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Feid of the Invention

[C003] This invention relates generally to semiconducior materials, devices,
and methods for their manufacture and, more particularly, relates fo semicanductor

nanowires and semiconductor nanowire active devices.

Backaround of the lnvention

(9004} Nanowirzs composed of group 1II-N alloys {(e.g., GaN) provide the
potential for new semiconductor device configurations such as nanoscale
optoelecironic devices, For example, GaN nanowires can provide large bandgap,
high melting point, and chemica! stability that is useful for devices operating in
corrosive or high-temperature environments. The larger bandgap of GaN and its
refated alloys also allows the fabrication of light sources in the visibie range that are

usaful for displays and lighting applications. in addition, the unique geometry of



Field of the Invention [0003]This invention relates generally to semiconductor materials, devices, and
methods for their manufacture and, more particularly, relates to semiconductor nanowires and
semiconductor nanowire active devices. Background of the Invention [00043Nanowire.s composed of
group llI-N alloys (e.g., GaN) provide the potential for new semiconductor device configurations s_uch
as nanoscale optoelectronic 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-temper&a#erenvirsn Alemsha hetdatigbic sanldgapsof @vidé ancitigrel atedatioys aigo allows the

fabrication of light soyrces In t isible range that are useful for displays and lighting applications. In
ke ﬂ/?ﬁg Eﬁeﬁ%?o%ﬂ}ﬁé’%ﬁg@tﬁéﬁ?&@ﬁﬁ’é‘i"fﬁ%ﬁ)ﬂﬁ@ﬁ%\wrdevice paradigms

addition, the uniqu geoerwg?

in photonics &apignaRal, deiear e Ralizadis-Rairatiak 2 sralBhis rggess is needed for

making high-quality group IlI-N nanowires and/or nanowire arrays with precise and uniform control of
the geometrynjiorsitiomnitm dichgssatimityyopesitim mad awielif00 A5 Kaonventenal nanowire fabrication is
based on a V[%&%j-liqUid-C?gll]yantionaE nanowire fabrication is based on a vapor-liquid-solid

{VLS) growth mechanism and invoives the use of catalysts such as Au, Ni, Fe, or in.

Probiems arise, however, because these conventional catalytic processes cannot

controt the position and uniformity of the resulting nanowires, A further problem with

conventional catalytic processes is that the catalyst is inevitably incorporated into the

nanowires. This degrades the crystalline quality of the resulting nanostructures,

which {imits their applications.

[0008] 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, Itis further desirable to provide nanowi%e

photoelecironic devices and their manufacturing based on the high-guality nanowires

and/or nanowire arrays.

SUMMARY OF THE INVENTION

foao7y Accerding to various embodiments, the present teachings include a
method of making nanowires. In the method, a selective growth mask can be
formed over a substrate. The selective growth mask can include a plurality of
patterned apertures that expose a plurality of portions of the substrate. A
semiconductor material can then be grown on each of the plurality of portions of the
substrate exposed in each of the paiterned apertures using a selective non-puised

growtn mode. The growth mode can be transitioned from the non-puised growth



(VLS) growth mechanism and involves the use of catalysts such as Au, Ni, Fe, or In. Problems arise,
however, because these conventional catalytic processes cannot control the position and uniformity of
the resulting nanowires. A further problem with conventional catalytic processes is that the catalyst is
inevitably incorporated into the nanowires. This degrades the crystalline 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 methddfepthaid grantifactdan gy kdstusiteihd esisgblerew brovidreaidifowire photoelectronic
devices and their manufacturirg based on the high-guality nanowires and/or nanowire arrays.

SUMMARY S&/RPREFIRVERITIONE 060 RERSTRE s PAHBUR LR TS A8 $he present teachings
include a %lm making Rapeniesu i e mathed v selacive diadd masicran be formed over a

substrate, ective growth mask can include a plurality of patterned apertures that expose a
plurality of pogtiansipiithensubhstratey, Avisemisondicto e swdetial gantheadseigposat on each of the
plurality of portions of the substrate exposed in each of the patterned apertures using a selective

non-pulsed BBVREHRRIEE. THE GRS AR Franelutha @ HEMY tiePAt#5%sed growth mode to
a pulsed 9r%;’é’éﬁurpe%%t%%éﬁc%%t%E}gaﬁg%f%%ﬁ‘éﬂs%’ﬁ}‘%@%Ba%gﬁeﬁ’f&*b‘?oﬁ THGORGUSIRL material, a
plurality of semiconductor hanowires can be tormed. [0008]According to various embodiments, the
present teachiNgs Rise:isidend extend from the exposed plurality of portions of the

substrate and extend over a top of the salective growth mask. The group [li-N

nanowire can be oriented along a single direction and can maintain a cross-sectional

feature of one of the pluraiity of selected surface regions.

[o069] According to various embodiments, the present teachings further

include a GaN sutistrate structure. The GaN substrate sfructure cen be a GaN film

coalesced from a plurality of GaN nanowires, which is defect free. The GaN film can

have a defect density of about 107 em? or lower,

00101 Additional objects and advantagss of the invention will be set forth in

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

or may be learnad by practice of the invention. The objects and advantages of the

invention will be realized and atteined by means of the elements and combinations

particularly pointed out in the aprended claims.

{0111 It is to be understood that both the foregoing general descrintion and

ihe following detailed description are exemplary and explanatory only and are not

restriciive of the invention, as claimed.



a group IlI-N nanowire array, which can include a selective growth mask disposed over a substrate.
The selective growth mask can include a plurality of patterned apertures that expose a plurality of
portions of the substrate. A group IlI-N nanowire can be connected to and extend from the exposed
plurality of portions of the substrate and extend over a top of the selective growth mask. The group
[1I-N nanowire can be oriented along a single direction and can maintain a cross-sectional feature of
one of the plurality of selected surface reglons [0009]Accord|ng to various embodiments, the present
teachings further include a GEBRIEE T &1tE REE, T SuENBStrate structure can be a GaN film

coalesced from pIur r#% of GaN nano éres WhIC %g%‘(lacé Ofrret-%a,gl' e Ggé\lﬂf} il %%n have a defect
density of a@%’t] 07 c c?rcﬁgng %%Ona‘f:objecps ARd aGvan ages o 7 the invention will be

set forth in %&Hbmﬁéjﬁz%g %EQQMR&MQ@N&aﬁ&ﬂﬂ@dﬂﬁéﬁﬁ'ﬂfﬁ%@@é%féﬁm the description, or may
be learned by practice of the invention. The objects and advantages of the invention will be realized

and attaineddggtheeaiis ththesefipliventsmad combimatanic@ainicell dyiapeitited out in the appended
claims. [0011]it is to be understood that both the fore omgﬁgeneral descﬁPtlon and the following

detailed des@ibton areexempitaly AR L RSHAREV BhRPERE R RET TR & ictive of the invention, as
claimed. B%Qﬂ: CE%E&%WP H)Qi\!e @&Eyﬁ \B%Wé@&@ of fabrication In accordance with

the present teachings.

[0014] FIG. 2 depicts a second exemplary semiconducior nanowire device in
accordance with the present ieachings.

[0015] FIG. 3 depicts an exemplary procass for forming a plurality of
nanowires and/ar nanowire arrays using a two-phase growth mode in accordance
with: the present teachings.

[0016] FIGS, 4A-4C depict a third exemplary semiconductor nanowire device
in accordance with the present teachings.

6017 FIG. & depicts a forth exemplary semiconductor nanowire device in
:gccordance with the present teachings.

[0018] FIGS. 6A-8D depict examplary resuits for a plurality of ordered GaN
nanowire arrays grown by the two-phase growth mode without use of a catalyst in
accordance with the presant tsachings.

{6018 FIGS. 7TA-TD depict four exemplary variants of semiconductor devices
including GaN substrate siructures formed from the piurality of nanowires andfof
nanowire arrays shown in FIGS, 1-6 in accordance with the present teachings.
[00206] FIG. 8 depicts an exemplary core-shell nanowire/MQW (multiple

quantum well} active struciure device in accordance with the present teachings.



[0012]The accompanying drawings, which are incorporated in and constitute a part of this
specification, illustrate several embodiments of the invention and together with the description, serve
to explain the principles of the invention. [0013]FIGS. 1A-1C depict cross-sectional views of an
exemplary semiconductor nanowire device at various stages of fabrication in accordance with the
present teachings. [0014]FIG. 2 depicts a second exempiary semiconductor nanowire device in
accordance with the present teachings. [0015]FIG. 3 depicts an exemplary process for forming a
plurality of l&&&ikires ahiffol dapowiracdineapxampifyySoec eibrangrawiid (b detine accordance with the

resent teachings. [0016]FIGS, 4A-4C ict a third exemplary semiconductor nanowire device
P struc%ure[devicé] in accordance &%Ptha present teacmﬁgs.y

jebzzy FIGS. 10A -10C depict an exemplary nanowire LED device formed
using the core-shell nenowire/MQW active structure described in FIGS. 8-8 in
accordante with the present teachings,

100231 FiG. 11 depicts an exemplary nanowire taser device using the core-
shell nanowire/MQW active structure described in FIGS. 8-8 in accordance with the
present teachings.

o024} F1G. 12 depicts another exemplary nanowire laser device using the
core-shell nanowire/MQW active structure described in FIGS. 8-8 in accordance with

the present {eachings.

DESCRIPTION OF THE EMBODIMENTS

j0025] Reference will now be made in detail ip exemplary embodiments of the
invention, examples of which are illustrated in the accompanying drawings.
‘Wheraver possibie, the same reference numbers will be used throughout the
drawings to refer to the same or like parts. In the following description, reference is
made to the accompanying drawings that form a part thereof, and in which is shown
oy way of illustration specific exemplary embodiments in which the invention may be
practiced. These embodiments are described in sufficient detail fo enable those
skilled in the art to practice the invention and it is o be understood that ather
gmbadiments may be utilized and that changes may be made without depariing from
the scope of the invention. The foliowing description Is, therefore, marely exemplary.
[D026] While the invention has been Hustrated with respect to one or more
implementations, alterations and/or modifications can be made to the Hlustrated

examples without departing from the spirlf and scope of the appended claims. In



in accordance with the present teachings. [0017]FIG. 5 depicts a forth exemplary semiconductor
nanowire device in accordance with the present teachings. [0018]FIGS. 6A-6D depict exemplary
results for a plurality of ordered GaN nanowire arrays grown by the two-phase growth mode without
use of a catalyst in accordance with the present teachings. [0019]FIGS. 7A-70 depict four exemplary
variants of semiconductor devices including GaN substrate structures formed from the plurality of
nanowires and/or nanowire arrays shown in FIGS, 1-6 in accordance with the present teachings.
[0020]FIG. Bigrpif;taran &xamplanieiresshélbnarodiret e érraktiplsdosattuihwell) active structure

device in accordance with the present teachin?s_. .
respect to only one of severa! implementations, such feature may be combined with
one or more other features of the other implementations as may be desired and
advantageous for any given or particular function. Furthermnore, o the sxtent that
the terms “inciuding”, “includes”, "having”, "has”, “with”, or varianis thereof are used
in either the detailed description and the claims, such terms are intended to be
inciusive in @ manner similar to the term “comprising.” The term “at least one of” is
used to mean one or more of the listed Hems can be selected.
fon27] Notwithstanding that the numerical ranges and parameters setting forth
the broad scope of the inveniion are approximations, the numerical values set forth
in the spegific examples are reported as precisely as possible. Any numerical value,
however, inherently contains ceriain errors necessarily resulting from the standard
deviation found in their respective testing measurements. Moreover, ali ranges
disclosed herein are fo be understood to encompass any and ali sub-ranges
subsumed therein. For example, a range of "less than 10" can include any and all
sub-ranges between {and including) the minimum value of zero and the maximum
value of 10, that is, any and ali sub-ranges having a minimum value of equal to or
greater than zere 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.e., defect free) group 11i-N nanowires and uniferm group [li-N nanowire
arrays as well as scalable procasses for their manufacturing, where the position,
orientation, cross-sectiona! featuras, length andfor the crystallinity of each nanowire
can be precisely controlled. Spedifically, a piurality of nanowires andfor nanowire
arrays can be formed using a seiactive growth mode followed by a growtn-mode-

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



[0021]FIG. 9 depicts another exemplary core-shell nanowire/MQW active structure device in
accordance with the present teachings. [0022]FIGS. 10A -10C depict an exemplary nanowire LED
device formed using the core-shell nanowire/MQVYV active structure described in FIGS. 8-9 in
accordance with the present teachings. [0023]FIG. 11 depicts an exemplary nanowire laser device
using the core- shell nanowire/MQVYV active structure described in FIGS. 8-9 in accordance with the
present teachings. [0024]FIG. 12 depicts another exemplary nanowire laser device using the
core-shell ngaiewhER AN astvasilcisedesedbam indriesidhd ngmodiandance with the present

teachings.
width), and the cross-sectional shapas, of sach nanowire obtained from the selective
growth mods can be maintained by continuing the growth using the pulsed growth
mode. In this manner, nanowires with a high aspsct ratio can be formed. inan
exemplary embodiment, the lengih of each nanowire can be, for example, about 10
nm o about 1000 microng, for example about 10 nm to about 100 microns.
[na2g1 in addifion, high-quality group 11i-N films, for exampie, high-guality GaN
films, can be formad by terminating and coalescing the plurality of nanowires and/or
nanowira arrays. These GaN films can be used as GaN substrate structures to
facifitate the fabrication of GaN-based devices such as visible LEDs and lasers for
the emerging sofid-state lighting and UV sensor industries.
10030} Furthermore, because each of the puised-grown nanowires and/or
nanowire amrays can provide nonpolar sidewalls, there are advantages in using a
cora-shell growth to build an MQW active shell structure on the sidewalls of each
nanowire, Such core-shelt nanowire/MQW active structures can be ussd in
nanoscale photoelectronic devices having high efficiericies, such as, for exampls,
nanowire LEDs andfor nanowire lasers.
[0031] As used harein, the term “nanowire” generally refers 1o any elongated
conductive or semiconductive material that includes at lzast one minor dimension,
for example, one of the cross-sectional dimensions such as width or diameter, of
less than or equal to about 1000 nm, in various embodiments, the minor dimension
can be less than about 100 nm. In various other embodiments, the minor dimension
can be less than about 10 nm. The nanowires can have an aspect ratio {e.g., lengih.
width and/or major dimension: minor dimensicn) of about 1@0 cr'greater, in various

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



DESCRIPTION OF THE EMBODIMENTS [0025]Reference will now be made in detail to exemplary
embodiments of the invention, examples of which are illustrated in the accompanying drawings.
Wherever possible, the same reference numbers will be used throughout the drawings to refer to the
same or like parts. In the following description, reference is made to the accompanying drawings that
form a part thereof, and in which is shown by way of illustration specific exemplary embodiments in
which the invention may be practiced. These embodiments are described in sufficient detail to enable
those skilleceinkibriireatis hraaticethditentoabantliids to dreatmdénsivedsiihat:ather embodiments may
be utilized and that changes may be made without departing from the scope of the invention. The

following deSPHREERSY: it repsreatisrer) BraIFAKE Fa0D8NgH I AYBARYATHER been illustrated
with respect .00, mArs Alamenialans Alfslalies AKRLmAdIgaoRsRR e made o the

illustrated examples without departing from the spirit and scope of the appen claims. In addition,
while a partieutbinfeatutegérhiedinesotior Mimphavedares sisctesesiyiteaiespest tooonly one of several
implementations, such feature may be combined with one or more other features of the other
implementatidts as may be desired and advantageous for any given or particular function.

