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[oon2] This application claims priority from U.S, Provisional Patent
Appiications Ser. No. 60/780,833, filed March 10, 20086, Ser. No, 60/798,337, filed
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Field of the Invention
[0003] This invention refates generally to semiconducior materials, devices,
and methods for their manufacture and, more parﬁcularly, relates to semiconductor

nanowires and semiconductor nanowire active devices.

Backaround of the Invention

[0004] Nanowires composed of group il-N alloys {e.g., GaN} provide {he
potential for new semiconductor device configurations such as nanoscale
optoslectronic devices. For example, GaN nanowires can provide large bandgap,
high melting point, and chemical stability that is useful for devices operating in
corrosive or high-temperaiure environments, The larger bandgap of GaN and its
related alloys also allows the fabrication of ight sources In the visible range that are

useful for displays and lighting applications. In addition, the unigue geometry of
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[0003] This invention relates generally to

sem conductor materials, devices, and nethods for

their manufacture and, nore particularly, relates to
- sem conduct or nanowi res and seni conductor nanowire

active devices. Background of the Invention

[ 0004] Nanowi res conposed of group I11-N alloys (e.qg.,

GaN) provide the potential for new sem conduct or

device configurations such as nanoscal e
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fabrication is based on a vapor-liquid-solid
crystaifine quality of the resulting nanostructures, which limits their applications.

[0006] Thus, there is a need to overcome these and other problems of the
prior art and to provide high-quality nanowires and/or nanowire arrays, and scalable methods
for their manufacturing. It is further desirable to provide nanowire photoelectronic devices and

their manufacturing based on the high-quality nanowires and/or nanowire arrays.

) VSUMMARY OF THE INVENTION
[0007] . According to the first aspect of the present invention, there is pfovided a
method of making nanowires. In thé method, a selective growth mask can be formed over a
substrate. The selective growth mask can include a p!ufality of patierned aperiures that
expése a plurality of porﬁoné of the substrate. A semiconductor material can then be grown
on éach 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



(VLS) growth mechani sm and invol ves the use of

catal ysts such as Au, Ni, Fe, or In. Problens arise,
however, because these conventional catalytic
processes cannot control the position and uniformty
of the resulting nanowires. A further problemwth
conventional catalytic processes is that the catal yst
is inevitably incorporated into the nanowires. This
degrades the crystalline quality of the resulting
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qual 1ty nanowi res and/or nanow re arrays, and
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hi gh-qual ity nanow res and/or nanow re arrays.
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tﬁﬂ&@aﬂ{d&@@d&@&hﬁb@ ioApertures using a selective
non-pul sed growt h node. The growth node can be
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pul sed growt h node. By continuing the pul sed growh

snigsttate sffuctulecomgrring thedacdvor amatfemedby, thampthed abording tothe
sem conduct or nanowi res can be forned. _
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nanowires, which'is defect free. The GaN film can have a defect density of about 10 cm?

or lower.

[0010] Additional objects and advantages of the invention will be set forth in

part in the description which follows, and in part will be obvious from the description, or may be

rlearned 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 apbended claims.

[oo11] It is to be understood that both the foregoing general description and

the following detailed destription are exemplary and explanatoiy only and are not resfrictive of

the invention, as claimed.



group I'I'l-N nanowire array forned by the nethod
according to the first aspect, which can include a

sel ective.grom h mask di sposed over a substrate. The

sel ective growh mask can. include a pluralit f '
VARW0¥P48EY apertures that expose a plurality %‘FIQ/USZOWOG%B
portions of the substrate. A group IIl-N nanowire can

be connected to and extend fromthe exposed.plurality-"
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[ 0009] According to the third aspect of the present
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\#r. [0010] Addi tional objects and
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In"the description which follows, and in part will be
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exenpl ary and explanatory only and. ar ot i
P8t 11 CEIGS HrAG Hepir AR ORI ol RNels? hanayie device
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fooi7] FIG. & depicts a forth exemplary semiconductor nanowire device in
amcordance with the present teéchings_. -

[0018] FIGS. BA-6D depict exemplary resuits for a plurality of ordered GaN
nanowire arrays gréwﬁ by the two-phase grbvvth mode without use of a caialyst in
accordance with the presant teachings. ' |

[0019] EIGS, TA-7D depict four exemplary variants of semiconductor devices
including GaN substrate siructures formed from the piurality of nandWires éndior
nanowire arrays shown in FIGS. 1-6 in accordance with the present tégchings.
[0020} FIG. B depicts an exemplary core-shell nanowire/MQW {multiple

quantum well) active structure device in accordance with the presént teachings.



a part of this specification, illustrate severa
enbodi ments of the invention and together with the
description, serve to explain the principles of the

v&@i’oﬁ%a‘:s?fﬂ' [0013] FI GS. 1A-1C depict cross- segdy 087063673
views of an exenplary sem conductor nanow re device

at various stages of fabrication in accordance with
the present teachings. [0014]FIG 2 depicts a second
[oeetknpl d7iG. $denidoaniivy exempiEp areehelbianewirg/MUY¢ advaance

with the present teachin %FIG 3 depicts an
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nanowi
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[0023} OEG. 1M depicts an exemplary nanowire laser device using the core-
shel! nanowire/MQWV active siructure described in FIGS. 8-9 in accordance with the
present teachings. B

jon24] FIG. 12 depicts another exemplary nanowire laser E.Ievice using the
core-shell nanowire/MQW active structure described in FIGS. 8-9 in accordance with

the present teachings.

DESCRIPTION OF THE EMBODIMENTS

fo0251 Reference will now be made in detall to exemplary embodfmehts of the
invention, examples of which are illustrated in the accompanying drawings. |
‘Wherever possible, the same réfere'nce numbers will be used throughout tha
drawings to refer to the same or like parts. In the foliwing 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 embcdimanfs are described in sufficient detail to enabis those
skilled in the art to practice the invention and it is to be understood that ather
embodiments may be utilized and that changes may be made without departing from
the scope of the invention. The following description is, therefore, merely axémplary.
[0G26] While the invention has been ifusirated with respect tﬁ one or more
implementations, alterations and/ar modifications can be made o the illusirated

examples without departing from the spirit and scope of the appended claims. in



[0017]FIG 5 depicts a forth exenplary semn conductor
nanowi re device in accordance with the present
teachi ngs. [0018] FI GS. 6A-6D depict exenplary results

far rality of ordered Ga i
w2008 P y or der e N nanowire arr
By ?ﬂjé {wo- phase growt h node without use of %&mﬁﬁmﬁms

catal yst in accordance with the present teachings.
[0019] FI GS. 7A-7D depict four exenplary variants of
addRienivenad pationadestusey HeriuendinTorydene sedisdiscsed with
structures formed fromthe plurality of nanowres
respastibonlypan @W@raém}mngqq% BYGH fﬁ]tt{%_max_bg cpmoine with
accordance with the present teachings. .[.0 F 8
onecs §1oga atherfedwenpl @?VB@BWE&?S%%“’}?ﬁg“ﬁVr‘J&% hf
(rmul tipl.e quant um wel | j e r ' i
waader Rt DL (i ec et LRl e ety
the err‘%%’u%ﬁcﬁ.?g“P%(uHé@'P%Z(nﬁ’g@?”ﬁZé “with®, or variants thereof are used
in either the detailed description and the claims, such terms are intended to be
inclusive in @ manner similar to the ferm “comprising.” The term “at least one of” Is
used to mean one or more of the listed items can-be selected.
{00271 Notwithstanding that the numerical ranges and parametars setting forth
the broad scope of ihe invention are approximations, the numerical values set forth
in the specific examples are reported as precisely as possible. Any numerical value,
however, inherently contains certain ermors necessarily resulting from the standard
deviation found in their respective testing measurements. Moreover, all ranges
- disclosed herein are to be understood to encompass any and al sub-ranges
subsumed therein. For example, a range of "less than 10" can include any and all
sub-ranges betwsen (and including) the minimum value of zero and the maximum
value of 10, that is, any and all sub-ranges having a minimum value of equal 1o or
greater than zero and a maximum value of equal to or less than 10, e.g., 110 5.
[0028] Exemplary embodiments provide semiconductor devices including
high-quality {i.., defect free) group IIi-N nanowires and uniform group [i-N nanowire
‘arrays as well as scalable processes for their manufacturing, where the pusiﬁbn,
arientation, cross-sectional features, length and/or the crystallinity of each nanowire
can be precisely controlled. Specificaily, a plurality of nanowires and/or nanowire

arrays can be formed using a selective growth mode followed by a growth-mode-

transition from the selective growth mods fo a puised growih mode. The cross-



[0021] FIG 9 depicts another exenplary core-shell
nanow re/ MW active structure device in accordance
Wi th the present teachings. [0022]FIGS. 10A -10C

i 0 exenpl ary nanowire LED device for g '
W{;ﬁ@s@%ﬁj@shel | nanow re/ MQLN active struct urliggqtﬂmdomm673

described in FIGS. 8-9 in accordance with the present
teachings. [0023]FI G 11 depicts an exenplary
seciARGYNISs, iRampleVihe erosssantortahdimeosiens {slge |diameter or
nanow r e/ MQW active structure deat hbed in FIGS. 8-9
widh)) apcCe caascectinndl kharse, b ﬁmow@%@ﬁglﬂ%ﬁqu ﬁﬁf&]eﬁtf‘fé
12 depi cts anot her exenplary nanowre | ase glevi e
gl PR RN Y R e SORH? 407 8 Pl RIS
described in FIGS. 8-:9 in, accordan '
o e TR LRSS AR B PR N pare In B e
[ 0025] Refere evvilllEI ' '
exg MW*H&?B%@ ot glnegaﬁﬁ Fﬁ'ledmg%aﬁ Be, $6te&hinpleCabout 10
nm o about 1000 microns, for example about 10 nm to about 100 microns. ‘
[oo29] In addition, high-cuality group ilI-N films, for exampie, high-quality GaN
films, can be formead by terminating and coalescing the plurality of nanowires andfor
nanowire arrays. These GaN films can be used as GaN substrate structures to
facilitate the fabrication of GaN-based devices such as visible LEDs and lasers for
the emerging solid-state lighting and UY sensor indusfries.
- [0030] Furthermore, because each of the pulsed-grown nanowires and/or
nanowire arrays can provide nonpolar sidewalls, there are advantages in using a
core-shell growth to build an MQW active shell struciure on the sidewalls cf each
nanowire. Such core-shell nanowire/MQW active structures can be usad in
nanoscale photoelectranic devices having high efficiencies, such as, for éxample,
nanowire |LEDs and/or nanowire lasers.
[D031] As used herein, the term *nanowire” generally refers to any alongated
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 1060 nm. In various embediments, the minor dimension
ean be less than about 100 hm. In various other embodiments, the minor dimension
can be less than about 10 nm. The nanowires can have an aspect rafio (8.9., lengti:

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



I nvention, exanples of which are illustrated in the
acconpanyi ng draw ngs. \Werever possible, the sane
reference nunbers will be used throughout the
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practiced. These enbodi ments are described in
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appended clainms. In addition, while a particul ar
naheitaty, eaefietdies, naneodsi awi neagtubes/e.gh eboledal phodesrt h
respect to only one of several inplenentations, such
mufliveed nerotviep), lBad Swivybrinse uicianalizes apd deryatized i forms,
features of the other inplenentations as may be
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i nvention are approxi mations, the numerical val ues
[08BM] f or (The handwlires sjrels iﬁrmade)méfrqm &surant, whigheat agiuds
preci sely as possible. Any nunerical value, however,
selastediseriadeyeg o ians the SRNGHItES 677 ke PNAedekE APf pyfend (e. g.,
resulting fromthe standard devi atloggfou d in_ their
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vﬁﬁﬁ@érﬁﬁodﬁrﬁ‘éﬁfs 4 @pﬁ&%f%é@ﬁb%@@ A4 ik Biefihcl @by ifePiapir
l'ess than 10, e.g., 1 to 5. (0028] Exenplary
digpiRed betRBérsthp QLTS giai wasdinatios sulewitees | ncl udi ng
hi gh-quality (i.e., defect free) group Ill-N
[00aslowi I eis varieds embbdimentgmaopwitd dotive desiceniforexampiays as
wel | as scal abl e processes for their manufacturing,
natiowire LEﬁeompwir@Esermae he Zringth usieg g garouires prier
features, length and/or the crystallinity of each
nanowi re can be precisely controlled. Specifically, a
plurality of nanow res and/Qr nanowire arrays can be
formed using a selective growh node foll owed by a
grow h-nodetransition fromthe selective growth node
to a pul sed growth node. The cross-



sectional features, for exanple, the cross-sectional
di nensions (e.qg., dianmeter or wdth), and the
cross-sectional shapes, of each nanow re obtained

fr t sel ective growth node can be mai nt giciat@Y 063673
W%ﬁ({g}aﬁ%ﬁg the grow h using the pul sed growth node.

In this manner, nanowires with a high aspect ratio
can be forned. In an exenplary enbodi nent, the | ength
nanlirceaels.Nanvemduserteinieets, the nasovdrp Red/ordiFoowrsl @ t o
about 1000 m crons, for exanple about 10 nmto about
and 1@Onanberoadtive FOORS chimbatpined wing HiIghcRAUM y gr oup
I11-Nfilms, for exanple, high-quality GaN fi] can
sentisgniusionme ISy RN NRE PIAY 04N i F@@'&‘% %Q‘PPH%J %Ftﬁm'ﬁaé? ity
of nanow r
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Exé?rgﬁaﬁ‘s)'ﬁ pPlrsBrsQih 88, Bos@ApR! admdsingiiis, Otrzegeuaie
advantages in using a core-shell growth to build an
clefVEMé 881 isebsSinet] foséxatpiayPer 4a withexehplewardu \of each
nanow re. Such core-shell nanow re/ MQW active
presdrsars, tsuriess edirybutylpheshined TR os¥aENe(A5Hot oel ect r oni ¢
devi ces havi ng‘ngiedgh efficiencies, suclgmfns for
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I Mensi ons
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I n various enbodi nents, the m nor

selticBRRRIcP oy 3PmBP&itioR HfEdNam sdrelfor 14,00 sMnwhere tharrobos
ot her enbodi ments, the mnor dinension can be | ess

frabtdANy, 30986 arhhuiviber [EBethaAN O] Fresiditian depsreligrondbpmelar
ratio (e.g., length: wdth and/or major dinension:
frablion Yalug) vaEnS aatije dévical oart bel8doly Ymigacemnpositianyardrous
enbodi nents, the aspect ratio can be about 200 or .
exginpiataering a0 Maiwhetest i ehaet 0.3) can be used in the MQVY active region
of LEDs for a blue light emission, while an IngsGaasN (where x is about 0.43) can
ba used in the MQW active region of LEDs for a green light emission.
[0037] In various embodiments, the nanowires, nanowire arrays, and/of the
nanowire active devices can include a dopant fram a group consisting of: a p-type
.dopant from Group 1 of the periodic table, for example, Mg, Zn, Cd and Hg; a p-fype
dapant from Group IV of the periodic table. for example, C; or an n-type dopant

selected from a group consisting of: Si, Ge, 3n, S, Seand Te.



