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Abstract

Under pandemic circumstances, it is becoming increasingly important to improve the
efficiency of disinfection systems. Among various disinfection systems, ultraviolet-C (UV-C, light
emission wavelength less than 280 nm) germicidal irradiation is a well-known disinfectant, which
is widely used for drinking and waste water treatment, air disinfection, and etc. In recent years,
UV-C irradiation has been discovered to inactivate human coronavirus by destroying the outer
protein coating. Traditionally, mercury vapor lamps are used to produce UV irradiation, with
disadvantages including risks of toxic mercury release, long turn on/off time, large power
consumption, and hardly practical for point-of-care treatment. Aluminum gallium nitride (AlGaN)
UV-C light-emitting diodes (LEDs) offer a solution to overcome these issues. However, lack of
efficient encapsulation material is one of major challenges in the development of UV-C LEDs
based on AlGaN. In this thesis, we investigate the encapsulation and disinfection effects of AlGaN
nanowire deep UV (DUV) LEDs emitting around 284 nm. Two different polymer materials:
Polyurethane resin and silicone based dielectric material, are compared in this study. As for the
disinfection effects, the effectiveness of AlGaN nanowire DUV LEDs in inactivating human
coronavirus HCoV-229E is investigated. HCoV-229E is interested because it belongs to the same
family Coronaviridae with the well-known SARs-CoV-2 and shares similar protein orders. An
inactivation rate of 91.28% is obtained with a single 1 x 1 mm? LED chip. Strategies to further
improve the inactivation efficiency are further discussed in this thesis. This study shows that
AlGaN nanowire DUV LEDs can be used as a promising UV source to construct an effective

disinfection system against coronavirus.



Abrégé

Dans les situations pandémiques, il devient de plus en plus important d'améliorer
I'efficacité des systemes de désinfection. Parmi les différents systémes de désinfection, I'irradiation
germicide aux ultraviolets-C (UV-C, longueur d'onde d'émission lumineuse inférieure a 280 nm)
est un désinfectant bien connu, largement utilisé pour le traitement de ’eau potable et des eaux
usées, la desinfection de I'air, etc. Durant les derniéres années, il a été découvert que l'irradiation
UV-C inactive le coronavirus humain en détruisant le revétement protéique externe.
Traditionnellement, les lampes a vapeur de mercure sont utilisées pour produire une irradiation
UV, mais avec des inconvénients tels que des risques de libération de mercure toxique, un long
temps d'allumage/extinction, une grande consommation d'énergie et peu pratique pour les
traitements au point de service. Les diodes électroluminescentes (LED) UV-C en nitrure de
gallium et d'aluminium (AlGaN) offrent une solution pour surmonter ces problémes. Cependant,
le manque de matériau d'encapsulation efficace est I'un des defis majeurs dans le développement
de LED UV-C a base d'AlGaN. Dans cette thése, nous étudions les effets d'encapsulation et de
désinfection des LED DUV a nanofil AlGaN émettant autour de 284 nm. Dans cette étude, deux
matériaux polymeres différents sont comparés : la résine polyuréthane et le matériau diélectrique
a base de silicone. En ce qui concerne les effets de désinfection, I'efficacité des LED DUV a nanofil
AlGaN dans l'inactivation du coronavirus humain HCoV-229E est étudiée. Le HCoV-229E est
intéressant car il appartient a la méme famille des Coronaviridae que le SARs-CoV-2 bien connu
et partage des ordres protéiques similaires. Un taux d'inactivation de 91.28% est obtenu avec un
seul puce LED de 1 x 1 mm?. Des stratégies pour améliorer encore ’efficacité de I’inactivation

sont discutées plus en détail dans cette thése. Cette étude montre que la LED DUV a nanofil AlGaN



peut étre utilisée comme une source UV prometteuse pour construire un systéeme de désinfection

efficace contre le coronavirus.
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CHAPTER 1

Introduction

Ultraviolet (UV) light has a shorter wavelength than visible light and ranges from 200 nm
to 400 nm. Its radiation wavelength is classified into UV-A (320 — 400 nm), UV-B (280 — 320 nm),
and UV-C (200 — 280 nm). As an element of sunlight, its effects on skin, plants, and microbes
have been studied, and it can be both beneficial and harmful to human [1-6]. Thus, photonic
devices which emit UV light are invented to carry forward the beneficial effects. Among the wide
range of UV spectrum, UV-C photonic devices play an important role in various fields such as
water purification, bioagent sensing, and food or medical sterilization [7-11]. In the presence of
current pandemic outbreak, UV-C light emitting devices become critically important due to their
high inactivation rate against coronavirus, which can potentially provide a new avenue for surface

disinfection.

