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COALESCED NANOWIRE STRUCTURES WITH INTERSTITIAL VOIDS AND
METHOD FOR MANUFACTURING THE SAME

Technical field of the invention

The present invention relates to nanowire based structures, i particalar arrays of

nanowire light enutting devices,
Background of the invention

Light emitting diodes (LEDs) are increasingly used for lighting, but still there are some
techmological challenges to overcome, i particular with regard to large-scale processing, in

order to reach the real breakthrough

Over recent years the imerest in nanowire technology has creased. In comparison with
LEDs produced with conventional planar technology nanowire LEDs offer unique properties
due to the one-dimensional nature of the nanowires, inproved flexibility in materials
combinations dae (0 less {attice matching restrictions and opportunities for processing on
larger substrates. Suitable methods for growing semiconductor nanowires are known in the
art and oue basic process s nanowire [ormation on semiconductor substrates by particle-
assisted growth or the so-called VLS (vapor-liquid-solid) mechamism, which iz disclosed in

e.g. US 7335908, Particle-assisted growth can be achieved by use of chenmcal beam epitary

fie]

{CBE}, metalorganic chemical vapour depasition (MOCVD), metalorganic vapour phase
epitaxy (MOVPE), molecular beam epitaxy (MBE}, laser ablation and thermal evaporation
methods. However, nanowire growth 1s not limited to VLS processes, for example

WO 2007/ 102781 shows that senuconductor hanowires may be grown on senvconductor
substrates without the use of a particle as a catalyst. One important breakthrough in this field
was that methods for growing group Hi-V semiconducior nanowires, and others, on Si-
substrates have been demonstrated, which is imporiant since it provides a compatibilty with
existing 81 processing and expensive [TV substrates can be replaced by cheaper Si

subsirates.

{One example of a boltom emitting nanowire LED is shown in WO 2010/14032. This
sanowire LED comprises an array of semicondactor nanowires grown on a baffer laver of a
substrate, such as a GaN buffer layer on a 81 substrate. Each nanowire comprises an n-type

nanowire core enclosed in g p-type shell and a p-electrode with an active layver formed
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between the n-type and p-iype regions that form a pn or pin junction. The buffer laver has the
function of being a template for nanowire growth as well as serving as a current transport
layer connecting to the n-type nanowire cores. Further the buffer layer is transparent since the

Light that is zenerated in the active area ts emitted through the buffer layer.

Although nanowire LEDs have advantageous properties and performance, the processing
with regard to contacting of the nanowire LEDs requires new rouates as compared (o planar
technology. Since nanowire LEDs comprise large arvays of nanowires, thereby formung a
three-dimensional surface with high aspect ratio structures, deposition of contact material

gsing line~of-sight processes s a challenging operation.
Summary

One embodiment of the invention s a semiconductor device, sach as a LED, mcludes a
plurality of first conductivity type senuconductor nanowire cores located over 4 support, a
continuous second conductivity type semiconductor laver extending over and around the
rores, a phrality of interstitial voids located in the second conductivity type senuconducior
laver and extending between the cores, and first electrode layer that contacts the second

conductivity type seniconductor layver and extends into the interstitial voids.

Another embodiment of the invention is a senuconductor device, such as a LED,
inchudes a phurality of first conductivity type semiconductor nanowire cores located over a
support, a first continuous laver of a second conductivily lype senuaconducior extending over
and avound the cores, a second layer of the second conductivity type sennconductor over the
first layer and comprising a plurality of nterstitial voids located in this second layer of
second conductivity Lype seniconductor, and a first electrode fayer that contacts the second
layer of the second condactivity type senmconductor and, preferably, does not extend into the

mterstitial voids.

A method of making & senuconductor device comprises epitaxially groving plerahity of
first conductivity tvpe semiconductor nanowire cores from portions of a senucoaductor
surface of a suppott exposed through openings m an msulating mask layer on the support,
forning semiconductor active region shells on the cores, growing a continuous second
conductivity type semiconductor laver extending over and sround the cores and the shells,
such that a plurality of mterstitial voids are formed in the second conductivity type

semiconductor layer extending between the cores during the step of growing, and forming a
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first electrode laver that contacts the second conductivity type semiconducior laver and

extends into the mterstitial voids.
Brief deseription of the drawings

Preferred embodiments of the invention will now be described with reference 1o the

accompanying drawings, wherem;

FIGS. 1A and 1B schenatically ilustrate respective top and side cross sectional view of a

basis of a prior art nanowire LED.

F1G. 1C schematically tlostrates a side cross sectional view of a prior art nanowire LED

strchure

FIG. 2 schemancally iHustrates a side cross sectional view of another prior art nanowire LED

struchure,

FiGs. 3A-3B schematically tustrate side cross sectional views of the prior art LED of FHx 2
along lines A and B, respectively in FIG. 3C. FIG, 3C iflustrates a top view of the prior art
LED of FIG. 2.

FiGs. 4A and 4D sehematically thusirate top views of prior art LEDs prior 10 top electrode

deposition.

FIGS. 4B, 4C. 4E and 4F schematically iHustrate top views of LEDs prior to top elecirode

deposition in accordance with alternative embodiments of the invention.

FIGs. 5A and 5B schematically lustrate side cross sectional views of the LED of FIG. 4B
afier top electrods deposiion along tines A and B, respectively in FIG. 3C. FIG. 3C

ustrates a top view of the LED of FIG. 4B after top electrode deposition,

FiGs. 6A and 68 schematically illustrate side cross sectional views of the LED of FIG. 48
alier top electrode deposition along lines A and B, respectively in FIG. 6C. FIG. 6C
iHlusirates a top view of the LED of FIG. 4B after top electrode deposition accordmg {o

another embodiment of the invention.
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FiGs. TA and 7B schematically llustrate side cross sectional views of the LED of F1G. 4B
after top electrode deposition along hnes A and B, respectively i FIG. 3C with a partally

air-bridge top electrode.

