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Wide band-gap nanowires composed of GaN and ZnO are promising materials for unique
designs and potential efficiency improvement of light emitting diodes (LEDs) for solid state
lighting. The large surface-to-volume ratio of nanowires provides facile strain-relaxation such
that nanowires can be grown on substrates with a large lattice mismatch and remain free of
threading dislocations. Specifically, the growth of wide band-gap nanowires directly on Si
substrates is a promising platform for the fabrication of wafer-scale nanowire array-based LEDs.
While nanowire-based LEDs have been previously demonstrated, there has been no work
directly comparing the different potential designs of nanowire-based LEDs addressing how
material-specific properties affect the light extraction and internal quantum efficiency (IQE).
Furthermore, for scalable fabrication of nanowire array-based LEDs on Si a large degree of
control over the nanowire synthesis is necessary, especially with regard to the nanowire length
uniformity, vertical alignment relative to the growth substrate and the nanowire areal density.
In this work we directly compare feasible designs for GaN-InGaN nanowire-based LEDs
using a combination of photonic simulation and modeling. We compared the directed external
quantum efficiency of III-nitride LEDs on silicon based on axial and radial nanowire
heterostructures, considering m- and c-directional nanowires. The directed extraction efficiency
was calculated using photonic simulations and the IQE was estimated using the A-B-C model.
We found that m-directional axial heterostructures have the highest directed extraction
efficiency, due to the strong polarization anisotropy of III-nitrides, and display similar IQE as cdirectional axial heterostructures. By combining IQE and directed extraction, a range of expected
directed external quantum efficiencies (EQEs) reveal that m-directional axial heterostructures
have EQEs up to three times that of c-directional axial heterostructures, providing guidelines for
the design of future III-nitride nanowire-based LEDs.
While III-nitride nanowires are promising candidates, ZnO is an alternative with a higher
exciton binding energy and excellent optical properties. To create a platform for the fabrication
of ZnO nanowire array-based LEDs on Si, the growth of ZnO was investigated primarily using
ZnO solution-processed seed-layers in vapor transport and condensation growth at high
temperatures. Due to dependency of the carbothermal reduction of ZnO powder, which acts as
the precursor source in the growth, the nanowire areal density was dependent on O2 flow. At low
nanowire areal density, growth proceeded in a regime in which continuous nucleation of
nanowires occurred throughout the growth, resulting in nanowires with a fixed aspect ratio, but
widely varying lengths. At higher nanowire areal densities, the nanowires competed for source
precursors in a surface-diffusion limited regime of growth in which the growth rate was
dependent upon the nanowire diameter. We observed a critical nucleation diameter for nanowires
in the continuous-nucleation regime, which was higher at lower oxygen flow rates. Thus, to
achieve length uniformity we developed a two-stage growth method in which nanowires are
nucleated at low oxygen flow in the continuous nucleation regime to set the nanowire diameter.
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In the second stage of growth, where conditions were shifted to the surface-diffusion limited
regime, the large diameters set by the first stage of growth were designed to be in the range at
which the growth rate does not vary substantially with diameter. The concept of this approach
was extended to include control over the nanowire areal density, using sparse ZnO seed-layers.
These ZnO nanowires retain excellent optical properties and we observed both demonstrative ptype and n-type doping, dependent on processing conditions, using individual nanowire electrical
characterization. Thus, by achieving ZnO nanowire arrays with controlled nanowire areal
density, excellent length uniformity and vertical alignment relative to the substrate, we have
demonstrated a promising platform for the fabrication of scalable ZnO nanowire array-based
LEDs.
Thesis Supervisor: Silvija Gradečak
Title: Associate Professor of Materials Science & Engineering
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Chapter 1: Introduction

1.1. Solid state lighting
Solid state lighting has the potential to significantly improve the energy efficiency of
lighting, providing conservation of energy resources and helping to reduce energy consumption
to a sustainable level. In the United States, lighting comprises at least 14% of commercial and
residential electricity usage[1]. As of 2008, by globally replacing current lighting sources with
solid state lighting it would be possible to save 1.9×1020 J over 10 years, equivalent to 1.83
trillion dollars, 10.7×109 tons of CO2 emissions or 962×106 barrels of oil[2]. Solid state lighting
takes advantage of light emitting diodes (LEDs) to generate light directly from electrical current,
via electroluminescence, which can be significantly more efficient than the currently
implemented technologies, with wall-plug efficiencies (WPE) of up to 70% as compared to
incandescent (WPE ≈ 5%) and compact fluorescent lighting (WPE ≈ 20%)[3].
A common approach to achieve white light is to combine a blue LED with a yellow
phosphor, while the approach for the best color rendering index (CRI) uses three separate LEDs
to emit red, green and blue light[3]. Thus, it is critically important to develop high-efficiency
blue emitters based on wide band-gap materials for LEDs, such as gallium nitride (GaN) or zinc
oxide (ZnO). GaN is commonly used, as control over both n-type and p-type doping has been
demonstrated reliably on a manufacturing scale using methods common in industrial processing
such as chemical vapor deposition (CVD), metal-organic CVD (MOCVD), molecular beam
epitaxy (MBE) or plasma-assisted MBE (PAMBE)[4]. Furthermore, the indium gallium nitride
(InxGa1-xN) material system can be tuned to emit from the infrared (the bandgap of InN is 0.7
eV), through the visible spectrum, and into the ultraviolet (the bandgap of GaN is 3.4 eV), by
adjusting the alloy indium composition[5]. Thus, it may be possible to design white LEDs using
a single material system with different compositions using the InxGa1-xN material system.
In comparison, ZnO is relatively less developed for commercial use. Traditionally, p-type
doping in ZnO has been unreliable and difficult to consistently produce on a large scale[6];
however, recently there have been many reports of p-type doping in ZnO, especially in
nanowires[7-10]. There are only limited reports of tuning the emission wavelength of ZnOcompatible materials systems, mostly deeper into the UV or just slightly into the blue regime of
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the spectra, such as Al-doped ZnO, which can emit from the band-gap of ZnO (3.37 eV) up to
3.6 eV due to a Burnstein-Moss Fermi-band filling effect[11], using MgxZn1-xO for emission
from 3.37 eV up to 4.55 eV for Mg0.51Zn0.49O[12] or doping ZnO with Cu to introduce d-orbitals
and decrease the band-gap blue emission near 2.66 eV[13]. Alternatively, alloying ZnO with
SnO2 or Ag can create materials with both blue and yellow emission peaks for white-light from
individual nanowires[14, 15]. One advantage of ZnO is its relatively large excitonic binding
energy of 60 meV, compared to 25 meV in GaN, which suggests that ZnO materials may have
brighter emission[16]. Furthermore, Zn is a commodity costing only about $2/kg as compared to
Ga which costs $511/kg (USD as of 2013 year-end)[17]. Thus, while GaN is the more developed
materials system for solid-state lighting, ZnO is a promising alternative.
Current GaN-based LEDs and ZnO films grown on sapphire typically have a high threading
dislocation density (around 108 /cm2), which cause non-radiative recombination and thus
decreased efficiency[3]. It has recently been suggested that the threading dislocation density
must be reduced below 106 /cm2 to achieve 100% internal quantum efficiency[18]. Such low
threading dislocation densities have been achieved using epitaxial lateral overgrowth[19, 20];
however, this approach requires an extra patterning and growth step. One of the most limiting
aspects of current GaN-based LEDs is that they must be grown on expensive and insulating
substrates, such as sapphire (Al2O3) or silicon carbide (SiC) to achieve low dislocation
densities[19]. The growth of ZnO thin-films is less developed than GaN thin-films, but uses
many of the same approaches, such as epitaxial growth on sapphire or the use of buffer
layers[21, 22] and can even be fabricated via hydrothermal synthesis (HTS) at low
temperatures[23]; however, the largest challenge is controlling the point defect density[24].
Nanowires, one-dimensional crystals that are tens of nm thick and microns long have the
potential to increase LED efficiencies while decreasing manufacturing costs. GaN nanowires
have been shown to be dislocation free[25, 26] and other III-V nanowires have been shown to be
grown on largely mismatched substrates, such as silicon[21, 22]. ZnO nanowires often grow via
the anisotropic nature of the wurtzite crystal system and have been demonstrated on a variety of
substrates, including silicon, with vertical alignment due to highly oriented seed-layers via
solution-based[27, 28] and deposition-based synthesis[29, 30]. The capability to grow nanowires
on substrates with large lattice mismatch is generally attributed to strain-relaxation due to the
large surface-area to volume ratio and the nanoscale interface. Not only do nanowires provide a
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route to high quality materials on low-cost substrates, but many of their properties can be
advantageous for use in optoelectronics, especially LEDs. Nanowires fabricated from bottom-up
approaches, as discussed in this work, tend to have smooth side-wall facets and cross-sections
that are smaller than or close to the wavelength of light they emit, thus they can act as excellent
waveguides for photonics applications or for directing emitted light towards extraction in
LEDs[31-33]. The arrangement of vertical nanowires on a substrate can also be used to create a
photonic crystal, limiting the propagation direction of emitted light for higher extraction
efficiency in LEDs[34]. The high aspect ratio of the nanowires can act as an excellent optical
cavity for low-threshold lasers[35]. Nanowire-based devices also have unique opportunities for
device design based on their morphologies that can enhance efficiency or brightness. By
providing dislocation-free material on inexpensive and conducting substrates such as silicon and
many unique properties advantageous for optoelectronics, nanowire-based LEDs are an exciting
prospect for both enhancing efficiency and decreasing the cost of solid state lighting.

1.2. Wide band-gap materials for LEDs
Thin-film LEDs and nanowire-LEDs both operate based on electroluminescence from a
diode. The simplest form of an LED is a p-n homojunction. Emission from homojunction devices
has been demonstrated in both thin-film[36] and nanowire homojunctions[37] (see Figure
1-1(a)); however, carriers recombine in the depletion region and within their diffusion lengths
(Ln and Lp) from the junction, forming a wide active region for emission that is not efficient for
radiative recombination[4]. A similarly simple LED is based on heterojunction diodes. Of
particular interest for simple large scale nanowire LEDs is the type II heterojunction diode, for
example n-type nanowires of high crystalline quality can be grown directly on inexpensive ptype substrates (i.e. – n-GaN or n-ZnO nanowires on p-Si). Under forward bias this sort of
junction can operate similarly to a homojunction to emit light. Some early thin-film LEDs were
based on this type of heterojunction[38], known as a single heterojunctions (SH). Similarly,
crossed-nanowire heterostructures have been demonstrated[39] (see Figure 1-1(b)).
The most efficient and thus most common type of LED is based on a double heterojunction
(DH), in which a material of a narrow band gap is sandwiched between a p-type and n-type
regions of a wider band gap semiconductor (see Figure 1-1(c)), forming symmetrical type I
junctions (in which the narrower gap falls completely within the wider gap). The primary
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advantage of the DH is to spatially confine both electrons and holes in the narrow band gap
material under forward bias to promote radiative recombination and to waveguide the emission.
Multi-quantum-well (MQW) DH LEDs, both in thin-film[40] and nanowire-based devices[41]
have both been demonstrated.

Figure 1-1. Summary of LED structures in thin-films and nanowires. The schematic
demonstrates the operating principle of (a) homojunction, (b) single-heterojunction and (c)
double-heterojunction LEDs by comparing (i) the equilibrium band-diagram to (ii) the forwardbias band-diagram and their physical structures in (iii) thin-film devices and (iv) nanowires.
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The use of nanowires as a dislocation-free material is one of the key reasons for the pursuit
of nanowire-based LEDs. The effects of extended defects are still not fully understood in GaNbased LEDs or in ZnO films. In most compound semiconductors used for optoelectronics, such
as GaAs and GaP, threading dislocations act as non-radiative recombination centers and
drastically reduce the efficiency of LEDs[42, 43]. For example, it has been shown that a
threading dislocation (TD) density of 106 cm-2 in GaP completely quenches emission[42]. In
contrast, a TD density of 106 cm-2 is actually quite low in GaN LEDs, where TD densities above
108 cm-2 are common, due to the lattice mismatch between GaN and sapphire or SiC[44, 45] and
high-brightness GaN LEDs have been demonstrated at TD densities above 1010 cm-2[46]. Bright
electroluminescence from ZnO has been also been observed at TD densities of 1010 cm-2[47]. It
has been suggested that dislocations act as non-radiative recombination centers in GaN[48],
however dislocations in both GaN[49, 50] and ZnO[51] were also found to repulse carriers.
Interestingly, dislocations induced via plastic deformation have been shown to increase
luminescence in ZnO[51] and high TD densities have been shown to limit the carrier
mobility[47]. Regardless of the mechanism with which dislocations effect the efficiency in GaN
and ZnO LEDs, it has been shown that a high TD density attributes to GaN-LED droop[52] and
it has been suggested that a TD density of less than 106 cm-2 is necessary for 100% internal
quantum efficiency[18], therefore great strides have been made in the growth of thin-film GaN
and ZnO to reduce the TD density, as summarized in Table 1-1.
Table 1-1 exemplifies the difficulties in achieving high-quality GaN and ZnO thin-film
material. Of these examples, only epitaxial lateral overgrowth (ELOG) of GaN on sapphire
substrates can achieve TD densities of less than 106 cm-2, with all strategies for thin-film growth
on silicon resulting in high dislocation densities (above 109 cm-2). While epitaxial growth of ZnO
has not yet yielded films with TD densities less than 106 cm-2, bulk single-crystalline ZnO has
been fabricated with dislocation densities on the order of 104-105 cm-2; however, these bulk
crystals still suffer from poor control over point defects and contain many impurities[53].
Alternatively, GaN and ZnO nanowires are typically free of extended defects and can be grown
on a variety of substrates[25, 54]. Thus, GaN nanowire-based LEDs should be able to
circumvent most of the issues associated with dislocations in GaN thin-film LEDs. Point defects
on the other hand affect the properties, especially optical emission and electrical conductivity, of
both GaN and ZnO thin-films [55-57] and nanowires [58-61]. It must also be noted that surface
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states can play a larger role in nanowires, such as the size-dependent optical properties observed
in ZnO nanowires[62].

Table 1-1. Threading dislocations in GaN and ZnO thin-films via different methods.
Material

Technique

Substrate

Buffer Layer

TD Density (cm-2)

GaN

MOCVD[20]

c-sapphire

-

2×109

c-sapphire

-

2×108

c-sapphire

-

6×105

GaN

GaN

MOCVD with substrate
patterning[20]
MOCVD with ELOG and
substrate patterning[20]

GaN

MOCVD[63]

c-sapphire

AlN

4×107

GaN

MOCVD[64]

Si (111)

SiNX

9×109

GaN

MOCVD[65]

Si (111)

AlN

≈1012

ZnO

HTS with ELOG[66]

MgAl2O4 (111)

-

2×108

ZnO

PAMBE[67]

c-sapphire

-

3×109

ZnO

MBE[68]

Si (111)

Lu2O3

3×1010

The control of intrinsic point defects and impurities is critical to tuning the electrical and
optical properties in GaN and ZnO films[57, 69] and nanowires[55, 59, 70, 71]. If control over
point-defects can be attained, they can be used as dopants or to tune the emission properties of
the nanowires[14]. Both as-grown GaN and ZnO tend to be n-type, likely due to intrinsic point
defects or prevalent impurities acting as shallow donors. In GaN the responsible defect for asgrown n-type carriers has been attributed to nitrogen vacancies[72], oxygen impurities[73, 74] or
silicon impurities. Silicon is generally used as the n-type dopant in GaN[5], as it has the tendency
to form the donor SiGa. The most common p-type dopant in GaN is MgGa. The activation energy
of Mg acceptors (224 meV), is significantly higher than that of Si shallow donors (30.8
meV)[56] and initially caused p-type doping difficulties due to the formation of Mg-H
complexes[75], which passivates the Mg dopants[69] and necessitates low-energy electron-beam
irradiation or thermal annealing to break apart these complexes and produce Mg acceptors and
H2 gas from the out-diffused H+. Other point defects and impurities can also have dramatic
effects on electrical and optical properties in GaN and are summarized in Figure 1-2(a). Other
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defects such as di-vacancies (VGaVN), gallium interstitials (Gai), and nitrogen anti-sites (NGa) are
unlikely to form due to high formation energies[56]. Another impurity which is likely to be
introduced during MOCVD growth of GaN is carbon. The role of carbon in GaN is unclear,
though it is likely to act as an acceptor (CN) and it may form levels associated with yellow defect
luminescence common in thin-films[56, 76].

Figure 1-2. Defect and impurity levels in GaN and ZnO. Approximate defect and impurity
levels are presented (to scale) in (a) GaN and (b) ZnO. Compiled from [51, 56, 74, 77, 78].
The role of point defects in ZnO is less clear than in GaN, though there has recently been a
large effort in understanding the role of these defects, especially as they relate to a broad
emission commonly seen centered around green or yellow wavelengths. Though oxygen
vacancies in ZnO have long been suggested as a candidate for shallow donors, recent work has
shown that they are more likely only compensating donors in p-type ZnO[51, 78]. It is likely that
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hydrogen plays an important role in the n-type conductivity of as-grown ZnO, whether on its
own or as a complex with other defects or impurities[51, 79]. Group III elements are often used
as electron donors when they incorporate on the Zn site: both Al and Ga have been demonstrated
as donors[80, 81]. p-type doping in ZnO is more varied: group I elements such as K and Li
incorporating on a Zn-site[82, 83], group V elements such as N, As and Sb incorporating on an
O-site[7, 84-86] and transition metals such as Ag have been used as acceptors[87]. The energy
levels of defects and selected impurities are summarized in Figure 1-2(b). In general, it is critical
to keep the defect concentrations low in both GaN and ZnO, to allow the more shallow impuritydopants to control the electronic properties. Finally, while nanowire-based wide band-gap
materials eliminate the role of dislocations in LED performance, the effects of surface states
must be considered. The surface is especially critical for the electrical properties of nanowires,
where Fermi-level pinning at the nanowire side-wall facets can result in a depletion region which
can completely prevent conduction in nanowires that have small enough diameters[88, 89].
General approaches to passivating surface states are to deposit a shell of higher band-gap
material, such as AlGaN for GaN nanowires[41] or MgZnO for ZnO nanowires[90].

1.3. Wide band-gap nanowires
GaN and ZnO both have a hexagonal wurtzite crystal structure. The crystal structure plays a
critical role in determining the nanowire morphology, surface properties and the crystallographic
relationship to the substrate on which the nanowires are grown. Sapphire substrates often used in
the growth of wide band-gap materials are also hexagonal. The wurtzite crystal structure is polar
in the <0001> c-directions and non-polar in the <1010> m-directions and in the <1120> a-

directions. The polarity induces an electric field due to the stacking of layers of atoms with
different electronegativity and can cause an undesired spontaneous electric field across important
regions of LEDs. Furthermore, the polarity of the c-facet can induce unique growth structures
and the polarity contributes significantly to the high-surface energy of the c-facet, which
accounts for anisotropic growth-rates, especially observed in the case of ZnO[23]. The wurtzite
crystal structure and relevant crystallographic planes and directions in the hexagonal crystal
system are summarized in Figure 1-3.

21

Figure 1-3. The wurtzite crystal structure of GaN and ZnO. Schematics of (a) the wurtzite
crystal structure for GaN or ZnO and important crystallographic (b) directions and (c) planes in
the hexagonal crystal system.
Nanowires can be fabricated with a variety of methods using either top-down approaches
(beginning with bulk materials to create nanoscale features) or from the bottom-up (fabricating
nanomaterials from chemical precursors). Top-down approaches include nanoscale lithography
followed by reactive ion etching[91] or metal-assisted etching[92]. Bottom-up methods include
particle-mediated growth in CVD[93] and MOCVD[25] and “self-induced” GaN nanowire
growth in MBE[94] and similar anisotropic growth methods of ZnO nanowires via solution
methods[95] or vapor-transport and condensation (VTC)[96]. The morphology of nanowires
produced via these various methods depends on the conditions during growth and the underlying
substrate. Nanowires with various cross-sections (square, triangular, hexagonal), amounts of
tapering and vertical alignment relative to the substrate have been observed.
Perhaps the most important aspect of nanowire growth for nanowire-based LED fabrication
is the growth direction, or crystallographic orientation, relative to the substrate. For device
fabrication, especially in the case of more complicated high-efficiency devices where internanowire spacing can be critical for photonic applications and most of the light is guided along
the nanowire axis, it is desirable to have arrays of vertically oriented nanowires. Nanowire
orientation has been found to be dependent on many factors, including the underlying substrate
orientation, diameter, growth rate and source flows (i.e. V/III ratio for GaN)[93]. Under optimal
growth conditions, however, the growth direction of GaN nanowires has been found to depend
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primarily on the orientation of the growth substrate[25, 97], where the relation between the
nanowire and substrate is typically epitaxial. Figure 1-4 summarizes the growth direction and
cross-sections of GaN nanowires grown on various substrates, as well as indicating the growth
direction in the wurtzite hexagonal cell. Notably, vertical growth of GaN nanowires in the cdirection has been demonstrated on c-plane sapphire[97] and Si (111)[98], where nanowires
have a hexagonal cross-section. On a-plane GaN films, triangular cross-sectional GaN nanowires
grow at a 60° incline from the surface in the m-direction[25]. However, it seems that when
epitaxy is not achieved, due to either large mismatch or growth on amorphous surfaces, this mdirectional growth of GaN is energetically preferred[93]. In general, GaN nanowires are grown
with a seed-mediated method, which leave an Au seed-particle at the nanowire tip; however in
some instances of c-directional GaN nanowires in PAMBE, the growth is self-induced and has a
flat top facet with no foreign metal seed at the tip[99].
As opposed to GaN nanowires, ZnO nanowires almost always grow in the c-direction. The
morphology of c-directional ZnO nanowires is very similar to c-directional GaN nanowires,
composed of a hexagonal cross-section with non-polar m-plane side-facets and a flat c-plane topfacet, typically with no metal seed-particle. Seed-mediated growth of ZnO nanowires has been
shown[100], but generally the growth proceeds via a direct vapor-solid mechanism and the
particles remain at the nanowire bases near the substrate[54]. Occasionally additional faceting is
observed at the nanowire tips with higher order facets forming a hexagonal pyramidal structure
at the nanowire tip[101, 102]. A seed-layer film is often employed or inadvertently grown when
synthesizing ZnO nanowires, which inherently textures in the c-direction[103], likely due the
polarity in the c-axis[104]. This texturing in the c-direction is what generally causes ZnO
nanowires to grow generally vertically on many substrates, including Si (100)[30], Si (111)[105],
c-plane and a-plane sapphire[106] and even amorphous indium-tin oxide[107]. This inherent
texturing of ZnO nanowires that leads to vertical growth on most substrates is an advantage of
ZnO nanowires for LEDs over GaN nanowires, which require epitaxial growth in the c-direction
for vertical alignment; however the ability to grow GaN nanowires in a non-polar direction may
be an advantage for GaN nanowire for LEDs.
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Figure 1-4. Common growth directions of GaN nanowires on various substrates. The
highlighted growth direction of the nanowire within the hexagonal crystal system, the crosssection of the nanowire and the alignment of the nanowire relative to the substrate are
schematically pictured for (a) c-directional GaN nanowire growth on c-GaN, c-sapphire or Si and
(b) m-directional GaN nanowire growth on r-sapphire or a-GaN.

1.4. Design and synthesis of wide band-gap nanowire-based LEDs
The interplay of the growth mechanism, electrical properties, optical properties and nanowire
morphology as discussed above are critical in designing and synthesizing nanowire-based LEDs.
To fully consider the design of possible nanowire-based LED architectures the nanowire
synthesis and the effect of nanowire morphology must be considered relative to the orientation of
the active region of the device (the light-emitting area) and the crystallographic direction across
the active region, especially considering the polarity in that direction. All of these factors play a
role in the efficiency of the carrier recombination in the active region as well as the way in which
light is emitted from that region and guided through the nanowire towards emission.
Furthermore, there are strict requirements on the morphology of nanowire arrays to allow for
reliable device fabrication. Ideally, nanowire areal density should be controlled and vertical
alignment of nanowires relative to the substrate should be achieved with length uniformity such
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that most nanowires can be contacted via conventional fabrication methods. For example, if
nanowires are not aligned (i.e. growing in random directions) relative to the substrate, even with
nanowire length uniformity, the actual height of the nanowire tips would vary tremendously.
Generally, contact to nanowire tips can be made using a spin-on insulator to fill the gaps between
the nanowires and a transparent conducting material to connect the nanowire tips to a metallic
contact. Thus, when processing to contact nanowire tips of the most vertical nanowires relative
to the substrate, only a small percentage of the nanowire tips would actually be contacted. Note
that this fabrication strategy relies on a conductive substrate, such that contact can be made
through the substrate-nanowire interface and at the nanowire tip. Such vertical nanowire arrays
on conductive substrates are the most scalable method for nanowire-based devices, but there are
still many challenges to address.
The first challenge addressed in this work is determining the optimal nanowire design for
such large-scale nanowire-based LEDs grown directly on Si. In Chapter 2:
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Design of Nanowire Light Emitting Diodes, the critical aspects of GaN nanowire-based
LED design are discussed. To further elucidate the properties of various nanowire-based LED
designs, photonic simulation and modeling are applied to discuss the trade-offs between possible
designs and evaluate the overall efficiencies. The results of the design evaluation are discussed in
Chapter 3: Evaluating GaN/InGaN Nanowire-Based LED Designs. Upon pursuit of
synthesizing the designs evaluated in this work, the structures could not be adequately
synthesized with the resources available for, thus the alternative design of ZnO-nanowire based
LEDs was pursued. Controlled synthesis of ZnO nanowires on Si was achieved via an in-depth
understanding of the growth-mechanisms, as reported in Chapter 4: ZnO Nanowire Synthesis
on Si. The ZnO nanowire arrays were synthesized with uniform nanowire lengths and the ability
to tune the nanowire areal density. The excellent optical properties with high-brightness emission
in the UV and demonstrated control over bright luminescence in the green make these nanowirearrays excellent candidates for the fabrication of nanowire-based LEDs, as shown in Chapter 5:
ZnO Nanowire Optical Properties. Additionally, methods were developed to characterize the
electrical properties of individual nanowires to evaluate control over doping and fabrication
methods to provide a direct path towards the fabrication of large-scale nanowire-based LEDs,
which are discussed in Chapter 6: Towards Scalable Nanowire-Based LEDs on Si. Finally the
contributions of this work are related to the progress in the field and the future directions for this
research are discussed in Chapter 7: Conclusions.
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Chapter 2: Design of Nanowire Light Emitting Diodes
This chapter discusses the different designs of nanowire-based LEDs and how they may
affect the light extraction efficiency and internal quantum efficiency of the device. The design of
nanowire-based LEDs is critical for high-efficiency devices and control over the emission color
and distribution of emission angles. The interplay of the nanowire crystallography and the
electrical and optical properties of the device’s active region require careful consideration of
many aspects, such as the placement and crystallographic orientation of the QW and the size and
morphology of the nanowire. This chapter focuses on GaN nanowires with InGaN nanowires to
discuss the relevant aspects of nanowire-based LED design to overall efficiency and identifies
some key questions that are explored in Chapter 3: Evaluating GaN/InGaN Nanowire-Based
LED Designs.

