PULSED GROWTH OF GAN NANOWIRES AND APPUCATIONS IN GROUP 1il
NITRIDE SEMICONDUCTOR SUBSTRATE TE MATERIALS AND DEVICES

DESCRIPTION OF THE INVENTION

Government Rights

[6001] This invention was made with govemment support under Contract No.
MR 1-05-1-0006 awarded by the Defense Advanced Research Projects
Agency/Army Research Office, and Confract No. F48620-03-1-0013 and Contract
No. FAS550-06-1-0001 awarded by the Air Force Office of Sclentific Research. The

govemment may have certain rights in the invention.

Related Applications

fo002] This applicafion ciaims priority from U.8. Provisional Patent
Applications Ser. Mo, 80/780,832, filed March 10, 2006, Ser. No. 60/798,337, filed
Méy 8, 2008, Ser. No. B0/B0B, 153, filed May 25, 2006, and Ser. No. 60/888,363, fited

February 12, 2007, which are hereby incorporated by reference in their entirety.

Fieid of the inveniion

[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.

Backaround of the Invention

[0004] Nanowires composed of group {I1-N alloys {s.g., GaN) provide the
potential for new semiconductor device configurations such as nanoscale
optoelectronic devices. For exampie, GaN nanowires can provide iarge bandgap,
high rmelting point, and chemical stability that is usefu for devices operating in
cotrasive or high-temperature environments. The larger bandgap of GaN and its
related alioys also allows the fabrication of light sources in the visible range that are

useful for displays and fighting applications. In addition, the unique geomeiry of



each nanowire ofiers the potential to explore new device paradigms in photonics and
in fransport devices. To fully realize this potential, a scalabie process is needed for
making high-quality group HI-N nanowires and/or nanowire arrays with precise and
uniform control of the geometry, positicn and crystallinity of sach nanowire.

fonosj} Conventionaf nanowire fabrication is based on a vapor-liquid-salid
{VLS) growih mechanism and involves the use of catalysts such as Au, Ni, Fe, or in.
Problems arise, however, because these conventional catalyiic processes cannot
control the position and uniformity of the resulting nanowirss. A further problem with
convantional catalytic processes is that the catalyst is inevitably incorporated info the
nanowires, This degrades the crystalline quality of the resulting nanostructures,
which limits thelr applications.

Hy| Thus, there is a need o overcome these and other problems of the
prinr art and to provide high-quality nanowires andfor nanowire arrays, and scalabie
-methods for their manufaciuring. It is further desirable fo provide nanowire

photoelectronic devices and their manufacturing based on the high-quality hanowires

and/or nanowire arrays.

SUMMARY OF THE INVENTION

fooon Accerding to various embodiments, the present teachings include a
method of making nanowires. in the method, a seleciive growth mask can be
formed over & substrate, The selective growth mask can include a plurality of
patterned apertures that expose a plurality of portions of the substrate. A
semicenductor material can then be grown on each of the piurality of portions of the
substrate exposed in each of the patterned apertures using a selsciive non-pulsed

growth mode, The growth mode can be transitioned from the non-pulsed growth



mode {o a pulsed growth mode. By continuing the pulsed growth mode of the

semiconductor material, a plurality of semiconductor nanowires can be formed.

{6008] According to various embodiments, the present teachings also include a
group 1HI-N nanowire array, which can include a selective growth mask disposed over
a subsiraie. 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 Hi-N nanowire can be
oriented along a single direction and can maintain a cross-sectional feature of one of
the plurality of selected surface regions.

[0009] According to various embodiments, the present teachings further include
a GaN substrate structure. The GaN substrate structure can 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 cm™ ar lower.

[0008a] According fo a first aspect of the invention, there is provided a method of
forming a thin-walled siructure comprising: forming a selective growth mask over a
substrate, wherein the selective growth mask comprises a plurality of patterned
aperiures; forming a thin-walled structure on the subsfrate by disposing a
semiconductor material in each patterned aperture using a non-pulsed growth mode;
and growing the thin-walled sfructure using a pulsed growth mode of the
semiconductor material, wherein the thin-walled structure comprises a hollow shape

having a wall thickness.

[GGGBb] According io a second aspect of the invention, there is provided a thin-
walled structure comprising: a selective growth mask disposed over a substrate,
wherein the selective growth mask comprises a plurality of patierned apertures with
each patterned aperture exposing a surface portion of the substrate; and a thin-
walled structure connected to and extending from the surface portion of the substrate
and through each patterned aperture, wherein the thin-walled structure comprises a

hollow shape having a wall thickness of 1000 nm or less.

[6G10] Additional objects and advantages of the invention will be set forth in part
in the description which foliows, and in part will be obvious from the description, or
may be learned by practice of the inveniion. The objects and advaniages of the
invention will be realized and attained by means of the elements and combinations

particularly pointed out in the appended claims.



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

restrictive of the invention, as claimed.
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BRIEF DESCRIPTION OF THE DRAWINGS

j0012] The accompanying drawings, which are incorporataed in and constitute
a part of this specification, illustrate several embediments of the invention and
together with the description, serve to expiain the principles of the invention.

{0013} FiGS, 1A-1C depict cross-sectional views of an exemplary
semiconducior nanowire device at various stages of fabrication in accordance with
the present teachings.

[0014] FIG. 2 depicts a sacond exemplary semiconductor nanowire device in
accordance with the present teachings.

(o015} FIG. 3 depicts an exemplary process for forming a plurality of
nanowires andfor nanowire arrays using a two-phase growth mode in accordance
with the present teachings.

[00186] FIGS. 4A-4C depict a third exemplary semiconductor nanowire device
in accordance with the present teachings.

fo017y FIG. & depicts a forth exemplary semiconductor nanowire device in
-accordance with the present teachings.

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

[o019] FIGS. TA-TD depict four exemplary variants of semiconductor devices
including GaN substrate structures formed from the plurality of nanowires andiof
nanowire arrays shown in FIGS. 1-6 in accordance with the present teachings.
[e020] FIG. 8 depicts an exemplary core-shell nanowire/MQW (multiple

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



8021} FIG. © depicts another exemplary core-shell nanowire/MQW active
structure device in accordance with the present {eachings.

[g22} FiGS. 10A -10C depict an exemplary nanowire LED device formed
using the core-shell nanowire/MQW active structure described in FIGS. 88 in
accordance with the present teachings.

jug23] 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.

Jooz4} FI1G. 12 depicts another exemplary nanowire laser device using the
core-shell nanowire/MQW active structure described in FIGS. 8-9 in accordance with

the present teachings.

DESCRIPTION OF THE EMBODIMENTS

jog2s] Reference will now be made in detail to exemplary embodiments of the
invantion, examples of which are fllusirated in the accompanying drawings.
‘Wherever possible, the same refarence numbers will be used throughout the
drawings fo refer io 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 embodimeants in which the invention may be
practiced. These embodimants are described in sufficient detail to enable those
skilled in the art to practice the invention and it is to be understood that ather
embadimenis may be utilized and that changes may be made without departing from
the scope of the invention. The following description Is, therefore, merely exemplary.
[0026] While the invention has been usirated with respect to one or more
implementations, alierations and/or medifications can be made to the liustrated

examples without depariing from the spirlt and scape of the appended claims. In



addition, whils a particutar f=ature of the invention may have been disclosed with
respect fo only one of several implementations, such feature may ba combined with
ane or mors other features of the othar Implementations as may be desired and
advantageous for any given or particular function. Furthermore, to the extent that
the terms “inciuding”, “includes”, "having”, *has’, *with®, or variants thereof are ussd
in either the detalled description and the claims, such terms are intended to be
inclusive in a manner similar to the term "comprising.” The ferm “at leastone of” Is
used to mean ane or more of the listed items can be selected,

[oL27] Notwithstanding that the numerical ranges and paramsters setting forth
the broad scope of the invention are approximations, the numerical vaiues set forth
in the specific examples are reported as precisely as possibie. Any numerical vaiue,
however, inherently contains certain errors necessarily resuling from the standard
deviation found in their respective testing measurements. Moreover, all rangas
disclosed herein ara to be undarstood 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 ali sub-ranges having a minimum value of equal to or
greater than zerc and a maximum value of equal to or less than 10, e.g., 1io 5.
[0028] Exernplary embodiments provide semiconductor devices including
high-quality {i.e., defect free) group |I1-N nanowires and uniform group Hi-N nanowire
arrays as well as scalable processes for thelr manufacturing, where the position,
arientation, cross-sectional features, length and/or the crystallinity of each nanowire
can be precisely controlied. Specifically, a plurality of nanowires and/or nanowire
arrays can be formed using a selective growth mode followed by a growth-mode-

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



seclional feaiures, for example, the cross—ssctionai dimensions {a.g., diameter or
width), and the cross-sectional shapes, of each nanowire obtained from the selective
growth mode can be maintained by continuing the growth using the pulsed growth
mode. In this manner, nanowires with a high aspect ratio can be formed. inan
exemplary embodiment, the length of each nanowire can be, for example, about 10
nm to about 1000 microns, for example about 10 nm to about 100 microns,

[o029] in addition, high-quality group =N filims, for exampie, high-gquality GaN
films, can be formed by terminating and coalescing the plurality of nanowires andfor
nanowire arrays. These GaN films can be used as GaN substrate structures to
faciiitate the fabrication of GaN-based devices such as visible LEDs and iasers for
the emerging solid-state fighting and UV sensor industries.