enbodi nents, the aspect ratio can be about 2000 or
greater. In an exenplary enbodi nent, the
cross-section of the nanowire can be highly ‘
S ric such that in one direction of thecruse07063673
W@F%@ﬁ%&%ti onal di mension can be nuch | ess than 1000
nmand in an orthogonal direction the dinension can
be substantially greater than 1000 nm [0032]1t is
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oval‘, or circular shape. Accordingly, the nanow res
vargﬁgh.:ﬁ@}égﬁ vy, cal  and/ or cone-like three
I mensi onal (3-D) shapes. In various enbodi mants,l a
[abpr al i hyaedusaTbodimests, Tanltipephisgareramors, for example, 2
substantially parallel, arcuate, sinusoi d% fetﬁ:omres
wnplidse gesyierbde, sae he Hsastfprdhe niglhaedty FREEL AR ¢ 88" A
- be formed on/froma support,. which can j d
angiot ROV STAYEAE S ag e i SR E st |
connected to and exten

d (e g.. he
phasR iRl msde SHED ?ﬁﬁ}%ﬂﬁb%esérg\g% ngﬁdg %atlg Eég u e:[B gﬁ}gﬁg-sgt rate
formed fror L et 24 EToYay MUY, T moivire Si C,
mgfﬁ%ﬂ?fr%? IS%-E éﬁg'%?ﬁﬁ%’%@léa@oo? Hgg{ﬁ%%\*gﬂégsa Hgﬂaig% as u-eGaII\I '
s, R <l Ghowfi AR Sandard o GrowlhRcthufsplr Exciple,

anow res tan al so include a selective growth

st%?ﬁlﬁlﬁ BB Lapbat R8d putslkaB . growth whthe oasovéebuidh rent s,
e support of the nanowires can further include a

adid Bikhcay of itiesansedbbateeToriiee.sel ective growt h
mask and the substrate. [0035]In various enbodi rreg)es,
[0030J0Wi I EThaabdond piiges gresth moge CAKEIRYE 8 PrOfaFORICPE HE
or nanowire | asers, can be forned th| E.g tiere Pa%PW res
grawth/ ab pach nanowire and maintain its cross-secfional feattres from the firs |
growth meds, and also provide an arbitrary desired length. The sgcond phase
growth made can be appied by a growth-mode-transition, which can terminate the
first phase growth mode. Inthe second phase growth mode, a pulsed growth maode,
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 31l and group V precursor gases are introduced altemately in a
crystal growth reactor with a designed sequence, For example, TMGa and NH; can

he used as the precursors for an exemplary formation of GaN nanowires and/or

10



nanowi re arrays. In various enbodi nents, the

nanow res and/ or nanowi re arrays and the nanow re

active devices can be formed using a 111-V conpound

j uctor materials system for exanple, 2007/063673

Wé?@ﬁ%%}ﬁf-N conpound materials system Exanglcg?%of

the group Ill elenents can include Gar In, or Al,

whi ch can be formed from exenplary group |11
| nantWiRGlEFOER/ OrBHNINASWIre hethe Hyligal In hepEEFEpwitrmode,
~triethylgallium (TEG), trimethylindium(TMn) or

TMGa drieNthydaa lbe mtmmemtmegeiy irEx eeAyears A IFadueRssiGR can

be, for exanP ammoni a (NH3). O her ar oul
ot et g G101 SARIEE 1 Brlag: witn
or e E AR B . o
150&00%8i${%}t5%]eg?£r0| l(é’%’/\” %u{jﬁ%’cbrWS olﬂ'\fa@e%@%bbhlhq‘ems one

conmposi t1ons can be descri bed by

~ &80 RdrS: deSARY 188gth bor
orn’id?ees&{aame@ﬁls%ng’é cﬁ}cﬁ“ﬁ@d NGSAIEQ%Q;Nr or A I nGan.

cacRasak! Yn vadriBes ehedmndds, it Rowinnge sf ddch masasirelzan be
conbined wth various nolar fractions. For exanpl e,

Qr,eh{algc,@@peﬁdmﬂuct or alloy conposition InGaN can stand
for I nxGai aN, where the nolar fraction, x, can be any
posInber h esivus babodimedts, disteckisanaterisis, capdpdmaVAgNon t he
mol ar fraction value, various active devices can be
formatide obire gusnipﬁ@#na@ahﬁﬁs n@n%ﬁe ARGy afé%é%{ﬁﬁv@”'feaﬁ? e
I n0. 3Gaai N (where x

 devigewy 5@@*@@?%@? sReghe EE’B@“ g %‘"%?F G@%Fi"gﬂ‘?‘e‘gtfﬁ %”g‘?ehﬂg

e PRTLRE SEP LD RS by Rl ary i spBfere
%:geh Ee%%%?ﬁa%hmé AR3ZLkey %F‘élé&hﬁl SObGR ks ddvizes

nanow re arrays, and/ or the nanow re

sucslnah ?H%VL%%W rhilidRer, dQRAEY hdréif thadigleotip

consisting of a p-type dopant from Goup Il of the

ma@eﬁlrais%gh ﬁmﬁja@'b@at alfe(ﬁbt IBWRER, Silicdviiioxie, (ST, allicbrHigtidea
p-type dopant from Group |V of the periodic table,

(S0, sRKAGRyEitride;(SIaN) afmnmanepmcuto@ame EdBcsilgnf rom a
group consisting of: Si, Ge, Sn, S, Se and Te

: oxydaaﬁdbe’(mc}c:}ymfm|mus:x@ﬁ‘ﬂfofdxzh’eﬁfmgm-sehﬁ@teﬁléfﬁm wiside hafaiugy

nanowi re arrays -as well as the nanow r

siliciate (RFSION) ropiaiv onidg KErelad HTUREYEP &Y éﬁégﬁ‘gum strontiur
structures and be fanne varl ous, Gr

sareter (i Guiead Fﬁ%ﬂ“aﬁutﬁ‘?d'atedgtz%y oo gl {F5ta, Ukl
net al - i C

A R R R Rt

P

REEE s e el G

atom c | ayer
se?e%\teadfywtg BHRL 'dls%sJWrFHanﬁes.

[0043] Exemplary embuodiments for semiconductor devices of nanowires
andior nanowire arrays and their scaleable processes for growth are shown in FIGS.

1A1C, FIGS. 2-3, FIGS. 4A-4C, FIG, 5, and FIGS. BA-BD.
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vapor phase epitakj (HVPE). [0039]1n various
- enbodi nents, a nultiple-phase growth node, for

exanpl e, a | wo- phase growt h node, can be used for the
ngz&gl-ﬂ&q@ll ity crystal growth of nanow res andCows2007/063673

nanow re arrays as well as nanowi re active devices.

For exanple, a first phase growth node such as a

sel ective growh node can be used to provide a
[ooddindi t iRVEST Y1 depittbresebeatibha) vieys i exaaibleat i on of

the nanowi res and/or nanowire arrays. |In the
sensiedndostpvangwis i ayiosd 48 at wriayroRiaass O pRicafionyip dregidance

it e PR TAFEINGS. ROt e R R B rebiegefion, o
hi f. f l.e, ; 0] }

R R o S S S L

ge%fégggd;&héﬁﬂ?&qm&raﬁb% Al §r 8 b AW By Rl £ BT YARPYY £dfica B

ain S cross-sectional features fromthe first
exi€ting WyBrsMRf Swirsd MebyaleS8mBYeA\r fRdR&.ar bi trary desired
[ engt'h. The second phase growth node can be applied
[002¥] @ OrAvdHawmIoBG, tAarss hdnerire ddiicehl 00 aan ineludé aatisirtiee
first phase growth node. In the second phase growth
11oyecelecivepoiveie chagk 063G, Bndra digralify of patiemep laperiiepldss dde
MOCVD growt h, can be used. JOO41] As used herein, the
selpgivengropt magk BEGaR therdaality efdptieraed apeguss Jédsan bgy

PR U PR 140 AT P PP B ROt 1)

cai b, iR e TR P TEC T BPE FRF T exempl ary
- [uﬁgﬁg mati %\f%fbst%é\lﬂ REORYU.L59 s%%%tg o WAEArbD 1IN Afria

/ or nanow re activ VI Ces. e pul se

Vcag P{Qéﬁoﬁg{’gﬂgﬁo@ Sphdinadnes, NeRusARIePA Oichf [HRRIHE BRbt is not

I'n a sequence that introduces TMGa with a
lirfeS 1oJ8pPhifd, Sintdnadafbide sifon, SkRekbn-FaulaeeHOIf, ti-va '
certain period of time (e.g., about 20 seconds)
sefn@ichdusRd clrypduntls ©.ett ai B NNInSans tretals, desingesad gfdsew r at e
(e.g., about 1500 sccm for a tinme period (e.g.,
[oediput 3Dhesstantivesgrowihrmaskt3poan kefbodiymetiernipaandr

nore sequence | oops can be conducted éee. % r epeat ed)
etthing adielecticaved (Nob plapam) Brmedevsr askitAE 1100 I @PEYs

enbodi ments, the growh rate of each_ nanowi.re n_b;
embodiments, the drelectric layer can be made o?any dﬁlléiectr?c material ang %rrnetF

using technigues known to one of ordinary skilt in the art. The dielectric layer can
then be patterned using one or more of in‘terfers:;metric lithography {IL} including
imrr;ersion iﬁterferometric lithography and nenlinear interferometric lithography,
nanoimprint fithography (NL), and e-beam lithography, which can produce
nanostructuras or patterns of hanostructures over wide and macroscopic araas.
After the pattemning, an etching process, for example, a reactive ion efching, can be

used to form the plurality of pattemned apertures 138. The etching process can be
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orientation dependent. [00421ln various enbodi nents,
dielectric materials can be involved in formation of
t he di scl osed nanovvires, nanow re arrays, and/or
\VBQQQMMﬁ&;aCtiVG devi ces. For_exanple, t he sgben@ﬁmammgn
gromﬁﬁ mask can be made of dielectric materials
during the formation of the plurality of nanow res
and/ or nanovvire arrays. |n another exanple, .
stomghee hidbe sirtacerat the badaslyipa lRyeel 2iciEd S#%Fat@ﬁg@tqnf’ g4fosing a
isolation for active devicesgz ch as nan erem§§R§

pluralReipiGrTpRBRSIoNS (PHeidhe subakatg d &G TaPRUR STPRYMS

- dielectric rigls can incl t t.¢lel Mt ed

selgcive gIpyi 8@&@%’%&?@@ ? %‘%r@%’”,“g éfi%?a? %"Sﬁ’ﬁ‘n’?‘%“ﬁ“ e (géif%'II{]M) ,
silicon. oxynitri | f H hbScire

exampl?xﬁlggﬂ%éhﬁmf'b%%lécgg%\%wycdasté%%ég%% [ E%)jln haf ni um

gmﬁfﬁi de (WOO, hafniumsilicate (HSi0), nitride

afniumsilicate (Hf SiON), zirconium oxide (Zr02),

[guméu M Nk @iiklgy df ALRABIG apecnien NS tandrays athicknesibe same
(BST), lead zirconate titanate (PZT), zirconium

as B klective qlcdt 518X 135 BnexEmpla. aikdul 80 (L0 Bps.Gid iCFRSE-
insulating materials According to various other

secioizbdimensiers sueh asohdinoeieh g w% 0 57 ADRUEROR Mg B Nas
for exanple, tungsten can be used for ﬁ@l ective

addjjopakeramplet the dametr sabee AoHbIf TRL APHOPTEL AT ar y

enbodi nents for sem .conduct or, devi ce ires
SXSPRIATH R H%%Wtftge Bwaoll'&so? B%%Wﬁqe%pF}f%r%%faé'g{)aln 2\1 %%Br)%"'c esses
for growth.are sh L El o GO anviwd adfahERP-
hexagONR) arTgH Yt %?‘tcgg‘ge\{%etﬁ%f éﬁ%@ﬁ%cﬁ’ggh ey ad
Dl L1 oG008 S aRGBH 4 EEWR 1P EbddD1ERR TR aFius
'pa%é'ﬁ%@%ﬁﬂﬁ%%i?%%ﬁraééouggvE‘\@e 100 at'&sari ous stages
AL £aLL Ond PUAGH R faRARy Wobdréd B8R $6 Rimed.
en}%é%{éﬁﬁ%.gag‘l%% tgﬂg‘%gﬁlﬁﬂgﬁbe%@adi }é@ apparent to one of
TheleGitd? ahY ndidstdle feliudbeof @iet plirliR oftiftepatiamediaperiutiesvidBesan
100 depicted in FIGS. 1A-1C represents a generalized
beSGhaERd 16 ttiel Subsdquatti pprteased fariad foondiien of nanowires and/for
| ayer s/ nanowi res nmay be added or existing
nah@wersslapanow res may be renoved or nodified. [0045] As
shown in FIG 1A the nanow re devi ce 100 caqei ncl ude

102493 ubst navadouseNbodiRAEtSe K70 SIGR W HoFRduies £8%3]° an d a
coaRITT e vER OB AhoTHa P ot 1ok b eRfiih ot e
t 138 be di ver L. | ,
ARSI PHE I ARy 78T SRIPLe P i EpRiraet Hindds
an%g(ssl_itlrj] tct%&r%i[:\)ge fas Hnetc'il_{a%g b ERBuRe SfdideBe G0 RadBigk

followed by an in-situ cleaning {i.€., the cleaning is conducted within the growth

reactor). Depending on materials used for the selective growth mask 135, various
cleaning methods can be used. Ih an exemplary embadiment, a silican 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

13



[ 0046] The substrate 110 can be any substrate on which

a group 111-N material can be grown. In various

enbodi nents, the substrate 110 can include, but is

not limted to, sapphire, silicon carbide, Sikh&&Rd 063673
Wg’ilﬁ)(fsé%% n-insulator (S01), 111-V sem condug,'t(:lgrﬂ(S

conpounds such as GaN or GaAs, netals, ceram.cs or

gl ass. [0047] The sel ective growh mask 135 can be .
hegigriesddyice 180 treaboillngHoa 6 dorefpp fokingtey Jineutss unday fibwipgr

(not shown) fornmed over the substrate 110. In various
hydieberd i Tinisritydrogeiveeddiing-alotosphere eapgemenuridesiraliganatife any

dielectric material and forned using techni ques known
oxidgs emibe geriases PHAER §=\49& 100 Prrensinagpiie mipleriadcerniipgtion of

o ST B AR e L0005 O PG oL vy
obh G BEEARHPbE S gy maareer |

jodddy) - amq:]@:*&%gasdréangamﬁmmue@i 8RR bO WSS vely

nanhostructures or patterns of nanostructures over
grivirPRorife eRBRE0 PRANYGT RS porfbiseraghBie Babdiate106a fitAN
etching process, for exaone, a reactive ion etching,
eackaof thepluaity of matieoremapdramrg 188ahitly canfhepiztitaar hydiok
apertures 138. The etching process can be stopped at
sefehiveguvith owslo1 34 hidewaldeive grawgh mastet3s dan eerve eha selective
substrate 110, and ex‘?osi ng a plurality of surface
grwdh molsiie negively rephieatasiyanpeatierns from e phiegly ofgattemed
enbodi nents, the selective growh sk. 135 can be a

aPEEHTERIETS 1A TR BTRPH RS YRR L% TiSgPENERh 5 e,
DS B o R Rl S L e o
L L R e

paRBmid Bpdfturd 3% 'phﬁﬁﬁ{)@f ftePsd 88GHRNAk. HhBARkAne SUCh
of a Man

as a dl aneter, out 10 nmto about 1000 nm

pl@El b RfatheEXRii0fe8 138 b iHbiaded Péxagaial BeaydBu dirhEhsin

to about 100 nm In an exenplary enbodi nent, the
ofabsut abo by, The Padabaranachyaiae tHenesrahs8ranto tiveyrentn of the
hexagonal array with a pitch (Le., center-to-center
rleplie oimgnirdtunisemusial/ 1 4A0wathadjimites ot smediet dmessiorag @bout268)
rangi ng from about 50 nmto about 10 urn. In various
nre FOB fiepncsher gramale ifdhe enecor prae apariuesef the pluraied
apertures 138 can be fornmed. Thereafter, )

