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Abstract

The development of high efficiency optoelectronic devices operating in the ultraviolet
(UV) range, especially UV-C band (200 — 280 nm), has been fundamentally limited by large
dislocation densities and poor p-type conduction in AlGaN planar heterostructures grown on lattice
mismatched substrates. By employing nanowire heterostructures using molecular beam epitaxy
(MBE) technique, the crystalline quality and p-doping in group Ill-nitride materials can be
significantly improved. In this dissertation, we have elucidated that the unusually high room-
temperature hole concentrations up to ~6 x 10!7 cm measured in Mg-doped AIN nanowires stem
from the efficient hole hopping conduction in the Mg impurity band, driven by the significantly
enhanced Mg-dopant incorporation in nearly defect-free AIN nanostructures. Detailed
temperature- and gate-dependent studies of AIN nanowire transistors reveal the distinct signatures
of hole hopping conduction in the Mg impurity band, which include a relatively small activation
energy for electrical conductivity and an increase in hole mobility with temperature.

In visible and near-infrared wavelength range, we also study two-dimensional layered
transition metal dichalcogenides (TMDCs), which have emerged as an excellent candidate for
flexible and transparent optoelectronic devices. We first investigate the quantum efficiency of
monolayer MoS via detailed temperature- and power-dependent photoluminescence studies.
From rate equation analysis, the maximum achievable internal quantum efficiencies in monolayer
MoS; at 83 and 300 K are determined to be 45% and 8.3%, respectively. Noticeably, efficiency
droop is clearly observed at high carrier injection concentrations due to the unusually large Auger
recombination coefficient, which is calculated to be ~102* cm%/s at room temperature, nearly 6

orders of magnitude higher than that of conventional bulk semiconductors. In contrast, four-layer
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MoS:; exhibits much weaker efficiency droop, and is therefore used to fabricate, for the first time,
room-temperature laser devices with a remarkably low threshold power of ~5 uW under
continuous wave operation.

We have further exploited the application of IlI-nitride nanowire heterostructures in the
field of renewable energy, specifically hydrogen production, and demonstrated large-scale
photocatalytic water splitting under concentrated natural sunlight. The synthesis of double-band
p-GaN/InGaN nanowire arrays on large Si substrate (3” in diameter) by MBE has been studied
and resulted in an apparent quantum efficiency up to ~28.8% in the visible range of 400 — 480 nm.
Consequently, a solar-to-hydrogen energy conversion efficiency of ~1.1% can be derived under
concentrated natural sunlight. The achievement brings us one step closer towards a large-scale

practical hydrogen fuel generation system.
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Abrégé

Le développement de dispositifs optoélectroniques a haute efficacité dans le spectre
ultraviolet (UV), en particulier la bande UV-C (200 - 280 nm), est fondamentalement limité par
de hautes densités de dislocations et une faible conduction de type p dans les hétérostructures
planaires en AlGaN. En utilisant des hétérostructures a base de nanofils par épitaxie par jet
moléculaire (MBE), la qualité cristalline et le dopage de type p dans les matériaux a base des III-
Nitrures peuvent étre considérablement améliorés. Dans cette thése, nous avons ¢élucidé que les
concentrations inhabituellement élevées de trous a la température ambiante allant jusqu’a environ
6 x 10! cm™, mesurées dans des nanofils en AIN dopés au Mg, résultent de la conduction efficace
de sauts de trous dans la bande d’impuretés de Mg, entrainée par 1’incorporation du Mg dans ces
nanostructures en AIN presque exemptes de défauts. Des études détaillées de transistors a base de
nanofils en AIN révelent les signatures distinctes de la conduction de sauts de trous dans la bande
d’impuretés de Mg, incluant une énergie d’activation relativement faible pour la conductivité
¢lectrique et une augmentation de la mobilité des trous avec une hausse de la température.

Dans le spectre des longueurs d'onde visibles et infrarouges, nous avons également étudié
les dichalcogénures de métaux de transition (TMDC), qui, en couches bidimensionnels, se sont
révélés étre un excellent candidat pour les dispositifs optoélectroniques souples et transparents.
Nous avons d’abord étudi¢ I’efficacité quantique des monocouches en MoS> par des études
détaillées de photoluminescence. Ces analyses démontrent des efficacités quantiques internes
maximales pouvant atteindre 45% et 8,3% dans ces monocouches en MoS; a 83 et 300 K,
respectivement. 11 est  noter que l'efficacité est réduite a cause d’un coefficient de recombinaison

Auger exceptionnellement élevé, calculé comme étant d'environ 102* ¢cm®s a température
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ambiante, soit pres de six ordres de grandeur plus élevé que celui des semiconducteurs classiques.
Par ailleurs, le MoS> comprenant quatre couches présente une réduction beaucoup plus faible, et
est donc utilis¢ pour fabriquer, pour la premiére fois, des dispositifs laser a température ambiante
avec une puissance de seuil remarquablement faible d’environ 5 uW.

Nous avons davantage exploité 'application des hétérostructures a base de nanofils a base
des III-Nitrures dans le domaine des énergies renouvelables, en particulier de la production
d'hydrogene, et avons démontré la séparation photocatalytique de I'eau a grande échelle sous une
lumicre solaire naturelle concentrée. La synthése de réseaux de nanofils p-GaN/InGaN sur un
substrat de Si (3 pouces de diamétre) par MBE a fait I'objet d'études, résultant a une efficacité
quantique apparente allant jusqu'a environ 28,8% dans le spectre visible de 400 a 480 nm. Par
conséquent, un rendement de conversion d'énergie solaire en hydrogéne d'environ 1,1% peut étre
obtenu sous une lumiere solaire naturelle concentrée. Cette réalisation est une étape importante

vers un systeme de production pratique de combustibles a base d’hydrogeéne a grande échelle.
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Chapter 1: Introduction

1.1. Recent Developments and Challenges of III-Nitride Semiconductors for

Ultraviolet Light-Emitting Elements

Ultraviolet light emitters such as light-emitting diodes (LEDs) and laser diodes (LDs) are
more and more important due to their wide variety of applications in industry, life science and
environment. For instance, 3-dimensional (3D) printing for lightweight construction, UV curing
of paints, inks, or blood gas analysis have been using emission in the UV-A spectral range (315 —
400 nm). Meanwhile, the UV-B light (280 — 315 nm) has found its key applications in phototherapy
[1] as well as plant lighting [2]. Applications in the UV-C band (200 — 280 nm) include water
purification [3], disinfection of medical equipment and food [4], and bioagent sensing [5].
Compared to traditional mercury or xenon lamps, which have been widely used as sources of UV
emission in the past decades, UV LEDs offer a number of benefits including cost effectiveness,
long lifetime, environmental friendliness, and especially tunable emission wavelength. Not
surprisingly, the market share of UV LEDs is forecasted by Yole Développement to reach US $320
million in 2020 [6].

Among wide bandgap semiconductors, AlIGaN alloys have emerged as the most promising
candidate for optoelectronic devices operating in wide range of the UV spectrum (wavelength
~365 — 200 nm, corresponding to bandgap energy from 3.4 — 6.2 eV), due to their unique features
such as high electron mobility, high chemical stability, large saturation velocity, and direct
bandgap in the entire composition range [7, 8]. Research into AlGaN-based UV emitters has
undergone an accelerating development with the target of 250 — 330 nm LDs and a few tens percent

external quantum efficiency (EQE) for LEDs with emission wavelengths shorter than 350 nm [8].



However, II-nitride planar deep UV LEDs and LDs still exhibit poor performance, of which the
major challenges will be discussed in Section 1.1.1. Figure 1.1 summarizes the reported EQEs for
UV LEDs based on III-nitride semiconductor materials [9], showing a significant reduction in EQE
at peak emission wavelengths below ~260 nm. In other words, the device performance severely
diminishes with increasing the Al composition in AlGaN alloys. For example, the maximum
reported EQE (output power) of the 227 nm, 237 nm, and 247 — 250 nm LEDs are 0.2% (0.15
mW), 0.4% (5 mW), 1.8% (25 mW), respectively [8, 10]. Similarly, AIGaN multiple-quantum-
well (MQW) UV-LDs also exhibit poor performance with decreasing wavelength. The shortest
wavelength achieved so far for electrically injected AlGaN MQW laser is 336 nm, and with
relatively large threshold current density of 17.6 kA/cm? [11].
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Figure 1-1: State-of-the-art EQE for III-nitride quantum well LEDs operating at wavelengths from
220 — 400 nm [9]. A clear drop of EQE can be seen as approaching UV-C range.

Consequently, the number of companies offering LED devices in the UV-B and UV-C range is
much sparser than that selling UV-A LEDs. Albeit the modest performance of AlGaN-based deep
UV light emitters, it is expected to improve the efficiencies and output powers over the coming

years.

1.1.1. Challenges of Al(Ga)N Epilayers

This section focuses on the key factors that largely limit the performance of planar Al(Ga)N

UV emitters. They are summarized in the paragraphs below.

P-type doping

One of the most formidable challenges to the development of high-efficiency deep UV
LEDs and LDs is inefficient doping due to the significantly reduced thermally activated carrier
concentration as increasing the bandgap energy, especially for p-type dopants. For example, the
activation energy of magnesium (Mg), a typical p-dopant in II-nitride semiconductors,
dramatically increases from ~0.2 eV for GaN to ~0.5 — 0.6 eV for AIN [12-16]. Consequently, the
hole concentration in Mg-doped AlGaN epilayers with high Al content is very low, leading to poor
p-type conduction that seriously limits the device performance through low hole injection and
Joule heating. In addition, deep UV LEDs also suffer from low light extraction efficiency (< 25%
in the UV-C range) caused by the absorption of the p-GaN, semitransparent p-AlGaN, or short-
period superlattice (SPSL) contact layers [17]. The search for materials that are both p-type

conductive and UV-transparent therefore remains difficult.

Defects and dislocations



An additional challenge arises from the lack of a lattice-matched substrate that creates
relatively high defect/dislocation densities in Al(Ga)N epilayers. Ill-nitride semiconductor
materials are conventionally grown on low-cost, commercially available sapphire, SiC, or Si
substrates. The key parameters of these substrates are listed in Table 1-1. Due to the large lattice
mismatches and strongly different thermal expansion coefficients between Al(Ga)N and the
substrates, considerable threading dislocation densities (TDD) are generated, typically on the order
of 10° — 10'° cm. The high TDD causes a drop of the internal quantum efficiency (IQE) by
creating electronic states (deep levels) within the bandgap which serve as non-radiative
recombination centers. The EQE, related to IQE via Ngor = Mg X Next (Mexe 18 the light
extraction efficiency), is thus significantly reduced. In addition to the above-mentioned foreign
substrates, expensive low-TDD GaN or AIN bulk single crystals can be used for the growth of
AlGaN heterostructures. However, AlGaN alloys possess a huge difference in in-plane lattice
constant (up to 2.4%) with increasing Al composition, making the growth of device layer structures
in the range of ~260 — 340 nm (mid-alloy range) on GaN or AIN substrates very challenging [18].
Therefore, cheap sapphire substrate has been widely used despite the high TDD.

Table 1-1: Physical properties of typical substrate materials measured at room temperature [7, 19-

21].

Thermal ) Thermal
) ) Lattice .
Lattice constant expansion Thermal . . expansion
) ) .. mismatch with . .
Material (A) coefficients  conductivity %) mismatch with
x 100 (K" (W/em'K) ° (%)
a c a c GaN AIN GaN  AIN
Sapphire  4.758  12.991 7.5 8.5 0.25 -16.0  -13.3 234 432
6H-SiC  3.081 15.117 446  4.16 4.9 -3.5 -1.0 -25.3 7.0
Si 5.43 — 3.59 — 1.5 +17.0  +19.0  -115 -60

Polarization



Almost all II-nitride UV emitters are grown in the thermodynamically stable wurtzite
(WZ) phase, where the anisotropy along and perpendicular to the growth direction (c-axis) of the
crystal structure results in a crystal field splitting (Acr) of the valance band. The calculated Acr for
GaN is +38 meV and decreases with increasing Al mole fraction to —219 meV in AIN [22]. The
valance band structures near the I'-point of Al.Ga;..N compounds consist of three subbands;
namely, the heavy hole (HH), the light hole (LH), and the crystal field split-off hole (CH) bands
as revealed in Figure 1-2 [22-24]. As Acr decreases, the CH band moves closer to the conduction
band until it becomes the topmost valance subband. The transition between the conduction band
(I'7¢) and the HH (I'gy) or LH (I'7y) bands are almost forbidden for E || c, i.e., the emitted light is
polarized transverse electrically (TE). In contrast, the transition between the I'7c and the CH (I'7y)
band is almost prohibited for E L ¢, meaning the emitted light is polarized transverse magnetically
(TM) [22, 25]. The polarization degree (P) can be calculated from P = (Irg — Ity) /U + Iry),
wherein I and I, represent the integrated photoluminescence (PL) intensities of TE- and TM-
polarized components, respectively. For GaN, the valance subband order with increasing transition
energy is Loy, ['7y, I'7v, whereas it is I'7y, ['oy, ['7y for AIN. Therefore, the optical polarization of the
emitted light changes from TE polarization to TM polarization with increasing Al composition (x)
and the crossover occurs at x = 0.25 [23]. The unique negative crystal field splitting and TM
polarization in conventional c-plane Al-rich AlGaN epilayers affect profoundly the light extraction
efficiency of deep UV light emitters. In addition to the spontaneous polarization caused by the
asymmetry of the crystal structure, III-nitride planar structures also suffer from the piezoelectric
polarization induced by the tensile or compressive strain during growth on lattice-mismatched

substrates, which also degrades the device performance.
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Figure 1-2: Band structures of (a) wurtzite GaN and (b) wurtzite AIN near the ['-point.

1.1.2. Aluminum-rich AlIGaN Nanowires: Promises and Challenges

The afore-mentioned fundamental challenges of AIGaN epitaxial layers can be addressed by
employing nanowire structures owing to their unique properties including lateral stress relaxation,
high surface-to-volume ratio, enhanced surface scattering, and size-dependent bandgap tunability.
The small size of nanowires (diameter in nanometer range, typically from 2 — 200 nm) not only
enables the growth of dislocation-free materials on various crystalline and amorphous substrates
such as Si, Si0Oz, sapphire by relaxing the strain through lateral surface [26-31] but also widens the
scope of device scaling to reach true atomic level. The superior crystal quality of nanowire
heterostructures has resulted in a room-temperature IQE of ~59% in AlGaN nanowire based LEDs
with emission wavelength at ~340 nm [32]. Shortly after this achievement, a record IQE of 80%
was realized in AIN nanowire LEDs operating at 210 nm [33]. The author also claimed that the

Mg incorporation (for p-type doping) near the nanowire surface can be significantly enhanced by



carefully optimizing the growth conditions, in particular the growth rate, leading to high Mg
concentration in AIN nanowires. Moreover, the high surface-to-volume ratio of semiconductor
nanowires offers more area for the emitted photons to escape, together with a lower effective
refractive index compared to bulk materials as well as the strong light scattering and coupling
effects, improving the light extraction efficiency [34, 35]. As described in the previous section, the
emitted light of conventional AIN planar LEDs can only be extracted from the side wall due to the
intrinsic TM polarization. On the contrary, the effect of light coupling and scattering amongst the
nanowires can lead to the dominance of surface emission, i.e., light is extracted from the nanowire
top surface (along c-axis), thereby enhancing the light extraction efficiency [36].

For these fundamental advantages, AIN and Al-rich AlGaN nanowires have emerged as
promising candidates to realize highly efficient LEDs and LDs in deep UV range. However, there
are certain challenges that need to be overcome, such as electron overflow, self-heating effect, or
optical loss related to the variation of nanowire size and spacing. They require further optimization
of the device structure, growth parameters as well as fabrication process. Future directions may
include the exploration of large bandgap materials to improve the carrier confinement, the precise
control of the nanowire diameter and spacing via selective area growth process for more efficient
light emission, the use of transparent substrate for improved light extraction efficiency, and high

thermal conductivity passivating materials.

1.2. Two-dimensional Layered Material Nanophotonics

Bulk transition metal dichalcogenides (TMDCs) have been used for a long time mostly as
dry lubricants and industrial surface protection [37, 38], but this two-dimensional (2D) layered
material family just moved to the forefront of materials science and device research with major

focus on their mono- or few-layer structures after the success of graphene and recent advances in



fabrication of atomically thin 2D layered materials. Compared with conventional three-
dimensional (3D) photonic materials, 2D materials possess many exceptional properties such as
the elimination of lattice-mismatch issue in vertical heterostructures utilizing different 2D
materials due to the weak van der Walls bond between layers, the ease in integration with photonic
structures, the strong light interaction even at monolayer thickness [39]. In the following sections,
we will review the electronic and optical properties of TMDCs as well as their potential

applications in flexible display.

