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ABSTRACT

CARRIER TRANSPORT ENGINEERING IN WIDE BANDGAP
SEMICONDUCTORS FOR PHOTONIC AND MEMORY DEVICE
APPLICATIONS

by
Ravi Teja Velpula

Wide bandgap (WBG) semiconductors play a crucial role in the current solid-state
lighting technology. The AlGaN compound semiconductor is widely used for
ultraviolet (UV) light-emitting diodes (LEDs), however, the efficiency of these LEDs
is largely in a single-digit percentage range due to several factors. Until recently,
AlInN alloy has been relatively unexplored, though it holds potential for light-emitters
operating in the visible and UV regions. In this dissertation, the first axial AlInN
core-shell nanowire UV LEDs operating in the UV-A and UV-B regions with an
internal quantum efficiency (IQE) of 52% are demonstrated. Moreover, the light
extraction efficiency of this UV LED can be further improved by 63% by utilizing
appropriate hexagonal photonic crystal structures.

The carrier transport characteristics of the LEDs have been carefully engineered
to enhance the carrier distributions and reduce the current leakage, leading to a
significantly improved IQE of the LEDs. In this regard, the p-type AlGaN electron
blocking layer (EBL) has been utilized to suppress electron leakage. Although
the EBL can suppress the electron leakage to an extent, it also affects the hole
injection due to the generation of positive polarization sheet charges at the hetero
interface of EBL and the last quantum barrier (QB). Moreover, the Mg acceptor
activation energy of the Al-rich AlGaN EBL layer is elevated, affecting the Mg doping
efficiency. To mitigate this problem, in this dissertation, EBL-free UV LED designs
are proposed where the epilayers are carefully band-engineered to notably improve
the device performance by lowering the electron overflows. The proposed EBL-free

strip-in-a-barrier UV LED records the maximum IQE of ~61.5% which is ~72%



higher, and IQE droop is ~12.4%, which is ~333% less compared to the conventional
AlGaN EBL LED structure at 284.5 nm wavelength. Moreover, it is shown that the
EBL-free AlGaN deep UV LED structure with linearly graded polarization-controlled
(QBs instead of conventional QBs in the active region could drastically reduce the
electrostatic field in the quantum well (QW) region due to the decreased lattice
mismatch between the QW and the QB. The carrier transport in the EBL-free
deep UV LEDs is significantly improved, attributed to the increased radiative
recombination, quantum efficiency, and output power compared to the conventional
EBL LEDs. Overall, the study of EBL-free UV LEDs offers important insights into
designing novel, high-performance deep UV LEDs for practical applications.
Further, it is demonstrated that novel WBG materials could be perfectly
employed for emerging non-volatile memory (resistive random access memory,
RRAM) applications. The resistive switching (RS) capability has been observed
in GayO3 at low power operation. Importantly, for the first time, the multi-bit
storage capability of this types of RRAM devices with a reasonably high R.g/Ron
ratio is experimentally demonstrated. In addition, integrating a thin SiN, layer
in the conventional SiOy RRAM device could effectively facilitate the formation
of a conducting filament. It is reported that the proposed RRAM device exhibits
excellent RS characteristics, such as highly uniform current-voltage characteristics
with concentrated SET and RESET voltages, excellent stability, and high Reg/Ron
(> 10%) even at ultra-low current (10 nA) operation. The multi-bit RS behavior
has been observed in these RRAM devices, which pave the way for low-power and

high-density data storage applications.
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CHAPTER 1

INTRODUCTION

1.1 Wide Bandgap Semiconductors

The crystal structure and energy bandgap are the fundamental properties of any
semiconductor. Wide bandgap (WBG) semiconductors are typically those with
an energy bandgap (E,) higher than 2 eV and named after their relative wide
energy bandgap in comparison to silicon [2]. WBG semiconductors, such as group
[MI-nitrides, and group Ill-oxides materials, are gaining popularity due to their
remarkable physical and chemical properties, which make them useful in a variety
of applications ranging from photonics to electronics [3-5].

In recent years, IIl-nitride semiconductors including GaN, InN, AIN, and their
alloys have gained tremendous attention for their direct and wide bandgap properties.
These compound semiconductors have distinct electrical and optical properties,
including strong electron mobility, high saturation velocity, a high breakdown
electric field, great chemical stability, and good thermal conductivity [6-9]. Three
crystallographic structures are possible for ITI-nitride semiconductor materials: cubic
zinc-blende, hexagonal wurtzite, and rocksalt. Comparatively to other structures, the
hexagonal wurtzite structure is the most stable crystalline structure for I1I-nitride
semiconductors at ambient temperatures. Comparatively to cubic zinc-blende and
rock-salt structures, the hexagonal wurtzite structure is the most stable crystalline
structure for Ill-nitride semiconductors at ambient temperatures. GaN hexagonal
wurtzite crystal structured unit cell is shown in Figure 1.1. Also, the formation of
rock-salt structures is possible only under high pressure [10,11].

As shown in Figure 1.2, this material system has the energy bandgap tuning

capability from ultraviolet (UV), AIN (6.2 eV) to infrared (IR), InN (0.7 eV) [13].



01]
A

Figure 1.1 III-nitride hexagonal wurtzite crystal structured unit cell.
Source: [12].

As a result, Ill-nitride materials are well widely used for photonic devices such
as light-emitting diodes (LEDs) [14-16], LASER diodes (LDs) [17, 18], solar cells
[19, 20], and photo-detectors [21,22]. Moreover, GaN exhibits high breakdown
field (3.3 MV/cm), wide bandgap (3.4 eV), and high electron saturation velocities
(2.5x107 cm/s), which are essential for high-power and high-frequency applications
[4,13,23,24]. Recently, AIN has been studied for Resistive Random-Access Memory
(RRAM) device applications [25,26] because of its large energy bandgap (6.2 eV),
high electrical resistivity (~10'* Qcm), dielectric constant is 12.4, material stability
[27,28]. However, conventional III-nitride thin-film heterostructures are grown on
lattice-mismatched materials such as sapphire, carbide, or silicon due to the lack of a
native substrate. This results in a poor-quality crystal, a high density of dislocations,
threading defects, and polarization, all of which significantly limit the performance
and applications of the devices.

Among the WBG semiconductors, GayOs is currently one of the emerging
WBG materials grabbed the attention of worldwide researchers due to its suitable
material properties especially for high power electronics and photonics. The S-phase

is the stable one, well-explored, has WBG of 4.4-4.9 eV [3-5], making it suitable
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Figure 1.2 The energy bandgap vs. lattice parameter of I1I-nitride materials.
Source: [29].

for applications as deep UV regime [30]. The structure of 5-GayO3 has a center of
symmetry but no specific features such as polarity, piezoelectricity, ferroelectricity
[2]. Existing semiconductor materials such as SiC and GaN are dominating in high
power electronics applications. It is known that higher breakdown electric field is
critical need for high power electronic devices. Because of larger energy bandgap and
greater breakdown electric field (8 MV /cm) of 8-GayOs appears to be a promising
candidate for high-power and high-frequency applications. Although the performance
of B-GayO3 devices seems to be improving, numerous challenges remain, including
growing maturity, thermal control, and material reliability. Nonetheless, 5-GasO3 is
predicted to supplement more mature WBG semiconductors such as SiC and GaN
in power device technologies [117]. Further, 5-GayO3 also allows for a high intrinsic
resistance state due to the limited carrier mobility caused by the effective mass of 0.342
m, (where m, is free electron mass) [31]. Importantly, Ga;O3 has strong thermal and
chemical stability [32], which can help to reduce performance deterioration in different

resistance states of RRAM devices.



1.2 Key Challenges in III-nitride Materials/Devices
The primary challenges involved with IIl-nitride materials and devices can be listed

below:

1.2.1 Crystal Defects and Dislocations

Conventional III-nitride heterostructures are grown on lattice-mismatched materials
such as sapphire, SiC, or Si due to the lack of a native substrate. This results in a poor
crystal quality, a large density of dislocations, threading defects, unwanted foreign
atoms, and native defects, all of which significantly limit the device’s performance
and applications [6,33]. All of these defects have distinct energy levels than the
semiconductor atoms. Such defects are rather common in forming additional one
or more energy levels within the semiconductor’s forbidden gap, and thus are good
sources of non-radiative recombination. The non-radiative recombination that results
at these defect energy levels is known as Shockley-Read-Hall (SRH) non-radiative
recombination, and it can dramatically reduce device efficiency. In this regard, I1I-
nitride nanowire structures have emerged as an alternative candidate to thin-film
structures because of nearly dislocation-free density due to effective lateral stress

relaxation [34-36].

1.2.2 Polarization

Because of the large electronegativity and tiny size of N atoms in contrast to metal
atoms, the bonds formed between Ga/Al/In and N display polar (high ionicity)
properties along with the [0001] orientation in III-nitride WBG semiconductors. As
shown in Figure 1.1, each GaN unit cell has a hexagonal base length (a), a hexagonal
prism height (c¢), and an internal parameter (u) as the anion-cation bond length along
the (0001) axis in ¢ units. A charge dipole is present in each GaN unit cell as a result

of the spatial separation of positive and negative charge (electron cloud) (the nuclei).



An electron cloud and positively charged nuclei’s minute movements provide a surface
polarization charge as high as ~ 1.8 X 10 /em? and ~ 5 x 10'® /cm? was estimated for
GaN and AIN, respectively. Given that semiconductors have a sheet charge density
of ~ 1 x 10" /cm?, it may be assumed that one in every 100 atoms contributes to
the polarization charge. These polarization sheet charges are accompanied by an
electric field of ~1-10 MV /cm [37]. In the bulk material, these polar dipoles cancel
one another; but, at the surfaces, they create negative/positive sheet charges.

The non-centrosymmetric character of the ions causes spontaneous polar-
ization in Wurtzite hexagonal close-packed crystal structures. On the other hand,
in symmetric zinc-blende crystal structures, spontaneous polarization is seldom
noticeable. A negative sheet charge forms on the Ga atom terminated surface
(Ga-polar), whereas a positive sheet charge forms on the N atom terminated surface
(N-polar) at the interface. In addition to the spontaneous polarization, the strained
AlGaN/GaN or InGaN/GaN heterointerfaces exhibit piezoelectric polarization that
results in a net charge (positive or negative).

Anion to cation displacement results from piezoelectric polarization at heteroin-
terfaces caused by high strain. In Ill-nitride LEDs and lasers, the piezoelectric
polarization field is greater than the spontaneous polarization field, and such a strong
field is crucial to the functionality of the device. This piezoelectric polarization
becomes more troublesome in III-nitride LEDs because it greatly encourages electron
escape from the active area to the p-side region. The efficiency droop issue is
further exacerbated by this electron leakage. Additionally, the quantum confined
stark effect (QCSE), which reduces the overlap potential (spatial separation) of the
electron and hole (band bending in the opposite direction) wave functions in the
LED active region [38,39], is brought on by the presence of the polarization field in

multi quantum wells (QWs) active region. This QCSE impact lowers the likelihood
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Figure 1.3 Schematic energy-band diagram of a conventional AlGaN UV LED
presenting the electron leakage from the active region (polarization fields are not
considered in the structure).

Holes

of radiative recombination, causes a rise in carrier loss, and worsens the LED’s overall

performance [39].

1.2.3 Electron Leakage

The electron leakage/overflow from the active region is one of the major reasons
behind the efficiency droop in IIl-nitride light-emitters. Electron leakage refers to
the leakage or flow of electrons from the active region without being captured or
radiatively /non-radiatively recombined in the active region and it can be seen from
Figure 1.3. One of the primary reasons for electron overflow is the higher mobility
of electrons than holes. Another critical reason is reducing the energy barrier due to
the built-in polarization field [40]. The polarization field causes the band energy to
tilt, which results in the separation of electrons and holes. Because of this, carrier
recombination also reduces. The overflowed electrons can recombine with holes in the
p-GaN region before the holes can reach the active region, resulting in the degradation

of radiative recombination in the active region [41]. In this context, a large bandgap



material. i.e., AlGaN electron blocking layer (EBL), is often incorporated between
the last quantum well and the p-GaN region to reduce the electron leakage [42].
However, a high Al content-based EBL may form a high barrier, resulting in the
further reduction of hole injection in the LED active region. Also, at relatively
high carrier injection, EBL usually cannot completely block the electron overflow
in GaN LEDs and as a result, causes the internal quantum efficiency (IQE) droop in
the devices. In dot-in-a-wire quantum dots (QDs) structures, it was proposed that
the optimum quantum efficiency is limited by electron leakage rather than Auger
recombination. By incorporating a p-doped large bandgap AlGaN (low Al%) EBL,

Nguyen et al. achieved significantly improved efficiency droop [42].

1.2.4 Poor Hole Transport and Injection

Because of the large effective mass and low mobility, hole injection and transportation
are very inefficient in Ill-nitride LED [43]. As a result, injected holes are
predominantly localized around the QWs towards the p-side, and hole concentration
decreases significantly toward the n-GaN side. Hence, acceptable photon emission
is only given from quantum wells near to the p-side. Electrons, on the other
hand, have a smaller effective mass and higher electron mobility, therefore electron
distribution should be more uniform over the quantum well [43]. The usual electron
mobility in AlGaN-based optoelectronic devices is 200 cm?/V-sec or more, and large
electron carrier concentrations are easily achieved due to high ionization efficiency
and low ionization energy. Due to the high p-type dopant (Mg) ionization energy,
hole mobility is only 10 cm?/V-sec. The Mg activation energy of Al,Ga; ,N for
0<x<1 is set to scale linearly [44] from 170 meV to 510 meV which is much higher
than Si activation energy for n-type layers. Further, hole injection into the multi
QW active region is limited due to the generation of positive sheet polarization

charges at the interface of last quantum barrier (QB) and EBL [45,46].Because of the



non-uniform flow, electrons overflow and Auger recombination occur, which lowers

radiative recombination.

1.2.5 Low Light Extraction Efficiency

Light extraction efficiency (LEE) represents the amount of light entering into the
free space from LED active region and contributes to the external quantum efficiency
(EQE), which is product of IQE and LEE. In the case of III-nitride planar LEDs,
the LEE is severely limited by the total internal reflection, due to the refractive
index contrast between the semiconductor material and the air and the absorption
of shorter wavelength light in the p-GaN contact layer [47]. Furthermore, specially
for deep UV LEDs, unique optical polarization properties of high Al composition
AlGaN quantum wells results in dominant transverse-magnetic (TM) [E || c-axis]
polarized output in the UV regime [48,49]. As the (TM) (E L c-axis) polarized
light propagates horizontally, LEE of light emitting from the top surface is severely
limited. With a high surface-to-volume ratio, the nanowire structure provides more
room for photons to escape, resulting in a reduction in total internal reflection. The
LEE can be improved by directing photons toward the nanowire surface. However,
EQE in deep UV LEDs remains substantially lower than in visible LEDs. The LEE
is boosted by carefully designing the nanowires and its arrangement, considering
numerous design factors such as nanowire diameter, spacing, and surface passivation

layer thickness [50,51].

1.3 IIl-nitride UV LEDs and Current Status
Based on the specific wavelength, UV radiation is often split into three spectral bands:
UVA (400 nm-320 nm), UVB (320 nm-280 nm), and UVC (280 nm-100 nm). As the
demand for UV light increases, the previously used traditional UV sources such as

Mercury, Xenon, Argon, Deuterium, and excimer lamps are found to be unsatisfactory



due to energy inefficiency, bulky, fragile, expensive, limited life span, the ability of
UV light emission at only a few specific wavelengths, and toxic in nature. Henceforth,
it has become greater importance to investigate novel technologies to generate UV
light for the corresponding applications [52]. As a solid-state light source, III-nitride
based UV LEDs offer several advantages over the traditional UV sources in terms of
compactness, nontoxic material composition, low power consumption, quick response
time, tunable emission across the entire UV-region, and long lifetime.

The noticeable factors that drive the growth of the UV LED market include the
utilization of deep UV LEDs (207 nm to 222 nm) for surface disinfection applications,
including killing the deadly SARS-COV-2 virus and many others. Additionally,
high-power UVC LEDs are suitable for water disinfection applications. Besides
being used to disrupt the DNA or RNA molecules of microorganisms in disinfection
applications, UV light can also be employed to trigger chemical reactions, such as
polymerization processes during UV curing. Previously, low- and medium-pressure
mercury lamps have been utilized for most of these UV curing applications. However,
due to the above-mentioned problems in the lamps, III-nitride based UV LEDs are
being employed for a wide range of UV curing applications, such as coatings, inks,
adhesives, composites, and stereolithography. UV light can also be employed to solicit
photochemical reactions in living organisms. Phototherapy is another application
of UV LEDs in which UVA light interacts with the living cells of human skin
tissue. In this application, UV radiation is used to treat several skin diseases,
including psoriasis, vitiligo, and cutaneous T-cell lymphoma. 1.4(a) summarizes
several essential applications of UV LEDs.

The current deep UV LEDs still exhibit poor external quantum efficiency (EQE)
and lower output power due to lack of bulk substrate, high dislocation density, high
resistive p-AlGaN due to inefficient p-type doping with high Al composition, Electron

leakage from the active region, limited LEE due to dominant TM polarization fields
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Figure 1.
state of UV LEDs.

[53]. From Figure 1.4(b), it is seen that the EQE of UV LEDs below 300 nm emission
wavelength drops drastically [52]. To improve the EQE and optical power of deep UV
LEDs, it is necessary to improve the material/epitaxial growth quality and engineer
the epitaxial layers. In this context, the motivation of this dissertation is to improve
the performance of these UV LEDs by overcoming the challenges mentioned above
with exploration other potential III-nitride materials and band engineering with novel

device designs so that can have utilized them in practical applications directly.

1.4 Organization of Dissertation
This dissertation presents the demonstration of the first axial AlInN core-shell
nanowire UV LED both numerically and experimentally. A large part of the research
has been focused on improving the performance of wide bandgap material-based LEDs
in the visible and UV regions by band engineering of various epilayers and conducting
a comprehensive study of optical and electrical characteristics. Additionally, a
thorough investigation of wide bandgap material-based RRAM is conducted to

understand the switching capability of these materials.
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Chapter 1 provides an overview of wide bandgap semiconductor materials where
the need of I1I-nitride LEDs along with the challenges in the III-nitride materials and
devices. Additionally, the current status of the UV LEDs is presented. A theoretical
investigation of QW-based AlInN nanowire UV LEDs is provided in Chapter 2 and
compared the results with AlGaN UV LEDs for demonstrating the improvement in
the device performance of AlInN nanowire UV LEDs. In Chapter 3, the growth
mechanism of AlInN core-shell nanowires is discussed along with the procedure for
the fabrication of these nanowire UV LEDs operating in UV-A and UV-B regions.
Further, various structural, electrical, and optical characteristics of the grown and
fabricated nanowire structures are presented. Additionally, an improved LEE for
these LEDs is demonstrated using different photonic crystal structures.

In Chapters 4, 5, and 6, various numerical studies are presented in which one
of the primary reasons for efficiency droop in deep-UV LEDs i.e., electron leakage, is
addressed by band-engineering several epilayers of the LED structures and introducing
several EBL-free structures. In Chapter 4, the electron leakage problem is addressed
by introducing an optimized thin undoped AlGaN strip layer in the middle of last QB
thereby conduction band barrier height is increased, and electron leakage is effectively
reduced. As a result, internal quantum efficiency and output power are significantly
improved. In Chapter 5, a high-performance EBL-free AlGaN deep UV LEDs is
demonstrated using a strip-in-a-barrier structure at 284.5 nm wavelength emission.
In the proposed structure, the EBL was successfully eliminated by integrating the
engineered thin intrinsic AlGaN strip into the middle of QBs without affecting
the carrier injection and transportation. In Chapter 6, the electron leakage and
hole injection problems are addressed by controlling the formation of polarization
charges with the integration of graded QBs instead of regular QBs in AlGaN deep
UV LED without the requirement of any p-AlGaN EBL. The elimination of the

growing p-heavily doped high Al composition AlGaN layers such as EBLs for deep
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UV LEDs, which reduces the device resistance, is an additional key advantage of
EBL-free structures from an epitaxial growth standpoint.

In Chapter 7, a study on a novel visible LED structure with an AlGaN last QB,
which is lattice-matched to the EBL is presented instead of the conventional GaN last
QB. Due to the lattice match at the last QB/EBL interface, the proposed LED stops
positive sheet charges from being formed there and improves the device performance.

In Chapter 8, a brief introduction including requirements and the working
principle of the RRAM device is presented. In Chapters 9 and 10, the design,
fabrication, and characterization of various wide band gap material-based RRAM
devices are presented. The multi-bit storage capability of these RRAM devices with
a reasonably high Reg/Ron ratio is experimentally demonstrated at a lower /ultralow
opeating currents. These devices have potential applications for low-power and
high-density data storage applications.

Finally, Chapter 11 presents the summary, future work, and outlook of this

dissertation.
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CHAPTER 2

THEORETICAL INVESTIGATION OF ALINN NANOWIRE
ULTRAVIOLET LIGHT-EMITTING DIODES

This chapter presents the theoretical investigation of relatively unexplored and novel

AlInN material system based nanowire ultraviolet (UV) light-emitting diodes (LEDs).

