wo 2014/197799 A1 [N PO 0 N0 O

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2014/197799 A1l

(51

eay)

(22)

(25)
(26)
(30)

1

(72

74

31

11 December 2014 (11.12.2014) WIPO | PCT
International Patent Classification: BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
HO1L 33/50 (2010.01) DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
. L i HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
International Application Number: KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
PCT/US2014/041308 MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
International Filing Date: OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
6 June 2014 (06.06.2014) SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM,
TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,
Filing Language: English ZW.

Publication Language: English (84) Designated States (unless otherwise indicated, for every
Priority Data: kind of regional protection available): ARIPO (BW, GH,
61/832,377 7 June 2013 (07.06.2013) Us GM, KE, IR, LS, MW, MZ, NA, RW, 8D, SL, SZ, 1Z,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
Applicant: GLO-USA, INC. [US/US]; 1225 Bordeaux TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
Dr., Sunnyvale, California 94089 (US). EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
Inventors: OHLSSON, Jonas; o/o GLO AB, Ideon Sci- MG, MI MT. NL. NO, PL. PT, RO, RS, SE. 8L 3K, SM.
. TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,

ence Park, Scheelevigen 17, S-223 70 Lund (SE). SVENS- KM, ML, MR, NE, SN, TD, TG)

SON, Carl Patrick Theodor; c/o GLO AB, Ideon Science ? ’ o e ’

Park, Scheeleviagen 17, S-223 70 Lund (SE). Published:

Agents: RADOMSKY, Leon et al.; The Marbury Law
Group, PLLC, 11800 Sunrise Valley Drive, 15th Floor,
Reston, Virginia 20191 (US).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,

with international search report (Art. 21(3))

before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments (Rule 48.2(h))

(54) Title: MULTICOLOR LED AND METHOD OF FABRICATING THEREOF

-

E///%/////

&/

Fig. 2B

(57) Abstract: A device includes a support including at least a first area and a second area, and a plurality of first light emitting
devices located over the first area of the support, each first light emitting device containing a first growth template including a first
nanostructure, and each first light emitting device has a first peak emission wavelength. The device also includes a plurality of
second light emitting devices located over the second area of the support, each second light emitting device containing a second
growth template including a second nanostructure, and each second light emitting device has a second peak emission wavelength
difterent from the first peak emission wavelength. Each first growth template differs from each second growth template.



10

15

20

25

WO 2014/197799 PCT/US2014/041308

MULTICOLOR LED AND METHOD OF FABRICATING THEREOF

Cross-Reference to Related Application

This application claims the benefit of priority to U.S. Provisional Application No.
61/832,377, filed June 7, 2013, the entire contents of which are incorporated herein by

reference.
Technical field of the invention

The present invention relates to arrays of light emitting diodes (LEDs) and in particular to
arrays capable of emitting light of at least two different wavelengths. It also relates to

methods of fabricating such arrays.

Background of the invention

For light emitting devices, such as light emitting diodes (LED), the emission wavelength is
determined by the band gap of the active region of the LED together with thickness
determined confinement effects. Often the active region includes one or more quantum wells
(QW). For III-nitride based LED devices, such as GaN based devices, the active region (e.g.,

quantum well) material is preferably ternary, such as InyGa; <N, where O<x<1.

The band gap of such III-nitride is dependent on the amount of In incorporated in the active
region (e.g., in the QW(s)). Higher In incorporation will yield a smaller band gap and thus
longer wavelength of the emitted light. As used herein, the term “wavelength” refers to the
peak emission wavelength of the LED. It should be understood that a typical emission
spectra of a semiconductor LED is a narrow band of wavelength centered around the peak

wavelength.

Multi-color LED arrays in the prior art suffer from several drawbacks. Some multi-color
LEDs form nanowire LEDs which emit different color light (i.e., different wavelength) from
different portions of the same nanowire, which makes it difficult to control and selectively

activate the different emission wavelengths from the same nanowire LED.

Summary

One embodiment provides a device includes a support including at least a first area and a

second area, and a plurality of first light emitting devices located over the first area of the
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support, each first light emitting device containing a first growth template including a first
nanostructure, and each first light emitting device has a first peak emission wavelength. The
device also includes a plurality of second light emitting devices located over the second area
of the support. Each second light emitting device contains a second growth template
including a second nanostructure, and each second light emitting device has a second peak
emission wavelength different from the first peak emission wavelength. Each first growth

template differs from each second growth template.

The support may be a growth substrate or a handle substrate which is attached to the device
after the device is grown. Each first nanostructure may comprise a first nanowire core which
comprises an inner portion or an entirety of the first growth template, each first nanowire
core protrudes through a first aperture in a growth mask in the first area. Each second
nanostructure may comprise a second nanowire core which comprises an inner portion or an
entirety of the second growth template, each second nanowire core protrudes through a
second aperture in a growth mask in the second area. Preferably, each first growth template
comprises the first nanowire core and at least one first template layer around the first
nanowire core, such that the first template layer extends laterally beyond the first aperture
over the growth mask, and each second growth template comprises the second nanowire core
and at least one second template layer around the second nanowire core, such that the second

template layer extends laterally beyond the second aperture over the growth mask.

Each first and second nanowire core may comprise a first conductivity type (e.g., n-type)
semiconductor material. A first active region may be located around each first nanowire
core, the first active region comprising at least one first quantum well having a first band gap.
A second active region may be located around each second nanowire core, the second active
region comprising at least one second quantum well having a second band gap different from
the first band gap. Preferably, each first and second nanowire core comprises a III-nitride
semiconductor material (e.g., gallium nitride), and each first and second quantum well

comprises an indium gallium nitride material.

A first junction forming element comprising a semiconductor material of a second
conductivity type (e.g., p-type) different from the first conductivity type may be located
around each first active region to form a p-n or p-i-n junction. A second junction forming

element comprising a semiconductor material of the second conductivity type different from
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the first conductivity type may be located around each second active region to form a p-n or

p-i-n junction.

Each first growth template may differ from each second growth template by at least one of:
(a) a growth area for a respective active region, (b) a ratio of exposed growth planes, or (c) a
spacing from adjacent growth templates. Each first quantum well preferably contains a
different amount of indium from each second quantum well due to the difference between the
first and the second growth templates. For example, each first growth template has a
nanopyramid shape each second growth template has a nanopillar or nanowire shape. Thus,
each first growth template has a larger p-plane facet area contacting the first active region
than a p-plane facet area of the second growth template contacting the second active region.
This leads to each first quantum well containing a higher amount of indium and a lower peak
emission wavelength than each second quantum well due to the difference in the p-plane

facet area between the first and the second growth templates.

In another embodiment, each first aperture has a substantially equal width or diameter to each
second aperture, each first aperture is spaced farther apart from adjacent first apertures than
each second aperture is spaced apart from adjacent second apertures, and each first growth
template has a substantially equal or smaller growth area contacting the first active region

than a growth area of each second growth template contacting the second active region.

In another embodiment, a plurality of third light emitting devices are also located over a third
area of the support, each third light emitting device has a third peak emission wavelength
different from the first and the second peak emission wavelength. Each third light emitting
device may contain a third nanopyramid growth template comprising a third nanowire core
which protrudes through third aperture in a growth mask in the third area, each third aperture
may have a substantially equal width or diameter to each first and second aperture, and each
third aperture may be spaced farther apart from adjacent third apertures than each first and
second apertures are spaced apart from adjacent respective first and second apertures. Each
third growth template may have a substantially equal or smaller growth area contacting a
third active region than a growth area of each first and second growth template contacting the
respective first and second active regions, and the third peak emission wavelength may be

longer than the first and the second peak emission wavelengths.
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In another embodiment, each first aperture may have substantially larger width or diameter
than each second aperture, each first aperture is spaced substantially equal or farther apart
from adjacent first apertures than each second aperture is spaced apart from adjacent second
apertures, and each first growth template has a substantially the same or smaller growth area
contacting the first active region than a growth area of each second growth template

contacting the second active region.

The first and the second light emitting devices may comprise light emitting diodes, and each
first and second junction forming element may be selected from a semiconductor shell, a
continuous semiconductor layer which contacts plural growth templates, or a continuous

semiconductor layer with interstitial voids which contacts plural growth templates.