PAIEIS BER LT AP GFLaPPOPTTRIED A 31 SHeTIPHEY AT e
I R AT T
gr&ﬁﬁ anPM Sifculdf :gp%\‘tﬁres with a similar diameter of about 100 nm or fess.
Thus, the plurality of nanostructure nuclei 140 can be positioned in a well-defined
location and shaped comespendingly to the plurality of the patierned apertures 138

defined by the selective growth mask 135. in various embodiments, the plurality of
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[0049] I n various enbodi nents, various cleaning
procedures can be conducted on the device 100 shown
in FIG 1A prior to the subsequent growth of the
“&%gs\g&%%% and/or nanowi re arrays. For exanpligmratdforosssis
eani ng 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
narPL R RN Budis 16D fthadi by honexamplega stabdard MDY ) .
Dependi ng on materials used for the selective growh
prog®sk 135, various cl.eaning nethods can be used. |In an
exenpl ary enbodi ment a silicon nitride selectjve
[pogtlowt h Imtiikmanner.dee daviea 186 siprdn EiG A arbe ysesiasg

cleaning followed by an in-situ cleapi.n 1 oadi ng
suRPRE fal 89Avéres gor/PTEg PWE mw%&vawﬁvﬁe gé’f&%ﬁ"@r‘%and
heat i t he, deyi ce 100 to 0 :
seiagin wRbrrarys Sonernren AUR b oy susye noctl,
ydr ; Malely ;HP.%P | B RY e BRWATOR AR €
14$}ag‘ip\3'g§@x§@g§%%taﬂé sur %@%gﬁ%fg ct he del\ellgce 180.
| DG PRhbeARME hahrigRhibbateats, thé selitgive growth
pmgﬁﬁgf%%te_llo angﬁgelective growt h mask 135, one of
maRk S8 @hbeFihblediby atduratas stchihd procssd ér spaskdthe hiatality of
al ternative cleaning procedures can be used. [0050]In
nahds@ucilrB nudeipl40méter thy foofiativawbibe plucalityrcd theurgnesires40 can
be selectively grown fromthe exposed Pluralip¥wof

[0G5aT f ac elnfd®(1C aPiuraity gmangydres 1A% eanpltedorey by Goptnying
each of the pluralit%

| of patterngg a ertu&fs 13%
they@peh of e PhETBRH NABRFTHGUERWCIEI1E OV ™GBkt BT
135. The selectiv rawt h sk 1 can [ .
thesielestyd e roAREIR A APEMS, AUG %f‘e@*gy‘““?%p?"’%é%?‘ﬁ{@jw o
nanopatterns, fromth ral i t 5
oo PR SRR RS P Hic e Qo Bl Rtht 155
Th@:)ﬁﬂra%ky o’f%anan'%FtlEés SarBYBRYed dF PR RSinididR: gk t he
cross-'sectional features, such as the shape and
naflbdTRRSianSie Pfo, RAGRNYe, [dal, BN, INCANDAINGEND st AlGeNUr e
nucl ei 140 can be determ ned by that of each
in Ratdue eMBEHIMEEE, tHekeostrisciutes cph bes Bimed/ fond eqchtofl therphyality of
apertures 138. For exanple, the Elurality of
napewitaarided ireecys eramdigdis atyremaigae-tyae HesaaormalPear r ay
with a dinmension of about 250 nnl_The_heéa onal array
ingeppratedintahe plueliyiod pPaneWires 14Gfiergndig o 187 dged
plurality of nanostructure nuclei 140 with a simlar

anpicageral | er di mensi on of about 250 nmor less. In
anot her _exa

Le, if_the one Q e t he
B a1 5 SErsineds neogl ol BRASh e ok
appr oxi nma clrek A : | Gearf
S R e e T
mBANRE EBGTEeMCl s kAR nGPdha R altl @¥iBndidhs bhGackiok gl ar
apertures mnt%-a_5|nllar di anet er of about 100 nm or
' pilSRF of HAEWires 125 dah YE Bldsbye®@iininanesied enylticreactediein 140
can” be positioned in a well-defined | ocation and
oEaRRsk, R GRS ReainEIghatuee of the narlowirad 145/ swh asisbape
patterned apertures 138 defined by the selective
agf@\intersie keah 3&maih substariialysopstiyddhereamesor sirpilar as that of
plurality of nanostructure nuclei 140 can be forned

by, for exanple, a standard MOCVD process. [0051]In

this manner, the device 100“§homn in FIG 113 can be
used as a :



support for nanow res and/or nanow re arrays, which
can include a plurality of selected surface regions:
(i.e., each surface of the plurality of nanostructure -
‘ng&k%hw340) A plurality of nanow res and/ orpchiaRSW HEST3
rrays - can then be grown fromthe plurality of
selected surface regions. In various enbodi nents, the
sel ective growmh mask 135 can be renoved by a
thespénuss B8eliyrriags pnbedisents Sedspstis ef qaple NHIOWra cRR 99 uji
nanostructure nuclei 140 after the formati on of the

an g Migrgmefers; SRR ES 20 pPOCS DY FIG 1C, a

| urality of nanowi res 145 can be forned b X
[00&4HNnt i nd H@‘lwﬁgmae%wws @fbuﬁﬁ@aﬁrﬁg%pe {cyn%:’f m¥he nanowire
nano ]&r gct ure nucl

deiiie B SEbPE et eAna b S B el Bl At ' 1O
mcl%@% Eulﬁ%%@er Rebos &kl Gink hﬁ s%ﬁ%eﬁhwgénﬁfgﬂomt HEe

rotrudes roma ective

na&mgﬁew@fd@ ok %du?ila% vk Rt ﬁzo &époemé@sa dhBmgan

rmed of the sane naterial of the nanostructure

sudhuligd subdithte fi QF arixosaMctve draMnh nidshisudhndy, the sdtedive growth
Al I nGaN, or Al GaN. In various enbodi nents,

mablel 38 (e&d FIGS, uAdE).Clavaiies obogichehte the bafieh layér 220ean be
plurality of nanowires 145. In various enbodi nents,

a plentiygeeniandiaer filgm fopped dofoaeramplsafalleANntobl [F&abl aknGahk o
the plurality of nanowi res 145 depending on the

or 468Ny i foa prarRiatsiapAard MigEa- WV@F%WHOBWQHE ¥18 t he

R e L %f%?a‘?ﬁb%éf%b?wr (i agou @q‘ﬁ'ﬁ&% Gy

n %gégé%ﬁ&%ﬁe%%%@%? e R T ot Shee e
P ERTS TR i
naﬁtg\ﬁl% i tchgcp dr%f}&%f ngﬁ@m}érs &0, %arkll€ dE@Jﬁﬁv}enB\ﬁﬁ taléhgr SUCh

nensi on,. can remal n substantially

& éﬁﬂﬁm t oS PERsE. simlar as that of the
Dra%gft ures 138a I'n 3ari ous enbodi nents, the | ength of

[OEBEN NaPABHER dfbdBenenthaRriatsrn odfhe mueAlONF nendstudiat
exanpl e, about 20 pm or nore.
nuclei 140 can be controlled along a single direction, which can in turn ke controlled
by inteniionally orienting the plurality of patterned apertures 138 along the single
crystal direction. For example, the plurality of patterned apertures 138 can be
intentionally orientee along a single direeﬁtm of the bufier layer 220 as shown in FIG.
2. Inan exet:ﬁplary embodiment during L patteming, the apertures in the selective
growth mask 135 can be intenticnally oriented along the <1100> d’ifection of a GaN
buffer layer. [n another exemplary embodimeﬁt when the GaN buffer layer is gmwn‘

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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[0054] i n various enbodi nents, a buffer |ayer can be
formed in the nanowire devices. FIG 2 depicts a
second exenpl ary sem conductor nanow re device 200
i n ' a buffer layer in accordance wth g4,
wﬁ)rzé‘ggzﬂﬂ%ﬁ?eachi ngs. As shown, the nanow re devi cesz‘{g)g)fg)ﬁsﬁ-f3
can include a buffer layer 220 di sposed between a
substrate such as the substrate 110 and a sel ective
_ [00SHIOW h Fie Skdepieianaseinpangedaeet fovergneaphraliysk 135
(see FIGS. 1A-1G. In various enbodi ments, the buffer
nanbalyeran2 @0 narawirk eraypisingdine orihesrraio Grodriin ASCPERRE
of, for exanple, GN, AIN, InN, InGN, A InGN or
withth@aimsentijsachiogs. Ssresiraly. HE ahHueTateRPRoEs 475aF Coyes

nbodi he thick f, the buff |
s ma e ki S SR ST e
' diments, the buf |
A ST 4B s O, g0t e

In
order .t i | | 1 > 410 stsPodi ehe
S e e S e
' bY &nRPHEd B BRATE alplRENgib@thaIee (0d., growth-
56!%@%%&@%9?&??? [ nn;nhe ar? cangblguse'd. [0055] In
mo¥@friitenesrhaeihaBet fme t hEhopuledigatwittoB2bdantfirthepingiude 4 t y
of nanostructure nuclei 140 can be controlled along a°
nurbergk pulskidrsegidnoes, fattexarhple arfirstisequsnee loer 3¥hesesddd by
intentionally orienting the plurality of at,terneﬁl _
sequentd o328 1ERg/on RAKiPrEHREqUSTRE 8PS 1) yeTgUS MPREinERi. o,
exanple, the plurality of Egt,ter ed a erltursgB 138 can
firsheequeRceIPCR4 ICRY DB FIREAPE 85 BFSRTP™Y SEFYYgPe'Y Petti on of

the buffer |ayer 22 S in_El -l
04 i engarERoRTET g e Haricionay ipfles
ertures_in t [ I be
andRE P ERar s 0F REpE bl End Bt diakeia 480 0°
: i it 2ARGACAnAKE SRDAL YasSTHQANVEE06
pr%ﬁ@ﬁ%%@%ﬁ%\? ﬂgﬁ%ﬁg?a*'g}?/er i?' gnr own on ay%apphi re
cafl YO Bbfta Br o LABHE peRiisbRya8 sidh dsainttdnNRI0 Wurihdthec
axi s between the GaN buffer |ayer and the sapphire
seléBive $10, HR2APBHIZAT A RETALUSRIOD TABBE 2@ ays can be
[ 0056] FIG 3 depicts an exenplary process for formng’
formenlirus MIOCVD refictocindwlingsibe Simtpresursva Besea #ith 4 ensi@t ng
t he two-phase growth node in accordance with th
figprrete @haboub HE$McHY 8nd 15 &eFoNH prRcHigor gep A Jith PICHRT I Al
recursor ‘gas flow curves (ipcluding a fi .gas flow
ol oo G0 TR qhe PesPEvo sty T

. ing a
vf%;i'@s%? Groet 4 Sl eE g Pty pRRS Bifbo Ry, ARDuGEAIED
i 14 i i0.- _ o ’
S S PRI R e oo
a é’%@é&%ﬁ%&@'@#gﬁgﬁ% ﬁnl')%ég't’ RRoliCthe group V precursor gas (e.g.,

.a transition time t4. The

T[Héllajsé?-ng LW Bredd@ocn (é.@.rﬂﬂ}fﬁad teGhtHideced sthiibesousfy and

pul‘sed 'sequences, for exanple, a first sequence | oop

1h3 2foup ¥ §RGS Ntafe careRORaihaingd, 3@ @xamplé,cat abald 00 toregbut
sequence | oops. In various enbodinents, the first

560E (u eneenptpedBddicant, e orep¥agreth Weatorandedwigained at
sequence | oop 328. [0057] I n an exenpl ary enbodi nent
for the formati on of GaM nanow res
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and/ or nanowire arrays, the first gas flow curve 302
can be plotted for a first precursor gas such as
trimethylgallium (TMZ), and the second gas fl ow
curve 306 can be plotted for a second precupsPiiisghdsosicrs
‘Vga@ﬁmﬁgmbnnnnia (NH3). During the selective growth
310, the exenplary GaN nanow res andfor nanow re
arrays can be formed in a MOCVD reactor including the
abdit 150, AurBSsRarregas coMBonaifdrithesetrofivet giowihf31Bwam at e of
about 10 scan, and the second precursor gas NH3 with
inclide, Gorsixample fAnomitizl seastiof eapeatuel SebogdSne "ivADOHEIRRS
during the selective growh 310, the precursor gases
°C(d reector préseIGaT apulit NpBYorc and b &ydTegpRETTEEh ERTHBERS| v,
not pulsed (i.e., both Goup Ill and G oup V
mixiure Gaving® lagense Bow plabeHioAPOR 86Fm: o YITE ¥Ry Paeactor

ma}v%%;gé}g%?éﬂqqghegﬁ%%%gﬁ*@g”m%@g%ﬁﬁg@é 8@%&%&3}%&%

I e. q. -13
S“&%%E%Gﬁ%@ﬁgéﬁﬁ%%%ﬁ%?%%@ﬁ&ﬁ%ﬁﬁx%ﬁg%gzoagn\ﬂegroup 111
[D%%LL? g InBﬁ:aulre@éi EFO%I{@#)’ ﬂwfe(ﬁFsr’g[EPé roas éﬁh%%@é% to

n an~exenplary enbodi ment, e group V/
th%e drééurécﬁbé@slfcﬁ Bs Re1; TRt B RirdiRLeddrerdiihihichOgrowth
urther, othér reactor conditions for the selective
resH WM HdRAes BstUbRE, Bl @xarfigls, shewag the fiahsdguendeadop 324.
reacti on tenperature of about 1015C to about 1060 C
In Sarfocaemhbadiments s eurationabeach af@0atifgsicprdthin the pulsed
hydrogen/ nitrogen carrier gas m xture having a .
sehzarica ean Ffeciiho rowtioef tharBoOWEEERT/OPRNCHITE REBYSe WIIECHED
reactor may be used, such as the_ Veeco Turﬁgﬁﬁék
furifisel b4 OpfiFEzeNiRnEpeFEIERRIPT YSAMRHIPE hFarGEaBRIBST Pyped

sepioet b Sht, oy B aerioos B AR Rl B g ey

L bl b

e;{aﬁ@!%t o %&oﬁd %@ﬁé@%ﬁ%g@@%ﬁf& Gixtifr@ bf IR BirogdiPWN as

first sequenc I'n vari ous "enbodi nment s,
ddﬁhg wﬂ@ﬁ Ad biRBuredr R8s ard ifre Bt 41 rSioRad bi ihbducigeH;
pul'sed sequence can affect the growmh of the
wRBNAW faRSof aBslA B0INEHRENILT Ltirfe ficding suahHscibooiAd deusrids émot
be optim zed for specific reactor geonetries. For
ilestamp) elowied b Hfer drarrpte, pdb semng eartiergse PLuefe 824 MiAWEa
can be introduced with a flow rate of about 10 scan
off rydrogerdrétragan h wilie np prcwBon dages igyaited a SthEp suise 2galang 5ifYs
(not illustrated) followed by, for exanple, a 1%
alsebovred daperiding of dke raseconigations, SHRQR [PLeXgpPle 15-40

s%yofgfaof%&et%%@afﬁ?fe%ﬁ o o PR seste or i cBeY ke %%%Ef"r?h
1500 . . '
BTG e A e
Y e Foorevonslecare o
n%gétg& (lj\jltmg e‘lgi\‘aﬁrgleg%\ ethe RiAhSRnGkiFald RAS AR ¥ opE:GMpREthe

ependi the reactor configurations, such as
sécgfem%&@dﬂoiza chh bé Geprarand heftoridieql@nes fpob 3RS rtesibirant |
15-40 seconds for the Goup V reactant and 5-15
seconds for the purge gases between each react ant
i ntroduction step. In vario enbodi nents, the pul sed
sequence such as the first sequence | oop 324 can be
repeated until a certain |length of the GaN nanow res
is reached. For exanple, the sequence |oop 324 can be
repeated as the second sequence | oop 328, the third
sequence |l oop (not illustrated) and so on. In each
sequence | oop, the group V precursor gas (e.g., TM=a)
and group Il precursor gas (e.g. NH3) can have an
effective V/1il ratio in a range of, for exanple,
from about 60 to about 300. In various enbodi nents,



