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Abstract

One of the main advantages of nanowire structures is its ability to grow dislocation-free
crystal on a foreign substrate, which has been the major bottleneck for IlI-nitride planar
structures. This unique feature, along with nanowires’ reduced polarization field and high
light extraction efficiency enables us to realize high performance InGaN/GaN white light
emitting diodes (LEDs), as well as supreme quality AIN nanowires and AlGaN based
deep ultraviolet (UV) LEDs. This dissertation reports on the achievement of high
efficiency InGaN/GaN white LEDs with high color rendering index (CRI) and tunable
correlated color temperature (CCT) values. Furthermore, we present the realization of
dislocation-free AIN nanowires with controllable p-type conduction and the achievement,
for the first time, of AIN nanowire UV LEDs emitting at 210 nm.

We have achieved a very high CRI value (>90) for InGaN/GaN white LEDs in both
warm and cool white regions. The novelty of the approach is the easy tunability of the
spectrum by changing the growth conditions at the wafer-level. Furthermore, by
designing the core-shell structure, we have achieved a relatively high output power of 1.5
mW for a current density of 70 A-cm™ for unpackaged devices, which is two orders of
magnitude higher than the nanowire LED structures without shell coverage.

The achievement of dislocation-free AIN nanowires opens up the possibility to develop
deep UV LEDs. We have presented strong band-edge emission, both at low temperature
and room temperature, from non-doped AIN nanowires. We have grown AIN:Mg
nanowires with different Mg-doping levels. Through detailed electrical measurements,
we have identified hopping conduction as the major carrier transport mechanism at room
temperature and the room temperature free hole concentration is estimated to be ~10'°
cm”, which is orders of magnitude higher than previously reported values in AIN.

We have presented the enhanced optical and electrical performances of UV LEDs in the
UV-A (340 nm) and UV-B (290 nm) range. The LEDs show strong and stable emissions
with high internal quantum efficiencies (IQE); the IQE of UV-A LED is 59% and UV-B
LED is 41%. These values are comparable with the planar LEDs in the same wavelength

range. Most importantly, we have demonstrated the realization of AIN p-i-n LEDs

Xi



emitting at 210 nm. This is the first demonstration of deep UV LED emission in such a
short wavelength range using nanowire structures. The AIN p-i-n LED presents a turn-on
voltage of 6 V and a low operating voltage (8 V at 20 mA). Strong electroluminescence is
also observed at different injection currents. The realization of dislocation-free AIN
nanowires with controllable doping and the demonstration of AIN p-i-n LEDs open up

the possibility to achieve high performance tunable deep UV LEDs.
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Abreégé

L'un des principaux avantages des structures de nanofils est leur capacité a croitre libre de
dislocations sur un substrat étranger, qui a toujours été un facteur limitant important pour
les structures planaires a base de Ill-nitrure. Cette caractéristique unique, avec le champ
de polarisation réduit des nanofils et I'efficacité¢ d'extraction de la lumicre élevée, nous
permet de réaliser des diodes ¢€lectroluminescentes (DELs) a base d’InGaN/GaN de haute
performance pour la production de lumiére blanche, ainsi que des DELs a base de
nanofils d’AIN et d’AlGaN de haute qualité émettant dans 1’ultraviolet (UV) profond.
Cette thése rend compte de la réalisation de DELs blanches a base d’InGaN/GaN a
efficacité élevée avec un haut indice de rendu de couleur (IRC) et une température de
couleur proximale accordable. De plus, nous présentons la réalisation de nanofils d’AIN
libres de dislocations avec une conduction de type p contrdlable, et la réalisation, pour la

premiére fois, de diodes €lectroluminescentes UV en nanofils d’AIN émettant a 210 nm.

Nous avons réalisé un IRC tres élevé (>90) avec les DELs blanches a base d’InGaN/GaN
dans les régions blanches chaudes et froides. La nouveauté de cette approche est
l'accordabilité facile du spectre en modifiant les conditions de croissance au niveau de la
tranche. En outre, par la conception de la structure noyau-enveloppe, nous avons atteint
une puissance de sortie relativement élevée de 1,5 mW pour les dispositifs non
encapsulés, ce qui représente deux ordres de grandeur de plus que les structures sans

noyau-enveloppe.

La réalisation de nanofils d’AIN libres de dislocations permet de développer des DELs
émettant dans I’UV profond. Nous avons présenté une forte émission a I’extrémité de la
bande, a la fois a basse température et a température ambiante, a partir de nanofils d’AIN
non dopés. Nous avons fait croitre des nanofils d’AIN:Mg avec différents niveaux de
dopage de Mg. Grace a des mesures électriques détaillées, nous avons identifié que la
conduction par saut a distances est le mécanisme principal de transport des porteurs de

charges a la température ambiante, et que la concentration de trous libres a la température
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ambiante est estimée a ~10'® cm™, qui est plus élevée de plusieurs ordres de grandeur que

les valeurs précédemment rapportées pour 1I'AIN.

Nous avons présenté des performances optiques et électriques améliorées des DELs UV
dans 1'UV-A (340 nm) et UV-B (290 nm). Ces DELs montrent une émission forte et
stable avec une grande efficacité quantique interne (IQE); I'QE des DELs UV-A est de
59% et celle des DELs UV-B est de 41%. Ces valeurs sont comparables avec les diodes
planaires dans la méme gamme. Plus important encore, nous avons démontré la
réalisation de DELs PIN a base d’AIN émettant a 210 nm. Il s'agit de la premiére
démonstration de DELs émettant dans 1'UV profond dans une telle courte portée en
utilisant des structures de nanofils. La DEL PIN a base d’AIN présente une tension
d'allumage de 6 V et une tension d'alimentation basse (8 V a 20 mA). Une forte
¢lectroluminescence est également observée a différents courants d'injection. La
réalisation nanofils d’AIN libres de dislocations avec un dopage contrdlable et la
démonstration de DELs PIN a base d’AIN ouvre la possibilité d'atteindre des DELs UV

accordables de haute performance.
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Chapter 1. Introduction

[II-nitride semiconductor materials (InN, GaN, AIN, and their related alloys) are
emerging as prospective candidates for today’s optoelectronic devices. They are blessed
with unique properties, such as high electron mobility, large absorption coefficient, high
saturated electron drift velocity, and high chemical stability [1-6]. Most importantly, III-
nitride materials exhibit direct band gap, from 0.65 eV (InN) to 6.1 eV (AIN), i.e., from
ultraviolet (UV) to infrared (IR), covering the whole solar spectrum. The use of III-
nitride materials in the applications of light emitting diodes (LEDs) [7-14],
photodetectors (PDs) [15-20], solar cells [21-26], laser diodes (LDs) [27-30], high
electron mobility transistors (HEMTs) [31-35], and sensors [36, 37] is a continuously
advancing research area with a view of achieving efficient device performance by
utilizing the unique properties of this material family.

The IlI-nitride materials can be crystallized in wurtzite, zinc-blende or rocksalt structure.
The wurtzite structure is the thermodynamically stable structure. There are few reports on
zinc-blende structure [38-42]. The formation of rocksalt structure is possible only under
high pressure [43, 44]. The wurtzite structure is a hexagonally closed pack (hcp) lattice.
Since the unit cell is hexagonal, it has two lattice parameters, namely, ¢ and a. ¢ defines
the distance of two atoms in different atomic planes, and a defines the distance of atoms
in the same lattice plane. The different c/a ratio of InN, GaN, and AIN is a signature of
their deviation from the ideal wurtzite structure which affects their properties. Another
important feature is the polarity of the material. The schematic diagram illustrating the
GaN wurtzite structure is presented in Fig. 1.1. As apparent in Fig. 1.1, the Ga and N
atoms are arranged in bilayer and the polarity of the material is defined by the top layer.
If the top layer is metal (Ga in this case), it is metal/Ga polar and otherwise, N-polar. This
polarity is determined by the growth conditions; e.g., IlI-nitride materials grown by
metal-organic vapor phase epitaxy (MOVPE) is usually Ga-polar but the same material
grown by molecular beam epitaxy (MBE) is N-polar [45, 46]. Both bulk (e.g., the

polarization field) and surface properties (e.g., the band bending at the surface) depend on



c-direction

Figure 1.1 Schematic illustration of a GaN wurtzite structure [47]. The Ga and N-atoms
are arranged in layers and N-layer is at the top (N-polar).

the polarity of the material and hence, is critical for the design of the devices employing
the polarization and/or the surface charge feature.

Another important feature of IlI-nitride material is the presence of intrinsic spontaneous
and strain-induced piezoelectric polarization. The built-in asymmetry of the wurtzite
crystal structure is the cause of the spontaneous polarization. Due to the lack of lattice
matched substrate, the Ill-nitride materials are grown by heteroepitaxy and as a result,
experience tensile or compressive strain which leads to piezoelectric polarization. This is
also present in heterostructures and can play a significant role in device performance.
Quantum-confined Stark effect (QCSE), efficiency droop, non-uniform carrier
distribution can be directly related to polarization effect. This effect is more prominent in
planar structures than nanowires and will be described in detail in the following sections.
The characteristics of III-nitride white and UV nanowire LEDs have been studied in this
thesis. In this chapter, a brief introduction of nanowire LEDs, including the challenges
and advantages will be discussed. The current status of white nanowire LEDs and the

need, challenges, and current status of UV LEDs will be described subsequently.



1.1 Nanowire LEDs

Nanowires are very thin structures having diameters in nanometer (nm) range. This low
dimensional structure may offer quantum confinement in two directions leaving one
dimension for carrier conduction. The high surface-to-volume ratio, strain relaxation
through lateral surface, the size dependent band gap tunability, enhanced exciton binding
energy, enhanced surface scattering are some of the unique properties of nanowires [48].
Another important advantage of nanowire is its small size. To keep up with Moore’s law,
circuits are getting miniaturized day by day. Having small structure widens the scope of
integrating with today’s miniaturized electronic devices.

In the following paragraphs, the three critical properties of nanowires related to our
research on Ill-nitride devices, namely, strain relaxation, enhanced light extraction

efficiency and the high aspect ratio will be described in detail.

1.1.1 Strain Relaxation

As mentioned previously, there is no lattice matched substrate for II-nitride materials.
The most commonly used substrates are sapphire, SiC, and Si [49]. The lattice parameters
of the substrates and the Ill-nitride binary materials are presented in Table 1.1. It is
apparent from Table 1.1 that all of the substrates have large lattice mismatches and
differences in thermal conductivities. This is very crucial from the growth point of view.
Since the layers are grown epitaxially on the substrate, they undergo tensile or
compressive strain. As the layers are above a critical thickness (typically ~ 53 (&) for
GaN for a lattice mismatch of 3% and much smaller for increased lattice mismatch),
dislocations are generated in the structure. The dislocation density of GaN grown on
these substrates is typically in the range of 10° ~ 10'° em™ [50-52]. These dislocations
cause electronic states in the bandgap and potential variation throughout the structure and
serve as non-radiative recombination centers, resulting in severe degradation in the
optical and electrical performance of the device. Another direct consequence of the strain
is the piezoelectric polarization. The performance of LEDs can be severely affected by
the presence of polarization. In this respect, the nanowire structure offers a significant

advantage over the planar structure. As the nanowires are grown vertically and have



small diameters, they offer lateral stress relaxation [53]. Because of this, the critical
thickness to form dislocations is larger in the case of nanowires [54] and the crystal
quality is superior to its planar counterpart. The process of stress relaxation in thin film

and nanowire structure is schematically presented in Fig. 1.2.

Table 1.1 Lattice parameters and thermal expansion coefficients for binary IIl-nitride
semiconductors (GaN, AIN, InN) and the commonly used substrates (Sapphire, SiC, and
Si) [55-57].

Material Lattice Constant Thermal
A) Expansion
Coefficient (x 10"
5/K)
GaN a =3.189 5.59
c = 5.185 3.17
AIN a=3.112 4.2
c =4.982 53
InN a = 3.537 53
c =5.704 4.2
Sapphire a=4.765 59
c =13.001 6.3
6H-SiC a =3.081 4.2
¢ =15.117 4.68
Si a = 3.840 3.59
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Figure 1.2 The epitaxial growth of (a) epilayer, and (b) nanowire structure. Due to the
lattice mismatched substrate, the epilayer undergoes severe strain. However, due to the
lateral stress relaxation, stress is effectively accommodated in nanowire structure.

1.1.2 Enhanced Light Extraction Efficiency

Light extraction efficiency is an important parameter of the LED, which, together with
the internal quantum efficiency (IQE), largely determines the output power and external
quantum efficiency (EQE) of the device. In the case of planar LEDs, due to the difference
of the refractive index between the semiconductor material and air, light extraction is
significantly limited by the total internal reflection. The theoretical light extraction
efficiency achieved from a typical planar structure is about 4% [58]. Several approaches
have been employed to improve the light extraction efficiency, such as shaping of LED
dies, surface roughening, use of transparent substrates, and flip-chip packaging. The main
principle of these approaches is to either increase the escape cone by means of a dome
shaped surface, or by enabling multiple photon entry into the escape cone by surface
roughening or photon recycling [59-61]. Transparent substrate is used to minimize the
photon absorption by the substrate while flip-chip packaging prohibits the blocking of
light by metal pads. Additionally, the use of patterned substrates, resonant cavity, and
photonic crystal has been intensively studied to enhance the light extraction efficiency
[58, 62-66]. The use of patterned substrate enables the scattering of photons and thus

allows more photons to escape the LED surface. In resonant cavity LEDs, the active
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region is embedded into a semiconductor slab sandwiched between two mirrors. The
distance between the two mirrors is on the order of a wavelength and thus, they form the
optical micro-cavity. In such a cavity, only optical waves with fundamental resonance
mode can propagate. With a proper cavity design, it is possible to force the photons to
propagate towards the escape cone and thus, to enhance the light extraction efficiency.
Photonic crystals can also control the light propagation through the medium and hence,
can significantly improve the light extraction efficiency [67-69]. However, such
processes are complex, require careful design and increase the manufacturing cost.

Geometrically nanowire structure offers high surface-to-volume ratio, presenting more
area for the photons to escape. Not only that, nanowire structure presents lower effective
index [70], resulting in an increase in the escape cone and reduction in the total internal
reflection. Light extraction efficiency can be enhanced by taking advantage of the guided
mode by which the photons are guided towards the surface and hence, the other optical
modes are eliminated. The scattering effect and improved light output coupling also help
to enhance the light extraction efficiency [71-73]. It has been shown that by careful
design of the nanowires, considering the diameter, fill factor, and the filler material as the
design parameters, it is possible to achieve 72 ~ 79% enhancement in the light extraction

efficiency [70, 74].

1.1.3 Surface States of Nanowires

Nanowires are characterized by large surface-to-volume ratio. Although this high aspect
ratio is advantageous for many applications, they are also plagued with a high density of
surface states. The periodicity of the crystal structure is terminated at the surface and
electronic states are introduced in the forbidden band gap of the semiconductor. Several
studies describe the presence of surface states and Fermi level pinning at the near surface
region of GaN [75-77]. A detailed study illustrating the presence of surface states in both
polar and non-polar surface of GaN employing density functional theory (DFT) is
presented in [77].

The electronic band structure for c-plane and m-plane GaN surface along with the density
of states (DOS) for the stable surface structure is presented in Figs. 1.3 and 1.4,

respectively [77]. Two sets of surface states are identified for polar GaN surfaces. For
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Figure 1.3 Electronic band structure of c-plane GaN surface; (a) Ga-face, (b) N-face
[77]. Grey lines indicate the bulk band structure and red lines indicate energy bands due
to the presence of surface states. (c) DOS for the surface structures of c-plane Ga-face
GaN [77]. The grey areas are DOS of the bulk region and the red spikes are due to the
surface states.

Ga-face, the upper state is situated at ~0.6 eV below the conduction band minima (CBM)
whereas the lower state is situated at ~1.7 eV above the valence band maxima (VBM).
The upper states are empty and are originated due to the dangling bonds of Ga-adatoms.
The lower states are occupied and well localized on bonds between Ga-adatom and three
Ga surface atoms. For N-face, the upper states are also originated from Ga-dangling
bonds whereas nitrogen dangling bonds are responsible for the lower occupied state. The
DOS plot in Fig. 1.3(c) presents the sharp peaks associated with the surface states. Due to
the presence of the unoccupied surface states, the Fermi level is pinned in the forbidden
band gap region. However, the energy at which the Fermi level is pinned depends on the
doping of the nanowire.

For the m-plane surfaces, the upper state unoccupied Ga dangling bond is situated at ~0.7
eV below the CBM and its energy level is similar to the Ga-face polar surface, as
presented in Fig. 1.4. However, nitrogen dangling bonds are responsible for the occupied
surface states and they overlap with the valence band. This prohibits the formation of any

levels within the band gap.
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Figure 1.4 (a) Electronic band structure of m-plane GaN surface [77]. Grey lines indicate
the bulk band structure and red lines indicate energy bands due to the presence of surface
states. (b) DOS for the surface structures of m-plane GaN [77]. The grey areas are DOS
of the bulk region and the red spikes are due to the surface states.

