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Abstract

Dislocation-free semiconductor nanowires are an extremely promising route
towards compound semiconductor integration with silicon technology. However,
precise control over nanowire doping, together with the surface charge properties,
has remained a near-universal material challenge to date. In this regard, we have
investigated the molecular beam epitaxial growth and the correlated surface
electrical and optical properties of InN nanowires, a promising candidate for
future ultrahigh-speed nanoscale electronic and photonic devices and systems, on
Si platform.

By dramatically improving the epitaxial growth process, intrinsic InN
nanowires are achieved, for the first time, both within the bulk and on the non-
polar InN surfaces. The near-surface Femi-level is measured to locate below the
CBM, suggesting the absence of surface electron accumulation. Such intrinsic
InN nanowires can possess an extremely low free carrier concentration of ~10"
cm™, as well as a close-to-theoretically-predicted electron mobility in the range of
8,000 to 12,000 cm?/V-s at room temperature. This result is in direct contrast to
the universally observed 2DEG on the InN grown surfaces. Furthermore, the
surface charge properties of InN nanowires, including the formation of 2DEG and
the optical emission characteristics can be precisely tuned, for the first time,
through the controlled n-type doping.

More importantly, p-type doping into InN nanowires is also realized, for the
first time. The presence of Mg-acceptors is clearly demonstrated by the PL
spectra. Furthermore, p-type surface is observed from the XPS experiments,
indicating the presence of free holes. Additionally, p-type conduction is directly
measured by single nanowire field effect transistors.

In the end of this thesis, InN nanowire p-i-n photodiodes are fabricated, with
a light response up to the telecommunication wavelength range at low
temperatures. This thesis work provides a vivid example, and paves the way for
the rational “materials by design” development of silicon integrated InN-based

device technology in the nanoscale.
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Abrégé

Les nanofils semi-conducteurs sans dislocations sont une voie trés prometteuse
vers l'intégration des semi-conducteurs composés avec la technologie silicium.
Cependant, un controle précis de dopage des nanofils, ainsi que les propriétés de
charge de surface, reste un défi universel a ce jour. A cet égard, nous avons étudié
la croissance épitaxiale par faisceau moléculaire et les propriétés de surface
corrélés €lectriques et optiques des nanofils de InN sur du substrat de silicium, qui
ont émergé comme candidat prometteur pour l'avenir des dispositifs électroniques
et photoniques a trés haute vitesse et a échelle nanométriques.

Pour la premiere fois, en améliorant le processus de croissance €pitaxiale,
InN intrins€que est atteint, a la fois dans le volume et sur les surfaces non polaires
de InN. Le niveau de Fermi a la surface est mesuré et localisée sous le CBM, ce
qui suggere l'absence d'accumulation d'électrons en surface. Ces nanofils InN
intrinséques possédent une concentration de porteurs libres trés faible ~10" cm™,
ainsi que d'une mobilité proche de le théoriquement prédite d'électrons entre 8000
a 12000 cm*/V-s a température ambiante. Ce résultat est en contraste direct avec
les 2DEG observés sur les surfaces d’InN. En outre, les propriétés de charge de
surface de nanofils InN, y compris la formation de 2DEG et les caractéristiques
d'émission optiques, peut étre réglé avec précision, pour la premicre fois, par
l'intermédiaire du contrdéle d’incorporation de dopants de type n.

Plus important encore, dopage de type p dans les nanofils InN est également
réalisé pour la premiere fois. La présence de niveaux d'énergie Mg-accepteur est
démontrée par les spectres de PL. Dans ces nanofils dopés de Mg, il n'y a pas
d'accumulation d'électrons de surface et le niveau de Fermi dans le volume est
proche de la VBM, ce qui indique un matériau de type p.

En fin, la jonction p-i-n basé sur des nanofils InN photodétecteurs qui peut
étre utilisé en mode photovoltaique est démontrée, avec une réponse a la lumiére
jusqu’a la longueur d'onde des télécommunications a de basses températures. Ce
travail de these fournit un exemple frappant, ainsi que prépare le terrain pour le
développement "matériaux par conception" de la technologie des dispositifs en

silicium intégrée a base InN a 1'échelle nanométrique.

XV



1. Introduction

[II-nitride semiconductors (AIN, GaN, InN) have attracted extensive attention in
the past decades due to their excellent optical and charge carrier transport
properties, such as high electron mobility and large electron saturation velocity,
high breakdown electric field, as well as excellent chemical stability and thermal
conductivity.(/-4) For these reasons, their heterostructures have been intensively
investigated for applications in light emitting diodes (LEDs),(5-14) laser diodes
(LDs),(11, 15-21) photodetectors(22-32) and solar cells(33-39), as well as high
mobility transistors(40-45) and sensors(46-49). Additionally, significant efforts
have been devoted to reducing device cost, as well as to using large area and
flexible substrates.(50-53)

On the other hand, InN, with the recently discovered narrow bandgap and
extremely high electron mobility as well as the large saturation velocity, has
attracted significant attention for ultrahigh-speed electronic and photonic devices
and systems.(4) Nevertheless, compared with the relatively mature GaN-based
devices and systems, the In-containing III-nitrides are still in their infancy due to
the challenges that will be discussed in this chapter. In this regard, achieving high-
quality InN and further understanding their fundamental optical and electrical
properties are of great importance to realize InN-based ultrahigh-speed electronic
and photonic devices, as well as to extend the current III-nitride devices to longer
wavelength.

In this chapter, we will first discuss the importance of InN to the III-nitride
family in Section 1.1. Then we will discuss the challenges in InN planar structures
in Section 1.2. The need of nanowire structures as well as the current status and
challenges of InN nanowires are discussed in Sections 1.3 and 1.4, respectively.
In the end, the summary of the contribution of this thesis work and the thesis

organization are described in Section 1.5.
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1.1. The importance of InN to the III-nitride family

InN has three important features that draw a lot of attention from industry. Firstly,
InN has a very narrow bandgap (~0.65 eV).(2, 54-63) As illustrated in Figure 1-1
for the bandgap energy vs. the lattice constant of IIl-nitrides, InN extends the
bandgap of the IlI-nitride semiconductor family from the ultraviolet (~0.2 pm for
AIN and ~0.36 pm for GaN) to the near-infrared (~1.9 um for InN), which
therefore provides a wide-range of tunability in the energy and drives the III-
nitride devices to longer wavelengths (e.g., red, near-infrared). Secondly, InN is
theoretically predicted to possess the highest electron mobility (~12,000 cm?/Vs)
and the largest electron saturation velocity (~10° cm/s) among all III-nitride
semiconductors at room temperature.(64-68) Lastly, InN has a very large
absorption coefficient, which is ~10° cm™ in the visible spectrum range and ~10*

cm’ in the telecommunication wavelength range.(55-57)
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Figure 1-1 Diagram of the bandgap energy as a function of the lattice constant for

[II-nitrides.(69)

These three excellent features immediately render InN as a promising
candidate for a wide range of ultrahigh-speed electronic and photonic devices
such as ultrahigh-speed transistors, multijunction solar cells, nanoscale lasers, and
photodetectors.(4) Moreover, InN is nontoxic and environment-friendly; this is in

high contrast to the commercialized As and P-based materials. Additionally, InN
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can be grown on Si substrate, and the low-growth temperature is within the
complementary metal-oxide-semiconductor (CMOS) thermal budget, which
indicates that InN can be practically integrated with Si CMOS technology.
Besides these excellent properties of InN that attract extensive research sources
(importance in itself), InN is also of critical importance to the device applications

based on ternary IlI-nitride semiconductors, such as the In(Ga)N-based devices.

1.1.1. The importance of InN to In(Ga)N-based devices: An example
With the first demonstrations of In(Ga)N-based high-efficiency LEDs and LDs by

Nakamura more than twenty years ago,(8) In(Ga)N planar structures have become
the key ingredient for billions of LED lamps and have transformed the multi-
billion dollar solid state lighting industry.(70) Additionally, In(Ga)N has drawn
significant attention recently for photoelectrochemical water splitting, which
utilizes the most abundant natural sources on earth — water and sunlight, to
produce oxygen and hydrogen that can be readily used as renewable energy.(717)
Compared to the conventional large bandgap metal oxides, the energy bandgap of
In(Ga)N can cover nearly the entire solar spectrum.(4) Moreover, In(Ga)N is also
a potential photocatalyst to reduce and/or recycle the carbon-dioxide by utilizing
protons from water decomposition and sunlight to generate clean liquid fuels.

Albeit all these attractive applications of In(Ga)N ternary compounds, there
is a big road block: the device performance severely drops in longer wavelength.
With increasing the In concentration, due to the presence of large dislocation
density, the device performance is poor in general. For example, the internal
quantum efficiency (IQE) of GaN-based green and red-color emitting LEDs is
significantly lower compared with blue-color emitting LEDs due to the increased
dislocation density and strain as In content is increased.(6)

In addition, the performance of InGaN-based LDs in the blue-green
wavelength range has been severely limited by the large lattice mismatch between
InGaN and GaN, as well as the associated strain-induced polarization field.(72)
As a consequence, the currently reported LDs that operate in the wavelength

range of 500 to 530 nm exhibit extremely large threshold current of ~10,000
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A/em?, or higher,(6, 73) which is more than a factor of 10 to 100 larger than that
of other semiconductor LDs.

In this regard, achieving high-quality InN, as well as understanding the
fundamental electrical and optical properties of InN, is of crucial importance, as
another route, to push device performance to longer wavelength, as well as for

ultrahigh-speed near-infrared device applications.

1.2. Challenges in InN planar structures

Besides the aforementioned limited performance of In(Ga)N-based devices, InN-
based devices in the near-infrared spectrum range have remained largely
unexplored, which is in direct contrast to the relatively mature and
commercialized GaN-based devices such as blue LEDs. This has been primarily
limited by three practical challenges in InN planar structures, i.e., the lack of
intrinsic InN, the uncontrolled surface charge properties/surface electron
accumulation, and the difficulty in realizing p-type InN. These challenges have
been recognized as the major roadblocks towards the realization of InN-based
electronic and photonic devices in the near-infrared spectrum range. We will
discuss these challenges in details from Sections 1.2.1 to 1.2.3, and the underlying

mechanisms in Section 1.2.4.

1.2.1. Lack of intrinsic InN

For an intrinsic semiconductor, free carrier concentration is very low, and the
Fermi-level is located near the midgap position.' This, however, has not been
achieved in InN planar structures; several electrical and optical experiments on
nominally non-doped InN indicate extremely high free carrier concentration,
which is in the range of ~10"""® cm™;(57, 74-79) and the Fermi-level is located
deep in the conduction band.(80-85) The optical and electrical properties,

therefore, normally exhibit strong n-type characteristics.

" The deviation from the midgap position should be small, normally on the order of 0.1
eV, or less, due to the difference between the effective density of states in the conduction
band and valence band.
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1.2.1.1. The optical properties of nominally non-doped InN

Absorption spectrum — For a historical reason, due to poor material quality,
photoluminescence (PL) cannot be measured due to the large nonradiative
recombination rate caused by large density of defects. The optical properties of
InN were primarily investigated by absorption spectrum. With the limited material
quality, the bandgap of InN determined by the absorption edge was initially quite
high (~1.9 eV).
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Figure 1-2 The room temperature absorption edge as a function of free carrier

concentration in InN.(56)

With improved material quality, low absorption edges (~1 eV) were
measured by Wu at al.,(55) Matsuoka et al.,(54) and Davydov et al.,(57)
suggesting for the first time that InN has a very narrow bandgap (less than 1 eV).
It was realized later on that nominally non-doped InN nanowires are in general n-
type degenerate, so the presence of large free carrier concentration renders the
absorption edge to occur at an energy level deep in the conduction band, i.e., at an
energy much larger than the bandgap energy of InN.(56) Figure 1-2 shows the
influence of free carrier concentration on the absorption edge, from which it can
be seen that, as free carrier concentration increases, the absorption edge shifts to a

higher energy.



Photoluminescence spectrum — With much improved material quality, PL
emission from InN is possible to measure, and the PL characteristics of InN films
have been comprehensively investigated, which strongly depend on free carrier
concentration.(76, 77, 79, 86-88) For InN films with high free -carrier
concentration, the PL spectra in general exhibit very broad peaks with peak
energies larger than the bandgap energy of InN, showing nearly no temperature-
and power-dependences. With reduced free carrier concentration, the PL peaks
possess energies close to the bandgap energy of InN and become narrower

showing power- and temperature-dependences.
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Figure 1-3 PL properties of InN films. (a) to (d) shows the PL spectra with carrier

concentration of 5.7x10'7 cm™, 1.4x10"™ cm™, 9x10"™ cm™, 1x10"” cm?,

respectively.(79) (e) The PL recombination mechanism in n-type degenerate InN

films.(77)

This evolution of PL characteristics with free carrier concentration is shown
in Figure 1-3(a) to (d).(79, 89) The underlying PL emission mechanism is
suggested to originate from Mahan exciton emission, i.e., photons are produced
via the recombination between electrons near the Fermi-level or Fermi-edge and
localized photo-generated holes in the valence band tail (as shown in Figure

1-3(e)).(77, 79, 86, 89, 90) The presence of such localized holes, for one reason,
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can be attributed to the large hole effective mass.(77)

Raman scattering — Moreover, the presence of large free carrier concentration
can also be reflected in Raman scattering experiments, in which the main Raman
shift peak, E,”, is significantly broad, due to large free carrier concentration.(91-

95)

1.2.1.2. The electrical transport properties of nominally non-doped InN

Electrical transport properties of non-doped InN films have been investigated
from the Hall effect measurements,(65, 74, 75, 96, 97) which indicates extremely
high free carrier concentration. With the recent improvement of the growth
technique, the boundary-temperature-controlled epitaxy,(65) the free carrier
concentration is reduced to ~1x10'" ¢m™. In terms of electron mobility, the
highest electron mobility achieved in InN films is in the range of 3,000 to 3,500
cm’/V-s (with a free carrier concentration of ~10'" ¢m™).(65) The significantly
lower electron mobility, compared to the theoretical prediction (~ 12,000 cm*/V-s
at room temperature), has been attributed, by and large, to the presence of
extremely high free carrier concentration and large dislocation density.(65, 67)
The scattering events from electron-electron, electron-fixed ionized unintentional
dopants, and electron-dislocation severely reduce the experimentally measured

electron mobility.”

1.2.2. Uncontrolled surface charge properties

In addition to high free electron concentration for nominally non-doped InN, an
inhomogeneous distribution of electrons with a very high electron concentration
(~1x10""* ¢cm™) on both the polar and non-polar grown surfaces of InN has been
observed (i.e., the presence of surface electron accumulation).(74, 75, 80-85) In
this regard, significant efforts have been devoted to controlling the surface charge
properties (primarily the surface electron accumulation) of InN, such as

performing surface treatments,(98) and improving the growth techniques.(63, 65,

2 Here we assume a low electric field limit, so that electrons cannot move from one
conduction band valley to another. Therefore, the effective mass is not changed, and
electron mobility is limited by the mean time between collisions.
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78, 86, 96) However, all these approaches cannot remove the accumulated
electrons on InN surface. To date, large free carrier concentration and the surface
electron accumulation, together with the Fermi-level pinning into the conduction
band are still prevalently observed in InN. The high-density surface electrons
severely affect the electrical and optical properties. For example, this is another
important reason that accounts for the much lower electron mobility compared
with theoretical prediction.(80, 99) Also, as elucidated in Chapter 6, the surface
electron accumulation could be a very important reason for the broad PL spectra
of InN nanowires.

Recently, experiments through cross-sectional scanning photoelectron
microscopy/spectroscopy (SPEM/S)(/00) and tunneling I-V spectroscopy(/01,
102) made a big step towards understanding the surface charge properties of InN.
As shown in Figure 1-4, it was found for the first time that there can be no surface
electron accumulation on cleaved non-polar InN surface, or the near-surface
Fermi-level in InN can locate below the CBM. Nevertheless, for practical device
applications, one needs to achieve the absence of surface electron accumulation,
and furthermore, to tune the surface charge properties, as well as the associated
optical and electrical properties, through a practical manner such as by

controlling the growth process. This, however, remains elusive in InN planar

structures.
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Figure 1-4 Demonstration of the absence of electron accumulation on cleaved InN

surface with SPEM/S (a)(/00) and tunneling /I-V spectroscopy (b)(102).
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1.2.3. Difficulty in achieving p-type InN

To realize practical device applications with InN, besides controlling the surface
charge properties, another critical point is to achieve p-type InN. Even though
manganese (Mn)(/03) and zinc (Zn)(/04) dopants are recently found as
potentially alternative routes to achieve p-type doping into InN, magnesium (Mg),
with an activation energy of ~60 meV in InN, is the most popular element to
realize p-type doping in InN.(/05, 106) However, due to extremely high
background doping concentration (high free electron concentration) in nominally
non-doped InN, p-type doping was impossible to achieve and/or to detect.

It is not until recently that a number of experiments suggest that p-type
doping could be possible. Firstly, PL experiments clearly demonstrated the
existence of Mg-acceptors.(75, 107-109) Secondly, electrolyte-based capacitance
voltage (ECV) experiments indicated that the buried p-type conduction could
exist underneath the surface -electron-screening layer.(75, 1/0-113) These
experiments, however, cannot provide a direct evidence for p-type conduction.
Recently, several thermoelectric measurements suggest the existence of free
holes;(107, 111, 114, 115) this, however, is quite debatable due to other
possibilities that can contribute to a positive Seebeck coefficient.(//6) In this
regard, a direct evidence for the presence of free holes or p-type conduction

remains elusive.

1.2.4. The underlying mechanism of the challenges

1.2.4.1. Lack of suitable substrate

In the heart of all challenges in InN planar structures lies the lacking of suitable
substrate. As seen from Figure 1-5, all the commercial substrates, such as sapphire
and SiC, have huge lattice mismatch to InN. Additionally, these substrates are
very expensive, which makes the integration of InN-based devices onto these
substrates not cost-effective. It is fortunate, due to the important role of Si in

modern technology, that the lowest lattice mismatch is achieved on Si substrate,
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compared to other commonly used substrates for Ill-nitrides. This immediately
provides a distinct advantage for InN, i.e., the potential integration to Si.’
However, it should be noted that even with Si substrate the lattice mismatch
is still very large, which is ~7-8%. The direct consequence of large lattice
mismatch is the presence of large density of dislocation and strain, which are
important defect sources in InN planar structures. Additionally, the large lattice
mismatch with GaN is believed to be responsible for the formation of InN or GaN
clusters in In(Ga)N ternary compounds when In or Ga concentration is high. In
this regard, significant efforts have been devoted to technically modifying the

growth process such as the In/Ga-metal shutter interrupted growth by MBE.(/17)

Substrate Material

Figure 1-5 The lattice mismatch of InN to various commercialized substrates.

The large density of defects immediately create a big problem for materials
with narrow bandgaps, such as InN and InAs, which have emerged as an
important category for nanoelectronic and nanophotonic devices in the infrared
spectrum range. In these materials, the CBM lies well below the charge neutrality

level (CNL) due to the low In-5s orbital energy.(/18-120) In the extreme case of

’ However, as we will show later on, the growth of InN(GaN) nanowires might not be
related to the epitaxial relationship with the Si substrate; they can be grown on
amorphous template. In this sense, the nanowires can be integrated to any substrate. See
Chapter 2 for details.
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InN, which has the lowest CBM of any reported semiconductor, see Figure
1-6,(120) the CNL is positioned 1.2 to 1.8 eV above the CBM.(81, 120, 121)
Therefore, any defect or impurity in these compounds generally becomes donor-
like, leading to extremely high electron density even in nominally non-doped
structures. Common to these materials is the near universal observation of a two-
dimensional electron gas (2DEG) or surface electron accumulation on surface,
and the near-surface Fermi-level is pinned deep into the conduction band.(80, 85,

118, 122-124)

Energy (eV)

Figure 1-6 Band lineups for a range of semiconductors and insulators.(/20)

1.2.4.2. The surface electron accumulation: The most debatable issue in InN

Initially, the surface electron accumulation (or the uncontrolled surface charge
properties) is believed to be intrinsic due to the electrochemical nature (the
aforementioned very low CBM and very high CNL) of InN. However, recent
theoretical calculation indicates that the surface electron accumulation is critically
dependent on surface polarity, i.e., polar planes or non-polar planes, as well as
other factors such as surface states, impurities, and stoichiometry.(98, 106) The
surface electron accumulation, therefore, is only expected to exist on polar planes,
while for non-polar planes there should be no electron accumulation.(/06, 125)
Figure 1-7 shows the density of states (DOS) of InN in terms of the bulk

region, polar planes, and non-polar planes. It can be seen that for polar planes
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(Figure 1-7(a)), the large-density surface states only exist above the CBM. In this
case, the presence of surface electron accumulation on the polar planes can be
explained by the presence of a large density of occupied In-In bond states above
the CBM.(7/25) Additionally, donor-type surface states are allowed to exist in the
conduction band due to the high CNL level (or the low CBM), which could be
another reason for the presence of surface electron accumulation on the polar
planes.(87) For non-polar planes (e.g., nanowire sidewalls in the presented thesis
work), however, the large-density surface states exist both above and below the
CBM. Therefore, the surface electron accumulation might not be expected in this

case.(125)
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Figure 1-7 Density of states (DOS) of InN for both bulk and surface with (a) polar
planes and (b) non-polar planes.(/25)

The theory prediction, however, only agrees with the experimental results
for InN polar planes.(80, 87) For the non-polar planes, the experimental results
are quite debatable: many experiments indicate the presence of surface electron
accumulation,(79, 126-130) but there are also a few experiments that indicate the
absence of surface electron accumulation (please refer to Figure 1-4).(100-102) In
this sense, the surface electron accumulation issue is not clear for InN non-polar
planes, and prior to this thesis work, the surface electron accumulation is
prevalently observed on InN grown surfaces, which not only severely influences
the electrical and optical properties, but also drastically limits practical device

applications of InN-based materials.



1.3. The need of InN nanowire structures

The large dislocation density in InN planar structures and InN(GaN) clusters in
In(Ga)N ternary compounds, which are directly related to the large lattice
mismatch, may be removed in nanowire structures due to the much efficient strain
(and thermal) relaxation to nanowire lateral surfaces.(/37/-/35) For planar
structures, the critical thickness is determined by the lattice constant of the
substrate and the lattice mismatch with the top epilayer. This limits the thickness
(critical thickness) of growing a given material on a given substrate. In nanowire
structures, the situation is significantly different. The recent theoretical study
indicates that the critical thickness of nanowires is closely related to the nanowire
radii; and if the nanowire radii are smaller than certain critical value, the critical
thickness can be infinity.(/37)

On the other hand, Moore’s Law predicts the shrinkage of transistor size,
which has been materialized by the constant reduction of the feature size of Si
CMOS technology.(/36-138) Ultimately, however, this essentially requires the
electronic and optic components that are integrated to Si to be in nano-size, which
immediately requires the study of low-dimensional nanostructures such as
nanowires. In this sense, a fundamental understanding of InN nanowires in terms
of their optical and electrical properties is of great importance to realize low-

dimensional near-infrared electronic and photonic devices on Si.

1.4. InN nanowires: The current status and challenges

Driven by the aforementioned advantages of the nanowire structures, tremendous
efforts have been devoted to growing InN nanowires, as well as improving the
quality of InN nanowires.(/26-129, 132, 139-145) The growth of InN nanowires

as well as the underlying mechanisms will be discussed in details in Chapter 2.

1.4.1. The current status

To date, the nominally non-doped InN nanowires typically exhibit tapered
morphology. Large residual electron concentration with the presence of surface

electron accumulation, as well as the pinning of the near-surface Fermi-level in
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the conduction band is prevalently observed in such InN nanowires.(/26-128,

130, 146) This, as a consequence, results in poor optical and electrical properties.

