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(57) ABSTRACT

Semiconductor nanowire arrays are used to replace the con-
ventional planar layered construction for fabrication of LEDs
and laser diodes. The nanowire arrays are formed from I1I-V
or II-VI compound semiconductors on a conducting sub-
strate. For fabrication of the device, an electrode layer is
deposited on the substrate, a core material of one of a p-type
and n-type compound semiconductor material is formed on
top of the electrode as a planar base with a plurality of nanow-
ires extending substantially vertically therefrom. A shell
material of the other of the p-type and n-type compound
semiconductor material is formed over an outer surface of the
core material so that a p-n junction is formed across the planar
base and over each of the plurality of nanowires. An electrode
coating is formed an outer surface of the shell material for
providing electrical contact to a current source. Heterostruc-
tures and superlattices grown along the lengths of the nanow-
ires allow the confinement of photons in the quantum well to
enhance the efficiency and as well as color tuning.
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NANOWIRE ARRAY-BASED LIGHT
EMITTING DIODES AND LASERS

RELATED APPLICATIONS

[0001] This application claims the priority of U.S. Provi-
sional Application No. 60/870,559 filed Dec. 18, 2006, the
disclosure of which is incorporated herein by reference in its
entirety.

GOVERNMENT RIGHTS

[0002] Pursuantto 35 U.S.C. §202(c), itis hereby acknowl-
edged that the U.S. government has certain rights in the
invention described herein, which invention was made in part
with funds from the Office of Naval Research (ONR), Grant
No. 14-05-1-0149, and National Science Foundation, Grant
No. ECS-0506902.

BACKGROUND OF THE INVENTION

[0003] Increasing environmental awareness relating to glo-
bal climate change and the desire to reduce dependence on
imported fuel sources have helped drive efforts to develop
technologies that enable more efficient usage of electrical
energy. In the United States, the amount of electricity con-
sumed for lighting is significant, accounting for around
18-20% of'the total energy usage in buildings. While the push
to adopt compact fluorescent lighting (CFL) has achieved
some progress toward the goals of energy efficiency, there are
several drawbacks to the CFL bulbs, which include slow
starting, inability to dim, limited directionality, and their use
of small amounts of mercury, which in some states requires
discarded bulbs to be treated as hazardous waste.

[0004] The U.S. Congtress passed the Energy Policy Act of
2005 directing the U.S. Department of Energy to carry out a
“next generation lighting initiative” to promote the develop-
ment of high-efficiency advanced solid state lighting tech-
nologies that could replace conventional lighting sources,
including incandescent, halogen, fluorescent and gas-dis-
charge lighting. Solid state lighting technologies include light
emitting diodes (LEDs) and lasers. To be accepted as replace-
ments for conventional lighting applications, it is essential
that the solid state lighting devices emit light that falls within
the standard range of “white light”, e.g., warm, neutral and
cool-white with typical Correlated Color Temperatures
(CCTs) that range from 2670K to 3500K for warm-white,
3500K to 4500K for neutral-white, and 4500K to 10000K for
cool-white. While LEDs have long been used as indicator
lights, typically colored, in a wide variety of industrial, com-
mercial and consumer electronic devices, it was not until
relatively recently that the technology had advanced to the
point that white light emitting LEDs were capable of gener-
ating sufficiently intense light to be used in traffic lights,
outdoor lighting, particularly solar lighting, vehicle tail lights
and flashlights, among other applications. These newer gen-
eration LEDs have been received with much enthusiasm. For
example, beginning in model year 2007, nearly every new car
on the market incorporated LED tail lights.

[0005] It is estimated that white light emitting diodes
(LEDs) are four times more efficient than incandescent and
halogen sources and 30% more efficient that linear fluores-
cent sources. LED lighting has many advantages, including
ultra long source life, low power consumption, low mainte-
nance, no UV or IR radiation, cool beam of light, digitally
controllable and sustainability.
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[0006] A wvariety of white LEDs are currently available
commercially, however they cannot yet compete with tradi-
tional light sources on the basis of performance or cost. True
energy efficiency means using the most efficient light source
or system that is capable of providing the amount and quality
of light needed. Ongoing research and development efforts
are directed to improving the performance of white LEDs to
levels suitable for general lighting applications.

[0007] Most LEDs are formed by growing epitaxial layers,
including p-type and n-type layers, on a growth substrate. A
light-emitting active layer is sandwiched between the n- and
p-layers. Green, blue, and ultraviolet LEDs are typically gal-
lium-nitride based, where the growth substrate may be either
sapphire, SiC, silicon, SiC-on-insulator (SiCOI), or other
engineered substrate. Infrared, red, and amber LEDs are typi-
cally some combination of AllnGaPAs and grown on a GaAs
or InP substrate. White LEDs have primarily been formed
from aluminum or indium gallium nitride (Al/InGaN) on
substrates of silicon carbide (SiC) or gallium nitride (GaN),
however, zinc oxide has been the object of research for use in
white LEDs. Most reported work to date on white LEDs has
utilized thin film planar technology, although many research-
ers in the field are directing their attention to nanostructures
such as nanowires, nanorods, nanofibers, etc. to exploit the
greatly increased carrier injection surface areas that these
structures provide.

