WO 2011/ 162715PCT/ SE2011/ 050845 SUBSTRATE W TH BUFFER LAYER FOR ORI ENTED
NANOW RE GROMH Techni cal field of the invention The present invention
rel at es twonanosertie based devices and in particular to sobsEc@Etesidr
nanowi re growth. 5 Background of the invention In nanow re based devi ces,
such as nanowi re based |light emtting diodes (LEDs), a multitude of

nanow r gUIssEth 5t KUCHUBESFRRELAMIURIFOR @RIBNYED NANOVARFRARAWEMS On a
substrate. The substrate often has nmultiple purposes, i.e. being a tenplate

for nan \évi r&cgf@é’iﬁ@ftﬁg% Sgarrier for the nanowires in the device and 10
el ectri cmclf*y—ccmnvct—i"rrg—!il%er—nzmovw res on one side thereof. Different

techni ques herpGsawinvehtidd eclafdietoathRfwWiay Bastd daneM el Rasedicsldruet ur es,
where all structures are parallel and oriented in the sanme direction, are

known. FBPsEstariPenageywire heitt-or nanowires may be epitaxially grown on a
hi gh quality, nono-crystalline, sem conductor |ayer of the substrate,
t ypical Bgc tngdn romh 15 with a patterned grow h nmask arranged

on the substrate, .as described in_.e.q. 7/ 781. [ nmmon
o hog | 5 Thebgd AR bieiF of ey B O R LR eIl RDagOTOn
of catalhRDDg, pantitithids of abhewirAlhaskd stisetuas seadsatlp agreowetihe ondeedi r es,

as described in US 7,335,908. 20Nitride.,sem conductors, such as GaN InN and
AIN and?tHeP PRGN ,tr@SAIﬁf S&h’agéﬁ ﬂf&f%h@&%‘]ﬁﬁgg"i BRPSFSVAF iqooellj%g €onposi tion
are of wuagglatdfdl ghov@regrvwand beMol £BsrrandootHreniaoptioed ectieoddvice and

app/ icatjons que to their, wide and direct bandgap, . Typically these_devices
ni ti deefsegFﬁ“@g]ﬁfoq?E‘FSFEn%lﬂée GABRAICR 9B HHar Féggrreé’f'd?f¥ regﬁt}g%ﬁ?%]flg?s Bwever ,
m smat ¢ hrdyahveranc Hbstedatreayanst ddieowird bhsel 2useRiTe s orkiet0r sruftdreexanpl e

| attice m smatch, introduce &%rimsntal .defects cracksin the grown

mat er i af® PAaEl 8rd gFentickitothia $3RE AHESHBReH C AL SO F*BPRIG ng epi t axi al

subst r at&si@hdsuRsidAtRsrdd iy @ptdaxiypdrobu bk Higy elaliGgmeiei al GaN
based devices utilizes sapphire, Si or_ SiC substrates, which, are hi}ghly

h |
| at ti cecHissHEPehEaCONEANCT antrTIRi1BE SEBYERE TPMFLINT BX SBISFHEF TR @ Pyt e
epi {axXi @lithya BAEFHAMN RN th8aSURSNBEE DN the QulBiratd) dsUetiiBBd &8 eqs. Strain
acconmodat i % ers and a high quali t%/l epi taxi al foundation to grow the

| a
devi ce B 2 Zr‘rbg%%g bfAngibey semaronepiethod & theuvor ellefa{le? §2@qHTH8Ubund i n

the fol EQ‘M) Qgcﬁiﬁﬁﬂm&e a pattdi® & QA3 1i8SaBcid SHQSLS. Rl J@XdhAbedcOW h of
an epitaxial buffer layer made of AIN'on'a Si (111) substrate before

gr ow ngta &VGHEN hayerired asotgreridgtlanfloy 7,908,

20 Nitride semiconductors, such as GaN InN and AIN and their GalnN, GaAlN,
and GalnAIN combinations of various composition are of used in blue, green and
UV LEDs and other optoelectronic applications due to their wide and direct
bandgap. Typically these devices nitride semiconductors are grown in planar
layers on a substrate. However, mismatch between substrate and the nitride

25 semiconductors, for example lattice mismatch, introduce detrimental defects
cracksin the grown material, In prior art dislocations has been suppressed by
using epitaxial substrates or substrates with an epitaxial buffer layer. Commercial
GaN based devices utilizes sapphire, Si or SiC substrates, which, are highly lattice
mismatched to GaN, and hence several um thick buffer layers are epitaxially

30 grown on the substrates in order to function as a strain accommodating layers
and a high quality epitaxial foundation to grow the device on. Examples of the use
of epitaxial buffer layers can be found in the following documents.

Us 6,523,188 B2 discloses epitaxial growth of an epitaxial buffer layer made of

AIN on a Si (111) substrate before growing the GaN layer to compensate for the



WO 2011/ 162715PCT/ SE2011/ 050845 2 large lattice m smatch between GaN and
Si. The epitaxial buffer layer is preferably less than 0.2pmin order to
obt ai n a wbhanu@abrisayer. In US 6,818,061 B2 di scl oses epCrate@ai/ogmsewt h of a
thin epitaxial buffer layer including AIN with a thickness of about 40nm on
a Si (111) substrate before 5 grow ng the GaN | ayer to conpensate for the

large | ahlol g8t SARLE R Meedh GalN atd sSIThdyiesyaruidieafeaNs layrrabpcl udes
interlayers with alternating AIN and GaN | ayers. In US 6,617,060 B2 it is
di scl oséepsthap Q2eBnipodider 6naPran grifdaa i 1a%Ei ti on | ayer made of a GaN

al | oy bet wegni@cH 1500 aGRREEs BpiEalal @afth ARGLOPELRAGK] Yullr layer
additional ly a thin epitaxial strain accommodat (nlgél ayer that generally has

a const antludorepd vithra thelogtiorftalod 40mme RResS! (Iddhsbestsiedderpr event
crack f %Eﬁﬁﬁh'g%e'@aﬁ e GaN bayrhsald ﬂb?gﬂ% (laehjéé $2(6RARGS it Q0 BEWe 9f @drd

transition I ayer cracks can not readily prevented. US 7,365, 374 B2

di scl oseadi$ieMeseowst, thesGaljlayabsshisiengntalpyerowith atmsetiag AN pmdiHeNst rajn
absor bi e#gyer shoul d have a thickness of | ess than 10 nm so that

overlyi n%’ ayers have an epitaxial relation ship with the under|ying
substrat e. In US p161i7s06) PReit intisdldsedthahe cabwes!tovatplgsadechtrensiiopr i or art
met hods ;t f | S1,8LR . epi i.al Wiy S rder to
formt h|la %%sn?%% (g{%p%ggélﬁyis}ﬁe, \kélllgg ghﬁgﬁl’%t’%{e%&gﬁ §X| aagy%{j?%ero t%#e%ru .

Togéd hemddittdmailyer Bahl epeteikze stizye pc@@ngrooiaingaydrehep gty Hagfd er | ayer
an epitaxial layer wth a thickne f e 1 S ecent |y

t he use%’ﬁ“gt PEE ?518%9 Oggﬁnc%ﬁaﬁgﬁ%?tsﬁg 61?10%5{%’%%0%23%1@%% %’e%l{eggelg@ ggﬁr ecei ved

consi defabhaiat iretitd GaNdaywre Wikisouahdswcomrposiiabhby graledntrafsitiohrlayge
sem conductor nmateria ef ect density, as described in WO 25

I ith lo
2008/ 085S AP %%6893ﬁ¥\g8\%ﬁv‘?f¥¥eﬁanom res are used, the growth of
hi gh- qual i )8 nj36es, 3Bt Bendisclde tiar Sse bDa sexaarmpbsorGaly laysr peraf arbwechtasi ng

O O AL e e TR R TOEL S8 Bl SHAR ) Bhgh 2 ©
m ni m zesedlyla e dgnst havefandgliestisl dehaton@lyipoeith ithel@ndprlying huebstanewi res, and
enabl es | O\f{t iesl fpcgrgéig‘?gd Irrce)rsni ‘;s};[eaa Coeve examples that in prior art methods the buffer
layer is grown by epitaxial growth methods in order to form thick single
crystalline, high quality, epitaxial buffer layers. Together with the GaN device layer
20 grown on the epitaxial buffer layer an epitaxial layer with a thickness of more than
3um is formed.
Recently the use of nitride semiconductors for nanowire based devices has
received considerable attention since the nanowires enable growth of nitride
semiconductor materials with low defect density, as described in WO
25 2008/085129 Al. However, even if nanowires are used, the growth of high-quality
nitride semiconductors, for example GaN, is performed using high-quality
epitaxial layers as templates. The use of epitaxial layers of high quality ensures an
optimal epitaxial template for nanowire growth, minimizes the density of defects
that may continue up in the nanowires, and enables low electrical resistance
30 between the substrate and nanowires. However, a buffer layer in accordance with
prior art introduces substrate bowing due to the strain, which radically alters the
thermal profile over the substrate. For nanowire growth, high thermal uniformity
on the substrate during growth is crucial for fabrication of nanowire structures

such as LEDs. The problem of substrate bowing is enhanced by increasing size of

35 the substrate, in this way being an obstacle for large-scale processing of GaN



