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NANOWIRE SIZED QPTO-ELECTRONIC STRUCTURE AND METHQD FOR
MANUFACTURING THE SAME

Technical field of the invention

The present invention relates to navo sized opto-clectronic structures, such as light
emitting devices, e.g. diode structures, in particular arrays of nano sized based light emitung

devices and in particular to contacting thereot.
Background of the invention

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

order to reach the real bregkthrough

Over recent years the interest in nanowire technology has increased. In comparison with
LEDs prodaced with conventional planar technology nanowire LEDs offer unigue propertias
due 1o the one-dimensionat nature of the nanowives, improved flegbility in materials
combinations dee 0 less lattice matching restrictions and opportumties for processing on
larger substrates. Suitable methods for growing semiconducior nanowires are known in the
art and one basic process is nanowire formation on semicondactor substrates by particle-
assisted growth or the so-called VLS (vapor-higuid-sohd) mechanism, which is disclosed m

e.g. US 7,335 908, Particle-assisted growth can be achieved by use of chemical beamn epitaxy

e

{CBE}, metalorganic chenucal vapowr deposition {(MOCVD), metalorganic vapowr phase
epitaxy (MOVPE), molecudar beam epitaxy (MBE}, laser ablation and thermal evaporation
methods. However, nanowire growth 13 not Inmited to VLS processes, for exwmple the

WO 2007/102781 shows that senmiconductor nanowires may be grown on semiconductor
substrates without the use of a particle as a catalvst. One smportant breakthrough in this fisld
was that methods for growing group -V senuconducior nanowires, and others, on Si-
substrates have been demonstrated, which is tuportant since it provides a compatibility with
existing $i processing and non-affordable -V substrates can be replaced by chaaper S

substrates.

One example of a bottom enutting nanowire LED 1s shown in WO 2010/14032. This
nanowire LED comprises an array of semiconductor nanowires grown on a bulfer layerofa

substrate, such as a GalN bulfer layer on a 81 substrate. Each nanowire comprises an n-type
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nanowire core enclosed in a p-type shell and a p-electrode with an active layer lormed
between the n-type and p~type regions that form a pit or pin janction. The baffer layer has the
function of being a template for nanowire growth as well as serving as a cwrent transport
layer connecting 0 the n-type panowire cores. Further the buffer laver 15 transparent since the

{ight that is generaled i the active avea 1S emitiad through the bulfer layer.

Althoagh having advantageous properties and performance the processing with regard o
comtacting of the nanowire LEDs requires new routes as compared to planar technology.
Since ngnowire LEDs compnse large arrays of nanowires, thereby fornung a three-
damensional surface with lugh aspect ratio stractures, deposition of contact material using

hine-of-sight processes 1s a challenging operation.
Summary of the invention

In view of the foregomg one object of embodiments of the mvention 1s to provide
improved nanowire based structores, in particular opto-electronic structures such as LEDs

and new routes for comtacting thereofl

This object i1s achieved by a semuconductor device and a method for fornung a

sermicondactor device i accordance with the independent claims.

A nanosized structure as disclosed berean comprises a plurality of nano clements
arranged side by side. Each nano element comprises at least a first conductivity type (e.g., n-
type) core. The core is preferably a nanowire core which forms a pn or pin jusction with an
enclosing second condactivity type {e.g., p-type} shell. The shell may be a part of the pano
element or W may comprise a bulk semconductior element.  In operation, the juwction
provides an active region for fight generation. While the first conductivity type of the core is
described herein as an n-type senucenductor core and the second conductivity tvpe shell is
described herein ay a p-tvpe semiconductor shell, it should be understood that their
conductivity types may be reversed. A p-elecirode laver extends over a plurality of nano
elements and is n electrical contact with at least a top portion of the nanoelanents to connect
o the p-type shell. The p-electrode faver can be at least partly bridged between the mano
elements. “Bridged” for the purpose of this application weans that the peelectrode laver

gxtends across the distance between neighbouring nano elements thereby forming a

ta
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continuous layer. The portions of the p-electrode extending between the wires can sither rest

on a support or be [ree-hanging (e g., mr-bridged).

Tradinonal, planar LEDs comprise functional layers wn a sandwich struciuwre. In their
simplest form, the planar LEDs comprise at least three functional fayers: a p-doped layer, an
active region, and an n-doped laver. Functional lavers may also include wells, barniess,
nirinsic and graded favers (e.g., as part of the active region}). The LED arrays described in
embodiments of the mvention distingaish themselves by at least one of the functional layers
being electnically separated from the surrounding LEDs i the arrgy. Another distinguishing
feature 18 the utilization of more than one facet and now-planarity of functional lavers ag

emission lavers.

Atthough the fabrication method described herein preferably utithzes a nanowire core to
arow semiconductor shell layers on the cores (o form a core-shell nanowire, as described for
example in U.S, Patent Number 7,829 443, to Seifert et al., incorporated hereit by reference
for the teaching of nanowire fabrication methods, # should be noted that the invention is not
so limited. For example, as will be described below, 1n the alterpative embodiments, ounly the
core may constitute the nanostructure {e.g., nanowire) while the shell may optionally have
dimensions which are larger than typical nanowire shells. Furthermore, the device can be
shaped to inclade many facets, and the area ratio between different types of facets may be
countrolled. This is exemplilied in ligures by the “pyrammd” facets and the vertical sidewall
facets. The LEDs can be fabricated so that the emission layer formead on templates with
dominant pyramid facets or sidewall facets. The same i3 true for the comact layer,

independent of the shape of the emission layer.

The use of sequential (e.g., shell) layers may resalt in the final individual device (e.g., a
ph or pin device) having a shape anywhere between a pyranud shape (1.e., narrower at the top
or tip and wider at the base) and pillar shaped (e.g., about the same width at the tip and base)
with civcular or hexagonal or other polygonal cross section perpendicular to the long axis of
the device. Thus, the individual devices with the completed shells may bave various sizes.
For example, the sizes may vary, with base widths ranging from 100 mm to several {eg., 5}
wm, sach as HH nm to below | pucron, and heighis ranging from a few 100 nm to several

{e.g., 10} wm.

o
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In prior art methods, arrays of nanowire LEDs are contacted by deposifing a contact layer
that covers essentially the whole surface of the nanowires and intenmedinte surfaces between the
nanowires using sputlering or evaporation techmques. Due o the lngh aspect ratio, and often
small spacing of the nanowires these line-of-sighi processes resulis in a pon-conformal
coverage. In particular, there ts a rigk that the contact faver becomes discontinuous and that the
contact tayer on the intermediate surfaces {e.g., the hovizontal surface exposed between vertical
nanowires) becomes too thin, In operation, this will result in losing the effect of some nanowires
and a poor current spreading in the device, vespectively, With a bridged p-electrode in
accordance with embodiments of the mvention, the risk for discontingities is reduced or
gliminated, and the lateral current spreading s improved due to a uniform thickness of the p-

electrode and optional additional layers deposited on the p-electrode.

With a bridged p-contact or electrode for top-emitiing nano sized LEDSs, a thick contact
laver can divectly contact the fop portion of the nanowire LED. For top emitiing LEDs. a
trausparent p-contact layer 1s used. Without the bridge, the p-electrode layer at the top portion

must be made much thicker, which ncreases absorption.