Furthermore 0% eextquts}:ggétig %rm%;ﬂglugw: "includes" "havinﬂ", "has", "with", or variants
i the deta [ Bf

. d ! .
thereof are Jse either led descrip ion and the ¢ Salranig? St Y réer intended to be

inclusive in amwRRRY sSikilaiwthrtertnseRIASIRGLg The 161 iRl IgapbAne awised to mean one or
more of the listed items can be selected. [0027]Notwithstanding that the numerical ranges and
parameters Saétgmgdertnanonesdles, nanorads, and nanotubes (e.g., single wall nanotubss, or

multiwall nanotubes), and their various functionalized and derivatized fibril forms,

such as nanofibers in the form of thread, yamn, fabrics, atc.

{0633} The nanowires can have various cross-sectional shapes, such as, far

example, rectangular, polygonal, square, oval, or circular shape. Accerdingly, the

nanowires can have cylindrical and/or cone-like three dimensional (3-D) shapes. in

various embodiments, a plurality of nanowires can be, for example, substantially

parallel, arcuate, sinusocidal, etc., with respect to each other.

[6534] The nanowires can be formed on/from a suppart, which can include

selected surface regions where the nanowires can be connecied to and extend (e.g.,

be grown) from. The support of the nanowires can also include a substrate formed

from & variety of materials including Si, SiC, sapphire, [H-V semiconductor

compounds such as GaN or GaAg, metals, ceramics or glass. The support of the

rnanowires can also include a selective growth mask formed on the substrate. in

varicus embodiments, the support of the nanowires can further inciude a buffer layer

disposed between the salective growth mask and the substrate.

[0035] in varicus embodiments, nanowire active devices, for example,

nanowire LEDs or nanowire iasers, can be formed using the nanowires andfor



the broad scope of the 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 errors 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 all
sub-ranges subsumed therein. For example, a range of "less than 10" can include any and all
sub-ranges between and including) the minimum value of zero and the maximum value of 10, that is,
any and all ssfvaagesRavingagoninmbsiivatis tkegnawteoagieatenthdr zemyand a maximum value
of equal to or less than 10, e.g., Ito 5. [00251Exemplary embodiments provide semiconductor devices

including higReGoRRBNEWE a%%ﬁﬁ@%?%h%%@ﬁﬁr%@rﬁﬁﬁ?ﬁmawﬁp lI-N nanowire arrays as
well as scalgebIﬁsgﬁ%cgt%?ﬁa{g{gatﬂg%# S@g%r‘l P&Eﬁ%&, Wt@%(ﬁ 1&?5&‘\%&&@%@1‘%& cross-sectional

features, lengt or crystallinity of each nanowiré can be precisely controlled. Specifically, a

plurality of nggew/inesapHobNnBRIie ArsayReandas falntedasingasetedtiveagrosvth mode followed
by a growth-modetransition from the selective growth mode to a pulsed &rowth mode. The cross-
sectional feftumed ffon exemmmirsy aieusrheyssbrBh AU RS dBREY ey LaidM&RY Br width), and the

cross seclenel S, NS e NG ISR s i mode can b maianed

e pufsed gro ode IS‘manner, nanowires with a high aspect

ratio can begfarmad- IR sr&xsIPRYRMAiRN, hadenstinelcashaanapite can be, for example,
about 10 nm to about 1000 microns, for example about 10 nm to about 100 microns [00291In addition,

high-quality gjeonspiH lah filersh farsestaiomsies iteh ) aafity GANEMBE0ETB® Mdrmed by terminating and
coalescing the plurality of nanowires and/or nangwire arrags. 'ggg%iGaN films can be used as GaN
[

substrate stRTEFHRRSSHEBIftE TR T IRESRYASF EaNChASHE s such as visible LEDs and lasers
for the emergipg.solid-siate lighting aac LMBRNSALNHUs Lies I8 dithermore, because each of the

pulsed-grown nahowires and/or nanowire arrays can provide nonpolar sidewalls, there are advantages
in using a cerrngbetigrovdthtio dasitdten bjQWd/cactbreasbtre i gragittieNaricthergsdevells of each nanowire.
Such core-shell nanowirelMQW active structures can be used in nanoscale photoelectronic devices

having high BfftiahelesGalich/tis i BEAMENE HaRSHRAED SaRRIASY SR 6lRINE TS Ers.

& composition can be combined with various malar fractions. For example, the
sermiconductor atloy composition InGaN can stand for InGas.xN, where the molar
fraction, x, can be any number less than 1.00. In addition, dapending on the molar
fraction value, various active devices can be made by similar compositions. For
example, an IngsGaq AN (where x is about 0.3) can be used in the MQYY active region
of LEDs for & biue light emission, while an Inp«Gags/N (where x is about 0.43) can
be used in the MQW active region of LEDs for a green light emission.
[0G37] in various embodimeants, the nanowires, nanowire arrays, andlor the
nanowire active devicas can include a dopant from a group consisting of. a p-type
dopant from Group 11 of the periodic table, for example, Mg, Zn, Cd and Hy; a p-type
dopant from Group IV of the pericdic table, for example, G; or an n-type dopant

selecied from a group consisting of: 8, Ge, Sn, §, Se and Te.



[0031]As used herein, the term "nanowire" generally refers to any elongated conductive or
semiconductive material that includes at least one minor dimension, for example, one of the
cross-sectional dimensions such as width or diameter, of less than or equal to about 2000 nm. In
various embodiments, the minor dimension can be less than about 100 nm. In various other
embodiments, the minor dimension can be less than about 10 nm. The nanowires can have an aspect
ratio (e.g., length: width and/or major dimension: minor dimension) of about 100 or greater. In various
embodimentisyiiie aspasteatincantieiasots 260 snayrestendipvaiounspiigycaabsiments, the aspect
ratio can be about 2000 or greater. In an exemg{lary embodiment, the crgrss-sectiog of the nanowire

I

can be highfif §8ARRTSHRE TR RECRT SRR NGYe RIS P I Bro e S R GIRNEH N

mension can be much less

than 1000 m and b arieaenal dissinadhe dimensian canbe syfmaniatiygreater than 1000 nm.

[0032]lt is also Inten at the term "nanowires" also encompass other elongated structures of like

dimensions dagiHdingsratk neblimited duo ngnoshdlsaina hopittaes, argaroneseliesyasanorods, and
nanotubes (e.g., single wall nanotubes, or multiwall nanotubes), and their various functionalized and

derivatized fibeFeREYSENVRENaRGIRsEIE PrHE FBlRN MR 2825 8PH RS, etc. [0033]The
nanowires c various crass- ' . i -fangular, polygonal,
RS S SRR IR ROReE CRE el it XEIPrIRRLR

, metd orhy :
square, oval, ular's ly, thé nanowires can have cylindrical and/or cone-like three

dimensional (3P hshanamaly viavess embodiments, a plurality of nanowires can be, for example,
substantially parallel, arcuate, sinusoidal, etc., with respect to each other. [0034]The nanowires can be
formed on/fi8ie& suppont yateehasalpriiors & muliiple-phase growth mode, for exarmiple, &

two-phase growth mode, can be used for the high-guality crystal growth of nanowires
andfor nanowire arrays as well as nanowire active devices, For example, a first
phase growth mode such as a selective growth mode can be used fo provide a
condition for growth selectivity and nucleation of the nanowires andfor nanowire
arrays. In the selective growth mode, standard crystal growth methods, for example,
standard MOCVD, can be used to nucieate the growth of the nanowires with a
desired thickness of, for example, about 10 nm or more.

[oa4n) The second phase growth mode can create a process o continue the
growth of each nanowire and maintain its cress-sactional features from the first
growth mode, and also provide an arbitrary desired length. The second phase
growth madie can be applied by a growth-mode-transition, which can terminate the
first phase growth mode. In the second phase growth mode, a puised growth modse,
for example, a pulsed MOCVD growth, can be used.

[oCc41] As used herein, the term “pulsed growth mode” refers fo a process in
which the group 1l and group V precursor gases are introduced aitemately 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



selected surface regions where the nanowires can be connected to and extend (e.g., be grown) from,
The support of the nanowires can also include a substrate formed from a variety of materials including
Si, SIC, sapphire, 11l-V semiconductor compounds such as GaN or GaAs, metals, ceramics or glass.
The support of the nanowires can also include a selective growth mask formed on the substrate. In
various embodiments, the support of the nanowires can further include a buffer layer disposed
between the selective growth mask and the substrate. [0035]In various embodiments, nanowire active

devices, for,gxampleraanawiee LEPRPERRBaYIE dasess, cambeieuuebutingotite nanowires and/or
nanowire arrays. In varlous embodiments, the nanowires and/or nanowire arrays and the nanowire

active deviGaémentéiforrande Binga s \ieomisbUR @ sensReriietdrirhitettald Sfstem, for example,

the group ([1-N compound materials system, Examples of the group, I} glements can include Ga, In, or
Al which ¢ é{ﬁ%@ ?8?’%%%?[38W1r %e%i %%out 10 ST ofa cer?am O ml ﬁ"meg{%g

51’61 group recursors, such as trimethylgallium (TMGa) or

triethylgalliupy(F EGahdrRekMARG wHTMIR) aneimethy dlusrmmdd MAl e Gxemplary N precursors

can be, for example, ammonia (NH3). Other group V elements can also be used, for example, P or As,
with exemplegCgrouy furpricersernsyd dech asctéRbegbrngiphoshane TBreEMErIn@ EAsH3). [0036]In

the following description, group I1I-N semiconductor alloy c sitigns can be described by the
combinatior?"cﬁ“@?%ﬁ?ﬂFﬂ[‘ﬁ?é‘i’é’ﬁ?e?ﬂg,bgﬁ'?%ﬁgr{ge%rrﬁ ?g?{ggﬁr %ﬁﬁ?‘%%g %@%PAIGaN, or
AlinGaN. Generally, i elemenis iDa6amaasiionsanbrEoBRinadudvatausemolar fractions. For
example, the semiconductor alloy composition InGaN can stand for InrGai_xN, where the molar

fraction, x, caaRetanydpantaet less than 1.00. In addition, depending on the molar fraction value,
various active devices can be madeg% similar compositions. For example, an Ina3Gaa 7N (where x is

about 0.3) 43 used /"B MONP W%Si@ﬁ%ﬁlﬁ@?%ﬁ" &aﬁlﬁ%iﬁé‘i’ﬁ’%sion, while an
e T eie e B St e hNRE IO MR B e LD o e

. .. for ) .
|Ight emlssu;?l.m n various embodiments, the nanowires, nanowire arrays, andior the nanowire

active devicgs 438 ircludaadanastéionma gremp sassisingsafiaapdtypeddopantnas Group Il of the
periodic table, for example, Mg, Zn, Cd and Hg; a p-type dopant from Group 1V of the periodic table,

for exampleg@ingriznioragiordesaa piertibtetiraomyiees RGP EERRRIFRTRYSI /GRS Se and Te.

example, dielectric materials can be used for electrical isolation for active devices
stich as nanowire LEDs and/or nanowire lasers. As used herein, the dielectric
materials can include, but are nat limited 1o, silicon dioxide (Si0,}, silicon nitride
(SiaMy), silicon oxynitride (SION), fluorinated silicon dioxide (SIGF), silicon
oxysarbide (SiOC), hafnium oxide (HfOy), hafnium-silicate (HISIO), nifride hafnium-
sificate (HFSION), zirconium oxide (ZrQy), aluminum oxide {AlzO3}, barium strontium
titanate (BST), lead zirconate titanate (PZT), zirconium sificate (ZrSi0y), tantalum
axide (Ta0p) or other insulating materials, According to various other embodiments,
a conducting metal growth mask, such as, for example, fungsten can be used for
selective growth of the disclosed nancwires.

[0043} Exemplary embodiments for semiconductor devices of nanowires
and/or nanowire arrays and their scaleable processes for growth are shown in FIGS.

14-1C, FIGS. 2-3, FIGS. 4A-4C, FIG, 5, and FIGE, 8A-8D.
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[0038]In various embodiments, the nanowires and/or nanowire arrays as well as the nanowire active
devices can have high-quality heterogeneous structures and be formed by various crystal growth
techniques including, but not limited to, metal-organic chemical vapor deposition (MOCVD) (also
known as organometallic vapor phase epitaxy (OMVPE)), molecular-beam epitaxy (MBE), gas source
MBE (GSMBE), metal-organic MBE (MOMBE), atomic layer epitaxy (ALE), or hydride vapor phase
epitaxy (HVPE). [0039]In various embodiments, a multiple-phase growth mode, for example, a

two-phase gjomd) modeica be 1caddor dheduighranahiyesystah gewlnael nanowires and/or nanowire
arrays as well as nanowire active devices, For example, a first phase growth mode such as a selective
growth modé%ﬁ%@%ﬂa%’é@ﬁ@’ﬁﬂc@%ﬁﬁ@ﬁ HEGtavrh Edreonatigndnaasatiertfon of the nanowires

MM s S e SR K s

standard MO e use nucleate t e nan églred thickness of, for

example, abputatOrme meesei{0Q4Md heoseeaneiphpresgrowit MpdeLanLreate a process to
continue the growth of each nanowire and maintain its cross-sectional features from the first growth

mode, and a¥§695bRAd cEE BB B BEeyand & Bih THeysedrd whesmarbwtudadde can be applied by
a growth- mode raq5|t|o which can termlnate tti]e first Lrjpig%%se growth mode. In the second phase

growth modé- & pdl gargrc?\?v WV ISS GEVBF SRR MOCVD growth, can be used. 10041]As

used herein ggoasierm "pilsad gHaWHIITOR ehdelals R avREa%S KL ihishithe grua! and group v

precursor gases are introduced alternately in a crystal growth reactor with a designed sequence. For
example, TM®h arelsds sawbenzskd 3Hs the priwaiisorsiatance aerplary fegmation of GaN
nanowires age {e%give growth mask 135 and the plurality of patterned apertures 138 can be

disposed over the substrate 110, wherein the plurality of patterned apertures 138

can be interspersed through the selective growth mask 135.

[po46] The substrate 110 can be any substrate on which 2 group IlI-N material

can be grown. In various embodiments, the substrate 110 can include, but is not

fimited to, sapphire, silicon carbide, silicon, silicon-on-insulator (SC1), H1I-V

semiconductor compounds such as GaN or GaAs, metals, ceramics or glass.

[0oa7) The selective growth mask 135 can be formed by patterning and

etching a dielectric layer (not shown) formed over the substrate 110. In various

embadimants, the dteieatri'c leyer can be made of any dielectric material and formed

using techniques known to one of ardinary skillin the art. The dielectric layer can

then be patterned using one or more of interferometric lithography {IL) including

immersion interferometric lithography and nonlinear interferometric lithography,

nanoimprint fithography (NL), and e-beam lithography, which can produce

nancsiructures or patterns of nanostructures over wide and macroscopic areas.