30 between the substrate and nanow res. However, a buffer layer in
accordance with prior art introduces substrate bow ng due to the strain,

whi ch radwoabiwieatisers the thermal profile over the sub®Cr&E2011880841anowi re
grow h, high thermal uniformity on the3substrate during growh is crucial
for fabrication of nanowire structures such as LEDs. The probl em of

substr ate, hoW,Agalsd SIHEAGEY dbuAGeAST rbuqeﬁlazy%r of a 3%nd B&asﬁﬂﬁﬁigr ate, in

this way being an obstacle for |arge-scale ge:ocesm ng of

GaN
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romthe 0 n i oLS, mrrors.
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di Her etﬁraggfefma@;tomn:onqd&»e rfepsatadgeratax&lagguc@fdlmt@lolagew‘@fthi Hiewsditi n t heir
reflectiv over, a0 narr wavel I
and ar e ?315%3/ é %F;goggpgcﬁe\c}%{\%@ reﬂec{tgrs Y& l?mﬁ% 1%?1’2‘615\” P%%e%%\?\% é)'vgﬂg angl e
region. naiﬁhﬁv spdit ovvaptlengih mm@dmﬂfMthmirg\m asd laessobéulaahdﬁdm em as LEDs

do emt ht of nar wave ver." gr vvt f Br [reflectors is
time c0|‘?§ hETILHRE ]b%vt\{tlpcauwgf ra"%‘?%‘?qg\é\ﬁdf?%langn Cat?i ce %g%antched
SU]EJls'E r?meleglgﬂcenﬁ&tﬁ?@g Lhésts_&bk alfrotjleah iab Y.HIESAd emh)tehg“htgﬁ nagravake ef fi ci ent
reflectors. Summary of the invention | i ew the fore 0|n one obj ect
of the MRVelstREH H‘gw‘b‘f%vi %ré)“gﬁ‘tfg%r&g%e e Orﬁrlﬁaﬁ'negc%{lsfﬁjﬂ g of nanjovvi res
ori ent egatticitiBAy ThEReAlding Gl 1sicaMilishatihratsudbasitel) sirale theqmyertal costly and
ti me_consuni ng epltaxy and enabeégeH use qf dlfferent 20 substrate materials
t hah® us €8P RS 19 Re pagh femeke SHECobILEC B the invention is to allow use
of materjals for med WI th hi gher defect and dislocation density than

HER> eyt axi al growt h techni ques. The objects of the

I Al I on ' ?r eﬂ ae hf ’S‘Yei%rgéémriggng ltl)l%?écrt %tf %@Hﬂ/ehngn @%Wd@§u9&fréﬂ%§qof nt he

i ndependent™ ¢
growing a multltude of nanowires oriented in the same direction, which substrates

do not require costly and time consuming epitaxy and enable use of different

20 substrate materials than used today. In particular one object of the invention is to
allow use of materials formed with higher defect and dislocation density than
commonly obtained with epitaxial growth techniques.

The objects of the invention are achieved by the substrate and the method as
defined in the independent claims.

25 A substrate in accordance with the invention comprises a bulk layer and a
buffer layer arranged on the bulk layer for growth of a multitude of nanowires
oriented in the same direction on a surface of the buffer layer. The thickness of
the buffer layer that is deposited on the substrate is preferably less than 2um. In
prior art buffer layers of substrates for growing nanowires the strain compensating

30 buffer layer thickness is in the range of 3-10um, and grown using epitaxy in order
to provide as high crystal quality to the buffer layer as possible..

The substrate can be used to form a structure comprising one or more
nanowire based structures protruding from the buffer layer. This structure can be
a nanowire based light emitting diode structure where the nanowire based

35 structures are utilised for light generation.



25A substrate in accordance with the invention conprises a bulk |layer and a
buffer |ayer arranged on the bulk |ayer for growth of a nmultitude of

nanow r esworoamtsedsi n t he sane direction on a surface ofPCTise2dupsesns | ayer .
The thickness of the buffer layer that4is deposited on the substrate is
preferably less than 2plm In prior art buffer |layers of substrates for

growi ng nanoufias) LA ShEANHLANPERNSa FRdodRidid Latchauetonfigkness (s in
the range o 3- 10mm and grown using epitaxy in order to provide as high
cryst al nyitide of vandwirpuprientddaipeihesanprdip@ien in accordppcayhibithst e can be
used to.for 2L ur LS 0 - r | tures
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| i ght emasteriwith ditbibdénsss uttess dhah@uen pheha dndaiayer basedr@BELOREtUr es ar e
uti Iésegngrorn I io%l;*?%es%%”fﬁeaﬂﬁﬁ@rl WO 2011/ 162715PCT/ SE2011/ 050845 4 A net hod
accor di ng EFRE  Hvention T or form ng a structure conprises a nmultitude of
nanow res dhieentadidminichelesabet ti nadimved tnsaleeor tansecasinilridhexigarent i on

conpri ses .the basic ste . pr.ovi di I . o] uf fer
| ayer wiPA C&retﬁﬁ %%H@%néngguﬁ{élélsyte an Egﬁ?t%%@? ﬁgciﬁ%fé%apgggrg C?%n %rngvﬁﬁ ng one
or 5 nomaemaffewidyess omytiheublafdf erfleb@my @art and thlyemaybe ddticorlyi quoldudesg but is
not limted,t ub-pm t hi.ckness .ni.fri oxygen. and carbon contai ni ng
buf f er Il%%dr%(%f}??eéﬂ%g?tﬁflglgecz{%ﬂca&fé' VLN § ?Pe,ovﬁﬁgrﬁf ¥1c§§h.d Si. The buffer
| ayew s may TheGhudeion fiefleeatone t@ahes diot tohfepricay lbeclatewaldry wadnducti ng in
order to be integrated electronically with the.nanow re device 10The
i nvent i g‘ﬁa‘flb’rﬁeﬂé‘f%ﬁ‘g&@wt 8%18?@?%%‘5\?% Hye?’w:%ég{éé layst %\égré}aélé) Wvlvléefsér%%er\?\,i th
heavi | y ekprydsatirbayaffreCRimpanedsired iyt ausabitt fiess thaypeitskior nanowi res.
Here expressed jn curvature, wth nmeasur %ﬁgsf% curvatur.e | es n 50

e %ﬁa{}

t
km 1, pPEFErbbY lpsp Saan fRAwndo Ik fpRe SRbp RS PAeShrature i s

| ess t hat BfrfdPublyPesd eiabby kness than 20 km 1. 15The inherent
one-di nensi onal nature of nanow res makefs%it ration to ar légFthat growt h

|
of hanowi r égednbereant pacrEE Y MadtHer! RYMBYF &R BATEE &r jale8ab o WSt r at es

of | ovek, JuabiY of WAhb ik ish oty bB Posbid¥eoR e rMsertY Blatetihlsh@s, for
exanple in 2004/ 004927 A2, been shown that nanow res have much hi gher

capaci t pubstrabapt lower anaiHyy While thie mavsneftavePoski Bovearehtt BAS 1 t hout 20

i ntrodugi ng &f ¥stdl 2064 BSE403NAD, BLEACHMAThAT nihGyT8EBatORRRSEN haihegr OWN
in planar mbde. Thanks to the invention it is possi ble to use buffer |ayers

that havepadiseio adapstiar highdy darsice yismedchareripbYareatiaisavithABt buf f er | ayers.
Propert ﬁr%o@&cﬁg%r%%f &éfet Y@anCaPuleril ¥ @edanid 90ﬂ§8£iﬁ%n?}5ﬁﬂq.hng _
properties and gro enabling properties. Dependi ng on end use and final
conf i gupdriagnmede. Thanks to the invention it is possible to use uffer layers that have
lower crystalline quality and even polycrystalline buffer layers.
Properties of the buffer layer can be divided into device enhancing properties
and growth enabling properties. Depending on end use and final configuration of
25 the device parameters as, thermal conductivity, CTE, transparency, refraction index,
absorption and electrical conductivity are of importance. The growth enabling
properties are thermal resistance to the used growth temperature, the capacity of
the substrate to provide a generic direction to multiple nanowires, strain induced
bowing of the substrate and the possibility to nucleate the NW material on the
30 substrate. Nitride based III-V semiconductors have been shown to be possible to
nucleate on many materials comprising N, O, or C. However, the nucleation step in
itself cannot always be made in an oriented-constrained manner, so usually it is
convenient to keep this step as short as possible.