1.1 Background on Coronavirus and UV Inactivation

A contagious coronavirus 2019 disease, which is caused by Severe Acute Respiratory
Syndrome Coronavirus 2 (SARS-CoV-2), has been spread worldwide, and the World Health
Organization (WHQ) declared this outbreak as pandemic in March 2020. More than 517 million
infections and 6 million deaths have been reported at the time of writing this thesis [12]. In addition
to this, there are many unconfirmed and unreported cases, given the high incidence of
asymptomatic cases escaping the capture by traditional diagnostic and detection methods.

In general, for coronaviruses, it can be classified into four genera: the Alpha (a-), Beta (B-),

Gamma (y-) and Deltacoronavirus (6-coronavirus). Among the different genera, a-coronaviruses
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and [-coronaviruses are found to cause various human respiratory infections, and it is noted that
SARS-CoV-2 variants (e.g., 6-variant) belong to the p-coronavirus group, whereas §-coronavirus
is another group of coronavirus species, which only resides in birds and occasionally in non-human
mammals [13].

Beside SARS-CoV-2, there were two deadly coronavirus outbreaks in the past caused by
MERS-CoV and SARS-CoV, and both belong to B-coronaviruses [14-16]. Human Coronavirus
OC43 (HCoV-0C43) and HCoV-HKUI are two other known infectious species in f-
coronaviruses. As for a-coronaviruses, HCoV-229E and HCoV-NL63 are known to be infectious
to human. Human coronaviruses including HCoV-229E, HCoV-NL63, HCoV-OC43 and HCoV-
HKUL are spread endemically at different times of the year and cause 15-30% respiratory
infections [14].

Fig. 1A demonstrates different genera and branches of coronaviruses. Genomic
organizations are shown in Fig. 1B. Nonstructural proteins are shown to be identical for SARS-
CoV-2 and HCoV-229E, and structural proteins have similar order in the same form of spike,
envelop, membrane and nucleocapsid proteins. It has also been found by Ong et al. that the overall
base composition and adjacent base arrangements are very similar, as shown in Fig. 1C and Fig.
1D [17]. Therefore, performing experiments on HCoV-229E gives representative results of

inactivation efficiency of the coronavirus family, which is the focus of this thesis work.
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Figure 1: Characteristics of coronaviruses. A) Coronaviruses family tree. B) Genome
organizations, C) overall base composition, and D) adjacent base arrangement of SARS-CoV-2,
HCoV-0C43, and HCoV-229E [17].

To combat SARS-CoV-2, preventions including vaccination, masking, hand sanitizing
have been blended into people’s daily life in combating virus spread within communities [18-20].
Disinfection products including 0.05% sodium hypochlorite (NaClO) and ethanol with 70%
concentration have been used to eliminate viruses on surfaces and objects [21, 22]. Among all the
new emerging disinfection methods, UV irradiation as a chemical-free technology attracts
researchers’ attention and has been rapidly growing in inactivating viruses, bacteria and other
microbes [17, 23, 24].

UV light inactivates microbial cells by damaging the intracellular components of microbes
including RNA and DNA. With different wavelengths, UV irradiation affects viruses differently.
RNA and DNA are sensitive to UV-C irradiation, and the ability of viruses to replicate can be
heavily influenced by absorbing UV-C photons so that they can no longer infect human cells. UV-
B is found to be 20 to 100 fold less effective compared with UV-C irradiation. Although UV-A is
weakly absorbed by RNA and DNA, additional genetic damage can be caused by UV-A irradiation

such as causing bases oxidation and strand breaks through the formation of reactive oxygen species
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[23, 25-27]. UV-C is the current focus on inactivating coronavirus because its ability is shown to
be more effective in numerous studies.