2.1. Thin-films
The extraction efficiency of GaN thin-films is generally limited by total internal reflection
due to the large index of refraction contrast between GaN and air. Only light within an escape
cone (22° for GaN) is extracted for a thin-film with an unmodified planar surface. For isotropic
emission and considering emission toward the substrate lost, this would result in an extraction
efficiency of only 0.06. In contrast, nanowires confine light into waveguide modes, guiding
emission towards extraction. In the regime in which the nanowire supports waveguide modes
with effective indices (neff) greater than the superstrate refractive index, the electric-field
intensity of the light is primarily confined within the nanowire. If the cross-sectional area is too
small, the nanowire will still guide the fundamental mode; however, most of the electric-field
intensity of such a “leaky mode” will be outside of the nanowire and the extraction efficiency
will depend heavily on its surroundings, typically other nanowires.

2.2. Nanowire-based LED design
There are many potential designs for GaN nanowire-based LEDs and some of the critical
parameters include nanowire growth direction and geometry of the active quantum well (QW)
region. The cross-sectional shape and growth direction will change the nanowire waveguiding
properties and the polarization anisotropy observed in III-nitrides will affect the efficiency of
coupling to these modes[108, 109]. Furthermore, different surface facets can affect the
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magnitude of surface recombination and the efficacy of contacts[110, 111]. The choice the QW
orientation within the nanowire relative to the growth direction determines the extent of the
quantum-confined Stark effect (QCSE): an electric-field can shift apart the electron and hole
wave functions, resulting in a reduction in spontaneous emission efficiency and a redshift of the
emission[112]. Since the electric fields are caused by the crystal polarity and piezoelectric effect,
QCSE is particularly observed in the case of the polar c-plane QWs.
Demonstration-scale nanowire-based LEDs have been fabricated, typically as cdirectional

radial[113]

and

axial

heterostructures[114,

115]

or

m-direction

radial

heterostructures[116, 117]; however there has been no direct comparison of these designs to
guide future work towards high-efficiency nanowire-based LEDs. Here we discuss the relative
tradeoffs between different designs: axial and radial homojunctions, nanowire-substrate
heterojunctions, c-directional and m-directional radial heterostructures, and finally c-directional
axial heterostructures and m-directional axial heterostructures. These designs are described in
detail below and the m-directional axial heterostructure, c-directional radial heterostructure and
c-directional axial heterostructure are illustrated in Figure 2-1(a), (b) and (c), respectively.

Figure 2-1. Selected designs of GaN nanowire-based LEDs. Illustration of the morphology
and placement of the InGaN QW and alignment relative to crystallographic c- and m-directions
for (a) m-directional axial heterostructures, (b) c-directional radial heterostructures and (c) cdirectional axial heterostructures.
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2.2.1. Homojunctions
Nanowire homojunction devices contain no quantum well or heterojunction, only p-type and
n-type sections, either in an axial or radial configuration. These devices are simple p-n junctions
within a nanowire. Fabrication of the axial homojunction can be achieved by switching the
dopant source part-way through the growth, while fabrication of the radial homojunction can be
achieved by first growing the nanowire with one dopant and then switching the growth
conditions to promote vapor-solid (film) growth with a different dopant type to deposit an
epitaxial shell on the nanowire sidewall facets. While these structures are simple, the radiative
recombination rates are typically low compared to using a double-heterostructure due to less
wavefunction overlap of the electrons and holes. These structures also have a larger active region
from which light can be emitted than double heterostructure, which is equivalent to the sum of
the diffusion length of the minority carriers in each side of the junction and the depletion region
width. In axial homojunctions the large active region can be an issue when trying to maximize
coupling to the waveguided modes within the nanowire waveguide.

2.2.2. Nanowire-substrate heterojunctions
Nanowire-substrate heterojunctions are formed simply by growing a doped nanowire of a
dopant type opposite to the substrate used, such as n-GaN nanowire on a p-type substrate. These
devices are actually likely the simplest nanowire-based LEDs to fabricate, as only one type of
doping needs to be achieved, and they can act as a first step towards more refined devices. With
regards to growth of nanowires on Si substrates, there are some key issues with these singleheterojunction devices. Since Si has an indirect band gap in the IR, any emission from Si would
be useless for solid-state lighting and the efficiency would be very low. To maximize emission
from the nanowire, a highly doped Si substrate can be used, which should create a larger
depletion region within the nanowire, enhancing emission from the nanowire; however, all of
this emission would occur at the nanowire base and would have to be guided out of the array to
be extracted.

2.2.3. Axial heterostructures
Axial heterostructures are double-heterostructure devices with InGaN regions inserted along
the length of the nanowire between the p-n junction. In these devices the active region is limited
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to the size of the InGaN region, where carriers are trapped. This allows for designing the optimal
position of the InGaN region along the length of the nanowire. Quantum well positioning to
maximize the extraction through the nanowire tip has not previously been thoroughly studied,
and we address this aspect of design in the next chapter. In GaN, the axial heterostructure can be
fabricated in either triangular cross-sectioned non-polar m-directional nanowires (Figure 2-1(a))
or hexagonal cross-section polar c-directional nanowires (Figure 2-1(c)). The effect of the
polarity can play a large role in the IQE from the device, as discussed in the next section.

2.2.4. Radial heterostructures
Radial heterostructures are double-heterostructure devices with the active InGaN region
wrapped around an n-GaN core followed by the deposition of a p-GaN shell. Radial
heterostructures can be fabricated in either c-directional nanowires (Figure 2-1(b)) or mdirectional nanowires. It has been shown that the optimal placement of the active region in cdirectional radial heterostructures is at 90% of the nanowire radius where light extraction was
maximized[118]. Using this guideline we can investigate one of the most important advantages
of nanowire radial heterostructures: the increase in active area for high-brightness applications.
The overall amount of emitting material per surface area of the device can be increased relative
to thin-films and axial heterostructures, since it is wrapped around a vertical nanowire core. This
comparison is made in Figure 2-2 by defining an active region multiplier relative to a thin-film as
a function of the nanowire areal density, assuming a 7 nm InGaN quantum well region in 1 µm
long m-directional and c-directional GaN nanowires, where m-directional nanowires are
approximated as regular triangular prisms with a side-length of 100 nm and c-directional
nanowires are approximated as regular hexagonal prisms with a side-length of 50 nm, such that
the maximum width of the two nanowires are both 100 nm. As experimentally observed in mdirectional radial heterostructures, it can be difficult to grow continuous InGaN active regions
around the entire nanowire, since two of the side-facets of m-directional are semi-polar and one
is polar[41] (see Figure 3-1(b)), thus only two facets are modelled with an active InGaN region
for m-directional radial heterostructures. It should be noted that an increase in active area will
necessitate the increase of injected carriers to maintain the same brightness level per active area,
assuming other parameters of the device remain similar. In general, the axial nanowire
heterostructures only approach an active area multiplier of one at a fill-factor of one (i.e. a thin
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film). Radial heterostructures, however, can far surpass the active area of thin-films at fill-factors
as low as ~1 nanowire/µm2. This effect can be further expanded by using longer nanowires.

Figure 2-2. Comparison of the active area in nanowire heterostructures and thin-films. The
active area multiplier of GaN nanowire-based LEDs is plotted as a function of the nanowire areal
density for nanowires 1 µm in length with a maximum width of 100 nm and a 7 nm active area,
demonstrating that the active area of radial heterostructures can far surpass thin-films.
While the active area of radial heterostructures can be advantageous for high-brightness
applications, as opposed to axial heterostructures, a comprehensive comparison of different
nanowire-based LED designs to identify the most efficient has not been previously done. In
Chapter 3 we choose the most promising candidates for high efficiency: c-directional radial and
axial heterostructures and m-directional axial heterostructures to focus on the material factors
affecting light extraction efficiency and internal quantum efficiency (IQE) to deduce the overall
external quantum efficiency (EQE) and directly compare the efficiencies of these three designs
for nanowire-based LEDs. The factors considered include waveguiding through differently
shaped cross-sectional nanowire waveguides, the role of polarity across quantum wells, and the
active region emission’s dependence on crystallographic orientation of the quantum well and
how that can affect the waveguiding and extraction efficiency. We discuss these factors in depth
in the following section.
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2.3. Efficiency considerations
The overall efficiency of light-emitting diodes is the EQE, which is a measure of the overall
number of photons generated per injected carrier. The EQE is the product of the light extraction
efficiency η and the IQE. The light extraction efficiency is a measure of the percentage of
photons generated within the device that escape the device towards the observer. The IQE is a
measure of the number of photons generated per injected carrier. Light extraction efficiency is a
property of the device design and is often enhanced in thin-films by inducing scattering. Light
extraction efficiency from nanowire-based devices depends on the nanowire morphology and the
overall arrangement of the nanowire array, as discussed in depth later in this work. The IQE is
more of a function of material quality and can be affected by the presence of defects which act as
non-radiative recombination centers. The electronic design of the device is also critical to high
IQEs, such as the double-heterostructure which traps carriers in the quantum well to enhance
radiative recombination and increase the IQE.

2.3.1. Light extraction
One of the greatest challenges of enhancing the overall efficiency of LEDs has been low light
extraction efficiencies. Many techniques have been developed to improve light extraction, such
as the flip-chip LED[119], surface roughening[120] and even the integration of photonic crystals
into LED designs[121]. Nanowires can offer unique solutions to increasing light extraction
efficiency, as the large index contrast between GaN and most insulators means that the nanowire
acts as a waveguide along the vertical axis of the nanowire and can act to guide emitted light
towards extraction[118]. The cross-sectional shape and growth direction influence the nanowire
waveguiding properties, whereas the polarization anisotropy observed in III-nitrides strongly
affects the efficiency of coupling to these modes[122, 123].
The polarization anisotropy can have a profound effect on the expected extraction
efficiencies from the considered nanowire LED designs, and therefore must be taken into
account in the case of highly anisotropic III-nitride nanowires. Polarization anisotropy of
emission from InGaN QWs in GaN thin-films has been reported for c-plane and m-plane
QWs[123, 124] due to an estimated energy gap of 49 meV between the polarization states at
room temperature[122]. Thus, most of the radiation has an electric-field perpendicular to the c32

axis, denoted as E⊥c, as opposed to parallel to the c-axis, denoted as E||c. The degree of
polarization anisotropy is described as the polarization ratio, the ratio between the difference in
intensity between E⊥c and E||c and the total intensity. The polarization ratio seen in the literature
are at values of 0.8 for m-plane QWs[122] and 0.56 for c-plane QWs[123].

Figure 2-3. Schematic of polarization anisotropy in different nanowire-based LED designs.
The polarization anisotropy from InGaN m-plane QWs results in most emission directed along
the nanowire axis for (a) m-directional axial heterostructures and perpendicular to the nanowire
axis for (b) c-directional radial heterostructures. The anisotropy is less pronounced in c-plane
quantum wells, resulting in more even emission both along the nanowire axis and perpendicular
to it for (c) c-directional axial heterostructures.
In the case of nanowires, the highest directed extraction efficiency is expected for the case
with the maximized emission coupling to the waveguide modes. For the m-directional axial
heterostructure, the orientation of the m-plane QW results in most of the emission oriented along
the vertical axis (shown schematically in Figure 2-3(a)). The opposite is expected in the case of
the c-directional radial heterostructure, in which most of the emission is oriented parallel to the
plane of extraction (Figure 2-3(b)). The same effect is seen for c-directional axial
heterostructures, but it is less pronounced (Figure 2-3(c)) due to the smaller polarization ratio for
c-plane QWs. Emission along the vertical axis is expected to couple to the waveguide modes
more efficiently than for emission parallel to the plane of extraction[118], thus the highest
extraction efficiency is expected for the m-directional axial heterostructure.
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2.3.2. The quantum-confined Stark effect

Figure 2-4. The quantum-confined Stark effect. The electric field present across a polar QW
results in a physical separation of where the carriers are confined and a reduction in the energy
that will be emitted upon recombination (red-shift), as demonstrated in the band-diagram
schematic, where CB and VB are the conduction and valence bands, respectively. On the other
hand, in non-polar QWs these effects do not occur since there is no electric field across the
quantum well.
The QW orientation within the nanowire relative to the growth direction determines the
extent of the QCSE: an electric-field can shift apart the electron and hole wave functions,
resulting in a reduction in spontaneous emission efficiency and a redshift of the emission[125].
The band-diagram of polar and non-polar is schematically shown in Figure 2-4, demonstrating
how electrons and holes become spatially separated (which results in reduced recombination
efficiency) and how the effective emission from recombination is red-shifted due to the bandbending within the carrier-confined region. Since the electric fields are caused by the crystal
polarity and piezoelectric effect, the QCSE is particularly important in the case of c-plane QWs.
This reduction in spontaneous emission efficiency equates to a reduced IQE in the case of polar
c-plane QWs; however m-plane QWs have no electric field across the active region and thus do
not experience the QCSE. Thus, both m-directional axial heterostructures and c-directional radial
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heterostructures which have m-plane quantum wells have higher IQEs than c-directional axial
heterostructures which have c-plane quantum wells.

2.3.3. Other design considerations
In thin-film GaN LEDs on insulating substrates, current crowding can be an issue. A mesa
structure must be used to contact both the p-type and n-type regions; however this causes current
to crowd around the edges of the mesa closest to the bottom contact. Due to significant resistivity
in the underlying thin-film, the current tends to avoid flowing through the film[4]. Current
crowding has also been an issue in core-shell nanowire LEDs for similar reasons, where the
current flow in a core-shell nanowire LED tends to flow primarily through the more conductive
nanowire core than the shell, thus current is not flowing to the actual junction at the top of the
nanowire resulting in a much smaller active region[126]. However, with the growth of axial
heterostructure nanowires on a conductive substrate, these issues may be circumvented, by being
able to contact the nanowires through the substrate. It should be noted that ideal core-shell
nanowire LEDs would emit from the entire surface of the core, while the emission area in the
axial heterostructure is limited to the cross-section of the nanowire. Due to the need to make
electrical contact only to the outer shell in the case of core-shell nanowire LEDs, higher
nanowire densities are likely possible with axial heterostructures, thus the overall active area
may be similar.
In thin-film GaN LEDs heat extraction can be an issue, especially because these structures
are grown on sapphire, which has a thermal conductivity of approximately 35 W/m·K at room
temperature[127]. This thermal conductivity is low compared to GaN, which is 230 W/m·K at
room temperature[5], thus it acts to limit heat extraction from where it is typically generated in
GaN LEDs: the active region[128]. This heat can cause reliability issues[129]. This, along with
better light extraction, has motivated techniques to develop complicated “flip-chip” LEDs, as
well as the integration of GaN LEDs on silicon[119]. Silicon has a thermal conductivity more
than four times that of sapphire, 156 W/m·K at room temperature[130]. As nanowire-based
LEDs can be grown directly on silicon, this can greatly improve heat extraction. However, in the
case of nanowire-based LEDs, the large aspect of nanowires presents the challenge of extracting
heat from only a small interface. This challenge must be overcome with advanced designs, such
as using a thermal conductor to fill the spaces between vertical nanowires, which would allow
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for enhanced heat extraction compared to thin-film counterparts[129]. Though the effects from
current crowding and thermal management are not directly considered in this work, they are
useful considerations to keep in mind when considering different designs for nanowire-based
LEDs.

2.4. Summary
In this chapter we discussed the different potential designs for nanowire-based LEDs and the
design considerations that must be balanced when comparing the efficiency of these designs to
determine which is best-suited for high-efficiency solid-state lighting. Considering the specific
case of GaN-InGaN double-heterostructures, we recognized the need to address a few key
unknowns. How the nanowire waveguide cross-section in m-directional and c-directional
nanowires affects the modal properties and how the quantum well position in axial
heterostructures affects coupling to these modes in the context of light-extraction from nanowirebased LEDs must be directly compared for the designs. Furthermore, known polarization
anisotropy in emission from InGaN QWs must be included in this analysis of light extraction.
The change in IQE for polar versus non-polar oriented quantum wells, due to the QCSE, must be
considered for an overall comparison of the EQE of these different design. In the next chapter,
we assess these different nanowire-based LED designs to directly compare the EQE using a
combination of finite-difference time-domain photonic simulations and IQE modelling.
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Chapter 3: Evaluating GaN/InGaN Nanowire-Based LED Designs
Demonstration-scale nanowire-based LEDs have been fabricated, typically as c-directional
radial[131] and axial heterostructures[132, 133] or m-directional radial heterostructures[134,
135]; however there has been no direct comparison of these designs to guide future work towards
high-efficiency nanowire-based LEDs. The modal properties of nanowires have been calculated
for a range of devices, originally for cylindrical nanowires[136], and then for more realistic
hexagonal[118] and triangular cross-sections[137]. The extraction efficiency has been reported
in studies of circular and hexagonal nanowires, generally assuming isotropic emission [118, 136,
138]. Recently, a study of c-directional radial heterostructures has also been conducted,
including polarization anisotropy[139]. However, a direct comparison of m- and c-directional
axial heterostructures requires a comparative study of the modal properties, the extraction
efficiency, and the effects of crystallographic growth directions on the IQE, which has not been
previously conducted. Here, we compare several typical nanowire-based III-nitride LED designs
on a Si substrate, focusing on c-directional and m-directional axial heterostructures in which the
QW is inserted along the nanowire length, as well as the c-directional radial heterostructure in
which the QW is wrapped around the nanowire in a core-shell configuration. The directed
extraction efficiency is considered as a function of QW position within the nanowire using finitedifference time domain (FDTD) photonic simulations. The IQE is modeled by considering
radiative and non-radiative recombination rates, allowing for direct comparison with
experimental results in the literature. Finally, by combining as-determined directed extraction
efficiency and IQE, a range for the directed EQE is estimated and tradeoffs of the different
designs are discussed. We note that this is the first study to directly compare the common
nanowire architectures while including the important effects from polarization anisotropy,
different cross-sectional geometries and crystallographic growth directions.

3.1. Finite difference time domain simulations
FDTD breaks up Maxwell’s equations into dependencies on the electronic and magnetic
fields as a function of coordinates and time (x,y,z,t). The simulated mesh then discretizes these
fields in space to segment the problem into many parts. Starting with the initial conditions in
each segment, a new H-field is calculated in each segment over the entire volume. Time is then
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advanced a half-step and the new E-field is solved based the previously calculated H-field. Time
is advanced another half step and the process is repeated for the amount of time designated.
FDTD is unique among photonic simulations, in that it is time-dependent, but it can be
computationally demanding. Typically a perfectly matched layer (PML) boundary condition is
applied, which is completely absorbing at the edges of the simulation with a grading applied for
continuity ensuring no reflection from boundaries back into the region of interest. To ensure the
PML is not affecting the simulation, the bounds of the simulation region must be a few times
greater than the region of interest. Periodic boundary conditions and transparent boundaries can
also be applied.

3.1.1. Simulation Setup
To find the directed extraction efficiency for the different nanowire-based LED designs, we
used three-dimensional FDTD Lumerical software with a maximum mesh size of λ/15n,
assuming a 1 µm long nanowire with a refractive index n = 2.6. The nanowire was oriented
vertically on a silicon substrate with flat facets on both ends, as depicted in Figure 3-1(a). PMLs
were used as the boundary conditions to assure that any radiation reaching the boundary does not
reflect back to interfere with the simulation in the region of interest. A power monitor was used
to observe the amount of radiation passing through a plane immediately above the nanowire tip.
The directed extraction efficiency was calculated as the ratio of power through the monitor plane
to the power emitted by the emission source (e.g. QW), and as a function of the QW position
within the nanowire, h (Figure 3-1(a)). By using a single monitor, we are effectively defining the
directed extraction efficiency as the light which is directed toward the observer, composed
mostly of emission from the waveguided modes, and effectively ignoring higher angle emission.
While much of the light which escapes the nanowire will be outside this limit, we are interested
in designing nanowire-based LEDs such that we can tune the characteristics on an individual
nanowire level, which emission from guided modes is best suited for. m-directional and cdirectional nanowires were approximated as prisms with the cross-section of an equilateral
triangle of side-length d (Figure 3-1(b)) and a regular hexagon of side-length aeq (Figure 3-1(c)),
respectively. The dimensions d and aeq were chosen such that the nanowires had the same crosssectional area for direct comparison, specifically d = 6 ⋅ aeq.
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Figure 3-1. Simulation setup used for FDTD photonic simulations. (a) Schematic of
simulation setup in x-z plane, with emission source (QW) at a distance h from the substrate. The
nanowire cross-sections are assumed to be (b) an equilateral triangle of side-length d for mdirectional nanowires, with two semi-polar {112̄2} facets and one polar c-plane (0002) facet, and
(c) a regular hexagon of side-length aeq for c-directional nanowires with six non-polar m-plane
{11̄00} facets. Black dots in (b) and (c) represent the center of the cross-section and gray dots
represent the location of additional point sources used to simulate the full QW.
To simulate incoherent spontaneous emission, as expected from a QW, the emitted electricfield intensity was calculated as a weighted average of the electric-field intensities emitted from
three independent orthogonal dipole sources[140]. The relative weight of emission from the
different dipoles was assigned dependent upon the transition probability of each
polarization[141], as discussed in Section 2.3.1. Light extraction. Unless otherwise noted, QWs
were simulated by averaging the results of spatially equally distributed point sources within the
QW, taking advantage of symmetry to reduce the number of simulations when possible (Figure
3-1(b-c)). The results reported here assume a typical 7 nm QW of In0.13Ga0.87N, and hence a
wavelength of 405 nm.
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3.1.2. Modal properties of nanowire waveguides

Figure 3-2. The modal properties of hexagonal and triangular nanowire waveguides.
(a) Dispersion relation of the first six modes of nanowire waveguides plotted for both m- (solid
lines) and c-directional (dashed lines) nanowires, also plotted against d (or aeq ⋅ 6 for hexagonal
cross-sections) at the emission wavelength of 405 nm. (b) The cross-sectional electric-field
intensity profiles of the lower order modes. Note that the symmetry is broken due to the
difference in cross-section along the x- and y-axes.
Though the modal properties of hexagonal[118] and triangular cross-sections[137] have been
previously reported, we calculated the modal dispersion of each case here for a direct
comparison. To estimate nanowire side-length regimes for which well-confined waveguiding is
sustained (i.e. neff > 1), we calculated the dispersion relation for the first six modes in GaN
nanowire waveguides (Figure 3-2(a)). The normalized propagation constant, ωd/c, where ω is
the angular frequency, is proportional to the ratio of nanowire side-length and wavelength, d/λ,
while the effective index, neff, is higher for more confined modes. At the wavelength of 405 nm,
the single-mode regime – where only the fundamental mode HE11 exists – is calculated to be
sustained for d < 160 nm and aeq < 76 nm in the case of m- and c-directional nanowires,
respectively, which is in agreement with previously reported values[136, 137]. Each mode has a
distinct cross-sectional electric-field intensity profile (Figure 3-2(b)). The overall intensity varies
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along the length of the nanowire with the effective wavelength of the mode, but the relative
intensities within the cross-section maintain the distinct modal profile. Note that the dispersion is
remarkably similar for the m- and c- directional fundamental modes, especially in the singlemode regime, which indicates that for nanowires of equal cross-sectional area the modal
properties should be similar. The cross-sectional intensity profiles of the fundamental mode are
also both approximately radially symmetric indicating that coupling to the fundamental mode
should have the same trend with respect to distance from the nanowire center, which is important
when considering coupling changes throughout the cross-section. The higher order modes vary
more when comparing the cross-sections and would be important to understanding coupling from
emission in multimode nanowire waveguides[142].