1.4.1.1. The poor optical and electrical properties of InN nanowires
compared with InN planar structures

Optical properties — Significant efforts have been made to study the PL
properties of InN nanowires,(/26, 129, 140, 144, 147) which are significantly
influenced by the large free carrier concentration. The typical PL spectra are
shown in Figure 1-8. It can be seen that the PL spectra are extremely broad, with
the linewidth on the order of 80 to 100 meV; and the PL peak energies are
significantly higher than the bandgap energy of InN. More importantly, the PL
peaks exhibit no temperature- and power-dependences. Until now, it is worth
mentioning that, compared with the improved optical quality of InN epilayers,
e.g., for InN epilayers it is now possible to control the PL properties with reduced
free carrier concentration, the optical quality of nominally non-doped InN

nanowires has remained poor.
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Figure 1-8 Photoluminescence properties of nominally non-doped InN nanowires
(n-type degenerate).(/26) Left: the temperature-dependent PL spectra, and Right:
the power-dependent PL spectra.

To date, the PL properties of InN nanowires generally exhibit a very large
inhomogeneous broadening, a peak energy considerably larger than the bandgap
energy of InN, as well as the anomalous dependence on temperature and optical
excitation power. With these strong n-type characteristics of nominally non-doped
InN nanowires, the PL properties of intrinsic InN nanowires, as well as the

dependence on free carrier concentration and surface charge properties have
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remained elusive.

In addition, Raman scattering experiments were performed on InN

nanowires. Similar to InN planar structures, the surface electron accumulation
associated Raman shift peaks are prevalently observed in InN nanowires.(/48-
150)
Electrical properties — FElectrical properties (particularly free carrier
concentration and electron mobility) of InN nanowires have been investigated
through nanowire field effect transistors due to the difficulty in performing the
Hall experiments in nanowire structures.

The free carrier concentration of InN nanowires is typically determined to
be on the order of 10" ¢cm™, or higher,(99, 127-129) which is about 10 times
larger than the lowest value reported for InN planar structures.(63, 65) The
electron mobility, on the other hand, is estimated to be in the range of 100
cm?/V-s to 470 cm?/V-s,(127, 151) which is about 10 times smaller compared with
the numbers derived from InN planar structures(65) and more than 20 times lower

compared with the theoretical calculation.(64, 152-154)

1.4.2. The challenges

To date, InN nanowires face similar challenges compared with InN planar
structures, namely, lack of intrinsic InN, uncontrolled surface charge properties,
as well as difficulty in achieving p-type doping;4 but different from InN planar
structures where the bottleneck is the lattice and/or thermal mismatch, the
bottleneck for InN nanowires at present can be ascribed to uncontrolled growth
process.

From the afore-discussed optical and electrical properties of InN nanowires,
it can be seen that there is an enormous amount of potential for one to improve the
quality of InN nanowires by improving growth technique. In this thesis work, we

will demonstrate that, by the drastically improved molecular beam epitaxial

* It is worth mentioning here that, in contrast to Mg-doped InN planar structures, the
study of Mg-doped InN nanowires is near zero. The only available study is from Raman
scattering.(/49)

1-15



growth technique, intrinsic InN nanowires can be achieved, the surface charge
properties can be accurately controlled, and p-type doping into InN nanowires is

also possible.

1.5. Summary of the contribution and the organization of this
thesis

In this thesis work, it is demonstrated that, by utilizing the nanowire structure and
with the dramatically improved molecular beam epitaxial growth technique, all
the aforementioned three challenges can largely be resolved. The progress
achieved in this thesis work makes InN nanowires an extremely attractive
candidate for nanoelectronic and nanophotonic devices and systems in the near-
infrared spectrum range.

It is shown in this thesis that, (1) intrinsic InN nanowires can be achieved.
This is strongly supported by XPS and micro-Raman scattering experiments.
Additionally, the electrical and optical characterization indicate an extremely low
free carrier concentration, which is ~10"> cm™. Meanwhile, the electron mobility
can be as high as ~12,000 cm?®/V's at room temperature. (2) The surface electron
accumulation is tunable through the controlled n-type doping, which is evidenced
by the clear shift of the near-surface Fermi-level into the conduction band and the
presence of two PL emission regions with the incorporation of n-type donors. The
achievement of intrinsic InN nanowires, and the controlled surface charge
properties can also be captured by the theoretical calculation. (3) The p-type
doping can be realized in InN nanowires. The presence of Mg-acceptors is clearly
indicated by the PL experiments, and p-type surface is measured by the XPS
experiments. More importantly, p-type conduction is observed from the single
nanowire field effect transistors. In the end, InN nanowire p-i-n photodiodes are
fabricated, which exhibit a light response up to the telecommunication wavelength
range.

The thesis is organized as follows. The growth of InN nanowires, and other
[II-nitride nanowires such as GaN nanowires, as well as the underlying growth
mechanism will be discussed in Chapter 2. In Chapter 3, the techniques employed

for InN nanowire characterization, including optical spectroscopies and electrical
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transport properties measurements will be discussed. In Chapter 4, the direct
evidence of achieving intrinsic InN nanowires will be provided, and the optical
properties of intrinsic InN nanowires will be discussed as well. The electrical
transport properties of such intrinsic InN nanowires will be discussed in Chapter
5. The tuning of the surface charge properties with the controlled n-type doping,
through both experimental study and theoretical calculation, will be discussed in
Chapter 6. The achievement of p-type InN nanowires will be discussed in Chapter
7. InN nanowire p-i-n photodiodes will be demonstrated and discussed in Chapter

8. Finally, conclusions and future work will be presented in Chapter 9.



2. Growth of InN, and other III-nitride nanowires

As described in the previous chapter, due to the urgent need of InN, as well as
other Ill-nitride nanowires in the future electronic and photonic devices and
systems, significant efforts have been devoted to developing various techniques in
growing IlI-nitride nanowires. In this chapter, these conventional techniques will
be briefly introduced in Section 2.1. The underlying growth mechanisms of
various growth techniques will be discussed in details in Section 2.2. The novel in
situ In seeding layer assisted growth technique, which can lead to superior quality
InN nanowires, will be discussed in Section 2.3. Due to the emerging flexible
electronic and photonic devices, growing high quality IlI-nitride nanowires on
amorphous template will be discussed in Section 2.4. In the end, the importance
of Ill-nitrides grown by molecular beam epitaxy to industrial applications will be

discussed in Section 2.5.

2.1. Growth techniques of III-nitride nanowires

To date, III-nitride nanowires can be obtained by top-down techniques such as dry
etching,(/55-157) direct reaction between group-III metals and NHs,(/58, 159) as
well as the dominant bottom-up direct nanowire formation techniques such as
chemical vapor deposition (CVD),(139, 142, 143, 160-169) molecular beam epitaxy
(MBE),(126, 132, 144, 170, 171) chemical beam epitaxy (CBE),(/72) and vapor
phase epitaxy (VPE).(/73) Additionally, in order to have a better control of the
nanowire position, aspect ratio and uniformity, as well as the associated electrical and
optical properties, selective area growth (SAG) technique has been developed using

various growth systems such as metal organic CVD,(/74-178) metal organic

VPE,(1/73) and plasma-assisted MBE.(1/79-181)

2.2. Mechanisms of nanowire formation in general

Even though the growth techniques vary from one to another, they may share the
same growth mechanism. For example, the diffusion driven mechanism can be

applied to the gas source MBE(/82) and CBE(/83) in the formation of GaAs
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nanowires, or the radio-frequency (RF) plasma-assisted MBE in the formation of
InN/GaN nanowires.(/32) In this regard, we will discuss in this section the details
of two important growth mechanisms related to the growth of group III-V nanowires:

the vapor-liquid-solid (VLS) mechanism and the diffusion driven mechanism.

2.2.1. The vapor-liquid-solid (VLS) mechanism

The VLS growth mechanism in general involves the use of foreign metals such as
Au, Ni, or Fe (the commonly referred catalysts) that act as nucleation centers and
assist the nanowire growth. Growth procedure by the VLS mechanism was first
introduced by Wagner and Ellis in 1964 who used Au particle as catalyst to grow
Si nanowire whiskers from vapor sources such as SiCly or SiH4.(/84) Based on
this particular Si nanowire whiskers growth, the VLS mechanism was established,
which, as one of the classical growth mechanisms, has been applied to many other
semiconductor nanowires today. Since the VLS mechanism was historically
established based on Si nanowire whiskers, we will discuss this mechanism in

details based on Si nanowire whiskers growth.

SiClgt 2H, —  Si+4HCI

\ 1/

Si Whisker

Substrate

/—b
Au0 at % Si 100 Si

(@) (b) (©

Figure 2-1 (a) Schematic plot of growing Si nanowire whiskers by the VLS
mechanism. (b) The Si-Au phase diagram. (c¢) The Si absorption, diffusion, and
precipitation path.(/42)

In this process, a thin Au layer was first deposited. With a subsequent
annealing, Au particles can be formed by the cracking of the thin Au layer. The
subsequent growth process can be summarized in Figure 2-1(a). Firstly, the Au

particles react with Si (the product of the chemical reaction between SiCly vapor
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and H, vapor), to form Au-Si alloy liquid droplets at a certain temperature above
the eutectic point and below the Si melting point (as shown in Figure 2-1(b)).
Ideally, at high temperatures, the Si atoms from the vapor mixture will only be
captured by the Au-Si liquid surface, due to their much larger sticking coefficient
to the Au-Si liquid surface compared with that to the Si solid surface. At some
point the Si will precipitate due to supersaturation, forming the crystalline
structure starting from the liquid-solid interface. The Si absorption, diffusion, and
precipitation path is shown in Figure 2-1(c), which typically involves vapor,
liquid, and solid phases.

Such VLS mechanism also has a few variants,’ such as vapor-solid-solid
(VSS), solid-liquid-solid (SLS), solution-solid-liquid (SSL), to explain the
formation of various compound semiconductor nanowires.(/42, 169, 185, 186)
Additionally, the VLS mechanism is believed to be the underlying mechanism for

the guided growth of GaN nanowires on patterned substrate.(/78)

2.2.1.1. Recent progress of growing InN nanowires by the VLS mechanism

The techniques of growing Ill-nitride nanowires by the VLS mechanism have
been developed sophisticatedly, especially for GaN nanowires due to their
important role in industry. A contemporary review of growing GaN nanowires by
the VLS mechanism can be found in a review by Fathololoumi et al..(72)

In the other hand, due to the need for the emerging near-infrared electronic
and optical devices, significant efforts have been devoted to growing InN
nanowires by various techniques based on the VLS mechanism.(/39, 143, 160-
168) For example, InN nanowires can be synthesized by a CVD technique in a
quartz-tube reactor on Si substrate coated with SiOx,(/61, 187) or by a modified
two-zone CVD technique on Si substrate coated with SiOx,(/39) or by a guided-
stream thermal CVD technique on Si substrate but coated with SiNx,(/60) or on
Al,O5 substrate by a CVD technique.(/43)

The advantage of the growth techniques with the VLS mechanism is that

> In the rest content, we will use the VLS mechanism as a general term to describe growth
process involving vapor, liquid, and solid phases, or combinations of any two phases.
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long (a few micrometers) nanowires can be synthesized in a very short growth
duration. However, foreign metal catalysts will usually diffuse into the
semiconductor nanowires and serve as deep trap centers. As a result, the electrical
and optical properties of the obtained nanowires will be significantly affected.

In this regard, growing InN nanowires by the novel catalyst-free techniques
based on the VLS mechanism was also developed, to improve the material purity,
as well as the electrical and optical properties. For example, InN nanowires can be
grown by a metal organic CVD technique, where hydrogen is introduced
intentionally to make the existence of metallic In; and due to the low melting
point of In, In liquid droplet will be formed. Such liquid phase In will serve as
catalyst to promote the growth.(/68) InN nanowires can also be grown by a
catalyst-free CVD technique on 4H-SiC substrate, in which high purity InN
powders are used as source materials and the mixed vapor of N, and NHj is the
reaction atmosphere.(/67) Moreover, InN nanowires can be formed by a vapor
transport of In in the presence of ammonia, wherein the InN nanocrystals, due to
the supersaturation of In vapor, will serve as the nucleation center as well as the
driving force for the nanowire growth.(/65, /66) In addition, InN nanowires can
be grown by an In predeposition technique in a CVD system,(/64) or through a
CBE technique on sapphire substrate.(/72)

To date, however, the InN nanowires grown by the VLS mechanism in
general exhibit uncontrolled nanowire morphology, as well as poor electrical and

optical properties as described in the previous chapter.

2.2.2. The diffusion driven mechanism

In addition to the VLS mechanism, where the nanowire formation is through a
supersaturation process, semiconductor nanowires can be formed by the diffusion
driven mechanism, such as the Au-catalyst assisted formation of GaAs nanowires
by the gas source MBE technique,(/82) or the Au catalyzed formation of GaAs
nanowires by the CBE technique,(/83) or the spontaneous formation of III-nitride
nanowires under N, rich condition by the RF plasma-assisted MBE

technique.(132, 144, 170, 171, 188)
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Initially, group III-V nanowires grown by these techniques were suggested
to follow the VLS mechanism, wherein either Au or group-III metal serves as
catalyst to promote the nanowire formation. This, however, is in disagreement
with the experimental observations, e.g., the nanowire length scales inversely with
the Au-catalyst size,(/82) or the group-III metal droplets have never been
observed on the tops or sidewalls of IlI-nitride nanowires during the formation

process.(133, 189)
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Figure 2-2 A schematic plot of the diffusion driven mechanism in the spontaneous

formation of IlI-nitride nanowires under N, rich condition by MBE.(/90)

The diffusion driven mechanism is schematically shown in Figure 2-2 based
on the spontaneous formation of Ill-nitride nanowires under N, rich condition.
The Au-catalyzed formation of GaAs nanowires follows a similar diffusion
mechanism but with the Au-catalyst on top of nanowires.(/82) Firstly, group-III
metal adatoms are absorbed onto the surface at certain temperature, forming the
nucleation center; then the group-III metal adatoms diffuse towards the top due to
the lower chemical potential on the top surfaces. Considering the shadow effect
from adjacent nanowires, as well as the higher sticking coefficient (or the lower

desorption rate) on the nanowire tops compared with that on the nanowire
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sidewalls, the axial growth will be enhanced.

This diffusion model is consistent with the fact that the nanowire axial
growth rate increases rapidly with the increase of the substrate temperature, as
well as the thinner nanowires have longer lengths. These effects can be ascribed

to the significantly enhanced group-III metal adatoms surface diffusion/migration.

2.2.2.1. The spontaneous formation of III-nitride nanowires by molecular
beam epitaxy

To date, the spontaneous formation of IlI-nitride nanowires is commonly realized
under N, rich condition by MBE technique, which therefore combines the
advantage of (1) no foreign metal catalyst hence the material purity is
significantly increased; and (2) the merit of MBE technique such as the ultrahigh
vacuum so that the material can possess extremely high purity, as well as the low
growth rate so that atomically flat interface can be achieved.’ Albeit the
drastically improved electrical and optical qualities of III-nitride nanowires grown
by this technique, the underlying mechanism is poorly understood.

To date, such spontaneous formation of Ill-nitride nanowires is generally
understood as a diffusion driven process, wherein the formation of the nanowires
is closely related to the anisotropies of surface energies, desorption rates/sticking
coefficients, and diffusion coefficients on different crystalline surfaces.

GaN — Recent detailed studies further indicate that a thin amorphous layer
exists between the GaN nanowire bottom and Si substrate (shown in Figure 2-3(a)
and (b)),(/91, 192) which essentially suggests the presumable removal of the
epitaxial relationship between the nanowire and Si substrate.® This might indicate
that the growth of GaN nanowires by such spontaneous process under N, rich

condition is fundamentally different from the growth of Ill-nitride epilayers.

% Here, it is assumed that the diffusion length of group-III metal adatoms is larger than the
nanowire length
7 The advantages of MBE technique will be discussed in details in Section 2.5.
¥ This will be further confirmed by the growth on amorphous template as discussed in
Section 2.4.
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Additionally, the 2D spherical shape GaN nuclei were clearly observed in
the initial growth stage (shown in Figure 2-3(a)). Such 2D nuclei were also
observed on AIN buffer layer.(/35) The shape, however, is pyramid-like (not
spherical), which is due to the requirement of the elastic relaxation of the epitaxial
strains. This difference indicates that the initial nuclei are more closely related to
the interface/buffer layer. With such a clear demonstration of the 2D nuclei, the
diffusion driven process can be theoretically modeled by quantizing the driving
forces coming from the surface free energies, surface stresses, and the

interfaces.(/92)
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Figure 2-3 High-resolution TEM images of IlI-nitride nanowires. From left to right:
(a) the initial nucleation of GaN nanowires and (b) the formation of GaN
nanowires,(/92) and (c) the interface layer between InN nanowires and Si

substrate.(58)

InN — A thin amorphous layer was also observed between the InN
nanowire bottom and Si substrate (shown in Figure 2-3(c)),(58) suggesting the
presumably removed epitaxial relationship between InN nanowires and the
substrate. However, the growth mechanism of InN nanowires by spontaneous
formation is not clear yet.

Firstly, the initial nuclei formation has never been observed by high-
resolution TEM. Secondly, compared with a clear diffusion driven mechanism
where long GaN nanowires are typically thinner, InN nanowires do not exhibit
such nanowire length-radius dependence. Instead, InN nanowires grown by this
technique typically have much smaller length variation compared with radius

variation. These different characteristics could come from the larger surface
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migration rate of In compared with that of Ga, or the growth mechanism of InN

nanowires by this technique being different from that of GaN nanowires.(/93)

2.2.2.2. The spontaneous formation of InN nanowires by molecular beam
epitaxy: The material quality challenge

Endeavored efforts were devoted to achieving high quality InN
nanowires/nanorods by the spontaneous formation under N, rich condition by
MBE technique,(/26-129, 132, 144, 145) and the achievement of dislocation-free
InN nanowires has been confirmed by high-resolution TEM.(/45, 194) However,
as introduced in Chapter 1, such nominally non-doped InN nanowires typically
exhibit tapered morphology (see Figure 2-4) and are n-type degenerate, with large
free carrier concentration and Fermi-level being pinned deep into the conduction

band, as well as the presence of surface electron accumulation.

Figure 2-4 Spontaneous formation of InN nanowires under N, rich condition by
molecular beam epitaxy. Left: from Calleja et al.(132), and Right: from Stoica et
al.(126).

This could indicate the importance of non-polar surfaces (nanowire
sidewalls) in nanowire structures, i.e., besides achieving a perfect lattice in an
atomic scale, obtaining a good termination at the surface (i.e., non-tapered
morphology) and near-perfect hexagonal lattice structure in a much larger scale
is also important to minimize the n-type characteristics. We will demonstrate in
Chapter 4 that non-tapered hexagonal InN nanowires can be intrinsic, with
extremely low free carrier concentration and Fermi-level being located below the
CBM.
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2.3. A novel approach by the in situ In seeding layer deposition
technique

From the above discussions, it can be seen that the conventional techniques
generally lead to tapered InN nanowires with large free carrier concentration;
hence intrinsic InN nanowires cannot be achieved. To solve this issue, we
recently developed a novel in situ In seeding layer assisted growth process by
MBE technique.(58) This method utilizes an in-situ deposited In seeding layer
prior to the growth initiation, through which non-tapered InN nanowires can be
achieved. The reason can be attributed to the controlled nuclei size with the
introduction of the thin (~0.6 nm) In seeding layer which forms In droplets
subsequently at high temperatures, compared with the spontaneous formation in
which the nuclei size is random.(58)

Actually, a similar growth process, i.e., a Ga seeding layer assisted growth
of GaN nanowires, was also investigated.(/95) It is found that the axial growth
rate can be enhanced significantly compared with that of the spontaneous
formation of GaN nanowires. However the nanowire morphology does not
improve much. This could be due to different growth mechanisms between InN
nanowires and GaN nanowires, or the relatively small surface migration rate of

QGa.

2.3.1. Demonstration of non-tapered InN nanowires

The radio-frequency plasma-assisted Veeco Gen-II MBE system is shown in
Figure 2-5(a). Figure 2-5(b) shows the SEM image’ of InN nanowires grown
without the In seeding layer; only tapered InN nanowires can be obtained. As a
comparison, InN nanowires grown with the In seeding layer were shown in Figure
2-5(c), which demonstrate a near-perfect hexagonal structure with equal diameters

on the nanowire tops and bottoms (i.e., non-tapered surface morphology).

’ The SEM images were taken using a Hitachi S-4700 system with a 45-degree angle. An
accelerating voltage of 5 kV and a current of 10 pA were used for imaging.
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Figure 2-5 (Clockwise) (a) Veeco Gen-II molecular beam epitaxial growth system.
SEM images of InN nanowires grown witout (b) and with (c) In seeding layer.(58)
The cabability of obtaining long InN nanowires using this novel technique is shown

in (d).

Furthermore, by optimizing the growth parameters (primarily the growth
temperature), very long InN nanowires can be achieved (with diameters of ~1 um,
and lengths of ~4 um). As shown in Figure 2-5(d), a large nanowire with a near-
perfect hexagonal structure can be obtained, which clearly demonstrates the
capability of this novel MBE technique in growing ultrahigh-quality InN
nanowires. From Chapters 4 to 6, we will demonstrate that such InN nanowires
can be intrinsic; and moreover, the surface charge properties can be precisely
tuned by the controlled n-type dopant incorporation.

Additionally, it is noted that the nanowire morphology does not change
significantly with the incorporation of Si-donors, Mg-acceptors, or even in the
formation of InN nanowire p-i-n homojunctions as will be discussed in Chapter 8.
All these doped nanowires and nanowire structures exhibit non-tapered Wurtzite
structure as that of non-doped InN nanowires. Admitting the comparable surface

morphology, the point defects might be significantly increased in doped InN
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nanowires. Therefore, as we will discuss later on, the PL intensity will be reduced
significantly due to the enhanced nonradiative recombination rate as the doping

concentration increases.

2.4. Growth of III-nitride nanowires on amorphous template

In terms of device applications, a very important factor that needs to be
considered is the substrate cost. To drastically reduce the device fabrication
cost,(51, 53, 196) as well as to achieve seamless integration with other device
components for the emerging flexible photonic and electronic devices,(50, 52) it is
of crucial importance and practical interest to develop high-quality semiconductor
nanowires on amorphous and/or flexible substrates.

In general, the growth/synthesis of semiconductor nanowires on amorphous
substrate involves the use of foreign metal catalysts, which leads to a significant
level of impurity incorporation, as well as uncontrolled structural, electrical and
optical properties.(/97-203) Developing catalyst-free process to further improve
the quality of semiconductor nanowires on amorphous substrate is of great
importance. In this section, we will discuss growing high-quality GaN/InN
nanowires on thick amorphous template via the afore-introduced novel MBE

technique.

2.4.1. Demonstration of high-quality GaN nanowires on SiOx with
controlled orientation

Due to the industrial importance of GaN,(7, &) as well as the problems faced by
GaN planar structures, the growth of GaN nanowires has been investigated
intensively.(/70, 171) For GaN nanowires spontaneously formed on amorphous
layer, (191, 192) the nanowires generally exhibit random orientations, which is
believed to be related to the local surface roughness of the underneath amorphous
template.(/97) Moreover, the optical quality of the spontaneously formed GaN
nanowires on thick amorphous template has remained largely unknown. 7o date,
the realization of catalyst-free, electronically pure GaN nanowires on amorphous
substrate with controlled orientation, and superior crystalline and optical quality

in a large scale has remained challenging.
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In this regard, we have performed a detailed investigation of GaN nanowires
grown on SiOx template. The SEM images of GaN nanowires grown at different
substrate temperatures are shown in Figure 2-6: from (a) to (c) corresponds to
~830 °C, ~808 °C, and ~780 °C, respectively. In these growths, the N, flow rate
was kept at ~1.0 sccm, and the underneath SiOx template has a thickness ~100
nm. It can be seen that as the substrate temperature decreases, the nanowire
density increases dramatically. Meanwhile, the orientation of the nanowires

changes from being random/tilted to almost-100% vertically aligned.