Traditionally, buffer layers for planar and selectively grown nitride based

35 semiconductor devices, of devices have been, thick, epitaxially grown, often in



25 the device paraneters as, thermal conductivity, CTE, transparency,
refraction i ndex, absorption and electrical conductivity are of inportance.
The gr omtwoenubiéeTig properties are thernmal resistance t@Crise2usoshsgs ow h
tenperature, the capacity of the substbate to provide a generic direction
to multiple nanowi res, strain induced bow ng of the substrate and the

possi bi lnhﬁl)figie%t@?&'c% a\i/stéﬁl%nhﬁ\ﬂig%t B Neha@Ridd1en38 istikatd ak@ee Nitri de based

I11-V sem conduct ors een own to be possible to nucleate on nmany

mat er i alpstioonpnécs Dryid, queyito haChetodiavetly derradsut Peatboding @palit of fhe|
cannot . %hﬁ@%gteb%hgggﬁbéﬁa%qng{ér&?Eﬁgi'cgéjﬂﬁxgcr Qi's@%geﬁrﬁﬂﬁ%rd’ toxfe L&%HQ)'I" !hYgH t1s
conveni en 0 keep thi's step as short as possible. _ Traditionally,
buf f er lcayealsiné onatptialsan SapoSiseldeslOfeivjthghowms alistubpdetaydiseadly3s

sem conduct or._devi ces, of deyjces. hay - LG epitaxially grown,
ofte% i%e‘V@P@ﬁ@%%%%ﬁ?T@ﬁ@ﬁfééﬁﬁ%ﬁpgg§§g§8ﬁﬁ?bp%ﬁéﬁsteps, conpri si ng
multiple Il -N materials, all to increase device performance. Device

qgqual ity has. been directl ependent of. st.alline l.i

substrate. %Fﬁe?l AeeT ‘3%%1 t%ﬁﬁaeurr}?eilqa%eﬁolflgéé Shg’\%ﬂagel %%%%ég%g?t?gﬁ %J]e%latto t he
usg of Iﬂﬂlggl;iar M&fiaédSiugw nivat sl @dcﬁlgnf:?§bﬁl;he$utmrnnhtié¢ Z&Baw%rtehiﬁ@hoiﬁiex?‘, _
substrate directly eter i N uf f er er ality.,and therefor device
qual i t y TEEEIRAPHGRS \Eiﬁ’ Fgcprﬁ?quPFCegf Aeye rsﬁb%%lliaﬁ%“’\s{t&b% A r]LeOV‘(I)1¥6 t he

i nvemt i @frdysaridédatitaietticalschionaeBragdrafrtars ak nselguencdength Bleggsubst rat es

are appreciably relaxed, creating new options to electrically integrate the
subst r ateHsmtens e eﬁéﬂﬁéfrﬁaf‘% 10 array and enabling the use of non-Bragg

refl ectors mrpdig hbeWaMlcanRath cBfagint elfeed @fth paitly dercstiasdlipabperties By
being able to use partly crystalline buf,fag{]s WliPth 1partly di re%i qrgeal

pr oper t PBY pg possible ghaicss bF sUbHE€drasT e iR Pee UrHeE I P IraREy & 1588 n
further piyef RIsLehatAL enddd 86t bRYBEcdiBdiftdtiahsl ifdindnn@émenen need
directional information fromthe 15 substrate are u such as AN, sone

ed, .
Car bon ShbsigaterRusad sigk aapll, Some\/@?qt’é’nfgpﬁgT%?n%r%’ﬁP%t ary nanowre

fabri cat i oRyRt Had A3 PrbpectaRehehswRs tigsGiiRed il @wepee Hereid & Pat ent
Number 7, 829, 443, fgo Seifert et al., mco(ryporat ed herein b% reference for
d

the t eadhparipask fonanemipieit HoP ReenoNuRRdde29 e nigrecifgtAtd hat we can
| essen the, 5H0¥& ﬂ@lse_cli_ﬁ 'b?’etgrrg&giggé fRItAE S @ihher QHAO®lre lra@Eath ARehddgref ore
IS may

al so the sugst rate. possi ble to achieve with other nanowre
growt h methrydgound Hoaighe tai desiser the Bbereedeschiped cpgsiraatinip the bufferjpyer

undex st i t chani ' [Sp1l e00whi% Sakr Yet
i e g e R R ey PEoF % Rk Broh T
conbi nanaoowire tgnowtiemsedds alitdhiughothis has nahéwnr wyestigajpthgytise crystal the

option to %effulllelfrgde?gtarn%grié §Fthe mechanisms enabling this invention is not yet

achieved. However, the unique directionality of the NW growth in combination with
the small width of the nanowires, giving the crystal the option to deflect or redirect
25  defects at an early stage of growth is understood to play major roles. Energy
minimization of the crystal is achieved with increased crystal perfection. The
possibilities for the crystal to relax in all directions during growth together with the
proximity of surfaces to consume dislocations are understood to be of importance.
Another advantage with the invention is that no thick strain compensating
30  buffer layer has to be used for the nanowire growth. With a thick strain
compensating buffer layer the processing often suffers from bowing of the
substrate, which may crack the substrate or at least introduce non-uniform

growth conditions over the substrate that deteriorate the performance of the final

device.



25 defects at an early stage of growmh is understood to play major roles.
Energy mnim zation of the crystal is achieved with increased crystal
perfecti omo 20hieteprssi bilities for the crystal to rel ax POT&ER01di0s8a: i ons
during grom h together with the proximbty of surfaces to consune

di sl ocations are understood to be of inportance. Another advantage with the
I nvention iisidt D@l e Q&Ueﬁ'ﬁa%é HBIHR ©QBREHS 8l MY n3keRUf h&dsibRYBrb@s to be
used for the nanowre growh. Wth a thick strain conpensating buffer |ayer
t he proosissiatynanewitcs ohfciespér sibHoriengwh ahel ddBssrhsteateinfethitay crack
the sub i LAt AANCENARLHINSQ Mot d) reRdiihi ons over the
substra?%h?ﬁg?p%@orq)ggﬁ%gat e per.?sormaﬁi(.:ttgaH of the final device. WO

2011/ 16274sRAKHISHXINS 10568 rate beingablastaresist thechaghrmpitosges of t he
inveation th i.t. makes it possible to grow oriented nanow res on cheaper
subs?ra?eerél,%e%ht% s Si (111) substrates, and in particular Si (100)

subst r at es Aruthenbdaraagr phdusinsebidon ag espravive sEhstrgdeefeq@rPwite being the
substrate_bein ble to resist..the gh r re

Anot her nﬁ&\?‘éfhrtegégao?a? he™fAvEn qeoﬁngls&%%g&p?ggfég%ﬁg%b%? g%g&#gréogorv oW ng
nanow r &s LEMas$traamresnindé substratecsfusuallydewiosed skoe iexampltehe asedrentticoned

above, i,n LED structures.t.he substrate is. u L1y renpved.since .t cannot
be used FFHEHF %?/:f‘%&S@?Clafi‘éa}%niaﬁéjﬁ??ei}rglleg'nt e r?eo%leérl?olsglé%&?/\i’t h for
exanpl etind sGbshicad@sretlaihhendsubsisedt e can renai n and be used. Yet
anot her adyantage with the iny ion is.that costly and.tinme consunm ng

epi t axy st &%’é ap ﬁTeﬁ@ FBEQ@:%‘WSQ%F én%?fﬁioﬂbﬁ.thagcosfﬁa%rk(guw (HeSUbstrate
for growpitgxnanewiihehe procdRtd@ichadidat. growi ng nanow res of the

i nvention, the next.  step in devel opnent of nitri based sem conduct or
devi ces, andarksparths SHPairatsaIT BELE iR THESS ‘iﬁ‘gﬁ“%g‘e@ﬁi?)rvﬁri)wnbge

possi bl @anowiredMshe ity c@RRnABREGEXT S8piiR\ERREIoPPE 0Y hl€ifedasasiow re LED
structure, wherein each nangwire i.n use contribytes to t{le foﬁg][‘glmti. n of an
act1ve pegicRdustorgdsrasas: pBA BPRATHGHIEr GDERES H%Yi‘?%s’&flc 8 iventlon are
defi nedpipokbh@idependent claims. Qi her objects, advantages and novel
features of the invention will becone apparent fromthe follow ng detail ed
descri pti oAhes, theng aoeertiths IMHEHIGDREIVEET Y PAROVERILATE BTTURTWICL WhEHaD

acconpapyiig 46 @eNg sy 2N akid L s t@@le%hﬁ%‘tigﬁ%@ khRickio8 r&dioh e dr awi ngs

Preferred enbodi nents of the invention will now be described with reference

to the aeewnpanydfdighdr awi ngs, wherein
20 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 drawings and claims.

25 Brief description of the drawings

Preferred embodiments of the invention will now be described with reference
to the accompanying drawings, wherein
FIG. 1 schematically illustrates a nanowire structure with a substrate in
accordance with prior art,
30 FIG. 2 schematically illustrates a nanowire structure with a substrate in
accordance with the invention,
FIG 3 schematically illustrates a nanowire structure comprising a multilayer

structure in the buffer layer in accordance with the invention,



FIG 1 schematically illustrates a nanowire structure with a substrate in

accordance with prior art, 30 FIG 2 schematically illustrates a nanowre
struct ur eveizoh/m2a8bstrate in accordance with the i nvenPCOSE2HLG®B45
schematically illustrates a nanowire stiucture conprising a nultilayer

structure in the buffer layer in accordance with the invention, WD

2011/ iﬁ%&agﬂoﬁl?%%pé%% b 6 G MR 3o RABE Wl LIRS gaaai@fbﬁ?é}l,
nanowires formed on a [ow quality buffer layer on a Si substrate in

accor darlegevitt A Silsgbsratmin arvor@Ge BitbHbagneertew, qual ity buffer layer in
accorda i he i - : ' t [ ly a
nanostr lr}gt% u\gestﬂg)yr?p&r?llds“? égggﬁyg%%%&g%% Jaﬁs%cglowgrg%&?%ﬁﬁeeﬁgﬁh’ %?1 |hon of
enbodi metis 6 illustralds sobferadivaly atmanastiiatale cémpesialg etee ardkeaishtiloduced
for the ease of understanding only, and should not be considered as

i m 6i ngPdtail csdrigtiar © diogentbur t her nore, the di nensions of the
structures in the drawi ngs are not necessarily to scale. 10Al though the
preferred eMbudsicBAes Y varkealh resd pisn 315 1RHeIRerd hithg cateCldescri bed mainly