Miriam et al. performed a set of experiments by using 254 nm UV-C radiation source and
365 nm UV-A light source on SARS-CoV to examine the change in infectious dose [28, 29]. 50%
tissue culture infectious dose assay (TCIDso) was used to quantify the amount of infectious virus
particles. By incubating serial dilutions of virus samples, the amount of virus dilution that required
to induce cytopathic effects (CPE) in 50% infected samples is measured. The results are shown in
Fig. 2. There are no significant changes in the UV-A irradiation control group, whereas the UV-C
irradiation shows significant inactivation effect on SARS-CoV. Same results have also been
demonstrated in the study by Chiappa et al., wherein UV-C light shows the most potent effect in

inactivating micro-organisms including viruses, bacteria, and etc. [30].

TCIDg, (logyg) / mi

Minutes
Figure 2: Effectiveness of UV irradiation to inactivate SARs-CoV [28].

The behavior of inactivating HCoV-229E virus using light emitting diodes (LEDS)
emitting at different UV-C wavelengths (222 nm, 254 nm, and 277 nm) has been also studied. The
infectivity is determined by comparing the Plague Forming Units (PFU), which is another method
of quantifying infectious. The results are shown in Fig. 3. Although the mechanism of the relation
between UV-C wavelengths and the effectiveness of inactivation is still being investigated, 277

nm is found to show the best results on HCoV-229E among 222, 254, and 277 nm. The experiment
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setup used a 5 x 5 array of UV-C LEDs at a beam angle of 120 degree and a working distance of
12 cm. The UV intensity of all experiments remained consistent at 73 pW/cm? [17].
Z 1000+ -~ 222 nm

- 254 nm
4 277 nm

100

hCoV-229e Infectivity (%

1 1 1 1
0 100 200 300 400
Time / seconds

Figure 3: Effectiveness of UV-C LEDs to inactive HCoV-229E at different wavelength [17].

Besides these studies, others have shown that SARS-CoV-2 and other coronavirus species
exhibit the highest sensitivity among UV-C wavelengths of 265 nm and 267 nm than other
wavelengths such as 280 nm, 286 nm, and 297 nm, with the fastest disinfection responses and the
lowest UV doses applied [31, 32].

There have been numerous studies that demonstrate the inactivation efficiency of deep
ultraviolet (DUV) irradiation; however, there are still many research aspects that are still under
investigation, such as wavelength versus inactivation efficiency, LED versus germicidal lamps,
and so on. In this thesis, the inactivation effect of aluminum gallium nitride (AlGaN) nanowire

284 nm LED devices is studied.

1.2 The Need of UV LED Technology and Current Status

In conventional UV technologies, UV light is generated with an electric arc through

vaporized mercury under pressure. Quartz glass materials are highly used in the germicidal
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mercury lamps and pose a risk of toxic mercury release [33]. High power consumption and long
warm up/cool down time are two other challenges manifested in practical applications.
Alternatively, UV LED technology as a point light source is developed rapidly with instant turn-
on/off time, low power consumption, and large design flexibility especially in small scale
applications. Given these advantages of the UV LED technology, researchers and industry
practitioners are encouraged to consider it as an alternative UV source [3, 29, 34, 35].

From the view of the commercial LED market, UV-A LEDs (350 — 390 nm) offer
significant advantages over mercury or fluorescent due to the increased efficiency, lower cost of
ownership and system miniaturization. They are highly used in 3D printing, UV curing,
lithography, sensing, security, and so on. Due to the cost efficiency and the mature level, UV-A
LEDs have been dominating the current market comparing to UV LEDs in other wavelengths [7,
36, 37]. The “lower” UV-A and “upper” UV-B range (300 — 350 nm) is the most recently-
introduced range to the market. Devices in this range offer the potential for a variety of applications
including UV curing, biomedical and DNA analysis, and 3D printing, but the overall cost is still
relatively high [36, 38].

