UNIVERSITY OF STRATHCLYDE
Department of Physics

Gallium nitride light—emitting
diode enabled visible light
communications

by

Ricardo Xavier da Graca Ferreira

University of

Strathclyde

A thesis presented in fulfilment of the
requirements for the degree of

Doctor of Philosophy

October 2017






This thesis is the result of the author’s original research. It has been composed
by the author and has not been previously submitted for examination which has

led to the award of a degree.

The copyright of this thesis belongs to the author under the terms of the United
Kingdom Copyright Acts as qualified by University of Strathclyde Regulation 3.50.
Due acknowledgement must always be made of the use of any material contained

in, or derived from, this thesis.

Signed:

Date:

iii



iv

Frontispiece

Temperature

R40W20 at 8 kA/cm? HR80 at 12 kA/cm?

HR100

(Do) @4nyesadwa]

In (a) a thermal image of four broad area LEDs used to study current crowding and heat dissipation. In
(b) photographs of a circular segmented micro-LED array. In (c¢) micrographs of half-ring micro-LEDs
and thermal images of micro-LEDs in ring and half-ring designs.




Acknowledgements

First of all, I would like to thank my supervisor, Professor Martin Dawson, for the excellent
guidance and patience throughout this journey. The fantastic opportunity that was given

to me will change the course of my life for the better, for that I am truly grateful.

The course of my research involved amazing people that in one way or another pushed
me forward and away from cliffs. From the Institute of Photonics I would like to thank
Dr. Enyuan Xie for the so much support and teachings; Dr. Jonathan McKendry for
all the training, patience and guidance over the last 3 years; Dr. Johannes Hendersorhf
for the interesting and productive discussions on device physics and life lessons; last but
not least the former Dr. Anténio Trindade for the great work we did together and the
positive energy (“mostra-lhes como é”). To Dr. Carol Trager-Cowan and Dr. Paul Ed-
wards for pushing forward to learn SEM and discover a little more of the world of small
things. From the University of Glasgow, I would like to thank Dr. Anthony Kelly for
pushing me forward, helping me to see through; Dr. Scott Watson for his patience and
various contributions in measurements. From the University of Edinburgh, first of all
I would like to thank Professor Harald Haas for constant positive and super optimistic
attitude. Dr. Stefan Videt, Dr. Dobroslav Tsonev and Mohamed Islim for the great work
we did together, the learning in OFDM and discussions on the meaning of the “number
race” and the boundaries between physics and communications, we managed it, you guys
rock. From the University of Cambridge, I would like to thank to Xin Li and Nikos
Bamiedakis for close collaboration on new ideas integrating device to system that lead us
to record breaking results. From the University of Oxford, I would like to thank to Dr.
Sujan Rajbhandari, Dr. Hyunchae Chun and Dr. Ariel Gomez for their dedications and
perseverance. Together we have beaten our own records multiple times. I cannot forget
Professor Dominic O’Brien for the senior advice regarding the IEEE standards and the

industry during the time time—off at the 2015 Summer Topicals conference.

One very special form of gratitude to Hyunsu Nam for enduring the time, distance and
sometimes lack of patience. The tip on the RF interference made me and Mohamed feel

so stupid. Thinks are about to change, again!

Dedico este trabalho & minha familia.






Abstract

This thesis focuses on the development, measurement and application of novel micrometre-
sized light emitting diodes (micro-LEDs) based on Gallium Nitride (GaN) for visible light
communications (VLC) in both free-space and guided wave configurations. The goal is to
set benchmarks for LED-based wireless optical communications. An overview of the field
integrating research, industry and standards is presented.

A top—down approach is taken with application requirements driving development of new
micro-LEDs with simultaneously increased optical power and modulation bandwidth. This
was achieved by mitigating two limitations, namely current crowding and mutual device heat-
ing. Two novel techniques were developed to access pixel performance: spatially—resolved
mapping of modulation bandwidth and spectral characteristics, and thermal imaging. On
this basis, broad-area LEDs were used to understand the independent benefits, providing in-
sight for the design of novel micro-LEDs. Circular segmented micro-LEDs emitting at 450nm
achieved modulation bandwidths in excess of 800MHz, the highest reported for LEDs, while
maintaining optical power above 2mW. In data transmission using systems with 1.8GHz band-
width, the devices achieved 8Gbps in free-space and guided-wave operation at wavelengths
of 400nm, 450nm and 520nm. Ring and half-ring micro-LEDs introduced here have shown
modulation bandwidths that scale with the increase of active area and consequently optical
power. Bandwidths in excess of of 600MHz were achieved at optical powers over 5mW. In
data transmission using a system limited to 1GHz bandwidth, these devices achieved 7Gbps

in free-space operation.
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Chapter 1

Introduction

This thesis was developed in the context of the EPSRC-funded project Ultra—Parallel Visible
Light Communications (UP-VLC). This project aimed to explore the potential of semiconductor-
based light sources for new forms of high-speed optical data communications based on vis-
ible light, offering novel technology for wireless, mobile and personal communications, high-
performance computing and data centres. The UP-VLC programme involved a partnership
between the Universities of Strathclyde, St. Andrews, Edinburgh, Oxford and Cambridge.
The associative collaborative work involved the author in multiple visits to the above institu-
tions, in particular the Universities of Edinburgh, Oxford and Cambridge. As such, the main
focus of this thesis is the application of micro-LEDs for visible light communication (VLC), in
particular data transmission in free—space and guided-wave configurations. Results obtained
from a direct collaboration with these other research groups are pointed out throughout this
thesis, in particular in chapter 5.

This thesis follows a natural progression from the development of devices to their final
application in optical communications with high level data encoding modulation schemes.
The various chapters contain work that resulted in a number of publications.

Chapter 1 introduces the concept of VLC and light fidelity (LiFi), giving a short historical
overview, the current state of norms to be adopted by industry and the directions taken in

research. With these concepts in mind, motivation for the use of micro-LEDs within this

field is also defined.
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Chapter 2 presents a brief historical overview of LED light sources, in particular those
LEDs based on aluminium indium gallium nitride (AllnGaN) epitaxial material. This is fol-
lowed by a description of the physics, operating principles and recombination mechanisms
of gallium nitride (GaN)-based LEDs. Typical electrical, optical, spectral and thermal char-
acteristics and methods to measure them are presented. In addition, issues and problems
specifically affecting micro-LEDs are also mentioned.

Chapter 3 begins with the fast response to direct intensity modulation of GaN-based
micron-sized light-emitting diodes (micro-LEDs), the point of major interest for VLC applic-
ations. Benefits and limitations are also presented, accompanied with by respective impact
for communications.

Chapter 4 begins with a summary of the basic limitations of micro-LEDs, as raised in
chapters 2 and 3. New ideas to mitigate the thermal management and current crowding
problems are formulated and studied with broad area LEDs and two novel techniques. As a
result, two novel micro-LED designs are presented, namely segmented pixels and ring—shaped
pixels tailored for guided—wave and free—space VLC, respectively.

Chapter 5 focuses on modulation schemes, communications systems and data transmission
using the new pixel designs introduced in chapter 4. Major data rate results are presented
here obtained in collaboration with our partner research groups using state of the art systems
and modulation techniques.

Chapter 6 closes this thesis with a summary of key findings identified, future research to

be pursued and makes a few recommendations for future practice.

1.1 Historical view of visible light communications

Communication of information using visible light dates back to at least 800 BC when fire
beacons were used to transmit simple signals over long distances, in particular for guiding
military operations. Pharos of Alexandria was the first notable lighthouse dating back to
247 BC. Constructed by the Ptolemaic Kingdom as a symbol of the Empire, it was used

to aid sailors and as a defensive monument. Lighthouses were originally used to signal the
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location of reefs and promontories to vessels approaching the coast. Nowadays, lighthouses

are still in use.

In 1880 Alexander Graham Bell and Charles Sumner Tainter invented the photophone.
Figure 1.1 illustrates the operation principle of the device. Sunlight is collected and focused
into a diaphragm-coupled mirror. Human speech generates sound waves that modulate the
diaphragm with pressure changes, thus varying the intensity of reflected light. On the receiver
side, the modulated sunlight is collected and focused in to a photo sensitive membrane gener-
ating an electrical signal proportional to the received intensity. Then, the signal is amplified
and played back on a speaker. The photophone was the first demonstration of a device with

wireless voice communications, but unfortunately it was never used for real applications.

Figure 1.1: Principle of operation of the photophone, (a) transmitter and (b) receiver. From Wiki-
media with free licence.

The heliograph, shown in figure 1.2, was widely used during the 19*" and 20" centuries,
playing an important role during World War I. This device consists of a mirror and an shutter
that signals by flashing sunlight with Morse code. Ship-to-ship communications emerged using
kerosene lamps with a lens to transmit light signals over long distances. Signal lamps are still
in use by navies across the world when radio communications needs to be silent. Their main
advantage is security as the signal is directional (line-of-sight) and the communication is only

compromised when precisely intercepted.
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These early stage technological advancements using visible light were a major step forward
transmitting information in a format now known as free-space and/or line-of-sight (LoS)

communications.

Figure 1.2: Examples of heliographs: (a) German built system and (b) Ottoman heliograph crew at
Huj during World War I, 1917. From Wikimedia with free licence.

Remote control

With the advent of LEDs and the need for cord-less control of systems, light communication
appears as a means of transmitting digitised information over short distances. The primary
example is the infra-red remote control operating at wavelengths (As) of 850 — 900 nm. A
standard driven by a group of ~50 companies in the 1990s, the infra-red data association
(IrDA), established the first implementation of light communications using point-and-shoot
principles. The main reason behind the development of the IrDA remote control was to take
the last few metres of controlling a device from a cable to a wireless data transfer. The
underpinning technology was the already mature GaAs-based LEDs for the transmitter and
Si-based PIN diodes for the receiver. Figure 1.3 (a) presents examples of IrDA remote controls
for domestic use. IrDA is invisible to the human eye, but can be detected by image sensors,

for example as shown in Figure 1.3 (b).

IrDA offers advantages such as: security, given that data being transmitted via infrared is
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(b)

Figure 1.3: Examples of IrDA transmitting devices, (a) domestic remote controls and (b) emission
from a remote control detected by an image sensor. From Wikimedia with free licence.

very difficult to intercept as it is directional; relative freedom from spectrum regulations; low
cost, given that components cost pennies; freedom from radio frequency (RF) interference or
signal conflicts; very low BER, thus being very efficient; using small and low power compon-
ents permitting a variety of form factors. Home appliances and portables devices have made
wide use of IrDA, being the first wireless communication protocol able to connect devices
of different types. Examples are mobile phones sending a job to a printer via IrDA, direct
file sharing between devices and universal remote control of TVs and DVD players without
the need for a router or network. These applications marked the initial concepts of what is
now known as the internet—of-things (IoT). Limitations such as the lack of encryption and
unique identification, low data rates, short connection times and devices being unaware of
the existence of other devices left open room for competing technologies. Nowadays, IrDA
capability is being replaced by RF technologies such as wireless fidelity (WiFi) and Bluetooth
operating in the 2.4 GHz and 5 GHz bands.

1.2 Modern concepts in wireless communications

1.2.1 Supply versus demand
Raise of mobile data consumption

Radio frequency (RF) is the unpinning technology for the modern wireless communications

we use today, from mobile phones to satellites. According to Cisco’s visual networking index
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(VNI) global mobile data traffic forecast 2016, mobile data traffic will grow at a rate around
53% from 2015 to 2020, as show in figure 1.4. Mobile data communication is expected to
increase eightfold in the next five years, four-fifths of which is to come from smartphones
alone [1]. The average connection speed is expected to triple in the same period. According
to figure 1.4, the largest market share by 2020 is expected to be Asia Pacific with the largest

market growths in Middle East and Africa.

35
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Figure 1.4: Global mobile data traffic forecast by region. From [1] with public license.

The number of connected and interconnect devices per user is increasing at an exponen-
tial rate, and by 2020 the number of connected devices is expect to reach 1.5 per capita
globally. This exponential growth places a large stress on the current RF technologies and

infrastructure, with the risk of not meeting demand in coming years [1].

Spectrum crunch

Future development of RF technologies is highly dependent on the availability of electro-
magnetic spectrum. This spectrum is referred to as a global resource by the International
Telecommunication Union (ITU) [12]. Figure 1.5 presents the electromagnetic spectrum al-
location in the United States as of 2011. As spectrum is a scarce resource, the exponential
rise in consumption of mobile data is leading to what is known as the "spectrum crunch’.
The next generation of RF wireless mobile communications is the so-called 5G (fifth

generation). It is set to use frequency bands at 28, 38, 60, 72-73 and up to 90 GHz. These
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high frequencies allow increased data rates (>1 Gbps) with replies to queries between a
mobile device and the network at ~ 1 ms, an order of magnitude lower than the current
4G technology, this is commonly known as latency. The debate regarding potential problems
such as signal penetration, clash with satellite frequency bands, human health implications,
deployment costs and energy efficiency (Watt per unit data) is still ongoing. The terrestrial
infrastructure behind the wireless communication must also be considered. This refers to the
long physical links (100s km) between the access point (AP) to the internet providers and
servers. As of today, this is mostly based on optical fibre placed underground connecting cities
and countries, and placed on the seabed connecting continents. Typically, fibre is deployed up
to the main streets with the optical signal being modulated /demodulated from/to an electrical
signal sent via copper wires to the final client. Such systems are limited in bandwidth by
frequency-dependent losses beyond 10 MHz for long cables [13]. Currently a large scale
deployment of high-speed fibre-optics directly to the final client is not commercially viable
due to the cost of components and safety concerns over clients’ potential exposure to high

intensity infrared laser beams [13].

Limitations of future radio-frequency communications

Regulations impose strict frequency allocation bands for each application, as shown in Fig-
ure 1.5. This leads to an increase in licensing costs per frequency band for the service pro-
viders. The high costs, impose long periods for return of investment, increasing prices for
the services for the end users. Furthermore, as each new RF technology depends the deploy-
ment of new hardware (base stations, repeaters, switches) there is a high risk of technology
obsolescence before profitability.