Another embodiment provides a method of making a light emitting device, comprising
providing a growth substrate comprising a growth mask having a plurality of first apertures
in a first area and a plurality of apertures in a second area; and selectively growing a plurality
of first nanostructures through the first apertures and a plurality of second nanostructures
through the second apertures in a same nanostructure growth step, wherein the first and the
second nanostructures comprise an inner portion or an entirety of respective first and second
growth templates. The method also includes growing first and second active regions on
respective first and second growth templates in the same active region growth step, and
growing first and second junction forming elements on respective first and second active
regions in a same junction forming element growth step to form respective first and second
light emitting devices. Each first growth template differs from each second growth template
such that each second light emitting device has a second peak emission wavelength different

from a first peak emission wavelength of each first light emitting device.

Another embodiment provides an intermediate semiconductor structure, comprising a
substrate, a plurality of first growth templates comprising a first semiconductor nanostructure
located over a first area of the substrate, and a plurality of second growth templates
comprising a second semiconductor nanostructure located over a second area of the substrate.
Each first growth template differs from each second growth template by at least one of: (a) a
growth area for a respective active region, (b) a ratio of exposed growth planes, or (c) a

spacing from adjacent growth templates.
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Another embodiment provides method of making a semiconductor device, comprising
providing the above described intermediate semiconductor structure, and growing first and
second indium gallium nitride semiconductor active regions on respective first and second
growth templates in a same active region growth step. Each first active region contains a
different amount of indium from each second active region due to the difference between the

first and the second growth templates.

Another embodiment provides a method of growing a III-V semiconductor nanowire,
comprising growing the III-V nanowire over a substrate by MOCVD in group V limited

growth regime.
Drawings

Figs. 1A and 1B show the top view and a side cross sectional view along line A-A,

respectively, of a semiconductor device of an embodiment of the invention.

Figs. 2A, 2C, 3A, 4A, 5A, 6A and 8A show top views of a semiconductor device of
alternative embodiments of the invention. Figs. 2B, 2D, 3B, 4B, 5B, 6B and 8B show side
cross sectional views along line A-A of respective Figs. 2A, 2C, 3A, 4A, 5A, 6A and 8A.

Fig. 7 shows the side cross sectional view of a semiconductor device embodiments of the

invention.

Figs 9A and 9B are theoretical plots of nanowire length versus mask aperture spacing and

mask aperture diameter, respectively.
Detailed Description

Herein “p-plane” means “pyramid plane” and represents a {1101} plane in the III-nitride

system, ‘“‘c-plane” represents a {0001} plane, and “m-plane” represents a {1010} plane.
Growth rate means layer growth rate when not otherwise specified. Usually, in selective

growth, volume growth rate is constant irrespective of geometry. One aspect of the invention

described below provides the ability to locally set a grown volume of semiconductor material.

Herein “kinetically limited growth regime” means a growth regime where growth rate
predominantly is hindered by an energetic barrier (low temperature, cracking of source

material, release of surface bonds etc.) to reach thermodynamic equilibrium. “Mass flow
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limited growth regime” means a growth regime where precipitation at the growth area is
predominantly unhindered but growth rate is limited by concentration of source material at
the growth area. “Group III limited growth regime” means a growth regime that is mass flow
limited with regards to the column III element or elements while “group V limited growth
regime” means a growth regime that is mass flow limited with regards to the column V

element or elements.

A growth system is usually limited by a subset of these parameters in combination; i.e., a
growth rate is often limited by source concentration even if a severe kinetic reaction barrier
exists in the system. The relative weight of V to III limited growth rate is most easily adjusted
by altering the total V/IlI-ratio. The relative weight of kinetical to mass flow limited growth
rate is more complex, as it depends on the origin of the kinetical barrier. Usual parameters
that change this are temperature, total pressure, total flow, carrier gas and V/III-ratio. It is
also important to realize that in V/III growth where 50% of each element group is needed to
proceed with precipitation, one group element can be kinetically limited while the other
group elements are mass flow limited such that only one of the groups is causing the growth
rate limitation. In traditional V/III growth, in MOVPE and similar growth methods, high
quality material is often grown with a high overflow of V material, for example, in GaN
using V/III source gas mass flow ratio of at least 1,000, such as 1,000 to 10,000. Under these
conditions, the growth rate is group III limited while the group V concentration is high to
keep a saturated overflow of V material to the growth surface. In contrast, in the group V
limited growth mode, the V/III ratio is preferably less than 1,000, such as 0.001 to 100, for
example less than 1, such as 0.001 to 0.1.

To determine the type of growth rate limitation at a certain growth condition is relatively
straightforward and is done by changing the condition parameters and recording the change
in growth rate (e.g., thickness measurements). Energy heights of kinetic barriers can be

deduced by temperature dependent growth rate measurements.

Note that the kinetic barrier of cracking efficiency of NH; due to GaN is well established but
is an additional parameter, not discussed in the theoretical part below. The theoretical part
treats flow rate and growth areas as purely geometrical and volume impact factors on growth

rate.



10

15

20

25

30

WO 2014/197799 PCT/US2014/041308

Simultaneous growth of several color LEDs in one step would be of high commercial
interest, not only for RGB (Red Green Blue), YB (Yellow Blue) or YGB (Yellow Green
Blue) combinations for white rendition of light (i.e., white light emitting LED based on
combination of RGB, YB or YGB peak wavelength emission) but also high efficiency GB
(Green Blue) since viable green phosphors and green LEDs based on other material systems
have been hard to realize. In view of the shortcomings of prior art devices, the present
inventors have devised a selectively grown structure that can be used to form optoelectronic
devices, e.g., LED arrays. As used herein, the term simultaneous growth in one step means
that the corresponding layers or structures of different color emitting LEDs are grown in one
step. Thus, for example, the nanostructure cores of different color emitting LEDs may be
grown in the same first step, the QW active regions of different color emitting LEDs may be
grown in the same second step and the junction forming elements or shells of different color

emitting LEDs may be grown in the same third step.

Preferably, the arrays of semiconductor LED elements include nanostructured (e.g., nanowire
or nanopyramid) cores, herein referred to as templates, surrounded by shells comprising
active region and volume element shells. Such nanostructure LEDs may be considered as
“point sources” of light or UV radiation, which are different from the prior art LED structures
comprising elongated stripes or planar bulk semiconductor layers. The templates may
comprise a single grown layer, such as a nanowire core, but also be formed from multiple

layers as will be described below.

In some of the following embodiments, the group V limited conditions/regime are
exemplified in a nanowire core growth step through an opening in a mask. However, any
other suitable growth regime where the group V limitation is achieved with sufficiently good
quality material as product, can be utilized, such as VLS growth or other selective growth
methods. Thus, the selective nanowire growth as the group V limited growth step is therefore

used to merely exemplify rather than limit the invention.

In one embodiment, the arrays include at least two semiconductor structures, such as
nanostructures, having different properties in terms of geometry, e.g., length and/or width of
individual elements, and/or the spacing between different elements. Also, the area of the
quantum well and the relative facet distribution on the template which the QW are grown on
may differ. Conveniently, in examples below, particular, elements with different geometrical

properties are grouped together according to selected patterns in order to provide the desired
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effect of multi-color light (i.e., multiple peak wavelength) emission. Elements or groups of
elements, with different optical and geometrical properties may also be fabricated in
intermixed patterns, i.e., in order to blend colors at chip level or to facilitate other optical

interactions.

In another embodiment, a method of making the multi-color LED array includes forming a
growth mask containing a pattern of growth apertures having different size (area and/or
diameter) and/or different spacing between apertures in different portions of the mask in
order to provide the different geometries of the semiconductor structures in the array. The
method utilizes in situ growth of multiple groups of semiconductor structures (e.g., nanowire
cores) without the need for other process steps outside of the growth chamber, such as
etching and ion implantation, during the fabrication of the semiconductor structures. In some
embodiments, the method comprises a plural step growth mode, including at least one
nanowire core growth step and one or more steps of growing radial layers around the cores to

form a template.