in termy;RferftaNao shil] g siesiifitd R BedictdRRerdd-EDEMi@REd td Hsedeessedtatiosuch
structures it should be appreci ated that the substrates and buffer | ayers

of the ifWEMImsHedhg dimenpionswl Flee gruies HetoladdRg eyl ac6SYdlY i cat e
ot her oppQelgctronic devices and el ectronic devices and to fulfill the
needs thereof. 15For LEDs nitride-based sem conductor materials are of

greagp int er@%o%g; freastret Qi diSodaldht OF i BivERMbE & HafoIBRNEY Alees the

l'ight. Typical N nanowi re LED fabrication includes elevated growth
t enper atdspesbest maily 10 0o nteg oSS tight enhting diodeayleFDaetret the Beadsst be

chosen %&Cg&&ﬂ %ggé%ﬁ%ﬂg&?hg p@%gg%ﬁi@cg%at%@wa@ﬁa@s SHCHuMBL8FdRI3 are

Al 203 (isolato m conductors), and W(netals). Extra 20

pr ecaut itbasnisavientagdbigictzemvivd gievaljthewan oot werd lorfsbotateafees that may
forma %%ttc?ei%dtporg& gg\gi¥e§%ggfé@gﬂoﬁ@ feviedeldd @gu%}ﬁi e £BLG0 th&"é!%? than 1000

degr ees nter nedr ate er conbi nati ons na en be used as barrier

| ayers. Si K] I il lar: g rrier
| avers are ottt iy P BFLaARohRuL AR Rt 40 JRFRR P o JERE R
schemat itbalphst dfltheseviat dsategemerates dne ligli dwpice]l GaNethrswitechElp dalongssionsi ng a
substrate .1 . th ul k J.a I } [

20- 10005 S8 SReBel st Ulocta AL, Dol FGKBERE, SoblEL AR Bher &

t hi cknessaterialsheustaingehafen3acchfding thdmswheasalZyebpeuBrafhps dfilsechuf f er

e DEa PR P AN, R0 O SRt Gl gt ned
20 precautions have to be taken with adjacent combinations of layers that may form a
eutectic binary compound with a melting point much lower than 1000 degrees C.
Intermediate layer combinations may then be used as barrier layers. Since the
skilled person is familiar with these risks these barrier layers are not explicitly

disclosed in the embodiments.

25 FIG. 1 schematically illustrates a prior art nanowire based structure comprising
a substrate 1 with a bulk layer 3 having a thickness in the range of 20-1000pm and
a epitaxial strain accommodating buffer layer 4 having a thickness in the range of 3-
10um. Nanowires 2 protrude from the buffer layer 4. The nanowires 2 are aligned in
one direction which is determined by the crystal orientation of the buffer layer 4.

30  FIG. 2 schematically illustrates a structure in accordance with the invention
comprising a substrate 1 with a bulk layer 3 having a thickness in the range of 20-
1000um and a epitaxial strain accommodating buffer layer 4 having a thickness of

preferably less than 2um, more preferably in the range of 0.2-2um. Nanowires 2



30 FIG 2 schematically illustrates a structure in accordance with the

i nvention conprising a substrate 1 with a bulk layer 3 having a thickness
in the ramgeotfie205 1000pm and a epitaxial strain accomrotisEReg/obsis er

| ayer 4 having a thickness of preferabBy |less than 2pm nore preferably in
the range of 0.2-4tm Nanowires 2 WD 2011/162715PCT/ SE2011/ 050845 8

protr udg)n&éﬁ Ja Qg;f & ffer! 18y&rs. & TG RARQVE £:RSa12:n84 8n Bhi: @edtibm waiienh

directi termned by the orientation of the buffer |layer 4. The
gener al 1&d9®tmin®tbmﬁtwr@rﬁfiﬂ@lh@fﬂtﬁb‘éﬁferllaWrAf is often the same or at |east
simlar to the nanowire crystal structure. It is however the a%omc

conf i gur at iThe gehegaltchesthustfesturagbrhesiyifrslyes it pBen e 38 8RE" 18Ptes t he

nanowi r & mﬂ?%- Y r{ér}loq\’nr }%t%ﬁ] @“Arh?tur@‘l 1 €4 ﬁHvQ\FEerle REGhRIdoad RNt

al i gnmen nanow res can be realized wth process steps, as explained in
t he $ol ltbtwbnger lagessiThcioas Ssattiheho rengrforer dhe sANeYECHENSWT e crystal is

| h f
e RS Ry SR aatal e o gp OB

exanple ureIn re based structures conprise
a radi ahﬂeajfzeémﬁebfoaesa; sebey & Explaineg ia thafdwinies JaseghlcBBestheuct ure. The

core-shel | struct rls a type
GaN shelofleﬂfatt ?1&?‘ nglﬁg Sﬁgn S&&eﬁ%ﬁp@O%g%\%ﬂ;e?éﬁgggﬁgg I aygrsygf

Al GaN, breathtind/ or GaN. Fl G 2 illustrates nanowi res grown using selective
area growth 15 using a growth mask, however not limted to this. Fig. 3
schepmat i caIByywhjz bfistamplesinotie endadirearenFICof2 theendnorars b@ttd@@mﬁlmsng a
buffer |ayer. 4 wth one or esubla ers4 er 4
or said°8 “5? AEIPL &R Flé?}goguﬁ%lreﬁ%r 7€ A ‘%m}épe ]?a?s%g L-sgeﬁnsggﬁi to?é/

nat er i alcsre-gMdIRstraeiat nedyl @spandinn-iyps mm nmsowme dorfef aarcemp-tyay Eradl
Non-epitaxjial materials with 20 ori eﬂtlat' onal ertie fw{%h hidd prove

t her mal SPFbFEM fi dntgrmediatgauaeaim &g Wetrhcsﬁ)frﬁoﬁdgl? Sub 2 enperatures are

pref err edaa®e@Rpbl Gasd FIGUL iiNQtrdtedhbacwires Md,wnTuNngg;bEphemereaagTdet her
poI crystalline or partly anorpho films. I n one enbodi ment

Pe “ﬁ%%gEﬁWh‘é‘a%f}fC@YeVF’ﬁ?QF P’@tﬂe &Bﬁﬂ{i?f the sub- Iayers has a

honngeneous conpasition_thro hout its thjckn ast the. conp05|t|on
25i s not i At®nt P@F?éﬁ‘t&"a\]/]é{r\r Yates Onﬁieﬂﬁéq‘jjé ﬁﬁfts%]ﬁl%Yesn PR B P ed to

obtai n gesif %e?ﬂt\b&l@-bn@@g/rﬁre%h%cﬁa&é@%a wboper’rheesuffd%dayc&momd;zﬁd@m or
nmore refl ector l%laers may be included .in the sgb Iaﬁgr st.ack gf{l f buf f er
| ayer 401‘T11*f§eé|‘1@c yersgta @@néﬁ@?‘?}ﬁ/?quﬂﬁe SEPrRANCRR PHErES el e Y B on can

al so be giigld 9n&fbr ihehi1eXaMR!EiéBnPIHers. Nonhepien@al ihglriapndiict i vity in the
20 orientational properties that improve thermal properties of the device, can withstand
the growth temperatures are preferred, exemplified, but not limited to AlN, TiN,

graphene, and other polycrystalline or partly amorphous carbon films.

In one embodiment of the invention the buffer layer or each of the sub-layers
has a homogeneous composition throughout its thickness. At least the composition

25 is not intentionally varied.

Different materials can be combined to obtain desired optical and/or electrical
properties. For example one or more reflector layers may be included in the sub-
layer stack of the buffer layer 4. The electrical conductivity in vertical and lateral
direction can also be tailored, for example in order to have a high conductivity in the

30 lateral direction to provide a current spreading layer connecting the nanowires of

the structure.



30 lateral direction to provide a current spreading |ayer connecting the
nanow res of the structure. WD 2011/162715PCT/ SE2011/050845 9 The
nanow r e worociyueas are el ectrically connected by a comrom/SEaiiensis4tont act
fornmed by the buffer layer 4 or at |ea$ one of said one or nore sub-layers
4a, 4b, 4c. There are several deposition nethods available that may be used

for formatigp rg‘ar%ﬁehﬁr@é{hfr% alleaé!l@&nﬂaw cd i cBUPhY aXB8hindRiatéRul cAhtaehen | ow

defect densities and high crystal perfection are not needed. Different
deposi t ifemerbbh bbby Iogerd et af loestpnd ek wnd oBgier FRgFessb-lavers Byufber | ayers
depositegd by atomic |ayer deposition (ALD) have excellent orientation
properties. 10Pl asma- enhanced chem cal vapor deposition (PECVD), |ow

pressure chepic glle YRRAN d@s?%g/' @&h@hg’%@ia@@ th ALHRS BRRIEE 16 BSSHFi6n

chem cal vapor deposition can be used. For ‘exanple, oriented M\

can beenf trobnfifed lohel Povihand-ABEvDtagtiaptierecn md@)ﬁeﬁ‘é‘ﬂe%‘ll%@% b@h i ne or
part | y a ggtgl@#fecﬁ%é% ch h@?de%ﬁ@hﬂér%%%a&?&?@&? h{e%goc@'mlégf'ﬂe'@ée'aQOf~PCVD or