A direct effect of the "spectrum crunch’ is the balance between data rate and latency. As
the available spectrum is scarce, so it is the available bandwidth. In a crowded RF band
with many connected devices, transmitted signals suffer from additional distortion created by
interference. These can significantly decrease the signal quality leading to limited coverage
and blind spots i.e. low signal within buildings. One way to mitigate distortions is to increase

the overhead per transmitted frame, e.g. better estimation of the available channel, at the
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expense of throughput (bitrate). Distortions are a major issue for the IoT as the number
of connected devices per unit area is expected to increase exponentially. Technologies such
as beam forming can reduce interference and increase data rates at the expense of coverage,
number of connected devices at a given time and increased cost of access points (APs). The 5G
technology seeks to solve the above problems by using larger bandwidths at carrier frequencies
in the range of 30-90 GHz. Increasing the base frequency decreases the penetration depth
of the electromagnetic waves due an increased absorption by the atmosphere (path loss)
and materials (buildings). In the general case, the received power on a fixed area can be
approximated by the loss in the electric field for a given frequency, material properties and

distance given by [14]:

2 _4nf
WL (1.1)
Up\/g

where |Fy|? is the initial electric field intensity, f the frequency, vy the propagation velo-

Power « |Ey|?

city, p the magnetic permeability, € the electric permittivity and x the path distance. From
equation 1.1, a linear increase in the path distance or the frequency leads to an exponential
decrease in the received power. Solving equation 1.1 to distance assuming free-space trans-
mission (air only) with |Ey|? = 1, Power = 1, v, = 3 x 10%, yields that to achieve the same
received power from a 800 MHz 4G cell, the distance from 30 GHz 5G cell has to decrease by
a factor of 27. This means if in a typical 4G deployment one can be =~ 1 :km from the a cell
to receive good signal quality, in a 5G deployment one must be ~ 37 :m from a cell to receive
similar signal quality. In order words, in a 5G deployment the distance between cells would
~ 50 m, a similar distance to the separation between street lights. In addition, the when the
signal passes through various materials, e.g. walls and windows, the changes in p and ¢ will
further attenuate the signal, which may indicate that indoor usage of 5G technologies may not
be possible. As such, for pervasive coverage in 5G technology many more cells are required,
leading to significant challenges for the infrastructure deployment and cost. These aspects
open the question for the real benefit of the new technology versus the current solution given

the drawbacks and the significant increase in investment required.
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1.2.2 Visible light communications (VLC)

Concept

Acknowledging the issues mentioned in section 1.2.1, VLC appears as one possible solution
to answer the communications needs of our fast-paced society [15].

The main idea behind VLC is to use the unlicensed visible wavelength spectrum (A =
380 —780 nm) for communications. This is closely related with novel developments in Gallium
Nitride-based semiconductor technology. A VLC data stream is achieved by modulating the
intensity of the light to signal binary data or bits. A high speed communication link requires
sending and receiving a large amount of data per second, measured in Mbps (10° bit per
second) or Gbps (10° bit per second). Such links require fast modulation solid state light
sources such as LEDs and laser diodes (LDs). The nature of VLC applications raises concerns
over users being exposed to modulated light, imposing significant challenges on the use of LDs
in particular, due to eye safety [16].

The strong need for VLC emerges from the increasing usage of mobile devices by end users
that consume large amounts of data with expensive and limited amount of bandwidth [15].

In section 1.2.1 we introduced the spectrum limitations of current RF technologies. Cur-
rent commercial systems have the following bandwidths: from 20 MHz to 100 MHz for 4G
by the 3rd Generation Partnership Project (3GPP) [17], the current standard for the fourth
generation mobile communications; and from 80 MHz to 160 MHz for 802.11.ac WiFi by the
Institute of Electrical and Electronics Engineers (IEEE) [18], the current generation of wire-
less local area network. This compares to a theoretical ~ 300 T H z of license-free bandwidth
in the visible spectrum, which is also license-free. This is nearly ten thousand times greater

than the RF spectrum [15].

Advantage

VLC is a subset of a larger field known as optical wireless communications (OWC), which
also includes infrared and ultraviolet spectrum for the purpose of communications. Infrared

is already a mature technology in optical communications with emitters and receiver devices
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Figure 1.6: Electromagnetic spectrum in logarithmic scale for frequency and wavelength. The visible
range is enlarged and is not to scale.

highly optimised. The main advantage of using the visible range the possibility to couple it
with existing infrastructure. This opposes to infrared systems that require deployment of new
infrastructure for optical communications only.

VLC can in principle be implemented at any place where a light source already exists,
and it can be divided into two major types, namely free—space and guided wave. Free—space
embodiments means that light travels through an existing medium (air) between the emitter
and the receiver, mostly (but not only) by line of sight (LoS). The typical case of free—space
is the LED-based lighting. Guided—wave embodiments mean that light is contained within an
optimised medium offering low loss, and in this thesis it refers to polymer optical fibre (POF).
This type of VLC also includes applications for optoelectronic interconnects with waveguides.

Figure 1.7 presents two application scenarios for VLC: (a) indoors and (b) outdoors. These
can be multiplexed with free—space for clients and guided wave for APs. Other applications
scenarios exist such as underwater and in-flight. Indoor applications are based on the use
of LED-based lighting infrastructure to provide illumination and communications to devices
such as computers and mobile phones. Outdoor applications include for example street and
traffic lights to serve as APs to a person carrying a mobile device as well as road vehicles
equipped with LED lights. This is also known as vehicle-to-vehicle (V2V) and vehicle-to-
infrastructure (V2X), where vehicles can talk to each other in a daisy chain enabling self-
driving, and to the infrastructure enabling smart traffic management.

High-speed free-space data communications is not complete without a high-speed access
to the existing network. The large scale infrastructure of national network grids is composed
of high-speed laser-based fibre optics made of silica and with guide-waving cores of a few

microns, technologies that have been in continuous development since the first transatlantic
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Figure 1.7: VLC usage scenarios: (a) indoors for device-to-infrastructure and device-to-device com-
munication; (b) outdoors for device-to-infrastructure, vehicle-to-infrastructure and vehicle-to-vehicle.

fibre-optic cable 1988 [19]. This type of optical communication is not practical for the final
delivery from the main switch on a street to the clients in houses or apartments due to the cost
of equipment and installation, and due to eye safety risks of exposing users to high-intensity
laser beams at infrared wavelengths (1310 nm, 1550 nm) [3]. Today, this final delivery, also
known as ’the last km’, is in the majority of the cases installed in copper cables, limiting the
maximum throughput to about 100 Mbps [3]. One possible solution is the use of polymer-
based optic fibre (POF) coupled with LED technology to deliver a low-cost alternative that
is also optically safer. In figure 1.8 presents the attenuation of a typical step-index POFs
with about 1 mm diameter core. The low loss windows are situated in the blue, green and
red regions of the optical spectrum. This shows a good match with the wavelengths available
in GaN-based LEDs. The major limitation of such a system is the modulation bandwidth of
traditional LEDs. This represents an opportunity for micro-LEDs to improve performance by
enabling larger modulation bandwidths and eventually achieve the limit imposed by dispersion

of such large core fibres [3].

An example of an application is shown in figure 1.7 (a) where a POF link provides high-
speed network access to a VLC-enabled light bulb, complementing the free-space connections.
This represents a full light-based system from large-scale infrastructure to the final client. It

is estimated that for residences the total costs of a POF-based network during its economic
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Figure 1.8: Attenuation of step-index polymer optical fibre versus wavelength. Adapted from [3].

lifetime are lower than traditional copper cable infrastructure [20]. In addition, this allows
similar LED technology to be used for both landlines and free—space, minimising development
costs and simplifying standards. POF could be used in both the final delivery, ’the last km’,
from a fibre station to buildings or homes, and for the intranet inside buildings.

In VLC, the major technology barrier is the emitter. The major properties required of an
emitter device for VLC are optical power and fast response (modulation bandwidth). Being
semiconductor-based, LEDs can be controlled directly by electronics allow fast modulation
required for VLC. LEDs are inexpensive and are available at various wavelengths in the
visible range, making them an ideal candidate for VLC. In addition, LED-based solid state
lighting (SSL) provides high quality of white light [21], as determined by the colour rendering

index (CRI). Details on VLC systems will be presented in chapter 5.

1.2.3 LiFi

Light-fidelity (LiFi) is a term coined by Professor Harald Haas from the University of Edin-
burgh during a talk Technology, Entertainment, Design (TED) conference in 2011 [22]. LiFi
combines the existing illumination infrastructure with LED lightbulbs prepared for optical
communications. Commercial systems with this capability are starting to emerge and, by

the way of example, figure 1.9 presents the Li-1st, a commercial product from the UK com-
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pany pureLiFi, demonstrating a luminaire as an access point (AP) and a receiver streaming
high-definition video in indirect lighting conditions, also known as non-line-of-sight. Other
companies, such as Oledcomm and Luciom in France also commercialise LiFi systems, and

the latter was recently acquired by Philips Lighting [23].

Figure 1.9: First LiFi commercial system by the UK company pureLiFi, the Li-1%%, a full-duplex
VLC system. A videio is being communicated wirelessly over free-space between source and detector
using reflected light. Picture taken from [4].

LiFi can be described by two separate parts: the physical layers and the network lay-
ers [24]. The physical layers is where the VLC sits with front-end subsystems (devices and
components) for free-space, and is the carrier of information between the AP and receiving
device. These layers also include the all digital signal processing (DSP) associated with data
transmission. The network layers can be described by the following sublayers: channel model,
link level algorithms, media access control (MAC) protocols, interference mitigation, security,
networking and communication protocol interface. It is responsible for integration of the APs
and the connected device to the existing infrastructure and connecting these to the internet

service provider (ISP).

LiFi is tailored for both indoor and outdoor (street lamps) usage, going beyond current
capabilities of RF-based technologies. It supports higher data rates per unit area; the net-
work layer supports hundreds to thousands APs (e.g. lightbulbs); installation is easy and

inexpensive with universal plug-and-play (UPnP); it is immune to electromagnetic interfer-
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ence; it is secure within each room; it is energy efficient. It can be installed in places where
electromagnetic radiation is considered a hazard such as aircraft, hospitals, power stations,
and petrol stations.

LiFi is not a direct substitute for wireless fidelity or WiFi. LiFi is visioned as a comple-
ment to WiFi to create a hybrid LiFi/WiFi network capable of providing higher performance
and better service for end users [24]. LiFi differs from WiFi in the implementation of roaming
between access points and capability to accommodate a large number of users without any
performance degradation. LiF1i is also not a direct substitute for mobile networks. As penetra-
tion and performance of high-frequency RF are limited for indoor use, LiFi may complement
mobile communication systems to maintain a good quality of service indoors. Figure 1.10
illustrates the implementation of LiFi with other communication networks as envisioned by
the UK company pureLiFi. The handover from mobile cellular to WiFi, and to LiFi can be
integrated such as the user only experience a unified network access. In addition, the nature
of lighting creates an ideal opportunity to for roaming between the LiFi APs (luminaires)
without major interference from adjacent luminaires.

Macro / Pico Cell - 3G / 4G

Internet

Ethernet & Power (PoE or PLC)

Web Enabled Device

Femto Cell - WiFi Optical Atto Cells - LiFi pure LlFl

Figure 1.10: Illustration of the communication handover between services (mobile to WiFi to LiF1i).
From [4].

Energy consumption has distinct aspects in LiFi compared to other communication tech-
nologies. As the system is superimposed on the lighting infrastructure, in the majority of the
use cases LiFi does not require separate hardware and consumes minimal additional power.

The first idea of transporting information and energy simultaneously have emerged for RF
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technologies [25]. The extension for optical wireless communication is the use of photovoltaic
solar panels as optical receivers for VLC [26]. In addition, this allows a number of intel-
ligent services running on the lighting infrastructure, also known as smart lighting. In a
TED talk in 2015 professor Harald Haas presented a LiFi system operating with solar panel
as a reeiver [24] as shown in figure 1.11. The system allows to harvest energy (DC power)
and receive communication signals (AC modulation) at the same time, an important step
towards a energy-neutral communication system. Benefits of a large scale deployment of a
LiFi network include: APs with unique identifier separated by a metre or so can provide very
accurate positioning for mapping services indoors and outdoors; lighting infrastructure can
easily include sensors to be aware of the presence of people, allowing buildings and rooms to
automatically adjust light colour to the needs of a each user or to signal emergency situations

such as a cardiac arrest, a fire or a person trapped in a lift.

Figure 1.11: A public demonstration of a solar panel as a optical receiver for LiFi by professor Harald
Haas in a TED talk in 2015. From [5] with Creative Commons licence.

1.3 State of the art

1.3.1 Solid-state lighting and visible light communications

The developments of SSL and VLC are at different stages. Research in SSL — that is, lighting

based on semiconductor electroluminescent devices, especially LEDs — started in 1990s [27].
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It is a mature technology with commercial LED-based light bulbs being available now for
about eight years. Research in VLC started in early 2000s with applications for POF [28],

and by the late 2000s VLC was considered for a standard by the IEEE [29].