FICGs 8A and 8B schematically tllustrate side cross sectional views of an LED with ierstitial

voids.

FiGs 9A and 9B schematically ihustrate side cross sectional views of an LED with interstitial

vouds.
Bretatled description of embodiments

In the art of nanotechnology, nanowires are usually interpreted as nanostructures having
a lateral sive {e.g., diameter for ovlindrical nanowires or width for pyramidal or bexagonal
nanowires) of nano-scale or nanometer dimensions, whereas its longiudmal size 15
gnconstrained. Such nanostructures are commonly also referred to as nanowhiskers, one-
dimensional nano-elements, nanorods, nanotabes, ele. Generally, nanowires with 8 polygonal
cross section are considered to have at least two dimensions each of which are not greater
than 300 mmn. However, the nanowires can have a diameter or width of up to abowut 5 pum, for
example up o1 um. The one dimensional nature of the nanowires provides unique physical,
optical and electronic properties. These properties can for example be used to form devices
atilizing quantum mechanical effects (e.g.. using quantum wires) or to form heterostructures
of conpositionally different materials that useally camnot be combined dae to large latlice
ssmatch. As the term nanowire fmplies. the one dimensional natare is often associated with
an elongated shape. In other words, "one dimensional” refers to a width or diameter less than
5 microns, such as fess than 1 nucron, and a length greater than 5 microns, such as greater
than | micron. Since panowires may have various cross-sectional shapes, the diameter is
intended to refer to the effective diameter. By effective diameter, it is meant the average of

the major and minor axis of the cross-section of the structure.

Figures 1A and 1B are respective top and side cross sectional views which schematically
illustrate the basis for a nanowire LED structure. In principle, one single nanowire i3 enough for
forming a nanowire LED, but doe 1o the small size, nanowires are preferably arranged in arrays
comprising thousands of nanowires (1.¢, nano-devices or devices} side by side to form the LED
structure. The individual nanowire LED devices are made up from nanowires 1 having an n-type

nanowire core 2 and a discreet p-type shell volume element 3 at least partly enclosing the
4
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nancwire core 2 and an infermediate active region 4 (shown in Figure 1C) comprising a
semviconductor active layer or one or more gquantn wells. This forms a hght emitting p-i-n
junction when the volume element 3 directly physicaily contacts the mirninsic active region 4 or g
Light emitting p-n junction if the active region 4 13 doped p or 1 type. However, the nanowire
5  LED devices are not lmmied to this configuration. For example the nanowire core 2, the active

region 4 and the p-type shell volume element 3 may be made up from a mudtitude of layers or
sepments. As described above, in alternative embediments, only the core 2 and the volume
element 3 may form 3 light emiting p-n junction when the volume element 3 directly physically
contacts the core 2. The active region 4 may be omitted in this case. In order to fanction as a

10 LED, the n-side and p-side of each nanowire { hms to be contacted. Thus, as used herein, the
core may comprise any suifable nano element having a width or diameter of less than 3
microns, such as less than 1 micron, and a length greater than 5 microns, sach as greater than
I nstcron and may compnse a single strocture or a multi-component structure. For example,
the core may comprise a semiconductor nanowire of one conductivity type or it may

18 comprise the senuconductor nancwire of ong conductivity type surrounded by one or more
seneonducior shells of the same conductivity type and the core having a pillar or pyramid
shape. For simplicity, a single conponent nanowire pillar core will be described below and

iflustrated in the figures below.

As showa m Figure 1C, by growing the nanowires | on a growth substrate 3, optionally
2¢  using a growth mask 6 {e.g., a ninde laver, sach as silicon nitnide dielectric masking layer) to
define the position and determine the bottom interface area of the nanowdres 1, the substrate §
functions as a carrier for the nanowires 1 that protrude from the substrate 3, at least during
processing. The botiom interface area of the nanowires comprises the area of the core 2 nside

each openiny i the masking layer 6. The subsirate 5 may compnse different matenals such as

25 HEV or B-V1 semiconductors, Si, Ge, ALQOs {e.g., sapplure}, SIiC, Quartz, elass, eic, as

discussed in Swedish patent application SE 10507002 (assigned to GLO AB), which is
mcorporated by reference herem in its entivety.  Int one embodiment, the nanowires 1 are grown

directly on the growth substrate 3.

Preferably, the substrate 5 15 also adapted to fanction as a carrent transport lnver connecting
30 tothe n-side of each nanowire 1. This can be accomplished by having a substrate § that
comprises a bufter layer 7 amvanged on the surface of the substrate 3 facing the nanowires 1, as

shown i FIG. 2. The bufler layver may be a Hl-nitride layer, such as a GaN andior AlGaN

[41}
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buffer laver 7 on a Si substrate 5. The buffer layer 7 15 usually type matched to the dasired
sanowire material, and thas functions as a growth template in the fabnication process. For an
n-type core 2, the buffer faver 7 is preferably also doped n-type. The buffer layer 7 may
comprise a single laver (e.g., GaN). several sublavers {2.g., GaN and AlGaN) or a graded
layer which 1s graded from high Al content AlGaN to a lower Al content AlGaN or GaN.
The nanowires can comprise any senyconductor material, but for nanowire LEDs IT1-V
semuconductors such gs a M-nitnide senunconductor (e.g., GaN, AllnGaN, AlGaN and InGaN,
efe.) or other semitconductars {e.g., InP, GaAs) are usually preferred. 1t should be noted that
the nanowire 1 may comprise several different materials {e.g., GaN core, InGaN active layer
or guantum well(s) and InGaN shell having a different In to Ga ratio than the active region).
In general the substrate § andfor the buffer laver 7 are referred to herein as a sypport or a
support layer for the panowires. Alternatively, a conductive layer {e.g.. a mirror or
franspavent contact) may be used as a sapport instead of or in addition to the substrate 5
anc/or the buffer laver 7. Thus, the term “support laver”™ or “support” may include any one

or more of these elements.