[0008] Zinc oxide (ZnO)is a wide direct bandgap semicon-
ductor (E,=3.4 V) that displays unique features that make it
particularly attractive for use in solid state lighting and other
applications. Some of these features include that it has large
exciton binding energy E,=60 meV), suggesting that ZnO-
based lasers should have efficient optical emission and detec-
tion, large piezoelectric, and ferromagnetic coefficients with
apredicted Curie temperature above room temperature when
doped with transition metals. The cost and ease of manufac-
ture of ZnO is attractive when compared against other com-
mon semiconductor materials. It has excellent radiation resis-
tance (2 MeV at 1.2x10"7 electrons/cm?), which is desirable
for radiation hardened electronics. Zinc oxide has high ther-
mal conductivity (0.54 W/cm*K). It has strong two-photon
absorption with high damage thresholds, which is important
for use in optical power limiting devices. Additional features
of ZnO are detailed in U.S. Patent Publication No. 2005/
0285119 A1 of Burgener, II et al., which is incorporated
herein by reference.

[0009] The availability of a rich genre of nanostructures
make ZnO an ideal material for nanoscale optoelectronics,
electronics, and biotechnology. Functional devices such as
vertical nanowire (NW) FETs, piezoelectric nano-generators,
optically pumped nano-lasers, and biosensors have already
been demonstrated. However, similar to other wide bandgap
semiconductors, such as GaN, unintentionally doped ZnO is
intrinsically n-type and obtaining p-type doping has proven
extremely challenging. Although p-type conduction in ZnO
thin film has been reported (see, e.g., D. F. Look et al., “The
Future of ZnO Light Emitters”, Phys. Stat. Sol., 2004, incor-
porated herein by reference, which summarizes data on
p-type ZnO samples reported in the literature), it still remains
elusive, and no p-type ZnO NWs have been reported as yet.
Complementary doping (both n-type and p-type doping) is
essential for functional device applications and the lack of
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p-type ZnO NWs is currently a major factor precluding the
realization of a wide range of functional nanodevices based
on ZnO.

BRIEF SUMMARY OF THE INVENTION

[0010] In one aspect of the invention, semiconductor
nanowire arrays are used to replace the conventional planar
layered construction for fabrication of LEDs and laser diodes.
In an exemplary embodiment, nanowire arrays are formed
from III-V or I1-VI compound semiconductors on a conduct-
ing substrate using known nanowire growth techniques,
including deposition, epitaxy solution syntheses, and tem-
plate-assisted electrochemical syntheses. The nanowires can
be formed as an n-core/p-shell or p-core/n-shell to create p-n
junctions in each nanowire. Alternatively, axial heterostruc-
ture nanowires (superlattices) can be formed along the length
of the nanowire during growth or by nanoimprinting or
lithography and etching from a layered structure. Nanowires
can also be created by combining core/shell (radial) and axial
heterostructure formation techniques.

[0011] In an exemplary embodiment, a solid state lighting
device is formed from a conductive substrate, an electrode
layer deposited on the substrate, a core material comprising
one of a p-type and n-type compound semiconductor material
formed on top of the electrode as a planar base with a plurality
of nanowires extending substantially vertically therefrom, a
shell material comprising the other of the p-type and n-type
compound semiconductor material formed over an outer sur-
face of the core material so that a p-n junction is formed across
the planar base and over each of the plurality of nanowires,
and an electrode coating formed an outer surface of the shell
material for providing electrical contact to a current source.
[0012] Rare earth light emitting centers can be introduced
during formation of the nanowires to tune the emitted wave-
length from UV to IR. A transparent electrode such as indium
tin oxide (ITO) is thinly coated onto the shell material.
[0013] Nanowires form natural Fabry-Perot cavities so that
amplified spontaneous emission (ASE) can be achieved. In
one embodiment, superlattices are used to define distributed
Bragg reflector (DBR) structures in nanowires to reduce the
lasing threshold. Growth of axial heterostructure nanowires
(superlattices) along the length of the nanowire and the
nanowire arrays allow high efficiency, low threshold injection
lasers. The nanowire array lasers can also be fabricated by
lithographically etching down from a layer structure, such as
avertical-cavity surface-emitting laser (VCSEL), into nanos-
cale wire arrays.

[0014] In a preferred embodiment, ZnO nanowires and
core/shell nanowire arrays are used to manufacture LEDs and
laser diodes. Nanowires formed from ZnO doped with phos-
phors or un-doped, or ZnO alloys, including MgZnO,
ZnBeO, ZnCdO, can be used as active building blocks for
light emitting diodes, providing for low cost manufacturing
of LEDs.

[0015] Compared to planar thin film LEDs, nanowires have
a large surface area-to-volume ratio, which is proportional to
the diameter of the nanowire. The large total surface area
provides an enlarged carrier injection p/n junction area in
which the electrons and holes recombine and emit photons.
Heterostructures and superlattices grown along the lengths of
the nanowires, or formed radially across the nanowires, allow
the confinement of photons in the quantum well to enhance
the efficiency and as well as provide for color tuning
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[0016] The nanowire array geometry is typically perfectly
vertical, or within a small range of variations from vertical,
relative to the substrate. The small nanowire diameters mini-
mize or eliminate the total internal reflection that normally
occurs with existing planar thin film LEDs, further enhancing
light extraction efficiency.

[0017] Single crystal ZnO nanowire growth is not limited
by lattice matched substrates, and therefore can grow virtu-
ally from any substrate, unlike their thin film counterparts.
GaN-based thin film LEDs require expensive substrates such
as SiC or sapphire, and there can still be large lattice mis-
match between the GaN and the substrate, such that defect-
free thin film is hard to achieve. These defects tend to limit
LED efficiency. ZnO thin film LEDs show promise because
of the availability of inexpensive lattice matched ZnO sub-
strate, and has the further advantage that no toxic precursors
are required. ZnO nanowires can be easily synthesized using
solution-based methods, which could further bring down the
cost of LEDs fabricated using ZnO nanowires.