After the patterning, an etching process, for example, a reactive ion etching, can be

used to form the plurality of patterned apertures 138. The etching process can be

12



nanowire arrays and/or GaN nanowire active devices. In the pulsed growth mode, TMGa and NH3 can
be introduced alternately in a sequence that introduces TMGa with a designed flow rate (e.g., about 10
scorn) for a certain period of time (e.g., about 20 seconds) followed by introducing NH3 with a
designed flow rate (e.g., about 1500 scorn) fore time period (e.g., about 30 seconds). In various
embodiments, one or more sequence loops can be conducted (e.g., repeated) for a designed length of
each nanowire. In various embodiments, the growth rate of each nanowire can be orientation
dependent G602} trai/ e cudmmbitimedtsivitielevptric. endterialsstate B insuhwegdsifpemation of the
disclosed nanowires, nanowire arrays, and/or nanowire active devices. For example, the selective

growth masR¥aHe ﬁfga‘éecﬂﬂﬁtfﬁfg‘cﬁ@ A Ate RHRSTERFIA (Penks 1EREE 6 RATRE Mukhity of nanowvires
and/or nan%iggtgér%mﬂg@t@ m%q&@&%i&&@tgﬁg}ﬁ m‘pglé@e&f% electrical isolation for

active devices such™as nanowire LEDs and/or nanowire lasers. As used herein, the dielectric materials
can include ghatgiee inogdienedtoviit cetedioxigle (iR )iesihed fonttriske] (Si8dN4): silicon oxyritride
(SION), fluorinated silicon dioxide (S10F), silicon oxycarbide (SiOC), hafnium oxide (Hf02),
hafnium-sili@é&é’%—lfSlO), nitride hafnium-silicate (HfSION), zirconium oxide (Zr02), aluminum oxide

(A1209),bariygygtrontiur Sianais (G5 ear Zicenateitaneis 2 i dsaiaiieats (21S02)

tantalum ox a02) or other insulating materials. According to various other embodiments, a

conducting metal grevih: arasks suck ass for exanpieatungsiencandee, used tessselective growth of the
disclosed nanowires. [00431Exemplary embodiments for semiconductor devices of nhanowires and/or

nanovvire afEejisTENENFER bABADRS BréeBeiEs TRIGHVATBYE Shevin HYEIES A ANC, FIGS. 2-3, FIGS.
4A-40, FIG. 5 d%nd FIGS. gA-GD .6%)‘O44]EI;IﬂC—:,mSé,a é&%%&rlct ro§%%e{(1:;[7|}oqgl views of an exemplary

semiconduc?gr r{%rﬁ%\‘/ev’fraggee\‘/i%g T AtVarious 3 ages o SR on i 'AkcOrdnce with the present

teaqhingg. |@QﬂHiM&ﬁS&ﬁHﬁéﬁP{?@rﬁﬂHﬂ%ﬁ@ﬁgmﬁﬂé’rﬁ_}@#i%@‘@gﬂrﬁm@'&the nanowire device 100
depicted in FIGS. 1A-1C represents a generalized schematic illustration and that other
layersinanovwieg enaiyabeyadted miick Xisting ity drsinakowire drizavre removadadizneotified.

patterned apertures) ranging from about 50 nm to about 10 um. In varlous

embodiments, arrays of the plurality of patierned apertures 138 can be formed.

Thereafter, the nanoscale features of the plurality of the patternad apertures 138 can

be transferred te the subsequent processes for the formation of nanowires and/or

nanowire arrays.

[0048] In various embodiments, various ¢leaning procadures can be

conducted on the device 100 shawn in FiG. 1A prior to the subsequent growth of the

nanowires and/or nanowire arrays. For example, the cleaning processes can include

an ex-situ cleaning {i.e., the cleaning Is conducied ouiside the growth reactor)

followed by an in-gifu cleaning (i.e., the cleaning is conducted within the growinh

reactor). Depending on materials used for the salective growth mask 138, various

cleaning methods can be used, In an exemplary embodiment, a silicon nitride

seleclive 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



[0045]As shown in FIG. 1A, the nanowire device 100 can include a substrate 110, a selective growth
mask 135, and a plurality of patterned apertures 138. The selective growth mask 135 and the plurality
of patterned apertures 138 can be disposed over the substrate 110, wherein the plurality of patterned
apertures 138 can be interspersed through the selective growth mask 135. [0046]The substrate 110
can be any substrate on which a group IlI-N material can be grown. In various embodiments, the
substrate 110 can include, but is not limited to, sapphire, silicon carbide, silicon, silicon-on-insulator
(S01), llI-V eniberitudesicecimainsistith addGairoriGaaly, Inetales catrmiswiag glass. [0047]The
selective growth mask 135 can be formed by patterning and etching a dielectric layer (not shown)

formed _overtEH _%qﬁS’stFﬂé fﬁ%??ﬁ‘\?%ﬁ@%ﬁ?ﬁ@ﬁﬁ%ﬁf@ﬁ%‘@é@ﬁﬁ??&?@@ﬁ%e made of any
cielectic el 3P0 OXTEAUSNARLSENIGSS SENIIB e L Rl sl e ar. Th dlcr

layer can then be patterned Using one or more of Intererometnc Mhegraphy L) fictiding immersion

interferometticelithimgyrap iy (el nelkineatinienferum et coib aprAR, RRNGIMRT N fithography (NL), and
e-beam Iithograpgg which can produce nanostructures or patterns of nanostructures over wide and
macroscopid/3fesianditbptateRaienniagian RRIIGIoTERe Uedexample, a reactive ion etching, can

be used to f e pluraligyof rned apertures 138. The etching process can be stopped at the
odsb iR 1%?%%W%ﬂty R nane riﬁ%%ﬁ&%?p%‘&ﬁ% BIEFSY Y surface portions 139

surface of the underlying layer, I.e., the substrate

of the substraiew o Rheasigusearplaginenis ibe selertive grewihmaskd 33 S@yipe a conducting

metal growth mask made of, for example, tungsten, to provide selective growth as desired for pulsed
nanowire gr&®Eh ofdo BIFREN Faliey wfdztskietl ‘@Bevtuinbd3BecduTitmay eyatthickness the same

selective growth mask 135. The selective growth mask 135 can serve as a selective
growth mold to negatively replicate its nanopatterns from the pluraiity of patterned
apertures 138 to the plurality of nanostructure nuclel 140. In this manner, the
position and the cross-sectional features, such as the shape and dimensions, of
each of the plurality of nanostructure nuclei 140 can be determined by that of each
patterned aperture of the plurality of patterned apertures 138. Far example, the
plurality of patterned apertures 138 can include a haxagonal array with a dimension
of about 250 nm. The hexagonal array can then be transferred to the growth of the
plurality of nanostructure nuclei 140 with a similar or smaller dimension of about 250
nm or less. In another exampie, if the cne or mare aperiures of the plurality of
patierned apertures 138 are approximately circular with an exempiary diameter of
about 100 nm, one or mare nuciei of the plurality of nanostructure nuclel 140 can be
grown in the circular apertures with a similar diameter of about 100 nm or less.
Thus, the pluraiity of nanostructure nuclei 140 can be positioned in a well-defined
location and shaped corespondingly to the piurality of the patterned apertures 138

defined by the selective growth mask 135. In various embodiments, the p'l'urallty of
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as the selective growth mask 135, for example, about 30 nm or less, and a cross-sectional dimension,
such as a diameter, of about 10 nm to about 1000 nm, As an additional example, the diameter can be
about 10 nm to about 100 nm. In an exemplary embodiment, the plurality of patterned apertures 138
can have a hexagonal array with a pitch (i.e., center-to-center spacing between any two adjacent
patterned apertures) ranging from about 50 nm to about 10 jon. In various embodiments, arrays of the
plurality of patterned apertures 138 can be formed. Thereafter, the nanoscale features of the plurality

of the patterped-apeiiw agclkd 8 anmhedransiamedipdhensid) sequerd-proesaes for the formation of
nanowires and/or nanowire arrays. [0049]In various embodiments, various cleaning procedures can be

conducted ¢ret¥asdevice 100 shown in FIG. 1A prior to the subsequent growth of the nanowires and/or
nanowire arrays,. For example, the cleanjng pr ses can.include an ex-situ cleaning (i.e., the
cleaning Is ggﬁa&cted AME%@ﬂﬁ‘é‘%réﬁﬂﬁ%%fﬁ%&%‘w&‘? E%/ :ﬁj ?ﬁpsﬁ% %?gétraif’n% (i.e., the cleaning is
conducted within k- ALoERdeastas Rrrsadingyenmateialnused 4gnihasective growth mask 135,

various cleaning methods can be used. In an exemplary embodiment, a silicon nitride selective growth
mask can bectiemdedriazarstimddie exasitsurieamirid followéy birancisirgitivieleasling by loading the

device 100 into an exemplary MOCVD reactor and heatirg%th device 100 to ahout 950C for
approximateff® riRtES A AR G I G R Y Ry D S8 SE G 4 o8B here can remove

undesirable gy gridesn Ine:suraRes of i device o Depenciam andhpapaterial combinaion of

the substrate 110 and selective growth mask 135, one of ordinary skin in the art will understand that
alternative ctearingsprocedunas.edbbe usad6050mkEEs< B, anska dligypbfrmEnostructure nuclei 140
can be selectively grown from the exposed plurality of surface portions 139 of the substrate 110 to fill

each of the PRIRSFYCEIDAHEPhAL R TaionAldre Y GERFRBY i selective growth mask
135. The seiggiye arowfhpasiclIn canServE R RS e e aUasibiald faigagtively replicate fs

nanopattern the plurality of p apertures 138 to the plurality of nanostructure nuclei 140.

In this manngg dhedpogitienangithescepssisralienakieaires, suehaspibeahapgiand dimensions, of
each of the plurality of nanostructure nuclei 140 can be determined by that of each patterned aperture

of the plurallijestjsstierausuviipends asd 83 g erulssl €THE MaFRiREET P AP Sertures 138 can

include a hexagonal array with a dimension of ahout 250 rim. The hexagonal array can then be
transferred t%a{Wétai%W?n‘YS{vﬁYﬁ\é%‘f% ot %%rﬂoasq[cr)agfﬁ?g F]%]g:a é’iviz%o v\%/sf %]‘néa SS%ImI é’r or smaller dimension
of about 250rEY0KIGS S+ HaABRTRET X AMmNIE fifrthe APR ORI RABRKIWFAS:OT the plurality of patterned
apertures 138 are approximately circular with an exemplary diameter of about 100 rim, one or more
nuclei of therphostityiofranestréttireerecies 120 ANowrovEzth MeGadutaripeitures with a similar
diameter of about 100 nm or less. Thus, the plurality of nanostructure nuclei Jﬁo ,%anf be positioned in a

well-defined o2 SHASHERES LEIRESTSRMISS ISR M & TG AR SR D A ¥ Sertures 138
defined by the 3eIRELa D MV BRSBTS NP MR SRR LAY Of

incorporated info the plurality of nanowires 145 depending on the desire
application.

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

and/or dimension, can remain substantially constant, the same or simitar as that of
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nanostructure nuclei 140 can be formed by, for example, a standard MOCVD process. [0051]In this
manner, the device 100 shown in FIG. 1B can be used as a support for nanowires and/or nanowire
arrays, which can include a plurality of selected surface regions (i.e., each surface of the plurality of
nanostructure nuclei 140). A plurality of nanovvires and/or nan wire arrays can then be grown from the
plurality of selected surface regions. In various embodiments, the selective growth mask 135 can be
removed by a suitable etching process to expose the plurality of nanostructure nuclei 140 after the
formation ofita@fsitivesity! o8 tHe virinosirebod00S2HMEIBIEC ptephir ntip\wfenaamoeis 145 can be
formed by continuing the growth of the pIuraIité of nanostructure nuclei 140 by, for example,

terminating ?ﬁé’@@re_ O GRRTRA N EERI% B RHF@D&’ﬁLﬁ‘sgﬁ’rﬁromh mode, before the plurality of
nanostructugg,uclel 14 piplicierdiamanion el e selectie. grawib. mask 135, fhe pluraliy of

nanowires 145 can be formed of the same materia e nanostructure nuc elclvﬂ& for example, GaN,
AIN, InN, InEaleAlNGaiidd Gabboi\@Esimamnboditnenis haterasirgsiisesogan be formed form

each of the plurality of nanowires 145. In various embodiments, n-type and/or p-type dopants can be
incorporatedfieitEe BifeNigrer Rasediesa vl fep Srrapy haehiaedactheyplidation. [0053]By
transitioning {o e PulsRd 58N MAdR BYI0ke UoWULOLIDS sed between a substrate

such as the substrate 110 and a selective growth mask such as the selective growth

mask 135 (see FIGS. 1A-1C}. In varicus embodiments, the buffer layer 220 can be

& planar semiconductor film formed of, for example, Gal, AN, InN, InGaN, AlinGaN

or AlGaN, by, for example, standard MOCVD. in various embodimants, the

thickness of the buffer layer 220 can be, for example, about 100 nm to about 10 pm.

in various embodiments, the buffer {ayer 220 can be doped with either an n-type or a

p-type dopant in order to provide an electrical connection to the lower end of each

nanowire of the plurality of nanowires 140. Various dopants known to one of

ordinary skili in the art can be used.

[0055] In various embodiments, {he orientation of the plurality of nanostructure

nuclel 140 can be controlled along a single direction, which can in tum be controlled

by intentionally orienting the plurality of patterned apertures 138 along the single

crystal direction. For exampie, the plurality of patterned apertures 138 can be

intentionally oriented along a single direction of the buffer tayer 220 as shown in FIG.

2. In an exemplary embodiment during IL patteming, the apertures in the selective

growth mask 135 can be intentionally ariented along the <1100> direction of a GaN

buffer layer. In another exemplary embodiment when the GaN buffer layer is grawn

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

GaN buffer layer and the sapphire unit celis.
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plurality of nanostructure nuclei 140 protrudes from the top of the selective growth mask 135, features
such as cross-sectional shape and dimensions of each of the plurality of nanowires 145 can be
preserved until a desired length is reached. In other words, the cross-sectional features of the
nanowires 145, such as shape and/or dimension, can remain substantially constant, the same or
similar as that of the apertures 138. In various embodiments, the length of each nanowire can be on
an order of micrometers, for example, about 20 m or more. [0054]In various embodiments, a buffer

layer can beptpsped in the nangiwEeadevisapial srodede pictSaiageofig-aeaiplary semiconductor
nanowire device 200 including a buffer layer in accordance with the present teachings. As shown, the

“nanowire dévimevReDaralpinEineiera busisruaiye iEy et eh s 4 #5524 afESuch as the
substrate 110 and a selective growth mask su the selective growth mask 135 (see FIGS. 1A-1C).
In various e%%&%‘?rﬁﬁ@t{ﬁgﬁg%ﬁér %@/eeclﬁsﬁ% T (Elu% o pr%%ﬁgrn%auﬁﬂ

can be anarsemic cto\fﬁfﬁlrjﬁv%rmed of, for

example, Galy AN Ak e ably AHCAN 95 Galindyaloraxamelecsiandagd MOCVD. In various

embodiments, the thickness of the buffer layer 220 can be, for example, about 100 nm to about 10 um.
In various essleotimemntehthetoartfier sabes@26t calsdseodopbd Withréivénrmativnyhdcsr a p-type dopant in
order to provide an electrical connection to the lower end ,ofﬁelf%%?ﬁn ng}\%vire of the plurality of

h

nanowires 1M ErBELHEHRAES BHRNITES BRSO P OHRaR S A BelRed. [0055]In various

embodiments, e DHERKAT ehifls Rtalhcebpanasiusbueaurlsih 49can g sonirolled along a

single direction, which can in turn be controlled by intentionally orienting the plurality of patterned
apertures 13%adang shiersiagieransiah directionhéprisxhgnpleh B30 plurdlityeofirphtteraed apertures 138
can be intentionally oriented along a single direction of the buffer layer 220 as shown in FIG. 2. In an

exemplary etBBEiResEdritgHenpattdRhg ke S TEHGRIYSAME RAEGIFSTIBWh mask 135 can be
intentionaly greted gignadne alianmaisclionaha, el uilsidayenda.angihereremplary
embodimenf when the ¢a buﬁl rate,

er layer I1s grown on a sapphire subst there can be a 300 rotation
about the ¢ gxdssheiweendhe2abbhyliesiayet asdhthesanphitfienvd erlis32B0056)FIG. 3 depicts an

exemplary process for forming a plurality of
[0057] in an exemplary embaodiment for the formation of GaN nanowires
andfor nancwire arrays, the first gas flow curve 302 can be plotted for a first
recursor gas such as trimethyigaliium (TMGa), and the second gas fiow curve 308
can be plotted for a second precursor gas such as ammonia (NHa). During the
selective growth 310, the exemplary GaN nanowires andfor nanowire arrays can be
formed in 8 MOCVD reactor including the first precursar gas TMGa with a constant
flow rate of about 10 scem, and the second precursor gas NHp with a constant flow
rate of about 1500 scom. That means, during the selective growth 310, the
precursor gases {i.e., TMGa and Nidg) can be flowed continuously, not puised (e,
hoth Group It and Group V precursor gases are provided fo the substrate fogether in
a continuous, non-pulsed growih mode). Moreover, the gréup Y precursor gas {e.g.,
ThMGa} and group (1! precursor gas {(8.g. NHs} can be introduced simultaneously and
the group V/ group 1 ratio can be maintained, for exampie, at about 100 to about