Also, with the bridge p-contact or elecirode for bottom-enmitting nanosized LEDs, the
reflective p-contact layer s only arranged on the top portion of the nano elements and not the
whole circumferential nanowire area. & reflective laver extending down on the whole

ciraumiferential area would give significant losses due to total internal reflection.

Thus, embodiments of the invention make it possible to obtain an efficient nano sized
device, such as a LED with regard to internal conductivity, light generation and couplimg of

{ight out from the nanowire LED.

Embodiments of the invention are defined in the dependent claims. Other objects,
advantages and novel features of the invention wall become apparent from the following
detailed description of the invention when considered in conjunction with the accompanying

drawings and clamms.
Brief description of the drawings

Embodiments of the invention will now be deseribed with reference to the

accompanying drawings, wherem:
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FiG. 1 schematically iHustrates a side cross sectional view of a basis of a nanowive LED m

accordance with embodiments of the invention,

FIG. 2 schematically Hustrates a side cvoss sectional view of a nanowire LED structure on a

buffer layer in accordance with embodiments of the invention,

FiGs. 3a-b schematically dlustrate side cross sectional views of bridged p-electrodes in

accordance with embodiments of the invention,

FIGs. 4a-h schematically tllustrate side cross sectional views of a first implementation of a

method 10 accordance with one embodiment of the invention,

FiGs. 4i-3 schemaucally Hustrate side cross sectional views of a second mplementation of a

method 1n accordance with another embodiment of the invention,

FIG. 5 shows two scanning electron microscope images of a bridged p-electrode in

accordance with embodiments of the mvention,

FiQGs. 6a3-1 schematically ilustrate side cross sectional views of a third implementation of a

method in accordance with another emobodiment of the invention,

FiG. 7 shows a scanmuing slectron mucroscops image of a nanowire LED structure

manufactured according to the third implementation exanple,

FIG. 8 schematically Hustrates a side cross sectional view of wit wray of nanowire LED
structures comprising axial pn junctions and a bridged p-elecirade in accordance with an

aliernative embodiment of {he invention,

Fig, 9 tllustraies a side cross sectional view of a device according to a further embodiment of

the mvention,

Fig. 10 shows the side view of the device of the embodiment of Fig. 9 mouonted on a

submount with gpproprigte contacts,

Fig. T lustrates a side cross sectional view of a device according to a still further

embodiment of the mvention, and

(¥
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Fig. 12 shows the side view of the device of the embodiment of Fig. 11 mounted on a

submeowt with appropriate contacls,

Fig. 13 ilustrates o side cross sectional view of a stll farther embodiment,
Fig. 14 shows the embodiment of Fig. 13 with appropnate contacts,

Fig. 15 ilfastrates a side cross sectional view of yet snother embodiment,
Fig. 16 shows the embodiment of Fig. 135 with appropriate contacts,

Fig. 17 shows a further embodiment of a nano sized structure,

Fig. 18 shows a still further embodiment of a nano sized structure,

Fig. 19 shows yet another embodiment of a nano sized structure, and

Fig. 20 shows still another embodiment of a nano sized stracture.
Detailed description of embodiments

As used herein, the term “bridged electrode™ is taken to mean an electrode structure that
extends between adjacent individual devices over a filled spacer or to leave an empty space
{e.g., air-bridge) between the adjacent devices. The empty space 1s preferably serrounded by
the adjacent devices on the sides, the bnidged electrode on the “top™ and the support of the
devices on the “bottom”, where the terms top and bottom are relative depending on witich
way the device 18 posttioned. For example, m one embodiment in which each wdividual
device 15 a radial core-shell nanowire, the bridged electrode covers the nanowire tips and the
space between the nancwires, such that there is an empty space beneath the electrode
hetween the nanowire support layer {e.g., substrate, buffer laver, a reflective or transparemt

conductive layer, insulating mask laver, gt¢.) and the electrode.

In the art of nanotechnology, nanowires are usually interpreted as nanostructures having
a lateral size (e g, diameter for ovlindrical nanowires or width for pyramidal or hexagonal
nanowires) of nano-scale or nanometer dimensions, whergas s longitudinal size 1s
anconstrained. Such nanostructwres are commyonly also referred 0 as nanowhiskers, one-
dimensional nano-elements, nanorods, nanotabes, etc. Generally, nanowires with a polygonal

cross section are considered to have at least two diraensions each of which are not greater

6
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than 300 nm. However, the nanowires can have a diameier or width of up 1o about 1 pm.
The one dimensional natare of the nanowires provides unique physical, optical and electronic
properties. These properties can for example be used to form devices utilizing quantum
mechanical etfects (e.g., using quantum wires) or {0 form heterostruciures of compositionally
5 cifferent materials that usuatly cannot be combined due to large lattice mismaich. Ag the term
nanowire smplies, the one dimensional nature is oflen associated with an elongated shape. In
other words, “one dimensional” refers to a width or diameter less than 1 nucron and a length
greater than | mucron. Since nanowires may have various cross-sectional shapes, the
diameter is mitended (o refer to the effective diameter. By effective diameter, it 1s meant the

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

In the embodiments of the present invention, the finished structures are referred to as
“nano elements”. Although in the figures the nane elements are shown to be pillar like and
based on nanowire cores, Le., more of fess “one dimensional” cores, it should be noled that
the cores can also have other geometries such as pyramuds with various polygonal bases, such
15 as square, hexagonal, octagonal, ete. Thus, as used herein, the core may compnise any
suitable nano element having a width or diameter of less than | micron and a length greater
than I nucron and may comprise a single structure or & mult-component structure. For
example, the core may conynise a seiiconductor nanowire of one conductivity type or it
may coniprise the senuconductor nanowire of one condactivity type surounded by ane or
2¢  more septiconductor shells of the same condactivity type and the core having a pillar or
pyvrammd shape. For simplictty, a single component nanowire pillar core will be desenbed

below and Hustrgted i the figures,

FIG. 1 schematically tHustrates the basis for a nanowire LED structure in accordance with

embodiments of the mvention. In principle, one single nanowire 15 enough for forming a

25 pavowire LED, but due to thew small size, nanowires ave preferably arvanged in arrays
comprising thousands of nanowires (Le., nano-devices or devices) side by side to form the LED
structure. For illustrative purposes the individual nanowire LED devices will be described heremn
as being made wp fom nanowires | having an n-fvpe nanowire core 2 and a p-type shell 3 at
least partly enclosing the nanowire core 2 and an intermediate active layer 4. However, for the

30 purpose of embadiments of the fnvention, nanowire LEDs are not lanted to this. For example
the nanowire core 2, the active laver 4 and the p-type shell 3 may be made up from a muliitude

of layers or segments. However, by controliing growth conditions the final geometry of a LED

fe=
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can range from elongated, narrow “pillar structures” to relatively wide based pyramid structures.
As deseribed above, i alternattve embodiments, only the core 2 may comprise a hanostructore
or ngrowire by having a width or diameter below 1 micron, while the shell 3 may conymise a
bulk p-type semiconductor element having a width or diameter above ong micron. In order to

5 function as a LED, the n-side and p-side of each nanowire 1 has to be contacied.

