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Abstract

Recent years have shown an increase in the demand for surface-emitting deep-ultraviolet (UV)
AlGaN light emitting diodes (LEDs) due to their essential use in water disinfection, and
sterilization. Comparing to laterally injected LEDs, vertical injection offers more advantages,
however, existing vertical AlGaN UV LEDs are limited to 280 nm. In addition, surface
emission is challenging to achieve at very short wavelengths for thin film AlGaN LEDs and
switching to a nanowire (NW) format has proven successful in achieving short wavelengths.
However, further development of AlGaN NW deep-UV LEDs requires solving the challenge
of severe blocking of UV light emission by conventional metal electrodes (e.g., Ti/Au).
Graphene is an attractive choice for an electrode due to its high electrical conductivity and high
transparency in the entire UV spectrum. Existing studies use graphene as an intermediate layer,
which makes it susceptible to degradation during further device structure growth. In this thesis,
we demonstrate surface light emission from 240 to 280 nm with AlGaN NW deep-UV LED
structures using transferred monolayer graphene as the top electrode. Detailed characterization
of graphene electrode, as well as the device performance, including the comparison between
devices using graphene and conventional metal electrode, is further investigated. It is found
that, despite of improving the device light output power, graphene electrode tends to lead to
large contact resistance, due to the nonuniformity of the NW height. This issue could be
potentially mitigated by using NWs by selective area epitaxy. This work, therefore,
demonstrates a viable path to the fabrication of surface-emitting vertical semiconductor deep-

UV LEDs at short wavelengths using graphene on NW technology.



Abrégé

Ces dernieres années ont montré une augmentation de la demande de diodes
électroluminescentes (LED) AlGaN émettant en surface dans l'ultraviolet profond (UV) en
raison de leur utilisation essentielle dans la désinfection et la stérilisation de I'eau. Par rapport
aux LED a injection latérale, I'injection verticale offre plus d'avantages, cependant, les LED
UV AIlGaN verticales existantes sont limitées a 280 nm. De plus, I'émission de surface est
difficile & obtenir a des longueurs d'onde tres courtes pour les LED AlGaN & couches minces
et le passage a un format nanofil (NW) s'est avéré efficace pour obtenir des longueurs d'onde
courtes. Cependant, le développement ultérieur des LED UV profondes AIGaN NW nécessite
de résoudre le défi du blocage sévere de I'émission de lumiére UV par les électrodes métalliques
conventionnelles (par exemple, Ti/Au). Le graphéne est un choix attrayant pour une électrode
en raison de sa conductivité électrique élevée et de sa grande transparence dans tout le spectre
UV. Les études existantes utilisent le graphene comme couche intermédiaire, ce qui le rend
susceptible de se dégrader lors de la croissance ultérieure de la structure du dispositif. Dans
cette thése, nous démontrons I'émission de lumiére de surface de 240 & 280 nm avec des
structures LED UV profondes AlGaN NW utilisant du graphéne monocouche transféré comme
électrode supérieure. La caractérisation détaillée de I'électrode de graphéne, ainsi que les
performances de I'appareil, y compris la comparaison entre les appareils utilisant du graphéne
et une électrode métallique conventionnelle, sont étudiées plus en détail. Il a été constaté que,
malgré I'amélioration de la puissance de sortie de la lumiere du dispositif, I'électrode de
graphene a tendance a conduire a une grande résistance de contact, en raison de la non-
uniformité de la hauteur NW. Ce probléme pourrait étre potentiellement attéenué en utilisant

des NW par épitaxie de zone sélective. Ce travail démontre donc une voie viable vers la



fabrication de LED UV profondes semi-conductrices verticales a émission de surface a courtes

longueurs d'onde utilisant le graphéne sur la technologie NW.
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Chapter 1: Introduction

Deep-ultraviolet (UV) light, i.e., emission wavelength ranging from 200 to 300 nm, has
important applications in disinfection (air, water and surfaces), sterilization, curing, and gas
sensing [1]-[4]. Conventional deep-UV lighting systems make use of mercury lamps.
However, mercury waste is hazardous to the environment. The heating issues due to excessive
power consumption add to their cost, and at the same time, provide a short lifetime. Light
emitting diodes (LEDs) have emerged as an excellent alternative as they are able to overcome
the issues faced with conventional UV light sources [5]. Aluminum gallium nitride (AlGaN)
has become the material of choice for deep-UV LEDs due to its direct, ultrawide, and tunable
bandgap energy between 3.4 and 6.2 eV [5]-[7]. This thesis study is on the development of
AlGaN deep-UV LEDs. This chapter will discuss the motivation, objective, and organization

of this thesis.

1.1 Motivation

Majority of the surface-emitting UV LEDs to date are grown on substrates like sapphire and
aluminum nitride (AIN), which are electrically insulating substrates. This dictates the need for
lateral injection in UV LEDs, with the n- and p-contacts on the same side, which leads to
current crowding and local heating, among other disadvantages [8], [9]. On the other hand,
vertically injected UV LEDs with contacts on top and bottom sides, alleviate these issues by
making use of conductive substrates like n-doped silicon carbide and n-GaN [7]. This makes
the vertically injected UV LEDs have better current injection, good scalability, simpler
fabrication process and effective heat dissipation [10]. On the downside, the mentioned
conductive substrates for vertical injection have significant deep-UV light absorption, and GaN

also has a large lattice mismatch with high Al content AlGaN alloys, leading to high threading



dislocation densities. For these reasons, substrate removal is necessary. Today, AIN buffer
layers are required in the growth of AlGaN deep-UV LED structures, however, there are severe
issues and challenges in the laser lift-off removal process of AIN [11], [12]. As a consequence,

vertical AlGaN deep-UV LEDs have been limited to 280 nm [11]-[14].

On the other hand, surface emission from AlGaN deep-UV LEDs becomes increasingly
difficult as the emission wavelength gets shorter. An increase of the Al composition in AlGaN
alloys is required for shorter wavelengths, which leads to the change in the optical polarization
from transverse electric (TE) to transverse magnetic (TM). This makes the propagation of
emitted light in plane rather than from the top surface, limiting the light extraction efficiency
from the top surface, along with the aforementioned lattice mismatch between AlGaN and

commonly used substrates [15], [16].

In this context, AlGaN nanowires (NWSs) could be a promising platform for short-
wavelength surface-emitting vertical semiconductor deep-UV LEDs. In general, NWs have a
large surface-to-bulk volume ratio, which makes them better accommodate the lattice strain
due to the lattice mismatch with the commonly used substrates. The NW structure helps avoid
any dislocations during growth, provided that the NW radius is below a critical value [17]. Any
defect generated is directed to the NW sidewalls rather than the vertical growth direction,
delivering a near defect-free bulk region [18] [19]. The efficient lattice strain relaxation allows
for the use of a wide range of substrates like conductive silicon (Si), or even flexible substrates
to fabricate high-quality AlIGaN NWs [20]. In addition, NW arrays exhibit a strong scattering
effect which leads to an enhanced light extraction of the TM polarized light from the top surface

[21].