{0030} Furthermore, because each of the pulsed-grown nancwires andfor
nanpwire arrays can provide nonpolar sidewalls, there are advantages in using a
core-shell growth to build an MQW active shell structure on the sidewalls of each
nanowire, Such sore-shell nanowire/MQW active structures can be used in
nanoscale photoslectranic devices having high sfficiencies, such as, for example,
nanowire LEDs and/or nanowire |asers.

[0031] As usad herein, the term “nanowire” generally refers to any elongated
conductive or semiconductive materizl that includes at least one minor dimension,
for exampie, one of the cross-sectional dimenstons such as width or diameter, of
less than or equal fo about 1000 nm. In various embodiments, the minor dimension
can be less than about 100 nm. In various other embodiments, the minor dimensien
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 1CG or‘greater. In various

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



embodiments, the aspect ratio can be about 2000 or greater. In an exemplary
embodiment, the cross-section of the nanowire can be highly asymmetric such that
in one direction of the cross-sectional dimension can be much less than 1000 nm
and in an orthogonal direction the dimension can be substantially greater than 1000
nm.

[0032] It iz alse intended that the term “nanowires” alsc encompass other
glongated structures of like dimensions including, but not limited to, nanoshafts,
nanopiliars, nanoneedles, nanocrods, and nanotubes {e.q., single wall nanotubes, or
multiwall nanotubes), and their various functionzlized and derivatized fibril forms,
such as nanofikers in the form of thread, yarn, fabrics, ete.

[0033] The nanowires can have various cross-secticnal shapes, such as, for
example, rectangular, polygonal, sguare, aval, or circular shapa. Accordingly, the
nanowires can have cylindrical and/or cone-like three dimensional (3-D) shapes. In
various embediments, & plurality of nanowires can be, for example, substantiaily
parallel, arcuate, sinusoidal, stc., with respect to each other.

[0034] The nanowires can be formed on/from a suppaort, which can include
selected surface regions where the nanowires can be connected 1o and extend {e.g.,
be grown} from. The support of the nanowires can also include a subsirate formed
from a variety of materials including Si, SiC, sapphire, {lI-V semiconductor
compeunds such as GaN or GaAs, metals, ceramics or glass. The support of the
nancwires can alsc include & selective growth mask formed an the substrate. In
various embodiments, the support of the nanowires can further inciude a buffer layer
disposed between the salective growth mask and the subsiraie,

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

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



nanowire arrays. in various embodiments, the nanowires and/or nanowire arrays
and the nanowire active devices ¢an be formed using a -V compound
semiconductor materials system, for example, the group {lI-N compound materials
system. Exampies of the group Il elements can include Ga, In, or Al, which can be
formed from exemplary group |l precursors, such as trimethyligailium (TMGa) or
triethyigaliivm (TEGa), trimethylindium (TMIn) or frimethylaluminum (TMAI).
Exempiary N precursors can be, for example, ammonia (NHz). Other group V
elements can also be used, for example, P or As, with exemplary group V
precursors, such as tertiarybutylphoshine (TBPY}, or arsing (AsHa).
[0036] In the following description, group Hi1-N semiconductor alloy
compositions can be described by the combination of group HI-N elements, such as,
for example, GaN, AN, InN, inGaN, AlGaN, or AilnGaN. Generally, the elerments in
a composition can be combined with varicus molar fractions. For example, the
sermiconductor alloy compasition iInGaN can stand for tn,GarxN, where the molar
fraction, x, can be any number less thar 1.C0. In addition, depending on the molar
fraction value, various active devices can be made by similar compositions. For
example, an ingsGag N (where x is about 0.3) can be used In the MQW active region
of LEDs far & blue light emission, white an inps:GaesN (wWhere x is about 0.43) can
b used in the MQW active region of LEDs for a green light emission.
[6037] in various embodiments, the nanowires, nanowire arrays, and/or the
nanowire active devices can include a dopant from a group consisting of. a p-type
dopant frer Group 1 of the perfodic tabie, for example, Mg, Zr, Cd and Hg; g p-type
dopant from Group 1V of the pericdic table, for example, C; or an n-type dopant

selected from a group consisting of: 81, Ge, 5n, S, Se and Te.



fooas) in various embodiments, ihe nanowires and/or nanowire arrays as well
as the nanowire active devices can have high-gquality h&terogeheous structures and
be formed by various crysial growth techniques including, but not fimited to, metal-
organic chemical vapor deposition (MOCVD) (also known as organometaliic vapor
phase epltaxy (OMVPE)), molecular-beam epitaxy (MBE), gas source MBE
(GSMBE), metal-organic MBE (MOMBE), atomic layer epitaxy (ALE}, or hydride
vapor phase epitaxy (HVPE).

[D039] In various embodimenis, a multiple-phase growth mods, for example, a
two-phase growth mode, can be used for the high-guality crystal growth of nanowires
and/or nanowire arrays 3s well as nanowire active devices. For example, a first
phase growth made such as a selestive growth mode can be used to provide a
condition for growth selectivity and nucieation of the nanowires and/or nanowire
arrays. In the selective growth mode, standard crystal growth methods, for example,
standard MOCVD, can be used %o nucleate the growth of the nanowires with a
desired thickness of, for example, about 10 nm or more.

{00407 The sacond phase growth made can create a process o continue the
growth of each nanowire and maintain its cross-sectional features from the first
growth mode, and aise provide an arbitrary desired length. The second phass
growth made can be applisd by a growth-mods-transition, which can terminate the
first phase growth mode. In the second phase growth mode, a pulsad growih mode,
for example, a puised MOCVD growth, can be used.

[0641] As used herein, the term “pulsed growth mode” refers to a process in
which the group 1l and group V precursor gases are introduced alfernately ina
erystal growth reactor with a designed sequence. For example, TMGa and NH; can

be used as the precursors for an exemplary formation of GaN nanowires andfor
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nanowire arrays and/or GaN nanowire active devices, in the pulsed grdwm mode,
TMGa and NHz can be infroduced alternately in a sequence that infroduces TMGa
with a designed flow rate {e.g., about 10 scem) for a certain peried of time (e.g.,
about 20 seconds) followed by introducing NHa with a designed flow rate (e.g., abaut
1500 scam) for a time period (e.g., about 30 seconds). In various embodiments, ane
or more sequence loops can be conducted (8.g., repeated) for a designed length of
each nanowirs. In various embodiments, the growth rate of each nanowire can be
orieniafion dependent.

[0042] tn various embodiments, diglectric materials can be invoived In
formation of the disclosed nanowires, nanowire arrays, and/or nanowire active
devices. For example, the selective growih mask can be mads of dielectric materials
during the formation of the plurality of nanowires andfor nanowire arrays. in another
example, dielectric materials can be used for electrical isolation for active devices
such as nanowire LEDs and/or nanowire lasers. As used herein, the dielecric
materials can include, but are not limited to, siiicon dioxide (Si05), siicon nitride
(Sishy), sllicon oxynitride {SION), fluorinated silicon dioxide (SiOF), siiicon
oxycarbide (SiIOC), hafnium oxide (HfOy), hafnium-silicate (HISIO), nitride hafnium-
sificate (HfSION), zirconium oxide (ZrOg), aluminum oxide {AlO3), barium strontium
fitanate {BST), lead zirconate titanate (PZT), zirconium silicate (Zr8i0,}, tantalum
oxide {Ta0y) or other insulating materials. According to various othar embodiments,
a conducting metal growth mask, such as, for example, tungsten can be used for
selective growth of the disclosad nanowires.