2.1 UV LED Applications
As a solid-state light source, UV LEDs offer several advantages over traditional
UV sources in terms of compactness, nontoxic material composition, low power
consumption, tunable emission across the UV region, and long lifetime. Current UV-C
LEDs with the output power level in the range of 100-mWs are suitable for water
disinfection applications [54,55]. Besides being used to destroy chemical bonds, UV
light can be employed to trigger chemical reactions, such as polymerization processes
during UV curing [56]. These processes take place at lower photon energies, typically
in the UV-A and UV-B spectral bands. UV light can also be employed to solicit
photo chemical reactions in living organisms [57]. Illumination of plants with UV-B
light provides a new way to naturally enhance the concentration of secondary plant
metabolites, creating healthier and more flavorful fruits and vegetables. Phototherapy
is another application of UV light sources in which UV light interacts with the living
cells of human skin tissue [58]. This application uses UV radiation to treat several
skin diseases, including psoriasis, vitiligo, and cutaneous T-cell lymphoma. UV light
has many other potential applications, including medical diagnostics, disinfection of
various surfaces, gas sensing, remote detection of biological and chemical compounds,
cancer detection, and many more [59-61]. Previously, for most of these applications,
low- and medium-pressure mercury lamps have been utilized, however, the mercury

lamps are found to be unsatisfactory as they are toxic, bulky and fragile, expensive,
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have a short life span, and emit only at a few specific wavelengths. Due to these
problems in the lamps, group [1I-nitride based UV LEDs are being employed for a wide
range of applications. Currently, the main customers of UV Light Emitting Diodes
are users of UV light in the wavelength range from 280 nm to 400 nm, accounting for

more than 90% of the total UV light source market [62].

2.2 Challenges in Current UV LEDs
The performance characteristics of UV LEDs strongly depend on their emission
wavelength. Usually, near-UV range (400-365 nm) photonic devices utilize InGaN-
based materials which take advantage of the same device technologies as the blue
LEDs, hence the performance level of near-UV emitters is close to those of blue
LEDs with EQEs ranging from 46-76% [53]. However, the current UV emitters
below 365 nm mainly use AlGaN-based UV LEDs. Nevertheless, the performance
of thin-film AlGaN-based deep UV LEDs remains very poor with efficiencies largely

in the single-digit percentage range, which has been affected by several factors that
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may include the high density of dislocations, electron leakage, inefficient epitaxial
growth and the poor p-type doping, resulting in low output power [52, 53,63, 64].
Another important challenge is the device’s light extraction efficiency (LEE) in 290
— 355 nm wavelength region. In this wavelength region as the Al-composition is
high and due to the geometry of the nanowires, the polarization of UV light changes
from transverse electric (TE) to transverse magnetic (TM) [E || c-axis|. As the TM
polarized light propagates horizontally, it reduces the LEE of the related UV LEDs
from the top surface [65-67]. Because of these limitations, AlGaN deep UV LEDs
have been suffering from EQE and very low output optical power.

Importantly, it is also observed that the EQE is dramatically decreased when
devices are operating at sub-250 nm wavelength [68-70]. For instance, the EQE of the
planar/nanowire AlGaN LEDs operating at 326 nm, 287 nm, 242 nm is recorded as
2.65% [71], 2.8% [72], and 0.012% [70] respectively. Also, the reported output optical
power of the 240 nm emission wavelength UV LED is only around 100 nW [73], which
is practically inadequate to utilize in real-world applications. Another factor, the
band tilting, which results in the spatial separation of electrons and holes (quantum
confined stark effect, or QCSE) can deteriorate the carrier radiative recombination
due to locally generated piezoelectric fields in the multiple quantum wells (QWSs) of
AlGaN UV LEDs. As a result, the LEDs’ internal quantum efficiency (IQE) may be
severely limited [74,75]. The IQE is improved to an extent by using nanowire [76,77]
and nanopillar [78] AlGaN LED structures, but QCSE is not suppressed completely.
In addition, piezoelectric polarization, high mobility of the electrons, and low hole
mobility in the LEDs lead to electron leakage into the p-type region which enhances
the droop in IQE [79]. However, electron has been mitigated with the integration
of an electron blocking layer (EBL) [63,80-82]. On the other hand, if it is not
well-designed, the EBL causes poor hole injection into the active region [83,84]. The
recorded maximum IQE of AIN nanowire deep UV LEDs at 210 nm is around 80% [85]
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but LEDs are suffering with severe efficiency droop. Another significant challenge in
deep UV LEDs is the ineffective p-doping in high Al content AlGaN or AlInN layers
due to the high activation energy of Mg acceptors. The activation energy of Mg
acceptors in InN, GaN, and AIN are 60 meV [86], 170 meV [87], 510 meV [44,87],

respectively.

2.3 Advantages of AlInN Light-Emitters
It is vital to identify and develop possible alternative UV materials in order to make
additional progress in the development of deep UV emitters. Until recently, the idea
of using additional group IIl-nitride UV materials for light emitters, such as AlInN,
was relatively unexplored, though it has great potential for application in UV and
visible LEDs. For example, if AlInN with a In composition of ~17-18% is grown on
GaN, lattice matching can be achieved [88,89] and the large refractive index difference
with GaN makes these a highly promising candidate for UV light emitters. Recent
studies have shown that AlInN offers a large optical gain for deep-UV LEDs [90].
In m-plan GaN/AlInN core-shell nanowire UV emitters, defect-free and QCSEs have
been achieved [91]. Using the k-p perturbation theory, AlInN compounds are reported
to be grown on both GaN and AIN templates, whereas AlGaN is detrimental to growth
on GaN templates [18]. Compared to AlGaN, AlInN offers a larger range of alloy
compositions that are optimum for UV emission, particularly for deep-UV emission
[92]. AlInN offers several advantages and is of great interest for replacing AlGaN
or InGaN in several photonic and electronic devices. For example, lattice-matched
GaN/AlInN superlattices have been utilized for intersubband transitions [93], high-
reflectance distributed Bragg reflectors [94], high-quality microcavities for vertical-
cavity surface-emitting laser structures [95], and high-performance, high-electron-

mobility transistors [96].
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Table 2.1 Parameters of 238 nm Wavelength AlInN and AlGaN Nanowire LEDs

Layer Thickness | Al content in | Al content in
(nm) AlInN LED AlGaN LED

n-GaN 200 - -

n-Al,In; N | 100 0.975 0.91

1-AlIny N 3 0.975 0.91

i-AlyIn;_,N 3 0.95 0.84

i-AlIn; N 3 0.975 0.91

p-Al,In; N | 100 0.975 0.91

p-GaN 10 - -

However, to date, no studies are available on AlInN nanowire LEDs emitting at
sub-250 nm wavelength. In this context, a novel EBL-free AlInN nanowire structure
with droop-free IQE for the deep UV LEDs operating at sub-250 nm wavelengths
have been explored and thier performance is thoroughly evaluated theoretically. The
device structure consists of a 200 nm thick n-GaN nanowire template, a 100 nm thick
n-Al,In;_;N, i-Al,Iny_,N/ i-Al Iny_,N/ i-Al,In;_,N (3 nm quantum barrier (QB)/
3 nm QW/ 3 nm QB), a 100 nm thick p-Al,In; ,N and a 10 nm thick p-GaN. The
values of x and y are presented in the Table 2.1 and the diameter of nanowire is

considered as 100 nm.

2.4 Device Model and Parameters
In this work, each nanowire was considered as one LED. All the LEDs are modeled
and the performance is evaluated in this dissertation using the Crosslight APSYS
toool. The electrostatic potential (¢) is computed using the Poisson’s equation

(Equation 2.1) which is the fundamental equation used to describe semiconductor
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device behavior.

V- (eVo)=—q(p—n+Np— Ny +0,—0n) (2.1)

where q is the electronic charge, ¢ is the permittivity of the semiconductor, n and p
are the electron and hole densities, N; and N} are the ionized acceptor and donor
concentrations respectively. o, and o, are the fixed charge from traps.

The carrier distributions including carrier (electron and hole) densities are

estimated by solving the current continuity equations (Equations 2.2 and 2.3)

_ (On aNg do,,

V-Jn—q(a— 2+ = R) (2.2)
_ (ON; Op 0o,

Ve q( ot ot ot R) (2:3)

where R is the electron-hole recombination (both radiative and non-radiative) rate,
Jp and J, are the electron and hole current density, respectively.

The position and momentum in space that are associated with the wavefunctions
in multiple QW active region are calculated using the Schrodinger Equation solver.
Further, the band structures are calculated using 6 x 6 k.p model [97]. The bandgap
energies of InN, GaN, and AIN are input into the model as 0.7 eV, 3.4 eV, and
6.2 eV, respectively [13]. The bowing parameters of AllnN and AlGaN are taken
as 3.4 eV and 0.7 eV [13]. Importantly, the built-in polarization created due to
both the spontaneous and piezoelectric polarization is considered and enabled it
as 10% of the theoretical value [42,98]. The background loss is assumed to be
as 2000 m~!. The band offset ratio for all simulations considered as 50/50 [41].
Further, non-radiative recombination mechanisms such as the Shockley-Read-Hall
(SRH) recombination lifetime, and the Auger recombination coefficient are set to be
5 ns, and 1 x 1073* cmS /s, respectively [98]. All simulations are performed at 300 K

temperature.
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Figure 2.2 Simulated, normalized (a, d) Internal quantum efficiency (IQE), (b, e)
Electron current density, (c, f) Hole current density of with/without EBL single QW
AlGaN nanowire UV LEDs at 320 nm and 238 nm emission wavelength.

2.5 Results and Discussion

2.5.1 Role of EBL in A1GaN UV LEDs with 320 nm and 238 nm Emission
Wavelengths

Figure 2.1(a) depicts the schematic diagram of the proposed AlInN nanowire LED
structure. The simulated emission spectra of AlInN nanowire UV LEDs at room
temperature is shown in Figure 2.1(b). It is evident that these devices can emit light
in the UV A, B, and C regions. Figure 2.1(c) presents the emitted peak wavelength
vs Al content (y) in the QW, which is consistent with the theoretical calculations.
Further, the performance of both AlInN and AlGaN based nanowire deep UV LEDs
are investigated and compared their simulated results. As part of this investigation, it
is vital to understand the role of EBL integration in deep UV LEDs. In this regard,
two types of deep UV LEDs that include EBL and EBL-free single QW AlGaN
nanowire LED structures were considered and the performance has been analyzed.
In these simulations, 10 nm thick p-doped Aly57Gag 43N and Alg gsGag goN layers were

considered as EBLs in the 320 nm and 238 nm LEDs.
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The normalized IQFE of the AlGaN UV LEDs with 320 nm emission wavelength
is shown in Figure 2.2(a). It is important to note that the integration of the EBL
improves the IQE which enhances the performance of this LED. In this context, the
integration of the optimized EBL can mitigate the electron overflow from the active
region as illustrated in Figure 2.2(b). The presence of EBL reduces hole consumption
in the p-doping region due to electron blocking from the active region, which enhances
hole injection, as presented in Figure 2.2(c). Figure 2.2(d) shows the normalized IQE
of the 238 nm wavelength LEDs and at this wavelength, both LEDs which are with and
without EBL have a significant amount of droop in IQE. Moreover, the integration
of the EBL worsens the IQE compared to the other case, which deteriorates the
performance of the LED. In the deep UV wavelengths, utilization of the EBL is
responsible for poor hole injection into the active region and is shown in Figure
2.2(f). As a result, the electron overflow increases from the active region and it can
be understood from Figure 2.2(e), which is similar to recent reported studies [79].
Hence, EBL-free LEDs are desirable for the development of high efficiency deep UV
LEDs. In this regard, we demonstrated that AlInN nanowire structures offer a perfect
approach to overcome such a problem. More details on role of EBL in UV LEDs will

be discussed in Chapter 4.

2.5.2 EBL-free AlInN vs. AlGaN LEDs at 238 nm
Emission Wavelength

Next, the EBL-free AlInN and AlGaN nanowire deep UV LEDs were modeled to emit
light at 238 nm emission wavelength. AlGaN LEDs with 1 QW, 3QWs, and 5QWs in
their active regions, as well as AlInN LEDs with 1 QW, were included for this analysis,
as shown in Figure 2.3. The normalized IQE of those LEDs is shown in Figure 2.3(a).
The performance of AlGaN nanowire LEDs improves with the number of QWs in the
active area, but the devices still exhibit IQE droop. The IQE droop increases with

the injected current in the AlGaN nanowire deep UV LEDs, as seen in Figure 2.3(a).
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Figure 2.3 Simulated (a) Normalized IQE, (b) Electron leakage current density, (c)
L-I characteristics, (d) I-V characteristics of AlGaN and AllnN LEDs at 238 nm

emission wavelength.

However, AlInN nanowire LEDs with 1 QW exhibit negligible efficiency droop due to
improved device performance, but AlGaN 1 QW nanowire LEDs exhibit considerable
IQE droop. The electron leakage from the active region is the primary cause of IQE
droop, and the electron leakage current density decreases as the number of QWs in
the active region of AlGaN nanowire LEDs increases. However, considerable electron
leakage is found even in AlGaN nanowire LEDs with 3 and 5 QWs.

In contrast, electron leakage from the active region is essentially negligible in
AlInN nanowire LEDs with 1 QW, as illustrated in Figure 2.3(b). The droop-free
IQE of AlInN LEDs is responsible for the high radiative recombination, which results
in higher output optical power as compared to other devices, as shown in Figure
2.3(c). The current-voltage (I-V) characteristics of AlInN LEDs are presented in
Figure 2.3(d), and the I-V characteristics of AlGaN LEDs are shown in the inset figure.
The AlInN UV LED has a greater turn-on voltage than other AlGaN-based UV LEDs
because of the large bandgap energy of the QB, which allows for significant band offset
between the QW and QB in the AlInN UV LED. Furthermore, the sharp interface
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between the n-GaN template and the n-AlInN segment can greatly contribute to the

increased device resistance and high turn-on voltage of the AlInN UV LED on GaN

template.

2.5.3 AlInN Nanowire UV LED with 1 QW vs. 3 QWs, 5§ QWs

The performance of AlInN nanowire deep UV LEDs with 1 QW, 3 QWs and 5 QWs in
the active region was evaluated at 238 nm emission wavelength. The normalized IQE
of the AlInN nanowire LEDs is shown in Figure 2.4(a). Because of the inhomogeneity
of carrier distribution in the multi QW active region, 1 QW LED devices exhibit
higher IQE than multi QW LED devices [99]. Furthermore, it has a greater output
power than multi QW LEDs, as shown in Figure 2.4(b). The carrier concentrations
of the 1 QW and 5 QWs AlInN nanowire LEDs are shown in Figures 2.4(c) and
(d). The non-uniform carrier dispersion is depicted in Figure 2.4(d). The radiation

recombination phenomena of 1 QW and 5 QWs AlInN nanowire LEDs are presented
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Figure 2.5 Simulated (a) E-B diagram of active region of AllInN 1 QW LED. (b) E-B
diagram of the last QW in active region of 5 QWs AlGaN LED (5 QWs are shown
in inset figure.) (c) Recombination rate (d) Carrier current density. (e) Spontaneous
emission rate (TE/TM). (f) TE spontaneous emission rate of AlInN 1 QW LED at
238 nm emission wavelength.

in Figure 2.4(e) and (f). In the case of multi QW LEDs, the radiative recombination
rates become quite non-uniform, with dominating radiative recombination reported
in the QW near the p-region [100, 101]. This is caused by insufficient carrier transit
from one QW to another. 1 QW LED has an estimated total radiative recombination
rate of 9.25 x 10%® /cm?s, which is greater than 5 QWs LED. 5 QWs LEDs have a

total radiative recombination of 9.18 x 10% /cm3s.

2.5.4 1 QW AlInN Nanowire UV LED

The energy band (E-B) diagram is explored to better understand the process of
improvement in 1 QW AlInN nanowire LED at 238 nm emission wavelength. The
E-B diagram of the active region of 1 QW AlInN nanowire LED is shown in Figure
2.5(a). The last QW in the active region of a 5 QWs AlGaN LED is depicted in Figure
2.5(b), and the entire active region is shown in the inset image. It is well established

that the polarization effect causes an energy band bending at the interface of the
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last QB and the p-type area, which may increase electron leakage from the active
zone into the p-type region. The effective potential height for electrons in the CB
for AllnN LED and AlGaN LED is 449 meV and 236 meV, respectively, as seen in
Figure 2.5(a) and (b). As a result, AlIGaN LED has fewer electrons in the QW and
notable electron leakage into the p-type region, where it consumes holes in the p-type
region. Therefore, AlGaN LEDs have reduced radiative recombination due to the
decreased carrier density in the active area. AlInN LED, on the other hand, has a
high effective potential height at the interface of the QB and the p-type region, which
reduces electron leakage and improves carrier recombination in the active region.

Figure 2.5(c) depicts the carrier recombination of AlInN LEDs. It is discovered
that radiative recombination is the dominant process, with a 2-order more than
SRH and Auger recombination. AlInN LEDs exhibit extremely minimal carrier
current density outside of the active region due to their excellent E-B structure
and dominating radiative recombination, as seen in Figure 2.5(d). As a result, the
proposed structure has a self EBL, with no electron leakage into the p-type region.
Here, most electrons are getting blocked in the active region without using the EBL,
which enhances the hole injection efficiency in the active region [83]. Furthermore,
AlInN LEDs exhibit practically minimal hole current density prior to the QW,
indicating that the majority of the injected carriers are radiatively recombining. As
a result, AllnN LEDs have a high IQE while exhibiting no droop.

Finally, the polarization properties of the emission from AlInN UV nanowire
LEDs at room temperature were also analyzed. TM and TE polarized emissions
are defined as the electric fields parallel (E|lc) and perpendicular (ELC) to c-axis,
respectively. 6 is the angle between the c-axis and light detection direction. At any
direction, the emitted light is not sole TE and TM polarized components and can be

written as [49,102]

1 component = TE spontaneous emission rate
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|| component = [TE spontaneous emission rate x (cos? 9)} +

[TM spontaneous emission rate x (sin? 0)]

In this work, considered § = 90 °, i.e., 1 component (E_LC) is TE spontaneous
emission rate and || component (E|c) is TM spontaneous emission rate. The
computation was carried out with an injection current of 1500 A/cm?. UV light
emission is largely TM polarized, as seen in Figures 2.5(e) and (f), which is
approximately 5 orders greater than TE polarized emission. The similar trend has
recently been experimentally reported for AlInN nanowire UV LEDs with a peak

wavelength of 295nm and will be discussed in Chapter 3.

2.6 Conclusion
In conclusion, the role of EBL in 320 nm and 238 nm emission wavelength LEDs has
been investigated. Importantly, this chapter reported the successful implementation
of design and simulation of EBL-free AlInN nanowire LEDs operating in the deep
UV region. It is found that the AlInN deep UV LEDs with 1 QW have better
performance in terms of IQE and output optical power compared to AlInN multi QW
and AlGaN based deep UV LEDs. Also, the electron and hole overflows were not
observed with these 1 QW AlInN deep UV emitters and exhibited strong TM polarized
emission. Furthermore, the reported 1 QW AlInN device structure is relatively easy
to epitaxially grow compared to multi QW structures thereby greatly reduce the

dislocation density and homogeneity of In distribution in the AlInN epilayers.
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CHAPTER 3

EPITAXIAL GROWTH AND CHARACTERIZATION OF
HIGH-PERFORMANCE ALINN NANOWIRE ULTRAVIOLET
LIGHT-EMITTING DIODES

This chapter introduces the epitaxial growth using molecular beam epitaxy (MBE)
of high-quality and performance AlInN nanowire structures by overcoming the
challenges involved and utilizing them in efficient ultraviolet (UV) light-emitting
diodes (LEDs). Further, it reports the first AlInN axial nanowire UV LEDs with
a relatively high internal quantum efficiency (IQE) of ~52% and light-extraction

efficiency (LEE) of ~63% at room temperature.

3.1 Challenges of AlInN Epitaxial Growth
Despite many benefits as discussed in Chapter 2, research on AlInN semiconductors is
severely constrained because of the immature epitaxial growth of high-quality AlInN.
Group-III nitrides grown by MBE under metal-rich circumstances often have smooth
surface morphologies at low growth temperatures. However, nitrogen-rich growth
produces rough surfaces at low temperatures [103]. Composition inhomogeneity,
which is frequently seen in the AlInN layer, is the primary problem with growing
AlInN by MBE [104,105]. Due to the extremely large differences between the ideal
growth temperatures for InN (~450 °C) and AIN (~800 °C), epitaxial growth of
AlInN has been challenging [106]. Furthermore, inefficient p-type doping in AlInN
has a significant impact on the electrical characteristics of the associated devices. Low
crystalline quality and poor device performance are the results of such issues. The
ability to make high-quality AlInN nanowires with no dislocations gives an alternate
method for creating new varieties of high-performance UV light emitters. Numerous

real-world uses can directly make use of these UV emitters.
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According to Speck et al. [107,108], MBE growth under nitrogen-rich environments
presents an efficient method of eliminating the composition inhomogeneity in the
AlInN. Homogenous AlInN layers with high In contents can be achieved by reducing
the Al flux and promoting AlInN development in a N-rich environment [107,108]. The
best choice, which provides uniform AlInN structures almost devoid of dislocations at
high In concentrations, appears to be nitrogen-rich generated nanowires. Although
nanowire structures have various benefits, to the best of our knowledge, axial
nanowire-based AlInN semiconductors generated by MBE have not been explored.
One of the notable characteristics of nanowire architectures is greatly improved light
output power because of significantly reduced dislocations and polarization fields
[109,110]. High-performance group I1I-nitride nanowire LEDs have been successfully
achieved on Si substrates [42,110,111]. Furthermore, the lowered formation energy of
the substitutional doping on the near-surface region might improve the surface doping

and electrical conductivity of nanowire LEDs [112].