[0018] One of the obstacles to fabrication of LEDs and
lasers using ZnO nanowires has been the formation of p-type
ZnO. In one aspect of the invention, p-type ZnO is grown
using a chemical vapor reactor furnace connected to a source
comprising a mixture of zinc oxide powder, graphite powder
and phosphorous pentaoxide power. A substrate is placed
within the furnace, downstream from the source. A mixture of
nitrogen and oxygen is injected into the furnace while the
substrate is subjected to an elevated temperature for a prede-
termined period of time until nanowires of a pre-determined
size are formed.

BRIEF DESCRIPTION OF THE DRAWINGS

[0019] FIG.1 is a diagrammatic perspective view, partially
cut away, of a nanowire array LED according to the present
invention.

[0020] FIGS. 2a and 26 are diagrammatic perspective
views of alternate embodiments of nanowire array LEDs with
uniform carrier injection.

[0021] FIG. 3 is a diagrammatic perspective view, partially
cut away, of nanowire heterostructures for a nanolaser with a
DBR structures from either nanowire growth or planar struc-
ture etching down.

[0022] FIGS. 4a and 45 are photomicrographs of structural
and morphological characterization of the ZnO:P nanowires,
where FIG. 4q is a low magnification SEM image of the well
oriented ZnO:P nanowire arrays. The scale bar is 2 pm. FIG.
454 is ahigh-magnification SEM image ofthe ZnO:P nanowire
arrays, showing that the nanowires have uniform diameters
(~55 nm) and very smooth surfaces. The scale bar is 200 nm.
[0023] FIGS. 5a-5¢ are plots of photoluminescence spectra
of'the as-grown ZnO nanowires. FIG. 5a shows temperature
dependence of the photoluminescence spectra of thermally
annealed ZnO:P nanowires, in the temperature range of 10
K-300 K. FIG. 56 shows temperature-dependent photolumi-
nescence spectra (10K-300K) of as-grown ZnO:P nanowires.
FIG. 5¢ shows temperature-dependent photoluminescence
spectra of n-type ZnO nanowires from 10K to 300K.

[0024] FIG. 6 shows the enlarged photoluminescence spec-
tra (at 10K) of n-type (labeled D,X), as-grown (FX), and
annealed (A, X) ZnO:P nanowires.

[0025] FIG. 7 is a plot of temperature dependence of the
transition energy of the AX (diamonds), DX (triangles), and
FX (dots) photoluminescence peaks. The FX points are
obtained from the photoluminescence data of annealed



US 2011/0163292 Al

ZnO:P nanowires. The blue line is the corresponding fitting
curve derived from the Varshni equation; the AX and DX
points are extracted from the photoluminescence data of the
n-type ZnO NWs, and of the as-grown ZnO:P NWs, respec-
tively.

[0026] FIGS. 8a-8d are plots of electrical characteristics of
ZnO nanowire FETs. FIG. 8a shows I, V5 plots of the
ZnO:P nanowire treated by RTA transistor at different back-
gate voltages. FIG. 8b shows I,V .. plot of the annealed
ZnO:P nanowire transistor at V,~15V. The inset is a SEM
image of the measured device. The scale bar is 500 nm. FIG.
8¢ shows 1K ¢ plots of the as-grown ZnO:P nanowire
transistor at the different back-gate voltages. The inset shows
the corresponding 1,V s plot at V,=6V. FIG. 8d shows
1,5~V psplots of the n-type ZnO nanowire transistor at difter-
ent back-gate voltages. The corresponding 1,,.-V 5 plot at
V=15V is displayed in the inset.

DETAILED DESCRIPTION OF THE INVENTION

[0027] According to the present invention, semiconductor
nanowire arrays are used to replace the conventional layer
design for fabrication of LEDs and laser diodes. In one
embodiment, core-shell nanowire arrays are formed on a
conducting substrate using known nanowire growth tech-
niques, including Chemical Vapor Deposition (CVD), Metal
Organic Chemical Vapor Deposition (MOCVD), Molecular
and Chemical Beam Epitaxy (CBE and MBE), solution syn-
theses, and template-assisted electrochemical syntheses. The
conducting substrates can be ITO (indium tin oxide), FTO
(fluorine-doped tin oxide), tin oxide, zinc oxide, degenerated
doped Si, metals, or other similar materials. Where the growth
technique is solution-based, the nanowires can also be formed
on a metal coated substrates that can later serve as an elec-
trode.

[0028] The nanowires can be formed from III-V or II-VI
compound semiconductors, such as AllnGa, ZnO, and alloys
thereof, such as Al,In Ga,, , ;P As, ,,, Al In Ga, . ,P,As
a-»:N (dilute nitride), AlIn Ga,_ N, ZnMgCdO, and
ZnBeCdO. The nanowires are formed as a n-core/p-shell or
p-core/n-shell to create p-n junctions in each nanowire. In a
preferred embodiment, ZnO nanowires and core/shell
nanowire arrays are uses to manufacture LEDs and laser
diodes. Nanowires formed from ZnO doped with phosphors
or un-doped, or ZnO alloys, including MgZnO, ZnBeO,
ZnCdO, can be used as active building blocks for light emit-
ting diodes, providing for low cost manufacturing of LEDs.
For ZnO nanowires, alloying with magnesium (Mg), beryl-
lium (Be) or cadmium (Cd) allows color tuning from UV to
visible. For nanowires synthesized from solution, rare earth
light emitting centers such as Er3+, Pr3+, Eu3+, etc. can be
introduced for color tuning for manufacture of UV to IR
LEDs. During solution synthesis, salts of the desired rare
earth elements, e.g., EuCl,, can be added to the reaction
solutions to be incorporated in the crystals.

