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Abstract

Recently, group Ill-nitride nanowire heterostructures have been extensively
investigated. Due to the effective lateral stress relaxation, such nanoscale
heterostructures can be epitaxially grown on silicon or other foreign substrates and can
exhibit drastically reduced dislocations and polarization fields, compared to their
planar counterparts. This dissertation reports on the achievement of a new class of I1I-
nitride nanoscale heterostructures, including InGaN/GaN dot-in-a-wires and nearly
defect-free InN nanowires on a silicon platform. We have further developed a new
generation of nanowire devices, including ultrahigh-efficiency full-color light emitting

diodes (LEDs) and solar cells on a silicon platform.

We have identified two major mechanisms, including poor hole transport and
electron overflow, that severely limit the performance of GaN-based nanowire LEDs.
With the incorporation of the special techniques of p-type modulation doping and
AlGaN electron blocking layer in the dot-in-a-wire LED active region, we have
demonstrated phosphor-free white-light LEDs that can exhibit, for the first time,
internal quantum efficiency of > 50%, negligible efficiency droop up to ~ 2,000A/cm?,
and extremely high stable emission characteristics at room temperature, which are

ideally suited for future smart lighting and full-color display applications.

We have also studied the epitaxial growth, fabrication and characterization of
INN:Mg/i-InN/InN:Si nanowire axial structures on n-type Si(111) substrates and
demonstrated the first InN nanowire solar cells. Under one-sun (AM 1.5G)
illumination, the devices exhibit a short-circuit current density of ~ 14.4 mA/cm?, open
circuit voltage of 0.14 V , fill factor of 34.0%, and energy conversion efficiency of
0.68%. This work opens up exciting possibilities for InGaN nanowire-based, full solar-

spectrum third-generation solar cells.



Abrégé

Récemment, les hétérostructures a base de nitride et de groupe Il ont fait I’objet de
recherches intensives. Grace a la relaxation latérale effective du stress, de telles
hétérostructures d’échelle nanométrique peuvent étre déposés sur du Silicium ou
d’autres substrats. Celles-ci démontrent une réduction dramatique des dislocations et
des champs de polarisations comparativement a leurs contreparties planes. Cette
dissertation rapporte I’accomplissement d’une nouvelle classe de matériau
nanométrique, soit des hétérostructures Il1-nitride incluant InGaN/GaN point dans fils
ainsi que des nanofils d’InN presque sans défauts sur du Silicium. De plus, nous avons
développé une nouvelle genération de dispositifs a base de nanofils, incluant des diodes
émettrices de lumiére (LEDs) a efficacité ultra haute et spectre visible complet ainsi

que des cellules solaires sur une gaufre de Silicium.

Nous avons identifié 2 mécanismes majeurs, incluant le faible transport des trous
et le surplus d’électrons, qui limitent sérieusement la performance des LEDs a base de
nanofils de GaN. Avec I’ajout de certaines techniques spéciales de modulation de type
p, et une couche blogquante d’électrons faite de AlGaN dans la région active de la LED
point dans fil. Par ailleurs, nous avons démontrée des LEDs blanche sans phosphore qui
démontrent, pour la premiere fois, une efficacité quantique supérieure a 50% ainsi
qu’une baisse d’efficacité négligeable jusqu’a ~ 2,000A/cm? et des caractéristiques
d’émissions tres hautes et stables a température piece. Celles-ci sont donc toutes
désignées pour des applications d’illumination intelligentes et des écrans pleines

couleurs.

La croissance par épitaxie, la fabrication et la caractérisation des nanofils
d’InN:Mg/i-InN/InN:Si axiaux sur des substrats de Si(111) de type n et démontré la
premiére cellule solaire a base d’InN. Sous I’illumination d’un soleil (AM 1.5G), les
dispositifs démontrent une densité de courant de ~ 14.4 mA/cm? en court-circuit, un

voltage de circuit ouvert de 0.14V, un facteur de remplissage de 34.0% et une efficacite



de conversion d’énergie de 0.68%. Ce travail ouvre des portes excitantes pour des

cellules solaires plein spectre de troisieme génération a base de nanofils d’InGaN.
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demonstrations have been accomplished and are included in this thesis.

We have developed, for the first time, highly stable white light emitting diodes
using catalyst-free InGaN/GaN dot-in-a-wire nanoscale heterostructures on Si(111)
substrates, with the quantum dots aligned near-perfectly at the center of the nanowires.
In addition, by significantly enhancing the hole transport in the device active region
using p-type modulation doping, we have demonstrated the most efficient phosphor-
free white light LEDs ever reported, which exhibit an internal quantum efficiency of ~
56.8% at room temperature relative to that measured at 5 K. The p-doped dot-in-a-wire
LEDs also show many desired properties, including highly stable white light emission,
nearly zero efficiency droop at injection current densities up to ~ 640 A/cm?, and
relatively high color rendering properties, that are ideally suited for future smart
lighting applications. This work constitutes a significant progress for achieving low

cost, high performance phosphor-free white LEDs utilizing nanowire heterostructures.

We have also demonstrated that electron leakage and overflow, rather than Auger
recombination, directly limit the maximum quantum efficiency of GaN-based nanowire
LEDs. We found that efficiency droop in nanowire LEDs becomes more severe at low
temperatures, which is directly correlated with the relatively enhanced electron
overflow with decreasing temperature. We have further achieved, for the first time, an
effective control of electron overflow in phosphor-free InGaN/GaN dot-in-a-wire white
LEDs by incorporating a p-doped AlGaN electron blocking layer between the quantum
dot active region and the p-GaN. The resulting nanowire LEDs exhibit remarkably
stable white-light emission and are virtually free of any efficiency degradation up to ~

2,200 A/cm?. This work has identified and addressed one of the major obstacles of
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nanowire LEDs for applications in future high power phosphor-free, all-semiconductor

based solid state lighting.

We have further demonstrated that Shockley-Read-Hall (SRH) nonradiative
recombination, due to the large surface-to-volume ratios and the presence of surface
states and defects, can severely degrade the performance of nanowire LEDs. The slow
rising trend of the quantum efficiency observed in nanowire LEDs is directly related to
the large SRH recombination. The quantum efficiency reaches its peak value at higher
current injection with increasing SRH recombination, which further limits the
maximum achievable efficiency at high injection levels. The LED device can be
significantly enhanced by embedding the InGaN/GaN dot-in-a-wires in a large bandgap

AlGaN shell structure to minimize nonradiative recombination on the wire surfaces.

We also reported the first experimental demonstration of InN nanowire solar
cells, directly grown on Si(111) substrates by molecular beam epitaxy. With the use of
a CdS surface passivation, InN:Mg/i-InN/InN:Si nanowire homojunction solar cells
exhibit a promising short-circuit current density of ~ 14.4 mA/cm? and power
conversion efficiency of ~ 0.68% under simulated one-sun (AM 1.5G) illumination.
This work suggests the first successful demonstration of p-type doping in InN
nanowires and also constitutes important progress for the development of InGaN-
based, full-solar-spectrum photovoltaics.

In conclusion, work presented in this thesis has contributed significantly to the
understanding and development of Ill-nitride nanowire-based high performance

optoelectronic devices.
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Chapter 1: Introduction

1.1 Oveview

In the recent years, optoelectronic devices that are made of Il1-nitride materials have
been intensively studied, due to the tremendous advantages offered by this materials
system. Group IlI-nitride compound semiconductors exhibit unique electrical and
optical properties, such as high electron mobility, large saturation velocity, high
breakdown electric field, extreme chemical stability, and good thermal conductivity
[1-9]. The direct energy bandgap Il1-nitride semiconductors can absorb and emit light
very efficiently over a very broad spectrum, ranging from ~ 0.65 eV (InN) to 6.4 eV
(AIN), which encompasses nearly the entire solar spectrum [1, 6, 8-10]. However,
due to the lack of native substrates, conventional IlI-nitride planar heterostructures
generally exhibit very high dislocation densities that severely limit the device
performance and reliability. On the other hand, nanowire heterostructures can be
grown on lattice mismatched substrates with drastically reduced dislocation densities,
due to the highly effective lateral stress relaxation [11, 12]. In this context,
tremendous progress has been made in the development of Ill-nitride nanowire
heterostructures [13-15]. The growth of nearly defect-free IlI-nitride nanowire
heterostructures has been reported on various substrates, including Si and sapphire
[16-19]. In addition, nanowires offer many extraordinary advantages for applications
in future nanophotonic and nanoelectronic devices. For example, when designed as
solar cells, nanowires provide several distinct advantages, including a direct path for
charge carrier transport, a large surface area for better light absorption, and a high
possibility for multi-exciton phenomena [20-23]. At the present time, the use of IlI-
nitride nanowires for applications in various optoelectronic devices, including solar
cells [24-33], light emitting diodes [34-38], lasers [39-43], sensors [44-47], and

photodetectors [48-55] have been extensively investigated worldwide.



1.2 Recent Developments of I11-Nitride Nanowire Based Devices

In what follows, a brief overview is provided for the recent developments of I11-

nitride nanowire sensors, photodetectors, solar cells, lasers, and LEDs.
1.2.1 Sensors

An emerging application of Ill-nitride nanowires is to sense traces of gasses and
biomolecules. Advantages of Ill-nitrides for such applications include the extreme
chemical stability and the suitability for high temperature operation. For example,
GaN has the ability to detect gases at temperatures up to ~600 °C. In this regard,
many sensing applications using Ill-nitride thin film structures have been
demonstrated [47, 56-58]. Compared to thin film structures, the use of Ill-nitride
nanowires can significantly improve the device sensitivity, due to the large surface-
to-bulk ratios [59, 60]. Lim et al. demonstrated highly sensitive hydrogen sensors
using GaN nanowires [61]. In this approach, the nanowire diameters and lengths were
in the ranges of 15 nm to 60 nm and 1 um to 20 um, respectively. The nanowires
were functionalized with thin Pd or Pt layers, which can drastically increase the
device sensitivity, compared to the uncoated devices, due to the enhanced catalytic
dissociation of molecular hydrogen. High performance hydrogen sensors based on
other nanowire heterostructures, including In,O3, ZnO and SnO, nanowires have also
been reported [62-66]. Additionally, IlI-nitride nanowires have been employed for
DNA sensors [67-69]. Simpkins et al. tested three different samples for DNA sensing
using fluorescence imaging, including silane/glutaraldehyde GaN thin film,
silane/glutaraldehyde GaN nanowire structure, and GaN film control sample without
glutaraldehyde deposition. Florescence was observed for the GaN thin film and
nanowire samples, and no detectable emission was recorded for the GaN sample
without glutaraldehyde deposition. Significantly stronger fluorescence was measured
for the GaN nanowire sample, compared to the GaN thin film, which was attributed to
the significantly larger surface area of GaN nanowires.



1.2.2 Photodetectors

I11-N material system has also been employed in photodetector applications, due to its
widely tunable bandgap and high conductivity achieved in small nanowire geometry
[70]. For example, wide bandgap AlGaN and GaN nanowires have been considered
as the best candidates for UV light detection. Calarco et al. [71] found that, both in
the dark and under UV illumination, electrical transport of GaN nanowires depends
on the nanowire diameters, suggesting that the photoconduction is influenced by the
wire surface. The nanowires in Calarco’s work were grown using plasma-assisted
molecular beam epitaxy, with the diameters ranging from 20 to 500 nm. The diameter
of the nanowires was controlled by varying the I11/V flux ratio. Nanowire with
smaller diameters exhibit faster photoresponse compared to the thicker ones. Detailed
studies suggested that there was spatial separation between electrons and holes in
GaN nanowires. The depletion space charge layer originates from the Fermi-level
pinning at the surface of nanowires and plays an important role in the dark and
photocurrents of these GaN nanowires. This phenomenon results in the size
dependent photocurrent behaviour in GaN nanowires. Rigutti et al. [72, 73] reported
that a single GaN/AIN nanowire UV photodetector with embedded quantum disks
enhanced the sensitivity and lowered the dark current. High responsivity at A=300 nm

at room temperature was measured for this type of photodetectors.
1.2.3 Solar Cedlls

Applications of IlI-nitride nanowire heterostructures in solar cells can significantly
enhance the device performance, due to the direct path for charge carrier transport,
large surface area for better light absorption, and potentially high efficiency for multi-
exciton process [20, 22, 23, 74]. Zhu et al. [75] reported nanowire solar cells with
enhanced absorption over a wide wavelength and angle range, compared to planar
devices. They claimed that the improvement of efficiency stemed mainly from the
very low surface reflection, which can let more photons pass through. Another
important parameter in increasing the solar efficiency is the ability to engineer the

bandgap of the nanowire materials for matching with the solar spectrum. InGaN, with



bandgap energy varying from ~ 0.65 eV (InN) to ~ 3.4 eV (GaN), is one of the best
candidates for full-solar spectrum photovoltaic devices [76-78]. Due to the highly
efficient strain relaxation, InGaN nanowires can offer tunable bandgap over a wide
range of In content without the generation of misfit dislocations, thereby rendering it
feasible to design and grow solar cell heterostructures with desired bandgap
combinations [15, 79-81]. In recent years, extensive research has been performed for
such devices. Many simulation results have shown high conversion efficiency values:
such as an energy conversion efficiency of ~ 20% for IngesGagpssN single junction
solar cells (Zhang et al. [82]) , 31% for Ing4sGaogs4N/Si double junction solar cells
(Hsu et el [83]), and ~ 35.1% for InGaN double junction solar cell with energy
bandgap of the top and bottom cells being 1.74 eV and 1.15 eV, respectively [84].
The first coaxial Ill-nitride nanowire photovoltaic devices, with an engineered
bandgap for wide wavelength absorption range, were reported by Dong et al. in 2009
[85]. The coaxial n-GaN/i-InyGa;.xN/p-GaN nanowire heterostructures, shown in
figures 1.1(a) and (b), were synthesized by metal-organic chemical vapor deposition
(MOCVD). The In content was varied to achieve the designed bandgap by changing
the shell growth temperature. For these devices, the open circuit voltage (V) and
short circuit current density (Jsc) were measured in the ranges of 1.0 to 2.0 V and 0.39
to 0.059 mA/cm? when the In content was varied from 0.27 to 0, respectively. The
maximum conversion efficiency for these solar cells is ~0.19 %. Figure 1.1(c) shows
the measured current-voltage characteristics, for devices with different active layer
bandgap energies. It is seen that the Vo increases when In concentration is lowered
from 0.27 to zero, due to the widening of the bandgap. The devices with lower In
content also showed lower Jg, due to the blue shift of the absorption spectrum to the
region with less solar spectral overlap. It is expected that high efficiency solar cells
can be achieved if the optimal conditions for the In content in the active regions can

be successfully implemented.



Tang et al. [86] proposed a combination of p-GaN nanowire on n-Si substrate to
form a heterostructure solar cell which exhibited a relatively high Js of 7.6 mA/cm?
and high conversion efficiency of ~ 2.73% (AM1.5, 100mW/cm?). In this study, GaN
nanorods were grown on Si substrates by chemical vapour deposition (CVVD) method
with Au as a catalyst. Figure 1.2(a) shows the SEM image of the as-grown GaN
nanorods on a Si substrate with the cross-sectional view shown in the inset. Current—
voltage characteristic of the p-GaN/n-Si heterostructure is illustrated in figure 1.2(b).
It was concluded in this study that nanorod structures can be used as an anti-reflection

layer to reduce light reflection at the solar cell surface.
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Figure 1.1: Schematics of (a) p-GaN/i-InyGa;xN/n-GaN and (b) p-GaN/n-GaN
nanowire structure and the corresponding energy band diagrams. (c) Current-voltage
characteristics of single nanowire solar cells with different In contents in the active

region under dark and illumination conditions [85].
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Figure 1.2: () SEM image of p-GaN nanorods grown on n-Si substrate by CVD.
Cross-sectional view is shown in the inset. (b) I-V characteristics of a p-GaN/n-Si

solar cell under dark and illumination conditions [86].

1.2.4 Laser Diodes (LDs)

I11-nitride nanowire lasers have also been intensively investigated [87-90]. They offer
many potential advantages, including ultralow threshold, low power consumption,
and high-speed modulation. Additionally, high performance InGaN nanowire lasers
that can be fabricated on a Si-platform and can exhibit emission wavelengths in the
range of 1.3 to 1.55 um are in demand for future chip-level optical communications.
Single GaN nanowire lasers with lengths greater than 16 um [91] and diameters
ranging from 150 nm to 400 nm were reported by Johnson et al. [89]. The measured
laser threshold power was ~500 nJ/cm?, and the nanowire cavities exhibited Q factors
of ~ 500 to 1500. In another work, GaN nanowire lasers with lasing threshold power
~ 22 kW/cm? was reported by Gradecak et al. [87]. Choi et al. grew single crystal
GaN nanowires with triangular cross sections by using MOCVD and demonstrated
UV laser emission at ~384 nm with relatively low threshold [90]. At the present time,
the major challenges for IlI-nitride nanowire lasers include the demonstration of such
devices operating in the near-infrared wavelength range and the achievement of high

performance lasing under electrical injection.



1.2.5 Light Emitting Diodes (LEDs)

There has been a growing demand for low-cost, high-efficiency and phosphor-free
white LEDs that can be fabricated on a single chip. In this regard, it is important to
achieve high efficiency InGaN/GaN LEDs with emission wavelengths in the green,
yellow and red wavelength range. The performance of conventional planar
InGaN/GaN quantum well based LEDs has been limited, to a large extent, by the
presence of large dislocation densities and strain-induced polarization field associated
with the large inter-layer lattice mismatch. As discussed before, nanowire
heterostructures offer reduced defect densities and strain distribution, due to the
effective lateral stress relaxation [11, 12]. The nanoscale structures can improve light
extraction efficiency and reduced light absorption, due to the large surface-to-volume
ratios [92, 93]. IlI-nitride nanowire heterostructures have been employed as the active
region material for LEDs over a full range of colors, including red, organ, yellow,
green, blue, UV and even white colors [16, 17, 37, 80, 94-97]. Such nanowire LEDs

can be realized using either the top-down and bottom-up fabrication methods.

In the top-down approach, the nanowire structures are fabricated by etching the
as-grown planar heterostructures using focused-ion-beam, induced couple plasma,
wet-chemical, and/or reactive ion beam etching [98-101]. Etch-induced defects can be
reduced by using an ex situ annealing process [102]. During the subsequent device
fabrication, surface planarization and passivation processes, with the use of SU-8,
polyimide, or spin-on-glass, have been developed, which can prevent metal falling
down on the bottom of the nanowires [38, 103, 104]. Using the method of silica
nanoparticle lithography, Wang et al. reported nanorod LEDs with nearly constant
emission wavelengths [104]. Reduced polarization fields in the nanorod structures
were also confirmed by Raman scattering measurements. By combining both dry and
wet etching processes, Li et al. reported highly uniform, nearly dislocation-free
InGaN/GaN nanorod LEDs, which exhibited a significant enhancement (a factor of ~
10, or larger) in the PL intensity, compared to the planar LED heterostructures [105].

Chen et al. also reported nanowire LEDs with relatively high output power (~ 6.8



W/cm? at an injection current of 32A/cm?) and external quantum efficiency (~ 16.6%
at 1.6 A/cm?) using the top-down fabrication method [106].

In spite of the significant improvements made in nanowire LEDs fabricated by
the top-down method, the performance of such devices has been severely limited by
the presence of dislocations in the bulk of nanowires and etch-induced defects on the
lateral surfaces. Additionally, the achievement of long-wavelength LEDs has been
restricted by the epitaxial growth of planar heterostructures. In this regard, nanowire
LEDs fabricated by the bottom-up approach have been intensively investigated. Such
devices can be realized by using various growth techniques, including direct reaction
of Ga or In metals with NH3 [107, 108], chemical vapour deposition [15, 109, 110],
molecular beam epitaxy [91, 111-113], chemical beam epitaxy [114], and hydride
vapour phase epitaxy [115]. The underlying growth mechanisms have been
extensively investigated, which may involve the use of catalysts in the vapour-liquid-
solid growth mode, the spontaneous formation (self-organization) under nitrogen rich
conditions, or the selective area epitaxy on nano-patterned substrates. Various
bottom-up nanowire LEDs include core-shell nanowire [116-118], well/disk-in-a-wire
[119-121], ternary nanowire [17, 115], and dot-in-a-wire nanoscale heterostructures

have been developed [38].
1.3 Key FactorsLimiting the Performance of InGaN Based L EDs

Significant progress has been made on InGaN based LEDs since the first
demonstration of such devices by Nakamura et al. in 1993 [122]. To date, most of the
improvements have been focused on the enhancement of material quality and the
improvement of device fabrication techniques, which have led to the
commercialization of InGaN based LEDs for lighting applications. However,
luminescence efficiency of these LEDs has been observed to degrade considerably at
high injection current which is referred to as “efficiency droop”. As a consequence, it
is difficult to achieve high brightness and high power lighting application even when
the devices are operated at high injection current. The underlying mechanism has

been extensively investigated. Defects and carrier delocalization [123], polarization
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field [124, 125], Auger recombination [126], carrier leakage [127], and poor hole
transport [128, 129] have been identified as some of the most probable causes.
However, the main factor that leads to the efficiency droop is still not clear and being
intensively investigated. Figure 1.3 shows the schematic of the LED current
components injected into the device active region. If we assume unity electrical
injection efficiency, the internal quantum efficiency (»;) is typically modeled by the
ABC model:

. BN?
i = AN+BNZ+CN3 +£(N)

(1.1)

Where N is the carrier density and A, B, and C are the Shockley-Read-Hall
nonradiative recombination, radiative recombination, and Auger recombination
coefficients, respectively [130, 131] . f(N) represents the carrier leakage outside of

the active region.
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Figure 1.3: Schematic of current components injected into the LED device.



1.3.1 Polarization

Polarization field is one of the dominant issues in nitride semiconductors and plays an
important role in determining the performance of nitride based devices. Ill-nitride
semiconductors exhibit wurtzite crystal structure. Such hexagonal structures are
defined by the edge length a of the basal hexagon, the height c of the hexagonal
prism, and an internal parameter u as the anion-cation bond length along the (0001)
axis in units of ¢ as shown in figure 1.4. The polarization field is attributed to the
asymmetric wurtzite crystal structure. Spontaneous and strained-induced piezoelectric
polarizations, therefore, exist in this material system. These polarization fields are
stronger in c-face nitride compared to other I1I-N alloys [132]. Piezoelectric
polarization is also considered as strain induced polarization which is present due to
the displacement of anion sub-lattice and the canion sub-lattice based on the interface
strain. Piezoelectric polarization plays a more important role in GaN based LEDs than
the spontaneous polarization [133-135]. Polarization field increases as the lattice
mismatch between epilayers increases, leading to the spatial separation of electron
and hole. Therefore, the radiative carrier recombination efficiency is also reduced.
Additionally, the built-in electric field significantly impacts the properties of the
quantum well active regions. Electron-hole separation is more dominant in wider
wells, compared to narrower ones. As a consequence, optical gain and spontaneous
emission rate are smaller in wider wells [134, 135]. Due to the built-in electric field,
the transition energy of the carriers is decreased, resulting in a red-shift of the
emission spectra. In contrast, the built-in electric field can be reduced with increasing
injection current into the quantum well by the phenomenon of charge screening [136,
137]. A blue-shift in the peak emission wavelength is commonly observed due to this

charge screening effect [138].
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Figure 1.4: Crystal structure of GaN semiconductor [139].

1.3.2 Crystal Defects and Dislocations

The large lattice mismatch (~ 11%) between InN and GaN and the lack of suitable
substrates generally lead to the generation of very large densities of crystalline defects
and dislocations in LED heterostructures. The dislocation density for GaN based
heterostructures is typically reported in range of ~ 10% to 10'° cm™ [140-143]. The
defect formation mostly depends on the substrate and buffer layers [144-147], growth
conditions [143], carrier concentration [148], and type of impurities [149, 150]. The
defects can form intermediate energy levels in the bandgap. The resulting
nonradiative recombination at these defect energy levels is called as the Shockley-
Read-Hall nonradiative recombination. Nonradiative recombination can significantly
degrade the device efficiency. Based on the ABC model, the parameter A is related to
the crystal defects which generally influence the maximum achievable efficiency
[151]. However, recent studies have shown that defect-related nonradiative
recombination may also cause efficiency droop, depending on the quantum well

carrier density or the carrier localization related to the non-uniform indium
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distribution in the quantum well active regions [152]. Therefore, the exact role of
defects in the efficiency droop of GaN-based LEDs has remained a subjective of

debate and is being intensively investigated.