By growing the nanowires | on a growth substrate 3, optionally using a growth mask 6

{e.g.. a nitride layer, sach as silicon nitride dielectnic masking laver) to define the position and
determine the bottom mierface greg of the nanowires 1, the substrate 5 functions as g carmier for
the nanowires 1 that protrude from the substrate 8, at least during processing. The batiom

10 interface area of the nanowires comprises the area of the core 2 wnside each opeming i the
masking laver 6. The substrate 5§ may comprise different matenals such as -V or -V
semiconductors, Si, Ge, ALO,, SIC, Quartz, glass, elo., as discussed i Swedish paient
apphcation SE 1050700-2 (assigned to GLO AB), which is incorporated by reference herein in

is entirety. In one embodiment, the nanowires | are grown directly on the growth substrate 5.

i5 Preferably, the substrate 5 15 also adapted to function as a current transport laver connecting
to the n-side of each nanowire 1. This can be accomplished by having a substrate § that
comprises a udler layer 7 aranged on the sarface of the substrate § {acing the nanowires 1, as
shown m FIG. 2, by way of example a H-nitvide laver, such as a GaN andfor AlGaN buffer
laver 7 on a St substrate 5. The buller layer 7 is usually matched to the desired nanowire

20 material, and thus fonctions as 3 growth template in the fabrication process, For an n-type
core 2, the buffer faver 7 i3 preferably also doped n-type. The buffer faver 7 may comprise a
single layer {e.g., GaN}, several sublayers (e.g., GaN and AlGaN) or a graded layer which 15
eraced from high Al content AlGaN to a lower Al content AlGaN or GaN. The nanowires
can comprise any semiconductor matenat, but for nanowire LEDs [H-V semiconductors such

25 asa ll-nitnde senmconductor {e.g., GaN, AllnGaN, AlGaN and InGaN, etc.) or other
semiconductors {e.g., InP, GaAs) are usually preferred. 1t should be noted that the nanowire
I may comprise several different materials (e.g.. GaN core, InGaN active faver and InGaN
shell having a different In to Ga ratio than the active laver). In general the substrate 5 anddor
the buffer layer 7 ave relerred to herein as a support or a support laver for the nanowires. As

30 will be described in more detail with regard to FI1Gs, 9-12, g conductive laver (e.g., g nirtor

or transparent comtact) may be used as a support instead of or in addition to the substrate §
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andor the buffer laver 7. Thus, the term “suppori layer™ or “support” may include any one

or more of these elements.

Thus, the buffer laver 7 provides means for contacting the n-side of the nanowires 1. In
prior art nanowire LEDs, the contacting of the p-side of each nanowire 1 15 typically
accomplished by depositing a p-electrode comprising a conductive layer that encloses the p-
type shell 3 of each nanowire 1 and extends to an wsulating layer on the sabstrate or bufter
layer. The conductive laver extends on this msulating layer to adjacent nanowires. Howaever,
since the nanowires of a nanowire LED are closely spaced and being of high aspect ratio in
order to obtain a high luminescence, the p-elecirode deposition 1s a challenging operation.
Typically line-of-sight processes, such as sputtering 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 effect are observed that result in a tapering of the p-elecirode
with decreased ihickness towards the base of the nanowires 1. Henge, in order to obtain
elficient lateral current spreading, the thickness of the p-electrode will become unnecessarily
thick on the tips of the nanowires while being msofficiently thuck in between the nanowires,

The shadowing effect may also be so severe that there are discontinuities in the p-slectrode.

A peelecirode 8 in accordance with embodiments of the invention may be least partly
bridged between adjacent nanowires 1. FIG. 3a schematically tlastrates a p-electrode 8
covering g group of nanowires |, As noted above, il the shell 3 of the nanowires 1 18 n-type,
then electrode 8 would be an n-elecirode. However, electrode 8 is referred o herein as p-
slectrode for ease of description. In case of an air-bridged electrode, the p-electrode 8 13 free-
banging between adjacent nanowires b and is only supported by the nanowires 1. The p-
electrode 8 encloses a top portion of each nanowire 1 and thereby contacts the p-side of the
asanowire LED structure. The p-electrode may extend down along the sides of peripheral
sanowires, e.g. in order to provide a connection {0 a pad arranged on the substrate S {as will

be described in more detail below and as shown on the right and left edges of FIG. 3a).

Dafferens additional layers may be deposited on the p-electrode. For example lavers that
improve elecirical conductivity or coupling of light out from/into the nanowire may be

deposited on the nanowire.

A nanowire LED struciure of the embodiments of (he preseni mvention is either adapted

for top emitting, e, light emission through the p-electrode, or bottom enntting, Le., light

9
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enussion through the support laver {i.e., through the conductive layer andior buffer layer
andfor substrate). The requurements on the p-electrode ave different for these two cases. As
used herein, the term light emission includes both visible Hight {e.g., blue or violet Light) as
well as UV or IR radiation. The embodiments of the present invention are susfable for

botiom emitiing devices.

For a bottom emitting LED, the p-electrode is preferably reflective. As shown i the
following examples, the p-elecirode may comprise one or more additional layers deposited on

the p-electrode for imyproving the reflective andfor conductive properties.

FIG. 3b schematically iflustrates one embodiment of a nanowire LED structure in
accovdance with embodiments of the invention. In principle it is the same structure as shown
in FIG. 3a, but the p-elecirode comprises a comparatively thin conductive layer 8 enclosing
the p-type shell 3 and a comparatively thick bridged conductive layer 87 arranged on the thin
conductive laver ¥, The thin conductive fayer 87 extends down towards the base of the
nanowire 1, longer than the thick conductive layer 8. The thin conductive laver 8 can for
example be deposited using atomic laver deposition or grown as an epitaxial layver on the p-
type shell, Layer 8 may be discontinuous between adjacent nanowires and may cover only
the nanowires but not the masking layver 6 or buffer laver 7 between the nanowires. With this
arrangement the thin conductive faver 8 can be used to obtain an optimal interface to the p~
tvpe shell 3 and the thick conductive layer 8 can be optimised for current spreading andfor
light coupling andior reflection,  Thus, only laver 87 may be used to form the bridge. The

thick conductive laver 8°° is deposited as desenibed below.

In an alternative embodiment, in addition fo the mask layver 6, the space between the
nanowires can also be filled fully or partially with a dielectric {i.e.. msulating) material, such
as silicon oxide. For partally filled space, the gap size below the bridge is reduced. For fully
filled space, there 13 no longer an air-bridge. Thus, for the embodiments described below
with regard to the contact schemes for the nanowires, it should be understood than the
nanowires may be contacted either in an ai-bridged, non-air-bridged or non-bridged

confiurations.

In the following first implementation of a metheod for fornung a top emitting nanowire LED
structure 35 described wiih reference to FIGs. 4a-h. In thus embodiment, the same conductive

laver is patterned to form both the p and n electrode tayers. In this implementanion, pads for

10
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connecting to the n-side and p-side of the device are formed in pad areas adjacent (o the
nanowires forming the nanowire LED. However, the invention is not Bmited to this

configuration.