Figure 2-6 SEM images of GaN nanowires grown on SiOx template (thickness
~100 nm) under different substrate temperatures taken with a 45-degree angle, with
(a) ~830 °C, (b) ~808 °C, and (c) ~780 °C, respectively; the SEM images are in size
1 um by 1 pm. (d) Same growth parameters as in (c) but shown in a large scale with
the SiOx layer as marked; this figure clearly demonstrates that highly uniform and

vertically aligned GaN nanowires can be realized in a large scale on SiOx template.

Growth experiments were also performed by changing the N, flow rate from
~0.6 sccm to ~1.4 sccm, while keeping the substrate temperature fixed at ~790 °C.
In this case, however, no significant change in the nanowire density, orientation,

and uniformity was observed.
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The temperature dependence of nanowire density/morphology can be
understood by the following. At relatively high substrate temperatures, the Ga
adatom desorption rate is high. Therefore the nucleation process is severely
suppressed; as a result, the nanowire density is low (Figure 2-6(a)). In this case,
the growth direction/orientation of GaN nanowires depends strongly on the
surface roughness of the underneath SiOx template, thereby leading to random
orientation for such low-density GaN nanowires. Similar is the case for the GaN
nanowires with moderate density when the substrate temperature is decreased
(Figure 2-6(b)): admitting the presence of vertically aligned GaN nanowires, the
orientation is still highly dependent on the surface roughness of the underneath
SiOx template.

This situation is changed with further decreasing the substrate temperature.
The much-reduced Ga adatom desorption rate (which in turn enhances the
nucleation process) results in GaN nanowires with a very high density (~10'"""2
cm™); and in this case, GaN nanowires are almost-100% vertically aligned (Figure
2-6(c)). This can be ascribed to, with high nanowire density the number of Ga
adatoms that can impinge onto non-vertically orientated nanowires is significantly
reduced, due to the shadow effect of surrounding nanowires. As a consequence,
the growth of non-vertical nanowires is suppressed, thereby promoting the
formation of vertically aligned and nearly uniform GaN nanowire arrays.

These results indicate that, besides the role of surface flatness, maintaining
a high nanowire density is critical to achieve vertically aligned GaN nanowires
on SiOx, and the substrate temperature plays a significant role under N, rich
conditions.

The near-perfect size uniformity and controlled orientation can also be
maintained for relatively long GaN nanowires. Figure 2-7(a) shows an SEM
image (taken with a 45-degree angle) of GaN nanowires grown on SiOx template
at ~ 780 °C with a N, flow rate ~0.6 sccm for a longer growth duration. It can be
seen that the resulting nanowires maintain high uniformity and vertically aligned
orientation. Figure 2-7(b) shows a low-magnification TEM image of a single GaN

nanowire with a length ~1.8 um and a diameter ~50 nm. As can be seen, it
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exhibits a very high uniformity, i.e., equal sizes on the nanowire top and bottom.
Figure 2-7(c) shows a typical high-resolution TEM image of the root of a single
GaN nanowire, which exhibits clear atomic planes, and is free of stacking faults.
Detailed studies further confirm that the entire nanowire is also free of
dislocations. The PL spectrum measured at room temperature is shown in Figure
2-7(d), and no defect-related yellow luminesce is observed. The peak at ~363 nm
(with a linewidth ~6 nm) could be ascribed to the band-to-band carrier

recombination, which is consistent with the bandgap energy of GaN.
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Figure 2-7 (a) An SEM image of GaN nanowires grown on SiOx (thickness ~100
nm) for a longer growth duration, taken with a 45-degree angle. (b) A low-
magnification TEM image of a single GaN nanowire. (c) A high-resolution TEM
image of the bottom of a single GaN nanowire. (d) PL spectrum measured at room

temperature with a A = 325 nm laser.

These results solidly indicate high-quality (both structurally and optically)
vertically aligned GaN nanowires can be grown on amorphous template in a large

scale; and the quality is comparable to that of GaN nanowires grown directly on
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Si substrate,(/89-192, 204) due to the possibly similar growth mechanism.(/70,
171, 191, 192)
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Figure 2-8 (a) Schematic plot of the InGaN/GaN dot-in-a-wire LED structures on
SiOx (thickness ~1.5 pm). (b) The corresponding SEM image taken with a 45-
degree angle. (¢) PL spectra for such LED structures grown on SiOx (solid blue
curve) and directly on Si substrate (dashed red curve), measured with a A = 405 nm
laser at room temperature. (d) Normalized integrated PL intensities as a function of

the inverse temperature for these two samples, measured from 74 K to 300 K.

Next, we have further investigated the growth and characterization of the
InGaN/GaN dot-in-a-wire LED structures(205) on thick (~1.5 pum) SiOx template
(defined as “sample A”). The schematic plot of the structure is illustrated in
Figure 2-8(a). The corresponding SEM image is shown in Figure 2-8(b). It can be
seen that the InGaN/GaN nanowires are almost-100% vertically aligned with high
uniformity, and the very short nanowires are due to the shadow effect as

aforementioned. The room temperature PL spectrum of sample A is measured
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(shown as the solid blue curve in Figure 2-8(c)); the PL emission wavelength is
~650 nm. As a comparison, the PL spectrum from the same structure but grown
directly on Si(111) substrate (defined as “sample B”) is also shown (the dashed
red curve in Figure 2-8(c)). It can be seen that sample A has comparable or even
stronger PL emission intensity compared with that from sample B. The stronger
PL emission from sample A could be ascribed to the reduced optical absorption
by the SiOx template.

To reveal more details of these two samples, the inverse-temperature (from
74 K to 300 K) dependent integrated PL intensity is shown in Figure 2-8(d). The
integrated PL intensities at 300 K are about 20% and 15% of those measured at 74
K for sample A and sample B, respectively. These measurements suggest that the
optical performance of InGaN/GaN nanowire LED structures on SiOx is
comparable to, if not better than that from the same structure but grown directly
on Si substrate.

The achievement of highly vertically aligned and uniform GaN nanowires
and their heterostructures with excellent structural and optical properties on SiOx
template could provide an entirely new avenue for GaN nanowire based

nanoelectronic and nanophotonic devices.

2.4.2. Growth of InN nanowires on SiOx

Following the same philosophy of the need of growing GaN nanowires on
amorphous template, there is also such a need for growing InN nanowires on
amorphous template. However, compared to the growth of GaN nanowires, the
growth of high-quality InN nanowires is more difficult, largely due to the fact that
the growth of InN nanowires is highly sensitive to substrate temperature and
substrate cleaning process. Therefore, growing high-quality InN nanowires on
amorphous template remains elusive.

In Section 2.3, we have demonstrated that non-tapered InN nanowires can
be grown by a novel MBE technique on Si substrate, which possess excellent
optical and electrical properties (as will be discussed in Chapters 4 and 5).
Therefore, it would be of great interest to investigate the growth of InN nanowires

on SiOx template with such MBE technique.
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Figure 2-9 (a) An SEM image of InN nanowires grown on SiOx template. The
thickness of the underneath SiOx is ~100 nm. (b) The corresponding PL spectrum
measured at low temperature. Red dotted curve: the same measurement condition

but on InN nanowires grown directly on Si.

Figure 2-9(a) shows an SEM image of InN nanowires grown on SiOx
template. It can be seen that the nanowires are aligned vertically with similar
morphology compared to that of InN nanowires grown directly on Si substrate.
The corresponding PL spectrum measured at low temperature is shown Figure
2-9(b), with a low-temperature PL spectrum of InN nanowires grown directly on
Si substrate for a comparison (dotted curve). It can be seen that the two PL spectra
have comparable peak intensity. However, the PL peak energy of InN nanowires
grown on SiOx template is higher; meanwhile, the associated PL spectral
linewidth is broader compared with that of InN nanowires grown directly on Si.
Such a blueshift of the PL peak energy and the broadening of the PL spectral
linewidth measured from InN nanowires grown on SiOx could suggest a higher
free carrier concentration due to the increased defects on nanowire surface.(61,

62)

2.4.3. Discussions

Considering the fundamentals of epitaxial growth, it generally requires a
crystalline substrate to promote the growth, and the top epilayer shares the same
surface crystalline orientation or orientates in one or more preferred directions

with respect to the crystalline substrate. Therefore, the epilayer and the
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underneath substrate have an epitaxial relationship. This is the case for growing
GaN/InN films by MBE technique, and the lattice mismatch between the epilayer
and the underneath substrate is an important factor to be considered to improve
device performance.

The growth of GaN/InN nanowires by MBE technique, however, as afore-
discussed, could indicate no epitaxial relationship between the nanowires and the
substrate.(58, 191, 192) Furthermore, from the demonstration of growing
GaN/InN nanowires on amorphous template above, it clearly indicates that the
growth of GaN/InN nanowires does not rely on the epitaxial relationship between
the nanowire and the underneath substrate; and the growth can be essentially
performed on any substrate as long as the 2D nuclei, which often rely on (but may
not be limited to) the presence of an amorphous interface (e.g., SiNx, SiOx),"’ can
be formed.(191, 192) The subsequent shape transformation is driven by the
anisotropies of surface free energies, surface stresses, as well as the interface
barriers.(191, 192)

In the end, comparing the SEM images of InN nanowires (Figure 2-9(a))
and GaN nanowires (Figure 2-6) grown on SiOx, it can be clearly seen that the
orientation of GaN nanowires is highly dependent on the nanowire density, which,
however, is not the case for InN nanowires, i.e., InN nanowires can remain highly
vertically aligned even though the nanowire density is significantly lower
compared with that of GaN nanowires. This could be either ascribed to the large
surface migration rate of In, or a different growth mechanism that needs to be

further investigated.

Tt is also suggested that there should be no fundamental difference between the
mechanism of growing GaN/InN nanowires directly on Si substrate and that on
amorphous template. The surface roughness of amorphous template could play a role in a
manner that assists the initial nucleation process and may only change the shape of the
initial 2D nuclei.
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2.5. The importance of III-nitrides grown by MBE to industrial
applications

Nowadays, the commercialized In(Ga)N planar structures are generally grown by
metal organic CVD technique, which has been a great success. However, the
metal organic CVD growth technique has drawbacks: it requires the use of large
amount of ammonia and high growth temperature. The consequence of high
growth temperature is the presence of large dislocation density and polarization
field, as well as poorly controlled heterointerface, caused by the thermal mismatch
between In(Ga)N planar structures and the underneath substrates during the
cooling process. This severely limits the device performance. In addition, the high
growth temperature makes it difficult to incorporate high In concentration, which
makes In-rich material not possible to grow. Reducing the growth temperature as
well as seeking ammonia-free process is urgent.

In this regard, within the territory of metal organic CVD, researchers at
Meaglow Ltd. have developed a special technique, i.e., using the ammonia-free
migration enhanced deposition with the aid of a plasma source, to grow high-
quality In(Ga)N planar structures in a CVD environment at low
temperatures.(206-208) The biggest advantage of this technique is that, it can
scale the high-In-content-compatible growth up to a large area at a /ow cost.
However, these growths are normally done in a nitrogen extremely-rich
environment, which inevitably creates a significant amount of nitrogen related
defects;(206-208) this reduces the optical performance drastically. Another
completely different avenue might be needed to further push the device
performance to a longer wavelength.

The MBE grown Ill-nitrides, in contrast, have a number of advantages.
Firstly, high In concentration becomes much easier to achieve, due to the low
growth temperatures. Secondly, the ultrahigh vacuum environment can increase
the material quality significantly. For example, the MBE grown Mg-doped III-
nitrides do not need annealing to activate p-type conductivity, due to the much

reduced hydrogen incorporation. Thirdly, the interface properties can be
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controlled precisely, which is critical for many electronic and photonic device
applications.

In addition, with the rapid development of MBE technology, MBE growth
can be scaled up: the use of MBE system to grow large-area wafer (up to 12 inch)
has been very mature, and more importantly, the throughput now is comparable to
that by metal organic CVD system.

Lastly, MBE now is widely used in industry for the production of III-V
electronic and photonic devices, as well as the emerging low-dimensional
semiconductors such as quantum dots and nanowires. For example, as will be
shown in this thesis work, MBE has a huge advantage in growing high-quality
Wourtzite Ill-nitride nanowires. All these attributes together will provide an
entirely new avenue for realizing high-efficiency Il-nitride electronic and

photonic devices and systems by MBE.
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3. Characterization methods of InN, and other
semiconductor nanowires and heterostructures

Characterizing material properties experimentally is a rich and important
scientific area; and performing the structural, electrical and optical
characterization of compound semiconductors and their heterostructures is of
critical importance to optimize the growth process and to realize high
performance devices.

For instance, to determine whether a new material or a new structure is
useful or not, the material designer or the sample grower has to characterize the
intrinsic material properties such as the optical bandgap, the free carrier
concentration, and the electron drift mobility, etc.. Moreover, for samples grown
by highly complex systems such as MBE, the material quality might vary from
each growth as well as from position to position in the same sample. In this case,
the grower also needs these important parameters as instant feedback to track
sample quality and to optimize the growth process.

Compared with the characterization of bulk semiconductors, characterizing
the structural, electrical, and optical properties of semiconductor nanowires faces
a number of challenges. For example, the Hall measurements can be performed on
bulk materials to estimate free carrier concentration, but for nanowires such a
method is very difficult due to the challenge in making electrical contacts to

nanowires in a manner that satisfy the requirements for the Hall measurements.

3.1. An overview

In this thesis work, different characterization methods are employed, which

involves:

a) Structural characterization — such as the scanning electron
microscopy (SEM) that produces the images of microstructures by
scanning them with a focused electron beam, and the transmission

electron microscopy (TEM) in which ultrahigh energy electrons are
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transmitted through an ultra-thin sample so that the atomic structure can
be pictured.

b) Optical characterization — such as the X-ray photoelectron
spectroscopy (XPS) that utilizes high-energy electrons to bombard a
sample so that the chemical bonds and electronic states can be revealed
from the photo-excited -electrons, the photoluminescence (PL)
spectroscopy where the incident photons are absorbed by a
semiconductor that subsequently produces light emission due to the
radiative recombination of photo-generated electron-hole pairs, and the
Raman scattering in which the incident light is scattered by lattice
vibration.

¢) Electrical characterization — wherein a nanoprobe is utilized in an
SEM environment to probe the electrical transport properties of

semiconductor nanowires.

In the rest of this chapter, we will focus on the heavily involved
characterization methods in this thesis work. They are: the optical characterization
methods that include XPS, PL, and Raman spectroscopies; as well as the electrical

characterization method — the electrical nanoprobing in an SEM environment.

3.2. Optical characterization

In general the interaction between light (electromagnetic radiation) and solids
have three major consequences: elastic/inelastic scattering, absorption with
electrons excited, and absorption with photons emitted. Therefore, studying the
interaction between light and solids can provide a lot of useful information of
solids.

For example, by using very short wavelength X-rays (on the order of the
crystalline lattice constant, namely, a few angstroms) and examining diffraction
pattern created by scattering, crystalline structure can be determined. By
increasing the wavelength of X-rays and examining the photo-excited electrons,
the information such as the chemical bonds and electronic states can be

determined. By further increasing the wavelength and wusing light with
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wavelengths from the ultraviolet to the visible or infrared, almost all aspects of a
semiconductor can be examined, e.g., crystal lattice information can be
determined from the light scattering by phonons, or electronic band structure
including bandgap, impurity energy levels and defect states can be estimated from

the light absorption/scattering by electrons, holes, and ions.

3.2.1. Advantage of optical characterization

Optical characterization, as an important counter-partner to electrical
characterization, has a number of advantages, especially for sample growers. First
of all, optical characterization does not need electrical contacts, which is a very
time-consuming and expensive process, and difficult sometimes. For example,
making electrical contacts to semiconductor nanowires normally needs numerous
procedures from nanowire dispersing, coating photoresist, e-beam lithography,
photoresist development, to chemical treatment of nanowire surface, electron
beam evaporator metal deposition and metal liftoff. In addition, such nanowire
contact process may damage nanowire surface. Actually, making electrical
contacts, sometimes limits the study of material properties. For example, it is very
challenging to perform Hall measurements on nanowires because of the difficulty
in making contacts, due to the nanowire geometry.

Secondly, optical beam is easily manipulated, so that a specific region of the
investigated sample, either a micro-size spot, or a nanometer-size depth under the
surface, can be probed effectively. This is in contrast with electrical
characterization, wherein only an average effect of the sample can be studied.

For the above reasons, optical characterization is generally able to provide a
much faster and efficient feedback on material quality and uniformity, as well as

the correlation with growth parameters for sample growers.

3.2.2. X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS), also known as ESCA (Electron

Spectroscopy for Chemical Analysis), is a powerful surface/near-surface analysis
technique that measures chemical composition, chemical bonds, as well as

electronic states for a given material. XPS spectra are normally obtained by
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exciting a material with an X-ray beam while simultaneously measuring the
kinetic energy and the count of electrons that are excited from the material within
I nm to 10 nm in the near-surface region. The electron excitation process is
schematically shown in Figure 3-1, where E,,. is the vacuum energy level, Er is
the Fermi-level, ¢ is the work function (the energy difference between E,,. and
Er), and Ep is the binding energy (the energy needed for an electron jump to the
Fermi-level). In this case, the kinetic energy (K.E.) of the electron excited from

the sample (not the instrument-measured K.E.) is: K.E.jampey = hv — Ep —

¢ (sample)-

X-Ray (hv) K.E. jins)

K. E. M. E
® vac (ins)

A E

vac (sample)

Instrument

©® ' 1s

Figure 3-1 A schematic plot of the principle of X-ray photoelectron spectroscopy in

studying a semiconductor material.

Since nearly all information from XPS is derived through the electron
kinetic energy, a reference energy level is needed. This is the most critical point
for all XPS experiments. In general, for a material in a gas phase, the only
reference point is the vacuum energy level (E,,.); while for a solid phase there is a
second reference point: the Fermi energy level or Fermi edge (Er). However, if

using Er as the energy reference, it is critical that the sample is grounded, and
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the ground has to be the same as that of the instrument.”’ In this case, the Fermi-
level is set at 0 eV.

The band alignment of the sample and instrument is shown in Figure 3-1
when they have the same ground. In this case, the instrument measured electron
kinetic energy 18: K.E.iny = hv — Ep = @ ampie) = (P(ing = Psample)) = hv — Ep —
@Pins)- Therefore, the binding energy Ejp relative to the Fermi-level can be
determined by: Ez = hv — K.E. (in) — @P(ins), Where the parameters in the equation
right side can be experimentally measured, and for modern XPS systems @y 1s
typically very small. By analyzing binding energies of different electron species

one can derive a lot of useful information of the sample such as:

a) Chemical element identification and related chemical states/bonds by
characterizing energy peak positions

b) Chemical composition/chemical formula by characterizing relative
peak intensities

¢) Valence band structure

The sample-grounding requirement does not cause problems for conductive
samples, in which the calibration by the core energy levels (such as Cu-2ps;, Ag-
3dsn, and Au-4f7, peaks) of the metals on the sample holder is sufficient to
correct the Fermi-level shift. However, if the samples are not highly conductive,
such as nondoped or Mg-doped InN nanowires in this work, the charging effect'?
is inevitable, so that the Fermi-level determined through the calibration by Cu-
2psn, Ag-3dspn, and Au-4f;, peaks needs to be carefully analyzed and corrected.

In this case, another peak is normally used as internal calibrator (inherent to the

" This is also the reason that for a gas material £ cannot be the reference point since one
cannot ground a material in a gas phase.

"2 The electrons are excited from the sample so that the positive charges are left. If the
grounding is not good, then these positive charges will be left, to shift the Fermi-level of
the sample to a higher energy level. Low-energy electron flood gun can be used to
remove these positive charges. However, an internal calibrator such as C-1s (285.0 eV) is
normally used to calibrate the Fermi-level shift as a more accurate approach.
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sample). It is the C-1s peak (285.0 eV), arising from the adventitious carbon."
Such adventitious carbon originates from the adsorption of aliphatic hydrocarbons
from the atmosphere.

Characterization of valence band spectra of InN nanowires — The XPS
experiments in this thesis work were performed in a Thermo Scientific Al K-a
(1486.295 eV) system, with a monochromatic beam size in the range of 30 to 400
pum. The valence band spectrum, or the valence region of the whole XPS
spectrum,'* is of special interest to this thesis work. The sample is grounded so
that the Fermi-level is at 0 eV. A low-energy flood gun is turned on during the
measurements so that the charging effect can be removed. Additionally, both Au-
4f7, and C-1s peaks were calibrated to correct the Fermi-level shift due to the
charging effect, if there is any, to make sure the derived energy is with the best

accuracy.

Electron energy
analyzer

7 4

\ \ y R

é@a,}) \ ]ﬁ Emitted electrons from InN nanowires
.30 i i

Si substrate

Figure 3-2 A schematic plot of using X-ray photoelectron spectroscopy to study

InN nanowire surface.

Moreover, in order to minimize the influence from Si substrate, the X-ray
beam impinges upon the nanowires at a 60-degree angle with respect to the

nanowire c-axis. The resulting photoelectrons are collected by an electron energy

5 A thin layer of carbonaceous material is usually found on the surface of most air-
exposed samples, this layer is generally known as adventitious carbon.
' The valence band spectrum function was enabled in this case, to increase the accuracy
by only collecting the low-energy electrons, since in a strict meaning XPS is only
sensitive to the high-energy core-level electrons (1s, 2s, etc.), not the low-energy valence
band electrons.
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analyzer above the nanowires (near-zero take-off angle). A simplified schematic
plot is shown in Figure 3-2. It can be seen that the X-ray impinges upon the InN
nanowire sidewalls with the photoelectrons collected at a near-zero take-off angle.
This measurement configuration ensures that the majority of the signal is derived

from the InN nanowire sidewalls.

3.2.3. Photoluminescence spectroscopy

Luminescence, in general, is a light emission from a substance due to an external
excitation, such as Joule heating, electrical current injection, or light irradiation.
In semiconductors, studying luminescence is an efficient probe to the excited
electronic states, which, in conjunction with electrical transport phenomena, can
reveal the fundamental electrical and optical properties of semiconductors such as
the electronic states, and the population of electrons/holes associated with each

state in semiconductors.

J{ defect
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hv hvg, heat dissipation
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—
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Figure 3-3 A schematic plot of carrier recombination process in a semiconductor

due to absorbing a photon.

In this work, photoluminescence, where the light emission is due to the
absorption of photons, is employed as a probe to study the electronic states,
energy levels, as well as carrier distribution in InN nanowires. In this process, as

shown in Figure 3-3, due to incident photons (with energy hv, [| E o> Where Eg is

the bandgap energy), electrons will be excited into the conduction band, with
holes being left in the valence band. The carrier radiative recombination lifetime

is in general much longer compared with the carrier relaxation time, so that the
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photo-generated electrons and holes will have enough time to relax towards the
conduction band and valence band edges, to recombine either radiatively to give

light emission, or nonradiatively to give heat dissipation if they are trapped by

defects in the bandgap.
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Figure 3-4 Near-band-edge radiative and nonradiative recombinations of the photo-
generated electron-hole pairs,"” with (A) Free-exciton emission, (B) donor bound
exciton emission, (C) acceptor-bound exciton emission, (D) donor-acceptor pair
recombination, (E) radiative recombination of free electrons and neutral acceptors,
(F) radiative recombination of free holes and neutral donors, (G) nonradiative
recombination between free electrons and ionized donors, (H) nonradiative
recombination between free holes and ionized acceptors, (I) the excitation of
electron-hole pairs by above-bandgap laser light (i.e., Av>E,), (J) the resonant
formation of free excitons with hAv~E,, (K) the excitation of electrons from neutral

donors, and (L) the excitation of electrons from ionized acceptors.(209)

However, the actual -electron-hole recombination processes in
semiconductors are in general complicated due to the presence of shallow defect

donor/acceptor energy levels, or excitonic states formed by electron-hole

" It should be noted that Mahan exciton emission as discussed in Chapter 1 does not fall
in any category here since in Mahan exciton emission process, the electrons in conduction
band are far away from the conduction band edge.

3-45



interaction. These effects will modify near-band-edge transitions. In addition, the
recombination processes will be affected by the presence of phonons (to produce
phonon replica or phonon sideband emission) and the Fermi-level being pinned
deep in the conduction band (to produce Mahan exciton emission). All these
aspects will affect the electron-hole recombination process and the PL properties
significantly. As an example, Figure 3-4 schematically shows the electron-hole
recombination process for near-band-edge transitions, including both radiative
and nonradiative recombinations.