The “lower” UV-B and “upper” UV-C range (approximately 250 — 300 nm) is a range that
is still under investigation and gradually enters the stage of commercial mass production. Due to
the effectiveness in air and water disinfections, there is an increasing demand for UV-C LEDs
since 2019, and the high demand drives the LED market growth in “lower” UV-B and “upper”
UV-C range. Further due to the adverse impact of SARS-CoV-2, LED segment in “lower” UV-B
and “upper” UV-C range is expected to grow at a fast rate and dominate the market in the near

future [7, 36, 38, 39].
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1.3 Necessities and Challenges in Packaging

LED packaging involves many stages in the manufacturing process, such as dicing, wire
bonding, encapsulation, and lens mounting. The reliability and performance of an LED depend on
the design of LED packaging. Researchers have been working to improve every step of LED
packaging [40-43]. To extract maximum light out of LED chips, encapsulation and lens play
significant roles. Moreover, because bare LED devices are vulnerable to many factors in the
environment, encapsulation is necessary. Factors such as moisture and dust in the air, vibration,
mechanical and thermal shocks, among others, in the real working condition can all affect the
performance of LED devices and accelerate the device degradation [44-51]. Therefore,
encapsulation is important in improving the device robustness and stability. For example, in a
water-rich environment, encapsulation can protect the electronics from the corrosion of metals and
enhance the overall lifetime of the device.

Current commercial LEDs that are widely used in industries and daily lives have well-
developed packaging design, including the choice of material and implementation procedure.
Inexpensive and easy-to-process organic encapsulants are used for visible LEDs. For example, for
LEDs operating between 450 nm and 470 nm, Hysol® OS4000 epoxy is a commonly used

encapsulation material by CREE LED. An encapsulated visible LED is shown in Fig. 4 [52, 53].

XP-G3 Photo Red

Figure 4: A visible LED encapsulated by Hysol® OS4000 epoxy [53].
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However, for LEDs operating in DUV spectral range, e.g., light emission wavelength
below 300 nm, efficient encapsulation technology remains challenging and is still under
investigation. Currently-in-use organic polymeric encapsulation materials for visible LEDs are not
applicable to DUV LEDs due to challenges such as UV absorption and UV yellowing, which cause
reduction of transparency, decreasing of light extraction efficiency (LEE), and loss of reliability
[43, 54]. The UV radiation induced changes in polymers are mainly from the carbon-carbon double
bonds, which absorb UV light and shift the surface color [55, 56]. As such, polymers with fewer
carbon to carbon double bonds are more UV radiation resistant [56].

Silicone as an “inorganic synthetic polymer [57]” has been studied for DUV LED
encapsulation, due to its good thermal and UV resistance [54, 58]. Its inorganic silicon-oxygen
(Si-O) bonds protect the polymer bonds from damaging under UV exposure [58]. Moreover,
researchers have found that certain organic polymers can be UV radiation resistant, such as
polyethylene and polyurethane.

In parallel, packaging without using any encapsulation materials has been investigated as
well, in order to avoid issues associated with encapsulation materials under DUV irradiation. For
example, as shown in Fig. 5(a), a glass lens is used as a transparent window on top of a TO-header,
and metal can creates a confined space [43]. In Fig. 5(b), another design with a three-dimensional
substrate structure has also been used, with a quartz plate bonded on the top [43]. In both designs,
conventional encapsulation materials are no longer needed because the sealed space offers the
protection to the LED chip against moist and dust in the environment, partially fulfilling the
encapsulation purpose. However, these designs are often associated with a relatively high

manufacturing cost due to the complicated fabrication process.
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Figure 5: Different packaging designs for DUV LEDs [43].

In this study, conventional packaging method is investigated. Polyurethane resin and
silicone-based materials are compared to study whether the UV resistant organic polymer or the

inorganic synthetic polymer is better for DUV LED encapsulation.

1.4 Thesis Objective

The objective of this thesis is to investigate the encapsulation and disinfection effects of
AlGaN nanowire DUV LEDs emitting at around 284 nm. There are two major tasks in this thesis:
LED device packaging including the study on the encapsulation materials, and disinfection
experiments. Chapter 2 describes the basic properties of AlGaN nanowire DUV LEDs used in this
thesis study. Packaging of such nanowire DUV LEDs, which includes mounting LED die to TO-
header and encapsulation, is discussed from Chapter 3 to Chapter 5, with Chapter 3 describing the
mounting of the LED die to the TO-header, Chapter 4 describing the encapsulation design
considerations, and Chapter 5 describing the results of encapsulation including the transmittance
of the polymers investigated in this thesis study. This is followed by disinfection experiments in
Chapter 6, wherein the effectiveness of AlGaN nanowire DUV LEDs as disinfectant is tested.