3.2 Demonstration of AIInN Nanowire UV LED
In this study, an in-depth investigation of the epitaxial growth of Al,In;_,N/GaN
nanowires on Si (111) substrate using plasma-assisted MBE along with the structural
and optical characteristics is conducted. Additionally, the first axial AlInN core-shell
nanowire UV LED heterostructures are demonstrated that operate in the UV-A and
UV-B bands. The development of the AlInN epilayer results in the spontaneous
formation of an AlInN shell, which dramatically reduces non-radiative recombination
on the nanowire surfaces. By adjusting the aluminum content in the AlInN active
area, the peak wavelength can be varied from 290 to 355 nm. With an emission
wavelength of 295 nm, the AlInN UV nanowires have a comparatively high IQE
of about 52%. Moreover, the UV LED device exhibits strong UV light emission

with highly stable peak emission at 295 nm. The polarized optical properties of
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AlInN nanowire LEDs were also studied. It is demonstrated that the UV light
emitted by AlInN nanowire LEDs is mainly transverse magnetic (TM) polarized and
is about four times more intense than transverse electric (TE) light. For practical
applications, it is required to extract the TM-polarized photons from the top surface.
However, to the best of our knowledge, there has been relatively less research on the
polarization-dependent LEE for AllnN-based nanowire UV LEDs, despite the fact
that this research is crucial.

Recent research has demonstrated that the luminescence emission intensity
and stability can be significantly increased by using nanowire photonic crystals for
GaN-based nanowires and by controlling the nanowire radius, spacing between the
nanowires, and morphology of nanowires through selective area epitaxy [113-115].
Keeping this in mind, a simulation study on the light extraction properties of AlInN
nanowire LEDs for different photonic crystal structure arrangements such as hexagon
and square lattice of nanowires is conducted, and the results are compared with the
random arrangement. Though the light is TM polarized, the results demonstrate
that the primary light emission direction is from the top surface of the nanowires. By
controlling the nanowire radius and spacing between the nanowires, photonic crystal
designs can enhance the LEE significantly more than random configurations. The
principal cause of the reduced efficiency in the case of random nanowire architecture
is related to the multipath light scattering between neighboring nanowires, which may
localize the light inside the nanowires, or increase the length of the light escaping

path [116].

3.3 AlInN Nanowire Growth
AlInN core-shell nanowire LEDs and vertically aligned self-organized AllnN/GaN
heterostructures were grown on n-Si(111) substrates using radio-frequency plasma-

assisted molecular beam epitaxy. The RIBER RF-nitrogen plasma cell was supplied
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Figure 3.1 (a) Schematic structure of the AlInN nanowire on the GaN template.
(b) A TEM image of the AlInN/GaN nanowire shows that it has a clear core-shell
structure. EDXS line scan profile showing the quantitative variation in Ga, In and
Al signals along lines A-B. (c) and variation in the In and Al signal along lines C-D.
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with ultrahigh-quality nitrogen gas using an extraordinarily high-purity nitrogen
production technology. This system consists of a Delux nitrogen purifying system, a
valve control for bypass, a purifier, and heating control, as well as a bypass assembly
life status indicator. The oxide on the substrate surface was desorbed in situ at 780
°C. As illustrated in Figure 3.1(a), under nitrogen-rich circumstances and without
the aid of any external catalyst, first GaN nanowire templates were grown. The GaN
nanowires were grown under the following conditions: 770 °C growth temperature,
1.0 sccm nitrogen flow rate, 400 W of forward plasma power, and Ga beam equivalent
pressure of 6 x 1078 Torr. Self-organized AlInN segments were then grown on top of
the GaN nanowires to achieve UV light emission. The In and Al beam flux and/or
substrate temperature can be changed to alter the In composition in the active zone.
To improve the In incorporation, the growth temperature of the AlInN active areas

was adjusted between 670 °C and 720 °C. Both the nitrogen flow rate and plasma
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Figure 3.2 (a) Schematic diagram of the AlInN nanowire LED structure on Si.
(b) 45° tilted scanning electron microscopy image of a typical AlInN nanowire LED
sample showing uniform nanowires on Si.

power were held constant at 2.5 sccm and 400 W, respectively, during the epitaxial

development of AlInN segments.

3.4 Structural Characterization
The structural characteristics of AlInN nanowires were examined using scanning
transmission electron microscopy (STEM). As shown in Figure 3.1(b), the presence
of GaN and AlInN segments is confirmed. Like other published articles by our
group on InGaN and AlGaN nanowires [42,76,117], the wire diameter rose from the
GaN segment to the AlInN part and remained constant at the top of the nanowire.
Additionally, it was postulated that a core-shell AlInN/GaN structure may have
also evolved on its own during the epitaxial growth of the AlInN layer. Energy
dispersive X-ray spectroscopy (EDXS) analysis was carried out in the GaN and AlInN
areas, denoted as lines A-B and C-D in Figure 3.1(b), respectively, to describe the
compositional distribution in the nanowire. As corresponds to line scans A-B, the
highest intensity of Ga signal is found in the center of the nanowire and decreased

along the sidewalls of the nanowire, which is demonstrated in Figure 3.1(c). The Al
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signal, however, reached its peaks at the sidewalls and decreased towards the center
of the nanowire. Even though the observed In signal was much weaker than Ga and
Al signals, the existence of In was still determined by the detected In signals. As a
result, it was suggested that a special GaN/AlInN radial core-shell heterostructure
was grown. The EDXS line scan as shown in Figure 3.1(d) also revealed an AlInN
shell surrounding the AlInN core at the top of the nanowire, which corresponds to
line scans C-D. The In signal was confined within the nanowire. The Al signal was
once again highest at the sidewalls and greatly reduced in the core region of the
nanowire. The shell layer was calculated to have a thickness of around 13.6 nm at
the top of the nanowire, which gradually reduced to a thickness of 8.4 nm at the
bottom of the nanowire. These core-shell nanowire structures are formed similarly
to the core-shell nanowires of AlGaN/GaN and AlGaN/AlInN that were previously
reported [98,118]. Additionally, the presence of the shell layer may greatly improve
the optical characteristics of the underlying GaN nanowire templates and the AlInN
core.

Using the ideal growth conditions for AlInN nanowires on GaN templates,
AlInN/GaN UV nanowire LEDs were developed on Si substrates. Figure 3.2(a) shows
a schematic diagram of the device, which consists of a 200 nm GaN:Si segment, a
100 nm Al,Iny_,N:Si /40 nm i-Al,In;_,N /100 nm Al,In;_,N:Mg quantum wells
and 10 nm GaN:Mg. To modify the emission wavelengths of these AlInN UV
nanowire LEDs, the Al and In compositions in the active area may be adjusted by
varying the Al/In flux ratios and/or the growth temperatures. As presented in Figure
3.2(b), the nanowires are organized perpendicularly on the substrate and have rather
uniform heights, with top-of-wire diameters in the range of 90 nm. Such nanowire

characteristics are appropriate for device fabrication.
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Figure 3.3 (a) PL spectra of AlInN/GaN nanowires. The peak emission varied from
290 nm to 355 nm. (b) PL peak wavelength versus estimated Al composition. (c)
Temperature-dependent PL intensity of AlInN/GaN nanowires measured from 20 K
to 300 K. (d) PL spectra of AllnN/GaN nanowires measured from 20 K to 300 K
under an excitation power of 10 mW.

3.5 Optical Characterization
A 266 nm laser was used to analyze the photoluminescence (PL) spectra of AlInN
nanowires on GaN templates. The PL spectra of several AlInN/GaN nanowire
structures that were grown under various growth conditions are shown in Figure
3.3(a). As shown in the figure, by adjusting the Al content in the AlInN layers, the
range of the peak emissions varied from 290 nm to 355 nm. In this investigation,
the substrate temperature was raised from 670 °C to 720 °C while the Al/In beam
equivalent pressure (BEP) ratio remained unchanged. The nitrogen flow rate of
2.5 sccm was maintained. The increased In adatom desorption at higher growth
temperatures usually leads to a lower In composition in the AlInN, as a result, the
peak emission shifted to shorter wavelengths as the substrate temperature increased.
The peak wavelength at around 368 nm, as shown in Figure 3.3(a), is related to the
emission from GaN nanowire templates. Using the following equation, the Al content

in the AlInN layer is estimated,
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Epeak(x) = E,(x) = xE,(AIN) + (1-x)E,(InN) - bx(1 - x),
where Epg, is the PL peak energy at room temperature, x is the Al composition,
and E, is the bandgap energy. For the calculations, E,(AIN) was considered to be
6.2 eV [9] and E,(InN) was considered to be 0.64 eV [9], and the bowing parameter,
b was taken as 3.4 eV [13]. As illustrated in Figure 3.3(b), the Al concentration
was determined to be between 65.1% and 76.4%, which corresponds to an emission
wavelength between 290 nm and 355 nm. AllnN nanowires with an emission
wavelength of 295 nm with a strong emission intensity and a spectral linewidth of
around 28 nm were seen at a growth temperature of 710 °C. The optical characteristics
of these AlInN/GaN nanowires were subsequently studied using liquid helium with an
excitation power of 10 mW to determine their IQEs at various temperatures ranging
from 20 K to 300 K. Using the assumption that the IQE at 20 K is close to unity [85],
the integrated PL intensities of emission from the AlInN layer at room temperature
and at 20 K were compared to calculate the IQE.

As shown in Figure 3.3(c), the AlInN/GaN nanowire exhibits a relatively high
IQE of around 52% at room temperature due to the strong carrier confinement offered
by the AlInN shell and almost intrinsic AlInN core of the AlInN/GaN nanowire. The
temperature-dependent PL spectra of AlInN/GaN nanowires, recorded from 20 K
to 300 K, are shown in Figure 3.3(d). At 20 K, strong emissions at 290 nm was
recorded from AlInN and at 364 nm was recorded from GaN segments. For the
peak position of emission from the AlInN segment, S-shaped behavior was not seen.
At room temperature, the AlGaN segment produced the peak emission at 295 nm,
whereas the GaN layer produced the peak emission at ~ 368 nm. Redshifts were
observed for the peak wavelength emission from AlGaN and GaN, respectively with
the increase of temperature from 20 K to 300 K. The cause of redshifts may be due to

the bandgap shrinkages of AlGaN and GaN with the increase of temperature [119].
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Figure 3.4 (a) I-V characteristics of the AlInN UV nanowire LED. The inset shows
the I-V characteristics of the AlInN UV LED device on a semi-log scale. (b) EL
spectra of the AlInN UV nanowire LEDs under an injection range of 5-100 mA.

3.6 Fabrication Process
The MBE-grown nanowire LED samples were then fabricated using the conventional
lithography process as follows. To remove native oxides from the nanowire surface and
the oxide layer from the backside of the Si substrates, the nanowire LED samples were
first cleaned with HCI and subsequently with HF. Then, for n-contact, metal layers
of Ti (20 nm) and Au (120 nm) were deposited on the backside of Si wafers. E-beam
evaporation was used to deposit the p-metal contact of Ni (10 nm)/Au (10 nm) on
top of the nanowire samples. The top sections of the nanowires must be connected
together in order to improve the efficient current spreading of this p-contact layer,
which may be accomplished by tilting the substrate holder at a specific angle during
deposition. Layers of thick Ni (20 nm) /Au (120 nm) was then deposited on top of the
device to act as a metal pad. The fabricated devices with contacts made of Ti/Au and
Ni/Au were annealed at 550 °C for 1 minute. Unlike visible color InGaN/(Al)GaN
nanowire LED fabrication, filling materials and indium tin oxide (ITO) were not
employed in this process to avoid any light absorption in this UV wavelength region.

Fabricated LEDs with chip areas of ~ 500 x 50011m? were chosen for characterization.
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Figure 3.5 (a) TM and TE polarized spectra of the AlInN UV nanowire LED with

an emission wavelength of 295 nm measured at 10 A/cm?. (b) The simulation results
of TM- and TE-polarized emission from AlInN nanowire LEDs at 295 nm.

As illustrated in Figure 3.4(a), AlInN LEDs exhibit very good current-voltage
characteristics and low resistance at room temperature. It was determined that the
leakage current was very low, with a value of around 1 pA at -8 V. The turn-on
voltage of these UV nanowire LEDs was ~5 V, which is much lower than that of
the existing thin-film AlGaN LEDs in the same wavelength range [120,121] and is
also better than/comparable to that of the recently reported AlGaN UV nanowire
LEDs [85,122,123]. Electroluminescence (EL) spectra of the AlInN nanowire LEDs
subjected to 5 mA to 100 mA injection currents is shown in Figure 3.4(b). Due to
the low quantum-confined Stark effect (QCSE) in the LED devices, there was no
visible change in the peak wavelength, confirming the superb crystalline quality of
these AlInN nanowire heterostructures.

At room temperature, the light emission polarization features of AlInN UV
nanowire LEDs were also investigated. Transverse-magnetic (TM) is defined as the
electric field parallel to the c-axis (El|c) and transverse-electric (TE) is defined as

the electric field is perpendicular to it (ELc). The injection current during the
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Figure 3.6 (a) The simulated electron density of the AlInN nanowire LEDs with
and without EBL showing a similar trend of electron current distribution. (b) The
simulated I-V characteristics of AlInN nanowire LEDs with and without EBL.

measurement was 10 A/cm2. As shown in Figure 3.5(a), the UV light emission was
predominately TM polarized, which is around 4 times stronger than TE polarized
emission. Figure 3.5(b) depicts that the TM-polarized emission was around two
orders of magnitude brighter than the TE-polarized light, which is consistent with
the observation in Figure 3.5(a). Others have shown a similar polarization trend for
AlGaN LEDs in the same UV wavelength domain [48,122]. This conclusion is crucial
for the design of surface-emitting UV LEDs that use AlInN compounds to attain high

light extraction efficiencies.

3.7 Carrier Transport in AlIInN Nanowire LEDs
In addition to examining the performance of AlInN UV nanowire LEDs, an extensive
simulation study is conducted to study the carrier transportation and compare the
properties of AlInN nanowire LEDs with and without the incorporation of an electron
blocking layer. As illustrated in Figure 3.6(a), it is evident that electron leakage does
not occur or is low in both LED device topologies with a comparable electron current
density distribution. Nevertheless, EBL has a significant effect on hole injection

efficiency. The LED without EBL offers superior hole injection efficiency compared
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Figure 3.7 (a) Band diagrams of LEDs with and without EBL. (b) Hole concen-
tration in LED with and without EBL.

to other LEDs. The band diagram of the LED with EBL reveals band bending in
the valence band at the heterointerface of the EBL and quantum well, as shown in
Figure 3.7(a), leads to hole accumulation at the beginning of the EBL can be seen
from Figure 3.7(b).

As illustrated in Figure 3.6(b), this reduces the hole injection efficiency in the
quantum well and results in a greater turn-on voltage for AlInN UV nanowire LEDs
with EBL. The advantages of AlInN nanowire structures include the incorporation of
nanowire UV LED architectures on GaN templates and the usage of a basic structure
without an EBL for improved device performance. The EBL-free LED structure is
crucial for the development of deep UV LEDs, since the Al composition is nearly
at its maximum for deep-UV emission (below 240 nm). Therefore, the ideal EBL
structure is constrained, necessitating a larger bandgap energy to avoid electron
overflow efficiently. In addition, the usage of EBL will impact hole transport, resulting

in decreased hole injection efficiency into the active portion of the device.
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LEDs.
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3.8 Boosting LEE using Photonic Crystal Structures

The LEE of AlInN nanowire UV LEDs is estimated using finite difference time
domain (FDTD) simulation, which has been widely used in optical property analysis
of Il-nitride light-emitters [124,125]. In this study, LEE was estimated for randmoly
grown and photonic crystal structure arrangements such as hexagon and square
lattice of AlInN nanowire UV LEDs and thier performance is compared. For the
fair comparision, number of nanowires in random and photonic crystal structures
were considered same. The nanowire radius ranges of 40-64 nm and nanowire
center-center spacing ranges of 145-300 nm were considered in the simulation. A
single TM-polarized dipole source was positioned in the center of the active region
for all the simulations, which is appropriate for estimating LEE for a large area LED
device [126]. The all other material, structural parameters utilized in this study can
be found elsewhere [50].

The average LEE found for nanowire arrays with random distribution was
between 20% and 33%. For each independent investigation, LEE from the top surface
and from the sides is measured, and it is determined that around 75% of the total LEE
of 100% is emitted from the top surface, while approximately 25% is released from the
side walls of the nanowire. This indicates that, despite the light being TM-polarized,
the predominate direction of light emission is from the nanowire’s top surface due
to the substantial light scattering effect [66]. However, LEE for the random array of
nanowires is quite low.

Contour plots of LEE vs nanowire radius and spacing for both hexagonal and
square nanowire array topologies are shown in Figure 3.8 in order to understand of
the dependence of LEE on nanowires geometry. As illustrated in Figure 3.8(a), a
maximum LEE of 56% was estimated for a square array with a spacing of 195 nm
and a radius of 40 nm. For a hexagonal nanowire array, a maximum LEE of 63%

was computed for a spacing of 230 nm and a radius of 60 nm, as shown in Figure
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3.8(b). It can be understood from Fig. 4 that the nanowires geometry plays an
important role in directing the generated photons from the active region to the free
space. The maximum LEE of hexagonal arrays of nanowire LED is also found to
be greater than that of square arrays. This may be because the symmetry of the
hexagonal array is greater than that of the square array, allowing guided modes in
more directions to be turned into radiation modes [115,127]. Therefore, optimizing
the nanowire radius, spacing between nanowires, and nanowire arrangement might
assist to overcome total internal reflection at the semiconductor-air interface, improve
the chance of light escape, and subsequently raise the LEE. In the case of random
nanowire UV LED design, however, spatially random and high contrast refractive
index nanowires generate numerous scattering of light within the nanowires, which
may localize the light within the nanowires and reduce LEE. The periodic array of
nanowire LEDs is therefore extremely desirable for light propagation through the
structure and into the surrounding air.

Further, the percentage of LEE for both the topologies from top and sides of
the nanowire are estimated and provided in Figure 3.9. The obtained results in both
cases support the vertical emission of the LEE, although the nanowire structure favors
highly TM-polarized emission. For example, for a square array with a maximum LEE
of 56%, 41% of light can be extracted from the top surface, as shown in Figure 3.9(a),
and 15% can be extracted from the side walls of the nanowires, as shown in Figure
3.9(b). Also, for a maximum LEE of 63% in a hexagonal array, 60% of light can be
extracted from the top surface, as shown in Figure 3.9(c), while only 3% of light can

be extracted from the side walls of the nanowires, as shown in Figure 3.9(d).

3.9 Conclusion
In conclusion, the first AlInN axial nanowire UV LEDs with a relatively high 1QE

of 52% at room temperature is successfully demonstrated. There was no evidence
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of electron overflow in these nanowire UV emitters. The devices exhibited stable
and strong TM-polarized light emission. Also, it is understood that the LEE can
boosted using the photonic crystal arrangement of nanowires in AlInN nanowire UV
LED. The obtained results revealed that the LEE of the square array and hexagonal
array arrangement can reach upto 56% and 63%, respectively, with a dominant
vertical light emission. Overall, This study provides an alternative approach for the

fabrication of new types of high-performance ultraviolet light emitters.
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CHAPTER 4

DESIGN OF ELECTRON BLOCKING LAYER-FREE
ALGAN DEEP ULTRAVIOLET LIGHT-EMITTING DIODES

This chapter briefly discusses the problems involved with the integration of electron
blocking layer (EBL) in AlGaN deep Ultraviolet (UV) light-emitting diodes (LEDs)
and offers the design guidance to the EBL-free AlGaN deep UV LEDs to achieve

improved carrier transportation and radiative recombination.

4.1 The Role of EBL
The typical schematic energy-band diagram of AlGaN deep UV LED with main
functional regions are identified and represented in Figure 4.1. We do not consider the
polarization effects and band bending in this figure for simplicity of understanding.
The electrons come from the n-AlGaN current injection layer, which is (1); a part
of electrons recombine radiatively and non-radiatively with captured holes in the
active region (2); Al-rich p-AlGaN EBL (3) for effective electron blocking but blocks
incoming holes as well; the p-AlGaN hole injection layer (4) to improve hole transport;
and (5) the p-GaN contact layer for efficient hole injection. However, the lower
effective mass of electrons leads to higher mobility and drift velocity attributed to
the enormous difference in the transportation of electron and hole behavior in AlGaN
UV LEDs. Besides, default strong induced polarization fields, and quantum-confined
Stark effect (QCSE) in the active region contribute significantly to the separation
of electron and hole wave functions, leading to reduced carrier confinement [128].
Altogether, electrons can easily escape from the active region without being captured
with holes, leak into the p-region, and causes significant efficiency droop. The electron
leakage and efficiency droop proportionately increase with higher current injections,

leading to relatively impoverished radiative recombination and low output power in
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Figure 4.1 Schematic energy-band diagram of a conventional AlGaN UV LED.