1.3.3 Spontaneous Emission

To achieve high power, high brightness LEDs, it is required to eliminate or greatly
reduce the efficiency droop at high injection currents. While many techniques have
been developed to effectively address efficiency degradation at high injection levels,
some recent studies have also shown that the spontaneous emission, described by the
parameter B in the ABC model, may also play a role in the commonly observed LED
efficiency degradation. Recently, David et al. [153] reported that radiative
recombination can contribute to the probability of efficiency droop in InGaN LED:s.
This has also been confirmed by Shim et al. [154]. Owing to the saturation of the
radiative recombination rate with increasing current, the total carrier recombination
rate may become smaller than the carrier injection rate even at a relatively low current
density. As a consequence, the carrier density in InGaN quantum wells is increased,
due to the saturation of the radiative recombination with increasing injection current.
This problem may increase the nonradiative carrier losses, thereby leading to

quantum efficiency droop with increasing current.
1.3.4 Auger Recombination

Auger recombination in semiconductors, typically involves the transfer of the excess
energy released from the nonradiative recombination of an electron-hole pair to a
third particle which is then excited to a higher energy level in the same energy band
[155]. This carrier can be an electron or hole, which can subsequently release its
energy and relax to the band edge. Auger coefficient C is used to describe the
probability of the Auger recombination process. Wide bandgap semiconductors
generally exhibit a smaller Auger recombination rate, compared to semiconductors
with a narrower bandgap. For GaN (bandgap ~ 3.4 eV), the expected Auger
coefficient C is ~ 10* cm®™ [156]. However, much higher values (in the range of ~

10*° cm°®™) have been reported for InGaN alloys [157-159]. With these values,
12



efficiency droop can be explained [151] even we when assume that the carrier leakage
is nearly zero in the ABC model with A and B values being 10’ s* and 2x10™** cm®.s°
! respectively. Evidently, efficiency droop increases as the Auger coefficient C

becomes larger.
1.3.5 Inhomogeneous Carrier Distribution

Due to the heavy effective mass and low mobility of holes, the hole transport in LED
active regions may be highly inefficient [160, 161]. As a consequence, injected holes
are located mostly close to the p-doped GaN layer and the hole concentration is
significantly reduced toward the n-doped GaN side, while the electron distribution is
expected to be more uniform, thereby leading to the highly inhomogeneous carrier
distribution throughout the LED device active regions [128, 129, 161-163]. Figure 1.5
shows the simulated band-diagram and hole concentration for an InGaN/GaN multi-
quantum well LED structure with an emission peak at ~ 400-410 nm and the barrier
thickness of the quantum well being ~ 12 nm under +6V bias [163]. The hole density
decreases rapidly from the p-GaN to the n-GaN, resulting in the nonuniform hole
distribution in the multi-quantum wells. The hole concentration uniformity can be
improved by varying the barrier thickness [163]. Tsai et al.[164] observed that a
thinner barrier located near to the p-type layers can increase the hole injection,
therefore reducing the electron leakage. The highly nonuniform carrier distribution
also leads to significantly enhanced Auger recombination and increased electron
overflow, further limiting the optical emission efficiency at high injection levels. In
this regard, special techniques, including p-doped active region, and thin InGaN
barrier, have been implemented to improve the performance of conventional
InGaN/GaN quantum well LEDs [124, 128, 163].
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Figure 1.5: Simulated band-diagram and hole concentration of the InGaN/GaN multi-
guantum well LEDs under +6V bias at room temperature. Quasi-Fermi levels are

presented as the dashed lines [163].
1.3.6 Electron Overflow

The above factors causing efficiency droop are related to the carrier losses inside the
LED active region. However, the current flow out of the active region is also an
important element responsible for efficiency degradation [165-169]. Figure 1.6
illustrates the carrier capture (left) and leakage inside and outside the LED active

regions, respectively.

Carrier Capture Carrier Leakage
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Figure 1.6: Hllustration of carrier capture in the InGaN/GaN quantum well (left) and

carrier leakage out of the quantum well (right) under large polarization field [152].
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Polarization field causes the band energy to tilt, resulting in the separation of
electrons and holes. Therefore, carrier recombination is also reduced. Polarization
field associated with the nonuniform carrier distribution can cause electron leakage
out of the LED active region, which can recombine with holes in the p-GaN region
before they can reach the active region, resulting in the degradation of radiative
recombination in the active region [151]. One of the primary reasons for electron
overflow is the reduction of energy barrier due to the built-in polarization field [170].
Shown in figure 1.7 is the energy band diagram of a typical InGaN/GaN multi-
quantum well LED [171] with polarization (solid lines) and without polarization
(dashed lines). With the presence of polarization field, the band gap is tilted
downward near the p-GaN region. However, this phenomenon is not observed in the
case of zero-polarization [151]. This problem normally occurs in Ga-polar I11-Nitride
LEDs. In this regard, the technique of electron blocking layer (EBL) with a high
bandgap energy material such as AlGaN is used to prevent the electron overflow
[172]. Nevertheless, at relatively high carrier injection, the EBL usually can not
completely block the electron overflow in GaN LEDs and, as a result, efficiency
droop can still be observed [166, 169, 173]. Experimental measurement results of
electron leakage beyond the EBL was recently reported by measuring the

spontaneous emission from the p-side of the LED [127].
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Figure 1.7: Energy band diagram of InGaN/GaN multi-quantum well heterostructures

under polarization (solid lines) and without polarization (dashed lines) [151].
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1.4 Dissertation Preview

This thesis focuses on the development of novel InGaN nanowire heterostructures on
a silicon platform as well as their applications in high performance LEDs and solar
cells. In this thesis, we have first studied the MBE growth, fabrication and
characterization of superior quality InGaN/GaN dot-in-a-wire and In(Ga)N nanowire
heterostructures on Si(111) substrates. A large part of the research has been focused
upon the development of full-color, catalyst-free InGaN/GaN dot-in-a-wire nanoscale
heterostructures, which provide superior three-dimensional carrier confinement
required for ultrahigh efficiency emission. Additionally, the color chromaticity and
temperature can be well controlled by varying the compositions and/or sizes of the
dots in a single epitaxial growth step. High efficiency green, red, and white
InGaN/GaN nanowire LEDs has been demonstrated. In addition, we report on the

achievement of nanowire solar cells on Si using InN based material system.

Chapter 1 provides an overview of I1I1-N nanowires and their advantages for
device applications. The recent developments of I1I-N nanowire based sensors,
photodetectors, biosensor, solar cells, laser diodes, and LEDs are briefly described.
Additionally, the key factors that limit the LED performance are presented in detail,
which include polarization, crystalline defect and dislocation, spontaneous emission,
Auger recombination, inhomogeneous carrier distribution, poor hole transport, and

electron overflow.

In Chapter 2, the growth mechanism of high quality I11-N nanowires and dot-in-
a-wire heterostructures are discussed. The characterization of GaN and InN
nanowires and InGaN/GaN dot-in-a-wire heterostructures are presented.

Chapter 3 is related to the development of high efficiency LEDs with operation
wavelengths varying across nearly the entire visible wavelength range, from green,
yellow, orange, to red. The realization of phosphor-free white-light LEDs is also

described.
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In Chapter 4, we report on the achievement of p-doped InGaN/GaN dot-in-a-
wire white LEDs, which can exhibit a record-high internal quantum efficiency
(>50%). The use of p-type modulation doping in the nanowire LED active region can
significantly enhance the hole transport and injection process, thereby drastically

increasing the LED quantum efficiency and emission stability.

The first observation of electron overflow in nanowire LEDs is presented in
Chapter 5. We have also designed, grown, fabricated, and characterized InGaN/GaN
dot-in-a-wire LEDs with the use of an AlGaN electron blocking layer, which can
largely prevent electron overflow, leading to nanowire LEDs with virtually zero

efficiency droop.

In Chapter 6, we have studied the role of nonradiative recombination on the
performance limit of nanowire LEDs, which offers critical insight for the future
development of practical nanowire photonic devices. We have demonstrated that
Shockley-Read-Hall nonradiative recombination, due to the large surface-to-volume
ratios and the presence of surface states and defects, largely limits the performance of

GaN-based nanowire LEDs.

In Chapter 7, we have investigated the MBE growth and characterization of
superior quality InN nanowire solar cell heterostructures. We have demonstrated the
first InN nanowire solar cells consisting of InN:Si/i-InN/InN:Mg nanowire
homojunctions on n-type Si(111) substrates, which exhibit a promising short-circuit
current density of ~ 14.4 mA/cm? and an energy conversion efficiency of ~ 0.68%

under one-sun (AM 1.5G) illumination.

Finally, the summary of this thesis, future work, and outlook are presented in
Chapter 8.
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Chapter 2: Molecular Beam Epitaxial Growth and
Characterization of High Quality I11-Nitride
Nanowir e Heter ostructures

2.1 Introduction

The techniques commonly used for the growth/synthesis of Ill-nitride nanowires
include dry etching[101, 174, 175], direct reaction between Ga or In metals and NH3
[107, 108], chemical vapor deposition (CVD) [109], molecular beam epitaxy (MBE)
[111, 176, 177], chemical beam epitaxy (CBE) [114], and hydride vapor phase
epitaxy (HVPE) [115]. The underlying growth mechanisms have been extensively
investigated, which may involve the use of catalyst drops in the vapour-liquid-solid
(VLS) growth mode, the spontaneous formation under nitrogen rich conditions, or the
selective area epitaxy (SAE) on nano-patterned substrates. Additionally, sophisticated
nanowire heterostructures, including core-shell and dot-in-a-wire nanoscale
heterostructures, can be achieved by using one or two of the afore-described growth

processes.

In this chapter, the growth mechanisms of 111-N nanowires are first discussed.
The MBE growth and characterization of high quality GaN, InN, and InGaN dot-in-a-

wire nanoscale structures are investigated in detail.
2.2 111-Nitride Nanowire Growth M echanisms

Nanowires with controlled properties can be achieved by using either the VLS, the
spontaneous formation under nitrogen rich conditions, or the selective area growth

process. The growth mechanisms of these processes are described below.
2.2.1 VLS Growth

The growth of nanowire structures by the VLS process was reported in the 1960s by

Wagner and Ellis [178]. The VLS growth generally requires a metal particle such as
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Au, Ni, and Fe to serve as catalyst and assist nanowire formation [179]. The growth
process typically involves three main phases: I) the deposition of metal alloys and
matrices, followed by the formation of liquid droplets on the substrate surface, II)
crystal nucleation, and Il1) axial growth of nanowires, where the vapour reaches
supersaturation with respect to the solid phase. The low solubility of metal particles in
growing semiconductor structures results in a low melting temperature (eutectic
point) in the alloy phase diagram, which allows for VLS growth at temperatures of
around or higher than the eutectic melting temperature. Figure 2.1 shows the
schematic of VLS growth processes. The position and diameter of nanowires grown
by the VLS method depend on the position and size of the metal particles and other
growth parameters such as temperature and pressure. The nanowire length is usually
determined by growth rate and time. The growth rate depends on the supersaturation
of the vapour, which is affected by the source concentration as well as the substrate
temperature. The growth Kinetics affect the nanowire orientation, morphological
configuration, and other structural properties [180]. Due to the reduction of the
surface energy on the exposed sidewall facets, the growth along the <111> crystal
orientation is generally preferred, as commonly observed in the growth of 111-V and
group IV nanowires [181]. Nanowires grown along the <001> direction have also
been reported with catalyst sizes of less than 10 nm [182]. The growth of IlI-nitride
nanowire structures by the VLS technique has been reported using a quartz tube
furnace [183], low pressure metal-organic vapour phase epitaxy [184], and thermal
chemical vapour deposition [185]. Kang et al. obtained highly uniform and vertically
aligned GaN nanowires on c-Al,0O3 substrates by thermal chemical vapour deposition
process using Ni catalysts [186]. Ill-nitride nanowires can also be grown on many
other substrates, including silicon, GaAs and GaP [184]. For metal catalyst assisted
nanowires, the metal catalyst generally remains on the tip of nanowires after growth
and can be subsequently removed. However, the metal catalyst atoms can diffuse into
semiconductor nanowires during growth and therefore may introduce impurities in
the nanowires [187, 188]. Such impurities impose deep level trap states in nanowire

semiconductors and reduce minority carrier lifetime. Consequently, the carrier
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collection or emission efficiency may be reduced, limiting the performance of these

nanowire devices [189, 190].
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Figure 2.1: Illustration of the VLS growth process: I) semiconductor in vapour phase

is introduced into the system with metal catalyst on the substrate surface, 1) the
formation of liquid droplets on the substrate surface near or above the eutectic

temperature, and I11) the formation of nucleation sites and the nanowire axial growth.
2.2.2 Spontaneous Formation

Group II-nitride nanowires can also be formed spontaneously under nitrogen
rich conditions without using any foreign metal catalysts [191, 192]. In this growth
process, the metal catalyst is not used and hence there is no catalyst droplet at the top
of nanowires [193]. The technique of molecular beam epitaxy has been commonly
used for the spontaneous or self-organized growth of Il1-nitride nanowires. However,
the mechanism of the spontaneous formation, or self-organization of InN and GaN
nanowire heterostructures has not been fully understood. It has been suggested that
the spontaneous formation of InN or GaN nanowires may involve a self-catalytic
growth process, wherein Ga and In droplets can serve as catalysts to assist the
nanowire formation [91, 111, 194]. The presence of Ga (or In) droplets on the tip or
sidewall of the nanowires, however, has not been observed experimentally [191-193,
195]. Alternatively, diffusion-induced growth has been suggested as the major driving
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force for the spontaneous formation of Ill-nitride nanowires by molecular beam
epitaxy [113]. In this model, the growth of nanowires is initiated by the differences in
surface energies, sticking coefficients, and diffusion coefficients on different crystal
planes. Illustrated in figure 2.2, adatoms diffuse from the nanowire sidewall to the
top, due to the lower chemical potential at the top surface. The sticking coefficient at
the tip of nanowires is much higher than that on the sidewalls. As a result, Ga
adatoms impinging directly on or within a surface diffusion length of the nanowire tip
can be incorporated on the nanowire tip, leading to the axial growth of nanowires.
The diffusion-induced mechanism is consistent with the observation that the nanowire
axial growth rate increases rapidly with the increase of substrate temperature, due to
the significantly enhanced adatom surface migration [177, 191]. Self-organized IlI-
nitride nanowires generally exhibit excellent crystalline quality and uniformity,

rendering them an excellent candidate for applications in optoelectronic devices.
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Figure 2.2: Schematic illustration of the spontaneous growth of Ill-nitride nanowires
by molecular beam epitaxy, including adatom absorption, desorption, diffusion, and

nucleation processes [113].
21



2.2.3 Selective Area Growth

An alternative approach for nanowire growth is to use selective area epitaxy
[196-200]. In this approach, nanowire growth takes place on pre-patterned substrates.
Various selective area growth masks, including SiO», Ti, Al and Au templates have
been utilized [196, 200]. The selective area growth provides a better control over the
nanowire position, size, and aspect ratio and hence is capable of growing materials
with controlled emission wavelengths. In this approach, nanowire growth is largely
determined by adatom migration, adsorption, and desorption on the exposed substrate
surface as well as the masked region, which can be controlled by varying the growth
conditions including the substrate temperature and I11/V flux ratios. The size and
position of the patterns on the mask can be designed to achieve desired nanowire
structures. However, effects associated with the profile of the nanoscale masks, the
anisotropic lateral overgrowth, and faceting should be considered. High-quality and
uniform GaN nanowires with precisely controlled positions and diameters were
grown by metal-organic chemical vapour deposition through a selective growth mask
[196]. Highly uniform GaN nanocolumns were also grown through a set of nanohole
arrays arranged in a triangular lattice, which were prepared on a Ti (5 nm) film by
focused-ion-beam etching [200]. Figure 2.3 shows the scanning electron microscopy
image of the resulting GaN nanocolumn arrays which exhibit highly uniform

diameters (~ 417 nm).
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Figure 2.3: Scanning electron microscopy image of GaN nanowires grown by metal-
organic chemical vapour deposition using the selective area growth process [200].

2.3 Plasma Assisted Molecular Beam Epitaxial Growth of High
Crystalline Quality I11-Nitride Nanowire Semiconductors

The current dominant techniques for growing high quality I11-Nitride optoelectronic
materials are MOCVD and MBE. Historically, MOCVD has been widely used to
produce large scale, commercial LEDs and LDs compared to MBE due to the lack of
efficient nitrogen sources in the MBE growth. However, MBE has reached a high
level of maturity and now offers several i mportant advantages compared to the
MOCVD growth method, such as better interface control and the suitability for
exploring new material structures or achieving high quality crystalline materials.
MBE can provide the highest control of the epitaxial growth of various
nanostructures. Compare to MOCVD, MBE exhibits several advantages including
ultra-high vacuum environment (~10® to 10" Pa) and a slow deposition rate
(typically less than 1000 nm/hr), which is useful to minimize impurity incorporation
in the epitaxial layers. The MBE growth temperature is also much lower than that of
MOCVD, which can enhance indium incorporation, leading to the realization of high
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indium content InGaN structures. By using the MBE growth technique, the
composition and thickness of the epilayer can be controlled precisely to mono-atomic
layer level. Its in-situ monitoring capability can also greatly assist researchers to

manage the growth quality and to develop new materials.

The MBE growth process of Il1I-Nitride structures can be divided into two
categories, based on the nitrogen sources, including ammonia-molecular beam
epitaxy (Am-MBE) and plasma-assisted molecular beam epitaxy (PAMBE),
respectively. Am-MBE involves the use of ammonia (NH3) gas as group V source
while high purity N gas is used as group V element in the case of PAMBE. Because
N> molecule has a high thermal stability, radio frequency (RF) plasma is often used to
break the N, and create atomic N. For both approaches, solid group Il sources,
including In, Ga, and Al are generally used. In the Am-MBE system, the NH3
breaking efficiency depends on the growth temperature and the efficiency values
remains relatively low. Therefore, a large amount of NH3 is required for the growth.
In addition, the remaining NH3 which is not decomposed during growth can react
with the chamber and the effusion cell materials at high temperatures. The resulting
corrosive problem and chamber cleaning are big issues with this type of MBE growth
method. However, in the case of PAMBE, a plasma source of high purity inert N, gas
is used to supply the group V element. The active nitrogen plasma includes ionized
molecules (N,"), atoms (N), and ionized atoms (N*), which are introduced into the
chamber for the In(Ga)N deposition. The amount of active nitrogen plasma can be
well controlled by adjusting the nitrogen flow rate and the plasma power (the
maximum power is generally ~ 500 W). RF-plasma assisted MBE growth technique,

therefore, is more efficient compared to the Am-MBE approach.

In this thesis, 111-Nitride nanowire heterostructures were grown by a Veeco Gen

Il MBE system equipped with a RF plasma-assisted nitrogen source. Figure 2.4

shows the MBE system in the Department of Electrical and Computer Engineering.

The MBE system consists of three main vacuum chambers including an intro-

chamber, a buffer chamber, and a growth chamber. Si substrates are first cleaned by

standard cleaning techniques such as hydrogen fluoride (HF) acid treatment or RCA
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technique. They are subsequently loaded into the intro-chamber and degassed at ~
200 °C before transferring to the buffer chamber. The buffer chamber is used for
preparation and storage of samples. A second degassing process is applied in the
buffer chamber to make the samples extremely clean before they are transferred to the
growth chamber which requires a very clean and high purity environment. Figure 2.5
shows the typical structure of an MBE chamber. Group Ill elements which are
contained in the effusion cells can be thermally evaporated by heating the effusion
cells. Group 11l atoms then impinge onto the heated sample surface and react with the
active nitrogen species for the formation of In(Ga)N materials. Group Il fluxes can

be controlled by varying the group 111 effusion cell temperature.

Figure 2.4: A Veeco Gen Il MBE system equipped with a radio-frequency plasma-

assisted nitrogen source.
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Figure 2.5: Schematic of the MBE growth chamber [201].

The challenges of nanowire growth include the control of the wire uniformity,
height, diameter, shape, density, and orientation/alignment, as well as the elimination
of stacking faults and other defects. The growth conditions, including the substrate
temperature, 111/V fluxes, and growth rate, can be optimized to address the above
issues. For instance, higher density nanowire arrays can be obtained by decreasing the
growth temperature. On the other hand, when grown at higher temperatures, the
density of nanowires is generally reduced. This can be explained by the enhanced
adatom surface migration at high temperatures [202]. Additionally, the nanowire
density can be increased by increasing the growth rate. The size of nanowires depends
strongly on the size of the metal catalyst, in the case of VLS growth technique, or the
size of the patterned area in the SAE approach as mentioned above. The substrate
orientation also plays an important role in the nanowire alignment. Due to the

reduction of surface energy of the exposed sidewall facet during growth, the <111>
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growth direction is commonly used in the growth of 11I-N and group IV nanowires
rather than that the <001> direction [181].

MBE systems are generally equipped with a reflection high energy electron
diffraction (RHEED) system, which enables an in situ monitoring of the surface
properties and the quality of nanowire structures. In the RHEED system, a beam of
electrons, generated from an electron gun, strikes the sample surface in a very small
angle to the sample surface. The interaction of electrons and atoms on the sample
surface leads to the formation of regular patterns on the phosphorous detector screen.
Therefore, the sample surface properties can be revealed in the RHEED pattern. In
addition, the RHEED pattern can be used as a powerful tool to monitor the in situ
oxide desorption of the substrate surface. During the nanowire growth, spotty patterns
(an array of dots) are displayed on the RHEED screen. The general information of the
nanowires, including the size, shape, orientation, and density can be derived from the
size, shape and density of the dots on the RHEED screen. Nanowires with small
diameters and high densities are displayed as an array of tightly spaced small dots on
the RHEED. In contrast, an array of well-spaced, large dots on the RHEED screen
indicates the growth of low density and thick nanowires. In general, when the growth
starts with a few monolayers of In or Ga seeding layer prior to the introduction of any
nitrogen species, the RHEED pattern shows bright array of circular dots. At the
beginning of nanowire growth, the dot arrays are still bright. During the subsequent
growth, the dot arrays may become significantly dimmer while maintaining the dot
shape. The dimmer RHEED patterns as growth continues may be explained by the
nonuniformity in nanowire heights, which leads to destructive interference as
electrons are being deflected off the wire structures in alternate paths. The orientation
of the wires may also be obtained by examining the shape of the dots shown on the
RHEED pattern. Circular dots generally indicate that nanowires are grown
perpendicular to the substrate. The appearance of elliptical dots, however, suggests

that nanowires are tilted and oriented in various directions.
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24 Molecular Beam Epitaxial Growth and Characterization of InN Nanowires

INN material has been intensively studied in the past decade due to its various
distinctive properties. InN exhibits a direct band gap in the infrared range and has the
largest electron mobility and drift velocity among all IllI-nitrides due to its low
electron effective mass, making it an excellent candidate for a new generation of
nanophotonic and nanoelectronic devices, including terahertz emitters, detectors,
nanoscale lasers and high-speed field-effect transistors as well as high efficiency solar
cells. The bandgap of InGaN material can be varied from ~ 0.7 to 3.4 eV, which
practically includes the whole solar spectrum and vyields the possibility of multi-
junction solar cells. InN exhibits unique electronic band structure, with a very large
electron affinity (~ 5.9 eV), which is the largest value among all known
semiconductors. As a consequence, the presence of impurities, defects and
dislocations generally leads to very high electron concentrations (>1x10* cm™) even
for nominally undoped InN, which significantly affect its electrical and optical

properties [6].

Nearly forty years after the first demonstration of InN using RF sputtering of
metallic In in nitrogen environment, there still exist many challenges for growing
high quality InN and for understanding its many fundamental properties. The material
deposited using the RF sputtering method consisted of polycrystalline grains and
showed an absorption band edge of 1.9 eV [203]. For a long time, the bandgap of InN
was believed to be ~ 1.9 eV. It was later found that the bandgap of InGaN alloys with
~ 50% In was below 2 eV, suggesting a much smaller bandgap for InN [204].
Recently, the technological breakthrough in growing InN materials using PA MBE
has led to high quality InN films with reasonably low free electron concentrations (~
3x10'" cm™®) and high electron mobility (>2000 cm?/V/s) [205]. From both the optical
absorption and photoluminescence (PL) studies, it was concluded that the energy
bandgap of InN is ~ 0.65 eV [205]. The large discrepancy with previous reports is
believed to be related to the Burstein-Moss effect. The optical absorption/emission is
largely forbidden for the energy levels below the Fermi level in degenerate
semiconductors and, as a result, the observation of the band edge absorption/emission
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in InN may not be possible, if the material is plagued with very high concentrations of

electrons.

InN generally exhibits very high background electron concentrations, due to the
presence of high densities of native defects, impurities, and surface states [206]. For a
long time, the main source for unintentional doping was believed to be nitrogen
vacancies, which, however, was not supported by recent first principle calculations
[207]. The high residual electron density was also attributed to threading dislocations
[208]. But Gullinat et al. studied the effect of threading dislocation densities in
various InN films on the carrier concentrations and found there was lack of
correlation [209]. It was observed that threading dislocations mainly reduced the

electron mobility by introducing scattering sites.