[6043} Exemplary embodiments for semiconductor devices of nanowires
andfor nanowire arrays and their scaleable processes for growth are shown in FIGS.

1A-1C, FIGS. 2-3, FIGS. 4A-4C, FIG. 5, and FIGS, BA-8D.
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100447 FIGS. 1A-1C depict cross-sectional views of an exemplary
semiconductor nanowire device 100 at various stages of fabrication in accordance
with the present teachings. 1t should be readily apparent to one of ordinary skill in
the art that the nanowire device 100 depicted in FIGS. 1A-1C represents 2

generalized schematic illustration and that other tayers/nanowires may be added or
existing layers/nanowires may be removad or modified.

[3045] As shown in FIG. 1A, the nanowire device 100 can include a substrate
110, a selective growth mask 135, and a plurality of patterned aperiures 138, The
selactive 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 subsirate 110 can be any substrate on which a group BI-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 (SO}, N1-V
semiconductor compounds such as GaN or GaAs, metals, ceramics or glass.
[oo47] The selective growth mask 135 can bs formed by patterning and
gtching a dieleciric layer (nct shown) formed over the substrate 110. [n various
embodiments, the d%electrflc fayer can be made of any diglectric material and formed
using techniques known to one of ordinary skilt in the art. The dielectric layer can
then be patterned using one or more of interferometric lithography (I} including
immersion interferometric lithography and nonlinear interferometric lithography,
nanaimprint lithography (NL), and e-beam lithography, which can produce
nanostructures or patiems of nanostructures over wide and macroscopic areas.
After the patterning, an etching process, for example, a reaciive jon etching, can be

used to form the plurality of patterned apertures 138. The etching process can be
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stopped at the surface of the underlying layer, Le., the substrate 110, and exposing a
plurality of surface portions 139 of the substrate 110. In various embediments, the
seiactive growth mask 138 can be a conducting metal growth mask made of, for
example, tungsten, to provide selective growth as desired for puised nanowire
growth,

[0048] The plurality of patterned apertures 138 can have a thickness the same
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 patiemed apertures 138 can have a
hexagonai array with a pitch (i.e., centerto-center spacing between any two adjacent
patterned apertures) ranging from about 50 nm to gbout 10 um, 0 various
embodiments, arrays of the pluraiity of patferned apertures 138 can be formed.
Thereafier, the nancscale featuras of the plurality of the patierned aperiures 138 can
he transfarred {o the subsequent processes for the formation of nanowires and/or
nanowire arrays.

[0049] In various embodiments, various cleaning procedures can be
conducted on the device 100 shown in FIG. 1A prior to the subseguent growth of the
nanowires and/or nanowire arrays. For example, the cleaning processes can inciude
an ex-situ cleaning (i.e., the cleaning is conducied outside the growth reactor}
followed by an in-sifu cleaning (i.e., the cleaning is conducted within the growth
reactor). Depending on materials used for the selective growth mask 135, various
cleaning methods can be usad, In an exempiary ambodimant, a silicon niride
seleciive growth mask can be cleaned by a standard ex-situ cleaning followed by an

in-gitu cleaning by loading the device 100 into an exemplary MOCVD reactor and
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heating the device 100 to about 950 °C for approximately 3 minutes under flowing
hydrogen. This hydrogen-reducing-atmosphere can remove undesirable native
oxides on the surfaces of the davice 100. Depending on the material combination of
the subsirate 110 and selective growth mask 135, ane of ordinary skill in the art will
understand that alternative cleaning procedures can be used.

[0650] In FIG. 1B, a plurality of nanostructure nuciei 140 can be seiectively
grown from the exposed plurality of surface nortions 139 of the substrate 110 to fill
each of the plurality of patterned apertures 138, which can be defined by the
selective growth mask 135. The selective growth mask 135 can serve as a selective
growth mold to negatively replicate its nanopatterns from the plurality of patterned
aperiures 138 to the plurality of nanostruciure nuclel 140, in this manner, the
positien and the cross-sectional features, such as the shape and dimensiong, of
each of the plurality of nanostructure nuclei 140 can be determined by that of each
patterned aperture of the plurality of patterned aperiures 138. For example, the
plurelity of paiterned apertures 138 can include a hexagonal array with a dimersicn
of about 250 nm. The hexagonal array can then be transferred to the growih of the
plurality of nanostructure nuclei 140 with a similar or smaller dimension of about 250
nm orless. [nanother example, if the one or mare apertures of the plurality of
patterned apertures 138 are approximately circular with an exemplary diameter of
about 100 nm, one or more nuclel of the plurality of nanostructure nudel 140 can be
grown in the clrcular apertures with & similar diameter of about 100 nm or less.
Thus, the plurality of nanostructure nuciei 140 can be positioned in a weli-defined
location and shaped correspondingly to the plurality of the patterned aperiures 138

defined by the selective growth mask 135, In various embodiments, the pluraiity of
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nanostructure nuclel 140 can be formed by, for exampie, a standard MOCVD
process.

[6051] in this manner, the device 100 shown in FIG. 1B canbe used as a
support for nanowires and/or nanowire arrays, which can include a phurality of
selecied surface regions (i.e., each surface of the plurality of nanostructure nucie
140). A plurality of nanowires and/or nanowire arrays ¢an then be grown from the
piurality of selected surface regions. In various embodiments, the selective growtn
mask 135 can be removed by a suitable eiching process to expose the plurality of
nanostructure nuclei 140 after the formation of the plurality of the nanowires.
(00523 in FIG. 1C, a pluraiity of nanowires 145 can be formed by continuing
the growth of the piurality of nanostruciure nuclei 140 by, for example, terminating
the selective growth mode and applying a puised growth mode, before the pluralfity of
nanostructure nuclel 140 protrudss from a top of the selective growth mask 135.
The pluraiity of nanowires 145 can be formed of the same material of the
nanostructurs nuclel 140, for example, GaN, AIN, InN, InGaN, AlinGaN, or AlGaN,
in various embodiments, heterostructures can ba formed form each of the plurality of
nanowires 145. In varlous embodiments, n-type and/or p-type dopants can be
incorporated into the plurality of nanowires 145 depending on the desired
application.

[0053] By transitioning to the pulsed growih mode before growth of the
plurality of nanostructurs nuclel 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 reachsd. In
other words, the cross-sactional features of the nanowires 145, such as shape

andfor dimension, can remain substantially consiant, the same or similar as that of
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the aperiures 138. In various embadiments, the length of eash nanowirs can be on
an order of micrometers, for example, about 20 um or maore.

[0054] In various embodiments, a buffer layer can be formed in the nanowire
devices. FIG. 2 depicts a second exemplary semiconductor nanowire davice 200
including a buffer layer in accerdance with the present teachings. As shown, the
nanowire device 200 can include a buffer layer 220 disposed between a substrate
such as the substrate 110 and & selective growth mask such as the selective growth
mask 135 (see FIGS. 1A-1C). In varicus embodiments, the buffer jayer 220 can be
a planar semiconductor film formed of, for example, GaN, AIN, InN, InGaN, AlinGaN
or AlGaN, by, for exampls, standard MOCVD. In various embodiments, the
thickness of the buffer layer 220 can be, for example, about 100 nm to about 10 um.
In various embodiments, the buffer layer 220 can be doped with sither an n-iype 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 skilt in the art can be used.

10055] In various embodiments, the orientation of the plurality of nanestructure
nustal 14€ can be controlled along a single direction, which can in tum be controlled
by intentionally orienting the piurafity of patierned apertures 138 along the single
crysial direction. For example, the piurality of pafterned aperiures 138 can be
inteniionally oriented along a single direction of the buffer layer 220 as shown in FIG,
2. Inan exemplary embodiment during IL patterning, the aperiures in the selective
growth mask 135 can be intenticnally oriented along the <1100> direction of a GaN
buffer layer, In another exemplary embodiment whan the GaN buffer laysr is grown
on a sapphire substrate, thers can be a 30° rotation about the ¢ axis between the

GaN buffer laver and the sapphira unit cells,
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[DO5E] FiG. 3 depicts an exemplary process for forming a plurality of
nanowires andfor nanowire errays using the two-phase growth mode In accordance
with the present teachings. Specifically, FIG. 3 llusirates precursor gas flow curves
tincluding a first gas fiow 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
axample, the piurality of nanowires 145 as descriped in FIGS. 1-2. As shown, the
selective growth 310 can be terminated by starting a pulsed growth 320 {i.e., growth-
mode-transition) at a transition fime t. The pulsed growth 320 can further include a
number of puised sequences, for example, a first sequence loop 324, a second
sequence loop 328 and/or additional sequence loops. in varicus embodiments, the
first sequence foop 324 can be repeated as the second sequence loop 328.