[0059] I n various enbodi nents, the transition tine
(ti) can be determ ned by the duration of the
sel ective growh 310. The transition tinme (ti) can be
e t on the growth rate inside each ap
v&oﬁ’g’}g@gﬂ’ﬁl e, each of the plurality of patte‘ralilcgarllc’ﬂwS%()m63673
apertures 138 shown in FIGS. 1-2. The growth rate
i nside each aperture can in turn depend on The gas
sedubosssodpeinat jussaoWerdsogas infdaohszuenedo@ theaneip304) of
each precursor gas and the geonetry of each aperture
preofirsertges (8.oir BVEe)ansforpett ereadaorape fa.q M) aEadiaveral s

geonetrical dependence can occur because ﬁg@ rowt h
oY YIRS INPGRMaEElriBl BampEoRiTT RRey S runid, TR e
g iited both th | ect | h d, |
on e 5 00 Rl R SRS B B O e TR o B
gm@éﬁé%[)ecgik rér#ﬂlltl aﬂﬁgpé esseﬂﬁg%?:ﬁafsle GEl btl‘(fg ﬁ%m%h Rk

ave a surtace and c el ther |eave
o cgrgﬁarp"%ﬁlfinscgé % GR Rferstahd inht ths deHOHA PARAN PRrainBiep bropen
apertfure, diffuse to that aperture and contribute to
exdritfarg bANEdh Vol dspeRdihdad tha peedifidreactof héesl. addi ti onal
gromh rate contribution can therefore vary based on
[0d5BE Si Zle vefiouskenbapierchiss s tramdion ime ¢k )staa ve dsteatinekiy
the apertures. In an exenplary enbodi nent for form.ng.
theadypdtion af the peletivegviadtini The Saastiendmedbnsnibedersndays,
t he growt h-nodetransition can occur after a, 1ﬁ[|m nut e
ondh W fate insidp easie praEUTey BT gFRINe, opgh R the fYrally & nut e) |

it T&ﬁﬁt@@%ﬁ%@ i %83 %) IR S B s S0 e

. G&N '
Caﬁﬁ%tfﬁef VR et eP o0 R g B B S and B id
eagﬁ é’?%ﬁﬁ g}a@ﬁﬁoa%e %%H%Qﬁ(_@ﬁ%%@%%ﬁ% oPthe BRPAty o? BRARBaN

about _ I'n various embodi nents,
apb RGeS MR eohBeichl ddpeHdehok dh BRI BYEaLES tha RELAN
nanow re arrays can be affected by when the
nuEHeAMt 1o SREMId, fraMSTiGDahdics Nalplah B degesitedehadingnl i t he
growt h-node-transition can be applied after growth of
seldatvejrawin riasly and inneengeh mpetukese Thuicd edlectid®gowdt ¥1ddige
over the top of the selective growmh mask (such as
BBt thetaleppsits Bh GB seleciNe arewthnask earshaver déahpaFaee, mobility
different configurations/di mensions can be obtained
arKisRn BHET ieaMOWE (I KB P7 Ak FoPS-nangTLlg & OpEb el g
.on whet her the growth-npde-transition is | ied
afise o averpirg and GGG e er et i g e ARE, 1S o
now re nucl ei . haye top
ke e e SR S T
| ' e LRmpRaNaMbdfiment f
ap%gtgﬂiegén%%%%s ga?]ﬁgg%éﬁgé iaggmé&g P‘g\%\ﬁ?h-_ r‘?od.e-t ransi ?r: oﬂr:
fo'n:rﬁiflé § PHP&H@ R BARMahSwiftd Gh@/br REAYRIrdERNS, thég oL dhadke
ove e top of the selective growh mask. It should
1rRRitikEe BsH dturHPBAE 8 Minit® d@BRoNal tersdiettve yrevkth (ike., a1 t he
art that the nanowi re device 400 depicted in FIGS.
mihAted GhicRRae b Bkserimegihedadrmred by tedball growihl rafgdtsidstiheon
and that other |ayersinanow res can be added or
patieiTRt iangrirey 6Tcs ErampmiticeSalt growlioratessn e dbait 0foui/fiasd.
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[0062]In FIG 4Al the device 400 can include a
simlar structure and be fornmed by a simlar
fabrication process as described in FIG 1C for the
evi ce 0. As shown, the device 400 can in (gt‘}iﬁs
v‘}jﬁgs?()ﬁtgz(]o' 410, a selective gromh mask 435 gj;n azg‘)mﬁm3
plurality of nanostructure nuclei 440. The sel ective
growt h mask 435 and the plurality of nanostructure
thePdEdridd AU BabBe ihakemotn oikehextireatartzy hewng a iEgeter of
wherein the plurality of nanostructure nuclei 440 can
abdi@zoVie asPEpisHdf bbnadgim. t he sel ective growth mask
435. 100631The substrate 410 can be any substrate
00801 | arin varicih embutisentatthe grogthoff th@?é“‘”@l&/?"d’@“i‘@‘(?‘s ag/or
which a group I11-N material can

naigie Brrasear be aﬁ‘@fﬁﬂ%bv wmthwawﬁirramﬂest%aﬁﬂw B ape'ﬁdr E8h
e e R S 5 SR bRl 1

t hat of t | i
napobgucie i 188 Bk by ne BPOThS SicHl€arB sk ki o
13@%@%% {(%,f Qloy NANRRLS L!a%%ﬂﬁ\eﬂﬁcJ:ﬁére&%@nﬁg@fhﬁb@sﬂﬁnmrams

ng a p urality of patterned apertures

debhdats Ry dbhansekeatdyy SlegeaiMdomuisithet 35
Ca'g\gg?btt§|ﬁéew\§ttgs?r gt e 210 Eagh of tﬁ’e plurality of

hPGFbIEINRI-rRASTALIE afplkarbdiheelge ab shdvedn FIGY rieionpftar
serhi conductor material (e.g., GaN) therein using,
thé SenoR¥@nEle havet growia tochrotiid eV theTiar ophihe pelpstivg grpwin
nanostructure nuclei 440 can have a thickness of the
mss ective growt h mask 435, for exanple about 30 nm
and a cross-sectional dlnenS|on such reg ﬁma
[oemrret eFtGSeﬂAMep@&aW@xera@wtseW?ﬂ% " BN 96
And as .an addition
ATt B PG m%fom@gd% b anaer el Rodft Lo pave
0 ,nm 1 linspBliGpe4Ehdiy he
mﬁ%@&ﬂ%pAHﬁog%'h g %%&eaﬁnghﬁgﬁgééIﬂ%nost?uctb$es

P%’%é %%}L}Q c‘,?ﬁlﬁé lski}l irPfe WR tHat RE n¥@dvlire Galiby 460 Gupididaen

nanostructure nuclei 440, when the

Fi%?o)ﬁ-ﬁc sehisa\§drelaAredaRBah fic IRbHRIN ahdithapbtueral i ty
nanostructure nuclei 440 protrudes over the tap of

Ia%é}ﬁn&%lmﬁéé EAHEn ORIl br evisiky @& mEmwirex earpbeeremeatethorof
he plurality of nanostructures 442 can be grown
moditid, al | y, spreadi ng sideways, and partially on the

surface of the selective growth mask 435. vari ous
[@aZiodi meEnFis. 4ﬂhtlaeppusp%\ﬂqcltqan@’fcltﬁaﬁ@%ﬁaU%@%P‘é%a'lﬁ b2 can

i ncl ude a pyram d- shaped st ruct i.di.n
fagmnedbyd similay debricpdgn @%ﬁ% esgrl gﬁr ?é f%rft Fﬁme%o

et %aa%a%%&%f ARk,
R Pl B R 4 ISP Bt o

PR Qakdidfd 44088 hetdin
R BB et
the plurality of nanestructure nuclei 440 can be interspersad through the selective

growth mask 435.
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on the surface of the selective gromh mask 435, the
top facet dinensions can be increased and be broader
than the cross-sectional dinmensions of the plurality
of nanostructure nuclei 440. Wen the growtg,

WO, the top facet dinensions can be decrease
such that a point of the top facet di nensions can be

smal l er than That of the plurality of nanostructure
100§ C! €1 THAbsiie u el edrese drheusiientmin® tie subatrdte BYP ofmi d

top facet can be controlled by, for exanple, a

the E@AdEI108 L drowhica drbep Bl meterisieay bo g nBersybstrge 41§ o
apply the growt h-Mde-transition) to st 0{% IE{? ,?yr W h
can Ok, fofexapiler sdpptive, sticynaegiidedoTiispe RIS PREMAINR. 1 n

vari ous enbodi nents, the ex lar ran.d-shaped top
nanbeiteEs Rusiel A0 43R EATEd SHAr S AP ER Rl 8F

Of each
t ted f : LAt al h
angHBEEEBAE ST drvce fad SERIE PR 8 BhBEnbRl ik 1°

arrays using. t I; it ¥ Bl Bf
p’“‘@IIII’)B%IEWﬁ% CI%"EI heIEt?IIIIJOr?%gtbgé&II%Eb acgftc mIJIIIbarr?et I-:Iwof each
o) ' f JRAROS tha I SSdKiRSarddi neak 4BBover the
pat%%“ﬁ??@?ﬁé%@?%éw@n%eﬁ er 't han thﬁg of each of the
subRirME @k b t ¥adBfof B IRAIROST Dt had aperiures edn tdObe filkd ar i ous

enpbodi nents, the top facet of each of the plurality
grofngRaRATd RN d eteridd@ oc BBnN) theeimmusingk BN prampje. standard

cross-sectional shape of, for exanple, a sguafreé a
MDD gthe plusalivesinanegtrectusgrmuglelA40 cambavg adhipnegs of th

[ 0065] The device 400 shown in FIG 4B can_he %sed as
 selective pigwiit matk 438HEUEREPIEaARAUE FC WEAWIAECEPEPEY whi ch

I i ncl ud I i f | ect
drvagooneo 74 wvist o Pt By ok FEAE ORI & poo
I [t . n t d 4 LMt
g e e A b R

dtrﬁ%ﬁﬁp%@nﬁb%&b&?‘]éEMt&Ebcﬁ?Idﬁ%ﬁ‘d surface regions and

ai e cross-sectional features (e.g.,
irensi Qs ad 1ih@Res kod baraiagiieaf plirbiy pi nanadtivtyresf442

[mg&gﬁct _egn;zur ace regions. [0066]In FIG 4C a
grbbHER Y Ys @En AARATMalEFord 46 sty nérerstnstur yiuclei 440,

continuing the growth of the sem conductor material
wHeR 1185 grok@aModertais tidreoqoliar &lfeitiye peraiie PREANERITUSIFS BRSS!

regions of the device 400 (i.e., from each tFﬁ fﬁgeft
440fpratindepbver thitep/ofdife saiReivesarowib MAKE3% 429 S¥AT 59@ d

pul sed gromh node. Ma result, th lurality of
tnex G OB BaneEBIEARS 2 o8 e PEaie . Sereadiop HoR s e

sl B e PP e R TR B g AP
.I ] . 1 I- , " o 3-
g ey pa BB R RS = i EERRRA Sk AT

d growt h node

rafter e ) i I licBsHEbeN\Rarfogiructures
o P g B R B o e e o s
G ZI’ﬁﬁcltfcIeI‘ée(fO@I)’H kG thif aRd tHRANMRMsIAS 0FA4IS top danebeart e qopticlied

e top tacéts of the exenplary pyram d-shaped
bi@{h@ lé%wcggqeq{?m @f PAcHmahdsiructork. Saexifeaii et the esrlyAsirme of

eat ures such as cross-sectional shapes and )
18 JFRS Ivep 19 plgrantn obfanbétaiciarasr4dR istgyowsng latanaliiand garially
can remain constant with that of the truncated top
facets until a desired length is reached. In various
enbodi ments, the length of .@ach nanowire can be
controlled on an order of mcroneters, such as, for
exanpl e, about 20 gm or hi gher.
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[0068] FIG 5 depicts another exenplary sem conductor
nanowi re device 500 including a buffer layer in T
accordance with the present teachings. As shown, the

nanowi re devi ce 500 can include a buffer | ayeruSe®ioeiers
WHHIOHEEAY bet ween a substrate, such as the substrate

410, and a selective gromh nmask, such as the

sel ective growh mask 435. The buffer la er752r9bé:an
on tHeesuctass ofitheseidctiyrearowtd mass 4B ielpP LG EHMIBRE A" i n

FIG 2. The buffer layer 520 can be S0 lem
incrdasedrent hsf brogdsr thap fiRfress-segign! “Nf?“si"ﬁ'%"g"&‘gﬁﬁ@{%f’k

usi ng, for, examl e, stan Mad: iBWRsions
“a“%ﬁ’ﬁ‘ﬁ%ieﬁé‘ﬁ‘leb‘!"'t%‘emww gg%f E&e'DES er i ayer 520 -

an_be about - Uhoel ir@Rtionsbanaismalier than
canéﬁggﬁ?ﬁfgﬁﬁg?htf‘%gﬂ @lﬂt%gtpél ye? 620 can be doped with
hatSh ShrA AnbyReu@ireduBef44De THOPRIY, tHerdimertiens bbeach

ﬁr'ow e an electrical connection to the | ower end of
oyr&AG RptaRR W 5 cdhROIRATHY) ESexabiiesd Gruispliant of SxeestisP By

results for a plurality of ordered GaN nanow rﬁ%s
groRIRGce (Ao ebrletherrayismydewandient etap e PR PHEs e
: grom h node without wuse of a cata

lyst in accor e
pluiality bf gynemipisbamedtnanesipiliegs I \GEPE w%dwﬂ% &F&é‘?ﬁ@g&
nucl ei 140, 440 and the nanow,res.145 4
oyraiBlsbatect i fogsle 231 bervrseeh Sp4 R S onef S o
. substrate). As shown in F|GS i sal btd¥nrof
topderal ravibRY PLBABOE “ger%\lieﬁ?ﬂ”ﬁ%“’% o @%2%”“@* °
uni formty_ of, positio LENEALLEQR eritRasidhts, th
NARYAHE £1T8 Si‘"@r?%?p‘ﬁ%egt%?q%ﬂg : gs'g?n?Jathﬂ% e(?lil rensi ohs  and/ or
shapes n | RiHe steapsdtinedreb@n2tan be n
Wgﬁ?@e{%ﬁi%ﬁ?{%&t@#& dy?)g%?btllir@ﬁy and di nensi ons of each
mﬁ}ﬁoﬂgcy\#orb% iflerGRd HHRPBELHWI tHe flinaty efftheariostaysbre DHGS! of
the plurality of patterned apertures 138 shown in
445] (Saridis2mboRinfibe the @ipackt sbercs of hi@lupaii o NBRPsEHYLes
i mensi ons of each nanowire can correspond wth that
140ta0RER dhenehplagterast-sedonglshars 9ftfor SEMRENB SRR Fur es
442 shown in FIGS, 4-5. [0070] FIG 6A shows a
poBigOrs erregiarga an ovd), @AECTESN ni crograph (SEM result

T N
naom e iy b VRGOSR Spusast galen
SLgfcf:eg Eegggﬁ%&.gﬁ tthetSI?J at?erci:f %Qéha‘('bb %eﬂ;f tﬂé}ﬁur%ﬂ%ﬁﬁéﬂu&tﬁ%s
442). A plurality of nanowires and/or nanowire arrays can then be grown from the
plurality of selected surface régions and maintain the cross-sectional features {e.q.,
dimenskons énd shapes) of each of the plurality of selected surface regions. |
[0066]- " In FIG. 4C, a plurality of nanowiréé 445 can be formed by continuing
the growth of the semiconductor material [é.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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along a single crystal direction, for exanple, along
the (0001) crystallographic direction of the
exenpl ary GaN nanowi res 610. Additionally, the snall
central (0001) top facet of each nanowire c :
Wﬁﬂ'@awgﬁy inclined {1102} facets on top of eéj?(ﬁ&;ﬂl)ﬂﬂﬁ%ﬁ
nanowi re. [0072]FIG 60 is a plan view of the
exenpl ary GaN nanowi res 610 show ng t he hexagonal
narRfteRirEy 442 udiReihe pdesddrbwihaceies Aok resuttthSpiNality of
nanovvire. The sidewail facets can be perpendi cul ar
nato@virthessdiande réguiarip Epddes asdhaveEneaeplawcirMER kar6Yo
having the sidewall facets of the {1100} fam'ly. In
fromabpBas tertogthIPamm, and phexe g eps-TcienTestitRe ﬁfa%[“ér y
GaN nanowi res 610 can b% about 1000.n|m or |ess.
eXAraRiE: 3|STHES| FROMGPRFECHRYE: 128 Ve WA “f5howi re geonetry

ot U A B e B
gré%gg &sokrg%%&%i%ggﬂ Gdle %ﬁeﬁ:ﬁ\%tdr&ﬂh maBkiad, $he phRalahsr

top tacets. For exanple, the

naMflidel 9284 cAH 1A% Judhese tf)f»‘fac&'@%f b drahildry pebmGadiaped
nanowi res 610 of the pul sed growth can be, for

strect@BPbihe AR ondhosiilaturar44li Ghatures @hidserasisestionaind,
the GaN growth rate on the [1100) sidewall facets
shfpesend direheined of dhcredftteomyradnaf tsocwEs«ib ican remedl i gi-bl e
in spite of their much larger area. In an exenplary
cossvigd dithinat of theheurcalRd taprfesaty Wil S4e5edisngR igeBIRdhay | ng
a uniformlength of about 20 pm or hi gher and
varS FrPFIMEnE e Bl SRRBTENOI 2B BAEOBRISH Jf OPEEL,

when a 30-nm sel ect | velgqryg%h- mas.k I s used. In various
migRHSESTEHNES, Phexagplks PR BE%Ten in the carrier

_ s g |
0B« S SR Aralis 2eoRes kBl AR e son,

o ‘ﬂ l? ; OY%%@% I?%e? irf‘ %;ngaa Sr.% v\%hﬁ% pr@é’n@@a&ﬁﬁbsb As %‘fwown, the

I'S essenti al I'y no threading

naﬂhﬁil’@é&ﬁk.b 306 cﬁ(nTiP&tudeFé%uf@( RaY5e0 dlpRke beRRCRE silfsirate,

readi ng sl'ocati ons observed wth the GaN

SRR AW saSsrhAD taNSHIQ! sefebfvesdionin nask lith a2thasdedivg. 5,
even I f the threading dislocations can be observed in

grbla ntaRR4Rs!f frerbufiay eyer B2Dcaartel osimER Gyerid drd yifagiayen 820
sel ective growmh mask 135 and/or 435, since it is

sHoehireRied2.t Tat buffeelaper §26 backe @ pakerfienimescsf. of 9FmMPlRe
nanowi res and term nate at a surface beneath the

Gt MK Hnivas RiGalwainge fargrasmple, mlangad MGV B vegays

e S T
;.LF%.S in6vzl}ic?li19%mb%%irr%nltsj, ﬁ'\g rt‘:u#&?&yaragzc}%an %% ]d%[})éd with either ann-
type or a p-type dopant in order to pmvide an electrical connection to the lower end
of each nanowire.