An advantage of the method is the opportunity to use small footprint aperture sizes to
fabricate larger semiconductor structures, forming devices distinguished by appreciably
smaller cross sectional foot print area compared to the semiconductor structure total base
area, the small foot print giving low crystal defect or dislocation density as compared to the
substrate. Another advantage of the method is that a variety of structure shapes and relative
facet area ratios can be fabricated at the same time (i.e., in the same growth step). By
introducing a growth regime where growth area does not change until the transition to radial
layer growth, height of the structures, and therefore resulting shape of structures can be made

independent of one of the aperture size and/or spacing as will be described below.

The method also includes utilizing a nanowire growth regime where the resulting lengths of
the nanowires can be controlled to be independent of or dependent on mask geometry in

continuous manner to optimize different wavelength emission by different LEDs in the array.

One aspect of the invention is the possibility to fabricate groups of semiconductor structures
(e.g., nanostructure cores) with similar height but different shape (e.g., different thickness
nanowires and/or nanowires and nanopyramids). Another aspect of the invention is the
possibility to fabricate groups of semiconductor structures with different height but similar

shape.
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One aspect of the invention provides the ability to fabricate groups of semiconductor
structures comprising a layer having approximately the same shape but different total area.
Another aspect allows fabrication of groups of semiconductor structures comprising a layer

with approximately the same area but different shape.

One aspect of the invention provides the ability to fabricate groups of semiconductor
structures comprising a layer with approximately the same area but different relative facet
area ratio between groups. Another aspect of the invention provides the ability to fabricate
groups of semiconductor structures with similar spacing, comprising a layer with different

relative facet area ratio between groups.

In a general aspect, the present invention relates to selectively grown optoelectronic
structures or elements, provided on a substrate, where groups of plurality of individual
selectively grown structures can have different properties in terms of size, geometry, spacing
and distribution over the substrate to provide for different color light emission from different
groups. In terms of geometry, the individual elements can have the same lengths and/or
heights or have different lengths and/or heights, they can have different or the same effective
diameter (or width), they can exhibit different facets, and overall the geometry will be varied
based on spacing between or size of the apertures of the mask for the growth of individual

elements and between groups of elements.

Thus, the embodiments of the invention provide a substrate and at least two growth elements
(e.g., nanostructure cores) protruding from the substrate. Preferably, the cores protrude from
the substrate through apertures in a growth mask over the substrate. The nanostructure cores
preferably have a lateral extension (i.e., diameter or width) of 3 um or less in any lateral
direction, for example 100 nm to 1 micron, and a height between 50 nm and 10 um, such as
0.1 to 5 microns. Examples of nanostructure cores include nanowire (i.e., nanopillar) and
nanopyramid cores that are described below. As noted above, the nanostructure core itself or
a nanostructure core with one or more shell layers forms the growth template. Furthermore,
if desired, the growth substrate may be removed after the growth of the cores over the
substrate, such that the finished device is a freestanding device or is mounted to a different

handle substrate.

For the InGaN quantum well (“QW?”) active region, the higher growth rate of the InGaN

semiconductor layer (e.g., QW shell on a semiconductor nanostructure core) results in higher
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indium incorporation into the quantum well. A higher indium incorporation results in a
narrower band gap of the QW semiconductor material and thus in a longer emitted peak

wavelength by the LED (i.e., a red shift in the emitted color).

In a first embodiment, the higher QW growth rate occurs on first growth areas (e.g., on
nanowire or nanopyramid templates) that are spaced farther apart from each other by non-
growth areas (e.g., masked substrate areas) than on second growth areas (e.g., templates)
which are spaced closer to each other. Thus, in the first embodiment, a first growth area
contains semiconductor templates which are spaced apart from adjacent templates by a larger
distance than the adjacent templates in a second growth area. This difference in spacing
results in higher indium incorporation in the active regions (e.g., QW(s)) formed on the
templates in the first growth area than on the templates in the second growth area, even when
the active regions are formed in the same growth step at the same time in both first and
second groups of growth areas. The LEDs formed in the first growth area have a longer peak

emission wavelengths than LEDs formed in the second growth area.

The wider spaced templates in the first growth area have a larger height and thus a larger
exposed surface area than the narrower spaced cores in the second area in a typical Group III
limited (e.g., mass flow limited) MOCVD growth regime. The larger height and surface area
of the cores in the first area means that less indium will be incorporated into the active region
formed on the templates in the first area than on cores in the second area. Thus, the
difference in height and area of the cores works against the difference in spacing between the

templates in differentiating the emitted wavelength from the active region.

The present inventors realized that introducing a Group V material limited growth regime, in
contrast to the traditional group III limited regime used in III-V growth, ensures that the
difference in height of the templates in the first and the second growth areas can be made
smaller or even equal. This also means that the total growth area for subsequent layers will
be larger in the second growth areas. Therefore, preferably, the templates of the first
embodiment are formed through apertures in the growth mask by at least one growth step,
such as a at least one metal organic chemical vapor deposition (MOCVD) growth step
operating in the Group V material limited growth regime. In this regime, the growth is Group
V element (e.g., nitrogen) limited because a relatively low Group V to Group III source gas
ratio (e.g., ammonia: TEG or TMG ratio below 1,000, such as 0.001 to 100, for GaN cores) is

used. In should be noted that for templates that include both a nanostructure (e.g., nanowire)

10
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core and one or more shells, the nanostructure core is preferably grown in the group V
limited mode, while the shell(s) may be grown in either the group III or group V limited
mode, as will be illustrated below. Thus, the template (e.g., nanowire core or nanowire core
plus at least one shell) height and area does not work against the template spacing difference
in ensuring a different emission wavelength for LEDs in the first and the second areas. The
more or less instantaneous gas phase diffusion of ammonia (as compared to TEG or TMG)
makes it a source that does not decrease in gas phase concentration locally when the growth

is group V (e.g., ammonia) limited, as will be discussed in more detail below.

In a second embodiment, more indium is incorporated into the active regions (e.g., QWs)
grown on p-planes of the templates than the active regions grown on m-planes of the
templates. Thus, in the second embodiment, the templates in a first growth area contains
more exposed p-plane facet area (and less m-plane facet area) than the templates in a second
area. In other words, at least two of the templates have different areal facet ratio or shape.
The areal facet ratio is the relative area of at least two such facets, such as a p-plane facet and

an m-plane facet.

For templates that are formed by growth through apertures in the mask, the mask in the first
growth area may contain larger apertures than the mask in the second growth area. This will
cause nanopyramid templates with larger area of exposed p-planes to be formed in the first
growth area and nanowire templates with smaller area of exposed p-planes (e.g., p-planes
exposed only at the tip of the nanowire) and larger exposed m-planes (e.g., exposed on the
sidewalls of the hexagonal cross-section nanowire templates). This difference in amount of
exposed p-plane area on the templates results in higher indium incorporation in the active
regions (e.g., QW(s)) formed on the templates in the first area than on the growth areas in the
second area, even when the active regions are formed in the same growth step at the same
time in both first and second growth areas. Therefore, the LEDs formed in the first growth
area will have a longer peak emission wavelengths than LEDs formed in the second growth

area.

The active region growth rate on larger growth areas is slower than growth rate on smaller
growth areas. Thus, less indium is incorporated into the active regions formed on larger area
templates than on smaller area templates (unless spacing is changed to the extent to give a
higher impact on the total local growth area than the relative difference in template size).

Thus, if the p-plane facet dominant templates (e.g., nanopyramid templates) have a smaller

11
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area or height than the m-plane facet dominant templates (e.g., nanowire templates), then less
indium would be incorporated into the m-plane facet dominant templates, which enhances the
positive effect of the difference in the exposed p-plane area between the nanopyramid and
nanowire templates (i.e., total area difference works synergistically with the difference in

exposed p-plane area).