Later studies showed the presence of high levels of oxygen and hydrogen in as-
grown InN samples, suggesting that controlling impurity incorporation is very
important in eliminating the unintentional doping in InN [207]. Oxygen occupies the
nitrogen site (Oy), and it is a shallow donor with the formation energy much lower
than that of V. If oxygen is present in the growth environment, then high donor
densities in InN is expected. It may also be noted that hydrogen is present in most
growth environments. Hydrogen can exist in InN lattice as either interstitial (H;) or
substitutional on nitrogen site (Hy), both of which would act as donors [207].
Pettinary et al. introduced hydrogen atoms to as-grown InN film using a remote
plasma and observed that the electron concentration was increased by more than two
orders of magnitude (from ~ 10 cm™ to 10" cm™) [210]. Ruffenach et al.
experimentally observed that by annealing the as-grown InN films in nitrogen
environment at high temperatures, the hydrogen out diffused and the free electron

concentration dropped significantly [211].

For practical device applications, it is important to develop p-type InN. As
discussed above, while it has been relatively easy to achieve n-type doping in InN, it
has remained a dominating task to grow nearly defect- and impurity-free InN and to

demonstrate p-type conductivity. Mg is a commonly used acceptor dopant for InN,
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and it mostly substitutes the In site [212]. Jones et al. reported the evidence of p-type
doping in InN [213]. However, with the presence of strong surface electron
accumulation, it has been difficult to directly probe the p-type bulk using
conventional electrical measurement techniques. It was later determined that the
acceptor ionization energy was approximately 60 meV for Mg in InN using low-
temperature PL measurements [214, 215]. Wang et al. found that p-type InN can be
grown if the Mg acceptor concentration is in the range of ~ 1x10'® cm™ to 3x10* cm®
and any doping concentrations lower than these values may not be sufficient to
compensate the background donors [214]. More recently, using electrolyte
capacitance-voltage measurements, Yim et al. measured the carrier concentrations

below the accumulation surface of both n-type and p-type InN [216].

The lattice parameters of wurtzite InN was measured to be a = 3.53 A and ¢ =
5.7 A [77]. Theoretical studies have shown that InN can have relatively high electron
motilities of ~ 4,400 cm?/Vs and 30,000 cm?/Vs at 300 K and 77 K, respectively
[217]. Experimentally, however, it was observed that InN films with high free
electron concentrations were characterized by greatly reduced electron mobility. The
growth of p-type InN is a crucial step towards achieving many practical devices,
which has remained very difficult, due to the presence of large bulk and surface
electron concentrations. This has become even more challenging for InN nanowires,
since they have high surface-to-volume ratios and consequently more electrons to
compensate in order to achieve p-type conductivity, due to the commonly observed

surface electron accumulation.
2.4.1 Surface Charge Propertiesof InN

The surface and interface charge properties play a vital role in the formation, physical
structure, and characterization of nitride nanoscale heterostructures as well as their
emerging applications in high performance electronic, photonic, and biochemical
devices. It has been generally observed that there is a very high electron concentration
(~ 10" — 10" cm™) on the polar and nonpolar growth surfaces of InN films and the

surface Fermi-level pins deep in the conduction band [218-221]. However, the origin
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of the surface electron accumulation of InN has remained a subject of intensive
debate. Although it has been explained by the unusual positioning of the Branch point
energy (Eg) well above the conduction band minimum at the I'-point and the resulting
surface Fermi-level pinning deep in the conduction band (near Eg) [218], recent
studies strongly suggest that the surface electron accumulation depends critically on

the surface states and polarity as well [207, 222].

Van de Walle et al. calculated the bulk and surface energy states of InN using
the density functional theory with appropriate modifications to the pseudopotentials
[207, 222]. The calculated results are shown in figure 2.6 for polar c-plane (0001) and
nonpolar m-plane (1100) surfaces. The polar surface with moderate In/N ratios has a
stable surface reconstruction, where an In adatom binds to three In atoms on the
surface. For such a surface reconstruction, the calculated density of states, illustrated
in figure 2.6(a), show two sets of surface states, with the lower set and upper set
being fully occupied and empty, respectively [207]. Since the occupied surface states
have an areal density of ~ 5x10'* cm™, significantly larger than the number of bulk
states in the near-surface region, the surface Fermi level is approximately positioned
at the highest occupied energy states, i.e. ~ 0.6 eV above the conduction band
minimum. The derived surface level position and the associated surface electron
accumulation are in qualitative agreements with experimental results for the InN
polar surface. For the non-polar surface with moderate In/N ratios, the In adlayer is
mostly absent and the surface consists of largely In-N dimers. Illustrated in figure
2.6(b), there exist two dangling bonds in the surface electronic structure in this case,
including the occupied N dangling-bond state and the unoccupied In dangling-bond
state that are positioned close to the valence band maximum and above the
conduction band minimum, respectively. Consequently, surface electron
accumulation and Fermi level pinning is not expected for nonpolar InN surfaces. Wu
et al. confirmed the calculation results by probing a freshly cleaved nonpolar InN

surface, which showed the absence of surface electron accumulation [223].
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Figure 2.6: The density of states for the stable surface structures found on selected
InN surfaces: a) structure stable at moderate In/N ratios on polar c-plane surface, and
b) In-N dimer structure stable at moderate In/N ratios on nonpolar m-plane surface
[207].
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Knowing the Fermi level position at the surface and the energy band structure
of the bulk, one can calculate the band bending at the surface by solving the Poisson’s
equation. For simplicity, Yim et al. neglected the quantum effects but included the
non-parabolicity of the band and assumed that Egs is located 1.5 eV above the
valence band maximum [216]. The calculated results are similar to that estimated by
Van de Walle et al. [207]. Calculations also showed that large surface electron
accumulation was present in p-type InN, which was experimentally observed by
electric field measurement using second harmonics [224].

Recently, the surface electron accumulation profile has been measured at the
lateral, nonpolar surfaces of [0001] oriented wurtzite InN nanowires, which may be
explained by the presence of surface impurities and defects [207, 225-227]. There is
also evidence that the surface electron concentration is correlated with the bulk
electron density as well [228]. Further studies are required in order to fully

understand the surface charge properties of InN nanowires.
2.4.2 MBE Growth and Propertiesof InN Nanowires

INN nanowires have been grown using a foreign metal catalyst via the VLS
mechanism [229, 230] or spontaneously under nitrogen rich conditions [231]. The
resulting InN nanowires generally exhibit severely tapered morphology [202, 232,
233]. There are generally large variations in the wire diameters and amongst the wire
heights [232, 233]. The poorly defined surface morphology adversely affects the
structural, optical and electrical properties of InN nanowires and severely limits their
practical device applications [205, 234-237]. In this regard, we have developed a
novel growth technique to obtain nontapered, highly uniform, and nearly
homogeneous INN nanowire by using an in situ deposited In seeding layer prior to

growth initiation.

In this experiment, electronically pure InN nanowires are grown on Si(111)
substrates by plasma-assisted MBE under nitrogen-rich conditions. To achieve high-
quality InN nanowires with controllable structural properties, we investigated the
self-catalytic growth of InN nanowires. In this process, a thin (~ 0.5 — 1.6 nm) In
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seeding layer is first deposited on the Si substrate surface prior to growth initiation
[238, 239]. The thin In layer forms nanoscale liquid droplets at elevated temperatures,
which provides well-defined nucleation centers for the formation and growth of InN
nanowires. Subsequently, the InN nanowire growth is carried out at a nominal growth
rate of 0.6 A/sec, nitrogen flow rate of 1.0 — 2.0 sccm, growth temperature of 440 —
520 °C, and RF plasma forward power of ~ 400 W.

The scanning electron microscopy images of InN nanowires grown on Si
without and with the use of In seeding layer are shown in figures 2.7 (a) and (b),
respectively. It is evident that significantly improved structural properties, with a
nontapered surface morphology and nearly identical heights, can be obtained by using
an in situ deposited In seeding layer. The wires are of wurtzite structure and well-
separated, with the c-axis oriented vertically to the Si(111) substrate surface. With
increasing growth temperature, InN nanowires generally exhibit reduced areal

densities and larger diameters.

This study indicates that the formation of InN nanowires may involve a self-
catalytic process, as suggested by recent experiments [240-242]. In this process, InN
nanowires nucleate and grow from nanoscale In droplets created on the growing
surface. During the conventional spontaneous growth of InN nanowires, there are no
well-defined nucleation centers, and, consequently, the continuously random
nucleation of nanowires leads to InN nanowires on Si with a large variation in height
and diameter. Also due to the large diffusion rate of In adatom and their preferential
incorporation near the wire top, conventional InN nanowires generally exhibit
severely tapered morphology [202, 233]. On the other hand, in the present approach,
the in situ deposited In layer prior to growth initiation forms nanoscale liquid droplets
on the Si surface at elevated temperatures, which can therefore act as seeds to
promote the nucleation of INN nanowires. As a result, the nanowire density is largely
pre-determined, and the size uniformity is significantly enhanced. It is therefore
evident that the use of an in situ deposited In seeding layer can provide an additional

dimension to effectively control the growth and properties of InN nanowires.
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(b)

Figure 2.7: SEM images of InN nanowires (a) grown directly on Si(111) at 480 °C
and (b) grown on Si(111) at 480 °C with the use of an in situ deposited In seeding

layer.
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Important for practical device applications is a precise control of the carrier
concentration and conductivity of InN nanowires. The residual electron density of
INN can be derived from a Hall-effect measurement or by analyzing the
photoluminescence spectral linewidth measured at low temperatures [243, 244]. For
conventional n-type degenerate InN, the measured photoluminescence linewidths are
generally in the range of 50 to 100 meV, which correspond to residual electron
densities of ~ 10 cm™, or higher [245]. lllustrated in figure 2.8 are the
photoluminescence spectra for the presently achieved nontapered InN nanowires
measured under various laser powers at 5 K. An extremely narrow spectral linewidth
of 8 meV was obtained under low excitation conditions. Detailed analysis revealed
that the electron density in the undoped InN nanowires is ~ 2x10% cm™, or less,
which is nearly a factor of 500 times smaller than the commonly reported values
[228, 245-249], suggesting, for the first time, the achievement of nearly intrinsic InN.
The presence of an extremely low level of carrier concentration in the undoped InN
nanowires is also directly reflected in the power-dependent photoluminescence
emission, shown in figure 2.8. With increasing excitation power, there is a
considerable blueshift in the photoluminescence peak energy, accompanied by a
significant broadening of the spectral linewidth. Such a clear band filling effect has
not been previously observed in the photoluminescence emission of n-type degenerate
InN.
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Figure 2.8: Photoluminescence spectra of nondoped InN nanowires on Si(111)

measured at 5K under various laser powers.

2.4.3 Si and Mg-Doped InN Nanowires

With the achievement of nearly intrinsic InN nanowires [250], we have subsequently
investigated the growth and optical properties of Si- and Mg-doped InN nanowires.
These nanowires are grown by introducing the respective dopants during nanowire
growth without any modifications to the previously described growth conditions. Due
to the significantly enhanced In adatom surface migration and the preferred growth
along the nanowire length direction, the resulting doping level is generally smaller,
compared to that of planar heterostructures. It is expected that the local dopant
fluctuation in the wires may also be negligible, due to the relatively large (> 100 nm)
wire diameters. For the Si doping concentrations considered (< ~ 1x10*® cm™), no
morphological changes to the InN nanowires were observed. However, the
incorporation of Si-dopant can significantly modify the optical properties of InN
nanowires. lllustrated in figure 2.9 are the photoluminescence spectra of InN:Si
nanowires measured at 5 K for various Si doping levels. It is seen that, with
increasing Si-doping concentration, InN nanowires exhibit a considerable blueshift in
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the photoluminescence peak energy, a drastic increase in the spectral linewidth, and a
significant decrease in the luminescence efficiency. Such effects have also been
observed at elevated temperatures and under various laser powers. The observed
Burstein-Moss shift, i.e. the significant increase in the photoluminescence peak
energy and broadening of the spectral linewidth, can be well explained by the
increased electron densities with increasing Si doping concentrations. However, the
exact origin of the drastically reduced luminescence efficiency with increasing Si
doping concentration remains unclear. One possible explanation is the increasing
surface electron accumulation that leads to a significantly increased spatial separation
of charge carriers in the wires. As a consequence, the radiative efficiency is reduced

with increasing Si doping concentration.
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Figure 2.9: Photoluminescence spectra of InN nanowires on Si(111) substrates for Si
doping concentrations of ~ 1 x 10 cm™ (dashed and dotted line), 2 x 10'" cm’

% (dotted line), 5x10 cm™ (dashed line), nondoped (solid line), measured at 5K.

From photoluminescence measurements of InN:Mg films, it was determined
that the Mg acceptor activation energy was about 61 meV [251]. However, to the best
of our knowledge, the growth and properties of InN:Mg nanowires have not been
reported. In this study, InN:Mg nanowires, with Mg effusion cell temperatures
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varying from 185 °C to 235 °C, are grown and characterized. It was observed that, for
relatively low Mg concentrations, InN nanowires with excellent surface morphology
and structural properties can be obtained. However, with increasing Mg flux, the
wires show increasing diameter and reducing length, potentially due to the reduced
adatom surface migration. Similar effects have also been observed for GaN:Mg
nanowires [252, 253]. A further increase of the Mg concentration generally leads to a

tapered surface morphology, shown in figure 2.10, and the generation of dislocations.

S

Figure 2.10: Scanning electron microscopy image of InN nanowires grown on
Si(111) substrates with a relatively high Mg doping concentration. The wires show
deteriorated structural properties, with the presence of slightly tapered surface

morphology.

Illustrated in figure 2.11 are the photoluminescence spectra of InN:Mg
nanowires measured at 5 K for various Mg effusion cell temperatures. It is observed
that the photoluminescence peak intensity decreases considerably with increasing Mg

incorporation, which may be directly related to the formation of Mg-related defects.
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Figure 2.11: 5 K photoluminescence spectra of InN:Mg nanowires grown at different
Mg effusion cell temperatures.

25 MBE Growth and Characteristics of GaN Nanowires and
InGaN/GaN Dot-in-a-Wire Heter ostructures

2.5.1 Review on the MBE Growth and Char acteristics of GaN Nanowires

GaN and related nitrides have been intensively studied due to their unique properties,
including chemical stability, direct band gap, and large breakdown electric field.
Applications of GaN nanowires include violet lasers, ultraviolet photodetectors, high
electron mobility transistors, high-speed heterojunction bipolar transistors, as well as
visible LEDs. GaN nanowires offer superior emission properties for LED
applications, compared to GaN thin films, due to the efficient light extraction and
drastically reduced dislocation densities. Densely packed GaN nanowire arrays can be
designed as high brightness LEDs, while isolated, low density nanowires may be
fabricated for single nano-devices and for the study of electronic, optical and

mechanical properties of the materials.

While most I11-VV compound nanowires are grown via the VLS process with
metallic nano-particles as catalysts [254-257], GaN nanowires have shown a strong
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anisotropic property that permits spontaneous growth via PAMBE under N-rich
conditions (for the reduction of Ga surface diffusion [258]). In the past several years,
a number of groups have investigated GaN nanowires grown on Si(111) using
PAMBE, and it has been shown that the nanowires exhibit a hexagonal crystalline
structure with vertical faceted sidewalls and the c-axis perpendicular to the surface of
the substrate [259-263]. Despite the large mismatch (~17%) between GaN and Si, the
grown nanowires are shown to be fully relaxed, producing high quality single crystals
that are free of strain and dislocations. In some cases, even the nanowires base region
next to the Si substrate shows very low densities of defects or stacking faults [263]. It
may be noticed that GaN nanowires can also be grown on Si(111) substrates using the
CVD technique, which can yield high quality, single crystalline, and hexagonal
wurtzite structured nanowires. However, the diameter distribution is often quite large,

and the nanowires are typically not vertically aligned to the substrates [264-268].

Recently, Cerutti et al. have demonstrated the growth of GaN nanowires on
Si(001) substrates via PAMBE and realized wurtzite single crystal structure with
diameters in the range of 20-40 nm along the [0001] direction [269]. In addition, their
PL measurements showed intense and narrow excitonic emissions which indicated
high crystal quality, and the Raman scattering analysis suggested the wires are strain-
free. Calarco et al. have also recently grown GaN nanowires via PAMBE on Si(111)
substrates. They found that a linear dependence of the mean values of diameter and
length on deposition time occurred during the nucleation state, which is in direct
contrast to the previous observation of an inverse dependence of the nanowire length
on its diameter. This property was attributed to the diffusion-induced growth
mechanism [177]. Debnath et al. have also examined the growth mechanism of GaN
nanowires on Si(111) utilizing catalyst-free PAMBE recently [177]. They reported
that at the initial stage of growth, a nucleation process occured where the densities of
nanowires as well as their diameters increased gradually with growth time. For
growth beyond the initial nucleation stage, the nanowire length decreased with
increasing diameter, which was explained by the adatom diffusion on the nanowire
sidewalls towards the tip. They stated that for thin wires (diameters ~10-80 nm),
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growth was driven by adatom diffusion on the nanowire lateral surfaces, while for the
case of thicker wires this adatom diffusion process was less prominent and the
adsorption at the nanowire top became more dominant. Tchernycheva et al. have also
grown GaN nanowires on Si(111) substrate via PAMBE and examined their structural
and optical characteristics [263]. They reported that the nanowires growth followed
the Gibbs Thomson’s mechanism where the length of the nanowires increased as a
function of nanowire diameter. In addition, they showed that the nanowires exhibited
a strong near band-edge PL up to room temperature, and their micro-PL
measurements for a single nanowire yielded a peak at 3.478 eV with 6-10 meV
broadening, which was close to the luminescence of the nanowire ensembles,
indicating the strain homogeneity amongst the wires. GaN nanowires growth via
catalyst-free PAMBE on Si(111) was also done by Robins et al. for the investigation
of the nanowire optical properties and electronic structures [270]. Using the same
technique, Averett et al. have performed epitaxial GaN film overgrowth on top of the
nanowires grown on Si(111) and observed a significant improvement in crystal
quality [271]. In addition, they have demonstrated that under Ga-rich conditions at
high substrate temperatures, the Ga adatom desorption rate increased with increasing
V/I1I flux ratio, hence the formation of GaN nanowire was enhanced. This was also

shown to be the case by Park et al.[272].

There have been other reports on the growth of GaN nanowires on Si substrates
as well. Seo et al. have conducted the growth of periodic arrays of GaN nanowires on
Si(111) where periodic patterns were made first by conventional UV lithography
before self-implantation of Si ions [273]. They claimed that the modification of Si
substrate surface morphology prior to deposition via ion bombardments can enhance
the nanowire nucleation and growth, where nano-capillary condensation of Ga
droplets acted as catalysts in VLS process to assist the nanowires to elongate out of
the supporting thin film matrix. SAE growths have also been done by employing
patterned substrates on Si [274]. Ishizawa et al. have used patterned, pre-deposited
thin Al layers on n-type Si(111) substrates to grow GaN nanowires [274]. The
patterned Al disc layers were nitrided in PAMBE, thereby producing AIN crystals
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that served as nucleation sites for the nanowire selective growth. Kishino et al. have
also demonstrated SAE growth of GaN nanowires via Ti-mask-patterned Si(111)
substrates [275]. They observed that the GaN nanowires grew only on the stripe areas
of exposed Si, with no growth on the Ti surface, at a deposition temperature of
935 °C. Below 900 °C, nanowire growth on the Ti surface occurred hence SAE
growth was not obtained. The use of buffer layers to assist GaN nanowire growth on
Si substrates has also been investigated [276, 277]. Hsiao et al. have demonstrated the
growth of GaN nanowires on Si(111) with the insertion of a thin GaN buffer layer
[276]. They stated that the crystal seed grown at the wall of the openings in the buffer
layer induced nano-capillary condensation effect, which assisted the GaN nanowire
growth. In addition, they showed that the nanowire density and diameter may be
controlled by the N/Ga flux ratios. Songmuang et al. have also shown the growth of
GaN nanowires on Si(111) with the use of thin AIN buffer layers, and showed
considerable improvements in the orientation of the nanowires [278]. Furthermore,
they showed that well-spaced nanowires were formed due to a large diffusion length
of Ga atoms, which occured under high deposition temperatures where the actual

amount of grown material was less.

252 MBE Growth and Characterization of InGaN/GaN Dot-in-a-Wire

Nanoscale Heter ostructures

For practical device applications, it is highly desired and essential that axial and radial
nanowire heterostructures, with well-controlled layer thicknesses and compositions
and well-defined interfaces, can be grown and fabricated. To achieve such
heterostructures using the VLS growth mechanism, it is required that the catalyst
nanocluster is apposite for the growth of the various nanowire materials under similar
growth conditions. Alternatively, IlI-nitride nanowire heterostructures can be grown
spontaneously under nitrogen rich conditions. In what follows, we have developed,
for the first time in the world, InGaN/GaN dot-in-a-wire nanoscale heterostructures.
Such novel nanoscale heterostructures are grown on Si(111) substrates. They can
exhibit high efficiency emission in the blue, green, and red wavelength range.
Compared to InGaN ternary nanowire structures, the incorporation of InGaN dots in
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GaN nanowires can provide a promising approach for realizing high efficiency green
and red emission, due to the three-dimensional carrier confinement.

In this study, catalyst-free, vertically aligned InGaN/GaN dot-in-a-wire
heterostructures are grown on Si(111) substrates by RF-PAMBE. The oxide on the
substrate surface is removed in situ at ~ 770 °C. Subsequently, GaN nanowires are
formed under nitrogen rich conditions without the use of any external catalyst. The
growth conditions for GaN nanowires include a growth temperature of ~ 750°C,
nitrogen flow rate of 1.0 sccm, a forward plasma power of ~ 350 - 400 W, and a Ga
beam equivalent pressure of ~ 6x10® Torr. To realize visible light emission, InGaN
quantum dots are incorporated in GaN nanowires, which are formed by the strain-
induced self-organization. The InGaN quantum dots are grown at relatively low
temperatures (~ 600 °C) to enhance the In incorporation. The In composition in the
dots can be well controlled by varying the In and Ga beam flux. Each quantum dot
layer is subsequently capped by a GaN layer. Both the InGaN dots and GaN barrier
layers are grown using the same plasma power (~ 400 W) and nitrogen flow rate (1.0
sccm). The dot height and barrier layer thickness can be controlled by the growth
time. In this experiment, ten InGaN/GaN quantum dots are incorporated in each GaN
nanowire. Shown in figure 2.12 is a 45 degree-titled scanning electron microscopy
(SEM) image of the InGaN dot-in-a-wire heterostructures grown on Si (111)
substrate. The areal density of the nanowires is estimated to be ~ 1x10'° cm™. The
wires are vertically aligned to the substrate and exhibit a high degree of size
uniformity. A bright field scanning transmission electron microscopy (STEM) image
(FEI Titan 80-300 cubed equipped with an aberration corrector of the probe-forming
lens and a high-brightness electron source) of a single InGaN/GaN dot-in-a-wire is
shown in figure 2.13, wherein vertically aligned multiple InGaN quantum dots can be
identified. The nanowires are of wurtzite crystal structure, with the c-axis aligned
along the growth direction. The dot widths are in the range of 20 to 40 nm, and the
dot heights, depending on the growth time, can be varied from ~ 3 nm to 10 nm.
Compared to conventional well/disk-in-a-wire heterostructures, the dots are
completely embedded in the center region of the wires, thereby leading to superior 3-
dimentional carrier confinement. It is also interesting to notice that the InGaN dots
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alignment is correlated along the growth direction, due to strain-induced self-

organization, which is indicated by the white arrow shown in figure 2.13.
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Figure 2.12: The scanning electron microscopy (SEM) image of InGaN/GaN
nanowire heterostructures on Si(111).

Figure 2.13: A low magnification bright field scanning transmission electron
microscopy image showing the position and vertical alignment of the InGaN dots in a

GaN nanowire.
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Shown in figure 2.14, the photoluminescence spectra of InGaN/GaN dot-in-a-
wire heterostructures grown under different conditions are measured at room
temperature. Their optical properties are determined by the sizes and compositions of
the dots and, to some extent, the wire diameters as well. Consequently, multicolor
emission, illustrated in figure 2.14, can be controllably achieved by varying the
growth conditions, including the substrate temperature, growth duration, and In/Ga
flux ratio. Defect-related yellow luminescence, that is commonly observed in GaN
films, is absent in catalyst-free GaN nanowires. Compared to previously reported
InGaN/GaN quantum wells [279, 280], InGaN ternary nanowires [17, 115], or
InGaN/GaN well/disk-in-a-wire heterostructures [119-121], the use of self-organized
quantum dots can enable ultrahigh emission efficiency in the entire visible spectrum,
due to the superior three-dimensional carrier confinement and a high degree of
tunability offered by the dots [16]. Depending on the dot compositions and sizes,
strong photoluminescence emission in the green (dashed line), yellow (dotted line)
and orange (dashed-dotted-line) wavelength range can be obtained from the dot-in-a-
wire heterostructures, shown in figure 2.14. Moreover, intrinsic white light can be
achieved by light mixing of the blue, green and red emission from multiple self-
organized quantum dots incorporated in single GaN nanowires. This is evidenced by
the photoluminescence spectrum (solid line) shown in figure 2.14 for GaN nanowires
that incorporate ten vertically aligned InGaN/GaN quantum dots with various In
compositions. The emission peak is centered at ~ 545 nm and spans nearly the entire

visible wavelength range.
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Figure 2.14: Room temperature photoluminescence spectra of various InGaN/GaN
dot-in-a-wire heterostructures grown on Si(111). The green, yellow and orange
emission spectra from the dot-in-a-wire heterostructures were grown under different

conditions.