J0069] FIGS. 6A-8D depict exemplary results for a plurality of ordered GaN

nanowires and/or nanowire arrays grown by the multiple-phase growth mods without
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[0075] I n various enbodi nents, the uniform and:
hi gh-qual ity GaN nanow res and/ or nanowi re arrays can

be used for fabrication of high-quality GaN substrate
structures. Commercially viable GaN substra

t ¢67/063673
W3O %hecause GaN substrates can greatly Fg?{@?tgtﬂﬁes

the fabrication of visible LEDs and | asers for the
energing solid-state lighting and UV sensor
sse 5 ek RSaccdfBERRvRth hdabbantibatiiasdsot the rahesufereused
other related applications, such as hi-power RF
nudg,l 146 WD Sma ek it 5] OT#83 frown aithel g oaiB oiR MEH s,
GaN substrate structures can be forrredﬁl_(‘j%/\? {%ﬂ
cata@Bttieposied saithersUbkietpl @sahmwrymé‘ﬂfi%aﬁﬁ 61 o Rl
those described in FIGS. 1-

echnij S h as
nanowires Ghe car gepivitnlgge an@m;qutyg% OE‘tDHPB%P&'e%?é lary

sem conduct or devj ces incl udi :
cro%ﬁﬁ@t@ﬂﬁ‘rf@%mf?&ﬁegVTﬁd‘“‘ffé'G” ncgfg?pg {?HP@E %[ﬁwmty'h ®
lurality. of GaN drigpnd Bacs ee
dESFflb@fj NgE ry'”tﬁ?@efémgggn% ﬁ?g@émo d%ﬁ the device 400
éi@é&@he( mehtfbﬁaatﬂ%msd
”m&ggep(éa&c%"e?‘pgnd[v%%ﬁ %ﬁqﬁggnplre thg GaN growt h
| ape‘?th%QHEé OGRS 1@dhﬁtr@ﬂemmdahém\ﬂm@3@me of
formed plurality of nanowires (e 145 or 445)
dirhdiSts df BEoh Rmveirg cavdentepond Sih tr@bufeeanfetogmcef 2R t hen
formati on of a GaN substrate structure (e.g., the
plufi $f RarloetrtlRes F42sho®a 5\ FIGP. 4#37) . The GaN substrate
structure can be a continuous, %I t axi al a(gg ;ﬁe!sbﬁ/
[oovolal escea. Msﬂmsrafﬁ:lmﬁrupﬁﬁéﬂﬂ“&ﬁl? By E““i'i%qr@m M e
determ ned for each nanow r : ;
forshemxemalee/ GalN ganowiEES Hi Wéitﬁﬁgoﬁ%glﬁ%‘“fs ES g‘ég}? 885,
hei ght that_all ows. a ef ect
ensandie o P g SUR Bl ekl pRoL CalE, 2

GaN substrate tru HL%)F In addition, the 'suitable
-+ NapYiHgFEn ! e%aﬂgg K&Pght  that can maintain a

[{)@Enham Efd by %g\t@é‘ﬁ‘fat Hib bMRALOR of BE Caleanesitdstengan be

conductor evices, for exanple, those shown in
alcﬁq Prglal dleBotiéa oossmerrbaictigntie (0901 heysalisgraphic
re ad

ng defects are not present in the pl uralltg%f
d.r@amnre,m@%ma@esagu panbéBesH 04$5§51ﬂ0!‘tﬂﬂ‘$ treounallcer £081)
the GaN substrate structure

he substratef ]h
toff Jabet of &ach reinoditd paroe hwpdetﬁ*fb&'t"%@%d Bﬁ@?&é@q&ﬁ qadon,fr eac
nanow res can then occur and provide the GaN

neotysd.r at e structure contai ning an extrenely | ow
def ect density, such as

10672]] owe FiG. GRS 2CURTORETS nroerreann et o102

the hexagenal symmetry of the sidewall facets of sach GaN nanowire. The sidewall
facets can be perpendicular to the direction of the selective growth mask 620 having 7
the sidewall facets of the {1100} family. In various embadiments, the diameter of the

exemplary GaN nanowires 610 can be about 1000 nm o less.

24



[ 00781According to various enbodi nents of the
nanowi re formation process, the process steps, (e.g.,
t he deposition, patterning and etching of the
sel ective growth mask, the selective growh
WRABRTE* nucl ei, the pursed growth of nanowprgggqszgﬁlgﬁms
the formati on of the exenplary GaN substrate
structures) can be scaleable to | arge substrate
{{)B??/Le as. THhRYareAs @hieoatbel n@adint geanetyiidpdthesross-
] nuf acturing requirenments including autonmatic wafer
sechtARdbdinEs)aNcVe Nt RO SEh -8 intiaatgethating Sahlarayiy r4ig Fan

establishing efficacy of photonic cr s for |ight
onlyexcturacthi oertical dnecipeitiat is. amiie F091 ) 9 {ﬁéﬁi .k‘*“%%%]#ri’?es

8- 12 depict exenpl ary enbodi ne for | acti vé
exanhplei e yertiert DGWIGES 43 @Wnsﬁ‘galﬁtfg%aj\%aq?gﬁ%\r/‘mgwe& &aes ers,
and their scal abl e processes, for. man j I
e arawtis e BF FEHEELS “bTve 2 0 G0l CHafe Hhp Ko e
nanow res and ow re. ar ke fiS!
call onir eieanatl Faoarr ey s BRS é%ai#gg’. ?‘Eg‘ﬁ?zﬁé’fﬁiéﬁb@th
evi ces.w U erii B dnbobifeal
ne @P‘EWP&?B%/&EE'EE‘}Q%EW%{M&% @ﬁﬁ%ﬁgve T oval e of 0100)
fam | iR GEhaef oftabeg @0 ivde hyhanesl
”ar@gﬁesoée/m}%ﬁg%gg\@?{agﬁé gtg?‘if&;ﬁ For %r oup 01-N materials.
Hi.gh- ' 50 drlidssNuivgl d 30-sehlestiye-
maax&%? %ﬂﬁ%ﬂ%gﬁﬂl s, quarnt um Al GaN/ GaN wel | s or
gthth]tllﬁésrﬂé‘ gggd?m betrioué\l?mﬁdirﬁenés;a larm| trixencd ofhydivger Biited on
ese side facets of eac I nanowire.
cafiBy ga8 Xk ean bl esdian ovviokthg nawirelgerasor can. be
changed significantly when other precur sor%%gsesma§ch
oAy t ri metadyitied, thel exemplen unife @3N REAOHTES B TIVE ) 3t e
added to the exemplary MOCVD gas ase during.
BAEBD siadegf biat-qualisy ghat 15nmt?fﬁ%er@g%‘]dp‘gi?éﬁ‘”%H‘&‘L?%?q'l"wﬁm'
nol ecul ar fraction (e,g., .abaut 19 ' N added
For exantiie, tere SrarmsIor Y adé'?ﬂﬂiﬂ?caﬁ%r}?oo &frggéa?v@havg Ga Ign
result in eac aN nanowi | i LAdingM t h
R ke A L S
diapeter). increasi bkl 0 sndics0 ahdegivioutie
d‘g‘é"r’i‘g&sﬁ% E%Hg%al%feodvﬁ%ﬁ g%éétﬁl bgﬁég%eg core- shel |
er ' ta3k Ssincd i@ tidlievadahadi shasa disledatings _
seﬁé%ﬁ%&%{ég% 3‘}@& sungh as I nGN and Al GaN al | oys
beig%m#aﬁr&h A haRBwiRChrE o eirae & achi@eNeneat tierasovh mask.
a result, the core-shell géowttlrj can cr eg{oca?a
Brorblehd détednarek CaNvENdvres 6@ can @ pws en ¥ i ght
Flg?ﬁ]btti ng devices. [0081]In various enbodi rrEpél% an
s@ditbi anal ad hir exbryrie wepphirersiicen ebidafHhEs 85k Rb: ' SIHEY
to grow the core-shell of the exenplary InGN-and
sWin@aISi elipys, after the GaN nanowire has been grown
usi ng the discl osed two-phas r oW, Thi Ld d
TEh rioteebRTBEIRetT TIGUS 2] DRER AR e T e EaTes
h [ h I [ | . .
RGO eATeyL 87 B g ooty R R v SRR

sfergﬁ?&gsi. %{ﬁ]ﬁm@@ﬁ \g%:t?ele%ﬁﬁ'é%rgtegg%e@@éh heausashN or t he

substrates can greatly facilitate the fabrication of visible LEDs and lasers for the
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[0082] I n various enbodi nents, the core-shel
nanowi re/ MQW acti ve structure can be used to provide
hi gh efficiency nanoscal e opt oel ectroni c devices,

such as, for exanple, nanowire LEDs and/or i
WOLEEYYSEor exanpl e, the resulting core-sheﬁﬁﬂﬂwﬁk%mggm

~nanow re/ MW active structure (i.e., having the MOW

active shell on sidewalls of each nanowi re core) can
emBQinEy 6BIRI-taie Mylting 20€ ¥ csknsoc inflisiicts MapgpaycaGadl stpg@tesr om
“the associ ated quantum confined Stark effect (GCSE)
carbsashesses icttheranlota eapicatioss iraeh Aoh-neWeHRT STiRend <.

The elimnation of the QCSE can increase the
devicgdi ati ve reconbination efficiency in the active

' to i th f f 1
07 §Eer <. n AeRAB GRSt e SHBERE S g e S SR Ey
i d tum. j ' h
ergpao e B s Rl OF oUR BenouSy Sy A ERERYGed e
in BB8H5 LaRETSnnAudHLER B! ntsReRbaiaxel f1iB6] POoy degnert
of "usirng the core-shell nanow re/ active structure

exbripi) 3bmichRiRsF baBodk @AMy Taslsubatratdersiugsi TIRCZIML 715,
i ncreased because of the unique core-shell structure.
anft 0988 Grord thaqpiraittsofasad remswisasodf ihertghvice 4§kiseriFIG. 1C),
structure of an exenplary core-shell nanow re/ MW
thepbvicw €08 (sea EIGIrD, Hedevice 490 (seelIGCorddftadayice 0Y fee
present teachings. It should be readily apparent to
Fl@fe, respesti@inary skill in the art that the device 800

oS! e A IR ST
coBlgSeeRiR At B bl P8 o DERH o2 e T T By P
gr8 9 Otocaasrﬂjitétﬂé h%{g@é%dsﬂfﬁgﬁfn?ratahgﬂ glDaaR sARRsd shudhare bawer

, a se gro 825, a doped nanowi re

’ | hhs CaNGhbdtRitB3DiciufCdar G RGoAiHubESS t
su%%\":pag%ggﬁg??'?%,%ﬁwwg}v ab i LRCda o it

840, a shel | structure 850, a second
ofi9RR th iy coBBbhedansaiithhiTnel"sdiithesdnt| dan 82 @stermined for
[00851The sel ective growth mask 825 can be forned
o2 @andvire (dapn GaNbahd subskaly éeg. 530 0o $ combivation BeE paL ke @
810. The doped nanowire core 830 can be connected to.
haigit trekaliend afsignificanteedyioinadn Befestaensityeifie SPRFT CPRISGEH

h I i h k - 825, i d d
i L e O B
wth mask 825. The shell struct .

o Popieh boh neREn ¢ mesppaly nav At S s RSBl | .
_shel £ tr. | t
TR B S DRF s SnpfMAOE PTR riaidet Te,

825 | i1 . 1. e
e iin P blsk Ml adilfucia gre RIHEEH G RARTTEAN
n%ﬂ)guir%%gﬂ AP 93558 bhalSREnce MRkl G APELLERatE SR Me QUE

hel | structure 850 over a first doped shel

#R40pstiR0BG] The 78805 i Aln tihld tess phealitessa hstawieecan then
simlar to the substrates 110 and
occur and provide the GaN substrate structure containing an extremely low defect

density, such as, for example, about 107 cm™® or lower.
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410 (see FIGS. 1-2 and FIGS. 4-5) including, but not
limted to, sapphire, silicon carbide, silicon and
[11 V substrates such as GaAs, or Ga N. [00873The
ed buffer |ayer 820 can be fornmed over t
WQ&E‘E‘(“?%?% 810. The doped buffer |ayer 820 cg)r%T & 007063e73
simlar to the buffer layers 220 and/or 520 (see FIG
2 and FIG 5). The doped buffer |ayer 820 can be
[0078]r med Aofqrdifig to \exiawptrabodBeats ARfe NARVOTERICT IPFRCEHR or
Al I nGaN, by various crystal growth nethods kngwn
the@rreesstStensdierartye danopifion, Raifamingprd etping A thgtrlec Ve

nbod he d buf f d d
N e AR s T

i %ﬁ?%ﬂéi%ﬁ%*’%f&“#‘%%%ﬁ%’%ﬁ%?w&@%f’%@%%oo
scehe%ﬁé% ‘é\t;% sﬁsétﬁa@é bosas, gfr%Wth s ke R2FYER RS B

ect1ve grow k simlar to the selective growth

maﬂ%&&m&?réq@@ﬂé% :rflﬁ?t.ﬂln@%&@nﬁll&ﬁafe%@dm@danﬂle%ndé}tﬁ)
formed on the buffer layer 820. In various

largsrbieslivater fsr estdblisigre) effdatyel pholonic lkryeasko8RBt edmctioe
~ formed directly.on the substrate 810. The sel ective
frogriMeandaskr-B@25EPan define the sel ective growth of
the plurality of nanowi res and/or nanow re arra%ﬁ\{
S!;.E}E

- [00PEE sel RSB %42 grrweKeArian eg@sd%ﬂtsa‘% NERRWHERCEYE
dielectric material, or . other sk mat er.i al