The present inventors realized that increasing local growth area, such as by increasing the
density of apertures may increase the height of the densely grown cores further as compared
to cores further spaced apart when growing in a group V limited regime. The effect is
explained by the V-source, especially and here exemplified by NH3, having a severe kinetic
bottleneck in cracking to elemental nitrogen. Approximately 15% NHj is cracked at 950 °C
catalyzed by a GaN surface. A rough estimation of gas phase cracking in the absence of GaN
or exposed to a dielectric surface, such as a silicon nitride mask, is 1% to 3% at typical GaN
growth temperatures, between 800 and 1000 °C. The enlarged surface area of GaN templates
formed by a denser spacing of cores can in this way enhance V-limited growth rate and the
height of the closer spaced templates well above the height of the templates spaced further
apart from each other. This ensures that the total area of the closer spaced templates in the
second growth area are larger than those of the farther spaced templates in the first growth
area. Thus, it is desirable to use V- group limited growth regime to ensure that the templates
in the second growth area have a larger area or height than the templates in the first growth
area, then more indium would be incorporated into the active regions grown in the second
first growth area. Therefore, preferably, the IlI-nitride nanowire or nanopyramid templates of
the second embodiment are formed through apertures in the growth mask by a metal organic
chemical vapor deposition (MOCVD) method operating in the group V limited regime in
combination with sufficient density of apertures to warrant increase in GaN caused catalytic
cracking of the NH3 group V source gas. This results in taller and larger area templates in the

second growth area than in the first growth area.

The third embodiment is a combination of the first and the second embodiments. In the third
embodiment, the apertures in the growth mask are larger in the first growth area than in the
second growth area, and the apertures are farther spaced apart in the first growth area than in
the second growth area. Thus, the aperture spacing and size synergistically increase the
difference in peak emitted wavelength between LEDs formed in the first and the second

growth areas.

12
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In this embodiment the heights of the templates in first growth area are preferred to be larger
than the height of the templates in the second growth area. This effect can be enhanced by the
increase of the GaN surface area in the first growth area, utilizing the kinetic barrier of NH;
cracking as described above. NW core growth step comprised in the template growth in the
third embodiment then preferably conducted in the group V material limited growth regime,
unless the difference in aperture spacing is much greater than the difference in aperture size
between the first and the second areas. In this case, a group III limited growth regime is
preferably used. It should be noted that the active region (e.g., QW) and shell growth are
preferably conducted in the Group III limited growth regime in all three embodiments

irrespective of the regime used to grow the templates.

Thus, the mask used for growing the templates for the LEDs or other optoelectronic devices
contains apertures of different spacing and/or size in different growth areas to promote
growth of different shape templates in each growth area, and subsequently the growth of

active regions with different composition (e.g., different indium content) on said templates.

The term selective growth refers to epitaxial growth on at least one surface where growth on
other surfaces is low or even negligible. Selective nanostructure template growth by
MOCYVD preferably uses a mask with openings over an epitaxial substrate where growth is
confined to the apertures with no growth on the mask. However, other forms of
nanostructure (e.g., nanowire) growth, such as VLS, or particle enhanced growth, are also
selective in the way that one direction or facet of the crystal is growing appreciably faster
than other facets. Nanowire growth could be called surface selective growth, but the term
surface selective growth has also been used for any kind of structure where one surface or
facet is growing faster than other surfaces. Thus, the present invention is not limited to
templates growth through mask apertures and includes various other types of nanostructure
templates. Furthermore, the growth method is not limited to MOCVD and includes other
methods, such as CBE, MBE, LP-MOVPE, etc. Any method where effective and distinctive

selective growth regimes can be realized is viable.

Preferably, the optoelectronic device is an LED array which has templates of different shape,
size and/or pitch. Preferably each template is a semiconductor template of a first
conductivity type (e.g., an n-type GaN nanowire or nanopyramid template). The template,

the active region (e.g., InGaN quantum well(s)) and the shell of a second conductivity type
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(e.g., a p-type GaN shell) form a p-i-n junction. The active region emits light (e.g., visible
light or UV radiation) when a voltage is applied over the junction. The light emitted from at
least two LEDs in the array has different wavelengths. The different wavelengths of the

emitted light are achieved by at least two templates exhibiting different area.

Various non-limiting embodiments of the above described mask aperture and nanostructure
template arrangements will be described with reference to Figs. 1 to 6. Figures 1A-6A show
the top view of the nanostructure templates in the mask apertures, while Figures 1B-6B show
the respective side cross sectional views of the devices in respective Figures 1A-6A along
line A-A in each figure. Three different variables are varied in a number of combinations
shown in these figures, namely 1) the spacing between apertures and groups of apertures; 2)
the mask aperture size; and 3) whether one of the growth steps comprising the template

growth (e.g., template nanostructure core growth) is group V or group III limited.

Figs. 1A and 1B illustrate the first embodiment where differently spaced templates are
providing for LEDs emitting two different wavelengths. In these figures, a growth mask 6
(e.g., a silicon nitride layer or another insulating material layer) is grown over a substrate 5
(e.g., silicon, GaN, sapphire, etc.). The substrate 5 may contain a semiconductor buffer layer
(e.g., GaN, AlGaN, etc. not shown for clarity) under the mask 6. Fig. 1A is a schematic top
view of an LED chip with two groups of nanostructure templates 2A, 2B in respective first
8A and second 8B growth areas, and Fig. 1B is a side cross section view with a cross-section
through the elements along the line A-A in Fig. 1A. As shown in the figures, there may be

plural growth areas 8A, 8B on the substrate 5 (e.g., alternating first and second growth areas).

In Figs. 1A and 1B, the geometry of the templates 2A, 2B is controlled by mask 6 aperture
10A and 10B spacing. The apertures 10A, 10B having the same size (e.g., same width, length
and/or diameter), while spacing between apertures are different in growth areas 8A and §8B.
By setting nanowire core growth to be group IlI-limited by a relatively large group V : group
III flow ratio, the height of the templates in growth areas 8A and can be made larger than the
template heights in growth areas 8B. As shown in these figures, nanopyramid type templates
2A, 2B are selectively grown in the respective apertures 10A, 10B in respective growth areas
8A, 8B, due to group III limited conditions of radial (pyramidal) shell growth steps after the
nanowire core growth. Other template types (e.g., nanowire templates) may be grown if the
size of the apertures 10A and 10B is reduced. No group V limited growth step is warranted in

this embodiment.
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The first apertures 10A in the first growth area 8 A are wider spaced apart from adjacent
apertures than the second apertures 10B in the second growth area 8B. Therefore, the first
nanopyramid templates 2A protruding from the first apertures 10A in the first growth area 8A
are wider spaced apart from adjacent templates than the nanopyramid templates 2B

protruding from the second apertures 10B in the second growth area 8B.

Due to the different spacing between the templates, the incorporation of In into the active
region (e.g., QW) that will be formed on the templates 2A, 2B in the same subsequent step
will be different. Specifically, there will be more In incorporation into the active regions on
the first templates 2A than In incorporation into the active regions on the second templates
2B during the active region growth step. Thus, the band gap will be wider in the active
regions grown on the first templates 2A than on the second templates 2B. In particular, the
less densely arranged LEDs grown on the first templates 2A will be capable of emitting
longer wavelength light (e.g., red, yellow or green light) while the more densely arranged

LEDs on the second templates 2B will be capable of shorter wavelength light (e.g. blue light).

It should be noted that this is conditioned by that the surface area of the templates 2A, being
higher than the 2B templates has not increased as much as the interstitial mask area has
increased with spacing difference of 8A and 8B. The first nanopyramid templates 2A have a
larger height and thus a larger exposed surface area than the second nanopyramid templates
2B due to the column III limited growth regime. The larger height and surface area of
templates 2A means that less indium will be incorporated into the active region formed on
templates 2A than on templates 2B. Thus, the difference in height and area of the templates
works against the difference in spacing between the templates in differentiating the emitted

wavelength from the active region.

Therefore, the inventors realized that it is preferable to grow the templates in the Group V
limited growth regime when the templates have a different spacing in different growth areas
(but where the aperture size in the same in both growth areas). As shown in Figures 2A and
2B, when the group V limited growth regime is used with the same size apertures 10A, 10B,
the templates 2A protruding through the wider spaced apart openings 10A in the growth mask
6 in area 8A will have a nanopyramid shape, while the templates 102B protruding through the
narrower spaced apart openings 10B in the growth mask 6 in area 8B will have a nanowire

(e.g., nanopillar) shape.
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The nanopyramid templates 2A and the nanowire templates 102B have about the same height
and a similar exposed surface area when they are grown in the group V limited growth mode.
This means that a small difference (if any) in exposed surface area of the templates 2A and
102B will not have a large negative impact on the difference in amount of indium
incorporation into the active regions on the templates. Furthermore, the nanowire templates
102B have an m-plane “m” facets exposed along the majority of their sidewalls and smaller
p-plane “p” facets exposed near the tip. This means that the active regions formed on the
nanopyramid templates 2A with larger area of exposed p-plane facets than the nanowire
templates 102B will synergistically have more indium incorporation than the active regions
formed on the m-plane facets of the nanowire templates 102B. Therefore, the active regions
formed on nanopyramid templates in areas 8 A will emit an even longer wavelength than the
active regions formed in nanowire templates 102B in areas 8B. Thus, the Group V limited

growth regime enhances the difference in emitted wavelength between the LEDs in areas 8A

and 8B.