500, In an exemplary embodiment, the group V/ group i1l ratio can be maintained at
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nanowires and/or nanowire arrays using the two-phase growth mode in accordance with the present
teachings, Specifically, FIG. 3 illustrates precursor gas flow curves (including a first gas flow curve 302
and a second gas flow curve 306) during a selective growth 310 and a subsequent pulsed growth 320
for the formation of, for example, the plurality of nanowires 145 as described in FIGS. 1-2. As shown,
the selective growth 310 can be terminated by starting a pulsed growth 320 (i.e.,
growthmode-transition) at a transition time t1. The pulsed growth 320 can further include a number of
pulsed sequapegs,sior EXEBRI6Ha: iESkaR GURNEENOBPIRZ de B H0S SPShaLaHEALS loop 328 and/or
additional sequence loops. In various embodiments, the first sequence loop 324 can be repeated as
the second se¢jutende kyepB28a [0UEF Iz divekemglsiy=coh BbditTén 6t thetforniation of GaN
nanowires and/or nanowire arrays, the first gas flow curve 302 can be plotted for a first precursor gas

such as trimeth I FRRGAPENIERPT ZReHNEL e 4 ITREEHTE SI56 83T E@Potted for a second
precursor g (ﬁtﬂ%‘hﬁéi monia (NE3)- Buring the se '?Cg‘%%é‘ ﬁ&%’\}ge exemplary GaN
0

nanowires and/or nanowire arrays can be formed in a reactor mc u?f‘iﬁﬁcirhe first precursor gas
TMGa with aregnstaidleucrade plaidb Tsecm ARALNErsag0RYDIEEEIS gaRANRE with a constant
flow rate of about 1500 sccm. That means, during the selective growth 310, the precursor gases (i.e.,
TMGa and Niubsiatemae rfisiraditahitiumesty dwtngosesltgr., both Group Ill and Group V precursor
gases are pgg%j%id to the substrate tog%ether in a continuous, non-pulsed growth mode). Moreover, the
group V precUrgor gas (89 MHRIGE) ARGt 1F PredirSorgasaesyehisa)aEh B¥ introduced
simultaneougly a3 e EaHR 9T UL Fti0-SARDRMARIIIRL LS AR RIS, AlaPOuUt 100 to about
500. In an exemplary embodiment, the group V/ group Il ratio can be maintained at about 150.
Further, otheeaciactor cengitimhssfpetite Jetectvelgrovhr3dOican-inchigentanesegaple, an initial
reaction temperature of about 1015C to about 1060 C, a reactor pressure of about 100 Torr, and a

hydrogen/nit &@W%%?ﬂ&“ﬂ%emﬁ(m%d%ﬂﬁ%%ﬁ?ﬁiﬁ%?rﬁ%f\W%?TﬁB&(W’ﬁﬁb@ B8, Any suitable MOCVD
o toc el SR e a0 TR Bl TR U (B3Rt e e

substrates are rotated at a high speed during depositio ring pualse growﬂ1 320, the first

precursor garsuthasplivites andibeRocantrkermsrRe J&ssHehas NMHaoas: bedaroduced
alternately into the growth reactor in a designed sequence, for example, shown as the first sequence

loop 324, In YeatsascEAMcEmEMSatbrn deriatiof ot uih aflewating’ stepividpcthéopalsed sequence

can affect the growth of the. nanowires and/qr nanowire arrays, which can further be optimized for

specific reac%ggfb"‘ggrégrenné3 ri‘é@“ﬁ%?%"xa?ﬁpﬁ%é?%ﬁ%ﬁn%eﬁ?gvfg%ﬁgéﬁ@&?&h@‘98’88 B X TMGa can be

introduced il adilow w@tgeeé@@@mép@g%mg@q&g¢,%%i%®%r@ﬂﬁégeﬁza&ﬁ&5@ﬁ about 20 seconds (not
e

illustrated) followed by, for example, a 10 second carrier-gas purge (e.g., a mixture of
hydrogen/nitdggegyhitivimponesigisangsrecens pirgdses andifdlodud e imnddothowed by introducing NH3
with a flow rate of about 1500 scorn for a time period such as about 30 seconds (not illustrated)

followed by, B &da e & FHUEIGRN SR GAEBHYEES ¢ an3BaurébresparsdBR/nitrogen ) with no
precursor gaiﬁgérmg@}ly[ggwgéw %ygga%(ggtgop&%?% @%gr% i-%%ﬁg Hfigr%epggé%gin%%lpn the reactor

, . U
configurations, such as for example 15-40 seconds for the G ?ét)fa seconds for the

Group V reactantanenihrirbgecondsfopibauRdrgagasenhebvennee achRd easitsintoduction step. In
various embodiments, the pulsed sequence such as the first sequence loop 324 can be repeated until

a certain lengl#p SPHECHARGTAIOIRE ST sTRARIREATT bR lisRantpR, aRéoserrepled fobsp 324 can be
epeated a5 g s SSANELGD Iogh 328 e L seauerie oo (1o ystgten) and soon I

each sequence loop, the grou precursor gas gas (e.g. NH3)
can have an el Jate ixaEanar-eh Jaterame iR maka Wb 18 ahautL 300. In various
embodiments, the temperature, reactor pressure, and carrier gas flow for the pulsed growth 320 can
remain at th&insagimnestsiting $essibrehessetentbheg tbwihs Bddy@me afopreiinann kill in the art will

understand that the disclosed growth parameters are exemplary and can vary depending on the
specific reactorsgisynti a certain length of the GaN nanowires is reached. For example, the

seglence loop 324 can be repeated as the second seguence loop 328, the third
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[0059]In various embodiments, the transition time (t-i) can be determined by the duration of the
selective growth 310. The transition time (t1) can be dependent on the growth rate inside each
aperture, for example, each of the plurality of patterned apertures 138 shown in FIGS. 1-2. The growth
rate inside each aperture can in turn depend on the gas flows (e.g., shown as gas flow curves 302 and
304) of each precursor gas and the geometry of each aperture of the plurality of patterned apertures
138. This geometrical dependence can occur because the growth nutrients, for example, from TMGa
and/or NH3searhe depastcdbpirandnesselaclivegrowthsnaskcapdtia gheippen apertures. During
selective growth 310, the nutrient that deposits on the selective growth mask can have a high surface
mobility and*EsH aMHERS|Eafe TNESMASK SIACH FECHTRISIED Se L hbisy b EMesen aperture, diffuse to

that aperture ad copfriauie to (e arawih 13isndnal anere, Js addiipnalarpwth rate contribuiion
can therefore vary based on the 'size of the apertures and the distance between the apertures. In an

exemplary embegineent fas forpisiad ity obtaM RROQGMRes RRATSK ARAMNRaITays, the
growth-modetransition can occur after a 1 minute duration of the selective growth (i.e., t1=1 minute),
which can be@xh&dmentaiydpteifricd by tErGars froferseiaelirsipevhe fatéraed apertures. For

example, the GaN growth rate can pe about 0,6 4m/hr and the patterned apertures can be in the form
of 2 hoxagonT ATy PRVHATS M LR SRR RS 0E R RS BF BT . (0060 various
embodimentsthe growin.of the RluralinhalRanovitesard@snargwire arrays can be affected by when
the growth-mode-transition is applied. For example, the growth-mode-transition can be applied after

growth of thigpietality ofrneariostrastureimecieiti« Oxpsitvodieevef the tepiaktmnadkactive growth mask
(such as 135 seen in FIGS. 1-2). In various embodiments, different configurations/dimensions can be

obtained fortRd WAHSWAFAE S50 R W & 1948 TREpER g\ FRB IFRRPTRF 7BV th-mode-transition
H |' d llb n , S M - n M H h d
5 p0led SIuE o 85 NN LIGS, B or AL O AU ave roun o protuc

over the top of ctive growt iIrd exemplary semiconductor
nanowire deydgerdé:issmmesd hghenving & grogth-mote-transitiat: iafies hemanowiee nuclei have grown
to protrude over the top of the selective growth mask. It should be readily apparent to one of ordinary
skill in the arefhiatiifedrarBhie R grE200 @GapichaairnF s flav suppe ikt s ¢t yeheralized

schematic illustration and that other layers/nanowires can be added or exjsting layersinanowires can
be remove degFHr]rPOraﬁlJéscﬁr gas an&qge ge%me ry o? eacn apenure of %‘18 gura ity n:nL part](gme)é

apertures 138. This geometrical dependence can ocour because the growth
nuirients. for example, from TMCGa and/or NHa, can be deposited both on the
selective growth mask and in the open apertures. During selective growih 310, the
ngtrient that deposits on the seiective growth mask can have & high surface maobility
and can either ieave the mask surface or, if i is close enough to an open aperturs,
diffuse to that aperiure and contribute to the growth rate in that aperture. This
additional growth rate coniribution can thersfore vary based on the size of the
apertures and the distance between the apertures. In an exemplary embodiment for
forming a plurality of GaN nanowires and/or nanowire arrays, the growth-mode-
transition can oceur after a 1 minute duration of the selective growth (i.e., {1=1
mintute), which can be experimentally determined by the GaN growth rate inside the

patterned aperiures, For exampie, the GaN growth rate can be about 0.6 um/hr and
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[0062]In FIG. 4A, the device 400 can include a similar structure and be formed by a similar fabrication
process as described in FIG. 1C for the device 100. As shown, the device 400 can include a substrate
410, a selective growth mask 435 and a plurality of nanostructure nuclei 440. The selective growth
mask 435 and the plurality of nanostructure nuclei 440 can be formed over the substrate 410, wherein
the plurality of nanostructure nuclei 440 can be interspersed through the selective growth mask 435.
[0063]The substrate 410 can be any substrate similar to the substrate 110 of the device 100, on which
a group lll-N materal.can he qrown..Ehe siksiae AlQsrmbeniaf raamplesapphire, silicon carbide,
or silicon. Likewise, the plurality of nanostructure nuclei 440 can be formed similarly to that of the
plurality of nanpstrostiresntiglgrdder abdheidewice 100 shown in FIG. 16. For example, the plurality of
nanostructure nuclei 440 can be formed by first forming a pIuraIieta/ t}gé atterned apertures (not shown)

defined by tHROEEectivelfreHAHSRESRUBS BRPerRE¥ih 8 AR b BPWIELRIFAy of patterned
apertures can then be filled by growin i I ( : 2rejg using, for
example, staRaArd ‘i\;?ai‘if\s/B?H%%%%?ﬁﬁ?{%%ﬁﬁ?&%@%%@%‘ﬁ%’éﬁ%ﬁ,@ thickness of the

selective grouihmaskAnavierexamaleitaheuh3Q aspjsandtier grosshsddtiopatalimension, such as a
width or a diameter, of, for example, about 10 nm to about 200 nrn. And as an additional example, the
width or diametestofethes orots-SEC AR aipvER o PR ah N SAlRstYa 67PN B 3 B0EE A0 nim, [0064]In FIG.

46, the device 400 can include a plurality of nanpstructures 442 grown later, well as vertically
from the pIur&ﬁﬁ?ﬁmBrﬁ@ﬁuk&}reﬁ)%‘iﬁ%ﬁ‘g%ii& Wher Lﬁﬁ%é%bgr%rv?/%%qg? e Fg%{%e%%é?fﬁs "eel™ the
plurality of nanogtrysiiire PClREAA0 RIRLLILIRSPYERSARdaRQkthR seapiven eriowibrmask 435. For
example, each of the plurality of nanostructures 442 can be grown laterally, spreading sideways, and
partially on the: susfasenofithensellective prbattveiask(485 amafarous B@Botthent#tahe plurality of
nanostructures 442 can include a pyramid-shaped structure providin aftop crystal facet. For example,
a plurality of RERVERRYCE) A8 TEHO L BIOMHER %"&ﬁfﬁ?c‘i%«%féhf’oﬁ?ﬁ‘j %"pgfg%& and the dimensions
of this top facet gan be controlled by the extent of the growth of each nanostructure. Specifically, at the
early stage of the growth, when the plurality of nanostructures 442 is growing laterally and partially on
the surface qftiagiselectime:grawtinaapki43birthedeapitaget dimerdsitrseawie devfeased and be
broader than the cross-sectional dimensions of the plurality of nanostructure nuclei 440. When the

growth is corftfifUfetneH &\bEage AMENIBRRIEaNs RN defigie 4a8 BB RTINS ISR of the top facet
dimensions can be smaller than %gttog ;[}I;lgbgIgé%gfx‘%)%@%o%%gtqgg%ﬂg%’e@ggdi]gherefore, the
rolled by ' inati

dimensions ¥ 84 PEHHIE W fH242 8N e con , for example, a termination of the selective

growth modefi e iq ANY SPeraraWtarMPpdestE thilion) arRndde\gronth aigibeplurality of
pyramid-shaped nanostructures. In various embodiments, the exemplary pyramid-shaped top facets

can be truncatexand-4ia diremmsiongehead et sncareta iy saeéarcart tiehdEmaintained for the
subsequent growth of the nanowires and/or nanowire arrays using the pulsed growth mode. In various
embodimentd?YRB AR IR BEEeH A HE o l@&?ﬁ’%ﬁ%‘ﬁ%?gﬁtgao‘i‘eﬂ%?r‘fgst?ﬁctures 442 can be
controlled to %_le &W%IIer than that of each of the plurality of the nanostructure nuclei 440. In various
embodiments, fle ?o‘p facet of each of the plurality of nanostructures 442 can have an exemplary

cross-sectiongigsgpe of ienexam e, deseare canpotygiery siméatatigiéyrarmai/bg and a circle.
formed by a similar fabrication process as desciibed in FIG. 1C for the device 100.
As shown, the device 400 can include a substrate 410, a selective growih mask 435
and a plurality of nanostructure nuclei 44C, The selective growth mask 435 and the
nlurality of nanostructure nuclsi 440 can be formed over the substrate 410, whetrein
the plurality of nanosfruciure nuclei 440 can heutnterspersed through the selective

growin mask 435,
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100653The device 400 shown in FIG. 4B can be used as a support of nanowires and/or nanowire
arrays, which can also include a plurality of selected surface regions (i.e., the surface of each top facet
of the plurality of nanostructures 442). A plurality of nanowires and/or nanowire arrays can then be
grown from the plurality of selected surface regions and maintain the cross-sectional features (e.g.,
dimensions and shapes) of each of the plurality of selected surface regions. [0066]In FIG. 40, a
plurality of nanowires 445 can be formed by continuing the growth of the semiconductor material (e.qg.,

GaN) from f@gﬁ%ﬁgra'ityﬂ{esgijgggﬁs?e%%ﬁ Eegians: LIt driEP S0 e feam Argh top facet of the

plurality of tructures using the pulsed growth mode. As a result, the plurality of nanowires
445 can be geoadary sneadcvand hauapniexemptanssiameterrangiag foemzalioot 20 to about 500 nm,
and an exemplary cross-sectional shape of, for example, a square, a olg}ggn, a rectangle, an oval,

and a circIe?ﬁowﬂBFWtﬁéWF%éiWﬂf%@f'%jt‘fféf"' th@%’é‘ﬁ% R 't"éi_Wrﬂfaterial is grown to
protude ove e on f e selece oML TR 435, s BB 3ot s 445 can b fomea

on the top fHRBPS OF S exémplary pyramid-shaped structures o ty of nanostructures 442.