'ﬂcleﬁwma%wsr#éﬂéfﬂnﬁF‘a"“’f‘f%(?fs§’i§: it SRR o RS
83

mﬂﬁr’%ﬁawgt 9 bhlofs BB e AR R B DRNG Hah6huith ahd ©

nano - a%gée&cH%g g%gtmo&.ﬁ@ p&@ﬁ%n%g%ﬁamfépmms mped

OW re core can ormed o for exanpl e,

aci%!e'ﬁev;!:é},l\lwﬂmnﬁﬁy prapafaal Bfis P@'bb@éﬁ%@ea%ﬁéd%rb@amd e

“"an n-type doping wth various inpurities such as

naﬁd)dn#ecrﬁﬂ ha‘@é‘ ARSI 67 1 SN @iy ahd Belnbtaial &nehch ef thesd sida
In various enbodi nents, the doped nanowi re core 830

plah@s cichematepplat c}ipmnduyfm grouroitiematgrider yighiquality guantum
strontium barium zinc, or magnesium O her dopants

gréupdinhl vialis v asfquenidinia@EaN/GRIN wells, guariem AIGaNGaN el or

used. I n various enbodi ments, the height of the d d
otives meaniture Ik wellsg gan bigiefaiebg oamgdhen faﬁi?rsg@ﬁ TRERTR oL l@ﬁ?ﬁ

of the active structure device 800. For exanple, the
N2HBWE nanowi re core 830 can have a height of about 1

[ﬁg to a gruetxa%glgpthglnghowire growth behavior can be changed

significantly when other precurser gases such as frimethyfaluminum (A) or
frimethyiindium (In} are added ta ther exemplary MOCVD gas phase during the
puised grnwth mode. In this case, even a small molecuiar fraction (g.g., about 1%)
of Ai or In added to the GaN nahowires andfor nanowire arrays can result in each
Gal nanowire growing Iaterally'with its cross-sectional dimensions {e.g., width or

dia}neter) increasing over time. This lateral growth behavior can aliow creation of a
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[ 0090] The doped nanowi re core 830 can have non-pol ar
sidewal | facets of {1100) famly (i.e., "ni-plane
facets), when the material GaN is used for the doped
nanowi re core 830. The shell structure 835 i
WOHOKR4F%8hel | structure 850 can be grown by R fbesers
core-shell growth on these facets and the device BOO
can therefore be free from piezoelectric fields, and
cofé&n@[l h&tergkth REIrA %0 &, BlAlnfiWaRinaaRaRlénesy Maddrsls of
_ fect (GCSE). [0091] The first doped shell 840 can-be
su&ﬂieﬂ[ﬁdalﬂ madnEaN o @ berrdwnenrunn enyebdparack Cabwahdwire
- facets of the doped nanowire core 830 by an exenpl ary
cororfe-aghelltl thg cowtdhell glowth dah erepiel aseade-gfrel wenowis el \Vs
used. For exanple, the first doped shell 840 can be
acfiversieelusorAiali wttiag §eMiges: anount of Al during the

L or o. %%&e@%@b@w?mﬁm RNt S o fpe
A T e D %#a@xgﬁ%%% e, |
tnd BEN i mﬁlmg bé@?—ﬂ# rBwn Lgﬁg t@aaéaaéée RESL pﬁi?s%lglrmﬁﬁglo@én

I ncl u a nmate wher e can be any

T% rom-ﬁod@&éﬁ' bd aQBntFMER: GewiR sRfia0b 1t B&d ib $892] The

ell structure 850 can be-forned on the first
sefefedraitt hodd, 34Ceaxplehas @vanat 10yn Eigr &-slvalidusgitent h,
when the pul sed growm h node is used. Specifically, :
entiveinidod/ s helkdd gowibabedeea 5O ugsdrioiiee thod pewttbgonditiol.ng a
smal | amount of Al and/Or In during the pul sed growth
- (08821t he fln various epbadigrels) thaame il depewir(dMrstive
formati on of the core-shell heterostructure I n

stiipiesag be Hewtp ﬁﬁ?ﬂ@ hi&ﬁ%ﬁﬂm %%ﬁ'éﬁqa ISARIRACHPUC 83F=tan

i oVl ot B B0l
S o TR Bl e Hus I’éga R Rl G ©

sq%ﬁmpﬁuankgf%hﬂg%m% %n ML Botn n@é’ibefé%tra@ﬂ&idé“éﬁ@er
ess

exa any nu In a range

alfd {‘Pé@ RRPMUE aSscBfBidad u@ﬁ@hﬁtmgﬁrﬂzﬁ St:ir@@lﬁe%] HﬂfSiﬁ ee&ide dayped
shell 860 can be forned on the MOW shel

nanowire core has non-pelar 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 ¢an improve the overlap integral and cavity
gain of the ﬁandwire based lasers. A further exemplary efficiency benefit of using
the core-shell nanowire/MQW active structure is that the active region area can be:
signiificant increased becéuse of the unique core-shell structure.

[D083] FIG. 8 depicts a cross-sectional layered struciure of an exemplary

core-shell nanowire/MQW active structure device 800 in accordance with the present
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structure 850. The second doped shell 860 can be used
as a barrier layer for the MOWshell structure 850
with a sufficient thickness of, such as, for exanple,
about 500 nmto about 2000 nm The second d
W88 UH % e formed of, for exanple, Al nGai i% vﬁz@jgkﬁm
x can be any nunber |ess than 1.00 such as 0.20 or
0.30. The second doped shell 860 can be doped with a
teahin gl di shelild Yoe tratakly Sppairdndito dne of trainktyi skl irdipp ad thedn el
870. [0094] The third doped shell 870 can be forned by
dedongGlrigbiatpdtirthielGe 8 repredesis|a gpnomatidedfscioamatia dlustetionm dnd
doped shell 860 to cap the active structure device
thag other npgferialsiiey ys/gleqle gars brepddeg po¥HRY Fatsriglefryarsbinelis g

exanpl e, and doped to be an n-type or a p-type.
bel“"r’f“%ijif’blﬂ}g‘?g%odi ments, if the first doped shell 830

o BgERE e 08 AR SRNA e o Lfafedfl
laféh@ Mgé}ééwe b&ma&e@zseg‘g%dmeg@e &Fbeséd‘érﬁoda

0 cah have a thi ness about 50 to a out

strBRGre TS InEAAG ] st UGHURHST BITDS Ve Bl strlBBre®B0 & Sdihd

active structure devices.800 shown in FIG 8 can be
doptegtiell B8R LhY a titdldapetsHal @0.each ot her, when a nunber
of devices 800 are included in a | arge area such as a
[0a6al er . FhsGel@irdegpethanash 83T tinee fsmrasoaver ibe depgdddw @00
including a dielectric material 910 deposited to
'aMeé ﬁRO&tVéF aé‘ﬂpsﬁé‘ieea@h éhe dopgd MW}VEWQR/ Ay 82 §PNNgeedr e
in accordance with t resent

o ST ft*%é%ﬂé%'ﬁ%fﬂw 3R et s, Saieﬁl CQraneEeFt o
910

2 \iﬁ%‘%@ egﬁ%mf Hebls FE B et RIPT fﬁ%‘:‘t&’ft&%&ﬁa“ﬁ?

il BT NBEY KNS b £ 830rIREE PG dHEh b Dor

ope shel n vari ous

83@ fﬁ‘@@&d éTE‘d?é %heutalaﬁvéétr%bﬁ% ah&theﬂahar dt@btuRlfsCan aRE LAy

dielectric material for electrical 1solation, such

sitBéted brothe SX8dRE Growli b SOARE0 X ﬁtﬁitt(oﬁ,liﬁai;heﬂf‘sltrhd:t@@m% can
nitride (Si3N4), silicon oxynitride (SION), or other
bei forsned] &t dagpsitiag thei teifdsdopbd siswirBZ 0 endydith seeondsdopet ehell 860,
~dielectric material 910 can be a curable dielectric.
whilthecad be feewed e that RY\aiheD 3101chae 8kovepa fivstiddped sheli840.
exanpl e, chem cal vapor deposition (CVD) or spin-on

[cw& hni qliesssubgirats 8B40 grnshe @eHbRERIg Bimilai o the sukpteates 110mnd
arious _enbodi nents, the hei %ht /thi ckness of the

41 0 (see FIGS. 'l~2 and FIGS. 4-5) including, bUt not limited to, sapphire, silicon

carbide, silicon and !|l-V substrates such as GaAs, or GaN.

\[0087] The doped buffer layer 820 can be formed over the subsirate 810. The

doped buffer layer 820 can be similar to the buffer iayers 220 and/or 520 {see FIG. 2

and FIG. 5). The doped buffer |ayer 820 can be forméd of, for examplé, GaN, AN,

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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dielectric material 910 can be further adj usted by
renoving a portion of the dielectric material from
the top of the deposited dielectric material using,

for exanple, etching or lift-off procedures
WORKISEHSTB di nary skill in the art. The Thi ck#ég@%ﬁ/&%m

the dielectric material 910 can be adjusted dependi ng
on specific applications where the core-shell
dofn@in & @MY He/Smisdr taipk dopedi renusiectord 8529 1h some
various enbodi nents, various nanowi re LEDs and
embadioanie ghd deedduberiayees2lorambe rérpovel Fomdnedasineg|S00.
growt h described in FIGS. 8-9, because MOWactive
[008BE| | sTharelarhesarewuih Mask 828 eadE Bielachve giewpEIask similar

i e SRR RO ?ﬂggks%'é P e
ondif SePoRaiiie) BTgons P RbG i rabt B Apicad b
belidifhe Brr&%{lgt% tl‘[%asﬂﬁ%’ﬂaﬁeeﬁ o¢ &He QélQ&va gro%ﬂ e 82% %@ﬁj B&mk

to's emtting actio

th%{;ésvéeg\t; zs‘ts;ﬁ% @{exbmamp&%ah@w@@hhmgr rﬁﬁuw;feeﬁga‘y@rm

structures shown in
seREHAN thavk 875 dRScsRRe Bt arlyeitdrirtgsaierial, or other growih

[ 0098] FI GS. 10A- 10C depi ct an exenpl ary nanowire LED
MR Vi at@iall KM WS brirgof toldinanyogkit-is keldrt. nanowi re/ MOW act i ve
~structure described in FIGS. 8-9 in accordance with
[008%% pr eSbationed aehvwitgssore EH039D Lee FAMaperdrecgflraNvraliy &f
the nanowire LED device 1000 can be fabricated
nanpirasEnaY B [AE81r%ad FdeRthE fEmebysRsdnS fvo-RTBRe 8% HYI e,
the _device 900. The el ectrical coptacts can..i
et G HPRR TEPHER e ts SR RO Al e we it St
Al j I
Al%ﬂﬁd) n{gfhﬂ‘ gé/g glc*taﬁluyvm: c%n é]e Im er o'?&huméﬁ%a?@ Waﬁm
| b keridkh ! A\arious
"'%8'5% E@féh/a%%ﬁlciy%%ﬁ i%b@@]Asé Ldrs%Nlrjlg t ”}t‘ml qggs
oSNt 1AM ndHoind ééré! 880¢Ear bel adel}etygd by introducing
beryllium, strontium, barium, zinc, or magnesium. Other dopants known to one of
ardinary skill in the art can be used. In various embodiments, the height of the
doped nanowire core 830 can define the approximate height of the active structure
device BOD, 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 %acets 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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[00100]In FIG 10A, the device 1000 can include a
conducti ve structure 1040 forned on the surface of
t he device 900, Le., on each surface of the

dielectric material 910 and the third dopeg-136ebd7/063673
WOSHH Y he shell structure 835. The conductive

structure 1040 can be a transparent |ayer used fore
p- el ectrode of the LED device 1000 fabricated
be 88 RSB PILRLIENC TofisaandenceThtiny asythiathd naattmichefined
conductive structure 1040 (or p-electrode) can be,
Stark effece{@rgE)e, -a | ayered netal conbination of Ti/Au.
100101] I'n vari ous enbodi nents, the device 1000 can
[00%ikir t heThd firetideged shelliBaP e b fermpesyom aelcoaiRd ¢ Hip Mo

adj ust ed t hi ckness (or hei h&% Bg ad'u§tiqg tF
o B sy 1 fooe bGP RS 30 b %1 BTOR Y E'8 R gt
arol i P A S MRS Qe ol AR S ok shel
840%%?%% tugrgg%ﬁc\)c%a‘ra&gtatﬁnaﬁ t&ﬁ'lggm?fe N‘J&Iﬁgﬁ G 3Res aRdwiEof the

ng tot sired application of

dop{iﬁé?mg?vgf &6 labY ﬁ)ﬂqﬁgia%@re-eﬁﬁﬁ hE¥ BRI re. AT dopudtiayeypeof

ectric 1010 can confine the conductive

of el firdi GbpueshdPE4h drarthdd et Glnavie)coterB30itan be madé sitriier,
core-shell structured active devices, for exanple,

for d@mplRanaper ¢ yaFbss anbdonenim tveirst dopessbelb840 can include a
Alternatively, an adjusted thin dielectric layer 1010

mategan obdi GaN.véeson carche any nemperdessrtaan Habsugh as 0205 of
p-el ectrode) to have a greater thickness or hei ght

0.1¢.i . e., an increased extent), which can reduce the
resi stance of the active devices. |n L -

08inodi HaRUSV el yREdiedEoH brrated S METeidrastel ve
tructure 1040 - r )

s Ry g o BRI el B Eh Bl PR TR (sl o,

Spe""_cfﬁc@p{,' g E/{QW it fructiS: dEDRURbE RrRBENPIdRIgH Hddinanihd |
in e art, optinmum performance of the conductive

of A3 BAUGLIHESIREAALp K dPovith @EthE GftediopeaRhdlesaah benkrudiite
bal anci ng the reduction of resistance of the active

forfi@h 6EHe bhicBhtheetensarches laawiduy embsdimedd Ohe BiCVA shell
vari ous enbodi nents, the thickness of the conductive

sinftureI830L=a iridldie, fopexampi, eltarnatide )ayais ohdhEheNsnd 6@l | s
of the shell structure 835 of the exenplary LED

whete icar bd.0aGxamplebB0F ar anyoiegurgber 56 dan - (im The My ut

9 pmfor high efficiency :
shell structure 850 can also include altetnating layers qf, for example, InyGa:N 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 0.43.