Using the NW approach, surface-emitting vertically injected AIGaN deep-UV LEDs below

280 nm have been demonstrated in the past [22], [23]. These devices make use of conventional



metal electrodes like nickel/gold (Ni/Au) or titanium/gold (Ti/Au) for the top contact, shown
in Figure 1(a), which blocks the light emission from the top surface severely. Figure 1(b) shows
the transmission of metal electrodes in the deep-UV regime. For a thin metal layer of 10-20
nm, the light transmission is only 20%-40% [24], [25]. To enhance the light extraction, it is

necessary to use a top electrode with higher transparency, compared to conventional metal

electrodes.
100
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Figure 1: (a) Surface-emitting vertical AIGaN NW deep-UV LEDs with conventional metal

contacts [22]. (b) Simulated transmission plot for conventional metal electrodes in the deep-

UV regime.

Graphene has emerged as an excellent choice for electrodes [26]-[33]. Graphene is a two-
dimensional (2D) allotrope of carbon, arranged in a planar hexagonal geometry of sp? carbon
[34]. The unique atomic arrangement of the carbon arrays give graphene exceptional properties
like near-zero bandgap, high electron mobility of 2 x 10° cm?V s at room temperature, low
intrinsic resistivity of 30 Q/sq, and high optical transmittance at all wavelengths [35]-[37]. By
being highly conductive and optically transparent, graphene became an enticing material to
incorporate in optoelectronic devices as a transparent conductor in photodetectors, solar cells

and LEDs [38]. It is worth emphasizing that, compared to conventional metal electrodes,



pristine single-layer graphene (monolayer with thickness of 0.335 nm) only absorbs 2.3% light
in the UV region. In other words, pristine graphene has a transmission as high as 97%, which
decreases slightly as the number of graphene layer increases (from monolayer to few-layer

graphene) [26], [39]. There are, however, no applications of graphene to deep-UV LED:s.

1.2. Thesis objective

This thesis focuses on demonstrating surface light emission in the deep-UV range, between
240 nm and 280 nm, from vertically injected AlIGaN NW LEDs, using transferred graphene as
the top electrode. This thesis aims to show that graphene electrode is an alternative for the

conventional metal electrodes for AIGaN NW UV LEDs in the deep-UV regime.

The objective is achieved by growing AlGaN NW device structures using molecular beam
epitaxy (MBE), followed by graphene transfer to the top of the NW surface, and patterning of
graphene using standard lithography processes. Structural, electrical, and optical
characterizations are performed at each stage of the fabrication, i.e., after the graphene transfer
to the AlIGaN NW device structures (non-patterned graphene electrode) and after the patterning
of the graphene electrode. The characterization techniques include X-ray photoelectron
spectroscopy (XPS), Raman spectroscopy, scanning electron microscopy (SEM), current-
voltage (I-V) characteristics, electroluminescence studies (EL), and light output power
measurements, along with a detailed comparison to devices made with conventional metal

electrodes.

1.3. Thesis organization
This section explains the organization of this thesis. Chapter 1 discusses the motivation of

this thesis, followed by the objective and organization of this thesis. Chapter 2 first provides a

4



literature review on different growth techniques of AlGaN NWSs and graphene, including
characterization techniques of graphene, and then discusses different ways to incorporate
graphene to LEDs. Chapter 3 discusses LED fundamentals and their performance parameters.
Chapters 1 to 3 prepares the readers with necessary knowledge to understand the research

results of this thesis.

Chapters 4 and 5 describe the device structure and performance characteristics, with Chapter
4 focusing on devices with non-patterned graphene electrode, i.e., the graphene electrode is of
irregular shape, and Chapter 5 focusing on devices with patterned graphene electrode, i.e., the
graphene electrode has a well-defined shape and size. Chapter 5 also includes a comparison of
the performance of devices with graphene contacts and metal contacts. Limitation of devices
with graphene electrode, as well as a general discussion, regarding to graphene degradation
and graphene transfer challenges, is presented in Chapter 6. Chapter 7 summarizes the major

conclusions of this thesis, along with possible future developments.



Chapter 2: Literature Review

This chapter provides a literature review on the growth of AIGaN NWs, growth and

characterization of graphene using Raman spectroscopy, and application of graphene to LEDs.

2.1 AlGaN NW growth mechanisms

Growth of AlGaN NWs has been studied extensively over the past few years. This section
discusses the most popular techniques that have been used in the past, namely, vapor-liquid-
solid (VLS), chemical vapor deposition (CVD), metalorganic chemical vapor deposition

(MOCVD), and MBE, as shown in Figure 2 [40]. Selective area growth (SAG) using MBE is

Ill-nitride
nanowires
Top-down Bottom-up
approach ‘ approach

Catalyst-free
growth

also discussed.

Catalyst-assisted

growth

High V/IIl ratios, VLS

VLS mechanism, mechanism,
and high possible metal
temperatures impurities in

nanowires

Metalorganic Metal droplets

Hydride vapor

Molecular beam

chemical vapor
deposition
(MOCVD)

phase epitaxy
(HVPE)

(e.g., gold or
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Figure 2: Different techniques used for growth of I1I-nitride NWs [40].
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NWs can be grown through the VLS technique, with the assistance of a catalyst. In this
method, the NWs grow in an anisotropic manner at a liquid-solid interface when the liquid
metal catalyst (e.g., Ni or Au for AlIGaN NWs) adsorbs a vapor, followed by segregation at the
point of supersaturation to form the NWs in the solid phase form [40], [41]. However, VLS
growth requires a specific temperature range which depends on the catalyst and the range in
which it is most thermodynamically stable [40]. Metal catalysts have also shown to effect the
luminescent efficiency due to incorporation of impurities during the NW growth [42]. Thus,
the limitations of the VLS growth are primarily due to the involvement of catalysts, and it is

evident that a catalyst-free method is required to yield high quality AIGaN NWs.

2.1.2 CVD and MOCVD

CVD follows a VLS mechanism and can be with or without the assistance of a catalyst.
Carrier and precursor gases are passed into a chamber with the substrate heated at a high
temperature. He et al. synthesized AIGaN NWs on Si substrate by CVD using GaCls, AICl3
vapors and ammonia (NHz3) gas at 700 °C, and tuned the Al contents from 0 to 100% [43]. To
avoid the problem of phase separation, a three-temperature-zone-tubular furnace was used to
separate the partial pressures of GaCls and AICls, as seen in Figure 3. However, some tapering

of the NWs is observed due to the difference in the axial and lateral growth rate [43].