Features sughas-Grse-seationa shapeswart dinensionsof aachref drerpiusatity of nanowires 445 can
remain constant with that of the truncated top facets until a desired length is reached. In various

embodimensyrtity ingtivef usioh nemewire el EtEfirY B JarENe /IR G fhRfrometers, such as, for

example. sboy 20 ym, o igher, (006G, 5 derle's gther CXRTRIgPSEIGTgucor nanowire

subsirate 410. Each of the plurality of patterned aperiures can then be filled by
growing a semiconductor material (e.g., GaN) therein using, for example, standard
MOCYD. The plurality of nanastructure nuclei 440 can have a thickness of the
selective growth mask 435, for example, about 30 nm, and a cross-sectional
dimension, such as a width or a diameter, of, for example, about 10 nm to about 200
nm. And as an additional example, the width or diameter of the cross-sectional
dimension can be about 10 nm fo about 100 nm,

[5064] In FIG. 4B, the device 400 can inciude a plurality of nanosiructures 442
grown laterally ag well as vertically from the plurality of nanostructure nuclei 440,
when the growth-mode-transition occurs "after” the piurality of nanastructure nuclel
440 protrudes over the top of the selective growth mask 435. For example, each of
the plurality of nanostructures 442 can be grown laterally, spreading sideways, and
partially cn the surface of the salective growth mask 435, in various emboediments,
the plurality of nanostructuras 442 can include & pyramid-shaped structure providing
& top crystal facet. Far example, a piurality of GaN pyramid-shaped nanostructures
can Include a (0001) fop facet and the dimensions of this top facet can be controlied
by the extent of the growih of each nanostruclure. Speciﬁcéily, at the sarly stage of

the growth, when the plurality of nanostructures 442 is growing laterally and partially

21



including a buffer layer in accordance with the present teachings. As shown, the nanowire device 500
can include a buffer layer 520 disposed between a substrate, such as the substrate 410, and a
selective growth mask, such as the selective growth mask 435. The buffer layer 520 can be a similar
layer to the buffer layer 220 shown in FIG. 2. The buffer layer 520 can be a planar film formed of, for
example, GaN, AIN, InN or AlGalt using, for example, standard MOCVD. In various embodiments, the
thickness of the buffer layer 520 can be about 100 nm to about 10  In various embodiments, the

buffer layer 2Qcanthe: @0 prcwittt eitherdnmatypsarisepoty ped opaensosrden & provide an electrical
connection to the lower end of each nanowire. [0069]FIGS. 6A-60 depict exem gary results for a

plurality of drereRsEaN hereARrs AR B CRSRSRAE A AYEET G By RHRIRNe-phase growth mode
without use of 8 cat u%s}ls.ijgic%z danes with hepresephipachings, @eth ihgRapastructure nuclei

140,440 andThe hanowires , 445 are grown without the use of a metal catalyst deposited on the
substrate). AsShonariaEESchARR, dhie: phuralin siGalirranonsres 62 vatiegtos with large scale
uniformity of position, orientation, length, cross-sectional features (e.g., the dimensions and/or

shapes), anthargki| i e Haanmmeas e IR 4O nTELRYE R HFETFHEBSEIERN and dimensions of
each nanowire can correspond. with f.each e ity of ed apertures 138
shown in FI &vézfrﬁl_cbt.opnfr% ﬁ? can by Gant{tlﬁe% b% ‘&3;’ gpa%%%. ac{ %RHF\%'%*\Q Q@gﬁ@

ef'embodiments, the position and dimensions of each nanowire can

correspond gvﬁmm%@é gachdepdraest afdha plumliisefitanastiusticeg B shibwn in FIGS. 4-5.
[0070]FIG. 6A shows a close-up scanning electron micrograph (SEM) result for the exemplary GaN
nanowires GAI0RiNIE FyTEMEB S SN SENCHESH DM IRV ETRNGE6Fe (1678 &N nanowires 610.

In various embodiments, each GaN nanowire can hag%g &;gg%%;grr}y&tgla&a%ure. gg971]FIG. 6C shows

that the orieRUBIA-SRIRBICANASEIHRIEE BIETLEH BY runca

top facet can then be maintained for the subsequent growth of the nanowires and/or
narowire arrays using the pulsed growth made. In various ernbodiments, the
wruncated top facet diameter of each of the plurality of nanostruciures 447 can be
controlled fo be smalier than that of each of the plurality of the nanostructure nucle
440, |n various embodiments, the top facet of each of the plurality of nanostrustures
442 can have an exemplary cross-sectional shaps of, for example, a square, a
polygon, a rectangle, an oval, and a circle.
[0065] The device 400 shown in FIG. 4B can be used as a support of

- nanowires and/or nanowire arrays, which can alse include a plurality of eelected
surface regions (i.e., the surface of each top facet of the plurality of nanostructures
442). A plurality of nanowires and/or nanowire arrays can then be grown from the
plurality of selected surface regicns and maintain the cross-sectional features {e.g.,
dimensions and shapes) of each of the plurality of selected surface regions.
[oeeR] in FIG. 4C, a plurality of nanowires 445 can be formed by continuing
the growih of the semiconductor material (e.g., GaN) from the plurality of selected

surface regions of the device 400 {l.e., from each top facet of the plurafity of
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along a single crystal direction, for example, along the (0001) crystallographic direction of the
exemplary GaN nanowires 610. Additionally, the small central (0001) top facet of each nanowire can
be bounded by inclined {1102} facets on top of each nanowire. [0072]FIG. 6D is a plan view of the
exemplary GaN nanowlres 610 showing the hexagonal symmetry of the sidewall facets of each GaN
nanowire. The sidewall facets can be perpendicular to the direction of the selective growth mask 620
having the sidewall facets of the (11001 family. In various embodiments, the diameter of the exemplary

GaN nanowites 41R:6RR Bexabaung $00.RE gFdeesmdan 7 AkThebwatanse-afike lateral nanowire
geometry (e.g., the cross- sectional features) shown in FIGS. 6A-6D indicates that the GaN growth

rate can onlyaoowsitesri e s FEoEEH rdE tioRceH AN haye e CouaF A RtRNsteEMS acets. For example,
the vertical l?rowth rates for the plurality of GaN nanowires 610 fthte Rulsec% growth can be, for
g & OF,

example, aBotR P RTH OP RS- B ThE SR N A & R Growh TR ol the (11001 sidewall
facets (i.e., lateraldizeciian) canbg-RSseRliahaediglle iBrspitei@ltheir much larger area. In an

exemplary embodiment, the GaN nanowires 610 can be grown having a uniform length of about 20 um

or higher anigtézintain &wwsfogrtne ansetaroftiboud5deihthersessontustpamaterial is

30-nm-selectivegrowth-mask is used. In various embodiments, the presence, of pydrogen in the carrier
BEATHEH

gas mixtureFENTHE BSEYID eHS PR HFRRIRSTYE SRR TR 74iin %Re exemplary uniform
G o 10,1040 13558 30 Bl 160 Sh Y dsvbihpssentialy o eacing

dislocations . For example, there can be no threading dislocations observed with the GaN
nanowires léueneoniAnd shawn dnrfalBsBiand§ 132 51 esteredf thenthseagingeadisiogations can be

observed in the GaN buffer layer 220 and/or 520 underlying the selective growth mask 135 and/or 435,
since it is beifewes tadinesa NsIeerforyd hert iy HPHER 4o fFRFeSHAR terminate at a surface

beneath the C%ro%tnq mt%s{h.a{:&rhhee{}%%%gﬁ ét}gp(%efggﬁﬁ%gﬁgg%t %ﬂﬂﬁs&‘”%g&& &@ni}?e grown on various

G 2 .
substrates, Sits as, for examE) €, sapphire, sificon car 6H-SIC, or silicon such as Si (111).
various embodiments, the length of each nanowire can be confrofled en an order of

micrometers, such as, for axample, about 20 um or higher.

J6068] FIG, 5 depicis another axemplary semiconductor nanowire device 500
including a buffer layer in accordance with the present teachings. As shown, the
nanowire device 500 can inciude a buffer layer 520 disposed between a substrate,
such as the substrate 410, and a selective growth mask, such as the selective
growth mask 425. The buffer layer 520 can be a simitar layer to the buffer layer 220
shown in FIG. 2. The buffer layer 520 can be a planar film formed of, for example,
GaN, AN, InN or AlGaN, using, for example, standard MOCVD. in various
embodiments, the thickness of the buffer layer 520 can be about 100 nm to about 10
pm. In various embodiments, the buffer layer 520 can be doped with either an n-
type or a p-type daopant in order to provide an electrical connection to the lower end
of each nanowire,

[D063] FiIGS. BA-BD dapict exemplary results for a plurality of ordered GaN

nanowires and/or nanowire arrays grown by the multiple-phase growth mode without

23



. [0075]In various embodiments, the uniform and high-quality GaN nanowires and/or nanowire arrays
can be used for fabrication of high-quality GaN substrate structures. Commercially viable GaN
substrates are desired because GaN substrates can greatly facilitate the fabrication of visible LEDs
and lasers for the emerging solid-state lighting and UV sensor industries. Moreover, GaN substrates
can also be used in other related applications, such as hi-power RF circuits and devices. [0076]In
various embodiments, GaN substrate structures can be formed by terminating and coalescing the

plurality of GANIAIQUCER SR amUaasedeserbast BAlRes lobwysibadeshiaues such as

nanoheteroepitaxy. S. 7A-7D depict four exemplary semiconductor devices including GaN
substrate stugiutes, 448 ahtdhd donanicy 175fdrbedfgomwnvétphut diiey et SaNmaihovvires of the device

100 (see FIG, 10), the device 200 (see FIG. 2), the device 400 &see FIG. 4%2’, @? &Ee device 500 (see
FIG. 5), respaisielgppetay Hrdhe R apiirendsSaN BBk SRS RH B RbaRled to allow

coalescence of e farmed Pl oLAA UGS Gy L4504 afarhelhaye orown o a suitable

height, and & fSrmiation of a ubstrate structure (e.g., the substrate 712, 714, 715, or 717).

The GaN suyhsitate.SiHACtHERIRRN D6, areOfitiaueiuss epilaxis ape), ity cpaddisded fdanar film. The
"suitable height" can be determined for each nanowire (e.g., GaN) and substrate (e.g., SIC or Si)
combinationeasdhedrheeia, HesgMaRaaituess S§masktt AN RTSRYRGSeE Tensity in the upper

coalesced GaN film (i.e., the GaN substrate structure). | ggl i‘g%l- & Suitahla height can be a height
that can maiftsii'& 8&9&&%&1‘@-‘% u%tag?ruegta%ea;%&%ﬁae%ﬁsuI{)ing |s{{(gmiconductor devices, for

example, those shawad el S FAsED:-IN esinssbhogimentss peciuserttireading defects are not
present in the plurality of GaN nanowires (e.g., 145 or 445), the coalescence of the GaN substrate

structure (e fimdhsosshéate TARMIEATIBEETRIT) i (6" 6f B3R PIEHES8f nanowires can then
occur and provide the GaN substrate structureﬁggtai[]gng an extremely low defect density, such as, for

example, aB{EAY PIERNosEH s 442 shown in

160703 FIG. 6A shows a close-up scanning electron micrograph (SEM) result
for the exemplary GaN nanowires 610, while FIG. 8B shows a SEM result with fong-
range order for the GaN nanowires 610. In various embodiments, each GaN
nanowire can have a single crystal nature.

{oa71] FIG. BC shows that the orientation of the GaN nanowires 610 can be
along a single crystal direction, for example, aiong the (0001} crystatlographic
girection of the exemplary GaN nanowires 610. Additionally, the small central {0001}
top facet of each nanowire can be bounded by inclined {1102} facets on top of each
nanowire.

[0672] FIG. 8D is & plan view of the exemplary GaN nanowires 610 showing
the hexagonal symmetry of the sidewall facets of sach GaN nanowire, The sidewall
facets can be perpendicular to the direction of the eelective growth mask 520 having
the sidewall facats of the {1100} family. In various embaodiments, the diameter of the

exemplary GaN nanawires 610 can be about 1000 nm or less.
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[0078]According to various embodiments of the nanowire formation process, the process steps, (e.g.,
the deposition, patterning and etching of the selective growth mask, the selective growth of nanowire
nuclei, the pulsed growth of nanowires, and the formation of the exemplary GaN substrate structures)
can be scaleable to large substrate areas. They can also be readily extended to manufacturing
requirements including automatic wafer handling and extended to larger size wafers for establishing
efficacy of photonic crystals for light extraction from visible and near-UV LEDs. [0079]FIGS. 8-12

depict exerﬂﬁ%j’ embedimentsfornanqie-aciue seyisasiasiuding manawie LEDs and nanowire
their's

lasers, and calable processes for manufacturing. In various embodiments, the disclosed group
11I-N nanowdeescaadazaneyyisecamdy SR HAS T aostasdhatdsedpaliognaiiowligeseirays can provide their
active devices with unique properties. This is because each pulsed-grow %gN&armowire can have

"a

sidewalls o MICERUFARING XPrETHEHRIRR 15 S SHRYE LRTE pidRa<® nonpolar direction for
group IlI-N mater!fal .eH\jgﬁ‘&gy é%gy&ggq@ ﬂ%l‘l’iﬁlﬁ’ré”ﬁ}\b%ﬁ skchasaNtmeINGaN/GaN wells,
wells m [l1-

guantum AGENIGA or-other quantu N wells, can therefore be formed on these side facets

of each Gal\panevire: 40089 khos-examrpiecthe panowinegrewiritebatier ican Heechanged
significantly when other precursor gases such as trimethylaluminum (Al) or trimethylindium (In) are
added to the@xemptarpv@ChD gas shiaye tirey b firsetiirslinm AHdE 3R°EEtase, even a small

molecular fraction (e.g., about 1%) of Al or In added to the GaN na ogvire%qgg/@art@anowire arrays can

result in ea@RSIRE R ABNGIRS GRIHG REE S G SRR oAl dimensiona (e.g., width or
diameter) increasing QveLime oThis Risrel orpwsh-heRavior aanaliowcseatineraha core-shell

heterostructure, that IS, quantum wells mﬁluding exemplary materials of such as inGaN and AlGaN

alloys can be e onirnd gaveiep ¢ash Gzl nanowie ok Aanesulkstive-core-shell growth can
create a core-shell nanowire/MQW active structure for light emittin% devices. LgOSl]In various
embodimengsywih-aueitionatthitt wrsvhesdgisniealierresence of hydrogen in the

cariler gas mixture can be used o control the nancwire gecmetry.