SSL started with the combination of two technologies, namely III-Nitride LEDs and
wavelength down-conversion [30]. In early 1990s groups in Japan developed Gallium Ni-
tride crystal growth by Metalorganic Vapour Phase Epitaxy (MOVPE), including buffering
on sapphire substrates, p-doping and double heterojunctions for LEDs [27]. The idea of
wavelength down-conversion has existed since late 1960s, and consists of using high energy
photons to pump a lower energy bandgap material to achieve a combined spectrum with
specific wavelength characteristics. White light is achieved using energy efficient GaN-based
LEDs emitting in the blue and selecting phosphors that emit in the green, yellow and/or red
regions packaged in a single chip, this being known as the phosphor-converted light-emitting
diode (PC-LED) architecture and was first filled for patent in 1996 by a team of scientists
at the German company OSRAM Opto Semiconductors [31]. Current SSL has proven very
efficient in comparison with traditional lighting technologies. As of 2016 the highest lumin-
ous efficacy for a commercial LED is 210 lm/W by Nichia and in research is 303 lm/W by
Cree [32]. This compares to 16 Im/W for the historical Thomas Edison filament-based bulbs.
Luminous efficacy is a measure of light efficiency given the colour response of the human eye.
Typical sub-efficiencies of a PC-LED are: blue LED (40%), phosphor plus package (70%),
and spectral match to the human eye response (80%). Thus, the overall wall plug efficiency is
~ 22% [33]. Current developments are concentrated on increasing the output optical power
— thus improving surface brightness of the LED, packaging technology, chip design, power
handling and colour rendering capabilities. The two major applications of SSL today are

indoor /outdoor illumination and automotive lighting.

LED-based VLC as we know it today was, as mentioned above, pioneered in Japan in the
early 2000s [34]. It is currently under very active research with a few commercial products
available from spinoff/startup companies. There are two main approaches to the development
of VLC, namely top-down and bottom-up. The top-down approach consists of firstly start

with the communication system that provides a number of services and secondly looking to
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implement it with existing off-the-shelf high-power PC-LEDs. This is the approach usually
adopted by communication systems groups and data rates achieved are up to 1 Gbps in free—
space, limited by the bandwidth of the LEDs (~ 20 MHz) and the recombination lifetime of the
phosphors [35, 36]. The bottom-up approach, as presented in this thesis, consists of designing
LEDs specifically for optical communications, prioritising fast response (high bandwidth) and
taking into account the technicalities of communication systems for free—space and guided—
wave modes of operation. The most effective way to increase the communication performance

is to increase the total available bandwidth of the system.

Major sources of limitations are the emitters and receivers, and in the case of guided—
wave operation the POF material also limits bandwidth for long reach, see chapter 5. As
the focus of this thesis is on the emitters, this means increasing the response speed of the
LED. This can be achieved by reducing the pixel size during fabrication, making the LED
smaller. This comes with penalties in optical power however, described in chapter 3. Small-
size LEDs or micro-LEDs, originally dating back to the 1970s [37, 38], have significantly
faster response than large area LEDs (commercial high-power). Investigation of GaN-based
micro-LEDs started in the early 2000s [39, 40, 41, 42, 43], although studies of micro-LEDs for
VLC applications only started in the early 2010s with devices of typical response times in sub-
nanosecond regime [44], and bandwidths up to 450 MHz [45]. Having available bandwidths in
the scale of 100s instead of 10s of MHz — achieved conveniently with the micro-LED approach
— is one of the major advantages of VLC over RF. A baseline communication performance
is achieved with simple modulation schemes such on—off keying (OOK) in short range free—
space, described in more detail in chapter 5, and blue-emitting micro-LEDs were in this way
able to achieve data rates up to 1 Gbps in free—space [46]. Higher level modulation schemes
such as orthogonal frequency division multiplexing (OFDM), also described in detail later,
were able to increase data rates up to 3 Gbps with a single pixel [47]. Obtaining data rates

at the Gbps scale with visible LEDs is major achievement for future mobile communications.

VLC applications are not limited to free—space, guided—wave operation is also explored for
terrestrial POF-based links. Typical ranges of interest are 10 to 500 m, the necessary distances

for street to residence connections and in-building networks. At the moment, research is
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focused on ranges from 10 to 50 m , mostly due to the bandwidth limitation of the poly(methyl
methacrylate) (PMMA) material of the POF for long reach. Guided-wave applications do
not required any colour rendering capabilities, there is instead, a need for light emission
in the low absorption spectrum windows of the POF, see figure 1.8. For this reason, red
resonant-cavity light-emission diodes (RC-LEDs) have typically been used in order to select
the low-loss spectrum window and maximise bandwidth. As previously shown in figure 1.8,
POF also presents low-loss windows at the blue and green wavelengths. Data transmission
with a single commercial RC-LEDs in POF achieves 3 to 5 Gbps over 25 m [48, 49] and
1.5 Gbps over 50 m [50, 51]. Regular GaN LEDs achieved 5.5 Gbps over 1 m [52], 3 Gbps
over 10 m[53] and 1 Gbps over 50 m [54]. A single micro-LED has shown to achieve data
rates of 1 Gbps over 1 m [55], 5 Gbps over 10 and 25 m [56, 49], and 1 Gbps at 50 m [57].
Although RC-LEDs at long reach (25-50 m) are able to achieve higher data rates than typical
LED or micro-LEDs due to the higher optical power, they present drawbacks such as cost
and restricted wavelengths.

In both cases, free-space and guided—wave operations, higher data rates per channel/link
are possible by using multiple LEDs or micro-LEDs at different wavelengths simultaneously,
a technique known as wavelength division multiplexing (WDM) [58, 59], or by clustering

multiple pixels to increase the optical power [60].

1.3.2 IEEE standard

The IEEE is responsible for the standardisation of VLC with inputs from industry and aca-
demia. The VLC standardisation process started in 2008 with the first public domain docu-
mentation available in 2009 [29]. The process was and is conducted within the IEEE Wire-
less Personal Area Networks working group (802.15) [61]. The specific codename for VLC
is 802.15.7, which stands for “Short-Range Wireless Optical Communication Using Visible
Light”, and the standard document is available at [9]. As of 2017, IEEE 802.15.7 remains
a draft. “Considerations for VLC using LED displays” considers dynamic displays and ad-
dressed displays for the purpose of data transmission, and guidelines for broadcast topologies

are also given. This closely follows on from work done by Japanese research funded by private



20 Chapter 1. Introduction

industries within the framework of the Visible Light Communications Association (VLCA).

In table 1.1 are presented spectrum bands as defined by the standard. Each band can
have a direct match with a III-V semiconductor alloy. Spectral widths are in line with typical
emission observed from LEDs and colloidal quantum dot (CQD) colour converting materials.
Regarding high-speed data transmission, the physical layers (PHY) II and III defines data
rates up to 96 Mbps at a clock rate of 120 MHz.

Table 1.1: IEEE visible light wavelength band plan. From [9].

Wavelength (nm) Spectral width (nm) Code

380 - 478 98 000
478 - 540 62 001
540 - 588 48 010
588 - 633 45 011
633 - 679 46 100
679 - 726 47 101
726 - 780 54 110

Further developments in the IEEE 802.15.7 standard appeared in 2012 with various mod-
ulation schemes and dimming support [15]. In 2013 and 2014, the standardisation process
acknowledged new services enabled by VLC such as: safety automotive lighting, RF-free toys,
fashion and fabrics, light control networks, indoor positioning, among others [62, 63]. As of
2017, the standard 802.15.7 is being revised [29] and the the topic of LiFi / OWC is added

as a workgroup to the standard 802.11 for WiFi.

1.3.3 Opportunities

As of 2017, VLC is a growing area in research and in industry with new companies appearing
every year. There are still, however, a number of important challenges to overcome for the
VLC/LiFi technology to reach maturity. Each one of these provides an opportunity for further

research.

Integration with existing network systems

The world of telecommunications is complex and new investments are large. As such, VLC

needs to simultaneously offer its benefits and integrate within the constrains of existing sys-
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tem. LiFi provides networking topologies to support a large number of APs, clients and
the inherent roaming between them maintaining security, high performance and quality of
service. The range of LiFi applications is broader than previous RF-based technologies [24].
As such, it becomes increasingly important for LiFi to be integrated well with current WiFi
and 4G long-term evolution (LTE). This is particular important as the clients need to roam
between the different services smoothly. Integration with such large networking topologies is

a significant challenge, in particular regarding standards.

Device integration

The main headline capability of VLC is its high-speed. Throughout this thesis performance
levels of micro-LEDs are demonstrated under laboratory conditions. In order to increase the
technology readiness level one must solve a number problems. First, the modulation speed of
micro-LEDs straight from the chip is at least an order of magnitude higher than commercial
PC-LEDs. Commercialising high-power micro-LEDs capable of illumination is not as simple
as wire bonding a chip with clustered micro-pixels on a package and appling a heatsink. Early
tests by ourselves have shown the speed to quickly decrease in such clustered formats. A strong
mutual heating dependancy seems to be the cause. Second, high-speed micro-LEDs are GaN-
based and present emission from the UV to green wavelengths. For a single white LED chip,
this implies the integration of fast wavelength down-conversion materials, typically quantum
dots, platelets or nanocrystals in a single package. These materials typically show an inverse
relation between conversion efficiency and recombination time. Third, to achieve reliability,
light modulation and data transmission requires specific electronic control of current rather
than voltage (DC current driver plus AC current modulation). Current drivers suffer from
inductance which quick decreases their efficiency in high-speed operation. In addition, the
driver needs to be integrated in a tight space inside the lightbulbs. Lastly, a wide penetration
of LiFi networks can only be achieved when each lightbulb becomes a transceiver, i.e. a
transmitter and receiver of data. This requires suitable detectors to be integrated with hte

emitters without optical crosstalk or electrical interference.
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Optical wireless communication

Working with visible light that is also used for illumination implies signal conditions that are
dependent on the needs of each user regarding the lighting conditions, which may require high
and/or low levels of illumination. This means that bandwidth and signal-to-noise ratio (SNR)
conditions are broad and need to be considered. Various modulations schemes exist for these
situations with their advantages and disadvantages. As standards develop, there is a need
for unification which might encompass a tradeoff of performance for features to fulfil a broad
range of applications. There is also a need for further optimisation regarding the DSP, bill
of materials and power consumption e.g. DSP can overcome non-linearities in the system by
using expensive chips and high power consumption. Multi-wavelength emitters enable WDM
techniques, which can increase the overall data rates of the link via multichannel operation.
Optical integration, particularly at the receiver, is required to discern the different channels.
Integrating these in a small cost-effective package is a significant challenge for research and

for industry.

Location services

LiFi involves giving each AP an unique identifier. Upon installation, each AP can be mapped
within a building or street. This is especially important for indoor as the global positioning
system (GPS) and globalnaya navigazionnaya sputnikovaya sistema (GLONASS) are too week
to penetrate through buildings. Roaming through APs can provide directions and location-
based notification. Combining these with other sensory information enables, for example,
localised signalling and evacuation routes on-demand for occupants and emergency teams not
familiar with a particular building. All of these can be used even when a user does have
clearance to access the LiFi network and can provide feedback through the lighting system,
blinking or change of colour. How these services will work together, what they require from
the LiFi infrastructure and what they impose on the APs is not yet fully clear. This a field
known as smart or digital lighting which is under active research in academia and industry

operating beyond the specific context of LiFi.



1.3. State of the art 23

Open questions

There are a number of questions to which answers are not yet known. One such example is
if the combined use of lighting and data communication in a single AP is a better solution
than the use of existent SSL alongside a dedicated communications module using techniques
such beam steering. There is a growing interest in GalN laser-based phosphor-converted
lighting systems due to their increased capability for high-power with a first such product
already present in the automotive industry. In addition to power, laser diodes present lar-
ger bandwidths than LEDs. These properties might be of interest also for underwater and
satellite-to-satellite communications. The question is if the laser approach is feasible for SSL
given drawbacks with temperature control, cost, efficiency and eye safety requirements. An
area that has seen a strong focus, particularly in Japan, is V2V and V2X communications.
One of the main ideas here is to use image sensor and pattern-encoded frames within the
LED-based vehicle headlight and traffic lights to transmit data. The signal recovery is then
done using an image sensor with low resolution and high speed to recognise and decode the
patterns with minimum use of DSP. This approach can extend to other applications such as
driving aids and road security. A future need to broadcast large amount of information to
vehicles occupants may also arise. In those cases, high-speed LEDs and photodiodes might
outperform image sensors. One last aspect is the high-speed computing and board intercon-
nects. This a mature area already with products on the market for a several years, a recent

tTM interface developed by Intel, Apple and Corning. Op-

example is the optical Thunderbol
tical Thunderbolt uses infra-red laser diodes combined with silica-based fibre supporting up
to 40 Gbps (revision 3) up to 60 m reach. This level of performance is current beyond LEDs
or micro-LEDs and best suited for large server and high performance computing facilities due

to the higher cost. It is not clear if optical Thunderbolt can reduce the cost or if VLC with

polymer-based fibre connections would be of higher value for consumers.
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1.4 Summary

In this first chapter was presented an historical view of VLC and introduced the current
concepts within the optical wireless communications. The fundamentals limitations of RF
technologies and the need for VLC were shown. Commercial implementation of VLC such
as LiFi and related standards is also presented. The current state of the art of VLC tech-
nologies is presented in the context of free—space and guided—wave operation. Opportunities,
limitations and open questions are highlighted as they define directions taken in the research,

including this thesis.



Chapter 2

Micrometre-sized light-emitting

diodes

2.1 Historical developments

2.1.1 Light-emitting diode (LED)

Light emission from a semiconductor was first observed by Henry Round at the Marconi Labs
in 1907 [64]. It was not until 1927, however, that the first light-emitting diode was reported
by Oleg Vladimirovich Lossev in a Russian journal and 1928 in a British journal [65]. Lossev
found that luminescence occurred in some when biased in forward and reverse directions.
Lossev was the first to understand the potential of the LED for telecommunications. In the
introduction to his patent entitled ‘Light Relay’ [66] granted in 1929 he writes “The pro-
posed invention uses the known phenomenon of luminescence of a carborundum detector and
consists of the use of such a detector in an optical relay for the purpose of fast telegraphic
and telephone communication, transmission of images and other applications when a light
luminescence contact point is used as the light source connected directly to a circuit of modu-
lated current.” In the late 1960s, improvements in the quality of SiC films made possible the
fabrication of p-n junctions in that material [67], leading to blue light-emitting diodes which

remained commercially available into the 1990s. By the early 1970s, Pankove pioneered the

25
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first electroluminescent GaN LED in the blue and violet [68, 69], complemented by the first
study of the frequency response of such device [70].

