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sources in the visible range that are

Field of the Invention

[0003] This invention relates generally to semiconductor materials, devices,
and methods for their manufacture and, more particularly, relates to semiconductor

nanowires and semiconductor nanowire active devices.

Background of the Invention

[0004] Nanowires composed of group [lI-N alloys {e.g., GaN) provide the
potential for new semiconductor device configurations such as nanoscale
optoelecironic devices. For example, GaN nanowires can provide large bandgap,
high melting point, and chemica! stability that is useful for devices operating in
corrosive or high-temperature environments, The larger bandgap of GaN and its
related alloys also allows the fabrication of light sources in the visible range that are

useful for displays and lighting applications. [n addition, the unique geometry of
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useful for displays and lighting applications. In
addi tion, the unique geonetry of SUBSTI TUTE SHEET
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SUMMARY OF THE INVENTION

[0007] According to various embodiments, the present teachings include a
method of making nanowires. In the method, a selective growth mask can be
formed over a substrate, The selective growth mask can include a plurality of
patterned apertures that expose a plurality of portions of the substrate. A
semiconductor material can then be grown on each of the plurality of portions of the
substrate exposed in each of the patterned apertures using a selective non-pulsed

growth mode. The growth mode can be transitioned from the non-pulsed growth
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or may be learned by practice of the invention. The objects and advantages of the
invention will be realized and attained by means of the elements and combinations
particularly pointed out in the appended claims.

[0011] It is to be understood that both the foregoing general description and
the following detailed description are exemplary and explanatory only and are not

restrictive of the invention, as claimed.
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specification, illustrate several enbodi nents of the
invention and together with the description, serve to
expl ain the é)t‘i nci ples of the invention. [0013] FIGS.
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accordance wth the present teachings. [0017] FIG 5
the SeBirttiachinh@r t h exenpl ary sem conductor nanow re
device in "accordance with the present teachings.
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plurality of ordered GaN nanowi re arrays grown by the
accérdendeheithethg baseht teadhingai t hout use of a catalyst in
accordance with the present teachings. [0019] FIGS.
[0015)- 7D dpi Ttegicisan exempbgmycoeas foafdrsiirgfa gemilyehduct or
devices including GaN substrate structures forned
nanbwinen dritéormanowite aryaysfusing rdwbipbaseagrdivir modrminanterdance
arrays shown in FIGS. 1-6 in accordance with the
withphe smsenttteaabinigngs. [ 0020] FIG 8 depicts an exenpl ary
core-shell nanowi re/ MQW (nultiple quantumwell)
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teachings. 5
in accordance with the present teachings.
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[oo17] FIG. 5 depicts a forth exemplary semicenductor nanowire device in
-accordance with the present teachings.

[0018] FIGS. 6A-6D depict exemplary results for a piurality of ordered GaN
nanowire arrays grown by the two-phase growth mode without use of a catalyst in
accordance with the present teachings.

[0019] FIGS. 7TA-7D depict four exemplary variants of semiconductor devices
including GaN substrate structures formed from the plurality of nanowires andfor
nanowire arrays shown in FIGS. 1-6 in accordance with the present teachings.
[0020] FIG. 8 depicts an exemplary core-shell nanowire/MQW (multiple

quantum well) active structure device in accordance with the present teachings.
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nanowi re LED device fornmed wusing the core-shell
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exanpl es of which are illustrated in the acconmpanyi ng
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nunbers wi Il be used throughout the drawi ngs to refer
predeft feBghisggme or like parts. In the follow ng
description, reference is nmade to the acconpanying
[00ZH) awi NG 1edepicd shahdrakémplagraabwiraaden devisBivgingitise
shown by way of illustration specific exenplary
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These enbodi nents are described in sufficient detail
the presentddzcainghose skilled in the art to practice the
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drawings to refer to the same or like parts. In the following description, reference is

made to the accompanying drawings that form a part thereof, and in which is shown
by way of illustration specific exemplary embodiments in which the invention may be
practiced. These embodiments are described in sufficient detail to enable those
skilled in the art to practice the invention and it is to be understood that other
embadiments may be utilized and that changes may be made without departing from
the scope of the invention. The following description is, therefore, merely exemplary.
[0026] While the invention has been iliustrated with respect fo one or more
implementations, alterations and/or modifications can be made to the illustrated

examples without departing from the spirit and scope of the appended claims. In
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val ue, however, inherently contains certain errors
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[0028] Exemplary embodiments provide semiconductor devices including
high-quality (i.e., defect free) group Ili-N nanowires and uniform group 111-N nanowire
arrays as well as scalable processes for their manufacturing, where the position,
orientation, cross-sectional features, length and/or the crystallinity of each nanowire
can be precisely controlled. Specifically, a plurality of nanowires and/or nanowire
arrays can be formed using a selective growth mode foilowed by a growth-mode-

transition from the selective growth mode to a puised growth mode. The cross-



transition fromthe selective growh node to a pul sed
grow h node. The cross 7 WO 2008/ 048704
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t he cross-sectional dinensions (e.g., dianmeter or
wi dth), and the cross-sectional shapes, of each
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Such core-shell nanow rei MW active structures can be
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nanowinslaicdyis\oan erovidemonp oldusitewadls nhérerara hdvanieges imclsirdes  at
| east one m nor dinension, for exanple, one of the
corsslEigraeh to builal andV @¥hadtive shadluetibcias: on tie lsidewalll eireatier |
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nanewie dB uenmtass-shdlenanbwios/ MdiViaoiiviestructyees coe b eised inhan
about 100 rim |In various other enbodi nents, the ni nor
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can have an aspect ratio (e.g., length:

nanowire LEDs and/or nanowire lasers.

[0031] As used herein, the term "nanowire” generally refers to any elongated

conductive or semiconductive material that includes at least one minor dimension,

for example, one of the cross-sectional dimensions such as width or diameter, of

less than or equal to about 1000 nm. in various embodiments, the minor dimension

can be less than about 100 nm. In various other embodiments, the minor dimension

can be less than about 10 nm. The nanowires can have an aspect ratio (e.g., length:

width and/or major dimension: minor dimension} of about 100 or greater. In various

embodiments, the aspect ratio can be about 200 or greater. In various other



wi dt h andl or maj or dinension: mnor dinension) of
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oval , or circular shape. According nanow r es

muRiAal REoIbRY), R tHefr k@R AKtioSARED hhdk BVl '
di mensi onalj (3-D shgpes, Iiﬁ var | ouseerrg%giiﬁr?glnftmsr?s'a

suchlad mahdfitgrsOh tmdaor Bfea8ayhrb abrical stgxanpl e,
substantially parallel, arcuate, sinusoidal, etc.,

[0088]t h r eREaEinoviee et Warous(Rss3dkcildhal SIRPRVISES as 36t
be formed on/froma support, which can incl ude
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connected to and extend (e.g., be grown) from The
narsuppeean kEvetdylindniazl@ntive sorealike aitrse dineplksiadel (3-D5 Bhagdsale
formed froma variety of materials including Si, SiC
vargappmbediments] a pussdityi af oachydtes can cenfpoenadpls sobstagialaN
or GaAs, netals, ceramcs or glass. The support of the
parpligh @rguatss sinseoiddl seic. with edped tcedohatiiere gr owt h mask
formed on the substrate. In various enbodi nents, the
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| ayer
selecteyd surface regions where the nanowires can be connected to and extend {e.g.,

be grown) from. The support of the nanowires can also include a substrate formed
from a variety of materials including Si, SiC, sapphire, I1l-V semiconductor
compounds such as GaN or GaAs, metals, ceramics or glass. The support of the
nanowires can alsc include a selective growth mask formed on the substrate. In
various embodiments, the support of the nanowires can further include a buffer layer
disposed between the selective growth mask and the substrate.

[0035] In various embodiments, nanowire active devices, for example,

nanowire LEDs or nanowire lasers, can be formed using the nanowires and/or



di sposed between the selective growth nmask and the

substrate. (0035] In various enbodi nents, nanow re
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nanowi re | asers, can be fornmed using the nanow res
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I'n the follow ng description, group
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a cdm@sB@atarvbe ¢whined with wariabe molap fragtiopanForexagwie, ie t he
MQW active region of LEDs for a blue light em ssion,
semigontiecteralipy compiiondn Gal whiestankfor biEaedt, wherstje molpr be
used in the MQWactive region of LEDs for a green
fractiony it casriesiyawmbeolesy than.GParn additienderandingtas, the melar
nanow res, nanowire arrays, and/or the nanowre
fraction valiee, deiausastivedeviass caribe made pusimiar ermpostions pFor
consisting of. a p-type ) i
example, an IngsGan N (where x is about 0.3) can be used in the MQW active region

of LEDs for a blue light emission, while an Ing4:Gags/N (where x is about 0.43) can
be used in the MQW active region of LEDs for a green light emission.

[0037] In various embodiments, the nanowires, nanowire arrays, and/or the
nanowire active devices can include a dopant from a group consisting of: a p-type
dopant from Group Il of the periodic table, for example, Mg, Zn, Cd and Hg; a p-type
dopant from Group [V of the pericdic table, for example, C; or an n-type dopant

selected from a group consisting of: Si, Ge, Sn, S, Se and Te.
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dopant from Goup Ii of the periodic table, for

exanple, MjJ, Zn, Cd and Hg; a p-type dopant from
wOx@ap44794 of the periodic table, for exanple, EIT/0820aT1063673

n-type dopant selected froma group consisting of:

Si, G, Sri, S Se and Te. 10 WO 2008/ 048704

PCT/ US2007/ 063673 %OOS%% In vari oals embodi ments,a thl?
1003ghnowi Me@NIHHPBPOHTRDR P8 NAPGIFS 2R/ OLRTTOVYE Fiqys as We

R e
be f?r A3 alva 5u%%5 ?Mh?e%ﬁﬁ P&ng& %buPH&it llﬂ\%d h%)

emc vapor eposi ti

M i e ”“‘g’%%g%?é't@?é e
phagcépﬁ {o %?'Eé? 'f%'gﬂﬂ%[gb%%é,%%@@ thase epi ta%EEWPE)

(GSW%Z%?M& it MeE @A@@ﬁtﬁsﬁhﬁa 1a?er'@¢kté>tyRIA§EP f&aﬁwﬂaé owt h

xan‘p e, t Wo- phase” growt h node, can

vapéﬁﬁﬂsé@ itabxp B-Ab ) - quallty crystal growth of nanovvl res
d/ or nanovvl re arrays as well as nanowire active

[oofrhqv' CeSn vimus @K dEBInRantsA a nUltile-piia $eovah ends, fapeansis
as a selective growh node can be used to provide a

twoGRBsH §roRth hode, @a0BE Dssoetrkinightquatity drystit braith ofmanbwirdse
nanow res and/or nanowire ar rays. In the selective

and@ uhdwinogitays 3k aril as dacowist attiveydeideh. Fet dvadple, fadirst
exanpl e, standard MOCVD, can be used to nucleate the
phagé gutnth mbdé bechnamoselewtise gicwth sodeleai bedsadhbd pkavisissa of |
for exanple, about 10 nmor nore. [0040] The second
congitiers for grovuth belewitity srhnunlestioreofthe nawéres rodiconanawire t he
growm h of each nanowire and maintain its
arrays o §'sthe eelectiveairovitb amasieestandasdrenysial grpwit methpdrafar semele,
and al so provide an arbitrary desired | ength. The
stasdacoM@PAA san by rised o nvsigatedan giswtapishe Banayres with a
growt h-node-transition, which can termnate the first
degyhd éickgesnnfhionexesnple, rf'flbph'femsfé%@ﬁ@m@hase growt h node, a
pul sed growt h node, for exanple, pul sed MOCVD
[Uﬂgﬂbwt h, Theaseched gfg@s@ growth mode can create a process to continue the

growth of each nanowire and maintain its cross-sectional features from the first
growth mode, and also provide an arbitrary desired length. The second phase
growth mode can be applied by a growth-mode-transition, which can terminate the
first phase growth mode. In the second phase growth mode, a pulsed growth mode,
for example, a pulsed MOCVD growth, can be used.

[0041] As used herein, the term “pulsed growth mode” refers to a process in
which the group lll and group V precursor gases are introduced alternately in a
crystal growth reactor with a designed sequence. For example, TMGa and NHj can

be used as the precursors for an exemplary formation of GaN nanowires and/or
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[0041] As used herein, the term"pul sed growth node"

refers to a process in which the group Il and group
wO2@8EeesTn60r gases are introduced alternately PET/ES2007/063673

crystal growh reactor with a desi gned sequence. For

exanpl e, TMGa and NH3 can be used as the precursors

for an exenplary formati on of GaN nanow res and/or 11

nanoyile 20883 TRV EGEYORYEES: 'm@ﬂMS?%QW'the
and/ or GaN nanowire active devices. In the

TMG@lraﬁwwﬁarﬁ@a@e TSk ala G 7 BER e el IR uces ThiGa

t t hat d h

with Séﬂg?'égr%dfqvf 7 (et oAUt 1 Seoin) Gt RS PRI a.‘?]1
d

ab"‘ﬁ?’rbﬁ%%’@?%@‘ﬁ\‘i@%'ﬁtﬁddéﬂcﬁeg‘%r’f"é@ar PP dah Pk B e

1500 580 T B flnd Rkricd. & ”%bgﬁrs'o%gccgn%sﬂolnvgﬁﬁjéten%dmg]%ﬁé

ReEntS seguence | oop

I
or mf e 14 B e lauctd R BB ?ﬁo@%@#‘%ﬁf@?gfﬂ°ﬁ e
eacf%é"*%pen g Bl SRR E S B P oL e PRk 2 te,
orlerg@’ﬁoﬁl{ Lsqdn be involved in formation of the
I'SC ed nanowi res, nanowi re arrays, and/or nanow re

[D(Mr?it i ve |, ggwue %FnboE ﬁ{enﬁxéﬁgfebtﬁﬂ rrfa@ua%@aﬁ%'lm%hﬁﬂw h

can be nade of dielectric materials during the

forn’fa%rﬁ‘@itth@Bls%séd"h@ar!%b\ﬁ#é@'n'ahéﬂmﬂar@@%d‘idﬁaﬁé\ﬁf@écﬂve
nanowi re arrays. In another exanple, dielectric

devidB, e draksmpieNthB SeMeRe drewth ehRR chh BaImdde of aitieotic heiterials
active devices such as nanowi re LEDs and/ or nanow re

durth@&eIfermafien ubitd pluedliey ¢t nahibieiredi dd@r hanavirenstaysi &l anotheen
i nclude, but are not limted to, silicon dioxide

exaPleiplecisic mataialsndanriedsed (Bieiuttcal isolationdor aptiysdevidede
(SiON), fluorinated silicon dioxide (SICOF), silicon
suchay aandwired B[S aDGjor nbadwiielasaixi e uged@pgin, the dielectric
hafniumsilicate (HfSIiC), nitride hafnium silicate
mateifIStNnclude, rabaieunot hrmit&dido.(sﬂtccﬂ)ﬂtoxue (&i0a)L ailieod nitide
(A1203), bariumstrontium titanate (BST), |ead
(Sialis) siﬁnmatoetymitrldam%iml)(fmzﬁuatect‘aahmrﬁlwﬁes(ﬁi@lﬂaﬁk&oﬂﬂ Si),
tantalum oxide (Ta02) or other insulating materials.
oxygerbide ¢BIOE) t fmfviamicaide (0t hamivsoaiicate {RFSIO), nitride hafnium-
silicate (HfSION), zirconium oxide (ZrOz), aluminum oxide (AlzOa), barium strontium
titanate (BST), lead zirconate titanate (PZT), zirconium silicate (ZrSi0O,), tantalum
oxide (TaOy) or other insulating materials. According to various other embodiments,
a conducting metal growth mask, such as, for example, tungsten can be used for
selective growth of the disclosed nanowires.
[0043] Exemplary embodiments for semiconductor devices of nanowires
and/or nanowire arrays and their scaleable processes for growth are shown in FIGS.