AlGaN UV LEDs [128], [41]. This problem has been addressed by integrating Al-rich
(higher energy-band gap) p-AlGaN layer between the active region and p-region [129]
which is called EBL. The EBL increases the conduction band barrier height (CBBH)
and electrons require higher energy to overcome the EBL.

Here, it is important to understand that the integration EBL in LED can prevent
electron leakage from the active region but this is to an extent and not completely.
Simultaneously, EBL can also introduce the following problems, such as (1) hindering
of hole injection due to the generation of positive sheet polarization charges at the
interface of LQB and EBL [45], as shown in Figure 4.2. This has a detrimental effect
on carrier injection efficiency, as the electrostatic accumulation of positively charged
holes on the EBL promotes the escape of negatively charged electrons from the active
region through the EBL; (2) inefficient p-doping in high Al-content AlGaN EBL for
deep UV LEDs (< 300 nm wavelength emission) due to the activation energy of
the Mg acceptor increasing rapidly with the increased Al composition [87]. In this

context, many special type band-engineered EBLs have been proposed to mitigate
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Figure 4.2 Schematic energy-band diagram of a conventional AlGaN UV LED
including polarization effect and band bending.

above mentioned challenges and improve the carrier transportation in these light-

emitters.

4.2 Band-Engineering of EBL
Firstly, it is straightforward to tune the band structure of a device by incorporating
a functional layer to influence the carrier transport behavior. Different types of
EBLs have been proposed, as shown in Figure 4.3, to overcome the challenges of
the conventional EBL. For instance, in the p-type EBL region, Zhang et al. proposed
the incorporation of a very thin AlGaN layer in a traditional p-EBL structure to
form a p-AlGaN/ AlGaN/p-AlGaN EBL heterostructure, aiming to improve the hole
transport capability due to intraband tunneling process for holes [130]. Alternatively,
p-EBL with the Al profile in a linearly graded up [131], triangular shape (grading up
and down symmetrically) [132, 133] along the growth direction has been designed
and analyzed, which provides a considerable electron blocking ability, controlled
polarization and such a device was found to have a relatively smaller forward bias as

well.
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Figure 4.5 Estimated energy-band diagram of LED1 at 150 A/cm? current density.

Further, p-EBLs with the incorporation of a superlattice (SL) structures also
demonstrate the ability to create high-performance DUV LEDs by improving the hole
injection capability and transportation due to reduced Mg activation energy [134,135].
Inspired by these studies, a graded SL EBL was designed for further carrier injection
[136]. In another work, a novel double-sided step graded SL. EBL has been proposed
to improve hole activation and hole injection [137]. All these strategies are intended
to partially improve the capability of controlling electron leakage and improve hole
injection, only to an extent, but not completely. Some of these structures, positive
sheet polarization charges at the interface of LQB and EBL—have been controlled
or reduced to some extent but not eliminated completely. Importantly, most of the
engineered EBLs are still highly p-type doped materials, therefore, inefficient p-doping

due to higher Mg activation energy still exists.

4.3 EBL Free AlGaN Deep UV LED Design
To overcome the above discussed challenges in AlGaN deep UV LEDs, efficient EBL
free LED designs can be a good choice. With this motivation, an EBL free AlGaN UV
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Figure 4.6 Calculated energy-band diagram of LED2 at 150 A /cm? current density.
H.D. and H.A. are holes depletion and accumulation interfaces.

LED operating at 270 nm wavelength is designed, and it’s performance is compared
with that of conventional EBL based LEDs. Instead of integrating a p-type EBL
between the last QB and the hole-supplying layer in the p-region, it is proposed
here to insert an optimized, thin, undoped AlygGagoN strip in the middle of the
last QB. This AlygGagoN strip raises the effective conduction band barrier height,
preventing electron leakage into the p-type region [138]|. Furthermore, it promotes the
development of negative polarization sheet charges, resulting in the buildup of holes
at the AlggGagoN strip/last QB interface and efficient hole transportation into multi
quantum wells (QWs) through the intraband tunneling action [45]. The improved
carrier injection into multi QWs improves the proposed EBL free LED’s internal
quantum efficiency (IQE) and output power.

Three LEDs are investigated to estimate the efficacy of the proposed EBL free
deep UV LED, as shown in Figure 4.4. LED1 is a reference structure for an AlGaN-
based LED with conventional EBL grown on a c-plane AIN template. LED1 contains

3 um thick Si-doped AlygGagsN layer (5 x 10'® em™2), the active region consists
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of four pairs of 3 nm undoped Aly5GagsN QW and 12 nm AlyGagsN QB layers
followed by a 20 nm Mg-doped Aly;GagsN EBL (3 x 10 cm™2), then a 100 nm
Mg-doped AlgGag 4N layer (2x 10 cm™2) and a 20 nm Mg-doped GaN contact layer
(1 x 10* cm™3). The device area is 300um x 300um, and the emission wavelength is
planned to be 270 nm. LED2 has a similar construction to LED1, with the exception
of a 2 nm undoped AlysGagoN strip integrated in the centre of the LQB. LED3 is

the structure we suggest by deleting EBL from LED2.

4.4 LED Device Modeling and Parameters

Device simulations are performed using Crosslight APSYS tool. The electrical and
optical properties of LED structures are carefully analyzed in this study (see more
details in Chapter 2, section 2.4). The energy band diagrams of the LED structures
are estimated by using 6 x 6 k-p model [31]. The band gap of GaN and AIN
are considered as 3.42 eV, 6.2 eV respectively [32]. The bowing parameter and
band offset of AlGaN are set to be 0.94 eV, and 0.67/0.33 [33]. The radiative
recombination coefficient, Auger recombination coefficient and Shockley-Read-Hall
(SRH) recombination lifetime are considered as 2.13 x 107 cm?/s, 2.88 x 10730
cm®/s, and 15 ns respectively [34]. The background loss is set as 2000 m~! and
simulations are performed at room temperature.

Furthermore, the activation energy of Si-doped n-Aly¢Gag 4N is set as 15 meV
[35], whereas the activation energy of Mg-doped p-Aly;Gag 3N, p-AlysGag4N and p-
GaN is considered as 408 meV, 374 meV and 170 meV, respectively [87,87]. Moreover,
tunneling models are taken into account in LED2 and LED3. The built-in polarization
charges resulting from spontaneous and piezoelectric polarization are considered and
assumed to be 50% of the theoretical value. The methods described by Fiorentini
et al. are used to determine spontaneous and piezoelectric polarization in these

simulations [139].
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Figure 4.7 Estimated energy-band diagram of LED3 at 150 A/cm? current density.

4.5 Results and Discussion

The energy band diagrams for LED1, LED2, and LED3 are calculated to evaluate
the performance of the proposed EBL free structure, which are shown in Figures 4.5,
4.6, and 4.7. The effective conduction band barrier height (al) for a conventional
LED structure with a p-AlGaN EBL, LEDI, is 276 meV, as illustrated in Figure
4.5. In addition, the holes are subjected to the barrier height (b1) at the interface
of EBL/hole supplying layer p-AlysGag4N, and bl is 130 meV. The transportation
of holes is carried out as a result of the thermionic emission process. Meanwhile,
holes must gain an extra 120 meV of energy (b2) to reach the LQB/EBL interface.
Furthermore, the formation of positive polarization sheet charges at this interface
lowers the hole concentration due to the hole depletion effect, as seen in Figure 4.8(a).
As a result, another valence band barrier with an effective barrier height (b3) of 196
meV is formed. The holes are transferred here by thermionic emission and then
injected into multi QWs. The energy gained by the holes during this operation is Ab
= b3 - b2 - bl = -54 meV.
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Figure 4.6 shows E-B diagram of LED2. In this case, a 2 nm undoped
AlysGagoN strip is inserted in the middle of last QB (LQB). LQBI1 is first half
of LQB before the insertion of strip and LQB2 is second half of LQB after the
integration of the strip. The effective conduction band barrier height (al) is 355
meV at the integration of strip in the LQB. The holes experience the barrier height
(b1) of 120 meV at the heterointerface of EBL and hole supplying layer p-AlyGag 4N,
require an energy (b2) of 94 meV to reach LQB2/EBL interface. The hole transport
is supported by the thermionic emission process. Moreover, generation of positive
polarization sheet charges can be observed at LQB2/EBL interface and it is similar
to LED1. As a result, there exits hole depletion region and is presented in Figure
4.8(b). From this figure, it is understood that hole concentration is decreasing from
EBL/hole supplying layer p-Alg¢Gag 4N interface to LQB2/EBL interface.

Next, the holes are injected into multi QWs by crossing the AlGaN strip via

intraband tunneling and thermionic emission process. The formation of negative
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Figure 4.9 Estimated (a) IQE, (b) output power of LED1, LED2 and LEDS3.

polarization sheet charges at AlysGagoN strip/LQB2 interface can be observed
and it reduces the hole depletion effect and improves the holes concentration by
accumulating there. This phenomenon can be seen from Figure 4.8(c). During this
process, holes obtain energy of 389 meV at b3 and 72 meV at b4. The net energy
gained by holes is b44+-b3-b2-b1 = 247 meV and can be seen clearly from 4.6. Due to
higher effective conduction band height of LED2 which prevents the electron leakage
into p-region and insertion of 2 nm thick AlggGagoN strip in LQB is responsible
for intraband tunneling of holes into multi QWs which improves the hole injection
efficiency. As a result, LED2 shows improved performance in terms of IQE and output
optical power compared to LED1 and this can be seen from Figure 4.9.

LED?2 performance can be increased further by avoiding the creation of positive
polarization sheet charges at the LQB2/EBL interface, which enhances hole injection,
which is feasible with the removal of EBL. This is possible with the proposed
structure, LED3. LED3 has the same construction as LED2 but without the EBL.
The energy-band diagram of proposed EBL free LED3 is shown in Figure 4.7 and
calculated effective conduction barrier height (al) is 355 meV, which is same as in

LED2. The hole transportation is carried out via intraband tunneling and thermionic
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emission process at AlggGagoN strip. In addition, negative polarization sheet charges
formed at AlpgGag 2N strip/LQB2 interface and hole depletion effect is not observed
in LED3 which enhances the hole injection into multi QWs. The hole concentration
at Al0.8Ga0.2N strip/LQB2 interface is presented in Figure 4.8(d). Therefore, the
increase in hole concentration can be seen clearly in this Figure, and it is more than at
LED?2 at this interface. Overall, LED3 outperforms LED2 by preventing the creation
of positive polarization sheet charges at the LQB2/EBL interface like in LED2, and
by maintaining the requisite effective conduction band barrier height. As a result,
LED3 must have superior carrier injection, which is responsible for the high IQE and
output power displayed in Figures 4.9(a) and (b).

To further understand the performance of the proposed structure, we have
calculated electron and hole current densities of LED1, LED2 and LED3 and are
shown in Figure 4.10. It is clearly understood from Figure 4.10(a) that LED3 has
negligible and less electron leakage after the active region than LED1 and LED2. This
is due to the high effective conduction band barrier height as shown in Figure 4.7.
In addition, as shown in Figure 4.10(b), it has a higher hole injection efficiency than

others. This resulted from the incorporation of an optimum AlGaN strip into the
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LQB, which enabled intraband tunneling of holes and hence enhanced hole injection.
Higher IQE and output optical power are due to low electron leakage into the p-region
and increased hole injection into the active area of LED3. However, because to LED1’s
inadequate electron blocking capabilities, most electrons escape into the p-region
and consume incoming holes, resulting in non-radiative recombination. This reduces
hole injection into the active area, which causes IQE droop and decreased output
optical power. As shown in Figure 4.9(a), the predicted IQE droop in LED1 is about
50%, but the suggested LED3 has just 2% IQE droop. In Figure 4.11, the carrier
concentration and radiative recombination in the multi QWs of LED1, LED2, and
LED3 are computed. As predicted, the electron, hole, and radiative recombination
concentrations improve from LED1 to LED2, with LED3 having greater values than
others.

To get the optimal AlGaN strip composition, LED2 is simulated with Al
compositions of 0.7, 0.75, 0.8, 0.85, 0.9, and 0.95 in 2 nm undoped AlGaN strips.
Effective conduction band barrier heights are determined to be 241 meV, 285 meV,
355 meV, 329 meV, 316 meV, and 294 meV, respectively. Because the energy band
gap of Al,Ga;_,N grows with Al concentration, Alyg5GagosN is expected to have a
greater conduction band barrier height. In our investigation, the effective conduction

barrier height grew until the Al concentration of the strip reached 0.8, at which

53



——0.70
[ —=—0.75
| ——0.80
0.85
| ——0.90
—+—0.95
‘ ——0.90 - 6f ’ 1
oli_——o095, , (a) 0 . . (b)
0 50 100 150 0 50 100 150
Current Density (A/cm?) Current Density (A/cm?)

Figure 4.12 Estimated (a) IQE, (b) Output power of LED2 with different Al content
of Al,Ga;_,N strips.

point it declined. This is owing to extreme band banding at the LQB1/AlGaN strip
contact, which can be caused by a greater lattice mismatch. As a result, AlggGagoN
has the largest conduction band barrier height, which prevents electron leaking into
the p-region. Therefore, LEDs using an AlygsGagoNstrip are projected to have higher
IQE and output power than previous examples. Figure 4.12(a) depicts the estimated
IQE, whereas Figure 4.12(b) depicts the computed output power. From these figures,
it is observed that LED with AlygGag N strip has better IQE and output power.
Finally, in order to get the optimal structure, the thickness of the AlygGagsN
strip in LED3 was investigated. The IQE and output optical power of LED3 in
this work are engineered by altering the thickness of the AlGaN strip at various
values, including 1 nm, 2 nm, 3 nm, 4 nm, and 5 nm. The greater thickness of
the AlysGag N strip, on the other hand, may impede intraband tunneling for holes,
resulting in reduced hole injection [45]. As a result, as seen in Figure 4.13(a), the
IQE worsens with thicker AlGaN strips. As seen in Figure 4.13(b), this results in
decreasing output power as the strip thickness increases. As a result, a 1 nm thick

AlgsGag N strip is the best option for our suggested structure LED3.
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4.6 Conclusion
In this chapter, the role of EBL in AlGaN deep UV LEDs and importance of EBL free
LED designs are explained. Further, this work presented highly efficient EBL free
AlGaN UV LED emitting at 270 nm wavelength with alomost negligible IQE droop.
After rigours analysis, it is understood that the proposed 1 nm AlygGagsN strip-in-
a-barrier structure improved the carrier injection into multi QWs, IQE and output
power compared to conventional LED structure. Therefore, the proposed structure

has great potential to produce efficient UV light emitters for practical applications.
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CHAPTER 5

IMPLEMENTATION OF ELECTRON BLOCKING LAYER-FREE
ALGAN DEEP ULTRAVIOLET LIGHT-EMITTING DIODES
USING A STRIP-IN-A-BARRIER STRUCTURE

Though research on AlGaN-based ultraviolet (UV) light-emitting diodes (LEDs) is
performed extensively but it has remained difficult to achieve high efficiency at shorter
wavelengths in the deep UV regime due to several challenges [52]. One of the critical
issues is the internal quantum efficiency (IQE) and efficiency droop at high injection
current, due to electron overflow [128] and increased non-radiative recombination
[140]. To mitigate the electron overflow, an electron blocking layer (EBL) has been
introduced in between the active region and the p-region [129]. As described in
Chapter 3, Although, EBL can suppress the electron overflow, the hole injection
efficiency is also strongly affected, due to the formation of positive polarization sheet
charges at the heterointerface of the last quantum barrier (QB) and EBL [45, 46].
Moreover, efficient p-doping in high Al content EBL is difficult due to the high Mg
activation energy in such a high Al content layer.

In this context, high-performance EBL-free AlGaN deep UV LEDs using a
strip-in-a-barrier structure at 284.5 nm wavelength emission have been reported
which overcome the aforementioned problems related to the EBL. In the proposed
structure, the EBL was successfully eliminated by integrating the engineered thin
intrinsic Al,Ga;_,N strip into the middle of QBs without affecting the carrier
injection and transportation. The resulting strip-in-a-barrier structure shows notably
mitigated electron leakage and boosted hole injection into the active region, therefore
generating higher carrier radiative recombination and quantum efficiency. Moreover,
the elimination of EBL avoids the formation of positive polarization sheet charges at

the last QB/EBL interface could improve the hole injection into the active region.
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Figure 5.1 (a) Schematic diagram of the reference deep UV LED i.e. LED A,
conduction band of (b) LED A, and (c) proposed strip-in-a-barrier deep UV LED
ie. LED B.

5.1 Device Structure
As shown in Figure 5.1, the conventional structure, LED A, considered as a reference
consists of a 3 um n-AlysGagsN layer (Si: 5 x10'™ cm™2), 5 periods of 3 nm
Alp 4GaggN quantum wells are sandwiched between 12 nm Aly5GagsN QBs, a 20 nm
p-AlpsGagssN (Mg: 2 x10 em™3) EBL, a 50 nm p-Aly5GagsN (Mg: 2 x10%cm ™)
cladding layer, and a 120 nm p-GaN (Mg: 1 x10?° cm~3) contact layer. The device
area is 400 x 400 pum?. The conduction band schematic of the active region and EBL
of LED A is presented in Figure 5.1(b). The proposed strip-in-a-barrier structure,
LED B, presented in Figure 5.1(c), attained by integrating 2 nm intrinsic Al,Ga;_,N
strip in the middle of each QB and removing EBL from LED A. The optimized Al
composition (x) in Al,Ga;_ N strips (S; — Sg) are 0.51, 0.52, 0.53, 0.54, 0.55, and

0.66 respectively.

5.2 Device Parameters
The following parameters provided in Table 5.1 are considered while building the
device model for this study. The energy band diagrams of the LED structures are

estimated by using a 6x6 k.p model [97]. The bowing parameter and band offset
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Figure 5.2 Energy band diagram of (a) LED A, (b) LED B at 60 mA current
injection. E.R. is the electron reservoir region, H.D. is the hole depletion region, and
H.A. is the hole accumulation region.

of AlGaN are set to be 0.94 eV, and 0.67/0.33 [141]. The Mg activation energy
of Al,Ga;_,N for 0<x<1 is set to scale linearly [44] from 170 meV to 510 meV.
The SRH recombination lifetime, radiative, Auger recombination coefficient and light
extraction efficiency are set as 15 ns, 2.13x 107 em? /s and 2.88x107*%cm® /s and 15%
respectively [142]. The energy bandgap of GaN and AIN are estimated using Varshni
formula [143]. Where Eg(T) and Eg(0) are the energy bandgap at temperatures
T and 0 K respectively. a and b are material constants. The values of a, b, and
Eg(0) for GaN are 0.909 meV /K, 830 K, and 3.507 eV. The corresponding values for
AIN are 1.799 meV/K, 1462 K, and 6.23 eV, respectively. The carrier mobility is
estimated using the Cauchy-Thomas approximation [144]. The polarization charge
due to both spontaneous and piezoelectric polarization effect is estimated using the
method proposed by Fiorentini et al. [139] and only 50% of the estimated value is

considered in our model and other parameters can be found elsewhere [6].
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5.3 Energy Band Diagram
The estimated energy band diagrams for LED A and LED B at 60 mA current
injection are shown in Figure 5.2. ¢, and ¢, are the effective conduction band barrier
height at the corresponding barrier (n) and EBL respectively. As seen in Figure 5.2(a),
the ¢, for all QBs except last QB i.e., pc1 - pcs is 127 meV, p¢ value at last QB is 37
meV due to severe band bending, and ¢, is 235 meV for LED A. The ¢, value due to
integrated strips for all six barriers in the proposed EBL free LED B i.e.; ¢¢1 - ¢cg is 80
meV, 122 meV, 136 meV, 157 meV, 178 meV, 293 meV, respectively. The higher and
progressively increased . values in LED B can constructively confine the electrons in
the multi quantum wells (QWs) and effectively resist the electron overflow from the
active region, leading to the significantly reduced non-radiative recombination in the
p-region and enhance hole injection into the active region. However, the formation
of the hole depletion region due to the positive polarization sheet charges at the last
QB/EBL interface lessens the hole injection efficiency in LED A [45,46] and is shown
in the right side inset figure of Figure 5.2(a). This problem can be overcome by
removing the EBL from LED A. Tllustrated in Figure 5.2(b), the integration of 2 nm
intrinsic Alg g6Gag34N strip (Sg) in the middle of last QB of LED B that supports the
formation of hole accumulation region due to negative polarization sheet charges at
Se/last QB interface which also enhances the hole injection into the active region. At
this interface, the holes move forward due to the intraband tunneling and thermionic
emission then injected into the active region [45]. Therefore, an efficient electron
blocking capability with a higher hole injection capacity of the proposed EBL-free
LED B is expected to exhibit better carrier confinement in the active region and

leads to superior performance.
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5.4 Results and Discussion

The output characteristics such as IQE and output power as a function of current
injection for LED A and LED B are shown in Figure 5.3(a). The calculated maximum
IQEs for LED A and LED B are 35.69% and 60.71%, respectively. Moreover, the IQE
droop of LED B was significantly reduced to 16.8% from 53.7% (LED A). Also, at
60 mA current injection, the output power of LED B was remarkably increased by ~
203% to 19.93 mW from 6.56 mW (LED A). As shown in Figure 5.3(a), the calculated
output power of LED A closely matches with reference experimental reports (magenta
diamond curve) [1], which could validate our device model and parameters used in
this study. Further, the electron leakage profile into the p-region was calculated to
understand the reason behind this tremendous performance improvement in LED
B. Figure 5.3(b) shows the electron concentration profile in the last two QWs and
p-region for LED A and B. The electron leakage in LED B was notably mitigated
which is ~ 10.5 times lower than LED A. This prevents the undesired recombination
of electrons with incoming holes in the p-region, increasing hole injection into the
active region.