Surface states have many derogatory effects on the performance of nanowire devices.
First and foremost, they introduce surface traps which can capture carriers from the active
region, thus reducing the carrier injection efficiency. This results in the ultimate reduction
of EQE of the device [78]. Furthermore, the Shockley-Read-Hall (SRH) non-radiative
recombination is enhanced in the presence of surface states and results in the slow rising
trend of EQE under electrical injection [79].

As mentioned previously, the Fermi level is pinned in mid-band gap region due to the
presence of surface states. For c-plane n-doped GaN nanowire (lateral surface is the m-
plane), the Fermi level is pinned at ~0.7 eV below the CBM [75, 77]. For the c-plane p-
GaN nanowires, there is no occupied surface state in the band gap region of non-polar
surface. However, impurity incorporation or the presence of defects causes downward
surface band bending for p-type GaN nanowires [80, 81]. Such pinning and surface band
bending result in the formation of surface depletion (accumulation) for GaN (InN)
nanowires [82-85]. The effect of surface depletion is schematically presented in Fig. 1.5
[83]. The width of the depletion region depends on the doping concentration of the
nanowire, the trap density at the surface, and also, on the nanowire diameter. The

depletion width increases with decreasing doping concentration and increasing trap
8
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Figure 1.5 Schematic illustration of the depletion region dependence on nanowire
diameter. The nanowire is fully depleted if the diameter is less than the critical value
[83].

levels. Higher trap levels at the surface requires more charge to establish charge balance
between surface charges and ionized impurities within the depletion region, resulting in
wider depletion width. The depletion width and doping level always maintain an inverse
relation, even in the case of a planar structure. Another important fact is that the depletion
width decreases with increasing nanowire diameter, which is due to the relative scaling of
the nanowire volume and surface area. This also implies that there must be a critical
diameter below which the nanowires are fully depleted. The critical diameter is
calculated to be 50 ~ 80 nm for n-doped (doping level is 10'” cm™) GaN nanowires and
100 nm for non-doped GaN nanowires [82, 83]. Due to the presence of depletion region,
majority carriers are restricted only to the core region of the nanowire. This affects the
device performance in terms of effective carrier concentration, carrier mobility, and

conductivity of the nanowire.

1.2 ITI-Nitride Nanowire White LEDs

White light, which is a combination of all the basic colors including red, green, and blue,
can be generated in several ways. The most common approach is to use phosphor for

color conversion [86]. In this approach, phosphor is used to down-convert the emission of



a blue or UV LED into green/red light, which combines with part of the emission of the
blue or UV LED and leads to the appearance of white light. However, the efficiency of
this approach is generally low due to the energy loss related to the color conversion.
Furthermore, tunability is very difficult in phosphor converted white LEDs. Due to the
phosphor degradation, these devices are also prone to thermal and long term usage
degradation. Another approach is to mix the color of different colored LEDs to generate
white light directly. However, the post processing circuitry is complex and the efficiency
is not great in this case. In this context, InGaN based LEDs present a welcoming
alternative to generate white light. Multicolor emission, which apparently results in
phosphor-free white light emission, can be achieved by varying the growth conditions,
e.g., In/Ga flux ratio and substrate temperature. However, this approach is not free from
shortcomings. The challenges and present status of InGaN based white LEDs are
described in the following paragraphs.

The famous ‘green-gap’ is a well known problem in the research area of IlI-nitride white
LEDs [7, 8]. The InGaN LEDs exhibit high EQE in the blue and violet region but a drop
in EQE is observed in the green/ yellow region, as illustrated in Fig. 1.6 [8]. The
increased In content in the longer wavelength region degrades the material quality and
also, the polarization effects get more pronounced. On the other hand, AllnGaP LEDs
depict high efficiency in longer wavelength region but performs poorly in short
wavelength region due to having indirect bandgap in that region. Another vital problem
of IlI-nitride LEDs is the presence of efficiency droop. InGaN based LEDs reach the
maximum efficiency at a lower current density and then the efficiency decreases as the
current increases. This makes the achievement of high power LEDs more difficult.
Several reasons are responsible for efficiency droop, namely the presence of defects,
polarization field, poor hole transport, Auger recombination, and electron overflow.
Considering all these effects, the IQE (7;) can be typically described by the ABC model
(87, 88],

Bn?
M= An+Bn2+Cn3+f(n) (1.1)
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Figure 1.6 EQE versus wavelength plot for visible LEDs. The EQE is very low in the 500
- 600 nm wavelength range, which is known as the 'green-gap' [8].

where, A, B, and C are the SRH non-radiative coefficient, radiative coefficient, and
Auger coefficient, respectively. The function f(n) represents the carrier overflow outside
the active region. The effects of these phenomena are described briefly in the following
paragraphs.

Defects and Dislocations: As discussed in Section 1.1, due to the absence of lattice
matched substrates, the defect density is higher in III-nitride materials. The defect density
in planar GaN based heterostructures can be as high as 10 ~ 10" cm? [50-52].
Generally, this high density of defects creates states in the forbidden energy gap and
promotes SRH non-radiative recombination. In InGaN LEDs, localized states, such as In-
clusters can be formed [89, 90], which can be beneficial from carrier localization point of
view. However, at high injection current, these states get saturated and can contribute to

efficiency droop [91].

Polarization. Polarization significantly affects the performance of Ill-nitride devices.

Due to the geometrical structure and lack of lattice matched substrate, both spontaneous
and piezoelectric polarizations are present in Ill-nitride materials. A direct consequence

of the polarization is the spatial separation of electrons and holes, which is known as
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Figure 1.7 QCSE in a structure having (a) 10% polarization, and (b) 35% polarization.
QCSE is more pronounced in the structure having higher polarization.

QCSE, as presented in Fig. 1.7. Due to the spatial separation of electrons and holes, the
radiative recombination rate decreases which degrades the performance of LEDs.

Poor Hole Transport: In Ill-nitride materials, the effective mass of hole is larger than
that of electron resulting in lower mobility of hole. This poor hole mobility causes non-
uniform carrier distribution in active region of the LED. The holes are mostly located
close to the p-GaN side. This is more enhanced in planar structure due to the presence of
larger polarization field. This non-uniformity not only reduces the radiative
recombination rate but also promotes electron overflow and Auger recombination, which
further degrades the device performance. Several approaches have been investigated to
circumvent this problem. The barrier thickness variation [92], insertion of a thin layer
next to p-GaN layer [93], and p-doped active region are the names of a few.

Auger Recombination: Auger recombination refers to a three-carrier non-radiative
recombination process. In this process, the excess energy released by the recombination
of an electron-hole pair (EHP) is transferred to a third carrier as kinetic energy. This third
carrier is then excited to a higher state in the same energy band and subsequently, relaxes
to the respective band-edge releasing the energy. The probability of Auger recombination
is proportional to the third power of carrier concentration (Rgyger = C n3) and thus is
more prominent at high injection current. Although the direct intraband Auger
recombination cannot be held responsible for the large efficiency droop observed in III-
nitride materials, the scattering induced indirect Auger recombination can explain this
large droop [94]. The electron-phonon interaction [95], alloy-induced-symmetry-
reduction in InGaN active regions, and charge defects are some of the scattering

12



mechanisms that assist indirect Auger recombination. Considering the indirect Auger
recombination, the coefficient of Auger recombination can be as high as ~10>' cm®s™
for InGaN alloys [96-98].

Electron Overflow: Electron overflow refers to the escape of electrons from the active
region. This reduces the radiative recombination rate and thus degrades the device
performance. In Ill-nitride Ga-polar materials, due to the presence of the polarization
field, the band-edge is tilted downward towards the p-GaN region, effectively reducing
the barrier height for electrons. The non-uniform hole distribution also enhances electron
overflow. These electrons can recombine with the holes in the p-GaN region, further
degrading the device performance. In this context, an electron blocking layer (EBL) of
high band gap material can be inserted between the last quantum wells (QW) and the p-
GaN region to increase the barrier height for the electrons of the active region [99].
However, the effectiveness of this approach is limited by the presence of polarization
field and the carrier injection level.

These shortcomings of Ill-nitride LEDs can be mitigated largely by employing nanowire
structures. As mentioned in Section 1.1, nanowire structures offer less strain and
polarization effects compared to the planar structure. Motivated by this, there has been
substantial research going on to develop GaN based nanowire LEDs. The studies on
InGaN/GaN multiple QW (MQW) heterostructures and dot-in-a-wire structures have
been presented in [12, 100-110]. These studies present the comparison with thin film
structures and the results indicate the superior performance of the nanowire structures.
For example, the study in [101] showed a hundred times improvement in the
photoluminescence (PL) intensity of InGaN/GaN MQW nano-column structure compared
to the planar structure. The wavelength tunability by changing the growth condition is
presented in [101, 105, 107]. High brightness nanowire LEDs, with comparable
performance with planar structure at ~470 nm has been demonstrated in [105]. The
reduced efficiency droop has been demonstrated in the dot-in-a-wire structure [109, 110].
It has been reported in [110] that p-modulation doped nanowire LEDs show virtually zero
efficiency droop at a very high current density of 640 A-cm™. The electron overflow
problem can be mitigated by inserting a high bandgap AIGaN EBL next to the last p-GaN

barrier [109]. The p-doping of the EBL also facilitates the hole injection and transport.
13



The study in [109] has shown that by incorporating p-type modulation doping and EBL,
it is possible to achieve zero efficiency droop at an injection current as high as 2200
A-cm™. Another significant advantage of these nanowire heterostructure LEDs is the
flexibility to tune the spectral power distribution (SPD) of the emitted light. As the
demand of solid state lighting increases, it has become progressively important to
investigate the functional properties, such as color rendering index (CRI), and correlated
color temperature (CCT) of white LEDs. In nanowire structures, it is fairly simple to
incorporate different In compositions at different dots and hence, change the emission
spectra by changing the growth conditions, such as the substrate temperature and/or
In/Ga flux ratio. This is important to achieve the desirable CRI and CCT values, which
are very important functional properties for LEDs as lighting and display applications.

1.3 Ultraviolet LEDs

As the technology advances, the UV emission is becoming more and more important in
various applications, such as sterilization/ disinfection, water and air purification, medical
instrumentation, biological sensors, and protein analysis. At present, mercury and Xenon
lamps are used as a source of UV emission for these applications. However, these lamps
are bulky and expensive, have limited lifetime, and require high voltage operation.
Moreover, the emission wavelength cannot be tuned and they cause environmental
pollution due to the presence of mercury [13]. On the other hand, LEDs are small in size,
cheaper and mercury free, have long life time, and can be operated at low or moderate
voltage. LEDs also offer the tunability of emission wavelength by bandgap engineering.
It has been projected by Yole Développement in 2012 that the UV LED market will grow
43% by 2017 and reach nearly 270 million dollars [111-113].

1.3.1 Ultraviolet LEDs: The Challenges

The UV emission wavelength can be divided into three parts: UV-A (315 — 420 nm), UV-
B (280 — 315 nm), and UV-C (100 — 280 nm). As we move closer to the deep UV range,
it becomes more and more difficult to have high performance LEDs. The main reasons

are summarized in the following paragraphs.
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Crystal Quality: As mentioned in Section 1.1, due to the absence of lattice matched
substrate, IlI-nitride LEDs are generally grown on SiC, sapphire, or Si substrate. These
substrates have different lattice constants and thermal expansion coefficients. As a result,
threading dislocations (TD) and defects are formed during the growth. For AlGaN, the
lattice mismatch is even larger than GaN based LEDs and it can be so severe as to crack
the nitride films [13]. Several approaches have been explored to reduce the extent of this
problem. Insertion of a low temperature AlGaN/AIN layer [114, 115], pulse atomic layer
deposition (PALE) technique to grow high quality AIGaN[116-118], and the epitaxial
lateral overgrowth (ELO) [119-121] are some of the approaches. ELO is considered as
one of the most successful approaches. In this method, a buffer layer is first grown on the
substrate and then is covered by a thin masking film with narrow seeding window.
Epitaxial growth is performed on this partially masked substrate. Initially, the epilayer
starts to grow in a direction normal to the substrate by selective nucleation on the seeds.
However, when the growing epitaxial layer exceeds the top surface of the mask, lateral
growth initiates. The mask eventually allows the propagation of dislocations from the
buffer layer to the laterally grown layer through very narrow windows and thus, reduces
the dislocation density. Using this approach, it is possible to reduce the dislocation
density of GaN and AIN grown on sapphire substrate from ~10** ¢cm™ to the order of 10>
¢ ¢cm™ and from 10" cm™ to 10° cm™, respectively [116, 122]. The growth of AlGaN
deep UV LEDs on bulk AIN substrate has also been studied [123-129]. Lower dislocation
density (<10° cm™ for AlGaN LEDs on AIN substrate [128]) and improvement in output
power (twice output power compared to the device grown on sapphire [125]) has been
reported in these studies. In comparison to these techniques, nanowire structures can be a
suitable alternative for UV LED application. As mentioned previously, due to the
effective strain relaxation in the lateral dimension, nanowires have fewer dislocations,
and as a consequence, the crystal quality is significantly better than thin film and they are
less vulnerable to dislocations and cracking.

Different Growth Kinetics of Al Adatoms: The growth kinetics of AlGaN material
system is different from GaN [13]. Al adatoms have larger sticking coefficient than Ga

adatoms. During the layer by layer epitaxial growth, Al adatoms tend to cause islands to
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nucleate, rather than forming steps by incorporating in the energetically favorable lattice
sites. This disturbs the epitaxial growth, resulting in dislocations and grain boundaries.
Difficulty in Impurity Doping: Efficient doping is very difficult for AIGaN material
systems. The ionization energy of the dopants increases almost linearly with the increase
of the band gap and becomes very high, especially, for acceptor dopants. Mg is the most
commonly used acceptor for IlI-nitride materials. Mg-ionization energy for GaN is ~250
meV, whereas it is ~600 meV for AIN [130]. This high activation energy results in
inefficient p-doping and as a result, conductivity of the devices decreases. However, to
have high performance device, electrical conductivity is a prime issue. Many approaches
have been proposed to increase the efficiency of p-doping, such as polarization induced
hole doping [131, 132], tunnel junction [133, 134], and Mg-delta doping [135].

Light Extraction: The valence band profile of AIN presents negative crystal field
splitting (-219 meV) [136]. The valence band order of the A, B, and C bands of AIN near
the I point is I, [y, and I';. Therefore, the recombination between the electrons from the
conduction band with the holes in the top valence band is polarized transverse
magnetically (TM), parallel to the c-axis (E || ¢). On the contrary, the GaN structure
possesses positive crystal field splitting (+38 meV) [136]. The valence band order of A,
B, and C bands near the I" point for GaN is Iy, I[;, and I';. Therefore, the emitted light is
polarized transverse electrically (TE), perpendicular to the c-axis (E L1 c¢). The band
structures of AIN and GaN are presented in Fig. 1.8. For the ternary compound Al,Ga;.
«N, as the Al molar fraction increases from 0 to 1, the crystal field splitting decreases
from 38 meV to -219 meV. Accordingly, the polarization of the emitted light changes
from TE to TM with increasing Al molar fraction. It has been presented that the crossover
between TE and TM polarization occurs at an Al molar fraction of 0.25 [137]. The
polarization (and hence, the crossover point) also depends on the strain and the internal
electric field present in the structure [138-142]. Since the epitaxial layers are grown
along the c-direction, TE polarization is preferable for surface emitting LEDs. Due to the
presence of TM polarization in deep UV LEDs, the photons cannot be easily extracted

resulting in poor light extraction efficiency.
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Figure 1.8 Band structure near I" point: (a) wurtzite GaN, and (b) wurtzite AIN.
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wavelengths smaller than 250 nm.
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For the above mentioned reasons, the power output and EQE is very low for deep UV
(DUV) LEDs. Figure 1.9 presents the EQE for UV LEDs operating at different
wavelength regions [14]. For a UV LED operating below 250 nm, the EQE is only
~0.1%. Such poor performance is not adequate for practical application. EQE is a
performance metric combining injection efficiency, IQE, and light extraction efficiency.
Let us consider these three efficiencies individually for large band gap material. As
mentioned in Section 1.2, the holes are distributed non-uniformly in the active region due
to low hole mobility and polarization effect. Apart from this, the hetero-interface of
AlGaN/GaN also hinders efficient hole injection in the active region. Since it is very
difficult to form ohmic contact for AlGaN, a thin GaN cap layer is often grown on top of
AlGaN. The injected hole gets trapped at the hetero-interface of the GaN/AlGaN barrier
and attracts electrons; which bypasses the active region and recombine non-radiatively in
GaN region. This results in a very low hole injection in the active region. IQE is low due
to the poor crystal quality and high densities of defects and dislocations.