Luminescence emission from the GaN nanowires can also be observed as
shown in figure 2.15. Their intensity, however, is significantly smaller than that of the
InGaN quantum dots, in spite of the thick GaN segments surrounding the dot layers.
This further confirms the excellent optical quality of InGaN quantum dots. Moreover,
the peak positions of the InGaN quantum dot emission are nearly power independent,
which suggests the presence of a very small quantum-confined Start effect due to the

much reduced polarization fields in the wires associated with the reduced strain field.
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Figure 2.15: Room temperature photoluminescence spectra of the InGaN/GaN dot-in-
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a-wire sample measured under different optical power excitations from 60 pW to 16
mW.

We have further studied the internal quantum efficiency of the InGaN/GaN dot-
in-a-wire heterostructure under optical injection (A =405 nm). In this experiment, the
room-temperature internal quantum efficiency, relative to that at 5 K, is derived by
comparing the light intensity measured at these temperatures under the same optical
injection power, assuming that the internal quantum efficiency at 5 K is ~ 100%. As
shown in figure 2.16, a relatively high internal quantum efficiency of ~ 22% was
measured for the ten InGaN/GaN quantum dots embedded in GaN nanowire samples.
These values are significantly higher than the internal quantum efficiencies of

previously reported nanowire LEDs with emission in the green or longer wavelength
range [17, 281].
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Figure 2.16: Room temperature internal quantum efficiency of the InGaN/GaN dot-
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in-a-wire measured under optical injection condition (A ~ 405 nm).

2.6 Conclusion

In this chapter, an overview of the growth/synthesis and properties of IllI-nitride
nanowires, including InN and GaN nanowires are first presented. We then describe
the MBE growth and characteristics of high quality, nontapered InN nanowires with
the use of an in situ deposited In seeding layer prior to growth initiation. In addition,
we have achieved catalyst-free InGaN/GaN dot-in-a-wire nanoscale heterostructures
on Si(111) substrates. Their structural and optical properties can be controlled by
varying the growth conditions in a single epitaxial step. Such novel nanoscale
heterostructures provide the basic building blocks for the realization of a host of high
performance optoelectronic devices, including LEDs and solar cells, which are

described in the following chapters.
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Chapter 3: Full-Color InGaN/GaN Dot-in-a-Wire
Light Emitting Diodes on Silicon

3.1 Introduction

GaN-based nanowire light emitting diodes (LEDSs), with emission wavelengths in the
green, yellow, and red spectral region have been intensively investigated for
applications in future phosphor-free solid state lighting and full-color displays.
Compared to conventional InGaN/GaN quantum well LEDs, the use of nanowire
heterostructures offers many distinct advantages, including drastically reduced
dislocation densities and polarization fields in the device active region, thereby
promising high efficiency LEDs with emission color in the green, yellow, and red
wavelength range. Additionally, the use of nanowires can significantly enhance the
light extraction efficiency and offers the compatibility with low-cost, large-area Si
substrates [15, 115, 119, 176, 269, 282, 283].

GaN-based nanowire LEDs can be fabricated by using either top-down [4] or
bottom-up approach [120] as discussed in Chapters 1 and 2. In the commonly
reported IlI-nitride nanowire LEDSs, the device active regions often consist of well-in-
a-wire [120, 284] heterostructures or ternary InGaN wires [17, 281]. The internal
quantum efficiency of such devices, however, may be severely limited by
nonradiative carrier recombination on the nanowire surfaces [285, 286], due to the
lack of effective lateral confinement [285, 287]. Additionally, with the formation of
In-rich nanoclusters, a precise control of the emission wavelength is often difficult to
realize. To improve the performance of nanowire LEDs, we have recently developed
InGaN/GaN dot-in-a-wire nanoscale heterostructures, which provide superior three-
dimensional carrier confinement [16]. Moreover, controlled emission can be realized

by varying the compositions and/or the sizes of the dots.
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3.2 High Efficiency InGaN/GaN Dot-in-a-Wire Red Light Emitting

Diodes
High performance GaN-based light emitting diodes (LEDs), with emission
wavelengths in the red spectral range, are essentially required for future phosphor-
free solid state lighting and full color displays. The achievement of these devices,
however, has been severely limited by the large lattice mismatch (~ 11%) between
INN and GaN and the resulting large polarization fields and dislocation densities in
the LED heterostructures [288-290]. Moreover, conventional InGaN quantum well
LEDs suffer from efficiency degradation at relatively high injection current levels
[291, 292]. With the presence of polarization fields and the associated quantum-
confined Stark effect (QCSE), emission characteristics of these devices also vary
considerably with injection current. To date, the realization of IlI-nitride-based red
LEDs largely rely on the conversion of photons emitted from a high power UV/blue
LED using molybdate phosphors such as NasEu(MoQO,)4 or NaEu(MoQ4), [293] and
red-emitting (CdSe)ZnSe or CdSe/ZnS quantum dots [294, 295]. Recently, GaN-
based red-emitting LEDs with the use of europium (Eu) doping have also been
reported [296, 297]. Such LEDs generally exhibit very low efficiency and/or poor
reliability [298]. It is therefore imperative to develop innovative solutions in order to
achieve high performance red LEDs.

In this regard, significant progress has been made in InGaN/GaN nanowire
heterostructures with tunable luminescence emission being realized using core/shell
[299], well/disk-in-a-wire [120, 300], as well as InGaN ternary nanowire
heterostructures [17, 301]. The realization of red emission from GaN-based nanowire
and quantum dot heterostructures has been reported [152, 302, 303]. However, a
critical challenge for achieving high efficiency nanowire devices lies in the presence
of extensive charged surface states and/or surface defects, which generally result in
Femi-level pining and energy band bending at the wire lateral surfaces [304-306]. It is
expected that nanowire LEDs with significantly improved performance can be
realized by utilizing InGaN/GaN dot-in-a-wire heterostructures, due to the superior
three-dimensional carrier confinement provided by the dots [16]. We have therefore

investigated the MBE growth, fabrication and characterization of high efficiency red-
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emitting LEDs on Si(111) substrates with the incorporation of such nanoscale
heterostructures [307]. The devices exhibit relatively high internal quantum efficiency
(IQE ~32.2%) under electrical injection, which is derived by assuming the maximum
IQE measured at 5 K is ~ 100%. Moreover, no efficiency droop was observed for
injection current up to ~ 480 A/cm® We have also demonstrated that, by controlling
the inhomogeneous broadening for the dot-in-a-wire heterostructures, the devices can

exhibit stable emission characteristics with increasing current.

3.2.1 Molecular Beam Epitaxial Growth and Characterization of InGaN/GaN
Dot-in-a-Wire Red LEDs
The InGaN/GaN dot-in-a-wire LED heterostructures, illustrated in figure 3.1(a), were
grown on n-type Si(111) substrates under nitrogen rich conditions using a Veeco Gen
Il MBE system equipped with a RF plasma-assisted nitrogen source. The n- and p-
type GaN nanowires were doped with Si and Mg, respectively. The growth conditions
for GaN nanowires include growth temperatures of ~ 700 to 750 °C, a nitrogen flow
rate of 1-2 sccm, and a forward plasma power of ~ 400 W. The device active region
consists of three vertically aligned InGaN dots, separated by 5 nm GaN barrier layers.
Described in Chapter 2, we have demonstrated that, by varying the growth conditions,
emission wavelengths of the InGaN/GaN dot-in-a-wire heterostructures can be tuned
across nearly the entire visible wavelength range. In this experiment, the InGaN/GaN
quantum dot heterostructures were grown at relatively low temperatures (535 to 550
°C) to enhance In incorporation. A 45 degree-tilted scanning electron microscopy
(SEM) image is illustrated in figure 3.1(b). The wire areal density is in the range of ~

1x10*° cm™.
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InGaN/GaN dot-in-a-wire heterostructures grown on a Si(111) substrate.
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Figure 3.2: (a) HAADF image in pseudo-color scale showing the alignment of three
InGaN quantum dots in a GaN nanowire. The solid arrows point out the location of
three dots and the dashed arrow indicates the growth direction. The pseudo-color
scale bar shows the intensity for each color in the image. (b) HAADF images and
EDXS analysis of the In composition in the InGaN dots. The inset shows the HAADF
image and EDXS signal variations of Ga and In along the yellow line.
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The InGaN quantum dots in a GaN nanowire structure are revealed by the
atomic number contrast in the high angle annular dark field (HAADF) transmission
electron microscopy (TEM) image, shown in figure 3.2(a). Three InGaN quantum
dots are observed in the area with relatively higher intensity (green and red regions),
which are pointed out by the solid arrows. These dots are aligned along the growth
direction, indicated by the dashed arrow in the GaN nanowire. The dot heights and
widths are estimated to be in the ranges of 12 to 15 nm and 30 to 40 nm, respectively.
Illustrated in figure 3.2(b), the In content in the InGaN quantum dot is analyzed by
the energy dispersive x-ray spectrometry (EDXS) and the In peak corresponds to ~
55% In content in the dot.

3.2.2 LED Fabrication Process

During the device fabrication process, a polyimide (PI) resist layer was spin-coated to
fully cover the GaN nanowires for surface passivation and planarization. Then,
reactive-ion etching (RIE) using O, gas was applied on the sample until the top-
section of the nanowires was revealed. The sample was subsequently patterned into
cells of various sizes by standard photolithography. p- and n-metal contacts on the
nanowire surface and backside of the Si substrate were deposited by e-beam
evaporator technique. The p-metal and n-metal contacts consist of
Ni(5nm)/Au(7nm)/ITO(200nm) and Ti(20nm)/Au(120nm) layers, respectively. To
alleviate the hole transport problem, metallic contact grids, illustrated in figure 3.3,
were made on the device surface. The fabricated devices with Ni/Au and Ti/Au metal
contacts were first annealed at ~ 500 °C for 1 minute in nitrogen ambient. After the
deposition of the ITO transparent contact, a second annealing step was performed at
300°C in vacuum for ~ 1 hour. Figure 3.3 shows the fabricated devices with different

sizes, including 1x1 mm?, 0.5x0.5 mm?, 0.3x0.3 mm?, and 0.1x0.1 mm?.
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Figure 3.3: Fabricated devices with different sizes (1x1 mm? 0.5x0.5 mm? 0.3x0.3

mm?, and 0.1x0.1 mm?) and the use of metallic contact grid pattern for current

spreading.

3.2.3 Device Characterization and Results Analysis

The room temperature current-voltage characteristic of a nanowire LED (500x500
pm?) was measured, which shows relatively low series resistance (~ 65 Q) and small
leakage current (~ 1.6 mA at -3V), illustrated in figure 3.4. Emission characteristics
of the dot-in-a-wire LEDs were studied under pulsed biasing conditions (0.1% duty
cycle, pulse width ~ 1 us). Electroluminescence spectra measured under various
injection currents are shown in figure 3.5. The peak emission wavelength is centered
at ~ 652 nm for an injection current of 50 mA. Strong red emission from the
InGaN/GaN dot-in-a-wire LED was recorded. The optical microscopy image of the
emission from an InGaN/GaN dot-in-a-wire LED under 100 mA injection current is
illustrated in the inset of figure 3.5.
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Figure 3.4: Current-voltage characteristics of InGaN/GaN dot-in-a-wire LED devices.
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Figure 3.5: Room temperature electroluminescence spectra of the InGaN/GaN dot-in-
a-wire LED measured under various injection currents. Optical image of the red LED
device under 100 mA injection current is shown in the inset.
Variations of the spectral linewidths and peak emission wavelengths are further
shown in figure 3.6. It is seen that, with increasing current, there is a considerable
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blueshift, accompanied by a small broadening of the spectral linewidth. The peak
wavelength shifts to ~ 633 nm and the spectral linewidth broadens to ~ 102 nm when
measured at ~ 400 mA. The relatively large blueshift with current is explained by the
presence of polarization fields and the associated QCSE, due to the relatively high
indium compositions in the red-emitting InGaN/GaN quantum dots. Additionally, the
blueshift may be partly explained by the nonuniform turn-on voltage for each
nanowire emitter, with lower turn-on voltages expected for nanowires with higher In

compositions (longer emission wavelengths).
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Figure 3.6: Variations of the peak wavelength and spectral linewidth measured under

different injection currents.

The LED IQE was measured by comparing the relative external quantum
efficiency derived at room temperature to the maximum value measured at 5 K at the
same current. In this analysis, it is assumed that the maximum IQE at 5 K is
approximately unity. llustrated in figure 3.7, the LED IQE increases drastically with
injection current. For injection current densities of > 300 mA, a relatively high IQE of
~ 32.2% was recorded. Under optical pumping (A = 405 nm), the devices exhibit an
IQE of ~ 18.6%, shown in the inset of figure 3.7. The relatively high efficiency is
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attributed to the superior three-dimensional carrier confinement provided by the dot-
in-a-wire nanoscale heterostructures. For comparison, there have been no reports on
the IQE of GaN-based red-emitting LEDs to date, to the best of our knowledge.
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Figure 3.7: Room temperature IQE of the InGaN/GaN dot-in-a-wire red LED versus
injection current. The inset shows the IQE of the red LED device under optical

excitation (A ~ 405 nm).

For practical applications, LEDs with stable emission characteristics, i.e. nearly
invariant peak wavelength and spectral linewidth with current, are highly desired. In
this regard, we have investigated the effect of inhomogeneous broadening on the
output characteristics of red-emitting nanowire LEDs. Emission spectra of the dot-in-
a-wire heterostructures depend critically on the size and composition of the dots as
well as the diameter of the wires. When grown at relatively high temperatures, InGaN
dots are characterized by the presence of various In-rich nanoclusters, due to the
enhanced In phase separation, which lead to a significantly increased inhomogeneous
broadening [16]. Such red-emitting dot-in-a-wire LEDs were fabricated and
characterized. Illustrated in figure 3.8 is the electroluminescence spectra measured
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under injection currents up to 1.2 A (~ 480 A/cm?) at room temperature. In spite of
the significantly increased linewidth, a large part of the emission spectra are still in
the red wavelength range. Variations of the spectral linewidth and peak wavelength
with current are shown in figure 3.9. It is evident that the resulting output
characteristics, in terms of both the peak position and spectral linewidth, are
significantly more stable, compared to the LEDs with a smaller inhomogeneous

broadening.
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Figure 3.8: Room temperature electroluminescence spectra measured under different
injection currents up to 1.2 A (~ 480 A/cm?) for the 2" red-emitting LED device with

enhanced inhomogeneous broadening.
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Figure 3.9: Variations of the peak wavelength and spectral linewidth with injection
current measured for the 2™ red-emitting LED device with enhanced inhomogeneous
broadening.

Emission characteristics of these devices are further depicted in the CIE
chromaticity diagram, illustrated in figure 3.10. The CIE chromaticity diagram is the
1931 Commission International de [I’Eclairage chromaticity diagrams which
determine the emission properties of the LED devices by using color matching
function and the chromaticity diagram. The CIE coordinates, x and y are calculated

from the tristimulus values X, Y, Z as shown below:

X

T X+Y+Z (3.1)
Y

Y = Xiviz (32)
z

2= Yv+z 1-x-y (3.3)

61



where X, Y, and Z are related to the color matching functions corresponding to the

eye sensitivity curves of the red, green, and blue cones, respectively.

X = ["1(D)x (HdA (3.4)
Y = [ 1)y (DdA (3.5)
Z = [ 1)z (DdA (3.6)

It is seen that significantly improved emission stability is achieved at much
higher injection levels for the 2" LED device.
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Figure 3.10: CIE chromaticity coordinates for red InGaN/GaN dot-in-a-wire LED
devices with relatively small (1 device) and large (2" device) inhomogeneous
broadening. The current was varied from 100 to 300 mA for the 1* device (dots) and
from 400 to 1,200 mA for the 2" device (squares).
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We have further studied variations of the external quantum efficiency with
injection current at room temperature. Illustrated in figure 3.11, the external quantum
efficiency first shows an increasing trend and then stays nearly constant with injection
current. No efficiency droop was observed for injection current density as high as ~
480 A/cm? at room temperature, in spite of the presence of polarization field. This
observation suggests that polarization may not be the primary mechanism responsible
for the efficiency degradation in GaN-based LEDs, which agrees with recent study on
the predominant effect of hot electron and the associated carrier overflow on
efficiency droop in InGaN LEDs [308]. Compared to conventional InGaN/GaN
quantum well LED heterostructures, the present dot-in-a-wire devices employ
relatively thick (~ 12 nm) InGaN dots, which can increase electron injection
efficiency by minimizing hot carrier effect and the associated ballistic or quasi-
ballistic transport [308]. Moreover, due to In segregation, the thin (~ 5 nm) barriers
consist of InGaN instead of GaN. The reduced energy barrier can further enhance the
hole injection process and reduce electron overflow. Consequently, efficiency
degradation can be minimized at high injection levels.
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Figure 3.11: Variations of the relative external quantum efficiency versus injection
current for the InGaN/GaN red-emitting dot-in-a-wire LED measured at room
temperature.
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3.3 Full-Color InGaN/GaN Dot-in-a-Wire LEDson Silicon

With the achievement of red-emitting nanowire LEDs, it is possible to demonstrate
phosphor-free white-light LEDs by using the novel InGaN/GaN dot-in-a-wire
nanoscale heterostructures on a Si platform. The design, epitaxial growth, fabrication,
and characterization of white-light LEDs are described in this section. We have
demonstrated phosphor-free InGaN/GaN dot-in-a-wire white LEDs by incorporating
multi-color (blue, green, and red) quantum dots in GaN nanowires. Such devices can
exhibit a relatively high room-temperature internal quantum efficiency of ~ 22% -
37% of that measured at 5 K and negligible efficiency degradation for injection
currents up to ~ 200 A/cm? The strong white light emission is a direct consequence
of the large inhomogeneous broadening of the InGaN/GaN quantum dots, due to the
variations of In compositions in the dot layers, which are measured to be in the range
of 10% to 50%. The emission characteristics of nanowire LEDs in the green and

yellow wavelength range are also briefly described.
3.3.1 Design and MBE Growth of InGaN/GaN Dot-in-a-Wire White-Light LEDs

In this experiment, self-organized InGaN/GaN dot-in-a-wire LED heterostructures,
with the incorporation of 10 InGaN/GaN vertically coupled quantum dots in the
active region, were grown on n-type Si(111) substrates under nitrogen rich condition.
The device heterostructures consist of ~ 0.4 um GaN:Si, ten vertically coupled
InGaN/GaN dots, and ~ 0.2 um GaN:Mg sections. GaN nanowires were grown at ~
750 °C. During the growth process, the nitrogen flow rate was kept at ~ 1-2 sccm,
with a forward power of ~ 400 W. Figure 3.12 shows the scanning electron
microscopy image of typical InGaN/GaN dot-in-a-wire heterostructures grown on
Si(111). The nanowires are vertically aligned to the substrate, with the wire diameters
and densities in the range of 30 to 100 nm and ~ 1x10%° cm™, respectively. The
InGaN/GaN quantum dot active regions were grown at temperatures of ~ 550 — 600
°C). For comparison, the InGaN quantum dots in red LED structures, described in
Sec. 3.1, were grown at lower temperatures (< 550 °C) to enhance the In content in

the InGaN dots. However, the emission characteristic of device with high In content

64



is not stable due to the larger polarization fields and the associated QCSE, as
described in Sec. 3.2. For the white-light LED heterostructures, the InGaN/GaN
quantum dots were grown at higher substrate temperatures to improve the crystalline
quality and to reduce the polarization fields and QCSE. Each quantum dot consists of
~ 3 nm InGaN, which is subsequently capped by ~ 3 nm GaN. Structural properties of
the InGaN/GaN dot-in-a-wire heterostructures were characterized by scanning
transmission electron microscopy (STEM). Detailed growth mechanism and

structural characterizations can be found in Sec. 2.3.

Figure 3.12: A 45 degree tilted scanning electron microscopy image of the
InGaN/GaN dot-in-a-wire heterostructures grown on a Si(111) substrate by molecular

beam epitaxy.

In order to gain a better understanding of the growth and emission mechanisms,
STEM imaging and spectrum imaging were performed on a single nanowire to
investigate the structural properties of the InGaN/GaN dot-in-a-wire heterostructures.
A HAADF image showing the atomic number contrast is illustrated in figure 3.13.
The intensity at each pixel is presented as a pseudo-color display in order to highlight

the changes in intensity quantitatively. The InGaN dots are located at the regions with
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relatively high intensity (red, yellow and white on the color scale), since the average
atomic number in the dot region is larger than that in GaN barriers. Importantly, no
extending defects such as dislocations or stacking faults are observed in the
InGaN/GaN quantum dot active region.

25.85 73.79 121.74 169.68 217.62

Figure 3.13: A high-resolution HAADF image in a pseudo-color display showing the
atomic number contrast between InGaN dots and GaN barriers.

In order to study the elemental distribution in the InGaN dots, energy dispersive
X-ray spectrometry spectrum image (EDXS-SI) was performed across the centers of

InGaN/GaN quantum dots. From the qualitative variation of the In L, and Ga K

signals shown in the inset of figure 3.14, an In-rich or Ga-deficient region is observed
in the InGaN dots. Using the Ga signal from the top GaN capping region as a built-in
reference, the In concentration in each InyGa;.xN dot is quantified and shown as the
line profile in figure 3.14. The In composition (X) in each dot is not uniform, and it
varies from ~ 10 to 50 atomic percent. Although these values are based on the
through-thickness averaging, the compositional variation of the dots is consistent with
the large inhomogeneous broadening observed in the photoluminescence spectra

(figure 2.14). Since the sub-nm spatial resolution EDXS conditions were used, it may
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also be noticed both from the HAADF images and the EDXS data that the barrier
layers contain a small percentage of In, due to In segregation, thereby leading to the

unique dot-in-a-wire core-shell nanoscale heterostructures.
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Figure 3.14: An energy dispersive X-ray spectrometry spectrum image showing the
quantitative variation of In along the centers of seven InGaN dots. The inset shows

the qualitative In and Ga signal variation along the green line.

Besides the EDXS analysis, an electron energy loss spectrometry spectrum
image (EELS-SI) was taken along the lateral direction (indicated by the green line) of
an individual InGaN dot, illustrated in the inset of figure 3.15. The line profile of the
integrated intensity for In Mys and Ga L,3 edge are also depicted, and a
drop/increase of the Ga and In signal is observed in the dot region. The diameter of
the dot is estimated to be ~ 40 nm based on the In profile. Consequently, the
InGaN/GaN quantum dots are completely embedded in the center region of the wires,
leading to superior three-dimensional carrier confinement that was not possible in any
previously reported GaN-based nanowire heterostructures [17, 120, 281, 284, 309]. It
is also important to notice that the InGaN dots are nearly perfectly aligned along the

growth direction, due to strain-induced self-organization.
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Figure 3.15: An electron energy loss spectrometry spectrum image showing the
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integrated In and Ga signal along the lateral direction of GaN nanowire and an InGaN
dot. The inset shows the line along which the electron energy loss spectrometry

spectrum image is taken.