As a result, in comparison with LED A, as presented in Figure 5.3(c), LED
B has boosted electron and hole concentration throughout the active region. It is
important to mention that carrier concentrations in LED A and LED B are different
from the doping concentrations due to the dependency on the activation energy. The
electron concentration in n-Al¢Gag4N layer is 2.1 x 10'® em ™2 for both LEDs. The
hole concentration in EBL, cladding, and contact layers for LED A is 2.01 x 106 cm =3,
7.84x 10 ecm ™3, and 3.77 x 10®¥ cm 3. The corresponding hole concentration for LED
B is 5.46 x 10'% cm™3 and 4.1 x 10 cm™3. Also, the electrostatic fields in multiple
QWs of both LEDs are provided in Figure 5.3(d) and these values are lower in LED
B compared to LED A supporting the spatial overlap of electron-hole wavefunctions

which improves the radiative recombination process [145]. Due to this, the radiative
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Figure 5.4 Calculated (a) IQE-output power as a function of current injection, and
(b) Radiative recombination rate in multiple QWs of LED A without EBL, with
different Al compositions of the strip in the last QB (Sg).

recombination rate of LED B is increased by ~ 200% compared to LED A, as shown
in the inset figure of Figure 5.3(d). Therefore, LED B reports higher EL intensity
at ~ 284.5 nm under 60 mA current injection and is presented in the inset Figure
5.3(b).

Next, the complete design approach of our proposed strip-in-a-barrier device
i.e., LED B is explained. As an initial step, the Sg composition was engineered as Sg
has a critical role in preventing electron overflow and enhancing the hole injection into
the active region by forming the hole accumulation region at Sg/last QB interface.
To optimize the S6 composition, we have considered LED A by removing EBL and
integrated 2 nm undoped Al,Ga;_,N strip in the middle of the last QB then analyzed
the performance of the strip by varying Al profile (X) from 0.61 to 0.70 with 0.01
increment. For a better view, data is shown for x = 0.62, 0.64, 0.66, 0.68, and 0.70.
It is worthwhile to mention that increasing Al composition in the strip increases
the effective conduction band barrier height (¢.) that effectively blocks the electrons
and mitigates the overflow into the p-region. However, a higher Al composition

strip may also be responsible for severe band bending due to the generation of a
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Figure 5.5 Calculated (a) IQE-output power as a function of current injection, and
(b) Radiative recombination rate in multiple QWs of LED A without EBL, with
optimized Sg, with different Al compositions of strip in the QB1 (S;).

stronger local electric field and higher lattice mismatch over there. This leads to
separate electron and hole wave functions in the corresponding QW and minimizes
the radiative recombination there.

Figure 5.4(a) provides the information of IQE-output power as a function of
current injection for x=0.62, 0.64, 0.66, 0.68, and 0.70 in S¢. The IQE and power
are increased for LEDs with the Al contents varying from x = 0.62 to 0.66, recorded
maximum at 0.66 and reduces with further increment in x. Obviously, AlyesGag 34N is
a good fit for Sg which can well tradeoff between electron overflow and band bending.
Contrarily, S¢ with x=0.68 and 0.70, can block electrons effectively, but severe band
bending at Sg causes almost negligible radiative recombination in the last QW as
shown in Figure 5.4(b). Overall, compared to any other LED with different AlGaN
strip in the last QB, LED with AlyesGag 34N strip has higher IQE-output power with
uniform radiative recombination in all QWs. Therefore, we consider AlggsGag 34N is
the optimal strip composition for Sg.

Without compromising hole injection into the active region and minimizing the

electron overflow from the active region, a 2 nm undoped Al,Ga;_,N strip (S;) was
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proposed to insert in the middle of the QB; which is before first QW. The S; is
expected to help cool down hot electrons before injecting them into multiple QWs
and controls overall electron transportation into active regions, therefore, minimizing
the electron overflow, similar to our earlier report [146]. The formation of an E.R.
at n-AlysGag4N/first QB interface in LED A could slow down the electrons which
can be seen from the left inset figure of Figure 5.2(a). The integration of S; (y=0.51)
in the first QB enhances the electron blocking capability further in E.R. which is
desirable and can be seen from the left inset figure of Figure 5.2(b). Besides, higher
Al profile (y) strips can generate a strong local electrical field at the interface that
adversely affects the entire active region. As a result, radiative recombination in each
QW is reduced which leads to lower IQE and output power. To decide the best y
value for S;, LED A was considered but without EBL and integrated 2 nm undoped
Alpe6Gag3aN strip (Sg) and analyzed the device performance by varying y from 0.5
to 0.65 with 0.01 increment in S;.

The IQE-output power as a function of current injection for y = 0.50, 0.51, 0.52,
0.55, 0.60, and 0.65 in S; (For a better view, data is shown for only y = 0.50, 0.51,
0.52, 0.55, 0.60, and 0.65.) are shown Figure 5.5(a). As depicted in Figure 5.5(a),
the maximum IQE was increased to 52.77% (y=0.51) from 40.97% (y=0.50, i.e., no
strip case) which is a 28.8% increment. Moreover, IQE droop was reduced to 19.55%
from 25.38% and the output power was boosted to 16.76 mW from 12.06 mW which
is a 38.97% improvement. The performance of LED is almost similar and slightly less
up to y=0.55 of S;. For higher y values i.e., 0.6 and 0.65, the related performance
started decreasing due to the generation of stronger electric fields. This leads to
separate electron and hole wavefunctions in QWs, lessens the radiative recombination
as shown in Figure 5.5(b) and is responsible for lower IQE-output power as presented
in Figure 5.5(a). Altogether, Alys Gag 49N strip is the optimal design for S1 which

significantly improved the LED performance.
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Figure 5.6 Calculated (a) IQE-output power as a function of current injection, and
(b) Radiative recombination rate in multiple QWs of LED A without EBL, with
optimized S; and Sg, with different Al incremental in So-Ss.

To achieve the maximum device performance, the remaining strips i.e., S9-S5
in the proposed LED were also studied carefully. For this analysis, LED A was
considered without EBL, with optimized S; and Sg (best structure from Figure 5.5)
and inserted 2 nm undoped Al incremental Al,Ga,_,N strips (S2 —S5) in QB, — QB
These Sy — S5 strips help not only to progressively block the electrons in the active
region along with S; and Sg but also enhance carrier injection into the active region.
[lustrated in Figure 5.6(a), LED with 1% Al incremental strips from S; (i.e., So-Ss:
0.52, 0.53, 0.54, 0.55; Sy: 0.51 and Sg: 0.66) which is LED B exhibits the best IQE and
highest output power. The maximum IQE was reached to 60.71% (1% Al incremental
strips) from 52.77% (N.S. i.e., no Sy — S5 which is the best case from Figure 5.5); IQE
droop was reduced to 16.8% from 19.55% and output power was amplified to 19.93
mW from 16.76 mW.

In contrast, IQE and output power of these types of LEDs worsen with
increasing Al incremental strips i.e., 2% Al incremental strips and 3% Al incremental
strips which is due to almost negligible radiative recombination in the last QW for

2% Al incremental strips LED and absence of radiative recombination in the last
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Figure 5.7 Calculated IQE-output power as a function as of current injection for
(a) LED B with different strip thickness, and (b) LED A without EBL, with 1 nm
uniform strips and proposed LED (LED B with 1 nm strips).

two QWs for 3% Al incremental strips LED, can be seen from Figure 5.6(b). As
shown in Figure 5.6(b), the enhanced carrier injection into the active region for
1% Al incremental strips LED improved the radiative recombination proportionately
compared to no So—S5 LED (i.e., the best case from Figure 5.5) and is the evidence for
high IQE-output power. Therefore, removing the EBL from LED A and integrating 2
nm undoped Al,Ga;_,N strips (S; —Sg) with x = 0.51, 0.52, 0.53, 0.54, 0.55, and 0.66
(considered as LED B), would be the best candidate to achieve higher performance.

Next, the dependency of the strips’ thickness on LED B performance is
investigated. Illustrated in Figure 5.7(a), the IQE and output power of LED B were
boosted with decreasing strip thickness to 1 nm due to enhancement in the intraband
tunneling for holes [45]. Therefore, the hole injection is increased, leading to enhanced
IQE and output power. On the other hand, increasing strip thickness to 2 nm, 3 nm,
and 4 nm may worsen the hole injection due to the inefficient intraband tunneling for
holes which limits IQE and power.

Finally, the performance of the proposed LED is compared to uniform strip-
based LEDs. As given in Figure 5.7(b), LEDs with uniform 1 nm strips (example:

U55% LED has all Alys55Gag 45N strips) were analyzed, and results were compared
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with the proposed LED. The lowest performance was recorded in U55% LED due to
severe electron leakage problems caused by low Al composition strips, whereas U66%
LED exhibited low performance due to severe band bending caused by strong local
electric fields due to high Al composition strips. However, the better performance
among the uniform strip LEDs was reported in U62% LED but the performance is
not comparable to the proposed LED. Therefore, LED B with 1 nm thickness strips
is the optimal choice which exhibits 61.5% maximum IQE (~ 70% higher than LED
A), 12.4% IQE droop (~ 333% lower than LED A), 21.23 mW power (~ 225% more
than LED A), lower electron leakage (~ 11% times less than LED A), and higher

radiative recombination (~ 220% more than LED A) under 60 mA current injection.

5.5 Conclusion
In this chapter, the impact of conventional p-EBL on AlGaN deep UV LEDs
was explored. Furthermore, the p-EBL free strip-in-a-barrier LED structure was
successfully demonstrated and suggested by systematically band engineering the strips
in all QBs, which can effectively suppress electron overflow and support enhanced
hole injection into the LED active region compared to conventional LED. There was
a considerable improvement in radiative recombination, IQE, and output power over
traditional LED. The proposed EBL-free AlGaN strip-in-a-barrier LED offers a lot of

potential for making high-power UV light emitters for practical applications.

67



Table 5.1 Effect of Lattice Non-ideality on the Magnitude of Spontaneous
Polarization in ITI-nitrides
Paramater Symbol (unit) GaN AIN
Lattice constant at 300 K ag (A9) 3.189 3.112
Lattice constant at 300 K co (A9) 5.185 4.982
Crystal-filed split energy Acr (meV) 10 -169
Spin-orbit split energy Aso (meV) 17 19
Electron effective mass (c-axis) m¢/m, 0.2 0.32
Electron effective mass (transverse) mt /m, 0.2 0.28
Hole effective mass A -7.21 -3.86
Ao -0.44 -0.25
As 6.68 3.58
Aa -3.46 -1.32
As 34 -1.47
Ag -4.49 -3.4
Elastic stiffness constant c11 (Gpa) 390 396
c12 (Gpa) 145 137
c13 (Gpa) 106 108
c33 (Gpa) 398 373
ca4 (Gpa) 105 116
Shear deformation potential D, (eV) -3.7 -17.1
D5 (eV) 45 7.9
D3 (eV) 8.2 8.8
Dy (eV) 41 3.9
Ds (eV) -4 -3.4
Dg (eV) -5.5 -3.4
Mg-activation energy (meV) 170 510
Piezo-electric constants es1 (C/m?) -0.49 -0.6
ess (C/m?) 0.73 1.46
Si-activation energy (meV) 15 250
Hydrostatic deformation potential (c-axis) az (eV) -4.9 -3.4
Hydrostatic deformation potential (transverse) at (eV) -11.3 -11.8
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CHAPTER 6

POLARIZATION ENGINEERED ELECTRON BLOCKING
LAYER-FREE ALGAN DEEP ULTRAVIOLET
LIGHT-EMITTING DIODES

Presented in Chapters 4 and 5, severe electron leakage from the active region is one of
the critical challenges in AlGaN deep ultraviolet (UV) light-emitting diodes (LEDs).
In this regard, p-type AlGaN electron blocking layer (EBL) has been utilized to
mitigate the electron leakage. However, it has an impact on hole injection because
of the formation of positive polarization sheet charges at the hetero-interface of the
EBL and last quantum barrier (B). This problem has been addressed in this chapter
by engineering the formation of polarization charges with the integration of graded
QBs instead of regular QBs in AlGaN deep UV LED without the requirement of any
p-AlGaN EBL.

6.1 Device Structure and Parameters
Three LED device structures were designed, and their performances were evaluated in
this study. A conventional AlGaN deep UV LED structure (LED 1) with an emission
wavelength of 284 nm is used as a reference structure. As shown in Figure 6.1(a), LED
1 has a 3 pum n-AlyGag 4N (Si: 5x 1078cm?/s) template layer, an active region made
up of five intrinsic 3 nm Aly4GaggN quantum wells (QWs) sandwiched between six
intrinsic 12-nm-thick Alg5GagsN QBs, a 20 nm p-Algs5GagssN (Mg: 2x 107 ¥cm? /s)
EBL, a 50 nm p-Alg5GagsN (Mg: 2 x 107%cm3/s) hole injection layer, and a 120
nm p-GaN (Mg: 1 x 1072°cm?/s) contact layer. In addition, the Al composition (%)
profile information for LED 1 is displayed in Figure 6.1(b). LED 2 was then built from
LED 1 by removing the EBL and replacing it with QBs with a greater Al content.

The Al content in each QB is 51%, 54%, 57%, 60%, and 75%, respectively, as shown
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Relative Position

Figure 6.1 (a) Schematic diagram of LED 1, Al composition (%) profile related to
the conduction band of (b) LED 1, (¢) LED 2, and (d) LED 3.

in Figure 6.1(c). Finally, the proposed structure (LED 3) illustrated in Figure 6.1(d)
is similar to LED 2 with the exception of the QBs, which were linearly graded from
51%, 54%, 57%, 60%, and 75% to 50%. The chip area of all LEDs is 400 x 400
pm?. The information related to the device model and parameters can be found in

Chapters 4 and 5.

6.2 Results and Discussion
As shown in Figure 6.2, the energy-band diagrams at an injection current of 60 mA
are estimated in order to comprehend the performance of the three deep UV LED
designs. First, the effective conduction band barrier heights (CBBHs), which are the
maximum difference between the conduction band energy level and its quasi-Fermi
level, are indicated as ¢., and ¢gpr,, respectively. The estimated values are presented
in Table 6.1 based on the energy-band diagrams. 235 meV is the ¢gpr, required to
inhibit the electron overflow in a conventional LED. This value is quite low compared
to the QB heights (¢es) of LED 2 and LED 3 without EBL. Due to the steady rise in

Al-compositions of QBs, the ¢, values of both LED 2 and LED 3 increase with each
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Figure 6.2 Estimated energy-band diagrams of (a) LED 1, (b) LED 2, and (¢) LED
3 at an injection current of 60 mA. E.A. is the electron accumulation region in the
conduction band, H.D. is the hole depletion region, and H. A. is the hole accumulation
region in the valence band.

QB, effectively preventing the electrons from jumping out of the QWs. In addition,
as compared to LED 3, the ¢., values of LED 2 are considerably high because of
the constant barrier compositions. It should assist in improving electron confinement
in the active region in general. But in LED 2, a very big lattice mismatch between
the QBs and QWs causes higher electric fields in the active region. This affects the
carrier confinement held in place and is explained in more detail. Further, ¢.s of LED
3 is higher than ¢ggr, of LED 1 and ¢ of LED 2. Consequently, it is anticipated
that LED 3 will significantly reduce electron leakage from the active region.

Second, it’s important to note, as shown in Figure 6.2(a), that positive
polarization sheet charges cause a sharp bend in the conduction band at the point
where the EBL and the last QB of LED 1 meet. This area accumulates a significant

amount of electrons, 3.66 x 10'6 cm™3

, which ultimately leads to nonradiative
recombination [147]. As observed in Figure 6.2(a), the same positive polarization

sheet charges in the valence band of LED 1 also cause the formation of a hole
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Figure 6.3 Calculated (a) Electron concentration, (b) Electron leakage, (¢) Hole
concentration, and (d) Radiative recombination of LED 1, LED 2, and LED 3.

depletion region at the hetero-interface of the EBL and the last QB. This has a
significant impact on the efficiency of hole injection into the active region [46]. In
the case of LED 2 and LED 3, removing the EBL eliminates the previously noted
issue. In addition, as demonstrated in Figures 6.2(b) and 6.2(c), EBL-free LED
designs promote the creation of negative sheet polarization charges at the interface
of p-AlysGagsN and the last QB, which increases the hole injection efficiency.

Last, ¢n, is the effective valence band barrier heights (VBBHs), which are
defined as the highest difference between the valence band energy level and its
quasi-Fermi level for holes at the corresponding QB (n). The determined equivalent
values are presented in Table 6.2. The values of ¢y, are observed to be greater in
LEDs 2 and 3 compared to LED 1 because of an increase in the Al content in the
QBs. This contributes to enhancing the concentration and confinement of holes in
the active region. Additionally, a very high ¢y, might impact the hole transport in
the active region, which is the case with LED 2. LED 3 has lower ¢y, values than

LED 2 owing to the graded composition of the QBs. Overall, it is predicted that the
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Figure 6.4 The electrostatic field in the active region of LED 2 and LED 3.

suggested structure, LED 3, would exhibit more efficient hole transport in the active
region than other LEDs.

The electron concentration, electron leakage, hole concentration, and radiative
recombination of the three LED configurations at an injection current of 60 mA are
presented in Figure 6.3. For better viewing, the location on X-axis is slightly moved
for LEDs. As predicted, in comparison with other LEDs, LED 3 demonstrates a
considerably enhanced electron concentration in the active area, as shown in Figure
6.3(a). In addition, it is escalating as a result of particularly designed QBs. Due to
the efficient confinement of electrons in LED 3, electron leakage into the p-region is
drastically decreased compared to the other two LEDs, as depicted in Figure 6.3(b).
Due to the inadequate confinement of electrons in the active region of LED 2, it is also
noted that LED 2 has an even worse electron leakage than LED 1. This would enhance
nonradiative recombination in the p-region of LED 2 and diminish the efficiency of
hole injection. Although there is a creation of negative sheet polarization charges
at the interface of p-Alg;GagsN/last QB, hole injection efficiency into the active
region is greatly impaired owing to severe electron leakage in LED 2. Because of

the decreased electron leakage in LED 3, the chance of non-radiative recombination
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Table 6.1 Effective Conduction Band Barrier Heights of QBs (¢en) and EBL (¢gpL)

for LED 1, LED 2, and LED 3

CBBH | LED 1 (meV) | LED 2 (meV) | LED 3 (meV)

Pe1 107.5 142.9 107.2
P2 114.3 167.3 109.9
Pe3 113.8 232.6 120
Ped 112.6 300.6 149.2
Pes 110.1 330.1 175.2
Pet 31.2 242.2 314.7
OEBL 235 - -

Table 6.2 Effective Valence Band Barrier Heights of QBs (¢y,) for LED 1, LED 2

and LED 3
VBBH | LED 1 (meV) | LED 2 (meV) | LED 3 (meV)
Pn2 251.9 367.1 270.8
Pn3 250.3 427.1 321.7
Pna 249.3 471.4 367.2
D5 248.1 502.1 405.9

of the overflowed electrons with the arriving holes would be lowered in the p-region.
This would increase the efficiency of hole injection into the active region in LED 3.
As a consequence, LED 3 has a higher hole concentration, and LED 2 has the lowest
hole concentration in the active region compared to other LEDs, as shown in Figure
6.3(c). As a result of LED 3’s better electron and hole concentrations, radiative
recombination was considerably boosted, as shown in Figure 6.3(d). Though the last
QB of LED 2 can tolerate more electrons due to strong band bending, but it failed
to confine the holes; as a consequence, it shows insufficient radiative recombination.