1A-1C, FIGS. 2-3, FIGS. 4A-4C, FIG. 5, and FIGS. 6A-6D.
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a conducting nmetal growth mask, such as, for exanple,

tungsten can be used for selective growh of the
waoel@slogssed nanow res. [0043] Exenpl ary enbodi neeit/ES1007/063673

sem conduct or devi ces of nanowi res and/or nanow re

arrays and their scal eabl e processes for growh are

shown in FIGS. | A-1C, FIGS. 2-3, FIGS. 4A-4C, FIG 5,
00444 FI d3CSeRAEB, depist (s prAtP Al 8iEYA OPEITEXBR0EY/ 063673

n&OOM’% Fl GS. _1?— 1C ge(gi ct cross-sectional views of an
SenUSRIHTIAT JANOMHE CEHeR L0t VREPISWTIAGESHE (Abdiatipn n aecordanceus

bric ordance. wth the present

witfhE3EReaedd "géhﬁfﬁhﬁasi@gf%aidﬁﬁ PP ik ot i
( i b . .
tne 3h B Hnehlir: ceflos JoaidedinFinh ol Egpvé“esr%/ésn%Yéf?z ed
| ctec : S .
cerBENEREIck et 320 80 Aol T o BL Beiap Spaa oF S
exis&iﬁ&%‘{/@r@/rﬁ@g@?%eﬁﬁgge re{n‘?&ééla[ gRlewn in FIG 1A the

nanow r e can 1 nclude a 'substrate 110, a

[005%)| €Ct i AEsHHWAA P:@ﬁﬁkth%ﬁé%@@d& R 1803k a6 Rk a subsirate

patterned apertures 138 selective growth

110] 8 seldBtile tgh@uiRImisR MBS YarRfa pﬂ@taﬁt? gpﬁﬁteﬁ%ré dhfres ﬁéé R

be di sposed over the substra 110, wherein
selgetive glowtiymadk 188 ér@iﬁﬂ@?lu?ﬁﬂ%ﬁf BaESndPEhertAlS B8 can fg c

i nterspersed through the selective growth nask

disfo86d bYer tesbebatriab SwHekoin GR b (e it BY pStihsd efuRl 1981 ch

a group II'l-N material can tle grown. In various
candoelinteispents throdiyh taelbelbstae grokd® rzak 1881cl ude, but is not
limted to, sapphire, silicon carbide, silicon,
[0046]1 i coriFhersubstsate at @ car( 5Chny, subbtraty on SBBHCORHEWE NION material
conmpounds such as GaN or GaAs, netals, ceram cs or

cangiezgsawn. [ ID04TpusTETRbiherds, ithesupstrateh 10®ak inkRGe AN st
_ formed by patterning and etching a dielectric |ayer
limifed de, sepliwne) sificanmecbidey eiticarh silisarbat-inatlatod (K1), kv ar i ous
enbodi nents, the dielectric |ayer can be nade of any
senti¢asdbetor GoEnpaunds sush a8 AN orGaRs, mesis getaetdsurgless. known
to one of ordinary skill in the art. The dielectric
[Uoﬂalyer cldig selective growth mask 135 can be formed by patterning and
etching a dielectric layer (not shown) formed over the substrate 110. [n various
embodiments, the dielectric layer can be made of any dielectric material and formed
using techniques known to one of ordinary skilt in the art. The dielectric layer can
then be patterned using one or more of interferometric lithography (IL.} including
immersion interferometric lithography and nonlinear interferometric lithography,
nanoimprint lithography (NL), and e-beam lithography, which can produce
nanostructures or patterns of nanostructures over wide and macroscopic areas.
After the paiterning, an etching process, for example, a reactive ion etching, can be

used to form the plurality of patterned apertures 138. The etching process can be
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then be patterned using one or nore of interferonetric
l'ithography (IL) including imrersion interferonetric

wo 2aokogg7aphy and nonlinear interferometric |ithOOUS®OY063673
nanoi nprint |ithography (NL), and e-beam|ithography,
whi ch can produce nanostructures or patterns of

o P B A e
plurdifefsucs Sl Rariing i 1 12 0 sh ol ety e
seleB BT AAN T35 1) PLa 20Rie st RaP 46 %63*%?
exa@ﬁ‘% BHAR, % FrobitOreRBHle Y Ah B e feg?é*‘é@%?dtr?érw&&‘a?i

grmﬁﬂ_b‘)d' ments, the selective growh mask 135 can be a
conducting netal growth mask nade of, for exanple,

[0047851 Ngst Re plupaliyf @Mﬂa@c@m%@ %6&9&]@'5‘31 W (%‘MH%V@% toleidess %efééfne
pul sed nanowire growth. [0048] The plurality of

as tRPEIGIHRE GroMBe nfablk €35, ﬁ%x&ﬂﬁle hayoRt 20 Al of kRE Sendth@osae
as the selective grovvth mask 135, for exanple, about

sectthalndimensibre $8ch 88 dRntd? SsF-absECiDi P &l abBuEITBI M, ASHE N
as a dianeter, of about 10 nmto about 1000 nm As an

addidehl ekanple, X dmpieter cah e dbautgDem waitboliet Eomlt Indh nm to
about 100 nm In an exenplary enbodi ment, the
exemblanegrmibodiroéniptht prirdligdofaatenad aserlisds tidcdnasee a
hexagonal array with a pitch (i.e., center-to-center
hexaguaai argpybvathveegitehding, tanterdoiferterdpacipg berene dnpver ddjaces)
rangi ng fromabout 50 nmto about 10 Itm In various
pattembd dperbunes) raregingaiyem abodt3@ npl tarskbutt 40 of. patarieusned
apertures 138 can be fornmed. Thereafter, the
emhrainosits lagayeeitton plsratify df pettguhat adertuyesofd8tcae bpddrtretined
apertures 138 can be transferred to the subsequent
Thepeafier $eemnbetald features ofdbe goratify ohte@attermed aperiioes 138 can
nanowi re arrays. [0049] In various enbodi nments,
be treaefepad triheanbsegupniqretssesdotian fdymaticoeiapb eidesoandidie
device 100 shown in FIG 1A prior to the subsequent
nangyigaamayst t he

[0049] In various embodiments, various cleaning procedures can be
conducted on the device 100 shown in FIG. 1A prior to the subsequent growth of the
nanowires and/or nanowire arrays. For example, the cleaning processes can include
an ex-situ cleaning (i.e., the cleaning is conducted outside the growth reactor)
followed by an in-situ cleaning (i.e., the cleaning is conducted within the growth
reactor). Depending on materials used for the sglective growth mask 135, various
cleaning methods can be used. In an exemplary embadiment, a silicon nitride
selective growth mask can be cleaned by a standard ex-situ cleaning followed by an

in-situ cleaning by loading the device 100 into an exemplary MOCVD reactor and
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nanow res and/ or nanowi re arrays. For exanple, the
cl eani ng processes can include an ex-situ cleaning

W@ 2008/04870he cl eaning i s conducted outside the PCDUSID07/063673
reactor) followed by an in-situ cleaning (i.e., the
cleaning is conducted within the growh reactor).

nding on material s used for the selective growh
hea?ﬁ@%eﬂ%%eaﬁp it aRoUt IPQHnToR gPRIEXIRGERY 3 BYNURes wrsietiflowing an
sel ective

v MR Beainat ey ErdpaRtbesea ot Daive

o fos TG Buten B 8V o cenesr o omivmp baelcomamion o
e RN LR{H e ookt P bl B 6 A
undet P Hat Jl‘t)é%ggeeaea Trfﬂéﬁrﬁg%u:ﬂxgéésgc%;b%:%g@i ng- atmospher e

can renobve undesira n the surfaces

h i \ ' J ial .
e e .
groWR$emlRe ex : Eg ?furelﬂﬁﬁéf'%ﬁﬁé(cesﬁﬁrt%dnsH Ao b bsid i1 Oto il

under st an al ternative cleani ng procedure

eadnfthe dIGRRPDL! paitefridd apdriBes 338 \WHid &ah%F?%%Hﬁ@F%E ucture

nucl ei 140 can be selectively grown exposed
selguitive @rloivtivmakk $38. FeeaseRRiid @BwthIssskOfastaR sérgg%ts Lot

to fill each of the plurality of patterned apertures

growBemoluio ndy=tiadly Bplickaé it ﬁ%dﬁ:ﬁttérh@froﬁ%'i%glwa‘ﬁ@ o barRed

mask 135. The sel ective growth mask can serve as a

apestetesci3B y@thegnuralth o ndsthiure gadiéiviaby i B8Rl rades thd S
nanopatterns fromthe plurality of patterned

positioe and thescraS8sectionah teanlrelr, alidt a5 1hé sRAROSIIdiabREiGhsnsC! e
140. In this manner, the position and the

eachrop de-purality ohvadnobeature escleisiM0tanse Wb naina By &adof each
di mensi ons, of each of the plurality of nanostructure

patigtnsidegiperture of the tiwalily bEpatiemed apyridrbat 3&f F@axbmple, the
patterned aperture of the plurality of patterned

plurafify of patiesnetizgertites 188 aapinelLdé hdexggdonslkdrrayywitfa dimension
patterned apertures 138 can include a hexagonal array

of apyt?5Q nn. nEteshexagorsd ammotan RS ObminanskTedhe fegpowih citeay
can then be transferred to the growth of the

Plurg|ity phnanogtregturs avelst T4Pcwitiasimiiyl asismaley dinersicn afiabblit250
or smal | er di mensi on of about 250

nmor less. In ancther example, if the one or more apertures of the plurality of

patterned apertures 138 are approximately circular with an exemplary diameter of
about 100 nm, one or more nuclei of the plurality of nanostructure nuclei 140 can be
grown in the circular apertures with a similar diameter of about 100 nm or less.
Thus, the plurality of nanostructure nuclei 140 can be positioned in a well-defined
location and shaped correspondingly to the plurality of the patterned apertures 138

defined by the selective growth mask 135. in various embodiments, the plurality of
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nmor less. In another exanple, if the one or nore
apertures of the plurality of patterned apertures 138
wae@sapginoxi mately circular with an exenpl ary PUCHIS1087/063673

of about 100 nm one or nore nuclei of the plurality

of nanostructure nuclei 140 can be grown in the

circular apertures with a simlar diameter of about
nancBoCtHie W‘e{)&%‘?a“ﬂﬂfﬁfmqw’ fr gxampleya gendad QG t ur e

nucl ei 140 can be positioned in a well-defined
Procegeat i on and shaped correspondingly to the plurality

of the patt d t th
00531 cot IUBsGFaE tHRGRISEIG0 Sy B s SABPRITEISS t he

suprRHb A GG & o0P e B R VDED Pl (ARG PRI o

| e, dard
B TR NS b
140&;)% @Hraﬁtg%?%ﬁ wu%rs aﬂ@/&ﬁur I %Prg?so&amgr‘?% gl%\nﬁirf¥cﬁ‘n¥ fve

eap ected surftace

p[urﬁl@ﬂbf%@%o&e'd s%rfaceei%ﬁlaﬁ uq:‘ A:/%f\@ué)ém Jb‘?m &R éélé‘ct@é growth

ostructure nuc urall ty of nanow res

masﬂﬂ@ée n BERSYAVER b@rarsw%r@@famhggrbc% saaréawsefthemm of

lurality of selected surface regions. In various

nan@é'ff‘ll@fﬂl'ré'@ﬁl@t 146 BRerSRe RFHANR @ iIiTalitiesike hahowiads. be

renoved by a suitable etching process to expose the

posgur al iig piefic, BpNeSty siiiaHbwirédrdsaian béGoradddaly dohtnuing
formation of the plurality of the nanow res. [00521

the ?mwﬁi 6 thdl plGraliy op huvctiutireafucRRMD\DY, & ekdiplepterieating
ormed by continuing the growh of the plurality of

the BEBAIvE Grovtth rRde aad applfid@abyised growtxmod, eefdre tha pharblitn of
the selective growth node and appl ying a pul sed grow h
nanosteleturd afickie 40 peotpkics Bbmtatowbf the aclestive gedwih enask dB&i
140 protrudes froma top of the selective growh mask
ThelBralitfy hengplowired i 45 caf bavamoad ofdise Satfe wateribleoftier red of
the sane material of the nanostructure nuclei 140,
nanbstrucexanpéiel, 14Gall exanmple, IGAN, Al Gal, INGalN Rt aNo or AICAN.
In various enbodi nents, heterostructures can be forned
In vidoun esaReHlinesnts, etesikaiiasgan be famed fprmeaach o5 thejgiurality of
various enbodi nents, n-type and/or p-type dopants can

nangwires 145. In various embodiments, n -type and/or p-type dopants can be
incorporated into the plurality of nanowires 145 depending on the desired
application.

[0053] By transitioning to the pulsed growth mode before growth of the
plurality of nanostructure nuclei 140 protrudes from the top of the selective growth
mask 135, features such as cross-sectional shape and dimensions of each of the
plurality of nanowires 145 can be preserved until a desired length is reached. In

other words, the cross-sectional features of the nanowires 145, such as shape

and/or dimension, can remain substantially constant, the same or simitar as that of
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incorporated into the plurality of nanow res 145
dependi ng on the desired application. [0053] By
WO e@asig70oni ng to the pul sed grow h node bef orEBCHUS2MNT063673
of the plurality of nanostructure nuclei 140
protrudes fromthe top of the selective gromh mask

tne ReFUIRS: s VOYerBE AMDRCTIRR: BRRA PePash TAGRIIR Bde pr
on i e Rii GECI e ebfpu. bl Ao M ures of the
r00gAg o Va8 g =y b rees mufrhariies
oo 18,00 A0BLCARI0M ERTUSRIRIL RSR0AR lfpo
ol B e o A b Gl b,
ranGIROHEIh o 1RALS] ol 128 Sl AL s Llie,
suci? ST EANBHAHO" 1@m%é|sctﬁst\ghdgﬁ% ARGk shedifl gga@_va Qs

ayer 1n accordance wt resent tea

maskN@¥lscct F16S, MAAGW [+&/af8Yd é?ﬁbc%ﬂg%rﬁéﬁhé DGt @L?e@Zﬁ'éa{qq{e
I uch e

ayer 220 di sposed between a substrate s as t

a planth sbmrbRducld} fifth torited 8t Glek¥Bpia" @XM NAIRBRK. fidsdN Afindhe
[GS. 1A-10). I'n

selective gromth mask 135 (see F

or AN, oy sfoeaehiaBiriiard Nechof figvarcay @mbddihemiNiiee a
pl anar sem conductor filmfornmed of, for exanple, &GN,

thickells of tdbuiférGalr 220 baHIed) for@kambieadbouY00 hirfitto BXAITRD Gim.
standard MOCVD. |In various enbodi nents, the thickness

In v@fous enbddiredts, ityiRieP@Perc20 cBf be HBpePWRIBINRr aR RYHe oF@0
nmto about 10 m |In various enbodi nents, the buffer

p-tyb@yepan? Albreso brvilerftlatiddl @nhB&onaddtHa1bwWdend lrof 8ach

p-type dopant in order to provide an el ectrica

nano@in exthé plurdliey dffhanbwirnger14endaabusaipbints kAGRIMd éheff t he
plurality of nanow res 140. Various dopants known to

ordioarg skifl in thedittanyeskeéd.! in the art can be used. [0055]
In various enbodi nents, the orientation of the
[0058]ur al ilb yargfus eartos ments, theeorientation of the plurality of nanostructure
nuclei 140 can be controlled along a single direction, which can in turn be controlled
by intentionally orienting the plurality of patterned apertures 138 along the single
crystal direction. For example, the plurality of patterned apertures 138 can be
intentionally oriented along a single direction of the buffer layer 220 as shown in FIG.
2. In an exemplary embodiment during IL patterning, the apertures in the selective
growth mask 135 can be intentionally oriented along the <1100> direction of a GaN
buffer layer. In ancther exemplary embodiment when the GaN buffer layer is grown

on a sapphire substrate, there can be a 30° rotation about the ¢ axis between the