3.1.3. Point emission sources
For the analysis of a point source’s position-dependence on the directed extraction efficiency,
we focus on m-directional nanowires, for which the most coupling to modes is expected based on
the polarization argument discussed above, before moving on to more computationally
demanding and time-consuming plane-source simulations. We calculate the directed extraction
efficiency for m-directional nanowires in various waveguide regimes (leaky single-mode
nanowires – with neff of the fundamental mode < 1, well-confined single-mode nanowires with
neff of the fundamental mode > 1 and multimode nanowires) and compare it with a 1 µm c-plane
GaN thin-film on silicon as a function of the QW position (Figure 3-3(a)). Here, QWs were
approximated as a single, centered point source to reduce the number of simulations necessary
for this general comparison. While this approximation is an overestimate, the general trends are
the same as observed for full plane-source simulations and the actual values are only about 8%
lower than this approximation.
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Figure 3-3. Directed extraction efficiency dependence on point source position. (a) Directed
extraction efficiency as a function of the QW placement for leaky and well-confined single-mode
and multimode m-directional nanowire waveguides compared to a thin-film. (b) Comparison of
well-confined single-mode nanowire waveguide extraction and electric-field intensity of the
fundamental mode profile.
For the thin film, the extraction efficiency is independent of QW position and limited to
about 4% by total internal reflection. For nanowires, however, the extraction efficiency is
generally higher and dependent on the QW position and the nanowire diameter. Extraction from
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a thin single-mode nanowire (d = 60 nm, neff < 1) shows a maximum directed extraction
efficiency of 45% for a QW position near the nanowire tip and a minimum of 1.2% for a QW
position near the substrate with oscillations approximately equivalent to the free-space
wavelength, λ0 = 405 nm. The steady increase in extraction as the QW is positioned closer to the
nanowire tip is due to an increased emission from extraction cones on the nanowire side-facets as
the source is moved towards the plane of extraction. The oscillations can be attributed to the fact
that for leaky single-mode nanowires extracted light mostly propagates outside the nanowire and
interferes with itself after reflection from the surface of the silicon substrate. The oscillations in
extraction efficiency from a thicker (d = 145 nm, neff > 1) single-mode nanowire waveguide
between a maximum of 56% and a minimum of 21% (near the substrate) can be ascribed to the
same effect, where the oscillations correspond to the effective wavelength of the mode, λ0/neff.
We further explore the origin of the oscillations in directed extraction efficiency by directly
comparing it with the electric-field intensity profile of the standing wave excited by the
fundamental mode in a single-mode nanowire waveguide with neff > 1 (Figure 3-3(b)). Since the
directed extraction efficiency is primarily due to extraction of the fundamental mode, the
intensity profile and directed extraction efficiency follow the same oscillation pattern (coupling
of the dipole emission is expected to be strongest at maxima in the electric-field intensity
profile[118]). This trend is obscured in c-directional nanowires due the polarization anisotropy,
which results in less coupling to the fundamental mode. When the nanowire side-length is
increased even further such that multiple modes become active, much more complicated
dependency on QW position is observed (Figure 3-3(a)). For example, for a nanowire with d =
300 nm, up to six total modes exist within the nanowire, resulting in overall lower directed
extraction due to lower overall coupling from a discrete source, with maximum and minimum
extraction efficiencies of 48% and 13%, respectively.
The design of single nanowires can be expanded to nanowire arrays without considering the
complications from scattering and interference if the nanowires are adequately spaced apart. For
adequate spacing the average inter-nanowire distance should be large enough to avoid overlap in
the emission from neighboring nanowires. To understand the range of nanowire areal densities
under which only individual nanowire-based LED designs need to be considered, we gain insight
from considering the cross-sectional modal profile. Since single-mode nanowire-based LEDs
have the highest extract, we consider nanowires which are near the multi-mode cut-off (d = 145
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nm or deq = 120 nm for hexagonal cross-sections). The approximate maximum density at which
hexagonal nanowire modal profiles overlap minimally is 20 nanowires/µm2 as shown in Figure
3-4(a). If the nanowire is smaller in diameter then the maximum areal density decreases (to 13
nanowires/µm2 for deq = 80 nm, where neff of the fundamental mode is ~1) since a larger portion
of the mode is outside of the nanowire as shown in Figure 3-4(b). These principles can be used to
guide the synthesis of wide-band gap nanowires for LEDs: for individual nanowire-based LED
design to scale and have a maximized extraction the nanowire should be single mode (d from
100-160 nm for m-directional nanowires and deq from 80-120 nm for c-directional nanowires)
and the maximum nanowire areal density to avoid modal overlap is about 13-20 nanowires/µm2.

Figure 3-4. Fundamental mode profile intensity cross-section for c-directional nanowires.
Cross-section of the intensity of the fundamental mode, HE11x, for c-directional nanowires with
the width of the mode (equivalent to the necessary inter-nanowire spacing to prevent modal
overlap) for (a) deq = 120 nm and (b) deq = 80 nm.
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Figure 3-5. Directed extraction dependence on point source position in cross-section.
Extraction efficiency for a single-mode m-directional nanowire (d = 145 nm) as a function of
emission distance from the substrate (h), with points at the center, near the facets and near the
corners represented. As the source moves away from the center, the emission coupling to the
fundamental mode, and thus extraction, decreases.
To fully simulate emission from a nanowire QW, equally distributed point sources within the
nanowire cross-section were independently simulated. Analysis of the extraction efficiency
changes with respect to the position of the dipole source can provide insights into the regions
which contribute most to extraction and can be useful when emission is not perfectly distributed
across the entire plane of the quantum well (QW). For example, in the presence of a surface
depletion region, most of the current will flow through the core of the nanowire[89] therefore
limiting the cross-sectional position of the emission source to the center. For the single-mode mdirectional nanowire studied in this work, in which only the fundamental mode HE11 exists, the
electric-field intensity is highest in the center of the nanowire, thus it is expected that as the
point-source is moved away from the nanowire center the coupling into the mode will decrease
(see Figure 3-2(b)). Since most of the extracted light corresponds to this guided mode, the
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extraction efficiency will also decrease as the point-source is moved away from the center of the
nanowire cross-section (Figure 3-5). The oscillations of extraction efficiency with the emission
distance from the base do not change significantly, where the oscillations are due to changes in
coupling into the fundamental mode. It is notable that emission at the top corner (oriented on the
y-axis) is less extracted than the comparable right corner (oriented on the x-axis). Since most of
the emission is coming from a y-oriented dipole, it is more likely to be scattered by the corner
along the y-axis, as opposed to the corner along the x-axis. We note that for the c-directional
nanowires, the above discussed trends are more difficult to observe, since the dominant dipole is
oriented along the z-axis, which does not couple well to the fundamental mode.
This work generally assumes an equilateral triangle and regular hexagon for the crosssections of m-and c-directional nanowires, respectively. The experimentally grown nanowires,
however, generally do not have these ideal cross-sections. Nanowires grown in the c-direction
typically have slightly faceted corners that can decrease the effective index of waveguide modes
in the nanowire. However, so long as the faceting is symmetric, the general properties of the
modes will remain similar. The cross-section of m-directional nanowires has recently been
thoroughly investigated with electron tomography in InN-InGaN nanowire heterostructures[143].
The m-directional nanowires have a less ideal cross-section and the actual cross-section deviates
slightly from an equilateral triangle, with two corners with angles of about 58° and the other with
64°. We simulated the extraction from a centered point source via FDTD for such a nanowire
(Figure 3-6). The broken symmetry results in a lifting in degeneracy of the fundamental modes,
HE11x and HE11y. As expected, because the nanowire is smaller along the x-axis, HE11x has a
smaller effective index (and thus larger effective wavelength) as compared to HE11y. Recall that
due to the polarization anisotropy most of the emission is polarized with the electric field
perpendicular to the c-axis. In this case such emission corresponds to emission from the dipole
oriented along the y-axis. Thus, due to the polarization-anisotropy the extraction efficiency
oscillates with the effective wavelength expected from HE11y. The effective index of this
fundamental mode will be smaller as compared to the ideal structure as the cross-sectional area is
decreased and thus confinement of the mode is decreased. The dipole oriented along the z-axis
oscillates approximately with the free-space wavelength, indicating most of this emission is
back-reflected from the Si substrate. These results emphasize that for careful optimization of
nanowire-based LED design it may be important to consider realistic cross-sections.
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Figure 3-6. Effect of realistic nanowire cross-sections on extraction. Extraction efficiency as
a function of emission distance from the substrate (h), for the three-orthogonal dipoles simulated
at the center of a realistic m-directional nanowire via FDTD. The total extraction follows the
same trend as the dipole oriented in the y-axis due to polarization-anisotropy.

3.1.4. Plane emission sources
After considering different nanowire waveguide regimes, we next compare the overall
directed extraction efficiency of well-confined single-mode m-directional axial and c-directional
axial and radial heterostructures (Figure 3-7), with d = 145 nm and aeq = 59 nm, respectively.
Unless otherwise noted, we focus on these well-confined single-mode nanowires for the
remainder of this work. The c-directional radial heterostructure was found for a QW placed at
0.9 the distance from the center to the surface, where extraction has previously been reported to
be optimal[118]. The m-directional axial heterostructure has strikingly larger extraction as
compared to the c-directional axial and radial heterostructures, but the placement of the QW is
critical to optimize the extraction efficiency, as discussed above. In contrast, the c-directional
axial heterostructure has much less variation, as most of the emission is oriented parallel to the
plane of extraction. While this result indicates that m-directional axial heterostructures have an
advantage in terms of directed light extraction, expected differences in the IQE must also be
considered, which we discuss in the next section.
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Our results demonstrate that regardless of their side-length, nanowires exhibit enhanced
extraction efficiency over an unprocessed thin-film. It should be noted, however, that extraction
efficiencies from thin-films can be greatly enhanced via a variety of techniques, even reaching
extraction efficiencies of up to 80% in optimized devices[144]. However, well-confined singlemode m-directional nanowires can achieve extraction efficiencies near 50% without any
additional processing steps, simply by placing the QW at the proper position along the nanowire.
We also note that nanowire arrays may be able to reach even higher extraction efficiencies, but
the calculation of extraction efficiency here is meant as a starting point to compare m- and cdirectional nanowires for LED applications.

Figure 3-7. Compared directed extraction for nanowire-based LED designs. Simulated
directed extraction efficiency as a function of the QW placement for m-directional and cdirectional axial heterostructures, with the solid line indicating the extraction efficiency for a cdirectional radial heterostructure with the QW placed at 0.9 the distance from the center to the
surface.

3.2. Modeling the internal quantum efficiency
The A-B-C model is often used to model the IQE and compare relative recombination rates
for LEDs. This simple model is intuitive and provides a physical insight into the dominant
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recombination mechanisms in the device[145]. The current density, J, and the IQE are dependent
on the carrier density, n, in the active region of the device (in this case the QW) as shown in
Equation 3-1 and Equation 3-2, respectively:

=

IQE =

+
+

+



+

Equation 3-1

Equation 3-2

where q is the elementary charge, w is the active region width (approximated by the QW width)
and the coefficients A, B and C represent the relative rates of non-radiative, radiative, and Auger
recombination, respectively. The model assumes that the electron and hole densities are of the
same order in the active region at non-equilibrium, that there is no carrier leakage across the
QW, and that A, B and C are only weakly dependent on n[145]. This model has been fit to
experimental results for a c-directional axial nanowire heterostructure[146], resulting in roomtemperature values of A=7×108 s-1, B=3×10-10 cm3s-1, and C=4.5×10-29 cm6s-1. Though this
device is different from the simpler ones we are simulating, it is a useful starting point for
comparison, as the characteristics of a multi-QW system are often dominated by a single QW,
typically the one closest to the more resistive p-type layer[145].
While the values for B and C depend primarily on the LED design (QW orientation, number
of QWs, existence of electron blocking layers), the values for A are specific to size and geometry
in nanowire-based LEDs, thus we cannot simply use A from the experimental reference[146].
Non-radiative recombination can occur due to trap states or non-radiative recombination centers
such as dislocations or surface states. In nanowires it is expected that non-radiative
recombination is mostly governed by the surface recombination due to the high surface-tovolume-ratio and the fact that dislocations are not present[147]. For a typical thin-film GaN
LED, the non-radiative recombination rate has been reported as Abulk=5.4×107 s-1, representing an
estimate for bulk non-radiative recombination rate in the regime of low threading dislocation
densities[148]. (In an ideal case with no dislocations and low surface recombination, A would be
equivalent to such a bulk value.) We used this bulk value as a comparison against the values
dominated by surface recombination, as expected in a nanowire-based device. For a c-directional
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axial heterostructure with non-polar facets, based on the values measured experimentally[146,
149, 150], assuming a surface depletion region[151, 152] based on a doping density of 1018 cm-3
and extracting to the geometries considered here, we obtain a value of Ac-directional=2.9×108 s-1.
Similarly, for m-directional nanowires with higher surface recombination at the polar c-plane
facets[149] we estimate a higher Am-directional=5.5×108 s-1. Using the experimental values for B
and C cited above and varying A from the bulk value to the calculated values for c- and mdirectional axial heterostructures (as summarized in Table I), the general IQE is found to
decrease from the ideal bulk-like case to the c-directional axial heterostructure, with the mdirectional axial heterostructure displaying the lowest IQE (Figure 3-8(a)).

Figure 3-8. Comparing changes in coefficients of the A-B-C model for finding IQE. (a) The
effect of increasing surface recombination on expected IQE assuming constant B and C, and
varying A. (b) The range of expected IQE’s for bulk and nanowire cases, where minimal IQE
represents radiative recombination from a c-plane QW and the dashed and maximum IQE curves
represent low and high-end estimates for B from an m-plane QW. (c) The range of expected IQE
from m- and c-directional axial heterostructures using the low end estimate of B for the m-plane
QW with the range minimum and maximum determined by extent of surface recombination. See
Table 3-1.
The above consideration only takes into account the trend with surface recombination and
does not account for changes in radiative recombination between m- and c-directional axial
heterostructures, which we discuss next. The coefficient B represents the amount of radiative
recombination, thus for high IQE it is desirable for B to be large. Since the radiative
recombination probability is expressed by Fermi’s golden rule, which is proportional to the
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matrix element of wave function overlap, |M|2, B is directly proportional to |M|2. To estimate B
for different nanowire configurations, the QCSE must be taken into account. Due to the electricfield induced by the polarity in the c-direction of GaN and the piezoelectric effect shifting apart
the electron and hole wave functions[125], the QCSE is significant for c-plane QWs resulting in
a lower |M|2 for c-plane QWs than m-plane QWs, where the effect is absent. This difference
results in a higher spontaneous emission rate for m-plane QWs, and thus a higher B. In
simulating the QCSE in InGaN QWs using self-consistent and flat-band models, it has been
reported that for m-plane QWs |M|2 is enhanced by up to a factor of eight and at least a factor of
two compared to c-plane QWs, respectively[125]. These factors are thus multiplied by the
baseline B for c-plane QWs (3×10-10 cm3s-1) to arrive at an estimate of B for both the selfconsistent (2.4×10-9 cm3s-1) and flat-band models (6×10-10 cm3s-1). The resulting IQE for this
range of B values is shown in Figure 3-8(b), for both nanowire-like and bulk-like non-radiative
recombination. The minimum IQE curves in each case represent a c-plane QW and the
intermediate (dashed) and maximum curves represent the flat-band model (low) and selfconsistent model (high) estimates for an m-plane QW, respectively (see Table 1). Experimental
results have shown that thin-film devices grown in the m-direction have IQEs about a factor of
two higher than the devices grown in the c-direction[153], which supports using the flat-band
model estimate in which |M|2 is also a factor of two higher in m-plane QWs than in c-plane QWs.
Thus, a value of B=6×10-10 cm3s-1 is used henceforth for m-directional axial heterostructures.
Effects of the QCSE and surface recombination discussed above were then combined (Figure
3-8(c)) to calculate a range of IQEs for both c- and m-directional axial heterostructures (see
Table 1). In general, it is likely that c-directional axial heterostructures will have a higher IQE at
lower current densities due to lower surface recombination compared with m-directional axial
heterostructures. As the current density increases, m-directional axial heterostructures will likely
have higher IQEs due to enhanced radiative recombination as compared to c-directional axial
heterostructures. These results do not include potential effects of the crystallographic orientation
on electron overflow through the QW. It has been shown that non-polar QW orientations
decrease electron overflow relative to polar QW orientations without an electron-blocking layer
(EBL); however, the inclusion of an EBL results in similar output powers[154]. Note that the cdirectional radial heterostructure has been excluded from this analysis, as a direct comparison to
experimental results could not be made.
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Table 3-1. Coefficients of the A-B-C model used in modeling IQE.

experimental
reference[146]
Figure 3-8(a)
comparing

A[s-1]

B[cm3s-1]

C[cm6s-1]

7×108

3×10-10

4.5×10-29

3×10-10

4.5×10-29

bulk[148]

5.4×107

c-dir[149, 150]

2.9×108

m-dir[149, 150]

5.5×108

bulk[148]

5.4×107 c-plane QW[146]

surface
recombination
Figure 3-8(b)

3×10-10

comparing QW
orientation
QCSE and

nanowire[149, 150]
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3.3. External quantum efficiencies
Finally, we estimate the EQE range (Figure 3-9) by multiplying the directed extraction
efficiency dependent on QW placement (as determined by FDTD, Figure 3-7) by the expected
IQE and plotting the range from the minimum to maximum overall EQE curve. It is assumed that
nanowires are not surface-passivated, effectively giving a conservative estimate for the EQE. For
the optimal QW placement (700 nm from the substrate), m-directional axial heterostructures
generally have a higher EQE, mostly due to the differences in extraction. For the least optimal
QW placement in m-directional axial heterostructures (950 nm from the substrate), c-directional
axial heterostructures have a higher EQE for very small current densities, but the m-directional
axial heterostructures still outperform the c-directional axial heterostructures at higher current
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densities, despite a higher amount of surface recombination expected for the m-directional
nanowires.
Several assumptions were made to arrive at the EQE results in Figure 3-9 and here we
discuss deviations from these assumptions. First, it is assumed that the cross-sections of the
nanowires are highly symmetric. In reality, these cross-sections do not generally have perfectly
sharp corners[143]; changes in symmetry will further lift the degeneracy of the modes (as
discussed in Section 3.1.3. Point emission sources) and slightly change their effective indices,
which should not play a significant role on the results besides on the optimal QW placement.
Nanowire devices are often encapsulated by a superstrate other than air, such as
benzocyclobutane[155], which would raise the index of refraction of the superstrate and reduce
the effective indices of the waveguide modes, shifting dispersion and the optimal QW placement.
Similarly, for different QW compositions and sizes, the emission wavelength would be different,
resulting in shifting to a different point in the dispersion, and thus a different optimal QW
placement. At longer wavelengths the modes will be less confined and thus the directed
efficiency would be decreased. Whereas the nanowire diameter could then be increased to obtain
a well-confined single mode at λ0 = 550 nm (green), this would move the regime at λ0 = 405 nm
(blue) to multi-mode, making designs for multiple QW challenging to optimize. For multiple
QWs of different emission wavelengths, the trade-off between optimal QW placement and
electrical injection would also need to be considered. Furthermore, the silicon substrate assumed
here reflects much of the visible spectrum, which is taken advantage of in this design.
Alternative substrates such as sapphire are transparent, which would necessitate the development
of different designs, as most of the emission reaching the substrate in this design would be lost
for transparent substrates. Such designs would likely mimic thin-film devices, which often emit
through the sapphire and are designed with a silver-based contact to reflect emitted light back
towards the sapphire and tune emission[144, 156].
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Figure 3-9. Overall estimated EQE comparison of nanowire axial heterostructures.
Estimated EQE ranges for m- and c-directional axial heterostructures obtained by combining IQE
modeling and directed extraction efficiency simulations from FDTD.
Besides considerations that affect optimal QW placement and the role of nanowire density,
the material quality and processing can play important roles. The effect of the surface depletion
region, while considered in the IQE modeling, was not integrated into the FDTD simulations (as
calculated widths were small, only on the order of 10 nm), however large surface depletion
regions could actually enhance the extraction efficiency, by limiting emission to the center of the
nanowire, where extraction efficiency is expected to be highest. Though nanowires grown by the
self-induced method in plasma-assisted molecular beam epitaxy often display flat surface
facets[133], seed-mediated nanowires would normally have a metallic seed-particle at the
nanowire tip, which may quench emission or scatter the waveguide modes, effectively reducing
extraction efficiency. It is possible to chemically etch such seed-particles[157]. Finally, nanowire
sidewall surface roughness would induce losses and decrease the overall extraction efficiency.

3.4. Further enhancing extraction efficiency
This work has simulated only individual nanowires, thus motivating the use of directed
extraction rather than overall extraction from the nanowire (i.e. – including free space emission
from the nanowire sidewalls). We note that in many cases, much of the light is in fact not guided
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by the nanowire (i.e. – undirected) and thus not considered in our definition of directed
extraction efficiency, even though the light does escape the nanowire, it is not directed
substantially away from the substrate toward an observer. For cases where most of the light is
confined within the nanowire, array effects should be minimal with nanowires spaced adequately
apart – and thus the overall efficiency would be close to the directed efficiency in such cases. It
should be noted that thinner nanowires will have large portions of light intensity outside of the
nanowire, for which the density of nanowires on the substrate should more strongly affect the
extraction[158]. Furthermore, it may be possible to form a photonic crystal with an array of
nanowires to prevent propagation along the plane extraction and suppress emission not oriented
towards extraction[34].

Figure 3-10. Extraction from square arrays of m-directional axial heterostructures. The
extraction efficiency from a nanowire in the center of an square array was found as a function of
the array pitch a and the QW position along the length of the nanowire for thin (d = 60 nm)
nanowires. In general, the extraction efficiency increased as the QW position is moved toward
the tip and as the array pitch increases; however, the comparison to a single nanowire of the
same dimensions indicates the arrays must be carefully optimized to enhance extraction. A
schematic of the nanowire arrays simulated is inset.
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As a starting point for exploring the effects of nanowire arrays on light extraction, we used
FDTD to estimate the extraction from square arrays of thin (d = 60 nm) m-directional axial
heterostructures on Si as a function of QW position along the length of the nanowire and the
pitch (a) of the square arrays. Each simulation was performed for an emitting nanowire at the
center of an array of at least 5×5 nanowires, which was limited by memory requirements for
arrays with larger pitches. The results for extraction for nanowire arrays with pitches from 70 nm
to 200 nm actually result in generally lower extraction efficiencies that just an individual
nanowire. In this case, most of the emission is not guided within the nanowire and thus the
scattering of the nearby nanowires actually results in more light being scattered toward the
substrate. Larger pitches may be able to scatter emission towards extraction; however this still
needs to be investigated. To specifically tune the arrays to form a photonic crystal may
dramatically enhance extraction as well, thus the use of ordered nanowires arrays have great
potential to increase extraction efficiency, but their designs must be well optimized.
Furthermore, in traditional optoelectronics a distributed Bragg-reflector can be used to create
a perfect reflector at certain wavelengths by periodically alternating the effective index within a
waveguide. Recently, facile diameter modulation of III-nitride nanowires via metal-organic
chemical vapor deposition has been demonstrated by our group, where the diameter was
modulated by as much as a factor of two[143, 159]. FDTD was used to evaluate the potential for
creating an effective distributed Bragg reflector of the fundamental mode via such diameter
modulations. The reflector was designed to have a smaller base side-length of ds = 145 nm with
10 periodic repetitions of larger (doubled) diameter (dl = 290 nm), where the small and large
diameter segments have a length of ts and tl, respectively, as shown in Figure 3-11(a). Figure
3-11(b) demonstrate the local maximum of R = 0.82 for the smallest optimal segment lengths,
which occurs at ts = 92 nm and tl = 26 nm. Such reflecting structures at the nanowire base are a
promising structure to encourage light extraction by growing them prior to the growth of the
light emitting portion of the nanowire. The abruptness of the diameter modulation will be critical
to high reflectivity from the pseudo-Bragg reflector, and would be the limiting factor on
producing such structures, thus our simulations of abrupt diameter modulations are likely a highend estimate of what could actually be fabricated via diameter modulation using a seed-particle.
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Figure 3-11. Distributed Bragg reflector via diameter modulations. (a) Schematic structure
of diameter modulation in m-directional GaN nanowires, denoting the diameters/lengths of the
small and large diameter segments, ds/ts and dl/tl, respectively. (b) The local maximum for
reflection at the smallest tl/ts with 0.82 reflectivity achieved at ts = 92 nm and tl = 26 nm.