These LED samples were then fabricated. The device fabrication process for is

similar to that for the red LEDs discussed in Sec. 3.1.
3.3.2 Device Characterization and Results Analysis

Optical properties of InGaN/GaN dot-in-a-wire nanoscale heterostructures are
investigated using temperature variable photoluminescence spectroscopy. Discussed
in Sec. 2.5.2, the emission wavelengths can be readily tuned across nearly the entire
visible wavelength range, which is achieved by effectively varying the In content in
the quantum dots using different growth temperatures and/or In/Ga flux ratios.
Moreover, we have demonstrated strong white emission by incorporating multi-color
quantum dots in GaN nanowires, shown as the solid line in figure 2.14, which exhibit
a peak wavelength at ~ 545 nm and a broad spectral line width (full width half
maximum — FWHM) of ~ 150nm. The white light emission is a direct consequence of
the large variations of In compositions (~ 10 % to 50 %) in the dots in single GaN

nanowires.
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Illustrated in figure 3.16, the fabricated dot-in-a-wire LED devices on silicon
exhibit excellent current-voltage characteristics, including relatively low series
resistance (~20-50Q2) and negligible leakage current under relatively large reverse
bias. Such InGaN/GaN dot-in-a-wire LEDs can exhibit strong emission in the green,
yellow, and orange wavelength range, depending on the growth condition. Shown in
figure 3.17 are the room temperature electroluminescence spectra of some
representative dot-in-a-wire LED devices measured under injection currents of ~ 120
Alcm?. The peak emission wavelengths are at 522, 589, and 619 nm, leading to the
appearance of green, yellow, and orange emission, respectively. The device areas are
~ 300%300 pm?. The corresponding optical images are also shown in the insets of
figure 3.17. The different emission wavelengths are due to variations of In
compositions in the InGaN/GaN quantum dot layers. Higher In compositions (up to ~
50%) and, consequently, orange/red emission can be achieved by utilizing relatively
low substrate temperature and/or high In/Ga flux ratios during the growth of the
quantum dot active regions, described in Sec. 3.1. The use of relatively thin (~ 3 nm)
InGaN quantum dots also contribute significantly to the relatively high internal
quantum efficiency, due to the reduced strain field and the minimization of

dislocation formation.
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Figure 3.16: Room-temperature current-voltage characteristics of an InGaN/GaN dot-

in-a-wire LED on silicon.
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Figure 3.17: Room temperature electroluminescence spectra of green, yellow and
orange LED devices measured at 120 A/cm? current injection and the corresponding

optical microscopy images (inset).

Variations of the peak emission wavelengths with injection currents are shown
in figure 3.18. Relatively small blue shifts of ~ 3.5 nm and 6.4 nm are observed for
the green and yellow LEDs for injection currents from 12 A/cm? up to 200 A/cm?,
respectively. The orange emitting devices, however, exhibit significantly larger
blueshift (~ 17.2 nm) in the same current range. The observed blue shifts with
increasing current may be explained by the quantum-confined Stark effect [135, 310],

which becomes more important in devices with relatively high In compositions.
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Figure 3.18: Variations of the peak wavelengths of the green (square), yellow (circle),
and orange (triangle) InGaN/GaN dot-in-a-wire LEDs with injection current.
Blueshifts of ~3.5 nm, 6.4 nm, and 17.2 nm were observed for the green, yellow, and

orange LED devices, respectively.

We have further demonstrated phosphor-free white LEDs by incorporating
multi-color InGaN quantum dots in single GaN nanowires. Shown in figure 3.19 are
the electroluminescence spectra of the white LEDs measured under pulsed bias
condition (1% duty cycle) at various injection currents. The emission spectra span
from ~430 nm to >700nm, covering nearly the entire visible wavelength range. High
brightness emission from the white LED is also displayed in the inset of figure 3.109.
A consistent blueshift (up to ~ 8.4 nm) was observed when the injection current was
varied from 30 mA to 500 mA.
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Figure 3.19: Normalized electroluminescence spectra of InGaN/GaN dot-in-a-wire
white-emitting LEDs under different injection currents at room temperature. Shown
in the inset is the optical microscopy image of the device.

The internal quantum efficiency of the white dot-in-a-wire LED device was also
measured under electrical injection. As shown in figure 3.20, an internal quantum
efficiency of ~ 36.7% at room temperature was recorded for this LED device under
electrical injection. The achievement of relatively high efficiency is attributed to the
use of nearly defect free GaN nanowires and the highly effective carrier confinement

provided by the quantum dots.
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Figure 3.20: Room-temperature internal quantum efficiency of the white InGaN/GaN

dot-in-a-wire LED device measured under electrical injection.

The relative external quantum efficiency (EQE) of InGaN/GaN dot-in-a-wire
white LEDs was also measured. Illustrated in figure 3.21, the EQE first increases with
injection current and stays nearly invariant at relatively high injection currents (> 100
Alcm?). No efficiency degradation was observed for injection currents up to ~
200A/cm? at room temperature. Compared to conventional InGaN/GaN quantum well
LEDs [36, 124, 125, 311], the absence of efficiency droop in InGaN/GaN dot-in-a-
wire LEDs is attributed to the drastically reduced dislocation densities and
polarization fields associated with these nanoscale heterostructures. However, at
relatively high injection levels, the performance of such devices may suffer severely
from hot carrier effect [26], including poor hole transport [18] and electron ballistic

transport and overflow [27,28], which are described in the following chapters.
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Figure 3.21: Room temperature relative external quantum efficiency of the white
LED device, showing negligible efficiency droop up to 200 A/cm? injection current.
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Figure 3.22: CIE chromaticity coordinates of the light emission from InGaN/GaN
dot-in-a-wire white LEDs.
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Shown in figure 3.22, the output spectrum of the white LED device, measured
under injection currents from 100mA to 400mA, are characterized by~ 0.26 -0.31
and y = 0.46-0.51 in the CIE chromaticity coordinates. The variation of light emission
with increasing current on the CIE diagram can be partly explained by the quantum-
confined Stark effect. Additionally, due to the less efficient hole transport in the
device active region, emission from the quantum dot active regions depend strongly
on the bias conditions [38]. This unique carrier transport problem will be explained
and addressed in detail in chapter 4.

3.4 Conclusion

In summary, we have achieved high performance red-emitting nanowire LEDs grown
directly on Si substrates. Moreover, we have demonstrated phosphor-free LEDs by
incorporating multiple quantum dots in single GaN nanowires. The devices exhibit
relatively high 1QE (~ 20-30%) and negligible efficiency degradation at relatively
high injection levels (> 200 A/cm?) at room temperature, which is attributed to the
superior three-dimensional carrier confinement provided by the InGaN quantum dots
and the use of nearly defect-free GaN nanowires. Further improvement in the device
performance can be made possible by optimizing the growth conditions and the
charge carrier injection process of the dot-in-a-wire nanoscale heterostructures. This
work shows the tremendous potential of the unique dot-in-a-wire nanoscale

heterostructures in achieving superior performance and low cost LEDs.
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Chapter 4: p-Type M odulation Doped |nGaN/GaN
Dot-in-a-Wire White Light-Emitting Diodes
Monolithically Grown on Si(111)

4.1 Introduction

Phosphor-free white light emitting diodes (LEDs), that can be fabricated on low cost,
large area substrates and can display high luminous flux, hold immense promise for
the emerging solid state lighting. Such devices can be realized monolithically by
stacking blue, green and red emitters in a single epitaxial step. They can exhibit much
higher quantum efficiency, better color rendering capability, and significantly
reduced manufacturing cost and improved reliability, compared to the commercial
phosphor-based white LEDs [312]. Although tremendous progress has been made for
InGaN/GaN quantum well LEDs, the performance of such devices in the green,
yellow, and red wavelength ranges has been plagued by the very low efficiency and
“efficiency droop”, i.e. the decrease of the external quantum efficiency with
increasing current [291]. The underlying mechanism has been extensively
investigated. Defects and carrier delocalization [123], polarization field [124, 125],
Auger recombination [126], carrier leakage [127], and poor hole transport [128, 313]
have been identified as some of the most probable causes. To this end, intensive
studies have been performed with the use of various nanostructures, including
quantum dots and nanowires [119, 120, 309, 314-317], which can exhibit drastically
reduced dislocation densities and polarization field and can provide a greater degree
of flexibility for sophisticated device engineering, compared to conventional planar
heterostructures. Multi-color emission has been realized by using InGaN/GaN core-
multi-shell and well/disk-in-a-wire structures and by exploring various hybrid
nanowire heterostructures [119, 120, 315, 318, 319]. More recently, white light

emission has been demonstrated in LEDs consisting of compositionally graded
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InGaN nanowires [17], InGaN/GaN nanodisks [121], and etched InGaN quantum
wells [106].

However, a significant roadblock for the development of nanowire LEDs is the
very low quantum efficiency. Due to the lack of three-dimensional carrier
confinement, the radiative electron-hole recombination in the commonly reported
GaN nanowire LED heterostructures has been severely limited by the presence of
unoccupied Ga dangling bond and/or large densities of surface defects along the
nonpolar GaN(1100) surface (m-plane), which can lead to a Fermi-level pinning on
the nanowire lateral surfaces [285, 287]. Additionally, the device performance is
adversely affected by the poor hole injection and transport processes in InGaN/GaN
nanoscale heterostructures, caused by the heavy effective mass, small mobility, and
low concentration of holes [128, 162, 313]. While electrons can exhibit a relatively
uniform distribution across the entire active region, injected holes largely reside in the
small region close to the p-doped GaN layer. The highly nonuniform carrier
distribution also lead to significantly enhanced Auger recombination and increased
electron overflow, further limiting the optical emission efficiency at high injection

levels.
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electroluminescence spectra measured from the InGaN/GaN dot-in-a-wire white
LEDs.
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For the reasons described above, the internal quantum efficiency of the white
LEDs described in Chapter 3 is generally limited to ~ 20 to 30% at room temperature.
The emission characteristics of such devices are not stable with increasing current.
Shown in figure 4.1, there is a blueshift (~ 8 nm) when the injection current is
increased from 50 mA to 500 mA, due to the presence of polarization fields and the
associated QCSE. Additionally, it is observed that the spectral linewidth of the
emission spectra increases rapidly with increasing current, which is a direct reflection
of the poor hole transport in the LED device active region. While the electron
distribution is more uniform in the quantum dots, holes largely reside in the dots
closed to the p-GaN region, leading to highly inhomogeneous carrier distribution in
the device active region. The hole concentration is drastically reduced in regions
close to the n-GaN. Therefore, light emission is mostly from the quantum dots near
the p-GaN region. Furthermore, it is expected that the poor hole transport may
become more aggravated under high current injection conditions.

In this regard, special techniques, including p-doped active region, electron
blocking layer, and thin InGaN barrier, have been implemented to improve the
performance of conventional InGaN/GaN quantum well LEDs [124, 128, 163, 313].
However, such phenomena have not been recognized and addressed in the emerging
nanowire LEDs. In this context, we have investigated the epitaxial growth,
fabrication, and characterization of self-organized InGaN/GaN dot-in-a-wire LED
heterostructures grown on Si(111) substrates that can break the efficiency bottleneck
of nanowire devices. Figures 4.2(a) and (b) show the simulated results of hole
concentration across the quantum dot active region by using APSYS simulation
packages under 1,000 A/cm? current injection level for the un-doped and p-doped
LED devices, respectively. In this simulation, LED structures with ten Ing,5Gag 75N
quantum wells separated by 3 nm GaN barriers are investigated. We have assumed
that nanowire LED devices exhibit drastically reduced dislocation densities, a
Shockley-Read lifetime of 10 ns, and an Auger recombination coefficient in the
quantum wells of 1x10°* ¢cm®s. The built-in strain in nanowires can be significantly

reduced due to the lateral stress relaxation. The polarization charge densities are
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assumed to be 25% of the calculated values, and electron and hole mobilities are

presumed to be 600 and 5 cm? V*s *, respectively.
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Figure 4.2: Simulated hole concentration across the InGaN/GaN quantum dot active
regions for LEDs without (a) and with (b) the usage of p-type modulation doping in
InGaN/GaN active regions under 1,000 A/cm? injection current.

Illustrated in figure 4.2(a), the hole concentration is drastically reduced from the
guantum dot near the p-GaN segment to the n-GaN region for the LED without using
p-type modulation doping technique. For instance, the hole concentration in the
quantum dot close to the p-side GaN is virtually nine orders of magnitude higher than
that in the last quantum dot which is next to the n-side. The carrier recombination,
therefore, mostly occurs within the quantum dots close to the p-GaN region leading to
the inefficient radiative recombination in the device active region. However, with the
usage of p-type modulation doping technique as shown in figure 4.2(b), the hole
distribution is much more uniform across all the active region compared to that of un-
doped LED device. The carrier recombination in the device active region,
consequently, is more effective since all quantum dots can contribute to the electron-
hole recombination, which will further lead to reduced electron leakage out of the
active region and enhanced LED quantum efficiency. With the use of p-type
modulation doping in the quantum dot active region, we have demonstrated

phosphor-free white LEDs with a record high (~ 56.8%) internal quantum efficiency,
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which is attributed to the superior carrier confinement provided by the dots and the

significantly enhanced hole transport, due to the p-type modulation doping.

4.2 Design, Growth and Fabrication of p-doped InGaN/GaN Dot-in-a-
Wire LEDs

In this work, we have investigated the design, epitaxial growth, and fabrication of p-
doped InGaN/GaN dot-in-a-wire white light LEDs. Illustrated in figure 4.3, the
device active region consists of ten vertically aligned InGaN quantum dots, separated
by ~ 3 nm GaN barrier layers. The flat energy band diagrams along the wire axial
direction and along the lateral direction of the quantum dot active region are also
illustrated in figure 4.3. Due to In segregation, the GaN barrier layers also contain a
small percentage (~ 5-10%) of In. The resulting thin (~ 3 nm) InGaN barrier layers
can enhance the hole injection and transport in the quantum dot active region,
thereby leading to more uniform hole distribution, reduced electron leakage, and
enhanced internal quantum efficiency at relatively high current levels [163, 320].

To further enhance the hole transport, each quantum dot is modulation doped
p-type, which is achieved by incorporating Mg in part of the GaN barrier layer, with
the Mg effusion cell temperature at ~ 150 to 200 °C. The technique of modulation p-
doping can minimize any deleterious effects associated with the direct Mg
incorporation in the dots. As a consequence, no degradation in the optical properties
of the p-doped dot-in-a-wire heterostructures was measured, compared to the
undoped LED device heterostructures. Figure 4.4 shows the photoluminescence
spectra of the p-doped and undoped LED samples, respectively. Both LED structures
exhibit nearly identical emission spectra under optical pumping. Other growth
conditions are nearly the same as those for the InGaN/GaN dot-in-a-wire white light
LEDs described in chapter 3.
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Figure 4.3: Schematic of the p-doped InGaN/GaN dot-in-a-wire LED with the flat

band energy shown on the right side.
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Figure 4.4: Room temperature photoluminescence spectra of p-doped and undoped

white LED heterostructures measured under the same optical excitation conditions.
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The device fabrication process follows that described in Chapter 3 and is
briefly discussed here. The InGaN/GaN nanowire arrays were first planarized using a
polyimide resist layer by spin-coating, which was followed by an appropriate dry
etching process to reveal the top GaN:Mg sections of the dot-in-a-wire
heterostructures. p- and n-metal contacts, consisting of Ni(5nm)/Au(7nm)/indium tin
oxide (ITO) and Ti/Au layers, were then deposited on the exposed wire surface and
the backside of the Si substrate, respectively. The fabricated devices with Ni/Au and
Ti/Au metal contacts were first annealed at ~ 500 °C for 1 minute in nitrogen
ambient. Upon the deposition of the ITO transparent contact, a second annealing step

was performed at 300°C in vacuum for ~ 1 hour.

4.3 Resultsand Discussion

The measured current-voltage characteristics at room temperature, for both the
undoped and modulation p-doped dot-in-a-wire LEDs, are shown in figure 4.5. The
devices exhibit excellent diode characteristics, with relatively small (~ 20 — 50 Q)
series resistances and negligible leakage current under reverse bias. The p-doped
nanowire LEDs also show slightly higher current densities, compared to the undoped
devices under the same bias conditions. The devices with areas of 0.5x0.5 mm?* were
used for detailed characterization. The optical microscopy image of a fabricated
nanowire LED device is shown in the inset of figure 4.5, wherein metallic contact
grids were made on the device surface to facilitate the hole transport and injection

processes.

Emission characteristics of p-doped InGaN/GaN dot-in-a-wire LEDs were
studied. To minimize junction heating effect, pulsed bias conditions, with duty cycles
in the range of 0.1% to 5%, were utilized during the measurements. Strong white light
emission, illustrated in the inset of figure 4.6, was observed for the p-doped dot-in-a-
wire LEDs, which is a direct consequence of the polychromatic emission of
InGaN/GaN quantum dots, due to the large inhomogeneous broadening. Importantly,
emission spectra of the p-doped LEDs are nearly invariant with increasing injection

currents. Shown in figure 4.6, a very small (~ 4 nm) blueshift was measured for the p-
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doped dot-in-a-wire LEDs with increasing injection currents, signifying the presence
of a very small, or negligible quantum-confined Stark effect.
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Figure 4.5: Current-voltage characteristics of undoped- and p-doped dot-in-a-wire

LEDs measured at room temperature. The optical microscopy image of the
fabricated dot-in-a-wire LED is shown in the inset.
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Figure 4.6: Electroluminescence spectra of a p-doped InGaN/GaN dot-in-a-wire LED
measured at injection currents from 100 to 500 mA under pulsed bias conditions at

room temperature. The optical image of the device is shown in the inset.
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It is also of interest to notice that their spectral linewidths (full-width-half-
maximum — FWHM ~ 136 nm) are comparatively larger than those of the undoped
devices (FWHM ~ 110 nm), illustrated in figure 4.7. This is attributed to the more
efficient, uniform radiative carrier recombination in the p-doped device active region,
compared to the undoped one. With the use of p-type modulation doping, more
quantum dots in the device active region can contribute to the light emission, thereby
leading to relatively large spectral linewidth. Locations of the light emission on the
chromaticity diagram are shown in figure 4.8 for both the undoped (solid triangles)
and p-doped (solid circles) LEDs at injection currents from 100 mA to 400 mA. It is
seen that the p-doped LEDs exhibit nearly constant CIE chromaticity coordinates (x~
0.35 and % 0.37) with increasing injection currents, with a correlated color
temperature of ~ 4,500 K and fairly high color rendering properties. The undoped
LEDs, on the other hand, show varying chromaticity coordinates (x 0.26 -0.3 and y

~ 0.46-0.51) in the same current range.
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Figure 4.7: Room temperature electroluminescence spectra of p-doped and undoped
white LED under an injection current of 300 mA.
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Figure 4.8: 1931 Commission International de I’Eclairage chromaticity diagrams.
Location of the light emission for the undoped (triangles) and p-doped (circles) dot-
in-a-wire LEDs are shown at injection currents from 100 mA to 400 mA.

We have further studied the internal quantum efficiency of the undoped and p-
doped dot-in-a-wire LEDs. As discussed in Chapter 3, the room-temperature internal
quantum efficiency, relative to that at 5 K, is derived by comparing the light intensity
measured at these temperatures under the same injection current. The results are
shown in figure 4.9 for both the undoped and p-doped dot-in-a-wire LEDs. The
internal quantum efficiency first increases with increasing injection currents for both
types of devices. It reaches the maximum values of 36.7% and 56.8% at ~ 130 A/cm?
and 200 A/cm?, for the undoped and p-doped devices, respectively. These values are
significantly higher than the internal quantum efficiencies of any previously reported
nanowire LEDs under either electrical injection or optical pumping [17, 281]. More
importantly, with the use of p-doping, the internal quantum efficiency (~ 56.8%)
shows a more than 50% increase, which is the most efficient phosphor-free white
LEDs ever reported.
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Figure 4.9: Variation of the room temperature internal quantum efficiency of the

undoped and p-doped dot-in-a-wire LEDs versus injection currents.

Similar results have also been obtained for InGaN/GaN dot-in-a-wire LEDs
under optical pumping (A = 405 nm) with internal quantum efficiency of ~21.7% and
50.2% for the undoped and p-doped dot-in-a-wire LEDs, respectively. The measured
results are shown in figure 4.10, which agrees qualitatively well with the values
measured under electrical injection. Shown in figure 4.10, a maximum internal
quantum efficiency of ~ 50.2% is measured for the p-doped dot-in-a-wire LEDs under

optical pumping.
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Figure 4.10: Variation of the room temperature internal quantum efficiency of the
undoped and p-doped dot-in-a-wire LEDs under different optical pumping power (A =
405 nm).

Compared to the undoped dot-in-a-wire LEDs, the remarkably high internal
quantum efficiency of the p-doped white LEDs, as well as their stable emission
characteristics, are attributed to the significantly enhanced hole transport in the
InGaN quantum dot active region. Poor hole transport, due to their heavy effective
mass, has been identified as one of the primary limiting factors for achieving high
performance LEDs [128, 313]. In conventional LED heterostructures, injected holes
largely reside in the small region close to the p-GaN layer, which predominantly
determines the emission characteristics. The poor hole transport and injection
processes also lead to many undesirable properties, including electron overflow,
enhanced Auger recombination, and hot carrier effect. In typical nanowire LED
heterostructures, the wire diameters are comparable to, or smaller than the active
region thickness. The resulting strong surface scattering, as well as the presence of
surface charges, may further aggravate the hole transport and injection processes and
deteriorate the device performance. With the use of p-doing in the device active
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region, enhanced hole transport and, consequently, more uniform, less current
dependent hole injection can be achieved, which is consistent with the relatively large
spectral linewidth (~ 136nm) measured for the p-doped LEDs, compared to that (~
110 nm) of the undoped devices wherein optical emission is restricted to a relatively
small quantum dot active region close to the p-GaN layer. Consequently, emission
characteristics of the p-doped dot-in-a-wire LEDs are governed by the
inhomogeneous broadening of the dots, which can be controlled by varying the dot
properties during epitaxial growth and can lead to highly stable, robust optical
emission with increasing current, compared to other approaches for monolithic white
LEDs [163, 321-324]. The very high internal quantum efficiencies for both the
undoped and p-doped LEDs are attributed to the significantly reduced nonradiative
recombination and carrier leakage, owning to the superior carrier confinement
provided by the dot-in-a-wire heterostructures. The improved hole injection and
transport processes in the LED active region further reduce carrier leakage, carrier
recombination outside of the dots, and hot carrier effect, which explains the drastic
increase (>50%) in the internal quantum efficiency, compared to the undoped
devices.

To achieve high luminous efficacy, it is critically important to maintain the high
efficiency at relatively high injection levels, i.e. to minimize or eliminate any
efficiency droop. Although reduced efficiency droop has been demonstrated in
InGaN/GaN nanowire LEDs, the measured current densities were generally limited to
~ 50 — 100 A/cm? [17, 121]. In this experiment, the light-current characteristics for a
p-doped dot-in-a-wire LED were measured up to ~ 300 A/cm?. Illustrated in figure
4.11, the relative external quantum efficiency at room temperature for a p-doped dot-
in-a-wire LED were measured up to ~ 300 A/lcm?, showing the presence of a small, or
negligible efficiency droop even under relatively high current injection conditions.
Detailed studies also confirm that there is no efficiency peak at relatively low
injection levels. It is important to notice that these measurements were performed for
unpackaged devices without any proper thermal management. Therefore, the intrinsic
device performance is expected to be significantly better. To this end, the external
quantum efficiency of the p-doped dot-in-a-wire LEDs was measured at 5 K, which
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remains nearly invariant for injection current densities as high as 640 A/cm?, shown
in figure 4.12. The absence of efficiency droop at high injection levels is attributed to
the superior carrier confinement provided by the quantum dot heterostructures, the
nearly dislocation- and strain-free GaN nanowires, as well as the significantly
enhanced hole transport and reduced carrier leakage, due to the p-type modulation

doping.
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Figure 4.11: Variation of the relative external quantum efficiency versus current

density for a p-doped dot-in-a-wire LED measured at room temperature.
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Figure 4.12: Variation of the relative external quantum efficiency versus current
density for a p-doped dot-in-a-wire LED measured at 5K.

We have also performed detailed measurements on the external quantum
efficiency of nanowire LEDs under relatively low injection conditions to examine if
there is any efficiency droop. The measured results are detailed in figures 4.13 and
4.14 for injection levels below 25 A/cm? confirming that there is no efficiency
degradation at relatively low injection levels for both the undoped and p-doped dot-
in-a-wire LEDs. These results, in conjunction with that shown in figure 4.11, suggest
the presence of small, or negligible efficiency droop in p-doped dot-in-a-wire LEDs

under injection current upto ~ 300 A/cm? at room temperature.
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Figure 4.13: Variations of the relative external quantum efficiency with current at

relatively low injection levels for the undoped LED.
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Figure 4.14: Variations of the relative external quantum efficiency with current at

relatively low injection levels for the p-doped LED.
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4.4 Conclusion

In summary, by significantly enhancing the hole transport in the device active region
using p-type modulation doping, we have demonstrated the most efficient phosphor-
free white light LEDs ever reported, which exhibit an internal quantum efficiency of
~ 56.8% at room temperature relative to that measured at 5 K. The p-doped dot-in-a-
wire LEDs also show many desired properties, including highly stable white light
emission, nearly zero efficiency droop at injection current densities up to ~ 300
A/cm?, and relatively high color rendering properties, that are ideally suited for future
smart lighting applications. This work constitutes a significant progress for achieving
low cost, high performance phosphor-free white LEDs utilizing nanowire

heterostructures.
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Chapter 5: Controlling Electron Overflow in
Phosphor -Free InGaN/GaN Nanowire White-Light-
Emitting Diodes

5.1 Introduction

One of the grand challenges for future solid state lighting is the development of all
semiconductor-based white light emitting diodes (LEDs), consisting of monolithically
integrated blue, green and red devices, that can exhibit ultrahigh-efficiency, long-term
reliability, and tunable color emission. The achievement of such devices using
conventional GaN-based planar heterostructures, however, has been severely limited
by their low efficiency and efficiency droop in the green to red spectral range, which
has been explained by the presence of polarization fields [124, 125], Auger
recombination [157], poor hole transport [128], defects/dislocations [325, 326],
and/or electron leakage and overflow [124, 127, 327]. In this regard, significant
progress has been made in nanowire white LEDs, with the active regions consisting
of well/disk-in-a-wire [120, 284], core/shell [299], ternary nanowire [17, 281], and
dot-in-a-wire nanoscale heterostructures [16, 38]. In such nanowire devices,
mechanisms that may contribute to efficiency degradation, including dislocations,
polarization fields, as well as the associated quantum-confined Stark effect (QCSE)
[124, 288, 290, 310] can be greatly minimized [15, 16, 115]. Compared to
conventional planar heterostructures, however, the performance of such nanoscale
LEDs is more susceptible to electron leakage out of the device active region, due to
the presence of large densities of states/defects along the wire surface and the one-
dimensional carrier transport process [168, 285, 287]. The resulting carrier loss and
nonradiative carrier recombination severely limit the maximum quantum efficiency
achievable at high current injection levels. To date, however, the presence of electron
overflow and its predominant effect on the performance of nanowire LEDs has not
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been reported. Additionally, it has remained a subject of intensive debate on the role
of Auger recombination in the performance of GaN-based LEDs [126, 130, 328, 329].