{0074] In addition, the exempiary uniform GaN nanowires 810 shown in FIGS.
8A-8D can be of high-quality, that is, with essentially no threading dislocations (TD).
For example, there can be no threading dislocations cbserved with the GaN
nanowires 145 and/or 445 shown in FIG. 2 and FIG. 5, even if the threading
dislocations can be observed in the GaN buffer iayer 220 and/or 520 underlying the
selective growth mask 135 andfor 435, since it is believed that these dislocalions
bend away from the nanowires and terminate at a surface beneath the growin mask.
Furthermore, the defect-free GaN nanowires 610 can be grown on various
substrates, such as, for example, sapphire, sflicon carbide such as 8H-5IC, or silicon
such as Si (111).

[6G7 5] In various embadiments, the uniform and high-guality GaN nanowires
and/or nanowire arrays can be used for fabrication of high-guality GaN substrate
structures. Commercially viable GaN substraies are desired because GaN

subsirates can greaty facilitate the fabrication of visible LEDs and lasers for the
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established to grow the core-shell of the exemplary InGaN and AlGaN alloys, after the GaN nanowire
has been grown using the disclosed two-phase growth mode. This third growth mode can be a
continuous growth similar to that used in the selective growth mode, for example, as shown at 310 in
Fig. 3. In various other embodiments, a pulsed growth mode can be used for the third growth
condition. [0082]In various embodiments, the core-shell nanowire/MQW active structure can be used
to provide high efficiency nanoscale optoelectronic devices, such as, for example, nanowire LEDs

and/or nanoywkadnsasidRasexgmpleatheressitingrenkt ehellioareaireiQibétactive structure (i.e.,
having the MOW active shell on sidewalls of each nanowire core) can be free from piezoelectric fields,

and also free=frafacthe usssdoiater! tRiRat FAPEeHTINE PSSt Ae SHeeeCTSHEWERRISe each nanowire core
has non-polar sidewalls. The elimination of the QCSE can increase the radiative recombination
efficiency in ti&"5tive region to improve the performance of the LEDs and lasers. Additionally, the

absence of can gliouruidenuanidr el tahedseduiich canbimareuerhe overlap integral
and cavity gain of the nanowire based lasers. A further exemplary efficiency benefit of using the

core-shell nasowviseriy QW Veaivingtivec plres iy tfdtaNerautivieeregion s dwsatebeisignificant increased

because of the unique core-shell structure. [0083]FIG. 8 depicts rorss;{j%egtiqn%l layered structure of

an exemplar§) EG78:dHRHEEERAPSINGG T 0AR BPSH URIRIPERIE e SFIAAEE with the present

teachings, It should bererdily ARPAUSAIIORARIREAEIN Y-S inihe ALt that the, geyice 800 depicted

in FIG. 8 represents’a generalized schematic illustration and that other materials/layers/shells can be
added or existthgimhatersal Sitaytrsishelity caGbe nervoves dimetvies | {00844A¥sHOWN, the device 800
can include a substrate 810, a doped buffer layer 820, a selective growth mask 825, a doped nanowlre

core 830, anfi&igMeR SBRICRRS @@)ﬁé@ﬁ%ﬁ%@%ﬁ%Bﬁéﬁﬁ@ll%‘ ha 4R~ HeRsStructure 850, a

second dop%&l&ll{é&%ﬂwﬁ%g third doped shell 870.

FOO77] For example, the GaN growth conditions can be modified to allow
coalescence of the formed plurality of nanowires (2.q., 145 or 445) after they have
grown {o a suitable height, and then formation of a GaN substrate structure (e.g., the
substrate 712, 714, 715, or 717). The GaN substrate siruciure can be a coniinuous,
epiiaxial, and fully coalesced planar film. The “suitable height” can be determined for
sach nanowire {e.g., GaN) and substrate {e.g., SIiC or 8i) combination and can be a
height that allows 2 significant reduction in defect density in the upper coalesced
GaN fiim {i.e., the GaN substrate sh'ucturé}. In addition, the “suitable height' can be
a height that can maintain a mechanicaliy-robust structure for the resulting
semiconducior devices, for example, thase shown in FIGS. 7A-70. In various
embodiments, because threading defects are not prasent in the plurality of GaN
nanowires {e.g., 145 or 445), the coelescence of the GaN substrate structure (e.q.,
the substrate 712, 714, 715, or 717} on top cf these pluralities of nanowires can then
occur and pruﬁde the GaN substrate siruchure containing an extremely low defect

density, such as, for example, about 107 em? or fower.
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[0085]The selective growth mask 825 can be formed over the doped buffer layer 820 over the
substrate 810, The doped nanowire core 830 can be connected to and extend from the doped buffer
layer 820 through the selective growth mask 825, wherein the doped nanowire core 830 can be
isolated by the selective growth mask 825, The shell structure 835 can be formed to shell” the doped
nanowire core 830 having a core-shell active structure, and the shell structure 835 can also be
situated on the selective growth mask 825. In addition, the shell structure 835 can be formed by
depositing tfi@hjrd dopectshiell &7 O=tves thebsdiotntsdod pectshel@aOmnhiehcateie formed over the
MQW shell structure 850 over a first doped shell 840. [0086]The substrate 810 can be a substrate
similar to thE'@ BFAPaTePI0 2Rd 1§ 0 TRRUIETEE TN RIERESINY @r)ﬂi}%ﬁﬁmﬂebut not limited to,

sapphire, S§?8ﬂth%r§)s9 h?@ &8 BI\I/M Sirares %{%h %%b%ﬂé&r yer 52 [0087]The doped buffer

layer 820 can be forme overt esu strat 10. The ope can be similar to the

buffer layersz2mssl £ric5R0 (seaifdieiZangtdtGag)cibedeped bifiernlayenl 2@ can be formed of, for
example, GaN, AIN, InN, AlGaN, InGaN or AlinGaN, by various crystal growth methods known to one

of ordinary SRl&ANR&AOMPURPIFS eRmSodingeia) fiRe 88 fRrpbLfer18y81820 can be doped with a

conductivity t e similar to the doRed n owwe cor% 830 In som e em gglrrqgnﬁ?(the doped buffer

layer 820 c e reﬁl{fﬁ}\?ergq‘wmm tsdewce g(?b't eer ES Sctivé grow 825 can be a

selective groyBMask SIS establishing efficacy of photonic crystals for fight extraction
from visible and near-UV LEDS,
j00673] FIGS. 8-12 depict exemplary embodiments for nanowire active devices
including nancwire LEDs and nanowire tasers, and their scalable processes for
manufacturing. in various embodiments, the disclosed group HH-N nanowires and
nanowire amays such as GaN nanowires and/or nanowire arrays can provide their
active devices with unigue properties. This is because each pulsed-grown GaN
nanowire can have sidewalls of {1100} family and the normal to each of these side
planes can be a nonpolar direction for group H-N materiais. High-gualily guantum
group fi-N welis such as quantum InGaN/GaN wells, guantum AlGaN/GaN wells or
ather quanturn ill-N wells, can therefore he formed on these side facets of each GaN
nanowire.
[o08s} For exampis, the nanowirs growth behavicr can be changed
significanily when other precursor gases such as trimethylatuminum (Al or
frimethylindium (in) are added to the exempiary MOCVD gas phase during the
pulsed growth mode. in this case, even a small moiecular fraction (e.q., about 1%}
of Al or in added to the GaN nanowires and/ar nanowire arrays ¢en result in sach
GaN nanowire growing iaterally with s cross-sectional dimensions (e.g., width or

diameter) increasing over time. This lateral growth behavior can afiow creation of &
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to the selective growth masks 135 and/or 435 (see FIGS. 1-2 and FIGS. 4-5) formed on the buffer
layer 820. In various embodiments, the selective growth mask 825 can be formed directly on the
substrate 810. The selective growth mask 825 can define the selective growth of the plurality of
nanowires and/or nanowire arrays. The selective growth mask 825 can be formed of any dielectric
material, or other growth mask material known to one of ordinary skill in the art. [0089]The doped
nanowire core 830 can use any nanowire of the plurality of nanowires shown in FIGS.1-2 and FIGS.

4-7 formed ysing.the fwa:nhase arapthmade. TH6, daned RRIAWLE G9eA30 Ganpe formed of, for
example, GaN, AIN, InN, AlGaN, InGaN or AlinGaN, which can be made an n-type by doping with

various imputikies:s ribabdlisasti &dka g einyaniasmheselemum asdlfuvalop dedobam . nimyaiious embodiments,
the doped nanowire core 830 can be made p-type by introducing beryllium, strontium, barium, zinc, or

magnefsium.c@"l‘i’lef“ﬂégﬁ%?% m@@%@’%m&%‘?aqrﬁﬁﬁiﬁ HRE"H EIPWER(8ed! In various
embodlmentgct s%@%%%&tg&g%%g%@%\g@ée core 830 can define the approximate height of the

active structure device or example, t oped nanowire core 830 can have a height of about 1

pm to about (@@ pm. [QQWNbhesianpRthizang wiredeaia 830 raapdiayedieripotan sislewall facets of
{1100} family (i.e., "m"-plane facets), when the material GaN is used for the doped nanowire core 830.
The shell stregRrsB35rERING tPE-FMOVpdhe ksrrtaid 850! ead HEghosiinveyafisie-shell growth on

these facets and the device BOO can therefore be free from piezoelectric fields, and free from the
associated qﬁgg‘?ﬁi\rﬁgggﬁ |H%§8§%?E”e?f8g{‘(ﬁ8§%? f&%f?%?rélaé%ﬁé%@?g%o can be formed from
and coated ofhil@iRNoRBIARIEeNAliacRlsish dhe fored RaBPWiIre:c0s8 B3GRy an exemplary
core-shell growth, when the pulsed growth mode is used. For example, the first doped shell 840 can

be formed byeleitiveygroshat aindunteividld asrh dhe guildeth digwith lofvivedopibdrnanowire core 830
forming a core-shell heterostructure. The conductivityﬁ%{%)e of the first doped shell 840 and the doped

nanowire cofdB8HBERHE AHRRS STMME MRREssap I st bt el L RBIE RS fents, the first doped

shell 840 carld@&ﬁjde a WFEHGLQEAB@%M@@%%%!pﬁaWi@Wej%than 1.00 such as 0.05
or 0.10. '

structure can be used o provide high sfficiency nanoscale optoelectronic devices,
such ags, for example, nanowire LEDs and/or nanowire lasers. For example, the
resulfing core-shell nanowire/MQW aciive structure {i.e., having the MGQW active
shell on sidewalle of each nanowire cora) can be free from piezoelectric fields, and
also free from {he assaciated gquantum-confined Stark effect (QCSE) because each
nanowire core has non-polar sidewalls. The elimination of the GUSE can increase
the radiative recombination efficiency in the active region to improve the
nerformance of the 1L.EDs and lasers, Additionally, the absenrce of QCSE can allow
wider guanium welis to be used, which can improve the overlap integral and cavity
gain of the nanowire based lasers. A further exemplary efficiency benefit of using
the core-shell nanowire/MQW active structure is that the active region area can be
significant increased because of the urique core-shell structure.

jo0a3] FIG. 8 depicts a cmss—sect’;ﬁnal layvered struciure of an exemplary

care-shell nanowire/MQW aclive structure device 800 in accordance with the present
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[0092]The MOW shell structure 850 can be formed on the first doped shell 840 by the exemplary
core-shell growth, when the pulsed growth mode is used. Specifically, the MQW shell structure 850
can be formed by adding a small amount of Al and/or In during the pulsed growth of the first doped
shell 840 to continue the formation of the core-shell heterostructure. In various embodiments, the
MQVV shell structure 850 can include, for example, alternating layers of AlxGal..,,N and GaN where x
can be, for example, 0.05 or any other number less than 1.00. The MOW shell structure 850 can also

include alterpatingdayearsefidoeesamplpdirsmab o andfraN <uere. sambeany number less than
1,00, for example, any number in a range from about 0.20 to about 0.45. [0093]The second doped

shell 860 cafyEdGHRdanHamhe MICVE shetbetiacture8Betiesetindidepettishadl 860 can be used as
a barrier Iay%r ftor the MOW shell ?r cture 850 with a sufficient thickness of, such as, for example,
ot 1. ﬁ%&ﬁ

about 500 nmto aegﬁ}a%@b%!rt ° BEBRATRTHES SherE8 RalPIRIYbHABE B 46  example,
Al,Gal4N, whawgnseanpgameaumber less than 1.00 such as 0.20 or 0.30. The second doped shell

860 can be doped with a conductivity type similar to the third doped shell 870. [0094]The third doped
shell 870 caif®@#formedibyzomtiritindetive 80te:ameitigdewth fremis e seconskdopest shell 860 to cap

the active st{uctuar device 800. The third doied shell 870 can be formed of, for example, GaN and
doped to be &FhAHE BHECHYR LY etk s mPtrhenewirkern&itiaped shil 830 is an n-type

shell, the seepidoped! SHEM AP0 oL dae OB dopaRan el Lo canbess i bis shell and vice
versa. In various embodiments, the thlrdgdope shell can have 4 thickness of about 50 to about
500 not doped shell 880, and a third doped shell 870.

[po3s] The selective growth mask 825 can be formed over the doped buffer

layer 820 over the substrate 81, The doped nanowire cora 830 can be connected

to and extend from the doped buffer layer 820 through the selective growth mask

8§25, wherein the doped nanowire core B30 can be isolated by the selective growth

mask 825, The shell structure 835 can be formed to “shell” the doped nanowire core

830 having a core-shell active structure, and the shell struciure 835 can alsa be

situated on the selective growth mask 825. In addftion, the shell structure 835 can

be formed by depositing the third doped shell 870 over the second doped shell 850,

which can be formed over the MQW shell structure 850 over a first doped shell 840,

jGGBE] The substrate B10 can be a substrate similar to the substrates 110 and

410 (see FIGS. 1-2 and FIGS. 4-5) including, but not iimited to, sapphire, silicon

carblide, sllicon and {lI-V substrates such as GaAs, or GaN.

[D087] The doped buffer layer 820 can be formad over the substrate 810. The

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

and FIG. §). The doped buffer layer 820 can be formed of, for example, GaN, AN,

InN, AlGaN, InGaN or AllnGaN, by various crystal growth metﬁeds known to one of

ordinary skill in the art. In various embodiments, the doped buffer layer 820 can be
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[0095]In various embodiments, the core-shell active structure devices 800 shown in FIG. 8 can be
electrically isolated from each other, when a number of devices 800 are included in a large area such
as a wafer. FIG. 9 depicts an active structure device 900 including a dielectric material 910 deposited
to isolate each core-shell nanowire/MQVV active structure shown in FIG. 5 in accordance with the
present teachings. [0096]As shown in FIG. 9, the dielectric material 910 can be deposited on the
selective growth mask 825 and laterally connected with the sidewalls of the shell structure 835, more

specifically, doeszidewallsmoddbethitg depersbel8Realmentans enrbadimentsathe dielectric material
910 can be any dielectric material for electrical isolation, such as, for example, silicon oxide (5102),

silicon nitrid & TSPIKRESIIIEB A SEhiERs 'BSRONY s diRErTHYEATRY Hheadavide Sisome embodiments,
the dlelectrlc%mlc_ rial 910 can be a curable dielectric. The dielectric ma}gﬁnal 10 can be formed by, for

example, ch | vapor gepo& 5\6%9(8 Or spin-on tec nsi%ﬁ%'s}’:evgﬁ% dediret Iéq[f’ght or thickness.