The dependence of IQE on TDs for a 280 nm UV LED is simulated in [14] and is
presented in Fig. 1.10. The dislocation density resulting from a non-optimized growth of
AlGaN heterostructures on sapphire substrate is in the order of 10'° cm™ and IQE for this
high value of TDs is less than 10%, as shown in Fig. 1.10. Another challenge is to have
enhanced light extraction efficiency. The conventional approach to form dome shaped
structure using encapsulants may not result in improved performance in this case since
most of the available encapsulants absorb light in the deep UV range. Furthermore, the
emitted light is TM polarized due to the unique negative crystal field splitting property of
AIN. This TM polarization of emitted light makes it more difficult to collect photons

from the surface emitting LEDs and thus, reduces the light extraction efficiency.

1.3.2 Optical Properties of Ultraviolet LEDs

Due to the poor crystal quality and impurity dopant induced states in the bandgap, the
presence of various peaks other than the band-edge peak is observed in the PL spectra. To
understand the mechanism and to improve the performance of the device, it is imperative
to understand the origin of these defect peaks. A study on these defect peaks is presented

in this section.
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The origin of the defect peaks has been studied in [143-145]. The PL spectra of intrinsic
and n-doped Alj3Gag ;N are presented in Fig. 1.11. It is apparent from Fig. 1.11 that both
intrinsic and n-doped Aly3Gag 7N have a near band edge emission peak at 295 nm, but a
blue emission peak is present for n-doped Aly3GaysN at 450 nm. This peak is present in
the intrinsic Aly3Gag7N also, but the intensity is about two orders of magnitude lower
than the n-doped sample. The reason of this defect peak emission is the deep levels
introduced by the dopant impurity. A theoretical model is presented in [144], where the
deep level concentrations are divided into two parts: (a) neutral or unoccupied (Ny) and
(b) negative or occupied (Nt). Any transition between conduction/ valence band and any
of these two levels cause the broad emission peak at 450 nm.

The problem of defect peak is more prominent in the case of Mg-doping. Incorporation of
Mg-dopant introduces strong compensating intrinsic defects, thus originating defect
peaks and lowering the electrical conductivity. A systematic study of these defect peaks
is presented in [130]. The near band-edge and defect peaks of p-AliGa; (N alloys having
different alloy compositions (x = 0~1) are presented in Fig. 1.12 [130]. p-GaN has a
defect peak at 2.81 eV, which is due to the donor-acceptor pair (DAP) transition between

a deep level donor and Mg-acceptor. As the Al molar fraction increases, the defect peak
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Figure 1.11 Room temperature PL spectra of intrinsic and n-doped Aly3GagsN [144]. A
strong defect emission is observed for n-doped Aly3Gay ;7N at 450 nm.

is blue shifted and is at 4.7 eV for AIN. The presence of another two peaks, at 5.55 eV
and at 6.02 eV is observed for AIN. The peak at 6.02 eV is due to the transition of exciton
bound to the neutral Mg-acceptor and the peak at 5.55 eV is due to the transition between
conduction band or shallow donor levels to neutral Mg-acceptor energy level. The peak
position of 5.55 eV assigns the Mg-acceptor levels to be at 0.5 eV, which is consistent
with the reported values of Mg-ionization energy [146]. This is a signature of the Mg-
doping of AIN and this peak is also present at 5.31 eV and at 4.96 eV for Aly3Gay,N and
Alp7Gag 3N, respectively.

As mentioned previously, the defect peaks are originated due to the presence of strong
compensating defects. In Mg-doped AIN, nitrogen vacancies, both nitrogen vacancy with
one positive charge (Va") and nitrogen vacancy with three positive charges (V') work
as the compensating defects. Nitrogen vacancy with two positive charges (V') is
unstable. The formation energy of nitrogen vacancies reduces as the Fermi level moves

closer to the valence band and it is found that the formation energy of V37 is lower than
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Figure 1.13 Energy band diagram of p-doped AIN, demonstrating the transition between
nitrogen vacancies and Mg-acceptor energy level [147].
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that of Vit [147]. Thus the formation of Vi* is more favorable and the emission line at
4.7 eV is consistent with the transition involving V5 and Mg-acceptor energy level. Va*
is shallower than V3* and no emission line is observed concerning the transition of V+
and Mg-acceptor energy level. A band diagram is constructed considering the nitrogen
vacancy energy levels and is presented in Fig. 1.13 [147].

One of the key reasons of the low electrical conductivity of AlyGa;xN with high Al
contents is the presence of these defects. By changing the growth condition it is possible
to suppress the impurity transition. It has been presented in [130] that by increasing the
V/III ratio, the impurity transition at 4.7 eV can be effectively suppressed. The Mg-doped
Alp7Gag 3N layer grown with higher V/III ratio exhibits relatively low resistivity of 10°
Q2-cm, at room temperature. However, with the presence of 4.7 eV peak, it behaves like
an insulator.

Another significant problem in achieving deep UV LED is the composition fluctuation. It
is very difficult to grow deep UV LED having uniform Al composition throughout the
active region. This phenomenon has been intensely studied for AlyGa; (N nanowires
grown by plasma assisted MBE (PAMBE) [148-150]. Nanowires have better crystal
quality than thin film and they are virtually defect free due to the lateral stress relaxation.
Therefore, the reason for this localization is not due to any impurity transition. The
temperature dependent PL spectra for AlyGa; 4N, with x = 30%, 50%, and 80% are
presented in Fig. 1.14 [149].

The PL spectra of Alp3GagsN and AlysGagsN exhibit single emission peak at all
temperatures. However, the PL spectra of AlysGag,N shows two emission bands, the
high energy band disappears at temperatures greater than 240 K but the low energy peak
is present at all temperatures. The reason of different temperature quenching of these two
peaks might be that the non-radiative centers become more active at higher temperatures
for the high energy peak. The origin of the alloy fluctuation lies in the growth kinetics;
which causes different nucleation mechanism for AlyGa;«N on top of GaN template.
However, such fluctuation can be reduced by changing the growth temperature, which is

experimentally reported in [150].
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Figure 1.14 Temperature dependent PL spectra of AlyGa; N having Al compositions of
(a) 30%, (b) 50%, and (c) 80% [149].
1.4 Organization of the Thesis

In this thesis work, the functional properties of nanowire white LEDs and optical and
electrical characteristics of nanowire UV LEDs have been intensely studied. We have
demonstrated that our nanowire white LEDs can exhibit a CRI value as high as 97.7 in
the warm white region. We have analyzed the surface state effects of nanowire LEDs and
subsequently, designed core-shell structure with enhanced performance. The successful
growth of AIN nanowires (non-doped and Mg-doped) with enhanced optical performance
have been demonstrated. The achievement of deep UV emission at 210 nm has also been
presented in this research work.

Chapter 1 presents an overview of the development of Ill-nitride nanowire based white
and UV LEDs. The high density of defects and dislocations, presence of polarization
field, electron overflow, and Auger recombination are the limiting factors for achieving

high performance IlI-nitride planar devices. These limiting factors and the advantages of
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nanowire structures in this context have been investigated in detail. The additional
challenges associated with UV LEDs have also been discussed.

Chapter 2 describes the growth mechanism of Ill-nitride nanowires. The fabrication
procedure of white and UV LEDs and the optical and electrical characterization
techniques are also discussed.

In Chapter 3, the functional properties, such as CRI and CCT of InGaN/(Al)GaN
nanowire white LEDs are investigated. We present that by changing the growth condition
at the wafer level, it is possible to achieve a very high CRI value. Our nanowire LEDs
present a CRI value of 97.7 in the warm white region and 95.6 in the cool white region.
We also investigate the surface states effect of nanowire structures. We present that the
surface passivation schemes can result in drastically improved performance. Our core-
shell structure can exhibit two orders of magnitude higher power than the non-core-shell
structure.

The non-doped and Mg-doped AIN nanowires are characterized in Chapter 4. We present
the dislocation-free non-doped AIN nanowires with enhanced performance compared to
the planar counterpart. We also report the achievement of controllable Mg-doping in AIN
nanowires by changing the growth condition.

The optical and electrical performances of UV LEDs emitting at 340 nm, 290 nm, and
210 nm are presented in Chapter 5. The most important achievement described in this
chapter is the demonstration of 210 nm emission from an AIN p-i-n nanowire structure.
This is the first report of achieving deep UV emission in such a short wavelength range
using nanowire structure.

Finally, summary of this thesis work and a guideline to future works are discussed in

Chapter 6.
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Chapter 2. Epitaxial Growth, Fabrication, and
Characterization Methods for Nanowire LEDs

The detailed study of the performance characteristics of IlI-nitride nanowire LEDs is the
main focus of this research work. In this chapter, the nanowire LED growth mechanism,
fabrication process, and characterization principles are described, which provide the
foundation for the subsequent chapters on the design and performance characterization of
these unique devices. Our Ill-nitride nanowires are grown on Si substrate by PAMBE,
fabricated, and then subsequently characterized, both optically and electrically. Before
growing the nanowire structures, the characteristics are investigated by simulating the
structure. In what follows, the nanowire growth mechanism, fabrication procedure, and
the optical and electrical characterization techniques are discussed in detail. A brief

description of the software tool has also been provided.

2.1 Plasma Assisted Molecular Beam Epitaxial Growth of Nanowire LEDs

The two methods to grow nanowires are the bottom-up approach and the top-down
approach. In the top-down approach, the nanowires are fabricated from the epitaxial
structures using dry etching, wet chemical etching, or reactive ion beam etching [151-
154]. However, the structural quality of such nanowires is largely limited by the etching
method employed, the etching induced defects and the presence of dislocations of the
bulk materials. On the other hand, the bottom-up approach can offer, in principle,
virtually dislocation free nanowires. It is possible to achieve nanowires with atomic
perfection in both lateral direction and growth direction by changing the growth
conditions. Vapour-liquid-solid (VLS) phase epitaxy [155], selective area growth (SAG)
[156-158], and the spontaneous growth of nanowires under nitrogen rich conditions [159,
160] are the methods commonly employed in the bottom-up approach.

In our work, I1I-nitride nanowires are grown by catalyst-free PAMBE under nitrogen rich
conditions. MBE has the advantage to grow high purity material with atomically flat
interface. Furthermore catalyst-free MBE offers the advantage of increased material

purity because of the absence of any foreign metal catalyst. In PAMBE, radio frequency
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(RF) plasma is used to create atomic nitrogen (N) species from nitrogen molecule (N5).
This catalyst-free or self-catalytic growth process is a diffusion induced growth process
wherein the differences in diffusion coefficients, surface energies, sticking coefficients
cause the growth of nanowires [160]. The length, diameter, shape of nanowires, wire
density and uniformity depend on the growth conditions, such as, III/V flux ratio,
substrate temperature, and growth rate. For instance, nanowire density, and Ga nucleation
density (in case of GaN nanowire growth) can be controlled by adjusting the growth
temperature [161], and the III/V flux ratio [162], respectively.

All the nanowire heterostructures discussed in this thesis are grown by the Veeco Gen II
MBE system equipped with a RF plasma assisted nitrogen source. The image of the MBE
system is presented in Fig. 2.1. Three main vacuum chambers namely an introduction
chamber, a buffer chamber, and a growth chamber comprises the MBE system. The Si
substrates, after cleaning by hydro-fluoric acid (HF), are loaded into the introduction
chamber and subsequently transferred to the buffer and growth chamber after proper
degassing. Group III elements (Ga, In, Al) reside in the effusion cells and are thermally
evaporated by heating the effusion cells. Plasma assisted radio frequency excitation

provides the N source. The group III fluxes are controlled by changing the effusion cell

A

Figure 2.1 A Veeco Gen Il MBE system equipped with a radio frequency plasma assisted
nitrogen source (located at the department of Electrical and Computer Engineering,
McGill University).
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temperatures whereas the amount of N plasma is controlled by adjusting the plasma
power and nitrogen flow rate. When the effusion cells are heated, the group III atoms
impinge on the substrate surface to react with the active nitrogen to form the Ill-nitride

materials.

2.2 Fabrication Procedure

In this section, the fabrication procedure of nanowire white and UV LEDs is discussed.
The fabrication procedure is almost the same for both white and UV LEDs. However, for
white LED fabrication, polyimide and indium tin oxide (ITO) are used for planarization
and current spreading, respectively. Neither polyimide nor ITO is transparent in the deep
UV range. Furthermore, the top metal contact also absorbs deep UV emission. Therefore,

the fabrication of nanowire UV LEDs is more challenging and requires special care.

2.2.1 Nanowire White LED Fabrication

For white LED fabrication, the nanowires are first spin coated by polyimide resist layer
for passivation and planarization. The top of the nanowires is revealed by performing O,
dry etching of the nanowires followed by standard photolithography to pattern the
samples into various sizes (0.1 x 0.1 mm?, 0.3 x 0.3 mm?, 0.5 x 0.5 mm?, and 1 x 1
mm?). The top and bottom metal contacts are then deposited. The top p-metal contact is
composed of Ni (5 nm)/ Au (5 nm)/ indium tin oxide (ITO: 200 nm), whereas, Ti (20
nm)/ Au (120 nm) forms the bottom n-contact. ITO layer works as the current spreading
layer. To facilitate hole transport, metal grid patterns are deposited on the device surface.
The fabricated devices with top and bottom contacts are annealed at 500 °C in nitrogen
ambient for 1 minute, followed by a second annealing at 300 °C in vacuum for one hour
after ITO deposition. The schematic diagram and the optical image of the fabricated

devices are illustrated in Fig. 2.2(a) and Fig. 2.2(b), respectively.

2.2.2 Nanowire UV LED Fabrication

The nanowire UV LED fabrication is more challenging than the white LED fabrication.
In white LED, polyimide is used for planarization and passivation. However, polyimide

is not transparent in the deep UV range and cannot be used for deep UV LED fabrication.
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Figure 2.2 (a) Schematic diagram of the fabricated white LED. (b) Optical image of the

fabricated white LED devices. The device sizes are: 1 x 1 mm®, 0.5 x 0.5 mm?, 0.3 x 0.3

mmz, and 0.1 x 0.1 mm>.

(b)

Ni/Au
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Ti/Au

Figure 2.3 (a) Schematic diagram of the fabricated UV LED. (b) Optical image of the
fabricated UV LED devices. The device sizes are: 1 x 1 mmz, 0.5 x0.5 mmz, 0.3 x0.3

mmz, and 0.1 x 0.1 mm®.
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The AIN nanowire LED fabrication consists of back and front metal contact deposition.
Ti (10 nm)/ Au (30 nm) and Ni (15 nm)/ Au (15 nm) are deposited as the bottom and top
contacts, respectively. The top metal contact is deposited at a tilting angle of 30°. The
schematic diagram and the optical image of the fabricated devices are illustrated in Fig.
2.3(a) and Fig. 2.3(b), respectively.

The nanowire deep UV LED fabrication method is at its infancy and needs to be
optimized to ensure good device performance. For instance, deep UV transparent
polymer should be used for planarization and passivation. Furthermore, Ni/Au layer is
used as the front p-metal contact, but Ni/Au is semi-transparent in the UV range.
Replacing this with a UV transparent electrode can enhance the light extraction efficiency
to a great extent. There are not many transparent conductors in the deep UV range. The
use of p-type diamond and f — Ga,0; as UV-transparent p-electrode should be

considered in this context [163].

2.3 Luminescence Studies

Luminescence, in general, is the spontaneous emission of light under excitation.
Luminescence is classified according to the excitation mechanism. If the excitation is
achieved by the injection of photons it is called photoluminescence (PL); if by the action
of electron bombardment it is called cathodoluminescence (CL); if by the action of an
electric field or injection with a p-n junction it is called electroluminescence (EL). In this
work, PL and EL are used as probes to study the optical and electrical properties of

nanowire LEDs.

2.3.1 Photoluminescence Studies

In photoluminescence spectroscopy, light is used as the excitation source. When light is
incident on the material, photon is absorbed and excites electrons from the conduction
band to the valence band and EHP is generated. The electrons and holes relax to the
respective band edges by phonon emission and then recombine across the band gap. The
recombination could be radiative or non-radiative. In radiative recombination process, a
photon is emitted following the annihilation of an EHP. The radiative recombination

process is more prominent in direct band gap semiconductors. In indirect band gap
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semiconductors, the additional assistance of a phonon is required to conserve the
momentum, resulting in extremely low efficiency. Therefore, indirect band gap materials
are not suitable for optoelectronic device applications. In the case of non-radiative
recombination, the energy is dissipated as heat through the emission of phonon.

The radiative recombination process can take place across the band gap of the
semiconductor through various transition mechanisms. These transitions are described
briefly in the following paragraphs and are presented in Fig. 2.4.