3.5. Summary
In this chapter, we compared designs of III-nitride nanowire-based LEDs using a
combination of FDTD photonic simulations and the A-B-C model for IQE. We showed that
individual well-confined single-mode nanowires have the highest directed extraction efficiency
and that the variation of directed extraction efficiency as a function of QW placement could be
directly related to the expected coupling to the fundamental mode in this case. Furthermore, due
to the large polarization anisotropy expected in InGaN QWs, m-directional axial heterostructures
were found to have the highest directed extraction efficiencies as compared to c-directional axial
and radial heterostructures in the well-confined single-mode regime, as more of the emission can
be coupled to the fundamental mode. The placement of the QW was also found to be more
important in the m-directional axial heterostructure due to the strong coupling to the fundamental
mode, demonstrating oscillation between a maximum directed extraction efficiency of 49% and a
minimum of 24%. The A-B-C model was used to discuss the effects of non-radiative and
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radiative recombination within m- and c-directional axial heterostructures. The m-directional
nanowires are expected to have a slightly higher non-radiative recombination rate, due to the
polar c-plane side-facet; however, the m-directional axial heterostructure is also expected to have
a higher radiative recombination rate due to the QCSE reducing the radiative recombination rate
in c-directional axial heterostructures. Finally, by combining these results, the expected EQE
ranges were estimated for both m- and c-directional axial heterostructures, demonstrating that the
m-directional axial heterostructures generally have a higher EQE, due primarily to the large role
that polarization anisotropy plays in the directed extraction efficiency and the enhanced radiative
recombination rate by avoiding the QCSE.
Though this work only considered blue-emitters, the same approach used here can be applied
to any emission wavelength to find the optimal QW placement. By looking at the optimal
placement for green and red wavelengths it would be possible to design a white LED with QWs
emitting at each wavelength positioned optimally all within a single nanowire. High efficiency
LEDs using m-directional axial heterostructures operated at high current densities could be
further improved by coating the nanowires with a high band-gap shell, such as AlxGa1-xN, to
reduce surface-recombination and boost the IQE. Furthermore, if the nanowires were arranged
periodically in a photonic crystal arrangement, it should be possible to boost the extraction
efficiency by suppressing propagation parallel to the plane of extraction. Another option to
enhance extraction was shown to be periodic diameter modulations at the base of the nanowire to
reflect more of the waveguided light away from the substrate toward extraction. This work will
help to guide the design of such future III-nitride nanowire-based LEDs to reach higher
efficiencies which will help to progress the solid state lighting revolution.

3.6. Device outlook
In this chapter we evaluated the design of specific arrangements of GaN nanowires on Si
substrates. To fabricate such structures requires control over GaN nanowire dimensions (lengths
and effective diameters), areal nanowire densities and most importantly, vertical alignment
relative to the substrate. Furthermore, excellent optical and electrical properties must be
maintained while achieving this control over the nanowire synthesis. Practically, the largest
challenge in fabricating such devices is synthesizing vertical or even aligned m-directional
nanowire growth on Si. Such alignment likely requires an epitaxial relationship between the
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nanowire and the substrate; however growth of m-directional GaN nanowires on Si resulted in
growth with no particular alignment to the substrate, despite growing the nanowires with a
variety of seed-particle metals at various growth conditions (see Appendix A). Furthermore, the
GaN nanowires grown via both CVD and MOCVD in our growth system demonstrated very low
luminescence; especially relative to ZnO nanowires (see Section 5.1. Optical properties of ZnO
nanowires). The poor optical properties of our GaN nanowires and their potential sources are
discussed further in Appendix A. To continue on a path towards the fabrication of nanowirebased LEDs, ZnO nanowires were pursued as an alternative to GaN. The simulation work
performed in this chapter could then be reiterated upon potential designs for ZnO nanowires,
though this is left for future work. Thus, in the next chapter, we discuss the synthesis of ZnO
nanowires on Si towards the fabrication of nanowire-based LEDs, with an emphasis on control
over the nanowire vertical alignment relative to the substrate and the uniformity of nanowire
length: two critical properties for scalable nanowire-array device fabrication.
It should be noted here that these simulation results may also be able to be loosely extended
to ZnO nanowire-based devices with CdZnO QWs. The QCSE also has a large effect in c-plane
CdZnO QWs[160]. It has also been theoretically shown that due to the same effect of an energy
gap between different polarization states as seen in InGaN, that polarization anisotropy of the
emission should be present for m-plane CdZnO[161], however not to the same extent as InGaN,
which allows for a potential improvement in directed extraction from c-directional radial
heterostructures relative to InGaN QWs. Obviously this simulation work could easily be repeated
for the case of ZnO-CdZnO nanowire-based LED designed as CdZnO is further developed and
understood.

This chapter resulted in the publication of a conference proceeding and a journal article:
•

Chesin J, Zhou X and Gradečak S 2012 Light extraction in individual GaN nanowires on
Si for LEDs Proc. of SPIE 8467 846703 1-10.

•

Chesin J and Gradecak S 2014 Comparing directed efficiency of III-nitride nanowire
light-emitting diodes Journal of Nanophotonics 8 083095.
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Chapter 4: ZnO Nanowire Synthesis on Si
This chapter demonstrates the relative ability to control ZnO nanowire vertical alignment
relative to the growth substrate, nanowire length uniformity and nanowire areal density for ZnO
nanowire arrays grown via different techniques and compares the applicability of these
techniques as a realistic device fabrication step. First, HTS was used to produce ZnO nanowires
on Si and polyethylene naphthalate, which are both platforms for scalable device fabrication;
however, this technique limits the control over important nanowire properties relevant for
nanowire array-based LEDs, such as the nanowire areal density and high optical quality. To
achieve better control over the nanowire properties, ZnO nanowires were next synthesized via
VTC using Au seed-particles on sapphire. ZnO nanowires with controlled diameter and
morphology were synthesized using this method, but because Au is known to quench
luminescence in ZnO, the presence of the foreign seed particles is a potential disadvantage of this
approach. To overcome these issues, ZnO nanowires were synthesized on Si substrates via VTC
using a solution-processed ZnO seed-layer film, without any foreign metal seed-particles. The
oxygen partial pressure was determined to be critical to tuning the nanowire areal density and the
specific growth kinetics, from a continuous nucleation regime at lower nanowire areal densities
around 1 nanowire/µm2 (producing nanowires with a fixed aspect ratio) to a surface-diffusion
limited regime at higher areal densities around 10 nanowires/µm2 (producing nanowires with
length inversely proportional to the nanowire diameter). Nanowires with uniform lengths were
achieved via a two-stage growth method by first forming nanowire bases followed by growth
under the surface-diffusion limited regime. In the surface-diffusion limited regime, the growth
rate is roughly independent of diameter at larger diameters, thus by defining large diameter bases
in the first stage of the two-stage growth method nanowires with uniform lengths were achieved.
To further control the nanowire areal density and maintain the uniform nanowire lengths, sparse
seed layers were used. With control of ZnO nanowire areal density, nanowire length uniformity
and vertical alignment relative to the Si substrates, these nanowire-arrays are ideal for pursuing
the fabrication of nanowire-based LEDs.
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4.1. Nanowire growth mechanisms
In this work, ZnO nanowires were synthesized via HTS and VTC methods. For HTS
synthesis the growth proceeds according to an anisotropic growth method on a ZnO seed-layer
processed on Si substrates. The substrate is submerged in an aqueous solution containing Zn and
O ions to supply the nanowire growth as demonstrated by the schematic in Figure 1-1Figure
4-1(a). For ZnO nanowire synthesis using the VTC method, a hot-walled three-zone quartz-tube
furnace was used, as demonstrated by the schematic in Figure 4-1(b). VTC synthesis of ZnO
nanowires were conducted using Au seed-particles via the VLS mechanism or on ZnO seedlayers via anisotropic growth. The growth mechanisms are discussed in further detail below.

Figure 4-1. ZnO nanowires synthesis methods. Schematics of the setup for ZnO nanowire
synthesis using (a)HTS at relatively low temperatures of 85ºC and (b) VTC at higher
temperatures from 800-1000ºC.

4.1.1. VTC growth with seed-particles
ZnO nanowires are often grown via the VTC method, which takes advantage of the
carbothermal reduction of ZnO powder at much lower temperatures (~900°C) than ZnO typically
decomposes (~1,975°C). The reaction of ZnO with C powder acts as source for Zn vapor. The
specifics of this reaction are discussed further in Section 4.4.1. Density Control via O2
Flow/Seed Layer Thickness. The vapor-liquid-solid (VLS) mechanism is a typical seed-particle
mediated method used to grow nanowires and has been used extensively to grow nanowires with
Au particles. Au is considered a noble metal resistant to corrosion and oxidation and is thus ideal
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for use as a seed-particle in VLS growth of nanowires, used to fabricate Si[162, 163], GaAs[164,
165], GaN[25, 26] and particularly ZnO nanowires[54, 100], as well as many others.

Figure 4-2. VLS growth mechanism schematic. VLS mechanism of nanowire growth as
described by a Si-Au phase diagram with the growth temperature denoted as Tgrowth and the
respective stages of growth indicated from 1-4: solid Au seed (1), a liquid Au-Si seed formed as
Si incorporates into Au (2), the first Si monolayer nucleates at the liquid-solid interface with the
substrate once the Au-Si alloy supersaturates with Si (3), and nanowire growth continues at the
liquid-solid interface (4).
A classic example of VLS growth is the growth of silicon nanowires via CVD using a gold
seed particle, as demonstrated in Figure 4-2. Gold nanoparticles are dispersed on the surface of
the substrate. The temperature is elevated to above the Si-Au eutectic point and silane (SiH4) is
flowed as a Si precursor. At these temperatures SiH4 decomposes to H2 and Si vapors. The Au
seed particle absorbs Si, expanding in volume until it is supersaturated, at which point solid Si
nucleates preferentially at the liquid-solid interface between the substrate and the liquid seed
particle[166]. The nucleation and absorption of Si into the seed-particle reach a steady state, such
that the volume of the seed particle is constant and determines the radius of the nanowire. As the
growth progresses, nucleation continues to occur at the liquid-solid interface, which is between
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the last monolayer of Si formed and the seed-particle, thus creating a pillar of Si with the seedparticle on top. In this technique, the diameter is directly related to the size of the seed-particle
and the length of the nanowire is determined by the growth time[167]. In compound
semiconductors, such as ZnO and GaN, the growth can be more complicated, for example,
because N is not soluble in Au, it only reacts with the III-precursor via the triple-phase boundary
between the liquid seed-particle, solid nanowire and vapor phase[25].
In addition to acting as a seed particle during the VLS growth of ZnO nanowires Au can also
act – depending on the oxygen overpressure – as a collection site for the vapor source. In this
growth regime, substantial film growth on the substrate can also occur, drawing reactants from
the Au particles. The collection of vapor source from the seed-particles in combination with the
film-growth results in a network-like film with exposed c-plane facets. Nanowires can then grow
via an anisotropic vapor-solid (VS) mechanism, since the c-facet grows anisotropically faster
than the m-facets[54], forming nanowires with a c-plane top facet and m-plane sidewall facets. It
has been previously shown that Au can transition from acting as a seed-particle in ZnO nanowire
growth to passively forming a particle on the nanowire sidewall, presumably due to the surface
facet stability of the Au particle changing as oxygen partial pressure decreased[54]. Similarly,
this transition from Au-assisted to non-assisted anisotropic VS growth has been observed as a
function of temperature, where at higher temperatures the Au particle is more likely to be liquid
and easily absorb Zn precursors to alloy toward the eutectic composition[168].

4.1.2. Anisotropic vapor-solid growth
The anisotropic VS growth of ZnO nanowires has been observed to form c-directional
nanowires using many growth methods, implying that under most conditions the polar c-plane
facet has the highest surface energy relative to other facets, and thus grows most quickly.
Particularly, this has been observed in HTS of ZnO and ZnS crystals[23], for CVD at lowtemperatures (140°C)[101] and even for CVD-grown nanowires at temperatures as high as
1200°C[169]. Usually, growth is seeded with a textured ZnO polycrystalline film (the seedlayer) with each small grain oriented roughly in the c-direction[30, 100, 170], though under the
proper conditions even the seed-layer is not necessary since the growth results in its own islandlike film which acts as the seed-layer[101, 171]. It has been shown that the polarity of the
exposed seed-layer facet can be critical to growth. In most vapor-source methods only Zn63

terminated surfaces will be chemically active and result in nanowires, though in some growth
methods, such as chemical bath deposition, both Zn and O-terminated surface resulted in
nanowires[104]. In general, the growth method is assumed to be the anisotropic growth of cplanes which eventually expose only m-plane nanowire sidewall facets that grow much slower.
The role of higher order {1011} is less clear since they seem to only form upon nanowire

cooling if source is still available[102], indicating that they may grow faster even than c-plane
facets at high temperatures.
The specific nanowire growth kinetics are relevant to work discussed later in this chapter.
Typically in VLS-grown nanowires limited by the diffusion of source precursors, the Gibb’sThompson effect can play a large role at low nanowire diameters. The curvature of the smaller
seed-particles decreases the effective chemical potential difference between the liquid and vapor
phase and thus the nanowires with smaller diameters grow more slowly[172]. Eventually, the
effect of needing more atoms per monolayer in thicker nanowires results in an inverse
dependence of growth rate on nanowire diameter, overcoming the Gibb’s Thompson effect. The
Gibb’s Thompson effect is not observed in anisotropic VS-growth, since there are no seedparticles used to mediate the growth. Typically the growth rate follows a ~1/d relationship in the
anisotropic VS growth of ZnO nanowires[173], which indicates a surface-diffusion limited
regime in which the growth rate of nanowires with smaller effective diameters grow much faster
than thicker nanowires.

4.2. Hydrothermal synthesis of ZnO nanowires
4.2.1. Hydrothermal synthesis of ZnO nanowires on Si
HTS is commonly used to grow ZnO nanowires on a variety of substrates at low
temperatures and was thus used as a starting point for ZnO nanowire synthesis on Si. Nanowire
vertical alignment relative to the growth substrate is generally good in HTS ZnO nanowires and
the nanowire lengths tend to be fairly uniform, both of which are properties of nanowire arrays
necessary for the fabrication of nanowire array-based LEDs, which makes the HTS growth
method an excellent starting point towards the fabrication of such devices. First, 0.5×0.5 in2
squares of p-Si (100) substrates were cut by die-saw and sonicated in acetone, methanol and
deionized (DI) water immediately prior to seed-layer deposition. Zinc-acetate dihydrate,
Zn(O2CCH3)2(H2O)2, was dissolved in methanol at a concentration of approximately 10 mM.
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The zinc-acetate solution was spun onto the cleaned substrates at 3000 revolutions per min (rpm)
for 10 s. Each coating was performed 10 times and annealed at 350°C in air for 30 min. Asprepared substrates were affixed to a glass slide using double-sided tape on the back side of the
substrate, and single-sided tape on two edges of the substrate wrapped around the glass slide.
The slide was placed into a glass jar containing the growth solution (see Figure 4-1(a)),
composed of 100 mL of 10 mM zinc-nitrate (Zn(NO3)2) and 4 mL of ammonium hydroxide
(NH4OH). The jar was sealed with a lid and placed into a box furnace at 85°C for 2-6 h. After the
growth, substrates were rinsed in DI water and gently blown dry with compressed air. The
amount of white precipitation, indicative of high supersaturation in the growth solution in the
growth solution causing homogenous nucleation of ZnO, was qualitatively noted as growth
parameters were changed.

Figure 4-3. Hydrothermally synthesized ZnO nanowires. SEM images of ZnO nanowires on
a ZnO seed-layer on (100) Si: (a) 45° tilted view and (b) top-down plane-view.

Representative HTS-grown ZnO nanowires, imaged using scanning electron microscopy
(SEM), are shown in Figure 4-3. Though lengths of the nanowires are uniform, the top-down
view in Figure 4-3(b) demonstrates the large nanowire diameter distribution, which is further
illustrated in Figure 4-4. The diameter of HTS-grown nanowires has been shown to depend on
the seed-layer preparation conditions[27, 103, 174] and the thickness/grain-size of the seed-layer
film[27, 170], though achieving diameter uniformity with these methods has not been
demonstrated. To control the nanowire optical properties (such as the confinement as an optical
waveguide), control of the nanowire diameter uniformity is critical. To further assess the
potential of HTS ZnO nanowires on Si for nanowire array-based LEDs, we next look the
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potential for controlling nanowire length and length uniformity in HTS ZnO nanowires. Control
over nanowire length is necessary for implementing nanowire-based LED designs, such as the
placement of a QW region or a p-n homojunction along the length of the nanowire.

Figure 4-4. Nanowire diameter distribution of HTS-grown ZnO nanowires. The histogram
demonstrates the large distribution of nanowire diameters, with most nanowires (~50%) from 60
to 120 nm in diameter. The median nanowire diameter is 100 nm, near the peak in the
distribution, and the standard deviation is 65 nm.
It is critical to control nanowire lengths for many applications. For most bottom-up methods
of nanowire synthesis, the nanowire length can be controlled by adjusting the growth time. HTSgrown ZnO nanowires are limited in length by the depletion of precursor source as the reaction
continues. The nanowire length does not increase substantially after two-hour growth times, as
demonstrated in Figure 4-5. After this period, enough of the Zn ions in solution have either
incorporated into the nanowire or precipitated separately in solution, such that the solution is no
longer supersaturated thus reducing the nanowire growth driving force. Though nanowires of this
length (~2 µm) may be adequate for nanowire array-based LEDs, the flexibility to grow longer
nanowires allows for the possibility of nanowire lasers and four-point electrical characterization.
Attempts at growing longer nanowires by using a higher concentration (23 mM) of zinc nitrate in
the growth solution resulted in shorter nanowires and more precipitation in solution than growth
with lower concentrations (10 mM), likely because higher concentrations favor homogenous
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nucleation of ZnO particles in solution (i.e. precipitation) which leaves less precursor for the
nanowire growth.

Figure 4-5. HTS ZnO nanowire length at varying growth times. The ZnO nanowire length is
mostly unchanged as a function of growth time. The error bars represent standard deviation and
the insets are cross-sectional SEM images of the nanowire growths.
The HTS-grown ZnO nanowires are hexagonal in cross-section (see Figure 4-3(b)) and retain
a uniform diameter along the length of the nanowire. The hexagonal cross-section indicates cdirectional nanowire growth, which is commonly observed for ZnO nanowires[95, 174]. While
control over the average nanowire diameter can be tuned with the grain size of the seed-layer
film[27, 170], achieving control over diameter uniformity, the nanowire length and other
nanowire properties along the length of the nanowire would require the development of a
continuous flow reactor (which is currently in development in our lab). Furthermore, control of
the nanowire areal density is critical for the development and fabrication of optoelectronic
devices, which is a key disadvantage of HTS. While some control over the density is possible by
tuning the seed-layer, all HTS ZnO nanowire areal densities seen in this work are greater than 30
nanowires/µm2. Other techniques have been developed to control the areal density in HTS.
Seedless growth on a 50 nm thick Au film has been used to demonstrate control over the
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nanowire areal density[175, 176], but this approach is not ideal for many applications, due to the
presence of the Au film. Very thin (< 3 nm) seed-layer films have also been used to tune the
areal of density of HTS ZnO nanowires[177]; however, in this case the control of the aspect
ratios becomes dependent on the nanowire density. In brief, while HTS of ZnO nanowires on Si
can be used to attain uniform nanowires lengths and decent vertical alignment relative to the
growth substrate, the lack of control over diameter uniformity, nanowire lengths above 2 µm and
nanowire areal density limit their applicability for the fabrication of nanowire array-based LEDs.

4.2.2. Hydrothermal synthesis of ZnO nanowires on flexible substrates
The largest factor that differentiates hydrothermal synthesis of ZnO nanowires from other
growth methods is the ability to grow at low temperatures. Low temperature growth allows for
the use of substrates that normally would not be stable at temperatures used for other synthesis
methods, such as flexible plastics. We have successfully demonstrated the growth of ZnO
nanowires on polyethylene naphthalate (PEN) using these methods. The ZnO seed-layer was
spun-on to PEN substrates using similar methods as for Si substrates by affixing the plastic to a
rigid substrate using double-sided tape. To maintain the structural integrity of PEN, the seedlayer anneal had to be lowered to a temperature of 200°C, below the glass-transition temperature
of PEN. Since the seed-layer occurred at lower temperatures, the annealing time was extended to
one hour (from 30 min for seed-layers on Si). The results are similar to the typical results on Si
substrates and are shown in the SEM image in Figure 4-6. The nanowires on flexible substrates
can be useful in a range of applications, such a piezoelectric nano-generators or large area
processing; however, the photoluminescence from these nanowires indicates large defect
luminescence (as discussed in Chapter 5: ZnO Nanowire Optical Properties). To develop control
over nanowire areal density and the optoelectronic properties necessary for LEDs, the use of
high temperature methods is considered for the remainder of this chapter.
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Figure 4-6. SEM of HTS ZnO nanowires on PEN. The nanowire morphology on flexible PEN
is similar to the morphology observed on rigid Si substrates, demonstrating the ability to
synthesize nanowires directly onto flexible substrates.

4.3. VTC ZnO nanowire synthesis with Au seed-particles
In this section we evaluate how to use Au to control the nanowire areal density and the
distribution of nanowire diameters in VTC and discuss the trade-offs between using Au seedparticles and other methods to synthesize ZnO which leave no Au particles behind. The synthesis
of ZnO nanowires discussed in this section was conducted in a three-zone furnace held at a
pressure of 210 Pa. The source precursors were ZnO and C (graphite) powders at a mass ratio of
1:1. 1 g of the precursor powder was used in a round crucible in the central zone of the furnace
which was held at 950°C during growth. Substrates were placed downstream in the furnace endzone, face up on a plate within an inner quartz-tube and held at 930°C. 73.5 sccm of Ar was
flown as the furnace was heating up, during growth and during cool-down. O2 was only flown
during growth at 1.2 sccm, unless otherwise noted. The growth conditions were held for 20 min,
unless otherwise noted.

4.3.1. Nanowire morphology shifts with seed-particle size
The first step in controlling the morphology of nanowires is to demonstrate control over the
nanowire diameter, which in VLS growth can be tuned via the size of the seed-particle. In our
case, Au seed-particles were prepared by first depositing Au films onto the substrates via
69

electron-beam evaporation. The thickness of the film is estimated by the quartz crystal monitor
in the evaporation chamber. For this study, 0.5 nm, 1 nm, 5 nm and 10 nm films were deposited
on a-plane sapphire substrates after substrates were cleaved and cleaned via sonication in
acetone, methanol and DI water. Growth was then carried out via VTC under the typical
conditions described above. Upon annealing to the high temperatures and introducing the vapor
precursors, the Au film becomes liquid and de-wets, forming droplets on the substrate surface.
These droplets act as the seed-particle for VLS growth. The distribution of diameters observed
shifted towards higher diameters with thicker Au films, as demonstrated by Figure 4-7. The
distribution of nanowire diameters also widened as the Au-film thickness increased, indicating a
wider range of particle sizes upon the Au-film de-wetting. While a narrower size distribution
may be possible using colloidal Au particles, these results demonstrate the ability to tune
nanowire diameter with the size of the seed-particle, consistent with other reports[100].
In addition to the diameter modulations, a density decrease with increasing Au-film thickness
was also observed from these growths. Figure 4-8 shows that the nanowire density produced
from 10 nm thick Au films is only half of the areal density produced from 0.5 nm thick Au films.
As thicker films are heated and the Au de-wets, the density of Au droplets that form is expected
to decrease[178]. To assess the approximate number of seed-particles which result in nanowire
growth, we assume that the seed-particles form spherically at a diameter-distribution equal to
nanowire diameter-distribution. Only about 6% of the Au droplets result in nanowire growth for
the 10 nm Au film based on this assumption and assuming the volume deposited to be equivalent
to a uniform 10 nm film. This assumption provides an estimate of the proportion of Au droplets
that result in nanowire growth, as shown against the right vertical axis in Figure 4-8. The
proportion of nanowires formed from the expected number of Au droplets decreases more
dramatically for the thinner than the thicker films, unlike the linear decrease observed in
nanowire densities.
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Figure 4-7. ZnO Nanowire diameters as a function Au film thickness on a-sapphire.
Histograms of the diameters observed for VTC-grown ZnO nanowires on a-plane sapphire with
(a) 0.5 nm, (b) 1 nm, (c) 5 nm and (d) 10 nm Au-films. As the Au-film thickness increases, so
does the distribution of nanowire diameters. SEM images at 30°-tilt are shown in the inset.

The large drop in nanowires per expected Au droplets likely coincides with the transition of
the Au film forming individual droplets upon heating to forming larger merged particles. This
effect is known to occur at Au thicknesses larger than 1 nm for Au films on Si[178], which
corresponds well with the observation of a steep decrease in the proportion of nanowires. In a
diffusion-limited growth regime, the larger seed-particles formed from merged Au-seeds would
grow at a much slower rate and would effectively not result in nanowire formation. Thus, the
decrease in density for thicker Au-films can be explained by more of the Au forming large
particles that do not result in significant nanowire growth.
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Figure 4-8. Nanowire areal density decrease with increasing Au-film thickness. The areal
density ( - along the left axis) of ZnO nanowires grown on a-plane sapphire with Au is shown
to decrease as a function of Au-film thickness deposited. The number of nanowires per expected
Au droplets ( - along the right axis) decreases much more rapidly than the density.
To observe the effect of larger Au particles at the substrate, a shorter nanowire growth of
only 10 min was conducted using 1 nm Au film, so that nanowires were still short enough to
image the underlying substrate. The SEM image (Figure 4-9) shows many large Au particles at
the nanowire base, as expected in the above analysis. The average nanowire diameter for this
shorter growth was about 56 nm, while the Au particles observed at the substrate were much
larger, averaging about 83 nm in diameter. Thus, our results indicate that the observed decrease
in nanowire areal density with increasing Au-film thickness arises due to the thicker Au-films
forming merged Au droplets upon de-wetting which are too large for nanowire growth relative to
the smaller unmerged Au droplets. It should be noted that the density could be more directly
controlled by using colloidal Au particles, however this approach requires functionalization of
the Au colloid particles[179].
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Figure 4-9. Large Au particles at substrate in ZnO nanowire growth. The large Au particles
at the base relative to the smaller diameter nanowires indicates that merged Au droplets at the
substrate do not result in significant nanowire growth, which explains the decreasing density
trend observed with increasing Au-film thickness.