[a057] in an exemplary embodiment for the formation of GaN nanowirgs
andfor nanowire arrays, the first gas flow curve 302 can be plotted for a first
precursor gas such as frimethylgallium (TMGa), and the second gas fiow curve 306
can be piotted for a second precursor gas such as ammenia (NHg). During the
selactive growth 310, the exemplary GaN nanowires and/or nanowire arrays can be
formed in @ MOCVD reactor inciuding the first precursor gas TMGa with a constant
slow rate of about 10 scomn, and the second precursor gas NHz with a constant flow
rate of about 1500 scem. That means, during the selective growth 310, the
nrecursor gases (.., TMGa and Nitg) can be flowed continuously, not pulsed (Le.,
hoth Group [l and Group V precursor gases are provided to the substrate togather in
a continuous, nen-pulsed growth mode). Moreover, the grdup V precursor gas {e.g.,
TMGa) and group [l precurser gas (e.g. NHa} can be introduced simultaneously and
the group V/ group 1l ratio can be maintained, for example, at about 400 to about

500. in an exemplary embodiment, the group V/ group til ratio can be maintained at
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about 180, Further, other reactor conditions for the selective growth 310 can
include, for exarnplte, an initial reaction temperature of about 1015 °C to abott 1060
°C, a reactor pressura of about 100 Torr, and a hydrogen/nitrogen carrier gas
mixture having a laminar flow of about 4000 scom. Any suitable MCOCVD reactar
may be used, such as the Vesco TurboDisk model P75 MOCWYD reactor in which the
substrates are rotated at a high speed during deposition.

[ooss] During putsed growth 320, the first precursor gas such as TMGa and
the second precursor gas such as NHs can be infroduced alternately into the growth
reacior in a designed sequence, for example. shown as the first sequence loop 324.
In various embodiments, the duration of each alternating step within the pulsed
sequence can affect the growth of the nanowires andfor nanowire arrays, which can
further be oplimized for specific reactor geometries. For example, in the first puised
sequence loop 324, TMGa can be infroduced with a flow raté of abaut 10 scem fora
certain peried of time such as about 20 seconds (not illustrated) followed by, for
example, a 10 second carrier-gas purge (e.g., a mixiure of hydrogen/nitrogen )
during which no precursor gases are introduced, and followed by introducing NHg
with & flow rate of about 1500 scom for a time period such as about 30 seconds (not
ilustrated) followed by, for example, a 10 sacond carrier-gas purge (e.g., a mixture
of hydragen/nitrogen ) with no precursor gases involved. Other pulse durations may
also be used depending on the reactor configurations, such as for example 15-40
seconds for the Group i reactaht, 16-40 seconds for the Group V reactant and 5-15
seconds for the purge gases between each reactant introduction step. In various
embodiments, the pulsed sequence such as the first sequence loop 324 can be
repeaied until 8 certain length of the GaN nanowiré‘:s is reached, Forexample, the

sequence loop 324 can be rapeated as the second sequence loap 328, the third
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sequent:é ioop (not illusirated) and so on. in each sequence loop, the group V
precursor gas (e.g., TMGa) and group il precursor gas (e.g. NHa) can have an
effective VIl rafio in a range of, for exampie, from about 60 to about 300. In various
embodiments, the temperature, reactor pressure, and carrier gas flow for the pulsed
growth 320 can remain at their same settings as for the selective growth 310, One
of ordinary skill in the art will undersiand thaf the disclosed growih parameters are
exemplary and can vary depending on the specific reactor used.

[0058] In various embodiments, the transition time ({4} can be determined by
the duration of the selective growth 310. The fransition time (44 can be dependent
on the growih rate inside each aperiure, for example, each of the plurality of
patferned apertures 138 shown in FIGS. 1-2, The growth rate inside each aperture
can in tumn depend on the gas flows {e.g., shown as gas flow curvess 302 and 204} of
each precursoer gas and the geometry of each aperture of the plurality of patterned
apertures 138. This gsometrical dependence can occur because the growth
nutrients, for example, from TMGa and/or NHg, can be deposited both on the
selective growih mask and in the open apertures. During seleciive growth 310, the
nutrient that deposits on the selective growth mask can have a high surface mabliity
and can elther leave the mask surface or, If it is close enough to an open aperiure,
diffuse to that aparture and contribute to the growth raie in that aperiure. This
additional growth rate contribution can therefore vary based on the size of the
aperiures and the distance between the apertures. In an exemplary embodiment for
forming a plurality of GaN nanowires and/or nanowire arrays, the growth-rnode-
transition can ocour after a 1 minute duration of the selective growth (i.e., k=t
minute), which can he experimentally determined by the GaN growth raie inside the

patterned apertures. For example, the GalN growth rate can be about 0.6 pm/hr and
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ihe patterned apertures can be in the form of a hexagonal array having a diameter of
abeut 200 nm and 2 pifch of about 1 pm.

[6080] In varioue embodiments, the growth of the plurality of nanowires and/or
nanowire arrays can be affected by when the growth-mode-transition is applied. For
example, the growth-mode-transition can be applied after growth of the pluratity of
nanosiructure nuclel 140 protrude over the top of the selective growth mask {such as
135 seen in FIGS. 4-2). In various embodiments, different configurations/dimensions
can be obtained for the nanowires and/or nanowire arrays, depending on whether
the growth-mode-transition is applied “before” (8.4., as shown in FIGS. 1-2) or "after”
the nanowire nuclel have grown to profrude over the top of the selective growth
mask,

[0061] FIGS. 4A-4C depict a third exemplary semiconducter nanowire device
400 formed by having a growth-mode-transition "after” the nanowire nuclei have
grown to protrude over the top of the selective growth mask. 1t shouid be readily
apparent to one of ordinary skili in the art that the nanowire device 400 depicted in
FIGS, 4A-4C represents a generalized schematic illustration and that other
layersinanowires can be added or existing layers/nanowires can be removed or
madified,

[0082] In FIG. £A, 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 growih mask 435
and a plurality of nanostructure nuclef 440, The selective growth mask 435 and the
plurality of nanostructure nuclei 440 can be formed over the substrate 410, wherein

ihe plurality of nanostruciure nuclel 440 can be interspersed through the selective

growth mask 435.
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fope3] The substrate 410 can be any substrate similar to the subsirate 110 of
the device 100, on which a group Hi-N material can be grown. The substrate 410
can be, for example, sapphire, silicon carbide, or sificon. Likewise, the plurafity of
nanostructure nuclei 440 can be formed similarly to that of the plurality of
nanostructure nuclei 140 of the device 100 shown in FIG. 1B. For example, ihe
nlurality of nanostructure nuciel 440 can be formed by first forming a plurality of
patterned apertures (not shown) defined by the selective growth mask 435 over the
substrate 410. Fach of the plurality of patterned apertures can then be filled by
growing a serniconductor material (e.g., GaN) therein using, for example, standard
MOCVD. The plurality of nanostrusture nuclei 440 can have a thickness of the
selective growth mask 435, for example, about 30 nm, and & cross-sactionsal
dimension, such as a width or a diameter, of, for example, about 10 nm to about 260
nm. And as an additional example, the width or diameter of the cross-sectional
dirnension can be about 10 nm to about 100 nm.

[noe4] In FI3. 4B, the device 400 can Include a plurality of nanostructures 442
grown laterally as well as veriicaly from the plurality of nanostructure nuclei 440,
when the growth-mode-transition oceurs “after” the plurality of nanostructure nuclel
440 protrudes over the top of the selective growth mask 438. For example, sach of
the plurality of nanostructures 442 can be grown laterally, spreading sideways, and
partially on the surface of the selective growth mask 435, In various embodiments,
the plurality of nanostructures 442 can include a pyramid-shaped structure providing
a top crystal facet. For example, a plurality of GaN pyramid-shaped nanostructures
can include a (0001) top facet and the dimensions of this top facet can be controlled
by the extent of the growth of each nanostructure. Speciﬁcéliy, at the early stage of

the growth, when the plurality of nanostructures 442 is growing laterally and partially
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on the surface of the selective growth mask 435, the top facet dimensions can be
increased and be broader than the cross-sectional dimensions of the plurality of
nanestructure nuclei 440, When the growth is continued, the fop facét dimensi.ons
can be decreased such that a point of the top facet dimensions can be smaller than
that of the plurality of nanostructure nuclei 440, Therefore, the dimensions of each
pyramid top facet can be controfied by, for example, a termination of the selective
growth mode (i.e., to apply the growth-mode-transition) to stop the arowtn of the
plurality of pyramid-shaped nanostructures. In various embadiments, the exempiary
pyramid-shaped top facets can be truncated and the dimension of each fruncated
top facet can then be maintained for the subsequent growth of the nanowires and/or
nanowire arrays using the pulsed growth mode. In various embodiments, the
truncated top facet diameter of each of the plurality of nanostruciures 442 can be
controlled to pe smaller than that of each of the plurality of the nanostructure nuclei
440, in various embodiments, the top facet of each of the plurality of nanostructures
442 can have an exemplary cross-sectional shapa of, for example, a square, a
polygon, a rectangle, an oval, and a circle.