To further comprehend the physical mechanism behind the increased carrier

confinement in this proposed graded QB structure, the net polarization charge density
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and electrostatic field in the active region are calculated. The electrostatic field in

the active region can be estimated using the following Equations (6.1) - (6.3) [148]

low - AP
Eoqp ~ —— W (2) (6.1)
ZQW “EQB T ZQB CEQW
EQB . lQB = EQW . lQW (62)
AP(z) = b — - 2 (6.3)

Where Eqp and Eqw represent the electrostatic field in the QB and QW
respectively. AP(z) denotes the charge density of net polarization; z is the point
along the growth direction. eqp and eqw respectively reflect the dielectric constants
of QB and QW. lqw and lgg are the QW and QB thicknesses, respectively. a§°1 is the
polarization-induced sheet charge density at the interface between QB and QW, and
pgd is the polarization-induced bulk charge density in QB. It is preferable to have a
reduced electrostatic field in the QW area in order to properly confine electrons and
holes [15]. According to Equation (6.2), decreasing the value of Eqp may likewise
decrease the value of Eqw. In addition, as shown by Equation (6.1), Eqp may be

decreased by reducing the value of AP(z). However, AP(z) is connected to o5 and

pg’l, as shown by Equation (6.3). Therefore, these characteristics are determined

as follows for LED 2 and LED 3. The polarization-induced sheet charge density in
1/m? at the QB/QW interface is characterized as a function of spontaneous Psp and

piezoelectric polarizations, Ppp [149], respectively.

o8 = {Psp(QB) — [Psp(QW) + Ppp(QW)]} x 6.242 x 10'%, (6.4)

The Psp and Ppp in C/m? can be written as [139]

Psp (Al,Gay_4N) = —0.09z — 0.034(1 — z) + 0.019z(1 — ), (6.5)
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Table 6.3 Calculated o5” at the QB/QW Interface, (1/m?) and o5 in the QBs,
(1/m?) of LED 2 and LED 3

1 1 1 1 1 1 1 1
og’ op’ og’ o’ og’ op’ og’ op’
QB2/QW2| QB2 QB3/QW3| QB3 QB4/QW4| QB4 QB5/QW5| QB5

LED2 | 20948 x | 0 3783 x | 0 4631 x | 0 5493 x | 0
1016 1016 1016 1016

LED3 | 2672 x | 2348 x | 2672 x | 9468 x | 2672 x | 1.67 x | 2.672 x | 2404 x

1016 1023 1016 1023 1016 1024 1016 1024

Ppp (Aleal_XN) =T PPP(AIN) - S+ (1 - CL’) . Ppp(GaN) - S (66)

where,

Ppp(AIN) = —1.808 - 5 + 5.624 - s* for s < 0,
Ppp(AIN) = —1.808 - s + 7.888 - s* for s > 0,
Ppp(GaN) = —0.918 - 5 + 9.541 - 5%,

. QB+ — QW it )
Basal strain (8) _ lattice constant lattice constant

QWIattice constant

The values of the lattice constant can be found elsewhere [149]. Also, the polarization-

induced bulk charge density(1/m?) in the QB can be derived as [150].

voi _ [P (ALGay_y N) + Py (AL, Gay_y N)] = Py, (AL, Gay «N)

x 6.242 x 10'®
b z(y) — 2(x)

(6.7)

Here, the QB is graded from Al,Ga;_,N to Al,Ga;_,N, and (2(y) — 2(z)) is the

grading distance. Finally, the calculated values of 05 and pi' for LED 2 and LED
3 are listed in Table 6.3.

Due to the decreased lattice mismatch at the interfaces, the agd values for LED

3 are much lower than those for LED 2. Moreover, the p”' values of the QBs in LED

3 are raised owing to a compositionally graded Al profile. In compared to LED 2, the

AP(z) values of LED 3’s graded QBs are lowered overall. This results in a decreased
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Figure 6.5 Calculated (a) IQE, (b) EL intensity, (¢) L-I, and (d) I-V characteristics
of LED 1, LED 2, and LED 3.

electrostatic field (Eqp) in all QBs. Consequently, it is anticipated that the QWs
of LED 3 will exhibit a decreased electrostatic field (Eqw). Figure 6.4 depicts the
electrostatic field in the active region of LEDs 2 and 3. As expected, multiple QWs
of LED 3 display lower electrostatic fields than LED 2, resulting in enhanced carrier
confinement.

The IQE, EL intensity, and L-I-V properties of all LEDs are depicted in
Figure 6.5. As shown in Figure 6.5(a), the highest computed IQEs for LED 1,
LED 2, and LED 3 are 35.69%, 29.45%, and 38.84%, respectively. Under 0-60 mA
current injection, the IQE drop is 94.7% owing to an increase in electron leakage
in LED 2. LED 3 has a relatively high IQE with an efficiency drop of just 21.06
percent, but LED 1 has an efficiency drop of 53.68%. Such gains in LED 3 are
a consequence of the proposed structure’s enhanced radiative recombination and

decreased electron leakage. Consequently, as shown in Figure 6.5(b), LED 3 has
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Table 6.4 Comparison of IQE and Output Power of LED 1, LED 2, and LED 3

LED 1 LED 2 LED 3
Max. IQE (%) 35.69 at 3.26 mA | 29.45 at 0.04 mA | 38.84 at 8.82 mA
IQE (%) at 60 mA 16.53 1.56 30.66
IQE (%) droop 53.68 94.7 21.06
Power at 60 mA (mW) 6.52 0.61 12.12

the highest electroluminescence (EL) intensity compared to LED 1 and LED 2 at the
emission wavelength of 284 nm. As a result, as seen in Figure 6.5(c), LED 3 exhibits
a noteworthy increase in output power of 12.12 mW at 60 mA current injection,
which is an improvement of 85.9% over the reference structure. Table 6.4 provides
a comparison of the different computed IQE and output power parameters for the
three LED configurations. As shown in Figure 6.5(d), the turn-on voltage of all three
LEDs is nearly same. Due to the presence of graded QBs, LED 3 exhibited a slightly
higher operational bias voltage at 60 mA current injection than the other LEDs.

As shown in Figure 6.6(a), the output power of LED 3 is greatly boosted with

the same current injection level from the input power source. LEDs may also have
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varying values for their maximum operational input power supply. This is mostly
attributable to the various operating biases, as indicated in Figure 6.5(d). Figure
6.6(b) presents the wall-plug efficiency (WPE) as a function of current injection for
all three LEDs. The enhanced output power contributes to the greater WPE of the
proposed structure, regardless of the higher operating bias voltage levels. In addition,
the WPE of LED 3 is 2.35% at 60 mA, which is an improvement of 53.6% over the

reference structure, LED 1.

6.3 Conclusion
In this chapter, p-EBL free AlGaN deep UV LEDs with linearly graded QBs emitting
at 284 nm wavelength are deeply investigated. Due to the specially engineered
polarization in the proposed AlGaN deep UV LED active region, the findings indicate
that integrated the proposed QBs is helpful for generating higher output optical
power and WPE. The elimination of the growing p-heavily doped high Al composition
AlGaN layers such as EBLs for deep UV LEDs, which reduces the device resistance,
is an additional key advantage of EBL-free structures from an epitaxial growth
standpoint. Therefore, the reported structure is highly capable of producing UV

LEDs with good performance for practical applications.
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CHAPTER 7

HIGH PERFORMANCE INGAN BLUE LIGHT-EMITTING
DIODES WITH CONTROLLED POSITIVE
SHEET POLARIZATION

Light-emitting diodes (LEDs) made from IIl-nitride material have been found in
several applications, such as energy-efficient solid-state lighting, backlight in liquid
crystal displays, micro-displays, food processing, and many more. Even though
InGaN/GaN-based blue LEDs are more efficient than LEDs with longer emission
wavelengths, they are still suffered from a severe efficiency drop at high injection
current. The primary causes may be a large number of electrons overflowing out of
the active region and inefficient hole injection to the active region. In this context,
an electron-blocking layer (EBL), the p-type AlGaN layer has been integrated right
after the active region to stop electrons from leaking out. Further, the EBL has been
redesigned for more efficient electron blocking and improved hole injection using the
graded AlGaN, single side graded AlGaN/GaN superlattice, double side AlGaN/GaN
superlattice, lattice-matched AlInN and many others.

It has been found that the EBL can not only stop electrons from leaking out,
but also reduce the hole injection into the active region. This is because positive
sheet polarization charges form at the last quantum barrier (QB)/EBL interface,
which makes it harder for holes to get into the active region. Moreover, it has been
known that the majority carrier is likely to be confined and radiatively recombine
notably in the last quantum well (QW) which is just before the last QB of III-
nitride-based multiple QW LEDs. So, it’s important to fix the problems with the last
QB/EBL interface, since it has a direct effect on the way the carrier confinement and
radiative recombination happen in the entire LED structure. In this regard, the last

QB has been made with different structures, such as p-GaN [19], p-InGaN/GaN SL,
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and AlGaN/InGaN SL. Further, EBL-free InGaN/GaN LEDs have been reported.
However, these complex structures may be challenging for the epitaxial growth of
such LED structures.

In this chapter, a novel LED structure with an AlGaN last QB, lattice-matched
to the EBL, has been proposed instead of conventional GaN last QB. Because there is
a lattice match at the last QB/EBL interface, the proposed LED stops positive sheet
charges from being form there. Substantially, this structure supports high effective
conduction band (CB) heights for electrons at last QB and EBL; low effective valence
band (VB) height for holes at EBL leads to having better electron blocking capability

and hole injection, respectively.

7.1 Device Structure Parameters

The conventional InGaN/GaN blue LED, experimentally reported by Kuo et al.
as a reference structure, has been used to evaluate the simulation model in this
investigation. Further, the conventional structure, LED-I, grown on a c-plane
sapphire substrate, followed by a 4.5 um n-GaN (Si doping: 5 x 107! cm™3) layer,
an active region consisting of five Ing 9 Gag 7N (2 nm) QWs are sandwiched by six
GaN (10 nm) QBs, a 20 nm p-Aly15GaggsN (Mg doing: 1.2 x 10'® em™3) EBL, a
150 nm p-GaN (Mg doing: 3 x 10'® cm™2) layer, and a 20 nm p™-GaN (Mg doing:
1 x10em™3 ) contact layer. The proposed structure, LED-II, has a similar structure
to LED-I, with the exception of the last QB (QB6), which has Aly15GaggsN instead
of GaN. The schematic schematics of the two LEDs are shown in Figure 7.1.

In this study, the device area of 300 x 300 um? is taken into account for both
LEDs. In our model, the internal loss is set to 500 m~' and the light extraction
efficiency assumed to be 0.78 [23]. The band offset of III-nitride materials systems is
taken to into the model as 0.7/0.3 [24]. The operating temperature is considered as

300 K throughout the study. The spontaneous and piezoelectric polarization fields
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Figure 7.1 Schematic diagram of (a) LED-I, last QB/p-EBL structures of (b) LED-I,
and (c¢) LED-II.
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Figure 7.2 Calculated and measured (a) I-V and (b) L-I characteristics of conven-
tional InGaN/GaN blue structure reported in Ref. 23.
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Figure 7.3 Calculated (a) IQE, (b) L-I, and (c¢) I-V characteristics of LED-I, and
LED-IL.

are estimated using the methods reported by Fiorentini et al. [25]. The energy-band
diagrams of all LED structures are calculated using the 6x6 k - p model [26]. Other
material /band parameters of the III-nitride semiconductors used in the simulation
model can be found in [27]. First, our device model is validated by simulating
the reference structure reported by Kuo et al. [23].The simulated and measured
[23] current-voltage (I-V), light output power-current (L-I) characteristics of the
reference InGaN/GaN LED structure are presented in Figure 7.2. It’s clear to see
that the simulated I-V and L-I characteristics are very close to the ones that were
measured experimentally. This verifies the correctness of utilized device model and

the parameters used in this study.

7.2 Results and Discussion
The precisely modelled IQE, L-I, and I-V properties of LED-I and LED-II are depicted
in Figure 7.3. It demonstrates that LED-II has a higher IQE with negligible droop,

more output power, and lower turn-on voltage than LED-I. LED-I has an apex IQE
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of 91.1% at 3.5 mA, while LED-II reports 95.81% at the same injection current, as
shown Figure 7.3(a). However, the IQE of LED-II continues to rise until it reaches
a maximum of 97.87% at 73.2 mA. In addition, LED-II has an IQE of 96.11% at
150 mA current injection, which is approximately 2.49 times more than LED-I.
Significantly, the IQE drop at an injection current of 150 mA, as defined by (IQE,,.. -
IQE 50 ma)/IQE, .« is just 1.79 percent in LED-II, whereas it is calculated to be 57.65
percent in LED-I. It is worthwhile to note that the proposed LED i.e., LED-II exhibits
not only a higher IQE but also no obvious IQE droop up to a current injection of 120
mA. This significant improvement of the IQE and negligible IQE droop is achieved
due to the integration of Aly15GaggsN last QB which is lattice-matched with the EBL,
instead of regular GaN QB6, where the sheet polarization density is 3.03 x 1016 m—2
at the QB6/EBL interface in LED-I. As a result, the output power of LED-II was
significantly enhanced throughout the entire current injection, as shown Figure 7.3(b).

This is estimated as 324.38 mW at 150 mA current injection, which is 2.51 times that

of LED-I. In addition, it is important to note that the turn-on voltage of LED-II is
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Figure 7.5 Calculated (a) conduction band profile and (b) valence band profile of
QB6 and EBL in LED-I at 150 mA current injection.

somewhat lower than that of LED-I, demonstrating the increased carrier injection into
the active region of this LED, as seen in Figure 7.3(c). This is due to the negligible
positive sheet polarization charges at the last QB/EBL interface.

The E-B diagrams are investigated further to comprehend LED-II performance
enhancement processes. Figure 7.4 depicts the predicted E-B diagrams for both LEDs.
In the conduction band (CB) of LED-I, the creation of a steep downward band-
bending is mostly attributable to the generated positive polarization sheet charges
at the QB6/EBL interface. The development of sheet charges at this interface is
mostly caused by the higher Al concentration in EBL. Consequently, a high number of
electrons accumulate and a hole depletion region forms at the heterointerface, as seen
in Figure 7.4(a), which leads to non-radiative recombination and electron overflow
[28]. As demonstrated in Figure 7.4(b), the formation of positive sheet charges may
be minimized by substituting QB6 with Aly15GaggsN in LED-II.

The enlarged E-B diagrams of QB6 and EBL in LED-I and LED-II are depicted
in Figures 7.5 and 7.6, respectively. Due to substantial band-bending, as shown
in Figures 7.5(a), the effective potential height for electrons in the CB of QB6 in

LED-I is 124.75 meV, which is significantly lower than that of LED-II (390.12 meV,
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Figure 7.6 Calculated (a) conduction band profile and (b) valence band profile of
QB6 and EBL in LED-IT at 150 mA current injection.

see from Figure 7.6(a)). The effective potential height for electrons in the CB the
maximum difference between the conduction band energy level and its quasi-Fermi
level for electrons at the corresponding QB/EBL. These values for EBLs in LED-I
and LED-II are 300.63 meV and 447.78 meV respectively. compared to LED-I, the
higher values in LED-II have better electron confinement capabilities in the active
region due to the requirement of higher energies to overflow the electrons to the
p-type region in the case of LED-II. Effective potential height for holes in the VB is
the maximum difference between the VB energy level and the quasi-Fermi level for
holes in the corresponding QB. As shown in Figures 7.5(b) and 7.6(b), the effective
potential height for holes in the VB of EBL in LED-II (266.77 meV) is lower than in
LED-I (306.02 meV) due to the regulated positive sheet polarization charges effect
in the QB6/EBL interface, which promotes smooth hole transport. Therefore, it is
anticipated that LED-II would have a larger hole injection capability.

To further validate the superior performance of the proposed LED, we computed
the carrier concentration in both LEDs. The overall carrier concentrations in the

active regions of both LED designs are depicted in Figure 7.7. As demonstrated in
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Figure 7.7 Calculated (a) electron concentration in the active region, (b) hole concen-
tration in the active region (inset figure: Enlarged drawings of hole concentration in
first 4 QWs) and (c) Electron leakage profile of LED-I, and LED-II.

Figures 7.7(a) and 7.7(b), the electron and hole concentrations in QW6 of LED-II
improved greatly owing to the reduced band-bending and polarization control.The
enhanced electron-hole concentrations and their confinement inside the active region
of the LED-II structure result in an increase in radiative recombination, which in
turn improves IQE and output power. Additionally, the higher effective potential
height for electrons in the CB of QB6 and EBL in LED-II results in enhanced
electron confinement and overflow prevention capabilities. As a result, as seen in
Figures 7.7(c), LED-II displays much decreased electron overflow into the p-region.
Therefore, this would decrease the possibility of nonradiative recombination between
overflowing electrons and incoming holes in the p-type region. Overall, the reduction
of severe band-bending caused by the locally produced strong electrostatic fields at the
QB6/EBL interface facilitated the electron confinement and improved hole injection

in LED-II and paved the way for achieving high IQE and output power.
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7.3 Conclusion
In conclusion, the proposed InGaN blue LEDs with lattice-matched AlGaN last QB
reported a high IQE of 97.87% at a current injection of 150mA, which is 2.49 times
higher than the traditional LED. Importantly, this work demonstrates that the last
QB has a significant effect on the polarization fields, effective potential barrier heights
for carrier transport, IQE, and output power of InGaN multiple QW LEDs. Our
numerical analysis revealed that the incorporation of the AIGaN layer as the last QB
reduced the generation of significant positive sheet polarization charges at the last
QB/EBL interface. Consequently, the proposed LED greatly reduce electron leakage

while maintaining hole injection.

88



CHAPTER 8

RESISTIVE RANDOM ACCESS MEMORY DEVICES

8.1 Background
Nearly every aspect of modern life has a presence of an electronic memory device.
The majority of modern electronic devices have a built-in or externally connected
memory. Over the past two decades, personal electronics such as laptops, computers,
digital cameras, smartphones, tablets, and other entertainment devices have resulted
in a huge increase in the demand for memory devices. The usage of these devices in
data centers and cloud computing platforms in recent times has added to the demand.
It is the constant need of consumers for better and less expensive memory that has
prompted researchers to continue innovating in the field of memory technology. The

ideal memory device should exhibit

a high data storage density so that it can store an enormous amount of data
in a given die. It can be achieved by overcoming the device scaling problem or
device architectural advancements.

e as low as possible power consumption.

e long retention period, where retention specifies how long data can be held inside
memory devices without being accidentally lost.

e high endurance or long-lasting capabilities and endurance of a device specify
how many cycles it can withstand during write and erase operations.

e a rapid programming and access speeds so that the time spent reading data
from and writing data into the memory is minimal.

However, it is challenging to fabricate a memory device that has all the above-
mentioned merits.
Memory devices can be divided into two types depending on their operating

behavior [151], as seen in Figure 8.1. The first is a volatile memory, which must be
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Figure 8.1 Schematic diagram of classification of memory devices.

powered on for the full operating duration. Once the power is switched off, it will
lose all stored information. whereas the second is a non-volatile memory (NVM),
which does not require power to sustain information, the most common commercial
NVM technology is NAND flash. NAND Flash technology, on the other hand, has
various drawbacks, including device scalability (< 25 nm), durability (10® write/erase
cycles), poor operational speed writing (0.1-1 ms)/reading (0.01 ms), and requires a
high write voltage (>10 V) [152,153].

In the last several decades, many types of non-volatile random-access (RAM)
memory systems, such as phase change RAM (PCRAM), magnetoresistive RAM
(MRAM), ferroelectric RAM (FeRAM), and resistive RAM (RRAM), have been
extensively researched to discover alternatives to Flash technology. RRAM-based
non-volatile resistive switching devices have gotten a lot of interest because of their
scalability, reduced power consumption, higher switching rates, longer retention

durations, and simpler device construction [154].
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8.2 History of RRAM

The resistive switching (RS) was initially observed in various oxides such AlyOs,
NiO, SiOg, Tag0j, ZrOy, TiOs, and NbyOjs in the early 1960s [155-158]. However,
research on the RS phenomenon in a dielectric material did not point to an obvious
use at the time since, until the early 2000s, the major storage technology was either
magnetic (tapes, hard drives, etc.) or optical (disc drives, etc). (CD, DVD, etc.)
based technology. Following the discovery of RS behavior in binary oxide (NiO) by
Samsung Electronics [159] in 2004, research has focused on binary oxides such as
AlOy [160], CuOy [161], HfO, [162], NiO, [163], TiOy [164], ZrOy [165], ZnOy [166],
TaO, [167], and others. Since then, both industry and academia are interested in
RRAM because of the predicted advantages, which practically cover all of the benefits
of an ideal memory, such as high endurance, extended retention, quick access speed,
low power, and, most crucially, high density.

After 2005, extensive research and development took place on RRAM devices.
The first NiOy RRAM with promising device characteristics and reliability [159], the
first integrated conductive bridge RAM (CBRAM) [168], the first HfO,/Ti device
with fully conventional fab materials [162], the first 3-D vertical RRAM [169], the

first 10 nm x 10 nm RRAM devices integrated into 12-in wafer [170], the first 16-GB
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CBRAM integrated chip [171], the first 40-nm node-embedded RRAM product [172]

and many others have been reported.