FIG. 4a shows an amray of nanowires 1 grown from a bufler laver 7 through a srowth
masking laver 6. The nanowires preferably comprise an n-type nanowire core 2 enclosed in a p-
type shell layer 3 with an mtermediate active laver 4 for hight generation, as shown in FIG. 1.
The growth mask 6 may be patterned by photolithography to define openings for the nanowire
growth, as described [or example in U8, Patewt Numober 7 829,443 In this implementation,
the nanowires arg grouped i an n~-pad area, 8 non-active area, a LED area {1.e., the area which
emits light} and a p-pad area. However, embodiments of the invention are not imited to this.
For example the p-pad area may be armanged on top of the nanowires fornung the light enntting
part of the nanowire LED structure, whereby the p-pad area and the LED area coincide, as
described in PCT International Apphication Publication Number WO 2017014032 Al to

Konsek, et al,, published February 4, 2010 and incorporated herein by reference in its entirety.

Referring to FIG. 4h, i the next step a protection laver 9 is deposited, at least in the
LED-ares where the nanowires will form LEDs, to protect nanowires from the subsequent
processing. Otherwise residuals from photoresist and reactive tons from sputtering and
reactive ion etching (RIE) may cause defects andfor contanination. ZnQ deposited with
atonmuc tayer deposition {ALD) can be used as a protection laver. One advantage with ALD as
a deposition techmigue s Hs perfect step coverage. Other materials such as other metal or
sificon oxides, e.g., AlLO; or S10;, deposited with ALD or other deposition techuigues can

also be used. This layer may {ill an additional role as insulator on areas where it will be left.

Protection laver 9 deposition is followed by opening up, through hithography and
eiching, to the buffer layer 7 through the protection laver and the growth mask n the n-pad
area 11. Inother words, as shown in FIG. 4b, a photoresist or another masking layer (shown

as dashed lines 12) is formed over the entire device and then removed in the n-pad area 11 by

photolithography. The exposed protection layer 9 and the exposed masking laver 6 between

the nanowites 1 are etched by any suitable etching method which can stop on the buffer layer
{e.g., any wet or dry eiching method which can etch a metal oxade or silicon oxide selectively

with respect to a HH-mitride semicondoctor buffer laver). The purpose s to access the buffer

laver 7 for arranging an electrode theveon, in order to provide an electneal connection

11
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through the bufler laver 7 to the n-side of the nanowires | (i.e., an electrical connection

through n-type layer 7 to n-type nanowire cores 2).

Referring o FIG. de, the next step s to form a sacrificial layer 10, such as a photoresist
or another suttable sacrificial matenial laver, with two different thicknesses extending over
the nog-active area and the p-pad area. The photoresist layer should completely cover the
nanowires in the non-active area 13, whereas it should parily cover the nanowires 1 in the
LED area 14, leaving a top portion of each nanowire | in the LED area 14 exposed. I the
same coutact materials are w be used in the n- and p- electrodes, areas which should be
accessed as contact pads, 1., the n-pad area 11 and the p-pad area 15, the n-pad area is 11
preferably not covered by photoresist. This is clearly seen in the left pant of Fig. 4¢. As
appreciated by one skilted in the art, the photoresist fayer can be formed, e.g., by depositing
phodoresist, and using two masks and two exposures and then development, or {arger
ampliticde exposure in area 14 than in area 13 for a positive photoresist (or vice versa for
negative photoresist). Also, the photoresist can comprise multiple layers {e.g., formmng,
expasing and developing a fivst resist 1o areas |3 and 14 and then forming, exposing and
developing a second resist ondy in area 13 over the first resist). If desired, the photoresist 14}
may comprise a portion of the photoresist tayer 12 ased in FIG. 4b to pattern layers 9 and 6.
in this case, photoresist laver 12 is exposed a second time using the methoeds described above
i areas 14 and 13 but not in area 13 {or vice versa for a negative photoresist), and then

developed (1e., removed} fullv in avea 13 and partially in area 14,

Referring to FIG. 4d, the next step 13 to remove the protection layer 9 on at {east the
exposed top portions of the nanowires in the LED area 14 that are exposed outside of
photoresist pattern 10, This may be done by selective etching which selectively etches the
oxide protective layer 9 but not the masking laver 6 (e.g., silicon nitride} or the
senuconductor bafler laver 7 or sennconductor nanowsres 1. If desired, laver ¥ may be left i
arens where 1t does pot interfere 1w a contact between the semiconductor matenal and a
respective electrode o provide additional electrical insulation on top of the masking layer 6.
For example, an alwminiem oxide layer may be used as such a permanent profeciive layer 9

m combination with silicon mitnde masking layer 6.

Therealter the p-electrode laver 16 is deposited. Since the p-electrode becomes elevated
and does not have to extend down deeply into the narrow space between the nanowires |,

line-of-sight processes such as sputiening or evaporation can be used. Of cowse the n-
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electrode laver 1s formed at the same time since the n-pad area 11 is exposed. 1t should be
noted that p-electrode 16 does not comtact the n-type buffer layer 7 in the p-pad area 15
hecause the buffer laver 7 is covered by the masking layer 6 i the p~pad wrea. Thus, a short
gircuit between the p-electrode and the n-buffer laver 7 p-nanowire cores is avoided.
Howevaer, if the lell side portion of laver 16 15 used to form the n-electrode, then o this
portion of faver 16 contacts the exposed buffer layer 7 between the nanowires in the n-pad
area 11. i should be noted that layer 16 does not contact the navowires 1 m the non-active

area 13 which is covered by the photoresist 13,

Referring (o FIG. 4e, next step 18 o do another lithography step leaving another
photoresist pattern 17 in the p~pad area 15, the LED area 14 and the n-pad area 11, This may
be done by fornung another photoresist layer over the device shown in FIG. 4d (incloding
over the metal electrode 16 covered resist pattern 19 in non-aciive area 13) and then sxposmg
and developing the photoresist o lsave the photoresist pattern 17 on both sides of the metal

elecirode 16 covered resist pattern 10,

Referring to Fig. 41, the next step is 1o remove the electrode material 16 on the areas
where electrode material is not covered by resist patiern 17 from the previous step, e, in the
gon-active area 13, which can be done by selective dry or wet etching which does not remove
the photoresist patterns 10 and 17, This causes the electrode laver 16 to become
discontinuous such that 1 i1s removed in the non-active area 13 between the n-pad area 11 and

the active and p-pad areas 14, 15,

Referring to Fig. 4g, next step is removal of all remaiing photoresist 10, 17, which can
be done by dissolving and/or plasma etching. This leaves the p-electrode layer 16 free-
hanging between the nanowires 1 in the LED area 14, This forms the an-bridge with empty

space 18 between the electrode 16, nanowires 1 and the masking layer 6,

Optionally, the photoresist layer could be left underneath the bridge laver and then other

material chotces can be made.

Thus, in the case where it is desired to leave material underneath the bridged p-elecivode,
the process should be modified. Instead of applyving photoresist (o the entive device, another
nwaterial such as spin~-on glass, polymer, oxide (e.g., sthicon oxide), mitride {e.g., sthicon

witride} is depostied where the bridged p-elecirode is o be located. These materials will not
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be affected bv the eich that removes the photoresist. The layars could have parposes to guide
hight, change extraction propertes, add isolation between p-contact and n-side or ncrease

glectrical conductivity 1o the p-side.

Referring to Fig. 4h, finally residues of the protective layer 9 on the non-active area 13
that stifl may be present is removed. Thas, laver 16 forms the p-electrode 163 which contacts
the tips of the nanowire 1 p-shells 3 and contacts the masking layver 6 in the p-pad area, as
well as the n-electrode 16b which contacts the v-bufter laver 7 in the nepad area 11, FIG. §
shows two scanning electron microscope tmages of a bridged p-electrode in accordance with
this embodiment of the mvention. The intersection between the non-active area and LED

aren with the air-bridged p-electrode is visible on the lefi.