Band-to-Band Transition (Porcess A): Band-to-band transition refers to the radiative
recombination of an electron in the conduction band with a hole in the valence band. This
can occur in very pure crystals at relatively high temperatures. When impurity is
introduced in the material (either intentionally or unintentionally), states are created in
the energy band. Electrons and holes are trapped in those states and can recombine with
each other radiatively or non-radiatively. These transitions will be discussed below
(Processes E, F, and G). On the other hand, at low temperature, the band-to-band

transition transfers to excitonic transition as discussed below (Processes B, C, and D).
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Figure 2.4 Radiative and non-radiative optical transitions; Radiative transitions: A: band
to band (hv = E), B: free exciton (hv = E4 — Ex), C and D: bound exciton (hv = E5 —
Ex — Ejp ), E: donor to valence band (hv = E; — Ep), F: conduction band to acceptor
band (hv = E; — E,), G: donor-acceptor pair (hv = E, — (Ep + E4) + q*/er); Non-
radiative transitions: H: defect state related, and I: Auger recombination.
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Excitonic Transition (Processes B, C, and D): Both free and bound excitonic transitions
are observed at low temperature in a very pure crystal. The free exciton is composed of
an electron in the conduction band and a hole in the valence band bound together by
Coulomb interaction. Photon (hv = E; — E,) is emitted by the recombination of electron
and hole. The emission spectrum is sharp since the exciton levels are well defined.

Bound excitonic transitions are observed in intentionally doped high purity material. The
exciton can be bound with an impurity atom (either donor or acceptor). The energy of the
bound exciton is lower than the free exciton energy by the binding energy of the exciton
to the impurity (hv = E; — Ey — Ep).

Excitonic transitions are often observed at low temperatures, where the binding energy of
the exciton is larger than the thermal energy. As the temperature increases (thermal
energy becomes greater than the binding energy), the excitons become unstable and
band-to-band transitions are observed in the PL spectra.

Band-Edge to Donor/Acceptor Transition (Processes E and F): This process refers to
the transition of a free carrier to a bound carrier and is commonly observed in
semiconductor materials. The transition involves the recombination of an electron in the
conduction band to the neutral acceptor or the recombination of neutral donor to a
valence band hole (hv = E; — Ep, or hv = E; — Ey).

Donor-Acceptor Pair (DAP) Transition (Process G): In DAP transition, the
recombination occurs when an electron moves from the neutral donor to the neutral
acceptor. Since both donor and acceptor are ionized after such a transition, Coulomb

attractive force works between them and therefore, the energy of the emitted photon is,
2
hv =E; —E, — Ep + Z—r, where g is the elementary charge, € is the dielectric constant,

and r is the donor-acceptor distance. Since the photon energy depends on r and r can
vary in a large range, the DAP transition results in a broad emission spectrum.

Non-Radiative Recombination (Processes H and I): Non-radiative recombinations are
originated, in most of the cases, due to the presence of defects in the crystal. These
defects include dislocations, vacancies, interstitials, and foreign atoms. These defects

have energy levels within the band gap of the semiconductor. The transition between the
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carriers (electrons and/or holes) to these defect levels results in the emission of a phonon,
which is dissipated as heat.

Another important non-radiative recombination process is Auger recombination. In
Auger recombination, the energy due to the recombination of an EHP is used to excite
another carrier, which transits to a higher energy level in the same band. This excited
carrier then relaxes back to the respective band-edge by losing the energy by multiple
phonon emission. The energy and momentum is also conserved for Auger recombination.
Auger recombination is dominant at very high excitation intensity or high carrier

injection currents and can be neglected at lower carrier concentration.

2.3.2 Electroluminescence Studies

Electroluminescence refers to the radiative recombination due to the injection of the
minority carriers into a semiconductor p-n junction. Electroluminescence study is
performed on the fully fabricated device. The basic principle of EL for a p-n junction is
briefly summarized below.

The energy band diagram of a p-» junction is presented in Fig. 2.5. When the p-n junction
is formed, the electrons (holes) from the n- (p-) region diffuse to the p- (n-) region. This
results in the formation of positive (negative) space charge in the n- (p-) region. In the
vicinity of the interface, an electric field is established from n- to p- region. This electric
field prevents further diffusion of carriers to the opposite end and thus establishes an
equilibrium condition. The Fermi levels are equalized and a potential barrier sets in from
n- to p- region. The electric field is localized in a narrow region near the junction. This
narrow region is depleted of any free carriers and is called the depletion region. When a
forward bias voltage is applied to this p-n junction, both the depletion width and the
internal potential barrier decreases and the excess electrons (holes) are injected from the
n- (p-) region to the p- (n-) region. Recombination is initiated due to such mixing of high
concentration of minority and majority carriers. If the recombination is radiative, the

resulting luminescence is called electroluminescence.
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Figure 2.5 Energy band diagram of a p-n homojunction; (a) separated p- and n-
semiconductor, (b) the p-n junction with zero applied bias (Wp is the depletion width and

eVp is the potential barrier), (c) the p-n junction with an applied forward bias voltage of
V [164].

2.3.3 Importance of PL and EL Spectroscopy

A plethora of information can be revealed by analyzing the PL and EL spectra, which is
discussed in the following paragraphs.

Band gap: PL can be used to determine semiconductor band gap. The peak position of
the PL spectra corresponds to the band gap of the semiconductor in most cases. For
ternary alloys, the alloy composition can also be determined employing the Vegard’s law.
However, band gap depends on carrier concentration and may be reduced under heavy
doping, due to the band tailing effect. Also the PL peak in a heavily doped semiconductor
may show higher energy than the bandgap, due to the Burstein-Moss effect. Therefore,
such band gap determination is dependent on the doping level of the material.

Stress: Stress is an important issue for IIl-nitride materials since they are grown by
lattice-mismatched heteroepitaxy. Due to the mismatch in lattice constants and thermal
expansion coefficients between the epitaxial layer and the substrate, the epitaxial layer
experiences strain. If the lattice constant of the epitaxial layer is larger (smaller) than the

substrate, it experiences biaxial compressive (tensile) stress which can be decomposed in

33



two components: a hydrostatic component and a uniaxial component. The hydrostatic
component alters the lattice constant, which changes the band gap and therefore, a shift in
the PL peak position is observed. The uniaxial component affects the valence band
degeneracy at zone-center (I" = 0), often resulting in the splitting of the valence bands
into light hole and heavy hole sub-bands. Since these bands participate in carrier
excitation and recombination, any change in their order is observed in the PL spectrum;
either by a shift in the peak position or by the splitting of single PL peak into multiple
peaks. Thus PL can effectively probe the effect of strain in the material. PL spectroscopy
can also be used to quantitatively measure the magnitude and direction of the strain
[165].

Crystal Quality: Material quality can be estimated by the intensity and full-width-at-half-
maxima (FWHM) of the PL signal. A strong intensity and narrow FWHM corresponds to
good material quality. This can be additionally supported by the absence of any defect
related peaks.

IQE and EQE: IQE (1,9g) and EQE (ngqg) are two important performance metrics for
optoelectronic devices. Fundamentally, EQE can be expressed as the ratio of the number
of photons emitted into free space per unit time to the number of electrons injected to the
device per unit time. For LEDs, it is a combination of injection efficiency (9in;), Mgk,
and light extraction efficiency (Mext), 1.€., Mggr = MinjNigENext- Ninj 18 defined as the
ratio of the injected electron to the active region to the total number of electrons injected
into the device. 1;,; 1is considered unity for planar structure; however, as will be
discussed in Chapter 3, 1;,; is very low for nanowire structures with the presence of
surface recombination. 1o is defined as the ratio of the number of photons emitted from
the active region per second to the number of electrons injected in the active region per
second. In LEDs, not all the photons recombined radiatively can escape the device and
emit into the free space. As discussed in Chapter 1, the light extraction efficiency is
limited by the total internal reflection of the emitted photon and can be as low as 4% for a
typical planar structure [58]. This affects severely the device performance and therefore,

aptly included in the EQE calculation.
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The IQE can be deduced from the temperature dependent PL/EL measurement. This
deduction of 7,4 1s based on the assumption that at cryogenic temperature the defect
related recombination is nearly zero due to thermal freeze-out effect. Therefore, the
PL/EL intensity is at its maximum value at low temperature. 7o is calculated as the
ratio of room temperature integrated PL/EL intensity to the low temperature integrated
PL/EL intensity. However, it should be mentioned that this assumption might not be true
for all material systems. For instance, it has been reported that the PL intensity of InGaN
LED is not always saturated at low temperature [166]. Furthermore, IQE calculated in
this method depends on the excitation level and the doping density of the material [167,
168].

The EQE can be calculated from the power dependent PL/EL measurement. The rate of
the increase of the integrated intensity with increasing power gives the estimation of ngqg
. For lll-nitride LEDs, ngqp generally shows droop at higher injection current. Electron
overflow, Auger recombination, inhomogeneous carrier distribution, etc. have been
identified as the cause of the droop, as discussed in Chapter 1. The QCSE can also be
estimated from the power dependent PL/EL measurement by observing the shift in the
peak position with increasing power.

CRI: CRI is an important functional property of white light sources. It defines the color
rendering ability of the light source. It depends on the spectral power distribution of the
light source and can be derived from the EL spectrum. Conventionally, Planckian black
body radiator is assumed to have a CRI of 100. The CRI of the light source is calculated
by comparing the color rendering of the light source to that of a reference source. Eight
standard color samples are illuminated by the test light source and the reference source.
The standard color samples are presented in Fig. 2.6. The CRI of the i-th sample is
defined by, CRI; = 100 — AC;, where AC; represents the quantitative color change of the

sample when illuminated by the reference and the test light source. The general CRI is
then calculated by averaging these special eight CRI’s, i.e., CRI = %Z?:l CRI;. The
smaller the color deviation (AC) between the two sources, the higher the CRI value of the

light source. The CRI is very high if the SPD of the light source closely resembles the

black body radiation spectrum.
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Figure 2.6 The eight reference color samples used to calculate CRI of the light source
[169].

2.4 APSYS Simulation Tool

Simulation tools help us to optimize the design and understand the device characteristics
and performance by critically correlating the simulation results with the experimental
data. For instance, polarization effect is significant in Ill-nitride materials and more
prominent in planar structure than nanowire structure. How this polarization affects the
carrier distribution and radiative recombination can be understood clearly by analyzing
the band structure, wave function, and carrier distribution obtained by simulating the
structure. The extent of polarization also depends on the structure of the device, such as
the thickness of the quantum wells in the active region. The thickness can be optimized
by simulating devices with varying thicknesses and comparing their performances. Thus,
simulation tools help to optimally design the device structure and critically analyze the
performance.

In this thesis, we have used advanced physical models of semiconductor devices
(APSYS), from Crosslight software for device modeling. APSYS is a 2D/3D modeling
software based on finite element analysis (FEA). This software deals with advanced
physical models, e.g., heterojunction models, thermal analysis models, and hot carrier
transport models. Although band structure engineering and quantum mechanical model is
at the core of the software, by simulating the device structure we can achieve various
useful information relevant for the device operation, such as the current-voltage (I-V)
characteristics of the device, energy band diagram at different bias levels, wave
functions, carrier concentration, and potential distribution etc. Various optical modules
are included in the software so that optical properties can also be analyzed.

The software works on three input files, namely, the layer file, the solution file, and the
plot file. The device structure is specified in the layer file. It includes structure

dimensions, doping, and alloy compositions. The material properties, bias conditions, any
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other specific parameters can be defined in the solution file. This is the main simulation
input for APSYS and it consolidates all the models and runs the appropriate physical
models to simulate the structure. Device parameters, such as, mobility, carrier lifetime,
recombination coefficients can also be specified in the simulation according to the
requirements. Then the plot file is used to plot all the information needed by the user. Fig.

2.7 shows the flow chart of this process.

LayerBuilder

Denvice Simulator

Post-processing
pit file or Crosslightyiew,

Figure 2.7 Flow chart of APSYS device simulation.

APSYS has been widely used to simulate III-Nitride material device characteristics. It
can successfully incorporate the special properties of Ill-nitride materials, such as,
wurtzite structure, spontaneous and piezoelectric polarization effect, and effect of metal
and N-polarity on the devices. Apart from these, the software provides special tools to
study the surface state effects. Since this research work is based on nanowire LEDs and
nanowires suffer the most from the surface state effects, this tool is intensely utilized to

study the surface state effects of the nanowire LEDs in this work.
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Chapter 3. High Performance Phosphor-Free
Nanowire White LEDs

Solid state lighting is a prime candidate for future lighting applications. As the demand
for highly efficient phosphor-free white LED is increasing day-by-day, their operational
properties, e.g., IQE and EQE and functional properties, e.g., CRI and CCT need to be
carefully investigated. In this regard, phosphor-free white light emission based on III-
nitride nanowire structures has been intensively studied and shown great promise for
applications in solid state lighting [7, 10]. Compared to their conventional planar
counterparts, Ill-nitride nanowires can exhibit greatly reduced dislocation densities,
polarization fields, and QCSE due to the effective lateral stress relaxation [9-11, 170-
173]. Excellent crystal quality achieved by nanowire structures can result in high IQE
[174, 175]; however, the inefficient hole transport mechanism of nitride materials [176,
177] and the effect of surface states [178] result in low QE of nanowire LEDs. On the
other hand, to have a good CRI and appropriate CCT, it is necessary to have the
flexibility to tailor the SPD, and nanowire LEDs offer this flexibility to a great extent
[110]. It will be demonstrated in this chapter that nanowire heterostructure LEDs can
generate very high CRI values of 94 — 98 in both warm white and cool white regions.

Although the high surface-to-volume ratio of nanowires is advantageous for many
applications, it also promotes non-radiative recombination and compromises the device
performance because of having high density of surface states. It has been demonstrated
that at room temperature under moderate current injection (100 A-cm™), the SRH
recombination accounts for up to 40% of the total recombination in typical axial
nanowire LEDs [79]. This results in poor carrier injection efficiency, slow rising trend of
QE, and low output power. As a consequence, the output power of nanowire LED is very
low, often in the range of uW or even lower [179]. The effect of surface states can be
mitigated by employing in-situ or ex-situ surface passivation schemes. For the ex-situ
passivation process, the nanowire LEDs need to undergo external treatment, which often
adversely affects their optical and electrical performance [180, 181]. In this chapter, we

present the performance of InGaN/GaN nanowire LEDs which can be dramatically
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improved by employing an in-situ deposited AlGaN surface passivation layer. Simulation
results demonstrate that carrier injection efficiency improves significantly by reducing
the surface recombination velocity. The experimental results clearly show a significant
increase (by nearly two orders of magnitude) in the output power compared to the non-

passivated nanowire LEDs.

3.1 Engineering the Functional Properties of Phosphor-Free Nanowire White
LEDs

Solid state lighting offers several advantages over the conventional incandescent and
fluorescent lamps; such as high efficiency, long lifetime, and reduced environmental
impact. With the increasing demand of solid state lighting, it is imperative that they
exhibit good CRI and appropriate CCT; which are two vital properties for any lighting
applications. CRI is a measure to define how closely a light source can replicate the true
color of an object. CCT defines the appearance of the light source. To engineer CRI and
CCT values, the flexibility to tailor the SPD of the light source is required, which can be
achieved by using solid state lighting. To date, the approaches for generating white light
generally involve the use of yellow phosphor with blue or UV LEDs; red, green and blue
phosphor with UV LEDs; and oxyfluoride or fluoride phosphor with violet LEDs [86,
182]. However, the functional properties of the emitted light depend on the phosphor
compositions and the coating techniques, which are difficult to optimize without
compromising the device efficiency. An alternative of using phosphor for down-
conversion is to use semiconductor nano-crystals (NC). Monosized CdSe NCs or a
combination of different-sized CdSe/ZnS NCs can generate white light with broad
spectrum and good CRI values [183, 184]. However, the size variation of NCs causes
reabsorption due to Forster type energy transfer and lowers the efficiency of the devices
[185]. In this context, nanowire LEDs can offer significantly improved performance.
Multicolor emission has been achieved by using various nanostructures including
InGaN/GaN well/disk-in-a-wire and core-multi-shell structures [174, 186-188]. All
semiconductor-based white LEDs have also been demonstrated by using InGaN ternary
nanowires [12], InGaN/GaN nano-disks [107], etched InGaN quantum wells [189] and
recently, the InGaN/GaN dot-in-a-wire structures [79, 110, 190].
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In this section, we study the functional properties of white light generated by
InGaN/(Al)GaN dot-in-a-wire LEDs grown by MBE. Additionally, the incorporation of
quantum dots in the nanowire LED active regions may effectively provide superior
carrier confinement, promising high efficiency LEDs with tunable emission. On the other
hand, in our nanowire LEDs, the emission spectra and SPDs of nanowire white LEDs can
be readily adjusted by varying the growth parameters at the wafer-level. The novelty of
this approach is the simplicity in tailoring the spectrum to achieve desirable CRI and
CCT values. We have presented here that, our phosphor-free InGaN/(Al)GaN nanowire
LEDs can have CRI>90 in both warm and cool white regions, which are the highest

values ever reported for phosphor-free white LEDs.

3.1.1 Growth of Nanowire White LEDs

The schematic diagram of InGaN/(Al)GaN nanowire white LEDs is presented in Fig.
3.1(a). The dot-in-a-wire LED heterostructures were grown by RF PAMBE on n-Si
substrate. The growth temperature for GaN nanowires was ~750 °C. The plasma forward
power and nitrogen flow rate were kept at 350 W and 1 standard cubic centimeter per
minute (sccm) during the growth. The active region of the LED device includes ten
InGaN/(Al)GaN dots. Each dot consists of ~3 nm InGaN. The active region is then
capped by a p-doped AlGaN EBL to prevent electron overflow [109] and followed by a
p-GaN layer. The peak emission and SPD of the white light emission can be controlled
by adjusting the In composition in the quantum dot active region which can be achieved
by varying the growth conditions including the substrate temperature and/or In/Ga flux
ratio. The In composition varies from ~10% to 50% along the growth direction, resulting
in a wide spectrum having different color components [110, 190, 191] and stable and
robust white light emission due to the large inhomogeneous broadening.