GaN buffer layer and the sapphire unit cells.
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nucl ei 140 can be controlled along a single direction,
which can in turn be controlled by intentionally
w@eriosois7ng the plurality of patterned apert ur eBCW/B82007/063673
along the single crystal direction. For exanple, the
plurality of patterned apertures 138 can be
intentionally oriented along a single direction of the
[005BL) f er FiGaypeiepiztapnigxegtnann piogess fef fofming pplugliteRlenpl ary

enbodi nent durin ﬁatternl n t he per ures in the
nanwea_@f\w\?reﬂawm%r%g ng 8 torANgRe 9y BpFgPrdance

with F%Pg?ée%fﬁaagﬁg Sesenl By %é‘kﬁﬁéﬂeﬁﬁfﬁ%wﬁﬁ% e
mcwﬁﬁﬁr@m 9%’0*5%?%{?? W o s oREBR TR B0 s 8"
seledys ooyt 355 pld ReISySAIREL §roNh sk B i ordanltor for

exar%@e SHE I‘Jl&#a%y%ﬁraﬂ&ﬁﬁés ‘f4%rasfd%55ﬂb'ég [r?FI%]é" 4 ?jh'/@’sh%t:vn the

[or nanow're arrays using two- phase
C
B BB AR RS y ppaaniadachios

moo‘éUrFa‘ﬁgfﬁon)(dtQQllaHQih&gtlrﬁe £ ‘Tﬁ& p9I§§d Elon @Mé@?\ fﬁ%r%&%d@ a
second das flow curve 306) during a selective growth

nun{’bépoﬁim%ea s§$\ié%@€é) %Hexamb@eﬁl firdf SeMuBn@2Bo 824, tacond

formation o exanple, the plurality of nanowires

seqiehze &opdR8GhtiRe dadiflonl $83uedcedoophs 16 h@WUs efibediments, the
sel ective growh 310 can be termnated by starting a

firstRedende Bop\aRh c370e (dpeated sgtiRvédrondresiriehcalsp B2&n) at a
transition tinme tl1. The pul sed growmh 320 can further

[oosncl uden an exemiieny endbofimMenefhr fedfuemties of Ga nexawipdse, a
first sequence | oop 324, a second sequence |oop 328

andan damowi@ddiays ahafirst gapufemceinieod]2scanibe plated dorsa first
enbodi ments, the first sequence | oop 324 can be
preciege ghe duahsast thmebwigelliom$EdGe) @ed tteoec@aBgay @6 rve 306an
exenpl ary enbodi nent for the formati on of GaN
canreerpiotied dsr a satdnd prenamongassuat aagmmoniadNHe) Jurigathe | ow
curve 302 can be plotted for a first precursor gas
selastivhgrawtht 3 10nthelaegalan GaN (IvEdIes can@r DEROVWIEEFTRYS grrsbe
flow curve 306 can be plotted for a second precursor
formagegsin aUMBCHD regaterinduding By firsbotschigot gas TMGa with a constant

flow rate of about 10 sccm, and the second precursor gas NHz with a constant flow
rate of about 1500 scem. That means, during the seleciive growth 310, the
precursor gases (i.e., TMGa and NHj;) can be flowed continuously, not pulsed (i.e.,
both Group 1l and Group V precursor gases are provided to the substrate together in
a continuous, non-pulsed growth mode). Moreover, the grdup V precursor gas {e.g.,
TMGa) and group [ll precursor gas (e.g. NHs} can be introduced simultanecusly and
the group V/ group Il ratio can be maintained, for example, at about 100 to about

5Q0. In an exemplary embodiment, the group V/ group lil ratio can be maintained at
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sel ective growth 310, the exenplary GaN nanow res
and/ or nanowire arrays can be forned in a MOCVD
WO e@stes704 ncl udi ng the first precursor gas TMRECTMBIN0A063673
constant flow rate of about 10 sccm and the second
precursor gas NH3 with a constant flow rate of about
O sccm That neans, during the selective growth
ab°§i twheb%@ﬂf%@rgg%@neiforéhe sefgptive arpwt cafan be
fl O\?Ed cont i nuousl not pulsed (i.e., both Goup III
ol e REP 0. 5 BLigh oI e R ae BreboiifiRs e to mlout 1050
substrate together in__a continuous, non-pul sed growth

°C, RdERstor RIBSHER Afrabout0gioruande pydiegaritirogacsarrier gas
NGF‘% and rou Il Brecursor gas (e.g. NH3) can be
mixfUg ‘ﬂ%ﬁ:%l? "‘%ﬁPmﬁé Q400 REM. t Ay sgl#té%w \§P emastar | |
mal, i fec B 5 tﬁay%e%a(ﬁﬁgp@%@%eﬁéa[‘r?%rmca@%tr%‘%?%ﬁu@élgﬁ’:vﬁn%
111 b t d at 18 WD 2008/ 048704
S“b%&,%e% tf‘f%{ﬁ n%ﬂ?gﬂtr‘rjﬁlﬂn épgg?'?‘%er ot her reactor
dit t.h t wt h 310 | ud
o088, e st BEoiF 2Bt e e Rtionsie st e DCH 60
the%géﬁﬁigréc%rsaopggé Slhc% ol\é'g’n alb[eﬁ Ct ﬁg%cgz?lfq réa#elé gth%%%l‘hpe
% e@: h@@‘sé@l’engé,%\‘ &EmgFéOSUC Othé ﬁrg%}aeaélgﬁce IoortJ gﬂ €

ctor use

In VEH&P&%I%H rﬁ&qgthg Z&a#@%@aﬁl‘?a%ﬁeﬁmggtem&% t%g %ulsed

substrates are rofat

seqEReSdahi HBet thOGRMn Q‘{ﬁél_ ﬁ%ﬁoﬂﬁ%ﬁ@ﬁ?ﬁf Mo ird égagst Ofid 'c%ﬁt

precursor gas Such as e secon ecurso

furtﬂé\ﬂaesdﬂﬁﬁuz% iR e SR Retor Hid: h’é‘se%?leié?ﬁﬂ?tlﬁ he ﬁr&t Qlis%ge

growth reactor in a designed sequence, for exa
seqtBRWoGS 32 T MG Sdn FRERHEREE] WRPR flg\@f'ate of Bodl@kb Qb'cﬁn for a

enbodi ments, the duration of each alternating step

certairt friod bhﬁn@ Blisresh abRHROREEEBndAR B dstated \Aﬁbﬂoﬂé@w orof

the nanow res and/or nanowi re arrays, can

exampld, laei0 seeompidrngrige #; LR (8BS GInikiErd 3R IRRBES] ) es.
|

For exanple, in the rst pul sed sequence |oop 324,
durifly@hiahar grecursdrigasecard imictiiced, MM 6edEoyhtrédRing NH)

sccmfor a certain period of tinme such as about 20
witts 2 Gowm dte bhattout | 500sdcomtfony tirfie bémtatichys ab@t 30 seconds (not
ilustrated) followed by, for example, a 10 second carrier-gas purge (e.g., a mixture
of hydrogen/nitrogen ) with no precursor gases involved. Other pulse durations may
also be used depending on the reactor configurations, such as for example 15-40
seconds for the Group 11l reactant, 15-40 seconds for the Group V reactant and 5-15
seconds for the purge gases between each reactant introduction step. In various
embodiments, the pulsed sequence such as the first sequence loop 324 can be

repeated until a certain length of the GaN nanowires is reached. For example, the

sequence loop 324 can be repeated as the second sequence loop 328, the third
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exanple, a 10 second carrier-gas purge (e.g., a

m xture of hydrogen/nitrogen ) during which no
wWQe@s4E0+s gases are introduced, and fol |l owed BYT/US2007/063673

introducing NH3 with a flow rate of about 1500 sccm

for a tine period such as about 30 seconds (not

|IIu g fol | oned b for exa 0 seco

seql{agp? : u mts@a(ngsg - 3 RS SEA “°8f'°°p eg“’“pl ;
prec Sﬂ@?é‘sp@ng?'eﬁ@fé%a%d&ﬁ%uwﬂyfecg%gg%% B kR 7Y 2840
eretlZ R o e SEbERI: c3idhefod 8 oy ERR, Tadetel?
embBEIﬁ'leﬁso{‘Hé té/mﬁg'aﬁﬁ%%ac?& r ts&r% ﬁf%éj@%sgg%?léwtf&‘%hfﬁ

bet eacH reactan

gro ﬁ‘%b@l;‘én reR RO tﬁ%ﬂ% g é%ﬁ%ﬁ?@r%é?&é@%ﬁm%ﬁ? 1§Sohde

Irst sequence 24 ¢ repeat ed~unti
of ol‘aﬁ'traFyaékﬂ! ih Mrbwmfunﬁggtagﬁ Na"c‘ﬁﬂ‘%%c\’&éd gﬁo\nﬁl‘? B&@ﬁm@ter& &e

exanpl e, the sequence |loop 3 can be repeated as the

exeﬁﬁlﬁ@%d%@ﬁ% 95@&2& e sb@&f d r'%bét@ir dsagWO 2008/ 048704
PCT/'US2007/ 0 sequence | oop (not illustrated) and

[00589 ON. id VarRAs Bn}%eﬂiﬁw%ﬂtéethle%ﬁsltnémﬁnﬂ (tDBn e RERGHINES by
gas (e.g., TMza) and group ill precursor gas (e.g.

the Nhlaﬂommdwwama@ groadif 810, | THe t\hkition frhi Ot)i daindeldapgflenf |
for exanple, from about 60 to about 300. In various

on teerodimeacd issidé bech aygpareafarieRample sedch of theehgalitg of and
carrier gas flow for the pulsed growh 320 can renmain

paitatned bperiursahis Sewniim§k3Sd -7, ofha drewthebiedtsideeaphapehure
310. One of ordinary skill in the art will understand

cantirniatn dépendiop dheogasdiogs dev h spewraaegas fovanevesé02rmpl 20¢) of
and can vary depending on the specific reactor used.

each pEB0Oisof gasand the gewndiodif eaen apertureeoitthe ploialityaf paitereed
(tj) can be determ ned by the duration of the

apegiuies d 88.v Ehig gewneirigal Oeparivenee eansiceirdrecaiiseethe growtean be
dependent on the growh rate inside each aperture,

nutrfedis, &x gkpnele, feare AMeTa angéor hiHar cani beydeppsitagdroireemibe

ertures 138 shown in FIGS. 1-2, The growth rate

selch\sﬁ @f@%ﬁs%@rm theeopep apettyes. ulpwwtsaesﬁ@ﬁavwowﬁe’i@ame

flows é . own as gas flow curves 302 and 304) of

nutrieRt tap ORISR thsé@'eatw &rw@th@&ﬂf@@wa\zﬁ 2 Bigh KuUHaRer PRy

and Jan e|ther|?eal</rea%g1e tm)ésk su a%ct-:' to? if it Ig close enough to an open aperiure,
diffuse fo that aperture and contribute to the growth rate in that aperture. This
additional growth rate contribution can therefore vary based on the size of the
apertures and the distance between the apertures. In an exemplary embodiment for
forming a plurality of GaN nanowires and/or nanowire arrays, the growth-made-
transition can occur after a 1 minute duration of the selective growth (i.e., t1=1
minute), which can be experimentally determined by the GaN growth rate inside the

patterned apertures. For example, the GaN growth rate can be about 0.6 pm/hr and
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apertures 138. This geonetrical dependence can occur
because the growh nutrients, for exanple, from TMza
war@Bou87DNH3, can be deposited both on the sel BCT/US®07/063673
growm h mask and in the open apertures. During
sel ective growh 310, the nutrient that deposits on
the selective growh mask can have a hi gh surface
the prdtSITIeR pertyRe cambe i the irm ok a fiexageaalpiey Neyipg 3diangster gfs
it is close enough to an open aperture, diffuse to
about28P ngpand apiEEhh bWt M-but e to the growth rate in
t hat aperture. This additional ron%rl,rafte .
[0068bnt r i BUYATBHS EBROEIRERSF BRaradh pf *%*5@ Blhh Ol B OWires.angor
the apertures_and, the di stance between t.he. apertures.
nangTeAIR SR P& PSR B NHE S Ca G R L b = PRI y b
GaN nanow | es d/ or. nanow re arrays, 1 r . e-
exap PO SO S aeEaio AR o 1S PR B ARG
sel ective qr h.(l.e. = ' [
reng BRI ) e Brerdhe B of M kg SR R1s =
i nsid e atter A . i
tos B0 R LR BB ARRIE Syl R frmen oA
0] Y/ > il 7 es
can%%no%éaindéﬁi ki rftng %ﬁ%@%?\éﬂﬁ R8Howire ﬁpr‘%gé) %*eb@rlﬁqdﬁ?gdor@ﬂﬁéthw

ormo exagonal array having a

the g&g@g—{vﬂ%‘ﬂe—%nmﬁ aé@%d”%f@r@d (Pg.PAd GRwafin PR?Sfy!Ht-z:])edﬂ‘aﬂer”

n vari ous odiments, the growth o
| {¥1ePhaRaioNh FRSoRitE Rer thBABOY thesAEtRY grovaR be
the@%%’@ieewﬁy ai‘/vhﬁ the&%r?ovw h- rmde?{?k?ansi tion i g
maﬂ@pl ied. For exanple, the grow h-nbde-transition can
e applied after growth of the plurality of

[00BRNOSt Il BRULR-4TUSEpRt a 1R dXepbludeniv@idutibendremirefdetibe
sél ective growmh mask (such as 135 seen in FIGS

400lfoRded by haviig DgrBweriock-treition "afterT tae @atowire nuclei have
configurations/di mensions can be obtained for the

grodnepictrage avetitay topanhieiseleciuergaysth noaspe fidhogd ba redudy her
the grow h-node-transition is applied "before" (e.g.,

appafertt o dfrordih48B skill iri2he art tta tHeardhowird devieendll depiateccinei
have grown to protrude over the top of the selective
FIGS. @ALt4C repessknts [20ftidialitddG8hedaticlilusirapdrcancithehotner
exenpl ary sem conductor nanow re device
layers/nanowires can be added or existing layers/nanowires can be removed or
maodified.
[0062] In FIG. 4A, the device 400 can include a similar structure and be
formed by a similar fabrication process as described in FIG. 1C for the device 100.
As shown, the device 400 can include a substrate 410, a selective growth mask 435
and a plurality of nanostructure nuclei 440, The selective growth mask 435 and the
plurality of nanostructure nuclei 440 can be formed over the substrate 410, wherein

the plurality of nanostructure nuclei 440 can be interspersed through the selective

growth mask 435.
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400 formed by having a growt h-node-transition "after”
the nanowi re nuclei have grown to protrude over the

wo opsois7vhe sel ective growh mask. It shoul d beRCT/E8201/§63673
apparent to one of ordinary skill in the art that the
nanow re device 400 depicted in FIGS. 4A-4C

represents a generalized schematic jllustratio d
[0063]hat oTh@eSrUbS'ﬂF§§ 419 cambR Al BESERIR SlS’@""‘éEPo‘EE s Str@% @?}I Hg
| ayer sl nanowi res can be reppved or nodjfied, [00621
the dPAUEH 2. oAU 1LY MRS L1 PPt 1he SATRIE 4 D
structure and

o 3 A ot BB B e A,

, [ 400 . [ ,
R oL SR el WL oo 110
BRI T e p T Bcbecis o

rall nanostructure nuc

plura@ﬁruo];f g%’ﬁ%&u%% nddif 480D Bfofmd), frdieimGhd'a géd?é?ity of

nanostructure nucl el 440 can
: t _
G U
subsdRSA0AtES A LPthe MMurDRy SPatteiABs bperiRestdn thar bé Allddhsy

substrate 110 of the device 100, on which a group
groviind a SerRERIUCRI nfeddliaP@ dIf G, theiB® (BiHaSof akamd, Gtarciand
be, for exanple, sapphire, silicon carbide, or