Figures 2C and 2D illustrate an alternative embodiment where the nanowire templates 102B
have a greater height and greater exposed surface area than the nanopyramid templates 2A
when these templates are grown in the group V limited growth mode in combination with a
sufficiently high density of apertures in area 8B and a sufficiently high growth temperature to
warrant an increase in the GaN mediated catalytic cracking of the NHj; in the second growth

area 8B.

As discussed above, approximately 15% of the group V source gas, NHj3, is cracked at 950 °C
due to catalization of the cracking by the GaN template surface. A rough estimation of NH;
gas phase cracking in the absence of the GaN templates or when the gas is exposed to a
dielectric surface, such as a silicon nitride mask 6 surface, is 1% to 3% at typical GaN growth
temperatures between 800 and 1000 °C. The enlarged surface area of GaN exposed to the
ammonia gas in areas 8B resulting from a denser spacing of the GaN cores in areas 8B than
in areas 8A can enhance the group V limited growth rate and the height of the closer spaced
nanowire shaped templates 102B in areas 9B well above the height of the pyramid shaped
templates 2A in areas 8A which are spaced further apart from each other. This ensures that
the total area of the templates of the closer spaced templates 102B in the growth areas 8§ A are
larger than those of the farther spaced templates 2A in the growth areas 8A. Thus, it is

desirable to use V- group limited growth regime at a sufficiently high temperature (e.g., at
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least 800 °C, such as 800 to 1000 °C, for example 950 to 1000 °C) to ensure that the
templates 102B in the growth areas 8B have a larger area or height than the templates 2A in
the growth areas 8A because even more indium would be incorporated into the active regions
grown in areas 8A. In other words, since the templates 2A have a smaller exposed area, are
spaced farther apart and have more exposed p-plane area, more indium is incorporated into
the active regions grown on templates 2A in areas 8A than into active regions grown on

templates 102B in areas 102B.

While only two repeating growth areas 8A, 8B are shown in Figures 1 and 2, more than two
growth areas may be formed on the same substrate 5. For example, as shown in Figures 3A
and 3B, three different growth areas 8A, 8B and 8C may be formed on the substrate 5. The
size of the apertures 10A, 10B and 10C in the mask 6 is the same in all three areas 8A, 8B
and 8C. However, the apertures 10C in area 8C are spaced apart wider than apertures 10A in
area 8A, and the apertures 10A in area 8A are spaced apart wider (larger pitch) than apertures
10B in area 8§B. In the non-limiting embodiment, nanowire templates 102B are formed in
area 8B and nanopyramid templates 2A and 2C are formed in areas 8 A and 8C, respectively.
Thus, the active regions of LEDs formed on templates 102B in area 8B will have the shortest
emitted wavelength (e.g., blue), the active regions of LEDs formed on templates 2A in area
8A will have the intermediate emitted wavelength (e.g., green) and the active regions of
LEDs formed on templates 2C in area 8C will have the longest emitted wavelength (e.g.,
red). Of course more than three growth areas may be included (e.g., five to seven areas) to
form active regions of LEDs which will emit red, orange, yellow, green and blue wavelength

light.

In an alternative embodiment shown Figures 4A and 4B, instead of varying the spacing
between adjacent apertures in growth areas 8A and 8B, the mask aperture 10A, 10B or area
size is varied between growth areas 8A and 8§B. The spacing between adjacent apertures is
the same in both growth areas 8A and 8B. Apertures 10A in area 8A are larger than apertures

10B in area 8B.

In this embodiment, the growth regime is preferably set to be group IIl limited by a
relatively small group III : V flow ratio. Thereby, since the growth initially is set for growth
in the vertical direction, due to the growth area being larger for templates protruding from
larger apertures 10A in area 8A than for templates protruding from smaller apertures 10B in

area 8B, the templates in area 8A will be wider and shorter than templates in area 8B because
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for a given time equal volumes of material will deposit in the mask apertures 10A, 10B.
Continuing or switching to template growth in radial direction will yield the two different
template types. Nanowire or nanopillar templates 102B will be formed in smaller apertures
10B in area 8B, while nanopyramid templates 2A will be formed in larger apertures 10A in
area 8A. The nanopyramid templates 2A will have larger amount of p-plane side facets *“p”
exposed to active region growth than the nanowire templates 102B. The nanowire templates
102B will have more m-plane side faces “m” exposed than the nanopyramid templates 2A.
Since the p-plane side facets result in more indium incorporation into the active regions
grown on these facets than m-plane side facets, the active regions grown on nanopyramid

templates 2A in area 8A will emit a longer wavelength light than the active regions grown on

the nanowire templates 102B in area 8B during the same growth step.

Furthermore, in the group III limited growth regime, the nanowire templates 102B will be
taller and have a larger exposed surface area than the nanopyramid templates 2A. This means
that more indium will be incorporated into the active regions formed on nanopyramid
templates 2A than on nanowire templates 102B. This synergistic effect further increases the
difference in emitted wavelength between the active regions formed in area §A on templates
2A (e.g., even shorter wavelength) and the active regions formed in area 8B on templates
102B (e.g., even longer wavelength). As discussed above, more than two growth areas with

different aperture size (e.g., 3 to 7 areas) may be used.

In the third embodiment illustrated in Figures SA and 5B, both the aperture spacing
(according to the first embodiment) and the aperture size (according to the second
embodiment) are varied between the growth areas. Thus, the apertures 10A in growth area
8A are both spaced apart wider from adjacent apertures and have a larger size than the

apertures 10B in growth area §B.

In Figures SA and 5B, the templates may be grown in either the group III limited growth
regime or in the group V limited growth regime if spacing of apertures in area 8B is close
enough to increase GaN surface area during the nanowire growth step (in order to improve
kinetical efficiency of NH; cracking). Both these regimes results in shorter, farther spaced
apart nanopyramid templates 2A protruding through the apertures 10A in area 8§A and taller,
closer spaced apart nanowire templates 102B protruding through the apertures 10B in area

8B. As provided in the prior embodiments, the active regions of the LEDs grown on
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templates 2A in area 8A will contain more indium and will emit light of a longer wavelength

than the active regions of the LEDs grown on templates 102B in area 8B.

In Figures 6A and 6B, the apertures 10A, 10B have the same size and spacing as in Figures
5A and 5B. However, the templates are grown in the group V limited growth regime but
where NHj cracking is not appreciably catalyzed by the GaN surface. This also results in
farther spaced apart nanopyramid templates 2A protruding through the apertures 10A in area
8A and closer spaced apart nanowire templates 102B protruding through the apertures 10B in
area 8B. However, the templates 2A and 102B have about the same height. As provided in
the prior embodiments, the active regions of the LEDs grown on templates 2A in area 8A will
contain more indium and will emit light of a longer wavelength than the active regions of the
LEDs grown on templates 102B in area 8B. However, the difference in indium incorporation
and emitted wavelength of the active regions will generally be smaller than that for devices
containing the different height templates in Figures SA and 5B. Therefore, the III limited
regime is preferred for the third embodiment unless the difference in aperture spacing is
much greater than the difference in aperture size. The GaN surface is a changing variable
(growth time dependent), both for setting the template to mask ratio in radial growth and as a
catalytic surface. The longer the growth is continued in the nanowire growth mode, the larger
the difference becomes for catalytic effect (i.e., the longer the nanowire, the greater the
available ammonia cracking area because both the top and sidewalls of the nanowire help

crack the ammonia).

Any suitable MOCVD process conditions may be used to form the templates 2, 102 shown in
Figures 1-6. Preferably, the MOCVD reactor pressure is 5 — 100 kPa (50-1000mbar) and the
reactor temperature 1s 500 —1200 °C, preferably 900-1200° C. The Group III source gas
may be TMG (trimethylgallium) or TEG (triethylgallium) having a flow rate of 0.12 and 1.2
pumol/min or 0.5-10 sccm/min. The Group V source gas may be ammonia having a flow rate

of 0.2 to 10 sscm/min, such as 0.2 to 3 sccm/min.