In practice, the light emission requires radiative recombination outwins
nonradiative recombination, wherein Joule heat is dissipated. This can be, in one
way, technically achieved by increasing the incident light intensity so that more
electron-hole pairs are generated. Besides using high power lasers, another
approach to increase the incident light intensity is to reduce the incident beam
size, i.e., performing micro-PL experiments. Additionally, by using micro-PL, the
inhomogeneous broadening caused by the nanowire size distribution will also be
significantly reduced, rendering a much narrower PL spectral linewidth that is
more closely related to the intrinsic electrical and optical properties of the
material.

Fundamentally, the PL properties are closely related to the photo-excited
carriers in a solid, such as the correlation between PL spectral linewidth and total
carrier density.'® Therefore, by using extreme low excitation conditions, free
carrier concentration (the so-called background doping concentration) can be
crudely estimated by PL spectral linewidth. In InN, the PL spectral linewidth as a
function of the free carrier concentration is calculated by Moret et al..(210) As
shown in Figure 3-5, if assuming zero inhomogeneous broadening, for a linewidth

~100 meV, the free carrier concentration is estimated to be ~10"% em?.

' This total carrier density includes the residual electron density (the so-called
background doping concentration, or the free carrier concentration as mentioned in this
thesis) and the photo-generated electron density. By using extremely low excitation
conditions, one can minimize the photo-generated electron density.
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Figure 3-5 Relationship between free carrier concentration and PL spectral
linewdith with zero inhomogeneous broadening, from Ref. (270). The solid lines are

theoretical calculations.

It is worth mentioning, however, that the free carrier concentration
determined by the PL spectral linewidth is highly dependent on the measurement
conditions, such as excitation power, beam size, and sample geometry. Therefore,
this approach is not a straightforward method compared with electrical
measurements. In this regard, electrical characterization (Section 3.3) would be
more accurate to estimate free carrier concentration, electron mobility, etc..

PL setup for measuring InN nanowires — Illustrated in Figure 3-6 is a
homemade temperature variable micro-PL system. InN nanowires were optically
excited using a semiconductor diode laser (4 = 635 nm) with a 100x objective.
The beam size is ~5 pm. The emitted light from InN nanowires (through the same
100x objective) was spectrally resolved by a high-resolution spectrometer, and
detected by a liquid-nitrogen-cooled InGaAs detector (with a cut-off wavelength
of ~2.2 um). The signal was collected with a single channel lock-in amplifier. All

17
the PL measurements were performed on non-tapered nanowires.

" The PL spectra of tapered non-doped InN nanowires show a little trace of the near-
surface region emission (see Chapter 6 for the near-surface region emission). The PL
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Figure 3-6 A schematic plot of the homemade temperature variable micro-

photoluminescence setup (courtesy of Shouvik Mukherjee).

3.2.4. Raman scattering spectroscopy

Different from the previous two optical characterization methods where light
absorption is involved, Raman scattering deals with the inelastic scattering of
light, in which the energy of scattered photons is different from that of incident
photons (e.g., the momentum change) with AE=h-Av. The phenomenon of
inelastic scattering of light was first proposed by Smekal in 1923,(27/7) and was
first observed by Raman and Krishnan experimentally in 1928.(2/2) In Raman
experiments, Avhas a practical unit as cm™."® It is worth mentioning that Raman
scattering is a very weak process so that only one in every 10°-10® photons will be
scattered through Raman process, while the majority of photons pass the sample

with elastic scattering, or Rayleigh scattering.

spectra of tapered Si-doped InN nanowires interestingly do not exhibit a significantly
higher energy peaks compared with non-tapered Si-doped InN nanowires (see Chapter 6),
but exhibit much weaker PL intensity due to the enhanced nonradiative recombination
rate.

"The frequency change of the incident light can be expressed as Av=c/AA. In
describing Raman scattering experiments, the speed of light is generally normalized for a
historical reason. In this case, the frequency change is expressed in the inverse
wavenumber (unit of cm'l); and 1 eV = 8,000 cm™. In addition, in a strict meaning the
frequency change should be expressed as Acm'.
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Figure 3-7 (a) Optical phonon modes in a Wurtzite structure; shown is GaN for an
example. In has the same site as Ga. (b) and (c) The Raman shift peaks related to

each optical phonon mode with different incident light directions.(2/3)

Raman scattering is a very effective tool to study low-energy states in
solids, and the most common and important light scattering source is phonon (the
quantum of lattice vibration). In general, for a Wurtzite crystal structure, at the I
point (Brillouin zone center), phonon modes can be irreducibly presented by:

[,.+0, =4 +E)+(4,+2B +E +2E,), where the terms in the first brackets

are acoustic phonon modes and the terms in the second brackets are optical
phonon modes. Figure 3-7(a) shows the optical phonon modes in a Wurtzite
structure, where the two B; modes are silent modes, the two E, modes are only
Raman active, and the 4; and E£; modes are both Raman and IR active. Therefore,
by investigating the Raman shift peaks one can determine the crystal structure,
such as the peaks shown in Figure 3-7(b) and (c) indicating a Wurtzite structure.
Additionally, the detailed phonon properties can be revealed by Raman
scattering experiments such as phonon lifetime and phonon decay.(27/4)
Understanding phonon properties, as well as their influence on electrical and

optical properties, is of practical importance to reduce the “hot phonon effect”,
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which in a lot of circumstances reduces the lifetime of electronic and photonic
devices.

Optical phonon modes in InN — The optical phonon modes in InN have
been investigated extensively by Raman scattering spectroscopy.(92, 94, 95, 214-
219) The wavenumbers for all the six Raman-active optical phonon modes are:
Ef =87 cm™, E; = 488 cm™, 4,(TO) = 447 cm™, 4,(LO) = 586 cm™’, E,(TO) =
476 cm™, E/(LO) =593 cm™.(92)

Furthermore, if the surface electron accumulation is present on InN surface,
there will also exist the longitudinal optical phonon-plasmon coupling modes (L,
L"), with L™ in the range of 400-450 cm™ and L very close to the wave numbers
of uncoupled LO modes.(92, 95, 215) Therefore, by investigating the Raman
scattering spectroscopy, the surface electron accumulation, as well as free carrier
concentration can be studied.(/49)

Raman scattering setup for InN nanowires — The Raman scattering
experiments were performed at room temperature. In these experiments, InN
nanowires were excited with an external 488 nm Argon ion laser, and the
estimated power on the sample is about 40-50 mW with a spot size about
0.5-1 pum. The signal was detected by a Synapse CCD air-cooled detector. In this
configuration, the incident light is in parallel with the hexagonal c-axis of the

nanowires.

3.3. Electrical characterization

Optical characterization, however, also has a number of limitations such as it
cannot determine free carrier concentration and electron mobility accurately. This
can be perfectly compensated by electrical characterization. Electrical

characterization deals with transport phenomena in solids."

' Generally speaking, the motion of carriers (i.e., electrons, holes, ions, etc.) under the

influence of external forces (i.e., electric field, magnetic field, thermal gradient) or

density gradient (i.e. in case of diffusion) gives rise to the so-called transport

phenomenon. For example, carriers can transport electric charge to give electrical current

(electrical transport), or transport phonons to give heat dissipation (thermal transport).
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Electrical characterization, as an important counter-partner to optical
characterization, provides a more accurate estimation of the electrical transport
properties associated parameters such as resistivity, free carrier concentration, and
electron mobility. The measurement of charge carrier transport properties of
semiconductor nanowires, including carrier type, carrier concentration, and
carrier mobility is critical for the design and performance of a wide range of

nanowire devices.

3.3.1. Electrical transport of bulk semiconductors:*’ The experimental
approach and properties

When an electric field (or a current) is applied to a bulk semiconductor, the
resistivity/conductivity can be measured from the configuration as shown in
Figure 3-8(a). Furthermore, by applying a z-axis magnetic field and using side
contacts (shown in Figure 3-8(b)) the Hall effect can be measured, from which
carrier concentration (as well as carrier type), hence carrier mobility can be
determined. Besides the Hall measurements, capacitance voltage measurements

can be used to study electrical transport properties.(65, 75, 107, 111, 220, 221)
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Figure 3-8 Schematic plots of characterizing electrical transport properties of a
bulk semiconductor, with (a) the in-plane resistivity, and (b) the Hall effect

measurements.

In addition, when a large electrical field is applied to a bulk semiconductor

with low free carrier concentration, the electrical conduction will be driven from

2 . . . . .
% Here we discuss semiconductors with low free carrier concentration.
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the ohmic conduction to the space-charge-limited (SCL) conduction.(222-224)

The SCL current, characterized by a square law dependence on the applied

voltage ( [ocV? ), has been measured when the injected charge carrier
concentration exceeds the free carrier concentration in a solid that is relatively
free of charge traps and biased through an ohmic contact.(222) With the presence

of charge traps, however, the SCL current can be significantly reduced, or even
distorted, showing a higher power dependence on the applied voltage (7 oc V7,
with > 2) for charge traps distributed over a broad energy range.(222-224)

Therefore, a thorough investigation of the SCL conduction, together with
the correlation to the ohmic conduction under low biasing conditions, can provide
critical information on free carrier concentration, electron mobility, and charge

trap characteristics.(222-224)

3.3.2. Electrical transport of semiconductor nanowires: The challenge,
experimental approach, and properties

Similar to a bulk semiconductor, the resistivity/conductivity of a semiconductor
nanowire can be derived by the 4-point contact method, or 2-point contact if the
contact resistance is much less than the nanowire resistance. Free carrier
concentration, however, cannot be straightforwardly derived from the Hall effect
measurements due to the much-reduced dimension, so that 4-point (as shown in

Figure 3-8(b)) contacts are very difficult to make.

In this regard, the electrical transport properties (such as electron
concentration and electron mobility) of semiconductor nanowires have been
commonly analyzed by studying the characteristics of nanowire field effect
transistors.(/27, 128, 225-227). Figure 3-9(a) shows an InN nanowire field effect
transistor as an example, wherein two metal contacts serve as source and drain. In

this configuration, the electron mobility x can be determined by
u=g, L' /(C[V,), where g, is the transconductance, L is the channel length, Vsp

is the source-drain voltage, and C is the capacitance at the pinch-off point, which

is closely related to the thickness of the underneath oxide #,. The electron
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concentration therefore can be determined by n=1/(peu), where p is the

resistivity of the nanowire.
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Figure 3-9 (a) A InN nanowire field effect transistor, and (b) the derived electron
mobility and electron concentration dependence.(/51) (c) The space-charge-limited

conduction in GaN nanowires.(228)

Figure 3-9(b) shows the derived electron mobility and electron
concentration dependence from InN nanowires grown by the VLS mechanism
using a CVD technique. It can be seen that the electron concentration is extremely
high, and the electron mobility is very low, which can be ascribed to the strong n-

type characteristics as discussed in Chapter 1.

When the source-drain voltage is increased, similar to bulk semiconductors,
the conduction of semiconductor nanowires is also driven from the ohmic
conduction to the SCL conduction,?' as shown in Figure 3-9(c) for GaN
nanowires as an example. Such SCL conduction has been prevalently observed in
semiconductor nanowires and heterostructures such as GaN,(229) GaAs,(230)
GaSb,(237) InAs,(232) and AlGaN/GaN core-shell structures.(233) However,
compared with the SCL conduction in bulk semiconductors, the SCL conduction

in semiconductor nanowires is further enhanced, due to the large aspect ratio and

' In nanowire field effect transistors, applying a large source-drain voltage, however,
sometimes burns out the semiconductor nanowires. In contrast, as we will discuss later
on, with the nanoprobing technique, high voltage can be easily applied without burning
out the nanowires.
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the reduced Coulomb screening. In this case, a nanowire geometry related scaling

factor (R / L) should be included in the SCL conduction theory.(228)

il

Figure 3-10 Nanoprobing various semiconductor nanowires in an SEM

environment, with (a) GaN nanowires,(229) (b) InAs nanowires,(232) and (c) GaAs

7

SANDIA 20.08KV.,

nanowires.(230)

3.3.3. Nanoprobing: A new technique to study the electrical transport
properties of semiconductor nanowires

During the fabrication of nanowire field effect transistors, a significant amount of
chemical treatments, as well as high-energy electron beam exposure are involved,
which inevitably changes the surface states of semiconductor nanowires
drastically. A better approach is needed.

Recently, a new method has been explored to investigate the electrical
transport properties of semiconductor nanowires. It utilizes a nanoprobe in an
SEM environment to measure the electrical conduction of individual
semiconductor nanowires.(228-230, 232) Figure 3-10 shows such nanoprobing to
various semiconductor nanowires. This technique provides the distinct advantage
that the surface and interface properties of semiconductor nanowires are not
perturbed by any chemical treatment or electron-beam lithography process,
thereby offering a more efficient approach to characterize the electrical transport
properties of semiconductor nanowires.

In this thesis work, such nanoprobing technique was employed to study the
electrical transport properties of InN nanowires. The experiments were performed

at the 4D LABS, Simon Fraser University, B.C., Canada.
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4. Demonstration of intrinsic InN nanowires (I): Direct
evidence from optical characterization and their
optical properties

In this chapter, it is demonstrated through XPS and micro-Raman scattering
experiments that, intrinsic InN nanowires can be achieved. In such intrinsic InN
nanowires, the near-surface Fermi-level was measured to locate below the CBM,
suggesting the absence of electron accumulation on the lateral surfaces.
Additionally, the PL characteristics of intrinsic InN nanowires were studied in
details. An extremely narrow PL spectral linewidth (~9 meV) was measured at 10
K, and the trace of free-exciton emission was also observed. Moreover, phonon
sideband emission peak was detected, confirming the superior sample quality.
These PL characteristics can be well correlated with the absence of surface

electron accumulation.

4.1. The absence of surface electron accumulation on the grown
non-polar surfaces

The surface charge properties of non-doped InN nanowires were investigated
directly by the angle-resolved XPS. Illustrated in Figure 4-1 is the measurement
of the near-surface Fermi-level (EF) relative to the position of the VBM. It can be
seen that the near-surface Er lies at ~0.4 to 0.5 eV above the VBM, suggesting the
absence of electron accumulation and minimal downward band bending on the

sidewalls of InN nanowires. This near-surface Fermi-level is also very close to the

intrinsic Fermi-level (Em ~ 0.38 eV) in InN if taking m::O.OSm0 and

m,: =0.65m,.(111, 234, 235) Furthermore, highly symmetric In-3ds, and N-1s

XPS spectra peaks (shown in the inset of Figure 4-1(a)) suggest a negligible level
of impurity bonds (such as In-O, N-H or N-C) associated with the surface electron
accumulation.(236) To the current knowledge, this is the first demonstration that
the surface 2DEG formation and Er pinning is absent on the non-polar grown

surfaces of any InN structure.
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Figure 4-1 (Clockwise) Angle-resolved XPS spectra and ab-initio calculation of
intrinsic InN nanowires. (a) Angle-resolved XPS spectra were measured from the
lateral surfaces (m-planes) of [0001]-oriented non-doped InN nanowires, showing
an energy separation of ~0.5 eV between the VBM and the near-surface Er. The
inset of (a) shows the photoelectron spectra of In-3ds, and N-1s orbitals measured
from the lateral surfaces. The surface band structure and electron distribution are
modelled by performing self-consistent effective mass calculation of a 200 nm
diameter InN nanowire. Intrinsic InN nanowires are characterized by the absence of

surface band bending (shown in (b)) and surface 2DEG (shown in (c)).

This behaviour can be further captured through a self-consistent effective
mass model,(237) where the time-independent Schrodinger equation was solved
self-consistently assuming an effective mass of 0.055m,, a relative dielectric
constant of 13, and a cylindrical symmetry. As shown in Figure 4-1(b) and Figure
4-1(c), under uniform near-intrinsic doping level — less than 5x10" cm™,** the
surface band bending does not occur at the m-plane (shown in Figure 4-1(b),
juxtaposed against the XPS data in Figure 4-1(a)). This is illustrated by the spatial

distribution of the long wavelength electrons that occupy the CBM under the

21t will be seen later on that this doping level is within the range of estimated average
electron concentration from the optical measurements and electrical measurements on
intrinsic InN nanowires with a diameter around 200 nm.
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near-intrinsic doping level. As shown in Figure 4-1(c), electrons at the CBM pull
away from the surface due to quantum confinement and do not form a surface
2DEG but rather partially deplete the near surface region.” This observation is in
direct contrast to the commonly reported 2DEG that forms at the surfaces of n-
type degenerate InN nanowires and thin films.

Such absence of surface electron accumulation in intrinsic InN nanowires
can be further confirmed by micro-Raman scattering experiments. As shown in
Figure 4-2, compared with the spectrum of Si-doped InN nanowires, where a
surface electron accumulation associated Raman shift peak L appears around 445
cm™,(94, 149, 150) the non-doped (intrinsic) InN nanowires do not exhibit such

peak, which therefore is consistent with the absence of surface electron

accumulation.
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Figure 4-2 Micro-Raman scattering spectrum of intrinsic InN nanowires. The
spectrum measured from Si-doped InN nanowires is also shown as a comparison.

The inset shows the experimental setup, where the incident light is in parallel with

the nanowire c-axis.

» This is based on exactly flat band condition; however, experimentally, the surface
could be weakly n-type (i.e., a very small downward band bending) even though there is

no surface electron accumulation.
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Moreover, the peak at ~591 cm™ in intrinsic InN nanowires is significantly
weak compared with the normally reported 4(LO) mode in nominally non-doped
InN. This peak, however, is significantly enhanced in the presented Si-doped InN
nanowires, which could indicate that the strong 4(LO) mode observed in previous
reports from nominally non-doped InN could be more dominated by L™ mode.

In addition, the main Raman shift peak E,”, which appears at ~491 cm™, is
significantly narrower in intrinsic InN nanowires compared with that in Si-doped
InN nanowires, indicating a lower free carrier concentration. This low free carrier
concentration will be further estimated by the PL spectral linewidth as discussed

in section 4.2.1 and the nanoprobing technique in Chapter 5.

4.2. Photoluminescence properties of intrinsic InN nanowires

The previous PL studies on tapered InN nanowires measured broad PL spectra
with the linewidth in the range of 50 to 100 meV,(/26, [46) and the
recombination mechanism was believed to originate from Mahan exciton
emission.(86, 90) With large free carrier concentration associated effects, the PL
properties in intrinsic InN nanowires are not clear prior to this thesis work.

We demonstrate in this section that in intrinsic InN nanowires, the PL
spectrum linewidth can be as narrow as ~9 meV, which is about 5 to 10 times
narrower compared with tapered InN nanowires grown by conventional
methods.(/26, 132) Additionally, with much-reduced free carrier concentration in
such pristine InN nanowires, the PL. mechanism can be ascribed to band-edge
emission with free-exciton emission at low excitation conditions. More
importantly, phonon sideband emission is also observed for the first time in InN
nanowires, further confirming the superior quality of the presented InN

nanowires.
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4.2.1. The narrow photoluminescence spectral linewidth and extremely

low free carrier concentration

The intrinsic (non-tapered non-doped) InN nanowires, in this thesis work, can
exhibit an extremely narrow PL spectral linewidth of ~9 meV under an excitation
power of ~0.5 pW at 10 K,** shown in Figure 4-3. This linewidth is nearly 5 to 10
times narrower, compared to the commonly reported values in n-type degenerate
InN nanowires and films.(89, 126, 129, 146) 1t is also noted, as further reducing
the optical excitation power, the linewidth does not get narrower. There are a few
factors, which we believe, can contribute to the ~9 meV linewidth: (1) thermal
broadening that scales with k7, where k is Boltzmann constant, (2) size
distribution and the associated inhomogeneity of nanowires, and (3) the presence
of defects on the surfaces of each nanowire. In addition, the peak energy position
at ~0.675 eV agrees reasonably well with the bandgap of InN in this temperature
range.(4, 63)

PL intensity

0.54 0.60 0.66 0.72 0.78
Energy (eV)

Figure 4-3 The micro-photoluminescence spectrum of intrinsic InN nanowires

measured at 10 K under an excitation power of ~ 0.5 uW.

** The narrowest PL linewidth was achieved on non-doped InN nanowires with lengths of
~4 um.
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As discussed in Section 3.2.3, the residual electron concentration of InN can
be approximately derived by analyzing the PL spectral linewidth.(2/0) The same
approach was employed here. To the first order, for InN nanowires with a PL
spectral linewidth (I') of ~9 meV, the total electron concentration, n, at 10 K was

estimated to be ~2.5x10'® cm™ (when the inhomogeneous broadening is

neglected). However, by considering the inhomogeneous broadening, I';, , a

lower value of 7 can be derived by n(1-T, /T')"*, where a = 0.5. Assuming an

inhomogeneous broadening of ~5 meV (which represents a lower limit on the
values normally measured for III-V compound semiconductor nanowires),(/26,
238) we obtain n ~ 4x10" cm™.? Since the estimated value may include the
residual electron concentration, no, and the photo-generated -electron
concentration, n-ng, we therefore conclude that such intrinsic InN nanowires
exhibit an extremely low residual electron concentration (less than 4x10"° cm™).
This value is nearly 2 to 3 orders of magnitude smaller than the commonly
reported values in InN nanowires and films. It is also approximately 10 times
smaller than the previous reports by Chang et al.(59) and Jeganathan et al.(93),

and is the smallest value ever reported in any InN structure.

4.2.2. Near-band-edge recombination in intrinsic InN nanowires

Detailed PL emission properties are shown in Figure 4-4. Figure 4-4(a) shows the
temperature dependent PL spectra measured under an excitation power of 9 mW.
It can be seen that as the temperature increases, the PL peak (Ep,’) shifts to lower
energies and the spectra become broader. The derived temperature dependence of
Ep;' is shown in Figure 4-4(b). Such temperature dependent peak energy can be

phenomenally fitted by Varshni’s equation,(4)

E/(T)=E,(0)- al” Eq. (4-1)

p+T

2 Nevertheless, the derived carrier concentration needs to be further confirmed with

direct electrical transport properties measurements, such as via nanowire field effect

transistors, or using the nanoprobing technique, which will be discussed in Chapter 5.
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where E,(0) is the fundamental bandgap; a and f are Varshni’s coefficients which
correspond to the lattice thermal expansion and Debye temperature, respectively.
As shown in Figure 4-4(b), the best fit gives Eg0) = 0.689+0.001 eV, a =
0.41+£0.02 meV/K, and p = 449+£32 K. These values are consistent with those
obtained from absorption and PL measurements in InN films, suggesting the
nature of this PL peak is related to band-to-band carrier recombination.(4, 63)
This result is in direct contrast to the nearly temperature invariant PL emission

characteristics of n-type degenerate InN nanowires.(/26, 129)
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Figure 4-4 (counter-clockwise) (a) The temperature dependent PL spectra of
intrinsic InN nanowires measured under an optical excitation power of 9 mW. (b)
The temperature dependence of Ep,’, solid line is the fitting curve by Varshni’s
equation. (c) The scaling plot of the integrated PL intensity /, as described in the
text. (d) The power dependent PL spectra measured at 20 K. The arrows denote the
FWHM position, and the dotted lines exhibit the evolution of the FWHM.

It should be noted, however, that the PL peak energy in general is not
equivalent to the bandgap energy; it is only approximately valid under very low

excitation conditions and in the absence of localized states and band-tailing effect.
4-61



Table 4-1 shows the extracted E4(0), a, and f values measured under different
optical excitation conditions, and with different nanowire lengths. It can be seen
that in the very low photo-generated carrier concentration regime (with 0.8 um
nanowire length, 1 mW excitation power, and 50 pm beam size), E,0) is
determined to be ~0.672 eV. This value is consistent with the smallest reported

E4(0) in InN epilayers.(63)

Table 4-1 The Varshni’s parameters extracted from InN nanowires with different

lengths and different optical excitation conditions.