[0029] FIG. 1 illustrates the general structure of an LED
fabricated from a nanowire array. A conducting substrate 2 is
patterned using either nanoimprinting (NIL) or lithography
(electron beam lithography or photolithography). Bottom
electrode 4 is formed on top of substrate 2. In the preferred
embodiment, electrode 4 is ITO, which is formed as a thin
film on the substrate 2 using conventional methods such as
thermal evaporation, spray pyrolisis, screen printing or sput-
tering. Core layer 6 is formed on top of electrode 4 by any of
the known methods for nanowire formation. In the exemplary
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embodiment, the core layer 6 is n-type ZnO which is formed
by a CVD process. The ZnO can be phosphorous doped or
undoped, since ZnO is intrinsically n-doped. Shell layer 8 is
deposited by a CVD/MOCVD or a solution process to form a
p-type ZnO layer over the n-type nanowires. Alternatively,
the core layer 6 is a p-type material and the shell layer 8 is
n-type. While growth of n-Zn0 is known in the art, creation of
p-Zn0O has been problematic. The details of a novel process
for forming p-ZnO are provided below.

[0030] After formation of the shell layer 8, a thin layer
transparent electrode 10, such as [TO, is coated over the shell
layer, including over a planar electrode section 12 that does
not have nanowires formed thereon. An upper electrode 14 is
deposited over the transparent electrode 10 on the planar
electrode section 12 by conventional deposition or thin film
techniques. A current source 16 can then be connected using
wire bonding or other appropriate methods that are known in
the art.

[0031] In another embodiment, additional deposition/
growth steps can be incorporated into the core/shell formation
process to define at least one intrinsic layer, quantum well, or
superlattice structure in a radial direction within each of the
plurality of nanowires to confine the carrier to enhance the
efficiency and/or to tune the emitting light color. To provide
one example, alternating thin shells of n- and p-type semi-
conductors can be formed on the outer surface of the shell/
core p-n junction, prior to forming the electrode coating, to
define an annular superlattice surrounding the shell/core
structure of each nanowire for enhancing efficiency or tuning
[0032] FIGS. 2a and 25 illustrate nanowire array LEDs that
have a planar electrode section that surrounds the array to
provide uniform current injection. In FIG. 2a, the planar
electrode section 22 is a square that frames the array, while
FIG. 2b shows an annular planar electrode section 24 encir-
cling the array. All other elements of the array are the same as
those shown in FIG. 1.

[0033] Nanowires form natural Fabry-Perot cavities,
allowing amplified spontaneous emission (ASE) to be
achieved. Growth of superlattices along the length of the
nanowire allow for the incorporation of distributed Bragg
reflector (DBR) structures to reduce the lasing threshold,
producing high efficiency, low threshold injection lasers. In
the embodiment illustrated in FIG. 3, an n-type InP core 30 is
formed with periodic introduction of a series of alternating
inputs of GalnAs and InGaAsP to create the DBR structures
32. Timing of the introduction of the DBR material sources
will depend on the desired emission characteristics of the
laser. After the core is grown to the desired length, a shell 34
of InGaAsP is formed over the core 30 to define the active
region. A p-type InP shell 36 is formed over the active region
34. Conductors (not shown) are then formed for application
of an input current. As an alternative to the superlattice
growth, such lasers can be fabricated by lithographically
etching a layered structure, such as a vertical-cavity surface-
emitting laser (VCSEL), to define an array of nanowires. In
one approach the layered structure for formation of the core
could be deposited in a planar structure, patterned and etched
to define the nanowire structures, then the active layer, shell
and conductive coatings can deposited to form the device as
illustrated in FIG. 3.

[0034] Compared to planar thin film LEDs, nanowires have
a large surface area-to-volume ratio, which is proportional to
the diameter of the nanowires. The large total surface area
provides an enlarged carrier injection p/n junction area in
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which the electrons and holes recombine and emit photons.
Heterostructures and superlattices can be grown along the
lengths of nanowires during formation, providing for the
confinement of photons in the quantum well for enhanced
efficiency and to enable color tuning.

[0035] The nanowire array geometry, which is typically
perfectly vertical or within a small range of vertical from the
substrate, and the small nanowire diameters minimize or
eliminate the total internal reflection that normally occurs
with existing planar thin film LEDs, further enhancing light
extraction efficiency.

[0036] Single crystal ZnO nanowire growth is not limited
by lattice matched substrates, and therefore can grow virtu-
ally from any substrate, unlike their thin film counterparts.
GaN-based thin film LEDs require expensive substrates such
as SiC or sapphire, and there can still be large lattice mis-
match between the GaN and the substrate, such that defect-
free thin film is hard to achieve. These defects limit the LED
efficiency. ZnO thin film LEDs show promise because of the
availability of inexpensive lattice matched ZnO substrate, and
has the further advantage that no toxic precursors are
required. ZnO nanowires can be easily synthesized using
different solution based methods, which would further bring
down the cost of LEDs made of ZnO nanowires.