[0093] The. second doped shell 860 can be farmed on the MQW shell
structure 850. The second doped shell 880 can be used as a barrier layer for the
WIQW shell structure 850 with a sufficient thickness of, such as, for example, about '

500 nm to about 2030 nm. The second doped shell 880 can be formed of, for
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performance. |In various enbodi nents, the LED device

1000 can have a total height of, for exanple, about

10 p.M [001031In FIG 10B, the device 1000 can

further include a p-el ectrode 1045, a diel egttd .
WORHBOAY a sel ective contact mask 1025 hav|Hrjlgl[}§mﬂ7"063673

trenches 1035 etched into the selective growh nmask

825 (see FIG 10A). [00104] The p-electrode 1045 and
exarhde.néer N, whgredi cah e eny ounilet Bse ian HE0 B¢ s #3/0r 0.30.
__patterning and etching the conductive structure 1040
Tha Ferope BoRFOShILGH0; en |bageﬁ=ed1mtf@ qagiEivy fpeialar toghe 5

m[éﬂa%gléwggggﬁl ons. (not shown) of surface of the

owt'h mask 835 can be exposed and

OBAP" 2B B, LD dhal BB s S o hoheIBSe Sher

core-s Structure. After the patterning an

gréts R SheUcPGRRBEY st $6H Bdab ViR LA awkiufRRkicd 080 BRn
" be formed by forming trenches 1035 t hrough the
thiRResEEhe 870 bt 1OfmaBIL, iereRample (G Sl dopkd ebeginmalybe

mask 825, wherein each side of the core-shell active
or afpryet U earicanembsliroetes, #tthd Testsioparishel B3hic lan HORE shal a
" result, surface portions of the underlying buffer
the sepend @ped ekall 868 anderdthathirg deragrpbelbi7 Ocan be aerfpregiel

1035. [00105] I n various enbodi ments, the thickness of
angl Nige ¥arpa clniveous smbadimenticie 19 gored shelbE G PinaE 2 f or
~the performance of,_the LED device 1000. For exanpl e;
th"éf‘r@?sﬂi’f@ ﬁ“tﬁplt‘f?@é'tg% Eetive growth mask having a

18 v ¢ vl s R B SR ol AR eng,
shBRE R Wca%fbet{bgtrlgéﬁﬁ UL S Fort 89D ol WiRhIaQHShber of

enbodi nents, t ective contact nmask 1025 can have

deBickd BERKRERmBIL ldiﬁQ‘Pc# e 382 BBNYs 4885 FHIOWaIDIs PnRHRS

ordinary skill in the art will understand that a-

stiubtelaevics ebmiadiidiey feiawttic Mmrpkalgad dbmsitebididojate each
accommpdated In the nanowire and nanowi re active.

coteshet aanmwire BABA sictivieGOGOGTE Ishow IGFIG.GAN acdeededes witlethe 000
can include the n-el ectrodes 1080 forned to assure
presest isatiinget i on bet ween the n-side contact and the
central conductive ) . )
[0096] As shown in FIG. 9, the dielectric material 910 can be deposited on the
selactive growth mask 825 and laterally connected with the sidewalls of the shell
siructure 835, imore specifically, the sidewalls of the third doped shell 870. In various
embodiments, the dielectric material 910 can be any dieleciric material for electrical
isolation, such as, for example, silicon oxide (8i0Oy), silican nitride (SiaNa), 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 technigues, with a

desired height or thickness. In various embodiments, the height/thickness of the
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region including the doped buffer |ayer 820 and the
nanowi re core 830. The central conductive region can
be, for exanple, a heavily doped n GaN region. In
various enbodi nents, the n-electrodes 1080 GaRys2007/063673
WPRBP4E " onduct i ve structures formed by depositing

el ectrode materials onto each surface of the

sel ective contact nask 1025 and the bottons. of. tfle
dieldatrenmodtental 90BS:n berfudher exiuyipd B PMEKRSAIPRYAT Of thedielectic

n-el ectrodes 1080 can be forned 'ajfé' fc‘gr exa le‘?ﬁhir%
materiay Bera dhenter af the damsisid FRRFTGTIRE I SSAE /S BT Al

[00107] At 1099, .the resulting, i , Wit e
or ifgBprebe e 08D 1 A G T e fifa Bl er O
. the substrate 820, .\ (QRbnAlhed Ben
dielgqiHp 'B%ﬁ%a!\?g@8?"2%99?%%®dﬂr%p§/’yl}gg{ﬁ'sgpgan%% MENLS, a nore
] N YrelNi? = i9G6aH on the top side of the
m”%é%&@%ﬁ%%%%ﬁ?notl&%%&ﬁ% gince the nanowire LED device
004400 Ccap vhfoBrEMbodeRaOVarbes newivfe CERmandianbrigiesasm.
This diffuse Iight output can be advantageous in sone
canSsRl fofhaBitbgtiee doregbitelimopvelp pesicolzed io S, BED boBsRMERY s
manner, the disclosed nanowi re LED devic%ﬁlooo can
' actipe ehdlidtucinies en b opeled petheasnpiansipwaisgt fig pulsed-grown
tradi tional LED devices. First, it cgn havg a nhgﬁgr
narimirgght s ssamide LR NENeITEH Are . 2ERRISY R ORI AU YR on
area (i.e., the MOWactive shell area)..can he
st isesisel oA WaRT B SRR R P STThp TN

10 tinmes conpared to a cqnventj.onal pl , .
orlgser /bR BT, TSBRENIES CEMEToV G FEREKPrREp T B A LUaE
i pr oyed i ncrease th t LG8 BEWceRfiortBg
emﬂﬁ% ac?ﬂ?'sg'igg ﬁjéggesp ot %ﬁez“'f%ﬁbﬁ%i"\??%éeb@gg onet rgf can
e &0 U t b 46 £&IdAR=iBaNS bresdtt ed
baﬁ%f’e ?tgﬂ;ﬁées ﬁm}g}"yéﬁhel:slgr%f gce, i.e., the sugst rate
te%@gce The confinenent regions on either side of the
active region can tend to guide the LED light in
odde Ver tigepdoati oeedpioe Bn eEiplaly nireeire $ EDalevich E00RiUghg
preci sion of the position and di ameter of each of the
thebdis-ahd itrignofiratdovisatiesstaustittesedregip &5 BRdYy gccofdgace
resulting arrays of the LED devices 1000 can al so be
wilhdind prgsame thagisngs. phot oni c-crystal, which can further
i mprove the |ight output coupling effi.ci . JFourth,
[009%3 nandwarieus ETRGAinEETEY. fiGanewip '%D dovis @E@ g?ﬂ bs,
decreased because of th

N f : '
B e
-electrode 1045. Finally, . Si ey 00
oA bRSGA B PRGN 38 D8 R
o AT e TRG, S EEL" PSR soesand en by

e cost “of production and
Sl RS i, NoAG /AL TRAE ARSI,
_ m@éiﬁ%&@%£§g&gWﬁ%§F or Ag?gﬁﬁﬁgﬁtacts, the LED device
TR0, AP AL ﬂ§ih?1€é%hﬁqlmstkﬁ5\mﬁmiemgﬂfﬁiﬂa@'-sk“t3?0 the art.
center-to-center spacing between any two adj acent
ORI T an B3 i10asthe dévicef 1900 earmimples; a sgnsiuelive GoUGHHe 1R
inch wafer can then include a nunber of nanovvjre LED
fortasd orethe 500 of the dexiemPl .. apprachourfased fheidiipcliEyi ces
or nore, which can be manufactured sinultaneously. In
vari ous enbodi ments, the pitch spacing can be reduced
further to allow a single 433inch wafer to contain,
for exanple, nore than one mllion LED devices 1000.
1001091FI GS. 11-12 depict exenplary nanowire | aser
devi ces using the core- shell grown nanow re/ MQW
active structure shown in FIGS. 8-10 in accordance
with the present teachings. Because the sidewal
facets of the nanowires and/or nanowire arrays are
exact {1100) facets with a flatness on the scal e of
an atom c nonol ayer, high quality MQWactive regions
for | aser devices can be forned on these superior



a hi gh-throughput nethod of etching or cleaving
facets to forman optical cavity. The uniform
periodicity can allow a photonic crystal optical

cavity to be established straightforwardly.
WORBRAM4F At FI G 11, the nanowire | aser devicePk?@ékggﬁ%GB

be fabricated fromthe processes described in FIGS.
8-10 using the core-shell grown nanow re/ MQW acti ve
masarial@t0uand Haesthirdidaped aleli 878 ofihe sbellaiucturpigsn Ahe wpndgctive
| aser device 1100 can include a perished shell
strygtiyrg 047 @n@P@aranapqmtﬂ%'ﬁweaffmam‘%@ée UL LE'&H@V'%?
assivation | ayer 195 N_eac

100G BBt bagraly) Treattirela cras et e Prauie 575 e

| i - el ect e r
ol dDiF o B S B i B R oS e
/afd the polished p-electrode 1145 can be forned by
polishing (i.e., renmoving) on the top end (wth
poRgPect intariblnfdébpicht! e ddlcaarobhen Rehéanierd) Of
the core-shell nanew re/ MU active structure (i.
didl@sRray@e 1610chasihg b bijogdd Hitkiesa gorthe@ht).s Rpaajusting EFieG
10C. Various polishing processes, for exanple, a
thickmess ofdie digletitoliagsl10H® kHesdxiant(e. g:ahc}tr@smréwgbﬁmtjlet he
etched dielectric 1015 as a mechani cal suppor
copm@m\@zqtmn@rqomw SofiorRlectipds) frmed pe apd lgng e |§'S nglrpféhe
nunber. | aser facets at the s

shal %ﬁqstugqnfmgcan A P L e R R
BERCIE S T
-CO uc%?es '&tuPe1J48f($%@eré’é?er {h'%q Weeéor J%tr@ét&gd

uring e I enc Il ous e
adtld ViSOG & SIQWo%nB\.%FQJEﬁQS Jdr!i?c;r R&howi@ 1&kow a
single 4-inc maTer to contain, for exanple, nore

Alieh%ﬂvéﬂﬁ en BHjubtb O thid daedriciaysr 680 dhQllow fHREDbARICvE structure
various enbodi ments, the extent (e.g., thickness or

10agitHtdleapbdéjhehpala @bmd thickreke ot heglie( 4.1 4binbrersasd
along the sidewalls of the polished shell structure

extg@5Swiicncdreredidi tiwt resistbycead fresctivegdeavises kinegdoust  t he
underlying etched dielectric 1015 for optinum

emladineanimn iearesterthieknpess@ thegepfieciive aipiiurg ?P‘%?é?r Rogigstrode)
enbodi nents, the thickness of the

cap. BAWRYPs BRIBKPESES R i ShCHEn Fop sRled
c3iuts ot o ks e S g 2t i pefBndr B 8L O

conductive structure 1040 (or p-clecirode) can be achieve by balancing the reduction

t he

of resistance of the active devices with the éxpected cavity loss,
[00102] In various embadiments, the thickness of the conductive structure 1040
{or p-electrods) along the sidewalls of the shell structure 835 of the exemp!aryﬂ LED

device 1000 can be in a range of about 1 um to about 9 pm for high efficiency
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overal |l height is about 10 gm j001141The passivation
| ayer 1195 can be fornmed at the polished top end of
each | aser active structure, i.e., on each surface of
t he polished p-electrode 1145 and the poli
W&%“Q&%?ﬂ% 1135. The passivation |layer 1195 ?gﬁp‘b%&%ém
configured to avoi d undue non-radi ative reconbi nation
or junction |eakage of the nanowire |aser device
pemgmé i YaloLi® Hn%b@dm% ROLED dé\h:% 1S SRl 9%&%@1&1
1195 can be forned of, for exanple, any dielectric .
of, mte%m@é éﬁﬁ&\ﬁm’_ﬂh@ one of ordinary skill in the art
with a thi ckness of about 10 to about 100 nm
[d108115] hFisome, eldedtd IUbSan tUiGe0eiReSI g-8ledirodB d045, a
refractive index of the materials used for the
diefeotric 4 At asthe kélestive vorttant eradid 3@25511%!1@ trertiheg 133estched into
nanowi re cavity (i.e., the nanowire core 830) can
th%ﬁefeétﬂ:wear%@hwﬁkéﬁ(saaa&ad%)rocess at 1199. For
en - the .nanowi res have an ex

[U%Pﬂmst eThed? clagipde 1960AHe WeitEYiag d‘?'ﬁ@”%g&ﬁ&ég b e,

S R R R V"'lﬁ’%ﬁf’ Qe
(i . R pgg;togﬁa@toﬁ@ | S BN AL OGe ey

't hat or eac ayer

ma@@bw&h%e%&séded%a W&ladied BLR8 diellPid 1615 dh Rk Gdes of

enbodi nents, because there is no physical |ower facet

eaﬂﬂcdrél&d“&fr&étur@phﬁ@rﬁhe patieitiing drid sfchingtphtfe S8 ke tivedr €
830), there can be a change of effective refractive

contad enask n025h@n\biedormiet! py frming éreseree d 035/tbroggiotht: lexpraed
1025. This index change can in fact be helped (i.e.,

poriackecfisarfaperdf theyselehlivefoamith triasi 820 whereih cabiesidgprf tomdore-
| asi ng node can exist outside the cavity. In an

shelhastys givptusgsadiagaat lepsfonn Yaamh 1085 %%%FESH%@P@%?EHOO
can, be optical t|n the
POl B e e p PP Son b el BS hatimerg 45

10?%)(' mum reflectivity. For exanple, the opti caI
i ckness of the selective contact nask 1025 for the

YRS, A ool TSR Slitthg et
10b4 M bedritichp &r BHB performance of the LED device 1000. For exarmiple, a
silicon nitricie selective growth mask having a thickness of 30 nm can be sufficiéntiy
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. };lcnﬂ.zewarl oné of ordinary skill in the art will
~understand that a thicker selective growth mask can be readily acé;an;imodated in the
néhowire -and nanowire active device processes.

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

ta assure the conduction between the n-side contact and the ceniral conductive
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[00117] FIG 12 depicts another exenplary |aser device
1200, in which a distributed Bragg reflector (DBR)
mrror stack 1220 can be di sposed between the | ayers

of the substrate 810 and the sel ective gr owpbpRRSH7/063673
W R334 opposed to the doped buffer layer 820 being

di sposed between these two | ayers of the | aser device
1100 shown in FIG 11. [00118] The DBR mrror stac
regichARGLRRTth Bopd befiertiayer 820 DBRheanole SUER0- THRCPER
mrror stack 1220 can include, for, ea}r\ggng.l e, ous
conduduetregiameanebea for exaveris agepdly SPReddt SAEIRR AR SGaN
~and AlGaN. | n various enbodj ments, the PBR . rLe)
embstigekishe 0-eleghotss TREHERD 'F‘g“‘llerfﬁP‘g‘{FB"er g@lcect if"é‘?“{% Ynd
to increase cayit of I r 22 coh@idRkl1025
depWE@ﬂ%‘“%‘??dBﬂ?Wﬂ%%g%%ﬁhl SEF Y cﬁgﬁosv%l re active devices

and?jgeg%piélg 8Etln§§gntgn%s 183:L AN 2R ERWRRY Bmbsimétevihe A-

ause nore resistive p-electrodes (e.g.,

eleci%rgﬁesg'o% Q5 EOREnA G PR Rle, A &4 5ned afetd bembination, such

erostructure can be located at the |arger-area,

s MRyEiwi s outer periphery of each core-shell
nanowi re/ MQW acti ve structure. For exanple, for

[uokﬁ? devit ae9c] 6204 sting fightichthE nanowiB)LED deicp 1EILEF QS
1045 can be patterned to.conpletely cover t h@ ttgr%er?f
10 b tbeatracted DEMIGY Grefsubstints 8P WhIBR B RGTENGRAPLE
s e Cins oo, e e s en TRl b
oceur on the top side of the device 1000 (not shown) since the nanowire LED device
1000 can be small enough for sufficient diffraction. This diffuse light output can be
advantageous in some solid-state fighting applications.
[00108] in this manner, the disclosed nanowire LED device 1000 can provide
unique properties as compared with traditional LED devices. First, it can have a
higher'brightness because the care-shell grown active region area (.., the MQW
~ active shell -area] can be increased, for example‘. by a factor aof apprgximately 10
times compared fo a conventional planar LED structure. S_ecand, the light extraction
can be improved to increase the output efficiency of the LED. This is because the
LED device's geomstiry can make the most of the aciive region area oriented normal
i the wafer surface, i.2., the substrate ‘surface. The confinement regions on either
' side of the MQW active region can tend to guide the LED light in the vertical |
&irecﬁon. Third, because of the high precision of the position and diameter of each

of the plurality of hanowires andfor 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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-description, one of ordinary skill in the art wll
understand that the core-shell growth processes - -on
each nanowire of the plurality of nanow res and/ or

nanow re arrays (e.g., shown in FIGS. 1-6) fpehus2007/063673
WG] Fj‘% active devices can be sinultaneously

conducted in a large area (e.g., a whole wafer).
[00121] Ot her enbodi ments of the Invention will be
im@apeahelight badpdthogsing kiitibey. FourththearhowiredaD resistance
consi deration of the specification and practice of
can bresignificentlyi dearcdsesiasauss dhthediorease of the elepifieah awtpdt AR,
the specification and exa% es be_consi der ed .
for examRie. dte coptcareqPtife aretertiaiesiOapeT Bl Lpeiis L%? dgvire
ol B el B S ot 8 0 e
be gﬁb%&é@eé &R 6@&3@%% jchic8h H%.mﬁgas@ LS L gYo% W@‘%E‘ aﬂﬁs k