Although the fabrication metheod desertbed herein preferably utilizes nanowire cores 2
grown on exposed buffer faver 7 portions iy openings i the masking layer 6, as desenibed for
example in U.S, Patent Number 7 829 443, to Seifert et al., incorporsted herein by reference
for the teaching of nanowire fabrication methods, it should be noted that the invention is not
so limited. Nanowire cores 2 grown using VLS methods with catalyst seed particles or using

other methods may be used instead.

Bt prior avt nanowire LEDs 1 shown in Figures 1A-1C, the contacting of the p-side 3 of
each nanowire 115 typically sccomplished by depositing a prelectrode 8 comprising a
conductive layer that encloses the p-tvpe shell 3 of each nanowire 1 and exiends (o the
inselating layer 6 on the substrate § or butler laver 7. The conductive layer of p-electrode &
exfends on this msulating laver 6 to adjacent nanowires 1. However, since the nanowires of a
nanowire LED are closely spaced {with the spacing between the nanowires 1 shown by line
Win Figure 1A) and being of high aspect ratio, in ovder to obtain a high honinescence, the p-
electrode deposition 1s a challenging operation. Typically hne-ofvsight processes, such as
sputiering or evaporation are used for electrode deposition. Due to the hne-of-side
deposition, a preferential growth on the tips of the nanowires and a shadowing elfect are

observed that result in a tapering of the p-electrode 8 with decreased thickness towards the

6
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base of the nanowires 1, as shown in Figure 1B. Hence, in order to obiain efficient lateral
arvent spreading, the thickness of the p-electrode 8 will become unnecessarily thick on the
ups of the nanowires while being msufficiently thick in between the nanowires. The
shadowing effect may also be so severe that there are discontinuitiss in the p-glectroda.

5  Thas, the p-electrode 8 hickness on the nanowire 1 side walls and the bottom surface (e.g.,
on layer 6} will be very dependent on the length of the nanowires as well as the distance
between them, The p-electrode 8 portion on the bottorn part of the surface of laver 6 will be
the eleciric path and will be 3 grid with width depending on the distance between the
sanowires, as shown by arrows in Figure 1A, The current spreading in such a contact laver

10 can be very poor if contacts are too thin in thickness or width, as shown in Figare 1B,

To overcome the poor current spreading, a planarization of the structures by growing a
coniinuous p-layer 3 50 that the nanowire volume elements coalesce mio a comtinuous lavey
can be performed. This will creaie a planar ke swrface where conventional contacts easily
can be deployed. The conunuous p-layer 3 may be grown by the same method (e.g.,

15 MOCVD) as the discrete p-shells described in the ULS, Patent Number 7,829 443, except that
the growth time is increased to form a continuous laver instead of discreet shells, By forming
a continuous, substantially planar vohume element 3 (whose spper surface may not be exactly
planar dog 1o curvature of the undertying nanowire and interstitial nanowire space
topographyv}, the comtact is moved from being on the sidewalls of shell volume elements to

2¢  being oaly on the top of the continuous volame element, as shown in Figore 2, which 1s
reprodoced from an article by “Visible-Color-Tunable Light-Emitting Diodes™ by Young
Joon Hong et. all in the June 3, 2011 on line edition of Advanced Materials. However, this
configuration cauysed relatively high series resistance due to longer conduction path through

thiek, resistive p-GaN volume element and lighting up different part of structure due to the

44

thick poorly conductive p-GaN material.

Figure 3C iHustrates the schematic top view of the coalesced p-volume element on
nanowire cores lavout of Hong et al.  Figures 3A and 3B are schematic side cross sectiongl
views along lnes A and B i Figure 3C along the nanowire peaks and sides, respectively. As
shown in Figure 3C, the nanowtre cores 2 and active region 4 have a hexagonal cross

30 sectional shape when viewed from the top. The devices 1 with the continuous vohume
element 3 form a tessellation or tiling of the plane shown i Figure 3C. This means that the

coutinuous p-type layer or volume element 3 fills 1 all of the space between the nanowire

7
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cores 2 and active regions 4 without any overlaps or gaps. Specifically, the hexagonal
devices 1 form a regalar tessellation of congruent repudar hexagons or a “honeycomb tile™
where three hexagons come together at each vertex. In other words, each vertex or “comer”
of a hexagon contacts corners of two other hexagons in the tessellation. As shown in Figupes
3A and 3B, the current path from the p-electrode 8 (o the botiom of the device is shown by
line C which extends through most of the volume element 3 height along the height of the
device. This configuration causes relatively high series resistance due to longer conduction

path C through the thick, resistive p-GaN volume element 3.

The present invenior realized that there 15 8 way to gel a coalesced, connected,
substantially planar p-GaN laver or volame element 3 and enable a shorter conduction path
down to the sidewalls of the nanowires §, to reduce the high series resistance of the devices
shown i Figures 2 and 3. Specifically, the continuous p-GaN faver or volume elentent 3 is
gronwik such that 10 contacts plural active regions 4 on plural respective nanowires cores 2 and
such that the volume elerment 3 contains openings of interstitial vords between the achive
regions 4 on respective nanowire cores 2. The p-type electrode 8 15 located on the
continuous, substantiaily planar p-type layer 3 for a lower contact resistance and the p-type
electrode 8 also extends down into the interstinal voids to provide a shorter conduction path

and {ower series resistance.

The interstitial voids may be formed using any suitable method. For example, the voids
may be formed based on how the cores 2 are placed with respect to each other, which 1s
determined bv the lattice geometry in the butfer laver 7 or substrate 3 exposed in openings in
the insalating layer 6. For example, as shown in Figure 4A, growing the nanowire cores 2 on
a (000 1) n-GaN bufTer layer 7 or on a {111} n-81 substrate § gencrates cores 2 with a
hexagonal cross-sectional shape when viewed {rom the top. The hexagonal cross sectional
shape is preferably substantially regular hexagonal, Le., each mternal angle of the hexagon 1

about 120 degrees (plus or munus O-11) degrees due to possible growth irregulanties).