In various emalpslinebiSe hienaighiicknans af ibe (diclaeiicimalriial @4 08nhedyrther adjusted by

removing a portion of the dielectric material from the top of the deposited dielectric material using, for
example, etcéhifitp SHiiEC EfIrBEbdireg ki embisiormevef bediabagt ekirimwiineast. SPAethickness of the
dielectric material 910 car} ependi?ﬁ on specific applications where the core-shell

]

[ b i dd s
nanowire/MOYVF TERAEES hfc%ﬂ Li?t F9608711R% Aot R A BEHifET 826 4B (€ H&nowire LEDs and
nanowire lasgEs,cRpibe J%Jﬂﬁ9@9(&&%@%?9%%@@’%8‘%?9@9&9rjé‘e@e@é- P8, because MOW active

shell structures can be created on the nonpolar sidewalis of the pulsed-grown nanovvires, For
example, if theacdrowinet aresatangedsa farhexaganphiateayrwithBrpitch tiairigregual to 1,12, where
Xis the emission wavelength of the exemplary LED or laser, the array of nanowires can provide optical
feedback to SHHURRETRIHIEMI Y aclisHinam skitin-1e #épict exemplary nanoscale active devices

pehes il e
nanowires shown in FIGS.1-2 and FIGS. 4-7 formed using the two-phase growth
mode. The doped nanowire core 830 can be formed of, for example, GaN, AIN, InN,
AlGaN, InGaN or AlinGaN, which can be made an n-typa by doping with various
impurities such as silicon, germanium, seleniurn, sulfur and tellurium. In various
embodiments, the doped nanowire core 830 can be made p-type by introducing
beryllium, strontium, barium, zinc, or magnesium. Other dopants known o one of
ordinary 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 g height of about
1 um to about 1000 um.
foooay The doped nanowire core 830 can have non-polar sidewail facets of
{1100} family (i.e., "m"-plane facets), when the material GaN is used for the doped

nanowire cbre_BSG. The shell structure 835 including the MQW shall structure 850

can be grown by core-shell growth on these facets and the device 800 can therefors
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the core-shell nanowire/MQVV active structure described in FIGS. 8-9 in accordance with the present
teachings. [0099]In various embodiments, the nanowire LED device 1000 can be fabricated including
electrical contacts formed on, for example, the device 900. The electrical contacts can include
conductive structures formed from metals such as titanium (Ti), aluminum (Al), platinum (Pt), nickel
(Ni) or gold (Au) in a number of multi-layered combinations such as AITTI/PUAu, Ni/Au, TWA', Ti/Au,
Ti/Al/Ti/Au, Ti/Al/Au, Al or Au using techniques known to one of ordinary skill in the art. (00100)In FIG.

10, the deyiopel 0 csa. i RrRNdhERE SiioHTEs1040auned on therauface of the device

900, i.e., on each surface of the dielectric material 910 and the third doped s 870 of the shell
structure 835Emhdgiedrititciie structure 1040 can be a transparent layer used for a p-electrode of the
LED device 1000 fabricated subsequentlgé in an exemplary embodiment, the conductive structure

1040 (or p-efEEthde) cAAHESHEPREARBIERR rafLie PHIEATCBIBHERRAISITIANCI00101]In various
embocimeris, e dRUF 000 G LTRSS 456 e ayEn B30 i an acusted thickness

(or height). By adjusting the thickness of the dielectric layer 1010, t tent (e.g., thickness or height)

of the condygetivit strustiire 1046 (popietactioda)tarnred orrapd, alermsthesidewall of the shell
structure 835 can be adjusted according to the desired application of nanowire active device. For

example, a BfRAAPEF GRS BiSRERTR FIE) BBREBRTIACCHE e SitdRidsRe BawEtaféh#040 (or p-electrode)
I‘gstgri.“’p of e eRLfaRie! SR AL Y ARSI SARIRIS: rlangwire L FRs and/or nanowire

of the first deped shelt 840 and the doped nanowire core B30 can be made similar,

for example, n-type. In various embodiments, the first doped shell 840 can inciude a

material of Al,GaN, where x can be any number iess than 1.00 such as 0.05 or

2.14.

[0082] The MQW sheli structure 850 can be formed on the first doped shall

840 by the exemplary core-shell growth, when the pulsed growth mods is usad.

Specifically, the MQW shall structure 850 can be formed by adding a small amount

of Al and/or In during the pu'sed growth of the first doped shell 840 to continue the

formation of the cors-shell heterostructure. In various embodiments, the MQW shell

structure 880 can includs, for example, alternating layers of Al,Ga., N and GaN

where x can be, for example, 0.05 or any other number less than 1.00. The MQW

shell structure 850 can alsc include alternating layers of, for example, In,Gay,N and

GaN, where x can be any number less than 1.00, for example, any number in a

ranga from about 0.20 to about €.45,

[0083] The second doped shell 860 can be formed on the MQWY sheil

structure B50. The second doped shell BEO can be used as a barrier layer for the

MQWY shell structure B50 with & sufficient thickness of, such as, for example, about |

500 nm to about 2000 nm. The second doped shell 860 can be formed of, for
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Alternatively, an adjusted thin dielectric layer 1010 can allow the conductive structure 1040 (or
p-electrode) to have a greater thickness or height (i.e., an increased extent), which can reduce the
resistance of the active devices. In various embodiments, the greater thickness of the conductive
structure 1040 (or p-electrode) can, however, be expected to contribute loss to an active device such
as a laser cavity. As known to one of ordinary skill in the art, optimum performance of the conductive
structure 1040 (or p-electrode) can be achieve by balancing the reduction of resistance of the active

devices withdkerexpegies, cr\vitydass ORI vaneLseahedimertanthe dRickpess of the conductive

structure 1040 (or p-electrode) aiong the sidewalls of the shell structure 835 of the exemplary LED
device 1000 C¥BeRTHH darishehsl BB Ger herAcreaAbSh eyt tEvitigivedivienbytheerformance. In
various embg‘grimge%%s §Q§I LED device 1000 can have a total height of, for example, about 10 rim.
[00103]In FIG. [i ) %e evice 1000 can further include a p-electrode 1045, a dielectric 1015, and a

selective contagizmask 3:@856&@\68&&@!%%@503&%@%%%i%&ﬁﬂ%ﬁﬁlﬁ%@%@é@%ﬂ mask 825 (see

FIG. WA). [00104]The p-electrode 1045 and the underlying dielectric 1015 can be formed
growth from the second doped shell 860 to cap the active structure device 800, The
third doped shell 870 can be formed of, for exampie, GaN and doped to be an n-type
or a p-type. In various embodiments, if the first doped shell 830 is an n-type shell,
the second doped shell 880 and/or the third doped shell 870 can be a p-fype shel
and vice versa. In various embodiments, the third doped shell 870 can have &
thickness of about 50 to about 500 nm.
[0095] In various embodiments, the core-shell active structure devices 800
shown in FIG. 8 can be electrically isolated from each other, when a number of
devices 800 are included in a targe area such as a wafsr. FIG. 9 depicts an active
structure device 800 including a dielectric materiat 910 deposited to isolate each
core-shell nanowlre/MQW active structure shown in FIG. B in accordance with the
present teachings.
10096] As shown in FIG. €, the dielectric material 910 can be deposited on the
selective growth mask 825 and laterally connected with the sidewalis of the shall
siructure 835, more specifically, the sidewalls of the third doped shell 870. In various
embodimants, the dielectric material 910 can be any dielectric material for electrica
isolation, such as, for example, silicon oxide {SiOy), silicon nitride {SialN,), silicon
oxynitride (SION), or other insulating materials. in some embodiments, the dielectric
material 910 can be a curable dieiectric. 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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by patterning and etching the conductive structure 1040 and the dielectric layer 1010 (see FIG. 10A).
As a result, portions (not shown) of surface of the selective growth mask 835 can be exposed and
separated by the dielectric 1015 on both sides of each core-shell structure, After the patterning and
etching processes, a selective contact mask 1025 can be formed by forming trenches 1035 through
the exposed portions of surface of the selective growth mask 825, wherein each side. of the core-shell
active structure can include at least one trench 1035. As a result, surface portions of the underlying

buffer layer fdé-eanke-tiser asdoastomeef s drenchasnboBh. {@otah] i tareiseimbodiments, the
thickness of the selective contact mask 1025 can be critical for the performance of the LED device

1000. For exatpireiransiiiedeprafiive dapedipdeiglentin mrieheiintg 'R $15M88 nm can be
sufficientl Uhigk 18 SHRBOIA KAILARS.of 200l A0, UtR o1 RIOLET PRIOKR Braaiidann of the LED device
Embo ? Tect i1 sk 1025 ic

1000. In variou Iments, the selective contact mas can have a thickness of about 30 nm

or less. Howpvesriena:rfigrdinamnsid ki dhiesart wilkinader stanstdkabRcHigiersatepidve growth mask
can be readily accommodated in the nanowire and nanowire active device processes. [00106]In FIG.

10C, the desdteshelOanamwineditiohd’ e alestitel 83880 formed to assure the conduction between the

n-side contact and the central cond%ggive reg\i(0n includin theE%osped buffer.la)(er 820 and the nanowre
fon ane

core 830. TR &Entral cORdTRR m&lﬂiﬁ’b(-ja,“ OF CRAR ii%,[“ 3%3? %ﬂﬁ)ﬁ’éﬁ 5 GaN region. In various

embodiments, the Braleolnses 4080 apg dnelude pRBdyCtvess BLCuses Smeby depositing electrode

materials onto each surface of the selective contact mask 1025 and the bottoms of the trenches 1035.
In an exempleiyeeandiicitimients i hetesttatios the Bonpalatwdormie didhdforierengiphs a layered metal
combination, such as AIM/Pt/Au. [00107]At 1099, the resulting light of the nanowire LED device 1000
in EIG. nanowires. For example, if the nanowires are arranged in'a Hexagonal aray with a

pifch that is equal to 2/2, where A is the emission wavelength of the exemplary LED

or laser, the array of nanowires can provide optical feedback to stimuiate light-

amitting action. FIGS. 10-12 depict exemplary nanoscale active devices formed

based on the structures shown in FIGS. 8-9 in accordance with the present

teachings.

[2098] FIGS.10A-10C depict an exemplary nanowire LED device 1000 using

the core-shell nanowire/MGQW active structure described in FIGS. 8-8 in accordance

with the present teachings.

[0058] In various embodiments, the nanowire LED device 1000 can be

fabricated including elecirical contacts formed on, for exampie, the device 800. The

electrical contacts can include conductive structures formed from metals such as

titanium (Ti), aluminum (Al}, platinum (Pt), nicke! (Ni) or gold {Au) in a number of

multi-layered combinations such as AITI/PYAU, NifAu, TIZAL TifAu, TIFAVTIIAU,

TiAIAU, Al or Au using technigues known to one of ordinary skill in the art.

fo0100] in FIG. 104, the device 1000 can include a condugtive struciure 1040

formed on the surface of the device 300, i.e., an each surface of the dietestric
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10C can be extracted through the substrate 820, which can be transparent at green and blue
wavelengths. In various embodiments, a more diffuse light output can occur 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 lighting 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 core-shell

grown activermagiahHieand. the thedMQQAd antive sheltaresicaniie-ngssased dorexample, by a factor
of approximately 10 times compared to a conventional planar LED structure, Second, the light

extraction caft - pPEPSaR s FeasaaRa SitpUtseritien eyelTims e EeTHIDidaiseause the LED

device's geomgly. A, mikeue 185 of e Selvs, eqian afea oripnied normal to the wafer surface,

i.e., the substrate surface. The confifement regions on either Side 0 ‘EﬁE%‘(R/ active region can tend

to guide the ttkionlightountie yerdiendijeehon, Phkdahpeayssabthadigbdxresisien #f the position and

diameter of each of the plurality of nanowires and/or nanowire arrays, the resulting arrays of the LED

devices 1000#4h also be configured as a photonic-crystal, which can further improve the light output

coupling efficj Fourth, the nanowire LED resistanc n be_significantly decreased because of
gl PEARETS: e b

the increase electhicd CoNBLFSrEaeTs: Ke0RMks, RO BRI Rr X HERR p-electrode 1045,

Finally. sinceiéie:kE Byle (o 100Raf RIUGeARSEITRF I pos Ly igher brighiness, more

devices can be processed on a given wafer, which can decrease thé cost of production and also
increase thethrimefaciufiagiefitisrisy:Fér exhmpleridayotnttnesetal resghactththe LED device 1000
can include %5Pi chs acin%;Hg?.Je.qa center-to-center spacing between any two adjacent nanowire

h
devices) of, FSTESENHRIVEHEUL 10D RiclReACHs FPIvAE PR ARG RER SRR SlEX LA BEr of nanowire LED
devices 1008 fisgrapiAbR oL aUlBORNESS A T YIGGAN bmaiactured
t $pacing can be reduce

simultaneously. In various embodiments, the pitc further to allow a single 4-

inch wafer teacirtaividor Exampheyianangithan-ons Ml ipnebifD1devieas LPRk: [RO109]FIGS. 11-12
depict exemplary nanowire laser devices using the core- shell grown nanowire/MQVYV active structure
shown in FIGE T B10S SRcEgRIEHE WithelRepres Entheclaehinis. Becandesthisteigeéwall facets of the

S with a flaéness on the scale of an atomic

ol ag%ﬁ%ﬁ%ﬁ%%@r\%g%sJgr%%gr%é]léegbfa%g} BRI R med on these superior flat

s anplo
monolayer, hig active regions for faser devices ca

"sidewall substsatessinaddifiendhevaricalorgntation ofthpsidenaldachlis «andthe uniform

periodicity and length of the nanowires can provide a high-throughput method of etching or cleaving
facets to forrC4R Epacigdmds) T havasifyprsipdhiodiery wamigholve, photoemsetystal optical cavity to be

established str%ﬁ tf%r,wardl . [ggélOéAs shown in FIG. 11, the nanowire laser device 1100 can be
fabricated fréficthe PSR S RS SRR RERE S K18 Brlisiily re T ofe R grown nanowire/MQW

active structife,as;iAsat, A el Bl d N6 BRNQNEIRS EISYIES 040 (or p-slectrods)
can, however, be expectsd o contribute loss to an active device such as a laser
cavity. As known to one of ordinary skill in the art, optimum performance of the
conductive structure 1040 (or p-electrode) can be achieve by balancing the reduction
of resistance of the active devices with the expecied cavity loss,
{00102] In various embadiments, the thickness of the conductive structure 1040
{or p-electrode) along the sidewalls of the shel! structure 835 of the exemplary LED

device 1000 can be in a range of about 1 pm to about @ um for high efficiency
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1100 can include a polished shell structure 1135, a polished p-electrode 1145, and a passivation layer
1195, which can be formed on each surface of the polished shell structure 1135 and the polished
p-electrode 1145 to cap the laser active structure. [00111]The polished shell structure 1135 and the
polished p-electrode 1145 can be formed by polishing (i.e., removing) on the top end (with respect to
the substrate 810 as the bottom end) of the core-shell nanowire/MQW active structure (i.e., laser
active structure) such as that shown in FIG. 100. Various polishing processes, for example, a

chemical-mechapieabeolishipe, can b HResuRgitR elEhed i, 1035 45 gyechanical support

[00112]The polishing step can be used to polish a number of laser facets at the same time without
diminishing tfidamaaaigetwabitity afithe nanowire laser devices 1100. For example, a number of
nanowire laser devices 1100 such as about 0.78 million or more, can be formed on a 4-inch wafer for a
high manufdBRifiAl efficiehiés. 105y &folrviembétirsritsingiensiusle spacienjreds e Fatluced further to

allow a single 4-inch er to contain, for exampl than one million laser devices 1100.
[00113]In vaﬂﬁ%%%rgrﬁgg‘%iﬁgn ss,% %It“éex gﬂ%{%.@%@ﬂic%&%@ H%?ﬁﬂ?)so ?ﬁe@ﬁ%’l@daﬁ p- electrode 1145

formed alongdheysigeyvalisptibecpolisBed mhel stfucture 1135 can be adjusted by adjusting thickness
of the underlying etched dielectric 1015 for optimum performance of the laser device 1100. In various

embodimeni8ti§élthickhbs s siabicoge liSHE drpl le ctindeityind 45 el 1S Sielebmibofidhe polished shell

structure 1135 shown in FIG, 11 can range from about 1(Pm to about 5 pm, when the overall height is
about 10 pny? Pateming and etching the conductive structure 1040 and the dislectric layer 1010

(see FIG. 10A). As a result, portions {not shown) of surface of the selective growth
mask 835 can be exposed and separated by the dielectric 1015 on both sides of
each core-shell structre, After the patteming and etching processes, a selective
contact mask 1025 can be formed by forming trenches 1035 through the exposad
portions of surface of the selective growth mask 825, wharein each side of the core-
shell active structure cen include at least one trench 1035, As a result, surface
portions of the underlying buffer layer 820 can be used as bottoms of the trenches
1035,

[00105] In various embodimenis, the thickness of the selective condact mask
1025 can be critical for the performance of the LED device 1000, For example, a
silicon nitride selective growth mask having a thickness of 30 nm can be sufficiently
thick to support a voltage of about 20 Volts or higher before breakdown of the LED
device 1000. In varlous embodiments, the selective contact mask 1025 can have &
thickness of about 30 nm or less. However, cne of ordinary skill in the art will
understand that a thicker selective growth mask can be readily accommodated in the
nanowire and nanowire active device processes.