Figure 3.1(b) shows the SEM image of a typical nanowire white LED sample. The
nanowires are vertically aligned and uniformly distributed on Si substrate. The density of
the nanowires is estimated to be ~ 10'° cm™. Figure 3.1(c) presents the normalized PL
spectra of two nanowire LEDs. The PL spectra were measured using a 405 nm laser at
room temperature. The two nanowire LEDs were grown at two different conditions to

engineer the peak wavelength and the SPD. The substrate temperature was varied from ~
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Figure 3.1 (a) Schematic structure of the InGaN/(Al)GaN nanowire LED; (b) SEM image
of the nanowire LEDs grown on n-Si substrate; (¢c) Normalized PL spectra of LED1 and
LED2.

600 °C to 680 °C to modulate the In compositions in the active regions of these LEDs
resulting in the differences in peak emission wavelengths and SPDs. Shown in Fig.
3.1(c), the peak wavelengths of LED1 and LED?2 are varied in the range of ~480 to 550
nm. LED1 and LED2 both have wide SPD with different spectral contents indicating that
they will demonstrate different CRI and CCT values.

3.1.2 Results and Discussions

The nanowires are fabricated using the standard white LED fabrication technique as
described in Section 2.2.1. In our study, the dot-in-a-wire structures can offer a wide
range of CCT values by changing the growth parameters, whereas keeping a high CRI
value. Both CRI and CCT depend on the SPD of the emitting light source. However, it

has been challenging to achieve high CRI (>90) in the cool or neutral white region
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because high CRI requires that the SPD should incorporate the long wavelength
components of visible spectra whereas cool/neutral CCT requires short wavelength
components in the SPD. The normalized EL spectra of the two LED devices are
presented in Fig. 3.2 (a). LED1 and LED2 both have broad spectra with FWHM of 186
nm and 169 nm, respectively. The multiple emission peaks are directly related to the
compositional variations of the quantum dots in the LED active region. LED1 and LED2
have SPD in the range of 400 - 800 nm, and 380 - 760 nm, respectively. Due to the wider
spectrum, LED1 demonstrates a higher CRI value compared to LED2. The measured CRI
values for LED1 and LED2 are 97.7 and 95.6, respectively. LED1 has a CCT of 2357 K

(warm white) and the Commission Internationale d’Eclairage (CIE) 1931 coordinates of
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Figure 3.2 (a) Normalized EL spectra of LED1 and LED2 measured at room temperature;
(b) The CIE coordinates of LED1 and LED2; (c) The optical images of the emitted light
of LED1 and LED2.
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(0.50, 0.42). The SPD of LED2 incorporates short wavelength components, thus emitting
neutral white light (CCT ~ 3838 K), which is suitable for indoor lighting applications. It
also demonstrates a high CRI value of 95.6, and the CIE 1931 coordinates of (0.39, 0.38).
The CIE coordinates of LED1 and LED2 and the optical images of strong light emitted
by LED1 and LED2 are shown in Figs. 3.2(b) and 3.2(c), respectively. Moreover, cool
white light emission with relatively high CRI values can also be achieved by varying the
InGaN quantum dot compositions.

Figure 3.3 shows the current dependent EL spectra of 0.3 x 0.3 mm” devices measured
under pulsed biasing conditions (5% duty cycle) at room temperature. The CRI, CCT and
CIE coordinates do not show significant variations with current, confirming stable
operation. Shown in Table 3.1, in the current injection range of 40 to 70 mA, LEDI
shows relatively stable CRI values (96.2 - 97.7) and CCT (2357 K -2589 K), and nearly
constant chromaticity coordinates (x = 0.48 - 0.50 and y = 0.42 - 0.43). LED?2 has slightly
lower CRI values, which is in the range of ~94.2 - 95.6, compared to LED1. The CCT of
LED?2 varies from 3838 K to 4035 K, with nearly stable chromaticity coordinates (x =
0.38 - 0.39 and y = 0.38 - 0.39). Additionally, peak positions of the EL spectra from these
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Figure 3.3 EL spectra under different injection currents for (a) LED1 and (b) LED2. The

measurement was carried out under pulsed biasing condition with 5% duty cycle at room
temperature.
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LEDs are stable with increasing current. This demonstrates that the effect of QCSE is less

significant in nanowire LEDs due to the effective strain relaxation through lateral

surfaces. The highly stable emission is also directly related to the large inhomogeneous

broadening of the dot-in-a-wire structures.

In summary, we have developed phosphor-free InGaN/(Al)GaN dot-in-a-wire nanoscale

LEDs which can emit white light in the warm and cool white regions. The nanowire LED

spectrum can be tuned readily to achieve excellent characteristics. Our LEDs demonstrate

stable and unprecedentedly high CRI values with CIE coordinates in the warm and cool

white regions of the chromaticity diagram.

Table 3.1 The CRI, CCT, and CIE coordinate values at different injection currents under
pulsed biasing condition (5% duty cycle) for 0.3 x 0.3 mm”* devices of LED1 and LED2.

Device Current CRI CCT CIE Coordinates
(mA) (K) x,y)
40 97.7 2357 (0.50, 0.42)
50 96.2 2461 (0.49, 0.43)
LEDI1
60 97.1 2494 (0.49, 0.43)
70 96.7 2589 (0.48, 0.43)
40 95.6 3838 (0.39, 0.38)
50 95.5 3841 (0.39, 0.39)
LED2
60 94.7 3940 (0.39, 0.39)
70 94.2 4035 (0.38, 0.39)
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3.2 Improving the Carrier Injection Efficiency of Phosphor-Free Nanowire
White LEDs

[II-nitride nanowire structures are emerging as a promising candidate for optoelectronic
devices. Both axial and radial InGaN/GaN heterostructures have been intensely studied
[12, 105, 107, 110, 192-197]. In InGaN/GaN core-shell radial heterostructure, the InGaN
MQWSs are grown radially on the side facets of GaN nanowire. The non-polar side facets
offer the advantages of reduced polarization field and increased surface emission area.
However, the core-shell radial InGaN/GaN nanowires are often grown by MOVPE and
due to the structural inhomogeneity and difficulty in incorporating high In content for
green and red emission, it is very difficult to achieve high efficiency white core-shell
LEDs. Furthermore, due to the non-planar fabrication technique associated with radial
structure, it is challenging to fabricate large area devices with good ohmic contact and
homogeneous current spreading. In this context, the axial InGaN/GaN nanowire
heterostructures grown by catalyst-free PAMBE shows great promise. Color tunable
emission of such nanowire heterostructures have been demonstrated in a wide
wavelength range. The fabrication process of such nanowire arrays grown on Si substrate
is also similar to that of commercial planar LEDs. However, axial nanowires suffer
severely from the presence of surface states and defects, which often lead to unacceptably
large non-radiative surface recombination. It can further deplete mobile carriers and
significantly increase the device resistance. The enhanced non-radiative recombination
results in poor carrier injection efficiency, small QE and low output power. The surface
recombination velocity of GaN is ~10% cm/s [198, 199]. However, due to the strain and
defects induced in InGaN/GaN nanowire LEDs, much higher surface recombination
velocity is expected. Therefore, the surface recombination is more severe in InGaN LEDs
with high In content, especially in the green and red wavelength regions.

In this section, we have investigated the effect of surface recombination on the carrier
injection efficiency of InGaN/GaN nanowire LEDs. We present that the carrier injection
efficiency can be improved to a great extent by reducing the surface recombination
velocity, i.e., by designing the core shell structure. We have presented that the core-shell

structure can outperform the non-core-shell structure by demonstrating an output power
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as high as 1.5 mW, which is nearly two orders of magnitude higher than the non-core-

shell structure [191].

3.2.1 Simulation Model

We have modeled the effect of surface states on nanowire LEDs by using APSYS,
Crosslight [200]. We have used the ‘interface’ model to simulate the surface state effects.
The ‘interface’ model specifies the semiconductor interface, which could be between
semiconductor and vacuum, between semiconductor and air, or between different
semiconductors. Three different kinds of models are used with this ‘interface’ statement
to describe the physics of interface: (i) ‘recomb’: this model defines the surface
recombination velocity, i.e. the rate of recombination between electrons and holes at the
surface of the semiconductor. A zero surface recombination velocity indicates that the
surface is free of any defects whereas the surface severely plagued with surface states has
a high surface recombination velocity. (ii) ‘trap’: this parameter defines the surface traps,
which could be either donor or acceptor type traps. They are quantified by ‘trap density’
and ‘trap level’. ‘trap density’ is a measure of how badly the surface is affected by
defects and dislocations whereas ‘trap level’ is the associated defect energy level
measured from the conduction band edge. (iii) ‘charge’: this parameter defines fixed
interface charge density, which could be either positive or negative. The model ‘recomb’
is used to simulate the effect of non-radiative recombination at the surface, whereas ‘trap’
and ‘charge’ models are used to simulate the band bending due to the Fermi level pinning
at the surface and the carrier depletion from the surface, respectively. Our simulation is
based on the ‘recomb’ model.

Our dot-in-a-wire LEDs consist of InGaN active regions followed by GaN barriers. We
are more interested in analyzing the effects of the surface states on the effective carrier
concentration, on injection efficiency, and on radiative recombination rate. With this
view in mind, we have developed a simple LED model consisting of only one 3 nm
Ing25Gag 75N quantum well, followed by GaN barrier layers. The schematics of planar and
nanowire structures that we have used in our simulation are presented in Fig. 3.4. The
carriers are generated by optical pumping. The wavelength of the optical pump was set at

405 nm. The SRH lifetime related to bulk recombination, the Auger recombination
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Figure 3.4 Schematic diagrams of the structures used in the simulation; (a) planar, and (b)
nanowire.

coefficient, and the carrier generation rate for the planar structure are set to 100 ns, 1x10°

33 6. -1 27 3. -1 .
cm’-s ,and 2.5 x 10°" cm™-s™, respectively.

3.2.2 Effects of Surface States on Carrier Injection Efficiency of Nanowire LEDs

The planar structure is considered to be free of any surface states (i.e. zero surface
recombination velocity) and all the carriers remain confined in the active regions.
However, the carrier generation in nanowire is severely affected by the presence of
surface states and defects. Figure 3.5 presents the carrier concentration for a planar
structure and a nanowire of diameter 100 nm. The surface recombination velocity is set to
5 x 10" cm/s for the nanowire LED. As apparent from the figure, the nanowire LED
exhibits much lower carrier density compared to the planar structure for the same level of
carrier injection. Furthermore, the carrier distribution is not uniform along the diameter of
the nanowire. Higher concentration is observed at the central core region, which signifies
the presence of non-radiative recombination at the surface. To study the dependence of
carrier concentration on surface recombination velocity and diameter, we define carrier
injection efficiency (7,) as the ratio of the effective carrier density in the nanowire
structure (N.fs) to the injected carrier density (N;,;), which is the equivalent carrier

density for the planar structure.

Ne = Negr/Ninj (3.1)
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Figure 3.5 Comparison of carrier concentration of a planar and a nanowire structure

under identical carrier excitation conditions. The carrier generation rate in the active
. 2 3.

region is set to 2.5 x 10*” cm™-s™.

In our simulation, we calculated carrier injection efficiency as a function of surface
recombination velocity for nanowires with different diameters. Surface recombination
velocity is directly related to the density of surface states. The variation of 1, with
respect to surface recombination velocity for different diameters is presented in Fig. 3.6.
It is apparent from the figure that 7, increases with increasing diameter. However, as the
diameter increases, the benefits associated with high surface-to-volume ratio, such as
lateral stress relaxation and large light extraction efficiency are compromised. This is an
important design issue to achieve high power LED devices and should be considered very
carefully. It is seen from Fig. 3.6 that for a fixed diameter nanowire LED, 1, decreases
significantly with the increase of surface recombination velocity. For a nanowire with
100 nm diameter, 7, decreases from 24% to 6% for a surface recombination velocity
increase from 5 x 10° cm/s to 5 x 10* cm/s. This large reduction calls for some effective
method to passivate the surface of nanowires. In this regard, we have developed the

unique dot-in-a-wire core-shell LED structures [191] which can effectively reduce the
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Figure 3.6 Variation of carrier injection efficiency as a function of surface recombination
velocity and nanowire diameter [191]. The carrier generation rate in the active region is
setto 2.5 x 10*" cm™-s™.

surface recombination velocity resulting in an enhanced device performance. For surface
passivation, the nanowire structure is surrounded by AlGaN shell. The presence of high
bandgap material at the surface of the core nanowire prevents the carriers to escape from
the active region and thus enhances the carrier injection efficiency. The high angle
annular dark field (HAADF) image is presented in Fig. 3.7(a) [191]. The figure clearly
shows the formation of the shell surrounding the nanowire surface. The energy dispersive
X-ray (EDX) elemental mapping is presented in Fig. 3.7(b) [191], showing the presence
of the InGaN/GaN active region and the AlGaN shell.

To prove that the core-shell dot-in-a-wire structure enhances the LED performance, we
have performed the PL measurement on the core-shell and non-core-shell structure under
the same optical excitation conditions (exciting laser: 405 nm; excitation power: 20 mW).
Figure 3.8 presents the PL spectra of these LEDs and we observe that the PL intensity for
the core-shell LED is ~6-7 times stronger than the non-core-shell LED. This
enhancement clearly indicates that the shell can provide better lateral confinement by
preventing the carriers leaking out of the active region. This core-shell LED exhibits an
output power as high as ~1.5 mW at room temperature, which is more than 2 orders of
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Figure 3.7 (a) HAADF image, and (b) EDX elemental mapping of the active region of
InGaN/GaN nanowire heterostructure [191].
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Figure 3.8 Comparison of the PL intensity of core-shell and non-core-shell nanowire
LED:s.
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magnitude stronger than the non-core-shell LED structure [191].

In this section, we have demonstrated that the non-radiative surface recombination is one
of the bottlenecks for achieving high efficiency nanowire LEDs. We show that carrier
injection efficiency of a 100 nm diameter nanowire can be as low as 6%, compared to the
near-unity carrier injection efficiency of planar LED structures. In addition to surface
recombination velocity and nanowire diameter, the carrier injection of nanowire LEDs
can also be varied by the surface band bending. The band bending depends on the doping
and diameters of nanowires and may result in the depletion or accumulation of charge
carriers in the near surface region. As the carriers (electron/hole) are injected in the
device active region, they may be spatially separated, to a certain extent, by the lateral
electric field of nanowires associated with the surface band bending, which can reduce
non-radiative surface recombination. Therefore, the carrier injection efficiency can be
further improved by optimizing the surface band structure through controlled dopant
incorporation [201]. However, doping of the nanowire may introduce defects and traps,
which contributes to enhanced non-radiative recombination, which should be carefully

considered in designing the core-shell nanowire LED structures.
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Chapter 4. Characterization of AIN Nanowires

The characteristics of both non-doped and Mg-doped AIN nanowires have been studied
in this chapter. As mentioned in Chapter 1, both the growth and characterization of AIN
has been very challenging. It is very difficult to grow good quality AIN due to the lack of
lattice matched substrate, the difference in growth kinetics of Al and Ga, and the
difficulties in achieving efficient doping [13, 14]. In comparison to planar structures, AIN
nanowires can offer significantly improved properties since the densities of defects and
dislocations can be drastically reduced in nanowire structures [53]. Furthermore, due to
the reduced formation energy of substitutional doping in the near surface region of the
nanowires, nanowire structures offer enhanced surface doping and conductivity [202]. In
this chapter, the optical properties of non-doped and Mg-doped AIN nanowires have been
analyzed in detail. The non-doped AIN nanowires clearly exhibit strong free exciton
emission at 20 K and at room temperature. The enhanced optical performance of the AIN
nanowires confirms its superior quality over AIN epilayer. The AIN:Mg nanowires
present the band-edge emission peak and also, the Mg-acceptor related peak. Detailed
temperature dependent electrical measurements on the AIN:Mg nanowires reveal that the
hopping conduction is the dominating carrier transport mechanism at room temperature.
3

From these measurements, the free hole concentration is estimated to be ~10" cm , Or

higher at room temperature.