MOCVD is a particular type of CVD technique which makes use of metalorganic, metal
hydride and organic compounds [44]. For AlGaN NWs, trimethylgallium, trimethylaluminum,
trimethylindium and NHz are used as precursors with polycrystalline alumina coated with a
thin layer of Ni as the template for growth [45]. MOCVD also enabled growth of multiple
quantum well (MQW). Ra et al. synthesized defect-free non-polar core-shell AlGaN NWs with

n-Ga core, p-GaN as the shell, cladding layers of AlGaN and MQW in-between [46]. However,



MOCVD requires growth temperatures greater than 1200°C, leading to several issues including

the limitation of the substrate choice [47].
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Figure 3: CVD chamber with a three-zone setup with Si substrate in the deposition zone where

the AlGaN NWs are deposited [43].

2.1.3 Plasma-assisted MBE

Given the limitations of the aforementioned techniques, plasma-assisted MBE (PA-MBE)
has emerged as the most reliable technique for growing AlGaN NWs [22], [23], [48]-[51]. For
AlGaN NWs, PA-MBE growth takes place in a vacuum environment with pressures of 107
mbar (making impurities less susceptible during growth), with a radio frequency (RF) plasma
source which supplies active nitrogen species [40], [52]. Unlike the previously mentioned
deposition techniques, MBE uses atomic elements as precursors at low fluxes, which are heated
in a Knudsen cell, followed by the spraying of the vaporized elements on the substrate, as seen
in Figure 4(a) [53]. The growth of the NWs itself is based on a self-organized diffusion process,
where the atoms diffuse from the substrate towards the base of the NWs to climb along the

lateral sidewalls, as shown in Figure 4(b) [54].
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shutter \ Al, Ga and N impinging atoms

Knudsen

effusioncell 4 G2 and N direct
l incorporation at the NW top

Ga

PA-MBE [54].

A drawback of the self-organized growth of NWs using PA-MBE is that they grow
randomly on substrates, thus, giving a wide distribution of physical properties, such as non-
uniform light emission [40]. Due to this reason, SAG has been studied extensively over the
past few years. SAG yields NWs with more controlled height, diameter and position, with the
help of patterned substrates [40]. Substrates are patterned using e-beam lithography using
SizN3, SiOz or Ti mask layers, followed by their transfer to the MBE growth chamber for the
AlGaN NW growth. Figure 5 shows GaN NWs grown using SAG on a Ti mask with pre-

defined geometry, along with the SEM image showing the uniform growth of NWs [55].
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Figure 5: (a) Array of nanostructured openings on a Ti mask on GaN template, followed by

SAG of GaN NWs. (b) SEM image of SAG GaN NWs [55].

2.2 Graphene growth

Graphene is synthesized in numerous ways, which can be categorized into top-down and
bottom-up approaches. The top-down approach usually refers to methods of exfoliating bulk
graphite, using either intercalation, oxidation, or exfoliation methods. On the other hand, the
bottom-up approach is an additive process consisting of synthesizing large-area graphene
sheets using CVD [56]. This section primarily discusses the bottom-up approach, using CVD.
In addition, background on graphene characterization using Raman spectroscopy will also be

discussed.

2.2.1 Graphene growth using CVD

Graphene is commonly grown on substrates like copper (Cu) foil, silicon-silicon dioxide
(Si/SiO2) or polymer substrates. Typically, the growth substrate is annealed at 1000 °C in a
CVD chamber, followed by introduction of a carbon source, as shown in Figure 6(a) [56]. The
combination of high temperature, catalytic properties of the growth substrate and the carbon
source, makes the final carbon decompose and dissolve to form graphene on the growth
substrate. Different growth substrates have different carbon solubility, i.e., the amount of final

carbon product (graphene) that will precipitate will vary, depending on the substrate [38].
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The mechanism of growth using CVD differs slightly depending on the substrate used. For
example, when using Cu as the growth substrate, the methane gas precursor will catalyze with
the Cu, resulting in decomposition of methane and subsequent deposition, nucleation, and
polymerization to make graphene, as shown in Figure 6(b). On the other hand, when using Ni
as substrate, carbon atoms will dissolve with the Ni at high temperatures, subsequently
precipitating out to the surface to make graphene at lower temperatures. The properties of the
produced graphene grown on the two mentioned substrates (Cu and Ni) will also differ slightly,
as the synthesized graphene quality and performance depends on the precursors used, growth

time, and substrate type [56].
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Figure 6: (a) CVD process on Cu foil. (b) Mechanism of graphene formation on Cu foil by

CVD [56].

2.2.2 Graphene characterization using Raman spectroscopy

A plethora of techniques, such as Raman spectroscopy, SEM, XPS, optical microscope,
have been used in the past to characterize graphene (e.g., thickness, number of layers, quality
of deposition) [27], [57]-[60]. However, Raman spectroscopy has emerged as the most
common technique for graphene analysis as it is able to detect any small changes in electronic
properties due to defects and doping [61]. Figure 7(a) shows all the possible peaks that can be

observed in graphene.
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Figure 7: (a) Raman spectra of pristine graphene (top) and defective graphene (bottom) [61].

(b) Dependence of intensity ratio I2p/lc on number of graphene layers [59].

The D-peak and D’-peak are defect related peaks and indicate impurities or disorders in
graphene. Literature shows that the type of defects (vacancy-like defects, boundary-like
defects, and etc.) can further be identified using the intensity ratio Ipo/lp- [62], [63]. Thus,
depending on the quality of the graphene, these peaks might not always be present in the Raman
spectrum. However, the G- and 2D- peak will always be present in any graphene and are
sensitive to the number of graphene layers. The G-peak is due to the in-plane bond vibration
of the sp? C-C bond (first-order Raman scattering process), whereas the 2D-peak is generated
due to a 2-phonon, second-order Raman scattering process [64]. The D+D”-peak (occasionally
referred as the G*-peak) and 2D’-peak are similar to the 2D-peak, in the sense that they are
double resonance peaks as well [61], [64]-[66]. Lastly, the D+D’-peak is also a defect-related

peak, only seen in defective graphene, and it is assisted by a 2-phonon scattering process [61].

Figure 7(b) plots the dependence of the thickness of graphene layers on the intensity ratio
of the 2D- and G-peaks (l2p/lg) [59]. It is observed that the ratio decreases with the increase in

the number of graphene layers, and the largest ratio recorded in Figure 7(b) is 3.5 for monolayer
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graphene. However, lop/lg ratios greater than 4 have also been observed for monolayer

graphene in literature [67]-[69].

2.3 Application of graphene to LED devices

In this section, we describe the application of graphene to LED devices. In Section 2.3.1,
general graphene transfer process, together with the existing studies on the application of
graphene to thin-film LEDs, is discussed. In Sections 2.3.2 and 2.3.3, the application of
graphene to NW LED:s is discussed, with Section 2.3.2 focusing on transferred graphene and
Section 2.3.3 focusing on using graphene as an intermediate layer for the subsequent NW

device structure growth.