In this study, we have investigated, for the first time, the impact of electron
overflow on the performance of nanowire LEDs operating in the entire visible
spectral range. Intrinsic white-light emission is achieved by incorporating self-
organized InGaN quantum dots, with controlled compositions and sizes, in defect-free
GaN nanowires on a single chip. The role of electron overflow on the performance
limit of such nanoscale LEDs has been elucidated by characterizing, both
experimentally and theoretically, the current-dependent electroluminescence emission
of an InGaN/GaN test quantum well embedded between the quantum dot active
region and the p-GaN, wherein electrons escaping the quantum dot active region can
be correlated with the optical emission from the test well. It is measured that electron
overflow is present even under relatively low injection conditions (below the onset of
efficiency droop), which, in conjunction with the nonradiative carrier recombination
related to the surface states/defects, largely determines the unique emission
characteristics of nanowire LEDs. Moreover, we have demonstrated that, with the
incorporation of a p-doped AlGaN electron blocking layer between the active region
and the p-GaN section, electron overflow can be effectively prevented. The resulting
white LEDs can exhibit, for the first time, virtually no efficiency droop up to ~ 2,200
Alcm?, thereby providing a highly promising approach for future high-power, all
semiconductor-based solid state lighting. This study also provides unambiguous
evidence that Auger recombination is not likely the primary mechanism responsible

for efficiency droop in GaN-based nanowire LEDs.

5.2 Design, Growth and Fabrication of InGaN/GaN Dot-in-a-Wire LEDs

In this experiment, vertically aligned InGaN/GaN dot-in-a-wire heterostructures were
grown on Si(111) substrates by radio-frequency plasma-assisted molecular beam
epitaxy under nitrogen rich condition. The device active region contains 10 vertically
coupled InGaN/GaN quantum dots. Each InGaN quantum dot has a height of ~ 3 nm

and is capped by ~ 3nm GaN layer. Detailed growth conditions for such dot-in-a-wire
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nanoscale heterostructures are described in previous chapters [16, 38]. Figure 5.1(a)
shows the schematic of a typical dot-in-a-wire LED device. To investigate the
electron overflow phenomena, an InGaN/GaN dot-in-a-wire LED heterostructure,
with the incorporation of a p-doped InGaN/GaN test quantum well between the
device active region and p-GaN section is grown (LED | shown in figure 5.1(b)). In
this design, electrons leaking out of the quantum dots can recombine with holes in the
test well, which has smaller In compositions than that of the InGaN/GaN quantum
dots. The resulting optical emission can therefore be used to evaluate electron
overflow in nanowire LEDs. Additionally, we have designed nanoscale LEDs (LED
I1) with the incorporation of a p-doped AlGaN electron blocking layer between the
LED active region and the InGaN test quantum well, in order to study its effect in
preventing electron overflow [330, 331]. Finally, a 3 LED device that consists of a
p-doped AlGaN electron blocking layer, but without the InGaN test well is also
investigated. The three nanowire LED designs are schematically shown in figure
5.1(b). The flat energy band diagrams along the nanowire axial dimension are also

shown in the insets.

Illustrated in figure 5.2 are the photoluminescence spectra of such nanowire
LEDs measured at room temperature. The peak at ~ 550 nm is related to the emission
from the quantum dot active region, while the peak at ~ 430 nm is due to the presence

of an InGaN test well, which can be measured for the 1% and 2" nanowire LEDs.
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Figure 5.1: (a) Schematic illustration of InGaN/GaN dot-in-a-wire LEDs grown on
Si(111) substrates. (b) Illustration of three LED designs. From left to right:
InGaN/GaN dot-in-a-wire LEDs with the incorporation of an InGaN test well (LED
1), an AlGaN electron blocking layer and an InGaN test well (LED 1), and an AlGaN
electron blocking layer but no test well (LED I1I) between the quantum dot active

region and the p-GaN section. Flat energy band diagrams for the three LED structures
are shown in the insets.
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Figure 5.2: Room-temperature photoluminescence spectra of the three LED device
heterostructures. The emission peak at ~ 430 nm is due to the presence of the InGaN

test well, which can be clearly measured for LEDs I and I1.

The dot-in-a-wire LEDs exhibit excellent structural properties. Shown in figure
5.3 is a 45° tilted scanning electron microscopy image of the dot-in-a-wire LED
heterostructures grown on Si(111) substrates. The wire diameters and densities are in
the range of 30 to 100 nm and ~ 1x10' cm™? respectively. The nanowires are
vertically aligned to the substrate and exhibit a high degree of size uniformity.

10.0kV 10.2mm x20.0k SE(V) 2.00um

Figure 5.3: A 45° tilted SEM image of the InGaN/GaN dot-in-a-wire LED

heterostructure grown on Si(111) substrate.
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A CM200 microscope with acceleration voltage of 200 kV was used to obtain
bright field transmission electron microscopy (TEM) images. A Titan 80-300
scanning transmission electron microscope (STEM) equipped with an aberration
corrector for the image-forming lens was used for annular dark-field imaging and
energy dispersive x-ray spectrometry (EDXS) analysis with an electron beam of
approximately 0.2 nm in diameter. The Ga and Al K, lines and In L, line were used
for the EDXS microanalysis. The TEM image for LED Il is shown in figure 5.4(a),
wherein the 10 InGaN/GaN quantum dots, the AlGaN electron-blocking layer as well
as the InGaN quantum well are identified. There are no extended defects, such as
misfit dislocations and stacking faults observed in the view of the current images.
InGaN/GaN quantum dots are positioned in the center of the nanowires, due to the
strain-induced self-organization. In order to confirm the existence of each region and
obtain an estimation of the elemental variations, EDXS analysis together with the
annular dark-field image were also performed. The EDXS line profile showing the
signal variations of Ga, In and Al across different regions along the growth direction
of LED Il are displayed in figure 5.4(b). The variation of In signal reveals the
existence of the InGaN quantum dots and InGaN quantum well. With the Ga signal
from GaN region as a reference and also considering the thickness of the dots along
the electron beam traveling path, the maximum In is estimated as ~ 50% constituting
group 111 elements for the dot. Although from simple inspection of the profiles, the In
composition of the InGaN quantum well appears higher than the one of the quantum
dots, we cannot quantitatively compare the composition of the two structures at this
point. Due to the much thinner width of the dots, the finite spatial resolution for
EDXS analysis and the possible tilting of the dots away from the electron beam
incident direction, the absolute In intensities cannot be directly compared in the two
structures and further work is in progress to fully quantify the composition.
Nevertheless, qualitative information on the presence of the In and Al have been
extracted to confirm the presence of the key components of the device. From the Al
signal profile, the AlGaN electron blocking layer is observed between the dot and
well region for LED 11, shown in figure 5.4(b). The thickness of the electron blocking
layer is about 8 nm. In this experiment, the Al composition of the electron blocking
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layer is varied from ~ 8% to 20%. The quality of the nanowire LEDs has been
confirmed by the very high internal quantum efficiency (~ 30% to 60%) measured at

room temperature [16, 38, 332].

(b)
Figure 5.4: (a) Bright field TEM image of InGaN/GaN dot-in-a-wire LED |1, wherein
the InGaN quantum well (QW), quantum dots (QDs), and AlGaN electron blocking
layer (EBL) are identified. (b) Annular dark field TEM image and energy dispersive

X-ray spectrometry signals for In, Ga, and Al of LED II.
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The nanowire LED fabrication process follows that described in Chapters 3 and 4.

The device areas are ~ 300x300 um?.

5.3 Results and Discussions

5.3.1 Measurement and Simulation of Electron Overflow in Nanowire LEDs

Emission characteristics of the InGaN/GaN dot-in-a-wire LEDs were studied.
Electroluminescence was measured under pulsed biasing condition (~ 0.1% duty
cycle) at various temperatures. Figure 5.5 shows the normalized electroluminescence
spectra of LED | measured under various injection currents at room, which
incorporates an InGaN test well between the device active region and the p-GaN. The
peak at ~ 550 nm is related to the emission from the quantum dot active region, which
agrees well with the photoluminescence measurements shown in figure 5.2. However,
with increasing current, it is seen that the emission at ~ 430 nm becomes
progressively stronger, which is attributed to the carrier recombination in the
InGaN/GaN test well. This observation confirms that injected electrons can escape
from the quantum dot active region and subsequently recombine with holes in the
InGaN well. This is the first observation of electron overflow effect in nanowire
LEDs. Small blue-shifts of ~ 3 nm and 9 nm are recorded for the emission peaks
related to the test well (A ~ 430 nm) and the quantum dot active region (A ~ 550 nm),
respectively. This can be well explained by the QCSE, which becomes more
important in InGaN quantum wells/dots with relatively high In compositions.
Moreover, we have also observed electroluminescence at ~ 367 nm at high injection
currents in InGaN/GaN dot-in-a-wire white LEDs described in chapter 3. Shown in
figure 5.6 are the electroluminescence spectra of such devices measured under
different injection currents. The presence of emission peaks at ~ 367 nm at high
injection current is attributed to electron leakage into the p-GaN region and the
subsequent electron-hole recombination. These studies provide an unambiguous

evidence for the presence of severe electron overflow in GaN-based nanowire LEDs.
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Figure 5.5: Normalized electroluminescence spectra of LED 1. This design
incorporates ten InGaN/GaN quantum dots in the active region and a
GaN/InGaN/GaN test quantum well between the LED active region and p-GaN.
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Figure 5.6: Normalized electroluminescence spectra of the InGaN/GaN dot-in-a-wire

LED with only ten quantum dots in the active region measured at room temperature.
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We have further studied the effect of electron overflow on the performance of
nanowire LEDs. Shown in figure 5.7 is the derived normalized relative external
guantum efficiency related to the electroluminescence emission from the quantum dot
active region as well as that from the test well. It is seen that, for the emission from
the test well, the quantum efficiency shows an increasing trend with current, which
can be explained by the increased electron overflow and therefore enhanced emission
from the test well region with increasing current. For the emission of the quantum dot
active region, the relative external quantum efficiency reaches its maximum at ~ 300-
400 A/cm? and shows a small drop (~ 6%) with further increasing current up to 1,100
Alcm?, which can be explained by the enhanced electron overflow at high injection
conditions. Compared to conventional planar LED devices, the quantum efficiency of
nanowire LEDs reaches its peak value at much higher current densities (typically >
100 A/cm?), due to the presence of surface states and defects and the associated
nonradiative carrier recombination and possibly current leakage along the wire
length. It may also be noticed that electron overflow can become appreciably
important below such injection levels, evidenced by the presence of emission peak
from the test well at current densities of ~ 300 A/cm?. It is therefore fair to conclude
that the performance of nanowire LEDs is strongly influenced by both the carrier

nonradiative recombination along the wire surface and electron overflow.
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Figure 5.7: Relative external quantum efficiency for emission from the quantum dot
active region and from the test well for LED | measured at room temperature.
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To systemically study the effect of electron overflow on the performance of
InGaN/GaN dot-in-a-wire LEDs, electroluminescence characteristics of LED | were
measured under different temperatures. Illustrated in figure 5.8, the emission intensity
from the test well becomes comparable to that from the quantum dots at low
temperatures, while at room temperature its intensity is only ~ 10% of that from the
dots. The measurements were performed at the same current injection condition of ~
450 A/cm?. This indicates electron overflow is significantly enhanced with decreasing
temperature, which leads to more severe quantum efficiency drop at lower

temperatures.
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Figure 5.8: Electroluminescence spectra of LED I at 300 K (solid line) and 80 K
(dash dot curve) under 450 A/cm?injection current.

Shown in figure 5.9, the estimated efficiency drop is ~ 6%, 10%, and 21% for
measurements performed under an injection current of ~ 1,100 A/cm? at 300 K, 200
K, and 80 K, respectively. The increased electron overflow at low temperatures is
consistent with recent theoretical studies [165]. At low temperatures, the hole
concentration in the p-GaN region is drastically reduced, due to the large activation
energy for Mg dopant, thereby leading to reduced hole injection efficiency and
further enhanced electron overflow. This is also consistent with the increased device
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resistance with decreasing temperatures, which is evident from the current-voltage
characteristics measured at different temperatures, shown in figure 5.10. At high
temperatures, thermal energy activates Mg-dopants, which can increase hole
concentration and injection to the device active regions. Consequently, the carrier
distribution is relatively more uniform and electron overflow is reduced. It is also
observed that, with decreasing temperature, the peak quantum efficiency shifts to
lower current densities, shown in figure 5.9, due to the reduced Shockley-Read-Hall
recombination as well as enhanced bimolecular radiative recombination rate. These
phenomena can be well simulated by using the following model for the internal

quantum efficiency,

BN?
R 5.1
i AN+BN2+f(N) (1)

where N is the carrier density in the device active region, and A and B are the
Shockley-Read-Hall nonradiative recombination and radiative recombination
coefficients, respectively [130, 131]. f(N) represents for any other higher order
effects, including Auger recombination and carrier leakage outside of the device
active region, which are generally described by CN3 + DN*. In this study, D is
assumed to be zero. The carrier density (N) is related to the injection current density
(J) by: (5.2)
] = qWup[AN + BN?% + f(N)]
where Wy, represents the total thickness (~ 25-30 nm) of the quantum dot active

region.
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Figure 5.9: Variations of the relative external quantum efficiency (EQE) related to the
emission from the quantum dot active region measured at 80, 200, and 300 K. The
simulated internal quantum efficiency (IQE) based on the ABF model is also shown
for comparison. The dotted blue line is the calculated IQE versus injection currents in

the absence of any 3" or higher order carrier loss mechanisms.
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Figure 5.10: Current-voltage characteristics of LED | measured at 300 K, 200K, and
80K, respectively.
Illustrated in figure 5.9, the measured relative external quantum efficiency at
various temperatures can be well simulated using this model. The derived values of
(A, B, C) are ~ (2.6x10° s, 6.0x10™ cm’s™?, 1.0 x10% ecm®s™), (6x10° s, 4x10°

YWemdst 6x10%° em®s™), and (7.0x10% s, 3x10% cm®s™, 4.5x10%° cm®s™) at 80 K,
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200 K, and 300 K, respectively. Additionally, it may be noticed that the quantum
efficiency of nanowire LEDs generally reaches its peak value at significantly higher
current densities (> 200 A/cm?), compared to those (< 20 A/cm?) of conventional
InGaN/GaN quantum well blue LEDs [38, 329, 332, 333]. This observation is
consistent with the simulated Shockley-Read-Hall recombination coefficient (A ~
7x10% s) at 300 K in the present nanowire LEDs, which is significantly larger than
the values commonly employed in InGaN/GaN quantum well blue LEDs [157, 158]
and can be partly explained by the significantly enhanced nonradiative surface
recombination, due to the very large surface-to-volume ratios of nanowires. This
phenonema is further investigated and described in Chapter 6. The commonly
observed surface band bending in GaN nanowires [286], as well as the inefficient
carrier capture by quantum dots due to hot carrier effect [334, 335], may also
contribute considerably to the nonradiative carrier recombination on nanowire
surfaces. As a consequence, emission characteristics of nanowire LEDs are
predominantly determined by surface-related nonradiative carrier recombination
under relatively low carrier injection conditions. In the absence of any 3™ or higher
order carrier loss mechanisms, it is further expected that the quantum efficiency
should display a small, continuous increase under high injection conditions,
illustrated as the dotted blue line in figure 5.9. To date, however, such phenomena
have not been observed in nanowire LEDs [17, 38, 329, 332, 336], suggesting the
presence of electron overflow or any other high order carrier loss mechanisms, which
can lead to either a nearly constant quantum efficiency or efficiency droop under high
injection currents.

It has been demonstrated that carrier leakage and electron overflow plays a
dominant role in the efficiency droop of GaN based planar LEDs [127, 166, 167,
172], which is directly related to the ineffective electron confinement [337], poor hole
transport [338], and even possibly Auger recombination [127] and can be further
exasperated by the presence of polarization fields [124]. In this experiment, the more
severe efficiency degradation measured at lower temperatures indicates that Auger
recombination and Auger-assisted overflow are not likely the primary mechanisms
responsible for efficiency droop in nanowire devices, since Auger recombination
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coefficient (C) generally decreases exponentially with decreasing temperature. This
study is also consistent with recent results that Auger recombination is drastically
reduced in nearly defect-free GaN-based nanowire devices [329]. Further study on the
electron overflow is performed by simulating the band-diagram and carrier
distribution in the device active region using the advanced LED device simulation
software APSYS (Crosslight Software, 2011). The simulated LED active region
consists of ten vertically coupled InGaN quantum dots, separated by ~ 3 nm GaN
barrier layers. With an average In composition of ~ 20% in the dots, ~ 10% of the
injected current density can leak into the p-GaN region under an injection current
density of ~ 1,000 A/cm? illustrated as the black curve in figure 5.11. However,
much more severe electron overflow is expected, due to the highly nonuniform In
distribution along the lateral dimension of the wires. More importantly, the current
path associated with the near-surface GaN region, presented by the black curve in the
inset of figure 5.12, can contribute significantly to electron overflow in InGaN/GaN

dot-in-a-wire LEDs as well.
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Figure 5.11: Simulated electron current density across the InGaN/GaN quantum dot
active region using the APSY'S simulation package (Crosslight Software, 2011) with
(red dashed curve) and without (black curve) the incorporation of an AlGaN electron
blocking layer (EBL).
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Simulations were also performed on LED IllI, wherein a p-doped AlGaN
electron blocking layer is incorporated between the quantum dot active region and p-
GaN. It can be seen that the electron overflow, through both the quantum dot active
region and the near-surface GaN, can be largely eliminated, illustrated as the red
dashed curve in figure 5.11 and also in figure 5.12 [330, 331], for Al compositions in
the range of ~ 15%. The use of higher Al composition, however, may significantly
reduce the hole injection efficiency. Detailed studies also suggest that the use of an
electron blocking layer can be significantly more effective in preventing electron
overflow in InGaN/GaN nanowire LEDs, due to the drastically reduced polarization

fields, compared to conventional InGaN/GaN quantum well devices [127, 339].
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Figure 5.12: The electron density distribution across the near surface GaN region of
the nanowire LEDs with (red dashed curve) and without (black curve) the

incorporation of an AlGaN electron blocking layer.
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5.3.2 Reduced Electron Overflow with the Incorporation of AlGaN Electron
Blocking L ayer

To enhance the LED performance, it is critically important to minimize electron
overflow and to achieve fairly uniform carrier distribution in the device active region.
Described in Chapter 4, It has been demonstrated that improved hole transport and
injection can be achieved by using the technique of p-type modulation doping in
nanowire LEDs [38]. Additionally, the incorporation of an AlGaN electron blocking
layer between the device active region and the p-GaN has shown to be highly
effective in reducing electron overflow in GaN-based LED and laser heterostructures
[330, 331]. To this end, we have investigated the effect of electron blocking layer in
nanowire LEDs. Experimentally, the effectiveness of utilizing an AlGaN electron
blocking layer in preventing electron overflow in nanowire LEDs is demonstrated by
examining the electroluminescence spectra of LED II, wherein an 8 nm Alg15GaggsN
electron blocking layer is incorporated between the quantum dot active region and the
InGaN test well. The measurements were performed up to very high injection
conditions (~ 1,222 A/cm?) at 80 K, 200 K, and 300 K, illustrated in Figure 5.13.
Compared to the photoluminescence results shown in figure 5.2, however, only
emission from the quantum dot active region (4peac ~ 550 Nm) can be observed under
electrical injection, and any emission from the test well (~ 430 nm) is absent for
measurements performed at various injection conditions and temperatures, which
confirms the drastically reduced, or eliminated electron overflow by the AlGaN

electron blocking layer.
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Figure 5.13: Electroluminescence spectra of LED Il measured under 1200 mA
injection current at 80, 200, and 300 K. Emission peak from the test well is not

observed, confirming the drastically reduced, or the absence of electron overflow in
the LED devices with the incorporation of an electron blocking layer.

The performance characteristics of LED Ill, which consists of ten vertically
aligned InGaN/GaN quantum dots and an AlGaN electron blocking layer are
subsequently investigated. Variations of the relative external quantum efficiency with
injection current are measured at 80 K, 200 K, and 300 K, depicted in figure 5.14. It
is observed that the quantum efficiency first shows a drastic increase with increasing
current, which is directly related to the saturation of defects with increasing carrier
density. A very interesting phenomenon, however, is that the quantum efficiency
shows a small, continuous increase upto very high injection currents (~ 1,222 Alcm?),
which has not been measured in previously reported nanowire LEDs [38, 329]. Such
unique characteristics can be well modeled using the ABF model, described by Eqn.
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(1), for the LED internal quantum efficiency. Shown in figure 5.14, the calculated
internal quantum efficiencies (solid curves) are in excellent agreement with the
experimental results. The derived (A, B, C) values are (7.2x10" s*, 6.8x10%° cm®s™,
1.0x10°* em®s™), (8.9x107 s, 5.6x10"° cm®?, 2.0x10* em®s™), and (9.6x10" s,
3.9x10% cm3s?, 3.0x10%* cm®s™) at 80 K, 200 K, and 300 K, respectively. While the
values for A and B are reasonably close to those calculated for LED I, the values for
C are nearly five orders of magnitude smaller, confirming the drastic reduction of
electron overflow by the AlGaN electron blocking layer. These studies also strongly
suggest that Auger recombination plays a very small, or negligible role on the
performance of nanowire LEDs, since the Auger coefficient (C) is expected to be

relatively independent of the incorporation of an AlGaN electron blocking layer.
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Figure 5.14: Variations of the measured relative external quantum efficiencies of

LED I11 with injection current at 80 K, 200 K, and 300 K. The simulated 1QE using

the ABF model shows a good agreement with experimental results.

Finally, we have investigated InGaN/GaN dot-in-a-wire LEDs with the
incorporation of an AlGaN electron blocking layer as well as the special technique of
p-type modulation doping in the device active region. The design and characterization
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of p-doped nanowire LEDs were discussed in detail in Chapter 4. As demonstrated
previously, the technique of p-type modulation doping can significantly improve the
performance of nanowire LEDs by enhancing the hole injection and transport process
in the quantum dot active region [38, 338]. Variations of the relative external
quantum efficiency with current density at room temperature measured for such
nanowire LEDs are shown in figure 5.15. It is seen that the quantum efficiency first
shows a significant rise (upto ~ 400 A/lcm?), followed by small, continuous increase at
higher injection conditions. There is virtually no efficiency degradation for injection
current density up to ~ 2,200 A/cm?. With the use of the ABF model, the values of A,
B and C are estimated to be ~ 2.7x10% s?, 4x10™ cm’s™, and 1.0x10** cm®™,

respectively. Additionally, such dot-in-a-wire LEDs can exhibit highly stable white-

light emission.
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Figure 5.15: Relative external quantum efficiency measured at room temperature for
the InGaN/GaN dot-in-a-wire LED with the incorporation of an AlGaN electron

blocking layer and p-type modulation doping in the device active region.

Locations of the light emission on the chromaticity diagram are shown in the

inset of figure 5.16 under various injection conditions (from ~ 333 A/cm? to 1,100

Alcm?), with the values x and y in the ranges of ~ 0.33 — 0.35 and 0.36 — 0.38,

respectively. The extremely stable white light emission is attributed to the large
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inhomogeneous broadening of the dots, the highly uniform carrier distribution in the
LED active region, and the drastically reduced QCSE in the nanowire

heterostructures.
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Figure 5.16: the 1931 Commission International de I’Eclairage chromaticity diagram.