The process can be made III group limited or group V limited by changing the Group III to
Group V source gas flow ratio. Furthermore the group V limited regime can be manipulated
to more or less kinetically limited locally by the total local GaN surface area. Providing an
increasing flow of Group III source gas where growth rate is not increasing with increasing
Group III source gas flow will result in a group V limited growth (i.e., a high III:V ratio).

Providing a lower flow of Group III source gas where growth rate is increasing with
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increasing Group III source gas flow will result in group V limited growth (i.e., a low III: V

ratio).

As shown in Figure 7, each completed LED 1 may is formed on a substrate 5, which may
comprise a sapphire, SiC, Si or GaN substrate containing an optional GaN or AlGaN
expitaxial buffer layer 7. The mask 6 may comprise a layer of silicon nitride or silicon oxide
(20-50 nm in thickness) deposited by PECVD. Several techniques known in the art can be
used to form the apertures 10A, 10B, such as electron beam lithography (EBL), nanoimprint
lithography, optical lithography and reactive ion etching (RIE) or wet chemical etching
methods. Preferably each of the apertures are 10 to 500 nm, such as 50 to 200 nm in size
(i.e., diameter), have an area of 150 nm” to 0.5 micronsz, and are pitched (i.e., spaced) 0.5-5
um apart. The templates 2 are selectively grown in the apertures 10 by MOCVD or another
suitable method, comprising of group III or group V limited step that further may be
kinetically or mass flow limited, as described above. The templates 2 may comprise GaN or
another IlI-nitride semiconductor material doped with a first (e.g., n-type) conductivity type

dopant.

The active regions 4 (e.g., quantum well(s)) are grown on the templates 2 by MOCVD or
another suitable method, and the junction forming element(s) 3, such as shells of the second
(e.g., p-type) conductivity type are grown on the active regions. Preferably, the active
regions 4 and the shells 3 are grown in the group III limited regime. The shells 3 may
comprise p-type GaN and the active regions may comprise InsGa;xN quantum wells with a
preselected ratio of In to Ga (i.e., where x varies between greater than zero and less than 1).
InGaN has flexibility of peak emission wavelength between approximately 375 and 1100 nm
based on the indium content. If desired, the quantum wells may comprise a quaternary
material, such as InAlGaN or another suitable semiconductor material. InAlGaN extends the
material flexibility of wavelength between approximately 200 and 1100 nm but introduces
further challenges for high quality growth. The electrodes are then formed in electrical

contact with the templates 2 and the shells 3 to complete the LED.

The arrays produced according to one aspect of the invention are laid out such that groups
(i.e., growth areas 8A, 8B, etc.) of LEDs 1 with different active region 4 band gaps in each
area due to different In content of the active region are electrically addressable separately. In
other words, different drive voltages or current can be applied to the different groups of LEDs

in different growth areas. This is desirable since if the same drive voltage would be applied
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to all elements either the efficiency of some devices would be too low or an excess voltage
would be applied to others, which would be inefficient from an energy usage point of view.
Furthermore, some (e.g., one or more) of the groups of LEDs may be turned on while some
other (e.g., one or more) groups of LEDs may be turned off to change the color of light
emitted by the LED array. This may be accomplished by forming separate electrodes in
contact with each LED group (e.g., with each growth area) and separately connecting the

electrode pairs from each group to one or more voltage or current sources.

In an alternative embodiment, the different color light emitting LEDs in different growth
areas may be electrically connected in series. For example, one or more areas 8A may be

connected in series with one or more areas 8B.

In the fourth embodiment, each active region on a single template can be made to emit a
plurality of wavelengths. A non-limiting example is shown in Figures 8A-8B where each
active region is capable of emitting three wavelengths. This is achieved by a layout of the
mask 6 aperture 10 pattern comprising rows of apertures 10. The apertures 10 in each row

(I3

1" are closely spaced to adjacent apertures, while there is a relatively large distance between
rows “r”’. For example, the distance “y” between adjacent apertures in the same row “r” is at
least two times larger, such as 2-10 times larger than the distance “x” between adjacent
apertures in adjacent rows. Preferably the distance x between rows is least 2-3 times the

width of the individual LEDs 1 shown in Fig. 7.

Thus, the LEDs 1 are provided in rows, where facets of individual templates will be spaced
from an adjacent template in the same row by a narrow distance “y” which retards/hampers
In incorporation into the active regions 4. Therefore, the portion 4B of the active region 4 on
the m-plane side facet of the template 2 that faces and adjacent LED 1 in the same row will
have the least amount of indium and therefore will have the shortest emission wavelength
(e.g., in the blue region). On the other hand, portions 4A of the active region 4 formed on the
template 2 m-plane side facets facing to the side of the row (i.e., facing an adjacent row)
where there are no close neighboring LEDs will be prone to incorporate more In. Thus,
portions 4A of the active regions will have emission with a longer wavelength (e.g., in the
green region) than portions 4B. Finally, the portion 4C of the active region 4 formed on the
top p-plane facets of the templates 2 will emit the longest wavelength light (e.g., in the red

region) due to the highest In incorporation in the active region on p-plane facets. If this high

indium incorporation on the top p-plane facets of the nanowire templates 102 is not desired in
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the first through the third embodiments, then the templates 102 may be etched back to
remove the sharp p-plane facet tip and to leave a planar c-plane top surface on the nanowire
templates 102. The active region portions formed on the c-plane facets of the templates 102

do not preferentially incorporate indium during deposition.

As described above, LED emission color differences are controlled by local geometry of the
substrate and local shapes and dimensions of templates (e.g., templates) on the substrate. To
achieve a high quality rendition of white light, a difference in wavelength of up to 200nm
between the shortest and longest wavelength may be needed. To give a good rendition of
blue/green, a difference in wavelength of up to 100nm between the shortest and longest

wavelength may be needed though lower differences may be advantageous.

While the devices are discussed in the context of multicolored LEDs, the LED array may
comprise single color LEDs over a range of wavelengths. Furthermore, even though many
examples are given with the traditional division between blue, green and red, any multiple set
of colors can be envisioned. For example, close laying colors may be generated to provide
substantially continuous spectrum mimicking black body emission types of light sources.
Furthermore, the templates described above can be used for other devices, such as lasers,

photodetectors, transistors, diodes, etc.

Multi-Step Selective Growth for Mask Independent Structure Design

As described above, when utilizing nanowire growth as first step for templates for 3D
structures, the structure size and shape is still coupled to spacing and aperture size (local A,
/Ap) under Group 111 limited conditions. However, in embodiments of the invention,
utilizing group V limited conditions, when growth is not rate limited by the Group III source

material delivery, constant growth rate independent of spacing can also be achieved.

The same mechanisms as described above are true for mask aperture size. Aperture size will
mainly affect template length and width, and especially in Group III- source material limited

growth regimes, the template can be grown at a length independent of aperture size

Thus, two-step growth have additional advantages as it gives the opportunity to, decouple
global monotonous facet development and fabricate differently shaped semiconductor
structures at different positions by varying aperture spacing and aperture size. It should be

noted that the transition to radial growth on the side facets of the templates means a
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redefinition of the growth area in the sense that the nanowire side facets together with the top
area of the nanowire are then used as growth area while the top area was the growth area

during nanowire conditions.

The function of the nanowire growth can then be understood to constitute a preparation of a
template for defining growth area for the subsequent radial growth independently of spacing
and aperture size, with much higher freedom than ordinary one-step growth where growth
rate is directly dependent of spacing and aperture size and growth volume is constant. The
layers provided as part of or on the nanowire core form a template for the provision of an
active layer, and depending on the relative height of the nanowire the ratio between pyramid
facets and side facets of the layers can be varied. Spacing will then increase the ratio of p/m
plane at same template length, since a larger ratio of collection volume/mask area for each
nucleation makes more material available during radial layer growth to the nanowire. By
grouping the templates in different ways, such as by spacing and aperture size, different
properties (height, width, facet area etc.) are achievable, giving primarily different emission

wavelengths when ternary QWs are grown on these templates.