2.3.1 General transfer process and application of graphene to thin-film LEDs

The integration of graphene to LED devices is commonly accomplished using a graphene
transfer process. Graphene transfer refers to the transfer of graphene from a growth substrate
to the desired substrate. There are three basic steps involved in a graphene transfer. The first
step consists of growth of graphene using CVD on a given substrate. The second step involves
delamination of the graphene from the growth substrate. This step can be either dry or wet. The
dry approach generally uses thermal release tape to delaminate graphene from the growth
substrate, and has been used to transfer graphene to substrates like SiO2/Si, polymer substrates,
and Al>Oz and GaN [70], [71]. On the other hand, the wet approach makes use of solvents like
etchants or water to strip away the growth substrate and facilitate transfer. The wet approach
is the primary approach used for graphene transfer to LED device structures. The final step is

the lamination of graphene on the target substrate.

In the past, numerous studies have been carried out using transferred graphene as the top

electrode for GaN-based thin film devices [26], [28]-[31], [72]-[75]. These devices emit light
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in the near-UV or visible region. For example, Kim et al. demonstrated transferred few-layer
graphene (FLG) as an electrode for GaN-based thin film near-UV LEDs. The transfer process
is shown in Figure 8, where the FLG was grown using CVD on a Cu foil. After etching the Cu
foil, the FLG film was transferred to the p-GaN top surface of the LED device structure,

followed by etching to deposit contact pads [29].

Figure 8: Schematic of FLG transfer and lithography processes to fabricate GaN-based near-

UV LEDs with graphene electrode [29].

Even though graphene has prevailed as an appealing candidate to replace metal electrodes
for GaN-based LED devices, wet transfer of graphene to LEDs typically does not yield ideal
results. Graphene films have many sources of scattering originating from defects, wrinkles and
from domain boundaries, arising from the transfer techniques. These defects increase the sheet
resistance of monolayer graphene from 30 Q/sq to 75-1000 Q/sq [38], [76]. Furthermore, there
is a large work function difference between graphene and p-GaN — the most commonly used
contact layer in GaN-based LEDs, as seen from Table 1. This mismatch in work function
creates an interface contact barrier which further hinders the transport of electrons and holes,

increasing contact resistance and operating voltage in LED devices [26], [76]-[78].
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Table 1: Work functions of GaN and graphene [26], [78].

Material n-GaN p-GaN Pristine graphene

Work function ~40eV ~75eV ~ 447 eV

2.3.2 Graphene transfer to the NW top surface post-NW growth

Limited studies report successful transfer of graphene to NW top surface [27], [32], [79],
[80]. First, NWs are grown on a substrate using one of the techniques described in Section 2.1,
followed by an optional oxygen plasma cleaning and wet etching step, to remove any residues
and surface oxides, respectively. Next, graphene transfer to the top surface of the NWs is
carried out immediately, using the wet transfer process described earlier. However, this process
faces certain challenges. Apart from the challenges arising from the graphene transfer process,

the transfer of graphene to NW top surfaces can be uneven due to non-uniform NW height.

For example, Babichev et al. described various defects like blisters and ripples on FLG
transferred to a GaN NW UV photodetector [32]. Tearing of the four-layer graphene was
reported by NWs which exceeded the average NW length by 100 nm [32]. Similarly,
Kierdaszuk et al. presented detailed studies of graphene transferred to GaN NWSs where the
NWs exhibited variations in height [79]. Figure 9 shows the comparison of NWs with a height
variation of 0 (NO) and 500 nm (N500). It is observed that the graphene on NWs with equal
NW height in Figure 9(a) show a smooth graphene transfer, with no obvious cracks and
wrinkles. However, Figure 9(b) shows visible wrinkles and bends in the graphene film when
transferred to NWSs with a 500 nm height variation [79]. They have further reported that defects
on graphene due to differences in NW morphology (difference in height and density of NWs)
can cause strain on the transferred graphene layer, which influences device performance like

change in carrier concentration [79]. In addition, the presence of defects on graphene can also
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cause an increase in its sheet resistance due to an increase in carrier scattering [18], [38], [81],

[82].

IAN500

N500

g AN

Figure 9: SEM image (top) and schematic (bottom) of transferred graphene on top surface of

GaN NWs with (a) zero height variation in NWs, (b) 500 nm height variation in NWs [79].

Using transferred graphene as a conductive electrode, Li et al. demonstrated NW LEDs
emitting at 456 nm [27]. In this study, MOCVD was used to grow the device structure, followed
by wet transfer of multi-layer graphene (MLG) to the GaN nanorods (Figure 10). To date,
however, there are no experimental demonstrations of NW UV LEDs using transferred

graphene as the top electrode.
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Figure 10: (a) Schematic of GaN-based NW visible-color LEDs with transferred MLG. (b)

Top-view SEM of GaN nanorods with MLG [27].

2.3.3 Graphene as an intermediate layer for the subsequent NW growth

Graphene has also been used as an intermediate layer in NW LED devices, i.e., growing the
NW LED structures on graphene [18], [81], [83]-[85]. In this case, most of the devices are in
“flip-chip” configuration, i.e., light emission occurs from the graphene side rather than the top
contact. For example, Hoiaas et al. demonstrated the growth of GaN/AIGaN NWs on a double-
layer graphene film (DLG) on silica glass, and further showed UV LEDs at 365 nm, as
illustrated in Figure 11(a) [81]. Mulyo et al. demonstrated growth of GaN/AlGaN NWs on
monolayer graphene and devices emitting at 350 nm, as shown in Figure 11(b) [18]. However,
the graphene film encountered severe damage during the growth of NW device structures, due
to the use of nitrogen plasma during the growth. To mitigate this issue, AIN protection layer
has been used [83], [84]. Although success was achieved in protecting the graphene layer from
impinging nitrogen species using AIN, issues like lattice mismatch (between AIN and

graphene) and alteration in the electrical properties of graphene arose.
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Figure 11: GaN/AlIGaN NW LEDs with graphene as intermediate layer emitting at (a) 365 nm

with DLG [81] and (b) 350 nm with monolayer graphene [18].
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Chapter 3: LED fundamentals

Light emission from LEDs is due to spontaneous recombination of electron-hole (e-h) pairs

[86]. Figure 12(a) illustrates a double heterojunction (DH) LED. Figure 12(b) depicts the

recombination process of the e-h pair in the active region of a DH structure, wherein the

bandgap of the active layer is smaller than that of the n- and p-type layers [87]. The light

emission is from the active layer, and the emitted photon energy is approximately the band gap

energy, due to the energy conservation. For a semiconductor alloy like AlxGaixN, the bandgap

can be varied from 3.4 eV (xai = 0) to 6.2 eV (xai=1) [6]. Thus, AlGaN can achieve a wide

emission spectrum in the UV regime, approximately from 200 nm to 365 nm.
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Figure 12: (a) Double heterostructure LED, with a supply of 2.8 V battery. (b) Parabolic

electron-hole relations showing spontaneous emission, accompanied by photon emission in the

active layer of LEDs [87].
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In general, for LED device characterization, various performance parameters can be
measured, which can be divided into electrical and optical measurements, illustrated in Figure

13.
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Figure 13: Flowchart depicting the performance parameters used for LED device
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characterization.