[00465] The device 400 shown in FIG. 4B can be used as a support of

- nanowires and/or nanowire arrays, which can alsc 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 e
plurality of selected surface regicns and maintain the cross-sactiona! features (e.g.,
dimensicns and shapes) of each of the piurality of selecied surface regions.

[0066] in FIG. 4C, a plurality of nanowires 445 can be formed by confinuing
the growth of the semiconductor material {e.g.. GalNj from the plurality of selected

surface reglons of the device 400 (i.e., from each top facet of the plurality of
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nanostructures 442) using the puised growth mode. As a result, the plurality of
nanowires 445 can be regularly spaced and have an exemplary diameter ranging
from about 20 to about 500 nm, and an exemplary cross-sactional shape of, for
example, a square, a polygon, a rectangle, an oval, and a circle.

(o087} By using the pulsed growth mode “after” the semiconductor material Is
grown to protrude over the top of the selective growih mask 435, the piurality of
nanowires 445 can be formed on the top facets of the exemplary pyramid-shaped
structures of the plurality of nanostruciures 442, Features such as cross-sectional
shapes and dimensions of each of the plurality of nanowires 445 can remsain
constant with that of the fruncated top facets until a desired length is reached. in
various embodimentis, the length of each nanowire can be controlied on an order of
micrometers, such as, for example, about 20 pm or higher.

10068] FIG. 5 depicts another exemplary semiconductor nanowire device 500
inciuding a buffer Jayer 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 435. The buffer layer 520 can be a similar layer ta 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 buiffer layer 520 can ba about 100 nm to about 10
um. In various embodiments, the buffer layer 520 can be doped with either an n-
type or a p-type dopant in order to provide an electrical connection to the lower end
of each nanowire.

[0G6a] FiGS. BA-BD depict exemplary resulis for & plurality of ordered GaN

nanowires and/or nanowire arrays grown by the multiple-phase growth mode without
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use of a catalyst In accordance with the present teachings {both the nanostrusture
nuclei 140, 440 and the nanowires 145, 445 are grown without the use of a metal
catalyst deposited on the substrate). As shown in FIGS, 8A-8D, the plurality of GalN
nancwiree 610 can grow with targe scale uniformity of position, orientation, lengin,
cross-sectional features (e.g., the dimensions and/or shapes), and crystallinity. As
described herein, in some embodiments, the position and dimensions of each
nanéwire can correspond with that of each aperture of the plurality of patternad
apertures 138 shown in FIGS. 1-2. In other embodiments, the position and
dimensions of sach nan;awire gan correspond with that of each top facet of the
plurality of nancstructures 442 shown in FIGS. 4-5,

[0070} FIG, 6A shows a close-up scanning electron micrograph (SEM) result
for the exernplary GaN nanowires 5§10, while FIG. 6B shows a SEM resulf with long-
range order for the GaN nancwires 610, In various asmbodiments, sach GaN
nanowire can have a single crysfal nature.

[0074j FIG. 8C shows that the orientation of the GaN nanowires 610 can be
along a single crystal direction, for example, along the (0001) crystailographic
direcﬁér% of the exemplary GaN nanowires 610. Additionally, the small central (0G01)
top facet of each nanowire can be bounded by inclined {1102} facets on fop of each
nanowire.

{0072} FIG. 6D is a plan view of the exemplary GaN nanowires 610 showing
the hexagonal symmetry of the sidewall facets of each GaN nanowire, The sidewsall
facets can be perpandicular to the direction of the selective growth rask 620 having
the sidewall facets of the {1100} family. in various embodiments, the diamster of the

exemplary GaN nanowires 810 can be about 1000 nm or less.
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0073 The invarance of the lateral nanowire geometry {(2.9., the cross-
sectional features) shown in FIGS. 6A-8D indicates that the GaN growth rate can
anly ooeur in the vertical direction, that is, on the {0001) and {1102} top facets, For
sxample, the vertical growth rates for the plurality of GaN nanowires &10 of the
pulsed growth can be, for example, about 2 pm/hr or higher. On the other hand, the
GaN growth rate on the {1100} sidewall facets (i.e., lateral direction) can be essential
negligible in spite of their much larger area. In an exemplary embodiment, the GaN
nanowires 610 can he grown having a uniform length of about 20 um or higher and
maintain a uniform diameter of about 250 nm or less, when a 30-nm-selective-
growth-mask is used. In various embodiments, the presence of hydrogen in the
carriar gas mixture can be used to control the nanowire gaometry.

Fo0T4] i addition, the exemplary uniform GaN nanowires 610 shown in FIGS.
5A-6D can be of high-quality, that is, with essentially no threading dislocations (TD).
For examnple, there can be no threading dislocations observed with the GaN
nanowires 145 and/or 445 shown in FIG. 2 and FIG. §, even if the threading
dislocations can be observed in the GaN buffer layer 220 and/or 520 underlying the
selective growth mask 135 andfor 438, since it is believed that these distocations
nend away from the nanowires and terminate at a surface beneath the growih mask.
Furthermore, the defect-free GalN nanowires 610 can be grown on varicus
substrates, such as, far example, sapphire, silicon carbide such as 6H-8iC, or silicon
such as Si (111).

[a075] in various embodiments, the uniform and high-guality GaN nanowires
and/or nanowire arrays can be used for fabrication of high-guality GaN substrate
structures. Commercially vizble GaN substrates are desired because GaN

substrates can greatly facilitate the fabrication of visible LEDs and lasers for the
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emerging sofid-state fighting and UV sensor industries. Moreover, GaN substrates
can glsc be used in other related applicaticns, such as hi-power RF circuits and
devices.

[DO7E] in various embodiments, GaN substrate structures can be formed by
terminating and coalescing the piurality of Gal nanowires suich as those described
in FIGS. 1-6 using techniques such as nancheferoepitaxy. FIGS. 7TA-TD depict four
exemplary semiconductor devicas including GaN substrate structures 712, 714, 713,
and 717 formed from the pluraiity of GaN nanowires of the device 100 (see FIG. 1C),
the device 200 {see FIG. 2), the device 400 (see FIG. 4C), and the device 500 (sce
FIG, 5), respectively,

[0077] For example, the GaN growth conditions can be modified to allow
coalescence of the formed plurality of nanowiras (2.g., 146 or 445) after they have
grown to a suitable height, and then formation of 2 GaN substrale structure (e.g., the
substrate 712, 714, 715, or 717). The GaN substrate structure can be a continuous,
epitaxial, and fully coalesced planar film. The "suitable height’ can be determined for
each nanowire (e.g., GaN} and subsirate (g.g., SIC or Si) combination and can be a
height that allows a significant reduction in defect density in the upper coalescad
GaN fim (i.e., the GaN substrate structure). In addition, the “suitable height’ can be
a height that can maintain a mechanically-robust structure for the resulting
semiconductor devices, for example, those shown in FIGS. 7A-7D. In varlous
embodiments, because threading defects are not present in the plurality of GaN
nanowires (8.g., 145 or 445), the coalescence of the GaN substrate structure (8.4.,
the substrate 712, 714, 715, or 717} on top of these piuralities of nanowires can then
oeeur and provide the GaN substirate structure containing an extremely low defect

density, such as, for example, about 107 cm™ or lower.
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[p078] According to various embodiments of the nanowire formation process,
the process siteps, (2.3., the deposition, pafleming and efching of the selective
growth mask, the selective growth of nanowirg nuclei, the pulsed growth of
nanowires, and the formation of the exemplary GaN substrate structures) can be
scaleabie fo large substrate areas. They can alst be readily axtended to
manufacturing requirements including automatic wafer handiing and extended to
larger size wafers for establishing efficacy of photonic crystals for light extraction
from visible and near-UV LEDS.