Even after Pankove’s work, obtaining p-doping in GaN proved to be very difficult and as
result the devices present very low efficiency. It was not until late 1980s and early 1990s that
the first true p-type doping and conductivity in GaN was demonstrated by two independent
groups of researchers in Japan, Amano and Akasaki at Nagoya University and Nakamura at
Nichia Chemical Industries [71, 72]; the first group used low energy electron beam irradiance
(LEEBI) and the second group htermal annealing. Further developments lead to efficient
UV /blue [73] and high-brightness blue InGaN/AIGaN double-heterostructure LEDs [74, 75].

The idea of using a GalnN/GaN LED for optical excitation was firstly presented by Na-
kamura in 1995 [76]. The first LED lamp emitting white light based in a phosphor wavelength
converter optically excited by a blue GaInN/GaN LED was filed for patent in 1996 by Jiirgen
Schneider et al. [31] and also reported by Bando et al. in the same year [77]. The first commer-
cial LED lamp was lunched in the market a year later. Since then, research and development
has lead the way to increase luminous efficacy and reduce the price per lumen of LEDs every
year. In 2006, the first LEDs with 100 lm/W were produced [78], only outmatched by gas
discharge lamps, and as of 2017 luminous efficacies of commercial lighting products are up to
200 Im/W [79]. In research, luminous efficacies up to 303 lm/W have been achieved [32].

For their outstanding work on the development of GaN LEDs and its impact in modern
lighting, Isamu Akasaki, Hiroshi Amano and Shuji Nakamura were awarded the 2014 Nobel

Prize in Physics [27].

2.1.2 Micrometre-sized light-emitting diodes

The concepts behind micro-size light-emitting diodes, or micro-LEDs, have existed since
the late 1970s [37]. Initially known as micro-layer and micro-area devices, since the early
stages of development, researchers were aware of of the benefits of reducing the scale of
LEDs combined with flip-chip fabrication, referred to as upside-down mounting [80]. LEDs
consisting of InGaAsP/InP emitting at A = 1.3 pum with a diameter of ¢45 um, active area

of 1590 um?, at the time referred to as a current gate, were reported to sustain 6 kA/cm? for
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5000 h with a 15% decrease of output power [80].

One possible definition for micro-LEDs is pixellated areas in which the largest features
in plane are measured in micrometre (p) rather than milimetre (mm) or around 100 : pu.
Figure 2.1 schematically presents the relative dimensions of micro-LEDs compared to a cur-
rent commercial LED (Samsung 2016 LM101A [81]) available in chip-scale package CSP.

High-power LEDs for SSL are even larger with typical active areas over 1 mm?.

. ®
@25um @100um @500pum 820x820pm
490um? 7853pum? 196349pm? 672400pm?
micro-LEDs broad-area Samsung LM101A CSP

Figure 2.1: Schematic size comparison between typical micro-LEDs and broad-area and current
commercial CSP LEDs.

After the success of GaN semiconductor alloys pioneered by Nakamura, Amano and Aka-
saki in the late 1980s and early 1990s [27], micro-LEDs emerged as one new format of ni-
tride devices. In the early 2000s full micro-LED structures emitting at A = 450 nm were
developed [39, 40, 41, 42, 43]. The early work focused on demonstrations of fabrication
approaches motivated by prospects of future applications based on the size and superior per-
formance of micro-LEDs. At the time, the major benefits identified included: current densit-
ies approximately five times higher than broad-area LEDs, indicating an increased quantum
efficiency per unit area due to a more efficient use of the injection current [39]; and clustered
micro-LEDs showing optical powers two times higher than broad-area LEDs with equivalent
area, attributed to increased extraction efficiency [82].

In the next few years, research on GaN micro-LEDs focused on improvements in fabrication

techniques [43, 83], size-dependent characteristics [42], light extraction efficiency and optical
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power density [84], self-heating [85, 86], efficiency droop [87, 88], spectral response [89, 90, 91]
and optical modulation bandwidth [45, 46, 92, 93].

As micro—LED technology has matured, applications for optical communications at visible
wavelengths have also emerged. The first demonstration of data transmission through POF
using LEDs was done by Matsuoka et al. in 2000 [28]. In 2004, Komine et al. presented the
first concept of what is now known as VLC and LiFi, proposing LEDs as sources for both
illumination and communication [34].

Along with research reports, patents regarding micro-LED technology and respective
applications were awarded [94, 95, 96, 97, 98, 99]. Various spin-off companies specialising in
micro—LEDs were formed, including mLED, LuxVue, InfiniLED and X-Celeprint. As of 2017,
the largest acquisition in this area was that of LuxVue Technology by Apple Inc in 2014 for
$43.78 million dollars (USD) [100], indicating the promise of this technology for virtual reality

virtual reality (VR) and augmented reality (AR) applications.

2.2 Fabrication process

This section summarises the fabrication process used by our colleague Dr. Enyuan Xie to pro-
duce the GaN micro-LEDs presented in thesis. The recipe described is an improvement over
previous fabrication technology for these devices [101, 46], specifically via the introduction of
deep etching and a palladium (Pd) p—contact.

The micro-LEDs were fabricated from commercially available epitaxial material. The
wafer (Super Nova), grown on c-plane sapphire substrate, is specifically designed for LEDs
emitting at 450 nm. Detailed information for this wafer is proprietary but the manufacturer
did provide a representative simple structure as illustrated in figure 2.2 (a). In common with
other GaN epistructures, the wafer is in p—i-n form, with p-doped (with Magnesium) and
n-doped (with Silicon) layers sandwiching an InGaN/GaN multiple quantum well (MQW)
light emitting active region. The quantum well characteristics are described in more detail
in section 2.3.3. The EBL is an electron blocking layer providing a potential barrier to stop

electrons overflowing the active region. A flip—chip LED architecture emits light through the
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substrate, as is possible with nitrides to where sapphire is used, providing significantly higher
power than LEDs with top—emitting (i.e. through the p-contact) architecture. The typical

flip—chip LED architecture is illustrated schematically in figure 2.2 (b).

p-GaN 0.2um
]: EBL
MQW 11 pairs == 179nm
GaN/InGaN- =—H]
Sapphire
n-GaN :’— 2.6pym
n-contact
GaN buffer ]— 3.4pm
MQOW
c-plane sapphire }
patterned substrate } 430um | L— n-type L p-contact
p-type

(a) (b)
Figure 2.2: Structure illustrations of (a) Super Nova 450 nm GaN wafer and (b) a typical flip—chip
LED.

Fabrication of GaN-on-sapphire LEDs requires three basic steps: defining the p-contact,
etching to the n-GaN and defining the n-contact. The middle step is required because sapphire
is an electrical insulator. In micro-LEDs the feature size is reduced, requiring additional steps
to guarantee optimal performance. Figure 2.3 presents the major steps of the GaN micro-LED

fabrication process using standard photolithography.

2.2.1 Process flow

The following paragraphs explain the major steps in the fabrication process as shown in

figure 2.3.

p—contact On the bare wafer the top layer is the p—GaN. The first step is to achieve the
p—contact. The sample is cleaned and a 100 nm thick layer of Pd is deposited using
electron—beam evaporation. The Pd contact has three functions: it spreads current over
the p—GaN, it acts as an electrical contact to the p-GaN material and is the mirror to

reflect the light downwards.

patterning The micro-LED design is transferred to the sample through a defined pattern.
Pattern definition is a crucial step in the fabrication process, done using industry stand-

ard photolithography techniques. A photosensitive material (photoresist), previously
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Figure 2.3: Schematic of the major steps in the fabrication process of GaN micro-LEDs. The top-
view schematic is an example of the finished device with large pads for probing and wire bonding.
Note that the n-metal is insulated with SiO5. Relative dimensions are not to scale.

spin—coated on the sample, is exposed to light through a photomask that contains the
intended design. This is executed in a mask aligner with a UV400 lamp (peaks at 365,
405 and 436 nm respectively), which limits the feature size to ~2 ym. Once the pattern

is defined, the remaining photoresist is removed by a chemical solution.

pillar The transferred pattern defines the pixel pillar by etching the remaining material. This
is achieved by dry etch using an inductively coupled plasma (ICP) system. The ICP
process is executed in a pressurised chamber ~7 mTorr using a Choline/Argon plasma
achieving an etching rate of ~430 nm/min. The sample is etched down to the n—-GaN
layer, followed by an additional 1 um into the n—GaN. This step exposes the n—GaN to

further define the n—contact with crosstalk to the active region.

deep etch The sample is patterned with an area larger than the pillar. Remaining n—-GaN
area is etched down to the sapphire substrate. This step reduces the overall area of

n—GaN feeding electrons to the pixel, effectively reducing the capacitance of the micro—
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LEDs. At the end of this step the sample is annealed at 300 °C in a Nitrogen environ-

ment to create the Ohmic contact between Pd and the p—GaN.

n—metal After the deep etch the sample is cleaned, left with the p—GaN protected by silicon
dioxide (Si02) and the n-GaN exposed. A 350 nm thick metallic layer (7% 50 nm, Au
300 nm) is deposited on the whole sample using a sputter process forming the n—contact.

This is followed by lift-off to remove redundant metal and define the n—track and pad.

p—metal In the previous step the n—metal is deposited surrounding the whole pixel to min-
imise current crowding, details in chapter 4. This forces the use of an additional step
for the p—metal. An insulation layer of SiO is deposited on the whole sample. This
isolation avoids shorting and allows individual control of the micro-LED pixels which
are are too small for direct wire bonding on the p-contact. Subsequently, the SiO5 layer
is patterned to expose the pixel (p—contact). A 350 nm thick layer metallic is deposited

followed by lift-off to remove redundant metal and define the p—track and pad.

Once the device is fabricated it sits on a bare die with mechanical support by the sapphire
substrate. At this stage the devices are accessible via micro-probes and characterised as
such to reduce sources of parasitics as shown in figure 2.4 (a) and (b). In further use for
applications in optical communications, the device must be wire-bonded to a printed circuit
board (PCB) or a standard integrated circuit package, see figure 2.4 (c) for a case of PCB

packaging.
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Figure 2.4: Images of micro-LEDs devices a multiple sizes: (a) a backscattered scanning electron
microscope, (b) a micrograph of the same chip in operation and (¢) an example of wire bonding the
bare chip onto a PCB.

2.3 Operating principles of LEDs

2.3.1 Bandgap

Solid materials are composed of a large ensemble of atoms. Electrons fill the orbitals of each
atom, forming discrete energy levels. Each orbital is decomposed into various sub-orbitals
according to the ‘Hund’s rules’ of electronic configuration and in a solid these can overlap to
form a continuum of energy or a band. This creates a number of bands inside the material in
which electronic states are allowed. In conductors, the orbitals are overlap to form a single
band where electrons are free to move and the material can conduct electricity. In insulators,
the bands are far apart, requiring a large amount of energy (several eV) for an electron to
jump between different bands and thus electrons are not free move and the material cannot
conduct electricity. In semiconductors, the band separation, or bandgap, lies in between the
previous cases, requiring a modest amount of energy for electron jump (1-6 €V), high enough
in general to avoid the process occurring spontaneously. In the crystalline solid there are
two distinct bands groups as shown in figure 2.5 (a). A low energy group at the bottom is
filled with electrons and the highest energy band of this group is called the valence band.
The high energy group at the top is empty, the lowest energy band of which is known as
the conduction band. The separation between the valance and conduction bands is called the

bandgap energy (E,). In figure 2.5 (a) is also denoted the Fermi level (Ef) at zero temperature
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(0 K), defined as Ey = E. — E, = Eg/2. As shown at zero temperature, the Fermi level does
not allow electrons to spontaneously travel to the conduction band, thus the Fermi function

is zero. In next section we will see how the Fermi level plays a role for devices.
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Figure 2.5: In (a) the theoretical band structure of semiconductors and (b) a simplified band diagram
for GaN in k-space.

In bulk semiconductor crystals, the band structure is dependent on the crystal momentum
vector or k-space (the Fourier transform of the direct or real space). In figure 2.5 (b) is
presented the simplified band diagram for GaN. The maximum of the valence band and
the minimum of the conduction band are here aligned in k—space at the I' point and the
semiconductor is then said to be of direct bandgap. When an electron in the valence is
excited with energy at least equal to E, it jumps to the conduction band leaving a vacancy
behind, which behaves as a positively charged hole. The presence of an electron—hole pair
leads to an attractive electric field which can lead to the formation of excitons. The carriers
recombine and can release the excess energy radiatively as a photon with energy Eg, related

to frequency v or wavelength A via equation 2.1.

hc
Eg = Epeak — kB, = photon = hv = 7 (2'1)

where h represents the Planck constant and c is the speed of light.
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2.3.2 Gallium Nitride alloy system

Bandgap engineering is possible by creating solid crystalline structures in alloy systems. In
the Al/InGaN system, AIN increases the bandgap and InN reduces the bandgap, also resulting
in a change of crystal lattice constant ag. In figure 2.6 we present the bandgap energy as
a function of lattice constant for the AllnGaN alloy system. One can easily see from this
that InN presents the largest lattice mismatch with GaN, and this lead to crystal defects

responsible for non-radiative recombination and consequently low efficiency, especially for

green LEDs.
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Figure 2.6: Bandgap energy as a function of lattice constant for the AllnGaN system. From [6].
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Efficiency is expected to be highly reduced with increase of InN and no high-performance
yellow or red GaN-based LEDs have been realised. In the case of the blue LED, containing
a moderate amount of InN, In fluctuation leads to carriers being trapped in clusters of high
In content [102]. This has beens suggested as the mechanism by which non-radiative recom-
bination at threading dislocation occurs at high density GaN structures, is minimised. As
the In content increases the radiative recombination efficiency starts to decrease for longer
wavelengths and the as such theres the so called “green-gap”, where neither ITI-Nitrides or

III-Phosphides are of high efficiency.