[0037] The following discussion details a novel process for
incorporating a p-type dopant into zinc oxide nanowires and
nanowire arrays, which makes possible the complimentary
doping needed for forming p-n junctions for fabrication of
electronic devices.

[0038] According to the present invention, the synthesis of
high-quality p-type ZnO nanowires (NW5s) is achieved using
a chemical vapor deposition (CVD) method where phospho-
rus pentoxide (P,Os) is used as the dopant source. Single
crystal phosphorus doped ZnO (ZnO:P) NWs have growth
axis along the <001> direction and form vertical arrays on
a-plane sapphire over large areas (4 mmx6 mm). P-type dop-
ing was confirmed by photoluminescence measurements at
various temperatures and by studying the electrical transport
in single NWs field-eftect transistors (FETs). The room tem-
perature photoluminescence of annealed ZnO:P NWs reveals
a sharp band-edge emission at 3.35 eV, indicative of the high
crystal quality of the NWs. Comparisons of the low tempera-
ture photoluminescence of unintentionally doped ZnO
(n-type), as-grown ZnO:P, and annealed ZnO:P NWs show
clear differences related to the presence of intra-gap donor
and acceptor states. The electrical transport measurements of
ZnO:P NW FETs indicate a transition from n-type to p-type
conduction upon annealing at high temperature, in good
agreement with the photoluminescence results. The synthesis
of p-type ZnO N'Ws enables novel complementary ZnO NW
devices and circuits, UV-LEDs and electrically driven nano-
lasers, multiplexing biosensors, etc. and opens up enormous
opportunities for nanoscale electronics, optoelectronics, and
medicines.

[0039] The ZnO:P NWs are grown using a simple tube
furnace CVD method through vapor deposition with a mix-
ture of ZnO powder, graphite, and phosphorus pentoxide
(P,Oj) as source materials with O,/N, mixture as carrier gas.
FIG. 4a shows a representative field emission scanning elec-
tron microscopy (FE-SEM) image of vertical ZnO NW arrays
on a-plane sapphire. Vertical NW arrays covering large areas
of the substrate (4 mmx6 mm) have been reproducibly
accomplished. For a growth time of 30 minutes, the as-grown
ZnO:P NWs shows uniform diameters (between 50 and 60
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nm) and length (~2 pm), and morphologically smooth sur-
faces, which are significantly thinner and longer compared to
the unintentionally doped ZnO NWs grown under similar
condition (FIG. 456.) These ZnO:P NWs are slightly tapered at
the NW tips. Increasing the P,O5 weight percentage in the
source mixture, results in sharp tapering of the NWs.

[0040] Carbon has been used to reduce P,O; into P vapor
during the elemental phosphorus production according to the
following reaction:

P,05(5)+SC(5)=2P(g)+5CO(g) (€8]

Without wishing to be bound by a particular theory, it is
believed that carbon simultaneously reduces ZnO and P,O4
into Zn and P vapors, respectively, which, as clusters (P, or
Zn,P,), are carried to the sapphire substrate placed down-
stream. P,O will also be present because of its high vapor
pressure. Both Zn,P, and P,O; are possible dopants that can
be incorporated in ZnO NWs during the growth. The Zn—P
bond length (2.18 A) is significantly larger than that of the
Zn—Obond (1.93 A), so that P atoms introduce lattice strain
when they occupy the substitutional oxygen sites. P atoms
tend to sit in the Zn sites of the lattice and form donor-like
antisites, P,,. The P,,—O bonding has a smaller bonding
length (1.68 A) on the c-axis and similar bonding length (1.60
A) off the c-axis for the ionized P, donors. Therefore, P,
defects will also introduce strain to the ZnO lattice. The strain
relaxes along the radial direction of the one-dimensional
nanowires and the relaxation increases with decreasing diam-
eter. The smaller diameters of ZnO:P NWs with respect to the
unintentionally doped ZnO NWs and their tapered morphol-
ogy suggest uniform P incorporation into the ZnO NW bodies
rather than on the surface layers only.

[0041] High resolution transmission electron microscopy
(HR-TEM) images show atomically resolved Wurzite ZnO
single crystal after annealing. The growth axis is along the
<001> direction, which is confirmed by select-area electron
diffraction (SAED) analysis. The spacing between c-ZnO:P
planes is 5.035 A, which is significantly smaller than that in
intrinsic ZnO NWs (5.2 A) and in ZnO thin film (5.207 A),
indicating lattice compression due to the P doping and pos-
sibly the presence of P, defects. The ZnO:P NWs have a
perfectly smooth surface without any amorphous coating and
highly uniform diameter, which gradually reduces to about 5
nm at the tip with a tapering length of around 50 nm. X-ray
diffraction (XRD) analysis shows a strong, sharp peak from
the (002) plane and further confirms the high quality of single
crystal ZnO:P NWs with growth axis along the c-direction.
Energy dispersive X-ray microanalysis (EDX) has detected
only zinc and oxygen within the detection limits. X-ray Pho-
toelectron Spectroscopy (XPS) analysis shows that only ZnO
phase is obtained, indicating that the ZnO:P NWs do not
contain secondary phases or clusters and suggesting atomic
level incorporation of the dopant.