When the hexagonal cores 2 are positioned o units cells of three cores at vertices of an
imagmnary equilateral triangle “T7 with vertices of each core pointing at two other vertices of
adjacent cores, then the lesseliated honeveomb siractare with no interstittal voids results after
the active regions 4 and the volame element 3 are formed over the cores 2, as shown in
Figure 4A. In contrast, when the cores are with respect to each other such that one pomnts o
less than two other vertices of adjacent cores, then iinterstitial voids 9 are formed after the

g
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active reglons 4 and the volume element 3 are formed over the cores 2, as shown in Figure

4B and 4C.

For example, as shown in Figure 4B, when the cores 2 are rolated by about 30 degrees
with respect to the cores 2 shown in Figure 4A such that each vertex of a hexagon points at
one but not two vertices of one adjacent hexagon, then farge tnangular interstitial voxds ¢ are
formed in the contimuous vohume element 3 afler the active regions 4 and the volume element
3 are formed over the cores 2. In another example, as shown in Figure 4C, when the cores 2
are rotated by less than 90 degrees but more thun 60 degrees such that each vertex of g
hexagon potnts at no vertices of an adjacent hexagon, then small tnangolar interstitial voids 9
are formed in the continuous vohane element 3 afler the active regions 4 and the volume

element 3 are formed over the cores 2.

Hexagonal lH-nitride based nanowires {e.g., GaN nanowires} abways grow m the same
facet divection based on the crysial orientation of the underlying matenial, such as Si {111} or
GaN {0001} Thus, specific facets of the hexagonatl cores 2 will always be oriented at the
same angle with respect to the wafer flat of the anderlying St {001) substrate or GaN {0001}
bufter layer. Rotating the triangle T in Figures 4B and 4C with regard to the wmgle T in
Figure 4A causes the panmweire core 2 facets to be rotated i Figures 48 and 4C with regard
nanowire core 2 facets in Figure 4A. A rotation of the facets of the cores causes the volume
element 3 to be either coalesced when the facets form a honeycomb pattern in Figure 4A or {0
have voids 9 when the facets do not form the honeycomb pattern in Figures 48 and 4C. In
other words, a ine normal {o each vertex of a hexagonatl core 2 intersects at a point two lnes
wormal to two closest respective vertices of two adjacent cores 2 to form the honeveomb
pattern in Figure 4A, In contrast, a fing normal to each vertex of a hexagonal core 2 does not
ntersect at a point two lines normal to two closest respective vertices of two adjacent cores 2
to not form the honeycomb pattern v Figures 4B and 4C. Thas, depending on the orientation
of the mangle T with regard 1o the crystal onentation of the underlying material, the volume
glement will be either coalescad as shown in Flgure 4A or contain voids 9 as shown in

Figures 48 or 4C.

in an alternative embodiment, the voids 9 can also be formed using post
volume element 3 growth processing. In this embodiment, a mask {e.g., a
photoresist and /or hard mask} containing openings formed by hthography, such as

photolithographyv, e-beam lithography, nano-imprint lithography, et is formed

9
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over the coalesced volume element 3. The portions of the velume element 3
exposed in the mask openings are then etched using anisotfropic etching to form
deep holes {e.g., voids 9} in the volume element. The etching of the volume element
3 may be done on a volume element which is deposited such that it contains no

5 voids 9 {e.g., as shown m Figure 44}, Alternatively, the etching may be done on a
volume element 3 which is deposited with narrow voids 9 {e.g., as shown in Figure
4C) to widen the width of the voids 9. In this case, the openings in the mask are
aligned with the voids @ before etching, The mask {e.g., photoresist} is preferably

removed after the etchang step.

10 Alternatively, the cores 2 nway have 8 square cross sections! shape (when viewed from
the iop) as shown s Figure 4D, by growing the cores on subsirates with other crystal
ortentations. The active regions four (e.g., lavers or quantum well{s)) will have substantially
the same cross sectional shape (when viewed from the top) as the underlving cores 2. When
the square cores 2 are positioned m units cells of four cores at vertices of an imaginary square

18 ST with vertices of each core pointing at three other vertices of three adjacent cores, then the
tessellated square structure with no interstitial voids resulis afier the active regions 4 and the
vohone element 3 are formed over the cores 2, g3 shown in Figare 4D, In contrast, when the
cores are ftumed with respect to each other such that each vertex pomtis at less than 3 adjacent
vertices (melading pomting at not adjacent veriives), then nlerstitial voids 9 are formed afler

20 the active regions 4 and the volume element 3 are formed over the cores 2, as shown

Figure 4F and 4F.

For example, as shown in Figure 4E, when the cores 2 are rotated by about 45 degrees
such that each vertex ol a square points at one vertex of one adjacent square, then large

square interstitial voids 9 are formed in the contiuous volume element 3 after the active

25 regons 4 and the volume element 3 are formed over the cores 2. In another example, as
shown i Figure 4F, when the cores 2 are rotated such that each vertex of a square pomts at
a0 vertizes of an adiacent square, then small reclangdar intersiitial vords 9 are tormed in the
conptinvous volume element 3 after the active regions 4 and the volome element 3 are formed
over the cores 2.

30 Figure 5C itlustrates the schematic top view of the coalesced p-volume element on

nanowire cores of Figure 4B after the p-elecirade B 15 formed over the volume element 3,

Figures 3A and 3B are schematic side cross sectional views atong fines A and B in Figure SC

10
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along the nanowire peaks and sides, respectively. As shown i Figure 5C, the nanowire cores
2 and active region 4 have a hexagonal cross sectional shape when viewed from the top. The
devices 1 with the continuous volume element 3 form a non-tesselated or non-tiled
configuration of the plane shown in Figure SC. This means that the continuous p-type layer
or volume element 3 does not fill i all of the space between the nanowire cores 2 and active
regions 4, and the tnangular interststial voids 9 toward the nsulating masking laver 6 are

formed.