RF- CVD. nera as Inferior I entation capacity as conpared
W th theehﬁfﬂrh]etrsumye%yy cal vapor deposition techniques based on
sputtering or evaporation can also be used, however sputtering is usually
not feasi blRuffeodayrs énpmtedelpmatlommmYeVdcnmmené@dP)alm\@rﬁX@éﬂﬁﬁds are often

preferred f ariented deposition of netals or netal alloys. A good exanple
is al umoﬁlﬁ%%}tmnepmp?ﬁgts easily are 20 grown/ evaporated with uniform (111)

ori ggtationy pey pel q}]c%'eg che&léﬁ%aggrba%ﬂoasgt?orﬂmh }5}0& \ABPe%‘éﬁké %l'éérﬁlcal

pol ycrystalline Wit variati grain size ver ow nel ting
poi nt avap@Odaegitlnl (iLF?CI\/@ tetmel a.tsrexd;phérlapmﬂsnmhd;_ratcal eapariypasitieed | ayer s

I th t I t hod
orsan VISP ELAR: LR s A P i D D
epi t axy APBVIRE)craple: h tiys t heuardr Slnad can
|Eterf)e/10 s of gv?lrS muﬁ ogr?l‘ggzly o I-}igﬁ/\%cﬁpa lyrey:acblgul eab%b;:gy wt h on
lattice s]??a‘?ed??éﬁegl@gé{tﬁ {:ﬁg i \(/g:g S %Ws EI 48 s iig et ‘ayers are

hi ghs Theiehtdtioarcdpayey aécefnpamed ofthnibeetbér te sub-1 ayers 4a, 4b, 4c can
have a defect or dislocation density higher than 10-10/cn2 and still be

used for comyeical @lpodeebesisionIOtiayigticgbatdd on spnttlieng ne eegredtitocan cert ai n
ext ent 2}/ growi ng thick strain
SO be used however sputtermg is usually not feasible for oriented deposition.
Vacuum evaporation methods are often preferred for oriented deposition of metals
or metal alloys. A good example is aluminum layers that easily are
20  grown/evaporated with uniform (111) orientation perpendicular to the substrate
although it usually is polycrystalline with high variation of grain size. However, the

low melting point at 660 deg C limits the used of aluminum.

Lattice mismatched layers can also be grown with epitaxial methods. Epitaxy
methods such as metal organic chemical vapor deposition (MOCVD) or hydride
25  vapour phase epitaxy (HVPE) are usually used to fabricate crystals and crystal
interfaces of very high perfection. However, when used for growth on lattice
mismatched substrates, the dislocation densities of the layers are high. The buffer
layer 4 or one or more of the sub-layers 4a, 4b, 4c can have a defect or dislocation

density higher than 10-1°/cm? and still be used for commercial devices.

30 Layer quality can be increased to a certain extent by growing thick strain
accommodating buffer layers, often at low temperature. Without the constraint of

crystal perfection thick strain accommodating buffer layers are made redundant.



accommodating buffer |ayers, often at |ow tenperature. Wthout the
constraint of crystal perfection thick strain accomodating buffer |ayers
are made wodondmetis WO 2011/ 162715PCT/ SE2011/ 050845 10PCT/SE2@/osige3d on of
oriented buffer layers can preserve thiOorientation of the original
substrate. An illustrating exanple is evaporated alum numthat can be

oxi di zed t%ﬁh&@&lmﬁe SRl by Rrd et g;ésef% th@%%ﬁfam@emaetdr@w a
buffer | ayer can ter the orientation. 5A nethod for formng a

st ruct ursetbstrapsr: i'si ﬁgsqamg ekt isfevapereid dustinyer ined sapheaiidiged 1 t he

sane di rA% L8t pEREGL R TBR A COAPAL SRS SLERS Bler oo A dliB0 2

bulk la epositing a ayer 4 wth a thickness of |ess
t han 2pttheonent$e10bul k |ayer 3; 10 and growi ng one or nore nanowi res 2
on the buffer |ayer 4. The met hod of the invention enables the

f abrbcat i oA ofetibat for Bp@gggreefpﬂre@mm sompdsimgravaiuliteide e tenowiyer s. Bragg
refl ect QL IBde M- A8RISHAL e laifen Bl wRRlhAie mBhR AR RN GhigRPer tO

fabri cate THan ep i'taxi a ragg re ors refore

sui t abl ef:f or fabrl catl on of multi coI ored devices, using multiple, stacked
Br agg reflectors ﬁ(rl y a plurality of sub-layer, each Bragg reflector
reflecti r]i) éap]é aiy?r t emtting wavel ength , used in conjunction with
col ored- |degb§1tlﬁglaﬂ$11lfﬂ§g 1smr¢®$thmthidmam{s of heess shidns Rpat en thdoelkelayeredich Br agg
ref:1 ctor,, adds approximately 0.5 pmto the thickness of the buffer |ayer,
making taﬁ‘él buffer |ayer thicker than in 20single col ored devices. The
deposi t i- @Rowiighadsorahereexaiplirédd 2dnaheveiet laypr #inci pl e there are two types
of deposition in accordance with the invention: (i) preservation of

ori ent ati ormrhefmbtiol dfaye inveanidn(driaplesrtbatihatradionalf both Bnaggirdfiatfoes ahdyer
for gromh o novm res th p

rﬁggt er m neg ér st.ﬁl ar i en%atl on on_ bul k

| ayers, Horg: RS religdersarade byse Ut et SPERYY AFC

orient atgh@l@r ghd \ehthpdt thirghetdte dhae epﬁaxlamsragg reﬂ%at@ﬂ%i'{hisrme%mﬁpe (i) e
sem conduct or nanowires _are co i.n the ic z ende
or t9ooijereas adakle f%fatbﬂcﬁg)’gg’?%’ﬁfl re‘ﬁ—'&?"%‘?%é&f %@f f“?f{;nowi re )
arrays ®rhddidicetors G8Rhd ByRSpI@hRyIcT sUBHé&dr}/e;ﬂﬁﬁErag@Qeﬂé’tﬂbr tdiectiapaw r es
will be oriented perpendicularly to the substrate s ntrol.led

deposi t SBPAIGFC h@tn@d{“é?mél‘”sﬁv@]ﬁnééys’ﬂ%qq ]inn‘émé‘él‘%%tfqna‘f”é Otrﬁd }lggb@@{ttlpg

or i ent akhQReWidh| tob%@ ithé @& A BBWELAY ch&1e BRsdganrtiattbehd dehipphodiatitdlt at es
orientated growh on nulti-Ilayered structures.
0.5 um to the thickness of the buffer layer, making the buffer layer thicker than in

20  single colored devices.

The deposition methods are exemplified above. In principle there are two types
of deposition in accordance with the invention: (i) preservation of orientation of bulk
layer; and (ii) creation of an oriented buffer layer for growth of nanowires with
predetermined crystal orientation on bulk layers, i.e. commonly denoted substrates,

25  without preferential orientation or with different orientation.

In the first type (i) semiconductor nanowires are commonly grown in the (111)
(cubic zinc blende) or (0001) (hexagonal wurtzite) direction. For oriented growth of
nanowire arrays a (111) or (0001) substrate is usually used, so that the nanowires
will be oriented perpendicularly to the substrate surface. Controlled deposition of

30 materials on crystalline substrates with respect to orientation will facilitate

preserving the orientation, which facilitates orientated growth on multi-layered
structures.

In the second type (ii), for some materials and deposition methods, such as AIN

fabricated with LPCVD or APCVD, or vacuum evaporated Al, the material layers



In the second type (ii), for sone materials and deposition nethods, such as
MN fabricated with LPCVD or APCVD, or vacuum evaporated A, the materi al
| ayers W00201¥6282715PCT/ SE2011/ 050845 11 t hensel ves t @nd/SEQ01al05agms i n a
predom nant (111) direction. This is alko true for Ti N, where many | arge
area deposition nethods are avail able. The use of such materials increases

the fr e?ﬂ%&@esct%e 148 afh%fl ih Spﬂéagﬁﬁﬁé&ﬁﬂg 1 h)adﬁ%&mﬁs ThiEsAlgLeht ehatin,

i nformation can introduced in the |ast layers, which is de5|gnated for
nanowi r sBrausiedeigsrarea deppsiionghethadoare asilehle. Boepselofsreld TeficEakar i et y

of mat eﬁﬁ%&%s%,@?ﬁ%%@% el est 'tk?é’uhéez@ﬁﬁgtlely%ri%'tﬂé hat&shdy 9rowing them

on sim materi a strates. based structures, such as GaN
nanow r esfprioptipmrahn :bubstrpdueed;mﬂmdest Wﬁrsgwmmlsaieélgﬂaﬁd 98 TigROwEe

sem gon%lﬂl% e% 1(smsuch as GaN, InN or MN and conbi nations 10 thereof. M\, but
al so " Ti so al l ows adj acent sub-layers of SiQ TiOor SiN Preferential
term nat i omlﬂk@mghmam‘dwesanasqu@m@amd caN \@mdt%®m‘mﬁlaéa§lqwog§@€glﬁ%vm with

ALD, reggfm &% gTen%l;{r}gmﬁt tecg' by%g %%S glg & S ;l)ir bigrfé?guﬁ&rgt%gdl?ér

enhancenéflC fOr et T on ion o into the term nating
sur f ace nlitaiylerbasked lstranhaﬁs&emmmm@aNmﬂmvmenphm suBbByatdepokicts iy a | ayer