The device exhibits highly stable emission characteristics, with x and y in the ranges
of ~0.33-0.35, and 0.36 — 0.38, respectively.

It is important to notice that, in the current nanowire LEDSs, the peak quantum
efficiency occurs at relatively high injection levels at room temperature [17, 329, 332,
336], which is largely due to the presence of surface states/defects and energy band
bending along the lateral dimension of the wires. Additionally, the incorporation of an
AlGaN electron blocking layer may significantly reduce hole injection efficiency,
leading to reduced quantum efficiency at relatively low injection currents. It has been
recently measured that the electroluminescence intensity in GaN-based LEDs can be
drastically reduced, due to the hole blocking effect [340]. It is therefore important to
optimize the thickness and compositions of the AlGaN electron blocking layer in
order to achieve nanowire LEDs with both high quantum efficiency and negligible
efficiency degradation at high injection currents, which is currently under

investigation.
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5.4 Conclusion

In summary, through extensive theoretical and experimental studies, we have
demonstrated unambiguously that the maximum achievable quantum efficiency of
GaN-based nanowire LEDs is ultimately limited by electron leakage and overflow,
rather than Auger recombination. Detailed temperature-dependent studies further
confirm that efficiency droop in nanowire LEDs becomes more severe at lower
temperatures, which is directly correlated with the relatively enhanced electron
overflow with decreasing temperature. We have further achieved, for the first time, an
effective control of electron overflow in phosphor-free InGaN/GaN dot-in-a-wire
white LEDs by incorporating a p-doped AlGaN electron blocking layer between the
guantum dot active region and the p-GaN. The resulting nanowire LEDs exhibit
remarkably stable white-light emission and are virtually free of any efficiency
degradation upto ~ 2,200 A/cm?. This work has identified and addressed one of the
major obstacles of nanowire LEDs for applications in future high power phosphor-
free, all-semiconductor based solid state lighting. Detail analysis of nonradiative
recombination and the effect of nanowire surface states/defects on the nanowire LED

performance is further described in Chapter 6.
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Chapter 6: Temper ature-Dependent Nonr adiative
Recombination Processesin GaN-Based Nanowire
White-Light-Emitting Diodes on Silicon

6.1 Introduction

GaN-based nanowire light emitting diodes (LEDs) hold promising applications in
solid state lighting and full-color flat panel displays. Compared to conventional planar
LED heterostructures, the use of nanowires offer several extraordinary advantages,
including drastically reduced dislocation densities and polarization fields, enhanced
light output efficiency due to the large surface-to-volume ratios, and the compatibility
with low cost, large area Si substrates. Emission wavelengths ranging from UV to
near-infrared have been demonstrated using GaN-based nanowire heterostructures
[115, 284, 309, 332, 341]. More recently, high efficiency phosphor-free white-light
emission has been realized by embedding quantum dots, disks, or wells in GaN
nanowires [121, 332, 336]. However, the quantum efficiency of currently reported
nanowire LEDs generally exhibits a very slow rise with injection current. As a
consequence, the peak quantum efficiency of such devices can only be measured
under relatively large injection conditions (>100 A/cm?), compared to that (~ 10-20
Alcm?) of conventional InGaN/GaN quantum well blue LEDs [38, 329, 336],
indicating the presence of a significant level of nonradiative carrier recombination
process [151]. To date, a detailed understanding of such unique emission
characteristics and the fundamental carrier loss mechanisms of nanowire LEDs has
remained elusive.

It has been generally reported that defects and dislocations [123, 326], Auger
recombination [126, 157], electron overflow [124, 167], polarization fields [124,
125], and poor hole transport [128] all play important roles in the output
characteristics of GaN-based LEDs. The previous described ABF model (Egn. 5.1)

has been commonly used to study various carrier recombination processes and the
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internal quantum efficiency of GaN-based LEDs. The Shockley-Read-Hall (SRH)
nonradiative recombination and radiative recombination coefficients are described by
A and B, respectively. f(N) is generally used to describe any other higher order
carrier loss processes, such as Auger recombination and electron overflow.
Mathematically, it can be written as CN3 + DN*. In nanowire devices, due to the
highly effective lateral stress relaxation associated with the large surface areas, it is
expected that both the polarization fields and dislocation densities can be significantly
reduced. However, the presence of surface states and defects, due to the large surface-
to-volume ratios of nanowires, can contribute significantly to the carrier loss in
nanowire LEDs. Additionally, it has remained debatable whether Auger
recombination plays an important role on the performance of GaN-based devices
[126, 329, 342, 343].

In this context, we have performed a detailed investigation of the temperature-
dependent carrier recombination processes in GaN-based nanowire LEDs. Self-
organized InGaN/GaN quantum dots are incorporated in nearly defect-free GaN
nanowires to achieve white-light emission. To evaluate the impact of Auger
recombination on the performance of nanowire LEDs, a p-doped AlGaN electron
blocking layer is incorporated between the quantum dot active region and the p-GaN
region, which can effectively reduce other 3" or higher order carrier loss mechanisms
due to electron overflow. It is observed that efficiency droop is absent in such novel
phosphor-free white LEDs in the temperature range from 6 to 440 K. The Auger
coefficient is derived to be in the range of ~ 10* cm™®s™, or less, which is nearly four
orders of magnitude smaller than the commonly reported values in InGaN/GaN
quantum well LEDs [126, 157, 159], suggesting that Auger recombination plays an
essentially negligible role on the performance of InGaN/GaN dot-in-a-wire LEDs.
However, it is observed that the performance of such nanowire LEDs suffers severely
from SRH recombination, which accounts for nearly 40% of the total recombination
under injection current of ~ 100 A/cm? at room temperature. The carrier nonradiative
lifetime is estimated to be in the range of ~ 5.5 ns at room temperature, which
correlates well with the surface recombination velocity of GaN and the wire

diameters used in this experiment [344]. This work has elucidated the primary carrier
116



loss mechanisms in GaN-based nanowire LEDs and also provides a critical insight for

the design and development of practical nanowire devices.

6.2 Experimental Details

In this experiment, phosphor-free InGaN/GaN nanowire white LED, which has the
same structure as LED |11 described in Chapter 5, was used for characterization. The
nanowire LED heterostructures were grown by plasma-assisted molecular beam
epitaxy without using any foreign metal catalyst. The top and bottom segments of the
GaN nanowires are doped p- and n-type using Mg and Si, respectively. The device
active region consists of 10 vertically aligned InGaN/GaN quantum dots. Each dot
has a height of ~ 3 nm and is capped by ~ 3 nm GaN barrier layer. A p-doped AlGaN
electron blocking layer (EBL) is incorporated between the quantum dot active region
and the GaN:Mg segment. The use of such an EBL can effectively reduce electron
leakage/overflow from the device active region [127, 331, 345, 346]. Detailed growth
conditions for the dot-in-a-wire LEDs are described in chapter 3 [38, 332].

Structural properties of this InGaN/GaN dot-in-a-wire heterostructures were
characterized by a CM200 microscope with acceleration voltage of 200 kV. Figure
6.1 shows the bright field transmission electron microscopy (TEM) image of a dot-in-
a-wire heterostructure, wherein the ten InGaN quantum dots and AlGaN EBL can be
clearly indentified. Shown in figure 6.1, the energy dispersive x-ray spectrometry
(EDXS) analysis together with the annular dark field image confirm the existence of
multiple InGaN/GaN quantum dots. The thickness of the AlGaN EBL is ~ 8 nm and
the Al composition of the electron blocking layer is estimated to be ~ 15%. The dot-
in-a-wire LED heterostructures exhibit excellent optical properties. Shown in figure
6.2 is the photoluminescence spectrum measured at room temperature using a 405 nm
laser. The emission spectrum covers nearly the entire visible wavelength region, with
the peak centered at ~ 550 nm. Such dot-in-a-wire nanoscale LED heterostructures
can exhibit relatively high internal quantum efficiency (~ 30% to 60%) at room
temperature [16, 38, 332].
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Quantum dots
EBL

Figure 6.1: Bright field TEM image and EDXS analysis of a single InGaN/GaN dot-
in-a-wire structure, wherein the AlGaN EBL and InGaN/GaN quantum dots are
identified.
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Figure 6.2: Room-temperature photoluminescence spectrum of the dot-in-a-wire LED

heterostructure.

6.3 Resultsand Discussion

Output characteristics of nanowire LEDs with areal size of ~ 300x300 um? were
measured under pulsed biasing conditions in the temperature range of 6 K to 440 K.
The use of pulsed biasing measurement (duty cycle of ~ 0.1%) can drastically reduce
junction heating effect. Figure 6.3 shows the normalized electroluminescence spectra

measured under various injection currents at room-temperature.
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Figure 6.3: Electroluminescence spectra of a phosphor-free InGaN/GaN dot-in-a-wire

white LED measured under various injection currents at room temperature.
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Figure 6.4: Locations of the light emission characteristics shown in the 1931

Commission International de I’Eclairage chromaticity diagram at injection currents

from 300 mA to 800 mA. The optical image of the white LED is shown in the inset.

The devices can exhibit strong white-light emission with broad spectral
linewidths (full-width-half-maximum ~ 145 nm), due to the compositional variations
of the dots in the active region. The device emission characteristics are further
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illustrated in the chromaticity diagram under various injection currents (300 mA to
800 mA), shown in figure 6.3. The derived x and y values vary in the ranges of ~ 0.34
—0.36 and 0.36 — 0.38, respectively. The optical image of the white-light LED is also
shown in the inset of figure 6.4.

Shown in figure 6.5, variations of the relative external quantum efficiencies
with injection currents were measured in the temperature range of 6 K to 440 K,
which exhibit two distinct characteristics. The first remarkable feature is that the
nanowire white LEDs are free of efficiency droop even under very high injection
conditions (up to 1,000 A/cm? or larger), compared to the commonly observed
efficiency droop of conventional GaN-based quantum well LEDs [38, 131, 329, 332,
333]. Second, it is seen that with increasing current, there is a very slow rise in the
guantum efficiency. For example, the efficiency reaches the maximum value at an
injection current density of ~ 280 A/cm? at room temperature, which is nearly a factor
of 10 times larger than the commonly reported values for conventional GaN-based
quantum well LEDs [124, 157, 347].
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Figure 6.5: Variations of the relative external quantum efficiencies (EQE) with
injection current measured in the temperature range of 6 K to 440 K. The simulated
internal quantum efficiencies (IQE) using the ABF model are also shown for

comparison.
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The injection current at which the quantum efficiency reaches ~ 80% of its peak
value is plotted as a function of temperature in figure 6.6. It is seen that this critical
current density increases significantly with temperature. The very slow rise of the
quantum efficiency has been commonly reported in nanowire LEDs [38, 329, 332].
For comparison, the current densities at which conventional blue-emitting
InGaN/GaN quantum well LEDs reach their peak efficiency are generally in the range
of < 15 Alcm? [124, 333, 347-349], which, together with other reported values of

GaN-based nanowire LEDs are also shown in figure 6.6.
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Figure 6.6: Plot of the current densities (solid squares) at which the quantum
efficiency reaches ~ 80% of its peak value as a function of temperature. The current
densities at which conventional GaN-based quantum well LEDs (solid circles and
triangles) and other reported GaN-based nanowire LEDs (star) reach their peak
quantum efficiencies are also shown for comparison. The solid circles, upward
triangles, downward triangles, and star denote the data obtained from references 126,
347, 349, and 329, respectively.
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In order to understand these unique emission characteristics, we have evaluated
the radiative and nonradiative recombination processes in GaN-based nanowire LEDs
using the internal quantum efficiency model described in Egn. (5.1). The calculated
results are plotted as the solid curves in figure 6.5, which are in excellent agreement
with the experimental data. The absence of efficiency droop in the dot-in-a-wire
LEDs is first investigated. From the simulation studies, the C coefficient is estimated
to be in the range of ~ 10°* cm®™ and is nearly temperature independent. For
conventional GaN-based quantum well LEDs, the presence of efficiency droop is
generally attributed to the 3™ or higher order carrier loss mechanisms, including
Auger recombination, electron overflow, carrier leakage, and/or polarization fields.
For Ill-nitride nanowire devices, however, strain-induced polarization fields can be
drastically reduced, due to the highly effective lateral stress relaxation related to the
large surface-to-volume ratios [15, 16, 115]. Additionally, for the present nanowire
LED design, an AlGaN EBL layer is incorporated between the quantum dot active
region and the p-GaN, which can greatly minimize or largely prevent electron
overflow. To further evaluate the significance of Auger recombination, we have
compared the derived C coefficient with the commonly reported Auger coefficients in
GaN-based materials and devices, shown in Table 6.1. It is seen that the derived C
coefficient (~ 10 cm®s™) in this experiment is nearly four orders of magnitude
smaller than the commonly reported values in InGaN quantum well heterostructures
[157, 159, 333], thereby suggesting that Auger recombination plays an essentially
negligible role on the performance of the present InGaN/GaN dot-in-a-wire LEDs
even under relatively high injection conditions. Compared to conventional
INGaN/GaN quantum well planar heterostructures, InGaN/GaN nanowire
heterostructures are nearly free of defects and dislocations. As a consequence, defect-
assisted Auger recombination, which may be dominant in conventional planar LED
heterostructures, is expected to be negligibly small in nanowire LEDs. This
observation is also consistent with recent theoretical and experimental studies [329,
342]. Additionally, the strong carrier confinement offered by the unique dot-in-a-wire
nanoscale heterostructure may contribute to the greatly suppressed Auger
recombination [350]. It is also important to notice that, without the incorporation of a
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suitable AlGaN EBL layer, significant electron overflow/carrier leakage was
observed in GaN-based nanowire LEDs, as discussed in Chapter 5, which can lead to

efficiency droop under relatively high injection conditions.

Table6.1: List of commonly reported Auger coefficients in InGaN/GaN

heterostructures.

Materials A (nm) C (cm®s?)
InGaN/GaN [159] 450 0.35%x10°%

Ing22Gag 7sN/GaN [333] 480 %10
InGaN/GaN [158] 450 1.0x107%°
Ing.1GaggN/GaN [157] 410 1.5%x1073°
Ino.15Gag esN/GaN [126] 440 2 0x10°
InGaN nanowire [329] 500 6.1x10732
InGaN/GaN disk-in-a-wire [329] 500 4.1x108

The slow rising trend of the quantum efficiency observed in nanowire LEDs is
directly related to the large SRH recombination. Illustrated in figure 6.7 is the derived
contribution of SRH recombination to the total carrier recombination vs. injection
current measured at various temperatures. It is seen that the SRH recombination can
account for more than 30% of the total recombination even at relatively low
temperatures under low injection conditions. With increasing temperature, the SRH
recombination becomes appreciably more important. For example, under an injection
current of ~ 100 A/cm?, the SRH recombination accounts for ~ 8%, 40%, and 80% of
the total recombination at 6 K, 300 K, and 440 K, respectively. The significantly
enhanced SRH recombination with temperature explains the drastically increased
current density at which the quantum efficiency reaches its peak values at elevated
temperatures, illustrated in figure 6.6. It also leads to the reduction of the maximum
achievable quantum efficiency with increasing temperature, shown in figure 6.5.
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Figure 6.7. Plot of the SRH recombination contribution versus injection current in the
temperature range of 6 K to 440 K.

To further understand the significance of SRH recombination, we have plotted
the derived A coefficients as a function of temperature, shown in figure 6.8. It is seen
that the values of A vary from ~ 5.5x10" s™ to 4.6x10° s™ from 6 K to 440 K, with the
corresponding SRH nonradiative lifetimes in the range of ~ 18.3 ns to 2.2 ns. At room
temperature, the A coefficient is approximately 1.8x10® s, which is significantly
larger than the commonly reported values (~ 10° s™) of conventional InGaN/GaN
quantum well LEDs [158, 347, 351]. This observation is in direct contrast to the
drastically reduced defect densities associated with nanowire heterostructures. The
somewhat unexpected large nonradiative recombination of nanowire LEDs, however,
can be qualitatively understood by considering carrier recombination on the lateral
surfaces. Due to the extremely large surface-to-volume ratios and the presence of
surface states and defects, nonradiative carrier recombination on the wire surfaces
may become appreciable. Detailed studies further confirm the presence of band
bending on the lateral surfaces of GaN nanowires, which can lead to further enhanced
surface recombination [286]. Additionally, the significant nonradiative surface

recombination may be related to the hot carrier effect [334, 335], ineffective electron
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confinement [337], and poor hole transport [128] of GaN-based LED heterostructures

as well.
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Figure 6.8: Variation of the SRH nonradiative recombination coefficient with

temperature

The commonly reported surface recombination velocity on GaN surfaces is in
the range of ~ 10° to 10* cm/s [352, 353]. In the present study, the average radius of
GaN-nanowires is ~ 40 nm. Therefore, the A coefficient, due to carrier surface

recombination, is estimated to be in the range of ~ 10° to 10° s*

, Which agrees
quantitatively well with the simulated results shown in figure 6.8. Variations of the
SRH nonradiative lifetime vs. temperature are also plotted in figure 6.9. By

comparing this temperature dependence and the following theoretical model,

Er — Eg;
Tnr = To <1 + cosh%)
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where Et and Eg denote the trap energy and the intrinsic Fermi level, respectively,
we have derived that the trap energy level is separated from the intrinsic Fermi level
by ~ 0.063 eV. However, the exact nature of the trap states and defects needs to be

further investigated.
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Figure 6.9: The corresponding nonradiative recombination lifetime at different
temperatures and the theoretical fit using a trap energy of ~ 0.063 eV separated from

the intrinsic Fermi level.

Clearly, the surface SRH recombination, if not remediated, can severely
degrade the performance of nanowire LEDs. It can lead to a very slow rise in the
quantum efficiency and further limits the maximum achievable efficiency at high
injection levels. Consequently, significantly improved device performance can be
possibly achieved by embedding the InGaN/GaN dot-in-a-wires in a large bandgap
AlGaN shell structure to minimize nonradiative recombination on the wire surfaces
[15, 354], while maintaining the benefits associated with the large surface-to-volume

ratios of nanowire LEDs.
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6.4 Conclusion

In conclusion, through detailed analysis of the temperature- and current-dependent
electroluminescence emission of InGaN/GaN nanowire LEDs, we have demonstrated
that SRH recombination, due to the large surface-to-volume ratios and the presence of
surface states and defects, is largely responsible for the unique characteristics of
GaN-based nanowire LEDs. Detailed studies further confirm that, for nanowire LEDs
with the incorporation of a suitable EBL, any 3" or higher order carrier loss
mechanisms can become essentially negligible, thereby leading to phosphor-free
white LEDs that are free of efficiency droop even under very large injection
conditions. This work provides unambiguous evidence that Auger recombination
plays an essentially negligible role on the performance of InGaN/GaN dot-in-a-wire
LEDs. It further elucidates the role of nonradiative recombination on the performance
limit of nanowire LEDs and offers critical insight for the future development of

practical nanowire photonic devices.
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Chapter 7: InN Nanowiresfor Photovoltaic

Applications

7.1 Introduction
To date, solar cells with the highest efficiencies, ~ 32.0% and 40.7% have been
realized in I11-V stacked cells and concentrators, respectively [355-361]. Such devices
are generally grown on GaAs, InP or Ge substrates, which are prohibitively expensive
and, as a result, their terrestrial applications have been very limited. Additionally, the
performance of current multi-junction solar cell devices are generally limited by the
poor absorption in the energy ranges of 1.0 — 1.2 eV and 2.5 — 3.4 eV [356, 362-364].
The energy band-gap or absorption spectrum of In,Ga;.xN alloy can be continuously
varied from 0.7 to 3.4 eV, representing the only semiconductor that can encompass
nearly the entire solar spectrum, promising low cost, high efficiency full-solar-
spectrum solar cells [84, 365]. One of the most critical, yet missing technology for
future IHlI-nitride based full-solar-spectrum solar cells, however, is a functional InN-
based single junction device. In this regard, we have studied the epitaxial growth,
fabrication and characterization of InN:Mg/i-InN/InN:Si nanowire axial structures on
n-type Si(111) substrates and demonstrated the first InN nanowire solar cells [366].
Advantages associated with nanowire solar cells include a direct path for charge
carrier transport, a large surface area for better light absorption, and a high possibility
for multi-exciton phenomena [15, 86, 89]. INN nanowires, or nanocolumns have been
intensively investigated, which exhibit a small direct energy bandgap (~ 0.7 eV), high
electron mobility, small effective mass, and large electron saturation velocity [77,
202, 367-378]. InN nanowire heterostructures grown on Si or other substrates can
exhibit drastically reduced defect densities, due to the highly effective lateral stress
relaxation. In this chapter, we present the first experimental demonstration of InN
nanowire solar cells. By employing an in situ deposited In seeding layer, we have
achieved nearly intrinsic InN nanowires directly on Si(111) substrates by molecular

beam epitaxy. The growth and characterization of Si and Mg-doped InN nanowires is
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also investigated, which can exhibit superior structural and optical properties,
discussed in Chapter 2. We have studied the epitaxial growth, fabrication and
characterization of InN:Si/i-InN and InN:Mg/i-InN/InN:Si axial nanowire structures
on p-type and n-type Si(111) substrates, respectively. With the use of a CdS surface
passivation, InN:Mg/i-InN/InN:Si nanowire homojunction solar cells exhibit a highly
promising short-circuit current density of ~ 14.4 mA/cm? and power conversion

efficiency of ~ 0.68% under simulated one-sun (AM 1.5G) illumination.

7.2 Growth and Characterization of InN Nanowires

The growth and characterization of InN nanowires has been intensively studied. InN
nanowires can be formed using the vapour-liquid-solid growth process, the
spontaneous formation under nitrogen-rich conditions, or the selective-area growth on
nano-patterned substrates [379-381]. Well-spaced, vertically aligned InN nanowires
have been grown on Si and other substrates using plasma-assisted molecular beam
epitaxy (MBE) or metal organic chemical vapor deposition. The resulting InN
nanowires generally exhibit a wurtzite crystal structure, with the growth direction
oriented along the c-axis. However, due to the very low dissociation temperature of
InN and the very high surface migration rate of In, conventional growth techniques
yield InN nanowires with tapered surface morphology and large densities of stacking
faults and dislocation [246, 382, 383], which decrease the carrier diffusion length and
severely limit the solar cell efficiency. The wires also exhibit very large size
dispersion, with significant variations in the diameters and heights. Additionally, due
to the extremely low conduction band minimum of InN, any defects, dislocations or
impurities generally form donors, thereby leading to very high electron densities,
which are commonly measured in the range of ~ 1x10'® cm™, or higher for nominally
nondoped InN [228, 245-249]. The resulting n-type degenerate InN nanowires exhibit
poor optical properties, characterized by nearly temperature and power invariant
photoluminescence emission spectra and photoluminescence peak energies (~ 0.7 —
0.8 eV) considerably larger than the bandgap of InN [245, 246, 384]. The
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uncontrolled structural, electrical and optical properties have posed a significant

challenge for the rational design and fabrication of InN nanowire solar cells.

The realization of InN nanowire solar cells, as well as many other
semiconductor devices, has been further limited by the difficulty in achieving p-type
doping. In this regard, Mg-doped InN films and the formation of p-type carriers have
been investigated both theoretically and experimentally [251, 385-387]. A Fermi level
shift toward the valence band was measured in InN:Mg layers [387], and the
possibility of p-type doping is further suggested by electrolyte capacitance-voltage
measurements [386, 388]. Free-to-acceptor photoluminescence emission has also
been observed in Mg-doped InN, with an activation energy of ~ 61 meV derived for
the Mg acceptor [251]. In order to compensate the presence of large electron densities
of nominally nondoped InN as well as the associated surface electron accumulation, a
relatively high concentration of Mg dopant is required, which, however, may lead to
the formation Mg-related, donorlike defects [251, 389, 390]. Additionally, the growth
and characterization of InN:Mg nanowires, to the best of our knowledge, has not been
reported. It has been observed that the incorporation of Mg can significantly affect the
formation and structural properties of GaN nanowires [252, 253]. The presence of Mg
can greatly reduce the nanowire nucleation time and enhance the growth rate on the
nonpolar surfaces, thereby leading to wires with increased diameters and reduced
lengths. Deteriorated crystal structures were further observed at relatively high Mg

concentrations.