4.3.2. Discussion of using Au for synthesis
Initial growth attempts of ZnO nanowires on Si (111) substrates utilized Si substrates which
were cleaved and cleaned prior to Au deposition. Immediately prior to the 1 nm Au deposition,
the Si was stripped of any native oxide in hydrofluoric acid, (HF). One of such substrates, shown
in Figure 4-10(a) was compared with a substrate that was again stripped of any potential oxide
formation during the Au deposition by an additional HF treatment immediately before nanowire
growth to strip any oxide over-layer[162] which may have formed during the Au deposition,
shown in Figure 4-10(b). A cleaved and cleaned Si substrate with the native oxide was treated
with poly-L-lysine and 100 nm Au colloids immediately prior to growth, shown in Figure
4-10(c). None of the substrates yielded nanowire growth, though the beginning stages of
nucleation were evident in all cases. A similar growth mode in which the Au particles act as a
collection site but not as a seed-particle for growth has been previously reported, leaving globs of
Au-Zn alloy at the base of each nanowire[180]. Since Zn adatoms have a limited mobility on Si
substrates, the nanwires can only form within the Au particle and result in poor vertical
alignment relative to the growth substrate, which is not ideal for the fabrication nanowire arraybased LEDs.
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Figure 4-10. Growth attempts of ZnO nanowires on Si with Au seeds. SEM images at 45°-tilt
of a typical ZnO nanowire growth performed on (a) bare Si(111) with 1 nm Au film, (b) bare
Si(111) with 1 nm Au film, HF treated immediately prior to growth and (c) native Si with 100
nm Au colloids.
In summary, ZnO nanowires using Au seed-particles have been synthesized on a-plane
sapphire with control over both the nanowire diameter and areal density, but leaving large Au
particles at the substrate. On Si, initial results indicated that a large amount of Au would be left
at the nanowire base under the given growth conditions. We observed growth of nanowires via
the VLS mechanism; however similar growths of ZnO nanowires via VTC on Au-coated a-plane
sapphire are known to also result in VS growth. In fact, previous work from our group by
Brewster et. al. showed that the oxygen partial pressure controls the role of the Au-particle,
which can transition from enacting VLS growth to becoming a passive Au particle on the
nanowire sidewall as the oxygen partial pressure drops during the growth[54]. Furthermore, this
work observed in cathodoluminescence that Au particles quench luminescence at nanowire tips
and nanowire sidewalls via the transfer of excited electrons over the Schottky barrier formed at
the Au/ZnO interface, thus the particle-assisted growth method is likely deleterious for the
optical properties of the ZnO nanowire arrays. Au is known to form a deep-level trap in both ntype and p-type Si[181], which can be detrimental to electrical properties. Thus, while Au seedparticles can allow for a great deal of control of the nanowire morphology[179], there are many
aspects of using Au to grow ZnO on Si that could negatively affect the final device performance.
To avoid the negative effects of using Au, we next consider the growth of ZnO nanowires on
ZnO seed-layer film via VTC.
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4.4. VTC ZnO nanowire synthesis on silicon with continuous ZnO seed-layers
In this section, we discuss the use of a ZnO seed-layer that allows for the growth of ZnO
nanowires on Si via VTC, without the need for Au, which has the disadvantages previously
discussed. The seed-layer employed in this work is similar to the seed-layers typically used in
HTS (discussed in Section 4.2. Hydrothermal synthesis of ZnO nanowires), however VTC allows
a greater degree of control over the nanowire morphology, and the high temperature growth
provides nanowires with superior optical properties (see Chapter 5: ZnO Nanowire Optical
Properties). We demonstrate that by tuning the seed-layer film thickness and the oxygen flow,
the nanowire areal density can be tuned. There are two distinct regimes of nanowire growth,
depending on the growth parameters, in which the nanowire length is either directly or inversely
proportional to the nanowire diameter. Taking advantage of these two growth regimes, a twostage growth is developed to produce nanowires of uniform length.
Prior to discussing the effect of the different growth parameters on ZnO nanowire
morphology, it is important to discuss reproducibility in the system. Figure 4-11 demonstrates
previous growths using Au seed-particles on a-plane sapphire, where the growth represented by
Figure 4-11(a) is synthesized under the same nominal conditions (pressure, flow rate and
temperature) as the growths represented in Figure 4-11(b) and (c), however the latter growths
occurred in succession (i.e. – after running that same growth multiple times), whereas the growth
in Figure 4-11(a) was the first growth conducted after the system had last been used for lower
temperature processes. In the initial growth after the low temperature processes most nanowires
are growing inclined from the substrate, representing a different epitaxial relationship with the
substrate or a different crystallographic growth direction than the vertical nanowires seen in
Figure 4-11(c). As the growth is repeated, the results shift towards the expected vertical
nanowire growth. This trend is likely to a decreased effective O2 flow in the first few growths
relative to the later growths, due to effects from a coating on the quartz tube. After a growth, as
the quartz tube cools to room temperature, the precursor sources adsorb to the inside of the
quartz tube, and in various zones of the tube a coating is developed (likely ZnOx). To achieve
reproducibility, the coating should be in the same state (composition and thickness) prior to
every growth. To achieve this, the coating within tube is oxidized prior to growth.
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Figure 4-11. Demonstration of shifting reactor conditions. SEM images (at a 45° tilt) of the
same growth after the system had been used for lower temperature processes: (a) initial growth,
(b) after three repetitions and (c) after four repetitions. The initial growth contains very few
nanowires growing vertically relative to the substrate. As the number of growth runs increases,
the growth approaches consistently vertical nanowires.

Figure 4-12. The role of oxidation in reproducibility. SEM images of repetitions of the same
growth: (a) initially after tube oxidation (45°-tilt), (b) the third growth after the initial oxidation
(top-down) and (c) immediately after another tube oxidation (45°-tilt), demonstrating the ability
of the tube oxidation to mitigate the effects of shifting reactor conditions.
To confirm the role of the oxidation, the same growth (5 sccm O2 flowed for growth on 5
coatings of the seed-layer on Si, as described below) was performed sequentially after the
oxidation of the furnace tube was performed with 55 sccm of O2 flowing at 950°C for one hour.
The first growth immediately after oxidation resulted in dense nanowire growth (Figure 4-12(a)),
but by the third growth after the oxidation, the growth yielded no nanowires (Figure 4-12(b)).
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Confirming the role of the oxidation, similar results to the first growth were achieved by
performing another tube oxidation before growth (Figure 4-12(c)). Thus, to achieve reproducible
results and mitigate the effect of shifting reactor conditions due to the buildup of film deposition
within the tube, an oxidation was performed prior to each growth reported in this section.
ZnO nanowires discussed in this section were synthesized first by preparing a ZnO seedlayer on Si (111) substrates. ZnO seed-layers were prepared by spin-coating a 0.3 M zinc acetate
solution, prepared by dissolving zinc acetate dihydrate in 2-methoxyethanol and adding 18 µL of
ethanolamine per mL of solution to encourage dissolution of the zinc acetate. The solution was
mixed in a glove box with a nitrogen environment and heated on a hotplate at 100°C for 30 min,
followed by sonication for 30 min. Finally the solution was filtered through a 0.1 µm PTFE filter
to remove any additional undissolved zinc acetate. The solution was spun on to die-sawed ½ inch
by ½ inch Si (111) pieces that had been cleaned via sonication in acetone, methanol and DI
water, followed by a chemical clean in piranha solution composed of H2SO4:H2O2 (2:1) for at
least 10 min. Immediately after these cleaning steps, an additional rinse in DI water and drying
via blown compressed air, the substrates were used to spin-on the zinc acetate solution at 3500
rpm for 60 s followed by an anneal on a hotplate in dry air at 175°C-250°C. The spinning and
anneal steps were repeated from 2-6 times to create a thicker seed-layer film. Growth was
typically conducted at 950°C (unless otherwise noted) at a pressure of 350 Pa in the central zone
of the furnace, with a boat-shaped crucible used to contain the 1 g of ZnO:c (1:1) powder and
substrates mounted seed-layer side down directly on the crucible. 73.5 sccm Ar was flowed
during heating, growth and cooling stages, while a varied amount of O2 was flowed only during
the growth stage, which was 20 min unless otherwise noted.

4.4.1. Density Control via O2 Flow/Seed Layer Thickness
The seed-layer film thickness (as controlled by the number of coatings during substrate
preparation) and the oxygen flow during growth are found to have a large role in determining the
nanowire areal density. Increasing the oxygen flow increases the rate of reduction of the ZnO
powder. It is known that the carbothermal reduction of ZnO powder is most effective via CO, as
opposed to just solid graphite[182, 183]. Thus the reaction takes the route:
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ZnO () + CO () → Zn () + CO ()

Equation 4-1

The products of the reduction then create more CO to further feed the reduction:
CO () + C () → 2CO ()

Equation 4-2

Figure 4-13. Ellingham diagram of relevant reactions in ZnO reduction. The Gibb’s free
energy of reaction is plotted against temperature for the relevant reactions to ZnO reduction,
demonstrating that ZnO reduces via CO, which initially need O2 to form from C powder.
Compiled from [184, 185].
It is informative to consult the Ellingham diagram of the relevant oxides (Figure 4-13) when
considering the reaction. CO has a lower Gibb’s free energy than CO2 at temperatures used for
growth, while the Gibb’s free energy of ZnO is even lower, thus the reaction likely proceeds via
CO formed with O2 flow:
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2C () + O () → 2CO()

Equation 4-3

Since CO is not available to reduce the ZnO powder until oxygen is introduced, the growth does
not effectively start until oxygen flow is initiated. Thus, increasing the oxygen flow, should
increase the CO available for the reduction of ZnO, and thus increase the effective Zn source
flux to the growth substrate. The overall equation for the formation of Zn vapor can thus be
written as:
ZnO () + 3C () + O () → Zn () + 3CO()

Equation 4-4

Figure 4-14. Nanowire areal density dependence on seed-layer thickness and O2 flow. SEM
images (at 45° tilt) of ZnO nanowires grown on ZnO seed-layers of varying thickness with
varying O2 flow, demonstrating that increasing either results in increasing nanowire areal
density.
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Increased seed-layer thickness and oxygen flow during growth increase the resulting
nanowire areal density, as summarized in Figure 4-14. It has been shown in sputtered ZnO seedlayers on Si used in VTC growth, that increasing the seed-layer thickness increases the
continuity of the seed-layer film, providing more area to seed nanowire growth; however past the
point of a continuous film (~70 nm) the density is no longer increased with thicker seedlayers[186]. The seed-layer produced with 6 coatings has been measured to have an approximate
thickness of 90 nm, indicating that it is likely a continuous film, which explains why there is not
a large difference in the areal density between 5 coatings and 6 coatings. Since 6 coatings
guarantees a continuous film, from this point on all of the substrates used are coated 6 times.

Figure 4-15. Fine-tuning nanowire areal density with O2 flow. The nanowire areal density is
plotted as a function of the O2 flowed during growth, demonstrating a control over the nanowire
density from sparse growth at 0.8 sccm (~0.4 /µm2) to dense growth at 1.1 sccm (~8.2 /µm2).
The effect of increasing the oxygen flow is more dramatic and also allows for more control
than the seed-layer thickness. The nanowire areal density can be fine-tuned by changing the O2
flow for growths between 0.8 and 1.1 sccm. SEM images of the increasing areal density with O2
flow in this range are shown in Figure 4-15. Low areal densities of 0.4 nanowires/µm2 are
achieved at 0.8 sccm O2, intermediate areal densities of 7 nanowires/µm2 are achieved at 0.9
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scmm O2 and higher densities (and nanowire growth rates) at which nanowires begin to become
entangled occur at 1.1 sccm O2. The next section discusses the growth kinetics and explains the
effect of O2 flow on the rate of nanowire nucleation and growth.
4.4.2. Continuous nucleation growth regime at low nanowire areal density
The first step to understanding the role of O2 flow in tuning the nanowire areal density is to
understand how the nanowire morphology evolves throughout the growth. Figure 4-16(a)
demonstrates the linear relationship between the nanowire length and diameter, as measured
from SEM images, indicating a fixed aspect ratio. Similar trends are observed in the
hydrothermal growth of ZnO nanowires on ZnO seed-layers[95], in which case the top c-plane
facet and sidewall m-plane facets grow with a fixed rate, where the c-plane facet has a higher
growth rate due the high surface energy from both dangling bonds and the inherent polarity in
the crystallographic c-direction[23, 102, 187]. At these growth conditions (0.9-1.4 sccm O2 flow)
the aspect ratio is found to be 35, i.e. – the c-facet grows about 35 times faster than the m-facets.
As the oxygen flow increases for growths performed for 20 min, the nanowires tend to have both
larger diameters and lengths. As previously discussed the oxygen flow increases the Zn source
flux and thus the super-saturation of Zn in the vapor phase, increasing the driving force for
forming ZnO on the substrate (i.e. – increasing the nanowire growth rate of both facets).
The growth evolution over time was investigated by performing a growth series with a
varying growth window time (8, 12 and 20 min), as shown in Figure 4-16(b). These results show
the same linear relationship as those in Figure 4-16(a), indicating that the aspect ratio is still 35.
However, the shorter growths result in relatively uniform nanowires such that only short and thin
nanowires are observed whereas a broader range of diameters and lengths are observed as the
growth time is increased. For example, after a typical 20 min growth, nanowires in the entire 750
nm – 7 µm length range are present. This result indicates that nanowires nucleate throughout the
growth and the shorter, thinner nanowires are formed near the end of the 20 min growth window,
while the longer, thicker nanowires were formed during the very beginning of the growth
window and the nanowire sidewall and top facets grow with a fixed relative rate. Such a growth
mode necessitates that nanowires can continuously nucleate. To understand the continuous
nucleation regime, it is helpful to observe how the nanowires nucleate and grow from the seedlayer.
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Figure 4-16. Linear dependence of nanowire length on nanowire diameter. Nanowire length
as a function of diameter for varying (a) O2 flow and (b) growth time indicate a roughly linear
dependence. In this growth regime the top and sidewall facets of the nanowire grow at fixed
relative rates, with the top-facet growing 35 times faster than the sidewalls. Increased O2 flow
increases these growth rates and the growth time series indicates a continuous nucleation regime.

Figure 4-17. Evolution of nanowire and seed-layer morphology with growth time. SEM
images of ZnO nanowires grown with 1.4 sccm O2 at typical growth conditions for (a) 8 min, (b)
12 min and (c) 20 min. Samples grown for more time contain longer and thicker nanowires and
the seed-layer film evolves from many rough grains to a coalesced film.
The series of SEM images in Figure 4-17 display how the nanowire and seed-layer
morphology evolve with growth time. For the 8 min growth in Figure 4-17(a), the seed-layer has
evolved into a rough film of grains with varying shapes. Between each nanowire and the
substrate there are hexagonal pyramidal bases. Many of the other grains in the seed-layer film
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have similar morphologies to these pyramidal bases, indicating they may be potential sites for
nanowires which have not yet nucleated. As the growth time is increased the seed-layer film
eventually coalesces (see Figure 4-17(c)), indicating that these grains are also growing as the
nanowire growth progresses. The formation of the pyramidal bases can provide insight to the
growth mechanism of the nanowires. Such pyramidal bases have been observed in the literature,
but usually at different conditions. For example, much larger mounded pyramids at the nanowire
bases have been attributed to the formation of liquid Zn particles that oxidize throughout the
growth at 500°C[188]. The nanowires in this work are grown at much higher temperatures,
nominally above the boiling point of Zn (907°C), thus the oxidation of liquid Zn particles is not
likely the mechanism for pyramidal base formation here. From top-down SEM images of vertical
nanowires, it is observed that the pyramidal facets are inclined from the c-axis, but aligned along

the sidewall m-plane facet, indicating that they are higher order planes of the type {110 }, as

shown in Figure 4-18. Such higher order facets have also been observed to grow at the tip of
ZnO nanowires during cool-down while sources are still flowing[102].

Figure 4-18. Pyramidal faceting observed at ZnO nanowire bases. The {101 } type faceting

observed at the base of ZnO nanowires shown in (a) SEM and (b) in the schematic, where red
shaded {110 } facets intersect the {1100} m-plane facets, shaded blue.

To understand the evolution of the seed-layer film and how it exposes the c-plane facets on
which nanowires nucleate, we must consider the relative growth rates of different facets. In the
growth of crystals, facets with the highest surface energies and thus the highest growth rates,
tend to grow themselves out of existence. In general, from theoretical work[187] and observed
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ZnO structures[103], it is believed that the c-facet is the fastest growing low-order plane;

however higher order planes of the form {110 } as observed at the nanowire base may grow

faster than the c-facet, due to the high density of dangling bonds and the semi-polar nature of the
facet. It should be noted that these {110 } facets are not observed at our nanowire tips, indicating
that under the growth conditions used in this work, the observed {110 } facets grow faster than

the c-plane facet. Thus, these exposed {110 } facets on the seed-layer film grow faster than the

c-facet to the point at which the top c-facet is exposed, allowing for the nucleation of nanowires
on the top c-facet of these pyramids.

Figure 4-19. Diameter of pyramidal c-facet and corresponding nanowire length. The
diameter of the pyramidal c-facet vs. the corresponding nanowire length for O2 flows of (a) 0.3
sccm and (b) 1.4 sccm showing the critical size of the c-facet necessary for nanowire growth.
The critical size decreases from ~60 nm to ~40 nm with the increased oxygen flow, due to the
increase driving force for island nucleation.
We observe that there is a critical size for the top-facet above which nanowires form (Figure
4-19), consistent with island nucleation on these c-plane facets. While such observations are not
widely reported for ZnO nanowire growth, similar island nucleation has been seen in the case of
plasma-assisted nanowire growth[189]. As oxygen flow is increased during the growth, the
critical size for the nucleation of nanowires decreases from ~60 nm at 0.3 sccm O2, as shown in
Figure 4-19(a), to only 40 nm for 1.4 sccm O2, as shown in Figure 4-19(b). This evidence
supports the theory of island nucleation, since the increase in O2 flow will increase the driving
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force for island nucleation (by increasing the supersaturation of Zn vapor above the growth
substrate), which in turn decreases the critical nucleation size. Once an island nucleates on the
top c-plane facet of the pyramid, only low-order c-plane and m-plane facets of the island are
exposed, which then grow at their fixed growth rate in the reaction-limited continuous nucleation
regime. Since the nanowire density is low enough such that nanowires do not compete for source
adatoms, the pyramids can continue to grow as well as the nanowires throughout the growth. As
the higher-order facets of the pyramids continue to grow to expose c-plane facets, more
nanowires can nucleate, explaining the linear dependence of nanowire length on the nanowire
diameter: nanowires that nucleate earlier in the growth are longer and have larger diameters than
nanowires that nucleate later in the growth, though they maintain the same aspect ratios. This
growth regime is demonstrated schematically in Figure 4-20. However, as the density of
nanowires increases such that the nanowires are now competing for the flux of source adatoms,
the growth regime shifts from continuous nucleation in the reaction-limited regime to a diffusion
limited regime, discussed in the next section.

Figure 4-20. Continuous nucleation growth regime. Schematic of how nanowire growth
proceeds on continuous seed-layers via continuous nucleation: (a) the continuous seed-layer with
through-thickness grains of ZnO, (b) which facet and coarsen as the system is heated. When O2

flow begins, the faceted grains can grow as in (c) with {101 } facets growing faster than c-plane

facets, allowing for nucleation to occur atop the pyramidal grain. Finally, (d) nanowire growth at
a fixed aspect ratio can occur due to the c- and m-facets growing at fixed rates.
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4.4.3. Surface-diffusion limited growth regime at higher nanowire areal density
At higher effective oxygen flows, nanowire nucleation on the seed-layer films proceeds in
the same way as discussed above, but due to higher source flux and thus effectively lower
barriers to nanowire nucleation, more nanowires grow per a given area. At the growth conditions
used here (350 Pa) above 20 nanowires/µm2 the threshold areal density is reached, at which point
the growth transitions to a diffusion limited regime. Since more nanowires are growing per unit
area, a higher source flux would be necessary to maintain reaction limited growth. Instead,
nanowires are competing for source and the characteristic inverse correlation between growth
rate and diameter for the diffusion limited growth of nanowires[173, 190] is observed. To
characterize the growth regime more completely, a temperature series of growths was performed
at 930°C, 910°C, 890°C and 880°C, as shown in the SEM images in Figure 4-22(a)-(d),
respectively. In general it is observed that thinner nanowires grow more quickly, as fewer source
adatoms are necessary to grow each monolayer than for thicker nanowires. The relationship
between the nanowire lengths and diameters was analyzed, as shown in Figure 4-22(e) according
to a growth model in which the growth rate,
which depends on the collection area:
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Equation 4-5

The arrival rate to the top facet Rtop and sidewall facets Rsw are characterized by the product of
the ZnO molecular volume, Ω, and the flux of source adatoms, J (in adatoms m-2 s-1), assuming
the same flux to the nanowire top and sidewall facets. Since we are concerned with the nanowire
length, Arxn (the reaction area) is the top nanowire facet, while Atop and Asw are the collection
areas on the top c-facet and the sidewall m-facets, respectively. Thus, the first term of Equation
4-5 represents the growth rate as contributed by direct flux onto the top nanowire facet, and the
second terms represents the growth rate of adatoms that diffuse along the nanowire side-wall
facets to the nanowire top-facet to react and growth the length of the nanowire. To simplify the
problem the nanowires are approximated as cylindrical, with diameter, d. The different physical
parameters of the model are schematically shown in Figure 4-21 and the top-facet collection and
reaction areas are equivalent:
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and the sidewall collection area depends on the surface-diffusion length of source adatoms, LSD:
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Equation 4-7

Integration with respect to time yields the form of the model fit to the data, where t is the growth
time (in s):
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#

Equation 4-8

Figure 4-21. Surface-diffusion limited growth model schematic. In the surface-diffusion
limited growth regime, adatoms which contribute to growth are collected on the top-facet
(shaded red) and within one diffusion length (LSD) of the nanowire tip on the nanowire sidewalls
(shaded blue). The gray area in the schematic does not collect adatoms which contribute to
nanowire growth.
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Figure 4-22. Surface-diffusion limited growth of ZnO nanowires. Cross-sectional SEM
images of the growths used to analyze the surface-diffusion limited growth regime are shown for
(a) 930°C, (b) 910°C, (c) 890°C and (d) 880°C. The experimental results are displayed as
markers in (e), while the fit to the surface-diffusion limited growth model is represented by the
solid lines.
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By fitting Equation 4-8 to the data presented in Figure 4-22(e) the surface-diffusion length
and effective source flux to the substrate at the various temperatures were calculated. Before and
after the nanowire growth, the source-powder was weighed to determine how much of it was
consumed during growth. The overall amount of Zn vapor flux (in adatoms m-2 s-1) from the
crucible, Jcrucible, was estimated by considering the oxygen induced formation of Zn vapor
(Equation 4-4), the crucible area and the growth time. To estimate the actual flux arriving at the
substrate a fitting parameter σ was used to represent the fraction of Jcrucible that actually reached
the substrate, such that the arrival flux of source adatoms from Equation 4-8 is defined as

 = 5 ∙ 6*7689:; . Thus the only fitting parameters for the model were the surface-diffusion length

at each temperature and σ, assuming σ is temperature independent. It was found that σ was
approximately 0.0001, indicating only 0.01% of the source powder evaporated reached the
substrate.

It was found that both the diffusion length and effective source flux increased with increasing
temperature (Figure 4-23), from 169 nm at 880°C to 482 nm at 930°C, consistent with an
increase in adatom mobility at higher temperatures. These surface diffusion lengths are similar to
those reported by others, ranging from 100 to 180 nm specifically for ZnO nanowires[173, 191].
In other systems diffusion lengths as large as 10 µm have been reported for nanowire
sidewalls[192]. The increase of LSD with temperature is indicative that the surface diffusion is in
the clustering-limited regime. The maximum growth rates in this work incorporate about 1000
ZnO molecules/s. Here we will focus on Zn adatoms, as opposed to oxygen, because the
Knudsen equation based on the oxygen partial pressure, PO2, predicts much higher oxygen flux:
< =

=<

>2?@9 A

Equation 4-9

The sticking coefficient is a measurement of the percentage of arriving adatoms of a given
species which actually adsorb to the substrate, and can limit the delivery of precursors, especially
for diatomic gases. Considering the sticking coefficient for O2), as found empirically by [193], in
combination with the Knudsen equation (Equation 4-9) under the growth conditions the oxygen
flux is predicted to be in the range of 1016 – 1017 atoms m-2 s-1. With effective fluxes estimated
from the model to be in the 1015 atoms m-2 s-1 range, the growth is likely limited by Zn adatoms.
Desorption rates for m-plane facets at these temperatures are as high as 1014 m-2 s-1 for oxygen
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and 5×1013 m-2 s-1 for Zn[194], which is less than 1% of the high Zn source fluxes observed in
this work, equating to a build-up of ~100 Zn adatoms/s on a typical nanowire’s sidewall facets
which are not incorporated into the growth of the nanowire via top-facet. This allows for a fast
buildup of adatoms on the nanowire side-walls, further confirming the expected adatom
clustering limited regime. In this regime the diffusion length depends on the surface diffusion
activation energy, ∆GSD, and the flux, J:
$23 =

>BC DC E

>

F

GHIJ
KL

Equation 4-10

Here N0 is the number of possible lattice sites per area, D0 is the base diffusion coefficient, k is
the Boltzmann constant and T is the temperature (in K). Using this equation for clusteringlimited diffusion and fitting to the diffusion lengths and fluxes from the model, a rough
estimation of the surface diffusion activation energy is 3.2 eV, which is relevant for predicting
surface diffusion at other temperatures.