O o AP PR ALING, B 0N O AT X RTPRPHONS 35 RENyalg  or

exanpl e €s a gro irec i'on perpendicu
t he1($ub$mérabEA¢1‘@,nbdD@1@cbtrm nedo alloersreeljs@nt fsub layrirs of §i® HBEOcorySitNal | ogr aph| c

properties. of h te ture si stant car e. |d| ng
grains %’fe ferienh gerfqlﬂ% a@’teﬁspﬁgfg?lsﬁ(éu%(‘te O?Q%}l\; nzxpl)l{éézﬁgleagﬂc éation step
and 20 gmhewﬁmpmmewaraawm)wmﬁémasemumse@hsmhemdlsrorﬂm\x|cantbeaisedgrowt h
of ionic material such as _GaN on ls uc

nucl eat fORMERGS HWreqtioppt BHOTRREIN ™ 8 HEg o %fntf?&]ﬁg tt?rﬁ‘inﬁf"_"gf]% SPﬁfgC gr owt h

condi ti eR%r 3Nl eSASMEOnYSIUAlibY hBghdeeptitphort. The grain structure may help
torelax lattice strain between the nanowire and the filmalthough a "too

rangont’  gr @yniokitiiold Riywk bl gial ;pmi'bfned bbEehistdlahe z&umhwepirﬂgmaﬁﬁhous
tenperature resistance of the film Further advanta i.ng carbon

films i AAEeE- BarRdPr p3RrEPIedrPG YD olog gﬁ?m%r@n@ﬁﬁrqsé’yg‘Pg’tlafilﬁeﬁEO uf fer |ayer

are thebér&mﬁld&% ihealubeaRedchh BY olb'fﬂﬁ@dit’l‘}&ssreagor\i\/ﬂiﬂ thasistthei r i nher ent
transparency. WO 2008/ 085129 relates to nitride wi res and. nmet hod of

pr oduci AEstaltagraptte PreREEES obPIghHSMREERIUTE AeFitA1E SR bx?é‘ gﬁgﬁl Imerios i B or

growt h gfbﬂ?%f Glan ANELiRe blng%rﬁﬁe@fk@%%n\ém tAspdeeal RERSG@Ronl Si¥gRKEON. N
particu nitride based Sem conduct or nanowi res can be acconpl i shed on a

buf%r haglsptipn tepeeraluris diamhraataciiy oResig Bifade SEMEd divenisreategrbwt h
t echni qug yhe "G%poﬁ Bﬂ?at@hglrsqaﬁﬁaé SUHLE. fi'o@)é’véxafﬂ?e hScieulst anty @il ofegonst ant

during nanowre formation. By altering the Ill/V-ratio during %rowth a
shel | | ppeen thatlirattidred sonplapint o she Besdl conditipnsciid shegkl peralitha ned. 35

Thanks §@pf ffort MYROLHAA shiudrirPRRGHAS 16 ik Brclils HRLNGLwRLn YR 2008/ 085129

nanowire and the film although a “too random” grain structure will limit directional
25  properties and temperature resistance of the film. Further advantages of using
carbon films in the buffer layer or in one or more sub-layers of the buffer layer are

their excellent heat conducting properties as well as their inherent transparency.

WO 2008/085129 relates to nitride nanowires and method of producing such.
The methods of that application can be implemented for growth on buffer layers in
30 accordance with the present invention. In particular, nitride based semiconductor
nanowires can be accomplished on a buffer layer in accordance with the invention
by a selective area growth technique wherein the nitrogen source flow rate is
substantially constant during nanowire formation. By altering the III/V-ratio during
growth a shell layer that at least partly encloses the nanowire can be obtained.

35 Thanks to the invention it is possible to use the method of WO 2008/085129 to



WO 2011/ 162715PCT/ SE2011/ 050845 12 grow nanovvires on cheaper substrates,
such as Si substrates, and with buffer layers that are not single

crystal | iwe20r/mR118 extrenely | ow | evel s of defects. PCFIS€2014/0518aWs a
nanowi re array of GaN nanowi res formedldn a |low quality buffer layer on a
Si substrate in accordance with the invention. 5FIG 5 shows a low quality

buf fer | AY&MmAndwaes QndaegesiBstidigs,i et Substratdd) agaevienbadenent of the
invention a selective area growh technique utilizing haoles in a mask | ayer

ar r angedaxais thet agrTos &y erystailing eoFHEfeE sHeA kt"ﬁ@VFlﬁ\Féﬁlte?‘SGFF-f uncti oni ng
as apertures for nanowire growh is used. The sel ection of hole gkh? ter is
i nport ant 36 Gbems BaRIWEE arrey s CaN naewigisslogast o8 Ioreti HER OWlicEs. 1 f

the hol q,JQ fi ABELEsthSeiROctAIEBL RANNRRGWdRBTBY be too wide to be able
to repel dislocations, or may not be single crystalline. The critical hole

di angt er degends O sthewPMAIRY ud¥elaydtal hidralthCRARABE tdeatias. wel | as the
conposition of the nanowi re and conditions during nanow re nucl eati on and

growt h, butr,generabdddtne ohaleEindt AiEt §lseicstifd 8farabhvh tesidhamiRaRpm nore
preferably [ess than 150nm In enbodi nents of 15 the invention the hole

di aret erhdles ial smagkdtser asrapded o3 tigdmodninr roreorpraselEb e eed tRan
S0nm funéﬂiérnﬁange abBRutAPHE caLbe R BbhAdisdesar ihed Rerish br REBRLAR Y

utilizes a nanoW re core to grow sem conductor shell layers on the cores to
form a detepsiient fonghtaning siagle ¢rstallive udislotation fge aapppireaslf desbpleped f or

exappl e 40 YePis PRl ¢ Mﬂfm?m%?% 483 widProId L9k %o %pe@ldislod-dﬂﬁ)ﬂﬁpo_r at ed
herern by reference tor the teachin of nanow re fabrication nethods, it
shoul d ke mot edt bdsingtcheystallent Tba crigicalotols didtheier ddperRby oeiambiiéer as wi | |
be descrjbed below .in the alter J e i e my
consti tt}?%ert%le lr?'aarl\%dsf & %Pgn(a 3.“8‘%}{ %\%ﬁbewggr%g&ﬁ% éf 1%1-%211 %h&éxflfe %3‘% optionally
have di nenditons duringnarevitangelcativaant\gpoetl, 126 ganeohyrtbe Hlokd digmeter

rat i o bot BB D! FSY b ComudS BT BLer Lt s YT To0Nn| RiEhdpadRla i ares
exempl i fthedhventibhGhe Gobydiahetépigradsn piefdrablytlsssatichnt heOrwer tiocabredéddlyal |

facets.  Fl 625?shows a pillar shaped nanostructure 60 conprising a
nanowi r eBIPEeP™ hd a shell 64 , and FIG 6b shows another variant where

(e 7l SR BR AR SO BB R A YA 150, 1
scal e, anGowhe cdreltd gl lsenséwiucasr shai agkes dayler caenltd faamprdoseshsbver al
T o AR PR £ 1300 el BT o Qho %, SR o
20126162 kaP4T7 SB2OMY, 5 @B#brtlet al., incorporated herein by reference for the
teaching of nanowire fabrication methods, it should be noted that the invention is
not so limited. For example, as will be described below, in the alternative
embodiments, only the core may constitute the nanostructure (e.g. nanowire)
while the shell may optionally have dimensions which are larger than typical
25  nanowire shells. Furthermore, the device can be shaped to include many facets,
and the area ratio between different types of facets may be controlled. This is
exemplified in FIG. 6 by the “pyramid” facets and the vertical sidewall facets. FIG.
6a shows a pillar shaped nanostructure 60 comprising a nanowire core 62 and a
shell 64 , and FIG. 6b shows another variant where the shell is grown on a
30 nanowire core 62 so as to form a pyramid 66. It should be noted that FIG. 6 is
only a schematic illustration, and is not to scale, and the shell while shown as a
single layer could comprises several layers. The LEDs can be fabricated so that the

emission layer formed on templates with dominant pyramid facets or sidewall



facets. The same is true for the contact |ayer, independent of the shape of
the em ssion | ayer. The use of sequential (e.g., shell) layers gives

t hat the wonalviéedsvi dual device (e.g., a pn or pin deviPCESEr@y/obBye a
shape anywhere between a pyram d shapel®(i.e., narrower at the top or tip
and wi der at the base) and pillar shaped (e.g., about the sanme width at the
tip and fhase) T §dmEiid aeabr Bhe BEXRGONFLr AhdepdialenpOf YigosidpLoss section
per pendi cular to the long axis of the device. Thus, the individual devices
wi th t hensewpnéaed- shel | s nmay have various sizes. For exanple, the sizes
may vary, wth base widths ranging from 100 nmto several (e.g., 5) pm 10

such as 1O@H%rﬁéeoofbs%lqg‘éh@iame@%Oé‘helﬁﬂgyélﬁi@\his&héaﬂ&j figalfih@Midudlewvi@0 nm to
several (e.g., 10) pm WTh the nmethods acc%rdi ng to the i rB/enti on it