8.3 RRAM-Structure, Operation
As illustrated in Figure 8.2(a), the standard RRAM device configuration includes a
RS layer sandwiched between the top electrode (TE) and bottom electrode (BE).
Additionally, interfacial layers also integrated between BE or TE and RS layer to
improve the RRAM performance. Apart from the binary oxides, the RS has been
observed in variety in large amount of materials including organic materials [173],
ferromagnetic oxides [174], perovskite oxides [175], and chalcogenides [176]. The
detailed list is provided in Table 8.1. However, binary metal oxide-based RRAM are
of special interest because to their simple structure, thermal stability, outstanding
switching capabilities, and compatibility with conventional complementary metal-

oxide-semiconductor (CMOS) techniques [177].
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Table 8.1 Types of RS Materials

No. | Class of | RS layer
materials
1 Binary oxides | CuO [178], CoOy [179], FeO, [180], GdyO3 [181], HfO,
182], MnO, [183], NbO, [184], NiO [185], SnO, [186],
ZnO [187]
2 Nitride AIN [188], BN [189], NbN [190], NiN [191], SiN, [192]
3 Ternary SrTiO3 [193] and SrZrOj [194]
perovskites
4 Organic rotaxane [195], anthracene [196], tetracene [197], copper
materials tetra(butylphenyl)porphyrin [198], polymethacrylate
derivatives, phenylene ethynylenes [199]
5 Solid-state rotaxane [195], anthracene [196], GeS [200], GeSe [201]
electrolytes CusS [202]

RRAMs are categorized into two types depending on their operation principle
and device physics. One of them is metal ion-based electrochemical metallization
(ECM) RRAM, which is also referred as conductive bridge random access memory
(CBRAM). The memory switching mechanism in these devices is based on metal
ion migration and subsequent reduction/oxidation processes [204,205]. The CBRAM
structure consists of an oxidizable TE (anode) such as Ag, Cu, or Ni, a relatively
inert BE (cathode) like W or Pt, and a sandwiched metal oxide RS layer between
the two electrodes. In such memory cells, filament formation happens as a result of
the dissolution of the active metal electrodes (for instance: Ag or Cu), the transit
of cations (Cu+ or Ag+), and their subsequent deposition or reduction to the inert
BE [206]. As a result, the formation and dissolution of metal filaments dominates the

RS characteristic of this kind of RRAM. The second type is oxygen vacancy based
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RRAM or OxRAM, where oxygen anion plays a vital role than metal cations thus
generates oxygen vacancies and can be used as a conducting path. In this dissertation,
the main focus is on OxRAM devices.

The RRAM devices operate by changing the resistance across the RS layer by
the application of external voltage. Generally, the pristine RRAM devices exhibit
a high resistance state (HRS). The working principle of OxRAM devices is briefly
presented in Figure 8.4. Upon applying the voltage to the TE, oxygen ions get
migrated through the dielectric layer where electric field, current density and local
temperature are maximized within the device area. A string of oxide vacancies forms
a conductive filament (CF) along with the oxide layer and switches the RRAM from
HRS to a low resistance state (LRS), also called a SET process. It is known that the
forming voltage, which is required to switch from HRS to LRS for pristine devices
and it is much higher than the regular SET voltage during the Forming process.

The switching modes in OxRAM devices are widely categorized into two types
unipolar and bipolar switching modes. A sketch of the I-V characteristics for these
switching modes is shown in Figures 8.2(b) and (c). Unipolar switching indicates
that the switching direction is determined by the amplitude of the applied voltage
but not by its polarity. As a result, SET/RESET can occur at the same polarity i.e.,
at both positive and negative voltages. On the other hand, the switching direction
in bipolar switching is determined by the polarity of the applied voltage, therefore,
SET and RESET can happen only opposite polarities. Hence, in bipolar devices,
subsequently applying the opposite voltage polarity to the TE causes the oxygen ions
or defects to migrate back to the RS layer that ruptures the CF, and eventually
RRAM switches back to HRS, also known as the RESET process. Further, to avoid
a permanent breakdown in the FORMING/SET/RESET process, it is required to

limit the current flow in the circuit called compliance current (CC).
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Figure 8.4 Schematic representation of possible electron conduction mechanisms in
oxygen vacancy based RRAM.

The exact and detailed physical mechanisms for RS phenomenon in RRAM
is still debatable and it’s an active research area to further investigate. However, in
general, the possible electron transport mechanisms from cathode (BE) to anode (TE)
during the SET process are shown in Figure 8.4 [207]. It includes thermally activated
electrons injected over the barrier into the conduction band, which is Schottky
emission (1); at high electric field, electron can tunnel to the conduction band of
RS layer from the cathode (2), which is called Fowler-Nordheim (F-N) tunneling;
electron can tunnel directly from the cathode to the anode when the presence thin
oxide, called direct tunneling (3); (4) electrons can tunnel from cathode to traps;
emission from trap to conduction band, which is essentially the Poole-Frenkel emission
(5); tunnel from trap to conduction band like F-N tunneling (6); trap to trap hopping

or tunneling (7); and finally electrons tunneling from traps to anode (8).

8.4 Current Issues of RRAM Devices
Even though RRAM technology offers greatly improved performance in device

scalability and multi bit storage capabilities, there are still several challenges hindering
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Figure 8.5 Summary of SET and RESET currents in RRAM devices.
Source: [209].

the real application. A major problem is the uniformity and reliability of the
cell-level RS from cycle to cycle operations [151,208,209]. The fundamental cause
of variations in RRAM devices performance is the random nature of the CF. For
actual memory applications, the performance variations are not acceptable. Despite
the fact that numerous ideas exist on the development of conduction filaments, the
conduction mechanism remains unclear and this is complicated from cycle to cycle
operations [208]. Furthermore, when devices are operated at lower operating currents,
because of the generation of a very weak CF that diffuses spontaneously from cycle to
cycle, the randomness in the CF formation grows significantly and device performance
declines noticeably, resulting in serious reliability issues [208]. Overall, RRAM cannot
match with NAND/NOR flash in terms of device reliability, which limits RRAM from
the commercialization [209].

The summary of SET vs. RESET current trend for RRAM devices are shown in
Figure 8.5. It has been noted that the majority of the devices report the SET/RESET
currents more than 10 pA. Few of the devices reported that operating currents are

sub-10 pA. However, when the switching current scaling in filamentary switching,

96



retention, uniformity, and endurance degrade greatly. This could be one of the reasons
that most of the reported RRAM devices switching above 10 pA. At sub-10 pA, due
to presence of more self-rectify feature that built in these area switching cells, the
SET and RESET currents are usually asymmetric. In this regard, further chapters
will focus on realization of highly reliable RRAM devices operating at low/ultra-low
currents with the help of band-engineering. Following that, another parameter, the
switching voltage on various RRAM devices varies widely. The actual switching
voltage mainly depends ion mobility, RS layer thickness, parasitic resistance in the
RRAM, and other factors. Altogether variations in operating currents and switching

voltages from cycle to cycle leads to diminish its endurance, retention, uniformity and

difficult to identify the SET and RESET states.
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CHAPTER 9

MULTILEVEL RESISTIVE SWITCHING 5 — Ga; O3 RRAM
DEVICES FOR LOW-POWER APPLICATIONS

Data storage is extremely important in computer systems, electronic devices, data
centers, and cloud service platforms. The demand for reliable data storage is quickly
expanding, with current industry expectations indicating an exponential increase.
The memory sector alone is predicted to account for 27% (175 billion USD) of
the total semiconductor industry (650 billion USD) by 2025 [210]. The market
for NAND flash memory (non-volatile memory, NVM) is rapidly expanding, and
it may soon outnumber dynamic random-access memory (DRAM) after 2025 [210].
NAND flash technology, on the other hand, has various drawbacks, including device
scalability, durability (10° write/erase cycles), poor operational speed writing (0.1-1
ms) /reading (0.01 ms), and requires a high write voltage (>10 V) [152]. Resistive
switching (RS) resistive random-access memory (RRAM) devices have recently been
identified as one of the most promising developing memory technologies. They
provide competitive solutions to current memory technology difficulties because to
their simple structure, outstanding scalability, nanosecond operating speed, and
great compatibility with existing complementary metal-oxide-semiconductor (CMOS)
technology [154, 208, 211]. The RS has been discovered in organic materials [173],
ferromagnetic oxides [174], perovskite oxides [175], and chalcogenides [176]. RS
has also been explored in simple binary transition metal oxide materials such as
ZnO [212], HfO, [213,214], TiO4 [215], and Al;O3 [216], where oxygen vacancies play

an important role in carrier movement, as discussed in Chapter 8.
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9.1 Emerging 5 — Ga;03 as a RS Layer and Other Applications
Novel and emerging material, gallium oxide (GayO3) material holds key properties
such as conductivity sensitive to the oxygen content [217,218], and a wide band-gap
of 4.4-4.9 eV [31,219,220]. It also allows for a high intrinsic resistance state due
to the limited carrier mobility caused by the effective mass of 0.342 m, (where mo
is free electron mass) [31]. Importantly, GayOs has strong thermal and chemical
stability [32], which can help to reduce performance deterioration in RRAM devices
in the low resistance state (LRS) and high resistance state (HRS). As a result, Gay O3
may become a potential choice for the RS layer in RRAM; nevertheless, just a few
investigations on these sorts of RRAM devices have been documented. Because
of its inherent high resistance and exceptionally sensitive conductivity to oxygen,
amorphous GayOj3 is thought to be a suitable material for RS devices [32,221]. Gao
et al. studied the effect of various top electrodes on the RS behavior during early
experiments on Ga;O3 RRAM devices, revealing that the mobility of oxygen vacancies
in the vicinity of the electrode region is critical in the RS process [222]. Furthermore,
bipolar RS properties in Ga;O3 RRAM devices have been reported [222-225].

Furthermore, due to the wide band-gap, well-controlled doping, availability of
large-size uniform substrates, high breakdown electric field of 8 MV cm™! [226], low
electron Hall mobility of 200 cm? V=1 s71 [227], formation of 2-dimensional electron
gas of 102 cm™2 [4], and a relative dielectric constant of 10-16 [4,228], several studies
have shown emerging interests in Gas;O3 semiconductor material for power electronics
[4], sensors [229], and photodetectors [230]. Moreover, it is easy to fabricate at room
temperature [4]. As a result, demonstrating high-performance GayOs-based RRAM
is critical not only for consumer electronics and enterprise storage solutions, but also
for power electronic and photonic circuit applications. In this regard, the multi-layer
Ti/TiN(bottom electrode, BE)/GasO3/Ti/Pt(top electrode, TE) thin-film RRAM

devices are carefully designed, fabricated and results are reported in this chapter.
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Figure 9.1 (a) Schematic diagram of Ga;O3 RRAM devices, (b) Optical image of

the fabricated RRAM devices (device area: 100 x 100 um?), and (c¢) XRD pattern of
Gay O3 thin-film deposited on BE.

The efficient bipolar RS behavior in 8 — Ga;O3 RRAM devices with high Roff/Ron
ratio has been reported. Further, multi-bit storage capability of these devices are

investigated.

9.2 Device Fabrication and Structural Characterization
To study RS behavior, Ti/TiN/Ga,O3/Ti/Pt devices are fabricated with a device size
of 100 x 100 um? on SiO,/Si substrates . The schematic diagram of the 8 — GayO3
based RRAM device is shown in Figure 9.1(a). The fabrication started with a 2-inch
silicon wafer covered by a 270 nm thermally grown SiO, layer, which was used as
the device substrate. First, the organic contamination was removed from wafer by
cleaning it using acetone and IPA and were blown off in nitrogen. Using the AJA
sputter tool, the BE includes Ti and TiN were deposited. During this deposition
process, the first Ar cleaning was done at a flow of 40 sccm and pressure of 16 mTorr

for 60 sec. A 10 nm Ti layer was then deposited at a pressure of 3 mTorr, power of
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Figure 9.2 (a) Current-voltage characteristics of Ti/TiN/Ga,O3/Ti/Pt RRAM
device. (b) Endurance characteristics of RRAM devices at a read voltage of 0.2
V.

400 W and Ar flow of 30 sccm. A 100 nm TiN layer was reactive sputtered on Ti
layer at a pressure of 3 mTorr, power of 400 W, Ar and N2 flow of 15 sccm.

Subsequently, the BE on the substrate was vacuum pre-annealed at 625 °C for
35 min, facilitating the creation of a smooth gallium oxide surface [231]. Next, a
seed layer of GayO3 was deposited to control the impact of lattice mismatch between
the BE and the GayOg3 thin film. Further, an appropriate template for the efficient
epitaxial growth of a f—GayO3 film is created by post-annealing at 625 °C for 35 min.
Next, the 10 nm GasO3 RS layer was deposited at 100 W RF power and pressure of
3mTorr while the ratio of Ar:Oy gas flow was kept at 1:1. The as-grown GasO3 film’s
structural characteristics were determined using the Empyrean X-ray diffraction tool
and are shown in Figure 9.1(c). The XRD pattern shows a clear common diffraction
peak at 33.4° of 20 which corresponds to the (-111) of the 5 — GayO3 phase (JCPDS
00-041-1103), respectively. This confirms the presence of a pure f — GayO3 RS layer
in the fabricated RRAM devices.

The GayO3 layer was patterned in the following steps. First, liquid priming

was used in the priming procedure. The HMDS solution (usually 10%-20% HMDS in
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Figure 9.3 Statistical distribution of SET and RESET voltages of
Ti/TiN/Ga,03/Ti/Pt RRAM device for 100 cycles.

PGMEA) was applied to the static wafer for this purpose. The solution was left on
the surface for 10 seconds before being spun off at a rate of 3000 rounds per minute
(rpm) for 60 seconds to dry the wafer. The PGMEA displaces the bulk of the water
on the surface of a bare wafer and HMDS, then displaces and binds to maintain the
surface dehydrated. HMDS, in essence, enhances photoresist (PR) adherence to the
wafer surface. Following the primer, the S1813 positive PR was applied and spun
off at 3000 rpm for 60 seconds, followed by a one-minute soft bake at 115°C. PR
was exposed using an ABM contact aligner after soft baking. MIF 726 PR developer
was then used to develop the exposed PR. The wafer was finally put into the e-beam
evaporator chamber for top metal deposition. A 10 nm Ti layer was evaporated during
the evaporation process, followed by a 100 nm Pt layer that acts as the top electrode.

Figure 9.1(b) depicts the optical picture of the manufactured devices.
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Table 9.1 Comparison of RS Characteristics of Various Ga;O3 RRAM Structures

RRAM Von Non- Rom/Ron| CC Multi-bit
structure overlapping storage
window
ITO/NiO, /GaO, /Ti/Au | (3-4) V - 10 0.1 mA | No
Pt/GaO; 3/Pt 1.5V - 2 10 mA No
1IGZ0O/Gay03/1GZO 1.5V - 14 150 A | No
ITO/Cus0/Gaz03/Ti/Au | 3.25 V 3.1V 102 5 mA No
Ti/Pt/Ga O3 /Pt 3V - 25 1 mA No
Pt/GasO3/Ta (0.6-0.75) | - 50 5 mA No

\Y
Pt/SiC/GaOs /Pt (0.82-1.92) | 1.2V 103 80 mA | No
\Y
Ti/TiN/Gas O3 /Ti/Pt (0.82-1.46) | 1.1V 103 80 uA yes
(this work) V

9.3 Results and Discussion
The fabricated devices were electrically characterized using the Keysight B1500A
semiconductor device parameter analyzer. Figure 9.2(a) depicts the current-voltage
characteristics of the Ti/TiN/Ga,O3/Ti/Pt device’s bipolar switching. To avoid
strong breakdown of the dielectric layer, a sweep voltage of 0 -2 -0 — —1 — 0
with a compliance current (I..) of 50 pA is provided to the top electrode. The pristine
memory device, as shown in Figure 9.4(a), is initially in a high-resistance state, HRS
(RESET state). When a positive voltage is applied to the top electrode from 0 — 2,
as illustrated in Figure 9.4(b), oxygen ions are attracted to the top electrode, leaving

the oxygen vacancies behind.
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Figure 9.4 Schematic illustrations of working principal of RRAM device including
three primary states: (a) pristine state, (b) SET/LRS state, and (¢) RESET/HRS
state.

At a particular positive voltage of ~1V, there are enough oxygen vacancies
in the oxide layer for electrons from the BE to hop through and reach the other
end of the electrode. As a result, current flows through the device, and it enters a
low-resistance state, or LRS (SET state). During the LRS state, the I.. regulates the
amount of current that passes through the device. A negative voltage is given to the
top electrode during the RESET procedure in Figure 9.4(c). Due to the combined
effects of Joule heating and the presence of an electric field, the oxygen ions start
diffusing back from the top electrode into the oxide layer and recombining with the
oxygen vacancies. As a result, the available oxygen vacancies are diminished, and the
conductive path for the electron flow is disrupted. As a result, the device is switched
back to HRS from LRS. The Figure 9.3 demonstrates the statistical distribution of
SET and RESET voltages of a Ga;O3 RRAM device over 100 cycles. The SET voltage
ranges from 0.82 V to 1.46 V, whereas the RESET value ranges from -0.31V to -0.9
V. The non-overlapping window between these SET and RESET voltages is 1.1 V,
which is required for the RRAM application [32].

The results of the endurance test for 100 cycles at a read voltage of 0.2 V are

shown in Figure 9.2(b), with the average Rog/Ron ratio value being about 300 and
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Figure 9.5 (a) Endurance characteristics of Ti/TiN/Ga,O3/Ti/Pt RRAM devices
over 300 operating cycles with varying compliance currents (10 pA, 20 pA, and
50 pA), and (b) Cumulative distribution characteristics of these RRAM devices for
varying compliance currents (10 pA, 20 pA, and 50 pA).

the maximum value being ~ 10® times. Because the RRAM device’s SET voltage
is 0.82 V to 1.46 V and the RESET voltage is -0.31 V to -0.9 V, the read voltage
is chosen so that it has no effect on the RRAM device’s state. During the forward
positive cycle (0 V to 2 V) before it reaches the set voltage, the device is in HRS.
So, Roff is calculated with the current value obtained at a read voltage of 0.2 V.
Similarly, the device is in a SET state as long as the filament is present throughout
the forward negative cycle (0 V to -1 V) until it reaches the reset voltage. So, Ron
is determined using the current value at a read voltage of -0.2 V. Table 9.1 compares
the RS properties of these RRAM devices to those of other Ga;O3 RRAM devices.
Further, the multilevel switching capability of GasOs-based RRAM devices as
a function of increasing I.. were investigated and is shown in Figure 9.5. To the best
knowledge, this is the first experimental report on the multilayer switching capabilities
of GayOsz-based RRAM devices. When illustrated in Figure 9.5(a), the LRS (Ron)
clearly exhibits a pattern that leads to three different LRS states as I.. increases from

10 A to 50 pA. The HRS, on the other hand, is essentially constant for all compliance
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Figure 9.6 Typical I-V characteristics of Ti/TiN/Ga,O3/Ti/Pt RRAM devices
plotted on double logarithmic scales under positive bias (HRS), (left-top inset)
zoom-in of higher bias voltage (0.2 V-0.7 V) characteristics, (right-bottom) I-V
characteristics under negative bias (LRS).

currents. The four distinct resistance levels produced by the three separate LRS states
and one HRS state can increase storage density up to two times that of a single-state
cell with the same die area [232]. The mechanism behind multilevel switching by
controlling the I.. can be attributed to the formation and subsequent lateral widening
of the conducting filament with increasing I . [208,232]. With the wider diameter of
the conducting filament, the resistance becomes smaller and resulting in multiple
LRS states. Figure 9.4(b) also shows the endurance characteristics of the RRAM
device at various I.. values. The temporal (cycle-to-cycle) variation in HRS can be
attributed to the stochastic nature of the conductive filament inside the switching
matrix [208,232]. Because low-power operation of memory devices necessitates lower
programming currents, the I.. values used in this investigation were relatively low.
However, reliable and distinct multiple resistive states were achieved.

The typical I-V characteristics are redrawn on a double logarithmic scale to

better comprehend the RS process. The conduction processes for the HRS are more
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intricate, as seen in Figure 9.6 (major graph), and are ascribed to the space-charge
restricted current (SCLC). At the lower region i.e., 0 to 0.2 V, the current is
proportional to the voltage and follows Ohm’s law with a slope of 1.1. Electrons
are injected from BE into traps/vacancies in the GayO3 RS layer during this area,
and ohmic conduction is prominent. Because there are more thermally produced
carriers than injected carriers, the observed current is mostly attributable to the free
thermal carrier inside the RS layer. The traps inside the RS layer are gradually filled
by injected carriers when the bias voltage is increased from 0.2 V to 0.7 V. As a result,
a large number of free carriers contribute to current conduction in the presence of a
strong electric field, resulting in a steep current-voltage slope of 2.5 [233]. There is
also a noticeable shift of the Fermi level upwards and over the electron trapping level
can be observed [234].

When a voltage greater than 0.7 V is applied, the Fermi level rises higher and can
be extremely close to the bottom of the RS layer’s conduction band. This promotes
free electron mobility, even as the RS and slope of the I-V curve rapidly rise. The
current in the LRS does not vary linearly on the applied voltage, as illustrated in the
right-bottom inset figure, with a slope of unit ~ 1.3. Furthermore, direct tunneling is
believed to be prevalent in the low voltage domain of LRS in oxygen vacancy-based
RRAM devices [235], introducing non-linear ohmic properties. This may be solved
by raising the thin film thickness of the RS layer, which reduces direct tunneling at

low voltage regimes.

9.4 Conclusion
In conclusion, the efficient bipolar RS property was demonstrated in Ti/TiN/GayO3/
Ti/Pt based RRAM devices and bipolar RS behavior was systematically studied.
The reported devices exhibited excellent RS properties, including low set voltages

(0.82 V-1.46 V) with a better non-overlapping window of 1.1 V, and a high Ros/Ron
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ratio (up to 10%) at a lower compliance current. Importantly, the described RRAM
devices can perform multi-bit resistive switching even at low compliance currents.
The distinct and lower switching voltages, as well as the outstanding repeatability, of
novel-emerging GayOs-based RRAM devices make them an ideal match and viable
choice for practical storage applications.