MOGVD) SRS plukdily@itinggostiubBreiuticalidd yandfave mahiokiassot thee
nucl ei 440 can be fornmed simlarly to that of the

seleBthidrgadiith ynak 438 pfoosiamptd, abeutB0cheiand 4@rass-sehiondevi ce
100 shown in FIG 1 B. For exanple, the plurality of
dimérms sudhGlsu @idihuarlaadiaretor, of for leearhple naebuby0 funrts ebout 200
formng a plurality of patterned apertures (not
nm. sAralae) ardefditoed! dxamples theelidtbtor diemgtarwf thermsesis-s¢gBnagler
the substrate 410. Each of the plurality of patterned
dimensiortaande abant tthem thabdut 10&krimby  growi ng a
sem conductor material (e.g., GaN) therein using, for
{006t anpl én FEY.dfd thedievivoaObeamineluge a phralityoigranostruciures 442
nanostructure nuclei 440 can have a thickness of the
growrelataralinas vigllaatvertivalkirara §ie puplite REIAPPEIUCHKB BRCl8iH4im
and a cross-secti onal )
when the growth-mode-transition occurs “after” the plurality of nanostructure nuclei

440 protrudes over the top of the selective growth mask 435. For example, each of
the plurality of nanostructures 442 can be grown laterally, spreading sideways, and

partially on the surface of the selective growth mask 435. In various embodiments,

the plurality of nanostructures 442 can include a pyramid-shaped structure providing
a top crystal facet. For example, a plurality of GaN pyramid-shaped nanostructures
can include a (0001) top facet and the dimensions of this top facet can be controlled
by the extent of the growth of each nanostructure. Specifically, at the early stage of

the growth, when the plurality of nanostructures 442 is growing laterally and partially
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di nensi on, such as a wwdth or a dianeter, of, for

exanpl e, about 10 nmto about 200 nm And as an
wa@dasisnal exanple, the width or dianeter of PEEUS2007/063673

cross-sectional dinmension can be about 10 nmto about

100 nm 10064) In FIG 4B, the device 400 can include

on t@%?ta'r%é%'f&tb%e%%aﬁ“v%?o‘r’?v&% AR 455, G A P ar B BE B e U e
mcrea%{l nd 6&%‘ Qroapéﬂ‘(’”&ﬁ& Ehla%r %‘é’ﬁﬁbngpﬂﬁeﬁéia@éfttﬁé)ﬂu%ﬁﬁ# S

ura nanostruct ure nucl

nan @E{u‘:_édﬁﬁzlé?ﬁ% When El’%r)grek&tht@ﬁorﬁlﬁ{.@d:tt Vt%p%c@t"@:ﬁweﬂﬁén‘fs

exa each’ o ura
can Bé‘ggértaéé\'-:‘até%ﬁ%ﬂa‘iﬁ%oﬁ@@r the tdiberd’é‘t‘ dinﬁatrﬁfoﬁg kyn bé E’rhﬁl%ﬂ (3¢ )
eways, and partially on the surface of

that%?lh%fpmrén@)( S RNo S URRFE nddl&i-44b N THErE TR sheeﬂb@ﬂslméf%ach

the plurality of nanostructures 442 can include a
pyrawa i et lap B coftraned by, forixampi, B germinatiopoitthy stlattive

facet. For exanple, a plurality of GaN pyram d- shaped

grovitB aRler (ke | torapply tea@growticinudetrangitd0p ) stopibefgameh obihd t he

di mensions of this top facet can be controlled by the
plurglity efpyrarhidtsheper wamobtnadturesicin vagmesémurelirneres, the exemplary

Specifically, at the early stage of the growh, when
pyrdrhi@-shhpedatbp facetsfcan dedsihcated amdihe4iRersongf eagiguncated

laterally and partially 22 WO 2008/ 048704
top RCE ¢48266VOBaBTEneddor thh eulmegiierd g@rayith phithe Hehewitds\and/or

growm h mask 435, the top facet dinensions can be
narowte edsyedisingdhd pulbedgrdwth mpem (nhvarigiscmbosiseernite g

di mensi ons of the plurality of nanostructure nucl ei
trungaied tapriepetdinmejeroniiench ef thpitralityed namcrﬁérumrﬁsﬂéaéﬁn be

di mensi ons can be decreased such that poi nt of the
controfiecita besmelierdhan Hakofeaph piihe ﬁkﬂfﬂhB’rOftﬂPﬁa'Fﬁnoﬁiﬁl&m%PUP'ﬁ'e

lurality of nanostructure nucl ei 440. Therefore, the

4408. Irearius psnhedimeats thegop Baseirfeapn PféB%P'Uaaém' B @anostwcfur@s

controlled by, for exanple, a ternination of the
SATSENANR 9B SR YADIETIHRGIENIE! SHaPB O I SFTRIE, & sauars, a

gr owt h- node- tranS|t|on%1 o stop the growth of the
P°'¥ﬂ°lﬁ‘rﬁchttﬁﬂg@f a’ﬁb)‘»’\’%ﬂ? BH&Fed nanostructures. In various

mosﬁ‘)zg Pl RS, oBHETE B
: \‘Rf’ ﬁn%pr rl?aﬁ@whgﬁgwar évgahﬁta? ng § mc u%% at pI?L?raﬁtV %? S
surface regions (i.e., the surface of each top facet of the plurality of nanostructures
442). A plurality of nanowires and/or nanowire arrays can then be grown from the
plurality of selected surface regicns and maintain the cross-sectional features {(e.g.,
dimensions and shapes) of each of the plurality of selected surface regions.
[0066] In FIG. 4C, a plurality of nanowires 445 can be formed by continuing
the growth of the semiconductor material {e.g., GaN) from the plurality of selected

surface regions of the device 400 (i.e., from each top facet of the plurality of
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nanowi re arrays using the pulsed growmh node. In

various enbodi nents, the truncated top facet dianeter
woboosaed1oof the plurality of nanostructures 44PCT/ER200B063673

controlled to be smaller than that of each of the

plurality of the nanostructure nuclei 440. In various

nanGRHBSieR dee i in poses Aot Bodf, Qgﬁ{ﬁu NGBl &Y
cr.osg(le ect ona shape for exa

nan RS 4 S5 be Bt R BFoed ang ke EX AR an P By
from Jﬁ%upﬁf fo%ﬁoﬂtqé%oﬁ'nﬁ%d 'afl eg‘%%laﬁr%r&%@ela&on%?% %fﬁclarch

suppor 0] nanowres an anowm re arra

ema\rfr%@grI éaécgf% d, %go%ﬁﬂaa Rk ?@le érV eacﬁ'aec%l%d surf ace

e sur facet of the

[Dodqlural gébsigﬁ A é‘édrdflﬁwrn%de “ﬁﬁ'@r) the'%emldéhéudtéﬂ’rné)céna! is

now r nanow re arrays can t hen be gr own

arovir! BBrdthRle oRbhakdp of 1R sHRMBCRAtBMBbSIRSSE, IrRY)IRERY 3nd
mai ntain the cross-sectional features (e.g.

nané\WiFERNRE QAR baRshmeh P s topfraRecdt tef e o \é{ir@h‘i[d—yha@fad

sel ected surface regions. [0066] In FIG 4C, a

strugtlitgs aF thb;pluw|ty1mmbgmméémméamré@smdskmymmtmw ng
the gromh of the sem conductor material (e.g., GaN)

shapdsamdtdreendiansalf eash dffthes gLty @finarowirkades cagienrsn of t he
device 400 (i.e., fromeach top facet of the plurality
constBnt28thWiiat 20 6/ ifh8aed tdpCacdtiSattD 4/desiBkin@ngtn ésmesthedc irur es
442) using the pul sed growth node. As a result, the
variplsierathadinyerds, tmealeogihrof sadiranowine ban beecpritraliéd/ors pracwdr eind
have an exenplary diameter ranging from about 20 to
micab@tdrs, 506h asnforand mpte, eb@t@D amyordvghes- sect i onal shape
of, for exanple, a square, a polygon, a rectangle, an
[0068]al , &h@. @depicis keoth§O@MplaBysanstongutthenpwnwire degicatlh
node "after" the sem conductor material is grown to
inclyding a bufer dayer intdseordamceofitht the pesbridedoninggr dashowmdie
435, the plurality of nanowires 445 can be forned on
nanpyvise dexicef 2ftey indiudetrebudies ngerdiap dinpoaed betwheipa gubstrate,
structures of the plurality of nanostructures 442.
suckeathersabsisaie 1@ and easiechecdrpwinanasks plgheas thagelective

di mensi ons_of each of the plurality of nanow res 445
growthrinaski@bn The buffer layer 520 can be a similar layer to the buffer layer 220

shown in FIG. 2. The buffer [ayer 520 can be a planar film formed of, for example,
GaN, AlN, InN or AlGaN, using, for example, standard MOCVD. In various
embodiments, the thickness of the buffer layer 520 can be about 100 nm to about 10
um. In various embodiments, the buffer layer 520 can be doped with either an n-
type or a p-type dopant in order to provide an electrical connection to the lower end
of each nanowire.

J0069] FIGS. 6A-6D depict exemplary results for a plurality of ordered GaN

nanowires and/or nanowire arrays grown by the multiple-phase growth mode without
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constant with that of the truncated top facets until a
desired length is reached. In various enbodi nents,

wo b@slogsTgt h of each nanowi re can be control | edPOIUSIV07/063673
order of mcroneters, such as, for exanple, about 20
m or higher. [0068] FIG 5 depicts another exenpl ary

senm conduct or nanowi re device 500 incl]uydin fer
use qfaf@taIMShmaa&é@rﬂaafi?c\@'tW? RrasRE! tﬁ?%@ﬁt b‘{téﬁl?rﬂﬁ%ﬁgtm

nanowi re device 500 c buf.fer

nucie! i%% {4:#2 t@gd TSt f?vgi%[% Plapd e ‘tﬁ?c‘?? ajtetehe
cataly 3 SeRENER ON S %ﬁ}se@g‘ﬁﬁw WS RS B s Pl %%?’m
naanvw;rff:?? o gff?w{mwé 2og16 JulEisg b deRlogh By aﬁﬁ@#erﬁ#‘f
crosa-g?ﬁ?gna'?%%t“fsgg%%f@%rﬁ%“n%pg‘?%‘ (eShgre a0 oy, As

var il ous

descggbé) g rgﬁe}n n*elﬁbq'nﬁd?ﬁ 1 Oﬁgsztﬁh%ng’ WfrfSsiond¥eEach20 can

oat " nmto a ou I'n vari ous
nan&%%%h %H&%mn& Ryt Rt o?éadh%@ﬁur@%@t&%r@ﬁy dpRamadt h
el th or a p-type dopant in order to

11CA| (nGRR efibb@imehR, fHegokigveanend  of
ape@@i‘l%@\%nﬁgﬁﬁg ] 69] nFI GS. 6A—6I§ dep| ?10 exenpl ary

dimérfsg:y\la bPedd®nafoRiralbad édnbssindatithehachf Gadh topdauetnt the
or nanow re arrays grown by the nulti pl e-phase

plurﬂfctﬁ_&tﬁ& nBRAR WS MIUhowddn MBS AES/ 048704
/ US2007/ 063673 wuse of a catal yst in accordance

oMt h t Ives maresenls 4 @ehipganiihg tlectdremiveoyoadh (SEM) result
nucl ei 140, 440 and the nanow res 145, 445 are grown

for té BRMlart [BaNIS hoRire €6 1R wilile FIGAEE shetvs defiid rasatd with (ange
substrate). As shown in FIGS. 6A-6D, the plurality of
randeediden TaneviGadbndbires61 Qg riowandusenbmdiyenis aheh GaN
uniformty of position, orientation, |ength,
nan@W@éSarS}wftelaxiragleﬁr@athmaéme(e g., the dinensions and/ or
shapes), and crystallinity. As described herein, in
[00Bt]e erfiBd6Genews thatibe posntaticref dredGal nersiicsS18ranhe h
nanowi re can correspond with that of each aperture of
alonghesiple castal girestiop fonexamels. alapehedpea!) ]?sttag%m?h‘? n
FIGS. 1-2. In other enbodinents, the pos ﬁj
direction of the exemplary GaN nanowires 610. Additionally, the sma![ centra (Q001)

top facet of each nanowire can be bounded by inclined {1102} facets on top of each
nanowire.

[0072] FIG. 6D is a plan view of the exemplary GaN nanowires 610 showing
the hexagonal symmetry of the sidewall facets of each GaN nanowire. The sidewall
facets can be perpendicular to the direction of the selective growth mask 620 having
the sidewall facets of the {1100} family. In various embodiments, the diameter of the

exemplary GaN nanowires 610 can be about 1000 nm or less.
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di mensi ons of each nanowi re can correspond w th that

of each top facet of the plurality of nanostructures
waamssoan in FIGS. 4-5. [0070] FIG 6A shows BCT/US2007/063673

cl ose-up scanning el ectron mcrograph (SEM result

for the exenplary GaN nanow res 610, white FIG 6B

shows a SEMresult with | ong- neorder for the GaN

oo7Hanow Tesnerorcq o ke oot R Coatie ety
ontB SH0iEe e el PRl e Ha Fnlhdditen 610
o 30 o B 3@%55 Loty S5 6 A phesioy ©
cxarshlS TR ol es By AR R e BB e nds o} ger
pms%g;fg\,,ﬁ} ytleog‘%lﬁ%«gr% &a’blg?i g&ﬁﬁﬁf Frﬁﬁé} tdmth rﬁﬁﬁéhd, the
oo Al P EOARHA A R DA
e i BisFEBl hei, HEEE Lok kel BECRERAAS Whpginnt i can

aving the
e St B S AP o s
mmn?%ﬁ%i@%%l%&fﬁ? Bt bim 559 ot #ﬁ’ifﬁ .SE%ar Snce
grov@é—&qq@% hs ! ﬁeg{ \(Jelr?@gg y‘ﬂﬁgdllglgﬁtgettF ég,‘s@%& of h'yhr% &h the

tep A—6D|n I cates
in the
carrigl B4 RS RN 68 P%gnd% Cﬂﬁt%'?%magﬁw{r%e (005'1) and {1102)
[007t4gp fa‘ﬁ‘?% |t|cJ: fhe &é@ﬁ%&f\ﬂm%ﬁﬁ CURdnERIre 8 VErdwhah PSS,
r the p uralty 0 nanowi res 610 of the pul sed
A6 @ | fhi??éaﬂmgs ARy ho 2hreadifg diebcdtioaBern
@1 % aalﬁf(; g he GaNsegr oyvtﬁ rrat em%n| t%eo{ 1%0)}
For§ké1ﬁﬂ1@'ther%%ﬁtb§ nG'thlﬁadlné aBEalondbbRFYddomin e Gabe
essential negligible in spite of their much Iarger
nan@%ﬁé’s 145 arNor@%s ARG ih FRELRENITRIH 5, éVee iEadihremiva r es
10 can be grown having a uni form | engt h of about 20
dnsleéa‘ﬁbﬁi et i &JseA@d in the GaN buffer layer 220 and/or 520 underlying the

selective growth mask 135 andfor 435, since it is believed that these dislocations
bend away from the nanowires and terminate at a surface beneath the growth mask.
Furthermore, the defect-free GaN nanowires 610 can be grown on various
substrates, such as, for example, sapphire, silicon carbide such as 6H-SIC, or silicon
such as Si (111).