Since layer 16 was removed in non-active area 13, the same layer 16 niay be used to
form both p- and n-electrodes. Thus, in the above process sequence illustrated by Figs. 4ato
4k, the p-electrode and n-electrode are deposited in the same step. The n-electrode laver 16b
comprises an n-pad avea 11 on a first part of the buffer laver 7. The p-electrode laver 16a
comprises a p-pad area 15 on the nanowires in a LED active area 14 or on a dielecine
masking layer 6 ou the buffer lyyer 7 adjacent to the nanowires n the LED active area. The
a-pad area and the p-pad area are separated by a non active area 13 comprising dununy

nanowires | which do not contact the prelectrode (ie., these nanowires do not emit hight).

However, in an alternative second embodiment, the p-electrode is provided in a first step
and the n-elecirede 1§ formed from a different material at a later stage. Such a process is
discloses m Figs. 41 to 45 and will be briefly described below. The description of the same

elements and steps from Figs. 4a-4h will not be repeated below for brevity.

The first two steps in the second embodiment method are identical to the first
embodiment method, i.e. Figs 4a and b represent the same steps as Figs. 4t and . However,
the protective layer 9 and masking layer 6 are not removed in the n-pad ares 11 Fig. 4j as1n

Fig. 4b.

In the next step, a sacrificial {e.g., resist} layer 10a i3 deposuted i two different
thicknesses such that no nanowires arve left uncovered in the n-pad area 1 as in the Brst
gmbodiment. Thus, in the lell hand side of Fig. 4k 1t can be seen that the nanowires m area 1

are entirely covered just as the central nanowires i the non-active region 13, as opposed fo in
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Fig. 4¢ where the leftmost panowires in n-pad area 11 are completely uncovered. The
nanowires 1o the LED area 14 are partially exposed on the twp in the photoresist 10a. The p~

pad area 1515 completely exposed in photoresist pattern 10a.

Fiz. 41 shows that the protective layer 9 1s at feast partially removed from the exposed
nanowire tips m LED area 13 in ovder to provide for contact betweean the p-shell 3 of the

nanowires in area 13 and the p-electrode.

The p-electrode laver 16 s then deposiied as shown in Fig. 4m. Laver 16 covers the
entire structure. The mactive 13 and n-contact 11 aveas are now covered by the photoresist
10a and layer 16 is formed on top of the photoresist 10a. Laver 16 contacts the exposed p-

shells 3 of the nanowires in LED area 14 and the masking laver 6 in the p-pad area 15,

As shown i Fig. 4n, a second photoresist pattern 172 1s now provided over the p-
electrode layer 16 in the LED area 14 and the p-pad area 15, Photoresist pattern 17a is

removed in greas 13 and 11, Thus, tayer 16 is exposed in greas 11 and 13,

The exposed p-electrode tayer 16 is then removed from areas 11 and 13 by selective

giching, as shown in Fig. 4o,

As shown m Fig, 4p, all photoresist 10a, 17a 13 removed such that the p-electrode layver
16 forms an air-bridge with underlying empty spaces 18 between the nanowires in LED area

14, and forms a p-contact pad i avea 15,

Next, a new photoresist pattern 19 1s applied 1o cover areas 13, 14 and 13 but not the n-
pad area 11, as can be seen n Fig, 4q. The protective laver 9 and masking laver 6 are

removed ftom exposed area 11,

N-electrode fayer 20 is then deposited over the entire structure, as shown in Fig. 4r.
Layer 20 may comprise T1 and Al sublavers or any other suitable metal. Layer 20 contacts
the exposed buffer layer 7 and “dummy™ shorted ngnowires inareg 11, Laver 20 rests on

photoresist 19 inareas 13, 14 and 15,

Fig. 4s shows a lift-ofl step i which the photoresist pattern 19 15 removed 1o hft off
layer 20 in areas 13, 14 and 15, such that the remaning laver 20 iy area 11 forms the n-
electrode. Theve 15 no electrode tayers 16, 20 tn the non-active area 13, Thus prevents

shorting of laver 16 and 20, Dununy nanowires are located in the nou-active area 13.
i%
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Figures 4h and 4s show n process devices prior 1o formation of contacts {e.g., lead wirgs
or bump electrodes) to the prelectrode 16a, 16 and n-electrode 16b, 20, respectively.
However, it should be understood that the contacts described with respect to figures 6, [0 or
12 are made to the p-electrode i p-pad area 135 and the n-pad area 11, respectively.
Furthermore, as noted above, the p-pad area 15 may be on top of nanowires (e.g., areas 14

and 1§ are combined) rather than between nanowires as shown i Figs, 4h and ds.

The following thivd ymplementation of a method for forning a bottom emitiing sanowire
LED structure is described with reference o FIGs, 6a-h. In this implementation, pads for
conmecting to the n-side and p-side are agam formed i n-pad areas and p-pad areas,
respectively, adjacent to the nanowires forming the nanowire LED. However, the invention s
not Himited 1o this. The same elements that were desenibed above will not be described agan

below for brevity,

Fig. 6a shows the structure which i1s simular to Fig. 4a. As in the previously described
with respect to Fig 4a, a photoresist fayer or pattern 10b with two thicknesses completely
covers hanowires i the nov-active area 13 and partially encloses the nanowires in the LED
area 14, leaving the top nanowire portions exposed. The n-pad area 11 and the p-pad ares 15

are open and not covered by the photoresist pattern 10h,

Referring to FIG. 6b, i a next step, the protective laver 9 on the exposed top portion of
the nanowires in the LED aven 141 selectively removed. Then, a p-electrode layer 16¢, a
curvent spreading laver 16d and one or more reflector lavers 16e are deposited over the entire
device by for instance spuliering or evaporation. Oune or more of these lavers niay be omitted
{e.g., the reflector laver 16d may be onntted 1 a separate mivvor will be used), as long as at

least one conductive layer is formed.

Referring to FIG. 6¢, 1n a next step the photoresist 10b is removed to 1t off lavers 16c,
16d and 16e, and is optionally followed by a heat trestment to tune the properties of the
Javers. This feaves layers 16¢-16em areas 11, 14 and 15, An aw bridge 15 formed in area 14
with empty spaces 18 described above.  This separates layver 16¢-¢ into p-electrode 22 and n-

glectrodes 23, as shown in FIG. 6d.

Referring 1o FIG. 6d, in next step, the residues of the protective layer 9, on the non-

active area 13 is removed if desired.
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Refermng to FIG. 6g, n a next siep solder ball bumyps (SBB) {e.z., p-bump 213 and n-
bump 21b) are attached 1o the p-pad 15 and n-pad 11 aveas, respectively. In the p-pad area
15, the p~electrode 22 is isolated from the n-buffer layer 7 by the masking layer 6. The p-
glectrode 22 provides electrical coutact between the p-bump 2 1a and the p-shells 3 in area 14.
The n-electrode 23 provides contact betwesn n-binp 21b and the n-buffer layer 7 and n-
cores 2. Thus, the baffer layer is accessed by the n-electrode / n-bump and the shells are
accessed by the p-electrode / p-bump to provide an external electrical comaection to the
LEDs.