{0078} FIGS. 8-12 depict exemplary embediments for nanowire active devices
including nancwire LEDs and nanowire lasers, and their scalable processes for
manufactlring. In various embodiments, the disclosed group =N nanowires and
nanowire arrays such as GalN nanowires and/or nanowire arrays can provide their
active devices with unique propertiss. This is because sach pulsed-grown GaN
nanowire can have sidewalls of {1100} family and the normal fo each of thess side
planes can be a nonpolar direction for group H-N materiais. High-quality guanium
group Hi-N welis such as quantum InGaN/GaN wells, gquantum AlGaN/GaN wells or
ather guantum 111-N wells, can therefore be formed on these side facets of each GaN
nanowire,

[O080F For exampie, the nanowire growth behavior can be changed
significantly when othar precursor gases such as timethylaluminum {Al} or
trimathylindium {In} are added to the exemplary MOCVD gas phase during the
puised growth mode. in this case, even a small molecuiar fraction {(s.g., about 1%)
of Al or In added o the GaN nanowires and/or nanowire arrays can rasult in each
GaN nanowire growing laterally with iis cross-sectional dimensions (e.g., width or

diameter) increasing over time. This lateral growth behavior can allow creation of &
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core-shell haterostruciure, that is, guantum wells including exemplary materials of
such as [InGaN and AlGaN alloys can be grown an and envelop each GaN nanowire
core. As a result, the core-shell growth can create a core-shell nanowire/MQW
active structure for light emitting devices.

[6081] in various embodiments, an additional third growth condition can be
established fo grow the core-shell of the exemplary tnGéN 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 fo that used in the
selective growth mode, for example, as shown at 310 in Fig. 2. In various ofher
emboediments, a puised growth mode can be uzead for the third growth condition.
[0082] in various embodiments, the core-shell nanowire/MQW active
structure can be usad o provide high efficiency nanoscale opioejectronic devicas,
such ag, Tor exampie, nanowire LEDs and/or nanowire lasers. For example, the
resulfing core-shell nanowire/MQVY active structure (i.e., having the MQW active
sheli on sidewalls of each nanowire core} can be free from piezoelectric fields, and
also free from the associated guantum-confined Stark effect (QCSE) because each
nanowire core has nen-polar sidewalls, The elimination of the QUSE can increase
the radlative recombination efficiency in the active region to improve the
performance of the LEDs and lasers, Additionally, the absence of QCSE can allow
wider guantum wells to be used, which can improve the overiap integral and cavity
gain of the nanowire hased lasers. A further exemptary efficiency benefit of using
the core-shsll nanowire/MQW active struciure is that the active region area can be
significant increased because of the unigus core-shell structure.

[0D8R3] FIG. 8 depicts a cross-sectional layered structure of an exemplary

core-shell nancwire/MQW acfive structure device 800 in accordance with the present
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teachings. I shsuﬁd‘ be readily apparent to one of ordinary skill in the art that the
device 800 depicted in FIG. B represents a generalized sc:hemati_c illustration and
that other materialsflayersishells can be added or existing materials/layere/shelis can
be removed or modified,

[o084] As shown, the device 800 can include a substrate 810, a doped buffer
layer 820, a selective growth mask 825, a doped nanowire core 830, and a shell
structure 835 including a first doped shell 840, a MQW shel! structure 850, a second
doped shell 860, and & third doped shell 870.

[0085] The selective growth mask B25 can be formed over the doped huffer
layer 820 over the substrate 810, The doped nanowire core 830 can be connected
fo and extend from the doped buffer iayer 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 formead to “shell” the doped nanowire core
830 having a core-shell active structure, and the shell struciure 835 can also be
situated on the selective growth mask 825. In addition, the shell structure 836 can
be formed by depositing the third doped shell 870 over the second doped shell 850,
which can be formed over the MQW shel! structure 850 over a first doped shell 840,
[0086] The substrate 810 can be a substrate similar to the substrates 110 and
410 (see FIGS. 1-2 and FIGS. 4-5) including, kut not limited to, sapphire, silicon
carbide, silicon and |1-V substrates such as GaAs, or GaN.

[6087] The doped buffer layer 820 can be formed over the substrate 810. The
doped buffer layer 820 can be similar fo the buffer layers 220 and/or 520 {see FIG. 2
and FIG. 5). The doped buffer layer 820 can be fermed of, for example, GaN, AN,
inN, AlGaN, InGaN or AllnGaN, by various crystal growth methods known to one of

ordinary skill in the art. in various embodiments, the doped buffer fayer 820 can be
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doped with a conductivity fype similar o the doped nanowire core 830. in some
embodiments, the doped buffer layer 820 can be removed from the device 800.
{0088} The selective growth mask 825 can be a selective growth mask simitar
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 using the two-phase growth
mode. The doped nanowira core 830 can be formed of, for example, GaN, AN, InN,
AlGaN, InGaN or AlinGaN, which can be made an n-iype by doping with various
impurities such as silicon, garmanium, selenium, sulfur and teliurium. In various
embodimentg, the doped nanowire core 830 can be made p-type by introducing
beryilium, strontium, barlum, zinc, or magnesium, Other dopants known to one of
ordinary skill in the art can be used. In various embodiments, the height of the
doped nanawire core 830 can define the approximate height of the active structure
device 800, For example, the doped nanowire core 830 can have a height of about
1 um to about 1000 um.

foGany The dopad nanowire core 830 can have non-polar sidewall facets of
{1100} family (Le., "m"-plane facets), when the material GaN is usad for the doped
nanowire cdre_B&D. The shell structure 835 including the MQW shell structure 850

can be grown by core-shell growth on these facets and the device 80D can therefore
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pe free from piezoelectric fields, and free from the associated quantum-confined
Stark sffect (QCSE)}.

10091} The first doped shell 840 can be formed from and coated on the non-
polar sidewall facets of the doped nanowire core 830 by an exemplary core-shell
growth, when the pulsed growth mode is used. For example, the first doped sheli
B40 can be formed by adding 2 small amount of Al during the pulsed growth of the
doped nanowire core 830 forming a core-shelt heterostructure. The conductivity type
of the firsi doped shell 840 and the doped nanowire core 830 can be made similar,
for example, n-type. In varlous embodiments, the first doped shell 840 can include a
material of Al,Ga..N, where x can be any number less than 1.00 such as 0,05 or
0.10.

foos2l The MQW shell siructure 850 can be formed on the first doped sheli
840 by the exemplary core-shell growth, when the pulsed growth mode is used.
Epecifically, the MQW shell structure 850 can be formed by adding a small amount
of Al and/or In during the puised growth of the first doped shell 8B40 to continue the
formation of the core-shell heterostructure. In various embodiments, the MQW shell
structure 850 can include, for example, alternating layers of AlGa N and GaN
where x can be, for example, 0.05 or any other number iess than 1.00. The MQW
shell structure 850 can aisc include alternating layers of, for example, In,Ga1,N and
GaN, where x can be any number less than 1.00, for example, any numberin a
range from about 0.20 o about 0.45,

[6093] The second doped sheil 860 can be formed on the MQW shell
structure B50. The second doped shell 880 can be used as a barrier layer for the
MQW shell struicture 850 with a sufficient thickness of, such as, for example, about

500 nm to about 2000 nm. The second doped shell 880 can be formed of, for
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axample, Al,Gay4N, where x can be any number less than 1.00 such as 0.20 or .30,
The second doped shell 860 can be doped with a conductivity type similar to the
third doped shell B70,

{0094] The third doped shell 870 can be formed by continuing the core-shell
growth from the second doped shell 880 to cap the active structure device 800. The
third doped shell 870 can be formed of, for example, GaN and doped to be an n-type
or a p-type. In various embodiments, if the first doped shell 830 is an n-typs shell,
the second doped shell 860 and/or the third doped shell 870 can be a p-type shell
and vice versa, In various embodiments, the third deped shell 870 can have a
thickness of about 50 o about 500 nm,

(0095} in various emboediments, 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. O depicts an active
structure device 800 including a dielectric material 910 deposited to isolate each
core-shell nanowire/MQW active structure shown in FIG, B in accordance with the
present teachings.