Conclusions and future work are presented in Chapter 7.
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CHAPTER 2
AlGaN Nanowire DUV LEDs

In this chapter, the materials aspect of this thesis, i.e., the materials used for the fabrication
of DUV LEDs in this thesis study, is discussed. In Section 2.1, the need of AlGaN alloys for DUV
LEDs, together with the challenges, is discussed. In Section 2.2, properties of AlGaN nanowire

DUV LEDs used in this thesis are discussed, including both the electrical and optical properties.

2.1 The Need of AlGaN Alloys for DUV LEDs

Among various semiconductor materials, AlIGaN draws special attention because of its
tunable bandgap energies from 3.4 eV to 6.2 eV by altering the composition of Al and Ga. The
wavelength corresponding to its bandgap is approximately 207 to 364 nm by using Eq. 1, whereas
E is the bandgap energy, A is the wavelength [59, 60].

E=hv= h% (1)
In Fig. 6, various materials and their corresponding bandgap energies are shown. It is seen that,
for the DUV spectral range between 200 to 300 nm, AlGaN alloy system is the most promising

candidate.
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Figure 6: Energy bandgap versus its bond length of various materials [61].

However, the overall efficiency of AlGaN thin film DUV LEDs remains relatively low.
There are several challenges such as difficulty in crystal growth, poor p-type doping, and low LEE.
Currently, the best external quantum efficiency (EQE) demonstrated so far for devices in the DUV
range is around 20% [37]. EQE is the commonly used parameter to characterize the performance
of LED devices, and the EQE of DUV LED:s is significantly lower compared to that of devices in

the near UV wavelength range, as shown in Fig. 7. The EQE, 1z, is directly proportional to the

internal quantum efficiency (IQE), n,og, and LEE, 1,,¢, and can be calculated by Eq. 2:

NeQe = Nige X Next = Ninj X Nrad X Next (2)
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Thus, IQE and LEE play significant roles in the final device performance [37, 40, 62]. As for IQE,

it is a product of injection efficiency (IE), n;,,;, and radiative recombination efficiency (RRE),

Nraa, lSO shown in Eq. 2.
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Figure 7: EQE for near and DUV LEDs based on semiconductor AlGaN [37].

2.2 AlGaN Nanowire DUV LEDs

In this context, nanowires may become an emerging solution for various challenges facing
AlGaN thin film DUV LEDs. For example, the use of nanowires allows stress (from lattice
mismatch between AlGaN and substrates as well as GaN and AIN) to relax efficiently to lateral
surfaces due to the large surface to bulk volume ratio of the nanowire geometry, so that better
material quality can be obtained, which can thus potentially improve RRE [63-65]. In addition, the
doping concentration in nanowire structures is also higher than that in planar counterparts [65-68].

Thus, the conductivity increases, which is favourable for electrical injection.
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2.2.1 Characteristics of AlGaN Nanowire DUV LEDs Used in This Thesis Study

Fabrication of such AlGaN nanowire DUV LEDs can be found in [67]. The typical I-V
characteristics of such LEDs are shown in Fig. 8. In this experiment, square-shaped devices with
an area of 1 x 1 mm? were measured. According to the bandgap energy of AlGaN, the turn-on
voltage should be less than 6 V. A higher turn-on voltage of the present devices reflects non-

optimized electrical doping and electrical contact, which are currently under optimization.
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Figure 8: 1-V characteristics of AlGaN nanowire DUV LEDs.

Fig. 9 shows the electroluminescence (EL) spectra of a typical AlGaN nanowire DUV LED
device used in this thesis under injection currents varying from 1 mA to 16 mA. The EL peak
wavelength is approximately at 284 nm. There is a slightly blue shift of the EL peak as the current
increases, due to the screening of quantum-confined Stark effect as the injection current increases.

In such experiments, the EL emission was collected by an optical fibre from the device top surface.
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Figure 9: EL spectra of an AIGaN nanowire DUV LED:s.