Referring (o FIG. 61, i a next step the chip, t.e, the LED structure, is flipped over and
dipped 1n a conductive adhesive 23 which remains on the bamps 218, 21b. In additon to
providing electrical conductivity, the conductive adhesive may improve the heat dissipation

properties.

Referring to FIG. 6g, i a next step the chip is mounted on a carrier 24 pre-processed
with p-and n-electrodes 25 and 26. Althoagh desonbed in terms of a SBB arrangement it 1s
appreciated by a person skilled m the art that theve are other contact alternatives, such as lead

wire or fead frame connections,

Refarring to FIG. 6h, in a next siep, the space between the chip and the carrier is
anderfilled, for example by an epoxy material 27. The underfill provides structral rigidiy

and may also contnbute to improved heat dissipation.

Referring 1o FIG. 61, in a next step the Si sabstrate 315 removed completely or partially
by for example wet or dry etching to form an opening 2% exposing the buffer layer 7. If
desired, the bafler laver 7 may also be remeoved through opening 28 1o expose the nanowire }

bases.

FIG. 7 shows a nanowite structure obtained by this implementation of the method with a
solder bump arranged on the panowires. The p- and n~-electrodes are accessed via the carrer
wafer using a p-contact 29 and an n-comtact 30, This forms a bottom emittng LED device

which emits light from LED areas 14 through the buffer layer 7.

As mentioned above, nanowires may comprise heterostractures of compositionally
different materials, conductivity tvpe and/or doping such as the above exemplified radial
heterostructures formung the pn or pin junction, In addition, axial heterostructores within the

e
5
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nanowire core may also be formed. These axial heterostructures can form pr- or p-i-n-

juwsetions that can be used for light generation it g nanowive LED. FIG. § schematically

itlustrates a plurality of nanowires with axial pa-junctions (e.g., the p-portion 3 located above
the n-portion 2 in the axial direction) contacted on the p-side 3 with a bridue electrode 8

arrangement.

Although the present invention is described in terms of contacting of nanowire LEDs, it
should be appreciated that other nanowire based semiconductor devices, such as field-effect
transistors, diodes and, in particular, devices involving light absorption or light generation,
such as, photodetectors, solar cells, lasers, etc., can be contacted in the same way, and in

particular the bridge arrangement can be implemented on any nanowire struciures.

All references to top, bottom, base, lateral, efe are mtroduced for the easy ofunderstanding
only, and should not be considered as hnmting fo specific ontentation. Furthermore, the

dimensions of the structures i the drawings are not necessarily to scale.

In a firther aspect of the invention, processes are provided for contacting arrays of
manostructures as described above, Such processes and the resuiting devices will be described
below with reference to Figs. 9-16. The methods described render the LED devices bottom

emitling.

In general the contacting entails providing reflective mueans, such as a mirror, ai or neay Le.
adjacent the top portions of sach wdividual lighi emiting nanoelement so as (o direct the

emitied light backwards through the buffer layer of the device.

Thus, m Fig. 9 there is shown a first embodiment in which the p-contact 90, provided as
described above, Is transparent and suitably made of a conductive oxide, such as indium tin
axide (ITO}. As can be seen, this p-contact layer will exhibit some topology. In some
ambodiments, tis topology may be planarized when providing a mirror 92, This can be done by
applving, for example, a transparent glass layer 91 {e.g., spi-on glass, SOG) by a spinmng

techmique fo a thickness such that a planatization can be performed without causing damage.

The glass laver may be planarized by suitable methods such as polishing, reflow andior

etching.
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In order to make contact from the outside o the p-comiact, a hole 93 is provided in the glass
laver. This hole may be made by etchung, such ag dry etching, the glass fayer 91 using a

photoresist mask.

When a sufficient degree of planarity has been achieved, a reflective matenial 92, such as
Ag, 1s deposited on the glass laver 91, In principle, any other reflective conductive material
would be asable. Methods of deposition can be selected from sputiering, metal evaporation,
electroplating and electroless plating. Suitably, the reflective laver may be provided in a
thickness of about 500 - 1000 nm. As can be seen, the Ag layer 92 will be deposuted alse in the

hole 93 in the glass laver and thus establish an electrical contact.

For bonding to a carrier substrate, 3 eatectic bonding method may ba used. For example, 8
bonding mediom such as a AuSn layver 95 can be used. However, a diffasion barrier Y6 may first
be suitably provided on the reflective fayer 92, The diffusion barrier may be in the fonn of a

layer of a sutiable metal selected from e Ti, Ni, Pd, eic.

Eutectic bonding is well known 1o the skilled man per se and will not be described in detail.
it 13 sufficient to mention that the bonding material may be provided on either the camer 1A
shown in Fig. 10 or on the LED device surface. The carrier and the LED device are brought in

contact under slight pressare and optionally heating,

In an alternative embodiment, a plated bonding laver 25 may be used mstead of the
eutectic bonding laver 93, The plated bonding laver 95 may comprise any suitable metal
laver, sach as a copper or copper alloy layer that is plated by electroplating or electroless
plating on the diffusion barrier 96, After plating, laver 95 is prelerably pohished to planasize
iis surface and then fusion bonded to the carrier 100A. Preferably, the carrier 100A contains
fuston bouding fayver 103 of a similar material o the plated bonding laver 95, suchas a
copper or copper alloy layer, oun its upper {i.e., bonding) surface. The plated bonding layer 95
15 fusion bonded to the fusion bonding layer 103 to fusion bond the LED device to the carrier

106A, as shown in Figare 10,

When boading s finished, the origmal subsirate (s.2., suabstrate 3 in Fig. 2} 18 removed 50 a3
to expose the buffer layer 7 (e.g. AlGaN fayer 7 in Fig. 2) which will form the emiiting surface

of the LED device. The surface of the buffer layver is optionally etched in order to remove AIN
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{which may be part of the buffer laver) so as to allow contact to GaN and/or roughened ©

increase hieht outcoupling.

Finally, an n-contact laver 94, sustably made of T/ Al or other suitable metal matenal{s), is
deposited on selected arens of the buffer layer 7 to provide a base for wire bonding. The entire
assembly thus produced is now “{lip-chipped™ to a mount structure 100A using a conductive
material 103 and the eatectic bonding layer 95 (or the plated bonding laver 95 and the fusion
bonding layer 103}, as shown in Fig. 10, & protective “bulbh™ 101 suitably made of sthicone or
stmnilar material roay be provided over the entire structure. A conductive wire 102 may

electrically congect the comtact faver with a second part of the mount structure 1B,

Turnmg now (o Figs. 1 and 12 3 Guther smbodiment s desertbed. Here, mstead of
providing the p-contact 9 as a “bridged” conlact, the p-contact 90 covers the entire hght

emitting nano element, 1. the material extends all the way down to the insulation 6 (mask layer)

between the nano elements and along the sides of the nane elements 1. This s referred o as a

“senn-conformal” contact which inclades the continuous contact faver 50 contaming openings
through which the nano elements | protrude. As can be seen in Fig. 11, not all nano elements 1

are coated with this semi-conformal contact laver 90,

To form the contact layer 90 over a first set but not a second set of the nane elements 1. a
mask (e.g., photoresist} may be formed over the second set of the nano elements and the contact
laver is deposited over the exposed first set of nano elements and over the mask. The mask s
then lified off to remove the contact layer 90 from over the second set of nano elements 1 while
leaviny the contact laver 90 over and between the first set of pano elements.  Alternatively, the
contact faver 90 may be deposited over the entire device and then patiemed through
photolithography and etching {e.g., by forming a photoresist mask on the layer 90 over the first
set of nano elements and etching away the portion of layer 90 over the second set of name

elements). The comtact laver %0 may be deposited by any suitable method, such as sputtering,

When this semi-copformal p-contact has been deposited, an electrically insalating material
97, such as silicon oxide, ele., 18 deposited so as to il the spaces over the contact fayer 97
located between the nano elements 1. However, this material is only deposited up to a portion of
the height of the nano elaments 1 o expose the upper portion of the contact layer 90 locatad on
fop of some of the nano elements w the hole 93 i the spin on glass laver 91 {o allow the mirror

layer 92 to electrically contact the contact layer 90, as can be seen in Frgure 11 and 12,
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Therealier the process 15 the same as in the embodiment described with reference to Figs. 2 and

16, and wilf not be repeated here.