1.2.1. Electronic Structure and Optical Properties

Electronic Structure

TMDC:s are layered materials with the generic formula MX», where M is a transition metal
and X is a chalcogen (S, Se, or Te). The crystal structures of these materials consist of weekly
bonded sandwich layers X-M-X, with the chalcogen atoms in two planes separated by a single
plane of metal atoms and the atoms in planes are hexagonally packed (Figure 1-3a). Atoms within
the same plane are strongly bonded by the covalent bonding, while the weak interlayer bonding is
due to van der Waals interaction that allows the mechanical cleavage of bulk crystals into
individual layers through exfoliation. The bulk crystal structure can be of various polytypes
depending on the metal atom coordination and stacking orders, as shown in Figure 1-3b. Metal
atoms in TMDC:s are six-fold coordinated and their bonding geometry can be trigonal prismatic or
octahedral. In the trigonal prismatic arrangement, the two chalcogen planes are stacked directly
above each other, while they are stagger in the octahedral arrangement. Bulk TMDCs are usually
found in three polytypes called 2H, 3R and 1T, where 2H is the most commonly available polytype.

Here, the numbers represent the number of layers in a unit cell, and the letters stand for the



symmetry, which are hexagonal, rhombohedral, and tetragonal, respectively. In the scope of this

thesis, we focus on group-VI TMDCs, meaning the transition metal element is either Mo or W.

Figure 1-3: (a) Three-dimensional schematic illustration of TMDCs structure, showing the
transition metal atom (M, in grey) is sandwiched between the chalcogen atoms (X, in yellow) [40].
(b) The bulk TMDCs can have different structural polytypes including 2H (two-layer unit cell,
hexagonal symmetry, trigonal prismatic coordination), 3R (three-layer unit cell, rhombohedral
symmetry, trigonal prismatic coordination), and 1T (one-layer unit cell, tetragonal symmetry,
octahedral coordination) [41]. The blue-filled triangles highlight the spatial position of the

chalcogen atoms within a monolayer.

In general, group-VI TMDCs are semiconducting, and their electronic structures exhibit a
transition from indirect bandgap in the bulk to direct bandgap in the monolayer (Figure 1-4) [42-
46]. At the same time, their bandgap also increases as decreasing the thickness of the materials
due to quantum confinement in the out-of-plane direction (perpendicular to the 2D plane). Taking
MoS:; as an example, the first-principle calculations performed on the basis of density functional
theory (DFT) show that bulk MoS; is an indirect gap semiconductor with a bandgap of ~1.2 eV,
which originates from the transition between valance band maximum situated at the I point and

conduction band minimum located halfway between I" and K high-symmetry points [45]. As the



layer number decreases, the fundamental indirect bandgap increases monotonically and becomes
so high at single layer level that the material changes into a direct bandgap semiconductor [44,
45]. The direct gap occurs at the K and K’ points of the hexagonal Brillouin zone. In contrast to
the variation of the indirect gap with the slab thickness, the optical direct gap at the K point stays
relatively unchanged. This is because the electronic states at the K point are primarily composed
of localized d orbitals on Mo atoms, which have weak interlayer coupling due to the middle
position of Mo in the S-Mo-S layer sandwiches [44]. On the other hand, the states at the I" point
have an antibonding nature originated from p. orbitals on the S atoms. As a result, they exhibit

strong interlayer coupling, making their energies sensitive to the layer thickness.

(a)
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Figure 1-4: Calculated band structures of common group-VI TMDCs for bulk (a) and monolayer
(b) using DFT calculations, including SOC. The blue/red arrows represent the fundamental

indirect/direct bandgap for a given system, modified from [46].

The direct bandgap of monolayer MoS; calculated by the first-principles is 1.9 eV [45],
which agrees well with the experimental data obtained from PL measurements [43, 44]. However,
it is worth noticing that the theoretical results may vary depending on the calculation details [46].

DFT method is known to underestimate the bandgap of materials due to the calculated unreliable
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excited states [47]. It is important to add the strong spin-orbit coupling (SOC) in the calculations,
especially for monolayers, to obtain a clear picture of the valance band which is split due to this
effect [48, 49]. Moreover, the large exciton binding energy (0.5 — 1 eV) in TMDC monolayers
arising from the reduced dielectric screening relative to bulk cases can affect the bandgap [46, 50,
51]. A more sophisticated GW approach is expected to yield better estimation of the bandgap, but

results in conflicting numbers of both indirect and direct gaps [51-53].

Optical Properties

The optical properties of TMDCs are directly influenced by the electronic structures
described above. For MoS;, the indirect-to-direct bandgap transition accounts for a more than 10*-
fold enhancement of the PL quantum yield from bulk to monolayer suspended over holes in the
substrate [43]. The absorption spectrum of monolayer MoS; shown in Figure 1-5a clearly reveals
the two prominent excitonic transitions labelled as A (~1.92 eV) and B (~2.08 eV), which are
associated with direct optical transitions between the maxima of spin-orbit-split valence bands and
the minimum of the conduction band (marked as v/, v2, and c/ in Figure 1-5c, respectively) located
at the K-point of the Brillouin zone [43, 44, 54]. The absolute reflectance spectra of group-VI
TMDC monolayers (Figure 1-5b) also reflects these features, with the two lowest energy peaks
corresponding to the direct gap energies [55]. The observation of A and B resonances provides
compelling evidence for strong excitonic effects in group-VI TMDC monolayers. Indeed, the
extraordinarily large exciton binding energies have been calculated theoretically [48, 51, 56-58],
and verified experimentally by optical spectroscopy [50, 59, 60] and scanning tunnelling

spectroscopy [61].
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Figure 1-5: Optical properties of group-VI TMDCs. (a) Absorption spectrum of monolayer
MoS,, modified from [54]. (b) Experimental reflectance spectra of MoSe,, WSe>, MoS,, and WS>
monolayers exfoliated on fused silica [55]. (¢) Simplified band structure of bulk MoS,, showing
two direct-gap transitions A and B (also indicated in a and b) due to spin-orbit interactions at the

K-point of the Brillouin zone and indirect-gap transition I [43].

1.2.2. Two-dimensional Transition Metal Dichalcogenides and Future

Opportunities in Flexible Optoelectronics

Flexible and transparent optoelectronics have attracted considerable attention in applications
such as solar arrays, wearable electronics and transparent displays. These devices require the

integration of various 2D material classes with different properties. 2D TMDCs, given their
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atomically thin architectures, hold great promises for many reasons. For instance, the direct
bandgap of semiconducting TMDC monolayers make them ideal candidates for the active layers
in light emitters. By carefully choosing and combining TMDC monolayers with metallic graphene
and insulating hexagonal boron nitride in appropriate sequences, LEDs with tunable emission over
a wide range of frequencies and extrinsic quantum efficiency of 10% was realized [62]. Owing to
the large optical absorption (>107 m! across the visible range), the high chemical stability, and the
strong light-matter interactions in atomically thin heterostructures of TMDCs, the development of
extremely efficient flexible photovoltaic cells with an EQE of above 30% has been successfully
demonstrated [63]. The low pretension and high elasticity of MoS [64-66] are other advantages

that make the material attractive for flexible electronic and optoelectronic devices.

1.3. Artificial Photosynthesis for Hydrogen Generation

1.3.1. Renewable Energy Demand

“Global warming” is not a new concept that indicates the average global temperature
increase as the consequence of the accumulation of greenhouse gases, most notably CO;. The
recent increase rate of atmospheric CO2 concentration is 2.25 parts per million per year (ppm/year)
corresponding to 12 billion tons every year [67], only about half of which can be absorbed
naturally. In 2017, the annual global atmospheric CO> was 405.0 £ 0.1 ppm, the highest in the past
800,000 years [68]. The dramatic anthropogenic buildup of heat-trapping gases from fossil fuel
combustion is intensifying the greenhouse effect, leading to catastrophic changes of the global
climate such as rapid sea level rise, droughts, hurricanes, tsunamis and so on. Additionally, due to
the modernization and seemingly ever-larger population, our planet is facing an energy crisis with

the expected worldwide energy consumption to be ~30 terawatts (TW) by 2050 [69, 70].
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Therefore, it is critical to seek for carbon-free, storable and renewable energy sources to replace

our reliance on fossil fuels.
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Figure 1-6: Solar energy in comparison with other energy resources. The units are in Terawatt-
years (TWy). Here, the solar sphere represents the energy amount received by emerged continents

only, assuming 65% losses by atmosphere and clouds [71].

Among various renewable energy options, sunlight is the most abundant and expected to
be the ultimate solution to address this energy famine compared to wind, biomass or geothermal
heat (Figure 1-6). The solar power (~1.2 x 10° TW) reaching the Earth’s surface far exceeds the
annual global energy consumption [72]. With 10% efficient solar conversion systems covering
0.16% of the land on Earth, nearly twice the world’s fossil fuel consumption rate could be
generated [72]. Challenges with this inexhaustible energy resource, however, are the development

of economically viable technologies for its harvesting, storage, and utilization. Currently,
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photovoltaic (PV) is the fastest growing technology in which sunlight is converted into electricity
that is difficult to store. On the other hand, solar energy stored by chemical means offers
tremendous advantages in terms of storage and transportation [73]. Hydrogen, with its high energy
density by mass (higher heating value of 141.9 MJ-kg') and environmental friendliness, is
regarded as a promising carbon-free energy carrier for future [74]. Hydrogen can release energy
through direct combustion in engines, as well as being utilized in fuel cells to produce electricity,
wherein the only by-product is water. Evidently, the production of hydrogen via splitting water
molecules (H20) using sunlight, the so-called artificial photosynthesis, is one of the most important

approaches to solar energy conversion.

1.3.2. Solar-driven Overall Water Splitting

Mother Nature masters the utilization and storage of solar energy by developing natural
photosynthesis, a two-step process. In the first step, which only occurs during the daytime, light
energy is captured to split water molecules into hydrogen ions and electrons, and release oxygen
as a waste product. These hydrogen ions and electrons are then used to generate Adenosine
Triphosphate (ATP) and Nicotinamide Adenine Dinucleotide Phosphate (NADPH), which will be
used in the second step by Calvin cycle (dark reactions) to synthesize sugars from CO». Artificial
photosynthesis (or overall water splitting) mimics the natural process by utilizing semiconductors
as light absorbers to harvest solar energy to generate electrons and holes that take part in hydrogen
and oxygen evolution, respectively (Figure 1-7). The first demonstration of artificial
photosynthesis was established by Fujishima and Honda (1972) who used an n-TiO; served as a
photoanode performing the oxygen evolution reaction (OER) and an electrically connected Pt
cathode performing the hydrogen evolution reaction (HER) [75]. This approach is called

photoelectrochemical (PEC) water splitting, and usually requires external bias, highly conductive
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electrolyte and substrate for efficient carrier separation and conduction in the system. Since then,
considerable efforts have been made in search for a single absorber in photocatalytic or
photochemical (PC) process, where both proton reduction and water oxidation reactions take place
concurrently at different sites. PC water splitting, in comparison to PEC, is low-cost and much
simpler to expand the system to larger scale, although there is the associated safety issue of
separating the gaseous H, and O simultaneously generated during catalysis from the same

chamber for practical applications.
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Figure 1-7: Schematic illustration of (a) natural and (b) artificial photosynthesis.

Overall water splitting (OWS) is a thermodynamically uphill reaction (i.e., energy is
required to power the reaction) where the solar energy is converted into chemical energy (in the
form of hydrogen) accompanied with a positive change in Gibbs free energy (AG =+237.2 kJ/mol).
The “overall” term refers to the stoichiometric ratio of the products generated simultaneously from

pure water, H>:O2 = 2:1.

1
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As such, water splitting reaction can store 237.2 kJ/mol of energy under standard conditions (25
°C and 1 bar). In water splitting process, three steps are involved [76, 77] as described below

(Figure 1-7b).

Step 1: charge carrier generation

Under the above-bandgap excitation (hv > Ej), the semiconductor photocatalyst absorbs photons

and generate electron-hole (¢~ - h") pairs. Photoexcited electrons move from the valance band to

the conduction band while holes remain in the valance band.

Step 2: charge carrier separation and diffusion towards the reaction sites

The excited electrons and holes are then separated and migrate to the surface sites of the
semiconductor material. This crucial process strongly affects the photocatalytic efficiency. In
reality, the photogenerated carriers may recombine in the bulk or on the surface with the energy
dissipated as heat due to large size of the photocatalyst and defects that operate as trapping and
recombination centers, limiting the photocatalytic activity. Hence, it is important to develop highly

crystalline nanostructured photocatalyst.

Step 3: gas evolution
In the final step, holes and electrons participate in the water oxidation and proton reduction to
produce oxygen and hydrogen, respectively, through the following equations:
2H,0 + 4h* > 4H" + O (2)
2H"+2e" — H» (3)
Thermodynamically, the primary prerequisites for the reduction and oxidation (redox) reactions to
proceed are the width of the bandgap and the alignments of the conduction and valence bands.

Specifically, the conduction band minimum (CBM) has to be more negative than the H"/H»
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reduction potential (0 — 0.059 pH, V versus normal hydrogen electrode (NHE) at pH = 0), whereas
the valance band maximum (VBM) needs to be more positive than the H>O/O- oxidation potential
(1.23 - 0.059 pH, V versus NHE at pH = 0). Therefore, the theoretical minimum bandgap energy
for one-step OWS is 1.23 eV. However, sufficient overpotential is usually required for driving the
redox reactions forward, while overcoming unavoidable energy losses associated with solar energy
conversion [78]. Given that the energy difference between the water oxidation and proton
reduction potentials is 1.23 eV, and assuming an overpotential of 0.3 eV for each half of the redox
reaction, the minimum photon energy required to perform OWS becomes 1.83 eV, corresponding
to a threshold wavelength of 677 nm [79].

In fact, even if the semiconductor material meets the thermodynamic requirements for
water splitting, the photocatalytic efficiency can be very low due to surface recombination of the
photogenerated carriers as a result of slow surface-reaction kinetic. To enhance the photocatalytic
activity, co-catalysts are often loaded onto the surface of photocatalysts. The co-catalysts not only
promote charge separation and suppress surface recombination by extracting photogenerated
electrons and holes but they can also provide active sites/reaction sites for proton reduction and
water oxidation by lowering the respective activation energies, as well as improving the stability
of the photocatalyst by effectively consuming photoinduced charge carriers, particularly holes that
cause photo-oxidation of the semiconductors [80, 81]. Generally, metals such as Pt, Rh, Ru, Ir,
and Ni can promote the HER (reduction cocatalysts), while oxides of Co, Fe, Mn, Ru, and Ir
accelerate the OER (oxidation cocatalyst) [82, 83]. It has been demonstrated that loading
appropriate dual cocatalyst on the light harnessing semiconductor can significantly enhance the

photocatalytic activity and stability [81, 84], and therefore is of great interest.
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1.3.3. I1I-Nitride Nanowires as Photocatalysts for Overall Water Splitting

In terms of the solar spectrum, UV rays (below 400 nm), visible light (400 — 700 nm), and
infrared light (above 700 nm) account for 3 — 5%, 42 — 46%, and 52 — 55% of the total solar energy,
respectively [85, 86]. And as explained above, any photon that has wavelength longer than 677
nm is not suitable for one-step OWS. Therefore, exploring new stable, highly efficient, visible
light responsive materials that satisfy stringent requirements (thermodynamic and kinetic
potentials) for single-bandgap photocatalysts is among the most crucial of all challenges.

Metal nitride, specifically III-nitride, is well-known as a stable photocatalyst capable of
visible-light-driven water splitting in harsh photocatalytic environment [87, 88]. An additional
advantage of InGaN ternary alloy is its direct bandgap tunability to straddle the water redox
potentials over a substantial portion of solar spectrum by varying the In composition, as shown in
Figure 1-8 [89]. On the other hand, the use of one-dimensional (1D) nanostructures, such as
nanowires, offers further advantages for hydrogen production. Nearly dislocation-free nanowires
can be grown on foreign substrates (section 1.1.2), enabling the integration with low-cost Si based
solar cells. The extremely large surface-to-volume ratio of nanowires provides more reaction sites,
enhanced light absorption via light trapping and scattering effects [90], and hence less material is
required to absorb the same amount of light. In addition, the carrier transport in the lateral direction
of nanowire is no longer diffusion limited due to the small radius, making the photogenerated
carriers easy to migrate to the photocatalyst-water interface and consequently reducing bulk
recombination. Moreover, 1D nanowires allow control over the photocatalyst crystal plane for
promoting either Hz or O2 evolution [91]. For all these attributes, IlI-nitride nanowires are the

materials of choice for highly efficient OWS.
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Figure 1-8: Band edge positions of commonly used photocatalysts with respect to the water redox
potentials (green dotted lines). The red dotted lines represent the band edge positions of InyGai N
as a function of In composition (0 — 1 from left to right). The reduction potentials of CO> to various

value added products are also shown on the left. [92]

1.4. Organization of the Dissertation

Chapter 1 provides a brief overview of Ill-nitride semiconductors and TMDCs for
applications in nanophotonics and optoelectronics. We also introduce the concept of water splitting
and discuss the motivation for using Ill-nitride nanowires as stable, efficient photocatalysts for
hydrogen production.

Chapter 2 focuses on the growth techniques of IlI-nitride nanowires as well as the underlying
growth mechanisms. The optical and structural characterization methods are briefly summarized,
together with the evaluation of photocatalytic performance.

Chapter 3 highlights our investigation of the underlying mechanism for the efficient p-type
conduction in AIN nanowires.