[0075] In various embodiments, the uniform and high-quality GaN nanowires
and/or nanowire arrays can be used for fabrication of high-quality GaN substrate
structures. Commercially viable GaN substrates are desired because GaN

substrates can greatly facilitate the fabrication of visible LEDs and lasers for the
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mai ntain a uni form di anmeter of about 250 nm or |ess,
when a 30-nm sel ective- growth-mask is used. In
wo a080u50£mbodi nents, the presence of hydr ogenPCTUs1067/063673
carrier gas mxture can be used to control the
nanowi re geonetry. [0074] In addition, the exenplary

o S0 GBS A R e >
SRR AR o A g OB

deviggsnovw res 145 and/or 445 shown in FIG 2 and FIG 5,
even if the threading dislocations can be observed in

[ooésie Galy, aHdus enloadBient B aRNGLQFatd SRS EAV b @ rrh&tEby

| ective growh nmask 135 and/or 435, since it is

terniRdthg ¥Rd cbiladcidd s piusigl SeaiN mwir@@aﬁhwuoge[dﬁghma

nanow res and termnate at a surface beneath

in FREDWdudiBstechnifubist e BB henohekeodthBe tFiBerA-BBNepict four
nanow res 610 can be grown on various substrates,

exeMuRiy SmicdrlcioX aedes, inchaiygE41e sulsstraiecamictagsoi 137 $4) Ch5,
as 6H-SIiC, or silicon such as Si (111). [0075] In
andVArifero@demhothe memality oftGeeN manidwiresobihed devighd o ske FYG.Ga
nanowi res and/or nanowire arrays can be used for
the Habice 201t (sem FIE3. 2 tyh depical 400y(s€calNGs 405 tand ttfee desioehdO saes .
Commercially viable GaN substrates are desired because
FiGGENrespatistelyat es can greatly facilitate the fabrication
of visible LEDs and | asers for the 26 WD 2008/ 048704
[00PT/ USZO0 24x@83671Be Gatkgrgiviigposditions-candeanddifigsttp bovand
UV sensor industries. Mreover, GN substrates can
coadgssenceef theddmias MurAiy of rangwises (bl 145aari4dAkaftes thay have
hi -power RF circuits and devices. [0076] In various
growhiiod switatlesheighinensiben fornationtof a Galt B sicaln shuctugrped

term nating and coal escing the plurality of GaN
Subs kBT 2681 A Tith o€ T Oh e GRBLHPRIRTE SUYGHUTEIcaR be 209 uoHS)

techni ques such as nanoheteroqepitaxy. FIGS 7A-7D
opitiggl 8 0K PO 85CR pIRAS NSe e GHIERIE DECREGPEbE ke iy

GaN supstrat tructures 712, 714,..7
each nanowire Ee.g., Saﬁ) and substrate Ze.g., SiC or'Si)

clc?ﬁbination and can be a
height that allows a significant reduction in defect density in the upper coalesced
GaN film (i.e., the GaN substrate structure). In addition, the “suitable height’ can be
a height that can maintain a mechanically-robust structure for the resulting
semiconductor devices, for example, those shown in FIGS. 7A-7D. In various
embodiments, because threading defects are not present in the plurality of GaN
nanowires (e.g., 145 or 445), the coalescence of the GaN substrate structure (e.g.,
the substrate 712, 714, 715, or 717) on top of these pluralities of nanowires can then

occur and provide the GaN substrate structure containing an extremely low defect

density, such as, for example, about 107 om? or lower.
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and 717 formed fromthe plurality of GaN nanow res of

the device 100 (see FIG 1C, the device 200 (see
WO-R@s/02704 t he devi ce 400 (see FIG 4C), and t heCTIES1008063673

500 (see FIG b5), respectively. [0077] For exanple,

the GaN growt h conditions can be nodified to all ow

T AR E R
the FLASRDS RIS the BRI AR AT lhg 8 Jsis' 2! ©
growih Hask,ﬁﬁi@ sﬁgﬁﬁgﬁ haf ﬁarlﬁﬁnﬁr@‘ﬁ HECtHeUIRA g?ovﬁ@ﬁ]é' nuous,

epi t axi al , ul Iy coal esced planar film
nanowitds! 8kl Bieh@htiibn of BB eRémsIBH/R5dN aadirh@rstruSpfRl) faH re
(e.g., GaN) and substrate (é.g., SiC or Si)
scalegi®tdlaige@ubaie 6RAsbEhEy cahtiidte febaily dtdrnaug i
significant reduction in defect density in the upper
martfth 89 eshuirabntsiihdnding RitométheyFahastngt dratetended to
structure). In addition, the "suitable height" can be
larger diees \gdterstibiadstatainhing effitady o phdateib anys@al thiylighbdusikton
structure for the resulting sem conductor devices,
fronf gsiblexaadpkeer-UYhE&Ss. shown in FIGS. 7A-7D. In various
enbodi nents, because threadi ng defects are not present
[0079) t he RYBSr &2 dgpicfexamNannemiomiimenss foe ngnowitddctios dehdde)s,
t he coal escence of the GaN substrate structure (e.qg.,
inclydieg RANGYire 4E8s ADd parawiie |7%ess, 2od tdcalehletroprestes hese
pluralities of nanowires can then occur and provide
maRufrCtyEag uricHaeebadingaisutne disslesed aricke IlaN nepowissesing
| ow defect density, such as, for exanple, about 107
nangwireamRys| SR AS CaN NP Ieeanliss TeRowiGTANES: Ge17 PO RIE Hieir
[0078] According to various enbodi nents of the
active, dRyiies aVith SiNiFHE iPERPepies c dBi8 s hatauss erchswisegvn GaNg. |
t he deposition, patterning and etchi n? of the .
nangyiR 4T Gave SeBith orAdRD) T 2IteR PRUE tgragb BT bese side

oI & BSSL s By P BRI e
oo BT S TS B B BRI 62 St o
otndARHRAR N s, S HERPRRLS rdrSh 3o A IR 1 S4BF B
nanowire.

[0080] For example, the nanowire growth behavior can be changed
significantly when other precursor gases such as trimethylaluminum (Al) or
trimethylindium {In) are added to the exemplary MOCVD gas phase during the
puised growth mode. In this case, even a small molecular fraction (e.g., about 1%)
of Al or In added to the GaN nanowires and/or nanowire arrays can result in each

GaN nanowire growing laterally with its cross-sectional dimensions (e.g., width or

diameter) increasing over time. This lateral growth behavior can aliow creation of a
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| arger size wafers for establishing efficacy of

photonic crystals for light extraction fromvisible
wa@pasnesins UV LEDs. [0079] FIGS. 8-12 depict exeaplUsz0g7/063673

enbodi nents for nanowire active devices including

nanowi re LEDs and nanowire | asers, and their scal able

processes for manufacturing. In various enbodi nents,

Cor%ﬁtﬂ['a'ﬁ?ﬂ%@é@r% st 5, 94anten wehvivelEdisg sxemplaaioateras of

% such as GaN nanow res and/ or nanow re arrays

suck &, s Ao ANVt Rsaegremp%ﬁgd V\ﬁ“{ewglﬂﬁcalg@r‘] nanowire
. hi s

cord e L oo Lo BB e § £RGel BATPYEAMAN e

nor mat t <;[he % Qese side planes can be a nonpol ar
aCt'Xﬁ FEE qr%ﬁorfl@} gVt eTAEEN mat er| al s. High- quaIGiatN%/

| I;

oo Th e Rrerin VS etk o S CEReRr e pea. £
cst et R LR BRrE e oD g P 3&%%@%@5%%@%%%‘:“
the @aﬂvﬂaﬂo\ﬁﬁg Axd l%enég&mp Ssﬁégﬂﬁgﬁs% 0s84 %%é@a%?@%vﬁnmbﬁg\l )

precur sor Ses S

Thidthird Efdvﬂf?ﬁﬁ)ﬂb cadha! H‘c(;ll\tw.:o@g &ro@rﬁpﬁlﬂllér% e u%?éfjmear y

gas phase during t growt h
selécﬁ%é%r@ﬂﬁﬁm@{ &5t e@eaﬁﬂﬁ' bs W“éﬂb@{ﬁ mflfi%gét | ARak&1sDiner

abou I'n added to the nanow r es

emiBddith&ts, RAKAMd! g?ou?th rn%b% c%ﬁ'Ee ru§§d1fo? thethiRPGRwtHEMNdition.
nanowi re growng laterally with its cross-sectional

[0082]MENSi PN&IribEs @mbodindits, tAE cordishBRAfolvirkMORASHRY Over
time, This |ateral grovvt h behavi or can all ow creation

struafureca? B \3AA0 BINE Hitth dREFNdPARRLELAIE 3Pt63(ecE OIS deicls|
heterostructure, that is, quantumwells including

such>aenipt @taynpia handwitesL Els iy nasoJirtGaséranHordxeaieatdeoy s
can be grown on and envel op each GaN nanowire core.

reséiingecareshi |t nanbiize/MOVE asiel strugiumi. &, havingthe @ Waactive
core-shell nanowi re/ MQW active structure for [|ight
shed wh tsidewglldeh\eiacle sandvd@&bie) kkan vafreo trsmeidrodicoteafislds, amd
additional third growh condition can be
also free from the associated guantum-confined Stark effect (QCSE) because each
nanowire core has non-polar sidewalls. The elimination of the QCSE can increase
the radiative recombination efficiency in the active region to improve the
performance of the LEDs and lasers. Additionally, the absence of QCSE can allow
wider quantum wells to be used, which can improve the overlap integral and cavity
gain of the nanowire based lasers. A further exemplary efficiency benefit of using
the core-shell nanowire/MQW active structure is that the active region area can be
significant increased because of the unique core-shell structure.

[0083] FIG. 8 depicts a cross-sectional layered structure of an exemplary

core-shell nanowire/MQW active structure device 800 in accordance with the present

29



established to grow the core-shell of the exenplary

I nGaN and Al GaN al |l oys, after the GaN nanow re has
whe@as/ogg7own usi ng the di scl osed two- phase gr owedT/nsme7/063673

This third grom h node can be a continuous growth

simlar to that used in the selective growh node,

f | €, h 310 in Fig. 3. | [
teacsfosy TERYE b ey 2Pt Bun e Bbe TsTER bl Bararisbetiied
Lhi.r wth condition.. [00821 In vario
ek aekey ¥ B S5 S Qs beRiisan Peaumabe dpiraion ano
rovide. high effjcienc
e R er B8 Bl sisthd il et can
be @BV & mb@fyM re LEDs and/or nanowire | asers. For
exanple, the resulting core-shell nanow re/ MQWV active

[0084]" uct llJtltsesHoiwn,ethe dad¥s BEo Eg}ﬁn% 2L, te %@Zéldfnﬁ%hr#uﬁer

sidewal | s of each nanowre c can

layePioee apdesdtive Grobiehisk s2Nd dopbd Rar[(oﬁaﬁrg cfoFeOéB(o‘Q%g;E? shell

associ ated quantum confined Stark effect

strubRiEn8BEEIN€ ARy a fird GubdcsHeP B, RASQMOL i
The elim nalt"]? on ofﬁ\ﬂt)he QCSE canQi n%hreggggétu%h%gy\@gé&nd

dopeadhelt880carids cifdidaped sienes7hi ci ency in the active
region to inprove the performance of the LEDs and

[0085]s er s. Thadelectiengrbivih, madkea 2888 B orffed QUSENE 8B BBy
wi der quantum wel |l s to be used, which can inprove the

layasBap begy thenswgtrate 810d Toadbped nagaivite 6bretdse caABE vbicted
based | asers. A further exenplary efficiency benefit

to apd extenth fomttiheedermdebuEiarbyer 820 thnbugey tMXGIactivie \Govith Frizgk ur e
is that the active region area can be significant

825, waereladeeldenacaanewiné corh @30 nambeisolates-tsithe kelsdtive gtante.
[00831|_ FIG 8 depicts a cross-sectional |ayered

mas§25¢ tThe shelf staugtuss 83ptanrhe formaddo Stelll thaaloped nalokdgd\Eore
actjve structure device 800 in accordance with the

830148 Atcoreshallecihuanowss ad PERhebSDO:Ue 636 €30 also be

. teachings. It should be readi Ia/_'apparent to one of

situgled op 18 selaative gnowth masiedas. dmadditione theesniet strgtioe @8pican ed

b ]J n FIG 8 represents a gener alized schenmnatic

& fpimesdy deppeiingihg thitdrinped ehrll-879wmer thalss¢ardydoped siabl 868,

.can he added or existing material s/l ayers/shells can
whu%bcqn&%;grélapdoqveﬁ{;@ihﬁ@\%e’h%ll structure 850 overya first doped shell 840,

[0086] The substrate 810 can be a substrate similar to the substrates 110 and
410 (see FIGS. 1-2 and FIGS. 4-5) including, but not limited to, sapphire, silicon
carbide, silicon and [1I-V substrates such as GaAs, or GaN.

[0087] The doped buffer layer 820 can be formed over the substrate 810. The
doped buffer layer 820 can be similar to the buffer layers 220 and/or 520 (see FIG. 2
and FIG. 5). The doped buffer layer 820 can be formed of, for examplé, GaN, AlN,
InN, AlGaN, InGaN or AllnGaN, by various crystal growth methods known to one of

ordinary skill in the art. In various embodiments, the doped buffer layer 820 can be
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[0084] As shown, the device 800 can include a

substrate 810, a doped buffer [|ayer 820, a selective
w@e@sois7oask 825, a doped nanowi re core 830, aPdI/ES2007/063673

shell structure 835 including a first doped shel

840, a MM shell structure 850, a second doped shel

o o LB B d0erORE s S Bk
emb@ifEnSahe BYSLd & BR- BUAHHALE o8 o) iR PRE ALDA0 AN " ©

core 0 can be connecteé

d : lect h.
onspe 3 ko bl S B BBl
to the Q418608 ghdMvth heisRe| REIHdNS 485 ?’é@%*he,ﬁ&f& aﬁ&?asér.hﬁs)sfgr‘?r']éd

o shell " "the doped

structure 835 can be f_or nmed (
on hAHOHEISyet 8RS rBARoRA¥hBEHIRaMO tRa §él§étige gF&vhH Fnsr:\cs)k 25 can

structure, and the shell structure 83 an a

be firhetbdirgbtp Bn tHeesubstr£6 BH 0. eTId M dRvaBkirBdask 855 can cl)e}t;ine

addition, the shell structure 835 can be forned
the Gejpoitistdravgthton hetghirakly domedwrbehdy/ & HanoWes afrd\s. Jegond
doped shell 860, which can be forned over the MW
selexdtied brostt maskIBZS %%mmﬁed%ffahgakle@ﬁm%téml dr offP growth
[0086] The substrate 810 can be a substrate simTlar to
maskreatetaishoat esordeléf oadicary 4diPin(tseartFl GS. 1-2 and FI GS.
4-5) including, but not limted to, sapphire, silicon
[0089r bi deThesidped oanawitk ddré 830 sanbsseramy @anouitdlofale Sladgty opr
GaN. [0087] The doped buffer |ayer 820 can be forned
nangwies showrsiniié®$.4t2ar8lfGSTHE fordededinguhd mvo-praage grddio
can be simlar to the buffer layers 220 and/or 520
mode; eEhepjaped Manewite areB3Gyan khfermdexbefdfobekdnaple,| Gahe rAllS 20N,
can be fornmed of, for exanple, GaN, AIN, 1nN, Al GaN
AlGafNcGadl or Al inpelinwvhisly carabs made en pdyps bytapirtghwithetarioaks
. _known to one of ordinary skill in the art. In various
IMPEHRSAURR AS Silicam germaApaen, Isalehiom, belfue an@Edutiam Inerarié® WO
2008/ 048704 PCT/ US2007/ 063673 doped with a
embosimerts.ithe dopadyjpaoyirarera 83 san bemadp edypeamonireducingr e
8§ﬁh In some enbodi nents, the doped buffer |ayer 820
berdin. Eopi RS BRG OF BNagessite. QST dprAIGBANOTINGO one of
selei@Hv$‘gromﬁh mask 825 can be a selective growh
[

ordjpays et can be used. In various embodiments, the height of the
doped nanowire core 830 can define the approximate height of the active structure
device 800. For example, the doped nanowire core 830 can have a height of about
1 pm to about 1000 pm.