i s possi®Be atn pakE Hayige @eEdaKaPeTERt AW HEES PEIV R RERBIG RS conpar ed

to peevious,BULERE ok AYEESH HPtipNAMIOM IS %t tHEBaBYWrdSpiNeF Shap&axprEssed as
curvature, W th neasured wafer 15 curvature |ess than 50 km1, preferably
| ess t hahoudthasame widtls sirehe i eaidneancs WiHeCiEH RO PEX3%0PPEEEOtHEN 30 km 1

pref er ak) | berei dwice. detisnag in an
article 8&@’@%%?%5?@3%@?5%{%6%@%%%@géﬁ%é{éf%?slI ty between_s", 4" and 6"
sapphi r étidivisussdriiconsudt tre TapAYtChapIimEsy Sayavaneed sgepi Bonexample, 4,

| ssue 3 i/ 09, - i i i e reinin
ta 20 S Slsh v P B Bl Man bl R OB e e e

Cur V@t usechids Hlenmelcab@ddwak nfiotonowsd heighiisRapgngr@p/giepsl Ghapefh R is the
radi us %E-vtrg? ecur\fg)t ure of the wafer, and Dis the dianeter of the
substrate e(e. b.‘g'Z, MO 6 | nches) 30Wile the invention has been described
in connection with what is presently considered to _be the nost practical
and pr ef er iEidh ehb odithreds sgcartlingstottbe hiavantiperis isopepsttiato meEeilaigeme$dn i s not
to be lim.ted .t,0,the, discl e ] -t 1S intended
to cover’ aéeéﬂrs i“(’)lu%hrer%v |1yfr|e§(1;11tC ?%%gwaggg%%?gécfteon@% X%Opgr%g%%e%%ywoghi n the scope
of the appewiled Ghaitsy is MPeR0dXr¢ 627 EBRCTV SE26,1Mit) 30g48red wafer

15 curvature less than 50 km-!, preferably less than 40 km-! , in some embodiments
the curvature is less than 30 km-! preferably less than 20 km-l. Curvature as used
herein is defined in an article by E.armour et al,”LED growth compatibility between

s”, 4” and 6” sapphire” in “Semiconductor TODAY Compounds & advanced Silicon”,

Vol. 4, Issue 3, April/May 2009, p 82-86, the article being incorporated herein in its
20 entirety by reference (see Figure 4 therein).

Thus, Bow (B) and Curvature (K) are related as follows:

K=1/R
B =K *D2/8
25

wherein

R is the radius of the curvature of the wafer, and
D is the diameter of the substrate (e.g. 2, 4 or 6 inches)

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



14 CLAIM5 1. A substrate (1) with a bulk layer (3) and a buffer |ayer (4)
arranged on the bulk layer (3) for growh of a nultitude of nanow res (2)
ori ented wo2onel6and the same 5 direction on a surface (BrToE201h0508u3 f er

| ayer (4), wherein the buffer layer (44 has a thickness of |ess than 2gm
2. The substrate (1) of claim1, wherein the buffer layer (4) has a

t hi cknesﬁh Mb .2- 21.1m 3. The substrate (1) of claim1 or 2,
wherein uffer layer (4) conprises a 10plurality of sub-layers (4a, 4b,
4c). 4. The substrate (1) of any of claims 1-3, wherei n the buffer |ayer

(4) or aone or. nore of the sub- e a, 4 e made

sem condudt PPsHERtE( Harith aSbuHFHéy %/r @i?ggtaebl(%r 183" ol F‘tﬁaﬂge@\ﬁgr% ehke
buffer hayers sl B5wNs LmUTRAEIOb ﬁrhﬁ)vﬁv&* zaysareﬁte(daa, or{%bandlthe campri se a
nitride- based [11-V sem conduct or material Ftl 1sﬂé{r aifﬁ Wﬁj% of any
of the pisctanvg arariaee (GMebiles Ruffrplayar fHr v ﬂ%?tgu &r % of the
sub- |ay%§k§1g§3 oﬂl‘@ss ﬁggn gﬁﬁl' made of a netal or rret al alloy. 7. The
substrate (1) any of e preceding clains, wherein the buffer layer (4)

or one of Ttﬁ'efs%b%&awﬁ %@Qrahﬁyﬁr@hé&ﬁq DB a £€(4TRES a0fhid@mdsasiloat-or .
8. The substrate (1) any of the preceding clains, wherein the buffer

| ayer (4&pnobr 20 one or nore of the sub-layers (4a, 4b 4c) are nade of

graphene. 9. The substrate (1) of any of the fgrecedl ng clai.ns, wherein the
buf f er IBajfle subptiote one! slaimok er 8f thﬁémsdbﬂbé@ FsoEa4t) WPTA%%S #re nmade of

Ti N dait] BEs SRS 814, (4b) 49f. any of the preceding clains, wherein the
0 luralit, 4, 4
buf fer Ipayerl}T ?Sand one or m)reI of the sub-layers each are depOSI ted using

a deposigt f-50 ghowR fef 1ayePCMIr ARCMD, PECVD,
ALD, PVI% }I(Pll\/%\/tu%%l&%l“gHVOgén?%lf.%Fainﬁf\lq %sgbg;th%ght?g (1) gf aan}ie/3 gﬁ trhe precedi ng

cl ai ms, mdreraithe shb-lavdrsdfal Hyetc) @ay madegre smisppausior presiah- | ayers (4a,
4b, 4c) function as a reflector for radiated |ight. 12. The substrate

(1) of énifh@fsutbhérapﬁr d¢ efclgmct avhercimpes brfet ligch(# peone ayaroresyf tBe or one

or nore \ dislpgatien densl ty
hi gher TR Ab b08 38R 43R SolifBisg S ny Rk 1R AR AC b aBlccRbElh :

15 6. The substrate (1) of any of the preceding claims, wherein the buffer layer (4) or

one or more of the sub-layers (4a, 4b, 4c) are made of a metal or metal alloy.

7. The substrate (1) of any of the preceding claims, wherein the buffer layer (4) or

one or more of the sub-layers (4a, 4b, 4c) are made of an insulator.

8. The substrate (1) of any of the preceding claims, wherein the buffer layer (4) or

20 one or more of the sub-layers (4a, 4b, 4c) are made of graphene.

0. The substrate (1) of any of the preceding claims, wherein the buffer layer (4) or

one or more of the sub-layers (4a, 4b, 4c) are made of TiN.

10. The substrate (1) of any of the preceding claims, wherein the buffer layer (4)
and one or more of the sub-layers each are deposited using a deposition technique

25  selected from the group of: LPCVD, APCVD, PECVD, ALD, PVD, MOVPE, or HVPE.

11. The substrate (1) of any of the preceding claims, wherein the buffer layer (4)

or one or more of the sub-layers (4a, 4b, 4c) function as a reflector for radiated

light.

12. The substrate (1) of any of the preceding claims, wherein the buffer layer (4)
30 or one or more of the sub-layers (4a, 4b, 4c) has a defect or dislocation density

higher than 10-10/cma?.



13. The substrate (1) of any of the preceding clains, wherein the buffer
| ayer (4) or one or nore of the sub-layers (4a, 4b, 4c) is epitaxially
grown butwbastiaeeBfect or di sl ocation density higher thaoThB2di050S0P.

14. The substrate (1) of any of the prkteding claims, wherein the bulk

| ayer (3) is 5Si (100). 15. The substrate (1) of any of clains 1-13,
Wlne rein fetighsﬁkh&strgy@n% (OS)Sn%ff%f aiule #ﬂé@kdi(nﬂfg)l@aiﬂélevmbﬁﬁf tiat mifea]r)lapefr (@hyr of
clains 1-15, erein t uffer layer (. or the at ast the quternost
Sub- | 2y ENe CheFHG (he Py BVER oy FEntlLs SRUEKAHD EHEVB R ayErSt o101 7.
The substdiadRidnldeRfityamphef tigdaiosoknkd, wherein the buffer layer (4) or
the sub-layers preserves the orientation of the bulk layer (3). 18. The

substratia. (thealinaiutof1) of ahf®f thd precsbiaieiipink davtatkirethd Byrlatd) (3pis at
| east one of the sub-layers is polycrystalline. 19. The substrate (1) of

any of SH&IGH- 1- 18, wherein the substrate conprises 15 multiple, stacked
Bragg reflectors, forned by a plurality of_ sub-I|ayer ach Br.a refl ector
reflect illg Abespkeiete (1) ghprs el claimg lvié@eWE‘ﬁb@tuﬁ the Byl Fer éﬁﬂ%gﬂéﬁ i)-( 1) of
any of clainms 1-19, which exhihts a wafer %urvatur t 50, km 1,

%%

| h
pref er aBby FegsubrHAtUl) fpny of claimsyly 15, ﬁ@“%ﬁ%%ngggﬁﬁfﬁﬁﬁﬁﬂéh9an

clai M ek fhe WRtGHAXRUBLISYS WRf Bhs GUliN&eUt BribB&Sio20tHahathe 3 K MAyer,
preferably [ ess than 20 kn}ﬁ. 22. A structure conprising a substrate in

accordafide with any of the preceding clains and one or nore nanostructures
(2) grown on the surface (5) of the buffer layer (4).. 23. The structure of

cl al®n 227. whbe ebhstrate Hamdsty eéclnies 125, wbAfsHR $ke Bufier byepld) orfeestructure
of clai @h%lia%rs(%%esé’i‘&% B D oLiPR RIS HE & BR TR §9S a plurality of

nanostructures that are electrically connected by a common | ateral
cont act ;kor ?ﬁé sO¥sBatdHUE LAY Jf @¥ehs(11) 50khateih 8RS buBiBL1Rbr §8id LNEaser nore
4a, 4b 4c3. 25."A n

sub- | ayers , , anow re LED structure conprising the

st r uct upec of thmyubflagdraiippodzrytalli®@. wher ei n each nanostructure (2) in use
contributes to the formati on of an active region for generation of

| i ght . 289. Thbe sahowrte(ll BDasy ofctaime lof ScWArmainshe GRBFERTE eaRprises

nanpst [ UL, CONREY S8 AANAUL £.600 By ANFhRaiR S bub BRI eLALPBlgg! he core
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reflector reflecting a separate light emitting wavelength.