2.3.3 P-—N junction

The simplest structure for an LED is a p-n junction as illustrated in figure 2.7 (a). The
p—n junction, also known as a homojunction, is a stack of two layers of material with the
same bandgap but different doping levels. Its name is due to the heavy doping used to create
excess electrons (n—type) and excess holes (p—type), significantly increasing the the number of
charged carriers. At the interface, carriers diffuse from the n—type side to the p—type side and
vice versa to maintain charge neutrality. This generates a depletion region with an associated
depletion voltage. Applying a forward bias forces the bands to bend and carriers can flow
generating recombination. This recombination is dependent on the diffusion length of the
charge carriers and requires a wide region leading to low efficiency recombination.

In general, LEDs are not designed with a homojunction but rather with MQWs, illustrated
in figure 2.7 (b) for a typical structure of a GaN LED. A MQW device compromises a p—n
junction with an intrinsic layer (i-type) in between. This intrinsic layer is composed of a stack
of double heterostructures with non-doped material of different bandgaps creating potential
barriers where charge carriers are trapped for recombination.

When the double heterostructure width (Wgw ) is comparable to the de Broglie wavelength
for the motion of charge carriers, typically a few nanometre, quantum confinement effects
appear. The de Broglie wavelength is given by:

h h

A== — 2.2
p V2m* - kT (22)
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Figure 2.7: Band diagrams of (a) a p—n junction diode and (b) a typical GaN MQW structure
with three quantum wells. Here the horizontal axis represents distance in the growth direction of the
crystal. Adapted from [6]

where m™* is the effective mass of the carrier and p the particle momentum. Quantum con-
finement means charge carriers inside the wells are confined is one crystal direction creating
distinct energy levels instead of continuous energy bands, illustrated in figure 2.8. These
quantised energy levels can be then associated with a thin one-dimension potential well lim-
ited by two carrier-limiting potential barriers. In this case, the permitted energy levels that

charge carriers can occupy within the well are given by:

n2h?

E,=——
" 8m*W%H

(2.3)

where n is the integer that can be filled by charge carriers. One can see from equation 2.3
that a thinner well width increases the allowed levels to higher energies — radiative photons
with shorter wavelength — and such it is an important parameter for bandgap engineering to

tune the spectral emission.

2.3.4 Recombination mechanisms

This section provides a short view on recombination and introduces a semi-classical model
initially developed by Roosbroeck and Shockley (1954), known as the ABC model. There are

two basic types of recombination: radiative and non-radiative.
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Figure 2.8: Schematic of a quantum well wit gap energy E,. It is also represented the lowest energy
transition Fy g .

Radiative recombination

The probability for an electron—hole pair to recombine radiatively is proportional to the
number of free carriers R o np. The radiative recombination rate (R,) per unit per unit
volume is given by:

dn dp

i Bnp  (em?/s) (2.4)

R, =
where B is the bimolecular recombination coefficient, n the electron concentration and p the
hole concentration. The electron concentration (n) depends on the intrinsic or equilibrium
electrons (ng) and injected electrons An such that n = ng + An, and for the holes p =
po + Ap. Since electrons and holes are created and annihilated in pairs, the electron and hole
concentrations are equal An = Ap.

The intensity of luminescence is proportional to the recombination rate and thus carrier
concentration. Figure 2.9 illustrates that the carrier decay can be calculated by a short
optical excitation and measuring the decay in luminescence. The photo-generated carriers
concentration will rapidly decrease once the excitation is terminated. For the case of low
excitation the decrease is exponential and in the case of high excitation the decrease is faster

than exponential. The characteristic time constant 7 of the decay corresponds to the minority

carrier lifetime and is summarised for the cases of low and high excitation in equations 2.5a
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and 2.5b, respectively.

carrier
concentration

time

Figure 2.9: Carrier concentration as function of time for a square pulse optical excitation.

! 1 itation An << (2.5a)
- ow excitation An ng .ba
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1
t+ BAn high excitation An >> ng (2.5b)

In the case of a quantum well, the confining properties permit higher carrier concentrations
per unit volume. The radiative recombination coefficient taking into account the well width

Lqw 1is given by:

2D, 2D
R, = B% (cm?/s) (2.6)

where n2P and p?P are, respectively, the in-plane carrier concentrations for the electrons
and holes. Reducing the well width leads to a short carrier lifetime for the radiative re-
combination, increasing radiative efficiency, a major advantage of quantum wells over double

heterostructures.

Another important factor is the dependency of the radiative coefficient B with increasing
temperature. Empirical data shows that when the temperature increases, the carrier concen-
tration increases, but the radiative recombination coefficient decreases. This dependence is

weaker at higher injection carrier concentration [88]. This can be summarised by:
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1
— low carrier concentration An (2.7a)

T4

B x 1
T3 high carrier concentration An (2.7b)

where T is the temperature. The difference in the temperature dependence is connected with
the carrier distribution which is approximately described by Maxwell-Boltzmann statistics at
low carrier concentration and by Fermi-Dirac carrier distribution at high carrier concentra-

tion [103).

Non-radiative recombination

The transfer of electrical to optical energy is always accompanied by losses, both of electrons
and of photons. Losses of electron are due to non-radiative recombination events where
the energy of the electron is absorbed by the crystal lattice as vibrations, or phonons, thus
generating heat. Defects or traps are the most common source of non-radiative recombination.
Traps can form energy levels within the bandgap of the semiconductor, acting as efficient
recombination centres, known as luminescence killers. This type of non—radiative processes
is illustrated in figure 2.10. It was first analysed by Shockley, Read and Hall in the 1950s and

is represented by the Shockley-Read-Hall (SRH) recombination coefficient A.
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Figure 2.10: Illustration of the band diagram showing recombination: (a) non-radiative via deep
level, (b) non-radiative via Auger and (c) radiative. From [6]

Surfaces and interfaces create abrupt termination of the crystal leaving a large quantity
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of electrically active states, and these also contribute to SRH recombination as they contain
a large number of recombination centres. The simplest form of the SRH recombination rate

is:

Rspy = AN (2.8)

where N is the carrier density injected into the device. At low carrier density, SRH recom-
bination is dominant and the non-radiative recombination lifetime decreases with increasing
temperature [104]. With increasing carrier density, SRH recombination is very small in com-
parison with other high carrier density loss mechanisms, resulting in a lower temperature

dependence.

In case of Auger recombination, the available energy from the electron-hole pair is dissip-
ated by the electron being excited into higher energy levels within the conduction band or
by the hole being excited deeper in the valence band. Subsequently, the carriers lose their

energy by phonon emission. The simplest form of Auger recombination rate is:

Raeer = (C, + C,)2 = CN? 2.9
g p

The theoretical probability of this Auger process decreases exponentially with increasing
E, and decreasing operating temperature T, C' « exp(—Eg/kBr), where C is the Auger
coefficient and kp is the Boltzmann constant [105]. Experimentally it has been found C
1/T? at high carrier concentration (102° em™2) in micro-LEDs, a quadratic decrease instead

of exponential [88].

Hence, the total recombination rate is given by:

R = AN + BN? + CN? (2.10)

This means that the recombination rate per unit volume per unit time is dependent on the

radiative and non-radiative recombination. As such, the total carrier lifetime is commonly
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expressed as

=) (2.11)

nr

From equation 2.10, this may be represented as:

d
-1 __ 2 3
7 = (AN 4 BN® 4 CN7) (2.12)
= A+ 2BN + 3CN? (2.13)

At low carrier densities SRH is the dominant process for non-radiative recombination. At
high carrier density Auger recombination is the dominant non—radiative mechanism leading to
efficiency loss. As equation 2.10 predicts, there is a carrier density at which the non-radiative
processes overcome the radiative recombination, i.e. there is an inflection point in the output

power. More details on these aspects are presented in section 2.5.

2.4 Electrical properties

The micro-LEDs used to take results reported in this section are part of a chip presented
in more detail in section 4.4. They are in the form of disc-shaped devices with diameters

20-100 pm used as a baseline reference to compare with advanced shaped pixels.

2.4.1 Current-voltage characteristics (I-V)

The expected theoretical current-voltage (I-V) characteristic os an LED follows the Shockley

model, characteristic of p-n junction diodes, and expressed in equation 2.14:

eV
I =1 ] -1 2.14
<exp (KB Tnz-dml) ) (2.14)

Here the I is the current consumed at the applied voltage V', I is the saturation current in
reverse bias, e is the electron charge, n;q4eq; represents the ideality factor, Kp is the Boltzmann

constant and T the temperature in Kelvin; K gT represents the thermal energy of the junction.
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The current-voltage characteristic (I-V) of an LED is a direct result of the semiconductor
bandgap energy and the fabrication technology. The ideality factor is an empirical parameter
to adjust the theoretical curve to the real device, where n = 1.0 for the perfect diode [6].
Nitride LEDs typically present ideality factors between 2 to 8 depending on the alloy and
operation regime [106]. The threshold voltage (V) empirical parameter that defines is the
minimum voltage required to turn on the LED to a minimum substantial current or optical
power. It can be approximated to the epitaxy material as Vi, = Ey/e = he/(Xe) = 2.8 eV
for a 450 nm emitting wavelength. In real GaN device this value is typically higher due to
bandgap discontinuities, non-perfect Ohmic contacts, low p—GaN conductivity and parasitic

voltage drops in the GaN buffer.

Figure 2.11 (a) presents the I-V characteristics of 450 nm emitting disc-shaped micro—
LEDs of various diameters. The series resistance (Rs) can be extracted from the slope of the
linear region of the curves as dI/dV = 1/Rs. In this analysis, only the upper 20 % of the
I-V curve is used for the fit, following a common practice [6]. This results in significantly
lower values of series resistance for these devices in their useful dynamic range. Recording the
[-V is a quick measurement (~ 10 s), however, in direct current (DC) operation over a long
period the junction will increase in temperature leading to a decrease in resistance, requiring
less driving voltage to achieve a similar current. Due to this effect, LEDs in general work
best with current sources rather than voltage sources, a small problem that will be further
explored in chapter 5. The R, fit allows one to determine the V;;, by looking at the voltage
at which the fit curve is at zero current, the region on the I-V curve below this voltage is
affected by a parallel resistance (R)) or shunt resistance. One can see from figure 2.11 (a) that

in micro-LEDs R, is significant, attributed to the mask design and fabrication technology.

Figure 2.11 (b) shows the relationship between the ideality factor (n;4eq;) and the Rj.
These quantities are obtained independently: n;geq; is determined by fitting equation 2.14
which derives from a physical model, whereas R is determined by an electrical relationship
(V' = RI). Three things are found from this: first, the ideality factor for such devices is very
high compared with reported values for broad—area devices (2-8) of the same material family;

second, n;4eq increases with smaller pixels and decrease in active area; third, the n;geq and
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Figure 2.11: In (a) the I-V characteristics of disc—shaped micro-LEDs of various sizes with the
curves fitted to extract the series resistance, in (b) the ideality factor as function of series resistance
is shown.

R are linearly correlated, indicating that in micro-LEDs the high values of n;geq might be
due to the higher overall resistance. The electrical characteristics are summarised in table 2.1
The resistivity (p) is calculated by p = RsArea and the wall-plug efficiency at the maximum
output optical power. The wall-plug efficiency involves the measurement of optical power, as
described in section 2.5. There is a general trend for R, to decrease with the increase of pixel
size, and to understand this trend one needs to consider the following. The total active area is
a collection of discrete points and at each point recombination occurs. The power supply sees
each point as an electrical resistance, effectively being a resistor. As each point or resistor is
adjacent to other, in other words in parallel, the collection of the points as whole presents less
resistance than the individual points. Increasing the pixel size or active area means increasing

the number of discrete points and therefore decreasing the overall resistance.

Table 2.1: Summary of the electrical characteristics of disc-shaped micro-LEDs of various sizes.

g (um) A (pm?) Rs (Q) p (1071 Qem?) Vi (V) nigew wall-plug (%)
20 314 10.1 0.32 5.72 22.10 1.76
40 1256 6.5 0.82 5.37 19.78 2.68
60 2827 6.0 1.70 5.15 18.97 3.35
80 5026 4.0 2.41 5.01 18.26 3.36
100 7854 3.4 2.71 4.71 16.58 3.79
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2.4.2 Capacitance

The equivalent electrical model for an LED is presented in figure 2.12, and is a diode in
parallel with Ry, in series with R, in parallel with a capacitor. Capacitance can be a serious
limitation for the modulation bandwidth of LEDs due to the RC limit as we will see below.
The capacitance of an LED is given by the depletion capacitance at zero bias and above Vi,

by the diffusion capacitance.

Ry R,
w
I
diode C

Figure 2.12: Equivalent circuit model of an LED.

Depletion

The depletion or junction capacitance is a space—charge capacitance and can be calculated

by:

A (2.15)

where €y and €, are the vacuum and material permittivities, A is the active or junction area
and W the separation width. The space charge capacitance for a micro-LED can be calculated
assuming an overall permittivity for a typical junction of InGaN with uniform composition

of 30% InN and 70% GaN by
e=e +e, €=23885x10"12 Fm1
erlgany =89,  €rlpn = 15.30

el rncan = 0.3 X 15.30 + 0.7 x 8.9 = 10.82

thus, using equation 2.15, the space—charge capacitance becomes:
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W =179nm, from figure 2.2

A =7854um?, @100 pwm pixel from figure 2.11 (a)

10.82 x 8.85 x 10712
179 x 109

Cye = 7854 x 10712 = 4.2 x 10712 = 4.2 pF

assuming an resistance equal to Rg, the cut—off frequency is

1 1
- 27RC 2w x 3.4 x 4.2 x 10~12

fe =1114x 10" H2 ~ 11 GH =

when the LED is at zero bias or open circuit.
Similarly, a broad area LED fabricated on the same epitaxy with g1mm, A = 785398um?,

and assuming the same Ry yields:

~10.82 x 8.85 x 102

Cse = 179 x 10—9
1

T 97 X 3.4 x 420 x 10-12

785398 x 10712 = 420pF

~ 111 MHz

fe

which means a significant reduction in the cut-off frequency due to the space-charge capacit-
ance.