As described above, a method of making multi-color emitting LEDs includes defining a
growth mask with a desired aperture pattern on a substrate. The growth mask can be a layer
covering the substrate having apertures of different size and/or different spacing, the
openings being grouped according to certain rules for obtaining the desired properties
described above. The templates are selectively grown in growth regimes such that the

lengths of the templates can be essentially independent of aperture spacing.

When templates have been grown as desired, i.e. a plurality nanowires and/or nanopyramids
exhibiting various combinations of lengths, widths etc. at least one radial layer (e.g., active
region and shell) are grown on the templates. As shown previously, the templates can also be
fabricated where height can be made dependent or independent on aperture pitch depending
on growth regime. This is also true for aperture size. Aperture size will then mainly affect

template length and width, but length can be made independent of aperture size.

At extreme conditions, where group III flow is high, as in many nanowire conditions, growth
with small Ay, as with extremely large apertures, is however not feasible, and will result in

low quality growth and often liquid III element droplets form on the surface.
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As shown, in nanowire growth, when growth is not rate limited by the Group III source
material delivery, constant growth rate independent of spacing can also be achieved.

The same mechanisms as described above are true for mask aperture size. Aperture size will
mainly affect template length and width, and especially in Group III- source material limited

growth regimes, the template can be grown at a length independent of aperture size.

The apertures in the mask will normally have circular shape although other shapes are
possible, such as hexagonal, or rectangular. Mask aperture size can be in the range of 10 nm —

500 nm (“effective diameter”), or area 150 nm” — 0.5 pm>.

The length/width ratio of a template has a direct effect on the c-plane/ p-plane/m-plane area
ratio of the radial layer, such as the active region QWs. Shorter templates give a larger
pyramid part at the same volume of the underlayer grown. With extended growth and longer
growth time, a pyramid shape is eventually formed at the expense of side facets, since p-
plane exhibits the slowest growth rate. When only p-plane terminates the element, the
volume growth rate will decrease. This effect is strong when source flows are higher than the
p-plane growth rate allows. This can be used to additional advantage when fabricating
smaller net volume groups at larger spacing, since the nanowire length will determine the
pyramid height. The volume of pyramids can consequently be fully controlled by the

nanowire length, when a full pyramid has been formed.

It should be noted that growth rate variations, caused by kinetic effects, such as improved
local NHj; cracking by increased exposure to GaN surface in the group V limited regime, are
additional effects to the theory described above, as the theoretical discussion has been
confined to the contribution surface ratios makes on growth rate when mass flow dominates.
However, growth rate response to mass flow and kinetic hindrance are not mutually exclusive

in any way, except when all kinetic barriers are minimized.

All references to top, bottom, base, lateral, etc are introduced for the easy of understanding only,
and should not be considered as limiting to specific orientation. Furthermore, the dimensions of

the structures in the drawings are not necessarily to scale.

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

most practical and preferred embodiments, it is to be understood that the invention is not to be
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limited to the disclosed embodiments, on the contrary, it is intended to cover various

modifications and equivalent arrangements within the scope of the appended claims.
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Claims:

1.

A device, comprising:

a support comprising at least a first area and a second area;

a plurality of first light emitting devices located over the first area of
the support, each first light emitting device contains a first growth template
comprising a first nanostructure, and each first light emitting device has a first
peak emission wavelength; and

a plurality of second light emitting devices located over the second
area of the support, each second light emitting device contains a second
growth template comprising a second nanostructure, and each second light
emitting device has a second peak emission wavelength different from the first
peak emission wavelength;

wherein each first growth template differs from each second growth

template.

The device of claim 1, wherein the support comprises a growth substrate or a

handle substrate.

The device of claim 1, wherein:

each first nanostructure comprises a first nanowire core which
comprises an inner portion or an entirety of the first growth template;

each first nanowire core protrudes through a first aperture in a growth
mask in the first area;

each second nanostructure comprises a second nanowire core which
comprises an inner portion or an entirety of the second growth template; and

each second nanowire core protrudes through a second aperture in a

growth mask in the second area.

The device of claim 3, wherein:

each first nanowire core comprises a first conductivity type
semiconductor material;

each second nanowire core comprises the first conductivity type

semiconductor material;
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a first active region is located around each first nanowire core, the first
active region comprising at least one first quantum well having a first band
gap;

a second active region is located around each second nanowire core,
the second active region comprising at least one second quantum well having a
second band gap different from the first band gap;

a first junction forming element comprising a semiconductor material
of a second conductivity type different from the first conductivity type is
located around each first active region to form a p-n or p-i-n junction; and

a second junction forming element comprising a semiconductor
material of the second conductivity type different from the first conductivity
type is located around each second active region to form a p-n or p-i-n

junction.

The device of claim 4, wherein each first growth template differs from each
second growth template by at least one of: (a) a growth area for a respective
active region, (b) a ratio of exposed growth planes, (c) a spacing from adjacent

growth templates, or (d) a size of the aperture in the growth mask.

The device of claim 5, wherein:

each first and second nanowire core comprises a IlI-nitride
semiconductor material;

each first and second quantum well comprises an indium gallium
nitride material; and

each first quantum well contains a different amount of indium from
each second quantum well due to the difference between the first and the
second growth templates in at least one of: (a) the growth area for a respective
active region, (b) the ratio of exposed growth planes, or (c) the spacing from

adjacent growth templates.

The device of claim 6, wherein:

each first growth template comprises the first nanowire core and at
least one first template layer around the first nanowire core, such that the first
template layer extends laterally beyond the first aperture over the growth

mask;
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10.

each second growth template comprises the second nanowire core and
at least one second template layer around the second nanowire core, such that
the second template layer extends laterally beyond the second aperture over
the growth mask;

each first growth template has a nanopyramid shape;

each second growth template has a nanopillar or nanowire shape;

each first growth template has a larger p-plane facet area contacting the
first active region than a p-plane facet area of the second growth template
contacting the second active region; and

each first quantum well contains a higher amount of indium and a
lower peak emission wavelength than each second quantum well due to the
difference in the p-plane facet area between the first and the second growth

templates.

The device of claim 7, wherein:

each first aperture has a substantially equal width or diameter to each
second aperture;

each first aperture is spaced farther apart from adjacent first apertures
than each second aperture is spaced apart from adjacent second apertures; and

each first growth template has a substantially equal or smaller growth
area contacting the first active region than a growth area of each second

growth template contacting the second active region.

The device of claim 8, further comprising a plurality of third light emitting
devices located over a third area of the support, each third light emitting
device has a third peak emission wavelength different from the first and the

second peak emission wavelength.

The device of claim 9, wherein:

each third light emitting device contains a third nanopyramid growth
template comprising a third nanowire core which protrudes through third
aperture in a growth mask in the third area;

each third aperture has a substantially equal width or diameter to each

first and second aperture;
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11.

12.

13.

each third aperture is spaced farther apart from adjacent third apertures
than each first and second apertures are spaced apart from adjacent respective
first and second apertures;

each third growth template has a substantially equal or smaller growth
area contacting a third active region than a growth area of each first and
second growth template contacting the respective first and second active
regions; and

the third peak emission wavelength is longer than the first and the

second peak emission wavelengths.

The device of claim 7, wherein:

each first aperture has a substantially larger width or diameter than
each second aperture;

each first aperture is spaced substantially equal or farther apart from
adjacent first apertures than each second aperture is spaced apart from
adjacent second apertures; and

each first growth template has a substantially the same or smaller
growth area contacting the first active region than a growth area of each

second growth template contacting the second active region.

The device of claim 4, wherein the first and the second light emitting devices
comprise light emitting diodes, and each first and second junction forming
element is selected from a semiconductor shell, a continuous semiconductor
layer which contacts plural growth templates, or a continuous semiconductor

layer with interstitial voids which contacts plural growth templates.

A method of making a light emitting device, comprising:

providing a growth substrate comprising a growth mask having a
plurality of first apertures in a first area and a plurality of apertures in a second
area;

selectively growing a plurality of first nanostructures through the first
apertures and a plurality of second nanostructures through the second
apertures in a same nanostructure growth step, wherein the first and the second
nanostructures comprise an inner portion or an entirety of respective first and

second growth templates;
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14.

15.