Length, power E,(0) (eV) a (meV/K) B (K)
0.8 pm, 9 mW 0.689 0.41 449
4 pm, 9 mW 0.674 0.44 445
4 pm, 1 mW 0.674 0.44 502
0.8 pm, 1T mW* 0.672 0.30 467

# With larger beam size 50 pm.

We have further investigated the variation of the integrated PL intensity as a
function of temperature, which provides more insight of the carrier recombination
process. As illustrated in Figure 4-4(c), In[/y/I —1] is plotted as a function 1/T
under an excitation power of 9 mW, where / is the maximum PL intensity at low
temperature, and / represents the integrated PL intensity measured at various
temperatures. It can be seen that there exist two distinct slopes, which change at
~100 K (about ~ 8 meV). This slope change temperature sets an upper limit of the
exciton binding energy,(239-241) which is consistent with the previously reported
value ~9 meV from Wu et al..(4)

Additionally, the exciton binding energy is suggested to be related to the
activation energy derived in the low temperature range (10 to 100 K),(242, 243)
which is ~3 meV in this study. This small activation energy is consistent with the

derived exciton binding energy ~2-3 meV if assuming a relative dielectric

constant ¢ = 13-14, an electron effective mass m: =0.05m,, and a hole effective

mass mZ =0.3-0.65m,.(77, 79) These studies suggest the recombination process
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changes from exciton dominated emission at low temperatures to electron-hole
plasma emission at high temperatures in intrinsic InN nanowires. Such
measurements were also performed on intrinsic InN nanowires with lengths up to
~ 4 pm, which shows similar scaling behavior (see open triangles in Figure
4-4(c)).

Figure 4-4(d) shows the power dependent PL spectra of intrinsic InN
nanowires measured at 20 K. At low excitation conditions (< 1 mW), the variation

of the integrated PL intensity / with the optical excitation power P can be

described by [ = P""% This nearly linear /-P dependence further confirms that
the PL emission is directly related to free-exciton emission at low excitation
conditions.(209) At high excitation conditions (> 1 mW), a significant blueshift of
Ep', accompanied by a rapid increase in the PL spectral linewidth was measured,
which is consistent with the band-filling effect.(59)

It should also be noted that with increasing the optical excitation power, the
high-energy sides of the PL spectra become significantly broader (see the dotted
curve in Figure 4-4(d)), which is a direct reflection of the Ef shifting into the
conduction band. On the other hand, the low-energy sides of the PL spectra do not
exhibit any variation with increasing the optical excitation power (see the vertical
dotted line Figure 4-4(d)), suggesting the absence or the presence of a negligible

level of band-tailing effect and localized states.

4.2.3. Phonon sideband emission

The log-log plot of the low temperature PL spectra reveals another low-energy PL
peak.26 It can be seen from Figure 4-5(a) that two well-resolved emission peaks
appear at 6 K under 50 uW excitation, with an energy separation ~70 meV. The
high-energy peak is due to the afore-discussed band-to-band recombination. The
low-energy peak exhibits an extremely narrow PL spectral linewidth (~9 meV),
and the PL peak intensity is about two decades weaker than that of the main PL

peak. Moreover, with increasing the excitation power, both peaks get stronger in

*® To resolve the phonon sideband emission peak, the measurements were performed on
intrinsic InN nanowires with length ~ 4 pm.
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intensity; see the inset of Figure 4-5(a) for the spectrum measured under 500 uW
at the same temperature. This can also be seen from Figure 4-5(b), where the low-
energy peak is about two decades weaker than the main PL peak over a wide

range of the excitation power (50 uW to 3 mW).
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Figure 4-5 PL characteristics of non-doped InN nanowires with lengths ~4um
(beam size ~5um). (a) The PL spectrum measured at 6 K at an exposure to 50 pW
(inset at an exposure to 500 pW). (b) The derived power dependent PL peak
intensity for the phonon sideband emission peak (filled blue squares) and the main
PL peak (filled red circles). Solid lines are linear fittings. (c¢) The extracted power-
dependent phonon energy (E,iom») and the phonon sideband emission spectral
linewidth (I'ps5), measured at 6 K. (d) The extracted temperature-dependent ;00
and [ 'psp-I" (where I is the spectral linewidth of the main PL peak), measured at an

exposure to 500 uW. The blue and red lines in (d) are linear fittings.

Up to here, the possibility of residual acceptor energy level transition(76,
77) could be ruled out. This is because: (1) in such a transition, the associated PL
peak intensity is quite comparable to that of the main PL peak. Here, however, the

low-energy peak is about two decades weaker than the main PL peak, which
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indicates a second-order effect (e.g., phonon related process). (2) If the presented
low-energy peak is due to the residual acceptor energy level transition, then at low
excitation conditions such transition should dominate the PL spectra. It is,
however, not the case again. Here, the low-energy peak is always about two
decades weaker than the main PL peak.

Moreover, it should also be noted that the contributions from valence band
tails and excitons can be excluded because the energies involved in these
processes are comparably small (~30 meV for localized valence band tail
states(77) and ~3-9 meV for excitons(4, 79)).

We, therefore, ascribe the low-energy peak to the phonon replica of the
main PL peak, or the phonon sideband emission (PSB), which is a natural result
of the observation of optical phonon modes in micro-Raman spectrum (Figure
4-2) and the extremely low free carrier concentration in such pristine InN
nanowires.

The PSB emission linewidth (/'psz) and the phonon energy (E,nonon) Were
also derived to give more insight. With increasing the optical excitation power, as
shown in Figure 4-5(c), I'psp gets much broader and Ej,pon0n becomes smaller. A
similar trend was also observed in the extracted temperature dependence of I pgsp
(here the plot of I'psp — I, where [ is the linewidth of the main PL peak, is shown)
and Epjonon (Figure 4-5 (d)).

Temperature-dependent PSB properties from LO phonons have been studied
before in GaN(244) and InN epilayers(63), where the energy shift with

temperature can be described as,
5
Opgp,, (T)=ma, — (5 —m)k,T—mA(T). Eq. (4-2)

where m is the PSB index (here, m = 177), w, represents the PSB energy at 7= 0,
and the third term is from the anharmonic shift due to phonon decay, which is

negligible here.(63) The linear fit of the temperature dependent E,jon0n, Se€ the

" Due to the cut-off wavelength of the detector, we can only observe the first PSB band;
hence m=1.
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-1
blue line in Figure 4-5(d), gives a slope of (—0.158 + 0.024) meV K , which is
consistent with the calculated temperature coefficient if taking m = 1 in Eq. (4-2).

Similarly, the temperature evolution of /'psz can be described as,

[ opn(T) = 2./(g—m>kBT+r(T)+rphm (7). Eq. (4-3)

where 7(7) is the temperature-dependent broadening of the interband emission
peak due to the electron-phonon interaction, and I uomn(7) is the negligible
temperature-dependent phonon broadening.(63) The plot of (I'pss(7) — I(7))

versus T is shown in Figure 4-5(d), and the red line is a linear fit, which gives a

slope of (0.160+£0.022) meV K_l. This number is also consistent with the
calculated temperature coefficient if taking m = 1 in Eq. (4-3).

Phonon mode analysis and indication — The derived E,4on0n at 5 K under
50 uW is ~70 meV, or ~564 cm’ in wavenumber, which is very close to three
optical phonon modes, i.e., 4;(LO) mode, £;(LO) mode, and the " mode. The L*
mode, being the most debatable mode due to its proximity to the uncoupled LO
mode, was proposed either coming from interface depletion layers(245) or wave
vector nonconservation during scattering(95, 2/6). The idea of depletion layers
was excluded by the recent IR ellipsometry measurements.(2/5) Meanwhile, the
wave vector nonconservation requires significant crystalline disorder, which
therefore cannot explain the situation where the samples are mostly defect-free
such as intrinsic InN nanowires in this study. Therefore, to the current knowledge,
L" mode is not likely happening here.

This phonon mode analysis suggests the phonon sideband emission in the
presented study could only involve pure phonon mode(s), which further indicates
that such non-doped InN nanowires exhibit a negligible level of electron
accumulation on the lateral surfaces, and are consistent with the nature of
intrinsic InN nanowires.

In summary, intrinsic InN nanowires are achieved for the first time, with the
near-surface Fermi-level being located below the CBM. This study provided
unambiguous evidence showing that the commonly measured large free carrier

concentration, surface electron accumulation, and Er pinning are not fundamental
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properties of InN. It reconciles, to a large extent, the intense debate on the origin
of the 2DEG on the InN non-polar surfaces. In addition, such intrinsic InN
nanowires possess distinct PL properties compared with those measured in

tapered InN nanowires grown by conventional methods.
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5. Demonstration of intrinsic InN nanowires (II): The
electrical transport properties

In the previous chapter, intrinsic InN nanowires with the absence of surface
electron accumulation and extremely low free carrier concentration (on the order
of 10" cm’3, or less) have been demonstrated. There is, therefore, an urgent need
to develop a fundamental understanding of the charge carrier transport properties
and their dependence on the nanowire dimension in such intrinsic InN nanowires.
Additionally, a detailed quantization of the characteristics of charge traps, if there
are any, in such intrinsic InN nanowires is of crucial importance to the design of
future InN-based high-speed devices and systems in the nanoscale.

In this chapter, the electrical transport properties of intrinsic InN nanowires
are characterized by the nanoprobing technique. It was measured that the
electrical transport is dominated by ohmic conduction at low bias and SCL
conduction at high bias, with a crossover voltage V. at ~0.2 V. It was further
derived that, for InN nanowires with relatively large radii, the free carrier
concentration can be on the order of 10" cm™, which agrees very well with the

intrinsic carrier concentration (7; on the order of 10" cm'3) level in InN if taking
m, =0.05m,and m, =0.65m,.(111, 234, 235) Meanwhile, for such large-radius

InN nanowires, the electron mobility can be in the range of 8,000 to 12,000
cm’/V's, approaching the theoretically predicted maximum value at room
temperature (~12,000 cm?/V's). Moreover, the dependence of free carrier
concentration and electron mobility on the nanowire dimension can be well
correlated with growth parameters and surface charge properties of InN
nanowires. In addition, the charge traps are found to distribute exponentially in

energy near the CBM, with a characteristic energy of ~65 meV.

5.1. I-V characteristics

The electrical transport measurements were performed on such as-grown single
InN nanowires in an SEM environment, wherein a retrofitted tungsten tip and

melted In droplets on the backside of Si substrate serve as the top and bottom
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electrodes, respectively. Such nanoprobing to an individual InN nanowire is
shown in the top-left inset of Figure 5-1(a).

In this study, in order to cover a wide range of nanowire geometry, two
batches of non-doped InN nanowires were grown with different growth duration.
The resulting nanowire lengths are ~2 pm (with radii in the range of 200 nm to
1000 nm) and ~1 pm (with radii in the range of 80 nm to 800 nm) in batches I and
II, respectively. In these growths, only the inner heating zone of a 2-zone heater
was used, which can create a temperature distribution across the 2-inch wafer.
The nanowire radius was found to decrease with decreasing the substrate

temperature.
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Figure 5-1 (a) Representative low-bias /-V characteristics obtained by nanoprobing
an individual InN nanowire with length L ~2 um and radius » ~600 nm. The top-left
inset shows an SEM image of such nanoprobing with a tungsten tip. The bottom-
right inset shows /-V characteristics of the same nanowire at high bias. (b) The

nanowire resistivity derived from the linear fit as shown in (a).

The representative /-V characteristics of a single InN nanowire under low-
bias condition are shown in Figure 5-1(a). The linear characteristics suggest the
formation of an ohmic contact.(228, 230, 246) With increasing the bias voltage,
however, the I-V characteristics become highly nonlinear (see the bottom-right

inset of Figure 5-1(a)). Such nonlinear /-7 characteristics at relatively large bias
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are consistent with SCL conduction.(237-233, 246, 247) For the low-bias I-V
characteristics, if neglecting contact resistance,** the nanowire resistance is
estimated to be in the range of MQ. The resistivity p of each nanowire can be
further derived (as illustrated in Figure 5-1 (b)), which varies in the range of 6 to
100 Q-cm and exhibits an increasing trend with increasing the nanowire radius.
More features of the high-bias conduction can be revealed in a logarithmic
plot. Figure 5-2(a) shows the /-7 characteristics in a logarithmic scale of two InN
nanowires with lengths of ~2 and ~2.4 um and radii of ~600 and ~900 nm,
respectively. It is clearly seen that the /- characteristics change from ohmic
conduction at low bias to SCL conduction at high bias, and the crossover voltage
(V) can be determined by the intersection point of the two fitting lines for the
ohmic and SCL conduction regimes. The nanowire radius dependent V. is shown

in Figure 5-2(b), and exhibits a statistical average of 0.20+0.03 V.

The slope S at relatively large bias (defined by 7 oc ”) is plotted in Figure
5-2(c), and exhibits a statistical average of 3.53+0.39. The f values in this range
have been commonly measured in various nanowire structures(237-233, 246, 247)
and can be understood by the SCL conduction with the presence of charge traps

e FEIML - \where T, is the

that are exponentially distributed in energy, i.e.,
characteristic temperature and k7, represents the characteristic energy.(222) With

further increasing the bias, the slope f is reduced to 2 for a bias voltage Vy;>1.4V

*® The presence of surface electron accumulation on top surface (polar/semi-polar plane)
of InN nanowires renders low-resistivity ohmic contact with the tungsten tip. At the InN
nanowire and Si interface, a very thin SiN, layer was observed;(58) however, due to the
heavily n-doped Si substrate and low conduction band of InN, electrons can readily
tunnel through this thin interface barrier, which can immediately lead to ohmic
conduction. In this regard, the contact resistance is much less than the resistance of the
InN nanowires. Furthermore, it should be noted that the /-V curve at large bias is not
perfectly symmetric, which could be due to the asymmetric top and bottom contacts. This
has been commonly observed in high-bias /-V characteristics with this technique.(231-
233, 246, 247) Moreover, it is also noticed that occasionally the first few scans may not
be symmetric, which could be ascribed to the existence of a very thin oxide layer between
the tungsten tip and the investigated InN nanowire. However, such thin oxide layer can be
burned away after a few repeated scans, producing nearly symmetric /-V curves.
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(A line with a slope of 2 is also plotted in Figure 5-2(a)), which indicates the

saturation of charge traps.
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Figure 5-2 (a) [-V characteristics of InN nanowires in a logarithmic plot. Filled
squares: length L ~2.0 um and radius » ~600 nm; open circles: length L ~2.4 pm and
radius » ~900 nm. (b) and (c) The derived crossover voltage V. and the voltage
exponential f in the SCL conduction regime as a function of the nanowire radius,

respectively.

The observation of SCL conduction at high bias, as well as the filling of
charge traps due to the progressive shift of the Fermi-level towards the conduction
band edge with increasing the voltage, further suggests low free carrier

concentration and the Fermi-level is below the conduction band minimum.

5.2. The electrical transport properties derived using bulk
geometry

The theory for SCL conduction in bulk semiconductors has been well
established.(222-224) In the SCL conduction regime and with the presence of

charge traps that are exponentially distributed in energy, the current density can

be expressed as:(222, 228)

U Vz
Jser =€) ) Eq. (5-1)
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where ¢ is the dielectric constant, u is the electron mobility, V' is the applied
voltage, and L represents the sample thickness (here it is the length of the
nanowires). 6 denotes the fraction of free charges due to the presence of charge
traps, and it depends on the applied bias voltage in the SCL conduction regime
according to:(222)
6=6,(V/V.) Eq. (5-2)
if the trap density follows an exponential distribution in energy, where 6, is a
constant and represents the fraction of free charges at the onset of SCL condition,
and y is equal to 7./7-1.(222)
Charge trap characteristic energy — Combing Eq. (5-1) and Eq. (5-2)
leads to a higher power law dependence on the voltage for the current density, i.e.,

J~ 7’7, as observed in this experiment ( f=2+7), with y = 1.53 £0.39. Therefore,
the characteristic energy k7T, for charge traps can be estimated by kT [(y+1). At

300 K, it is ~65 meV. This characteristic energy is geometry independent, i.e., it
should exhibit similar values for the same quality materials no matter they are in
the form of thin film or nanowire.

Charge trap density — The charge trap density can be crudely estimated by
using bulk geometry due to the lack of accurate solution for nanowire structures.
This is also the current approach that is normally used to derive charge trap

density in nanowires.(224, 246) In this case, the charge trap density can be
estimated by V= en[L2 /2&, where V is the charge trap saturation voltage, e is the

electrical charge, n, is the charge trap density, L is the nanowire length, ¢ is the
relative dielectric constant. For a saturation voltage of 1.4 V, the charge trap
density is estimated to be on the order of 10'* cm™. Contributions to charge traps
in InN nanowires may include surface states due to ionic bonding(248) and
nitrogen vacancies(249).

Free carrier concentration and electron mobility — Using the bulk
geometry obviously renders that free carrier concentration is independent of the
nanowire radius, which is in direct contrast to the experimental observation that

nanowires with smaller radii generally exhibit higher free carrier
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concentration.(62, 229, 232) This indicates that bulk geometry cannot be used to
derive free carrier concentration and electron mobility for semiconductor
nanowires. However, for InN nanowires with large radii, bulk geometry approach

. . . 12 -
gives a free carrier concentration of ~6x10"* cm™

and an electron mobility of
~15,000 cm?/V-s. These values agree reasonably well with the estimation using

nanowire geometry as will be discussed later on.

5.3. The electrical transport properties derived considering the
large aspect ratio of nanowires

5.3.1. The formulae

In nanowire structures with large aspect ratio (L/r), the SCL conduction current is
significantly enhanced due to the drastically reduced Coulomb screening.(228) As
just discussed, some characteristics cannot be derived using bulk geometry such
as free carrier concentration and electron mobility. On the other hand, there has
been no theoretical study on the SCL current density in nanowire structures where
charge traps are present. In nanowires where charge traps are absent, Talin et al.
suggest that an appropriate geometrical scaling factor, (/L) where r and L
denote the nanowire radius and length, respectively, needs to be included in the
calculation of the SCL current density in nanowire structures.(228, 229)
Combining the fraction of free charges € and the scaling factor suggested by
Talin et al., a proposed formula for the SCL current density in nanowires with

exponentially distributed charge traps in energy can be expressed as,
L €
R RN CORI N Eq. (5-3)

Eq. (5-3) can also be phenomenally understood by combining the aspect ratio
factor (a function of #/L) of nanowire structures into the SCL current density of
bulk materials where charge traps are present. The scaling factor can be generally
written as (r/ L)[S. In a previous study in InN nanowires,(62) it was indicated that
free carrier concentration is a strong function of the nanowire radius, while the
dependence on the nanowire length is negligible. This can only be satisfied

mathematically when 0=2.
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The ohmic conduction current, on the other hand, can be written as,
V
JOhm[c =n.eu TZ) : Eq (5-4)

NW . .
At the crossover voltage, Jg, =J,, ... Therefore, the free carrier concentration

no can be obtained,”
ny = 6,1/ V.Y [(-2) 7™ Eq. (5-5)
er

Subsequently, the electron mobility x can be derived through the resistivity

obtained in the ohmic conduction regime,

1
e Eq. (5-6)

pnge

5.3.2. Free carrier concentration and electron mobility: Revised by
considering the large aspect ratio of nanowires

Ilustrated in Figure 5-3, it is seen that free carrier concentration varies from 10"
to 10" ¢m™, depending on the nanowire radius, which is in excellent agreement
with the PL analysis as discussed in the previous chapter. It also correlates well
with the XPS studies, showing that the Fermi-level is located well below the
conduction band edge for such non-doped InN nanowires.

In this derivation, the carrier distribution is assumed to be uniform across
the nanowire radial direction, due to the absence of surface electron
accumulation,®® which is in contrast to n-type degenerate InN nanowires where

high density of electrons are accumulated on nanowire surface.(/27)

¥ It is expected that, at or near the saturation voltage V,, @ should approach unity.
Therefore, in Eq. (5-5), the prefactor §,(1/V,)" is proportional to(1/V,)". For V;=1.4V,
A/Vy=13/5 V™', In this work only a few nanowires show saturation voltages that are

around 1.4 V, the rest nanowires do not exhibit any saturation up to 2 V. The rest of the
calculation in this chapter is based on (1/V,)’= 3/5 V™. Therefore, the upper boundary of

free carrier concentration and the lower boundary of electron mobility are estimated.

3% As we will see later on, the presented nanowire surface tends to be weakly n-type, i.c.,

there are more electrons in the near-surface region compared with the bulk due to the fact

that defects are preferentially incorporated into the near-surface region. This weakly n-

type surface, however, does not necessarily mean the presence of surface electron
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Figure 5-3 The derived free electron concentration n, as a function of the nanowire
radius 7 in a logarithmic plot. The line is a linear fit, giving a slope £ = -2.3 £ 0.2.

The inset shows the same plot but in a linear scale.

Shown in Figure 5-3, the derived free carrier concentration increases

3+0.2

significantly with decreasing the nanowire radius according to n, oc p0
which can be largely explained by the presence of surface states and defects that
contribute to free carriers in such non-doped InN nanowires.

Additionally, to a large extent, small radii nanowires in this work are
obtained with the use of a relatively low substrate temperature, which can further
increase surface defects and/or impurity incorporation, thereby leading to the
enhanced free carrier concentration. This observation is consistent with the studies
on the surface charge properties of InN nanowires, which indicates that the
presence of surface states and/or defects is the primary source for large free

carrier concentration and the surface electron accumulation of n-type degenerate

InN nanowires grown by conventional methods.(62)

accumulation. In the case where the nanowire surface is weakly n-type, one can still
approximately assume a uniform carrier distribution over the nanowire radial direction.
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. =) . . .
Similar n,oc7 dependence is also observed in InAs nanowires, where the
surface electron accumulation is present.(232) In contrast, for GaN nanowires,

where the surface electron depletion is present, n, o 7 is observed.(229)
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Figure 5-4 The derived electron mobility x4 as a function of the free carrier
concentration ny, in a logarithmic plot; the open symbols are from theoretical
calculation based on InN planar structures.(64, 66) The inset shows the derived

electron mobility u as a function of the nanowire radius r.

The derived electron mobility as a function of the free carrier concentration
is shown in Figure 5-4. Also shown in this figure is the theoretically calculated
electron mobility of InN films with free carrier concentration in the range of 10"
to 10'® cm™, which exhibits a nearly constant value of ~12,000 cm®/V-s (shown as
the open symbols).(64, 66) It is seen that the experimentally derived electron
mobility is in reasonably good agreement with the theoretical calculation for free
carrier concentration ~1x10" cm™.

However, the electron mobility of InN nanowires reduces significantly with
increasing the free carrier concentration. For free carrier concentration ~3x10'
cm™, the electron mobility drops to ~1,000 cm®/Vs, or smaller. This value is more
than 10 times smaller, compared to the theoretical calculation in this free carrier

concentration range. Clearly, such reduced electron mobility cannot be simply
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explained by the enhanced impurity and/or defect incorporation. Considering that
the relatively large free carrier concentration is derived from the nanowires with
smaller radii (shown in Figure 5-3), it is therefore suggested that the electron
mobility is largely limited by the enhanced charge and impurity scattering on
nanowire surface. In addition, another important point that is usually overlooked
is the electrostatic effect so that electrons tend to be repelled by each other to the
near surface region; this will naturally enhance the electron surface scattering
process.

Such electron mobility reduction by the enhanced surface scattering can also
be confirmed by the variation of the electron mobility as a function of the
nanowire radius. As illustrated in the inset of Figure 5-4, it can be seen that for the
InN nanowires with relatively large radii, the electron mobility does not exhibit
significant variation and is in the range of 8,000 to 12,000 cm?/V:s. However, for
the InN nanowires with relatively small radii, the electron mobility decreases
significantly. This is a clearly effect about the increased influence from surface
scattering due to the increased surface-to-bulk volume ratio for small radii
nanowires. The strong dependence of electron mobility on the nanowire radius
has also been observed in other nanowires, such as InAs nanowires(232, 250) and
GaN nanowires(226, 229).