20. The substrate (1) of any of claims 1-19, which exhibts a wafer curvature less

than 50 km-!, preferably less than 40 km-! .

21., The substrate (1) of any of claims 1-197, which exhibts a wafer curvature less

20 than 30 km-! , preferably less than 20 km-1.

22. A structure comprising a substrate in accordance with any of the preceding
claims and one or more nanostructures (2) grown on the surface (5) of the buffer

layer (4).
23. The structure of claim 22, wherein the nanostructures (2) comprise GaN.

25 24. The structure of claim 22 or 23, wherein the structure comprises a plurality
of nanostructures (1) that are electrically connected by a common lateral contact
formed by said buffer layer (4) or at least one of said one or more sub-layers (4a,

4b, 4c).

25. A nanowire LED structure comprising the structure of any of claims 22-24,
30 wherein each nanostructure (2) in use contributes to the formation of an active
region for generation of light.26. The nanowire LED structure of claim 25, wherein

each nanostructure comprises a nanowire core and a shell, wherein only the core



constitute a nanostructure, such as a nanowire on which a shell is

provi ded, while the shell has dinmensions which are larger than typical
nanow r e wWheb11s1622%. The nanowi re LED structure of clai RCZGE20¢05088H t he
nanostructures conprise a plurality of l®acets. 5 28. The nanowire LED
structure of claim27, wherein the shells exhibit pyramd facets and/or
verti calcosktdanald ndegetiscturd $uchhe nanavivire dnEPhiraishelt & pfovatweyl, ofhilel ai s

26- 28, erei n_each indjvidual 10 devi ce has a shape sel ected from shapes
rangi ng® ?8&?121163?%%66‘5’???5 YCRTE fafesT ﬁ?ﬁ*l? g(ﬁé?aﬁé‘[a%toﬁvéret%betl%r tip and \FI)VI der
at the bas and pi.l| shaped, i.ch is about. the same width at the tip
and basé '%hegﬁi érenlgﬁE\BvﬁUf TREDO ?IPHEIQ%F &%Felgn e&an@FEﬁuﬁgu]fé-ZQ, wher ei n
each i ndbMigiurla pRirdBYi srgab@s. a circul ar or hexagonal or other pol ygonal

cross section perpendicular to the long axis of the device. 31. The
nanowi re LED structure of any of clainms 26-30, wherein the base w dths of

each i ndigvirdidalarndeniCerD angectliFOpT dQfn MM, dhekdinThprehcps @kBiAbpyrak@d nmto
20 below 1 mcron, and the hej gtlhts range froma few 100 nmup to 10 pm

, e hej
32. A ndageéeapdy of wirtical siflayal 13¢Gt8ct ure conprising a nul titude of
nanowi res oriented in the same direction, wherein the nmethod conprises the

steps of: Brovi ding a bulk layer (3); _ depositing a _buffer |ayer (4)
with a £ Ckaewsopird Bl stHiuXpA o7 phelaas @6T%£é¥h925’(f8§%wha‘r’i)dimdual
gr oyhNg ROk HasPEiRa WAEE b sBApLHEa b @lont aYRrakdd shds, Wiiengt hod of

claim 32, wherein the buffer layer Is grown using non-epitaxial materials.
30 34. Theravertddhoeftor baitim @81 widsradi thettaecnend eplar skicRPdnabihi 8l s used in

the gr O\r%gklﬁ{hé be buf:far .1 ayetio¥ng sflected anong materials that can

Wi t hsta € growm h tenperatures, preferably materials with orientational
properties that inprove thermal properties of the device. WO

2011/ 163(1GRCT S201 RS A1 or 38y B IRUAPI0 el ah it ol € he

non- epi taxial ~ma are selec rom , graphene, ot her

pol ¥&r ysieaickibme cocirpart by haragpird vs otlacprygitatsross sectigg. peThendietitligd of
claim 3%0 t}\{\@iaorneianxig Q?tﬁé&%vi?g depositing a buffer layer (4) 5 conprises

deposi ting onée=or nore sub-Tayers (4a, 4b, 4c).

31. The nanowire LED structure of any of claims 26-30, wherein the base widths

of each individual device range from 100 nm up to 5 um, preferably 100 nm to
20  below 1 micron, and the heights range from a few 100 nm up to 10 um.

32. A method (1) for forming a structure comprising a multitude of nanowires

oriented in the same direction, wherein the method comprises the steps of:

- providing a bulk layer (3);

- depositing a buffer layer (4) with a thickness of less than 2um on the bulk layer
25 (3); and

- growing one or more nanowire (2) on the buffer layer (4).

33. The method of claim 32, wherein the buffer layer is grown using non-epitaxial

materials.

30  34. The method of claim 33, wherein the non-epitaxial materials used in the growth
of the buffer layer are selected among materials that can withstand the growth
temperatures, preferably materials with orientational properties that improve

thermal properties of the device.



37. The nethod of claim32 or 33, wherein the deposition of the buffer

| ayer (4) preserves the orientation of the bulk layer (3). 38. The nethod
of cl ai m80 20r1/1B83715Wwherei n t he deposi ti%n of the buffer PCagER011450833 t er s
the orientation of the bulk |ayer (3).1 0 39. The nethod of any of clains
32-38, wherein the buffer layer (4) or one or nore of the sub-layers (4a,
4b, 4c) Fr. €hdepeathiotied cwnmerm 10m- E}E@\Iﬁhl mdrialherereddoe] obmany of

cl ai s rein th ffer one or . nore e sub-layers
(4a, 4b%ﬁ%p?i %ga en&a{lgé)?iéer %ﬂﬁc SR 1me§IWPF8H S?rqba? U8t cl ai ns
32-40, wherein the buffer Iayer (4) or one or nore 15 of the sub-Ilayers
(4a, 4b, 4c) are deposited by PVD. 42. The nethod of any of clainms 32-41,
wher ei n&&éffieuhéﬂfodlcaf)cémin( 8y, aheodina the somy 6f ddpdshtnsalbulffay yer (Aa, 4b, 4c)
are grown thod of any of clains 32-42,

wher |nCl‘fng}e/r Sesﬁfgoﬁlgﬂg (fréeyglfnlé’rr?ﬁﬂagay%”ﬁ f ety er layer in accgr dance .
W
and 't he Horbegremet iaht B BE wIBEhimAne EpdSithD NaRdGr 1Ay B ol ar e

33-43 , pabsdreentichericmbebhalfshdepoisidyed (§)or the buffer layer and the
sub-layers are selected fromthe group consisting of a sem conductor

mat er i al3s8. €hg. matmﬂtdﬂoqmnbaaeﬁ 33, kvﬂér&@lnﬂh%QiHﬂJ@@itﬁfn ofah@ehdler Osiyargtpl all oy,
an insul ato and Z"’i’g thod of neking a nanow re based LED
array, gtr‘?ﬁ‘? f’%‘f ﬁBe B@fefzge as claimed in claim1, growng
nanow or es f i di odes row ng shel | s on said
nangé\\; Z”? tr%ﬁ q%ﬁ%l of any (fc%ffé @ﬁ%%%g@aﬁ"gf‘% 1?et§‘egfuffeﬁga3éeﬁéﬂ ) & RBOTBIES ol | ed

so as t of tis sushapes (dand, ) 30 HepsBiedmy BPCYDS A2peD whpebvics narrower at
the top or tip and wider at the base, to pillar shaped, which is about the

same W doh Tak thé@otlid? aafthfdsiens 32-39, wherein the buffer layer (4) or one or more
of the sub-layers (4a, 4b, 4c) are deposited by ALD.

41. The method of any of claims 32-40, wherein the buffer layer (4) or one or more

15  of the sub-layers (4a, 4b, 4c) are deposited by PVD.

42. The method of any of claims 32-41, wherein the buffer layer (4) or one or more

of the sub-layers (4a, 4b, 4c) are grown by MOVPE or HVPE.

43. The method of any of claims 32-42, wherein holes in a mask layer arranged on
the buffer layer in accordance with the invention functioning as apertures for

20 nanowire growth is used, and the hole diameter is less than 200nm.

44. The method of any of claims 33-43 , wherein the materials deposited for the
buffer layer and the sub-layers are selected from the group consisting of a
semiconductor material, e.g. a nitride-based III-V semiconductor, a metal or metal

alloy, an insulator and graphene.

25  45. A method of making a nanowire based LED array, comprising providing a
substrate as claimed in claim 1,
growing nanowires forming cores for light emitting diodes;
growing shells on said nanowires; wherein
the shapes and sizes of the shells are controlled so as to form shapes ranging
30 from a pyramid shape, which is narrower at the top or tip and wider at the base,

to pillar shaped, which is about the same width at the tip and base.