4.1 Optical Properties of Strain-Free Non-doped AIN Nanowires

In this section, the optical properties of the non-doped AIN nanowires are thoroughly
investigated. The advantages of nanowire structures can be seen in the enhanced
performance of the nanowires, such as stronger optical emission at room temperature
compared to its planar counterpart. The peak position of the emission spectra further
confirms the strain-free nature of the AIN nanowires. The presence of optical phonon
replicas are also observed, which are designated as the surface optical (SO) phonon
modes, rather than the commonly observed longitudinal optical (LO) phonon replicas in

AIN epilayer.
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4.1.1 Growth and Structural Characterization

The AIN nanowires were grown on Si substrate by catalyst-free PAMBE. To promote the
formation of AIN nanowires, a GaN template was grown on Si substrate first. For the
GaN nanowire growth, initially a thin Ga seeding layer of 0.6 nm was deposited on Si
substrate before introducing nitrogen. The schematic diagram of the AIN nanowire on
GaN template is presented in Fig. 4.1(a). The growth condition of GaN nanowires is the
same as described in section 3.1.1. However, higher temperature is required for AIN
growth to provide enough mobility to Al adatoms [203]. The substrate temperature is
increased to ~858 °C for AIN nanowire growth and the Al flux ratio is kept at 6 x 10™
Torr. The nitrogen flow rate and the forward plasma power were kept the same as
described in Section 3.1.1. Fig. 4.1(b) presents the SEM image of the AIN nanowires.
The nanowires are vertically aligned and uniformly distributed on the Si substrate. The
diameter of the AIN nanowires is estimated to be 100 nm and the density is 10'° cm™. A
high resolution TEM image is presented in Fig. 4.1(c). The crystalline planes are clearly
observed in the TEM image and also the absence of misfit dislocations and stacking fault
is confirmed. A 0.25 nm interplanar spacing is determined indicating that the growth

direction is along the c-axis [204-206].

4.1.2 Optical Characteristics

The optical characteristics of the AIN nanowires have been carefully studied. For the PL
measurements, a 197 nm frequency quadrupled Ti-sapphire laser was used as the
excitation source. The low temperature (10 K) PL spectra of the AIN nanowire and AIN
epilayer are presented in Fig. 4.2. The growth condition of the AIN epilayer is described
elsewhere [136, 207]. The thickness of the AIN epilayer is 1 um, which is comparable to
the height of the AIN nanowires. Furthermore, the diameters of AIN nanowires are in the
range of 100 nm and for such large diameters, quantum confinement effect can be
neglected. These factors enable the direct comparison of excitonic transitions of AIN
nanowires and epilayer. Three distinct peaks are observed in the low temperature PL
spectra of both AIN nanowire and epilayer. For AIN nanowires, the peaks are at 6.03 eV
(205.6 nm), at 5.93 eV (209.1 nm), and at 5.83 eV (212.7 nm). The first peak is

53



2 um

Figure 4.1 (a) Schematic diagram of the AIN nanowires grown on GaN template on Si
substrate. (b) The SEM image of the AIN nanowires taken with a 45° angle. (c) TEM
image of a single AIN nanowire (10 nm above the GaN template). The arrow indicates
the growth direction.

designated as the free exciton (FX) emission (n = 0 line), and the other two peaks are the
two phonon replicas. For AIN epilayer, the FX transition is observed at 6.06 eV, and the
phonon replicas are at 5.95 eV and at 5.84 eV, which is similar to the previous report of
AIN epilayers grown on sapphire substrate [208]. To analyze the difference of peak
emission wavelengths of AIN nanowires and epilayer, it is of interest here to present the
comparative study of the peak emission and the quality of AIN epilayers grown on
different substrates [209]. AIN epilayer grown on sapphire substrate experiences a
compressive strain and the peak emission has a blue shift compared to the strain free
case. The AIN epilayers grown on the AIN substrate experience no lattice mismatch and
therefore, are almost strain free. The FX emission of the AIN homoepilayer has been
reported at 6.03 eV [209], which is similar to the FX transition observed in AIN
nanowires. This confirms that the nanowires are virtually strain-free and of supreme
crystalline quality. Furthermore, the FWHM of the FX emission of AIN nanowires is 21

meV whereas that for AIN epilayer is 33 meV. The narrower FWHM is another
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Figure 4.2 The low temperature (10 K) PL spectrum of (a) AIN nanowires, and (b) AIN
epilayer.

indication that the AIN nanowire has better crystalline quality compared to the AIN
epilayer.

The supreme crystalline quality is further evidenced from the room temperature PL
spectrum of AIN nanowires. Figure 4.3 presents the room temperature PL spectra of both
AIN nanowires and AIN epilayer. AIN nanowires have FX emission peak at 5.96 eV,
which is stronger than the FX emission peak of AIN epilayer at 5.99 eV. This superior
optical emission not only indicates the enhanced crystalline quality of AIN nanowires but
also suggests the reduced surface state effects on the excitonic transition of AIN
nanowires. The carriers in AIN have a large effective mass, and hence, a small Bohr
radius (~ 1.2 nm) and large binding energy (~ 60 meV). Therefore, the recombination
process is dominated by the excitons even at room temperature and the carrier non-
radiative recombination via surface states/defects is greatly minimized.

Apart from the free excitonic transition, the presence of two phonon replicas is observed
in the low temperature PL spectrum of AIN, as presented in Fig. 4.2. The energy
separation between the phonon replicas of AIN nanowires is 100 meV, whereas that for
AIN epilayer is 110 meV. The phonon replicas have been identified as LO phonon
replicas for AIN epilayers [208]. However, the large difference in the separation energy

(10 meV) of the phonon replicas of AIN epilayer and nanowire calls for more
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Figure 4.3 Room temperature PL spectra of (a) AIN nanowires, and (b) AIN epilayer.

investigation. The SO phonon mode, which arises from the abrupt termination of the
crystal structure at the surface, can be a suitable candidate for the observed phonon
replicas in AIN nanowires. Such SO phonon modes have been observed in nanowire
structures [210-216] and vary with the morphology, density, size of the nanowires, and
the dielectric constant of the environment [214]. Based on Loudon’s uniaxial crystal
model and within the framework of the dielectric continuum model, the estimated SO
phonon energy in AIN nanowires can be varied from 84 meV to 110 meV [216]. Hence,
the phonon replicas observed in AIN nanowires are most likely due to the interaction
between SO phonons and electrons via Frohlich electron-phonon coupling. This has been

also confirmed by Raman spectroscopy measurement, as presented in [217].

4.2 On the Magnesium Doping into AIN Nanowires

In this section, the optical and electrical properties of Mg-doped AIN nanowires have
been discussed. At room temperature, with the increase of Mg-doping concentration, the
Mg acceptor energy level related transition appears in PL spectra indicating an enhanced
Mg incorporation. The electrical conduction on the other hand indicates an activation
energy of 23 meV in the 300 K — 450 K temperature range, which is significantly smaller
than the Mg ionization energy (~600 meV) in AIN [146], suggesting the p-type

conduction being mostly related to hopping mechanism and/or impurity band conduction
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[218, 219]. Meanwhile, the electrical measurements at higher temperature range present
the possibility of different activation energy at elevated temperatures. The increase of
activation energy with temperature indicates the involvement of the thermal activation
process, and at a sufficiently higher temperature, thermally activated carriers should
dominate the transport mechanism. The detailed optical transitions related to different

energy levels are also discussed in the text.

4.2.1 Optical Characterization

The growth conditions of the AIN nanowires are the same as described in Section 4.1.1.
To study the effect of Mg-doping, a series of AIN:Mg nanowire samples were grown and
studied, listed in Table 4.1. Samples A, B, and C were grown with an Al flux of 4.0 x 10
¥ Torr, and Mg flux of 2.6 x 10” Torr, 1.6 x 10™ Torr, and 9.1 x 10™ Torr, respectively.
Samples D and E were grown with Al flux of 2.0 x 10 Torr, and Mg flux of 2.6 x 10”
Torr and 9.1 x 10 Torr, respectively. The axial growth rate is ~ 3.5 nm/ min for samples
A, B and C, and 1.5 nm/ min for samples D and E.

Temperature variable PL measurements were performed on as grown Mg-doped AIN
nanowires using a 193 nm ArF exciton laser as the excitation source. Figure 4.4(a)
presents the PL spectra of the AIN:Mg nanowires at 20 K. We observe a narrow peak at
205 nm (6.05 eV), and a broad peak at 227.4 nm (5.45 eV) for samples C, D, and E. We
designate the first peak as the high energy peak, Py and the second broad peak as the low
energy peak, Pr. Py is due to the excitons bound to neutral Mg-acceptor impurities (I
line in AIN). The energy separation between Py and Pp is about 0.6 eV, which is
consistent with the Mg-activation energy in AIN [147]. Various defect related transitions
have been identified for planar AIN [130, 220, 221]. These defect emissions are mainly
due to the nitrogen/cation vacancies and related complexes in AIN. In previously reported
AIN:Mg epilayers, the optical transition involving the deep level donor and Mg-acceptor
is observed at 4.7 eV and the transition involving shallow donor and deep acceptor is
observed at 3.9 eV [146]. These facts rule out the possibility of the low energy peak at
227.4 nm (5.45 eV) to be a defect peak and, therefore, PL can be attributed to the DAP
transition between a shallow donor and Mg-acceptor energy level [146, 147]. The

ionization energy of the shallow donor can be derived from the temperature dependent
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Table 4.1: Growth parameters for Mg-doped AIN samples having different growth rates
and different doping levels.

Samples Al-Flux (Torr) Mg-Flux (Torr)
A 4.0 x107® 2.6 107
B 4.0 x10°® 1.6 x10®
C 4.0 x10°® 9.1 x10™®
D 2.0 x10° 2.6 x107
E 2.0 x10°® 9.1 x10®

PL intensity (discussed later) and deduced to be ~80 meV for AIN:Mg nanowires, which
is in reasonable agreement with the previous reported values (~60 meV) for AIN epilayer
[146]. The ionization energy of the Mg-acceptor can be deduced as, Ey = E; — 5.45 —
0.08 = 0.61 eV, where E; = 6.14 eV is the band gap of AIN at 20 K. This Mg-acceptor
related peak increases with Mg-dopant incorporation. Moreover, it is more pronounced
for samples D and E, grown with reduced growth rate (low Al flux), indicating that a
slower growth rate significantly enhances Mg-incorporation. This observation is further
supported by the comparison between samples A (high Al flux) and D (low Al flux),
which were both grown with the same Mg flux of 2.6 x 10™ Torr. It is seen that no Mg-
acceptor related transition can be observed for sample A, whereas such a transition can be
clearly measured in sample D. The direct correlation between the emission peak at 227.4
nm with Mg-dopant incorporation provides unambiguous evidence for the presence of
Mg-acceptors in AIN. The strong dependence of Mg-dopant concentration on variations
of the growth conditions is a result of several competitive processes, including the
enhanced Mg-acceptor incorporation due to the reduced formation energy for the Al-
substitutional Mg-doping in the near-surface region of nanowires as well as the Mg atom
desorption at elevated growth temperature [222, 223].

The power and temperature dependent PL studies were performed. In what follows, we
focus on the highly Mg-doped AIN sample with reduced growth rate (sample E). The
power dependent PL properties at 20 K are shown in Fig. 4.4(b). The inset of Fig. 4.4(b)
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Figure 4.4 (a) Normalized PL spectra of Mg-doped AIN nanowires with different Mg
flux and different growth rate at 20 K. (b) Power dependent PL spectra of sample E at 20
K; inset: ratio of integrated PL intensity of Mg-acceptor peak to that of band-edge peak
versus power plot at 20 K.

presents the ratio of the peak intensities of Mg-acceptor peak to the band-edge peak. We
observe that the ratio increases in the low power regime but decreases with further
increasing excitation power. This is related to the saturation of the Mg-acceptor energy
level under high excitation conditions. In addition, the power dependence of the peak
energies reveals that both the high energy and low energy peaks undergo a red shift with
increasing excitation power. The DAP recombination usually causes a blue shift with
increasing power and has been observed in GaN [224] and InN [225]. It is suggested that
the observed red shift is likely a combination of band gap renormalization [226] and laser
induced heating effect. This effect has been observed in GaN nano-particles [227] and
also in GaN/AIN quantum dots [228].

It is observed from the low temperature PL spectra of Fig. 4.4(a) that the low energy
peak, Pr, is quite broad. To investigate this peak more closely, the PL spectrum was
measured at room temperature using a frequency-quadrupled Ti-sapphire laser with an
emission wavelength at 197 nm, 76 MHz repetition rate, and an average optical power of
~1 mW as the excitation source. The room temperature PL spectrum of sample E is
presented in Fig. 4.5. In addition to the band-edge peak at 5.95 eV, three other peaks
were observed at 5.34 eV, at 4.57 eV, and at 3.9 eV. The peak at 5.34 eV can be

identified as the Mg-acceptor related transition (the energy separation of the band-edge
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Figure 4.5 Room temperature PL spectrum of sample E. A 197 nm frequency-quadrupled
Ti-sapphire laser was used as the excitation source.

peak and the peak at 5.34 eV is 0.61 eV). The emission peaks at 4.57 eV and at 3.9 eV
are attributed to the DAP transitions. The transition involving a deep donor and Mg-
acceptor energy level is responsible for the peak at 4.57 eV whereas the peak at 3.9 eV is
due to the transition involving a shallow donor and a deep acceptor. Such transitions were
also observed in Mg-doped AIN epilayers [147].

The temperature dependent PL properties were investigated for the highly doped AIN
sample under an excitation power of 5 mW using the 193 nm ArF excimer laser as the
excitation source. As the temperature increases, both peaks undergo a red shift. This is
consistent with the band gap narrowing with temperature [146]. The evolution of the peak

energy with temperature is presented in Fig. 4.6(a). The temperature dependent band-gap

aT?

change can be explained by the Varshni’s equation [229], E,(T) = E,4(0) —

as the solid line in Fig. 4.6(a), with the following parameters, E;(0) = 6.05¢eV, a =
1.8meV /K, and f = 1462 K. These values agree well with the standard values of AIN
in this temperature range [230]. We have also studied the evolution of the Mg-acceptor
peak with temperature. The integrated PL intensity as a function of inverse temperature is

plotted in Fig. 4.6(b). The solid line is the least square fit of experimental data with the
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Figure 4.6 (a) Peak energy variation with temperature for band-edge and Mg-acceptor
peaks of sample E. The solid line is the calculation by the Varshni's equation. (b)
Integrated PL intensity versus inverse temperature plot for the Mg-acceptor peak. The
solid line is the least square fit of the experimental data with the equation, I,,,; = I/(1 +

aexp(;(—?)).

equation I = Iy/(1 + aexp (—Ey/KT)) , where I,,,; denotes the integrated PL
intensity at various temperatures, I, represents the integrated PL intensity at 0 K, and E|,
is the activation energy of the PL emission intensity. For the Mg-acceptor peak, this fitted
activation energy is ~80 meV, suggesting that the Mg-related transition is due to the DAP
transition involving a Mg-acceptor energy level and a shallow donor. This activation

energy is also comparable to the values (~60 meV) reported for AIN epilayers [146].

4.2.2 Electrical Characterization

We have subsequently investigated p-type conductivity by measuring the temperature-
dependent I-V characteristics of large area AIN:Mg nanowire arrays. The device structure
(sample F) is schematically shown in Fig. 4.7(a), which consists of a GaN/InGaN tunnel
junction grown on heavily n-doped Si substrate, a 90 nm thick AIN: Mg section followed
by a 10 nm AlGaN contact layer. The growth condition of AIN:Mg section is similar to
the growth condition of sample E. The tunnel junction was designed to facilitate the
carrier transport from n-Si substrate to the p-AIN layer. To subtract the resistance
associated with the substrate, tunnel junction and contact region, another identical
structure (sample F") but without the AIN:Mg section was fabricated. The difference in

resistivity of these two structures can provide a reasonable estimation of the AIN:Mg
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Figure 4.7 (a) Schematic illustration of the structure to calculate the resistivity of AIN:
Mg nanowires; (b) Resistivity versus inverse temperature plot for AIN:Mg segment of
sample F.

nanowire resistance. The nanowires were fabricated following the procedures described
in Section 2.2.1. The I-V characteristics were measured in the temperature range of 298
K to 573 K and the resistance is calculated by the slope of the I-V curve in the forward
bias region. The variation of AIN:Mg resistivity with inverse temperature is plotted in
Fig. 4.7(b), which clearly reveals the presence of more than one activation energy. To

discern the mechanism responsible for conduction at different temperature regions, the
e . E .
calculated resistivity is fitted to the equation, p(T) = pyexp (K—‘;); where E, is the

thermal activation energy of resistivity. E4 is derived to be ~23 meV for the AIN:Mg
segment. Such an unusal low activation energy, compared to the Mg-acceptor energy
level (~600 meV), suggests that the hole transport mechanism is mainly governed by hole
hopping and/ or impurity band transitions [218, 219]. In the hopping conduction, carriers
hop from one localized state to another; the localized states could be at the same or at
different energy levels. It is observed in Fig. 4.7(b) that the experimental data and the
fitting curve follow each other closely in the temperature range of 300 K — 450 K and
there is a deviation at higher temperature range. This deviation suggests that at higher
temperatures the thermal activation of carriers starts to play a role and at a sufficiently
high temperature, thermal activation would be the dominating hole transport mechanism.