Chapter 4 discusses the quantum efficiency of monolayer MoS; light-emitting devices. We

have further demonstrated the first room-temperature lasing from 4-layer MoS, sandwiched
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between a free-standing SiO> microdisk and a silica microsphere that exhibits very low threshold
power under continuous wave operation.

Chapter 5 reports on the development of double-band p-GaN/InGaN nanowire
heterostructures on large Si wafer (3” in diameter) for visible-light driven overall water splitting.
Subsequently, a large-scale artificial photosynthetic system with a solar-to-hydrogen conversion
efficiency of ~1.1% is demonstrated under concentrated natural sunlight, followed by the
discussion on the impact of light intensity on the photocatalytic activity.

Finally, Chapter 6 summarizes the dissertation work and proposes some future directions.
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Chapter 2: Molecular Beam Epitaxial Growth and
Characterization Methods of High Quality III-Nitride

Nanowire Heterostructures

2.1. Introduction

Emerging IlI-nitride nanowires can be formed either by top-down or bottom-up techniques.
The top-down approach starts with the planar structures and reduces its dimension to make ordered
arrays of nanowires mostly through dry etching [93, 94]. Although this method is beneficial for
large-scale integration, there are still numerous challenges related to significant threading
dislocation densities in the starting epilayers [95], and damage resulted from etching process [96].
On the other hand, nearly defect-free nanowires can be obtained by bottom-up techniques such as
chemical vapor deposition (CVD) [97, 98], chemical beam epitaxy (CBE) [99], molecular beam
epitaxy (MBE) [31, 100, 101], and vapor phase epitaxy (VPE) [102]. The underlying growth
mechanisms of these techniques mainly fall into vapor-liquid-solid (VLS), diffusion-induced
mechanism, and selective area growth (SAG), which will be discussed in Section 2.2. Further
detailed discussions on the MBE growth and characterization of Ill-nitride nanowire

heterostructures are highlighted in Section 2.3 and Section 2.4, respectively.

2.2. An Overview of Bottom-up Nanowire Formation Techniques

The bottom-up approach enables the build-up of nearly dislocation-free nanowires with
controlled properties through layer-by-layer growth from individual atoms and molecules.
Although various growth techniques have been employed to achieve the nanowires with atomic

perfection, they may rely on the same growth mechanism. The following sections will discuss
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three important mechanisms that are commonly used in the growth of Ill-nitride nanowires,

namely, VLS mechanism, diffusion-induced mechanism, and selective area growth.

2.2.1. Catalyst-assisted Vapor-Liquid-Solid

The VLS mechanism was first proposed by Wagner and Ellis (1964) for the growth of Si
whiskers from the Sil, or SiHs vapor sources [103]. In general, the VLS process involves the use
of metal catalysts (impurity) such as Au, Ni, Fe, and Co that serve as nucleation centers and

promote nanowire formation. The VLS growth mechanism is illustrated in Figure 2-1.

' 7
£

Vapor source

f +«—— Liquid alloy droplet
Metal x f. .\\ I = (supersaturation)
catalyst .\ I % +«—— Crystalline solid
G (nanowire)
1 2 3

Figure 2-1: Schematic illustration of the VLS growth mechanism depicting three major steps: (1)
Metal catalyst deposition, followed by the formation of liquid alloy droplet; (2) Reaching

supersaturation and crystal nucleation; (3) Axial nanowire growth.

A thin layer of metal catalyst is first deposited, followed by an annealing in vapor source materials
to form liquid alloy droplets. The vapor species are easily captured by the droplet surface due to
its larger accommodation coefficient compared to the bare surface [104]. The species then diffuse
and accumulate in the liquid phase until reaching the supersaturation, which is the thermodynamic
driving force for nanowire growth. Nucleation of the crystalline structure occurs when growth
species precipitate at the liquid-solid interface. The atoms arriving the crystalline surface either

diffuse away or desorb back into the vapor phase while others are incorporated into the liquid
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droplets, leading to axial growth of the nanowires [105]. The diameter and position of nanowires
are strongly dependent on the size and position of the catalyst particles, as well as growth
temperature and vapor pressure. The growth of III-nitride nanowires based on VLS mechanism
has been reported by using different techniques such as CVD, VPE, and on various substrates
including Si, GaAs, and GaP [102, 106-108]. Despite the long nanowires synthesized in short
growth duration, there remains major issue with the nanowires grown via VLS mechanism. The
foreign metal catalyst atoms can diffuse into the nanowires during growth process and create deep-
level trap states and stacking faults that severely degrades the optical and electrical properties

[109].

2.2.2. Diffusion-induced Mechanism

Group IlI-nitride nanowires can also be synthesized via the diffusion-induced mechanism,
which has been widely used in catalyst-free MBE technique under nitrogen-rich conditions [110-
112]. In this method, no foreign metal catalyst is needed, therefore the material quality is
significantly improved. Moreover, the ultra-high vacuum environment in MBE chamber helps
minimize impurity incorporation, and the slow growth rate favors high crystallographic quality
and atomically flat interface. Figure 2-2 represents the spontaneous formation of Ill-nitride

nanowires by MBE technique.
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Figure 2-2: Spontaneous growth of nanowires following diffusion-induced mechanism. (1) Stable
nucleus formation. (2) Axial growth of the nanowire involving five processes: (i) Substrate surface
diffusion; (i1) Sidewall diffusion; (iii) Direct incorporation of the impinging atoms; (iv) Sidewall
desorption; (v) Substrate surface desorption.

Adsorbed metal atoms (or “adatoms” for short) diffuse on the substrate surface and aggregate with
other adatoms to form 2D nuclei and then stable nucleation sites (nanowires) [113, 114]. Due to
the lower chemical potential of the top surface [101, 112], adatoms diffuse from the sidewalls
toward the tip of nanowires. In addition, the higher sticking coefficient on the nanowire tips
relative to that on the sidewalls [115], and in consideration of the shadow effect from adjacent
nanowires, enhance the axial growth by direct incorporation of impinging atoms on the tip of
nanowires. Meanwhile, some adatoms may desorb from the sidewall or substrate surface at high
growth temperature. It is worth noticing that nitrogen-rich conditions not only prevent nucleation
sites coalescence but also hinder layer growth to ensure well-separated nanowires [110, 113]. In
some studies, a thin Ga or In seeding layer is deposited prior to the growth initiation to promote

the nucleation and formation of GaN or InN nanowires [100, 116]. It has been proven that the use
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of in situ deposited In seeding layer significantly improves the structural properties and

morphology of the nanowires with a non-tapered surface [100].

2.2.3. Selective Area Growth

As afore-described, the self-organization of IlI-nitride nanowires grown spontaneously by
MBE under nitrogen-rich conditions introduces fluctuations in nanowire diameter and position due
to random distribution of stable nuclei. Similar issues were observed in nanowires grown based on
VLS mechanism. Consequently, the light extraction efficiency of Ill-nitride nanowire-based
optoelectronic devices is extremely low, and the emission spectrum is usually broad. This can be
overcome by selectively growing nanowires with high quality and uniformity, precise controlled
size, position, and aspect ratio on pre-patterned substrate, i.e., nanowires only grow within the
openings while nucleation on the mask surface is suppressed. Different types of SAG masks have
been employed including SiNx [117, 118], SiOx [119], Ti [120-122]. Owing to the capability of
well-control nanowire arrangement and morphology, the SAG approach has been extensively
studied using various growth techniques, for instance, metal-organic chemical vapor deposition
(MOCVD) [117], metal-organic vapor phase epitaxy (MOVPE) [123], and MBE [119-121]. In this
section, we will focus on the mechanism of SAG by MBE technique of Ill-nitride nanowires,
specifically GaN, using Ti mask.

Nitridation of the Ti mask is performed prior to the growth to prevent degradation at high
temperature (usually > 900 °C) by forming a more stable TiN layer [122]. The SAG growth of
GaN nanowires involves two stages, i.e., nucleation (stage I) and shape evolution (stage II), as

schematically illustrated in Figure 2-3.
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Figure 2-3: SAG growth process of GaN nanowires on GaN template covered with a Ti nanohole
mask consists of two stages. Stage I: Nucleation of nanocrystal inside the nanohole. Stage II:

Hexagonal GaN nanowire formation through morphological evolution.

In the first stage, Ga adatoms either desorb or diffuse into the nanoholes and nucleate a single
nanocrystal inside the holes, which can be explained by the following reasons: (1) The sticking
(diffusion) coefficient on the amorphous TiN is lower (higher) than that on crystalline GaN
template [124]. (2) The high substrate temperature enhances the Ga surface diffusion (higher
chance for Ga adatoms to reach the nanoholes) and desorption (minimize the nucleation on the
mask) [120], as well as the decomposition of GaN seeds that may form outside of the nanoholes.
The second stage is driven by a different mechanism that is the minimization of the total free
energy per unit volume [125]. At the end of stage I, the nanocrystal with irregular shape continues
to grow until it fills up the nanohole and then grows out of it laterally. The nanowire morphology
undergoes multi-transition until a stable hexagonal crystal shape (m-faces) is formed, followed by
the axial growth along the c-axis. Key factors in the achievement of high selectivity and crystalline
quality includes the surface roughness of the mask (promotes the adatom diffusion), cleaning of
the mask, mask geometry, and growth parameters (growth/substrate temperature and III/V flux

ratio).
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2.3. III-Nitride Nanowires Grown by MBE

The nanowire samples in this thesis were grown on Si (111) substrates by two radio-
frequency plasma-assisted molecular beam epitaxy (RF-PAMBE) systems, Gen-II and GENxplor
(Figure 2-4). The MBE system consists of three main vacuum chambers; namely, load-lock
chamber, buffer chamber, and growth chamber. The load-lock module acts as a gate between the
system and the environment and is the only one normally exposed to atmosphere. The buffer
module equipped with a heated station provides an ultra-high vacuum (UHV) zone between the
load-lock and growth chambers. Epitaxial growth occurs inside the growth chamber, the heart of
MBE system, which is normally maintained at a background pressure on the order of 10-1° — 10!

Torr in idle condition using a cryopump at 13.4 K and an ion pump at ~6200 V in GENxplor case.

Figure 2-4: MBE systems from Veeco: (a) Gen-II and (b) GENxplor.

Prior to the epitaxial growth, the Si substrate is thoroughly cleaned with standard solvents
to remove any organic contamination, followed by dipping in buffered oxide etchant (BOE 6:1)
for the native oxide treatment. The substrate is then immediately loaded into the load-lock chamber

of MBE system where it will be heated to 200 °C for the first degassing process. Subsequently,
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the substrate is transferred to the buffer chamber and degassed for the second time at 650 °C before
entering the growth chamber, which is extremely clean and at very high-purity level. Group-III
metal atoms (Ga, In, Al) and doping elements (Ge, Mg in Gen-II, and Si, Mg in GENxplor) are
provided by thermal effusion cells. The fluxes of these elemental materials can be changed by
varying the cell temperature. In RF-PAMBE systems, nitrogen radicals are supplied from the RF
plasma source by breaking high purity N> gas to create active nitrogen plasma. The active atomic
nitrogen flux can be controlled by adjusting the nitrogen flow rate and plasma power.

The growth of Mg-doped AIN nanowires was performed on 2” As-doped Si (111) wafers
with resistivity in the range of 2 — 5 x 10 Q-cm in Gen-II MBE system. The detailed growth
conditions will be mentioned in Chapter 3. Meanwhile, GaN/InGaN nanowire heterostructures for
water-splitting application, which will be discussed in Chapter 5, were grown on larger Si (111)
substrate (diameter of 3-inch) by using the modern dual-chamber GENxplor MBE system. Aside
from challenges of scaling up the nanowire synthesis on larger substrate area, the growth
conditions in MBE systems vary from one to another, that requires extensive calibration including

the substrate temperature and the fluxes of elemental materials.

2.4. Characterization and Performance Evaluation of II1I-Nitride Nanowires

Experimental characterization of the material properties is of critical importance to the
growth optimization and the final device performance. Numerous characterization methods have
been employed during this thesis work involving scanning electron microscopy (SEM),
transmission electron microscopy (TEM), PL spectroscopy, micro-Raman scattering, atomic force
microscopy (AFM), X-ray photoelectron spectroscopy (XPS), and so on. Some of them will be

described in the following sections.
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2.4.1. Scanning Electron Microscopy (SEM)

SEM is the most efficient and fastest way to assess the morphology of the MBE as-grown
nanowires. During growth optimization of a nanostructures, SEM images are used as an important
instant feedback to the grower to decide the next growth conditions by providing qualitative
information on the nanowire morphology, uniformity, areal density, and dimensions (diameter,
length). All nanowire samples were characterized by using FEI Inspect F-50 FE-SEM equipment

at an accelerating voltage of 5 — 10 kV and emission current of 5 — 10 pA.

2.4.2. Photoluminescence (PL) Spectroscopy

PL spectroscopy is a powerful method to investigate the electronic structure of materials.
For example, peak positions in PL spectrum reveal the optical band gap, excitonic transitions and
impurity states, while the intensity and full width at half-maximum (FWHM) can be used to assess
the crystalline quality. For the growth of ternary alloys such as InGaN or AlIGaN in which emission
wavelength is of concern, PL spectrum provides an important feedback for the grower to adjust
the incorporation of In or Al in GaN nanowires to achieve materials with desired bandgap. Since
PL spectroscopy is a contactless and non-destructive technique, i.e., no electrical contacts via a
complicated, time-consuming and expensive process are needed, it is an important tool to
characterize the optical properties of as-grown nanowires.

PL measurements on Mg-doped AIN nanowires were carried out using a 193 nm ArF
exciton laser as the excitation source in a regular PL setup. Meanwhile, the optical characterization
of double-band p-GaN/InGaN nanowire heterostructures was performed with a 405-nm collimated
diode laser system (Laserglow Technologies) in micro PL setup. The laser beam was focused on

the sample through a 100x objective lens with a circular beam size of ~2 um. The emitted light
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was then collected by the same objective and spectrally resolved using a high-resolution

spectrometer and detected by a photomultiplier (PMT) tube.

2.4.3. Transmission Electron Microscopy (TEM)

To gain a better idea about the crystalline quality, TEM can be employed to picture the
atomic structure, from which the lattice parameter, elemental composition, defects/dislocations,
etc. are revealed through different operating modes. For instance, high angle annular dark field
(HAADF) imaging, or Z-contrast mode, is commonly used to identify individual layers in
heterostructures based on the contrast of elements with different atomic numbers (Z). The heavier
(higher atomic number) the element, the brighter the region. On the other hand, high resolution
TEM (HRTEM) imaging allows capturing the crystallographic structure of the sample at atomic
scale.

In the course of this thesis, the structural characterization via TEM was performed by using
a FEI Tecnai G* F20 Cryo-STEM system with a field emission gun operated at 200 kV, and a
Hitachi HD2700 Cs-corrected STEM system with a cold field emission emitter operated at 200 kV

and an electron beam diameter of ~0.1 nm.

2.4.4. Photodeposition of Dual-cocatalyst and Photocatalytic Water Splitting

In this dissertation, the double-band GaN/InGaN nanowire heterostructures were decorated
with Rh/Cr203 (core/shell) nanoparticles and Co3O4 nanoparticles using photodeposition method.
During unassisted overall pure water splitting reaction, Rh/Cr203 and Co3;O4 nanoparticles perform
as proton reduction co-catalyst for HER and water oxidation co-catalyst for OER, respectively. In
this dissertation, 0.5 M sodium hexachlororhodate (III) (Na3RhClg), 0.2 M potassium chromate

(K2CrO4), 0.01 M cobalt nitrate hexahydrate (Co(NO3)2:6H20) precursor solutions (all from
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Sigma-Aldrich) were used for the deposition of Rh, Cr,03, and Co304 nanoparticles on Ga(In)N
nanowire surface, respectively. The deposition of Rh/Cr2O3 core/shell nanostructures was
conducted in 20% methanol aqueous solution, while Co3O4 nanoparticles were photodeposited in
the presence of 0.1 M potassium iodate (KIO3, Sigma-Aldrich) in water.

Prior to the experiment, de-ionized (DI) water was purged with pure Argon (Ar) for 20
minutes. The sample was first placed in a Pyrex chamber (Kimble Chase) using a homemade
polytetrafluoroethylene (PTFE or Teflon) holder, followed by adding appropriate amount of DI
water and precursor solutions. The chamber was then covered with a vacuum-tight quartz lid
before evacuation. Finally, the system was irradiated under 300 W Xenon lamp (Cermax,
PE300BUYV) for photo-assisted deposition of the nanoparticles.

For OWS reaction, the procedure was similar except only DI water was used. The evolved
gases (H2 and Oz) were manually sampled using a vacuum-tight syringe and analyzed by a gas
chromatograph (Shimadzu GC-8A) equipped with a molecule sieve SA column and a thermal
conductivity detector (TCD). High-purity Ar was used as a carrier gas for the GC. The quantitative
derivation of gas production rates can exhibit minor fluctuations from one water-splitting cycle to
another, which can be correlated to slight inconsistencies in manual sampling of the evolved gases

and/or misalignment between the light source and the sample during photocatalytic water splitting.