[0090] The doped nanowire core 830 can have non-polar sidewall facets of
{1100} family (i.e., “m"-plane facets), when the material GaN is used for the doped

nanowire core 830. The shell structure 835 including the MQW shell structure 850

can be grown by core-shell growth on these facets and the device 800 can therefore
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to the selective growmh masks 135 and/or 435 (see
FIGS. 1-2 and FIGS. 4-5) fornmed on the buffer |ayer
W@2@s/0k8704/ar i ous enbodi ments, the sel ective grpol/nS2108%863673
825 can be fornmed directly on the substrate 810. The
sel ective growth mask 825 can define the selective
gromh of the plurality of nanow res and/ or nanow re
be féﬁErfw%p'eawéecéra figddsi gred Geoolier theeasko@atsd gaantbyp-doofimedd of
dielectric material, or other growmh rmask
Starfe B, Qp Ehown to one of ordi nary skill in the art .

% 089] (% anowi.re core 830 can use an
[0 nowi g'ulrs tdﬁ%e‘jp? [z?f'?f?“ B? ‘:r'ﬁ%ﬁﬂﬁnﬁfg @ﬁ%ﬁﬁ;ﬁﬁ? non-

. 4-7
oold SR BsBer Deigbad aarawﬁrrgﬁ"’éw #32)' Bngar R orshel
orolh e e ekis B oA BB FH Vb recim el
840‘6@ 'bQV&meHS'Eglé?HIEb% g%ﬂ%ﬁo%ﬁtgf' l'dﬁr% tg?ﬁgl grthh of the

ent um ur “an urrum

dop@@ﬁ%ﬁﬁ%%?e 83 rrﬁiiﬂgS%o%ﬁ%ﬁ%é@r&%%y%ﬁﬁh&%@n c}'ﬁﬁﬂ?pe

p-type by 1 ntroducl rum s
of il fit§bdoPéd HF?@I"@@'&HH”(heq b ndRRA &%8@%&,&& HQ&E Qﬁmlar

ordinary skill in the art can be use n var

for SRR, In V&%@%H%Hm%fntst b fir Q‘?JBE g@%%fcan ﬁf&ru@e a

830 can define the approxi mate e| ght the ac

mat8fid] SEANGE,_ NORHERE c?a%e aﬁﬁhuﬁ%@ﬂ@éﬁhaﬁ %0%98%‘9%6 BRQWI T e

core 830 can have a hei ght about mto about 1000
0.10m [0090] The doped nanowi re core 830 can have
non- pol ar sidewall facets of {1100} famly (i.e

[009211 - pl ae M@AWVkshe) stridi@s 850 earbé firnadl oM first dé?@@'slﬁéﬂr
the doped nanowire core 830. The shell structure 835

840iby dheuekengpldri eonet@nss hreiith, Sthen ¢l Bse3afowt afodegs gggin by
core-shell growth on these facets and the device 800

Spegciitally htbe MQ@NshBIL stO!RE 880 6B MR USRI 4 Sn3bAAoume
free from piezoelectric fields, and free fromthe
of Ahariei laﬂ@mwgqﬂ)anutaad gronfh ofdbe ﬁisauidpedfsﬁeICM(XtQESEﬂnue the
[0091] The first doped shell 840 can be formed from
formaiign ebthe edreeahet] heterpstructure. In various embodiments, the MQW shell
structure 850 can include, for example, alternating layers of Al,Ga.N and GaN
where x can be, for example, 0.05 or any other number less than 1.00. The MQW
shell structure 850 can also include alternating layers of, for example, In,Ga4N and
GaN, where x can be any number less than 1.00, for example, any number in a
range from about 0.20 to about 0.45.
[0093] The second doped shell 860 can be formed on the MQW shell
structure 850. The second doped shell 860 can be used as a barrier layer for the

MQW shell structure 850 with a sufficient thickness of, such as, for example, about

500 nm to about 2000 nm. The second doped shell 860 can be formed of, for
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pol ar sidewal| facets of the doped nanowi re core 830

by an exenplary core-shell growth, when the pul sed
wQ@e@snis7opde i s used. For exanple, the first dpEEUS2007/063673

shell 840 can be forned by adding a small anount of

Al during the pulsed growh of the doped nanow re

oI (BRI el B e R4 BBS ‘i‘ﬁ%ﬁ* AP
Thé %oﬁ@@@&d@%@%é Eart @op%ﬁ%tﬁﬁggho 8, ARAF ﬁlmﬂ?{ fodne f or

exanpl e, type. I'n various e |nents
mw@gg@guﬂg@hk0840 can include a materi al of Al xGal xN,
where x can be any nunber less than 1.00 such as 0.05

0004] 0. Ithe hR@83JedThel MY shed
: fo]r med or:a t he %Jl'erst doped sheﬁorrﬁécr%fzéd@ﬁ%lﬁg%g@n&ip ary

growth feons thel decgiddadprd swliegsd th@ap tHeSREvOsRIM e BRHE: 860, The
used. Specifically, the MQWshell structure 850 can

thirt eofear snet 8By cardick fogmed sy Ex£iple GaN ahd dbpeandbean ntype
during the pul sed growth of the first doped shell 840

or & piypentri vanieus bmbodimenat i the fiedt dofel <hen 836 Redd n-type shell,
heterostructure. In various enbodi nents, the NCNVsheI
the seeandtdeped 850l &6@ranioc thedkird daped emnwoecanadetaepmbusngu
| ayers of AlxGal_xN and GaN where x can be, for
ande\;twraﬂ Io ve¥ousrenzoginugritss therthindb dopddestiell 8acarlhdd@.a The
shell structure 850 can also include alternating
th'*@%ﬁé@;ﬁa’@ﬂm 50 &7 aleoth AP0 BM. | nxGal_xN and GaN, where x
can be any number |ess than 1.00, for exanple, any
[0088Inber InaHOUS aRRpsinerdmtiehese-stelptiveystatsome devids, 800
0093] The second doped shell 860 can be formed on the
Ef8 Caﬂéqea&qtma&v igelated figr eash Gther.ddsech BUTabdr o860

B used as a barrier layer for the MM shell
devicer B00 aredneldetLin erTEe LR |eh ahe veFarc R Sidepfos anativas,
500 nmto about 2000 rim The
strgfle TR RN = g ey 8ihiapested paroe sop
048704 / US2007/ 06367 examl e, Al XGal, N
cor RSl SR METY Ve TGRS e 1 hie B setprdanch il tes 20

. The second doped shell 860 can be doped with
pregént%r?%@@??w ty type simlar to the

[0096] As shown in FIG. 9, the dielectric material 910 can be deposited on the
selective growth mask 825 and laterally connected with the sidewalls of the shell
structure 835, more specifically, the sidewalls of the third doped shell 870. In various
embodiments, the dielectric material 910 can be any dielectric material for electrical
isolation, such as, for example, silicon oxide (SiOy), silicon nitride (SigNs), silicon
oxynitride (SION), or other insulating materials. In some embodiments, the dielectric
material 810 can be a curable dielectric. The dielectric material 910 can be formed
by, for example, chemical vapor deposition (CVD) or spin-on techniques, with a

desired height or thickness. In various embodiments, the height/thickness of the
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third doped shell 870. [0094] The third doped shel

870 can be forned by continuing the core-shell growh
wo cariogdted second doped shell 860 to cap the acPCwES2007/063673

structure device 800. The third doped shell 870 can

be formed of, for exanple, GaN and doped to be an

diele?tntggrfﬁed'la%‘l c iﬁv \Q@aﬁj a4 éU‘é?Jd' bS(Lf?mgﬂpg % gﬁﬁﬁh %{ h 'efd |él$1:'?nc

ope ype e second

mategaﬁ?a?n ?r[é%.!: ?@8 d?BSjslth dteietr ek aqiegﬁg' féhséalmgmmﬁma

VI Ceé versa

or zlfﬁﬁﬁ)%bmss nolWR&o bHé Bﬂorgiﬂﬁﬁ%kﬁ etk 257 Grhecmc}a@g@ oﬁhe

ckness about to about 500 nm [0095]

dlele\éﬁfc'n%{énae? ghe Qérf@é‘&@usté@ BefePbRg B %Eém@&é@%@at@hé Wﬁéﬂért@e
devi ces 800 shown'in FI 8 can be electrically

corelshell paeihireMeOVneaale ofifire isied. a nunber of  devices
800 are included in a |large area such as a wafer. FIG

[0099] depi dh Yaddusaeibodinentd, LaGiud Mandcleivd ICEDOAE narolirdilasgrsa
dielectric material 910 deposited to isolate each

can e feemst el thenns shellefrddidasdribee irsfIGSC B+, bectueaQW FI G
8 in accordance with the present teachings. [0096] As

activehsbnelh structifeScardhe treetediosltechanipolansitiewallsl of §Coutsed-gdoewn
deposited on the selective growh mask 825 and

nanbwitesr ol gxarumiadithe danavites akrearsingedié 4 bexsigondi@arrehwith a
structure 835, nore specifically, the sidewalls of the

pitctt thiat id edoa éol A@hehére 879 thel emission wanelengtrbafdierexarsplary hED
dielectric material 910 can be any dielectric materi al

or ldser, thel aryrdf cahowiies hapiavite oplich feggbadkde stiwalats! light-
silicon oxide (Si02), silicon nitride (Si3N4), silicon

emiting aétioni (FEGS.H0ON) depint exerhelaryinasedcale aclvardevigeisabrgned] n
some enbodi nents, the dielectric material 910 can be

based onthelsirgctdiasisbown irck IGBh8-9di etescdarice withthea praseny10 can
be formed by, for exanple, chenical vapor deposition

teaghg®) or spin-on techniques, with a desired height or
t hi ckness. In various enbodi nents, the

[0098; ght /ABEIRASES dsict Ao eXTRIEY @ewmls%aewce 1000 using
PCT/ US2007/ 063673 dielectric material 910 can

the peretshelf nm§mwwtlvee%w%@ descrbed NdiiCar B8 w“eaccordance

di el ectr
with the present teachlngs

[0099] In various embodiments, the nanowire LED device 1000 can be
fabricated including electrical contacts formed on, for example, the device 800. The
electrical contacts can include conductive structures formed from metals such as
titanium (Ti), aluminum (Al), platinum (Pt), nickel (Ni) or gold (Au} in a number of
multi-layered combinations such as AITI/Pt/Au, Ni/Au, TifAl, Ti/Au, TI/AI/TIAU,
Ti/AlJAu, Al or Au using technigues known to one of 6rdinary skill in the art.

[oo100} In FIG. 10A, the device 1000 can include a conductive structure 1040

formed on the surface of the device 800, i.e., on each surface of the dielectric
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material fromthe top of the deposited dielectric

materi al using, for exanple, etching or |ift-off
w@e@smesInes known to one of ordinary skill in PeEUSIINT/063673

The thickness of the dielectric material 910 can be

adj ust ed dependi ng on specific applications mhere t he

ma*%ﬂél%ﬂ@ ek ihdRReWbE n%@é\é‘?‘@ b€ sﬁélrslfr%lt %:#153 COE%&IVE

varil ous e nts, “varitou

stridife Wnrtfe a ﬁéﬁp%ren?l%%e Qfg %fbrr eIQéirotdW% GE[DS(QIE%ICB

growt h described in
1008HT8tricatetisuBdguRRthe arﬁ aﬁ%x@rﬁﬁ%%%ﬁm’im the cﬁ@u@ﬁve

sidewal | s of the 'pul sed-grown nanow res.

strucfurd h@1on@npMigceEde can BE rf@ﬂ&@%dleﬂ a é}%?ébaﬂ@@%on%ﬁéﬁﬁn of
with a pitch that is equal to X 1Z, where XIS

Ti//em ssi on wavel ength of the exenplary LED or |aser,
the array of nanowi res can provide optical feedback to

[00%@1]nul aheatieugembagimdrits, Mige Bideon00 ChiSBirthdOndidd&lgpi ct
exenpl ary nanoscal e active devices formed based on

dieleetdc Byentt1Orhesing Aowdjusted FickBesSidd heighic Bp adasttg thé t h
the present teachings. [0098] FIGS. 10A-10C depict an

thicknessf Hieylisiegidaayer I0ED) thewitert (€00 Ghicksiesgor Hdight) of the
core-shell nanow re/ MQW active structure described in

conppetize sgugurer 048 cormindedelforrhed treant dsmnthetsizawhil otfhe
40099 I n various enbodi nents, the nanowire LED device

shell stertidrg $35 €an papeiusiad @gcarding tedhe gesiteseppliaztibn obmenavtrs
formed on, for exanple, the device 900. The

actw @%‘E“ﬁ cFaﬂr eéi‘iﬁi"ﬁcﬁ E?"C@AWET atthe dislesbisd 040 cercatinadteur es

m net al as titanium (Ti), alum num
°°”(JBA‘F" ve SB'IJ%'t"‘En1l9FrP 6%&9'99’{70&%}3@ thanjop o thegoredsielisirustired
ered conbi nati ons such as

actily E%’?eét tf/C’Iaax*’ﬂ"ilii"? A8 Nerpyig LERS Apglor remowie ey,
TR o AR B R e e
B R T R T M e
extitl WAEE 685 rddige ek EhhiLortib MG AT 8 Yahious

embodiments, the greater thickness of the conductive structure 1040 (or p-electrode)

can, however, be expected to contribute loss to an active device such as a laser
cavity. As known to one of ordinary skill in the art, optimum performance of the
conductive structure 1040 (or p-electrode) can be achieve by balancing the reduction
of resistance of the active devices with the expected cavity loss.