[0042] The photoluminescence study of ZnO:P NWs after
annealing in N, gas at 850° C. shows a strong emission at
3.352 eV with FWHM of 30 meV at room temperature (FIG.
5a), which is attributed to the band edge emission of ZnO
NWs. The broad, weak red emission centered at 1.8 eV indi-
cates the absence of oxygen vacancy levels that are respon-
sible for the typical green emission in ZnO thin film and
nanomaterials. The nature of the red emission from P-doped
ZnO has not been reported in the literature, which may be due
to the radiative recombination of ionized donors and accep-
tors. The weak red emission is significantly quenched at low
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temperature and completely disappears at 10 K (FIG. 5a),
further suggesting that it originates from the ionized dopants.
The peaks between 1.67 and 1.69 eV are believed to be the
second-order peaks of the excitonic emission.

[0043] Thestrong UV emissionis structured into fine bands
(FIG. 6) due to the free exciton (FX, 3.372 eV) and to two
neutral acceptor-bound-excitons (A°, X, 3.357 eV and A°, X,
3.353 eV), A%, X is the strongest peak with a FWHM of ~2
meV.

[0044] For comparison, temperature dependent photolumi-
nescence measurements were performed on the as-grown
ZnO:P NWs (before annealing) (FIG. 5b) and unintentionally
doped ZnO grown under similar conditions, but without P,O4
in the source materials and without O, input in the carrier gas
(FIG. 5¢). The room temperature photoluminescence of the
as-grown ZnO:P NWs shows a strong photoluminescence
emission at 3.35 eV with FWHM of 20 meV and a relatively
stronger red emission compared to that after annealing (FIG.
5a). Again, no green emission associated to V , was observed
in as-grown ZnO:P NWs. On the other hand, the room-tem-
perature photoluminescence spectra from ZnO:P NWs are
very different from those of the unintentionally n-doped ZnO
NWs, as shown in FIG. 5¢.

[0045] Low temperature photoluminescence reveals fine
excitonic emission from the ZnO NWs. The comparison
between the unintentionally doped, as-grown ZnO:P, and
annealed ZnO:P NWs unambiguously indicated the p-dop-
ing, as shown in FIG. 6. At 10K, this strong UV emission from
the annealed ZnO:P NWs is structured into fine bands due to
the free exciton peaks, FX, (3.372 eV) and FX (3.380 V),
and two neutral, acceptor-bound excitons, A%, X, (3.357 eV)
and A°, X, (3.353 eV), while the A°,X is the strongest peak
with a FWHM of 2.2 meV (line labeled A,X in FIG. 6). The
line labeled FX in FIG. 6 shows the now-temperature photo-
luminescence of the as-grown ZnO:P NWs, which shows free
exciton levels, FX , (3.352 eV) and FX (3.380 eV), and one
neutral donor-bound exciton level, DX (3.360 eV). FX, is
the strongest peak that has a FWHM of 4.8 meV. The ZnO:P
NWs are significantly different from the n-doped ZnO NWs,
which is shown by the line labeled DA in FIG. 3, has only
neutral donor-bound exciton peaks, D°, X, (3.357 eV), D°,
X, (3.361 eV), D°; X, (3.365 eV), and D°, X, (3.377 &V).
The D°,X is strongest and has a FWHM of 1.8 eV.

[0046] FIG.7 shows the temperature evolution of the intrin-
sic and extrinsic exciton peaks from 300 down to 10 K. The
temperature dependence of free exitons (FX (dots at the top of
the plot)) in annealed ZnO:P NWs, donor-bound-excitons
(DX (triangles at the center of the plot)) in unintentionally
doped ZnO NWs, and acceptor bound-excitons (AX (dia-
monds at the lower part of the plot)) in as-grown ZnO:P NWs.
The free exciton level was found to follow the Varshni for-
mula B (T) :Eg(O)—(xTz/ (T+p), where Eg(T) is the band gap
energy, T is temperature (K), and a and 0 are the temperature
coefficients that were found to be 1x10~* eV/K and 700 K,
respectively.

[0047] The clear transition from donor-bound exciton peak
to acceptor-bound exciton peaks from ZnO:P NWs after the
annealing process (FIG. 6) agrees well with the electrical
measurement of ZnO N'W back-gate field effect transistors
(FETs) at room temperature. FIG. 8a shows the output char-
acteristics at various back-gate voltages (V) and FIG. 85
shows the gate sweep characteristic at V=15V of a typical
ZnO:P NW with global p*-Si back-gate (FIG. 856 inset),
which clearly indicates p-type conduction. The threshold
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voltage is about V,;,=-5V, as obtained from a linear extrapo-
lation of the I, -V s curve in FIG. 85. The field-effect mobil-
ity of the p-type ZnO nanowires can be calculated from
Wer—g,./ (2 mee LV 1,/ In(2t/r)), where g, is the transconduc-
tance, € is the relative dielectric constant of the Si0, dielectric,
L is the device channel length and r is the NW radius. g,
=dI,¢/dV 4, was obtained from the I, -V ;¢ plot to be 0.1 uS
(neglecting the contact resistance), corresponding to an esti-
mated carrier mobility of pi,z~1.7 cm?/V-s, which is compa-
rable to the reported results for p-type ZnO films with phos-
phorus dopants. For a quasi-one-dimensional system, the
hole concentration p can be estimated as p=(V_/h)x(2 nee,/
In(2t/r)), where t is the thickness of the oxide layer and r is the
radius of the nanowire. The carrier concentration p is esti-
mated to be —2.2x107 cm™. It has been suggested that under
O, rich growth condition, the formation of [P,,-2V_,,] com-
plexes is more favorable than the formation of Zn vacancies,
V., whose € (1-/0) transition levels act as shallow acceptors
compared to P, acceptors, and are responsible for the excel-
lent conductance and high hole concentration of P-doped
Zn0. The existence of [P,,-V ;] complexes agrees well with
the red emission observed in the photo-luminescence studies.