2.4.5. Calculation of Efficiencies in Photocatalytic Water Splitting

Solar-to-hydrogen and energy conversion efficiency:
The solar-to-hydrogen (STH) efficiency for overall water splitting under full-arc excitation

can be derived from the following equation:

H, (mm‘)l) x 237 k] x 1000

S
mW
sz) X Adevice(cmz)

STH =

X 100% Eq.(2-1)
pincident_total (
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Here, pincident total 1S the total incident power intensity under full arc illumination with AM1.5G
filter, Agevice 1S the area of the substrate covered by nanostructured photocatalysts and exposed to
photo-excitation. Considering the absorption threshold of the dual-band absorber, the energy

conversion efficiency (ECE) can be estimated from the following equation.

H, (mm"l) x 237 k] x 1000

S
mW
pincident_total (Al - 2-2) (W) X Adevice (sz)

ECE =

x 100% Eq.(2 — 2)

where pincident total (41 — 42) is the total incident power intensity within the wavelength range
(A1 — A3) under full arc illumination. The incident power intensity on the sample was derived by
measurements using a broadband detector (Thermopile Sensor, Newport-818P-100-55) and
considering the power spectrum of the lamp and the transmittance of the optical filter, while

mimicking the experimental configuration.
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Chapter 3: Revealing the Underlying Mechanism of Highly

Efficient p-Type Conduction in AIN Nanostructures

As discussed in Section 1.1.2, 1D nanowire structures possess many attributes that make
them very promising candidates for highly efficient deep-UV light emitters, one of which is the
enhanced Mg concentration in AIN nanowires. In this chapter, we will reveal the underlying
mechanism for the unusually high hole concentration in Mg-doped AIN nanowires through

detailed studies on the optical and electrical properties of the material grown by MBE.

3.1. Introduction

AlGaN semiconductors, with tunable bandgap energy from 6.2 eV to 3.4 eV [20], have
emerged as the materials of choice for deep UV light sources, which are the only alternative
technology to replace conventional mercury lamps for water purification and disinfection [14, 36,
126, 127]. To date, progress in this field has been fundamentally limited by the extremely poor
current conduction, particularly p-type, in ultra-wide-bandgap AlGaN [8, 11, 15, 128-131]. Mg-
dopant has been commonly used as p-type dopant in Ill-nitride semiconductors [15]. The
ionization energy of Mg-dopant, however, is prohibitively large (up to 600 meV) in AIN and Al-
rich AlGaN [13, 14, 132], leading to very small free hole concentration in the valence band at
room temperature. Moreover, with Mg-dopant incorporation, the formation energy for nitrogen-
vacancies (donors) is significantly reduced [133, 134], which, together with other defects and
impurity incorporation, further compensates the presence of free holes. As a consequence,
previously reported AIN epilayers only showed room-temperature free hole concentration in the

range of 10'° cm™ [13, 14, 132], which is orders of magnitude smaller than those (~10'7 — 10" cm-
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%) required for efficient LED and laser operation. Attempts have been made to enhance p-type
current conduction in AlGaN by exploiting the intrinsic polarization effect, incorporating the
scheme of tunnel junction, and utilizing other p-type materials, but with limited success [135-138].
To date, c-plane AIN LEDs exhibited a turn on voltage ~20-30 V [14], significantly larger than
the bandgap of AIN (~6.2 eV). The poor current conduction has also prevented the achievement
of electrically pumped quantum well lasers operating in the UV-B (280-315 nm) and UV-C (200-
280 nm) bands [139-143].
Recent studies have shown that efficient p-type conduction can be achieved in AIN and Al-
rich AlGaN nanowire arrays [28, 36, 144, 145]. The resulting AIN nanowire LEDs exhibited a
small turn on voltage of ~5.5 V, and electrical efficiency as high as ~85% was measured [36].
With the use of AlGaN nanowire arrays, electrically injected lasers have also been demonstrated
in the UV-B and UV-C bands [35, 146]. To date, however, little is known about the charge carrier
transport properties of p-type AIN nanowires [147, 148], and the underlying mechanism for the
unusually efficient p-type conduction of such ultra-wide-bandgap nanostructures has remained
largely unexplored. These nanostructures are grown by RF-PAMBE and are nearly free of
structural defects and dislocations. In this growth process, unintentional impurity incorporation
such as carbon is significantly reduced, compared to the conventional CVD or MOCVD process.
Recent first-principles calculations have further shown that the Al-substitutional Mg formation
energy is significantly reduced in AIN nanostructures, compared to their planar counterparts, due
to the efficient surface strain relaxation [26, 145].
In this work, we have elucidated the underlying mechanism for the efficient p-type
conduction in AIN nanostructures. We have performed a detailed investigation of the p-type

conduction at the single nanowire level for different Mg doping concentrations by studying the
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temperature-dependent transfer characteristics of AIN nanowire transistors. Activation energy
values in the range of ~20 — 200 meV were derived at room temperature, which is in direct contrast
to the large activation energy (~500 — 600 meV) expected for Mg-doped AIN. Free hole
concentrations up to ~6 x 10'7 cm™ were measured, which is nearly seven orders of magnitude
larger than that of previously reported AIN epilayers [14]. Detailed studies suggest that such
unusually high carrier concentrations stem from the efficient hole hopping conduction in the
impurity band, which is consistent with the increase in hole mobility with increasing temperature.
In addition, due to the enhanced Mg-dopant incorporation and the resulting Mg acceptor energy
level broadening, a portion of Mg-dopants exhibits drastically reduced ionization energy, thereby
enabling hole conduction in the valence band as well. The unique two-band hole conduction
mechanism is further supported by the temperature-dependent measurements of the hole
concentration of Mg-doped AIN nanowires. These studies provide a viable path for achieving
efficient current conduction in ultra-wide-bandgap semiconductors that are critical for a broad
range of applications, including deep UV LEDs, lasers, photodetectors, and modulators, and high

power and high frequency transistors.

3.2. Characterization of Mg-doped Single AIN Nanowire Transistor

3.2.1. MBE Growth and Optical Properties of p-AIN Nanowires

In this study, catalyst-free Mg-doped AIN nanowires were grown on n-type Si substrate by
RF-PAMBE under nitrogen-rich conditions. The use of nitrogen-rich epitaxy conditions
suppresses the formation of N-vacancy related defects (donors). /n-situ oxide desorption was
performed at 805 °C in the growth chamber before the growth initiation. Prior to the growth of

AIN nanowires, n-GaN template was grown first to better control the properties of nanowire arrays
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[149]. The growth of GaN template started with a deposition of 0.6 nm Ga seeding layer before
striking nitrogen plasma. The growth conditions included a RF plasma power of 350 W, a nitrogen
flow rate of 1 standard cubic centimeter per minute (sccm), and Al beam equivalent pressure (BEP)
of 2 x 10 Torr. In this study, the Mg doping concentration in AIN nanowires was varied by
changing the Mg cell temperature (Twmg) from 280 to 310 °C, corresponding to the Mg
concentrations on the order of 10!° to 10%! cm™, which were estimated based on calibrations from
Mg-doped epilayers. It is worthwhile mentioning, however, the Mg concentration in nanowires
may be much lower than that of epilayers even when grown under similar conditions due to the
large Mg desorption at the growth temperature and shadow effect from adjacent nanowires that
hinders the incorporation of impinging Mg atoms. A high-resolution SEM image of the as-grown

Mg-doped AIN nanowires is shown in Figure 3-1a.

230 nm

200 225 250 275 300
Wavelength (nm)

PL Intensity (a.u.)

Figure 3-1: (a) A 45°-view SEM image of AIN:Mg nanowires grown on Si wafer and (b) the PL
spectrum of Mg-doped AIN nanowires measured at room temperature using a 193 nm excitation

laser.

The nanowires are vertically aligned on the Si substrate and oriented along the c-axis, with

their sidewalls being the nonpolar m-plane. The typical nanowire lengths and diameters are ~950
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nm and 100 nm, respectively. Previous reports have further confirmed that the nanowires are
nearly strain- and defect-free [145, 149]. The PL characteristics of Mg-doped AIN nanowires are
measured using a 193 nm excitation laser at room temperature. In Figure 3-1b, it is seen that
besides the excitonic emission at 207.8 nm (5.97 eV), another low energy PL peak centered at 230
nm (5.39 eV) is also measured, which is Mg-acceptor related transition. The energy separation

between these two peaks is consistent with Mg dopant activation energy (~0.6 eV) in AIN [13].

3.2.2. Electrical Properties and Discussion on the Unusually Efficient p-type

Conduction in Ultra-wide Bandgap Al(Ga)N Nanostructures

Single nanowire transistors were fabricated to investigate the charge carrier transport
properties of Mg-doped AIN nanowires. The as-grown AIN:Mg nanowires were dispersed onto
pre-patterned Si/SiOy chips, and single AIN nanowire transistors were fabricated using standard
electron-beam lithography (EBL) and contact metallization techniques. Prior to metal deposition,
the nanowire surfaces were treated in hydrochloric acid (37%) for 1 minute to remove surface
oxides. Metal contact layers (50/150 nm Ni/Au) were deposited using an e-beam evaporator. A
rapid thermal annealing was performed at 500 °C for 2 minutes in N> ambient. An SEM image of
a fabricated device and the schematic diagram of the AIN:Mg nanowire transistor are shown in

Figure 3-2a and -2b, respectively.
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Figure 3-2: (a) The SEM image of a single AIN nanowire transistor and (b) the schematic diagram

for electrical measurement.

We first measured the temperature-dependent resistivity of the AIN:Mg nanowires. Figure
3-3 shows the resistivity as a function of the reciprocal temperature. A distinct slope change around
600 K can be clearly seen. To further discern the underlying mechanism, we have calculated the
activation energy (E,) by utilizing the equation, p(T) = pyexp (E,/kT), where k =
8.617 x 107° eV K'!' is the Boltzmann constant. E, was found to be ~191 meV at low
temperatures (below 600 K), which is nearly three times smaller compared to the Mg activation
energy (~500 — 600 meV) in AIN. E, was derived to be ~418 meV at high temperatures (above
600 K), which is consistent with the Mg activation energy in AIN, suggesting hole conduction in

the valence band. It is further observed that the activation energy values decrease with the increase
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in Mg doping incorporation. Activation energy in the range of 20 — 30 meV has been measured for
more heavily Mg-doped AIN nanowires [148]. The small activation energy measured near room
temperature indicates hole hopping conduction in the impurity band. This two-band picture, with
more detailed discussions later on, can also explain the temperature-dependent mobility and hole
concentration rather well. It is also worth noting that similar electrical transport behavior has been
observed in p-type InGaN [150], GaN [16], and AlGaN [151], with the increase in transition
temperature as the bandgap energies become larger, i.e., ~250 K for p-type InGaN and GaN and

~500 K for p-type Alo.7Gao3N. In the present study, ~600 K was measured for AIN.
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Figure 3-3: Variation of the resistivity as a function of inverse temperature for the Mg-doped AIN

nanowire sample with relatively low Mg concentration (estimated to be on the order of 10! cm™).

We have further investigated the back-gate voltage dependent carrier transport
characteristics. Illustrated in Figure 3-4a are the back-gate voltage dependent source-drain current
(Isp) versus source-drain voltage (Vsp) collected from a device with the low-doped sample

(estimated Mg concentration of ~10' ¢m™) at 500 K. It is seen that Isp increased linearly with the
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increase in Vsp, indicating the formation of Ohmic contact. Furthermore, the channel conductance
(i.e., Isp/Vsp) exhibited a dramatic increase as more negative back-gate voltages were applied,
providing an unambiguous evidence for the p-type conduction of the present AIN:Mg nanowires
[147, 150, 152, 153]. The transfer characteristic, i.e., the Isp — Vgp dependence is shown in Figure
3-4b at Vsp = 0.2 V. A clear p-type conduction feature can be seen. Moreover, it is noticed that
Isp reaches the minimum at a positive Vgp (~0.5V), indicating a p-type conduction at zero back-

gate voltage. Similar behavior was observed in many other AIN nanowire devices (not shown).
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Figure 3-4: The field-effect characteristics of AIN:Mg nanowire transistor (estimated Mg
concentration ~10' ¢cm™) measured at 500 K. (a) I-V characteristics. (b) The Isp — Vb curve at
a fixed Vsp = 0.2 V clearly shows p-type conduction. Similar behavior was observed at other

doping levels.

From the slope of the transfer characteristic shown in Figure 3-4b at negative back-gate bias,

we have calculated the field-effect free hole mobility u from 300 to 690 K by the following

equation:
gmlL?
SD

where g,, = dlsp,/0V;p is the nanowire transconductance, determined by the best linear fit to the
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Isp — Vgp curve, L is the channel length (i.e., distance between the source and drain contacts), and
C is the total capacitance, which is defined as [153]:

C = 2megyL Eq.(3 - 2)
cosh™1(1 +t,,/a) 4

where € = 3.9, t,,, = 350 nm (SiO; thickness), and nanowire radius a is ~50 nm. With a channel
length of 700 nm, the obtained value for hole mobility is ~0.67 cm?/V-s at room temperature, which
is reasonably close to that measured for AIN epilayers previously [14]. Compared to the theoretical
values of the hole mobility in AIN (~14 cm?/V-s at 290 K), the hole mobility in AIN nanowires is
limited by surface scattering [154]. With the increase in Mg doping concentration, the total
mobility was decreased from ~0.67 cm?/V-s to ~7.7 x 10 cm?/V-s at room temperature, consistent
with the enhanced ionized impurity scattering.

The hole mobility of the low-doped sample is almost invariant with temperature from 300 —
400 K, then increases with the increase in temperature until 600 K, followed by a decrease (Figure
3-5a). This temperature-dependent carrier mobility does not follow conventional semiconductors
wherein the conduction is through either conduction or valence band. For conventional
semiconductors, the mobility follows p o< T3/2 due to ionized impurity scattering at low

temperatures, and u o< T ~3/2

due to phonon scattering at high temperatures [155]. Here, it is seen
that the phonon scattering explains the high temperature (above 600 K) mobility well, while the

low temperature (below 600 K) mobility shows a much larger temperature exponential (1.9 for Mg

concentration of 10! cm, and 11.3 for Mg concentration of 10*! cm).
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Figure 3-5: (a) Plot of the derived mobility of two AIN:Mg samples at different Mg concentrations
as a function of measurement temperature. Blue diamond and red dot are for low-doped (Mg cell
temperature of 280 °C) and high-doped (Mg cell temperature of 310 °C) samples, respectively. (b)
Free hole concentration versus temperature for these two samples.

To understand the underlying reason, we adopt the previously introduced two-band
conduction mode [156-158]. Impurities in semiconductors are generally described as localized
energy levels with respect to conduction or valance band at low doping concentrations. As the
doping concentration increases, impurities start to interact, and the probability of carrier (hole in
the present study) hopping from one state to adjacent state increases, accompanied by a reduction
in the thermal activation energy for such a conduction. This is consistent with our previous study,
which showed a very small activation energy of ~23 meV for heavily Mg-doped AIN nanowires

[148]. When the average separation r between the impurity atoms is comparable to the radius 7" of

hydrogen-like impurity, the formation of an impurity band is expected [159, 160]. Here, r =

3/4nN)3, and * = (=) (=2) 0.5 x 1078 cm. For AIN, taking the relative dielectric constant
-~ g

€o
&s/€, around 9 and reduced mass m* ~0.3my, it requires an impurity concentration N on the order

of 10'"® ¢m™ to form an impurity band. For the lowest Mg-doped sample in the present study, the
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doping concentration is estimated to be on the order of 10" cm™, which can lead to the formation
of a Mg impurity band. Due to the finite overlap of the localized energy levels, the hole mobility
in the impurity band is expected to be smaller compared to that in the valence band. In addition,
since impurity band conduction dominates at low temperatures due to the associated small
activation energy (Figure 3-3), it thus explains the large temperature exponentials in the
temperature-dependent mobility values below 600 K. This argument is further supported by the
increased low-temperature exponential as the Mg doping concentration increases.

Free hole concentrations were further derived from the following equation,

L
- e.u[(Rtot - Rcont)(naz)]

p Eq.(3-3)

wherein Ry, and R.ons denote the total resistance and contact resistance, respectively. For the low-
doped sample, the hole concentration is ~5.4 x 10> cm™ at room temperature and shows a small
increase with temperature. The hole concentration increases dramatically with temperature above
600 K, due to the thermal ionization of Mg dopants. Such a temperature-dependent behavior is
consistent with impurity band conduction and valence band conduction at low and high
temperatures, respectively [157]. The significant effect of impurity band conduction is more
evident in the high-doped sample. The hole concentration reaches as high as 6 x 10!7 cm™ at room
temperature, which is nearly seven orders of magnitude higher than previously reported values
(~10' ¢m) for Mg-doped AIN epilayers. Moreover, the hole concentration exhibits a decreasing
trend with increasing temperature in the range of 300 K to 550 K, followed by an increase with
temperature from 550 K to 650 K. Such an anomalous temperature-dependent hole concentration
can be well explained by the afore-described two-band conduction model. The hole concentrations
in the impurity and valence bands exhibit different temperature-dependent behaviors: The effective

hole concentration in the impurity band decreases with temperature, whereas hole concentration
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in the valence band increases with temperature. Consequently, the dominance of impurity band
conduction near room temperature leads to a decrease in hole concentration from 300 K to 550 K.
With further increasing temperature, the contribution from holes in the valence band becomes
more important, and the hole concentration shows an increasing trend with temperature. Such a
unique temperature-dependent hole concentration has been previously measured in GaN in a lower
temperature range [157, 158]. For practical application in LED and laser devices, the Mg-dopant
incorporation in AIN and Al-rich AlGaN will need to be carefully optimized to achieve minimum
resistivity.