[00102] In various embodiments, the thickness of the conductive structure 1040
(or p-electrode) along the sidewalls of the shell structure 835 of the exemplary LED

device 1000 can be in a range of about 1 um to about 9 um for high efficiency
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material 910 and the third doped shell 870 of the
shell structure 835. The conductive structure 1040
w@a008l0¢8704 t r ansparent | ayer used for a p-el ect POTESINT/063673
the LED device 1000 fabricated subsequently. In an
exenpl ary enbodi nent, the conductive structure 1040
ﬁé el ectrode) can be, for exanple, a |ayered netal
PerTDBIICR Al VAOBS em*PPt?'m@ntsﬂJeiﬁmdeme\iaG@ earshaveiroidiaieeighy,
t he device 1000 can further include a dielectric
m:¢%?@FW¥UmeHé@NWQ an adj usted thickness (or height).
adj usting the thickness of the dielectric |ayer
[0011({#1 tIhE1@x08nthedevige 10%%%@@@ inpludeesd ralEtraste 1045, a
ﬁftlve structure 1040 electrode fornmed on

d'E'aﬁ Ongnd peelestysrantecigna h1@2 §Réng fr%'iqha&ﬂm%etslw igten
d the d d i ti f
the SeTade R o6 BRI, oy eiz'nLFe R thick layer of
d 0 fi
ootdhF &t T8 Fitadrorg oS B B rsua e Term it g‘§1c5oﬂfa\'/fh?e‘°fmed

e T T R
seﬁ-‘l@ﬁ | A Ve'sul"fl %I i o‘tegh(;wm ::anJl'%l %8 4{5|e(sstea v%rgr&vgt 0

can a OMIt e CO e stru ure

mas#(k’E!%'S%‘éﬁ beERM0ded alﬂé peﬁ‘at@ﬁ %?'ir?erv\%éigﬁﬁg NEESo Db otf] S}P%Q bt

., an Increase can reduce

each @6ieSIhansPuire! hﬁeratﬁé Pé(t?en‘ﬁﬁ ﬁ@ étchlhg P}’O%E‘s%és sglastive

enbodi nents, the greater t ness & cond

conBiol MBS 25 LA Be (6HneR- o iGFinRf R he L RTbS ROVRY Rl exB@sed

expected to contrlbute | oss to an active device such

portifis af L3ReE of hia\sklektiveAFoltA bk 895 C\M‘?eré’ifw eQEHjélg@ bYths Kblel

in the art, optinmum performance of conduct1ve

sheEBhditNéTstm&tulieQ:éﬂ ifdRideRt Rla8CdnearRkn @@35 % RFRLR\RrRY%e
bal anci ng the reduction of resistance of the actlve

portibes iof e undédyingmiffexReetsad caave L¥ed £58attohRBEGA trdrdhes
various enbodi nents, the thickness of the conductive

1038t ructure 1040 (or p-electrode) along the sidewalls
of the shell structure 835 of the exenplary LED
[00t05Yi ce In Q@B Us@Mbbdimentsatheahigness otthe ytledivetcanalbodisid m
for high efficiency 35 WO 2008/ 048704
102pcan bsgdipal o6ke performance of the LED device 1000, For example, a
silicon nitride selective growth mask having a thickness of 30 nm can be sufficiently
thick to support a voltage of about 20 Volts or higher before breakdown of the LED
device 1000. In various embodiments, the selective contact mask 1025 can have a
thickness of about 30 nm or less. However, one of ordinary skill in the art will
understand that a thicker selective growth mask can be readily accommodated in the
nanowire and nanowire active device processes.

[00106] In FIG. 10C, the device 1000 can include the n-electrodes 1080 formed

to assure the conduction between the n-side contact and the central conductive
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performance. |In various enbodi nents, the LED device

1000 can have a total height of, for exanple, about 10
wWOorRoogO®re8] In FIG 10B, the device 1000 can fRCT/082007/063673

include a p-electrode 1045, a dielectric 1015, and a

sel ective contact mask 1025 having trenches 1035

ol e S
e i S RS s
embgﬁl%le ! ﬁ'lb ?t}fl%ﬁesl Qééb ?am%o% c@ndg&ﬁ% strlﬁ*ﬁ Bs fr Sl by

rtiohs ace e se ective

dep%ﬁtfﬁ}ﬁ'ﬂeﬁbctr&é’é!@g?é%?ls %ﬁg: @aﬁh QR NGB RREHRY nm.k b b5

ctric 15 on sides of each core-shel
and §fef Bb%h‘.& f thBftleREnds®3BatH & QichfplANEmBbGifeRd tHer MC eSS es,

a selective contact mask 1025 can be fornmed by
eleclr8dd¥ 1080 LhE BE Aded BB RorldhaApi8 s fahere@ XRASREmbPalisn, @ch Of
surface of the selective growth nmask 825, wherein each
as AWrgeyf the core- shell active structure can include
at least one trench 1035. As a result, surface
[00109] t | OIS 1049, tHrcrewuntiey lignt nrghémérfowremmev&am goain K.
used as bottoms of the trenches 1035. [00105] In
100\ ibe WstradEdthrdtghtiise suildstratzl820 knéstscanf be hanspeleatatioveen
contact mask 1025 can be critical for the perfornance
and @fuetvitereleBihd e\ o9 bodfoente xamplegjiffse light dutm can
nitride selective growth mask having a thickness of 30
occumancthe tapesideudfithec desitel 400 (it skown) sigp eer nanawire LERgievise
about 20 Volts or higher before breakdown of the LED
1008 ewn be shoDenough furauifoiest Efifacitinrdissdifiusedigbiequiriit carbe
contact mask 1025 can have a thickness of about 30 nm
advantagessis in $loneseid;staje botding epelicAligns. skill in the art
wi || understand that a thicker selective growth mask
[00t08) be In &ugimegneicibe diss@aekrpnowire kED ci%tws\ﬂﬁa% cafherovide
nanow re active device processes. [00106] In FIG 10C,
uniquecbreraieseIsIBOPatahvihitckigaaliFd dpvisrec Frgdbsanminys @

formed to assure the conduction between the {1 ?\h&ﬁ(
highes brigftressrigceyse the RUPSNCLRYD AFiVrdeggn area (i.e., the

active shell area) can be increased, for example, by a factor of approximately 10
times compared o a conventional planar LED structure. Second, the light extraction
can be improved to increase the output efficiency of the LED. This is because the
LED device's geometry can make the most of the active region area oriented normal
to the wafer surface, i.e., the substrate surface. The confinement regions on either
side of the MQW active region can tend to guide the LED light in the vertical
direction. Third, because of the high precision of the position and diameter of each
of the plurality of nanowires and/or nanowire arrays, the resulting arrays of the LED

devices 1000 can also be configured as a photonic-crystal, which can further
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WO 2008/ 048704 PCT/ US2007/ 063673 region including the
doped buffer |ayer 820 and the nanowire core 830. The
W@ eous0a#8704 conducti ve region can be, for exanpl BCT/ES2007/063673
heavily doped n' GaN region. In various enbodi nents,
the n-el ectrodes 1080 can include conductive
s fornmed. by _depositing electrode materials

mpie b SutpRRng e oRach o et (e naopw ik LERgasetaEs
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nanowi re LED devi ce e sma enoug

LECS¢videCioancaflintiubaatdiem spaBHgs(l éj' & BRE- tF 18 fer Qﬁgcmét can

be advantageous in sone solid-state [ighting

betvidipl drg Ad @géeer[t A& e defickdict, fHPéN%ﬁ’fgte ta[‘)@utq'oﬁ chPseq.

nanow re LED devi ce 1000 can provi
incHoW&Teedani tRéh iIASIUEL B PBMBEr Wnﬁﬁ‘ovﬁnf&ﬂ_‘:ﬁﬁ HAR&s 11669 fg?éliaﬁﬁff’e

First, it can have a higher brlghtness becauseée

abo0i00. B8 ﬁnh[&irﬂ de@iceyVBr méie, Which @8h Bé‘n'r%hﬁt@ctﬁfedeslmulkj?l@ Ll}@v In
active shell area) can be increased, for exan‘p?

varibucémisodirhera P pitarespatisg &4h bd ieﬂBé?ed?fQﬂﬂi@rt@QII&mPa §1ngle 4-
conventional planar LED structure. Second, the |ight

inchexdferato tcbiotain, foaBxdrapli mseviesh dre rhimeh @ESQ!eWﬁ@s Podgout
efficiency of the LED. This is because the LED

[0} i ce'RGHebirt2 degpictaremplis fahewin®Rbeafeviche uﬁﬁ? theeore-
region area oriented normal to the wafer surftace,

shell grewn nehewisiidELY attvestruttaeasholh ih BIGE BNOME BEcoF&Gice RRh
on either side of the MJQNactive region can tend to

the pighery teaebingEDBeGayiee thersiddvall Vaets afdhe naboweres agdior Thi rd,
because of the high precision of the position and

nangwvigmenays ass exant t 100} facdie with arflainess/orothe saaio\sr ae atoatisl/ or
nanowi re arra the resulting arrays of the LED

mongay et 8igh noe By X@Weﬁlcﬁ\(ﬁ regionwiof lager dedicas can be formed on
phot oni c-crystal, which can further

these superior flat *sidewall substrates.” In addition, the vertical orientation of the
sidewall facets, and the uniform periodicity and length of the nanowires can provide
a high-throughput method of etching or cleaving facets to form an optical cavity. The
uniform periodicity can allow a photonic crystal optical cavity to be established
straightforwardly.

[00110] As shown in FIG. 11, the nanowire laser device 1100 can be fabricated

from the processes described in FIGS. 8-10 using the core-shell grown

nanowire/MQW active structure as laser active structure. The nanowire laser device
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37 WO 2008/ 048704 PCT/ US2007/ 063673 inprove the |ight
out put coupling efficiency. Fourth, the nanowire LED
w0 e@BstgEInce can be significantly decreased becetBESWN7/063673
the increase of the electrical contact area, for
exanpl e, the contact area of the p-el ectrode 1045.
i Al | G i 0_can provjd
o o e K 0 A B e REG FigBana o

paciRHic 8y AM9s g QFARIBIhRhPeath LR i Hle pl G RRN

decrease the cost of production an i'ncr
strugtune! i 688 aid tAE pBlishb€ bRIeYrodd PT4558% 24P g'?e ladd? .a@%i\Jegsg‘gEtg fe.

metal contacts, the LED device 1000 can i ncl

[0opifich sTrChdNghdd stell strdctGent es aﬁ@m@%ﬁ_ﬁ{ed%@é}%ﬁbﬁ 1145
bet ween any two adj acent nanow re devices) of, Por

canebesfieei byaindistind 0@., gemoving} onithiedp WAk @it R8pdd & the
i nclude a nunber of nanow re LED devices 1000, for
subgitate Bl @ as trettmitomOerd$ ofthé kbrershe R MarasreMQVPsEve ¥hidEhe
~ can be manufactured sinultaneously. In various
(i.cetmserratiensisycturblesysh as thas plasimig R@NMJE vabus edishimgt her
to allow a single 4- inch wafer to contain, for
Progseand Ifer, expmple, 8 lshemisalenedhahicairpolisHing] ex be 8sskD@hg the
100109] FIGS. 11-12 depict exenplary nanowire | aser
etchps dilealrie 9 1hpst hmeetmnisal spebit. gr own nanowi r e/ MQW
active structure shown in FIGS. 8-10 in accordance
[00{13lh tTe poiisyemstep carebe Hegsl to Pelishusrunties of ladentatdts at
facets of the nanowi res and/or nanowire arrays are
the s3me fime pithoyt diminishingvipe mapufpetatahibtyof the nanewse iser of an
at oni nonol ayer, high quality MQWactive regions for
de"i"&ég]?'&%eﬁﬁf@é%me'&na Bembgrareanyire [a9es devierspEiODsHCH kit
b ﬂ)ZﬁF@LI substrates."” In addition, the vertical _
abogty: QroRf TegTet 38 besfPiRatan a 4-itsh mefererc hinle manifaciuring
off eriodicit ang I,en%th of the nanowires can provide a
98- (hRaEhH PUPoHRERS he Piteh SPapiRg can b%r%lvedwglrth@rdet s
Q forman optical cavity. The uniform perjodicity
alog s e et P Sy G R it hep Pty ipoiaper
{ shed straightforwardly. [001101 As shown in
devﬁ?%?%ldl, the nanowi re | aser device 1100 can be

[00’]:J ‘Ekﬁ’:]bctqﬁ ggréooL{s;e%\;q%:éWengﬁt g'{%ﬁe]esx’?e%% (eqS;,St?urc. r?e%% oirrﬂeigkt();gf thg -10
polished p- electrode 1145 formed along the sidewalls of the polished shell structure
1135 can be adjusted by adjusting thickness of the underlying etched dielectric 1015
for optimum performance of the laser device 1100. In various embodiménts, the
thickness of the polished p-electrode 1145 along the sidewall of the polished shell
structure 1135 shown in FIG. 11 can range from about 1 um to about 5 um, when the
overall height is about 10 pum.

[00114] The passivation layer 1195 can be formed at the polished top end of

each laser active structure, i.e., on each surface of the polished p-electrode 1145
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nanow ref MW acti ve structure as | aser active
structure. The nanowi re | aser device 38 WO 2008/ 048704
wEROBNEZ007/ 063673 1100 can include a poli shePlCHOB1007/063673
structure 1135, a polished p-electrode 1145, and a
passi vati on |ayer 1195, which can be forned on each
surface of the polished shell structure 1135 and the
and ) podipled sheb sistuiedd33.1%5ke passivajiprt Iager|148% carake fordigured
structure. [Q0111] The polished shell structure 1135
to aygidupdie NepAdIRRE rBeAmkiatiop d’élumitl%‘ leaﬂﬁﬁe BEtE FRRRMradgser
enovi n end

dev'E%éb@fQ RV Q s L ReBvaEn BT § 404 Bﬁﬂwféwﬁ?_jm%ﬁ o,
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oo fi5g e S bt B 3 P B SRl P RbR ciine
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dimnishin e manufactura |tyo

(ie. |tﬂ§‘?15ncgﬂ:%"éo‘?§§3qjjcggsuc 'iheeBi:ﬁﬁ Ifs’ln r%égg%ﬁ 180 Napowi re

| aser devices milion or

examareewh&ame%né\mrmvganféxéhbua@fa A/eﬁét@[rof Blgazoﬁ

manuf acturing efficiency. I'n various enb nts

of tHal dﬁﬁbﬁl%ﬁ@ MEdLEHM St bOEHE 8 rfa'x?ft} hele E&r c@h kR¥eiEre be

single 4-inch wafer to contain, for exanple, nore than

mor@Rendifivk!th € doafiRkitiofleNd BRsctlé Hex [o@%%teﬂldns é/uﬁfduﬁaliﬁg
enbodi ments, the extent (e.g., thickness or height)

the tdwity, thatlié, Sheaetizps ugddgert d=0H Gaydldiihd pIRBEN shelrgutilR 1135
sidewal I s of the polished shell structure 1135 can be
[00Hid] ust edlotgr adbodithiens, ddehodertre® iOho psicaNdwEl ftst®n the
etched dielectric 1015 for optinmum performance of the
laselr aptial ciity (i@., 1 Ranowire \card 8304 tiesrbagh be alchanded offective
t hi ckness of the polished p-electrode 1145 al ong the

refradticeinaex indhe vibinitpof ths beldctivb ghdwth aiagkid028. eThlsLidBerséHange
in FIG 11 can range fromabout | pmto about 5 m

canwhiant hehieelpaaMee alriadié &rgdn) by the &Eodtiiat déinerof the optical lasing

somﬁ

mode can exist outside the cavity. In an exemplary embodiment, the nanowire laser
device 1100 (see Fig. 11) can be optically tuned by adjusting the thickness of the
selective contact mask 1025 for a maximum reflectivity. For example, the optical
thickness of the selective contact mask 1025 for the laser device 1100 can be ina
range of about 220 nm to about 230 nm when the device is emitting blue light at 450
nm.