In summary, the electrical transport properties of intrinsic InN nanowires
were studied using the electrical nanoprobing technique. It was measured that free
carrier concentration can be on the order of 10" c¢m™, which is nearly 4 to 5
orders of magnitude lower, compared to the commonly measured values in InN
thin films and tapered InN nanowires grown by conventional methods. The
electron mobility in such intrinsic InN nanowires can approach the theoretically
predicted maximum value at room temperature. The dependence of charge carrier
transport properties on the nanowire dimension and the charge trap characteristics
were analyzed, which underscores the predominant role of surface scattering on

the electrical transport properties of such intrinsic InN nanowires.
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6. Tuning the surface charge properties of InN
nanowires

The achievement of intrinsic InN nanowires makes it possible for one to precisely
tune the surface charge properties and the optical emission characteristics, over a
wide range of doping concentration from intrinsic to n-type degenerate. In this
chapter, it is clearly demonstrated that the surface electron accumulation, as well
as the PL emission characteristics can be well controlled. Moreover, through ab-
initio calculation, the definitive role of surface doping in tuning the surface charge
properties has been unambiguously identified. This unprecedented tunability,
which had yet been achieved in any nanowire and film structure, is crucial for

many emerging nanoscale electronic and photonic devices.

6.1. The presence of surface electron accumulation due to Si
doping

This tuning of surface charge properties is first demonstrated by XPS experiments
on Si-doped InN nanowires. We investigated the surface charge properties of non-
tapered Si-doped InN nanowires grown at a Si cell temperature of ~1250 °C (an
estimated average doping concentration of ~5x10'7 cm™, based on the secondary
ion mass spectroscopy measurements on GaN films grown with similar growth
rate and with this Si cell temperature).

For such Si-doped InN nanowires it was observed that the near-surface Er
lies ~0.95 eV above the VBM, shown in Figure 6-1(a). Therefore, given a
bandgap energy of ~0.65 eV at room temperature, the near-surface Er of Si-doped
InN nanowires is located ~0.3 eV above the CBM. This indicates the presence of
a high-density 2DEG (> 6x10'* cm™), which is significantly larger than the bulk
doping concentration. This observation is similar to the commonly reported 2DEG
that forms at the surfaces of unintentionally n-type doped InN nanowires and thin

films. Here, however, it is obtained by the controlled Si doping.
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Figure 6-1 Angle-resolved XPS spectra and ab-initio calculation of Si-doped InN
nanowires. (a) Angle-resolved XPS spectra were measured from the lateral surfaces

(m-planes) of [0001]-oriented Si-doped InN nanowires, showing an energy

separation of ~0.95 eV between the VBM and the near-surface Er. The surface band
structure and electron distribution are modelled by performing self-consistent
effective mass calculation on a 200 nm diameter InN nanowire. The Si-doped InN
nanowires show ~0.3 eV surface band bending (shown in (b)) and 2DEG formation
(shown in (c)), due to a surface donor density of 6.7x10' cm™ in the first two
atomic layers. (d) An ab-initio calculation showing that the formation energy of In-
substitutional Si doping near the InN m-plane surface is significantly lower than

that in the bulk.

The high surface electron concentration most likely arises from the
segregation of Si-dopants at the m-plane. This phenomenon is demonstrated
through the effective mass calculation presented in Figure 6-1(b) and Figure
6-1(c). Upon raising the bulk doping to ~5x10" em™ (which lies in the range of
the average doping concentration obtained at a Si cell temperature of ~1250 °C), a
surface 2DEG, having a concentration of ~6.7%x10" cm™, occurs to screen the
segregated surface donors, resulting in a surface band bending of ~0.3 eV; this
correlates rather well with the XPS result in Figure 6-1(a).

This dopant segregation model is strongly supported by atomistic ab-initio
calculation, where the density functional theory (DFT) calculation on a 3x3 InN

slab (12 atomic layers, and 16.2 A thick) was performed within VASP.(251) At
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this thickness the slab work function converged to the bulk value. A plane-wave
basis at a cut-off energy of 450 eV was employed. Pseudopotential and nonlinear
core correction were applied within the local spin density approximation (LSDA).
Computation was performed on a 3x2x1 k-point grid within a 15.2x17.0x31.2 A’
super-cell. The force on all atoms was converged to 0.01 eV/Ang.

As shown in Figure 6-1(d), it can be seen that the formation energy of In-
substitutional Si doping is much lower at the InN m-plane surface — specifically
within the first 0.5 nm. Consequently, Si-dopants are preferentially incorporated
in the near-surface region. Similar surface dopant segregation has been widely
observed in other nanowires.(169, 252-256). We attribute this to the reduced

lattice strain imposed by the surface donors with respect to the bulk donors.
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Figure 6-2 Micro-Raman spectra of InN nanowires with different electron
concentration. S, is non-doped sample; from S; to S; are n-type samples with

increased doping concentration.

Such tuning of the surface charge properties, as well as the resultant change
in free carrier concentration can be further evidenced by micro-Raman scattering
experiments. As can be seen from Figure 6-2, as n-type donors are incorporated,
the low-energy branch of longitudinal phonon-plasma coupling mode (L )

associated Raman shift peak, which is an indication of the presence of surface
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electron accumulation, appears and shifts to higher wavenumbers. This feature is
consistent with the presence of surface electron accumulation as n-type donors are
incorporated.(/49, 150) Meanwhile, the main Raman shift peak, E.”, shifts to
smaller wavenumbers and gets significantly broader (the inset of Figure 6-2
shows the evolution of E,” with increasing n-type donor concentration), which is
also consistent with the increased n-type characteristics due to the increased free

carrier concentration.(/50)

6.2. Photoluminescence properties influenced by the presence of
surface electron accumulation

With the unveiled PL characteristics of intrinsic InN nanowires (Chapter 4), it is
possible to have a better understanding of the PL characteristics of Si-doped InN
nanowires. In what follows, we will describe the temperature- and power-
dependent PL characteristics of Si-doped InN (InN:Si) nanowires with Si cell
temperatures of 1250 °C (defined as “moderately Si-doped”) and 1350 °C
(defined as “heavily Si-doped”), which correspond to average doping
concentration of approximately ~5x10"" cm™ and ~5x10'® cm™, respectively.”’

PL characteristics of moderately Si-doped InN nanowires were first
described. As illustrated in Figure 6-3(a), it can be seen that at low temperatures
(< 160 K), the PL spectra can be characterized by a single emission peak with a
peak energy (Ep;) ~0.73 eV. This energy is considerably larger than that of
intrinsic InN nanowires (Ep.’, shown in Figure 4-4). Such large PL peak energy
has been commonly measured for n-type degenerate InN nanowires.

When the temperature increases, however, in contrast to n-type degenerate
InN nanowires, it is observed that a low-energy peak (Ep;") ~0.65 eV (at 300 K)
appears in the PL spectra. The arrow in Figure 6-3(a) shows the trend of Ep;". At
300 K, the intensity of Ep;" is observably higher than that of Ep;”’; this suggests

Ep" is not likely a phonon replica (second-order effect) of Ep".

3! For moderately Si-doped InN nanowires, secondary ion mass spectroscopy (SIMS)
indicates the average Si-doping concentration is ~5x10'7 cm™. For a Si cell temperature
difference of 100 °C, in general the Si-doping concentration will vary by another factor
of ~10.
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Figure 6-3 PL spectra of InN:Si nanowires with (a) moderately and (b) heavily Si
doping at different temperatures under an excitation power of 9 mW, and (c)
moderately and (d) heavily Si doping under different optical excitation powers

measured at 6 K. The narrowest measured linewidth for each Si-doped sample is

labeled by the FWHM value.

The important feature revealed from the temperature dependent PL spectra
is that Ep;” shows a clear redshift as the temperature increases. In contrast, £ o s
almost temperature invariant, which resembles the profile measured from n-type
degenerate InN nanowires. Here, we suggest Ep;” and Ep;" can be ascribed to
band-to-band carrier recombination from the low-doped bulk region and Mahan
exciton emission in the high-doped near-surface region. Details will be discussed
in Section 6.3.

With further increasing the Si-doping to ~5x10"® cm™ (Figure 6-3(b)), the
PL spectra exhibit similar feature. However, the high-energy peak described
above (Ep;"") shifts to an even larger energy (Ep;’) ~ 0.75 eV. Such blueshift with

increasing doping is consistent with the Burstein-Moss shift. Moreover, the PL
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spectrum at each temperature is dominated by Ep;’, which could suggest the
dominant emission region is E pL3 associated. We will show in Section 6.3 that this
region®” is the high-doped near-surface region.

From Figure 6-3(a) and Figure 6-3(b), it can be seen that the temperature
dependent PL spectra of InN:Si nanowires are significantly different from those of
intrinsic InN nanowires (Figure 4-4(a)). Such difference can also be seen from the
power dependent PL spectra. Comparing Figure 4-4(d), Figure 6-3(c), and Figure
6-3(d), it can be seen that as Si-dopants are incorporated and with increased
average doping concentration, the PL spectral linewidth (I, as indicated by
arrows) gets much broader under the lowest optical excitation powers when the
PL emission can still be picked up (5 pW for non-doped InN nanowires and 10
uW for InN:Si nanowires). Moreover, I' has much reduced excitation power
dependence, e.g., I' is nearly power-independent in heavily Si-doped InN
nanowires (Figure 6-3(d)).

These nearly power-independent PL characteristics of the presented heavily
Si-doped InN nanowires have been commonly reported for n-type degenerate InN
nanowires. Here, we ascribe this to the change of the dominant emission region
from the low-doped bulk region to the high-doped near-surface region.

The presence of two emission regions, as well as the evolution of the
dominant emission region from the bulk to the near-surface in InN:Si nanowires
can be ascribed to the Si-dopants being preferentially incorporated to the near-
surface region. Such Si-dopants surface segregation will be discussed in details in
Section 6.3.

Up to here, it is important to mention that, the PL peaks of the presented
InN:Si nanowires are centered at higher energies compared with those measured
from InN films with similar average doping concentration.(63, 79) In addition, the
PL characteristics in such InN films also exhibit considerable dependence on
optical excitation power. This could indicate that the surface of InN nanowires

plays an important role in the PL characteristics, due to the large surface-to-bulk

32 As will be discussed in Section 6.3, Ep;’ and Ep;" have the same emission mechanism.
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volume ratio. In this sense, the afore-mentioned two emission regions could only

be readily observed in nanowire structures, due to the enhanced surface effect.

6.3. Discussions

6.3.1. The presence of two emission regions due to the presence of
surface electron accumulation

From the afore-described results, it is evident that the PL characteristics of InN
nanowires change significantly with Si doping. For intrinsic InN nanowires, as
discussed in Section 4.2, the PL emission is mediated by free exciton at low
powers, and the PL characteristics can be further characterized by the strong
dependence on temperature and optical excitation power.

In contrast, the PL spectra of InN:Si nanowires measured at low
temperatures resemble those of n-type degenerate InN nanowires, i.e., a peak
energy (here, it is ~0.73-0.75 eV) considerably larger than the bandgap of InN, as
well as the absence of band-filling effect with increasing the optical excitation
power. However, with increasing the temperature, a new feature, the low-energy
(Ep.* ~ 0.65 V) peak, emerges in the PL spectra of InN:Si nanowires. In this
section, we discuss the origin of this peak, as well as the influence of free carrier
concentration and distribution on the PL characteristics of InN nanowires.

As the first step, it is critically important to understand the charge carrier
distribution or the Si-dopant distribution in InN nanowires. Although the Si-
doping mechanism in InN nanowires remains not clear, the surface segregation of
dopant species has been commonly observed in the epitaxial grown Ill-nitride
semiconductors as well as other various semiconductor nanowires.(/69, 252-256)
The Si-dopant surface segregation in InN nanowires was also observed through
XPS experiments as well as the effective mass and ab-initio calculations (as
discussed in Section 6.1).

Based on this, free carrier distribution, and the associated recombination
process are schematically shown in Figure 6-4(a) and Figure 6-4(b) for intrinsic
and Si-doped InN nanowires, respectively. For intrinsic InN nanowires, photo-
generated electron-hole pairs may distribute nearly uniformly across the lateral

dimension of the nanowire, and the measured PL emission is mainly due to band-
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to-band carrier recombination (therefore the shrinkage of bandgap and band-

filling effect can be clearly observed).
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Figure 6-4 (a) and (b) are schematic plots showing free carrier distribution and
recombination process in intrinsic and Si-doped InN nanowires, respectively. The
blue circles represent intrinsic free carriers, and the dotted red circles represent

photo-generated carriers.

For InN:Si nanowires, however, the near-surface region is characterized by
the presence of large density of electrons hence severe surface band bending.” In
addition, due to the lateral electric field induced by inhomogeneous free carrier
distribution, photo-generated electrons will migrate to the near-surface region. In
this case, two emission regions, i.e., bulk region (low-doped), and near-surface
region (high-doped), could probably exist in InN:Si nanowires, with
corresponding photon energies marked by /v, and hv,, respectively.

Moreover, as Si doping increases, the near-surface region emission could
become more important, i.e., the dominant emission region evolves from the low-
doped bulk region to the high-doped near-surface region. In what follows, we will
examine these scenarios and correlate them with the PL characteristics.

Figure 6-5(a) shows the extracted (by two Gaussian distributions, see the
dotted lines in Figure 6-3(a) for a sample fitting) temperature dependent Ep;" and

EPLH of the moderately Si-doped InN nanowires. EPL’ of intrinsic InN nanowires

3 The flat band situation cannot explain the presence of high electron concentration in the
near-surface region and low electron concentration in the bulk region.
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(Figure 4-4(a)) and Ep;” of heavily Si-doped InN nanowires (from Figure 6-3(b))

are also shown in the same plot for comparison.
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Figure 6-5 (a) The temperature dependence of peak energies: Ep,* from the low-
doped bulk region (filled blue squares) and Ep,” from the high-doped near-surface
region (filled red circles) of moderately Si-doped InN nanowires; Ep, of intrinsic
InN nanowires (from Figure 4-4(a), open blue squares); Ep,° of heavily Si-doped
InN nanowires (open red circles). (b) The temperature dependent integrated PL

intensity for the two emission regions of moderately Si-doped InN nanowires.

It can be seen that the temperature dependent Ep;” is remarkably similar to
Ep'; therefore Ep;" can be ascribed to the carrier recombination process in the
relatively low-doped region. The temperature dependent Ep;”, on the other hand,
exhibits characteristics that are nearly identical to Ep;° of heavily Si-doped InN
nanowires, as well as those commonly observed in n-type degenerate InN
nanowires; therefore can be ascribed to the carrier recombination process in the
relatively high-doped region.

These results are consistent with InN:Si nanowires being characterized by
the presence of a low-doped region and a high-doped region, which corresponds

to the bulk and the near-surface region, respectively. This is a natural
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consequence of inhomogeneous electron distribution caused by the afore-
mentioned Si-dopant surface segregation.

More details about the PL characteristics in the low-doped (the bulk) and
high-doped (the near-surface) regions can be revealed by the extracted
temperature-dependent integrated PL intensity corresponding to each region (area
under dotted lines in Figure 6-3(a)). As can be seen from Figure 6-5(b), with
increasing the temperature the PL branch from the high-doped region quenches
significantly faster than the PL branch from the low-doped region. This fast decay
of the PL intensity from the high-doped region can also be observed in Figure
6-3(a), in which as the temperature increases, the PL emission from the low-
doped region gradually dominates the spectra.

The fast decay with increasing the temperature in the high-doped region can
be largely attributed to the significantly enhanced nonradiative recombination,
due to the presence of surface states and defects. This further confirms that the

high-doped region locates in the vicinity of nanowire surface.
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Figure 6-6 The extracted optical excitation power dependence of the PL spectral
linewidth (1) for intrinsic (from Figure 4-4(d)) and Si-doped InN nanowires (from

Figure 6-3(c) and Figure 6-3(d)) measured at low temperature.

The afore-described scenarios can also be justified by the distinct PL

characteristics of intrinsic and Si-doped InN nanowires measured at low
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temperatures. [llustrated in Figure 6-6, the power dependent PL spectral linewidth
(I') was derived from Figure 4-4(d), Figure 6-3(c), and Figure 6-3(d) for intrinsic,
moderately Si-doped, and heavily Si-doped InN nanowires, respectively. It can be
seen that I' broadens significantly with increasing Si doping (i.e., at fixed optical
excitation power), which is directly related to high free carrier concentration in
the near-surface region.

This can be understood within the framework of Mahan exciton emission.
Due to the enhanced surface doping, the energy spacing between the Er and the
valence band tail varies along the nanowire radial direction. As a result, electrons
with a broad energy distribution are involved in the recombination process,
resulting in a very broad PL spectrum; such effect can only be significant in the
near-surface region due to the more severe band bending.

This broadening with increasing Si doping essentially indicates that the
near-surface region emission gradually dominates the PL spectra. Such effect can
also be observed if one compares the PL spectrum of moderately Si-doped InN
nanowires measured at 300 K with that of heavily Si-doped InN nanowires
(Figure 6-3(a) and Figure 6-3(b)).

Moreover, it can be seen from the heavily Si-doped InN nanowires that the
linewidth (I") shows a small, or negligible dependence on the optical excitation
power, compared to /" measured from the intrinsic InN nanowires. This can also
be explained by that, at this average Si-doping concentration the photo-generated
electron concentration might be significantly smaller than the accumulated
electron concentration in the near-surface region due to the enhanced surface
doping. As a consequence, the PL spectra, in terms of the peak energy position
and the spectral linewidth, are largely determined by the residual electron
concentration in the near-surface region, instead of the optical excitation power;
this is in direct contrast to the case for intrinsic InN nanowires.

In this regard, it is suggested that the broad near-surface region emission
predominantly determines the PL characteristics of n-type degenerate InN
nanowires; thereby leading to very large and temperature independent PL peak

energies (considerably larger than the bandgap of InN), as well as very broad and
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optical excitation power independent PL spectral linewidths. However, the band-
to-band carrier recombination in the relatively low-doped nanowire bulk region
may also be clearly observed, depending on the residual electron concentration.
This is the case for the moderately Si-doped InN nanowires in this study.
Compared to the PL characteristics of intrinsic InN nanowires, which can
be well explained by the absence, or the presence of a negligible level of surface
electron accumulation on the lateral surfaces, the PL characteristics of InN:Si
nanowires are fundamentally different, which are the natural results of the

presence of electron accumulation on the lateral surfaces.

6.3.2. The influence of surface electron accumulation on the phonon
sideband emission

The presence of electron accumulation and band bending on InN surfaces affects
the phonon sideband emission significantly. As can be seen from Figure 6-7, the
phonon sideband emission peak (estimated peak positions indicated by arrows)

disappears gradually with increasing free carrier concentration.
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Figure 6-7 The PL spectra of intrinsic and Si-doped InN nanowires measured at 20
K under an excitation power of 1 mW (beam size ~ 50 um). The PL spectra of
InN:Si nanowires were normalized by the PL peak intensity of the main PL peak of

intrinsic InN nanowires, and were shifted vertically for display purpose.

A possible reason for this disappearance of the phonon sideband emission

peak with Si doping could be the “shadow effect”, i.e., the broad main PL peak in
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InN:Si nanowires overshadows the phonon sideband emission peak. The other
reason could arise from the significantly reduced radiative efficiency (The main
PL peak intensity is reduced by a factor of ~ 50 from intrinsic InN nanowires to
heavily Si-doped InN nanowires), which is a direct consequence of the presence
of surface electron accumulation and band bending. This is because, the photo-
generated electron-hole pairs will be more spatially separated due to the lateral
electric field caused by the surface electron accumulation; hence the radiative
recombination efficiency decreases. In addition, the Si doping induced disorders
or defects can be another reason for the reduced radiative recombination

efficiency.

6.3.3. Understanding the influence of the nanowire morphology on the
surface charge properties

We have further demonstrated, both experimentally and theoretically, that the
tuning of the surface charge properties can be achieved by varying the nanowire
morphology through controlling the growth parameters. This bridges the
presented non-tapered InN nanowires in this thesis work and the tapered InN
nanowires as commonly reported.(/26, 146)

As illustrated in the inset of Figure 6-8(a), the non-doped InN nanowires
exhibit tapered morphology when grown at a relatively low substrate temperature
(~460 °C). This is compared to the non-tapered near-perfect hexagonal structure
achieved at an optimum substrate temperature of ~480 °C (Figure 2-5 (c¢) and (d)).
The near-surface Er on the lateral, non-polar surfaces of tapered non-doped InN
nanowires, measured from the angle-resolved XPS experiments, is shown in
Figure 6-8(a). It can be seen that the near-surface Er is located ~1.0 eV above the
VBM. This contrasts directly with the result obtained from the non-tapered and
non-non-doped InN nanowires, illustrated in Figure 4-1(a).

The underlying mechanism was investigated. From the atomistic ab-initio
calculation shown in Figure 6-8(g), we have determined that the formation energy
for nitrogen vacancy (as an example of the potential n-type defect donors in such
tapered nanowires) is lower at the nanowire surface, thereby leading to the
enhanced surface doping and surface electron accumulation. Accordingly, the
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resulting 2DEG formation on the lateral surfaces of InN nanowires can be
precisely captured through a self-consistent effective mass calculation (as
illustrated in Figure 6-8(b) and Figure 6-8(c)), by incorporating a surface defect

donor density of ~6.25x10"* cm™.
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Figure 6-8 XPS and ab-initio calculation of InN nanowires with tapered
morphology. (a) and (d) XPS spectra measured from the lateral surfaces (m-planes)
of [0001]-oriented tapered non-doped and Si-doped InN nanowires. It can be seen
that the near-surface Er is located ~ 1 eV and 1.3 eV above the VBM in such
tapered non-doped and Si-doped InN nanowires, respectively. The insets are SEM
images (2x2 pm?) of the corresponding nanowires. Self-consistent effective mass
calculations of a 200 nm diameter InN nanowire with the segregated surface donors
in the first two atomic layers: non-doped InN nanowires with ~0.35 eV surface band
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bending (shown in (b)) and surface 2DEG of 6.25x10'% ¢cm™ (shown in (c)); Si-
doped InN nanowires with ~0.65 eV surface band bending (shown in (e)) and 2DEG
of 1.88x10" cm™ (shown in (f)). (g) Nitrogen vacancy formation energy relative to

the bulk from ab-initio calculation.(62)

The variation in the near-surface Er, depending on the surface morphology
and growth conditions, has also been observed in Si-doped InN nanowires.
[lustrated in Figure 6-8(d) is the angle-resolved XPS results measured on tapered
Si-doped InN nanowires with a Si cell temperature at ~1250 °C (the inset of
Figure 6-8(d) shows the SEM image of tapered Si-doped InN nanowires). The
near-surface Ep is positioned at ~1.3 eV above the VBM, compared to the
~0.95 eV measured for non-tapered Si-doped InN nanowires with the same
average Si-doping concentration (Figure 6-1(a)). Shown in Figure 6-8(e) and
Figure 6-8(f), the resulting 2DEG formation at the lateral non-polar surfaces of
tapered Si-doped InN nanowires can be precisely captured through the self-
consistent effective mass calculation, by incorporating an additional surface
donor density of ~1.88x10" cm™.

Such high surface n-type doping is the cumulative result of both defect
donors and Si dopants (as explained by Figure 6-1(d) and Figure 6-8(g)). The
measured near-surface Er of ~1.3 eV above the VBM (for tapered Si-doped InN
nanowires) indicates the presence of a high-density surface 2DEG (~2x10"* cm™).
This number is in quantitative agreement with the values commonly measured at
the grown surfaces of n-type degenerate InN films and nanowires due to the
presence of extensive surface defects.

In summary, it is shown, for the first time, that the surface charge properties
(such as 2DEG formation), as well as the optical characteristics of semiconductor
nanowires can be precisely tuned through the controlled n-type doping. The
unprecedented tunability of the nanowire surface electrical and optical properties,
by designing materials at the atomic scale, promises an entirely new avenue for
the development of Si-integrated nanoscale electronic, photonic, and biochemical

devices.
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7. The realization of p-type InN nanowires

In this chapter, it is demonstrated, for the first time, that p-type InN nanowires can
be realized by direct Mg doping. The presence of Mg-acceptors, p-type surface,
and p-type conduction was clearly measured from the low-temperature PL
experiments, XPS experiments, and nanowire field effect transistors, respectively.
This progress provides a great promise to extend III-nitride nanophotonic devices

into the IR spectrum range.