A sull further variant of the device descenibed above 15 disclosed in Fags. 13 and 14, Here,
the p-contact 94 is deposited so as 1o cover the surface between the nano elements and also the
5 cureamference of individual nano elemments up fo a certain height, but not more than about 90 %
of the height. Preferably abouot 30-90%;_ sach as aboot 88 % of the nano element height is
coated. The contact includes the contipuons contact fayver 90 containing openings through
which the nano elements | protrade. 1o this enbodiment, the hole 93 through the insulating
laver 97 and the spin on glass layer 91 extends down to the lower part of the contact laver 90
10 {e.g., the horzontal portion of the layer 90 on the mask layer 6 between the nano elements 1) to
allow the mirror tayer 92 to electrically contact the contact faver 90, Agan, in this embodiment
the same procedure is used as describe with reference 1o Figs. 9 and 10 to {inish the device, and

will not be repeated here.

In another embodiment, the p-contact layer and the mirvor laver are combined or mtegrated
15 o asingle laver 92, as shown in Figs. 15 and 16. The nurror laver 92 may be bridged between
the nano elements. For example, the reflective mirror {gyer 92 may be located on the insulating
maderial 97 located between the nano elements and in contact with the top portions of some of
the nano elements 1 exposed in the insulating material 92 such that the purror laver acts as a p~
iyvpe contact to the nano elements. In this embodiment, the spin on glass laver 21 and the hole
20 may be onutled. The integrated murror / p-contact laver 92 may be formed by the procedures
described with reference to Figs 4a-f. Thug, after the reflective p-contact faver 92 13 formed, a
diffusion barrier 96 is provided over the reflective contact laver 92 to enable the subsequent
enttectic bonding using bonding laver 9§ formed over the barrier 96 without contansnation of the
reflective p-contact 92. The resulting assembly is then “flip-chipped™ to a mount structure, by

25 the eotectic bonding as described above and as shown in Fig. 16,

It shoudd be noted that nano elements or nanostructures 1 different from the ones
iHustrated in Fig. 1-8 may be used in the embodiments of Figs. 9-16. Figs. 17-20 dlostrate
several alternative embodiments of the nano elements or nanostructures 1 useable n the
embodiments of Figs. 9-16. Specifically, Figs. 17-20 Hlustrate a nano element { having the

30 same general constitution as the ones disclosed in Figs. 1 and 2, Le., the nano element 1 has
an n-type nanowire core 2 and optionally a p-type shell 3 at least partly enclosing the nanowire

core 2 and an intermediate active laver 4. The nano element 15 provided on a substrate S
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In all Figs. 17-20, any of the layers provided on the base structure can be highly
reflective or highly transpavent. However, if all lavers shown in Figs. 17-20 are transparent,
then a further reflective fayer is required on top. so as to provide a hottom emitting device,
Farthermuore, there 13 also shown m broken lines how adiacent nano elements are provided in

a contiguous refationship.

Fig. 17 iflustrates a p~contact layer 170 on the nano element 1. This layer is sutably
made from metal, TCO or conductive polymer and covers the sidewalls of the nuno element
and opticually on the sabstrate surface {e.g., on the mask layer 6 over the buffer layer 7 on
the subsirate 3) andfor on the tips of the nano elements in addition 1o the sidewalls of the
nano elements. This layer constitutes the pr~contact laver for the nano structure. The material

forming this taver could be highly reflective or highly transparent.

There may also be provided another conduetive layer 172, such as metal, TCO or
conductive polyimer covering (only) the surface of the subsirate 5, 1e. the conductive layer
172 does not extend up onto the side walls of the nano elements. Rather, the conductive layer
172 forms a conductive connection betwesn adjacent nano elements, and is thus intended 1o
increase current conduction capacity. The matenial for thus layer 172 should be chosen to give

high heat dissipation properties. The material could be highly reflective or highly transparent.

Finally, the napo element may be provided with an electnically msulating passivating
layer 174 (mumbered 97 iy Fig. 9) such as polymer, oxide, nitride or similar insulating
nwaterigls, o decrease leakage, influence from ambient and also to modify hght exiraction
properties. The material for the passivating laver should be chosen to give high heat

dissipation properties, and could be highly reflective ov highly transparent.

The entbodiment astrated in Fig. 18 has the same general constitution as the
embodiment i Fig. 17, However, hiere the structure ¥s covered with a further conductive
laver 176 such as metal, TCO or conductive polymer. This layer 176 covers the nano
element tips and extends further in the lateral direction so as (o create a bridge 178 between
adjacent nano elements (for iflustration purposes, a neighboring element is shown i broken
lines only). The purpose of thus layer 176 is 1o increase corrent conduction capacity, as does
the laver 172 in Fig. 17. in a preferred embodiment, this laver 176 forms the actual p-
alecirode layer for the siruclure. Preferably, this layer is refiective 3o as 10 render the device
botiom emitiing 1 operation. In such case, the p~contact laver 170 is optional. The material
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for the further conductive laver 176 should be chosen o give high heat dissipation propertiss,
and could be highly reflective or highly transparent. In this embodiment the passivating laver
174 does not exiend over the entire structure as in Fig. 17, but extends just partway along the
sidewalls from the bottom and upwards {(e.g., along 50-905% of the nano element height from
the boitom of the nano element}. By virtue of this, it forms a support for the bridged slectrode

layer 176,

Fig. 19 shows yet another embodiment with a similar base structure. However, in this
embodiment, the p-contact layer 170 extends only on the vertical sidewalls of the nano
element. A further, thicker conductive laver 180 1s provided on the p-contact layer 170, This
layer 180 1s suitably made from a material such as metal, TCO or conductive polvmer. The
layer 180 covers the sidewalls and optionally on the substrate surface {e.g., on the mask laver
6 over the buffer {aver 7 on the substrate 3 and/or on the lips of the nano elements, and is
iended to merease curreni conduciion capacity of the device. The material for this laver is
chosen so as to give high heat dissipation properties, and i can be highly reflective or highly

transparent.