Specifically, the hexagonal devices | do not form a regolar tessellation of congruent
regular hexagons or a “hongveond tile” where three hexagons come together at each vertex.
In other words, each vertex or “corner” of a hexagon does not contact corners of two other
hexapons mn the tessellation. As shown in Figure SA| the volune element 3 fills the entire
space between the cores 2/ active regions 4 0 laver 6 when viewed n cross secting along the
peaks of the hexagonal coves 2 along hine A, Thus, the volume element (Le., p-GaN layer} 3

is continuous between plural cores 2/ active regions 4.

fre

However, as shown in Figure 5B, the volume element 3 dees not fill the entire space
between the cores 2/ active regions 4 when viewed in cross section along hine B located
between the peak and edge of the cores 2. This forms the mterstitial voids % to layer 6 along
Iine B m the volume element 3. The interstitial voids 9 are partially filled with the p-
electrode 8. This provides a shorter current path (2 between the p-electrode 8 and core 2
along line B than current path C1 hetween the p-electrode 8 and core 2 along line A in Figare
34,

Thus, the p-GaN faver 3 has a first portion 3A showsn i Figure 5SA which Glls interstitial
spaces between the cores 2. The p-GaN laver also bas a second portion 3B shown in Figure
5B which forms sidewalls of the mterstitial vouds 9. The p-elecivode ¥ contacts the top of the
p-GaN fayer 3 {but not the first portion 3A which is not exposed) in Figure SA and contacts

the second portion 3B of the p~GaN layer 3 in the voids 9.

Having contacts on the sidewalls of the vohime eleyent 3 along some cross sectional
lines but not others in the array will reduce the resistive conduction path through the poorly
conducting p-GaN volume element 8 and will enable the device for more uniform carrier
mjection to the active rewton 4 present on the sidewalls of cores and reduced series rasistance,

which provide better LED performance. The p-electrode 8 will contact all six sidewalls of

11



i

185

20

WO 2013/049042 PCT/US2012/057081

each volume element 3 on each core 2/ active region 4 because there are six voxds 9 adjacent

1 each hexagon {one voud per hexagon side) as shown in Figure 5C.

In an alternative embodiment, the p-electrode 8 [ills each entire interstitial void 9.
Figures 6A-6C are identical to Figures 3A-5C, except that the p-electrode § fills the entire
interstitial voids 2, as shown in Figure 6B, The current spreading i the electrode 8 15 shown
by arrows mn Figure 6B. This forms a fully connected planar p-electrode 8 on top of the
device. By depositing a thick enongh electrode 8, the voids 9 are fully filled to form a fully
connecied planar coutact or electrode Tayer 8 for improved current spreading. This electrode
8 faver which completely fills the voids ¥ as shown in Figure 6B mav be depostted by a non-
divectional deposition method {e.g., ZnO deposited by atomic laver deposition), while the
glectrode 8 taver which does not completely fill the voids 9 as shown tn Flpure 538 may be
deposited by a directional deposition method {e.g., ITQ or Ag deposited by sputtering). If
desired, the electrode & may be deposiied by a combunation of non-directional and directional
deposition methods {e.g.. such that the electrode § contains a first sublayer deposited by a
directional deposition methad and a second sublayer deposited by & non-directional

deposition method).

In another embodiment, the elecirode 8 may be formed in an air-bridged configuration in
the vouds 9 as shown i Figures 74 and 7B, &3 wsed herein, the term “au-bridged electrode™
is taken to mean an electrode structure that extends between adjacent individual devices to
leave an empty space between the adjacent devices, The empty space is preferably
surrounded bv the adjacent devices (e.g., by the contimuous volume element 3 contacting
plaral active regions 4} on the sides, the atr-bridged electrode 8 on the “top™ and the support
of the devices on the “bottom”, where the terms top and bottom are refative depending on
which way the device is positioned. The air-bridged electrode covers the volume glement 8
tips and the voids @, such that there 15 an empty space 1) beneath the electrode ¥ between the
nanowire support laver {e.g., substrate §, buffer laver 7, insalating mask layer 6, ete.) and the
glectrode 8. The air bnidged elecirode may be formed by providing a sacrificial material that
fill the botiom of the vouds 9, forming the electrode § in the top portions of the voids 9 and
then removing the sacrificial material (o leave the empty spaces 10 at the bottom of the vouds

9, as taught m US. application serial number 13/163,280 filed on 6/17/2011 and incorporated

herein by reference in #s entirety
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The voids 9 between the individual devices can not only give an access © mywoved
electrical coutact but also provide photonic crystal effects for enhanced light exiraction. The
photonic erystal configurations imnchude but are not Imsted to two dimensional hexagonal,
inangular, honeycomb or square type that gives a bandgap for or reduces lateral emission.
The photome orysial fatlice consiant can be given by 172 of the spacing of the nanowire cores
2. The band gap corresponding wavelength is usually lower than or on the order of the lattice

spacing, which is advantageous in visible light regtmes,

While Figures SA-SC and 6A-6C illustrate the formation of the electrode 8 in the
stractare of Figure 4B, it should be enderstood that similar stractures will be formed by the
formation of electrode ¥ in the structures of Figures 4C, 4E and 4F. While the st
conductivity type of the core is described herein as an n-type semiconductor core and the
second conductivity tvpe vohune element is described herein as a p-type semicondusior
laver, it should be undersiocod that thelr conductivity typey mav be reversed.  The p-type
semicondactor laver 3 may comprise semconductor materials other than p-GaN, such as p-

type InGaN, AlGaN, AlinGaN, etc.