Figure 4-23. Temperature dependence of surface diffusion length and source flux. The
surface diffusion length, LSD, and the effective source flux as derived from the surface-diffusion
limited growth model for ZnO nanowires grown at high areal densities. The surface diffusion
activation energy, ∆GSD, is approximately 3.2 eV based on these results.
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Besides the change in surface-diffusion length with increasing temperature, there are also
shifts in the nanowire morphology. In general, at higher temperatures the nanowires are both
longer and thicker for a given growth time. As expected, the growth rate increases with
increasing temperature. The nanowire diameters also increase at higher temperatures due to a
higher necessary critical radius for island nucleation with increasing temperature, as has been
seen in the heteroepitaxy of Ge islands on Si and of homoepitaxy of Ag islands on Ag films[195,
196].
It has been observed that ZnO nanowire growth on continuous ZnO seed-layers in VTC can
occur in two regimes: either in the continuous nucleation regime or the surface-diffusion limited
regime. In general, the growth begins with through-thickness grains of ZnO seed-layer films on
Si. As the furnace is heated these grains facet and the {101 } facets grow out to expose larger

areas of c-plane facets. A critical diameter exists, dependent on oxygen flow, for the nucleation
of islands on these c-plane facets. At higher oxygen flows, the driving force for nucleation (the
supersaturation of vapor precursor) is higher, and thus the critical size for stable island nuclei is
smaller allowing for a higher nucleation rate. At high enough oxygen flows the nanowire density
will be in a regime in which nanowires are competing for source precursors very soon after the
nucleation. At lower oxygen flows the continuous nucleation occurs as previously discussed,
with new nanowires nucleating as the growth continues. The two growth regimes are
summarized in the schematic in Figure 4-24.
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Figure 4-24. Growth regime summary for VTC ZnO nanowires on continuous seed-layers.
The growth of ZnO nanowires in VTC on continuous seed-layers can proceed via continuous
nucleation with a linear dependence of nanowire length on diameter (left side) or surfacediffusion limited with an inverse dependence of nanowire length on diameter (right side).
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For further control over the nanowire morphology, the pressure is another parameter that can
be utilized. Figure 4-25(a) and (b) compares the SEM images of ZnO nanowires grown at 350 Pa
and 101,325 Pa (i.e. 1 atm), respectively. For atmospheric growths 283 sccm of Ar (the
maximum flow) was flowed during both heat up and cool-down to flush the system. Otherwise
all growth parameters besides the pressure were the same for the comparison in Figure 4-25. The
nanowire length to diameter relationship is compared in Figure 4-25(c). By increasing the growth
pressure to 1 atm the growth transitions from the continuous nucleation regime to a regime with
a large spread of nanowire diameters and lengths, likely in between the continuous nucleation
and surface-diffusion limited regimes. This shift also includes a large shift in nanowire diameter.
In general, atmospheric growths should result an increased partial pressure of O2, since there is
no vacuum pump to aid in flushing the system, thus increasing the overall source flux. An
increased source flux should result in a higher driving force for the nucleation of ZnO nanowires,
and thus should decrease the critical nanowire formation diameter; however, since the furnace is
only designed to be sealed by the vacuum formed when pumping, it is likely that small amount
of O2 is available as the system is ramping up to the growth temperature and only Ar is flowing.
This was confirmed by analyzing the seed-layer after only the heat-up and cool-down phases of
the growth, with no oxygen flowed (results not shown here). The small amount of O2 available
during the heat-up phase of the growth allows the seed-layer to undergo enough higher-order
facet growth for pyramidal structures to form and expose c-plane facets. Thus, for atmospheric
growths, nanowires begin to grow prior to the intentionally flowed O2. Once the intentional O2
flow is started, there are already many islands nucleated and thus the growth during the actual
growth window is likely to transition very quickly to the surface-diffusion limited growth.
During the ramp-up, however, since only whatever O2 leaks into the system is being provided,
the critical diameter for nanowire formation should be much larger, providing a pathway to
achieving growth of thicker nanowires.
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Figure 4-25. Comparing low pressure and atmospheric growth. SEM images of nanowires
grown at (a) 350 Pa and (b) 101,325 Pa (equal to 1 atm) and (c) the nanowire length as a function
of diameter for the two growths indicate that at atmosphere the nanowire growth transitions from
continuous nucleation toward the surface-diffusion limited growth regime and larger diameters.

4.4.4. Two-Step Growth Technique
The morphology necessary for the fabrication of devices, especially light-emitting devices,
requires an array of vertical nanowires of uniform length with control over the nanowire areal
density. The densities desired with nanowire spacing near the emission wavelength (~8
nanowires/µm2) are observed in the continuous nucleation regime of nanowire growth, where the
nanowire length is linearly dependent on the nanowire diameter. In this growth regime it is not
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possible to obtain uniform nanowire lengths without strictly controlling the nanowire diameter.
In the surface-diffusion limited regime at high enough nanowire diameters, the inverse diameter
dependence of length approaches an asymptote at large enough diameters, but the densities are
much higher. To achieve lower nanowire areal densities with uniform lengths it is possible to
begin growth in the continuous nucleation regime for short growth time, allowing the formation
of nanowires near the critical size at the desired densities, and then switching the growth
parameters to push the growth to the surface-diffusion limited regime. If the critical diameter for
nanowire formation is large enough, then most of the nanowires would be in the range of
diameters where their growth rates are not substantially different.

Figure 4-26. Growth parameters used for the two stage growth. The Ar (dashed line) and O2
flow rates (solid line) as a function of growth time for the two stage growth to control nanowire
length uniformity. During heating, cooling and transition stages, only Ar was flowed, while
during the growth stages, first at 885°C and then at 935°C, both O2 and Ar were flowed.
Thus, for the two-step growth technique, we chose to use atmospheric growths at low
temperatures to form the nanowire nucleation sites at larger diameters, and then increase the
temperature for a faster growth rate. Though lower temperatures likely lead to smaller critical
nanowire formation diameters, the effect from growing at atmospheric pressure is enough to
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form thicker nanowire “stubs”, which are very uniform in height due to the low growth rate at
lower temperatures. These stubs then act to template the growth for larger diameter nanowires at
higher temperatures, where the growth rate dependence on diameter is minimized. The two stage
growth was carried out at atmospheric pressure, first at 885°C for 25 min, then at 935°C for 20
min. During the growth phase 2.5 sccm and 73.5 sccm O2 and Ar were flowed, respectively,
while during the heating and cooling phases only 283 sccm of Ar was flowed, as summarized in
Figure 4-26. Figure 4-27(a) and (b) are the SEM images of the nanowire stubs that form in stage
one of the two-step growth, while Figure 4-27(c) and (d) are the SEM images of the full twostage growth. The plot of nanowire length as a function of diameter in Figure 4-27(e)
demonstrates the uniformity of the nanowire length, only slightly dependent on the nanowire
diameter, which is likely the effect of the initial stage of the growth where the length depends
linearly on the nanowire diameter. This approach of the two-step growth is a novel way to grow
arrays of ZnO nanowires with uniform nanowire lengths, arrived at by a thorough understanding
of the underlying growth mechanisms; however, control over the nanowire areal density in this
growth method is lacking. In the next section, we discuss a growth method which combines the
concept of the two-step growth with the addition of control over the nanowire areal density.
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Figure 4-27. Two-step growth process for nanowire arrays with uniform lengths. Top-down
(a) and (c) cross-sectional (b) and (d) SEM images of the first stage and the full two-step growth
and (e) the mostly independent nanowire length as a function of nanowire diameter,
demonstrating the effectiveness of the two-step growth process for uniform nanowire lengths.
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4.5. VTC ZnO nanowire synthesis on silicon with sparse ZnO seed-layers
To further control the overall nanowire morphology, specifically the nanowire areal density
while maintaining the uniform nanowire lengths achieved with the two-step growth, sparse ZnO
seed-layers were used. Sparse-seed layers were prepared such that the ZnO layer does not form a
continuous film, but rather small particles of ZnO. These particles then act to seed the growth in
the same way that the nanowire “stubs” in the two-step growth did, by defining the nanowire
diameter in the heating stage while the available oxygen is very low. In the case of the sparse
seed-layers no pyramidal bases were observed, indicating that the nanowires nucleate directly as
islands on the silicon substrate. While the growth of the pyramidal base to expose c-plane facets
does not occur, there is still a critical size for the nucleation of ZnO islands that is larger at lower
oxygen flows (lower supersaturation). Thus, the sparse seed-layers can be used in place of the
first step in the two-stage growth if the diameters of the nucleated nanowires are large enough
such that the growth rate is independent of nanowire diameter, and the preparation conditions of
the seed-layer can be used to directly control the nanowire areal density. It should be noted that
this method relies on having areal nanowire densities that are high enough so the growth is in the
surface-diffusion limited regime.
Sparse ZnO seed-layers were prepared on Si (111) substrates in the same way as dense seedlayers were processed, except the zinc-acetate solution was further diluted to a concentration of
only 0.01 M and the spin-speeds were varied from 1,000 to 10,000 rpm. To achieve
reproducibility the solution was dispensed dynamically, after the spin-coater had fully ramped to
the appropriate speed and only one layer was deposited and annealed. The growths were
performed at atmospheric pressure with the effluent bubbled through a water trap to avoid any
back-flow from the ambient. Similar to the other atmospheric growths, 283 sccm of Ar was
flowed during heating and cooling, with 73.5 sccm of Ar supplied during the growth window.
The oxygen was only flowed during the growth window (at either 2.5 or 5 sccm), which lasted
25 min at either 885°C or 900°C. No oxidation was performed before these growths; instead, a
new quartz outer tube was used, which had no coating built up to shift growth conditions.
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4.5.1. Controlling nanowire areal density with sparse seed-layers
The nanowire areal density control was accomplished by varying the spin-speed at which the
zinc-acetate solution was dispersed during seed-layer preparation. In general, at higher spinspeeds fewer zinc acetate particles adsorbed onto the substrate surface as the solution was spun
off of the substrate more quickly. This simple mechanism allowed for control over the nanowire
areal density over three orders of magnitude: from 12 nanowires/µm2 (at 1000 rpm) to 0.05
nanowires/µm2 (at 10,000 rpm). Figure 4-28(a) demonstrates the densities achieved at the
various spin-speeds. This method cannot be extended without further diluting the zinc-acetate
seed-layer solution as the areal densities achieved approach a plateau both at lower and higher
spin-speeds.
Figure 4-28(b)-(e) shows cross-sectional SEM images of selected growths on sparse seedlayers prepared at spin-speeds of 1000, 2000, 3000 and 10000 rpm, respectively. Nanowire
arrays of uniform length are achieved in most cases except at lower nanowire areal densities. In
these cases there are typical nanowires with uniform lengths with long narrow tips which are
likely due to an excess amount of source available for growth, even during the cooling stage. In
these cases it is possible that the bases of the nanowires grow during the heating stage due to
unintentional leakage at atmosphere when very little O2 is available. Once the oxygen is
intentionally flowed during the growth window, the supersaturation is much higher such that the
critical island size for nucleation is very small, allowing the nucleation of new nanowires on the
top facet of nanowire which have already grown. Such formations are commensurate with a high
Ehrilich-Schwoebel barrier for diffusion off of the top-facets of islands, which have been
observed to be significant in ZnO at temperatures as high as 550°C[29].
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Figure 4-28. Fine-tuning the nanowire areal density with sparse seed-layers. (a) Nanowire
areal density as a function of the spin-speed used to process sparse ZnO seed-layers,
demonstrating control over the nanowire areal density over three orders of magnitude. The
nanowire morphology changes as a function of areal density as seen in the cross-sectional SEM
images of growths with sparse seed-layers prepared at (b) 1000, (c) 2000, (d) 3000 and (e) 10000
rpm.
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4.5.2. Controlling nanowire morphology on sparse seed-layers
The demonstrated tunability of the areal density provides further control over the nanowire
morphology as summarized in Figure 4-29. In general, both the average nanowire diameter and
length decrease with increasing nanowire areal density, as controlled by the processing
conditions of the sparse ZnO seed-layers. The decrease in nanowire diameter and length as areal
density increases is due to competition for the source precursors. The standard deviation of
nanowire diameters is smaller at higher areal densities (as represented by the error bars in Figure
4-29), because only at low areal densities is there enough source available for substantial sidefacet growth, which is also why the diameters are much larger at lower areal densities. The
deviation of nanowire length is larger at lower nanowire areal densities, likely due to the larger
spread of nanowire diameters and possibly to fluctuations in local areal density. Overall, this
demonstrates the use of sparse seed-layers to control nanowire morphology, where arrays of
uniform nanowire lengths are achieved above areal densities of 10 nanowires/µm2.

Figure 4-29. Average diameter and length of nanowires on sparse seed-layers. The average
(a) nanowire diameter () and (b) length (), both decrease as a function of the nanowire areal
density. The top axis estimates the average inter-nanowire spacing. Error-bars are one standard
deviation.
The transition from longer nanowires with a larger standard deviation of length to nanowire
arrays with uniform lengths occurs just above 10 nanowires/µm2, or at an inter-nanowire spacing
of about 300 nm. This indicates that uniform nanowire lengths are prevalent when all of the
nanowires are competing with others for source adatoms, indicating that the source adatoms have
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a diffusion length of approximately 300 nm on the substrate surface at these growth conditions.
As more and more nanowires are competing for source in a given area, the role of direct
impingement of source adatoms onto the top-facet of the nanowire is more dominant, allowing
all of the nanowires, regardless of their diameter, to grow with approximately the same growth
rate. Thus, control over the production of nanowire arrays with uniform lengths and tunable areal
densities has been achieved using sparse ZnO seed-layers. These nanowire arrays are grown
directly on Si, and are ideal for the application of nanowire-based light emitting diodes.

4.6. Summary
In this chapter we demonstrated the growth of ZnO nanowires (1) via low-temperature
hydrothermal synthesis on silicon substrates and flexible substrates and (2) via high-temperature
vapor-transport and condensation on sapphire substrates with Au seed-particles and directly on
silicon substrates using continuous and sparse ZnO seed-layers. Hydrothermal synthesis provides
a low-temperature method for the synthesis of ZnO nanowires and allows for growth on flexible
substrates, but is limited by control over nanowire morphology, specifically the nanowire areal
density. Using high-temperature vapor-transport and condensation with Au-seed particles on
sapphire substrates, control over nanowire diameters and areal density can be achieved; however
the Au-seed-particles remain not only at the nanowire tips, but also along the substrate, which is
not suitable for device fabrication. To overcome the issues associated with foreign seed-particles,
high-temperature growth of ZnO nanowires on continuous seed-layers was investigated. It was
found that growth occurred in two regimes: the continuous nucleation regime at low areal
densities, where the nanowire length is linearly dependent on the nanowire diameter and the
surface-diffusion limited regime at high areal densities, where the nanowire length is inversely
proportional to the nanowire diameter. Control over the areal density within the continuous
nucleation regime was achieved by varying the O2 flow in the system. It was observed that a
critical diameter for nanowire formation decreased with increasing O2 flow, due to the specifics
of the seed-layer growth and the necessary nucleation of nanowires on c-plane facets. In the
surface diffusion limited regime, growth at different temperatures and modeling the kinetics
allowed for the determination of surface-diffusion lengths for the nanowire side-walls, which
was shown to increase with increasing temperature. Knowledge of the nanowire length
dependence on diameter in these regimes was used to develop a novel two-step growth for
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nanowire arrays of uniform length. To further tune the nanowire areal density, sparse ZnO seedlayers were developed to mimic the concept of the two-step growth, with explicit control over
the nanowire areal density. Nanowire areal density control was achieved over three orders of
magnitude and nanowire arrays of uniform lengths, ideal for light-emitting devices, were grown
at the higher areal densities. These investigations into the growth of ZnO nanowires allowed for
the development of novel techniques to reliably grow controlled, uniform arrays of nanowires on
Si for the use in nanowire-based devices.

The work in this chapter on controlling the VTC-growth of ZnO nanowires on Si with ZnO
seed-layers is being prepared for publication as a journal article.
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Chapter 5: ZnO Nanowire Optical Properties
In this chapter we compare the optical properties of ZnO nanowires synthesized using
various methods described in Chapter 4. The synthesis method of ZnO nanowires and additional
processing parameters can have a significant effect on the optical and electrical properties of
ZnO nanowires. We find that high-temperature grown ZnO nanowires have negligible defect
luminescence and significantly higher luminescent efficiency relative to the GaN nanowires
grown in this work as described in Appendix A. Low temperature hydrothermally synthesized
ZnO nanowires have larger defect luminescence and overall reduced luminescence as compared
to those grown at high temperatures via vapor transport and condensation. We also observe that
increased oxygen flow during ZnO nanowire growth results in a slight red-shift of the near bandedge luminescence. We find that annealing ZnO nanowires in nitrogen results in broad green
defect luminescence and cathodolouminescence (CL) in scanning transmission electron
microscopy (STEM) reveals that it is a bulk emission. The potential sources of this emission and
its potential usefulness in the fabrication of nanowire-based LEDs are discussed. Finally, the
photoluminescence of ZnO nanowires grown at different areal densities are compared and
discussed.

5.1. Optical properties of ZnO nanowires
ZnO is an excellent material for applications that require ultraviolet emission with high
luminescence efficiency due to the high exciton binding energy (~60 meV)[197], such that
excitonic emission is important even at room temperature[198-201]. Near-band edge
luminescence (attributed to free-excitons or electron-hole recombination, dependent on the
excitation[201]) is generally near the band-gap (3.37 eV) in bulk single-crystal ZnO[61, 202].
The near-band luminescence of ZnO nanostructures grown via high temperature methods, on the
other hand, tends to be observed near 3.27 eV [60, 62, 198, 203, 204]. This red-shift in
nanowires as compared to the bulk is likely due to local heating from the excitation source and
the lack of pathways for the diffusion of thermal energy, as proposed by Kong et. al.[205]. In
general, we observe a red-shift of the near-band edge luminescence with increasing excitation,
consistent with this proposition. Defect luminescence is also common in ZnO nanostructures,
both in the green and yellow regimes of the spectrum. Green-luminescence (GL) is commonly
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observed around 2.4-2.5 eV and is generally attributed to recombination at surface states[198,
203, 204] and has recently been specifically designated to the formation of Zn-vacancies at the
non-polar nanowire sidewall facets, for ZnO nanowires grown in oxygen-rich conditions[60].
Yellow-luminescence (YL) is more commonly observed in hydrothermally synthesized ZnO
nanostructures around 2.0-2.1 eV and has been attributed to adsorbed OH groups at nanowire
sidewall facets or oxygen-interstitials [70, 71, 198].
The transition from GaN nanowires to ZnO nanowires for light-emitting applications in this
work is discussed in Appendix A, but here we emphasize the difference in optical properties. We
note here that the GaN nanowires grown in this work are anomalous in their poor optical quality,
as GaN is generally an excellent material; however we attribute this to a sub-optimal reactor for
GaN growth in which we have been unable to eliminate impurities. Figure 5-1(a) shows the
photoluminescence (PL) spectrum of VTC-grown ZnO nanowires on Si with an integration time
of only 0.15 s, demonstrating a luminescence about three orders of magnitude higher than for
GaN nanowires grown on Si with and without the use of a Zr oxygen-getter, as described in
Section A.4. Optical properties of GaN nanowires, with an integration time of 120 s (Figure
5-1(b)). The nanowires compared are of similar size, areal density and alignment, indicating that
most of the difference in luminescence should come from luminescence efficiency, indicating
that the ZnO nanowires have a luminescence efficiency approximately six orders of magnitude
higher than the GaN nanowires grown in the presence of oxygen. Of these two options, the ZnO
nanowires in this work are more viable materials for the fabrication of light-emitting devices.

5.2. Photoluminescence of ZnO nanowires
The method of synthesis plays a significant role in the optical properties of ZnO nanowires.
Figure 5-2 compares the PL spectra of hydrothermally synthesized ZnO nanowires on Si and
PEN. The hydrothermally synthesized nanowires generally exhibit near band-edge luminescence
at 3.3 eV, higher than the near-band edge luminescence seen from VTC-grown nanowires (3.21
eV). This is again likely due to a thermal effect from the excitation, where the nanowires grown
on Si are relatively short as compared to the VTC-grown wires discussed in reference to Figure
5-2, thus in the nanowires the heat generated from thermalization of the excited carriers can only
dissipate through the nanowires, while in the shorter HTS nanowires, the heat can dissipate
through the Si substrate. Similarly, the band-edge-luminescence from nanowires grown on PEN
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also undergoes a significant red-shift as compared to nanowires grown on Si. Because nanowires
grown on Si have a higher areal density than nanowires grown on PEN and Si has a much higher
thermal conductivity than PEN – allowing for more heat dissipation and distribution across
nanowires –thermally induced red-shifts are more pronounced in ZnO nanowires on PEN.

Figure 5-1. Comparison of luminescence efficiency of GaN and ZnO nanowires.
Photoluminescence spectra of (a) VTC-grown ZnO nanowires and (b) GaN nanowires grown in
a sub-optimal reactor in the presence of impurities demonstrate the improved luminescence
efficiency of these ZnO nanowires due to a much more optimal growth reactor for the materials
system. The spectrum in (a) was collected over 0.15 s, while the spectrum in (b) was collected
over 120 s and is magnified 1,000 times relative to (a).
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The broad yellow luminescence from hydrothermally synthesized ZnO nanowires on both Si
and PEN peak is centered at 2.17 eV, and is notably stronger from nanowires grown on PEN
than nanowires grown on Si. Yellow luminescence has been attributed to OH groups adsorbed to
the nanowire surface from the hydrothermal synthesis, and has been shown to be mitigated with
annealing or surfactant treatments of the nanowires[198]. Alternatively, it has been proposed that
the energy level of yellow luminescence corresponds to oxygen interstitials, which are mid-gap
levels in ZnO[206]. For nanowires hydrothermally synthesized on PEN, there is also a peak in
the blue region of the spectrum at ~2.92 eV, which is fluorescence from the PEN substrate as
confirmed by PL of bare PEN. While these nanowires emit over the visible spectrum, it would be
ideal to control the luminescence within a narrow range, as seen with the VTC-grown nanowires.

Figure 5-2. PL spectra of hydrothermally synthesized ZnO on Si and PEN. The PL spectra
of HTS ZnO nanowires on Si (dashed line) and PEN (solid line) demonstrate yellow
luminescence in both cases, and nanowires on PEN have an additional luminescent peak around
2.95 eV, due to the background fluorescence from the PEN substrate.
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ZnO nanowires grown at high temperatures via the VTC method generally have excellent
optical qualities, with relatively narrow near-band-edge luminescence and no defect
luminescence in the green or yellow. However, the green luminescence can be seen in some
cases with low nanowire areal density, indicating the green-luminescence from our nanowire
arrays may only originate from the seed-layer. Figure 5-3 demonstrates how the PL spectra of
ZnO nanowires grown on continuous seed-layers evolve for samples grown at different oxygen
flows. The nanowire areal density and nanowire growth rate increases with increasing oxygen
flow, as previously discussed, in Chapter 4: ZnO Nanowire Synthesis on Si. For comparison the
nanowire morphologies of these samples is summarized in Table 5-1. The red-shift of the nearband-edge luminescence can be attributed to the morphological changes of the nanowires and the
associated thermal effects. In the sample grown at 0.8 sccm O2 there are fewer nanowires per
area and they are much shorter, thus heat from the excitation can be conducted through the ZnO
seed-layer film and the Si substrate. In the more dense samples with longer nanowires, however,
the heat will be mostly generated at the nanowire tips, where most of the absorption of photons
will occur, causing more heating as nanowires get longer. Furthermore, power-dependent
photoluminescence of these samples exhibit a red-shift with increasing excitation power, which
is consistent with local heating. A temperature increase-induced red-shift is known for band-toband transitions from the valence to conduction band, or for the free-exciton emission[198]. To
understand the necessary temperature shifts that would cause such a change in the band-gap, we
can use the Varshni equation, shown as Equation 5-1, where Eg(T) is the temperature-dependent
band gap, Eg0 is the band-gap at absolute zero, α and β are material properties (in eV/K and K,
respectively) and T is the temperature in kelvins.
MN (A) = MNC +

OA
A+P

Equation 5-1

The parameters of this equation have been previously studied[207] and for ZnO Eg0 is 3.375 eV,
α = 9.5 × 10−4 eV/K and β =912 K. The increase in temperature necessary to cause the 22 meV
redshift (between emission from nanowires grown at 0.8 sccm O2 and 1.3 sccm O2) is 43 K. The
laser power used in the PL setup has an average power density of 10.95 kW/cm2 (with a pulse
power density of 500,000 kW/cm2). The thermal conductivity of ZnO (κZnO) has been reported as
1.35 W/cm·K[208]. At this wavelength, each photon contributes a thermal energy of about 1.48
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eV, which means 31% of the laser power is converted to heat. In similar ZnO nanostructures to
the dense forest-like growth of the nanowires grown at 1.3 sccm, laser-induced heating has been
shown to cause a red-shift to emission energies as low as 3.200 eV[209] at a laser power density
of 5 kW/cm2.