The most common electrical measurement for LEDs is measuring the 1-V characteristics.
Figure 14 shows the difference between an ideal and non-ideal I-V curve, where the non-ideal
I-V curve is due to parasitic resistances [86]. Parasitic resistances refer to the effects of series
and parallel resistance on a diode. Series resistance is caused by excessive contact resistance
whereas parallel resistance is due to the unwanted electrical conduction channels that are
parallel to the p-n junctions, such as surface channel. In this work, series resistance is studied
on the AlGaN NW deep-UV LEDs. The series resistance is approximately estimated by taking

the tangent (slope) to the I-V curve at large forward bias [86].
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Figure 14: 1-V characteristics of an ideal and non-ideal LED [86].

Optical measurements for LEDs include EL and light output power measurements. EL is
generated by photons from the excess e-h pair recombination under a forward bias of the p-n
junction [4]. EL spectrum allows one to determine the characteristic wavelength of an LED
device, and other parameters such as full-width-half-maximum (FWHM) [5]. Light output
power measurements allow one to estimate the external quantum efficiency (EQE) of an LED
device, which is an important parameter to evaluate the efficiency of an LED device and
typically estimated by taking the ratio of the number of photons emitted from the LED device

in free space to the number of electrons injected into the device [90].
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Chapter 4: AlGaN NW deep-UV LEDs with non-

patterned graphene electrode

In this chapter, AlGaN NW deep-UV LEDs with non-patterned graphene electrode are
described, i.e., the transfer yields graphene with irregular shape on the top surface of the NW
[91]. This is to examine whether the transferred graphene can serve as the top electrode for

NW deep-UV LEDs, an essential step toward fabricating patterned graphene electrodes.

4.1 Growth of AlGaN NW deep-UV LED structures

The AlGaN NW device structures in this thesis were grown using a Veeco Genxplor PA-
MBE system on highly conductive n-Si substrates. Figure 15(a) shows a photo of the MBE
system. Figure 15(b) shows the schematic of the device structure [91]. From the bottom to the
top, the NW structure consists of the n-GaN template, tunnel junction (TJ) made of n*-GaN
and p*-AlGaN, AlGaN DHs which consist of p-AlGaN, n-AlGaN, and undoped AlGaN, and a
thin n-GaN top contact layer. Prior to the MBE growth, the Si wafers were cleaned with
isopropyl alcohol (IPA), followed by the removal of surface oxides using hydrofluoric acid
(HF) and thermal outgassing in situ in the MBE chamber. The AlGaN segments were grown at
850-890 °C. Al and Ga fluxes were around 1-2 x 108 Torr and 0.8-1.5 x 108 Torr, respectively.
The nitrogen flow rate was 0.6 sccm. The TJ growth used a lower substrate temperature of 630

°C.
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Figure 15: (a) Veeco GENXxplor system used for the growth of AlIGaN NW device structures in

this thesis. (b) Schematic of AlGaN NW device structures grown using PA-MBE [91].

4.2 Graphene transfer

Easy Transfer graphene from MSE supplies was used. The monolayer graphene is
sandwiched between a 100 um porous polymeric material and a 100 nm acrylate-based
sacrificial layer (SL). Figure 16 illustrates a schematic of the graphene transfer protocol

provided by MSE Supplies.

Sacrificial Layer Release M' S TE R AT Removal
Polymer M NW UV-LED

L DI water

Figure 16: Process flow of graphene transfer to AIGaN NW device structures using Easy

Transfer graphene from MSE Supplies.

The first step was submerging the polymer/graphene/SL stack in deionized (DI) water,
which led to the release of the graphene/SL film from the polymer film. This led to the

graphene/SL film floating in the DI water, ready for transfer to the desired substrate. The
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AlGaN NW device structure was introduced into the DI water at a tilted angle of 45°, and the
graphene/SL was scooped from the DI water. After the transfer step, the NW UV
LED/graphene/SL device was air-dried for 30 minutes, followed by annealing at 95 °C for 1
hour. In the end, the SL was removed by dipping the NW UV LED/graphene/SL device in
acetone overnight, followed by washing with IPA and DI water, and dried by N2 gas. Figure
17 illustrates the graphene transfer that was carried out. It can be seen that the transferred

graphene in Figure 17(d) has an irregular shape, with visible cracks.
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Figure 17: Steps for graphene transfer to AlGaN NW device structures using Easy Transfer
graphene. (a) Easy Transfer graphene received from MSE Supplies. (b) Release of polymer
from the graphene/SL film. (c) Graphene transfer to AIGaN NW device structures. (d) Removal

of SL.

4.3 Characterization of transferred graphene
After graphene transfer, XPS and Raman spectroscopy were performed to inspect if the

graphene transfer was successful. Characterization results are described in this section.

431 XPS
XPS was performed using the Thermo Scientific K-Alpha XPS instrument, with a
monochromatic Al a source (4v = 1486.7 eV). The binding energy was calibrated based on the

peak of the adventitious carbon, i.e., the C 1s peak at 284.8 eV. Figure 18 shows the survey
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spectra scan of binding energy (BE) obtained for three regions on the device, at a pass energy
of 200 eV. All regions of the device show the expected characteristic peaks of Ga 3d, Al 2p, N

1s, O 1sand C 1s [58], [92], [93].
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Figure 18: XPS spectra taken from three regions of the device, as denoted by the legends in the

plot.

An additional peak at 310 eV was found for all three regions on the device, as seen in Figure
19, with the intensity of the peak being marginally higher for the graphene regions, when
compared to the bare AlGaN NW surface. This peak is termed as the “shake-up satellite peak”
in literature. It usually corresponds to the m-m* transition occurring in a sp?-carbon six-

membered ring [58].
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Figure 19: Normalized XPS spectra for C 1s peak for three regions of the sample.

Table 2 summarizes the BE of the peaks observed (after carbon correction) and the
corresponding BE reported in literature. The BE of the graphene regions are slightly shifted to
higher energy, when compared with the BE of the bare AIGaN NW surface. This indicates that

the surface is not bare AlGaN and has been altered due to deposition or transfer of an external

material.

Table 2: Characteristic peaks obtained using XPS for three regions on the device.