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

to assure the conduction between the n-side contact and the central conductive
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[00114]The passivation layer 1195 can be formed at the polished top end of each laser active
structure, i.e., on each surface of the polished p-electrode 1145 and the polished shell structure 1135.
The passivation layer 1195 can be configured to avoid undue non-radiative recombination or junction
leakage of the nanowire laser device 1100. In various embodiments, the passivation layer 1195 can be
formed of, for example, any dielectric material known to one of ordinary skill in the art with a thickness
of about 10 to about 100 nm. [00115]In some embodiments, the composition and refractive index of
the materiadsqiseddatthepolishetisiietistan ctrartiliBs sanvaimdivg #38.narowingdavity (i.e., the
nanowire core 830) can affect the optical lasing process at 1199. For example, when the nanowires

have an exEppHStyHIaHRREADPALBLESIPIT SRl IPERE BpHad BRIy MJYGE%EN exist outside the |
cavity. The laser can ihsreipredp more il io.Ne.caprsion.and rafiagliye index of the

materials surrounding the cavity, that is, materials used for each layer of the polished shell structure

1135. [0011GHp-athesenbesimanisiskecausenthetecisaithpliysicald enrendanesbridtie laser optical
cavity (i.e., the nanowire core 830), there can be a change of effective refractive index in the vicinity of
the selectivergrowitpiieaskel BRsTershemtiis? cHu#h e eBR AVEBTREIRENEd]i., made larger) by the fact

that some of the optical lasin de can exist outside ,th% %%vrig AL A0S mplangembodiment, the
nanowire a&8F} ﬁé%fsfa(fﬁ?gsﬂg;fo Cl‘af%lcf) %éﬁ)ﬁg gﬁtigéﬁlt\{/ Euneg %y a ju‘?‘s%t%qug the thickness of the
selective coptagtiagl 1025 for a maximum reflectivity. For example, the optical thickness of the
selective contact mask 1025 for the laser device 1100 can be in a range of about 220 nm to about 230

nm when thgagisrte is anitHsytbiueditivcdioh50f ighanowire LED device 1000 in FIG.
10C can be extracted through the substrate 820, which can be transparent at green
and blue wavelengihs. In various empodiments, a more diffuse light output can
oceur on the tap side of the device 1000 (nat shown) since the nanowire LED device
1000 can be smalt enough for sufficient diffraction. This diffuse light output can be
advantageous in some solid-state lighting applicéﬁons.
[00108] In this manner, the disclosed nanowire LED device 1000 can provide
unique properties as compared with traditional LED davices. First, it can have a
higher brightness because the core-shell grown active region area (L.e., the MQW
active shell area) can be increased, for example, by a factor of approximately 10
times compared to a conventional planar LED structure. Second, the light extraction
can be improved to Increase the output efficiency of the LED. This is because the
LED device's geometry can make the most of the active region area orlented normal
to the wafar surface, i.e., the substrate surface. The confinement regions on either
side of the MQW active region can tend to guide the LED light in the vertical
direction. Third, because of the high precision of the position and diameter of each
of the plurality of nanowires and/or nanowire arrays, the resuiting arrays of the LED

devices 1000 can aiso be configured as a photonic-crystal, which can further
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[00117]FIG. 12 depicts another exemplary laser device 1200, in which a distributed Bragg reflector
(DBR) mirror stack 1220 can be disposed between the layers of the substrate 810 and the selective
growth mask 1025, as opposed to the doped buffer layer 820 being disposed between these two
layers of the laser device 1100 shown in FIG. 11. [00118]The DBR mirror stack 1220 can be an
epitaxial DBR mirror stack. The DBR mirror stack 1220 can include, for example, quarter-wave
alternating layers of, for example, GaN and AlGaN. In various embodiments, the DBR mirror stack

1220 can bertpred te:ingprovpueteaiviyemark ieyiNFaAR CHsaVENARE thelasesd29 [00119]In various
embodiments, all the nanowire active devices shown in FIGS. 10-12 can provide a ow device

resistance %@M@?@”F@ﬁ%@%ﬁ%%é@%@fGéﬁdf}%éfsﬁ-@ﬂémr@q@tf be4saadieras145) of the
nanowroIVENT NG ShArS o e 8 Garho b Bl SO S, 10). the
p-electrode 10MF-6aprbARALtesBERIO IGAMBIREMANSINS LR fdNa HEUSRA008 o further decrease
the device resistance.

he processed on a given wafer, which can decrease the cost of production and also

increase the manufacturing efficiency. For exampie, to aliow for metal contacts, the

LED device 1000 can inciude a pitch spacing (i.e., & center-to-canter spacing

between any twe adjacent nanowire devices) of, for exampie, about 100 um. A 4-

inch wafer can then include & number of nanowire LED devices 1000, for example,

about 0.78 million devices or more, which can be manufactured simultaneously. in

various embodiments, the pitch spacing can be reduced further to allow a single 4-

inch wafer to contain, for example, more than cne million LED devices 1000.

[00109] FIGS. 1112 depict exemplary nanowire laser devices using the core-

shell grown nanowire/MQW active structure shown in FIGS. B-10 in accordance with

the present teachings. Because the sidewall facets of the nanowires and/or

nanowire arrays are exact {1100} facets with a flainess on the scale of an atomic

mongolayer, high quality MQW active regions for laser devices can be formed on

these supsrior flat "sidewall substrates." |n addition, the vertical orientation of the

sidewall facets, and the uniform periodicity and length of the nanowires can provide

a high-throughput method of etching or cleaving facets to form an optical cavity. The

uniform periodicity can allow a photonic crystal optical cavity ‘o be established

straightforwardly.

(0110} As shown in FIG. 11, the nanowire laser device 1100 can bs fabricated

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

nanowire/MCVV active structure as laser active structure, The nanowire aser device
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[00120]Although a single nanowire is depicted in FIGS. 8-12 for the purpose of description,.one of
ordinary skill in the art will understand that the core-shell growth processes on each nanowire of t_he
plurality of nanowires and/or nanowire arrays (e.g., shown In FIGS. 1-6) for nanoscale actlve devices
can be simultaneously conducted in a large area (e.g., a whole wafer). [00121]Other e_r_nbo_dlments of
the Invention will be apparent to those skilled in the art from consideration of the specification and
practice of the invention disclosed herein. It is intended that the specification and_exqmples be
considered &9 @xesnfialydedlpoivitedstreibsioobe: dndspirt it dmkenion beisgingicated by the

followi laims. WHAT IS CLAIMED IS: 1. A group IlI-N nanowire array comprising: a substrate;.
a? s'g\l/:(r:]t?vg %%%ﬁ%ﬁé@S@éﬁ%ﬁe%&?ﬁ&t@? VORBRSiAT5A e RTR YrbRariFraskst8nprises a plurality of

patterned apafieias hak axa0se RRIME N RERANLINS:H 106 SHPRIAIS LA iructure.
[00111] The polished shell structure 1135 and the polished p-slecirode 1145
can be formed by polishing (i.2., removing) on the top snd (with respect {o the
substrate 810 as the bottom end) of the core-shell nanowira/MQW active structure
{i.e., laser active structure) such as that shown in FIG. 10C. Various nolishing
processes, for example, a chemical-mechanical polishing, can be used using the
siched dielectric 1015 as a mechanical suppott.
(001123 The polishing step can be used to polish a number of laser facets at
the same time without diminishing the manufacturability of the nanowire laser
devices 1100. For example, a number of nanowire laser devices 1100 such as
about 0.78 millicn or more, can be formed on a 4-inch wafer for a high manufacturing
efficiency. In various embodiments, the pitch spacing can be reduced further to
allow a single 4-inch wafer to contain, for example, more than onie million laser
devices 1100,
[00113] in various embodiments, the extent {e.g., thicknass or height} of the
polished p- slectrode 1145 formed along the sidewalis of the polished shell structure
1135 can be adjusted by adjusting thickness of the underlying etched dielestric 1015
for optimum performance of the laser device 1400. I various embodiménts, the
thickness of the polished p-electrode 1145 along the sidewall of the polished sheli
structure 1135 shown in FIG. 11 can range fram about 1 pm to about 5 wm, when the
overall height is about 10 pm.
00114 The. passivation layer 1185 can be formed at the polished top end of

gach laser active structure, i.e., on sach surface of the palished p-electrode 1145
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a group IlI-N nanowire connected to and extending from each of the plurality of portions of the
substrate, wherein the group IlI-N nanowire is oriented along a single direction and maintains a
cross-sectional feature of one of the plurality of selected surface regions, and wherein the group 111-N
nanowire extends over a top of the selective growth mask. 2. The nanowire array of claim 1, wherein
the group I1I-N nanowire comprises GaN oriented along a (0001) crystallographic direction. 3. The
nanowire array of claim 1 or 2, wherein the group IlI-N nanowire comprises one or more materials

selected frog Jiae. QAR EQRSIFUAGLRFSCANS Athe HakLiBEANAIG Y aRd AURGEAN.g4- The nanowire

array of any of the preceding claims, wherein each of the plurality of patterned apertures comprises a
shape choserefreduacpelygorsdaivetanngtebiastiguareraticoviak ega difotenarBwihéasanowire array of
any of the preceding claims, wherein the grou% [1I-N nanowire further comprises an aspect ratio of

about 100 o HIgh&rShd ™ /EHELS-SEEREIAT Ui GRERSH (FABGUCLO IFRTFBRTREAETEF ¥ss. 6. The
nanowire argay.of a0y ohine-raReding lrims.HBhaE SORHSIPGA Prffetiayr disposed between the

substrate and the selective growth mask, wherein the buffer layer comprises one or more of GaN, AIN,

INN, InGaN tidknEaNanAlGaNe about 100 nm.
[00115] In some embotiments, the composition and refractive index of the
materials used for the polished shell structure 1135 surrounding the nanowire cavity
(i.e., the nanowire core _830} can affect the optical lasing process at 1188, For
example, when the nanowirgs have an exemplary diameter of about 200 nm, some
of the optical iasing mode can exist cutside the cavity. The laser can therefore be
more sensitive to the composition and refractive index of the materiais surrounding
the cavity, that is, maierials used for each layer of the polished shell structure 1135,
{00116} in other embodimentis, because fhere is no physical lower facet on 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 larger) by the fact that some of the optical lasing
mode can exist outside the cavity. In an exemplary embodiment, the nanowire laser
device 1100 {see Fig. 11) can be optically tuned by adjusting the thickness of the
selective contact mask 1025 for a maximum reflectivity. For example, the optical
thickness of the selective contact mask 1025 for the laser device 1100 canbeina
range of about 220 nm to about 230 nm when the device is emifting blue light at 450
nm.
(00117} FiG. 12 depicts another exemplary laser device 1200, in which a
distributed Bragg reflector (DBR) mirror stack 1220 can be disposed between the

layers of the substrate 810 and ihe selective growth mask 1025, as opposed to the
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deped buffer layer 820 being disposed between these two layers of the |aser device
1400 shown in FIG. 11.

[00118] The DBR mirrer stack 1220 can be an epitaxial DBR mirror stack. The
DBR mirror siack 1220 can include, for exampie, guarter-wave alternating layers of,
for exarmple, GaN and AlGaN. In various embediments, the DBR mirror stack 1220
can be tuned to improve refleciivity and to increase cavity Q of the laser 1288,
118} In varisus embodiments, all the nanowire aclive devices shown in
FIGS. 10-12 can provide & low device resistance because more resistive p-
elecirodes {e.g., the p-electrode 1045 and/or 1145) of the helerostruciure can be
located at the larger-area, which is outer periphery of each core-shelt
nanowire/MQW active structure. For example, for the LED device 1000 {shown in
FiG. 10), the p-elecirode 1045 can be patterned to completely cover the top of the
device 1000 o further decrease the device resistance.

[00120] Although a single nanowire is depictec in FIGS. 8-12 for the purpose of
description, one of ordinary skill in the art will understand that the core-shell growth
processes on 2ach nanowire of the plurality of nanowires and/or nanowire arrays
(e.g., shown In FIGS. 1-8) for nanoscale active devices can be simultaneously
conducted in a large area (e.g., & whole wafer).

[oo121] GCther embediments of the Invention will be apparent to those skilled in
the art from consideration of the specification and praclice of the invention disclosed
herein. itis infended that the specificalion and examples be considerad as
exemplary only, with a frue scope and spirit of the invention being indicaied by the

following claims.
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WHAT IS CLAIMED 18:

1. A group [II-N nanowire array comprising:

a substrate;

a selective growth mask over the substrate, wherein the selective growth mask
comprises a plurality of patterned apertures that expose a plurality of portions of the
substrate; and

a group IlI-N nanowire connected to and extending from each of the plurality
of portions of the substrate, wherein the group ili-N nanowire is oriented aiong a
single direction and maintains a cross-sectional feature of one of the plurality of
selected surface regions, and wherein the group Ili-N nanowire extends over a top of

the selective growth mask.

2. The nanowire array of claim 1, wherein the group 1lI-N nanowire comprises GaN

oriented along a (0001) crystallographic direction.

3. The nanowire array of claim 1 or 2, wherein the group Hi-N nanowire comprises
one of more materials selected from the group consisting of GaN, AIN, InN, InGaN,

AlGaN, and AlinGaN.

4, The nanowire array of any of the preceding claims, wherein each of the plurality
of patierned apertures comprises a shape chosen from a polygon, a rectangie, a

square, an oval, or a circle.

41



5, The nanowire array of any of the preceding claims, wherein the group IHI-N
nanowire further comprises an aspect ratio of about 100 or higher and a cross-sectional

dimension of about 10 micrometers or less.

6. The nanowire array of any of the preceding claims, further comprising a buffer

layer disposed between the substrate and the selective growth mask, wherein the buffer

layer comprises one or more of GaN, AN, InN, InGaN, AlinGaN or AlGaN.
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