7.1. Evidence of the presence of Mg-acceptors in InN nanowires
The optical properties of as-grown Mg-doped InN nanowires are studied by the
temperature variable micro-PL spectroscopy. Figure 7-1 shows the PL spectra of
Mg-doped InN nanowires measured at 7 K under an excitation of 9 mW. The PL
spectrum of non-doped InN nanowires, which is measured at 20 K and under the
same excitation power, is also shown for a comparison. It can be seen that for
non-doped InN nanowires, only a single PL peak appears at ~0.69 eV, which is
consistent with the blue-shifted band-to-band PL emission peak due to the band
filling effect in high-quality InN epilayers(63) and nanowires(61).

When the Mg-acceptors are incorporated (low-doped, with a Mg cell
temperature of 190 °C), two PL emission peaks can be clearly distinguished with
peak energies Ep;” ~ 0.61 eV and Ep;”" ~ 0.67 eV. With increasing Mg doping
(moderately-doped, with a Mg cell temperature of 210 °C), only the low-energy
PL peak can be observed, which is shifted to Ep;° ~ 0.59 eV. For highly Mg-
doped InN nanowires (with a Mg cell temperature of 230 °C), PL emission is
barely observed.

There are two important features revealed from Figure 7-1. Firstly, as Mg
doping increases, the PL peak intensity decreases severely, e.g., compared with
non-doped InN nanowires, the moderately Mg-doped InN nanowires exhibit a
reduction of the PL peak intensity by ~300 times. This can be ascribed to the
enhanced nonradiative recombination process due to the increased doping.

Secondly, Ep/" is absent in non-doped InN nanowires; we therefore suggest the
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low-energy PL peak (particularly Ep”, also Ep;’) is associated with Mg-

acceptors.
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Figure 7-1 The PL spectra of Mg-doped InN nanowires measured at 7 K with an
optical excitation of 9 mW. The PL spectrum of non-doped InN nanowires
measured at 20 K under the same power is also shown as a comparison. The spectra
were normalized by the PL peak intensity of the non-doped InN nanowires, and

were vertically shifted for display purpose.

Actually, the energy separation between Ep;” and Ep;” is about 60 meV,
which is consistent with the Mg ionization energy in InN.(/08, 109, 257)
Therefore, the mechanism responsible for Ep”“ could be the recombination
process between electrons in the conduction band and holes at the Mg acceptor
energy level.(76, 77, 108, 109) It is worth mentioning here that such low-energy
PL peak was also observed before in n-type degenerate InN nanowires, which is
suggested to come from the residual acceptor energy level with unknown doping
sources.(76, 77) Here, the evolution of low-energy PL peaks is clearly controlled

by Mg doping, hence is a Mg-acceptor associated effect.

7.1.1. Photoluminescence properties of Mg-doped InN nanowires
The power dependent PL properties of the low-doped sample were first

investigated. As shown in Figure 7-2(a), at 0.1 mW excitation, only Ep;" can be
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observed. This can be understood by the effect that under such low excitation
power, the concentration of photo-generated electron-hole pairs is so low that
most of the electrons recombine with holes at the Mg-acceptor energy level. As
the excitation power increases, more electrons and holes are excited into the

conduction and valence bands, which can lead to interband emission.
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Figure 7-2 The PL properties of the low-doped sample with a Mg cell temperature
of 190 °C measured at 7 K. Dashed curves in this figure are guide-for-eye. (a) The
excitation power dependent PL spectra. (b) The excitation power dependent
integrated PL intensity with Ip;" in filled red triangles and Ip;" in filled blue circles.
(c) The extracted excitation power dependent PL peak energies with Ep,” in filled

red triangles and Ep;™ in filled blue circles.

More features of these two emission peaks can be revealed by the extracted
excitation power dependent integrated PL intensity (/p;). As shown in Figure 7-2
(b), both Ip;" and Ip;” increase with increasing the excitation power. However,
they have different curvatures: Ip;" rises faster at low excitations, but exhibits a
tendency of saturation at high excitations; while Ip;”" increases slower at low
excitations but takes off faster at high excitations, with no saturation trend. This
distinct behavior is consistent with the fact that IPLL is related to the Mg-acceptor

energy level (with relatively low density of states) involved recombination and
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Ip;" is due to band-to-band recombination (involving relatively high of density
states in the valence band). Such change in the relative intensity between / pr- and
Ip" is consistent with the redistribution of hole population at the Mg-acceptor
energy level and the valence band.(76)

The power dependent PL peak energies are plotted in Figure 7-2(c), and
both Ep;” and Ep;"" exhibit a blueshift (~12 meV and ~7 meV, respectively) at
low excitations and stay nearly constant at high excitations. It is not likely a band-
filling effect wherein the peak energies keep shifting to higher energies.(59, 61)
Similar excitation power dependent PL peak energies have been observed in Mg-
doped InN epilayers, and were ascribed to the effects of valence-band Urbach
tail.(/08) Such valence-band Urbach tail effects, though being able to explain the
band-to-band recombination, cannot explain the Mg-acceptor related
recombination.

Here, we suggest Ep" is due to the neutral donor-acceptor pair

recombination (D’4”) via reaction: D’ +A° =hv+ D"+ A", where hv represents

the energy of the emitted photon, and can be expressed by,

hv=E,—E, —E,+é" /(4re,eR), where R is the distance between D” and A4 .

The last term is energy (E¢) due to Coulomb interaction between D" and 4~ in
the final state. Such interaction gives a reduction of the final state energy (or the
emitted photon energy Av is increased by E¢). The blueshift, in this case, can be
ascribed to the recombination of distant (larger R) donor-acceptor pairs at low
excitations and the recombination of nearby (smaller R) donor-acceptor pairs at
high excitations.(258) The maximum peak energy shift with increasing the
excitation power is therefore primarily limited by donor/acceptor concentration
giving the same crystal structure and lattice constant.(258)

Such D’4" recombination has been commonly observed in GaN thin
films,(258-261) and the presence of defect donors (concurrently with Mg doping)
can be ascribed to the self-compensation effect.(259) We propose a similar
compensation effect in InN nanowires. Defects such as nitrogen vacancy or
oxygen impurity can be introduced by Mg doping in InN, and they normally

behave as n-type donors due to the extremely low conduction band minimum and
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high charge neutrality level.(/27) These n-type donors were also found to be
stable in Mg-doped InN.(249)
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Figure 7-3 The PL properties of low-doped sample with a Mg cell temperature of
190 °C measured under 9 mW excitation. (a) The temperature dependent PL
spectra. Dashed curves are guide-for-eye. (b) The extracted temperature dependent
PL peak energies with Ep* in filled red triangles and Ep™ in filled blue circles.
Solid curve is a fit by Varshni’s equation. (¢) The normalized integrated PL
intensities for both PL peaks as a function of the inverse temperature. Solid lines

are linear fits.

We further investigate the temperature dependent PL properties of the low-
doped sample under 9 mW excitation (see Figure 7-3(a)). Similar to the
excitation power dependent PL spectra, the redistribution of hole population at
the Mg-acceptor energy level and the valence band can also be observed here. As
the temperature decreases, the peak intensity of the low-energy PL peak (Ip.")
gets stronger, indicating Mg-acceptor related recombination starts to dominate.
However, with further decreasing the temperature (below ~40 K), the Mg-
acceptor energy level saturates so that band-to-band recombination dominates

(IpLH gets relatively stronger).
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The other important feature revealed from Figure 7-3(a) is, as the
temperature increases, Ep;™ shows a clear redshift, which is consistent with the
lattice expansion (or the shrinkage of bandgap), further confirming that the PL

peak with Ep;"” is due to band-to-band recombination (e). In this case, Varshni’s

equation, £ (T)=E,(0)—aT >/(B+T), is expected to be able to describe the

temperature dependent Ep;”. However, as can be seen from the extracted
temperature dependent Ep;”’ (Figure 7-3(b)), the dotted curve (a fit by Varshni’s
equation with parameters(6/) of E,(0)=0.673¢V, a=0.38meV/K, and S=461

K) can only describe the temperature dependent Ep;”” down to ~50 K. For T < 50
K, E ol (=0.670 eV) is invariant with the temperature. This deviation is similar to
that observed in InN films,(262) and can be ascribed to the recombination
involving defect energy levels and/or band-tail states.

EpLL, in contrast, does not exhibit significant temperature dependence (see
Figure 7-3(a)). The fact that Ep;” is nearly invariant with the temperature is
consistent with the characteristics of D’4” recombination.(259-261) In addition,
the extracted temperature dependent Ep;” (Figure 7-3(b)) exhibits a clear, small
rising trend above ~40 K. This is consistent with the transformation of D’4’
recombination into e4” recombination due to the thermal ionization of defect
donors with increasing the temperature; and such transformation had also been
clearly observed in GaN.(261)

The thermal quench of these two PL peaks are also investigated. Illustrated

in Figure 7-3(c) is the plot of In[/,//—1] as a function of 1/7. Here, I, denotes

Ipt" (Ip,™) at 0 K, and I represents Ip;" (Ip;"") at various temperatures. As can be
seen, the activation energy (E,) for the PL emission in the low-temperature
regime (e.g., T <40 K as marked by arrow) is very small ~2 meV, indicating the
non-radiative recombination (or the PL quench) for both peaks is related to
shallow defect states, which have energies on the order of 2F; with respect to
band edges. This is in qualitative agreement with the PL peak energy shift in the
transformation from D4’ to eA’ (Figure 7-3(b)). It should be noted, however,

that even though the donor states are shallow, it does not necessarily trigger the
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Mott transition if background electron concentration is low. This is in contrast to

the Mg-doped InN epilayers with high background electron concentration.(/08)
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Figure 7-4 The PL properties of the high-doped sample with a Mg cell temperature
of 210 °C. Dashed curves are guide-for-eye. (a) The excitation power dependent PL
spectra measured at 8 K. (b) The extracted Ep,’ as a function of the excitation
power. (¢) The temperature dependent PL spectra measured under 9 mW excitation.

(d) Ep,” as a function of the temperature.

In the end, we pay attention to the high-doped sample. Figure 7-4(a) shows
the power dependent PL properties; and only a single PL peak, with a peak
energy (Ep;°) of ~ 0.595 ¢V (under 9 mW excitation), appears. The presence of
this single PL peak can be ascribed to the much-increased localized hole states at
the Mg-acceptor energy level due to the increased Mg doping, so that the photo-
generated electrons recombine mostly with holes at the Mg-acceptor energy level.
In addition, under 9 mW excitation, Eps’ exhibits a redshift ~15 meV, compared
to Ep,* in the low-doped sample. Such red-shifted PL peak energy could originate

from a collective effect of the bandgap narrowing due to the Mg doping induced
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many-body bandgap renormalization(263, 264) and the fact that defect donor
states get deeper when Mg doping increases as discussed shortly.

Similar to the low-doped sample, the PL emission for the high-doped
sample is suggested to be related to D4’ recombination. The extracted Ep;’ as a
function of the excitation power is shown in Figure 7-4(b). The excitation power
induced blueshift is ~25 meV in contrast to ~12 meV in the low-doped sample
under the same excitation condition. This increased peak energy shift can be
ascribed to the increased Mg acceptor concentration and the correspondingly
increased donor concentration due to the self-compensation effect.

The temperature dependent PL spectra are shown in Figure 7-4(c), and they
are nearly invariant with the temperature. This is similar to the low-doped sample
and consistent with the temperature dependent characteristics of D’4°
recombination. In addition, the extracted EPL3 as a function of the temperature
resembles that of the low-doped sample, and exhibits a rising trend as the
temperature increases (see Figure 7-4(d)). Therefore, it can be ascribed to the
transformation of D’4” recombination to e4’ recombination. The activation
energy (E;) is determined to be ~4 meV (figure not shown here), and this energy
is consistent with the PL peak energy shift (2E;) in Figure 7-4(d). The increase in
the activation energy could be explained by the increase in the donor
concentration due to the increased Mg doping (self-compensation effect), so that

some donor states get deeper.

7.2. Evidence of p-type surface in Mg-doped InN nanowires

Next, the surface charge properties of Mg-doped InN nanowires are investigated
by X-ray photoelectron spectroscopy (XPS). The results are shown in Figure 7-5.
In contrast to previous studies of Mg-doped InN thin films where the surface
electron accumulation is commonly observed,(75, 108, 111, 112) all the Mg-
doped InN nanowires here do not exhibit any surface electron accumulation (the
near-surface Fermi-level locates near or below the CBM). Another very important
feature revealed from Figure 7-5 is that p-type surface can be observed in Mg-
doped InN nanowires with a few doping levels. For instance, the highest Mg-

doped InN nanowires (with a Mg cell temperature of 240 °C) exhibit a near-
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surface Fermi-level ~0.15 eV above the VBM, which is significantly below the
intrinsic Fermi-level in InN (~0.38 eV, see Chapter 4). With this near-surface
Fermi-level, the free hole concentration on the surface can be estimated to be on

the order of 10'® cm™.

—_F Evl |EF g Ev||E1: T
=5 N —»| [ i —»| |«
: BN -
2 [0.60 dpinev | 1040 D10 eV
a : oL [ ]
9| [ [l
S F210°C § | L /|
L (b) l% [ (c) l! | (e)
543210-1-2-3 543210-1-223543210-1-2-3 543210-1-2-3 543210-1-2-3

Energy (eV)

Figure 7-5 X-ray photoelectron spectroscopies of Mg-doped InN nanowires with
different Mg doping concentrations. From left (a) to right (e) correspond to Mg cell
temperatures of 190 °C, 210 °C, 220 °C, 230 °C, and 240 °C, respectively.

The surface electrical polarity can be then understood by considering the
relative population of Mg-acceptors and n-type defect donors in the nanowire
near-surface region. The migration of Mg-acceptors to surface will lead to a p-
type surface;(265, 266) while the preferential incorporation of n-type defect
donors such as Vy and Oy to the surface,(62, 249, 267, 268) and the possible
evaporation of Mg dopants due to the high Mg desorption rate at the growth

temperature, will promote a n-type surface.

7.3. Direct evidence of p-type conduction measured by single
nanowire field effect transistor

The presence of free holes or p-type conduction can be directly measured by
single nanowire field effect transistor. Figure 7-6 shows the study of a Mg-doped

InN nanowire field effect transistor with a Mg cell temperature of 220 °C. The
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schematic plot of the device is shown in the inset.** It can be seen that when
negative back-gate voltage is applied (Vs < 0), the source-drain current (/sp)
increases dramatically. When a small positive back-gate voltage (Vg > 0) is
applied, Isp remains more or less the same. Such /-V characteristics have been
commonly observed in p-type nanowire field effect transistors,(269-272) thus

strongly indicating the presence of p-type conduction in the presented Mg-doped

InN nanowires.
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Figure 7-6 The source-drain current as a function of the source-drain voltage for a
Mg-doped InN nanowire field effect transistor under a few back-gate voltages. The

inset shows the schematic plot of the transistor device.

Furthermore, the Isp -V dependence (with source-drain voltage Vsp = 0.05
V) is plotted in Figure 7-7, which clearly exhibits the increase in Isp for Vg < 0.

By the Isp -V dependence, the free carrier (here it is free hole) mobility can be

derived via pu=g [L'/(C, V), where g =dI,/dV, and C, is the

capacitance that can be calculated by C, =27eg,L/cosh™'[(r+t,.)/r] using the

** 3-point contacts are made to a single Mg-doped InN nanowire, trying to estimate
contact resistance; while for the back-gate biasing study, any pair amongst these three
contacts can be used.
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cylinder-on-plate model.(270) For an oxide thickness 7, = 100 nm, nanowire
radius » = 100 nm, source-drain distance L = 1 um, and taking the
transconductance g, estimated by the slope of the linear part in Figure 7-7, the
hole mobility is estimated to be ~100 cm?/V-s. This number is comparable to the
reported values in InN thin films.(/70, 235) With this free hole mobility, the free

hole concentration can be calculated to be on the order of 10" cm™ via
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Figure 7-7 The source-drain current as a function of the back-gate voltage with

source-drain voltage of 0.05 V.

The other feature shown in Figure 7-7 is the increase of Isp when Vg > 0.2
V, which can be related to the appearance of n-type inversion layer. With the

threshold condition ¢ =2¢,, , where ¢ is the surface potential and
¢, =(kT /e)In(p,/n,), and taking p, =10"cm™ and n.=10" cm>, we have
¢, =2¢.,=0.24 V; this value sets the lower limit for the n-type inversion layer

threshold voltage.

7.3.1. Discussions
With this free hole concentration (on the order of 10" ¢cm™, under a Mg cell

temperature of 220 °C), and taking the valence band effective density of states on
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the order of 10" cm™ (hole effective mass m; =0.65m,),(111, 235) the Fermi-

level in the bulk region with respect to the VBM can be estimated to be ~0.24 eV.
Combing the near-surface Fermi-level of ~0.40 eV (Figure 7-5(c)), it indicates a
downward band bending about 0.16 eV. Keeping in mind that in InN the intrinsic
Fermi-level is ~0.38 eV (see Chapter 4), this indicates that the near-surface region
of the Mg-doped InN nanowires with this doping level is neutral while the bulk
region is p-type. With the use of a higher Mg cell temperature, large free hole
concentration and p-type surface, as indicated by the XPS spectra (Figure 7-5(d)
and (e)), are expected.

In addition, it is noted that, for Mg-doped InN thin films grown with a Mg
cell temperature of 220 °C, the Mg dopant concentration is estimated to be on the
order of 10" cm™ by secondary ion mass spectroscopy (SIMS) as well as Mg flux
measurements and analysis. This number is essentially 4 orders of magnitude
higher compared with the estimated free hole concentration (10" cm™). A few
factors could account for the low free hole concentration. Firstly, taking Mg-
acceptor ionization energy ~60 meV at 300 K,(/08, 109) the thermally excited
free hole concentration (by Arrhenius process) is estimated to be on the order of
10" ecm™; this sets the upper boundary of free hole concentration at this doping
level. Secondly, the free hole concentration will be further reduced by defect
donors. As shown in recent studies,(249, 267, 268) defects species such as Vy and
Oy are predicted to be present in p-type materials, which will compensate Mg-
acceptors and reduce free hole concentration.(2635, 266)

Furthermore, a fundamental difference between doping Mg into InN thin
films and nanowires is the significantly enhanced Mg evaporation in the former.
During the MBE growth, the substrate temperature (450 to 500 °C) is much
higher than the Mg cell temperature. This will make Mg adatoms evaporate from
the surface. For planar structures, this effect may not be significant since the top
surface of planar structures is directly exposed to incoming Mg flux. In this case,
even if there is Mg adatom evaporation, it will be immediately compensated by
the impinged Mg adatoms, which makes it possible to realize high Mg doping in

the near-surface region. The situation is different, however, for nanowire
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structures. For the growth of Mg-doped InN nanowires, as the growth time
increases, due to the shadow effect of the surrounding nanowires, Mg adatoms
may not reach the nanowire sidewalls. As a result, the evaporated Mg adatoms
(from the sidewalls) cannot be compensated by the impinged Mg adatoms,
thereby leading to a significantly reduced Mg dopant incorporation in nanowire
structures.

In summary, p-type doping in InN nanowires is realized and discussed in
this chapter, and this is the first realization of p-type conduction in In-containing
narrow bandgap semiconductor nanowires by direct doping. The achievement of
p-type InN nanowires, as well as the revealed surface charge properties paves the

way for InN-based nanoelectronic and nanophotonic devices.
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8. InN nanowire photodetectors

As elaborated from Chapter 4 to Chapter 7, intrinsic InN nanowires with
controlled surface charge properties, as well as p-type InN nanowires can be
achieved. Some immediate applications include nanowire photodetectors and
solar cells by utilizing InN nanowire p-n or p-i-n diodes, which can function as
high-speed photoreceivers for the emerging Si photonics, or as sub-cells of
InGaN-based full-solar-spectrum multijunction photovoltaic devices. In this
chapter, InN nanowire p-i-n photodiodes, which have a light response up to the
telecommunication wavelength range, are demonstrated. Such photodiodes can be

potential photovoltaic mode photodetectors on Si platform.

8.1. A brief introduction to photodetectors

Nature has provided numerous examples of sophisticated photodetection systems,
from the beetle’s pit organ that can react to wavelengths of several micrometers,
to our eyes in the visible spectrum range. All these natural systems have great
features, e.g., small, flexible, power efficient, lightweight, and easy to use, which
have always been the guides for us to design high performance photodetection
devices. That being said, the research development activities have been
intensively focused on minimizing the photodetector size, increasing the
responsivity and bandwidth, as well as reducing the operational voltage, response
time and the noise level.

The currently employed photodetectors are mostly based on photodiodes,

which in general have three operation modes:

a) Photovoltaic mode. In this case, there is no applied bias. The
photocurrent is created by the built-in electrical field of a p-n (or p-i-n)
junction. This is essentially the photovoltaic effect, and the basis for
solar cells. The unbiased operation of photodetectors based on
photovoltaic effect offers high sensitivity, low dark current, as well as

long-term  stability for many dc and low-to-moderate speed
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applications. However, since there is no applied bias, the electron
transient time (which affects the detector speed) is largely determined
by the intrinsic electron drift mobility of a material.

b) Photoconductive mode. In this case, the photodetector is operated with
a reverse bias applied, which drastically increases the response speed at
the cost of the increased noise level.

¢) Avalanche mode. In this case, a much larger bias is required for the
operation, so that the p-n junction avalanche breakdown occurs, leading

to a significantly amplified signal level.

There are also other types of photodetectors as listed in Table 8-1, and the typical
values of response time and internal gain of the conventional photodetectors are

also listed in Table 8-1.

Table 8-1 Typical values of response time and internal gain of the conventional

photodetectors.(273)

Detector Response time [s] Gain

Photoemissive

Diodes 10~1 1

Photomultipliers 10-10—10-8 106
Photovoltaic

p-n junction 10" 1

p-i-n junction 10710 — 1078 1

Schottky junction 10" 1

Phototransistors 1078 —1077 10

Avalanche photodiodes 1071 —107¢ 10 —10°
Photoconductor

Bulk 10-8 —10-3 1 —10¢

Nanowires 107" —10? 1—10"

8.1.1. Photodetectors for optical communication applications

A very important application of photodetectors is the emerging chip-level optical
communication. In this regard, it is of great importance to develop ultrafast
photodetectors that can operate at ~1.5 pm wavelength range, as well as can be

monolithically integrated on Si in a CMOS-compatible process. The use of Ge for
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high-speed detectors in the wavelength range from 1.3 to 1.6 um on Si has been
intensively investigated.(274-278) Even though the epitaxial-grown Ge on Si has
much improved performance compared with Ge crystals,(278) the device
performance has still been limited, to a large extent, by the relatively large lattice
mismatch (~4.2%) between Ge and Si.