There are two more sources of space—charge capacitance, namely mesa size and track
overlaying. The mesa acts as one plate as the n—-GaN is good conductor, and thus capacitance
can be decreased by decreasing the mesa size. Mask designs typically have part of the p—tracks
overlaying the n—tracks insulated by SiOs, creating an additional space—charge capacitance,
see figure 2.3. Although this happens, SiO; is a low dielectric material (¢, = 3.9) with a large
separation width (~ 1um) creating a capacitance of 3.4 pF for an overlaying area of 0.1 mm?,
~ 13x larger than for a @100um pixel, corresponding to f. ~ 13GHz (R = 3.4(2). Therefore,

this capacitance contribution can be ignored for large area pixels, although it might pose

limitations for small area pixels.

Diffusion

The diffusion capacitance is due to the transport of charge carriers. When the junction is

sufficiently biased above V;,, the electric field density forces the charges carriers to diffuse in
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the semiconductor.

oo _dQ _dI(V)
WETay T av

Tt =9d Tt (2.16)

where gq4 is the diffusion conductance and 7y is the transit time of the charge carriers, a measure
of how quickly a carrier responds to a change in voltage. Thus, the diffusion capacitance is
linked to intrinsic properties of the semiconductor material and there is no viable way to

reduce the diffusion capacitance of the device after the epitaxial growth.

2.5 Optical properties

As in section 2.4, the micro-LEDs used to take results reported in this section are part of a
chip presented in more detail in section 4.4. The results here complement the characterisation

presented in section 2.4.

Efficiency

An ideal LED emits one photon per injected electron. Non-radiative mechanisms in real
LEDs mean that some electrons do not generate photons, and thus the internal quantum

efficiency (IQE) is defined as:

photons generated N P

IQE = nipg = (2.17)

electrons injected T

where P, is the optical power generated at the active region.

Ideally, all the generated photons escape from the LED die into free—space. However,
phenomena such as reabsorption and total internal reflections reduce the number of photons

exiting the die. The extraction efficiency is thus defined as:

photons at free-space P

(2.18)

Nextraction = ~
photons generated Pt

where P is the optical power in free—space.
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Combining equations 2.17 and 2.18, the EQE is defined as

photons at free-space P

EQFE = =1 on = N — 2.19
@ flewt = Thint Textraction electrons injected I ( )

it provides the ration between useful optical power and injected current. Maximising EQE

is, therefore, of the ultimacy importance.

Finally, the power efficiency or wall-plug efficiency, provides the ratio between the useful

optical power and the electrical power supplied to the LED, defined as

P
on — —— 2.20
Nextraction VI ( )

2.5.1 Luminescence—current characteristics (L—I)

The LI characteristic is a measure of the output optical power produced for a given injection
current. The ideal LI curve is a linear relationship, where a step increase of 1 mW in the
injection current leads to a step increase of 1 mW in optical power, in other words, efficiency
of 100% in any driving regime. Figure 2.13 (a) shows the L-I curve for the same micro—
LEDs in section 2.4. The optical power has a parabolic increase with the injection current,
reaching a maximum above which the optical power decreases. The maximum point is known
as the roll-over and scales linearly with increase of pixel area, as shown by the dashed line
in figure 2.13 (a). In this measurement the pixels were not driven hard enough to see the
full roll-over effect as this can easily do irreversible damage. As expected, the optical power
increases with pixel size, with the smallest pixel (#20um) producing ~ 1 mW and the largest
(2100pum) over 12 mW, an increase of x12. The largest pixel has x25 more area than the

smallest one, thus the decrease in pixel size leads to higher optical power densities.

Figure 2.13 (b) show the EQE curves versus current density for the same pixels. The
EQE peaks at very low currents and shows exponential decrease afterwards, an effect known
as efficiency droop. The EQE values obtained from bare chip are typically low as extraction
and collection efficiencies are estimated to be 10% and 66%, respectively. The peak values

are higher for larger area pixels, but the droop is similar for all pixels. Smaller individual
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Figure 2.13: In (a) the LI curve and (b) the EQE for 450 nm emitting disc-shaped micro-LEDs at
various sizes. Note that (a) is plotted vs. current an (b) vs. current density.

pixels are known to have higher Ry than large individual pixels (section 2.4), requiring higher
voltage to achieve the same current, and thus more power, which leads to a decrease in the
EQE. Higher EQE with micro-LEDs is possible via clusters of a larger number of small
pixels, increasing the total active area significantly. Thermal aspects of this approach will be
discussed in chapter 4.

The wall-plug efficiency for these devices is included in table 2.1 for the highest optical
power achievable, with values calculated at the lowest values of EQE. The droop in EQE is a
challenging problem. On the one hand to maintain high efficiencies devices must run at low
currents, in the other hand to achieve high power devices they must run at high currents.
The direct causes of the droop phenomenon is not fully understood and remain an area of

active research.

2.6 Spectral properties

The photon energy emitted by spontaneous recombination in an LED is not simply equal
to Ey. Electrons in the conduction band and the holes in valence band have a parabolic
dispersion relation in k—space, see figure 2.5 (b) and also have thermal energy. Emission can

occur at various wave vectors and hence carriers can recombine at higher energies than E,.
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The allowed energeis are governed by the density of states (DoS) and the probability of an
energy state being occupied is given by the Fermi—Dirac function. Figure 2.14 presents the
expected theoretical emission characteristics where the Boltzmann approximation is used for

simplicity.

N Density of states

Boltzmann BN
distribution  Z N

Theoretical emission

Luminescence intensity

E, Eq +kgT Energy E

Figure 2.14: Theoretical luminescence emission spectrum of an LED. Adapted from [6].

Here, the maximum concentration of electrons occurs at %kBT above the bottom of the
conduction band, and the maximum concentration of holes occurs at %k:BT below the top of
the valence band. The emission peak (Epcqk) is then expected be maximum at the energy:
Ey,+ kT he

(GV) or )‘peak =

g

Epeak =

where ¢ is the electron charge. Since there are many possible levels, there is a spread in energy
induced by temperature which translates to a spread in emitted wavelengths characterised by

the full width at half maximum (FWHM) or spectral linewidth A\ as:

1.8kpT \ 1.8k T \2

eak
AEpeqr, = " d (nm) (2.22)

(eV) or

where 1.8 is an empirical factor. The expected central wavelength and FWHM for a wafer
designed to emit at 450 nm (2.76 €V) at 300 K are 445.8 nm (2.78 eV) and 7.45 nm (46 meV),
respectively.

For a real device, we obtained spectra by collecting front-emitted photons with a fibre

coupled spectrometer with 800 um aperture aligned with the positional centre of the emission.
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The spectra where then process via a Matlab”™ software (see appendix) where the curves
were fitted with the equation that maximises the correlation coefficient, although no physical

meaning is attached with this fitting process.

Figure 2.15 (a) presents the real emission spectra of a square-shaped 40 x 40 um? LED with
increasing injection current measured by a fibre spectrometer with effective spectral resolution
of 1 nm. As the injection current increases three main phenomena occur: first, the emission
has an asymmetrical bell-shape or Gaussian curve and the intensity increases with current
corresponding to higher optical power; second, the FWHM broadens with injection current;
third, the peak emission wavelength (Apeqr) moves slightly to lower and then to higher As

with injection current, corresponding to higher and lower energies, respectively.

In figure 2.15 (b) are shown the \peqr and FWHM with increasing current. These are
extracted from the spectra in figure 2.15 (a) via fitting with a double Gaussian function,
but we note that no physical meaning is considered for these fits. The behaviour of A,eqk
shows an initial strong blue-shift followed by a slower rising red-shift, this being typical
behaviour of micro-LEDs. Piezo-electric fields due to crystal strain, misalignments (in k—
space) of the energy bands and band-filling of the quantum wells are all associated with the
blue-shift at low injection currents. The slow rising red-shift occurs from 40 mA onwards
and is only due to increase in temperature reducing the bandgap. The self heat is generated
by non-radiative recombination at the junction leads to bandgap reduction and thus longer
Apeak- 1t appears that the temperature induced red-shift is balanced by the initial blue-shift
creating a smooth transition. Equation 2.22 predicts a linear relationship between FWHM
and temperature. What is seen in figure 2.15 (b) is a non-linear increase of FWHM with
current, which is mediates for temperature. The relation between temperature and current
is also non-linear and does not compensate for the non-linearity seen here, as described in

detail in the section 2.7.

Comparing the emission spectra between figures 2.14 and 2.15, it is evident that theoretical
predictions do not match with the real device. Even at a low injection current (7" ~ 300 K),
the real spectrum does not present an abrupt cutoff at lower energies (long \) or the long tail

at higher energies (short A). This relates to the fact that the model does not account for the
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Figure 2.15: Spectral properties of 40 x 40um? LED, (a) the emission spectra and (b) central peak
and FWHM.

reabsorption of high energy photons, or for defects and impurities that create energy levels

within the forbidden bandgap, emitting at lower energies.

2.7 Thermal properties

Temperature effect provide the ultimate limitation to LEDs, negatively affecting the output
optical power, efficiency, device lifetime, reliability and colour rendering capabilities [107, 108].
A reduction in temperature of an LED under fixed driving conditions allows improvements in
these aspects mentioned and increased performance. Temperature management is, therefore,
crucial to achieve high—power LEDs for illumination applications. There are two main ways
to reduce the temperature of an LED: minimise the heat generation sources on the chip and
increase heat extraction (heatsink) from the chip. The former is given a great focus in this
thesis and introduced in the next paragraphs. The latter is one of the main areas of focus of
the LED industry.

The temperature at which LEDs degrade towards failure is experimentally determined to
be typically ~ 150°C. This is, however, somewhat counterintuitive as during the fabrication
process, the wafers are exposed to temperatures up to 300°C when is uniformly distributed
and with tightly controlled temperature ramps. The reason why LEDs cannot achieve such

high temperature under electroluminescence is due to the temperature difference between the
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operating pixel and the rest of the die. In the fabricated LED, the thermal coefficient of linear
expansion is 6.66 x 107 for sapphire and 3.17 x 1075 for GaN. This aspect combines with
the rapid temperature rise of the LED in electroluminescence to generate a steep thermal
gradient or shock between the operating pixel and its surroundings (including air), leading to

strain, stress and ultimately cracks.

2.7.1 Junction temperature

Heat can be generated in the active region, cladding layers and contacts of an LED. Commonly
known as T}, the heat generated by the active region is predominant over other heat sources.
Heat generated at the junction tends to accumulate and leads to an increase in 7}, an effect
known as self-heating. This is severe for broad—area LEDs (see figure 2.1) due to the large
area of the junction and it follows a similar principle to that described in section 2.4 for Ry,
see figure 2.11 (b). The idea is based on the mutual heating of discrete points, leading to
significant increase in temperature under DC conditions. This is illustrated in figure 2.16
by temperature curves from a single point source (situation I) to a number of point sources
(situation IV). At a fixed heat generation rate (constant current), each point has an associated
temperature curve (typically Gaussian) as shown in situation I. When two points are close
together these curves overlay summing to larger temperature as shown in situation IT and III.
The peak overall temperature comes at the point of maximum overlay. The profile width is
dependent on the heat dissipation capabilities of the substrate and thus strongly affects the
peak temperature as shown in situation II and III. An LED junction can thus be seen as a
large collection of point heat sources with temperature overlays, resulting in a significantly
higher peak temperature. From the temperature profile one can extract T by calculating the

mean temperature at the junction boundaries, denoted 1 and xo in figure 2.16.

Micro—LEDs are at least one order of magnitude smaller in active area than broad—area
LEDs, significantly reducing the temperature overlay effect and as consequence, decreasing

T; at the same current density (current per unit area).
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Figure 2.16: Illustration of the self heating effect of a point heat source and temperature overlay for
multiple point sources.

2.7.2 'Traditional methods to estimate junction temperature

There are three main approaches to estimate 7T; of LEDs, namely the peak shift, forward
voltage and high—energy slope methods. The principles behind each method are summarised

below.

(i) The Peak shift method is based on the bandgap shrinkage with self-heating. It con-
sists of a calibration measurement of emission spectra with increasing temperature at
various pulsed currents with low duty cycle (no significant heat generated) creating
a relationship between the peak-shift and temperature. A measurement of emission

spectra under DC current is compared with the calibration to estimate T7.

(ii) The Forward voltage method is based on an empirical relation of the I-V charac-
teristic with temperature. It consists of calibration measurement of forward voltage in
pulsed current and DC current. The calibration is done by heating the device in an
oven and measuring an I-V characteristic with pulsed current at various temperatures.

A DC current measurement is compared with the calibration to estimate 7}.

(iii) The High—energy slope method is based on the Boltzmann distribution of carriers
which depends on the high—energy (short A) part of the emission spectrum. The slope

is proportional to —1/(kp7}) and is determined by a fit of the linear region of the high—
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energy side of the spectrum to extract 7.

These three methods are generally accepted to provide good estimates of Tj for LEDs [6].
However, the choice of method for accurate results is considered case-by—case [107] and com-
parisons between devices are, therefore, very challenging.

Figure 2.17 presents the estimated 7; from the three methods for a 3 x 3 cluster of
40 x 40 pm? LED pixels with a total active area of 14400 pum?, equivalent to a single pixel
of #135 pm. The high-energy slope gives an overestimation of T} as it is a measure of the
carrier temperature. The forward voltage is inconsistent as it is very sensitive to wire bond
parasitics and Joule heating in the contacts and tracks. The peak—shift shows a slowly rising
quadratic trend, which is in line with the expectation from the decrease in EQE.
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Figure 2.17: Estimation of junction temperature with peak—shift, forward voltage and high—energy
slope for a 3 x 3 cluster of 40 x 40 um? 450 nm emitting pixels, total active area of 14400 pum?.