[00586] As shown in FIG. 8. the dielsctric material 910 can be deposited on the
selective growth mask 825 and laterally cannected with the sidewalls of the shell
structure B35, more specifically, the sidewalls of the third doped sheli 870. In various
embodiments, the dielectric material 910 can be any dieleciric material for electrical
{solation, such as, for example, silicon oxide (SiO3), silicon nitride {SizN,}, silicon
oxynitride {SION}, or other insulating materials. in some embodiments, the dielectric
matenal 810 can be a curakle dieiectric. The dielectric material 910 can be formed
by, for example, chemical vapor depaosition (CVD) or spir-on fechniguas, with a

desired height or thickness. In varicus embodiments, the height/thickness of the
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dielectric material 910 can be further adjusted by removing a portion of the digleciric
material from the top of the deposited dielectric material using, for example, etching
or fift-off procedures known to one of ordinary skifl in the art. The thickness of the
dielectric material 910 can be adjusted depending on specific applications where the
core-shell nanowire/MQW active structure is used.

[00s7] In various embodiments, various nanowire LEDs and nanowire lesers
can be formed by the core-shell growth described in FIGS. 8-8, because MQW
active shell structures can be creaied on the nonpolar sidewalls of the pulsed-grown
nanowires, For example, if the nanowires are arranged in a hexagcmral array with a
oitch that is equal to /2, where A is the emission wavelength of the exemplary LED
or laser, the array of nanowires can provide optical feedback to stimuiate light-
emitting action. FIGS. 10-12 depict exemplary nanoscale active devices formed
based on the structurss shown in FIGS. 8-9 in accordance with the present
teachings.

00981 FIGS.10A-10C depict an exemplary nanowire LED device 1000 using
the core-shell nanowire/MQW active structure described in FIGS. 8-8 in accordance
with the presant teachings.

[0098] In various embadiments, the nanowire LED device 1000 can be
fabricated Including elecirical contacts formed an, for example, the device 800. The
electrical contacts can include conductive structures formed from metals such as
titanium {T1), aluminum (A1), platinum (P, nickel (Ni) or gold (Au} i a number of
mulfi-layered combinations such as AUTI/PYAU, NifAu, TIAL TilAu, TYAVTIAU,
TitAVAL, Al or Au using techniques known to one of 6rdinary skiit in the art.

[eo100] in FIG. 104, the device 1000 can include a conductive structure 1040

formed on the surfzce of the device 800, Le., on each surface of the dielectric

33



material 810 and the third doped shell 870 of the shell siructure 835. The conductive
structure 1040 can be a transparent layer used for a p-electrode of the LED device
1000 fabricated subsequently. In an exemplary emboadiment, the conductive
structure 1040 {or p-electrode) can be, for example, a layered metal combination of
TiAu.

[00101] in various embodiments, the device 1000 can further includs a
dielectric layer 1010 having an adjusted thickness (or height). By adjusting the
thickness of the dielectric layer 1010, the extent (g.g., thickness or height) of the
conductive structure 1040 (or p-electrode) formed on and along ihe sidewall of the
shell structure 835 can be adjusted according to the desired application of nanowire
aciive device. For example, g thick fayer of the dielectric 1010 can confing the
conductive structure 1040 {or p-electrode) {o the top of the core-shel structured
active devices, for example, for nanowire LEDs and/or nanowire lasers.

Alternatively, an adjusted thin dielectric layer 1010 can allow the conductive structure
1040 (or p-electrode} 1o have a greater thickness or height (1.e.. an increased
sxfent), which can reduce the resistance of the active devices. In various
embodiments, the greater thickness of the conductive structure 1040 (or p-electrods)
can, however, be expected o coniribute 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-glectrode) can be achieve by balancing the reduction
of resistance of the active devices with the expected cavity loss.

[00102] In various embodiments, the thickness of the conductive structure 1040
{or p-elecirode) along the sidewalls of the shell structure 835 of the axemplary LED

device 1000 can be in a range of about 1 um to about 8 um for high efficiency
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perfarmance. In various embodiments, the LED device 1000 can have a fotal height
of, for example, about 10 um.

[00103) in FIG. 10B, the device 1000 can further include a p-elecirode 1045, a
dieiectric 1015, and a selective contact mask 1025 having trenches 1035 etched into
the selective growth mask 825 (see FIG. 10A).

(00104} The p-electrode 1045 and the underlying dielactric 1015 can be formed
by patfterning and etching the conductive structure 1040 and the dieiectric faysr 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 diejectric 1015 on both sides of
gach core-shell siructure, After the patteming 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, whersin each side of the core-
shel active structure can include at least one trench 1035. As a result, surface
partions of the underiying buffer layer 820 can be used as battoms of the trenches
1035.

[00105] in various embodiments, the thickness of the selective contact 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 various embodiments, the selective contact mask 1025 can have a
thickness of about 30 nm oriess. However, one of ordinary skill in the art will
understand that a thicker seiective growth mask can be readily accommedated in the
nanowire and nanowire active device processes,

[00106] n FI1G, 10C, the device 1000 can include the r-slectrodes 080 farméci

to assure the conduction betwesn the n-side contact and the ceniral conductive
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region including the doped buffer layer 820 and the nanowire core 830. The ceniral
conductive region can be, for example, a heavily doped n” GaN region. In various
embodirmants, the n-electrodes 1080 can include conductive structures formed by
depositing electrode materials onto each surface of the selective contact mask 1025
and the botioms of the trenshes 1035, 1n an exemplary embodiment, the n-
alecirodas 1080 can be formed of, for example, a layerad metal combination, such
as AlTI/PYAL

[00107] At 1098, the resulting light of the nanowire LED device 1000 in FIG.
10C can be extracted through the substrate 820, which can be transparent at gresn
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
advaniageous in some solid-state lighting applications.

[co108] in this manner, the disclosed nanowire LED device 1000 can provide
unique properties as compared with traditional LED devices. First, it can have &
higher brightness hecause the core-shell grown active region area {i.e., the MOW
active shell area) can be increased, for example, by a factor of approximatety 10
times compared to a conventional pianar LED structure, Second, the light extraction
cant be improved to increase the output efficiency of the LED. This is because the
LED device’s geometry can make the most of the active region area oriented normal
tn the wafer surface, i.e., the substrate surface. The confinement regions on glther
side of the MQW active region can tend fo guide tha LED light in the veriical
direction. Third, because of the high precision of the position and diameter of each
of the plurality of nanowires and/er nanowire arrays, the resulting arrays of the LED

devices 1000 can also be configured as a photonic-crystal, which can further
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improve the light output coupling sfficiency. Fourth, the nanowire LED resistance
can be significantly decreased bacause of the increase of the electrical contact ares,
for example, the contact area of the p-electrode 1045, Finally, since the LED device
1000 can provide a specified light power with higher brightness, more devices can
he processed on a given wafer, which can decrease the cost of production and aiso
increase the manufacturing efficiency. For example, to allow for metal contacts, the
LEL: device 1000 can include & pitch spacing (.e., a centerto-center spacing
between any two adjacent nanowire devices) of, for example, about 100 um. A4-
inch watfer can then include a number of nanowire LED devices 1000, for example,
about 0.78 million devices or more, which can be manufacturad simuitansously, In
various embodiments, the pitch spacing can be reduced further to allow a single 4-
inch wafer to contain, for exampie, more than one milion LED devicas 1000.
[60169] FIGS. 11-12 depict exemplary nanowire laser devices using the core-
shell grown nanowire/MQW active structure shown in FIGS. 8-10 in accordance with
the present teachings. Because the sidewall facets of the nanowires and/or
nanowire arrays are exact {1100} facets with a flatness on the scale of an atomic
monolayer, high quality MQW active regions for laser devices can be formed on
these superior flat “sidewall substrates.” In addition, the vertical orientation of the
sidewall facets, and the uniform periodicity and length of the nanowires can provide
a high-throughput method of etching or cleaving facets to form an optical cavity. The
uniform periodicity can allow a photonic crystal optical cavity to be established
straightforwardly.

[eo1103 As shown in FIG. 11, the nanowirs laser device 1100 can be fabricated
from the processes described in FIGS. 8-10 using the core-shell grown

nanowlre/MOWY active structurs as laser active siructure. The nanowire laser device
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1100 can include a polished shell structure 1135, a polishad 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 o cap the laser active structure.
foot11] The polished shell structura 1135 and the polished p-elecirode 1145
can be formed by polishing {i.e., removing) on the tap end (with raspect o the
substrate 810 as the bottom end) of the core-shell nancwire/MQW active structure
(Le. laser active structure) such as that shown in FIG. 10C. Various polishing
processes, for example, a chemical-mechanical poiishing, can be used using the
etched dielectric 1015 as a mechanical support.