Factors that contribute to such unusually efficient p-type conduction in ultra-wide-bandgap
Al(Ga)N are described as follows: (i) Al(Ga)N nanostructures exhibit drastically reduced defect
densities, compared to Al(Ga)N epilayers. Moreover, the use of plasma-assisted MBE can
significantly reduce impurity incorporation, such as carbon, compared to Al(Ga)N grown by CVD
or MOCVD. (ii) The use of nitrogen-rich epitaxy conditions suppress the formation of nitrogen-
vacancy related defects (donors) in AI(Ga)N. (iii) Recent first principles calculations have revealed
that the Al-substitutional Mg formation energy is drastically reduced in Al(Ga)N nanowire
structures, compared to that in Al(Ga)N epilayers, thereby leading to significantly enhanced Mg-
dopant incorporation and the formation of Mg impurity band in Al(Ga)N nanostructures [145,
161]. (iv) Another critical advantage associated with the enhanced Mg-dopant incorporation is that
a portion of the Mg-dopants have significantly reduced ionization energy, due to the band tailing
effect and the significantly broadened Mg energy levels [148], which are evidenced by the partial
overlap between the excitonic emission and the Mg acceptor related radiative recombination

transition peaks shown in Figure 3-1b.
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3.3. Conclusion

In conclusion, we have identified the formation of a Mg impurity band and revealed the
underlying mechanism for the unusually efficient p-type conduction in ultra-wide-bandgap
Al(Ga)N nanostructures. Through detailed studies on the temperature-dependent electrical
transport characteristics of Mg-doped AIN nanowires via back-gate field-effect transistor
configuration, we have further measured unique charge carrier transport properties, including a
very small activation energy for electrical conductivity, large free hole concentrations, and a
significant increase in mobility with temperature, which are well explained by the presence of a
Mg impurity band and the efficient hole hopping conduction. This work provides important insight
into the current conduction of ultra-wide-bandgap semiconductor materials and further offers a
viable path to achieve high efficiency deep UV optoelectronic devices that were not previously

possible.
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Chapter 4: MoS:-based Light-Emitting Devices

One of the most critical challenges limiting the performance of light emitters is high defect
and dislocation densities due to lattice mismatch between epilayers and the substrates (see Section
1.1.1). Beside 1D nanowires with the offer of lateral stress relaxation, 2D layered material family,
such as MoS», can also eliminate this issue owing to the weak van der Walls bond between layers
as mentioned in Section 1.2. This chapter will discuss the quantum efficiency of monolayer MoS»
light-emitting devices, and further demonstrate MoS>-based optically pumped lasers operating at

room temperature.

4.1. Introduction

The transition metal dichalcogenide semiconductors, such as molybdenum disulfide (MoS>),
are indirect bandgap in their bulk case with a transition to direct-gap semiconductors in a
monolayer limit due to significant quantum confinement effect [43, 44]. In the last decade, there
have been extensive theoretical and experimental studies of the optical properties and the
electronic band structure of TMDCs [43-45, 49]. Due to high optical absorption [43, 162], strong
band-to-band PL emission [44], large exciton binding energy [57], and relatively high carrier
mobility [163, 164], 2D TMDCs are promising candidates for next generation nanophotonics and
optoelectronic devices. Mono- and few-layer materials possess extremely short radiative carrier
lifetime (~100 ps) [165], nearly an order of magnitude smaller than that in the state-of-the-art
quantum well devices operating in the same wavelength range, suggests the possibility of
achieving light emitting devices with high modulation bandwidth. Moreover, compared to
conventional group III-V quantum well lasers, the large refractive index of 2D TMDCs (~6-7 in
the visible range) can significantly increase the optical confinement in the laser active region. The
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optical gain can be further enhanced by the strong Coulomb interactions due to the vertical
confinement and the reduced dielectric screening in these materials. While extensive research has
been devoted to exploring their properties and incorporating them into functional devices, there is
still a vast lack of fundamental understanding of the device performance. The realization of a room-
temperature 2D TMDC based semiconductor laser has also not been reported.

In Section 4.2, the maximum achievable quantum efficiency of the emerging monolayer
light-emitting devices and the comparison with that of GaN quantum well LEDs, the presently
dominant technology for solid-state lighting, will be discussed. Through temperature- and power-
dependent PL measurements, the radiative and various nonradiative recombination processes in
single layer (1L) MoS; have been investigated. Section 4.3 will follow by demonstrating an
optically pumped 2D MoS; lasers operating at room temperature. In this work, four-layer (4L)
MoS: has been used as the gain medium in a vertically coupled, free-standing SiOx microdisk and
microsphere cavity, which can significantly enhance the coupling between the MoS: gain medium
and the optical cavity modes, leading to ultralow threshold lasing under continuous wave operation

at room temperature.

4.2. Insights into The Quantum Efficiency of Monolayer MoS: Light Emitting

Diodes

The monolayer MoS:; flakes were prepared from their natural bulk via mechanical cleavage
on Si/SiOx substrates. The flake was excited by a 514 nm laser source with power ranging from 1
pW to 10 mW under a 50x long working distance objective lens (spot size of 2 um) in a confocal
microscopy setup that enabled us to locate and excite the flakes at the same spot. The temperature-
dependent measurements were carried out under N> ambient inside a cryostat, which is capable of

operating in the temperature range of 83 K to 500 K. Prior to the measurements, the samples were
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annealed at 200 °C for 10 minutes to remove the moisture, and then cooled down to the

measurement temperature.

4.2.1. Temperature-dependent Photoluminescence Measurements
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Figure 4-1: (a) AFM image of a monolayer MoS: flake with an embedded thickness profile. (b)
Typical temperature-dependent PL spectra measured from 83 K to 373 K with an example of a

Lorentzian fit (inset).

The AFM image embedded with a thickness profile of a large MoS;, flake (Figure 4-1a)
confirms the average thickness of ~0.65 nm, indicating single layer MoS,. Two prominent
transitions at 1.83 eV (A-mode) and 1.99 eV (B-mode) are clearly observed from the PL spectrum
of a 1L MoS; at room temperature, as shown in Figure 4-1b, attributed to two direct excitonic

transitions at K (K') points at the corners of the hexagonal Brillouin zone [44]. The shape of both
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modes remained symmetric and exhibited redshifts and broadenings with increasing the
temperature in agreement with previous study [166]. The PL spectra at all temperatures can be
precisely fitted using Lorentzian curves, with an example shown in the inset of Figure 4-1b. Figure
4-2a plots the peak shifts of both modes with temperature, which can be described using the

Varshni’s semi-empirical equation [167]:

2

a
E,(T) = E,(0) —

Where o and f are the characteristics of the given material. The fitting parameters used for each
mode are E;(0) = 1.868 £ 0.003 eV, a = (2.2 £ 0.7)x10* eV/K, = 250 = 100 K (A-mode), and

E;(0) =2.053£0.003 eV, a = (5 1)x10* eV/K, f =460 + 200 K (B-mode).
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Figure 4-2: (a) Peak energy variation with temperature for A-mode and B-mode. The solid lines
are fitting curves by using Varshni’s equation. (b) Valence band splitting as a function of

temperature. [168]
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It is of interest to note that « is larger by a factor of two for B-mode compared to the A-mode,
indicating a larger shift of the B-mode than A-mode with temperature. This is due to a reduction
of the valence band splitting from 182 meV to 137 meV with increasing temperature from 83 K to

423 K (shown in Figure 4-2b).

4.2.2. ABC Model and Determination of Quantum Efficiencies
In the following, we first describe ABC model and then present the experimental data to
determine the radiative and nonradiative coefficients and IQE. The steady state carrier

generation/recombination rate (G), IQE and integrated PL intensity (/pz) can be expressed as:

G = An+ Bn? + Cn® Eq.(4 —2)
Bn?

IQE:T Eq.(4 —3)

Ip, = yBn? Eq.(4 —4)

where A, B and C represent the nonradiative Shockley-Read-Hall (SRH), radiative bimolecular,
and nonradiative Auger recombination coefficients. n is the photoexcited carrier (electron)
concentration. y is a constant determined by the sample and the measurement setup details. On the
other hand, G can be separately determined from the experimental parameters, i.e., laser power
(Piaser), Fresnel reflection coefficient (R), absorption coefficient (§), area of the laser spot (Agpe¢),

and excitation energy (hv), by using the following equation [169]:

G = Plaser(l - R)6
Agyorhv

Eq.(4 — 5)

spot

R = 0.6 was calculated from Fresnel equation (normal incidence) using the refractive index of ~8
[170]. In our model, we used & ~ 0.05 per layer [43]. From Eq. (4-2), VBn can be expressed as a

function of (\% , % , @), and therefore the external quantum efficiency (EQE o Ip, /G =y X IQE)
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can be defined as a function of (\%,%,y, G). \/%, # and the constant y will be determined as

fitting parameters, while G was calculated from Eq. (4-5). The value of iB and ——

75 it only depends

on temperature.
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Figure 4-3: Plot of the relative external quantum efficiency (EQE oc Ipr/G) and IQE as a function

of carrier generation rate (G) for (a) A-mode and (b) B-mode.

Figure 4-3 shows the relative external quantum efficiency (Ip;/G) and the IQE as a function of G
for both modes. The fitting curves are nearly in perfect agreement with the experimental results at
all temperatures. As can be seen in both Figure 4-3a and 4-3b, the external quantum efficiency

increases with increasing carrier injection, which is due to the saturation of nonradiative SRH
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recombination. However, at high carrier injection conditions, the efficiency droop is clearly
observed, suggesting the dominance of nonradiative Auger recombination. We have noticed
different trends in the variation of internal quantum efficiencies of A-mode and B-mode with
temperature at a given carrier generation rate. Specifically, the IQE of A-mode decreases from
45% to 5.2% with increasing temperature from 83 to 373 K, while that of B-mode exhibits an
abnormal increase from 2.1% to 6% in the same temperature range. The room-temperature IQE of
the A and B modes in 1L MoS; are 8.3 % and 4.5 %, respectively.

We have further estimated the value of radiative and nonradiative recombination
coefficients in relation with temperature. First, we have evaluated the SRH recombination
coefficient (4). This nonradiative recombination process is primarily related to the defects located
at the free surface of MoS; and its interface with SiO» substrate. Thus, SRH recombination cannot
be diffusion limited in 1L MoS», and hence would have extremely weak temperature dependence.
This is consistent with the recent transient absorption spectroscopy observations that the thermal
induced carrier diffusion has negligible effect on carrier recombination [171]. We consider 4 =

10'% s'! and assumed it to be temperature-independent in this study.
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Figure 4-4: (a) Plot of the calculated Auger recombination coefficient as a function of 1/(kgT).
The inset illustrates a possible Auger recombination pathway in a 1L MoSs. (b) Plot of the

calculated radiative recombination coefficient as a function of temperature.

The variation of Auger coefficient (C) as a function of (kgT)~" is shown in Figure 4-4a, and is
well-fitted by function exp(—E,/kgT) (solid lines), as expected for a band-to-band Auger
recombination [172]. The activation energy E, was derived to be 22 + 3 meV for A-mode and 16
+ 5 meV for B-mode. For a direct band-to-band Auger recombination, E, should be on the order
of the bandgap, and therefore our observed low activation energy indicates the dominance of
phonon-assisted Auger recombination (indirect recombination process). Figure 4-4b plots the
radiative recombination coefficient (B) as a function of temperature. It is seen that B decreases
with the temperature according to T(-16%02) for A-mode; however, it increases for B-mode as

T(09£02) (indicated by solid fitting lines in Figure 4-4b). Our observed temperature-dependence
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of B coefficient of A-mode is consistent with the behavior expected for a typical bulk
semiconductor (B o« T~1) [173, 174], while the increase in B for B-mode is rather anomalous.
To explain this unusual trend, we consider the involvement of the two valence sub-bands in the
Auger recombination pathway CVaVsVa, as shown in the inset of Figure 4-4a. The process results
in the annihilation of an electron (in the conduction band) and two holes (in the valance sub-band
Va), while leaving a hole in the valance sub-band Vg. This model also explains our observed
increase in IQE of B-mode with temperature. The transition from conduction band to valence band
is proportional to the joint density of states weighted by the corresponding hole occupation number
which increases with increasing temperature due to the proposed Auger process, leading to the
enhancement of IQE of B-mode with increasing temperature. Under thermal equilibrium, B is
defined as R,/n?, where R, and n; are the radiative recombination rate and intrinsic carrier
concentration, respectively. Under small deviation from equilibrium, the effective radiative
recombination coefficient B* is defined as (np/n}?) X B, where n and p are the electron and hole
concentration. According to our proposed model, Auger recombination rate increases
exponentially with temperature, resulting in a higher hole concentration in sub-band Vg. Therefore,
np/n? increases with temperature that qualitatively explains our observed deviation of B* from
the expected temperature-dependent behavior. It is worth noting that Auger coefficient of A-mode
is slightly larger than that of B-mode (Figure 4-4a). As described above, phonon-assisted Auger
recombination annihilates one electron in the conduction band, therefore affecting both (A and B)
modes equally. This process, however, also annihilates two holes in the valence sub-band Va.
Consequently, the impact of Auger recombination process on A-mode is stronger than B-mode,
resulting in a slightly larger Auger recombination coefficient. It should be noted that the obtained

radiative and Auger recombination coefficients are nearly 3 and 6 orders of magnitude higher than
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the values reported for conventional bulk and quantum well semiconductors, respectively [175-

177].

4.2.3. Radiative and Nonradiative Carrier Lifetime

Assuming that all of the recombination processes operate independently, the overall carrier
recombination lifetime (7) is calculated from its components, i.e., SRH lifetime (tgzy = 1/4),
radiative lifetime (7,44 = 1/(Bn)), and Auger lifetime (Tgyger = 1/(C n?)), by using the

following equation:

= + + Eq.(4 — 6)
TSrRH Trad TAuger

1 1 1 1
T

These parameters of A-mode are plotted in Figure 4-5.

G (cm®s™)
1.5x10%° 1.5x10% 1.5x10%°

:. L T AL 7] | 3 L i SanYisPrSutay Y ¥ LT 7 SR T | i3
10° | - ® Radiative _:

F m  Auger ]

- — SRH

10° b — Overall |

e u

L . .

Lifetime (ps)
a:)

-
o
N
T

-t
o
<8
W

o
Power (mW)

Figure 4-5: Plot of the derived overall recombination lifetime and its components of A-mode as a

function of excitation power at 83 K [168].
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For low generation rate (or excitation power), the carrier lifetime stays nearly constant and is
determined by tszy ~ 100 ps. In intermediate generation regime, the lifetime is determined by both
SRH and radiative processes, leading to a small decrease; and for high generation rate, the lifetime
is determined by Auger recombination. Further increasing the carrier injection enhances Auger
recombination process, and thus resulting in further decrease in the carrier lifetime. The calculated
carrier lifetime in this study is in excellent agreement with the previous report from time-resolved

PL experiments [165].

4.3. Room-temperature Optically Pumped Lasers from Two-dimensional

MoS:

In section 4.2, we reported an abnormally strong Auger effect in 1L MoS,, which causes the
efficiency droop at high carrier concentrations (excitation power > 10"! mW). In this work, we
have investigated that the effect of Auger recombination is much less detrimental in four-layer
(4L) MoS: compared to that in single layer counterpart, and further utilized 4L MoS: as the gain
medium in a vertically coupled, free-standing SiOx microdisk and microsphere cavity to achieve

ultralow threshold lasing at room temperature.

4.3.1. Properties of As-exfoliated 4. MoS:

4L MoS: flake was prepared and tested following the same method as afore-described for
1L MoS:. Figure 4-6 shows the optical and AFM images of the flake, clearly confirming 4 layers

of MoS: was deposited on Si/SiOx substrate via mechanical exfoliation.
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(@)

20 um

Figure 4-6: (a) Optical image (magnification 50x) of a MoS; flake deposited on Si/SiOx substrate.
(b) AFM image of the red dashed square shown in (a), confirming 4 layers of MoS; from height

profile (inset) of the white line scan.

The room-temperature PL spectrum from 4L MoS; sample is plotted in Figure 4-7a in
comparison with the spectrum from 1L flake. As can be seen, the integrated PL intensity of A- and
B-mode of the 4L MoS; is about 2 and 50 times lower than that of the 1L counterpart, respectively.
Beside these two modes, the PL spectrum of 4L MoS; reveals a new peak at 1.47 eV, which is
attributed to indirect transition from the bottom of the conduction band along A point to the top of
valance band at " point in multilayer MoS, [178]. Figure 4-7b shows much weaker efficiency
droop in 4L MoS; under high excitation conditions compared to single-layer sample, indicating

the reduction of Auger recombination. Employing the ABC model described in Section 4.2.2, we

have determined the values of % and # which were summarized in Table 4.1.
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Figure 4-7: The room-temperature PL spectra (a) and Plot of the relative external quantum

efficiency (EQE o Ipr/G) as a function of carrier generation rate (G) (b) of 1L and 4L MoS, [179].