Element re(;iroanp-rl]e(r:es/) re(;iganr)-ge(r;s/) Basrj r'gga(zlvl\)lw Literature (eV)
C1ls 284.8
Ga 3d 20.34 20.01 19.05 19.00
N 1s 397.61 397.31 396.49 398.00
O 1s 532.38 532.03 531.75 531.00
Al 2p 74.66 74.65 73.76 73.00
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4.3.2 Raman spectroscopy

Further characterization of the transferred graphene was performed by Raman spectroscopy
(Renishaw Raman instrument). A 532 nm green laser was used for the Raman experiments,
with an exposure time of 10 seconds and a 50 x objective lens to focus during measurements.
Figure 20 shows the Raman spectra obtained for the transferred graphene and the bare AlGaN
NW surface. Compared to the bare AlGaN NW surface, the graphene spectrum shows all the
characteristic peaks of graphene at 1340 cm™, 1583 cm™, 1620 cmt, 2675 cm™, which are often
referred as the D, G, D’, and 2D-peak, respectively [64], [81]. This confirms the successful

transfer of graphene to the AlGaN NW top surface.

In addition, the intensity ratio lop/lg is around 2, indicating that the transferred graphene is
monolayer in nature [59], [94]. Another indication of successfully obtaining monolayer
graphene is by looking at the FWHM of the 2D-peak. Literature reports values between 24-30
cm* for the FWHM of the 2D-peak for single-layer graphene, and the measured FWHM in

Figure 20 is 33.6 cm™, thus, proving the monolayer nature of the transferred graphene [94].
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Figure 20: Raman spectra of transferred graphene and bare AlGaN NW surface.
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4.4 Characterization of AlGaN NW deep-UV LEDs with transferred graphene electrode

To measure the performance of the device, optical testing was carried out. The electrical
injection was realized by a continuous-wave (CW) current source using a Keithley 2400 source
meter. The light emission was captured by an optical fiber, which was coupled to a deep-UV
spectrometer. Figure 21(a) shows the probe station setup used for optical and electrical
measurements. Colloidal Ag paste was applied to the bottom of the n-Si substrate (back
electrode). Tungsten probe tips were used to make direct contact to the graphene top electrode.
Figure 21(b) shows the EL spectra of the AIGaN NW deep-UV LED devices with the
transferred graphene electrode under different injection currents from 5 pA to 150 A,

revealing an emission peak at 280 nm, and increased intensity as the injection current increases.
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Figure 21: (a) Probe station setup for electrical and optical measurements. (b) EL spectra of
AlGaN NW deep-UV LEDs with the transferred graphene electrode under varying injection

currents.

Using Figure 21(b), the EL intensity, linewidth (FWHM) and peak wavelength properties
were further analysed. Figure 22(a) shows a non-linear increase in the integrated intensity with

injection current, with a slight blueshift in peak wavelength seen with increasing injection
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current in Figure 22(b), which is consistent with previously reported results [22], [95]. The

blueshift is due to the electrostatic screening of the electric polarization field as a result of the

carrier density increase, which has been observed previously in the AlIGaN UV LEDs with

conventional metal electrode [22], [96].

Also shown in Figure 22(a) is an optical image of the light emission. A dim light is visible

by eyes. These results therefore suggest that, even though the shape of the transferred graphene

is irregular with visible cracks, such transferred graphene can act as a suitable conductive layer

for the AlGaN NW deep-UV LEDs, and moreover, graphene does not affect the inherent

characteristics of these devices.
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Figure 22: (a) EL intensity versus injection current, with inset showing a photo of the light

emission from AlGaN NW deep-UV LEDs with the transferred graphene electrode. (b) FWHM

and peak wavelength versus injection current.
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Chapter 5: AlGaN NW deep-UV LEDs with patterned

graphene electrodes

In this chapter, the fabrication and characterization of AlGaN NW deep-UV LEDs with
patterned graphene electrode will be discussed. Different from the graphene used in Chapter 4,
graphene on Cu foil is used here in the transfer process. This is followed by standard
photolithography process and graphene etching to obtain graphene top electrode with a defined

shape and different sizes [97].

5.1 Graphene electrode patterning

Monolayer graphene from Sigma Aldrich was used. The graphene is sandwiched between
an 18 um Cu foil and a thin layer of polymethyl methacrylate (PMMA). Figure 23 shows the
graphene transfer procedure [97]. First, the Cu/graphene/PMMA stack was submerged in a
chloride-based copper etchant (CE-200 from Sigma Aldrich) at 40 °C for 30 minutes, which
helped etch the Cu film. This led to the graphene/PMMA film floating in the Cu etchant, which
was then rinsed in a DI water bath to remove etchant residues. Next, the AlGaN NW device
structures were introduced to the DI water bath at a tilted angle of 45°, and the
graphene/PMMA layer was scooped from the DI water. After the transfer step, the
NW/graphene/PMMA device was air-dried for 30 minutes, followed by annealing at 95 °C for
1 hour. Finally, the PMMA was removed by dipping the NW/graphene/PMMA in acetone for

30 minutes, followed by washing with IPA and DI water, and dried by N> gas.
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Figure 23: Process flow of graphene transfer to AIGaN NW device structures using graphene

on Cu foil [97].

To pattern the graphene electrode, standard lithography was used, as shown in Figure 24
[97]. After graphene transfer, the NW/graphene device was coated with 1.4 um photoresist
(S1813) using a Laurell spin coater, followed by baking at 115 °C for 1 minute. Next, UV
exposure at a dose of 130 mJ/cm? was carried out with an EVG 620 aligner, using the
appropriate mask. The device was developed using MF-319 developer for 1 minute, which was
accompanied by DI water rinsing. Next, the exposed graphene was etched using reactive ion
etching (RIE) for 90 seconds using O gas, with a flow rate of 48 sccm and RF power of 100
W. Lastly, the photoresist was removed using warm acetone, IPA, and DI water, followed by
N drying. Graphene electrodes with dimensions of 1 x 1, 0.5 x 0.5 and 0.3 x 0.3 mm? were

successfully fabricated in the end.
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Figure 24: Process flow for the fabrication of graphene electrode with different sizes after

graphene transfer [97].

5.2 Characterization of AlIGaN NW deep-UV LEDs with patterned graphene electrodes

To measure the device characteristics, optical and electrical testing were carried out. Figure
25 shows the EL spectra of the AlGaN NW deep-UV LEDs with the patterned graphene
electrode at injection currents from 10 pA to 480 pA; light emission peak at 248 nm can be

seen.

EL Intensity (a.u.)