[0048] For comparison, representative room temperature
output and transconductance characteristics of single
as-grown ZnO:P NW FET are shown in FIG. 8¢, which
clearly demonstrates n-type conductance. The estimated car-
rier (electron) concentration and mobility are 1.0x10% cm™
and 2.2 cm?/V's, respectively. According to the above photo-
luminescence study, no oxygen vacancies should be present
in ZnO:P NWs, therefore, the n-type transport behavior is
likely to arise from P, antisites, which are donor-like and
compensate P, substitutional dopants. On the other hand, the
n-type behavior of unintentionally doped ZnO NWs is clearly
related to oxygen vacancies, which is well known in the
literature and confirmed by the photoluminescence study
(FIG. 5¢) described herein. FI1G. 84 shows the transistor char-
acteristics of an n-type ZnO NW, from which was estimated a
field-effect mobility value of 5.9 cm*/V's and a carrier con-
centration of 3.7x10® cm™". Note that the n-type ZnO NW
device has a large on/off ratio of about 107, while the on/off
ratio of ZnO:P NWs devices with/without annealing is much
lower (10 and 8, respectively). The p-type conductance from
annealed ZnO:P NWs was found to be quite stable and per-
sists for storage in air for more than 2 months before showing
n-type behavior.

[0049] The foregoing discussion describes the first demon-
stration of high quality single crystal p-type ZnO NWs using
P as the dopant, with growth axis in the <001> crystallo-
graphic orientation by a simple CVD method. The nanowire
growth is reproducible and perfectly aligned vertical arrays
on a-sapphire substrate can be routinely achieved on fairly
large areas. The room temperature photoluminescence study
of'annealed ZnO:P NWs reveals very strong sharp band edge
emission at 3.35 eV, which is much stronger than that from
unintentionally doped ZnO NWs. At low temperature, clear
emission from donor-bound-exciton in unintentionally doped
ZnO NWs, from free- and donor-bound excitons in as-grown
ZnO:P NWs, and from free- and acceptor-bound-excitons in
annealed ZnO:P NWs were observed. No green photolumi-
nescence from both as-grown and annealed ZnO:P NWs
could be detected, indicating the absence of oxygen vacan-
cies. A broad red emission was observed in ZnO:P NWs,
although it was significantly quenched after thermal anneal-
ing. This red emission is effectively quenched at low tempera-
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ture in the annealed ZnO:P NWs. The red emission has been
attributed to radiative recombination between donor and
acceptor levels. The low temperature photoluminescence
studies agree closely with the transport studies; p-type con-
ductance was observed in the annealed ZnO:P N'Ws, while
both, as-grown ZnO:P NWs and unintentionally doped ZnO
NWs showed n-type behavior, although originating from dif-
ferent mechanisms.

[0050] In addition to opening up opportunities for nanos-
cale electronics, optoelectronics, and medicines, p-doping of
ZnO NWs could also allow achieving 1D Diluted Magnetic
Semiconductor (DMS) nanostructures with Curie tempera-
ture higher than room temperature in the research area of
carrier-mediated ferromagnetism. Indeed, ferromagnetism
has been theoretically predicted in 3d transition metal doped
p-type, but not n-type, ZnO.

[0051] The phosphorus doped ZnO NW vertical arrays
were grown on (100) sapphire (a-plane) substrate using a
simple tube furnace chemical vapor deposition (CVD) reac-
tor. The mixture of ZnO powder (99.999% from Cerac, Inc.,
Milwaukee, Wis.), graphite powder (mesh size of 200 from
Alfa Aesar, Ward Hill, Mass.) with a molar ratio of 1:1 ZnO/
C, and P,O, powder was used as the source. The source was
loaded into an Al,O, boat, which was set at the center of the
tube furnace (LINDBERG® /BLUE M®, Thermo Fisher Sci-
entific, Inc., Newington, N.H.). A-plane sapphire was cleaned
using standard wafer cleaning procedure and set to a fixed
distance (3.5 inch) downstream to the source boat. A mixture
of nitrogen and oxygen (3 sccm) with a total flow rate of 200
sccm was used as a carrier gas. The growth was performed at
945° C. for 30 min. The growth procedure for unintentionally
doped ZnO NWs was similar to that of ZnO:P NWs, but a
mixture of ZnO and graphite powder only (molar ratio 1:1)
and nitrogen only (200 sccm) were used as source and carrier
gas, respectively. The thermal annealing was attained in a
home-made rapid thermal annealing (RTA) system at 850° C.
for 1 minute with N, gas flow of 25 slm.

[0052] The unintentionally doped (n-type), as-grown and
annealed ZnO:P NWs were transferred to an n*-Si substrate
with a 600 nm thermally grown SiO, layer (Nova Semicon-
ductors, San Jose, Calif.). Ti/Au (20/160 nm) contact for
n-type and as-grown ZnO:P NWs and Ni/Au (100120 nm)
contact for annealed ZnO:P NWs were defined by photoli-
thography and consequently deposited using E-beam evapo-
rator. The devices were tested at room temperature using an
HP4155 parameter analyzer.