Table 4-1: Summary of the fitting parameters (A/B%> and C/B!®) and estimated values of A, B

and C coefficients in monolayer and 4L MoS; [179].

Parameter A C
S — A (s B (cm3-s!) | C (ecm®sT)
BO.S Bl.S
No. of layer
1 5.8 x 1013 3.0x 101 1.0 x 1010 3.0x 108 1.6 x 10
4 6.8 x 108 | 43x101 2.0 x 10° 87x101 | 1.1x107%8

The value of iB is similar for both 1L and 4L samples, suggesting that any reduction in surface

\/—

recombination in 4L MoS> was compensated by a reduction of its radiative recombination.

c
However, ——

is reduced by two orders of magnitude as increasing the number of layers from single

to four layers. This is an indication of a much weaker Auger effect in multilayer MoS,.
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4.3.2. Fabrication of MoS:-based Optically Pumped Lasers

The MoS;-based coupled microdisk/microsphere cavity laser devices were fabricated by
photolithography and electron-beam lithography, together with etching techniques. Figure 4-8
illustrates the fabrication sequence of the devices using photolithography. MoS; flakes were first
mechanically exfoliated on a Si substrate (2” in diameter) coated with 340 nm SiO; thermally
grown by wet oxidation. The sample was then spin-coated with Shipley 1813 photoresist to define
the microdisk arrays via UV exposure and development processes. XeF> was used as a vapor phase
etchant to remove the exposed MoS,, followed by reactive ion etching (RIE) in CF4/CHF3/Ar to
form the oxide disks with diameter of 15 pum. Si was then etched isotropically using XeF> until a
Si post (lateral size ~2 — 5 um) was formed to support the SiO, disk at its center. Subsequently,
the photoresist was removed by solvent stripper. In the final step of microdisk fabrication, the
sample was treated in O, plasma for 1 min to remove the resist residues and enhance PL intensity,
as theoretically and experimentally proved previously [180]. The silica microspheres (diameter of

~7.7 um) purchased from Cospheric Company were finally dispersed on the microdisks.
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Figure 4-8: Fabrication sequence of microdisk and microsphere cavities. (a) Definition of
microdisk arrays by standard photolithography. (b) Removal of exposed MoS; by etching with
XeF>». (¢) Formation of the microdisks after RIE, followed by Si etching using XeF> (d). (e) Resist
removal and dispersion of silica microspheres. (f) Schematic illustration of the MoS, vertically

coupled optical cavity device and measurement configuration.

For the devices fabricated using EBL (Figure 4-9), the sample (1 cm x 1 cm) containing
exfoliated MoS: flakes was first spin-coated with 350 nm PMMA A2 positive resist, and then an
annular opening with inner and outer diameters of 15 um and 25 pm, respectively, was defined

after standard EBL. The following steps were similar to photolithography process.
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Figure 4-9: Optical microscope images of the sample (a) containing a mechanically exfoliated
MoS:; flake on SiO/Si substrate, (b) after removing the oxide by RIE, (¢) after isotropic etching
of Si by XeF,. Scale bars (a-c), 15 um. (d) SEM image of the sample in (c). (e¢) Representative

top-view SEM image of the sample after microsphere dispersion. Scale bars (d-e), 5 um.

4.3.3. Performance of MoS:; Microlaser

The optical measurements were carried out at room temperature under N, ambient inside a
cryostat using a micro-PL setup with 514 nm pump laser under continuous wave operation. Prior
to the experiments, the sample was annealed at 150 °C for 10 min under N> gas and then cooled
down to room temperature. The laser beam was focused on the top pole of the microsphere that
provided a lensing effect to reduce the excitation area by ~16 times, resulting in a significantly
enhanced carrier generation rate at relatively low pumping power. A room-temperature charge
coupled device (CCD) camera operating in the range of 400 — 1000 nm was used to detect the light

emission.
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Figure 4-10: (a) Room-temperature PL spectra of the MoS» microlaser at excitation power of 3
uW (red) and 30 uW (black). (b) WGM spectrum after subtracting the background spontaneous
emission (upper) along with the calculated mode positions (lower) using Mie’s theory (excitation

power of 100 uW). [179]

Shown in Figure 4-10a are the PL spectra of a 4L MoS> laser device measured at room
temperature below and above threshold power (P,). Very weak whispering gallery modes
(WGMs) were observed at an excitation power of 3 uW (below threshold). By increasing the
excitation power to 30 uW (above threshold), sharp WGM peaks emerged and superimposed on
the broad background spontaneous emission spectrum. It should be noted that the enhancement
factor of the WGMs is 10 times higher than that of the spontaneous emission as increasing pump
power. Figure 4-10b plots the WGM spectrum at an excitation power of 100 uW after subtracting
the background emission, along with the derived mode positions from Mie’s theory [181]. The
positions of WGMs, with angular mode number [ confined in a microsphere with radius of R (=
3.85 um) and refractive index of ng (~1.5 for silica) surrounded by a medium with refractive index

of ny (=1 for air), are the roots of the following equation:

63



l
FO) = (1 + ) X ju(knsR) = kg X jusa (knR) Eq. (4= 7)

where:

1 (TE mode)
= {(ns /ng)? (TM mode) Eq. (4= 7a)
a = (B2 — k2n2)V/? Eq. (4 — 7b)
B = [+ D]?/R Eq. (4 — 7¢)
k =2m/A Eq. (4 — 7d)
[ = 2nRngpp/A Eq. (4 — 7e)

Ji represents the spherical Bessel function, 1. is the effective refractive index of the microsphere
for a given mode, which is about 1.43. The calculated WGM peak positions are in excellent
agreement with the observed lasing modes from PL spectrum, and indicate that the spectrum is
composed of the first and the second order transverse electric (TE) polarized modes. The quality
factor (Q) was estimated from Q = A/3A, where d4 is the linewidth or FWHM of the WGMs. In
our coupled microsphere/microdisk optical cavity with embedded MoS; at the interface, O-factor
was found to be in the range of 2600 — 3300 and 1900 — 2500 for the first and second order TE
polarized modes, respectively.

The device performance was further studied via the excitation power-dependent
measurements by changing the pump power from 0.2 uW to 1 mW under continuous wave
operation. Figure 4-11a shows the variation of the integrated intensity and FWHM of the first order
TE mode with angular mode number of [ = 52 (TE's>) at relatively low excitation powers. We
observed a low threshold power of 5 uW, which can be attributed to the enhanced Coulomb
interactions and the enhanced pumping efficiency in microsphere cavity. In addition, a clear

observation of spectral linewidth reduction from 0.36 + 0.02 nm to 0.26 + 0.02 nm as increasing
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pump power further confirms lasing operation. More importantly, no saturation was measured for
pumping power up to 1 mW (200 times above the threshold) as shown in Figure 4-11b, suggesting

the feasibility of stable, low noise, and high output power laser based on MoS: thin films.
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Figure 4-11: (a) Variation of FWHM and integrated intensity as a function of excitation power
for TE!s>. (b) Log-Log plot of the integrated intensity as a function of excitation power for TE!s,

mode along with the simulated result (solid curve) based on rate equation analysis.

4.4. Conclusion

In summary, we have investigated the exciton kinetics, quantum efficiency, and efficiency
droop in monolayer MoS, via temperature- and power-dependent PL studies. The radiative
bimolecular and nonradiative Auger recombination coefficients were calculated that indicate
efficient indirect Auger recombination processes. Consequently, photonic devices based on
monolayer MoS: may suffer from efficiency droop at high carrier injection concentrations, albeit
reachable internal quantum efficiency of 45% at 83 K. On the contrary, four-layer MoS: exhibits
much weaker efficiency droop under high excitation conditions, and therefore was successfully
used to fabricate stable, ultralow threshold laser devices operating at room temperature, in which

2D material was sandwiched between a free-standing SiO; microdisk and a silica microsphere.
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The device shows a remarkably low threshold power of 5 uW under continuous wave operation.
Our findings can pave the way for the realization of 2D TMDC-based nanophotonic devices on
low-cost, large area substrates for flexible display, sensing, and optical communication

applications.
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Chapter 5: Multi-wafer Demonstration of Photochemical

Water Splitting under Natural Sunlight using Fresnel Lens

[II-nitride nanowires can be used not only for optoelectronic applications but also for
renewable energy. In Chapter 5, we present the scaling up of nanowire growth on large Si wafers
and demonstrate large-scale hydrogen production via water splitting under concentrated natural

sunlight.

5.1. Introduction

Harvesting solar power to produce hydrogen via water splitting process has emerged as one
of the key technologies towards the future of clean, renewable, and sustainable energy resource.
Critical to the development of practical system includes the realization of efficient visible light
driven photocatalysts that are extremely robust and stable in harsh photocatalytic conditions, and
can be synthesized on large scale using industry-friendly mature techniques. State-of-the-art PEC
and photovoltaic-assisted electrolysis (PV-E) devices demonstrate solar-to-hydrogen (STH)
energy conversion efficiency up to 19% and 30%, respectively [182, 183]. Nevertheless, most
studies based on these techniques are focused on very small samples (active area of ~0.3 ¢cm? or
less) to minimize the losses due to significantly increased resistivity and potential drop at large-
scale [183, 184]. In addition, photovoltaic-electrochemical (PV-EC) cells with high STH
efficiency (>10%) mostly rely on PV-grade materials [185, 186] with poor photocatalytic stability
and high manufacturing costs [187], limiting practical realization of the technology at larger scale.
The system scalability is further limited by the integration of additional protective or passivation

layer, which often involves expensive techniques [188]. In this context, PC water splitting holds
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enormous promise for hydrogen generation in neutral pH condition at the wafer scale owing to the
integration of micro/nano-electrodes on the semiconductor surfaces that greatly eliminates the
problem of ionic diffusion for balanced water splitting reaction.

Particulate photocatalytic systems have been widely studied over the past decades. To date,
however, the STH energy conversion efficiency on such devices has been generally limited to
~1%, or less while exhibiting low apparent quantum yield (AQY) under visible light irradiation
[189]. Major challenges that hinder the realization of large-scale photocatalytic water splitting
using simple powdered photocatalysts include large grain boundary resistance resulted from
aggregation and weak light absorption of small particles, abrasion in long-term measurements, and
poor stability under concentrated sunlight irradiation [ 190, 191]. It is worth mentioning the benefits
of using high intensity light source for economically viable industrial production of hydrogen using
limited land area and employing minimum amount of photocatalyst [79, 192-194]. However, most
of the photocatalysts become unstable and less-efficient under concentrated irradiation due to
enhanced corrosion (self-oxidation) and radiative recombination, therefore requiring significant
scalability (very large device-area) to exhibit comparable yield when operated under the
nominal light intensity of one sun [191].

Wafer-scale GaN-based nanostructure has been proved as a very promising, yet less
explored photocatalyst for highly efficient, stable unassisted overall neutral water splitting under
concentrated sunlight thanks to some distinct attributes. For example, the bandgap and band-edges
of GaN-based alloys can be tuned to absorb extended visible spectrum from sunlight while
straddling the redox potentials of water [89]; the surface charge properties (i.e., surface Fermi-
level) of the nanostructured photocatalysts can be tuned through controlled Mg-dopant

incorporation, and the apparent quantum efficiency (AQE) for solar-to-hydrogen conversion can
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be enhanced by nearly two orders of magnitude under UV [195] and visible light illumination
[196]. Harvesting of solar energy and carrier extraction at high illumination intensity is more
efficient using such vertically-aligned wafer-level nanostructures. However, albeit the gradual
and consistent improvements in numerous performance metrics, there exists significant challenges
that need to be addressed prior to the development of a practical renewable GaN-based artificial
photosynthesis system.

In this work, we demonstrate the large-scale unassisted overall water splitting under natural
sunlight using standard materials widely used in the industry, i.e., GaN alloys on Si wafers, and
address some of the key issues related to scalability and reproducibility towards the translation of
the technology from the lab to the ‘real world’. We primarily focus on the scalability of the light
absorber, one of the key factors towards large-scale realization of water splitting system.
Therefore, the nanowire synthesis and the device area were reproducibly scaled up using larger Si
substrates (3-inch diameter), which is substantially challenging. The nanowire morphology,
uniformity, Mg-doping concentration and crystalline quality were optimized for maximum
performance of the device. To facilitate water splitting reaction, Co3O4 and Rh/Cr,03 nanoparticles
were deposited on the nanowire surfaces as water oxidation and proton reduction co-catalysts for
OER and HER, respectively. The dual-cocatalyst decorated double-band GaN/InGaN nanowires
exhibit an STH efficiency of ~1.1% when tested under concentrated natural sunlight, with average
intensity of ~60 suns on the sample surface. Our study on the intensity dependent photochemical
activity suggests that by optimizing the solar concentration ratio and water level thickness on such

devices, the STH efficiency can be improved significantly.
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5.2. Demonstration of Wafer-scale Unassisted Artificial Photosynthesis under

Natural Sunlight

5.2.1. On the Synthesis Scaling-up and Characterization of p-GaN/InGaN

Double-band Nanowire Heterostructures

Design and growth of double-band p-GaN/InGaN nanowire heterostructure

Previous studies on the synthesis and performance evaluation of Ga(In)N nanowire based
photocatalysts using MBE were largely focused on small sample sizes [196, 197], which is
generally true for almost all PC and PEC water splitting devices. Herein, we demonstrate and
optimize the realization of double-band GaN:Mg/InGaN:Mg nanowire arrays on relatively large
Si wafer (diameter: 3-inch) by plasma-assisted MBE after extensive studies on the growth and
characterization of Mg-doped GaN and InGaN nanowires. Vertically aligned GaN/InGaN
nanowires (schematically illustrated in Figure 5-1) were grown on n-type Si (111) substrate using
Veeco GENxplor MBE system equipped with a radio frequency plasma-assisted nitrogen source.
In-situ oxide desorption was performed at ~ 900 °C in the growth chamber before the growth
initiation, which was confirmed by a clean Si (111) 7 X 7 reconstructed surface using reflection
high-energy electron diffraction (RHEED) analysis. Instead of using foreign metal catalyst (Au,
Ni, Fe) which often diffuses into the nanowires and creates deep-level defects, a very thin (about
mono-layer) Ga seeding layer was deposited to promote the nucleation of nanowires with
controlled size and uniformity via diffusion-induced mechanism [101]. In this study, the nanowires
were grown under nitrogen-rich condition that suppresses the formation of N-vacancy related
defects. Moreover, it has been proved that unique N-termination of both top and side surfaces of

the nanowires can be achieved under this growth condition, and hence leading to high efficiency
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and stability for overall water splitting [198].
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Figure 5-1: Schematic illustration of double-band GaN/InGaN nanowire heterostructure.

The optimization of GaN/InGaN nanowire heterostructure growth commenced with the p-
GaN segment served as a template, which plays an important role in the density, morphology,
crystalline quality and consequently, the photocatalytic performance of the nanowires. The growth
conditions of p-GaN included a substrate temperature in a range of 860 °C — 800 °C, and a Ga flux
of ~5.1 x10°® Torr, a Mg effusion cell temperature (Tj;4) of 200 °C — 320 °C. Shown in Figure 5-
2 are SEM images of p-GaN nanowire arrays grown at different substrate temperatures. The
uniformity in morphology and distribution of the nanowire arrays grown at 810 °C provides
enhanced photocatalytic hydrogen evolution (as shown in Figure 5-3a) which can also be
correlated to effective Mg-dopant incorporation. However, nanowires epitaxially grown at a low
substrate temperature are typically big and short as shown in Figure 5-2c, resulting in a possible
nanowire coalescence. To avoid further coalescence of the double-band p-GaN/InGaN nanowire
arrays, a second p-GaN segment was then grown at a slightly higher substrate temperature of 840
°C, a nitrogen flow of 1.0 sccm, and a Ga flux of ~6.3 X 10® Torr. Together with substrate
temperature, the III/V flux ratio also strongly affects the growth morphology. Thus, Ga cell
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temperature, nitrogen flow rate and plasma power were carefully tuned to obtain uniform nanowire

arrays with least coalescence.