It is therefore important to develop nearly intrinsic InNN nanowires as well as
INN nanowire p-n junctions, in order to exploit the full potential of InN for third
generation photovoltaics. In this context, we have performed a detailed investigation
of the MBE growth and characterization of nearly intrinsic and Si- and Mg-doped
InN nanowires on Si(111) substrates without using any external metal catalyst, which
was discussed in detail in Sec. 2.4 in Chapter 2. Under optimized growth conditions,
the wires exhibit nontapered surface morphology and excellent structural and optical
properties. An extremely narrow spectral linewidth of ~ 8 meV, compared to the
commonly reported values of 50 — 100 meV for n-type degenerate InNN nanowires,
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have been achieved for nearly intrinsic InN nanowires. Effects of Si and Mg
incorporation on the structural and optical properties of INN nanowires have also been

investigated, described in Sec. 2.4.3 in Chapter 2.
7.3 Design and Fabrication of InN Nannowire Solar Cellson Si

Three InN nanowire solar cell designs, schematically illustrated in figures 7.1(a), (b)
and (c), have been investigated. In the first approach, shown in figure 7.1(a), the InN
nanowire solar cells consist of ~ 0.3 pum nondoped and 0.4 um Si-doped sections,
which are grown directly on p-type Si(111) substrates. Such a design does not require
the use of p-type InN nanowires, which had not been demonstrated prior to this work.
The 2" and 3" designs employ InN p-i-n axial homojunctions, illustrated in figures
7.1(b) and (c), which comprise of ~ 0.8 um InN:Si, 0.2 um nondoped InN, and 0.3 um
INN:Mg sections grown on n-type Si(111) substrates. Compared to the first design,
the p-n junction is formed within the wires. It may also be noted that there is a small
variation in the thicknesses of the device intrinsic regions, which may not have any
major impact on the device efficiency.

One of the primary limitations for semiconductor nanowire devices is the
significant nonradiative carrier recombination associated with the presence of surface
states, which can be greatly minimized by using core-shell or dot/well-in-a-wire
nanoscale heterostructures [16, 309]. In this regard, we have further investigated the
use of a CdS passivation technique in the 3" design. Illustrated in figure 7.1(c), a thin
(~ 10 nm) CdS layer is coated on the nanowire surface using a chemical bath
deposition method at ~ 70 °C, wherein the bath consists of CdCl,, NH,CI, and
NH4;OH, with a molecular proportion of 2:20:20:200 [391]. The resulting CdS layer
is nearly intrinsic and exhibits a very high resistivity (~ 10° Qcm) [392]. Such a
passivation/buffer layer has been widely used in the fabrication of Culn(Ga)Se, solar
cells and has led to the most efficient (~ 19.9%) thin film solar cells ever reported
[393]. Growth conditions for the various nanowire samples have been carefully
controlled to achieve high-quality InN nanowires with relatively large diameters (>

150 nm) to effectively enhance the light absorption [394].
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Figure 7.1: Schematic illustrations of (a) InN:Si/i-InN nanowire solar cells grown on
p-type Si substrates, (b) InN:Mg/i-InN/InN:Si nanowire solar cells grown on n-type
Si substrates, and (c) CdS-passivated InN:Mg/i-InN/InN:Si nanowire solar cells

grown on n-type Si substrates.
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Figure 7.2: 45° scanning electron microscopy images of (a) the InN nanowire
ensemble spin-coated with a polyimide layer, with the top region of the wires exposed
by dry etching and (b) the polyimide immersed wire ensemble after the deposition of

Ni/Au contact layers.

The fabrication process for InN nanowire solar cells on Si is briefly described
for the 2" design. A polyimide resist layer is first spin-coated to fully cover the InN
nanowires for surface planarization. The polyimide layer is subsequently etched using
O, dry-etching until the top region of the wires is exposed, shown in figure 7.2(a).
The sample is then flood-exposed with UV light and hard-baked at 350 °C for ~ 30
minutes to cure the polyimide. The top exposed section of the wires is patterned,
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using standard photolithography, into cells of various sizes (0.09 mm? up to 1.00
mm?) and a thin Ni/Au (5nm/10nm) p-metal contact is deposited on the cell surface,
shown in figure 7.2(b), which is followed by the deposition of thick Ni/Au metal
contact layers at the periphery of the devices. Ti/Au (30nm/150nm) layers are then
deposited on the backside of the n-Si substrate as the n-metal contact. The sample is
annealed at 300 — 400°C for 60 seconds.

7.4 Resultsand Discussions

The performance characteristics of InN nanowire solar cells on Si is measured under
dark and illuminated (one-sun at AM 1.5G) conditions. Characteristics of the 1°
design, i.e. the InN:Si/i-InN/p-Si heterojunction nanowire solar cells is first described.
The current-voltage (I-V) response of such devices measured under dark conditions is
shown in figure 7.3(a). It is seen that InN/Si nanowire heterojunction design exhibits
very poor diode characteristics, with rectifying ratios in the range of ~ 2 to 4
measured at — 0.5 VV and 0.5 V. At -1 V, a leakage current of more than 100 mA/cm?
was observed. As a consequence, no significant photo response was observed. The
measured short-circuit current density and energy conversion efficiency is less than 2
mA/cm? and 0.01%, respectively. The underlying mechanism for the extremely poor
device performance has been investigated. Due to the very large electron affinity (~
5.8 eV) of InN, its conduction band minimum is positioned well below the valence
band maximum of Si. In addition, a thin (~ 2-3 nm) amorphous layer (SiNy) is
generally formed at the InN/Si misfit interface [238]. The resulting energy-band
diagram of the n-InN/i-InN/p-Si heterostructure under thermal equilibrium is
schematically shown in figure 7.3(b). The depletion occurs at both sides of the InN/Si
junction. It is seen that large densities of electrons accumulate at the InN/Si junction
interface, which can readily recombine with holes in the Si valence band and
therefore explains the quasi-ohmic behavior observed for the n-InN/i-InN/p-Si
heterojunction device under dark conditions. However, the depletion creates a
significant barrier to the transport of photogenerated holes, leading to negligible

response under illumination.
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Figure 7.3: (a) 1-V response of InN:Si/i-InN nanowire devices on p-Si(111) measured
under dark conditions. (b) Schematic of the energy band diagram of the InN:Si/i-
InN/p-Si heterojunction under thermal equilibrium. The presence of a thin (~ 2-3 nm)

amorphous SiNy layer is also illustrated.
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Drastically improved device performance, illustrated in figure 7.4(a), has been
measured for the 2" solar cell design grown on n-type Si substrates. Under dark
conditions, the InN:Si/i-InN/InN:Mg nanowire device exhibits characteristics of a
diode structure, with a significantly improved rectifying ratio (~ 60) measured at -1
and +1 V, which is attributed to the built-in electric field in the p-i-n nanowire
homojunction. In addition, a clear photo-response has been consistently observed.
Under simulated AM 1.5G illumination, a promising short-circuit current density of ~
12.91 mA/cm? is obtained for a device area of 1 mm? The measured open-circuit
voltage, fill factor, and power conversion efficiency are ~ 0.13 V, 30.2%, and 0.51%,
respectively. The functioning of the InN p-i-n axial homojunction solar cells on n-
type Si may be explained by the energy-band diagram under thermal equilibrium.
Illustrated in figure 7.4(b), it may be noted that the depletion region widths of the
InN/Si junction are small, due to the very high doping concentrations in InN and Si.
As a consequence, electrons can readily tunnel from InN to Si. lllumination from the
top of the nanowires would result in photons with energy larger than E4 (InN) to be
absorbed by the nanowires. The holes and electrons produced in InN can be promptly
collected by the ohmic contacts at the top of the wires and the back contact of the
substrate, respectively, thereby generating the observed photocurrent. While photons
with energy larger than E4 (Si) could also be absorbed by the substrate when light
illuminates onto the Si surface through the gap between the wires, the contribution to
the photocurrent is expected to be negligible, due to the presence of a significant

barrier to hole transport across the InN/Si heterointerface.
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Figure 7.4: (a) 1-V characteristics of InN:Mg/i-InN/InN:Si nanowire solar cells grown
on n-type Si(111) substrates under dark and illumination (1-sun at AM 1.5G)
conditions. (b) Illustration of the corresponding energy band diagram of the nanowire

junction under thermal equilibrium.
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The performance of the afore-described InN:Si/i-InN/InN:Mg nanowire
homojunction solar cells may be severely limited by the presence of surface states,
which can be addressed, to a certain extent, with the use of CdS surface passivation
[395]. lustrated in figure 7.5 are the measured I-V curves under dark and illuminated
conditions for the 3™ nanowire solar cell design, wherein a thin (~ 10 nm) CdS
passivation-layer is incorporated. A reduction in the reverse leakage current and an
improvement in the rectifying ratio (~ 150) were measured, compared to identical
devices fabricated without the use of any CdS passivation. The improved diode
characteristics are attributed to the effective carrier confinement provided by the large
bandgap CdS and the suppression of carrier leakage through the wire surface. Under
one-sun (AM 1.5G) illumination, the devices exhibit further improved performance,
with a short-circuit current density of ~ 14.4 mA/cm?, open circuit voltage of 0.14 V,
fill factor of 34.0%, and energy conversion efficiency of 0.68%. It may be noted that
the measured short-circuit current densities are much larger than the commonly
reported values for nanowire solar cells [396-400]. The open-circuit voltage,
however, is relatively low, which can be improved by utilizing large bandgap InGaN

nanowires and by optimizing the surface passivation and fabrication process.
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Figure 7.5: 1-V characteristics of CdS-passivated InN:Mg/i-InN/InN:Si nanowire
solar cells grown on n-type Si(111) substrates under dark and light (1-sun at AM

1.5G) illumination conditions.
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The performance of the presently demonstrated InN nanowire solar cells may
also be severely limited by the surface electron accumulation of n-type InN and the
non-ideal carrier transport across the InN/Si misfit interface, due to the presence of an
amorphous SiNy layer. Improved device performance is therefore expected by
utilizing core/shell heterostructures and by employing a planar GaN or InN buffer
layer. Additionally, the energy conversion efficiency is practically limited by the very
low wire density in this experiment. Shown in figure 7.2(a), the surface coverage of
INN nanowires is less than 30%. As a result, a significant portion of the solar
radiation cannot be absorbed by InN, and the benefit of light trapping associated with
nanowires may be absent as well. Consequently, by optimizing the wire density and
diameters, the energy conversion efficiency can be readily increased by a factor of 3,
or larger. More importantly, the energy conversion efficiency is expected to improve
substantially for InGaN nanowire solar cells with an optimized energy bandgap. The
use of coalescent growth for a planar top contact layer will also greatly facilitate the
device fabrication and reduce the series resistance [401]. The growth and
characterization of high performance InGaN nanowire solar cells on Si, with the use
of optimized surface passivation and device fabrication processes, will be

investigated in future studies.
7.5 Conclusion

In summary, we have demonstrated the first InN solar cells, consisting of InN:Si/i-
INN/InN:Mg nanowire homojunctions on n-type Si(111) substrates, which exhibit a
promising short-circuit current density of ~ 14.4 mA/cm? and an energy conversion
efficiency of ~ 0.68% under one-sun (AM 1.5G) illumination. Further improvement
in the device performance will be investigated by optimizing the growth and
fabrication processes. The present work constitutes important progress for the
realization of InGaN-based third-generation solar cells. It has also mitigated some of
the major barriers for the future development of InN-based nanoelectronic and

nanophotonic devices.
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Chapter 8: Conclusion and Future Work

8.1 Summary of the ThesisWork

In summary, we have investigated the molecular beam epitaxial growth and
characterization of Il11-Nitride based nanowire heterostructures, including GaN and
INN nanowires and InGaN/GaN dot-in-a-wires on Si(111) substrates. We have further
demonstrated high performance nanowire LEDs and solar cells with the incorporation
of such novel nanowire heterostructures. The significant findings of this thesis are

briefly summarized below.

Although tremendous progress has been made for InGaN/GaN quantum well
LEDs, the performance of such devices in the green, yellow, and red wavelength
ranges has been plagued by the presence of large densities of dislocations. In this
context, we have investigated nearly defect-free Ill-nitride nanowire LEDs. It has
been recognized that, due to the presence of unoccupied Ga dangling bonds and
surface defects along the GaN nanowire lateral surfaces and the associated
nonradiative carrier recombination, the currently reported nanowire LEDs generally
exhibit very low quantum efficiency [222, 402]. In this work, we have developed, for
the first time in the world, InGaN/GaN dot-in-a-wire nanoscale heterostructures,
which can provide superior three-dimensional carrier confinement required for
ultrahigh efficiency emission [38]. Moreover, we have demonstrated that the emission
wavelengths of such novel nanoscale materials can be controllably varied across
nearly the entire visible wavelength range by controlling the sizes and compositions
of the dots, which is achieved by varying the growth conditions, including the
substrate temperature, growth duration, deposition rate, and In/Ga flux ratios. For
example, when grown at relatively low substrate temperatures (~ 550 °C), the In
composition in InGaN/GaN quantum dots can reach ~ 50% without the presence of

extended defects/dislocations, which can lead to high efficiency emission in the
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red/orange wavelength ranges that was not previously possible. High efficiency
emission in the blue, green, yellow, and amber wavelength range can also be readily
achieved by optimizing the growth conditions. The resulting full-color LEDs can
exhibit a relatively high internal quantum efficiency of ~ 20%, or larger at room
temperature.

The performance of GaN-based nanowire LEDs has been severely limited by
the poor hole transport in the device active region. Due to their large effective mass
and small mobility, injected holes are located close to the p-GaN region. The poor
hole transport process and the resulting nonuniform carrier distribution in the device
active region can further enhance Auger recombination [126] and increase electron
overflow [167, 403], thereby limiting the optical emission efficiency at high injection
levels. The poor hole transport problem can be effectively addressed by utilizing the
special technique of p-type modulation doping in the quantum dot active region. In
this regard, we have investigated the design, epitaxial growth, fabrication, and
characterization of p-doped InGaN/GaN dot-in-a-wire white LEDs. The p-doped dot-
in-a-wire LEDs can exhibit significantly enhanced internal quantum efficiency (~
56.8%) at room temperature, which is higher than any previously reported values for
GaN-based nanowire LEDs. The devices also show highly stable emission
characteristics, with nearly constant CIE chromaticity coordinates (% 0.35 and y =
0.37), with increasing injection currents.

We have further identified that electron overflow is the primary mechanism
responsible for the efficiency droop in nanowire LEDs under high current injection
conditions. We have designed, grown, fabricated, and characterized InGaN/GaN dot-
in-a-wire white-light LEDs with the incorporation of an AlGaN electron blocking
layer, which can effectively prevent electron overflow from the device active region.
With the use of the special techniques of p-type modulation doping and AlGaN
electron blocking, we have demonstrated, for the first time, GaN-based phosphor-free
white LEDs that can exhibit virtually zero efficiency droop up to ~ 2,000 A/cm? and
highly stable emission characteristics. Such devices are suitable for applications in

solid state lighting and full-color displays.
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One of the most critical, yet missing technologies for future Il1-nitride based
full-solar-spectrum solar cells is a functional InN-based single junction device. We
have investigated the molecular beam epitaxial growth and characterization of nearly
intrinsic InN nanowires on Si(111) substrates, which enables a fundamental
understanding and precise control of the electrical and optical properties of InN that
was not previously possible. We have studied the epitaxial growth, fabrication and
characterization of InN:Mg/i-InN/InN:Si nanowire axial structures on n-type Si(111)
substrates and demonstrated the first InN nanowire solar cells [366]. We passivated
the InN:Mg/i-InN/InN:Si nanowire homojunction solar cells with a CdS layer using a
chemical bath deposition method to effectively suppress nonradiative carrier
recombination associated with the presence of surface states. Under one-sun (AM
1.5G) illumination, the devices exhibit a short-circuit current density of ~ 14.4
mA/cm?, open circuit voltage of 0.14 V| fill factor of 34.0%, and energy conversion
efficiency of 0.68%. This work opens up exciting possibilities for InGaN nanowire-
based, full solar-spectrum third-generation solar cells. It has also mitigated some of
the major barriers for the future development of InN-based nanoelectronic and

nanophotonic devices.

8.2 Suggested Future Work

Although significant progress has been made in the growth and characterization of
I11-nitride nanowire heterostructures and their device applications, many fundamental
materials properties of such novel nanomaterials have remained unclear. For example,
the achievement of superior quality AlGaN nanowire heterostructures in the
ultraviolet wavelength range has remained elusive. For the future work, we therefore
propose to perform a fundamental investigation of the epitaxial growth and
characteristics of GaN-based nanowire heterostructures and to develop high power
white-light LEDs, high efficiency ultraviolet LEDs, as well as multi-junction

nanowire solar cells.
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8.2.1 High Performance L EDswith Coaxial Nanowire Heter ostructures

As discussed in Chapter 6, the Shockley-Read-Hall nonradiative recombination, due
to the large surface-to-volume ratios and the presence of surface states and defects, is
largely responsible for the unique characteristics of GaN-based nanowire LEDs. The
performance of nanowire LEDs can be severely compromised due to the large surface
SRH recombination. The quantum efficiency rises up very slowly with increasing
current, and the slow rising trend of the quantum efficiency observed in nanowire
LEDs is directly related to the large SRH recombination, which further limits the
maximum achievable efficiency at high injection levels. Accordingly, significantly
improved device performance can be achieved by using effective surface passivation
technique. For this approach, a wide bandgap or suitable dielectric material [404-406]
should be applied around the nanowire structures to reduce or prevent electrons/holes
moving to nanowire surfaces. Nanowire LED quantum efficiency, therefore, can be
enhanced due to the reduced/eliminated nonradiative surface recombination. High
efficiency nanowire LEDs can be obtained by embedding the InGaN/GaN dot-in-a-
wires in a large bandgap AlGaN shell structure to minimize nonradiative
recombination on the wire surfaces [15, 354], while maintaining the benefits
associated with the large surface-to-volume ratios of nanowire LEDs. Illustrated in
figure 8.1, the InGaN/GaN active region is passivated by an AIN(AIGaN) layer,

which can lead to high performance LEDs. This work is currently in progress.

GaN(InGaN)

AIN(AIGaN)

Figure 8.1: Proposed coaxial nanowire heterostructures for high efficiency nanowire
based LEDs.
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8.2.2 Nanowire LEDswith Significantly Improved Light Extract Efficiency

The external quantum efficiency of an LED is the product of the internal quantum
efficiency and the light extraction efficiency. To improve the light extraction
efficiency and therefore the optical output of nanowire LEDs, we propose to develop
InGaN/GaN dot-in-a-wire LEDs on copper carriers, which can eliminate any optical
absorption by the substrates and provide much more effective thermal management.
Current commercial LEDs have achieved maximum light extraction efficiency
(>70%) by removing the sapphire substrates. We propose to transfer the dot-in-a-wire
LEDs on a Cu carrier using the metal-to-metal bonding technique [407, 408]. In this
approach, a thin (~ 10 nm) Ni layer is first deposited on the as-grown nanowire
surface, followed by the deposition of an Al/Au broadband reflector. The nanowire
LED is then bonded onto the Au-coated Cu carrier using the standard low-
temperature metal-to-metal bonding technique. The Si substrate is mechanically
polished and chemically etched. The fabrication process of dot-in-a-wire LEDs on Cu
carriers is similar to that on Si substrates, except that the Cu carrier is used as p-metal
contact while the n-metal contact is placed on the wire top surface. The external
quantum efficiency of the fabricated LED devices will be measured using integrated
sphere and will be correlated with variations in the device fabrication and data from
the structural characterization. Moreover, we will optimize the wire size, density and
surface morphology, with the objective to achieve light extraction efficiency of >
50%. The significantly improved light extraction efficiency will lead to nanowire
LEDs with an external quantum efficiency of > 45%, compared to the current values

(~ 25%) reported for conventional phosphor-based white LEDs.

8.2.3 High Efficiency Ultraviolet Nanowire LEDs

There is a growing awareness that deep ultraviolet (UV) light sources will have a
profound impact on environment cleaning. UV light sources are more effective in
killing bacteria, virus, and fungi and in damaging pathogens than any other
conventional methods. Yet, they are relatively harmless to people. However, the
current mercury-based UV lamps are heavy and inefficient, require regular
maintenance, and pose a significant health issue due to mercury contained in the
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lamp. In this regard, GaN-based LEDs have been intensively investigated which
enables the achievement of high efficiency solid state lamps in the visible and UV
spectral range. The use of nanowire heterostructures for LED operation offers several
additional advantages, including drastically reduced dislocation densities and
enhanced light extraction, which will contribute significantly to the efficiency and
output power of UV light sources. In addition, such nanowire heterostructures can be
grown directly on low cost, large area silicon substrates, thereby drastically reducing
the manufacturing cost of deep UV solid state lamps. We therefore propose to
develop high efficiency nanowire UV solid state lamps. Self-organized
AlGaInN/AlGaN dot-in-a-wire UV LED heterostructures, illustrated in figure 8.2,
will be grown on low-resistivity n-type Si(111) substrates, wherein the special
techniques of p-doping and electron blocking are also incorporated in the device
active region to enhance hole transport and reduce electron overflow, respectively.
The bottom and top sections of the wires are doped n- and p-type using Si and Mg,
respectively. The device active region consists of six vertically aligned
Alo7Gag1lng2N quantum dots, separated by 3 nm Al 75Gaop2sN barrier layers. The
emission wavelength can be tuned by varying the size of the dots and the
compositions in both the dot and barrier layers. With iterations in the design, epitaxial
growth, fabrication and characterization, ultrahigh-efficiency (IQE > 60%) deep UV
LEDs can be possibly realized, which can address the fundamental materials

challenges for realizing practical deep UV solid state lamps.

145



=" AlGalnN dof .

Ni/Au I ‘/ ‘AlGaN hlnl | -
__)\_“ ITO /™ N S_e e

GaN:Mg —/
contact = = [ = >
Z Zl |2 2/ Z| .~ - .
= =S = = «AlgGa,N
AlGaN —> Il HE B e
EBL A A A A A A «— p-doped Al 75Ga 5N
A A A A A A Carte
Bdots 7112 S18igi S| T
BN I S 0 N = O
ASASASAZAZSA +—UndopedAl ;Ga ,In ;N
A A=A A=A A
@ @ ) @ @ quantum dot
= = =2 = E
zZ z z2 z2 z z Al ;Ga,N Si

Ti/Au l

Figure 8.2: Schematic illustration of the proposed AlGalnN/AlGaN deep UV LEDs
with the incorporation of the special techniques of electron blocking and modulation

p-doing in the device active region for reducing electron overflow and enhancing hole

transport, respectively.

8.2.4 High Efficiency I11-N Nanowire Solar Cells

We also propose to develop single- and multi-junction InGaN nanowire solar cells on
a Si platform. In(Ga)N nanowires will be grown directly on Si substrates under
nitrogen rich conditions by molecular beam epitaxy. The proposed single and double
junction nanowire solar cells on Si are schematically shown in figure 8.3. Such
InGaN nanowire solar cells with broadband absorption spectrum can be achieved by
controllably changing the indium and gallium flux during epitaxial growth. By
varying the indium and gallium compositions in the nanowire, the nanowire bandgap,
or the absorption spectra, can be optimized to achieve solar cells with improved
efficiency. Critical to the double-junction device is the formation of n*/p* tunnel

injection, which can be achieved by optimizing the epitaxial growth conditions,
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including the substrate temperature, group I11/V ratios, and the dopant (Mg and Si)

incorporation.

Single Junction Multi Junction

p
x=0.30 —

In,Ga; 4N
x=0.15~0.60

Tunnel

In,Ga, N
M8 Junction

i
n
n*
p+
p
x=0.60 — i

n

Figure 8.3: Proposed high efficiency single (left) and multi-junction (right) solar cells

based on InGaN material system.

Additionally, we propose to develop InGaN/GaN nanowire intermediate band
solar cells. In a conventional solar cell, photons with energy below the bandgap
cannot be absorbed. In an intermediate band solar cell, however, the presence of an
electronic band within the band gap enables the absorption of photons with energy
smaller than the bandgap of the semiconductor [409]. Illlustrated in figure 8.4(a),
electron-hole pairs can be generated with the absorption of sub-band photons, leading
to an enhancement in the photocurrent without any voltage degradation. It has been
predicted that a limiting efficiency of 63.2% can be achieved in intermediate band
solar cells, compared to 40.7% for conventional single gap devices [409]. To realize
the full potential of intermediate band solar cells, it is important that the intermediate
band is half-filled with electrons and there is negligible nonradiative recombination in
the semiconductor. We propose to investigate the design, growth, fabrication, and
characterization of InGaN/GaN dot-in-a-wire intermediate band solar cells as shown
in figure 8.4(b). An inherent advantage in using quantum dots is the wide range of
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tunability that is afforded. Quantum dot size, shape, composition, and barrier material
composition can be changed to alter the energy position of the electron and hole
states, thereby altering the absorption spectrum. Enhanced response, due to the
absorption of sub-band-gap energy photons, has been demonstrated in InAs quantum
dot intermediate band solar cells [410]. With the incorporation of optimized quantum
dot layers, InGaN-based intermediate band solar cells with significantly improved

efficiency, compared to the conventional devices, therefore, is practical.

apunliog
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(a) (b)
Figure 8.4: (a) Illustration of the energy band diagram in the active region of an

intermediate band solar cell. (b) Proposed InGaN based intermediate band solar cells

with the utilization of dot-in-a-wire heterostructure.
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