200 220 240 260 280 300 320
Wavelength (nm)

Figure 25: EL spectra of AlGaN NW deep-UV LEDs with the transferred graphene electrode

under varying injection currents.
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Figure 26(a) and Figure 26(b) show EL intensity, FWHM, and peak position versus injection
current. Overall, similar EL characteristics compared with the 280 nm emitting devices
(described earlier in Chapter 4) can be seen; except that quantum-confined Stark effect is more
noticeable for devices emitting at 240 nm. The inset of Figure 26(a) shows a bright light
emission from the AlIGaN NW devices with patterned graphene electrode (1 mm x 1 mm), and

the light emission region is consistent with the shape of the fabricated electrode.
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Figure 26: (a) EL intensity versus injection current with inset showing light emission from
AlGaN NW deep-UV LEDs with patterned graphene electrode. (b) FWHM and peak

wavelength versus injection current.

5.3. Performance comparison of devices with graphene electrode and metal electrode
This section compares the performance of the devices with patterned graphene electrodes to
the devices having conventional metal electrodes at 240 nm. Comparison was made using light
output power, EQE, and I-V curves, measured from 1 x 1 mm? devices. Thin metal bilayers
were fabricated using photolithography and metallization techniques on top of the NW surface,

consisting of 7. nm Ti and 7 nm Au [22], [23].
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5.3.1. Light output power and EQE comparison

Figure 27(a) shows the light output with increasing injection current for the devices with
graphene electrode and metal electrode [97]. At small injection currents, i.e., below 0.2 mA,
the light output power of the devices with graphene electrode is significantly higher than that
of the devices with metal electrode. The light output of the AlGaN NW deep-UV LEDs
increases by approximately two folds using the graphene electrode. However, the light output
for the devices with graphene electrode tends to saturate as the injection current increases,
compared to devices with metal electrode. This saturation gives an indication for an efficiency

droop phenomenon for devices with graphene electrode [97].

To further investigate efficiency droop, relative EQE was estimated from the light output
power for devices with graphene and metal electrodes. The relative EQE was estimated by
taking the ratio of the light output power to the injected current. For comparison purposes, both
devices were measured in the same setup. EQE plot for the devices with graphene electrodes
and metal electrodes are shown in Figure 27(b), with increasing injection current ranging from
0.01 mA to 0.5 mA [97]. It is seen that the EQE of the devices with graphene electrode are
higher than the EQE of the devices with metal electrode at low injection currents. Nonetheless,
a more severe efficiency droop is seen in devices with graphene electrode, with an earlier onset
of the droop at lower injection currents when compared to the devices with metal electrode.

The arrow indicates the onset of efficiency droop for the metal electrode devices.
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Figure 27: Comparison of devices with graphene electrode to devices with metal electrode. (a)

Light output power versus injection current. (b) EQE versus injection current [97].

5.3.2. 1-V curve comparison

Figure 28 compares the 1-V curves in semi-logarithmic scale for devices with graphene

electrode and metal electrode [97]. The I-V characteristics of devices with graphene electrode

are worse compared to devices with metal electrode. Series resistance for both cases was

calculated using the slope of the I-V curve at approximately 10 V. The estimated values for

devices with metal electrode and graphene electrode were 430 Q and 29 kQ, respectively. High

series resistance for devices with graphene electrode leads to a significant heating effect, which

can be the primary cause for the severe efficiency droop.
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Figure 28: 1-V characteristics of devices with metal and graphene electrode [97].
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Chapter 6: Discussions

This section provides further discussions on devices with graphene electrode, such as the
possible cause for the large series resistance seen earlier, graphene degradation, and graphene

transfer challenges.

6.1. Possible mechanism for large series resistance and limitations of devices with
graphene electrode
This section discusses the possible reasons for the large series resistance derived for devices
with graphene electrode. As a starting point, SEM images of as-grown AlGaN NWs were
studied. A typical SEM image is shown in Figure 29, taken at a 45° tilting angle [97]. The NWs

are densely packed and relatively uniform overall.

Figure 29: SEM of the as-grown NW wafer at a tilting angle of 45° [97].

Although the NWs look relatively uniform, there is a size distribution. Figure 30 depicts the
variations in height and diameter for the as-grown AlGaN NWs analysed by ImageJ [97]. The

mean and standard deviation for the NW length (height distribution) are 452 nm and 39 nm,
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respectively. For the NW top facet, the mean and standard deviation for the diameter are 115
nm and 13 nm, respectively. Thus, it is evident that variations exist in the NW dimensions,
with a more severe variation seen for the NW length, compared with the NW diameter. It can
be rationalized that due to the existing height variations, uneven NW height is obtained, which
consequently leads to non-uniform graphene electrode on the NW top surface, leading to large

contact resistance, which contributes to the large series resistance.
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Figure 30: Statistics for the as-grown NWs showing (a) height distribution and (b) NW top

facet diameter distribution [97].

Figure 31 shows the SEM of the fabricated graphene electrode on the AlGaN NW top
surface [97]. Figure 31(a) shows the graphene surface at a smaller magnification, which shows
features like cracks and wrinkles (marked by arrows), indicating the non-uniform nature of the
transferred graphene. Figure 31(b) shows the same graphene surface at a higher magnification,
showing the wrinkles more clearly. It can also be seen that the taller NWs (compared to the
adjacent NWSs) are piercing the graphene surface. It is evident that the uneven nature of
graphene transfer due to NW height variation leads to defects like cracks and wrinkles on the

graphene surface, which subsequently results in poor adhesion of graphene on the NW top
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surface, as well as the large sheet resistance of graphene itself, causing large contact resistance.
Previous studies have shown similar effects, as described earlier in Chapter 2. Nonetheless,

this issue can be potentially addressed by NWs grown by SAG.

GVl Graphene (b)
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Figure 31: SEM images of transferred graphene on AlGaN NWs at (a) small scale, (b) large

scale [97].

Raman spectroscopy was performed on devices with patterned graphene electrodes to
further confirm the non-uniform nature of the graphene electrode. Raman spectra were
collected on various regions of the device, and two such regions with transferred graphene
(labelled #1 and #2) are shown in Figure 32, along with a comparison with the bare AlGaN
NW surface [97]. It was observed that for different regions of the device, even though the same
characteristic peaks are visible (D-, G- and 2D-peak) for graphene, the intensity ratio of the
2D- and G-peak (i.e., l2p/lg) differ. The observed variation for the intensity peaks on different

parts of the graphene electrode is another indication of non-uniformity [68], [98].
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Figure 32: Raman spectra of devices with graphene electrode and bare AlGaN NW surface
showing graphene characteristic peaks, where "#1" and "#2" refer to the spectra measured from

two different graphene regions on the same electrode [97].

Lastly, it is worth noting that, for the present devices with graphene electrode, the top
contact is n-GaN, the work function of which is similar to that of pristine graphene. As such,

the work function difference might not be the main cause for the large contact resistance.