[00117] FIG. 12 depicts another exemplary laser device 1200, in which a
distributed Bragg reflector (DBR) mirror stack 1220 can be disposed between the

layers of the substrate 810 and the selective growth mask 1025, as opposed to the
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[001141 The passivation |ayer 1195 can be forned at
the polished top end of each |aser active structure,
w0 2@8/048I each surface of the polished p-el ect POESHAAE63673
39 WD 2008/ 048704 PCT/ US2007/ 063673 and the polished
shell structure 1135. The passivation layer 1195 can
fiJ I .V .
ciopg pEeKIayRl 5200 BRI SRRHE I BF BRI R e e govice
11003R6%n ik ¢¢ 1100. I n various enbodlnents, t he
passi vati on Iayer 1195 can be formed of, for exanple,
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refractive index of the nmaterials used for the
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cavity (i.e., the nanowire core 830) can affect the
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nanow res have an exenplary di aneter of about 200 nm
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cavity. The | aser can therefore be nore sensitive to
FIGSha0-d8epopiavidera lawdevied resistance becrles nofe tdsistiveaperi al s
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[00116] In other enbodi ments, because there is no
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FIG 4B} theep- ﬁ'é freig 1(065 &an berpgfiemagttg spypisiely pryef R pidpe
n%P ﬁ optical lasin rmde can exi st outside the
dev&gv §t° URNSAGCIea%6 (NG dRVISRIRRIT ARt . t he nanowire | aser
ice see Fi be .0 ca by
oodgif o s Aoiah 5 hdefhoskmbe LRGN BRI
1Q 1 tiwvit
desga%foea?ne FaTRRa s fithe A “@w@%ﬁ* itk ﬁHE'ng?WEB
for the |aser devi 1 e .of abou
oS FeC LA 56wl ¥ eBSetech o 2R iR
(e. g bl sLh% l@PFG@ t -Efs":for nanbcale active devices can be simultaneously
conducted in a large area (e.g., a whole wafer).
[00121] Other embodiments of the invention will be apparent to those skilled in
the art from consideration of the specification and practice of the invention disclosed
herein. Itis intended that the specification and examples be considered as

exemplary only, with a true scope and spirit of the invention being indicated by the

following claims.
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[00117] FIG 12 depicts another exenplary | aser device
1200, in which a distributed Bragg reflector (DBR)

wWOorooso48784 ack 1220 can be di sposed between t hePCT/agE0T063673

WH

of the substrate 810 and the sel ective growth mask
1025, as opposed to the 40 WD 2008/ 048704
PCT/ US2007/ 063673 doped buffer |ayer 820 being
ol eryeen these two |layers of the |aser device
FIG 11. [00118] The DBR mrror stack

2B o AR SR Ao BrfdilihgSt Aok, The  DER
quarte felivgec) alitaso deggJagwsvf a%fub%tha&gﬂgg@me sele TN

and Al vari o

St glthlddsk corhisbEa B}ﬂjg%ﬂr 6@ Pém&@xs%ugéé tﬁgtt éf%g%é/ a Efﬁpalfty of

to I ncrease cavity aser

Vapdrits @ogipaeats, all the nanowire active devices
shown in FIGS. 10-12 can provide a | ow device

resi st agipg ats@re@uﬁeendm;merdeg%@ﬁﬂnweﬂo gﬁJv@@EérﬁQS&L{cﬁx thaterial
the p-el ectrode 1045 and/or 1145) of

hebeeast ofted piielig anp&reond dFemd ﬁ%s@étebh@oée@rrgééchﬂﬁ% patterned

which is outer periphery of each core-shel

nammmurest MOV active structure. For exanple, for the

LED device 1000 (shown in FIG 10), the p-electrode

1045 caerfoenipaa geiwiiethode transidrefteh shecvigiulsel grévan ndfde to a

the device 1000 to further decrease the device

r epllsacegroeth M@ 206§ Al t hough a single nanowire is

depicted in FIGS. 8-12 for the purpose of

descr i germing a plealityfof sendicnaductas ahdwiias bylweninuingahé pulsed

understand that the core-shell growth processes on

ea@lewittmed pthe femigengiictar matarial. of nanowi res and/ or

nanowi re arrays (e.g., shown In FIGS. 1-6) for

nanoscal e active devices can be si mul t aneously

conducted in a large area (e.g., a whole wafer).

[ oé121] &g methodind glaie hx\@hwin%neeswnwﬁppmnriwa busfer layer over
parent to those skilled in the art from

a SLLPBH%'PGJ gylstraigsusace. [mad §fweiﬁn1I¢@§tJ¢t@rrmaﬁsaalp$ sriedtively gfowrtbrough

the

é’_"gntl on_di scl osed herein. is intended that the
E'H fvraf eaiis oed %‘Pﬁﬂtué@@aﬂﬁ)th%gum'%’éhm dered as

3. The method of claim 1 or 2, wherein the substrate comprises one or more

materials selected from the group consisting of Si, SiC, sapphire, GaN and GaAs.

4, The method of claim 1 or 2, further comprising one or more cleaning

processes prior to the selective non-pulsed growth of the semiconductor material.
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exenplary only, with a true scope and spirit of the

i nvention being indicated by the following clains. 41
wODB0OB0048704 PCT/ US2007/ 063673 WHAT | S CLAPGEDS1087/063673

1- A nethod of meking nanowi res conprising: formng a

sel ective growmh mask over a substrate, wherein the

selective growth mask conprises a plurality of

pabt er ned"@pErodiat slaimhor dxesein ﬁ"erﬂ"UﬁHV of gat@fned apertures

portions of the substrate; using a selective
fm"i%“%ﬁﬂ%’@&%%%‘ﬂﬂ%ﬂ'é”‘?@ﬁ? %Qﬁug@%t% 89‘8&569%@ nm and a pitch of

erial on each of the plurality of portions of the

aboﬁlﬁ%’?@é‘t%boé'iﬂ)%i%@d in each of the patterned apertures;

perform ng a growth-node transition fromthe

non pul sed growth node to a pulsed growth node; and

F T 0 BB A el 1 57 el oisPese el 3R of each ot the

oL b e AR R P anfinch R tEP ARy 8F oA ied abbpres

substrate surface, and the sem conductor
sub%ﬁ@?ﬂ?%ﬁ?s selectively grown through the plurality

of patterned apertures on the buffer layer. 3. The
nmet hod of cl aiml or 2, wherein the substrate

;?ZEL' ig?{s?s i cff?fa Gr“gﬁ%&h%esc Q@e‘\cﬁ%ﬁa g;%shape
seie‘bﬁed-lf% fﬁ%td?&?ﬂ c%fnsi%hr@ dPalodk gog lfeleahglgt%e 1o QIRE 151 VG, 9Rea

nmore cl Nng processes prior ectlvé
circl@on- pul sed growt h of the sen1conductor material . 42
WO 2008/ 048704 PCT/ US2007/ 063673 5. The net hod of
claim1 or 2, wherein the plurality of patterned
apertures

8. The method of claim 6, wherein the step of performing a growth-mode
transition from the non-pulsed growth mode to the pulsed growth mode occurs before

growth of the semiconductor material protrudes over a top of the selective growth mask.

9. The method of claim 1 or 2, wherein the semiconductor material for the
plurality of semiconductor nanowires comprises one or more materials selected from the

group consisting of GaN, AIN, InN, InGaN, AlinGaN and AlGaN.

10. The method of claim 1 or 2, wherein the selective growth comprises Group

Ill and Group V precurser gases having a IlI/V ratio ranging from about 100 to about 500.

11. The method of claim 1 or 2, wherein the pulsed growth comprises

alternately introducing Group (1] and Group V precursor gases of the semiconductor
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forms a hexagonal array having a dianmeter of about 10

nmto about 1000 nmand a pitch of about 50 nmto
w@b@an4grn 6. The nethod of claim| or 2, whePE€I/NSAW07/063673

cross-sectional feature of each of the plurality of

sem conductor nanow res and each of the plurality of

patterned apertures is substantially simlar. 7. The
matgidl Kotioigvtieearter with apeepianereshauance spps eehdrein dte freaursoraases

1 hape, selected fromthe g roug consi sting of a

CO"}E’BW@ﬁW“‘&'Or@'&Q'%E@E abgutsiapkout3k0oval , and a

circle. 6. The nethod of claim®6, wherein the step of

performng a grovvth node transition fromthe

ockirs. bore B RETBIT 5P 2l e R P napePrises 2 verica

of the selective growth mask. 9.
gro%%tg f%%odl?é n'gﬁra r?ﬂnq ®br 2, wherein the sem conductor
material for the plurality of sem conductor nanow res
conprises one or rmre materials selected fromthe

O BR, ©2 B8 Rielrih ot sl or 21 el Saorl SR b FTARaSEs has
aieﬁ@h%?éﬂo%ﬁé’ﬁ%%'& ﬁﬁg' ses Goup IIl and Goup V

rsor gases M IIIN ratio rangi ng from about
100 to about 500. 11. The nethod of claim1 or 2,
wherein the pul sed growth conprises alternately

muoduchﬂg & ld%fuk“\/\%gﬁ%?fﬁﬂv precursor gases of

he 'seni con uc 8704 PCT/ US2007/ 063673
mifh% Ishe)  of I3 &tiHi r&j"frcg}n rfl'%%'hgfuls\@d tg'?ov&ﬂ Thadle tgﬁ'lreep u?sl%ﬁ :f;ﬁ?n

| oops, ereint precurs a conpri se€ "a

mod@édc@rsra?c@%rﬁﬂrtﬁ Gl @@H&ndg&oF Baé@%@roﬁ% Yaradb %f the

met hod of claim1 or wherern gro

selééﬁ\rgﬁrb\ﬁﬁﬁnﬁsk\’t@E‘Srhﬁéihiurag@%ﬂrﬁhda?édepyﬁmlg%ﬂ \/\5?1 dznéﬂogﬁ'u res

hi gher. 13 he nethod of claim1 or erel n eac
part@fly tiBGogel whad éLIrMc@Bf RaBOMEVE GrdiAs madk! H1a9t h of about

10 nmto about 100 m
the step of forming the piurallty of nanowires comprises forming a semiconductor
nanowire on each of the plurality of pyramid-shaped nanostructures by continuing the
pulsed growth of the semiconductor material such that a cross-sectional feature of the

semiconductor nanowire and a top facet of each of the plurality of pyramid-shaped

nanostructures is substantially similar.

15. The method of claim 14, wherein the semiconductor nanowire comprises a

cross-sectional dimension smaller than that of each of the plurality of patterned apertures.

186. A group llI-N nanowire array formed by the method of claim 1 or 2,

comprising:

44



14. The method of claiml or 2, wherein: the step of
transitioning fromthe non-pul sed gromh node to the
w@odosees7gs omt h  node occurs after growt h of thECT/US2007/063673
sem conductor material protrudes over a top of the
selective growh mask to forma plurality of truncated

d-sh d d
gﬁ? fack Sﬁﬁﬁf@"@@?‘ﬁ@t@f JEA SR et R ERe 00,
| |
s g gn'mc 2% glo IR Wrﬁlaguﬁgl v{ng rc@éngﬁ@ggefvhﬁc??ﬁ mﬂrﬂﬁ %F\?r%ﬂhé‘ Piufdlity

gtegf L] vvt%'% rgﬁpﬁsséfrﬂ'fé:&g%ﬁg Wer&AMd SLA - N'ﬁﬁnowwhe is

gro he sem uctor material such

a é}feﬂﬁéﬁ dd Qﬁ@é dhrERbH LR Rhintdd® a §r@§é -S&UdNA tidture of one of

nanow re a facet of each of the plurality of
PY; cteR&0Rsdd dEibag. es 1s substantially
Sitﬁ}é?ﬂu@alﬁhﬁ%@@ he Er%et hod gf claim 14, wherein the
sem conduct or nanowi re conprises a cross-sectional
di mension smaller than that of each of the plurality
of 1ppat t ernefarfetanag 8f clailb16, Ariencgmprisingd @aN ornovére
array formed by the nmethod of claim1l or 2,
oriefi@8BIohg (0T1) 4 stdVdg2ah dreBFd PCT/ US2007/ 063673  a
support conprising a plurality of selected surface
regions; and a group Ill-N nanowi re connected to and
extending fromeach of the plurality of selected
sung.ace Thghemsviefartayef siaippts, wherdiethei arouphd-NyRangwire
I1'l-N nanowire is oriented along a single direction
comprigesn@iendranars materiatsselastast froom e gt oneisifg Frealb AN PR
plurality of selected surface regions. 17. The
InGablndiGaNearsd Aby3a. cl ai m 16, further conprising a GN
nanowi re oriented along (0001) crystall ographic
direction. 18. The nanowire array of claim 16 vvherei n
t he group I11-N nanow re conprises one or
natlr i al 9hearpeWiERIATFGhCIEHR 18 WIR5eIE S1R3reR WgN BP“Q’ﬂéﬁﬁ

AIN, InN, In&N, AlGaN, and Alln %a#\l
comprises one or more cross-sectional shapes selected from the group consisting of a

polygon, a rectangle, a square, an oval, and a circle.

20. The nanowire array of claim 16, wherein the group il-N nanowire further
comprises an aspect ratio of about 100 or higher and a cross-sectional dimension of about

250 nm or less,

21. The nanowire array of claim 16, wherein the support comprises a group 1ll-
N nanowire nucleus disposed on each of a plurality of portions of a substrate through a
selective growth mask disposed on the substrate, wherein a surface of the group IH-N

nanawire nucleus comprises one of the plurality of selected surface regions of the support.

45



Pyrang-ENaRes %?Upa”'% B

19. The nanowire array of claim 16, wherein the group
111-N nanowire conprises one or nbre cross-sectiona
W@ h@apmess7sel ected fromthe group consisting of BCT/US2007/063673
pol ygon, a rectangle, a square, an oval, and a circle.
20. The nanowire array of claim 16, wherein the group
ill-Nnanowire further conprises an aspect ratio of
about 100 or higher and a cross-sectional dinension of
about 250 nmor less. 21. The nanowire array of claim
1622.wher Enpnamviie Asisy of claighdt ivdersirathgrsopport further¢omprises a
nanowi re nucl eus di sposed on each of a plurality of
Etl@turtemaw&ﬁm@ the @reset ljNenajrowiie mucleus
k dis d on the substrate, wherein a surface of

a”dtpﬁé'alﬁ\f GRPSPd Pre SEERINE PRVHLIR Y $hetsird tapdaces Rt Pyramid-

rali selected surface r of the support

snafac 31, 0N R R epmias o ST S L a5 of SlGRS RHop degions
Ofﬂ_?erg‘geg I_?f claim 21, wherein the support further

i Ses a pyram d-shaped group Ill-N nanostructure
formed fromthe group |111-N nanow re nucl eus and
partially disposed on the selective growh mask,
wheg ei n é ot m.0- shaped group Il1-N
naﬁ%st r ug\tgtru&g) '@g@ngg?’?"g‘féré agﬁge%#'&tr'gﬁ@'pl urality of
sel ect gy pufdi@ce regions of the support. 23. A group
I11-N nanowm re’ array conprising: a substrate; a

sel ect 'avﬁlﬁﬁzwﬁwmgsmf th%@%b&l‘g?é%‘frépﬁn th‘@'%%fe?:hv"é érg\ﬁth

sel ective gr conpri ses

Pakask feehrRes ﬁtwrﬂﬁ%bfb%ﬁteﬁéﬁ %SrtlﬁeQ hef @!p‘o&é’ a%furahty of portions
portions of the substrate; and a group nanow r e

copfitas besktate; ahgl ext endi ng from each of the plurality
of portions of the substrate, wherein the group Ill-N

nanow reegrogp DIFN @Bt @dreadoAngsted tosing @kRnéing @6k ciizh @Nthe plurality
mai ntai ns a cross-sectional feature of one of the

pl off@ridny obthe suibbtexté, athesain fraqroupagiNdRghowiads Wit dlong a
the group 111-N nanow re extends over a top of
single direction and maintains a cross-sectional feature of one of the plurality of

selected surface regions, and wherein the group 11I-N nanowire extends over a top of

the selective growth mask.

24, A GaN substrate structure comprising:
the nanowire array formed by the method of claim 1 or 2 comprising a plurality
of GaN nanowires, wherein each of the plurality of GaN nanowires is defect free; and
a GaN film coalesced from the plurality of GaN nanowires, wherein the GaN

film has a defect density of about 10" cm™ or lower.
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the selective growh mask. 24. A GaN substrate

structure conprising: the nanowire array forned by the
woredokoe7of claim 1l or 2 conprising a pluralityPCDUSIBaAMIG63673

nanow res, wherein each of the plurality of GaN

nanowi res is defect free; and a GaN fil m coal esced

fr t ld ; ' ; rein the .

{1 Fon haos B g arsorbySha SRSl O Boe ORHEL Sy e o ot iam
108 WO 2008/ 048704 PCT/ US2007/ 063673 25. A substrate

conprising a plurality of nanowires fornmed by the

met hod of claim 1 or 2. 47
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