode which is
el ect ri cafheyrapewechayy atbgse el ey tikensk t he devices;  forning a second

el ectrodeyl.qeat %gd i at(ta’%c(ﬁg(ﬁ rt(? aRl s ﬁ@lttq%);er\@ohllﬂ{i%igg d jfnro%;th ?H:Esftﬁfeeorog bhft&:

support |ayer and electrically connected to e“cores o he devi ces

t hrough the Iaguppart |ayer; providing a reflective |ayer bel ow the cores of
t he devices and a carrier ich is attached to . the structure bel ow the
reflectivee fgyeql?ctmg? ﬁ%‘tﬁ@ds\gf,{r]‘?mﬁ%ﬂ( R et %&F@ BRIOcYiFeR dappypersish et 1ang Vi
carrier to a first pad area of the first el ectrode; and 10form ng a second

coqbagt ?h@.ffﬁé&ﬁﬁit'ehiﬁfh@%&&é NEDNErcakE bEEILR 42, $BeRNHRARVRERBnRisthe
second el ectrode.
an air gap in spaces between the nanowires between the first electrode and the support

layer.

43. The light emitting diode (LED) structure of claim 40, wherein the first conductivity
type is n-type, the second conductivity type is p-type, and the semiconductor core and

15 the semiconductor shell comprise a IlI-nitride semiconductor material nanowire.

44. The light emitting diode (LED) structure of claim 40, further comprising a dielectric
masking layer with openings located on the first surface of the support layer such that
the cores electrically contact the first surface of the support layer through the
openings and the shells are electrically isolated from the first surface of the support

20 layer by the masking layer.

45. The light emitting diode (LED) structure of claim 44, wherein:

the first electrode pad area is located between the nanowires on the masking layer; and

the second electrode pad area is located on the first surface of the support layer between
the nanowires in an opening in the masking layer.
25
46. A method of making a top emitting light emitting (LED) structure, comprising:
forming a plurality of devices located on a first surface of a support layer, the devices
comprising a semiconductor nanowire core of a first conductivity type and a

semiconductor shell of a second conductivity type;
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forming a first transparent electrode which is electrically connected to the shells of the
devices;
forming a second electrode located in electrical contact with the first surface of the
support layer and electrically connected to the cores of the devices through the
5 support layer;
providing a reflective layer below the cores of the devices and a carrier which is attached
to the structure below the reflective layer;
forming a first contact electrically connecting the carrier to a first pad area of the first
electrode; and
10 forming a second contact electrically connecting the carrier to a second pad area of the

second electrode.
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