The peak—shift method is the most common one used in the literature for LEDs. Gong et
al. [86] tested the peak—shift method for micro-LEDs. At the maximum injection current for
each pixel, as the pixel size decreased from @300 pum to 240 pum the inferred T); decreased
from ~ 150°C to ~ 65°C', which was attributed to the strong band-filling effect observed
in smaller pixels. In comparison, in broad—area LEDs this blue-shift is very small, easily
accounted in the calibration, and thus the emission is strongly dominated by the red-shift at

the operating region of interest [6].
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In summary, the traditional methods to estimate junction temperature are limited, for
the most part, by the calibration. The calibration is a time consuming step that is specific for
each pixel and requires precision to deliver accurate and comparable results. These methods
are based on indirect assumptions that are not valid for all LEDs, e.g. the alloy-broadening in
ternary compounds such a InGaN, meaning the statistical fluctuation of active region compos-
ition, can influence the carrier temperature as used in the high-energy slope method [107]; the
parasitics in series resistance compromise the forward voltage method; the strong blue—shift

affects the principle of the peak—shift method.

2.7.3 Thermal imaging method to estimate junction temperature

This section presents a thermal imaging method to determine T} that is quick, practical and
reliable. An additional benefit of thermal imaging is the ability to see the pixel and its
surrounding, allowing one to diagnose faults such as hot—spots within the pixel due to such
factors as oxide layer breakdown, high-resistance tracks, short circuits, leakage current and
metal adhesion. An example of such a measurement is show in figure 2.18 (a), taken using

the setup in figure 2.18 (b).

Thermal camera

Thermal radiation is emitted by all materials above absolute zero temperature. Imaging an
LED pixel at infra-red (IR) wavelengths is, therefore, a direct link to temperature. A thermal
imaging technique was developed using a FLIR SC7600BB infra-red camera. The camera
features a Indium Antimonide (InSb) sensor with resolution of 640 x 512 pixels, sensitivity
of 20 mK, effective spectral band of 2.5 — 5.0 um and is equipped with a close-up lens (f/2)
allowing a minimum feature size of 7.2 um to be resolved. The typical measurement setup
for a probed micro-LED is shown in figure 2.18. The thermal camera comes with control
software (Altair’™) that allows one to correct for emissivity ¢ (see below), absorption and
other parameters not relevant for this study. The temperature correction for a chosen e
depends on the absolute temperature of the object, background IR of the scene and internal

calibration curves of the InSb sensor, which also varies with the temperature range selected.
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For example, it is very hard to obtain an accurate measurement close to room temperature
due to the excessive IR photons emitted by all the materials in the scene. Images are acquired

on a proprietary file format and data can be exported as a matrix of temperature values.

Emissivity calibration

Any given material has an associated . This is a dimensionless ratio of the quantity of IR
photons emitted by the surfaces of the material to the black—body radiator (perfect emitter),
and it also depends on wavelength, temperature and surface roughness. A blackbody has an
e of 1.0 at all temperatures, whereas non—metals have typical € of 0.4 — 0.97 and metals can

go below 0.1.

In micro—LEDs the main heat source is the AllnGaN junction on top of a sapphire sub-
strate. The junction is imaged through the 430 pm thickness of sapphire which absorbs 6% of
the emitted IR. As the material and structure are very complex, the effective ¢ is the result
of emission and reflection at various layers. To compensate for this, a 300 x 300 um? flip—chip
LED was bonded on a hotplate with a high thermal conductivity film (kapton) and images
were recorded at a series of stable temperatures using the Altair’™ software with the LED
switched off at all times. During acquisition the software was set to default settings using a
6% absorption and ¢ = 1.0. Data is processed offline by adjusting ¢ in steps of 0.01 at the

junction area in order to reach the temperature set at the hotplate.

The data is empirically fitted with equation 2.23. This provides the ¢ values for a given
temperature of the LED sample as shown in figure 2.19 (a). To obtain corrected temperature
values T”, one requires knowledge of how does a change in Ae affects the raw temperature. Asa
commercial product from FLIR, the camera and respective Altair’™ software do not disclose
how this is achieved. As such, the curve was reverse—engineered by using the calibration
images at various hotplate temperatures. For each image, starting at € = 1.0, the corrected
temperature 7’ calculated by the software is registered in steps of Ae = 0.1. The data was
empirically fitted with equation 2.24. Figure 2.19 (b) presents one the obtained curves for an

initial temperature of 22°C, where the minimum e value accepted by the software is 0.1.
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Figure 2.18: In (a) a screenshot of the Altair” software during measurements of a 300 x 300 pum?
LED pixel. The line drawn on the pixel allows one to analyse temperature across the pixel with the
arrows showing the hottest and coldest points. The corresponding temperature profile appears on the
right in (a) showing with a temperature peak that is due to the IR reflection at the pixel edge. In (b)
a photograph of the thermal camera setup during measurements is shown.
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e(T)=arenTifayeb2? (2.23)

T (6,T) =T (e™° + ¢2°) (2.24)

Table 2.2: Fitting coefficients from figure 2.19 according to equations 2.23 and 2.24.
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Figure 2.19: In (a) the fit for the emissivity ¢ as a function of the LED temperature. Data for a pure
GaN sample is also included for reference. In (b) the fit for the corrected temperature 7’ as function
of the emissivity € as determined in (a) for a given Tj.

Correction method

Using an electrically driven micro-LED, at each injection current an image was taken assum-
ing absorption of 6% (transmission of 94%) at € = 1.0. Images where then exported in a text
file as a matrix Tjg40,512] corresponding to the 640 x 512 pixels measured, and imported into
Matlab™ for batch processing.

Each pixel on every image was individually and independently analysed and corrected.
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The algorithm is as follows. A pixel with coordinates [i, j| with raw temperature T} ; was
fed in equation 2.23 to obtain the corresponding value €; ;. Then each value [T} ;,¢; ;] is fed
in equation 2.24 to obtain the corrected temperature values Ti’?j. As the fitting equations
are simple mathematical models, some hard conditions were introduced in the process as
follows. The first condition is a lower limit for e, where any determined value below 0.5 is
set to 0.5. This is due to the low signal to noise ratio (SNR) due to high background IR at
ambient temperature which gives very low ¢ values, which is a limitation from the calibration
measurement. If not corrected, this results in temperatures up to 10°C higher than ambient
temperature at zero current. At raw temperatures above 30°C this problem does not exist.
The second condition is for values of € above 1.0 are set to 1.0, which does not have any
physical meaning. As shown in figure 2.19 (a), € of the characterised sample saturates at
about 100°C, which is a common behaviour for most materials.

Errors were calculated from an estimation based on the confidence bounds of the fit
parameters and measurement conditions for ¢ and 7" with the values of Ae = 0.05 and

AT = 0.5, respectively. The superior limit of the error was calculated from equation 2.24 as:

oT'(eT) OT'(=,T)
= Mt or

_ 8‘1 (7(e +¢729)) Ac + ;F(T(ealg +e2) ) AT (2.25)

=T (alé' eME 1 e eocza) Ae + (eala + ea25) AT

AT'(e,T) AT

A Matlab™ application was developed to apply the method described above in a batch

process to obtain a full data set. See the Appendix for details.

Example with a calibration sample

In figure 2.20 (a) is presented the T of the LED used for calibration in electroluminescence.
Increasing injection current leads to an increase in temperature, as expected, but also in
the measurement error as this depends on the absolute value of temperature at each point.
During the measurements, the SNR increases with temperature. These values, however, are

accessible to the user and as a consequence are not considered in the error calculation.
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Figure 2.20: Thermal characteristics for the reference LED (300 x 300 pum?) used for calibration.
In (a) is shown Tj as function of injection current; in (b) presented the time profile of Tj for a long
current pulse at 120 mA taken from a video at 25 Hz.

The thermal response to pulsed current is also analysed as shown in figure 2.20 (b). Rise
time to 80% of maximum 7} is 30% shorter than the decay time from maximum to 20%.
As only the active area is considered for these measurements, this indicates a limitation on
the thermal conductivity (K) of the LED structure plus substrate. Given that the rise and
decay times are in the order of seconds, it is feasible to apply large current or voltage swings
at high frequency without a significant penalty in 7;. Nonetheless important that the time
the LED takes to reach a stable temperature is in minutes, another indication of low thermal
conductivity. This points towards a heat accumulation that needs to be taken into account for
optical communications with such devices over long periods of time (>minutes) at high-power.

Measurements with a thermal camera for micro-LEDs are limited by the temperature
range of the calibration, and requires careful control of errors and optical magnification for

observing small small features.

Example with CMOS-bonded micro-LED array

A displays based on CMOS-bonded GaN micro-LEDs presents extraordinary brightness with a
single pixel can providing an optical power density > 150W/cm?. A range of factors influences

the brightness achievable with micro-LED displays, including the quality of the epitaxial
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material, the layout of LEDs and CMOS, as well as thermal management. The layout of the
n-contact in these devices is important to achieve the best device performance. Figure 2.21
presents a schematic view of two layouts for such a device: layout A with the shared n-
metal surrounding the whole micro-LED array and layout B with the n-metal surrounding

the individual pixels.
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Figure 2.21: Schematic of the devices for experimental investigation. (a) Cross section showing the
integration of the LED arrays with the CMOS-chip. (b) Electric circuit. (¢) Layout A. (d) Layout B.
From [7].

Figure 2.22 presents the thermal analysis via infrared imaging of the two layouts, A and
B. One can see that the layout B, which uses surrounding n-metal for each pixel, presents
lower pixel temperatures for the same driving conditions, see figure 2.21 (a). Infrared imaging
can resolve temperature in the plane, see figure 2.21 (b). This capability further allows to
validate the mutual heating effects of micro-LEDs, in this case by studying the profile for two

pixel spaced apart, see figure 2.21 (¢) and (d) for the layout A and B, respectively.
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Figure 2.22: Thermal performance analysed by infrared imaging: a) junction temperature for a
single pixel. b) image of two pixels switched on simultaneously (layout B, 4 pixels spacing). ¢) and
d) temperature profiles of two pixels with different spacing operated at 4.8 V for ¢) layout A at 0.78
kA /cm2 and d) layout B at 1.28 kA /cm2. From [7].

2.8 Summary

In this second chapter was presented an historical view of the LED and micro-LED devel-
opment. An overview of the basic steps for micro-fabrication and the operating principles
for LEDs is also included. The characterisation and measurement methods are also included.
Basic properties regarding electrical, optical, spectral and thermal characteristics of micro-

LEDs are discussed. A new method for the thermal analysis is presented and compared with

legacy methods.
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High-speed response of LEDs

This chapter introduces the concept of modulation bandwidth and recombination mechanisms
and outlines their overall implications in optical communications. The fundamentals of mod-
ulation bandwidth given here are based on work from the 1970s for GaAs-based LEDs. That

work also explored recombination mechanisms and the application to optical communication.

3.1 Modulation bandwidth

Modulation bandwidth is a measure of how fast a device responds to an input signal that
varies in time. An accurate description for LEDs was given by Lee and Dentai in 1978 [109], as
follows: “Intensity modulation of the output light can be accomplished by direct modulation
of the injection current provided a rate of variation is slower than the rate of recombination
of the injected electrons and holes. Parasitic elements such as the space-charge capacitance
causes a delay of the carrier injection into the junction, and consequently a delay in the
light output. This delay becomes negligible iff a constant forward bias is maintained so that
the modulation bandwidth of the LED is limited only by the carrier recombination time.”
As defined by Liu and Smith in 1975 [110], the total light intensity output |/(w)| from a

small-current modulated LED at an angular frequency w is as follows:

(3.1)
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where I(0) is the intensity of light at zero modulation frequency and 7.¢s is the effective
carrier lifetime. The equation is valid when the diode is sufficiently forward biased for the
parasitic capacitance to become negligible. Under the above conditions, one precise definition
for modulation was given by Lee and Dentai [109], as follows: “The modulation bandwidth
is defined as the frequency at which the detected electrical power (~ I%(w)) is half of that at
zero modulation frequency, that is to say I*(w) = %I 2(0).” Thus the bandwidth Af is defined

as:

A 1
Af =29 = . (3.2)
2 2T Teff

Th effective carrier lifetime is also known as the differential carrier lifetime as it corres-

ponds to the derivative of the total recombination rate from equation 2.10.

3.1.1 Electro-Optical bandwidth

The intensity of a modulated optical device is typically measured by a semiconductor photo-
diode. These devices are designed to operate in reverse bias, thus when exposed to light they
generate a photocurrent proportional to the intensity of light detected. This current is then
measured as a voltage drop across a resistor (50€2) in a transimpedance amplifier (TTA). The
TIA is a current-to-voltage converter plus pre-amplifier to enhance sensitivity, and for this

reason photodiodes are also AC coupled and thus not sensitive to time-invariant intensity.

The electrical power dissipated in a resistor is P = VI = RI? and hence the electrical
power for a current signal follows a quadratic dependence with photocurrent. From the
description above, the bandwidth point (Af) is defined as the frequency at which optical
power is halved. Following the electrical definition this leads to P(w) = 3Py = $RI?,
which corresponds to the so called electrical bandwidth (—3 dB) or electrical-to-electrical (E-
E) bandwidth. However, this definition does not hold true for optical devices as the power
is directly proportional to the photocurrent generated in the junction of the photodiode.
At the bandwidth point the photocurrent is I(w) = $I(0), thus the corresponding power is

P(w) = R(3I)*> = ;RI or —6 dB. This is also known as the optical bandwidth (—6 dBo)
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or electrical-to-optical (E-O) bandwidth. The definition for optical bandwidth is commonly

known in electronics as the decibel definition for voltage:

|4
G/L 45 =20 109107 dB (3.3)
0

where G/L is gain or loss, V' is the measured voltage and Vj is the reference voltage (1 mV).
This definition already accounts for the difference seen in the power depending on the square

of measured current.

The rest of this thesis refers to bandwidth as the small-signal electrical-to-optical (E-O)
bandwidth.