This phenomenon has also been observed for Aly;GagsN [218], InGaN [231], and GaN
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[219]. With the room temperature resistivity value of 697 QQ-cm and assuming an upper
boundary of hole hopping mobility of 1 cm*V™'s™ [232], the room temperature hole
concentration of the AIN:Mg segment of sample F is found to be in the order of 10'® cm™
3, which is orders of magnitude higher than previously reported AIN:Mg epilayers [232].
The excellent p-type conductivity of AIN:Mg nanowires can be partly attributed to the
drastically reduced nitrogen-vacancy related defects during the growth of nanowire
structures under nitrogen-rich conditions as well as the enhanced dopant incorporation in

nanowire structures [223].

4.3 Conclusion

The growth and optical performance of AIN nanowires have been presented in this
chapter. The AIN nanowires demonstrate strong FX emission peak at low temperature
and even at room temperature. Compared to the AIN epilayer, AIN nanowires exhibit
supreme crystalline quality which is indicated by the narrow FWHM and strong emission
at 300 K. The phonon replicas are identified as the SO phonon replicas instead of the
commonly observed LO phonon replicas in AIN epilayer. The successful Mg-doping of
AIN nanowires has also been demonstrated. By changing the growth parameters, the
doping level can be controlled and AIN nanowires with different Mg-doping levels can
be successfully grown. The fundamental optical properties regarding power and
temperature dependence have also been discussed in detail. A detailed analysis of the
hole conduction at different temperature ranges has been presented. It has been shown
that the hopping conduction dominates the carrier conduction mechanism at 300 K ~ 450
K temperature range and the free hole concentration at room temperature is estimated as

10" cm™,
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Chapter 5. Al,Ga, N Nanowire LEDs

The growth and performance characteristics of nanowire IlI-nitride UV LEDs operating
at UV-A (340 nm), UV-B (290 nm), and UV-C (210 nm) range have been discussed in
this chapter. Compared to IlI-nitride InGaN/GaN based LEDs, AIGaN LEDs pose more
challenges in terms of growth, fabrication, and characterization. These challenges in
growth include the larger lattice mismatch of AlGaN with the conventionally used
substrates (Si, sapphire, SiC), the different growth kinetics of Al adatom, and difficulty in
impurity doping. The large lattice mismatch results in higher dislocation density and
consequently, poor material quality, resulting in poor IQE. Larger sticking coefficient of
Al adatom causes the formation of grain boundaries and dislocation. Furthermore, the
large band gap of AIGaN (specially, in DUV range) poses additional challenge for
impurity doping. The impurity activation energy increases almost linearly with band gap
and the Mg-acceptor energy is as high as 600 meV for AIN. However, nanowire LEDs
can address these issues to a great extent. By virtue of effective strain relaxation through
lateral surfaces, nanowires can offer better crystal quality. Impurity doping is also
enhanced in nanowire structures due to the reduced formation energy of substitutional
doping in the near surface region of nanowires. Another important fact is that, deep UV
emission is absorbed by many materials, including polyimide, ITO. This poses additional
challenge in UV LED fabrication. Furthermore, due to the unique valence band structure
of AlGaN, the emitted light is polarized; making the light extraction even more difficult.
In this chapter, the characteristics of UV LEDs emitting at 340 nm, 290 nm, and 210 nm
have been investigated. The optical and electrical properties of these LEDs have been
studied intensely and the enhanced performance of these LEDs has been reported. We

report IQEs as high as 59% for 41% for 340 nm and 290 nm LEDs, respectively.

5.1 Highly Efficient Spectrally Pure 340 nm Ultraviolet Emission from
Al,Ga; N Nanowire Based LEDs

UV LEDs have a wide range of applications in biosensors and medical devices. Among

these applications, there is a special importance for UV emission at 340 nm. It can be

used for the measurement of fluorescent life time of reduced nicotinamide adenine
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dinucleotide (NADH). NADH is an important coenzyme found in all living cells and
plays an important role in the chemical reaction to generate energy. This NADH has a
strong absorbance at 340 nm and a fluorescent peak at 450 ~ 460 nm [233-235]. The UV
emission at 340 nm can also be used to optically control neurons, and in flash photolysis
to stimulate the caged compound to release active molecules. This has a very important
application in implantable neurotransmitters [236, 237]. The conventional UV light
sources are not ideal for such applications due to their large sizes, inflexibility, and toxic
side effects. In this context, nanowire UV LEDs can be used efficiently for such
applications. They offer small size, flexibility and enhanced tunability. In this section, the
highly stable and spectrally pure emission at 340 nm from AliGa; (N heterojunction LED
will be presented. The devices present enhanced optical and electrical performance with

highly stable emission characteristics.

5.1.1 Growth and Structural Characterization

The schematic diagram of the AlGaN nanowire UV LED is presented in Fig. 5.1(a). The
LED was grown on n-Si (111) substrate by PAMBE in nitrogen rich conditions. n-GaN
nanowires were spontaneously grown on the Si substrate at 750 — 800 °C. A 40 nm
undoped Alp 12GaggsN active region, sandwiched between 100 nm n-Aly36GagesN and
100 nm p- Aly36GageaN were grown on n-GaN. A thin 30 nm p-GaN was grown on top to
achieve better ohmic contact. The nitrogen flow rate and the plasma forward power were
kept at 1 sccm and 350 W during the growth. The Al composition in the active region and
cladding layers were controlled by varying the Al/Ga flux ratio. The SEM image,
presented in Fig. 5.1(b), shows that the nanowires are vertically aligned and distributed
uniformly throughout the wafer. To analyze the structural characteristics in detail, the
HAADF-STEM image and the EDXS line scans are presented in Fig. 5.2. The contrast in
the HAADF image in Fig. 5.2(a) clearly shows the formation of the AlyGa; N
heterostructures along with the GaN region. This can also be confirmed from the EDXS
line scanning presented in Figs. 5.2(c). The line scan along the axial direction (line a-b in
Fig. 5.2(a)) is presented in Fig 5.2(c). As we move from a to b, Ga signal is stronger (Al
signal is close to zero) in the region closer to point a, indicating the formation of the p-

GaN region. As we move towards point b, Ga signal intensity decreases and Al signal
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Figure 5.2 (a) The double heterostructure and the Al-rich shell is presented in the
HAADF-STEM image of a single nanowire.(b) The formation of shell is confirmed from
the HR-TEM image taken at the edge of the active region. The EDXS line scans are

presented along (c) line a-b, (d) c-d, and (e) e-f.
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intensity increases. However, in the middle of a-b line, a small increase in Ga signal
intensity is observed indicating a lower Al concentration in that region. This confirms the
formation of the AlyGa; 4N heterostructures. It is worth mentioning here that due to the
relatively short diffusion length of the Al adatom, an Al rich AlyGa; 4N shell is formed
along the lateral direction of the nanowire. Figure 5.2(b) presents the high resolution
TEM image taken at the edge of the active region and the color contrast clearly exhibits
the formation of the Al-rich shell along the lateral dimension of the nanowire LED. This
is again confirmed by the EDXS line scan along the lateral direction: along line c-d
(presented in Fig. 5.2(d)) and line e-f (presented in Fig. 5.2(e)). Line c-d is across the
GaN template region; however, the line scan in Fig. 5.2(d) presents a strong Al signal at
the surface and a dip in between confirming the formation of AlyGa; N shell surrounding
the GaN core region. Line e-f is across the active region; the presence of the shell is not
as clear as it is along line c-d. The reason is that the shell thickness is not uniform and is
gradually varied from 15 nm to a few nm along the growth direction. However, the
presence of this shell can be identified by the faster rising trend of the Al signal compared
to the Ga signal in the near surface region of Fig. 5.2(e) (highlighted by the black box).
As discussed in Section 3.2, the formation of such a shell in the lateral direction is
advantageous since it can suppress non-radiative recombination at the surface to a great

extent and thus helps to improve the quantum efficiency of the device.

5.1.2 Optical Characteristics

The optical properties are investigated by means of power and temperature dependent PL
spectroscopy. A 266 nm diode pumped solid state (DPSS) Q-switched laser is used as the
excitation source for the PL measurement. The room temperature power dependent PL
spectra are presented in Fig. 5.3(a). Four peaks are observed at high power from the PL
spectra. However, at very low power (5 uW) the emission from the active region
(Alp.12GapggN) at 340 nm (E;) dominates. This is due to the effective carrier confinement
of the active region in the double heterojunction structure. As the power increases, two
other peaks, emitting at 310 nm (E;) and 295 nm (E3) are revealed. E; peak is due to the
emission from the Aly3cGag 4N cladding layers having high Al composition. The origin

of the E; peak is probably defect associated radiative recombination in doped AlyGa; «N.
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Figure 5.3 (a) Power dependent PL spectra measured at room temperature. (b)
Temperature dependent PL spectra measured at 7 mW excitation power.

Such sub-band parasitic emission is often observed in AlyGa; N MQW deep UV LEDs
[238, 239]. As the excitation power increases, photo-excited carriers with a high thermal
energy escape from the active region and recombine in the cladding layers. Furthermore,
the cladding layers also absorb the laser and generate stronger emission with increasing
power. This results in the saturation of the E; peak and the stronger E; peak with
increasing power. At very high power, the emission from the GaN is also observed at 364
nm (E4).

Temperature dependent PL spectra (from 20 K to 300 K) at an excitation power of 7 mW
are presented in Fig. 5.3(b). Strong emission from the cladding layers are observed at low
temperature. At low temperature, the non-radiative recombination centers are inactive
and hence, they have negligible effect on the optical properties of the cladding layers.
Moreover, the strong absorption of the top p-type cladding layer and the relatively large
material volume of the cladding layers result in the strong emission of E; and E; peaks. A
strong E4 peak is also observed at low temperature. However, as the temperature
increases, the defects and the non-radiative recombination centers become more active,
resulting in the reduction of these peaks. The reduction of the active region peak, E;, is
smaller compared to the reduction in E,, E;, and E4 with increasing temperature,

demonstrating superior crystal quality and better carrier confinement of the active region.
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Figure 5.4 Integrated PL intensity versus inverse temperature plot for AlyGa; 4N double
heterojunction nanowire LED.

The comparison of low temperature and room temperature PL intensity provides an
estimation of the IQE of the device. Figure 5.4 shows the normalized integrated PL
spectra versus inverse temperature plot. We observe that the room temperature intensity
at 7 mW remains about 46% of the low temperature intensity at the same power,
demonstrating an IQE of 46%. However, this integrated PL intensity consists of emission
from all layers, including cladding layers and GaN layer. So the evolution of the E; peak
with inverse temperature is also analyzed. From this plot, we observe that the room
temperature intensity is at about 59% of its low temperature value. This IQE is higher
than the IQE of undoped AlyGa; N under similar conditions. This improvement in the
IQE is due to the superior crystal quality and better carrier confinement in both lateral

and vertical directions, provided by the shell region and cladding layers, respectively.

5.1.3 Electrical Characteristics

The fabrication of the AlyGa;xN UV LEDs is carried out following the standard
fabrication technique as described in Section 2.2.1. In IlI-nitride nanowires, the formation

energy for substitutional doping in the near surface region is minimized which results in
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enhanced conductivity [240] and hence, good electrical performance is expected from
nanowire LEDs. The I-V curve of a 0.3 x 0.3 mm? device is presented in Fig. 5.5(a). It
shows good diode characteristics under forward bias condition, with 6.3 V at 20 mA
injection current. The estimated series resistance is ~50 2. Such good results outperform
the ZnO based nanowire LEDs in the near UV/ UV regions [241-245] and are even
comparable to the thin film MQW LEDs with the same peak emission wavelength [234,
246-249]. The leakage current under reverse bias condition is 4 x 10 A at -10 V, which
is higher compared to the thin film UV LEDs [250]. This high leakage current may be
due to the insufficient insulation provided by polyimide. Furthermore, surface
recombination at the side wall of the nanowire can be a source of high leakage current. A
good filling material with high resistance and surface passivation scheme can reduce the
high leakage current to a great extent.

Figure 5.5(b) presents the current dependent EL spectra of the UV device. Devices from
different region of the wafer show similar EL spectra, confirming good uniformity over
the wafer. The EL shows a strong and stable emission at 340 nm, without any parasitic
emission at the visible wavelength range. The parasitic emission due to the presence of
deep level defects is often observed in AlyGa; xN MQW based UV LEDs [145, 238]. We
also observe a very small shift (<2 nm) in the peak position with increasing current. This
confirms that nanowire LEDs have negligible polarization field due to effective lateral
stress relaxation. The FWHM of the EL spectra is about 30 nm and is almost independent
of the injection current.

The relative EQE curve is presented in Fig. 5.6, under CW and pulsed biasing condition.
The EQE under 1% duty cycle at pulsed biasing mode does not show any droop at a
current density as high as 350 A-cm™. This signifies the fact that polarization effect and
defect related Auger recombination are negligible for nanowire LEDs [79]. However,
under CW biasing mode, droop is observed at a current density of 100 A-cm™. This is
due to the self heating effect [251, 252] and poor thermal conductivity of nanowire LEDs.
Utilizing a good passivation material with high thermal conductivity will reduce this

thermal issue to a great extent.
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Figure 5.5 (a) The room temperature I-V curve of the AlyGa; 4N nanowire LED for
device size of 0.3 x 0.3 mm?”. Inset: I-V characteristics of the device under forward and
reverse bias conditions in semi-log scale. (b) Typical EL spectra measured at room-
temperature with continuous wave biasing condition of a 0.3 x 0.3 mm?® device.
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heating effect is observed under CW biasing condition.
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5.2 Sub-300 nm Deep Ultraviolet Emission from Al,Ga; N Homojunction
Nanowire LEDs

In this section, the UV emission from AlyGa; N homojunction structure at 290 nm has
been presented. The optical and electrical characteristics reveal the stable emission at 290
nm. An IQE of 41% has been achieved, which is comparable to the planar MQW based
UV LEDs in this range. This high IQE value can be attributed to the enhanced material
quality and the formation of the core-shell structure which can reduce the surface non-

radiative recombination.

5.2.1 Growth and Structural Characterization

The schematic diagram of the homojunction AlyGa; 4N nanowire LED is presented in
Fig. 5.7(a). The LED is grown on n-doped GaN template on n-Si (111) substrate. A 90
nm thick Mg-doped Aly3sGagps;N layer works as the active region. This layer is
sandwiched between highly n- and p-doped Al 33Gag ;N layers, both having thicknesses
of 90 nm. The top p-doped Aly3sGagesN layer serves as the cladding layer and also
facilitates hole transport. A highly Mg-doped 15 nm GaN layer is grown on the top as the
contact layer. This homojunction UV LED structure can offer lower potential barrier
compared to the heterostructure since Al-rich cladding layer is avoided here. To facilitate
the carrier transport and to reduce the device resistance, Al composition is linearly graded
from n- and p-doped Aly33GagsN layer to GaN layer [253]. These graded layers are
good for reducing the lateral spread of current by offering a more uniform resistivity.
Figure 5.7(b) presents the SEM image of the nanowires. The nanowires are vertically
aligned and uniformly distributed over the wafer. The nanowire density is estimated to be
10" cm™. The TEM image is presented in Fig. 5.7(c). It shows that the nanowires are of
tapered structure, having large diameter at the top. The formation of the core-shell
structure is confirmed by the high resolution TEM image, presented in Fig 5.7(d). The
TEM image is taken at the edge of the active region and in the high resolution image, the
interface separating the core and the Al-rich shell is clearly indicated. This is also
confirmed by the EDXS line scanning of the nanowire along lateral direction. The Al
signal shows shoulder at the edges and a dip in the middle, confirming the presence of

Al-rich shell region.
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Figure 5.7 (a) The schematic diagram showing the AlGa; <N homojunction nanowire
based LED structure. (b) SEM image of nanowires grown on #n-Si (111). (¢) TEM image
of a single nanowire. (d) HR-TEM image taken at the edge of nanowire revealing the
formation of a shell around the sidewall of the nanowire. (e) Lateral elemental profile
measured along a-b line in Fig.5.7(c) showing the core-shell structure.
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5.2.2 Optical Characterization

Optical properties of the nanowire UV LEDs have been investigated using power
dependent and temperature dependent photoluminescence spectroscopy. The optical
excitation source is the same as described in section 5.1.2. Figure 5.8(a) shows the
normalized power dependent (from 0.1 mW to 8 mW) PL spectra measured at room
temperature. The PL exhibits three peaks at 290 nm, at 365 nm, and at 450 - 550 nm. The
first peak at 290 nm is originated from the Alj33Gag N active region of the LED. At low
excitation power, the peak from active region dominates. This peak undergoes negligible
blue shift with increasing power, demonstrating the minimized QCSE in nanowire LEDs.
The peak at 365 nm is the emission from the top p-GaN region. This peak undergoes a
red shift at high excitation power exhibiting the laser heating effect on the thin GaN
region. The broad emission peak at 450 — 550 nm is due to the deep level defect in the
doped AlyGa; 4N layers and is readily saturated as the power increases from 0.1 mW to

0.8 mW.
The IQE of this deep UV nanowire LED is studied from the temperature dependent PL

spectroscopy. The normalized PL intensities as a function of inverse temperature is plotted in Fig.
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Figure 5.8 (a) Room temperature PL spectra of nanowire LEDs at different power from
0.1 mW to 8 mW. (b) Integrated PL intensities versus inverse temperature plot of the
DUV peak at 290 nm. The room-temperature IQE is estimated to be 41%.
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5.8(b) at an excitation power of 2 mW. Figure 5.8(b) presents that the ratio of the room
temperature intensity to low temperature intensity, i.e., the IQE is around 41%. Such a
high IQE value can be directly related to the drastically reduced defect densities in
nanowire structures and reduction in surface recombination velocity due to the formation

of the core-shell structure.