In gnother aspect of the invention, the devices gre suitable to overcome poor current
spreading and o mcrease light extraction efficiency, by a planarization of the structzes by
growing & continnous p-type layver so that the top surface of the nanowire volame elements
coalesce mio g continuous layer, this continuous layer s formed while simulianecusly
including voids or holes in the continuous layer that interpose the nanowire volume elements.
This creates a planar like surface where conventional contacts can be deposited and at the
same tme will create light-scattering variations in index of refraction within the
semiconductor device, thereby increasing the amount of Halt which is extracted from the
semiconducior device. As used herein, 3 planar like surface has a height variation between
over two nanowires m the active LED region the lowest and highest points of 309 or less,
such as 0-25%, such as 5+-10%. The continuous p~type laver comprising voids may be

formed by suitable methods {g.g. MOCVD) as the nanowire volume elemants.

In one embodiment, multiple p-type lavers are formed around the n-type cores, at least
one of the p-type layers is coalesced, and in this coalesced layer, the voids are formed. The
electrode layer is then formed on the op of the coalesced p-type layer and the electrode,

preferably, does not enter into the voids,



10

185

20

WO 2013/049042 PCT/US2012/057081

Figures & and 9 tlustrate two schematic cross-sections of embodinents of nanowire
seniconductor devices comprising voids which interpose the nanowire vohane elements. In
Figure &, the process conditions used to form the second layer of the second conductivity
semiconductor are selecied such that the growih rate of semiconductor matenial is highest
wear the end of the nanowire farthest from the support. In Figure 8a, 8 cross-section of two
nanowires is tHustrated part-way into the time of the deposition process of the second layer of
the second conductivity type semiconductor. In this embodiment, as depicied m Figure Ha,
the device comprises the nanowire core and active region 12, a first continvous layer of
second conductivity type semuconductor 14, and the second laver of second conductivity type
semiconductor 16, In Figure 8b, a cross-section of two ngnowires is illustrated later in
fabrication process afler the deposition process has provided enough material sach that the
top surface of the semiconducior device {e.g., top of layer 16} is contingous and & phurality of

vouds @ interposes the nanowire volume elements.

n another embodiment depicted i Figure 9, the process conditons are selected such
that the growth rate of the second conductivity type semiconductor niatenal is bigher at the
ends of the nanowire {arthest from and closest to the support than near the nud-length of the
nanowire. In Figure Ya, a cross-section of two nanowires 1 illostrated part-way into the time
of the deposition process of the second conductivity fayer. In this embodiment, as depicted
Figure 9%, the device comprises the nanowire core and active region 12, the first continuous
faver of second conductivity type semicondactor 14, and the second layer of second
conductivity type semiconducior 16, In Figure 9b, a cross-section of two nanowires is
iHustrated later n the fabrication process afler the deposition process has provided enough
material such that the top surface of the semicondactor device {e.g., top of laver 16} s

continuous and a plaratity of voids Y interposss the nanowire volume elements.

As shown i Figuves 8b and 9b, the epitaxial growth of the second continuous taver of
the second conductivity type 16 completely encloses the interstitial voids 9, such that the
voids 9 are completely enclosed by laver 16 on top and sides. In Figure 8b, the vouds 9 gxtend
to the anderlying laver {e.g., the mask aver 6 or another layer) on the bottom of the voids 9.
Thas. in Figure 8b, the voiuds 9 are enclosed on the bottom by thus underlying laver. In
condrast, in Figure 9b, the vouds ¥ are completely enclosed by laver 16 on top, bottom and the

sides. Thus, as shown in Figures 8b and Sb, when the electrode laver 8 15 deposited over the

14
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p-type semiconduactor layer 16, the electrode fayer B does not extend into the completely

enclosed interstitial voids 9.

In a preferred embodiment, the nanowire core 12 comprises n-tvpe GaN, the continuous
layer of second conductivity type semiconducior 14 comprises p-type AlGaN, and the second
layer of second conductivity type semiconductor 16 (1.2, the layer with the voids 9}

comprises p-type GaN.

in one embodiment, the miethod for forming the devices shown m Figures ¥ and @
comprises forming the second layer of 8 second conductivity type 16 in preferred conditions
when using MOCVD as the growth method and the semiconductor material is GaN. In the
prioy art, wheremn no voids or holes mierpose the nanowire volume elements, the laver of a
second conductivity type semiconductor is typically formed at a temperature of Q0G°C or
higher 1n an ambient gas comprising Hy. In this embodiment of the present invention, the
second laver of a second conductivity type comprising veids or holes is preferably formed at
a lower temperatare of $0G°C or lower in an ambient gas comprising Ha, ov H: and Ny, or N1
For other semiconductor materials, for example InGaN, or AlGaN, the voids may be formed
by other suttable growth conditions. In vet another embodiment, laver 16 is a doped
senuconducior layver and dopants in the second layer (sach as Mg, n the case of GaN) may be

used (o form the voids or holes.

The nanowire LED stracture of the embodiments of the present invention is etther
adapied for wop emitting, 1.¢., light emission through the p-electrode, or bottom emitting, ie.,
Light emission through the support layer (i.e., through the conductive laver andfor butler laver
and/or substrate). The electrode coniacts may be formed as described 1n ULS. apphication
sertal number 13/163.280 filed on 6/17/2011 and incorporated herein by reference in its
entirety. As used herein, the term light enussion tacludes visible hight (e.g., blae or violet

hight} as well as UV or IR radiation.

For a top emitting device, the p-elecirode 8 needs to be transparent (3.e., 1t should
transmit the magority of Lght enuntted by the LED). Indium Tin Oxide (ITO) is a suiable
nwaterigl for the pelectrode, in particular for the top emilting nanowire LED. The ITO
preferably has a thaickness of 130-900nm, more preferably 230-650nm, most preferably about
S00nm. Other suitable materials for a p-elecirods on a lop enutting device are Zn0, doped

ZnQ) and other transparent conducting oxides (TCOs}. Important parameters for this material

bt
o]
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are pood transparency, electrical conductivity and the ability to make low resistive coniact o
the volume element.  Fagh thermal conductivity is also desivable, together with a matching
refractive index (depending on configuration). In one embodiment of g top exnilting
nanostructured LED the substrate is provided with a reflecting nreans {e.g., murmor} that
preferably extends in a plane under the nanowire LEDs. The n-electrode may be formed on

the bottom of the n~St substrate 5 shown in Figure 1C.