Wher el n e selectiv

mcFé%E{Pfhb%?a% cﬂl’lhﬁ &k éréd&y OF @bt b NS diRPEF ﬁ*thra?&:nH&@t the
expose a pluralitfy of portions of the substrate;
LED device 1000 can include a pitch spacing (i.e., a center-to-center spacing
between any two adjacent nanowire devices) of, for example, about 100 pm. A 4-
inch wafer caﬁ then include a number of nanowire LED devices 1000, for example,
about 0.78 million devices or more, which can be manufactured simultansously. In
various embodiments, the pitch spacing can be reduced further o allow a single 4
“inch wafer to contain, for example, more than one million LED devices 1000.
[00109] 'FIGS. 11-12 depict exemplary nanowire laser devices using the core-
shell grown 'nanowire!MQW active structure shown in FIGS. 8-10 in accordance_ with
the present teachings. Because the sidewall facets of the nénam&res and/or
nanowire arrays are exact {1100} facets with a flatness an the scale of an atomic
monolayer, high guality MQW active regions for laser devices can be formed on
| these supérioi’-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 cavrty 1o be established
staighﬁoﬂvardly.
| [00110f As shown in FIG. 11, the nanowire laser device 1100 can be fabricated
{fram the processes described in FIGS. 8-10 using the cora-shell grown

nanowire/MOVY active structure as laser active structure. The nanowire laser device
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using a selective non-pul sed gromh node to grow a -
sem conductor material on each of the plurality of
portions of the substrate exposed in each of the

8att}e£r3/?d apertures; performng a growt h- nogersaeer/063673
WHL#H P n from t he non- pul sed growth node to a

pul sed growth node; and forming a plurality of.

sem conduct or nanowi res by continuing the

S
1 GRS dcoLhon RES KRGO HEA GrgfTrols 1 145, gl a
Th th h b
PRI S 1o EBFaT By BIE 8 SUESBAL Mg BBl o
strt?c ré ‘cl'ffev eq%rhqe ﬁ%h&fpﬁélgﬂ%ﬁé'cf%ﬁ fo 'E%é @F'Iz@er hiive structure.

gr own roug ity of patterned

[ou&lﬁ’ﬂf turgg &ﬂsﬂeﬁ%h&%ﬁh%ré AYS fand the: polishad p%tra@t fieg of

[dim1l or 2, wherein the substrate- corrprlses one or

caﬁfﬁé B 1 foBdHndSEd. eﬁat'r@dmﬁ)l’d?ﬂhé e <8l Ouh respRsi S ltieng Of
Si, SIC, sapphire, GaN and GaAs. 4. The nmet hod

sulptraizl &0 ms thediott@m ehdy df frercocesied nsnangr=OVVertimotecture

cl eani ng processes prior to the selective non-pul sed
{i.cgravar dotivé strushurg)enticaniblelchown imgiler 104} | Various polishing
processes, for example, a chemical-mechanical polishing, can be used using the
efched dielectric 1015 as @ mechanical support,
[0e112] The polishing step can be used to polish a number of laser Tacets af
the same time without diminishing the manufacturability of the nanowire [aser
devices 1100. For example, a number of nanowire laser devices 1100 such as
about 0.78 million or more, can be forméci on a 4-inch wafar for a high manufacturing
-efficiency. In various embodiments, tha pitch spacing can be reduced further to
allow a single 4-inch wafer to cantain, for example, more than one million laser
devices 1100. |
- [00113] . In various embodiments, the extent (e.g., thickness or height} of the
polisherd p- electrode 1145 formad along the sidewalls of the polished shell structure
1135 can be adjusteﬁ by adjusting thickness of the underlying etched dielectric 1015
for optimum performance of the laser device 1100. In various embodim.enlts, the .
thicknesé -of the polished p-electrode 1145 along the sidewall of the polished shell
structure 1135 shown in FIG. 11 ﬁan range from about 1 pm to about 5 pm, when the
overalt height is about 10 .
[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 palished p-electrode 1145
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WD 2008/ 048704PCTI US20071063673 5. The net hod
of. claiml1 or 2, wherein the plurality of patterned.
apertures fornms a hexagonal array having a dianmeter

of about 10 rimto about 1000 rimand a pit
W MES* nm t 0 about 10 pm 6. The met(l:?l(;é SfiLTe3eT3

claiml or 2, wherein a cross-sectional feature of
each of the plurality of seni conductor nanow res and

anPRE BoiRhed S Ririk@bk 11435, OfheRASJiRESEEyRRG04 Eiras doffigured
substantially simlar. 7. The nethod of claim 6,

to NARNPHN: hdicr=EibDESeGRbira0tadr [freadreskans obths hamevire taser
selected fromthe group consisting of a polygon, a
devimctianglne/arieussomtaxdiEmentinthe vagsivabierdayer 31l 9 ¢as, be formed of,
for example, any dieleciric rﬁaterial known to one of ordinary skill in the art with a
thickness of about 10 to about 100 nm.
[00115] In some embadiments, the composition and refractive index of the
rmaterials used for the polished shel! structure 1135 surrounding the nanowire cavity
(.., the nanowire core 830) cén affect the optical lasing process at 1199, For
example, when the nanowires have an exemp|ar§r diameter of about 200 nm, some
of the optical lasing mode can exist sutside the cavity. The laser can therefore be
more sensifive to the compaosition and refractive index of the materials surrounding
the cavity, that is, materials used for each layer of the polished shell structure 1135,
[a01145] In uther embodiments, because there is no physica! lower facet oh the
laser optical cavity (i.e., the nanowire core 830), there can be a change of sffective
refractive index in the vicinity of the selective growth mask 1025. This index change
can in fact be helped (i.e., made rlarger) by the fact that some of the optical lasing
maode can exist outsida the cavity. Inan exemplary embbdiment, the nanowirs 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 exémple, the optical
thickness of the selective contact mask 1025 for the laser device 1100 canbe ina
rapge of about 220 nm to 'about 23b nm when the device is emitting Blue light at 430
nm.
f0D117] 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 grthh mask 1025, as opposed 1o the
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B. The nmethod of claim#6, wherein the step of
performng a growth-node transition fromthe
non- pul sed growth node to the pul sed growth node

occurs before gromh of the sem conductor '
WOLHBIIES over a top of the selective gromnﬁbﬁgjg%07/063673

9. The nmethod of claim1 or 2, wherein the

sem conductor material for the plurality of )
dopsd e fayeT 825 beinardisfiopessbatwng thase dwe laxers oF fp jager device
. materials selected fromthe group consisting of GN,
- 110Q skewp iNIG) HeaN, Al InGaN and Al GaN, 10. The

t hod of i int
R R R Sl
oeObb 0k i G FoMA R O IRy,

for%ﬁrﬁ&éé SHOMARIE NP I vafiSustinitRERRHR] the DBR BEturitag Goup
I and Group V precursor gases of the sem conductor
cafBd RhécBio ihprode EfieMiviy drRiac inoreavd tavinoRef the laser €299.

sequence | oops, wherein the precursor gases conprise
PE18l | N nabiiauseantgdingnfsr dithabanawire gctive dayetstshagoin

12. The nmethod of claim1l or 2, wherein the pul sed
F!cg%dﬁﬂﬁ can povids @dova deMdger PYERNCy SRS MereregFivetibut 2

p r or nhi

a2 el i s T P S B e
Iac-a’%g-gag t?l-e (I)Jrg@?rpa?é'lat ¢ w]ﬁ 8:11 l?sr Qutetr %er?p %ll"'lyt of %9(91 &R shelt
nanowire/MQW active structure. For example, for the LED device 1000 (éhown lg]
FIG. 10), the p-electrode 1045 can be patterned to completely cover the top of the
device 1000 to further decrease the device resistance.

[00120] Afthough a single nanowire is depicted in FIGS. 8-12 for the purpose of
description, one of ordinary skill in the art will uﬁderstand that the core-shell growth
processes on gach nanowire of the plurality of nanowires andfor nanowire arrays
(e.g., shown in FIGS. 1-6) for nanoscale active devices can be simultaneously
conducted in a large area {e.qg., a whole wafer).

[oot21] 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
herain. Itis intended that the specification and examples be considered as

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

following claims.
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14. The method of claim1l or 2, wherein: t he
step of transitioning fromthe non-pul sed grow h node
to the pul sed growth node occurs after growth of the
sem conductor material protrudes over a top :
wiedoess4d™@e growt h mask to forma-plurality OFS{WEE%M?’G”
truncated pyram d-shaped nanostructures partially

di sposed on a surface of the selective growh mask;
~and the step of formng the plurality of

Wi?@l%"&;rg'ﬁ\%ﬁﬁp_ prises formng a senm conductor nanow re

e plurality of pyram d-shaped
nanost r U H&tRS &Ym=kl thmwineg cdr@ispgl sed growm h of the
sem conductor material such that a cross-sectional,
f eat ur efomfing Mseloting growthuoassoverarfebitiale. Wherslh hofeiachdet
of each of the plurality of pyram d-shaped .
naruetth meskiearprises ﬁs_aib@iléﬁi padipingd §r?%ﬁuwa3%t Sxpose a pirality of
The met hod of claim 14, wherein the sem conductor
narfORicneoiBRFHISER® a cross-sectional di mensi on

smal |l er than that of eac f i . .
patter nwgaﬁp%elsetcﬁ FLPUS gr%&@ 'n%eg!r) g{? ge]dl %%Iﬁnﬂgcr%\ﬁ T al
-array_for i -

ke s e i o e

supéb%ﬁaregorrpri sing a plurality of selected surface
regions; ‘'and a group 111-N nanowire connected to
and ext &mgﬂﬂﬁg BrgpaRieaRbe Binsiibe frprh thealohipyised gwethavtdedo 2
surface regions of the support, wherein the group -
111pNcaaremh medé;andr i ent ed al ong a single direction
and mai ntains a cross-sectional feature of one of the
pl ur al i foyming agphiraitt & demigerduier RaBg TPy continuing the pulsed

grawth mode of the semiconductor material.

2. "The method of claim 1, wherein the subsirate cumprisés a buffer layer over
a supporting substrate surface, and the semiconductor material is seiectively grown through

the pluralify of paﬁerned apertures on the buffer layer.

3. The method of claim 1 or 2, wherein the substrate comprises ong 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 rmore cleaning

brocésses prior to the selective non-pulsed growth of the semiconductor material.
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17. The nanowire array of claim 16, further
conprising a GaN nanowi re oriented al ong (0001)
-crystal |l ographic direction. - 18. The nanowi re

array of claim 16, wherein the group 111-N nanow.r '
woonRrnsses one or nore materials sel ected frgﬁ'?]ﬁ%m'ﬁmé”

group consisting of GaN, AIN, InN, inGN, Al GaN, and

Al i nGaN. 19. - The nanowire array of claim 16,
wherein the group_|I1-N i j t&H&d dPertures -
nofe crode %‘E@?ESF%{?"“SWJ%@?%(&[Pgﬁg&ggayr%ﬁ%t he gﬁ)up :
consi sting of a polyaan, fGth & atbus OO ardima pitch of
Torgy 8 Pexagpf AT ri"“‘c‘lf)ng.'?’y te'ga(gf[ﬂ&%e nanow re array of

clajm 16 In the groupill-N nanowi re further

ab%ﬁ%?“i‘é’%ibo%?%@géct rati o of about 100 or higher and
a cross-sectional dinension of about 250 nm or | ess.
21. The nanowire array of claim 16, wherein the

| SURPOrt. GEERinA%S dlalT DUL, ddreini araortiomalferive gheach of the
di sposed on each of a plurality of portions of a .
ol EahieoridhciougmoRirsearEciERly of i BIWRHY RERAISHTSE BRBESSh
‘the substrate, wherein a surface of the group 111-N
subsiartiglyi sirgilanucl eus conpri ses one of the plurality of
sel ected surface regions of the support. 22.The

nanow r e array of claim 21, wherein the support
f ur%-her CT%gpriEétf?o%sofaclaim 6, wherein the cross-sectional feaiure is a shape |

selected fro%n the group consisting of & polygon, a rectangle, a square, &n oval, and a

circle.

8. | The method of claim 6, wherein the step of performing a growth-mode
' iransition from the nen-pulsed growth mode to the pulsed growth mode occurs before

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

9. ' The method of claim 1 of 2. whereln the semiconductor materlal for the
plurality of semiconductor nanowires'compﬁses one or more materials selecteq from the

groufa consisting of GaN, AlN, InN, InGaN, AlinGaN and AlGaN. -

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

Ill and Group V precursor gases having a IN7V ratio ranging from about 100 to abogt 500.

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

alternately introducing Group 11l and Group V precursor gases of the semiconductor
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pyr ani d- shaped group I11-N nanostructure forned from

the group II'l-N nanowi re nucl eus and partially
di sposed on the selective-growh nmask, wherein a top
facet of the pyram d-shaped group I11-N nanostructure

wWapd4s@s one of the plurality of selected BGFFEROA/063673
regi ons of the support. 21A GaN substr-ate structure
conpri si ng: the nanovvire arny formed by the

~nmet hod of claim1_or 2 conprising, a plurali f
el h & B0 PET WkIEdY FIOBHERUTe RE S 4 pearsugrres
. nanowi res s defect free. : a GN film I
CD@BW@@%J&?WFBW*?#@D%FIEJGruqu @;/ég%'ft &N nanowi res,

wherein the GaN filmhas a defect density of about

107 cm2 or lower 24. A substrate' oonprising a

FlJ' Ufz’.ﬂ'zi t Vrn@ b RRMLERS! 60 Wh&Ein e fulted grivrocbrafised saventical
or .

growth rate of about 2 pm/hr or higher.

13. - The method of claim 1 or 2, wherein each of the piurality of nanowires has

* alength of about 10 nm to about 100 um.

14. The method of claim 1 o-r‘z, whersin;

the step of transitioning from the non-pulsed growth made to the pulsed growth
mode .occurs after growth of the semiconductor maferia? protrudes ovér a top of the
selective growth mask fo form a plurality of truncated pyramid-shaped nanostructures
partially disposed on a surface of the selective growth mask; apd |

the step of forming the plurality of nanbxg.ﬁres _ccmpriées forming a semiconductor
nanowire on each of the pluraiity of byramid—shaped nanostructures by confinuing the
pulsed growth of the seﬁiconductur miterial such that a c_i_“oss-sectional feature of the
semicoﬁductor 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 semiconducior nanowire comprises a

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

18. A groi.lp III-N nanowire array formed by the method of claim 1 or 2,

comprising:

43



WO 2008/048704 PCT/US2007/063673

& suppoﬁ compiising a plurahty of selected surface regions; and

a group [N nanowire connec’ced to and extending from each of the plurality -
of selected surface regions of the support, wherein the group li1-N nanowire is
onented along a smgle direction and maintains a cross-sectional feature of one of

ihe plurafity of sefected surface regions.

17. The nanowire array of claim 16, further domprising a GaN nanowire

oriented along (ilGO'l) crystallographic direction.

18. The nanowife array of claim 16, wherein the group HI-N nanowlire
combrises one of more materials selected'fmni the group consisting of Gal, AN, InN,

InGal, AlGaN, and AlinGaN.

48. - . The nanowire array of claim 16, wherein the group lII-N nanowirs
comprises one of 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 . '
cdmprises an aspect ratio of about 100 or higher and a cross-sectional dimensian of about

250 nm or less.

21. The nanowwa array of claim 16, wherein the support comprises a grc:up 1i-
N nanowire nucleus dxsposed on each of a plurality of portions of a substrate through a
selective growth mask disposed on the subsiraie, wherein a surface of ’the group IH-N

nanuwfre nucleus comprises one of the pluraiity of selected surface regions of the support.
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22. The nanowire array of claim 21, wherein the support further comprises a
pyramid-shaped grdup [I-N nanostructure formed from the. group ll-N nanowire nuqleus
and parﬁally disposed on the seléctive growth mask, wherein a top facet of the pyramid-
shaped group lI-N nanostructure comprises one of the plurality of selected surface regions

of the support.

23. A GaN siubstrate structure cbmprising:

the nanowire amay formed by the method of (‘;Iaim 1 or 2 comprising a plurality of GaN.
nanowires, wherein each of the plurality of GaN nanowires is defect free; a.nd

aGaN film coalesced from the plurality of GaN nanowires, wherein the GaN film has a

defect density of about10” cm™ or lower.

45



24.  Asubstrate'comprising a piurality of nanowires formed by the method of claim 1 or 2.
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