Table 5-1. Summary of nanowire morphologies compared in Figure 5-3.
Oxygen Flow

Nanowire Areal Density

Typical Nanowire Length

0.8 sccm

0.4 /µm2

~2 µm

1.1 sccm

8.2 /µm2

~6 µm

1.3 sccm

13 /µm2

~10 µm

Figure 5-3. PL spectra of ZnO nanowires grown with increasing oxygen flow.

The

normalized PL spectra of ZnO nanowires grown via VTC on Si exhibit a decrease in green
luminescence and a red-shift of the near-band-edge luminescence with increasing O2 flow.
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The high density of the samples grown at 1.1 and 1.3 sccm O2 also means that very few of
the excitation photons reach the substrate. The green-luminescence is only observed in the
sample grown at 0.8 sccm O2, where the seed-layer emission substantially contributes to the
spectra. PL of seed-layer films which have undergone the growth process, but at oxygen flows
too low for nanowire growth have similar broad green emission, indicating that the green
luminescence observed is from the seed-layer. Since the seed-layer film after the growth is
mostly highly faceted mound-like structures composed of non-polar and semi-polar facets, the
green luminescence is likely coming from these surfaces[60]. For samples that exhibit green
luminescence, the ratio of the integrated intensities of the near band-edge to green luminescence
is often cited as a measure of optical quality. For the sample in this work that exhibit green
luminescence, this ratio is 6.35, which is higher than most reports in the literature, where the
green luminescence is often even greater than the near-band-edge luminescence[60, 70, 71, 198].
For further insight into control over the green-luminescence, ZnO nanowires were annealed
in an inert nitrogen atmosphere at 800°C for 30 min and then at 1000°C for 60 min, with the
resulting PL spectra shown in Figure 5-4. The near-band-edge luminescence undergoes a small
red-shift upon annealing, but does not shift further at higher temperature annealing. Similar
trends have been observed [198] and are proposed to be from developing strain at the nanowire
interface with the substrate[93]. Increasing the annealing temperature induces more greenluminescence. While green luminescence has been frequently associated with the formation of
Zn vacancies on the non-polar nanowire sidewalls, cathodoluminscence (CL) in scanning
transmission electron microscopy (STEM) reveals that the emission is not strictly from the
surface (Figure 5-5). The green luminescence is very bright in CL-STEM at ~100K and follows a
line profile that indicates bulk emission, brighter in the center of the nanowire than at the edges
as shown in . We note that there is in fact a surface region that emits at the near band-edge (365
nm), but not for the green luminescence (500 nm). This bulk defect emission could be from
alternative defects which emit in the green, though it could still be due to the formation of Zn
vacancies throughout the nanowire. It is unlikely that it is due to oxygen vacancies, however, as
the peak would be expected to be at 2.25 eV rather than at 2.35 eV, which matches with
recombination from a shallow donor to the Zn vacancy acceptor level[200]. The extent of the
anneal (time and temperature) also increases the relative intensity of the green luminescence,
which could mean that the Zn vacancies form at the nanowire surface, but the elevated
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temperatures for extended periods allows the vacancies to diffuse into the bulk of the nanowire.
By controlling the anneal time and temperature it should be possible to tune the emission ratio of
the near band-edge and green luminescence to effectively emit white light. Since the nanowires
remain bright and such nanowires have the potential to be used directly for white nanowire based
LEDs in the form of a heterojunction with substrate.

Figure 5-4. Annealing-induced green-luminescence in ZnO nanowires. PL spectra of ZnO
nanowires before and after annealing at 800°C and 1000°C in nitrogen demonstrates induced
green-luminescence with higher temperature annealing as well as a red-shift of near-band edge
emission upon annealing.
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Figure 5-5. CL of an annealed ZnO nanowire demonstrating bulk defect luminescence. CL
from ZnO nanowires annealed in N2 indicate a bulk like emission as demonstrated in (a) the
composite CL map overlaid on the STEM image of the nanowire mapped where green
luminescence at 365 nm is green and near band-edge luminescence is purple and the red arrow
indicates the linescan demonstrated in (b) of normalized CL intensity for both peaks mapped
against the position along the linescan. The green luminescence is more centered than the UV
luminescence demonstrating that the green emission is from the bulk of the nanowire.
The ZnO nanowires grown using sparse ZnO seed-layers are the most promising nanowire
arrays for use in fabricating devices due to their excellent length uniformity and control over
areal density, thus it is important that they maintain the excellent optical properties observed for
nanowires grown on continuous seed-layers. Figure 5-6 demonstrates that while the intensity of
luminescence from the nanowire arrays decreases with decreasing density, as expected, no defect
luminescence is observed. Furthermore, the peak of the near band edge luminescence does not
shift with areal density since the nanowires are vertically aligned and thus allow similar amounts
of heat dissipation independent of areal density. The approximate PL quantum yield of these
nanowires is 15%, indicating that these nanowires grown on sparse seed-layers are the bestsuited for devices since they retain high luminescence efficiency while the morphology of
vertical nanowires with controllable areal density allows for enhanced directed emission, as
discussed in Section 2.3.1.
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Figure 5-6. PL spectra of ZnO nanowires on sparse seed-layers. The PL spectra of nanowires
grown via sparse seed-layer to control the nanowire areal density (at densities of 12, 10 and 4
nanowires/µm2) exhibit excellent optical properties with high brightness from the UV near-bandedge emission and no defect luminescence. The inset demonstrates the increase in integrated
intensity with increasing nanowire areal density.

5.3. Summary
In this chapter, we demonstrated the excellent optical properties of VTC-grown ZnO
nanowires, especially relative to GaN grown in the presence of oxygen. HTS-grown nanowires
demonstrated broad yellow defect luminescence. In comparison, VTC-grown ZnO nanowires on
both sparse and continuous seed-layers exhibited bright near band-edge luminescence with no
defect luminescence. A redshift in the near-band edge emission due to thermal heating from the
laser excitation used for PL measurements was observed for nanowires grown in a very dense
forest-like growth regime. Finally, bulk green luminescence was induced in ZnO nanowires by
annealing in nitrogen at 1000°C. The bulk-nature of the luminescence was confirmed in CLSTEM and the high brightness of these samples indicates that they are good candidates for
simple single-heterojunction white nanowire-based LEDs.
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Chapter 6: Towards Scalable Nanowire-Based LEDs on Si
In this chapter we discuss the outlook for scalable nanowire-based LEDs on Si. We address
the potential challenges and review approaches to doping ZnO nanowires, and present a platform
developed to characterize the electrical properties of nanowires. Electron beam lithography and a
nanowire alignment process are used to demonstrate contact to individual nanowires. We discuss
the methods used to extract the electrical properties from individual nanowire devices, including
the conductivity, carrier mobility and carrier concentration. The role of surface states is
discussed as well as approaches to overcoming the strong effects of the surface depletion region.
We show demonstrative examples of individual nanowire measurements of as-grown and H2annealed ZnO nanowires, which demonstrate p-type and n-type behavior, respectively. Finally,
different approaches to device fabrication are assessed relative to the nanowires grown in this
work.

6.1. Individual nanowire electrical characterization
Electrical characterization of nanowires is critical to understanding dopant incorporation in
nanowires. To achieve accurate measurements of carrier concentration it is necessary to make
contact to individual nanowires, allowing for normalization by volume to estimate carrier
concentrations and resistivity. The process flow for contacting individual nanowires is outlined
in Figure 6-1. After nanowire growth, the growth substrate is submerged in ethanol and sonicated
briefly to remove the nanowires from the substrate and suspend them in solution. The nanowire
solution is then cast onto pre-patterned gold grids on oxidized silicon. After the ethanol dries,
poly-methyl methacrylate (PMMA), 4% by weight in anisole, is spun on as an electron-beam
resist. The locations of nanowires are mapped with dark-field optical microscopy relative to the
grid to create a mask file used in the scanning electron beam lithography (SEBL). Contacts are
deposited via electron beam evaporation and treated with a rapid-thermal anneal to fabricate
individual nanowire devices. In this work Ti/Au contacts were used, as they are the most
commonly accepted contact metallization for as-grown n-type ZnO[81, 210, 211], while Ni is
common for p-type ZnO[10]. The individual nanowire devices can be used to thoroughly
characterize the nanowire electrical properties.
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Figure 6-1. Method for individual nanowire electrical characterization. This schematic steps
through the processes of creating a grid to map nanowires for SEBL (step 1), dispersing and
mapping the nanowire locations (steps 2-5) and making contact to the nanowires (steps 6-7) to
form individual nanowire devices to be characterized (step 8).
Individual nanowire devices can then be used to ascertain electrical characteristics by being
probed in various setups. For longer nanowires that allow the deposition of four contacts, fourpoint measurements can be used to remove the effects of contact resistance. In four-point
measurements current is passed between the outermost contacts and the voltage is measured
across the two inner-most contacts to avoid measuring the voltage drop associated with contact
resistance. This measurement is the most accurate way to assess the actual electrical properties of
a nanowire. Without four-point measurements the contact resistance would be indiscernible from
the nanowire resistance, and thus the resistivity from two-point measurements is an over115

estimate of the nanowire resistivity. In principle, contact resistance can be measured using the
transmission line method, which involves measuring the resistivity through multiple two point
measurements at varying separations and plotting the resistance as a function of separation. The
slope of resistance plotted against contact separation is proportional to the resistivity, while the
intercept is the sum of the contact resistances between the two contacts. The nanowires
characterized in this work used four-point measurements when possible, but otherwise two-point
contact was made and the contact resistance was neglected. Obtaining high yields of correctlyoriented long nanowires for four-point measurements can be challenging due to breakage of the
nanowires during sonication.
Mobility and doping-type can also be measured by back-contacting the silicon and using the
oxide to create effective field effect transistors. These transfer characteristics measure the change
in source-drain current ISD (at a constant source-drain bias VSD) as a function of the applied gate
voltage, VG. The gate bias attracts carriers to the interface with the dielectric, creating a
conductive channel that becomes more conductive as the bias is increased. For example, if a
positive bias is applied and the nanowire is n-type, the free-electrons will be attracted to the
interface and create a conductive n-type channel. As the gate bias is further increased more
carriers occupy the channel and the conductivity increases. However, if the opposite gate bias is
applied to the same nanowire, the conductivity does not change significantly, since there are not
enough free holes to act as a conductive channel. Thus, the sign of the transconductance (gm), the
change of the measured ISD with applied VG, is indicative of the carrier-type. If the
transconductance is positive (i.e. – ISD increases with +VG) then the material is n-type as in the
example discussed above. Alternatively, a negative transconductance indicates that the material
is p-type. The transconductance depends on the carrier mobility µ, the capacitance of the oxide
Cox, the applied source-drain bias VSD and the length of the channel between the two contacts, L,
according to the field effect transistor charge control model[212, 213] as shown Equation 6-1
and is used to estimate carrier mobility from the transfer characteristics.
QR =
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Equation 6-1

If the carrier mobility is known, the carrier concentration can be estimated from the conductivity
according to Equation 6-2, where σ is conductivity, ρ is resistivity, R is the measured resistance,
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L is the contact separation, A is the nanowire cross-sectional area, q is the electron charge, ND
and NA are the donor and acceptor concentrations, respectively, and µe and µh are the electron and
hole mobilities, respectively. Usually one carrier concentration is dominant, in which case the
approximation that the opposite carrier concentration is negligible can be made (i.e. – in n-type
materials, ND >> NA).
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Equation 6-2

These methods of electrical characterization result in useful estimates of the electrical
properties; however there are many effects unique to nanostructures, typically due to the large
surface-to-volume ratio, that can affect these measurements. Contact resistance is usually
assumed to be the same at each contact made to a material. However, nanowire electrical
properties can vary along the growth axis. Furthermore, the actual contact area under different
pads often varies in nanowire contacts. Thus, it may be more useful to define a specific contact
resistance which scales with the actual interface between the metallic contact and the
semiconductor nanowire[214]. It is also important to correctly estimate the effective oxide
capacitance, Cox. Since the interface between the nanowire affects the coupling between the
nanowire and the oxide in the case of nanowires lying flat on SiO2 an effective dielectric
constant can be used as a correction factor for different nanowire cross-sections[215].
The surface of the nanowire plays a critical role in the electronic properties due to the large
surface-to-volume ratio in nanowires. Surface states such as adsorbed OH- groups (that act as
acceptors on ZnO surfaces[211]) can deplete a shell near the nanowire surface of its freeelectrons. Fermi-level pinning at the surfaces results in band-bending from the surface inward
into the normally n-type nanowire such that the surface depletion region depends on the surface
barrier potential φs at the surface and the doping level in the nanowires. The surface depletion
width, W, the depth from the surface that is depleted due to Fermi-level pinning is dependent on
the surface barrier potential φs (which is a property of the type of surface states and their
density), the doping level ND, the dielectric constant of ZnO εZnO and the electron charge q as
expressed in Equation 6-3[216].
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If this surface depletion region is large enough relative to the nanowire thickness, then it is
possible for the entire nanowire to be depleted due to this effect. This surface depletion region
can also cause an effective Schottky contact, since contact must be made through the nanowires
sidewalls and thus through the surface depletion region[211].
The ambient pressure has been shown to affect the extent of the surface depletion width, as it
would be expected because at higher pressures there are more species that can adsorb to the
nanowire surface. Therefore, at low pressures the surface depletion width is smaller and
nanowires tend to be more conductive[211, 217, 218]. There are two general approaches to
mitigate the extent of the surface depletion region in nanowires: heavy doping or passivation.
The heavy doping strategy considers Equation 6-3, which demonstrates that the surface depletion
region will decrease with the donor concentration, ND. Alternatively, the density of surface states
is reduced via passivation, which reduces the surface barrier potential φs and thus the surface
depletion width. Annealing in forming gas (5% H2 in N2) is a common approach to increase the
conductivity of ZnO nanowires. The effect of ambient species and pressure seems to be mostly
eliminated via both H2 anneals and H2 plasma treatment[211, 217, 219], though it is unclear
whether hydrogen is passivating surface states or acting as a shallow donor. Other passivation
approaches include coating the nanowires with a higher band-gap material, such as Al2O3 or
PMMA. Al2O3 coating does not seem to be very effective, likely due to a poor interface with the
ZnO nanowires[219]. PMMA on the other hand works quite well, having a similar effect to
annealing in H2[220].

6.2. Electrical properties of ZnO nanowires
From ZnO nanowires grown via sparse-seed layers we interestingly observe p-type as-grown
behavior. All of the nanowire devices that resulted in ohmic contact (only about 20% of asgrown ZnO nanowire devices) resulted in transfer characteristics with a negative
transconductance, indicating p-type behavior. A representative source-drain measurement from
these nanowires with the device SEM image inset and representative transfer characteristics are
shown in Figure 6-2(a) and (b), respectively. Extracting the mobility using Equation 6-1 for the
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linear part of the transconductance (generally V < 0), the ohmic ZnO nanowire devices
demonstrated an average mobility of 225 cm2/V·s with a standard deviation of 5 cm2/V·s, similar
to reports of high mobility p-type ZnO achieved in thin-films[85]. It should be noted that the
transconductance becomes much less negative at small positive gate biases. This is an indication
of ambipolar behavior, indicating that there are still donors active in the material[221].
The conductivity of the nanowires and thus the predicted carrier concentration (Equation 6-2)
varied with nanowire diameter. In general, the p-type carrier concentration NA decreased with
increasing nanowire diameter from an estimated 2×1014 /cm3 at a nanowire diameter of 158 nm
to 1×1019 /cm3 at a nanowire diameter of 158 nm, suggesting that the p-type doping may be
related to the surface. It has been suggested that Zn-vacancies act as acceptors, but their
formation energies are high in p-type ZnO[78] and they generally cause green-luminescence at
the nanowire sidewall facets[60], which is not observed in PL of these samples. It is unlikely that
any common p-type dopant could have been introduced to the growth system; however carbon is
used in the carbothermal reduction of ZnO, and has been shown to act as a shallow acceptor if it
can form a substitution on an oxygen site, CO, for which oxygen vacancies are necessary[222].
Furthermore, it has been shown that oxygen vacancies have a very low formation energy on nonpolar nanowire sidewall facets under oxygen poor conditions[60], which is consistent with the
oxygen-deficient conditions for initial stages of nanowire growth discussed in Section 4.5 - VTC
ZnO nanowire synthesis on silicon with sparse ZnO seed-layers. It is thus possible that CO
acceptors form preferentially at the nanowire surface, in which case the p-type conductivity
would increase with nanowire diameter. It is also possible that during the Ar plasma clean prior
to contact deposition, that air was not adequately flushed from the gas-lines, resulting in some
nitrogen plasma, which has been previously shown to induce p-type doping[223] and would be
consistent with the dependence on nanowire diameter.
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Figure 6-2. Electrical properties of individual ZnO nanowires. Representative currentvoltage curves for a ZnO nanowire grown via sparse seed-layers: (a) the source-drain
characteristics indicate roughly ohmic behavior with the SEM image of the nanowire device
inset and (b) the transfer characteristics indicate p-type behavior.
Upon annealing as-grown ZnO nanowires via an RTA in 5% H2 (in N2) at 500°C for 3 min
the general nanowire electrical characteristics shifted. The percentage of nanowire devices
displaying ohmic behavior increased from only about 20% to 50%, likely because the contact
metallization was optimized for n-type nanowires and the H2 anneal produced nanowires with ntype doping as deduced from the transfer characteristics. Though n-type nanowires accounted for
about 80% of the ohmic devices produced with the H2 anneal, p-type nanowire devices similar to
the one shown in Figure 6-2 and more ambipolar behavior was also observed. The n-type
nanowire devices demonstrated an average mobility of 249 cm2/V·s, in the range of reported
electron mobilities in nanowires[224], with a standard deviation of 67 cm2/V·s, and the opposite
trend of conductivity with nanowire diameter as compared to the p-type nanowire devices. For
the n-type nanowire devices the estimated carrier concentrations increased with increasing
nanowire diameters from an estimated 9×1013 /cm3 at a nanowire diameter of 143 nm to 3×1017
/cm3 at a nanowire diameter of 309 nm, indicative of a surface depletion region. A representative
source-drain measurement from these n-type nanowires with the device SEM image inset and
representative transfer characteristics are shown in Figure 6-3(a) and (b), respectively.
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Figure 6-3. Electrical properties of ZnO nanowires after H2 anneal. Representative currentvoltage curves for a ZnO nanowire grown via sparse seed-layers after H2 RTA: (a) the sourcedrain characteristics indicate roughly ohmic behavior with the SEM image of the nanowire
device inset and (b) the transfer characteristics indicate n-type behavior.
These results demonstrate both n-type and p-type behavior in ZnO nanowires, indicating a
promising pathway towards ZnO homojunction LEDs; however it should be noted that due to the
low yield of ohmic devices, the number of nanowires characterized in each case is relatively
small (less than 10 devices). Thus, while further work is necessary to demonstrate control over
both dopant types, these preliminary results indicate that it should be possible. It would likely be
advantageous to approach the doping with extrinsic defects, such as group III elements for n-type
dopants and group V elements for p-type dopants so that the concentrations can be controlled
unlike the as-grown defects observed here.

6.3. Fabrication methods for nanowire array devices
In any implementation of nanowire devices on a production scale, it will be necessary to use
scalable techniques developed for typical semiconductor processing. Thus, as previously
discussed in Chapter 1, for nanowire arrays the vertical alignment of the nanowires with respect
to the substrate must be excellent. To make electrical contact to the nanowires on a large scale,
the nanowires must be able to be contacted through the substrate and at their tip. Using Si
substrates to grow ZnO nanowires provides a substrate with tunable electrical properties. To
contact the nanowire tips for high device yield requires not only a high degree of vertical
alignment, but also nanowire arrays with uniform lengths. Furthermore, to prevent an electrical
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short when depositing the top contact, it is necessary to fill the gaps between nanowires with a
dielectric that exposes only the nanowire tip. Depending on the dielectric filler material and the
deposition process, it can be useful to have control over the nanowire areal density to ensure that
the dielectric penetrates the nanowire gaps and results in a uniform morphology at the top of the
film near the nanowire tips. This control over density is especially necessary when using a spinon glass or polymer-based filler.
Different approaches and materials used as the dielectric filler have different advantages and
disadvantages. The potential material deposition process can be in one of two categories: blanket
coatings or spin-on materials. Blanket coatings conform to the morphology of the nanowire
array, equally coating the substrate, the nanowire sidewall facets and the nanowire top facets.
This coating is usually amorphous. One key advantage to this method is that control over the
nanowire areal density is not strictly necessary. Since the coating is conformal, the deposition
must be long enough to deposit enough material to fully cover the nanowires and result in a top
surface. Devices fabrication requires the exposure of nanowire tips, so the coating must be
etched back to expose the nanowires. An example of such a coating is plasma-enhanced
chemical vapor deposited (PECVD) SiOx. SEM images of the process are shown in Figure 6-4.
Filling in all of the space between the nanowires can be time consuming, and due to the
conformal coating, requires a mechanical polish to planarize the surface prior to reactive ion
etching (RIE) to expose the nanowire tips. This RIE can be harsh and may damage the
nanowires, causing poor contact. The nanowires are shown along the steps in this process in
Figure 6-4 (a)-(c). Alternatively, less SiOx can be deposited and etched, as shown in Figure
6-4(d)-(f), leaving nanowires with a conformal shell and exposed tips, but also leaving empty
space between the nanowires which would result a non-continuous contact film if a transparent
conductor were sputtered and/or contact metallization was deposited. These SiOx-coated
nanowires may be useful for passivating surface states or creating gate-all-around transistors,
however these approaches were not explored here, since we were focused on the fabrication of
large-scale nanowire-based LEDs.
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Figure 6-4. PECVD SiOx as a dielectric filler material. SEM images at 45° tilt of the coated
nanowires at different steps throughout the process: (a) as-grown ZnO nanowires (on a
continuous seed-layer), (b) after PECVD of 1.5µm of SiOx, (c) after PECVD of another 1.5 µm,
mechanical polishing and RIE of 750 nm of SiOx to expose nanowire tips, (d) PECVD of only
350 nm SiOx on as-grown nanowires similar to those shown (a), (e) 175 nm RIE after step shown
in (d), and (f) the top-down view of (e).
The alternative to using blanket coatings to contact materials is the use of a spin-on
dielectric. Spin-on glass dielectrics (usually silica-based) are materials that are viscous at room
temperature, but when annealed form a solid dielectric with excellent interfacial properties for
passivation and planarization. Unlike PECVD of dielectric materials, the spin-on dielectrics can
simply be applied at the proper spin-speed during spin-coating to create a uniform film which
fills the gaps between the nanowires but leaves the tips exposed for contact. Similarly, polymers
that can be cured, such as PMMA, have been used for this purpose, but do not allow for thermal
processing due to the breakdown of polymer functionality at their glass-transition temperatures.
Though spin-on dielectrics are typically expensive relative to polymers and have a short shelf-
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life (usually 6 months), they provide a more robust approach to fabricating scalable nanowirebased LEDs than either PECVD SiO2 or polymer-based dielectrics.
After filling the gaps in nanowire arrays, a transparent conductor can be sputtered to provide
electrical contact to the nanowire tips and contact metallization can be deposited to make an
ideal contact to the transparent conductor. This design allows for a bias to be applied through the
axial direction of the nanowire, suitable for axial heterostructures. As seen in Chapter 3, axial
heterostructures can compete with radial heterostructures in terms of efficiency. This thesis has
laid the groundwork for the fabrication of nanowire array-based LEDs and with the achievement
of controlled doping, single heterostructures of n-ZnO nanowires on p-Si can be readily
fabricated. To enhance the efficiency of such devices a nanowire homojunction could also be
formed either by changing dopant during growth or by using spin-on dielectrics to protect the
bottom part of nanowires while the tops of the nanowires are exposed to ex-situ doping (such as
vapor-phase doping or surface-monolayer doping). Finally, as QW materials, such as CdZnO, are
further developed, it may be possible to grow such structures for axial heterostructure-based
devices. Alternatively, to achieve simple white LEDs, the induced green-luminescence discussed
in Chapter 5 can be tuned such that the green and blue/UV combination results in white light.
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Chapter 7: Conclusions
This thesis focused on the development and fabrication of scalable wide band-gap nanowirebased LEDs. Nanowire-based LED designs were compared and their tradeoffs were discussed
relative to inherent properties of the design and the material properties, advancing the
understanding of how the materials properties and device design intersect and affect the overall
LED efficiency. A path towards the synthesis of nanowire-array based LEDs was outlined and
the critical control over key characteristics of the ZnO nanowire arrays was demonstrated:
tunable nanowire areal density, a high degree of vertical alignment relative to the substrate and
uniform nanowire lengths by using a two-step growth on continuous seed-layers and by using
sparse seed-layers. The optical properties of ZnO nanowire arrays were shown to be excellent
with no defect luminescence and PL quantum yields of ~15%. We demonstrate a way to control
the defect luminescence which may be a possible route for tuning the emission properties of ZnO
nanowires. Finally, we outlined the approach for the synthesis of nanowire-based LEDs from
these ZnO nanowire arrays.