The entire structure shown in Fig. 19 (sinular 1o that shown in Figs. 17 and 1R} is
covered wiith a passivating laver 174 such as polvimer, oxide, nitride or simlar to decrease
leakage, mfluence from ambient and also to modify hght extraction properties. The material
for the passtvating layer should be chosen to give high heat dissipation properties, and can be
highly reflective or highly transpareni. The passivating laver 174 can cover the top and sides
of the conductive layer 180, sach that the electrical contact to laver 180 is made through 8

bole in layer 174

In Fig. 20, a structure 18 shown that differs [rom the structuve lustiated w Fig. 17 in that
there is provided a conductive fayer 182 that extends over the entire stracture, 1.2, it covers
the subsirate surface (e.z., mask layer 6 surface) and nane element side walls and the tip of

the nano element {this configuration 1s referved 1o as a “turtle-neck™). The purpose here s
also 1o Increase current conduction capacity. The material is chosen to give high heat
dissipation properties, and can be highly reflective or highly transparent. In this embodiment,

fayer 170 is optional.

Agan, a passivating laver 174 is provided, such as polvmer, oxide, nitride or ssmilay 1o
decrease leakage, influence from ambient and also fo modify bght extraction properties. The
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passivating laver 174 can cover the top and sides of the conductive layer 182, such that the

electrical contact to layer 182 is made through a hole in layer 174

In particular, it should be emphagized that although the figures tHustrate erabodiments
having a pillar like geometry and are based on nano wire core, Le. “one dimensional” cores, it
should be undersicod that the coves can have other geomeiries such as pyranudatl shapes by
changing growth conditions. Alse, by changing growth conditions, the final nano element can

have a pyramidal shape, or any shape between a pillar hike and a pyvramid shape.

While the invenuon has been desentbed 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
i be limated (o the disclosed embodiments, on the contrary, 1113 imntended to cover various

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

£, Anoplo-electric structure, comprising:

- a phaality of nano elements arranged side by side on a support layer, wherein each pano
5 element comprises at least a first conductivity type semiconducior mano sized cove,

wherein the core and a second conduetivity type semiconductor form a po or pin

junction;

~ & first electrode layer that extends over the plarality of nano elements and is 1w electrical

contact with at {east a portion of the second conductivity type semiconductor; and

10 - & mivror provided on a second conductivity type semiconductor side of the structure.

k2

The stracture of claim |, wherein the mirror 1s provided as g reflective matenial laver on
the first electrode laver.

3.  The structare of claim 2, further comprising a second electrode laver whuch electrically
i5 connects to the nano sized cores.

4, The structure of claim 3, wherein the support layer comprises a n-type semiconducior
buffer layer on a substraie, which buffer laver serves as n-contact, and the second

electrode layver congacts the buffer layer.

5. The structure of claim 1. wherein the first electrode layer s reflective and compnises the
20 MHTOT

6. The structure of clamm 2, wherein the first elecirode layer iy transparent.

7. The structare of claim 2, wherein the thickness of the first electrode layer is 150nm -

S00RM.

e

The structore of claim 3, further comprising a diffusion barrier layer over the mirror,

25 9. The structure of claim 8, further comprising 3 eutectic bonding laver or & plated bonding

laver over the diffusion barrier layer.

10, The structure of clamm 9, further comprising a transparent insulating laver over the fwst
electrode, wherein the transparent insulating laver providing a planar surface for the
mirror and the mirror electnically contacting the first electrode layer through an opening

30 i the fransparent insulating layer.
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16,

The structwre of clamm 10, wherein the structure is flip-chip bonded onto contact
slectrodes on a carrier using the entectic bonding layer oy the plated bonding laver, and
wherein a first portion of the carrier 1s electrically connected to the first electrode laver by
the eutectic or the plated bonding {ayer, the diffusion barrier layer and the mirror, and a

second portion of the carrier 15 connected {0 the second electrode laver by a wire.

The stroctare of clam 2, wherein the second conductivity type sentconductor comprises a
sennconductor shell which 1s part of the nano element, and each nano element comprises
a nanostructre contamning the core, the shell and an active region between the core and

the shell.

The structure of clamm 2, wherein: the second conductivity type seniconductor comprises
a bulk semiconductor element that is not part of the nano element; the core comprises a
semiconductor nanowire of the {irst conductivity tvpe or the samiconductor nanowire of
the first conductivity tvpe and at least one semiconducior shell of the first conductivity
type; and each nano element comprises & panostruciure contatning the core, and an active

region between the core and the bulk semiconductor element.

A method of manufacturimg an opto-electronic siruglure, Comprising:

- providing a support layer;

~ providing a plurahity of nano elements artanged side by side on the support layer,
wherein each nano element comprises at least a first conductivity type senmconductor
nano sized core, wheremn the core and a second conductivity tvpe semiconductor fornm a
i o1 pin junetion

~ providing a first electrode layer that extends over the plorality of nano elements and s in
electrical contact with at least a portion of the second condactivity type semiconductor:
and

- providing a mirror on a second conductivity type semiconductor side of the structure.

The mathod of claim 14, wherein the first conductivity tvpe comprises n-type, the second
conductivity type comprises p-type and the first electrode laver comprises a p-electrode

layer.

The method of claim 15, further comprising depostting a second n-electrode layer which

electrically connects {o the n-type cores.

26
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22,

The method of claim 16, wherein the support layer comprise an n-tyvpe semicondugtor
buffer layer on a substrate, which baffer layer serves as n-contact and the n-electrode

fayer contacts the buffer laver.

The method of claim 16, wheremn the second conductivity type semiconducior comprises a
semiconductor sheil which ix part of the nano element, and each nano element comprises
8 nanostructure containing the core, the shell and an active region between the core and

e

the shell.

The methed of claim 16, wherein: the second conductivity type semiconductor comprises
a bulk senuconductor element that is not part of the nane element; the core comprises a
semiconducior nanowire of the fisst conductivity type or the semiconductor nanowire of
the first conductivity type and at least one semiconductor shell of the first conductivity
type: and each nano element comprises a nanostruciure contaming the core, and an active

region between the core and the bulk semiconductor element.

The method of claim 16, wherein the first electrode layer is reflective and comprises the
nurror, such that the steps of providing the first electrode and providing the mirror ocour
m the same step.

The method of claim 16, wherein the first electrode laver is fransparent and the muror
comprises a reflective conductive layver deposited in elecinical contact the first electrode

fayer.

The method as clammed in claim 21, further comprising depostting a transparent nsulating

laver over the first electrode laver, planarizing the transparent insulating laver and
forming an opening in the ransparent insulating laver, wherain the reflective conductive
layer is deposited on the transparent insulating layer and in the opemng to be in electrical

comact the first elecirode laver.

The method of claim 22, wherein the transparent msulating layer comprises a spin-on

rlass.

The method of claim 22, further comprising depositing a diffusion barrier layer over the
mirror and depositing a entectic bonding laver or a plated bonding layer over the diffusion

barrier fayer.
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25, The method of claim 24, further comprising {lip-chip bouding the structare onte contact
slectrodes on a carrier using the ewtectic or the plated bonding layer using ewtectic or
fusion honding,

26. The method of claim 25, wherem a first portion of the carrier is electrically connected to

5 the first electrode tayer by the eutectic or the plated bonding layer, the diffusion barrier
laver and the purror, and a second portion of the carmner is connected to the second
electrode layer by a wire,

27. The method of claim 17, wherein the substrate is removed by etching, grinding or

polishing.

10 28 The method of clamm 27, wheremn the buffer laver 1s roughened or eiched {0 mncrease

extraction of light.
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