5.2.3 Electrical Characterization

The deep UV nanowire LEDs are fabricated using the standard fabrication procedures as
described in section 2.2.1. The room temperature I-V characteristic of a 0.3 x 0.3 mm®
device is presented in Fig. 5.9(a). A forward current of 25 mA at 12 V applied forward
voltage is observed which points to a high resistance value compared to the planar
AlyGa; 4N LEDs. This may indicate that the growth of p-AlyGa; N layer needs to be
optimized since the doping window to achieve good conductivity is very narrow [254].
The leakage current is comparable to the planar LED structures despite of the surface
state effects and insufficient passivation issues of nanowire LEDs. Figure 5.9(a) shows
that the leakage current is 3x10” A at a reverse voltage of -10 V. The current dependent
EL spectra of the same device measured under continuous wave biasing mode are
presented in Fig. 5.9(b). A strong emission at 290 nm, originating from the Alj33Gag N
active region, is observed at high injection current. However, at low injection currents the
peak at 290 nm appears as a weak shoulder and the presence of two defect related
emission peaks at 310 nm and 500 nm are observed. These two peaks get saturated with a
slight increase of injection current from 1 mA to 3 mA. On the other hand, the band-edge
emission peak increases rapidly with increasing current and eventually becomes the
dominating peak in the EL spectra. The peak at 310 nm evolves as a weak shoulder
accompanying the main peak. The band-edge emission peak presents very little shift with
increasing power indicating the presence of very low polarization field in the nanowire
structure.

The temperature depended EL 1is also studied for this device. Figure 5.10 presents the
integrated EL intensity versus temperature plot. In the low temperature regime (80 K ~
150 K), the intensity increases with increasing temperature; then starts to decrease after

reaching the maximum at 150 K. At low temperature, the defects have negligible effect;
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however, the mobility of carriers; especially of holes, is also low. As the temperature increases,
the mobility and effect of defects, traps and surface states become more prominent [255-259].
These two competing factors control the temperature dependent behavior and it is apparent from

Fig. 5.10 that, prior to 150 K, the mobility of the carriers plays a significant role and after that,

the effect of traps and surface states become more important.

5.3 Demonstration of Deep Ultraviolet Emission at 210 nm from AIN p-i-n
LED

With the demonstration of enhanced optical performance of AIN nanowires in Chapter 4,
it is possible to realize deep UV AIN LED emitting at 210 nm. The major challenges of
achieving AIN LEDs are determined by the properties of AIN itself. In Chapter 4, it has
been presented that the AIN nanowires grown by PAMBE demonstrate excellent optical
properties. The free exciton emission at 6.03 eV at low temperature suggests the strain-
free nature of the AIN nanowires [209, 217]. This has also been confirmed by the
structural analysis presented in Section 4.1.1. Such strain-free AIN nanowires exhibit an
IQE as high as 80%, confirming again the good material quality. Furthermore, the
challenges of Mg-doping are critically addressed and the realization of AIN:Mg
nanowires with different Mg doping has been demonstrated in Section 4.2. In this
context, this chapter presents the successful realization of AIN p-i-n LED, which is the
first demonstration of AIN nanowire LEDs at this wavelength range. The schematic
diagram of AIN LED is presented in Fig. 5.11(a). The LEDs are grown on heavily Si-
doped GaN template on n-Si substrate. The thickness of the GaN template layer is 80 nm.
This layer is followed by a 90 nm Si-doped AIN, a 60 nm non-doped AIN, and a 15 nm
Mg-doped AIN layers. A thin 10 nm AlGaN layer is deposited at the top as the contact
layer. The Al nominal concentration is calculated to be 20% by the Al/(Al + Ga) flux
ratio. The growth parameters for the GaN template is the same as described in Section
4.1.1. For the AIN LED, the Si cell temperature is 1250 °C, which is equivalent to a
doping lower boundary of 5 x 10'” cm™ [240]. The Mg-cell temperature is 280 °C, which
results in a Mg concentration of 1 X 10*' ¢cm™ in an AIN:Mg planar structure [80].
However, the free hole concentration for AIN nanowire with this doping level is deduced

to be 1 x 10'® cm™, following the procedure described in Section 4.2.2. The PL spectra of
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corresponding n- and p-doped AIN are presented in Fig. 5.11(b), and 5.11(c),
respectively.

The devices are fabricated following the procedure as described in Section 2.2.2. The I-V
characteristic is presented in Fig. 5.12(a). The turn on voltage is ~6 V, which is close to
the band gap energy of AIN. The operating voltage at 20 mA injection current is ~8 V.
The first demonstration of AIN planar LED emitted at 210 nm presented a turn-on
voltage of ~20 V with an operating voltage of 45 V at 20 mA [232]. The high turn-on
voltage and high resistance are mainly originated from the poor material quality and
inefficient impurity doping. However, our nanowire LEDs exhibit a significantly
enhanced material quality and controllable impurity doping. This is further evidenced
from the room temperature current dependent EL spectra presented in Fig. 5.12(b). A

clear band edge emission at ~210 nm is observed in Fig. 5.12(b).

5.4 Conclusion

The enhanced performance characteristics of nanowire UV LEDs have been
demonstrated in this chapter. We present emissions at 340 nm, 290 nm, and at 210 nm.
The LEDs emitting at 340 nm and 290 nm present enhanced performance with IQEs as
high as 59% and 41%, respectively. However, most important achievement described in
this chapter is the realization of AIN p-i-n LED emitting at ~210 nm. There has been no
report on the demonstration of UV nanowire LEDs emitting at 210 nm till today. Not
only that, the p-i-n LEDs also exhibit good electrical characteristic. A clear band-edge
emission is observed at ~210 nm and the I-V curve shows low turn-on voltage (~6 V).
This enhanced performance can be attributed to the unique properties of nanowires, such
as, effective stress relaxation, and enhanced impurity doping. The successful
demonstration of this LED will lead the way to realize tunable deep UV LED with

enhanced optical and electrical performance.
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Chapter 6. Conclusions and Future Works

6.1 Conclusions

In this thesis, we have discussed the properties of the Ill-nitride LEDs in a broad
spectrum, covering emission in both UV and white spectral range. We have intensely
investigated the optical and electrical properties of InGaN/GaN white LEDs and AlGaN
UV LEDs. We have demonstrated the highest CRI value (97.7) achieved from a nanowire
white LED. We have also presented the first demonstration of the emission from an AIN
LED using nanostructures. The major findings of this thesis are summarized below.

The Ml-nitride nanowire structures can outperform their planar counterpart in many
respects. One of the fundamental problems of IlI-nitride devices is the lack of lattice
matched substrate. This results in poor material quality for planar structures. However, by
means of strain relaxation through lateral surfaces, nanowires can accommodate the strain
in an effective way, resulting in significantly enhanced crystal quality. By using nanowire
structures, we have presented the strain-free formation of AIN nanowires, which is very
challenging due to the large lattice mismatch between AIN and the available substrates.
Furthermore, polarization and therefore, the problems associated with polarization, such
as, QCSE, is less prominent in nanowire structures. However, one big demerit of
nanowire structures is the presence of surface states. The high density of surface states
can affect the device performance significantly. The injection efficiency, and therefore,
the QE of the device can be significantly reduced due to the presence of the surface
states. By using APSY'S simulation tool, we have shown that the injection efficiency can
be as low as 6% for Ing,5Gag7sN/GaN nanowire structures having 100 nm diameter,
whereas planar structures enjoy ~100% injection efficiency. The injection efficiency can
be increased if the surface recombination velocity is reduced, which can be done by
employing surface passivation techniques. Inspired from this result, we have designed an
in-situ surface passivation scheme wherein AlGaN layer is grown laterally surrounding
the InGaN/GaN nanowires. This results in significantly improved performance. An

output power of 1.5 mW has been achieved for a current density of 70 A-cm™ from the
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core-shell LED structure, which is two orders of magnitude larger than its non-core-shell
counterpart.

We have also analyzed the functional properties, such as, CCT and CRI of
InGaN/(Al)GaN white LEDs. Both CCT and CRI are important quality metric for white
LEDs. CCT and CRI depend on the SPD of the light source and we have shown that it is
easy to tune the SPD of InGaN/GaN nanowire LEDs by changing the growth conditions.
We have presented that the InGaN/GaN white LEDs can achieve CRIs as high as 95.6 in
the cool white region and 97.7 in the warm white region.

To realize the deep UV emission, it is of prime interest to study the optical properties of
AIN nanowires. As mentioned previously, due to having larger band gap of AIN and
different growth kinetics of Al than Ga adatom, it is more challenging to grow AIN of
good quality. Exploiting the advantages of nanowire structure, we have presented the
enhanced optical properties of the strain-free non-doped AIN nanowires. The AIN
nanowires present stronger emission and narrower FWHM compared to previously
reported high quality AIN epilayers. In addition, enhanced impurity doping and
conductivity can be achieved from nanowire structures due to the reduced formation
energy of substitutional dopants at the near surface region of nanowires. Impurity doping,
especially, efficient Mg-doping is very difficult for AIN epilayers. In this work, we have
presented controllable Mg-doping in AIN nanowires. By changing the growth conditions,
such as, Al flux and Mg flux, we have shown that it is possible to achieve AIN nanowires
with different Mg-doping. The signature of the different doping levels can be confirmed
by observing the Mg-related transition in the PL spectra of these nanowires. The PL
spectra do not exhibit any defect peak at 3.9 and 4.7 eV, further confirming the superior
quality of the AIN nanowires.

We have also presented the UV emission at 340 nm (UV LEDI), 290 nm (UV LED2),
and most importantly, at 210 nm (UV LED3). UV LEDI and UV LED2 both exhibit
enhanced optical and electrical properties. The presence of core-shell structure has been
observed for both UV LED1 and UV LED2. This prohibits surface recombination, which
can enhance the QE of the devices. The IQEs of UV LED1 and UV LED?2 are 59%, and
41%, respectively. The improved electrical property of the LEDs can be reflected by their
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small series resistances and small leakage current. The calculated series resistances of
LEDI1 and LED2 are ~50 Q and ~70 Q for device sizes 0.3 x 0.3 mm?, respectively.

We have presented the deep UV emission at 210 nm, which is the first demonstration of
electroluminescence emission in such a short wavelength range using nanowire structure.
The growth of strain and defect-free AIN has enabled the successful realization of AIN p-
i-n LED, emitting at 210 nm. The UV LED3 presents good I-V characteristics with low
turn-on voltage (6 V) and low operating voltage (8 V at 20 mA). The operating voltage at
20 mA of a c-plane planar p-i-n AIN and an a-plane AIN p-n LED emitting at 210 nm
and 214 nm are 45 V and 13 V, respectively [232, 260]. Such enhanced I-V performance
of the AIN p-i-n nanowire LED can be attributed to the improved crystal quality and
enhanced surface doping in AIN nanowires. Strong EL emission is observed at room
temperature and current dependent EL demonstrates increasing power with increasing
injection current. This successful realization opens up the possibility to achieve tunable

deep UV emitters and deep UV nanowire lasers.

6.2 Future Works
6.2.1 High Efficiency Deep UV LED

To date, the power and EQE achieved from the UV LEDs are very low. The main reasons
of the low power and EQE are discussed in Chapter 1, which include the presence of
polarization, poor crystal quality, and inefficient impurity doping. Novel design
techniques, such as, polarization doping and superlattice structures should be considered
to alleviate the extent of such problems [131, 132, 261-264]. In polarization doping,
abrupt barriers are avoided by means of graded barrier. In one hand, it reduces the strain
effect, and on the other hand, it can induce hole incorporation in the structure. This
results in improved Mg-doping efficiency which is considered as the bottleneck for
planar UV devices. Superlattice structure also enhances hole incorporation. In
superlattice structure, two different band gap materials are grown on top of each other in
a periodic manner and the carrier transport is enhanced by means of tunneling. However,
the polarity of the Ill-nitride material should be carefully considered while designing the

structure.
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Another significant problem that hinders the efficiency of LEDs is the light extraction
efficiency. As discussed in Chapter 1, light extraction efficiency is low for planar
structure. For deep UV LEDs, it imposes additional challenge due to the unique valence
band structure of AIN. As the Al composition increases, the emitted light tends to switch
from TE to TM polarization [142]. The crossover point between TE and TM polarization
depends on the strain and QW thickness and can be varied from Al mole fraction of
~0.25 to ~0.83 [265-269]. To enhance the light extraction efficiency in the deep UV
range, we need to efficiently collect the TM polarized light. One approach is to design the
structure to enhance TM polarized light extraction. For instance, designing the top p-GaN
layer as microdomes [270] or use of Al metal for surface plasmon coupling [271]
enhances TM polarized light extraction. Nanowire structure can also be beneficial in this
context. It has been reported that the TM mode light extraction efficiency can be
enhanced in nanowire structures [272]. This enhancement largely depends on the length
and diameter of the nanowires. The optimization of these parameters along with
introducing novel design to enhance light extraction efficiency is part of our future

works.

6.2.2 Deep UV Nanowire Laser Diodes

There is a growing demand for AlGaN based deep UV LDs. However, due to the
limitations of this material system, the AlGaN MQW LDs cannot result in enhanced
performance. The shortest reported wavelength for electrically injected AlGaN MQW LD
is 336 nm whereas optically injected laser can reach as low as 230 nm [273]. However,
such LDs present extremely high threshold current density and low output power. In this
context, nanowire AIGaN LD can result in enhanced performance. The enhanced optical
and electrical properties of reported AIN nanowires are a great motivation for the success
of this work. Furthermore, recently, electrically injected UV laser at 320 nm wavelength
range has been demonstrated by our group [274]. Such laser also presents an extremely
low threshold current density of ~10 A-cm™.

Our proposed design of AlGaN based nanowire edge emitting LD is presented in Fig. 6.1.
In this structure, the Si and Mg-doped AIN form the cladding layers. The waveguide
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Figure 6.1 Schematic illustration of AlyGa; N based deep UV laser on Si substrate.

consists of AlysGag,N active region, which is sandwiched between Si- and Mg-doped AlyoGag N
layers. To provide optical feedback, distributed Bragg reflectors consisting of multiple
SiOy/air stacks will be fabricated on both ends of the high density AlGaN nanowire
heterostructure array. The optical loss of this laser structure includes the loss through the
substrate, top metal contact layer, mirror loss and loss due to photon absorption in the
active region. The optical loss through substrate and top metal contact can be largely
eliminated by careful optimization; the mirror loss can be carefully controlled by using
multiple SiOy/air distributed Bragg reflectors. A defect-free AlGaN nanowire
heterostructure can be achieved by optimizing the growth parameters which will
minimize the photon absorption loss in the device active region. The laser performance
including the threshold current density, QE, output power, wall plug efficiency will be
thoroughly studied and correlated with the design parameters in order to ensure

maximum achievable performance.

6.2.3 Utilizing the Benefits of N-polar III-Nitride Materials

The polarization of III-nitride materials depends largely on the polarity (metal versus N)
of the material. The spontaneous and piezoelectric polarizations are in the opposite
direction for metal- and N-polar devices. It has been presented that N-polarity is

beneficial compared to Ga-polarity for InGaN/GaN LEDs [275, 276]. Stable N-polar InN
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Figure 6.2. Simulated energy band diagram of a single QW InGaN/GaN LED device, (a)
Ga-polar, and (b) N-polar [276].

can be grown by PAMBE at higher temperature [277, 278]. It asserts that higher In
composition can be achieved in N-polar InGaN/GaN LEDs. Furthermore, the bias
induced electric field and internal polarization fields are in the opposite (same) direction
for N (Ga)-polar devices. This results in reduced QCSE and enhanced device
performance for N-polar conventional p-top devices. The energy band diagram for Ga-
polar and N-polar devices are presented in Fig. 6.2 [276]. It is apparent from the figure
that the carrier injection is enhanced in N-polar devices due to the lower potential barrier
experienced by the injecting carriers from the n- and p-side. Furthermore, the electron
overflow can be effectively suppressed, even without the AlGaN EBL, due to the
presence of the barriers caused by the polarization charges.

The polarity also plays a significant role in the device performance of UV LEDs. Since
AlGaN has a higher band gap than GaN, polarization field is more enhanced in this case
which affects the device performance significantly [279-281]. However, there is no report
of systematic study concerning the role of N-polarity in AlGaN based UV LEDs. We aim
to investigate the advantages/disadvantages of N-polarity in the case of UV LEDs and
accordingly design the structure to have high performance deep UV LEDs.
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