Figure 5-2: Effect of growth temperature on the nanowire morphology. SEM images of Mg-doped
p-GaN nanowire arrays grown on large-area Si wafer (duration ~4 hours) at different substrate

temperatures in the range of 860 °C — 800 °C.
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Figure 5-3: Structural optimization of GaN/InGaN double-band nanowires grown by MBE. (a)
Variation of H» evolution rate with substrate temperatures, measured from Mg-doped GaN
template decorated with Rh/Cr2O3 core/shell nanoparticles under full-arc illumination. (b) Room-
temperature PL spectra of samples with different In contents ranging from 20% — 25%. (c)
Significant dependence of photocatalytic performance (in visible range) on the Mg doping levels
controlled by changing Mg cell temperature. (d) Reaction time courses of overall water splitting
on p-GaN/Ing2>Gao 7sN nanowire arrays coated with Rh/Cr,O3; and Co304 nanoparticles under
visible light (> 400 nm) illumination, revealing the stoichiometric ratio of 2:1 (H2:0>) and stability

of nanowire heterostructures.
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Subsequently, five p-InyGaixN segments (each ~70-100 nm in length, depending on the
diameter) sandwiched with thin (~10nm) GaN layers were embedded into GaN nanowires to
enhance visible photon absorption [196]. The growth conditions of InxGai.xN segment consisted
of a substrate temperature of 775 °C, a nitrogen flow of 1.0 sccm, an In and Ga fluxes of ~5.0 X
108 —6.8 X 10 Torr, and 3.87 x 1078 Torr, respectively. The growth of multi-stacked GaN/InGaN
was performed at sufficient low substrate temperature in order to prevent In desorption and phase
separation [199]. Finally, a Mg-doped GaN segment was grown on top, which not only prevents
the energy loss due to thermal relaxation of carriers in InGaN but also harvests UV photons and
leads to enhanced photocatalytic activity. By varying In composition, the bandgap of InxGaixN
was tuned properly to be narrow enough for driving redox reactions forward without sacrificing
the device performance, which is evident from the emission wavelength (bandgap) of the
nanowires (Figure 5-3b). As derived in our previous studies [195], unassisted photochemical
dissociation of water using nanowire heterostructures is also extremely sensitive to the magnitude
of the near surface band-bending. Mg dopant incorporation in GaN and InGaN bands were
individually tuned to achieve optimum band-bending at the non-polar lateral surfaces. The Mg
effusion cell temperature was varied from 205 °C to 230 °C (Figure 5-3c), and the maximum

photocatalytic performance was obtained at Ty, of ~210 °C with corresponding BEP of ~8.1 X

10! Torr. With optimum Mg-doping concentration, unassisted visible-light driven overall water
splitting can be observed with stoichiometric gas evolution ratio of H»:0, =2:1, as shown in Figure
5-3d, exhibiting nearly two-fold enhancement in photocatalytic activity and performance stability,
when loaded with both Rh/Cr203 and Co30O4 nanoparticles as co-catalysts [196]. Significantly, the
performance of the photocatalytic device is not compromised compared to previous reports,

despite the large-scale nanowire synthesis and device processing, which will be discussed further
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in later sections. In the wavelength range of 400-480 nm, the AQE and energy conversion
efficiency (ECE) were estimated as ~28.8% and 12.8%, respectively, when illuminated with
intensity equivalent to ~29 suns and absorbable incident power of ~237.1 mW cm2,

In summary, extensive growth optimization was performed to achieve multi-stacked
GaN/InGaN nanowire arrays, exhibiting high photocatalytic activity and excellent stability. The
optimum growth conditions for p-GaN segments consist of substrate temperatures of 810 °C and
840 °C; Ga fluxes of ~5.1 x10® Torr and ~6.3 X 10" Torr, respectively; a Ty, of 210 °C — 320
°C. The optimal growth conditions of InGaN segments include a substrate temperature of 775 °C;
In and Ga fluxes of ~5.0 X 10%, and ~3.87 X 10°® Torr, respectively; a Ty 4 0f 210 °C corresponding

to a Mg equivalent pressure of ~8.1 X 107!! Torr. A nitrogen flow rate of 1.0 sccm, and a forward

plasma power of ~380 W were used.

Optimization of cocatalysts loading

Scaling up and optimizing the amount of cocatalyst loading on the large-area InGaN
nanowire based artificial photosynthesis device is non-linear due to numerous reasons: (i) The
structural inhomogeneity of the nanowires along the radial direction of Si wafer that can be
correlated to gradual change of In composition and nanowire morphology due to the temperature
gradient during MBE growth, (ii) lack of suitable irradiation source (lamp) with large beam-size
and uniform intensity distribution for photoexcitation of the device (Figure 5-4). Therefore, the
concentration and the amount of precursor solution for optimum co-catalyst loading are subject to
changes depending on the area of illumination, the average light intensity on the sample surface

and the duration of photoexcitation.
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Figure 5-4: (a) Room-temperature PL spectra of as-grown sample measured at different points
from center towards periphery, showing the structural inhomogeneity. This implies that the scaled-
up device can largely provide consistent photocatalytic activity for almost entire area. (b) Non-
uniform intensity distribution of Xenon short arc lamp (PE 300BUV) over 3” Si wafer. (¢c-e¢) SEM
images of InGaN nanowires taken at different regions of the device. Scale bar, 2 um.

In this study, 0.5 M sodium hexachlororhodate (IIT) (Na;RhCls), 0.2 M potassium chromate
(K2CrO4), 0.01 M cobalt nitrate hexahydrate (Co(NO3)2-6H20) precursors were used for the
decoration of Rh, Cr,03, and Co30s4 nanoparticles, respectively on p-GaN/InGaN nanowire
surface. With the maximum average light intensity (~29 suns) available in the lab-scale for large-
area wafer illumination, the duration of the photoexcitation was varied as 30, 45, 60, and 77

minutes for metal deposition. H, evolution from the photodeposition of Rh nanoparticles hits the

plateau after 60 minutes for a wide range of precursor loading. The amount of NazRhCls precursor
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solution was then varied during the photodeposition of Rh (for 60 mins). As such, 65 pl of
Na3;RhClg and 65 pl of KoCrOg4 precursor solutions have been found to be optimum amounts for
the best photocatalytic performance of the large-area device when loaded with Rh/Cr2O3 (core-
shell) nanoparticles as co-catalyst for HER. Subsequently, the amount of Co(NOj3),:6H>O
precursor solution for Co3O4 cocatalyst loading was varied within the range of 75-125 ul. The
device exhibits maximum hydrogen evolution rate with stoichiometric ratio (H2:02 ~2:1) from
unassisted overall pure water splitting, when Co304 is photodeposited for 60 minutes on the
nanowires using 95 ul of Co(NO3),-6H>0 precursor (Figure 5-5a). As a result, an improvement of
~20% in the photocatalytic activity was observed on samples decorated with dual-cocatalysts
compared to that of the samples using only HER cocatalyst under visible light illumination (Figure
5-5b). The conditions for optimum loading of dual-cocatalyst nanoparticles (Rh/Cr203 and C0304)
on double-band p-GaN/InGaN nanowire heterostructures of large-area (~41 cm?) artificial

photosynthesis device is summarized below:

NasRhCls | K2CrOs | CH30H/H2O | Co(NO3)2-6H2O KIO3/H>0 Deposition time
65 ul 65 ul 24/120 ml 95 ul 14.3/130 ml 60 min
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Figure 5-5: (a) Optimization of C0304 cocatalyst loading on whole 3” device area for suitable
distribution of reaction sites on nanowire surfaces and to prevent back reactions. (b) Improvement
of the photocatalytic activity on the sample decorated with dual-cocatalysts. Experiments were
carried out under visible light irradiation (> 400 nm).
TEM characterization of double-band p-GaN/InGaN nanowires

Structurally, the morphology and the crystalline quality of the nanowires in larger devices
are comparable to those processed at smaller scale. The high-resolution scanning transmission
electron microscopy high-angle annular dark-field (STEM-HAADF) and bright-field (STEM-BF)
image of the nanowire (Figure 5-6a) clearly depicts multiple Ino.22Gao.7sN segments (each ~70-100
nm in length, depending on the diameter) incorporated in the visible band of the nanowire
heterostructure. Energy dispersive X-ray scanning (EDXS) spectrum analysis and elemental
mapping of Ga and In further illustrates the top GaN layer (UV-band) and the sharp interfaces
between multiple layers. Both the UV- and visible-band (GaN and InGaN segments) of the
nanowire were controllably doped with magnesium for p-type conductivity, optimum surface
charge properties (band-bending) and enhanced photocatalytic activity. Figure 5-6b further reveals

the fluctuation of material compositions (Ga and In) along the growth direction using EDXS line
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spectrum analysis. The secondary electron (SE) spectral image of a dual-cocatalyst loaded (not-
optimized) nanowire and the EDXS elemental mapping of Rh and Co (Figure 5-6¢) confirms the
simultaneous deposition of both Co304 and Rh on the nanowire surface as water oxidation and
proton reduction cocatalysts. The crystalline quality and the abrupt interfaces between GaN and

InGaN were confirmed from HRTEM lattice fringe images, as presented in Figure 5-6d.
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Figure 5-6: (a) STEM-HAADF spectral image and energy dispersive X-ray scanning (EDXS)
elemental (Ga, In and N) mapping of the p-GaN/InGaN nanowire, clearly depicting InGaN
segments incorporated in the visible band and the top p-GaN segment (UV-band) of the double-
band nanowire heterostructure. Scale bar, 200 nm. (b) EDXS line scan showing the fluctuations
of In and Ga content along the growth direction of the nanowire. Scale bar, 200 nm. (¢) STEM-SE
image of a portion of dual-cocatalyst loaded nanowire (left) and the EDXS elemental mapping of
the selected region, showing the simultaneous presence and distribution of cobalt (from Co304)

and Rh (from Rh/Cr203) on the nanowire surface. Scale bar, 50 nm. (d) HRSTEM-ZC lattice fringe
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images taken from different regions of the GaN/InGaN nanowire (bottom. Scale bar, 20 nm). The
regions include: (1) GaN capping layer, sandwiched between InGaN segments, (2) InGaN layer,
(3) abrupt interface between InGaN and GaN and (4) top p-GaN layer as UV band. Scale bars, 2

nm.

5.2.2. Setup Preparation

Photoreactor — Preliminary design for multi-wafer demonstration

An (3x3) array of Ill-nitride photocatalysts synthesized on commercially available and
recyclable 3-inch Si wafers can be integrated into a panel-type reactor/chamber for large-scale
realization of unassisted overall pure water splitting under concentrated sunlight. The chamber was
made of aluminum, which is cheap, light, and easily machinable compared to other materials such
as stainless steel or copper alloys. Moreover, Al chamber is anti-corrosive and can withstand
vacuum nicely with the use of an appropriate (in terms of thickness) quartz window and high-

temperature silicon o-ring.

Teflon wafer holder Quartz window

Buffer zone

Figure 5-7 Schematic illustration of Aluminum chamber that holds up to 9 Si wafers (diameter: 3
inch) for large-scale demonstration of photocatalytic water splitting under real concentrated

sunlight irradiation.
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As shown in Figure 5-7, a buffer zone was integrated on the sidewall of the photoreactor
to facilitate gas evolution from a large amount of water into the container. In addition, the extra
space created by the buffer zone can help prevent water suction during chamber evacuation. Three
adjustable clamps (not shown) were mounted on the chamber to provide extra force holding the

quartz window during the experiment as the pressure increases with the reaction time.

Fresnel lens system concentrating natural sunlight

Pictorial demonstration of panel-type photocatalytic water splitting system is shown in
Figure 5-8a. The unit consists of a 1.1 m x 1.1 m Fresnel lens with transmittance of ~93% mounted
on the top part of wooden frame while the chamber is fixed in the center of bottom part to ensure
consistent angle of incident light during the experiment, thus minimizing the reduction of

photoactivity due to reflectance and shadowing effect. Solar-tracking of the system was done

manually.
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Figure 5-8: (a) Experimental setup of large-scale artificial photosynthesis using Fresnel lens. (b)
Schematic illustration of the solar concentration mechanism, demonstrating the adjustable
concentration ratio by varying the relative position between the top and bottom parts of the wooden

frame.
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5.2.3. Results

On the Reproducibility and Repeatability of Ga(In)N Nanowire Devices

The structural reproducibility and performance repeatability of the nanowire devices have
been investigated carefully, and the influencing factors on the large-scale realization have been
analyzed. As shown in Figure 5-9a, three different devices (A, B and C) synthesized and processed
under identical conditions exhibit similar gas evolution rates in unassisted overall water splitting
under concentrated irradiation using 300 W Xenon lamp. Scaling up and optimization of the device
processing and performance evaluation are substantially challenging due to the non-linear
influences of a number of determining factors; namely, the duration of synthesis, nanowire
morphology and fluctuation of In composition due to the temperature gradient. The distribution of
cocatalyst nanoparticles on the nanowire surfaces of the device depends on the light intensity,
duration of photo-excitation and the amount of precursor loading during the photodeposition

(discussed above).
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Figure 5-9: Reproducibility and performance repeatability of Ga(In)N nanowire devices. (a) Time
evolution of stoichiometric H> and Oz evolution in unassisted pure (pH ~7.0) water splitting on

reproducible p-GaN/InGaN nanowire samples. The nanowires were grown on Si wafers, then
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decorated with dual-cocatalysts (Co3O4 + Rh/Cr203, not optimized) and tested under concentrated
full-arc irradiation (27 suns) while illuminating whole wafer. (b) Performance repeatability of the
double-band p-GaN/InGaN nanowire heterostructures, tested under same conditions after further

optimization of co-catalyst loading.

Significantly, the performance and stability of the dual-cocatalyst decorated double-band p-
GaN/InGaN nanowire devices can be demonstrated at larger scale, as shown in Figure 5-9b. The
device (active area ~40 cm?) was immersed into pure water (thickness ~10-12 mm, pH ~7.0) and
was tested for hydrogen evolution under concentrated irradiation using a 300W Xenon lamp.
However, due to the limitation of the beam size from the light source, the device exposure to photo-
excitation was limited to an effective area of ~13-18 cm?. With an average light intensity of ~20
suns or less on the sample surface, the rate of hydrogen evolution from unassisted overall water
splitting was measured to be ~9.08 mmol-h'!, and the STH efficiency can be estimated as ~1.7-
2.3%. The efficiency is slightly lower than that from the devices processed and tested at smaller
scale [200], which can be attributed to the non-uniform photon distribution within the larger beam

and comparatively lower overall light intensity on the sample surface.

Unassisted Water Splitting on Ga(In)N under Concentrated Sunlight

The device was further tested under natural sunlight using a solar concentrator to create high-
intensity light source. The illumination intensity (and area of exposure) can be tuned by changing
the sample position (Figure 5-8b). The experiments under real sunlight have been performed
during Fall, within the time-span of ~11:00-14:30 on sunny days having intermittent clouds,
thereby requiring vertical tilt in the range of 20°-40° (Montreal) for minimum energy losses. The

ambient temperature in Montreal in this time period fluctuated significantly within the broad range
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of 4-18 °C. The reproducibility of the nanowire devices and the consistent photocatalytic activity

of the system have been demonstrated, as shown in Figure 5-10.

Gas evolution (mmol)

" | " | "
90 120 150 180
Time (min)

Figure 5-10: Reproducible time course of stoichiometric H, and O> evolution in unassisted overall
pure water splitting on p-GaN/InGaN nanowires decorated with dual-cocatalyst (Co3Os +
Rh/Cr203) under concentrated natural sunlight with intensity of ~60 suns. The third cycle was

interrupted by intermittent cloud (dotted line) but shows comparable trend of linear gas evolution.

To minimize the gradient in the photon density, the intense focal spot with area of ~10 cm?
and average intensity of ~60 suns has been used for the photo-excitation of the device.
Consequently, hydrogen evolution rate of 9.8 mmol-h"! has been derived, resulting in STH
conversion efficiency of ~1.1%. The initial plateau in hydrogen evolution and overall reduction in
STH efficiency can be attributed to the large volume (4.0 L) and thickness (~64 mm) of water used
due to the vertical tilt of the reaction chamber corresponding to the zenith angle of the excitation
source. In the wavelength range of 200-480 nm, the AQE and ECE were derived to be ~17.2% and
7.1%, respectively. The hydrogen evolution rate (~1.0 mmol-h"!-cm™, STP equivalent of 22.4

mL-h"!-cm?) and STH efficiency (~1.1%) derived herein are significantly higher compared to that
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of ~0.6 mL-h"!-cm™ and ~0.3-0.4%, respectively, which were reported from unassisted overall

water splitting under nominal sunlight while using a device with area of ~25 cm? with threshold

wavelength of ~390 nm (£, ~ 3.2 eV) and water thickness of ~Imm [201].

5.3. Intensity Dependent Photocatalytic Performance of GaN/InGaN

Nanowires

To find out the underlying reasons for efficiency fluctuations at different conditions, we
have investigated the influence of light intensity on the photocatalytic performance of Ga(In)N
nanostructures. Small devices (area ~1 cm?) were used to eliminate the problems related to the
non-uniform distribution of photons on the sample surface. The incident light intensity on the
photocatalyst surface were varied by adjusting the device position, while keeping the thermal
energy transfer, chamber pressure and other conditions identical. The performance evaluation of
dual-cocatalyst loaded InGaN nanowire device in OWS using a 300 W Xenon lamp is presented
in Figure 5-11 as a function of incident light intensity, which can be correlated to the

photogenerated charge carrier density inside the semiconductor nanowires.
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Figure 5-11: (a) The evolution of hydrogen versus time from unassisted overall water splitting as
a function of light intensity (using 300 W Xenon lamp) on the dual-cocatalyst coated p-
GaN/InGaN nanowire devices (area ~1 cm?). (b) Average rate of H> production from overall pure

water splitting and corresponding STH efficiency — as a function of incident light intensity.