6.2. Graphene degradation analysis using Raman spectroscopy

Previous reports have shown graphene damage after continuous electrical injection. Kim et
al. have reported that under a continuous current injection, the luminescent region became
smaller, and current levels were seen to reduce after 30 seconds of continuous biasing [28].
This was attributed to the high junction temperature and joule heating at high injection currents,
which facilitated the formation of CO and CO: as a result of the interaction of C-C from the
graphene with O2 in the air [29], [99]. Kim et al. further reported a decrease in the lg/l2p

intensity ratio after continuous electrical injection from the Raman spectra of their FLG. The
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change in the intensity ratio was attributed to the thinning of their graphene film, leading to
degradation of graphene and consequently, effecting overall device performance [28]. Another
possible indication of graphene degradation from Raman spectra is the intensity of the D- and

D’-peaks at 1340 cm™ and 1620 cm™ respectively [64], [81].

In this study, Raman measurements were performed on the devices with graphene electrode
before and after electrical injection to examine the degradation of the transferred graphene. The
Raman spectra are shown in Figure 33. No change in the intensity can be seen after electrical
injection. However, due to the uneven and non-uniform nature of the transferred graphene, no
conclusions can be made about the degradation of graphene in this study (e.g., strain in

graphene from nonuniform NW height can also affect the 1o/l peak ratio).
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Figure 33: Raman spectra of devices with graphene electrode, before and after electrical

injection.

6.3. Graphene transfer challenges: Easy Transfer graphene versus Cu foil graphene
Hitherto, poor graphene adhesion due to variation in as-grown NW height has been

discussed, however, graphene adhesion issues also potentially arise from inefficient graphene
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transfer [100]-[102]. Inefficient graphene transfer can occur due to delamination from the
growth substrate, or from the removal of the SL employed, as shown in Figure 34 [100]. In this
thesis, two different growth substrates (polymer and Cu foil) were used, however, the same SL

(PMMA) was used for both transfers.

Removal of
sacrificial layer
(SL) T
Graphene Delamination Relamination
_ _ _— /
* Metal contamination * Polymer contamination
Growth from etching from support
substrate * Tearing from peeling *  Wrinkling of graphene
* Damage from bubbles * Damage from dewetting

Figure 34: Graphene transfer challenges during delamination from growth substate and re-

lamination on desired substrate, accompanied by common issues arising at each step [100].

Chapter 4 and Chapter 5 discuss graphene transfer process with two growth substrates,
polymer film (Easy Transfer graphene) and graphene on Cu foil, respectively. Comparing
Figure 35(a) and Figure 35(b), a visible difference can be seen in the quality of transferred
graphene. Easy Transfer graphene yielded transferred graphene with several cracks, whereas
the graphene on Cu foil yielded a more uniform graphene transfer. Easy transfer graphene
makes use of a water-soluble polymer substrate which is detached from the graphene/SL stack
by immersing in DI water. On the other hand, for graphene on Cu foil transfer, the Cu foil has

to be etched by an appropriate etchant to detach from the graphene/PMMA stack.
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Figure 35: Graphene transfer to AlGaN NW device structures using (a) Easy Transfer

graphene, (b) graphene on Cu foil.

Even though both types of substrates, i.e., metal (Cu) and polymer, have their pros and cons,
detachment of graphene from polymeric material is the primary reason for wrinkles and cracks.
Literature reports several studies where the removal of the polymer SL (specifically PMMA)
causes defects in graphene like cracks, wrinkles and residues [100]-[104]. Alternate materials
to PMMA as SL have been explored like paraffin wax, which has a higher thermal expansion
coefficient and lower chemical reactivity, eliminating the residue and wrinkle issues associated
with PMMA [105], [106]. The same reasoning can be applied in this study for Easy transfer
graphene, as the polymer used in Chapter 4 serves the dual purpose of a substrate and a SL,
causing uneven transfer of graphene due to detachment from a polymer layer at both the
delamination stage and the re-lamination stage of the graphene transfer process. For future
graphene transfers, graphene on Cu foil will be used. However, as seen from the SEM image
in Figure 31, the Cu film graphene also suffers from cracks (which was exacerbated by the
uneven NW height), as PMMA s still employed as a SL. Thus, there is scope for further

improving the graphene transfer process.
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Chapter 7: Conclusion and future work

This thesis successful demonstrated surface-emitting vertically injected AlGaN NW deep-
UV LEDs with transferred monolayer graphene as the top electrode from 240 to 280 nm. The
graphene transfer was confirmed by Raman spectroscopy and XPS experiments. Bright light
emission was measured from devices with patterned graphene electrodes. EL studies show an
expected increase in EL intensity as injection current increases, along with a blueshift of the
peak wavelength and spectral narrowing of the linewidth, which are common characteristics of

such AlGaN NW deep-UV LED:s.

Moreover, a detailed comparison was presented of devices with patterned graphene
electrode and devices with patterned conventional metal electrodes. Light output power of the
devices with graphene electrode was observed to be higher than that of the devices with metal
electrodes, however, the output power for the graphene electrode devices began to saturate,
indicating efficiency droop. The EQE plot showed an earlier onset of efficiency droop, i.e., at
a smaller injection current for devices with graphene electrode. Furthermore, the I-V
characteristics of the graphene electrode devices were worse than that of the metal electrode
devices, with a very high series resistance of 29 kQ, which explained the earlier onset of
efficiency droop for the devices with graphene electrode. SEM images showed cracked,
wrinkled, and pierced graphene on the AlGaN NW top surface, leading to poor adhesion of
graphene due to uneven NW height, contributing to efficiency droop and high contact
resistance. Raman spectroscopy confirmed the non-uniform nature of graphene transfer as the

I2p/lG intensity ratios varied on different parts of the device.

The findings in this thesis indicate that graphene can help improve the optical performance
of short-wavelength surface-emitting vertical AlGaN NW LEDs, the very first demonstration

of its kind at emission wavelengths shorter than 280 nm without metal electrodes. However,
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further development of these devices requires overcoming certain challenges. Future work will
focus on resolving the earlier onset of efficiency droop for devices with graphene electrode by
decreasing the contact resistance between graphene and the NW top surface. This can be
achieved in two ways: more uniform growth of NWs and by improving the graphene transfer
process. More uniform growth of NWs can be realized by SAG on Si, which helps produce
NWs with the same height [107]. In addition, improvement of the graphene transfer process by
finding alternate materials to the polymer SL will also help in more uniform graphene transfer.
Furthermore, using MLG or FLG instead of monolayer graphene can be a potential solution
for the high series resistance of 29 kQ. Studies have shown a reduction of sheet resistance from
660 Q/sq for transferred monolayer graphene to less than 220 Q/sq for transferred FLG in GaN-
based LEDs [82]. However, as the thickness of graphene layer increases, the transparency of
the material decreases. Lastly, to achieve better contact, future steps will also include

depositing metal grids on the AlGaN NW UV-LEDs after the transfer of graphene electrodes.
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