For a bottom emutting LED, the p-electrode § is preferably reflective and comprises Ag,
Al ete. The p-elecirode may comprise one or more additional layers deposited on the p-
electrode for improving the reflective and/or conductive properties {e.g., electrode 8 may
inchude a transparent metal oxide, such as Zn0 or ITO with an overlving reflective mivror
layer, such as an Ap layer). A separate n-glectrode laver, such as Tt andior Al is formed n
confact with the n-substrate 5 or n-buffer laver 7 depending on the onientation of the LED
device,  An added advantage of this conliguration is a decrease in absorption that pitlars of

electrodes incur as compared with side wall contacts.

Although the present invention is deseribed in terms of contacting of nanowire LEDs, i
should be appreciated that other nanowire based semiconductor devices, such as field-effect
transistors, dindes and, n particalar, devices mvolving hight absorption or light generation,

such as, photodetectors, solar cells, lasers, etc., can be contacted n the same way, and in

particular the awr-bridge arrangement can be implemented on any nanowire structures.

Al references to top, bottom, base, tateral, etc are introduced for the easy of understanding
only, and should not be considered as limting & speciiic orientation. Furthenmore, the

dimensions of the structures in the drawings are not necessarily W scule.

While the mvantion has been desenibed i connection with what 18 presently considered to
be the most practical and preferred embodiments, it is to be anderstood that the mvention fs not
t0 be hmited o the disclosed embodiments, on the contrary, # is intended to cover various

modifications and equivalent arrangernents within the scope of the appended claims.

16
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CLADRMS:

A sermniconductor device, comprisig:

a plurality of first conductivity type semiconductor nanowire cores Jocated

DVEL & SEPPOrt;

a continuous second conductivity type sensconductor layer extending over

and around the cores;

a plurality of mterstitial voids located in the second conductivity type

semnicondoctor laver and extending between the cores; and

g first electrode faver that comtacis the second conductivity tvpe semiconductor

layer,

&

a3

G.

e

9.

The device of claum §, wherein the first electrode extends inio the interstitial

voids

The device of claim 2, wherein the device comprises & light enntiing diode (LED)

device,

The device of claim 3, wherein the second conductivity type semiconducior layer
direculy physically contacts the cores to form a light emitting p-n junction at each
core.

The device of claun 4, further comprising an active region shell arpund each
NAVOWILE COTE.

The device of claim 5, wherein the active region shell comprises at least one
quantum well and the second conductivity type semiconductor laver directly

1vsically contacts the at least one quantanm well to form a light emitting p-i-n
physically contacts t least quant ftof light ting p

janction at each nanowire core surrounded by the at feast one quantum well shell.

The device of claim 6, wherein the first conductivily type comprises n-type, the
second conductivity type comprises p-type and the first electrode layer comprises a

p-electrode laver.

The device of claim 6, farther comprising a second electrode {aver which

electrically connecis to the n-iype nanowire cores.

The device of clamm 7, wherein the support comprises an n-fype semiconductor

buffer laver on & substrate.
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The device of claim 9, wherein the sulbstrate comprises an n-Si or sapphire
substrate, the buffer faver comprises an n-GaN or n-AlGaN layer, the cores
comprise n-GaN nanowires eputaxially extending from portions of the buffer layer
surface exposed through openings m an insulating mask layer on the buffer laver,
the at least one quamtum well comprises an InGaN guantum well, and the second

conductivity type semiconductor layver comprises a p-GaN layer.
The device of claim 3, wherem the support comprises a semiconductor substrate.
The device of claim 3, wherein the first elecirode laver is transparent,

The device of claim 3, wherein the cores comprise semiconducior nanowires
epttanially extending from portions of a seniconductor surface of the support
exposed through openings in an insulating mask laver located on the support.

o

The device of clum 13, wherein the cores are positioned such that a non-
tesseliated configuration s provided when the second conductivity type

semvcondactor faver extends around the cores to form the interstitial voids.

The device of claim 14, whereimn the cores bave g substantially hexagonal cross
sectional shape and each vertex of the hexagonal cross sectional shape pouts (o
tess than two vertices of adjacent cores (o form triangular interstitial voids in the

second conductivity type semiconductor laver.

The device of claim 14, wherein the cores have a substanually squave cross
sectional shape and each vertex of the square cross sectional shape points to less
than three vertices of adjacent cores to fonm square or rectangular iterstitial voids

1 the second conductivity tvpe semiconductor laver.

The device of claim 14, wheren the second conductivity type semiconductor

taver 1s substantially planar.,

The device of claim 14, further comprising at least one active quantum well shell
tocated around the cores and sarrounded by a first portion of the second
conduchivity type semicondactor faver which fills interstitial spaces between the
cores or by a second portion of the second conductivity type senuconductor layer

which forms sidewalls of the interstitial voids.
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19,

The device of claim 1&, wherein the first electrode layer partially or fully fills the
aaterstitial voids to contact the second portion of the second condactivity type

semiconductor ayer.

The device of claim 19, wherein the [irst electrode layer partially fills the

interstitial voids such that an air-bridged electrode configuration is formed.

The device of claim 1, wherein:
the continuous second condactivity type semiconductor layver comprises a
second continuous layer of the second conductivity type semiconductor;
g first continuons layer of the second conductivity type semiconducior
extending over and arcand the coves;

the second continuous layer of the second conductivity type semiconductor

extending over and arcund the first continuous faver of second conductivity type

semiconducior and the second continuous laver of second conductivily type

sennconductor comprising the plurshity of interstitial vosds interposing the cores; and

the first electrode layer that contacts the second contimuous layer of the second

conductivity semiconductor does not extend nto the interstitial voids.