16.

growing first and second active regions on respective first and second
growth templates in the same active region growth step; and

growing first and second junction forming elements on respective first
and second active regions in a same junction forming element growth step to
form respective first and second light emitting devices;

wherein each first growth template differs from each second growth
template such that each second light emitting device has a second peak
emission wavelength different from a first peak emission wavelength of each

first light emitting device.

The method of claim 13, wherein:

each first nanowire core comprises a first conductivity type
semiconductor material;

each second nanowire core comprises the first conductivity type
semiconductor material;

each first active region comprises at least one first quantum well
having a first band gap;

each second active region comprises at least one second quantum well
having a second band gap different from the first band gap;

each first junction forming element comprises a semiconductor
material of a second conductivity type different from the first conductivity
type to form a p-n or p-i-n junction with the first growth template and the first
active region; and

each second junction forming element comprises a semiconductor
material of the second conductivity type different from the first conductivity
type to form a p-n or p-i-n junction with the second growth template and the

second active region.

The method of claim 14, wherein each first growth template differs from each
second growth template by at least one of: (a) a growth area for a respective
active region, (b) a ratio of exposed growth planes, (c) a spacing from adjacent

growth templates, or (d) a size of the aperture in the growth mask.

The method of claim 15, wherein:
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17.

18.

each first and second nanowire core comprises a Ill-nitride
semiconductor material;

each first and second quantum well comprises an indium gallium
nitride material; and

each first quantum well contains a different amount of indium from
each second quantum well due to the difference between the first and the
second growth templates in at least one of: (a) the growth area for a respective
active region, (b) the ratio of exposed growth planes, (c) the spacing from

adjacent growth templates, or (d) a size of the aperture in the growth mask.

The method of claim 16, wherein:

each first growth template comprises the first nanowire core and at
least one first template layer around the first nanowire core, such that the first
template layer extends laterally beyond the first aperture over the growth
mask;

each second growth template comprises the second nanowire core and
at least one second template layer around the second nanowire core, such that
the second template layer extends laterally beyond the second aperture over
the growth mask;

each first growth template has a nanopyramid shape;

each second growth template has a nanopillar or nanowire shape;

each first growth template has a larger p-plane facet area contacting the
first active region than a p-plane facet area of the second growth template
contacting the second active region; and

each first quantum well contains a higher amount of indium and a
lower peak emission wavelength than each second quantum well due to the
difference in the p-plane facet area between the first and the second growth

templates.

The method of claim 17, wherein:

each first and second Ill-nitride semiconductor nanowire core is
selectively grown by MOCVD in a group V limited growth regime;

each first aperture has a substantially equal width or diameter to each

second aperture;
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19.

20.

21.

each first aperture is spaced farther apart from adjacent first apertures
than each second aperture is spaced apart from adjacent second apertures; and

each first growth template has a substantially equal or smaller growth
area contacting the first active region than a growth area of each second

growth template contacting the second active region.

The method of claim 18, wherein:
the first and the second IlI-nitride semiconductor nanowire cores are

grown in the group V limited growth regime in combination with a sufficiently
high density of apertures in the second area and a sufficiently high growth
temperature to warrant an increase in Ill-nitride mediated catalytic cracking of
ammonia group V source material in the second area; and

each first growth template has the smaller growth area contacting the
first active region than the growth area of each second growth template

contacting the second active region.

The method of claim 18, further comprising forming a plurality of third light
emitting devices located over a third area of the substrate, each third light
emitting device has a third peak emission wavelength different from the first

and the second peak emission wavelength.

The method of claim 20, wherein:

each third light emitting device contains a third nanopyramid growth
template comprising a third nanowire core which protrudes through third
aperture in a growth mask in the third area;

each third aperture has a substantially equal width or diameter to each
first and second aperture;

each third aperture is spaced farther apart from adjacent third apertures
than each first and second apertures are spaced apart from adjacent respective
first and second apertures;

each third growth template has a substantially equal or smaller growth
area contacting a third active region than a growth area of each first and
second growth template contacting the respective first and second active

regions; and
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22.

23.

24.

25.

the third peak emission wavelength is longer than the first and the

second peak emission wavelengths.

The method of claim 17, wherein:

each first aperture has a substantially larger width or diameter than
each second aperture;

each first aperture is spaced substantially equal or farther apart from
adjacent first apertures than each second aperture is spaced apart from
adjacent second apertures; and

each first growth template has a substantially the same or smaller
growth area contacting the first active region than a growth area of each

second growth template contacting the second active region.

The method of claim 13, wherein the first and the second light emitting
devices comprise light emitting diodes, and each first and second junction
forming element is selected from a semiconductor shell, a continuous
semiconductor layer which contacts plural growth templates, or a continuous
semiconductor layer with interstitial voids which contacts plural growth

templates.

An intermediate semiconductor structure, comprising:

a substrate;

a plurality of first growth templates comprising a first semiconductor
nanostructure located over a first area of the substrate; and

a plurality of second growth templates comprising a second
semiconductor nanostructure located over a second area of the substrate;

wherein each first growth template differs from each second growth
template by at least one of: (a) a growth area for a respective active region, (b)
a ratio of exposed growth planes, (c) a spacing from adjacent growth

templates, or (d) a size of an aperture in a growth mask.

A method of making a semiconductor device, comprising:
providing an intermediate semiconductor structure comprising a
substrate, a plurality of first III-nitride semiconductor growth templates

comprising a first III-nitride semiconductor nanostructure located over a first
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26.

27.

28.

29.

area of the substrate, and a plurality of second Ill-nitride semiconductor
growth templates comprising a second IlI-nitride semiconductor nanostructure
located over a second area of the substrate, wherein each first growth template
differs from each second growth template by at least one of: (a) a growth area
for a respective active region, (b) a ratio of exposed growth planes, or (c) a
spacing from adjacent growth templates; and

growing first and second indium gallium nitride semiconductor active
regions on respective first and second growth templates in a same active
region growth step;

wherein each first active region contains a different amount of indium
from each second active region due to the difference between the first and the
second growth templates in at least one of: (a) the growth area for a respective
active region, (b) the ratio of exposed growth planes, or (c¢) the spacing from

adjacent growth templates.

The method of claim 25, further comprising growing first and second
semiconductor junction forming elements on respective first and second active
regions in a same junction forming element growth step to form respective

first and second light emitting devices.

The method of claim 25, wherein the step of growing first and second indium
gallium nitride semiconductor active regions comprises using MOCVD using

an ammonia group V material source.

A method of growing a III-V semiconductor nanowire, comprising growing
the III-V nanowire over a substrate by MOCVD in group V limited growth

regime.

The method of claim 28, further comprising growing a plurality of first I1I-V
nanowires by MOCVD in the group V limited growth regime through first
apertures in a first area of a growth mask located over the substrate, and a
plurality of second III-V nanowires by MOCVD in the group V limited growth

regime through second apertures in a second area of a growth mask.
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30.

31.

32.

33.

The method of claim 29, wherein each first aperture is spaced further apart
from adjacent first apertures than each second aperture, and wherein the first

III-V nanowires have a smaller height than the second III-V nanowires.

The method of claim 30, further comprising growing at least one first III-V
semiconductor template layer over the first III-V nanowires to form a plurality
of first growth templates, and growing at least one second III-V semiconductor
template layer over the second I1I-V nanowires to form a plurality of second
growth templates, wherein each first growth template differs from each second
growth template by at least one of: (a) a growth area for a respective active
region, (b) a ratio of exposed growth planes, or (c) a spacing from adjacent

growth templates.

The method of claim 31, further comprising:

growing a first active region comprising at least one first indium
gallium nitride quantum well on the first growth template;

growing a second active region comprising at least one second indium
gallium nitride quantum well on the second growth template; and

growing first and second junction forming elements on respective first
and second active regions;

wherein each first quantum well contains a different amount of indium
from each second quantum well due to the difference between the first and the

second growth templates.

The method of claim 32, wherein:

the first and the second I1I-V nanowires comprise III-nitride nanowires
which are grown in the group V limited growth regime in combination with a
sufficiently high density of second apertures in the second area and a
sufficiently high growth temperature to warrant an increase in IIl-nitride
mediated catalytic cracking of ammonia group V source material in the second
area; and

each first growth template has the smaller growth area contacting the

first active region than the growth area of each second growth template

contacting the second active region.
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