The light output power (LOP) was further measured. The LOP is defined as the energy of
light generated per unit time and can also be specified as Watt or Joules per second. It is a
measurement of the brightness of an LED device [69, 70]. The LOP is proportional to EQE. Inthis
thesis study, the LOP was measured by a Si-based photodetector, which was placed a few mm
above the device top surface (bare surface). Fig. 10 shows the LOP of AlGaN nanowire DUV
LEDs used in this thesis study with different sizes under various injection currents. It is seen that
the LOP increases as the injection current increases. The device size dependent LOP could be due

to the efficiency droop at higher current densities [67].
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Figure 10: LOP of AlGaN nanowire DUV LEDs at 284 nm.
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CHAPTER 3
Mounting LED Die to TO-Header

As mentioned in the thesis organization, the packaging of AlGaN nanowire DUV LEDs is
separated in two parts: mounting LED die to TO-header and encapsulation. This chapter discusses
the mounting process. In Section 3.1, an overview of the mounting process is described, followed
by the discussions of key components used in Section 3.2 and key steps involved in Section 3.3,
respectively. Tools and equipment used in the mounting process are listed in the end in Section

3.4.

3.1 Overview

Fig. 11 shows a schematic of an LED die on a TO-header. The metal contact on the LED
die is first bonded with a thin bonding wire by silver epoxy. The backside of the LED die is then
electrically connected to the TO-header using silver epoxy. Silver epoxy is also used to connect
the other end of the bonding wire with the isolated pin of the TO-header. In this way, LED die is
mounted to a TO-header. In the following sections, we describe the key components and steps in

this mounting process.

Thin Bonding Wire 4/~

Gold Contact //_

S / Cathode

Figure 11: Schematic of a mounted LED die.
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3.2 Key Components

3.2.1 TO-header

TO-39 header has 4 pins, including one ground and three isolated pins, and the diameter is
9 mm as illustrated in Fig. 12. The maximum die dimension can be held on the header plate is 3
mm x 3 mm. In this thesis, by polishing the surface of TO-39, two unused pins were removed to
allow the header to hold LED die that has larger dimensions. Maximizing the plate size of TO-39
could simplify the encapsulation process. Square shaped die was targeted in this process, with an
intended width of around 5 mm. With this width, LED die can fit onto the TO-39 header without

surpassing the edge of the header plate.

Figure 12: Top view of TO-39 header. The dimensions are described in the main text.

3.2.2 Silver Epoxy

In this study, EPO-TEK H20E silver epoxy was used for wire bonding due to the
advantages of high reliability and stability. The epoxy includes two separate parts and can be
formed by mixing the two parts by a weight ratio of 1:1. The curing temperature of the epoxy is

150 °C for 5 minutes. In comparison, liquid-based colloidal silver paste has an easier curing
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process and is commonly used when the robustness of the connection is not required. Another

advantage of the liquid-based silver paste is its easy removal.

3.2.3 Hot Plate

In this study, hot plate was mainly used to cure the silver epoxy to stabilize the electrical
connection at both the metal contact side of the device and the pin side of the header. Each sample

was cured at 150 °C for 5 minutes.

3.2.4 Breadboard

In this study, the breadboard was used in the electrical test after mounting the LED die to
the TO-header. By connecting the anode with the positive terminal and the cathode with the
negative terminal on the breadboard, current can be supplied to the mounted LED chip. Breadboard

was also used in the electrical test after encapsulation, which will be discussed in Chapter 5.

3.3 Key Steps

3.3.1 Chip Dicing

To fit the dimensions of TO-header, the LED wafer needs to be cut into small pieces (LED
die). Dicing saw is commonly used to cut semiconductor wafer into intended sizes. It provides
accurate control on the size of LED die. In general, there is a minimum achievable size for a dicing
saw. During the dicing process, de-ionized water (DI water) is commonly used as a coolant and
lubricant for the blade and the material. It is also used to flush away swarf particles [71, 72]. The
water flushing process could wash away small dies, limiting the minimum achievable die size.

Moreover, if the intended die size is too small, there is a risk of breaking the blade.
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The dicing saw in McGill Nanotools and Microfab facility can