26,

The device of clum 21, wherein the device comprises a Hght enmtting diode

{LED) device.

The device of claim 22, wheren the first contingous layer of the second
conductivity type semiconductor contacts the core to form a light ensitting p-n

tanction at the core.

The device of claim 22, further comprising an active region shell around each

nanowire core.

The device of claim 24, wherein the active region shell comprises at least one
gquantem well and the first continnous laver of second conductivity type
semiconductor contacts the at least one quantum wel to form a light emitting pn

junction at each nanowire core surrounded by the at least one quatum well shell.

The device of claim 23, wheremn the [irst conductivity type comprises n-type, the
second conductivity fype comprises p-type and the first electrode layer comprises a

prelectrode laver.
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The device of claim 26, further comprising a second electrade laver which

electrically connects to the n-type nanowire coves.

The device of claint 26, wherein the support comprises an n~type semiconductor

buffer laver on a substrate.

The device of claim 28, wherein the substrate comprises an n-Si or sapphire
substrate, the buffer layer comprises an n-GaN or n-AlGaN layer, the cores
conrise n-GaN nanowires epitaxially extending from portions of the buffer layer
surface exposed through openings bt an insulating mask layer on the buffer layer,
the al feast one quantum well comprises an InGaN quantum well, and the second
continaous laver of second conductivity type senuconductor comprises a p-GaN

taver.
The device of claim 22, wherein the support comprises a senuconductor substrate.
The device of claim 22, wherein the first electrode layer is transparent.

The device of claim 22, wherein the cores comprise semiconductor nanowires
epitaxially extending from portions of a semiconductor surface of the support

exposed through openings in an insulating mask laver located on the suppost.

The device of claim 22, wherem a top portion of the second laver of the second

conductivity type semiconductor is substantially planar.

The device of claim 22, whereny the interstitial vouds ave completely enclosed by
the second continuous layer of the second conductivity type on top and sides and

by an underlving laver on bottom.

The device of claum 22, wherein the interstitial vords are completely enclosed by

the second contingous laver of the second conductivity type on top, bottom angd

sides.
A method of making a senuconductor device, comprising:

epttaxially growing plurality of first conductivity type semiconducior

nanowire cores from poritons of a semiconduactor surface of a support exposed

through openings in an msulating mask layer on the support;

20
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forming semiconductor active region shells on the cores;
growing a continuons second conductivity type semiconductor layer extending
over and around the cores and the shells, such that & plurality of interstitial voids are
formed in the second conductivity {ype semiconductor layer extending betwesn the
5 cores during the step of growing: and
forming a first electrode laver that contacts the second conduchvity type

senuconductor faver and exiends mito the interstitial voids.

37. The methed of claim 36, wherein the device comprises a hight emitting diode
{(LED)} device, the first conductivity type comprises n-type, the second conductivity

10 type comprises p-type and the fivst electrode laver comprises a p-electrode laver.

38 The method of claim 37, further comyrising a second electrode laver which

electrically connects {o the n-type sanowire cores.

39, The method of clatm 37, wherein the support comprizses an n-iype senuconductor
buffer laver on a substrate, the substrate comprises an n-Si or sapphire substrate,
15 the bufter layer comprises an n-GaN or n-AlGaN layer, the cores comprise n-GaN
nanowires, the at least ong guaniun well comprises an InGaN quantum well, and

the second conductivity type sennconductor layer comprises a p-GaN layer.

4. The method of clagm 37, wherein the cores are positioned such that a non~
tessellated configuration is provided when the second conductivity type

20 semiconductor fayer is grown to form the nterstitial voids during growth.

41, A method of making a senuconductor device, comprising:
eptaxially growing plurality of first conductivity tvpe semiconductor
nanowire cores from portions of a semiconductor surface of a support exposed
through openings 1n an insulating mask layer on the support;
25 formung semiconductor active region shells on the cores;
epitaxially growing a first continous layer of second conductivity type
semiconductor extending over and around the cores and the shells;
epitaxially growng a second continuous faver of the second conductivily type
sepconducior, wherein the second continuous faver of the second conductivily type
30 senuconductor is grown over the first continnous laver of second conductivity tvpe

senviconductor and comprises a plurality of voids interposing the cores; and
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forming a {irst electiode laver that contacts the second layer of the second

condactivity type.

42,

44,

46,

The method of clamm 41, wherein the device comprises a light emitting diode
(LED) device, the first conductivity type comprises n-type, the second conductivity

type comprises p-lype and the first electrode laver comprises a p-electrode layer.

The method of claim 42, further comprising a second electrode laver which

electrically comnects {0 the n-{ype panowie cores.

The method of claim 42, wherein the support compriaes an n-iype semiconducior
buffer layer on a substrate, the substrate comprises an n-Si or sapphire substrate,
the buffer fayer comprises an a-GaN or n-AlGaN laver, the cores comprise n-GaN
panowires, the at least one quantam well comprises an InGaN gquantam well, and

the second conductivity type semiconductor laver comprises a p-GaN Jayer.

The method of claim 41, wheremn:

epitaxially growing the second continuous layer of the second conductivity
type comipletely encloses the interstitial voids, such that the voids are completely
enclosed by the second continuous layver of the second conductivity type on fop and
sides and by the second continuous laver of the second conductivity type or by an
underiving laver on bottony; and

forming the first electrode fayer comprises depositing the first electrode layer
over the second continpous layer of the second conductivity type such that the first

elecirode layer does not exiend into the completely enclosed interstitial voids.

The method of claim 41, wherein the second continuous layer of the second
conductivity type semiconducior is epitaxially grown at a lower {femperature than

the first continuous layver of second conductivity tyvpe semiconductor,