[00112] The polishing step can be used to polish & 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 million or more, can be formad on a 4-inch wafer for a high manufacturing
efficiency. In various embadiments, the pitch spacing can be reduced further to
allow & single 4-inch wafer to cantain, for example, more than one million laser
devices 1100,

T00113] in various embodiments, the extent (e.q., thickness or height) of the
polished p- electrode 1145 formed along the sidewalls of the polished shell structure
1135 can be adjusied by adjusting thickness of the undarlying efched dielectric 1015
for optimum parformance of the laser device 1100. In various embodiménts? the
thickness of the polished p-electrede 1145 along the sidewall of the polished shell
structure 1135 shown in FIG. 11 can range from about 1 um to about 5 pm, when the

overall height is about 10 pm.

001143 The passivation layer 1195 can be formed at the polished top end of

gach laser active structure, i.e., on each surface of the polished p-electrode 1145
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and the polished shell structure 1135, The passivation fayer 1185 can be configured
to avoid undue non-radiative recombination or junction ieakane of the nanowire laser
davice 1100. In various smbodimenis, the passivaiion layer 1195 can be formed of,
for example, any dieleciric material known to one of ordinary skill in the art with &
thickness of about 10 o about 100 nm.

[0a115] In some embodiments, the composition and refractive index of the
materials used for the polished shell siructure 1135 surrounding the nanowire cavity
(i.e., the nanowire core 830} can affect the optical lasing process at 1199. For
exarmple, when fne nanowires have an exemplary diameter of about 200 nm, some
of the optical lasing mode can exist cutside the cavity. The Jaser can therefore be
more sensitive to the compositicn and refractive Index of the materials surrounding
the cavity, that is, materials used for each tayer of the poiished shell structurs 1135.
[001186] in other embodiments, because fhere is no physical lower facet on the
laser aptical cavity (i.e., the nanowire core 830), there can be a change of effective
reiractive index In the vicinity of the selective growth rnask 1025, This index change
can in fact be helped (i.e., made larger) by the fact that some of the optical lasing
moda can exist outside the cavity. In an exemplary embodiment, the nanowire laser
device 1100 (see Fig. 11) can be optically tuned by adiusting the thickness of the
seiective contact mask 1025 for a maximum refiectivity. For example, the opiical
thickness of the selective contact mask 1025 for the laser device 1100 canbe in a
range of about 220 nm to about 230 nm when the device is emitting bius lignt at 450
£248

[00117] FIG. 12 depicls another exemplary laser device 1200, In which &
distributed Bragg refiector (DBR) mirror stack 1220 can be disposed between the

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

00118] The OBR mirrer stack 1220 can be an epitaxial DBR mirror stack. The
DBR mirror stack 1220 can inciuds, for example, guarfer-wave alternating layers of,
for exampie, GaN and AlGaN. In various embodiments, the DBR mirror stack 1220
can be uned to improve reflectivity and o increase cavity Q of the laser 1289
[601493 In varicus embedimanis, all the nanowire active devices shown in
FIGS. 10-12 can provide a Jow device resigiance becsuss more resistive p-
electrodes (e.g., the p-electrode 1045 and/or 11458) of the heterostructure can be
iocated at the largsr-area, which is outer periphary of each core-shelt
nanowire/MQW active structure. For example, for the LED device 1000 (shown in
Fi(3. 10}, the p-electrode 1045 can be patiemad to compiziely cover the top of the
device 1000 to further decrease the device resistance.

[60120] Although a single nanowire is depicted in FIGS. 8-12 for the purpose of
description, one of ordinary skill int the art will understand that the core—sﬁeil growth
processes on each nanowire of the plurality of nanowires andfor nanowire arrays
(e.g., shown In FIGS. 1-6) for nanoscale active devices can be simultaneously
conducted in a large area {e.g., a whole wafer).

[on121] Other emboediments of the Invention will be apparent to these skilled in
the art from consideration of the specification and practice of the invention disclosed
herein. It is intendad that the specification and examples be considered as
exemplary only, with a true scape and spirit of the invention being indicated by the

foilowing ciaims.
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WHAT IS CLAIMED IS:

1. A method of forming a thin-walled structure comprising:

forming a selective growth mask over a substrate, wherein the selective growth mask
comprises a plurality of patterned apertures;

forming a thin-walied structure on the substrate by disposing a semiconductor material in
each patterned aperture using a non-pulsed growth mode; and

growing the thin-walled structure using a pulsed growth mode of the semiconductor
material, wherein the thin-walled structure comprises a hollow shape having a wali thickness.

2. The method of claim 1, wherein at least one lateral dimension of each patterned aperiure is
about 1 micron or less.

3. The method of claim 1, wherein at least one lateral dimension of each patterned aperture is
about 500 nm or less to form a thin-walled nanowire structure.

4. The method of claim 1, wherein the thin-walled structure has a length of about 1 micron to
about 10 mm.

5. The method of claim 1, wherein the wall thickness is about 1000 nm or less.

6. The method of claim 1, wherein the thin-walled structure comprises a thin-walled hollow
structure having a lateral cross section selected from the group consisting of a thin-walled
polygon, a thin-walled rectangle, a thin-walled square, a thin-walled oval, and a thin-walled
circle.

7. The method of claim 1, wherein the substrate comprises one or more materials selected from
the group consisting of Si, SiC, sapphire, GaN and GaAs.

8. The method of claim 1, wherein the pulsed growth mode is applied before or after growth of
the semiconductor material protrudes over a top of the selective growth mask.

9. The method of claim 1, wherein the semiconductor material for forming the thin-walled
structure comprises one or more materials selected from the group consisting of GaN, AIN, InN,
InGaN, AlinGaN and AlGaN.

10. A group Hi-N thin-walled structure formed according to the method of claim 1.

11. The method of claim 1, further comprising forming a group lH-N substrate structure by
terminating and coalescing one or more formed thin-walled structures.

12. The method of claim 1, further comprising forming a multiple quantum well (MOW) aclive

structure on one or more sidewalls of the formed thin-walled structure, the thin-walled structure
being used as a core structure.
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13. A group llI-N substrate structure formed by the method of claim 11.

14, The method of claim 12, wherein the MOW active structure comprises one or more
mailerials chosen from AlGaN, InGaN, AllnGaN, GaN, AIN, and inN.

15. A thin-walled structure comprising:

a selective growth mask disposed over a substrate, wherein the seiective growth mask
comprises a plurality of patterned apertures with each patterned aperture exposing a surface
portion of the substrate; and

a thin-walled structure connected to and exiending from the surface portion of the
substrate and through each patterned aperture, wherein the thin-walled structure comprises a
hollow shape having a wall thickness of 1000 nm or less.

18. The structure of claim 15, wherein the at least one lateral dimension of each patterned
aperture is about 1 micron or less.

17. The structure of claim 15, wherein the at least one lateral dimension of sach patterned
aperture is about 500 nm or less for a thin-walled nanowire structure.

18. The structure of claim 15, wherein the thin-walied structure has a length of about 1 micron or
fonger extended from the substrate surface.

19. The structure of claim 15, wherein the thin-walled structure comprises a thin wall, a thin-
walled polygon, a thin-walled rectangle, a thin-walled square, a thin-walled oval, or a thin-walled
circle.

20. A multiple quantum well (MQW) active structure disposed on one or more sidewalls of the

thin-walled structure of claim 15, to form a core-shell active structure for a device comprising a
light emitting diode (LLED}, a laser, or a high electron mobility transistor (HEMT).
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Pulsed Growth Of GaN Nanowires And Applications in Group lii Nitride
Semiconductor Substrate Materials And Devices

Abstract

Exemplary embodiments provide semiconductor devices including high-quality (i.e.,
defect free) group 11I-N nanowires and uniform group Ili-N nanowire arrays as weil as
their scalable processes for manufacturing, where the position, orientation, cross-
sectional features, length and the crystallinity of each nanowire can be precisely
controlled. A pulsed growth mode can be used to fabricate the disclosed group HlI-N
nanowires and/or nanowire arrays providing a uniform length of about 10 nm to about
1000 microns with constant cross-sectional features including an exemplary diameter
of about 10- 1000 nm. In addition, high-quality GaN subsirate sfructures can be
formed by coalescing the plurality of GaN nanowires and/or nanowire arrays to
facilitate the fabrication of visible LEDs and iasers. Furthermore, core-shell
nanowire/MQW active structures can be formed by a core-shell growth on the

nonpolar sidewalls of each nanowire.

FIG. 2
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