[0053] Room temperature and low temperature photolumi-
nescence spectra of ZnO NWs were obtained using an
inVia™ Raman microscope (Renishaw plc, Gloucestershire,
UK) with a He-Cd laser (325 nm) as the light source. The
samples were placed in a closed cycle refrigerator from Janis
Research Company, Inc. (Wilmington, Mass.) and cooled by
liquid helium. The system was pumped to a pressure of ~107°
Torr using a turbo-molecular pump. The laser beam was
focused by a microscope objective normal to the substrate
surface down to a spot size of around 1 pm in diameter. The
laser power was 20 mW. The emitted light was dispersed by a
2400 mm™" grating and detected by a 14" format CCD with
3.2 mmx2.4 mm slit size.

[0054] The nanowire array structures described herein, and
the novel process for forming p-type ZnO nanowires, provide
means for relatively easy, inexpensive and repeatable manu-
facture of solid state lighting devices that can be used for a

Jul. 7, 2011

wide range of applications for meeting the goals of highly
efficient, sustainable light sources.

[0055] The foregoing description of the disclosed embodi-
ments is provided to enable one skilled in the art to make or
use the invention. Various modifications to these embodi-
ments will be readily apparent to those skilled in the art, and
the generic principles described herein can be applied to other
embodiments without departing from the spirit or scope of the
invention. Thus, it is to be understood that the description and
drawings presented herein represent a presently preferred
embodiments of the invention and are therefore representa-
tive of the subject matter which is broadly contemplated by
the present invention. It is further understood that the scope of
the present invention fully encompasses other embodiments
that may become obvious to those skilled in the art and that
the scope of the present invention is accordingly limited by
nothing other than the appended claims.
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1. A solid state lighting device, comprising:

a conductive substrate;

an electrode layer deposited on the substrate;

a core material comprising one of a p-type and n-type
compound semiconductor material formed on top of the
electrode as a planar base with a plurality of nanowires
extending substantially vertically therefrom;

a shell material comprising the other of the p-type and
n-type compound semiconductor material formed over
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an outer surface of the core material so that a p-n junc-
tion is formed across the planar base and over each ofthe
plurality of nanowires; and

an electrode coating formed an outer surface of the shell

material for providing electrical contact to a current
source.

2. The solid state lighting device of claim 1, further com-
prising at least one superlattice structure disposed along a
length of each of the plurality of nanowires to define a dis-
tributed Bragg reflector.

3. The solid state lighting device of claim 1, further com-
prising at least one intrinsic layer, quantum well, or superlat-
tice structure disposed along radial direction of each of the
plurality of nanowires.

4. The solid state lighting device of claim 1, wherein the
compound semiconductor is a III-V or II-VI type semicon-
ductor.

5. The solid state lighting device of claim 1, wherein the
compound semiconductor is selected from the group consist-
ing of AllnGa, ZnO, MgZn0, ZnBeO, ZnCdO, Al,In Ga,, .
»PAs Ly, AlInGa, P As, N (dilute nitride), Al,-
In Ga,, . ,N, ZnMgCdO, and ZnBeCdO.

6. The solid state lighting device of claim 1, wherein the
compound semiconductor is ZnO and the p-type ZnO is
doped with phosphorous.

7. The solid state lighting device of claim 6, where the
p-type ZnO is formed by chemical vapor deposition, wherein
the substrate is disposed in a furnace connected to a source
comprising a mixture of zinc oxide powder, graphite powder
and phosphorous pentaoxide power and a mixture of nitrogen
and oxygen is injected into the furnace while the furnace
temperature is elevated for a predetermined period of time
until nanowires of a pre-determined size are formed.

8. A method for fabricating a solid state lighting device,
comprising:

selecting a conductive substrate;

depositing an electrode layer on a surface of the substrate;

forming a core material comprising one of a p-type and

n-type compound semiconductor material on top of the
electrode as a planar base with a plurality of nanowires
extending substantially vertically therefrom;

forming a shell material comprising the other of the p-type

and n-type compound semiconductor material over an
outer surface of the core material so that a p-n junction is
defined across the planar base and over each of the
plurality of nanowires; and

forming an electrode coating over an outer surface of the

shell material for providing electrical contact to a cur-
rent source.

9. The method of claim 8, further comprising defining at
least one superlattice structure along a length of each of the
plurality of nanowires by, during formation of the core mate-
rial, periodically adding a source material to produce alter-
nating differentially doped semiconductor layers.

10. The method of claim 8, further comprising forming
additional layers over the shell material, prior to forming the
electrode coating, to create at least one intrinsic layer, quan-
tum well, or superlattice structure disposed in a radial direc-
tion of each of the plurality of nanowires.

11. The method of claim 8, wherein the compound semi-
conductor is a I1I-V or II-VI type semiconductor.

12. The method of claim 8, wherein the compound semi-
conductor is selected from the group consisting of AllnGa,
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8
Zn0, MgZnO, ZnBeO, ZnCdO, Al,In Ga, , ,P,As, ), Al,- disposing the substrate in a furnace connected to a source
InGa,_, ,P.As, N (dilute nitride), AlInGa, N, comprising a mixture of zinc oxide powder, graphite
7ZnMgCdO, and ZnBeCdO. powder and phosphorous pentaoxide power; and

injecting a mixture of nitrogen and oxygen through the
source and into the furnace while the furnace tempera-
ture is elevated for a predetermined period of time until
nanowires of a pre-determined size are formed.

13. The method of claim 8, wherein the compound semi-
conductor is ZnO and the p-type ZnO is doped with phospho-
rous.

14. The method of claim 13, wherein the p-type ZnO is
formed by chemical vapor deposition by: ok Rk ok