In low light-intensity regime (< 30 suns), the STH efficiency and hydrogen evolution rate
increase drastically with increasing light intensity. This can be attributed to the abundance of
readily available photo-generated carriers within the semiconductor, followed by their efficient
migration from the bulk due to reduced surface band-bending, and their efficient separation and
trapping into the cocatalyst nanoparticles on the nanowire surfaces. The STH efficiency, however,
decreases at very high photon intensity (as shown in Figure 5-11b) as a result of the apparent
plateau in the hydrogen evolution rate. This can be ascribed to the enhanced electron-hole
recombination at high intensity illumination either in the bulk or at the surface of the
semiconductor due to the limited distribution of cocatalyst particles [194, 202] and comparatively
slower water-splitting rate that is limited by sluggish mass transfer and multi-hole water oxidation
dynamics [203]. Other possible reasons may include reduced reaction sites due to relatively

enhanced bubbling effect (H2 and O) at higher irradiation intensity [203]. As depicted in Figure
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5-11b, the dual-cocatalyst decorated double-band GaN/InGaN nanowires exhibited a maximum
STH efficiency of ~2.8% for overall pure water splitting under concentrated illumination
equivalent to ~30 suns, without any external bias or sacrificial reagent. The reduction in STH
efficiency at higher excitation intensity is similar to the efficiency-droop typically observed in I1I-

nitride based visible light-emitting devices at higher injection current [204].

5.4. Discussion

Scaling up the synthesis of an efficient and stable visible-light driven photocatalyst on large-
area substrate is critically important for large-scale hydrogen production. However, it is also
crucial to minimize the usage of light absorber for energy balance and additional benefits, without
compromising the gas evolution rate or the yield of the system. Apparently, wafer-level
photocatalytic devices operated under concentrated sunlight can mitigate numerous design
challenges compared to the systems that are intended to operate under nominal sunlight. Additional
striking features of the wafer-level artificial photosynthesis system include recycling flexibility of
the substrates, ease of scale-up by stacking photocatalytic devices in two-dimensional matrix on a
panel (Figure 5-7) and selective replacement of damaged/decayed device from a larger array of
wafers without perturbing the overall system. As the energy balance and expected benefits of large-
scale overall system is fundamentally regulated by the light absorber, the minimalist design to
operate the system under concentrated sunlight can efficiently function using smaller device-area
and less amount of water to reduce the balance of system (BoS) cost significantly. Most widely
explored compound parabolic concentrator (CPC) system consists of a tubular reactor that contains
particulate photocatalysts solution and operates under limited concentration ratio (<10) while
exhibiting very low efficiency [205]. However, particulate systems require additional complexities

for maintaining turbulence inside the reactor to avoid precipitation and aggregation of the

87



photocatalyst, which further limits the absorption efficiency, and face challenges in terms of
efficient gas release through the tube to avoid bubbling or shadowing effect and post-reaction
recycling of the photocatalysts.

Surface-engineered wafer-level Ga(In)N nanowires, when loaded with suitable co-catalysts
(Rh/Cr203 for HER and Co304 for OER), can successfully withstand the photo-corrosion, while
demonstrating significantly enhanced STH conversion efficiency and long-term stability (over 580
hours) during overall water splitting under concentrated sunlight [200]. The AQE and ECE in the
visible range of 400-480 nm for the current devices are also significantly higher than previously
reported values, which can further be correlated to the longer InGaN segments in nanowires (70-
100 nm compared to previous 40-50 nm each) and increased nanowire fill-factor on the substrate.
Given the limited absorption efficiency of most photocatalysts, employing concentrated sunlight
on an integrated, wafer-level photocatalyst can increase the generation rate, cumulative density
and the trapping of charge-carriers into co-catalyst nanoparticles without proportionally increasing
the active area of the device. However, efficiency enhancement does not exhibit linear relationship
with excitation intensity, as shown in Figure 5-11b. Therefore, the device needs to be operated
under the optimum window of excitation intensity (equivalent to ~25-35 suns, with minimized
gradient or fluctuation on the sample surface) for maximum throughput. Ga(In)N nanowire
heterostructures on cheap Si wafers are both air- and water-stable owing to their N-rich surfaces
and efficient co-catalyst loading. The proximity of the nanowire photocatalysts, including the
integrated nature of micro-/nanoelectrodes (co-catalysts) greatly eliminates the problem of ionic
diffusion for balanced water splitting reaction. Therefore, these nanostructures can efficiently
generate hydrogen from unassisted photocatalytic neutral pH water splitting at larger scale, without

encountering the obstacles typically observed in PEC systems, such as the reduction of current
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density and device efficiency at larger scale compared to the laboratory grade small scale devices

[206].

5.5. Conclusion

We have demonstrated the ability to fabricate industry-friendly artificial photosynthesis
devices consisting of GaN-alloys on Si wafers and showed that the processing of dual-cocatalyst
loaded double-band p-GaN/InGaN nanowire devices can be successfully scaled up for efficient
and stable hydrogen generation via unassisted pure water splitting under concentrated sunlight.
The device is reproducible at larger scale with significantly enhanced solar-to-hydrogen
conversion efficiency and stability during the spontaneous photocatalytic reaction. Our intensity
dependent measurements on the photocatalytic performance of similar device reveals critical
insights for the large-scale design and optimization of artificial photosynthesis system. This study
suggests that with careful structural engineering of the photocatalyst and further improvement in
the system design, e.g., optimizing the solar concentration ratio and water thickness to minimize
energy losses, the solar-to-hydrogen conversion efficiency of the system can be enhanced further
during large-scale water splitting under concentrated real sunlight. The material development at
the ‘nanoscale’ for higher efficiency and stability should therefore, go in parallel with the system

development at ‘large-scale’ for the prior-identification of the challenges.
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Chapter 6: Conclusion and Future Work

6.1. Summary of the Thesis Work

In the course of this thesis work, we have elucidated the underlying mechanisms for high
efficiency UV LEDs based on AIN nanowires and efficiency droop in monolayer MoS; light-
emitting devices. Further studies on the optical properties of few-layer MoS; have led to the first
demonstration of optically pumped lasers operating at room temperature from 2D TMDCs.
Moreover, we have successfully scaled up the synthesis of GaN-based nanostructures on Si
substrate for the demonstration of large-scale photocatalytic water splitting under natural sunlight.
In what follows, we highlight the major findings of this thesis.

Despite the enormous development of IlI-nitrides based light sources operating in the UV-
B/C bands, the device performance of AIGaN planar structures has been severely limited by the
prohibitively high dislocation densities and low doping efficiency (specifically, p-type), which are
due to the lack of lattice-matched substrate and the large activation energy of the common Mg
dopant, respectively. By employing relatively strain-free AIN nanowires grown on Si substrate, a
record electrical efficiency over 85% has been reported [36]. However, what actually leads to such
unusually efficient (p-type) doping in AIN nanostructures was still unclear until the investigation
of hole hopping conduction in this thesis. Detailed studies on the carrier transport in single AIN
nanowire transistor via temperature-dependent measurements reveal the efficient hole hopping
conduction in the Mg impurity band, evident from the low activation energy ( ~20 — 200 meV) at
room temperature and the increase in hole mobility with increasing temperature, that results in a
room-temperature free hole concentrations up to ~6 x 107 cm?. This is primarily due to the

reduced Mg formation energy stem from the surface strain relaxation in nanowire structures. In
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addition, the hole conduction in the valance band is also observed, which is attributed to the
broadening of the Mg acceptor energy level.

We have further gained insight into the optical properties of emerging 2D TMDC materials,
MoS:; in particular, for the realization of ultralow threshold lasers operating under continuous wave
at room temperature. Through temperature- and power-dependent PL. measurements on monolayer
MoS; flake fabricated by means of mechanical exfoliation on Si/SiOx substrate, we have derived
the maximum achievable internal quantum efficiency of 45% at 83 K, which can be explained by
the significantly enhanced correlation between electrons and holes in 2D structure, evidenced by
the very large calculated radiative recombination rate (~107 cm?®-s'!). Moreover, efficiency droop
is clearly measured in monolayer MoS; light-emitting devices with increasing carrier injection due
to the unusually large Auger recombination coefficient, which is on the order of 10** cmS-s! at
room temperature. In contrast, 4L. MoS: possesses a much weaker Auger effect, making it a good
choice to achieve larger optical confinement. We have consequently designed a vertically coupled
silica microsphere/SiO2 microdisk optical cavity with 4L MoS; gain medium. The threshold power
is remarkably low (~5 uW), and no saturation is observed for pumping power up to 1 mW.

Not only exhibiting critical impacts on the development of optoelectronics devices, but I11-
nitride nanowires also have proved to be an excellent candidate as a viable photocatalyst for
efficient and stable overall water splitting. Although tremendous efforts have been devoted to
improving the STH efficiency and stability of IlI-nitride based photocatalyst for photocatalytic
water splitting, there has been no reports on large-scale demonstration under natural sunlight.
Overcoming the significant challenges of scaling up nanowire synthesis on larger Si wafer, we
have achieved highly efficient p-GaN/InGaN nanowire devices grown on 3”-Si substrates, which

shows an AQE of ~28% in the visible range (400 — 480 nm). Furthermore, we have successfully
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demonstrated large-scale hydrogen generation from unassisted photocatalytic neutral pH water
splitting under concentrated natural sunlight and obtained a STH energy conversion efficiency of

~1.1%, which is, to our knowledge, the best value reported so far.

6.2. Suggested Future Work

In the sections below, we propose future directions towards the realization of smooth, nearly
dislocation-free AIN thin films grown on sapphire substrate, and the fabrication of GaN quantum
wire transistors. In addition, we aim to further optimize the reaction chamber as well as natural
sunlight setting in parallel with the development of photocatalyst materials for the development of

viable alternatives to carbon-rich fossil fuels.

6.2.1. AIN Epilayers through Controlled Nanowire Coalescence for Nearly

Dislocation-Free Planar Deep Ultraviolet Photonic Devices

The device performance of wide-bandgap IlI-nitride based LEDs, lasers, and transistors
strongly depends on the quality of materials. To date, however, AlGaN has been known to suffer
from high dislocation density and large polarization fields [207-211]. In addition, the lack of low-
cost, high-quality substrates has limited the progress in this field. Alternatively, nanowire
heterostructures can be used to overcome these challenges, thanks to the surface stress relaxation,
and nearly free of dislocation. To date, research on nanowire-based deep UV LEDs, however, has
been facing serious problems associated with surface passivation and planarization due to UV
absorption of polyimide. Attempts have been made to form free-standing epilayer on coalesced
nanowires [212, 213]. Nonetheless, these nanowires are spontaneously grown on substrates and
hence mis-oriented, leading to the presence of strain, grain boundaries, and structural defects [214-

217]. Recently, nearly dislocation-free AlGaN films have been grown on sapphire substrates
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through controlled GaN/AlGaN nanowire coalescence using selective area epitaxial growth. The
film structures exhibit excellent p-type conduction, involving a room-temperature free hole
concentration and mobility of ~7.4 x 10'® cm™ and ~8.85 ¢cm?/Vs, respectively [218]. In this
context, we propose to grow AIN epilayers on sapphire substrate by employing similar approach.
The use of SAG technique provides a precise control of the size, position, and orientation of

nanowires, minimizing the formation and propagation of dislocations in both nanowire templates

and thin films.

(a) (b)

Selective area epitaxy

GaN-on-sapphire substrate

Figure 6-1: (a) Schematic diagram of selective area growth process *. (b) An SEM image of nano-
patterned substrate.

*[1lustration prepared by Dr. Huy Binh Le.

Ilustrated in Figures 6-1(a) and (b) are the schematic diagram of selective area growth
process and an SEM image of nano-patterned substrate. The opening apertures can be defined by
standard EBL and dry etching processes on a Ti mask deposited on n-GaN/sapphire substrate.
Undoped GaN nanowires will be first grown, followed by the growth of Si-doped n-AIN. Figure
6-2 shows SEM image of an as-grown AIN thin film with smooth surface. However, some cracks
are still visible, which can be attributed to strain in 2D structures. It has been proved that quasi-3D
semipolar surface offers several advantages over 2D surface, including enhanced Mg-dopant

incorporation [219], reduced polarization fields and efficient strain relaxation [220]. Therefore, we
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believe that further careful optimization of the growth conditions can lead to the formation of

semipolar AIN films with superior optical and electrical properties.

Figure 6-2: SEM image of coalesced AIN:Si thin film on sapphire substrate.

6.2.2. GaN Quantum Wire Transistors

Quantum wire transistor is one of the most promising technologies to continue the scaling
of device density in semiconductor industry [221, 222]. Silicon has been widely used for the
fabrication of quantum wire transistors due to its low-cost and maturity in processing and
integration [222-225]. However, devices based on III-V materials are believed to outperform the
Si devices in high speed logic transistor applications [226]. Here, we propose the fabrication of

GaN quantum wire transistors using top-down approach.
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Figure 6-3: (a) 45°-tilted SEM image of a fabricated GaN quantum wire device. (b) I-V
characteristic (green) of the device when sourcing current through A-B contacts denoted in (a).
GaN:Si film with a thickness of ~35 nm is grown on AlIN/sapphire substrate by plasma-
assisted MBE. To promote the lateral growth of GaN thin film on sapphire, a thin AIN buffer layer
is grown first [227]. The quantum wire is then defined by standard EBL using negative e-beam
resist. Dry etching by RIE and subsequent wet etching in KOH result in smooth surface of the
quantum wires, as shown in Figure 6-3a. The e-beam resist is removed by RIE. After that, metal
contacts are fabricated by using EBL and metallization processes. I-V characteristic of the
fabricated device (Figure 6-3b) when biasing two adjacent contacts clearly shows the conduction

in GaN quantum wire. In this work, we also propose two designs of the gates as schematically

illustrated in Figure 6-4.
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Figure 6-4: (a) Design 1: Top-gated GaN quantum wire transistor. (b) Design 2: GaN quantum

wire transistor with both top- and split-gates.

In Design 1, the source (S) and drain (D) contacts will be defined by EBL, followed by
metallization. Subsequently, SiO» is deposited on top of the sample using e-beam evaporator,
which offers better quality than plasma-enhanced chemical vapor deposition (PECVD) in terms of
smoothness and uniformity. Finally, top gate will be fabricated and also serves as a mask for the
Si02 etching step in RIE chamber. The fabrication of Design 2 is similar to that of Design 1 except
that the S, D and split-gate will be deposited at the same time, followed by SiO> deposition and
then fabrication of the top-gate and window areas opened on top of the contact pads.

There are certain challenges that need to be addressed for the achievement of quantum wire
transistor with low resistance (on the order of 10 kQ), negligible leakage current and operating
temperature close to room temperature. For instance, the starting material, i.e., GaN thin film, has
to be of high quality to increase the electron mean-free-path. This can be achieved by further
careful optimization of the growth conditions. Moreover, the dielectric constant, quality and
thickness of the insulating material also play an important role to diminish the leakage current.
Instead of using SiO», either Al,O3, HfO,, or TiO, can be deposited by atomic layer deposition

(ALD) for better isolation between gates and channel.
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6.2.3. The Next Generation of Photoreactor Design for Multi-wafer Artificial
Photosynthesis

As described in Chapter 5, the amount and thickness of pure water used for the outdoor
testing is almost 30 and 6 times larger than that for the experiments in lab, respectively. Such heavy
weight of water increases the water pressure on the sample, as well as reducing the steady-state
reaction temperature (gas evolution rate is constant) under same light intensity, leading to an
overall decrease in STH efficiency [189, 201, 228]. In the next generation of reaction chamber, we
aim to reduce the water amount/thickness and improve the design for better sealing and ease of
operation/maintenance. Major components of the new photoreactor is schematically illustrated in
Figure 6-5, and picture of the fabricated chamber is shown in Figure 6-6. To minimize the thickness
of water layer on top of the sample, we have utilized aluminum hex standoffs and designed PEEK
‘clamps’ for the mounting of samples. This new wafer mount system can improve the flow, reduce
collateral entrapment of gas bubbles and eliminates the need for relatively expensive PTFE holder.
The quartz window mount system will incorporate a side-seal (silicon o-ring) and a PTFE ring on
top (not shown in Figure 6-5) to reduce the danger of chipping or cracking due to handling or
difference in linear thermal expansion coefficients between aluminum (~23 x 10 K'!) and quartz
(~0.6 x 10 K'!). Moreover, the quartz window is fixed to the chamber, and wafer replacement
can be implemented by removing the base at up-side down position without draining off the water.
This means of changing wafer is much simpler and time-saving. With the above-described
improvements of the new photoreactor over the preliminary design, there should be no doubt about

the success of this project, which will provide important economic and societal benefits.
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Figure 6-5: Schematic presentation of a 7-wafer photoreactor (major components) for realization

of large-scale photocatalytic overall pure water splitting.
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Figure 6-6: (a) Aluminum chamber fabricated at McGill University, Montreal, Canada, which has

capability of mounting 7 (3”) Si wafers and adjusting water layer thickness down to 6 — 8 mm on

top of the samples. (b) A close look at the wafer mount system.

In the same time, we also develop new designs of the single-wafer chamber and natural
sunlight testing system by employing parabolic trough reflector (Figure 6-7). Half of the chamber
will have ‘oval-like’ shape to help facilitate the gas evolution at relatively high rate. In addition,
the utilization of parabolic trough reflector/concentrator can eliminate the non-uniform

convergence and chromatic aberrations problems commonly observed in Fresnel lens [229, 230].
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Figure 6-7: Proposed design of a natural sunlight setting using parabolic trough concentrator and
single-wafer aluminum chamber. The system can be feasibly scaled up by increasing the length of

the reflector and building multiple chambers in series.
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