7.1. Summary and implications of this work
Solid state lighting has tremendous potential in terms of energy and costs saving as compared
to traditional lighting technologies. Wide band-gap materials such as GaN and ZnO are
necessary to achieve white emission required for solid state lighting. These materials are
challenging to grow in a bulk form and epitaxial films can have high densities of extended
defects such as threading dislocations. Nanowires of these wide-band gap materials offer some
unique advantages toward solid state lighting. Due to the large surface-to-volume ratio nanowire
growth can accommodate high lattice mismatch between the substrate and nanowire material via
facile strain relaxation, resulting in dislocation-free single crystalline nanowires on a variety of
substrates. Silicon substrates are an ideal candidate for scaling nanowire growth toward a
scalable production-level whereas control over the electrical properties in Si allows for unique
nanowire-based LED designs.
In chapter 2 we discussed the interplay of materials properties specific to wide band-gap
nanowires, focusing on the case of GaN nanowires with InGaN QWs. The general trade-offs
between axial heterostructures for m-directional and c-directional nanowires as well as radial
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heterostructures for c-directional nanowires were the focus of the comparison. The active area of
the device can be dramatically increased in radial heterostructures for high-brightness
applications; however, we focus mainly on comparing LED efficiency, which is composed of
two factors: light extraction efficiency and IQE. We emphasize the importance of the nanowire
wave-guiding properties as a function of the nanowire cross-section. Furthermore, the coupling
to the wave-guided modes considering the role of polarization anisotropy from QW emission and
the resulting extraction efficiency was also investigated. Finally, we discussed the role of the
QCSE in the IQE of different designs for nanowire-based LEDs.
In chapter 3 we sought to answer the outstanding questions brought up in Chapter 2. Namely,
we compared the modal properties of polar c-directional and non-polar m-directional GaN
nanowires. To understand the extraction from the different device designs, we used FDTD to
calculate the directed light extraction efficiency, measuring the emission from the guided modes.
Focusing on single-mode nanowire waveguides, we observed that the primary factors affecting
light extraction are the orientation of the QW relative to the nanowire wave-guiding axis and the
QW position. The directed extraction is optimized at QW positions which maximize coupling to
the fundamental mode of the nanowire waveguide. Fully simulating light extraction from these
designs showed that m-directional axial heterostructures had the highest potential for directed
efficiency. Furthermore, to understand the role of surface states from different nanowire facets
and QW orientations inherent in the different designs, the A-B-C model was used to estimate the
IQE based on known material properties. While surface-states are higher for m-directional axial
heterostructures, the QCSE plays a larger role in diminishing the IQE for c-directional axial
heterostructures, thus the highest overall IQEs are also seen for m-directional axial
heterostructures. By combining the calculated extraction efficiency and IQE, it was determined
that the m-directional axial heterostructure has the highest overall efficiency. Finally, we also
looked at the possibility of using diameter modulation to create a distributed Bragg reflector at
the base of the nanowire, with FDTD predicting almost 90% reflectivity with only 10 diameter
modulations (between large and small segments) after optimizing the parameters. This work was
the first to take an approach to directly compare different nanowire device designs and materials
properties, highlight the route for the synthesis of such heterostructures.
The work in chapter 3 will guide the development of nanowire-based LEDs designed as axial
heterostructures, specifically m-directional axial heterostructures, which have yet to be fabricated
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in the field. A direct experimental comparison between m-directional and c-directional axial and
radial heterostructures would be the next step towards the advancement of choosing the proper
design for highest efficiencies. With control over the InGaN composition in the QW it may be
possible to design MQW nanowire-based LED which emit as RGB emitters, bypassing the need
for phosphor materials (and thus energy lost to down-conversion). Such designs may even have
higher efficiency than the current state-of-the-art GaN thin-film LEDs.
At the end of Chapter 3 we present a device outlook for GaN nanowire-based LEDs. In
Appendix A we discuss the challenges of synthesizing the designs laid out in Chapter 3 with the
available tools. The main issues in the synthesis of GaN nanowires was the lack of alignment
with the Si substrate, regardless of the many growth parameters explored, and the low
luminescence efficiency of the resulting nanowires, likely due to the presence of oxygen in the
growth system, which could not be eliminated without a substantial system upgrade. Thus,
alternatives to GaN nanowires were next considered. Here we note that the growth of high
quality GaN nanowires on Si should be possible and has been demonstrated with excellent
optical properties without seed-particle mediated growth, using PAMBE[132], selective area
epitaxy in MOCVD[225] and via an anisotropic growth method in MOCVD[226]. Furthermore,
p-type GaN nanowires grown on n-type Si have even been used as a solar cell[98]. These
successful implementations of GaN nanowires grown on Si are indicative of the great promise
for GaN nanowire-based LEDs on Si, if they can be grown under the proper conditions.
To further explore nanowire-based LEDs, we next turned to the synthesis of ZnO nanowires
in Chapter 4. To demonstrate the wide range of possibilities for ZnO nanowires we demonstrated
the low-temperature HTS growth of ZnO nanowires on both Si and the flexible plastic, PEN. The
HTS method allows for synthesis with good vertical alignment on an array of substrates, but the
length and nanowire areal density are not easily tuned. Thus, high-temperature VTC growth was
chosen as the synthesis method for this work. First, Au seed-particles were used for synthesis,
demonstrating a VLS growth mechanism. The VLS mechanism with ZnO growth did not provide
the usual control for other materials systems due to the anisotropic growth of ZnO and the
agglomeration of Au particles in the early stages of growth. For these reasons, and to avoid
potential deleterious effects of Au on ZnO nanowire optical properties, the synthesis method was
refined to growth on ZnO seed-layers. The growth mechanism of ZnO nanowires on continuous
ZnO seed-layers solution processed on Si substrates were investigated in depth. We
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demonstrated control over the nanowire areal density via the O2 flow due to shifting nucleation
conditions on the seed-layer film. At low nanowire areal densities, the ZnO nanowire growth was
shown to be in a continuous nucleation regime in which nanowires continuously nucleate
throughout the growth and have fixed axial and radial growth rates. At higher nanowire areal
densities the growth was observed to be surface-diffusion limited such that the nanowire growth
rate depends inversely on the nanowire diameter. By developing this understanding we were able
to improve the length uniformity of ZnO nanowire arrays by employing a two-step growth. The
first step of the two-step growth, grown in the continuous nucleation growth regime at low
growth rates, defines large nanowire diameters. In the second stage of growth, grown in the
surface-diffusion limited regime, the nanowire growth rates are only slightly dependent on the
diameters, since the diameters set in the first-step are large enough to be relatively independent
of changes in diameter. This approach was extended to also control the nanowire areal density
via a sparse seed-layer, in which individual ZnO particles define the nanowire diameter. This
work developed the synthesis of scalable ZnO nanowire arrays with excellent vertical alignment
relative to the Si substrate, excellent length uniformity and control over the nanowire areal
density via an in-depth understanding of the growth mechanism. These nanowire arrays meet the
necessary requirements for nanowire array-based LEDs on Si, which has not been previously
reported with such control.
In Chapter 5, we investigated the optical properties of the ZnO nanowires synthesized in this
work. In general, though the HTS ZnO nanowires demonstrate broad defect luminescence, the
ZnO nanowires synthesized via VTC have excellent optical properties with bright near bandedge luminescence and no defect luminescence. We observe some instances in which very dense
nanowire growth results in a 22 meV redshift due to a thermally induced shift in the band-edge
due to heating from the laser. For nanowire arrays grown on sparse ZnO seed-layers, the PL
spectra are independent of the nanowire areal density, though denser arrays are generally
brighter. Furthermore, typical ZnO nanowires grown with sparse seed-layers demonstrated a PL
quantum yield of ~15%. To induce green defect luminescence as a potential way to tune optical
emission from ZnO nanowire for white light, the ZnO nanowire arrays were annealed in N2. The
annealing temperature and time could be used to control the relative intensity of the green
luminescence, which is attributed to Zn vacancies. CL-STEM confirmed that the green
luminescence was a bulk property of the nanowire and was not just emitting from the surface,
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indicating that this method could be a robust way to control the optical properties, allowing for
the wave-guiding of the emission to enhance extraction. This induced luminescence provides a
tunable alternative approach to QWs, which are not well-established in the ZnO materials.
Finally, in Chapter 6 we laid out the plan for device fabrication with the achievement of
controllable growth of ZnO nanowire arrays with excellent, tunable optical properties as a
critical starting point. We discussed the electrical properties in ZnO nanowires and developed an
approach to measuring these electrical properties. In this work both n-type and p-type doping
was observed due to processing and intrinsic defects. Though controllable extrinsic doping has
not yet been achieved in this work, the demonstration of both dopant types exemplifies the
promise of ZnO nanowires for LEDs. Approaches to filling the nanowire gaps with a dielectric
material to allow for top-contact deposition were also explored and discussed. The conclusion of
this exploration and discussion is that the best approach for overall fabrication purposes is the
use of a spin-on dielectric, which is more scalable than blanket deposition methods and allows
for further thermal processing, such as contact anneals, unlike spin-on polymers. With this work,
a clear path toward the scalable fabrication of ZnO nanowire array-based LEDs is laid out and
the groundwork for such fabrication is complete with the synthesis of ZnO nanowire arrays with
excellent length uniformity, vertical alignment and control over the nanowire areal density as
well as a general approach to understanding the efficiency and trade-offs for different wide bandgap nanowire-based LED designs.

7.1.1. The ideal GaN nanowire-based LED
This work has focused on and discussed many of the practical advancements necessary to
achieve nanowire-based LEDs, however it has also explored the important roles of the design of
nanowire-based LEDs. Here, we present the ideal nanowire-based LED without considering the
technical challenges in the actual production of such a device. The ideal design of GaN
nanowire-based LEDs on Si begins with the vertical growth of m-directional GaN nanowires on
Si with a controlled areal density of ~15 nanowires/µm2 (with an approximate inter-nanowire
spacing of 260 nm). The nanowires in this design are grown as axial heterostructures, as shown
in Figure 7-1, with high carrier concentrations (n and p) to reduce resistive and heating losses,
likely on the order of 1018 cm-3. At higher carrier concentrations free-carrier absorption can
become significant[227]. Furthermore, the quantum-well should be placed not only to maximize
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extraction efficiency, but also to limit free-carrier absorption, which is stronger from holes[227],
thus the p-type portion of the nanowire should be the top-most portion of the nanowire, which
should be much shorter than the n-type portion. Since the n-type portion is the bottom, the
devices should be grown on a highly doped n-type Si substrate. From the simulation work, to
maximize extraction efficiency for the case of an air superstrate, the quantum-well should be
placed 700 nm from the substrate. To maintain the high index of refraction contrast, the topcontact should be deposited with an air-bridge[228]. The top-contact should also be a p-type
transparent conducting oxide, such as NiO, which has been used a hole-transport layer in organic
photovoltaics and can even be solution processed[229].
To tune the emission for solid-state lighting, a yellow phosphor is necessary to down-convert
the blue emission to yellow. This dichromatic approach to solid-state lighting depends on the
relative intensity of emission at each wavelength. For emission near 405 nm, as expected from
the InGaN quantum-wells modelled in this work, the optimal phosphor for producing high CRI
white-light would emit over a broad range in the green and yellow portion of the visible
spectrum. β-Sr2SiO4:Eu2+ has been demonstrated to fit the ideal emission spectrum to pair with
emission near 405 nm[230]. The thickness and coverage of the phosphor layer should be tuned to
maximize the CRI. The schematic for such a design is summarized in Figure 7-1.

Figure 7-1. Schematic of the ideal nanowire-based LED on Si. GaN-based nanowires with
the InGaN QW situated at 700 nm from the base at an inter-nanowire spacing of 260 nm.
130

7.2. Future Work
7.2.1. Controllable electrical properties via extrinsic dopants
The development of any nanowires-based LED design besides the single heterostructure (via
the nanowire/substrate interface) requires control over both n-type and p-type doping in ZnO
nanowires. While this work demonstrated examples of intrinsic defects and defect introduced by
processing causing both n-type and p-type dopants, for the synthesis of nanowire
heterostructures it is necessary to have a level of control not achievable with intrinsic defects,
which can relate to surface states and other nanowire properties as opposed to the synthesis and
processing itself. To achieve in-situ doping during the nanowire growth, the furnace used for
VTC synthesis would need to be upgraded to add the capability of introducing a dopant source.
The best approach here may be for the development of a solid source receptacle which can be
pushed into the active region of the furnace via a magnetic connection through the tube.
Alternatively, combinatorial doping could be used. In such an approach the base nanowire would
be grown n-type, using either the addition of Al or Ga2O3 powder to the precursor powder
mixture. The group III source has been shown to make group V elements such as N or P more
soluble in the ZnO system[231], thus using a capping approach to protect the nanowire base, the
tops of the nanowires could be doped with N, for example, by gas-phase doping using NH3 in a
separate furnace[85] (such as the MOCVD furnace used for GaN growth in this work).
Furthermore, the role of the hydrogen anneal will still be important, as it has been shown that
complexes formed with hydrogen, such as the N-H complex, is the actual acceptor in p-type
ZnO[232]. While controllable doping has been previously accomplished in ZnO nanowires, and
even some devices of nanowire homojunctions, the devices were limited in the application of
advanced designs and scalability due to the poor vertical alignment and areal density
control[233]. We believe combining our approach to nanowire synthesis with controllable
doping is the best path towards nanowire-based LEDs that have the potential for production
level.

7.2.2. Controlled defect luminescence for SH white nanowire-based LEDs
Another route to nanowire-based LEDs only requires developing control over one type of
dopant. By using the N2 anneal to control the ratio of the green to the near-UV luminescence of
the near band-edge, the CRI of emission from the nanowires can be tuned to a certain extent.
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These devices could work with a heterojunction of n-type nanowires on a p-type Si substrate.
The key challenge in these devices is the electrical generation of carriers at the
substrate/nanowire interface. In this case it would be desirable to have a very heavily-doped Si
substrate, to encourage more of the depletion region of the heterojunction to be within the ZnO
nanowire, where the emission is desired.

7.2.3. Development of QW materials and nanowire-based LED design
Though ZnO is an earth-abundant, robust material system with high luminescent efficiency,
the development of ZnO for optoelectronics is limited by the lack of QW material with the
ability to tune emission via the composition of the material. The most viable material for QW
synthesis seems to be ZnCdO and the emission from these materials has reached as low as ~2.1
eV[234, 235]. With the further development of these materials, including the study of potential
polarization anisotropy and the extent of the QCSE across c-directional QWs a similar approach
to that taken in chapter 2 can be used to approach comparing the efficiency of feasible ZnO
nanowire-based LED designs. This design comparison could then guide the synthesis of largescale ZnO nanowire-based LEDs.
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Appendix A: GaN Nanowires - Synthesis and Properties
This chapter discusses the development of GaN nanowires grown via MOCVD and CVD for
light emitting applications. As a starting baseline we consider the growth of GaN nanowires on rplane sapphire, demonstrating m-directional nanowire growth with fixed orientations relative to
the substrate and vapor-liquid-solid growth of the nanowires using Au seed-particles. To extend
the growth of nanowires on silicon substrates, we consider the role of the native oxide and the
interaction of the Au seed-particles and the oxidation of the Si substrate surface. The effect of
growth parameters, such as the V/III ratio and the growth temperature, could be used to tune
density, but not nanowire alignment on Si substrates. We further employ strategies to control the
alignment of nanowires relative to the substrate surface, including the use of differently sized Au
seed-particles and the use of ZnO buffer-layer films, finding that the strategy of controlling the
growth direction with the size of the Au seed-particle is effective on sapphire substrates, but not
on Si. Finally, we summarize our findings relative to the fabrication of nanowire-based light
emitting diodes.
The growth of GaN nanowires on silicon substrates was be achieved using MOCVD and
particle-mediated growth. MOCVD growth of GaN nanowires was be conducted at temperatures
between 800°C and 1000°C in a FirstNano EasyTube 3000 CVD reactor (see Figure A-1). Trimethyl gallium and ammonia (NH3) were used as the III and V source, respectively. H2 carrier
gas is used, primarily to promote delivery of the metal-organic source to the substrate by forming
GaH, however H2 also inhibits growth[25], thus it is diluted with N2 flow. The system is also
equipped with tri-methyl indium (TMI), which can be used for InxGa1-xN growth, as well as with
SiH4 for silicon doping. Solid sources, such as metallic Ga, were also be used with the solid
source heater and injector. The system baseline pressure was typically on the order of 150
mTorr, however every time the system vented directly to the room ambient, likely allowing for
the introduction of impurities which caused the poor optical qualities and high electrical
conductivity of our GaN nanowires.
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Figure A-1. (MO)CVD system setup used for the growth of GaN nanowires. Schematic
demonstrating the capabilities of the reactor used to grow GaN nanowires via both CVD and
MOCVD. Figure adapted from S.K. Lim.

A.1. Growth on sapphire
The growth of GaN nanowires on sapphire substrates is relatively well-understood, thus we
use it here as a baseline for comparison to growths on Si substrates. The growth conditions
within the reactor, the size and composition of the seed-particle used and the substrate and its
orientation all play a role in determining the growth direction of nanowires via seed-particle
mediated growth, such as the vapor-liquid-solid mechanism[93]. GaN nanowires grown on cplane sapphire substrates have been observed to grow in the a-direction [236-238], the mdirection [25, 26, 239] and c-direction [97, 240, 241], likely due to different growth conditions
(V/III ratio, temperature, environmental composition, etc.) within the reactor. Based on the
results from Section 3.3. External quantum efficiencies, considering the design of nanowirebased light emitting diodes, it would likely be advantageous to grow nanowires along the nonpolar m-direction to avoid the quantum-confined Stark effect and promote light extraction due to
the polarization anisotropy observed in InGaN quantum wells. Growth of GaN nanowires on rplane sapphire results in well-aligned m-directional nanowires, growing at an angle of ~56.8°
from the plane of the substrate (~33.2° from the substrate normal), as previously seen by work in
our group[26].
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Figure A-2 shows SEM images of the CVD grown GaN nanowires on r-plane sapphire,
grown at typical growth conditions used in this work. The nanowires demonstrate the two-fold
symmetry in the top-down view (Figure A-1(b)) and alignment angle relative to the substrate
indicative of m-directional nanowire growth (Figure A-1(a)). The nanowires grow via a seedparticle mediated mechanism using 1 nm thick Au films and the Au seed-particle is observed at
the nanowire tips. Despite using a Au thin film as opposed to colloidal seed-particles the
nanowire diameter distribution is narrow and the nanowires grow straight with no kinks or
substantial tapering. These m-directional nanowires grown on r-plane sapphire serve as a control
for the growth of GaN nanowires directly on Si substrates.

Figure A-2. m-directional GaN nanowires on r-plane sapphire. SEM images of CVD-grown
GaN nanowires (a) at 45°-tilt and (b) top-down indicate the preferred m-directional growth under
typical growth conditions.
GaN nanowire growth on c-plane sapphire typically results in vertical c-directional
nanowires [97, 240]. However, we observe six-fold symmetry from the top-down view of GaN
nanowires grown with 1 nm Au thin films on c-plane sapphire via MOCVD, which suggests that
the nanowires grow in the m-direction and that the c-direction of the nanowires is not normal to
the c-plane sapphire, as previously seen [239]. An SEM image of this six-fold symmetry of GaN
nanowires grown on c-plane sapphire is shown in Figure A-3. The persistence of m-directional
GaN nanowire growth on both c-plane and r-plane sapphire in both CVD and MOCVD suggests
that the growth conditions in the reactor strongly favor m-directional growth.
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Figure A-3. Six-fold symmetry of GaN nanowires grown on c-plane sapphire. SEM image of
GaN nanowires grown via MOCVD on c-plane sapphire demonstrates six-fold symmetry
indicative of m-directional nanowire growth.

A.2. Growth on silicon
We prepared Si (111) substrates by first stripping any native oxide in 48% HF and ensuring a
hydrophobic surface indicative of bare-Si prior to depositing the 1 nm Au film used for the seedparticles via electron beam evaporation. As a control, 1 nm Au was also deposited onto native Si
with no HF pre-treatment. The bare Si and native Si samples with Au were then used to attempt
to grow GaN nanowires via MOCVD with similar parameters used for the growth on sapphire
and the resulting nanowires are demonstrated in the SEM images of Figure A-4(a) and (c),
respectively. It was observed that no substantial growth was achieved on the bare nanowire
substrate, likely due to the formation of an oxide over-layer during the Au evaporation, where a
SiOx layer grows enough to engulf the Au particles[162] and prevent them from absorbing the
Ga source. To eliminate the effect of the oxide over-layer an addition HF etching step was
performed immediately prior to growth with no rinse to ensure a hydrogen terminated Si surface
to prevent re-oxidation. This resulted in dense nanowire growth, similar to growth on the control,
shown in the SEM image in Figure A-4(b). We note these nanowires are m-directional (see the
diffraction from transmission electron microscopy, TEM, in Figure A-5) and show no relative
alignment to the (111) plane Si. For device fabrication, it is necessary to have nanowire
alignment for high yield of the top contact, thus we next varied growth parameters to attempt to
achieve nanowire alignment.
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Figure A-4. Growth of GaN on Si substrates with different pre-growth treatment. SEM
images of GaN nanowires grown on Si (111) with various substrate pre-processing: (a) Si
substrate stripped of native oxide prior to Au seed-particle film deposition, demonstrating the
effect of the oxide overlayer which forms during or after this deposition, (b) Si substrate
processed as in (a), but also HF strip of the oxide overlayer immediately prior to nanowire
growth, and (c) control sample with Au seed-particle deposited on Si with native oxide.

Figure A-5. TEM of m-directional GaN nanowire grown on bare Si. TEM of GaN nanowires
grown on Si (111): (a) Au nanoparticle at nanowire tips indicating that growth proceeded by the
particle-mediated mechanism, (b) nanowire used for HRTEM shown in (c), with the diffraction
pattern inset indicating growth in the m-direction, and (c) HRTEM of GaN nanowire, indicating
single crystalline nature of the nanowires.
In an attempt to gain control over the nanowire alignment relative to the Si substrate, a
variety of growth parameters were explored. Alignment of GaN relative to Si substrates has only
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been achieved for c-directional nanowire growth, which grow similar to VTC growth of ZnO
nanowires, without a seed-particle[242, 243]. The V/III ratio of the source precursor is a
common parameter which can control the morphology of nanowires. The effect of the V/III ratio
on nanowire alignment is shown to be minimal, as over a wide range of V/III ratios from about
58 – 610, the nanowire alignment for GaN nanowires grown on Si was still absent as shown in
Figure A-6. Changes in the growth temperature up to 950°C and growth at higher pressure also
had no significant impact on the alignment of nanowires relative to the substrate. Though other
methods of alignment could have been attempted, such as seed-particle size and composition,
improving the optical properties of the GaN nanowires became the priority, due to their low
luminescence efficiency (see Section A.4. Optical properties of GaN nanowires).

Figure A-6. GaN nanowires grown on bare Si at different V/III ratios. SEM images show no
change in nanowire alignment relative to the substrate with changing V/III ratio from (a) 58, (b)
116 and up to (c) 610.

A.3. Electrical characterization of GaN nanowires
Using the individual nanowire characterization discussed in Section 6.1. Individual nanowire
electrical characterization, GaN nanowires grown on native Si via CVD and via MOCVD on rsapphire and a-GaN were compared. In general the as-grown nanowires were conductive with an
average carrier concentration on the order of 1018 cm-3 for all three samples. Transfer
characteristics indicated that the as-grown GaN is n-type with mobility ranging from 47 cm2/V·s
to 170 cm2/V·s. Examples of these measurements are shown in Figure A-7. The high level of
carriers for as-grown nanowires indicates these nanowires can be used for heterojunctions with a
p-type substrate, however, it will also make p-type doping difficult to achieve.
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Figure A-7. Individual nanowire electrical characterization of GaN nanowires. Low contact
resistances are demonstrated by the comparison of the 2-point and 4-point measurements in (a)
and (b) the transfer characteristics indicate n-type behavior.

A.4. Optical properties of GaN nanowires
The optical properties of the GaN nanowires grown in this work were poor relative to other
materials, such as ZnO nanowires grown in this work, as evidenced by the 120 s collection time
necessary to collect a PL spectrum. Section 5.1. Optical properties of ZnO nanowires
demonstrates the approximately six order of magnitude difference between the luminescence
efficiency of ZnO and GaN nanowires grown on Si. We believe the poor optical quality of the
GaN nanowires arises from the presence of oxygen in the growth system. The source of oxygen
contamination was likely due to adsorbed water vapor in the quartz-ware, which is difficult to
eliminate since the system vents to the room ambient. It has been observed that oxygen can
greatly increase the conductivity of as-grown GaN[73] and thus may be responsible for the high
levels of conductivity observed in the individual nanowire electrical characterization.
Furthermore, the defect luminescence observed in Figure 5-1(b) may be indicative of intrinsic
defects which are more easily formed in the presence of oxygen. This theory is supported by the
use of metal Zr foils introduced into the reactor, meant to act as an oxygen-getter. The Zr
oxygen-getter should act to reduce the oxygen present in the vicinity of the substrates during
GaN nanowire growth. The use of the Zr oxygen-getters did results in an increase in
luminescence and decrease in the relative defect luminescence; however, the increase was only
about two-fold, indicating that more than an oxygen getter is necessary to improve the optical
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properties of these GaN nanowires. Since an upgrade to the system to eliminate sources of
oxygen impurities was impractical in the time-frame of this work, the work was refocused on the
development of ZnO nanowires towards nanowire-based LEDs.
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