However, it is critical to investigate the degree of amorphization and major
crystalline defects in the RS layer, oxidation states, structural properties at the oxide
(RS) layer and metal electrode interface, and RS layer surface profile using advanced
structural characterization tools to better understand the formation of conducting
filament. Such research is currently underway and will undoubtedly aid in our

understanding of actual RS mechanisms in Ga;O3 RRAM devices.

108



CHAPTER 10

HIGHLY UNIFORM ULTRALOW POWER RESISTIVE
SWITCHING IN SIO,/SIN, RRAM DEVICES

RRAM, as one of the emerging memory technologies, has piqued the interest of
researchers due to a number of benefits such as its simple structure, fast switching
speed, high endurance, extended retention, and strong scaling capabilities [236, 237].
RRAM is projected to be employed for high-density non-volatile memory as well
as neuromorphic computing applications due to the benefits outlined above [238].
Operating voltages are often decreased by optimizing the switching layer materials
and thicknesses.

However, reducing the programming current is difficult due to the development
of a very weak conducting filament that diffuses spontaneously from cycle to cycle
[239]. Simultaneously, low current programming capable RRAMs are necessary for
successful RRAM device commercialization in order to minimize power consumption,
alleviate series line resistance, and lower the current density required for programming
circuitry and potential selector device integration [240]. At the same time, it is
critical that RRAM demonstrate a continuous, uniform, and consistent change in
conductivity. To the best knowledge, highly reliable SiO; RRAM devices have
been reported, but at a high operating current [241,242]. In this chapter, the
improved uniformity of resistive switching (RS) characteristics is demonstrated for
Ti/TiN/SiOo/Ti/Pt RRAM devices by incorporating a SiN, layer before the top
electrode at a reduced programming current of 10 nA which also offers multi-level bit

storage capability.
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Figure 10.1 Schematic diagram of (a) R1 device design (with only SiOy RS layer),
(b) R2 device design (SiN,/SiO2 RS bilayer), and (c) Optical image of the R2 device.

10.1 Device Fabrication
The RS performance is investigated in conventional single RS layer (SiOs) and bi
RS layers (SiN,/SiO2) RRAM devices. The single RS layer structured RRAM (R1)
devices have Ti (10 nm)/TiN (100 nm)/SiOs (10 nm)/Ti (10 nm)/Pt (100 nm) and

2 on Fused silica substrate. The

are fabricated with a device size of 100 x 100 pum
R2 device is bi RS layer consists of Ti (10 nm)/TiN (100 nm)/SiOy (10 nm)/SiN, (5
nm)/Ti (10 nm)/Pt (100 nm). The schematic diagrams of the R1 and R2 devices are
shown in Figures 10.1 (a) and (b). In this study, Fused Silica was used as the device
substrate. First, the wafer was cleaned using acetone and IPA to remove organic
contamination. The cleaned wafers were blown off in nitrogen. The bottom electrode
(BE) that includes Ti and TiN were then sputter-deposited using the AJA sputtering
system. During the deposition process, the first Ar cleaning was done at a flow of 40
scem and pressure of 16 mTorr for 60 sec. A 10 nm Ti layer was then deposited at a
pressure of 3mTorr, power of 400W and Ar flow of 30 sccm. A 100 nm TiN layer was
reactive sputtered on Ti layer at a pressure of 3 mTorr, power of 400 W, Ar and N,

flow of 15 scecm. Next, SiOs film on R1 and SiO5 and SiN,, films on R2 were deposited

respectively using the Oxford ALD FlexAL.

110



-
o
—_
o |
~—
-
o

b)) T

oON b O O®

4

; Current (nA)

N
Current (nA)
o N A~ O O

: “[\ ‘ SET

RESET | RESET
-9 6 -3 0 3 6 9 -4 -2 0 2 4
Voltage (V) Voltage (V)

1
H
1
N

6 8

Figure 10.2 Current-voltage characteristics of (a) Rldevice, and (b) R2 device.

Tris(Dimethylamino)Silane (3DMAS) was used as the metal precursor for the
deposition. During the growth process, the substrate temperature was maintined at
300°C, and 350°C, RF power was maintained at 300 W and 290 W, chamber pressure
was held at 15 mtorr and 10 mtorr for SiO5 and SiN,,, respectively. The flow rates of
Ar/Oy and Ar/Ny are 20/40 scem and 20/40 scem while depositing SiOy and SiN,,
respectively. Finally, the wafer was loaded into the e-beam evaporator chamber for
the top metal deposition. During the evaporation, a 10 nm Ti layer was evaporated,
followed by a 100 nm Pt layer which serves as the TE. The optical image of the
fabricated devices is shown in Figure 10.1 (c). The electrical characterization of
the RRAM devices was performed using the Keysight B1500A semiconductor device

parameter analyzer. Here, the voltage bias is always applied on the top electrode

(TE) and the BE is grounded.

10.2 Device Characterization and Discussion
Figures 10.2(a) and (b) show typical I-V characteristics of the R1 (SiOs RS layer)
and R2 (SiN,/SiOs) devices. When a positive voltage is provided to the TE, the

RRAM device switches from its high resistance state (HRS) to its low resistance
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Figure 10.3 Current-voltage characteristics of (a) R1 device of 50 cycles, and (b)
R2 device of 200 cycles.

state (LRS), and this is referred as the SET process. The RRAM device returns to
the HRS from the LRS by supplying a negative voltage to TE; this is known as the
RESET procedure. Bipolar RS can be seen in both R1 and R2 devices, which report
SET voltages (Vsgr) of 5 V and 4 V| respectively. The RESET voltages (Vrgser) of
these devices are ~ -7 V and ~ -3.5 V respectively. Further, the current conduction
mechanisms of R1 and R2 devices are investigated. As shown in Figure 10.2, during
the LRS (denoted as 3 in the figure), the current conduction of the R1 device is
dominated by the Ohmic conduction. Therefore, a continuous filament is formed
between TE and BE of R1 device after the SET process which is conductive and
exhibits Ohmic conduction behavior in LRS [243].

On the other hand, from Figure 10.2(b), the current conduction in the LRS
of the bilayer R2 device is supported by the space-charge limited current (SCLC)
conduction mechanism which supports the filament formation with a strong base
[240,244,245]. Overall, the compliance current (I.. = 10 nA) controls the amount of
current that flows through the device during the LRS state. Although the RS was
seen in R1 even at 10 nA lower I.., the poor uniformity in I-V characteristics from

cycle to cycle is also reported in Figure 10.3(a). This is mainly due to the formation
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Figure 10.5 Distributions of HRS ((Rog)), LRS ((Ron)), and (Reg)/(Ron) of (a) R1
device, and (b) R2 device.

of weaker conducting filament at low Icc, which is highly unstable and fluctuates over
time in the R1 device [246,247]. From Figures 10.4(a) and (b), the non-overlapping
window between these Vgt and Vgrgesgr in the R1 device is 5V between the two
resistance states of LRS and HRS, which is essential for the RRAM applications [32].
However, the Vggr is seen to vary in a wide range i.e., ~3 V to 7 V and Vggsgr in
the range of -2 V to -10 V which is not desirable.

Overall, the memory cell in R1 is inconsistent and unstable from cycle to

cycle, which is one of the major challenges restricting production on a larger scale,
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particularly for low-power applications. Furthermore, the cycle to cycle variability
in R1 is shown to be mostly reliant on the quantity of oxygen vacancies that occur
during the formation of conductive filament (CF) [248]. Because of the random
nature of CF creation, it is exceedingly difficult to regulate and modify the CF. This
unpredictability worsens when the compliance limit is reduced (i.e., nA range). The
introduction of SiN, in bilayer RRAM (R2) offers uniform resistive switching even
at 10 nA I.. due to the possibility of filament formation with a stronger base and
corresponding I-V characteristics can be seen in Figure 10.3(b). As a result, the Vggr
and Vgygser distributions of R2 device are 3.3 V — 4.7V, (-0.5 V) — (-3.5 V) which
are more concentrative than R1.

Figures 10.5(a) and (b) show the resistance states profiles of R1 and R2 devices
for HRS (Rog) and LRS (R,,). As predicted, the R1 device displayed nonuniform
and unstable resistance values during HRS and LRS due to the formation of a
weak conduction filament, which has a higher tendency to vary from cycle to cycle.
Subsequently, the average Rog/Ron value for R1 is ~12. Cumulative distributions of
resistance states for both R1 and R2 are presented in Figure 10.6(a). In R1 memory
cell, occasionally leaky LRS have been found (bottom circle in Figure 10.6(a)), it is
necessary to reduce LRS current for better RESET. In addition, HRS and LRS may
not be clearly distinguished (top circle in Figure 10.6(a) during some of the cycle
operations) due to an inefficient way of filament formation which remains keeps R1
in HRS. When compared to the R1 device’s resistance state profile, those of the R2
device display a more stable and uniform distribution, owing to the steady resistance
transition during SET and RESET operations. Furthermore, the much increased
performance in R2 can be attributed to the filament formation with a stronger base,
which regulates the Rog and R,, via the SiN, layer integration. As a consequence,

consistent Rog and R, values are recorded, and it is worth noting that the Rog/Ron
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Figure 10.6 (a) Cumulative distributions of resistance of R1 and R2 devices
measured at 2 V, and (b) Rog, Ron, and Reg/Ron values at 10 nA, 20 nA, and 30
nA respectively.

of the R2 device is likewise well maintained, with an average value of 3500 when
compared to the R1, as shown in Figure 10.5(b).

Further, the greatly improved performance can be understood from the
cumulative distribution profile of R2 from Figure 10.6(a). Next, the multilevel
switching possibility of the proposed R2 device is examined. The average Ro,, Rog
and Reg/Ron ratios for 25 cycles of different I.. (10 nA, 20 nA, and 30 nA) are
shown in Figure 10.6(b). With the increase in /.. from 10 nA to 30 nA, Ron clearly
shows a trend that leads to three different LRS states whereas the R g remains almost
constant for all I... As a result, with the increase of I.. the Rog/Ron ratio is increased,
which validates the multi-level switching properties of the proposed structure. As the
multilevel switching behavior is observed for very low currents in nA, these devices
are suitable for low-power applications.

The schematic schematics of RS processes in R1 and R2 devices are shown in
Figures 10.7(a)-(c) and Figures 10.7(d)-(e), respectively. As seen in Figures 10.7(a)
and (b), both pristine memory devices are initially in a RESET condition. When a

positive voltage is applied to the TE, oxygen ions are drawn toward the TE, leaving
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Figure 10.7 Models for (a), (d) pristine (b), (e) LRS, and (c), (f) HRS of R1 and
R2 devices, respectively.

oxygen vacancies behind. When there are enough oxygen vacancies in the switching
layer for electrons to jump through and reach the TE, current flows through the
device and it changes to a SET state. This is the most common scenario in the R1
device (Figure 10.7(b)). In addition to the above-mentioned mechanism, two more
additional mechanisms are involved in the case of the R2 device to generate excess
vacancies. First, during the pristine state of R2, a part of Ti exists as metal Ti, the
other part reacts with N and forms silicon dangling bonds (Si DBs) at the Ti/SiNy
interface. During the SET process, Si-N bonds can be broken, N ions get attracted

to the TE and leave behind the nitrogen vacancies. The process could be described

by the following expression [249],

Si—N+Ti—-=81+Ti—N

where Si — N; Ti; =Si; and Ti — N are the bonded silicon, Ti metal, Si DBs, and Ti

nitride, respectively.
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Secondly, in addition to Si DBs at SiNy/TE interface, the existence of Si
dangling bonds (DBs) at the interface of SiNy/SiOy helps attract relatively higher
number of oxygen ions compared to R1 towards it and leaves oxygen vacancies
behind. Some of those attracted oxygen ions will be captured by the Si DBs, while
the remaining uncaptured oxygen ions would continue migrating to the top electrode
and generate TiO, at the interface of Ti/SiNy, for Ti is known as an excellent oxygen

reservoir [250].

O'"+=Si—-Si—0+0--

O'+Ti—=Ti—0+4+0--

Where O”, =Si, Si — O, O -+, Ti and Ti — O are the oxygen ion, Si-DBs, Si oxide,
oxygen vacancy, Ti metal and Ti nitride, respectively. As a result, a higher number
of oxygen vacancies will be generated in the proposed structure, and it is expected to
form a conductive filament with a stronger base [245] with a weak tip on the another
side, as shown in Figure 10.7(e). During the RESET process in R1 (Figure 10.7(c)),
spontaneous diffusion of filament takes place due to the weaker filament and which
is responsible for the unstable RS characteristics. Where as in R2 (Figure 10.7(e)),
probably conduction filament is breaking only around weak tip which offer uniform

and stable RS characteristics.

10.3 Conclusion
RS properties have been observed in oxygen vacancy-based RRAM devices. However,
reported results have poor uniformity and unstable current-voltage characteristics
from a cycle-to-cycle operation for ultra-low operating currents (nA) due to the
formation of weaker conducting filament. To overcome these limitations, highly
uniform and stable RS, ultralow operating current (10 nA) of SiO5/SiNy RRAM

devices have been demonstrated in this chapter. Importantly, the reported devices

117



exhibited the improved statistical distribution of device parameters along with a high
Roft/Ron ratio (> 10%). Also, the reported RRAM devices report the capability of

multi-bit resistive switching phenomena even at ultralow compliance currents.
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CHAPTER 11

CONCLUSION AND FUTURE WORK

In summary, several novel designs and structures are presented in this dissertation for
the improved the device performance of photonic and electronic devices, particularly
light-emitting diodes (LEDs) and resistive random-access memory (RRAM) devices.
To begin with, the first axial AlInN core-shell nanowire ultraviolet (UV) LED
with high crystalline quality is successfully demonstrated with an internal quantum
efficiency (IQE) of 52%. Even though the AlInN semiconductor has several potential
uses in UV and visible light-emitting devices, it has not been extensively researched
since the epitaxial growth is challenging. Light extraction efficiency for various
nanowire photonic crystal arrangements is also explored. According to the results
obtained, the optimized hexagonal photonic crystal array can emit 63% of the light,
and the primary direction of light emission is from the top surface of nanowires.
As a result of this work, AlInN can be used as an alternate III-nitride material for
light-emitting applications while the efficiency of AlGaN-based UV LEDs is largely
in the single-digit percentage range.

Next, one of the critical problems in AlGaN deep UV LEDs i.e., electron
leakage is addressed in this dissertation by band-engineering various epilayers of
the LED structure without using any electron blocking layer (EBL) layer, thereby
demonstrating the improvement in the device performance. Among the several
structures, in the first structure, an optimized thin undoped AlGaN strip layer is
introduced in the middle of the last quantum barrier (QB) which generated sufficient
conduction band barrier height and effectively reduced the electron leakage into the
p-GaN region. This resulted in improved IQE and output power of the proposed LED

structure. In the next structure, an optimized-composition thin intrinsic AlxGa(1-x)N
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strip is introduced in the middle of each quantum barrier. Through this structure, it
is demonstrated that with the progressively increased conduction band barrier height
values constructively confine the electrons in the active region, and electron leakage
into the p-region is effectively controlled. With this EBL-free proposed structure, the
maximum IQE is improved by 72% and IQE droop is reduced by 333% as compared to
the conventional AlGaN EBL LED structure. In the third structure, linearly graded
polarization-controlled QBs are introduced instead of conventional QBs in the AlGaN
UV LED structure. Due to the decreased lattice mismatch between the quantum well
(QW) and the QB, this design resulted in a reduction of the electrostatic field in the
QW area. Additionally, the suggested structure enhances carrier confinement in the
active region and decreases electron leakage to the p-region due to a gradual increase
in the effective conduction band barrier heights. Compared to the traditional EBL,
the theoretical analysis showed that carrier transportation of the EBL-free deep UV
LEDs was greatly improved due to higher radiative recombination, quantum efficiency;,
and output power. Overall, these studies provide crucial knowledge for creating new,
high-performance deep UV LEDs for real-world applications.

This dissertation also shows how InGaN blue LED with a lattice-matched
AlGaN last QB can outperform conventional LED in terms of IQE. This study
demonstrates that polarization fields, effective potential barrier heights for carrier
transportation, IQE, and the output power of InGaN multiple QW LEDs are
significantly affected by the last QB. According to the numerical analysis, the
integration of lattice-matched AlGaN layer as the last QB prevented the development
of strong positive sheet polarization charges at the last QB/EBL interface. As a result,
the suggested LED can support hole injection while considerably suppressing electron
leakage. This innovative LED design may pave the way for the next wave of powerful

light sources.
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Next in the dissertation, the use of wide bandgap material-based RRAM is
demonstrated for non-volatile memory applications. Systematic research has been
done on multilevel switching in Ti/TiN/Ga,O3/Ti/Pt RRAM devices. For the first
time, it is experimentally demonstrated that these RRAM devices, which have a
reasonably high Ryg/Ron ratio, can store multiple bits of data at lower compliance
currents of 10 pA, 20 pA, and 50 pA. Additionally, an approach to control the
formation of conducting filament is proposed, by integrating a thin SiN, layer in
the conventional SiO, RRAM device. At a very low compliance current of 10
nA, the proposed SiOy/SiN, RRAM device exhibited outstanding resistive switching
(RS) properties, uniform current-voltage characteristics with concentrated SET and
RESET voltages, exceptional stability, and a high Reg/Ron (>103). Additionally,
the suggested RRAM exhibits multi-bit resistive switching behavior at extremely
low operating currents, paving the path for low-power and high-density data storage

applications.

11.1 Suggested Future Work

11.1.1 High Performance EBL Free AlGaN Nanowire UV LEDs

AlGaN Nanowire LEDs exhibit superior device performance due to several advantages
in the nanowire structures, including effective strain relaxation in the lateral
dimension, drastically reduced dislocations and polarization fields, and notably
improved light extraction efficiency [85,113,251,252]. However, nanowire LEDs still
contain several challenges that may include electron overflow from the active region
and poor hole injection that cause efficiency droop, and the efficiency droop is severe
with a shorter emission wavelength in the UV regime [73,79]. In this context, the aim
is to address the electron leakage problem and provide efficient solutions for the same.
Our research has proposed high performance EBL-free AlGaN UV LED structures in

Chapters 4, 5, and 6, which can prevent electron leakage. Taking the advantage of the
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molecular beam epitaxy (MBE) system, and the team’s expertise, epitaxial growth
and device fabrication of high performance EBL-free AlGaN nanowire UV LEDs will
be achievable. Integration of tunnel junction to supply holes into the active region
will be additional benefit to improve IQE and output power further in these nanowire
UV LEDs. The required wavelengths in the entire UV regime can be attained by
accurately optimizing the IIl-nitride nanowires growth in terms of growth conditions,

shape, size, arrangement, and elemental composition.

11.1.2 TImproved RS Capabilities of RRAM Devices

Optimization of Top Electrode and Thickness of RS Layer: The barrier
heights between conduction band (CB)/valence band (VB) and metal work function
plays vital role in the carrier transportation of the device. With the wrong selection
of TE, switching may not occur though the switching layer holds RS capability due
to poor efficiency and flowing of very low currents (<1 pA) regardless of electrons or
holes are being injected from top electrode (TE). RRAM devices (which are reported
in Chapters 9 and 10) with different TE materials (Pt, Ag, Ti, Ru, Ni and Al) need
be studied to reduce the forming voltage and improve Ryg/Ro, ratio. Next, it is also
possible that forming voltages can be increased with the RS layer thickness. As the RS
layer thickness is increased, a larger voltage needs to be applied to form the conduction
paths. Therefore, it leads to have higher formation voltage in pristine devices, higher
SET/RESET voltages thereafter. The RS layer thickness should be optimized to
demonstrate desired SET/RESET voltages without compromising higher Rog/Ron

ratios.

Incorporation of Quantum Dots to Improve RRAM Performance: It is
important that RRAM should exhibit a continuous, uniform, and reliable change in
its conductivity. Random and unstable RS behavior from cycle-to-cycle operation

is one of the major problems that current RRAM devices are facing as it leads
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to a series of reliability problems. Mainly progressive RESET and abrupt RESET
are observed in RRAM. The progressive RESET exhibit good uniformity but small
switching window, while the abrupt RESET shows a large switching window but
poor stability and high-power consumption. These challenges can be overcome by
controlling the formation of conduction filament during the RRAM device operation.
In recent years, researchers have shown great interest in embedding semiconductor
quantum dots (QDs) into traditional electronic and photoelectric devices to obtain
devices with better performance, low cost, and large-scale manufacture due to the
breakthroughs in quantum effects (such as surface effects and quantum confined
effects) [253]. The incorporation of zero-dimensional materials like quantum dots
could be a potential solution to overcome this problem as quantum dots demonstrate
tremendous application potential due to uniform size (distribution) and tunable
bandgap [254]. The insertion of QDs between RS layer and electrodes would expands
the switching window along with excellent readability and improve the uniformity
and reliability, which demonstrates significant potential for nonvolatile memory
application. Meanwhile, the design viewpoint of combining functional layers with
quantum dots provides an excellent strategy for enhancing RRAM performance in
the future. The above-mentioned proposed approaches would successfully mitigate
the challenges such as non-uniformity from cycle-to-cycle operation, high current
operations and high-power consumption, reliability issues in terms of endurance and
retention in RRAM devices and provide a path to achieve highly uniform, stable,
and ultra-lower power RRAM devices which can be utilized for real-world emerging

applications.
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