Similarly, the photodetectors based on group III-V compound
semiconductors on Si, such as InGaAs(279-281) and InGaAs/InP(282), which
operate in the range of 1.3 to 1.6 pm, or GalnAsSb/GaSb, which operate in the
range of 1.8 to 2.5 um,(279) face the same lattice mismatch challenge. Admitting
group III-V compound semiconductor photodetectors can offer extremely high-
efficiency photodetection, in general the performance of electronic and photonic
devices based on group I1I-V compound semiconductors on Si has been severely
limited by the generation and propagation of dislocation that is driven by the large
difference in lattice constant (4-8%) and thermal expansion coefficient (>250%)
between most group I1I-V compound semiconductors and Si, leading to extremely
short lifetime and, ultimately, poor device performance. In this regard, significant
efforts have been devoted to integrating group III-V optoelectronics to Si.(283,
284)

8.2. Nanowires as new building blocks for the emerging
electronic and photonic devices

The dominant role of Si in modern industry requires all the practical devices are
amenable for the integration with Si. Such integration was traditionally realized
by heterogeneous integration of multiple single crystal semiconductors with
different electrical and optical properties onto a single substrate, such as
photodetectors based on Ge crystals.(277) However, this approach is normally
costly and with low-performance due to large interface defects, vacancies, and
traps caused by material mismatch. In this regard, the monolithic integration on Si
substrate with epitaxy technique has drawn considerable attention.(284) By using
epitaxial growth technique, the interface defects, vacancies, and traps are
significantly reduced so that device performance can be improved. However, the

lattice- and thermal- mismatches among different materials become the bottleneck
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to further improve device performance. New architectures are needed for better
device performance.(273, 285)

The impact caused by lattice and thermal mismatches, fortunately, can be
efficiently reduced in nanowires due to the large surface area, thereby leading to
the much improved device performance. Furthermore, the small footprint of
nanowires renders themselves as promising candidates for the device-level
integration with Si CMOS technology. Moreover, nanowires have many other
advantages such as enhanced light absorption and trapping/confinement so that
photosensitivity can be enhanced significantly.(273, 285) Additionally, nanowire
photodetectors offer the possibility to separate optical absorption and carrier
transport paths. Driven by these advantages, nanowires and their heterostructures
have been widely investigated as optoelectronic components for the emerging
nanoscale devices in the past decade, such as nanowire photodetectors, lasers, and

solar cells.(273, 285)

8.2.1. Basic principles and the current status on nanowire
photodetectors

The currently investigated nanowire photodetectors basically can be divided into
two major categories. They are:

Nanowire photoconductor — This is the simplest configuration of nanowire
photodetectors. As illustrated in Figure 8-1(a), when the light illumination I, is
applied to a nanowire with a bias V, a change in conductivity will occur via,

Ao(8)= 0y, (1) = 04, (0) = e(1s, An(t) + nAp, (1)), where the dark condition is set at
t = 0. This will give a photocurrent density according to J,.=Ac-F (where F is

the applied electrical field), and photosensing is realized. Nanowires, due to large
surface area, normally have excellent photoconductive properties (e.g., light
absorption), and therefore, have a great potential for optoelectronic devices.
Nanowire photodiode — Besides the photodetectors based on nanowire
photoconductors, other one-dimensional or quasi-one-dimensional structures that
consist of semiconductors, metals, and superconductors are also being

investigated.(/69) Additionally, conventional semiconductor p-n, or p-i-n diodes
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are being replaced by their nanowire counter-partners; and significant efforts have
been devoted to growing nanowire axial junctions, radial junctions, and
superlattices.(286-289) This has become another important area being
investigated intensively for nanowire photodetectors. Such homo- or hetero-

junctions are schematically shown in Figure 8-1(b) to (e).

Figure 8-1 (a) Nanowire photoconductor with light illumination (/j). Jpc is the
photocurrent density, F is the applied electric field, and v is the electron drift
velocity. From (b) to (e): an axial nanowire junction, axial nanowire junction arrays
grown on certain substrate, a core/shell or radial nanowire junction, and a crossed

nanowire junction by pick/place dispersing.(273)

In addition, to realize practical device applications, nanowires have to be
integrated to certain substrate. The integration can be technically realized by two
common and important approaches: (a) direct growth of semiconductor nanowires
on the substrate(285) and (b) pick/place transfer of nanowires(/96, 285, 287, 288,
290-293). The advantage of the former approach is the seamless integration with
the substrate, while the latter gives a wide range of integration possibility such as
integrating onto flexible substrates for the emerging flexible electronic and
photonic devices.”(196) The schematic plot for each approach is illustrated in

Figure 8-2.

* This is due to the growth of semiconductor nanowires on flexible substrate is
challenging at present.
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Figure 8-2 Nanowire device integration techniques. Top: (a) to (e) show the
integration by direct growth with the bridge growth technique, and (f) and (e) show
the SEM images of the bridged nanowires.(285) Bottom: (a) to (e) show the
nanowire integration to foreign substrates controlled by liquid flow, through which
either single nanowire device, or nanowire p-n junction device can be

fabricated.(273)

The current status on nanowire photodetectors — Compared with the
mature planar structure photodetectors, such as the commercialized InGaAs, or
InSb  photodetectors with high responsivity (~1 A/W), the nanowire
photodetectors are still at a fundamental research stage. For example, a lot of
efforts are still spent on understanding the photocarrier dynamics of Group III-V
semiconductor nanowires,(273) instead of developing practical Si-integrated
photodetectors. Furthermore, the currently investigated nanowire photodetectors
typically possess a low responsivity (A/W), and such light response is limited to

the UV spectrum range. For example, ZnO-based nanowire photodetectors only

8-111



exhibit a responsivity of ~0.009 to ~0.07 A/W under UV light illumination.(273,
285) Developing nanowire photodetectors that can be integrated to Si CMOS
technology, and operate in a longer wavelength, especially in the

telecommunication wavelength range is urgent.

8.2.2. InN nanowires as a promising optoelectronic component

Recently, InN-based nanowire heterostructures have emerged as a highly
promising candidate for high performance nanophotonic devices on Si.(58, 59) By
virtue of the effective strain relaxation to the lateral surface, nearly dislocation-
free Ill-nitride nanowire heterostructures can be monolithically grown on Si
platform.(/31, 291, 294, 295) Moreover, InGaN ternary compounds exhibit
extraordinary attributes, including the tunable bandgap energy from 0.7 eV to 3.4
eV, extremely large absorption coefficient (~10° cm™) in the visible spectrum
range, and very high electron saturation velocity (~10® cm/s), that are ideally
suited for applications in the chip-level high-speed photoreceivers.(4)

The currently employed photodetectors all face the efficiency-speed trade
off. The absorption coefficient of the active layer in the present photodectors is
typically ~10* cm™. Therefore, in order to improve the incident light absorption
hence the sensitivity and quantum efficiency, the active layer has to be thicker
compared with materials with larger absorption coefficient. In this case, as the
cost, the photo-generated electrons will have to travel a longer distance so that the
detection speed is lower.

InN, on the other hand, possesses a large absorption coefficient ~10° cm™
(in the visible spectrum range), which means compared to materials with lower
absorption coefficient, a thin active layer made with InN will absorb more
incident light. Furthermore, InN has very large electron drift mobility at room
temperature as well as large saturation velocity, which means even for a thick
active layer made with InN, the electron transient time is still shorter, compared
with the currently employed photodetector materials. In this regard, InN is a very
promising material for high-sensitivity, ultrahigh-speed photodetectors.

Meanwhile, to date, the semiconductor nanowires used for photodetector

studies are generally grown with the use of metal-catalyst (such as Au). In this
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case, foreign metal atoms will distort the electrical and optical properties of the
semiconductor nanowires, and hence impact device performance. InN nanowires,
however, can be grown on Si substrate by catalyst-free process through MBE.
More importantly, as demonstrated in Chapter 2, high-quality InN nanowires can
be grown on amorphous template, which is a big step to remove the dependence
of nanowires on substrate. Additionally, InN nanowires are generally grown at
low temperatures, which is compatible with CMOS thermal budget.

In the end, for nanowire device, one of the most important factors that need
to be carefully controlled is the surface charge properties, which are normally
problematic due to the large surface area of nanowires. However, as discussed
from Chapter 4 to Chapter 6, it can be seen that the surface charge properties of
InN nanowires are completely controllable. This immediately makes InN
nanowires an attractive candidate for a number of electronic and photonic devices.
In the rest of this chapter, we demonstrate InN nanowire p-i-n photodiode that has
a light response up to the telecommunication wavelength range, and such InN
nanowire photodiode can be potentially used as a high-speed photovoltaic mode

photodetector on Si platform.

8.3. InN nanowire photodiode

8.3.1. The photodiode structure design and fabrication

There are a number of factors considered for the diode structure design. First of
all, in order to minimize the influence of surface electron accumulation (e.g., the
light and surface accumulated electron could create the plasmonic state so that the
light is screened on the surface), and considering the top surface is semi-polar or
polar (with the presence of surface electron accumulation), no Si-donors were
employed in the design. Secondly, in order to maximize the light absorption, long
non-doped region is employed. Therefore, the diode structure is: a p region in the
bottom followed by a long i region in the middle, then a very short n region on the
top (due to the electron accumulation on the top surface of InN nanowires) in the
axial direction, as illustrated in Figure 8-3(a). Thirdly, p-type Si substrate (not n-
type Si substrate) is utilized for the transport and collection of holes through the
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bottom p-type section. Lastly, in terms of the fabrication process, we used
polyimide (PI) to protect the nanowire surface (e.g., to avoid contamination), and
metal-grid contacts on the top to maximize the light absorption (see the inset of

Figure 8-3(b)).
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Figure 8-3 (a) A schematic illustration of the InN nanowire photodiode structure.
(b) The PL spectrum of the diode measured at 20 K with red laser under 9 mW

excitation, and the inset shows the top view of devices with size of 0.3 by 0.3 mm®.

The detailed structure and fabrication procedures are:

Structure — The substrate used for this structure is Boron-doped Si (111)
with a resistivity of 0.01-0.02 Q.cm. The Mg cell temperature is 210 °C, and the
length of Mg-doped region is ~400 nm. The length of non-doped region is ~400
nm. The thickness of n-type region is presumably a few nanometers due to the
surface electron accumulation.(80)

Fabrication procedures — The Ni/Au metal layers were first deposited onto
the backside of Si substrate with an e-beam evaporator. The thicknesses for Ni
and Au layers are 10 nm and 30 nm, respectively. After that, a PI resist layer was
spin-coated to fully cover the InN nanowires. Then, reactive-ion etching (RIE)
using O, plasma was applied to the sample until the top surface of the nanowires
were revealed. The sample was subsequently patterned into cells (called as
“device”) of various sizes (including 1 by 1 mm?, 0.5 by 0.5 mm?, 0.3 by 0.3
mm?, and 0.1 by 0.1 mm?) by standard photolithography procedures (the inset of
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Figure 8-3(b) shows an example of devices with size of 0.3 by 0.3 mm?). Thin Ti
(5 nm)/Au (5 nm) metal layers were then deposited onto the top of the nanowires
to make electrical contacts, after which a thick Au layer in a grid manner (as
shown in the inset of Figure 8-3(b)) was made for wire bonding. All the metal

contacts were annealed at ~400 °C for 1 minute under a nitrogen atmosphere.
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Figure 8-4 I-V characteristics of a device with size of 0.5 by 0.5 mm” measured at
20 K under dark (the black curve) and red laser (the color curves) illumination with

different powers. The arrow denotes the direction of increasing the light intensity.

8.3.2. Optical response of the photodiode
We have performed detailed studies of the light response of the photodiode at low

temperatures. The experimental setup is basically modified from the temperature
variable PL setup as introduced in Chapter 3, but uses a larger beam size. An
additional Keithley 2400 source meter is connected to measure the I-V
characteristics under dark and illumination conditions. The light sources used
have wavelengths of 635 nm, 1064 nm, 1309 nm, and 1580 nm.

Photoresponse was first studied by measuring the low-temperature -V
characteristics under dark and with red laser (A = 635 nm) illumination. As
illustrated in Figure 8-4, with red laser illumination the /-V curves shift
downward, indicating that in the reverse (and zero) bias condition the electrodes

are collecting the photo-generated electrons and holes. For a device with size of
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0.5 by 0.5 mm” (shown in Figure 8-4), the photocurrent density at zero-bias
condition is ~10 mA/cm’® with maximum optical power. Further studies over a
few devices with different sizes indicate that the photocurrent density varies from

10 mA/cm? to 40 mA/cm?.
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Figure 8-5 [-V characteristics of a device with size of 0.5 by 0.5 mm” measured at
20 K under dark (the black curve) and infrared laser (the color curves) illumination
with different powers. The arrow denotes the direction of increasing the light

intensity.

We have further investigated the light response of the same device with a
light source having a wavelength of A = 1064 nm. As illustrated in Figure 8-5, a
photoresponse similar to that under red laser illumination was observed. Namely,
with the light illumination the /-7 curves shift downward. The corresponding
zero-bias photocurrent density in this case is calculated to be ~1 mA/cm?.

Such photoresponse was also observed under light illumination with longer
wavelengths (A = 1309 nm and 1580 nm) at 20 K. The zero-bias photocurrent
density in this case was estimated to be ~10 pA/cm” and ~5 pA/cm’ for A = 1309
nm and 1580 nm, respectively. The light response in this telecommunication
wavelength range immediately rules out the influence from Si substrate, since the
photo energies corresponding to these two wavelengths are significantly smaller

compared with the bandgap energy of Si (~1 eV, which is ~1024 nm).
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In addition, it should be noted that the light absorption at these two
telecommunication wavelengths is very small, and highly dependent on the
investigated sample quality. For n-type degenerate InN, the light absorption at
these wavelengths is almost zero. Therefore, the measured light response at these
two wavelengths here essentially suggests the superior quality of the presented

InN nanowire structures.

8.3.3. High-speed InN nanowire photovoltaic mode photodetector:
Discussions and next-phase work

Up to here, a clear photoresponse up to telecommunication wavelength range is
demonstrated. We propose such InN nanowire photodiode can be potentially used
as a photovoltaic mode photodetector.

Response speed — For the structure shown in Figure 8-3(a), the hole
concentration is on the order of 10" ¢cm™ (as estimated in Chapter 7), and
assuming accumulated electron density on the top surface is on the order of 10"
cm”, then the built-in potential is estimated to be ~0.6 V. Assuming free charges
in intrinsic region are completely depleted, then the width of the depletion region
is ~400 nm. This will give a built-in electric field ~12.5 kV/cm, and the electron
velocity in Wurtzite InN at this electric field is ~2x107 cm/s.(64) Based on these
numbers, the electron transient time can be estimated to be ~2 ps. Therefore such
photodiode can be operated as a photovoltaic mode photodetector with a
modulation frequency about 250 GHz, if the nanowire capacitance and other
device parameters can be optimized.

Strategy of carrier confinement — In general, the prompt photocurrent density

(Jprompr) can be estimated via J,  =e qd)oe"”a dx = e, (1-¢ "), where @, is

2 sY, o is the absorption coefficient, d is the

photon flux area density (# cm’
depletion region width, and e is the electrical charge unit. For the photodiode as

shown in Figure 8-3(a) and under red laser illumination with an optical power of 8

%% Note here we discuss the prompt photocurrent at zero bias, and the reverse bias changes
the depletion width (d), hence changes the prompt photocurrent.
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mW and a spot size ~50 um, Jy,.omp 1 calculated to be on the order of 10° A/cm?.
This number is about 4 orders of magnitude larger than the experimentally
measured value (less than 100 mA/cm?). A few factors could account for this
huge difference.

The first factor that needs to be considered is the electron-hole
recombination in the depletion region, however, considering the electron transient
time (less than 10 picoseconds) is much shorter compared with the carrier lifetime
(a few hundred picoseconds to a few nanoseconds), this could only affect J,omp:
slightly. Actually, the most important factor that degrades J,.omp: severely is the
diffusion of the photo-generated electrons and holes to nanowire surface. Albeit
the advantages of large absorption coefficient and electron saturation velocity,
InN has large surface recombination velocity that is on the order of 10° cm/s.(69)
The consequence is that the photo-generated electrons and holes will tend to
diffuse to the nanowire surface and recombine nonradiatively at surface defects
(Shockley-Read-Hall process), which drastically reduces J,omy: and the
photodetector performance.

We therefore propose an important strategy to improve the performance of
InN nanowire photodetector, i.e., the surface passivation, such as using InGaN
shell to passivate InN nanowire core, to confine photo-generated carriers in InN
nanowire bulk region. This will be a very important part of the future work.

In summary, InN nanowire p-i-n photodiodes, which exhibit a
photoresponse from the visible to the near-infrared spectrum range, are
demonstrated. This provides a very promising route for the photodetection in the
near-infrared spectrum range, as well as for telecommunication applications based
on InN nanowires on Si platform. Nevertheless, detailed future work is needed, to
further characterize the photodetector characteristics such as responsivity and dark

current.
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9. Conclusions and future work

InN nanowires have emerged as a promising candidate for a range of
nanophotonic and nanoelectronic devices, due to the narrow bandgap and
extremely large electron mobility. However, the achievement of intrinsic and p-
type InN nanowires, as well as a fundamental understanding of the surface charge
properties has remained elusive prior to this thesis work, which severely limits the
practical applications of InN nanowires.

In this thesis work, it is demonstrated that intrinsic InN nanowires can be
achieved by a novel MBE technique, with the near-surface Fermi-level located
well below the CBM. More importantly, it is further demonstrated that the surface
charge properties, including the surface electron accumulation, surface band
bending, as well as the PL characteristics can be funed through the controlled n-
type doping.

This revolutionary progress provides a solid foundation for the realization of
p-type InN nanowires. The presence of Mg-acceptors is clearly evidenced by the
PL spectra, and p-type surface is clearly measured by the XPS experiments. More
importantly, the first direct evidence of p-type conduction is provided by the
single nanowire field effect transistor measurements.

With the achievement of intrinsic and p-type InN nanowires, InN nanowire
p-i-n photodiodes are demonstrated on Si platform, which exhibit a photoresponse
from the visible to the near-infrared spectrum range. This offers an entirely new
avenue for the near-infrared nanoelectronic and nanophotonic devices on Si

platform.

9.1. Potential device applications: An overview

This thesis work immediately leads to a number of electronic and photonic
devices based on InN nanowires. Firstly, it is of a great importance to perform a
detailed study on the proposed photovoltaic mode InN nanowire photodetectors,
to characterize the photodetector characteristics, as well as to further optimize the

fabrication process and improve the device performance. Secondly, this thesis
9-119



work naturally lays the foundation for InN nanowire solar cells/In(Ga)N
multijunction solar cells. Thirdly, the InN nanowire p-i-n junction can also be
used to design high-efficiency LEDs in the infrared spectrum range.

Moreover, nanowires, considering their geometry, could be natural optical
cavities in themselves. Nanowire lasers have been demonstrated in other III-
nitride systems such as GaN,(296) as well as group II-VI materials such as
Zn0.(297) It would be of great interest to test the lasing of InN nanowires with
large diameters. Considering the emission wavelength of InN, it would be suitable
for chip-level optical communication applications. Meanwhile, coupling InN
nanowires/quantum dots with rolling-up microtubes(298) could be another
strategy to achieve lasing from InN nanowires. In addition, nanoelectronic devices
such as InN nanowire thermoelectric devices, and low-power, ultrahigh-speed
nanowire transistors are of great interest to explore.

Up to here, it should be noted that, albeit the advantages of nanowires, there
exist drawbacks, which, to a large extent, originate from the large surface-to-bulk
volume ratio in nanowires.’” For example, the surface nonradiative recombination
is enhanced due to large surface-to-bulk volume ratio. In addition, large surface
states could severely reduce the current injection efficiency in nanowire LEDs,
which is believed to be one of the most important factors limiting the efficiency of
InGaN/GaN nanowire LEDs.(205) In this regard, employing nanowire core-shell

structures is of critical importance to further improve device performance.

9.2. Ultrahigh-speed InN nanowire photodetectors on Si:
Example I

Compared to conventional Ge and InGaAs-based materials, InN exhibits
significantly larger absorption coefficient in the optical communication
wavelength range (1.3 — 1.65 um) and higher carrier saturation velocity, rendering

it an excellent candidate for ultrahigh-speed, high responsivity detectors.(4) The

7 This large surface-to-bulk volume ratio sometimes becomes problematic, which not
only limits practical device applications but also makes it hard to understand the
fundamental electrical and optical properties of semiconductor nanowires.
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use of nanowires can further enhance the operation bandwidth due to the greatly
reduced parasitic capacitance and carrier transient time, promising the detection of
optical signal at or above 100 Gb/s.(169, 273, 285) We therefore propose to
develop ultrahigh-speed InN nanowire photodetectors and detector arrays on Si
platform.

Ing3Gag7N:Mg

300 nm
BIN:NUl

Ing 3Gag 7N:Si

Figure 9-1 A schematic plot of the proposed ~1.55 um InN-based nanowire

photodetectors.

While significant progress has been made in nanowire photodetectors, the
achievement of high speed operation has not been reported.(285) Illustrated in
Figure 9-1, the proposed nanowire photodetectors consist of p- and n-doped
Ing3GageN cladding layers and a relatively thin (~300 nm) InN active region.
Upon illumination (A ~1.55 um), electrons and holes are generated in the narrow-
bandgap InN (~0.65 eV) intrinsic region, and are subsequently collected by the n-
and p-contacts, respectively. Fast extraction of electron hole pairs from the
intrinsic region defines the response time, which can be as low as 10" s for
nanowire devices.(273)

One of the primary limiting factors for achieving ultrahigh-speed operation
is related to the relatively poor hole transport in the active region, due to the large
effective mass and low mobility. In this regard, we will incorporate the special
technique of p-type doping in the nanowire photodetector active region. With a
relatively low (~5%10'® cm™) Mg dopant incorporation, the hole transient time can
be significantly reduced without elevating dark current and degrading the device
responsivity, thereby leading to InN nanowire photodetectors with further

enhanced bandwidth. The optimal doping concentration will be calculated and
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correlated with experimental results. Meanwhile, the device performance
including dark current, responsivity will be investigated. The dependence of
device performance on the nanowire diameter and active region thickness will
also be studied.

Work will also be conducted on the modeling and performance simulation
of integrated nanowire and Si waveguide systems, wherein light is laterally
coupled to the nanowire photodetector from an adjacent Si/SiO, waveguide. In
this configuration, the light absorption path and the charge carrier collection path
are separated. Consequently, the device responsivity can be significantly
enhanced by increasing the nanowire diameter while using a relatively thin active
region, to achieve high-speed operation.

With the successful demonstration of single InN nanowire photodetectors
on foreign substrate (means not Si), we will further investigate the design,
epitaxial growth, fabrication and characterization of large-area vertical InN

nanowire photodetectors integrated with Si waveguide on Si platform.

9.3. InN nanowire lasers on Si: Example 11

In order to realize electrically injected lasers on Si, heterogeneous integration of
group III-V materials with Si has been intensively investigated. However,
conventional planar devices on Si generally exhibit very high threshold current
(requiring high power consumption) and extremely short lifetime. In this regard,
we will further explore InGaN/GaN core-shell nanoscale heterostructures and
propose to demonstrate nanowire lasers monolithically grown on Si that can
exhibit ultralow threshold current and ultrahigh operation speed.

Although nanowire devices have been intensively investigated, near infrared
[II-nitride nanowire lasers have not been demonstrated to date.(72, 295-297, 299)
Additionally, the achievement of chip-level nanowire lasers is generally limited
by small saturation gain and relatively low optical confinement factor associated
with the small modal volume in the nanowire active region. To reduce the
threshold gain as well as to achieve high performance lasing, we propose to
investigate InGaN-based core-shell nanowire heterostructures. Illustrated in

Figure 9-2, Ing9Gay N active region is embedded in Ing4GageN cladding layers.
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Additionally, the nanowire heterostructure is further covered by a thin (~15 — 30
nm), large bandgap IngsGagsN shell, thereby leading to a strong -carrier

confinement in the nanowire active region.
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Figure 9-2 The proposed InGaN core-shell nanowire lasers on Si platform.

The nanowires will be grown directly on Si substrate using the SAG
technique. In this approach, the presence of a SiO, layer can drastically reduce the
optical loss through Si substrate. The nanowire laser performance, including the
threshold current and output power will be optimized by varying the nanowire
diameter, the thickness of active region, as well as the thickness of the SiO, layer.
We will further study the dependence of optical mode profiles and emission
characteristics on the surface morphology of InGaN nanowire heterostructures.

We also propose to develop electrically injected nanowire plasmonic lasers.
It has been demonstrated that a very large optical confinement factor can be
achieved in nanowire devices with the use of appropriate plasmonic structures,
such as a thin metallic layer covering the nanowire surface.(300-303) With the use
of this technique, the optical confinement will be significantly enhanced in both
non-tapered and tapered nanowire heterostructures. Additionally, the direct
integration of nanowire lasers with Si waveguide will be explored. The laser
performance, including the threshold current, quantum efficiency, and output
power will be studied in details and will be correlated with the design and growth

parameters.
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