3.1.2 Frequency response

Measurement of the frequency response of an LED is done in similar fashion to that of
Namizaki et al. [111]. Figure 3.1 presented the setup used, where the LEDs are usually tested
on chip with a high-speed probe with a bandwidth of 40 GHz (Cascade Microtech, ACP40-
A-GSG-125). A closer view of high speed probe probing the micro-LEDs chip is shown in
figure 3.2 (a). Packaged micro-LED chip onto a PCBs also need to be tested to assure no
major differences are seen from the bare PCB, an example of this test is shown in figure 3.2
(b). Appropriated optics are used to collect and collimate the light output, and the final
focus is onto the photodiode (Femto HSA-X-S-1G4-SI, bandwidth of 1.4 GHz) is done with
a microscope objective. The devices are supplied with a signal containing a DC and AC
component superimposed via a bias-tee. The DC component serves as a bias and is supplied
as a constant current. The small signal AC component is generated by a network analyser.
The modulated output light from the LED is collected by the photodiode, which filters the
DC component and pre-amplifies the AC component. The received signal is then fed back to
the network analyser.

The network analyser compares the output signal with the input signal by sweeping a range
of frequencies. The standard output signal has a power of 0 dBm, corresponding to 10s of

mV of modulation depth when applied on a load of 3 to 10 §2, the typical values for Rs of
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Figure 3.1: Setup to measure the frequency response of LEDs
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Figure 3.2: Photographs of the setup for frequency response measurement, in (a) with a micro-LED
packaged onto a PCB, and in (b) the close up of the direct probing.

micro—LEDs. Throughout this thesis the input AC power is always 0 dBm unless otherwise
indicated. The response is expected to roll off with high frequency as the time constant
of the signal becomes shorter than the total recombination lifetime of the LED. The typical
frequency range is chosen to be 100 kHz to 1 GHz, allowing the sweep to span up to frequencies
above the response of the LEDs where there is no optical output, thus showing the noise floor
of the system, namely the receiver noise. In cases where the micro-LEDs have bandwidths
over 600 MHz, the sweep is done up to 1.5 GHz to reach the noise floor. Note, however, that
near 1.5 GHz the response decays significantly as it is over the bandwidth of the photodiode
(1.4 GHz).

Figure 3.3 (a) presents typical frequency response curves of disk shaped LEDs with re-
spective diameters of 40 ym, 150 pm and 500 pm at maximum current, where the bandwidth
point is taken at the frequency where the response is reduced by —6 dB from the response at

low frequency.
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Figure 3.3: In (a) the frequency response of typical disk shaped 450 nm LEDs of various diameters.
The point at which the line marking the -6 dB intersects the data points defines the bandwidth of
the device at a certain bias current previously chosen. In (b) the bandwidth values taken from the
frequency response are plotted against current, for devices of diameter between 40 and 80um.

The frequency response seen above is flat at low frequencies, followed by a soft decay
as the frequency increases, which is opposite of the sharp cut-off seen in electrical devices.
This characteristics allow the device to be driven two to three times above the bandwidth
frequency, only limited by the SNR of the system. This means that a pixel with 200 MHz

bandwidth in a system can be driven to 600 MHz, and we will see this in practice in chapter 5.

As the pixel size decreases, the current per unit area (current density) increases and as
a result the bandwidth increases as result of the reduced differential carrier lifetime [46].
Figure 3.3 (b) presents the bandwidth with the injection current, in this case plotted for
micro-LEDs over a small range of diameters (40-80um) for easy comparison. Each pixel
shows increasing bandwidth with the increase of current. The main difference is the slope,
which is higher for smaller pixels. This slope is corrected by normalising the injection current
to the respective active area (current density), as discussed in detail in chapter 4. The general
rule of thumb is: smaller pixels present higher bandwidths but at the expense of optical power,
as shown in figures 3.3 (b) and 2.13. This phenomenon observed for GaN micro-LEDs — the
current density dependent bandwidth — was initially studied in our group by McKendry et
al. using pixels that with diameters 14-84 um at wavelengths of 370 nm, 405 nm, 450 nm and

530 nm [46]. The maximum bandwidth observed was ~450 MHz for a pixel with diameter of



68 Chapter 3. High-speed response of LEDs

44 pm with =3 mW of output optical power. In terms of data rate, these devices achieved
up to 512 Mbps with on—off keying (OOK) modulation, limited by the controlling electronics.

Details about data rates and modulation techniques presented in section 3.3.

3.2 Implications for communications

In a telecommunications system the two most important factors for a good link are SNR
and available bandwidth. The SNR is either limited by power or by noise. The available
bandwidth can be limited by any component in the system. The requirement is to have the
lowest noise floor possible at the maximum possible bandwidth. Typically, the bandwidth
is limited by emitters or receivers; SNR is a balanced between the optical power received
for a given bandwidth and the noise generated by the use electronic equipment. There are,
however, other characteristics of emitters and receivers that determine the practical limits
of a communication system. The optical communication links used in this thesis are the of
type intensity-modulation direct-detection (IMDD), meaning that the output optical power
is varied according to a modulated signal and that the photocurrent generated by the photo—

receiver varies according to the intensity modulated light.

3.2.1 Luminescence—voltage characteristics (L—V)

The standard modulation adopted in telecommunications is a voltage signal. As such, in
order to determine the useful dynamic range of an LED, the electroluminescence (power)—
voltage (L—V) characteristic is used instead of the I-V and L-I curves. The linearity of the
L—V curve of an LED is analogous to the transfer curve of an amplifier and, if not perfectly
linear, it creates distortions to an input waveform. Figure 3.4 presents the measured L-V
curves for the micro-LEDs introduced in figure 3.3 (b), and a schematic of the distortions
created by these is also shown. The larger device has a symmetrical S—shape due to optical
power roll-over at the top, and this leads to soft clipping of the signal and reduced dynamic
range. The smaller device shows a bowing across the range, in other words an asymmetrical

response that leads to compression at the top and stretching at the bottom. In the frequency
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domain these distortions generate even and odd harmonics which increase the noise level at

higher frequencies.
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Figure 3.4: Luminescence—voltage (L—V) characteristics of disc-shaped micro-LEDs of different
diameters with a schematic of the effects of non-linearities for an input sinusoidal signal.

As shown, the linearity of the L—V curve is an important metric for distortion of the
waveform. This is, though, highly dependent on the modulation scheme, as some schemes
rely on the actual shape of the waveform as a means of encoding data and others do not.
These effects are common for optoelectronic devices and one way to compensate for it is to
pre-distort the waveform such that the the optical output of the device is linear. Techniques
for pre—distortion can be adopted to mitigate the L—V non-linearity by pre—allocating discrete
levels of energy as function of the driving voltage to guarantee a linear output [112]. More

details on the practical aspects of the L—V curve are presented in chapter 4 and 5.

3.2.2 Photo—receivers

In a VLC system, photon detection is as important as photon emission. Photoreceivers
are responsible to convert light into an electrical current, e.g. optical signal to an elec-
trical signal. These devices provide a direct detection for intensity modulated micro-LED.

The principle photon detection technologies used in VLC are photodiode (PD), avalanche
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photodiode (APD), single photon avalanche photodiode (SPAD) and Silicon photon multi-
plier (SiPM), figure 3.5 shows example of these devices. The following paragraphs summarise

the operation mechanisms of the photo detection technologies mentioned above.

A photodiode is composed of a PIN junction where a reverse bias — below the breakdown
voltage — is applied to increase the depletion layer width, decreasing the junction capacit-
ance and increasing the response time. When a photon of high enough energy reaches the
diode it creates an electron—hole pair generating a photo current via the photoelectric effect
corresponding to the unit gain (G=1). Typical values for blue-enhanced photodiodes are:

photosensitivity of 025 A/W with a reverse voltage of 30 V.

An APD device is similar to a photodiode. The mechanism by which a photocurrent is
generated inside an APD is the same as in a photodiode, but the APD is different from a
photodiode in that it has a function to multiply the generated carriers. An APD is composed
by a PN junction with an additional avalanche layer operating in reverse voltage below the
breakdown voltage. When electron-hole pairs are generated in the depletion layer of an APD
with a reverse voltage applied to the PN junction, the high electric field increases the kinetic
energy of the carriers to collide with the crystal lattice generating new electron-hole pairs
via ionisation. These electron-hole pairs then create additional electron-hole pairs in a chain
reaction of ionisation. This allows the device to multiply the photocurrent generated at
the junction by a large factor known as gain, which is proportional to electric field applied.
Increasing the gain decreases the capacitance and increases the dark current e.g. noise.
These devices are highly non-linear and require precise driving circuitry to compensate the
gain factor for changes in temperature and light exposure. Typical values for blue-enhanced

APDs are: responsivity for a gain of 100 of 28 A/W, reverse voltage of 170 V.

SPAD and SiPM are devices of the same class, meaning that both operate operate with
the same fundamental mechanism, the Geiger mode. This is that the reverse voltage applied
to the diode is above the breakdown voltage. When a sufficiently high electric field (> 5 x 105
V/cm) is generated within the depletion region of the silicon, the ionisation process occurs.
A single absorbed photon can trigger a self-perpetuating ionisation cascade. The silicon will

break down and become conductive, effectively amplifying the original electron-hole pair into a
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macroscopic current flow. This process is called Geiger discharge, in analogy to the ionisation
discharge observed in a Geiger—Miiller tube. The application of a reverse bias beyond its
nominal breakdown voltage creates the necessary high-field gradients across the junction.
Once a current is flowing it should then be stopped or 'quenched’. Passive quenching (i.e.
no active circuitry), is achieved through the use of a series resistors which limits the current
drawn by the diode during breakdown. This lowers the reverse voltage seen by the diode
to a value below its breakdown voltage, thus halting the avalanche process. The diode then
recharges back to the bias voltage, and is available to detect subsequent photons. In terms of
response, avalanche process produces peaks with rise times in the order of picosecond. The
quenching and recovering process are referred as the ’dead’ or recovery time and is typically
50-500 ns for commercial devices, depending on the cell size and quenching technology used.
A modern SPAD device is composed of an array of SPAD cells with active quenching circuitry.
SiPM technology represents an unprecedented attempt to create an ideal solid-state photon
detector solving a double trade-off of avalanche processes: the higher multiplication gain
inevitably results in higher multiplication noise, as well as, in longer multiplication time (the
lower bandwidth). SiPM is similar to a SPAD array with passive quenching, but with a faster
pixel recovery and higher fill factor. Typical values for blue-enhanced SiPMs are: responsivity
for a gain of 5% of 1.1 x 106 A/W, reverse voltage <30 V, bandwidth ~10 MHz.
Commercial photoreceivers are a relatively mature technology and so, in this thesis, com-
mercial PDs and APDs are used for as receivers in the VLC systems. The decision factor for
this choice is mainly the bandwidth capability. The main properties of interest are qualitat-

ively summarised in table 3.1.

Table 3.1: Qualitative characteristics of photodiodes (PD), avalanche photodiodes (APD), single
photon avalanche photodiodes (SPAD) and Silicon photomultipliers (SiPM) for visible wavelengths.

PD APD SPAD SiPM
bandwidth high high low low
sensitivity low high very high very high

noise factor low high  very high very high
saturation hard mid  very easy very easy
dynamic range very high  high mid mid

The general parameters of photoreceivers are: bandwidth, capacitance, sensitivity, satur-
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Figure 3.5: Example of commercial devices for the receiver technologies (from left to right): pho-
todiode (PD), avalanche photodiode (APD), an array of single photon avalanche photodiode (SPAD)
and silicon photomultipliers (SiPM).

ation, dark current, shot noise, reverse voltage and pre—amplification required for operation.
A high sensitivity photodiode requires a large sensor area and thus it presents restricted band-
width, and vice—versa. Typically, a fast response APD presents a gain dependent dark current
— a source of noise that negatively affects SNR — and can easily saturate for optical powers
above 100 pW. In practice, a good rule of thumb is: PDs perform better for optical powers
above 100 uW, APDs perform better below 100 4 W; SPAD arrays and SiPMs perform better
below 20 pW. The ideal device for that gap is dependent on factors as rejection of the DC
component, dark noise, and the trade-off between SNR and bandwidth for particular applica-
tion. The application defines the the bandwidth, the collection aperture for a target received
optical power and the maximum acceptable noise to achieve the minimum SNR target. In
addition, certain VLC applications require the sensor to be exposed to ambient light which
may significantly decrease the dynamic range available for the signal due to increase in the
noise factors and saturate the receiver. These issue may, up to certain degree, be solved using

bandpass filtering to restrict the collected photon to wavelengths of interest.

3.2.3 Shannon—Hartley theorem

In information theory, the Shannon—Hartley theorem, formulated by Claude Shannon and
Ralph Hartley, provides the maximum rate at which information can be transmitted over a
communications channel with a limited bandwidth and in the presence of noise [113]. The

equation expression for theorem is based on two important concepts: first, in principle, a



3.2. Implications for communications 73

trade—off between SNR and bandwidth is possible; second, the data capacity depends on
both SNR and bandwidth.

The Shannon—Hartley theorem is defined as:

C = Blog, (1 + ;) (bit/second) (3.4)

where C' is the channel capacity, B is the channel bandwidth in Hz, S/N is ratio between the

average received signal power and the received noise over the bandwidth B.

For S/N >> 1, equation 3.4 can be linearly approximated by:

C=~0332-B-SNR (bit/second) (3.5)

where SNR = 10 log19(S/N) (dB). Assuming that the noise N is generally constant for
a given system, the Shannon-Hartley theorem for data capacity can be approximated by
a direct product between optical power and bandwidth [109]. It is important to note the
theorem above is based on the Nyquist rate: on a communication channel the maximum
number of pulses per second that can be sent is twice the bandwidth (f, = 2B). This means
that a bandwidth of 500 MHz allows a maximum pulse rate of 1 GHz. For a one bit system
such as on-off keying, this means roughly 2 bit per Hz of bandwidth. Therefore, the Shannon
limit is modulation scheme dependent [114].

For the purpose of device characterisation, the equation 3.5 is used directly and serves as
a baseline for comparison. Let us consider the g40um pixel in figure 3.3 with a maximum
bandwidth of 500 MHz and assume an average SNR for that bandwidth of 12.5 dB, with
a typical maximum of 25 dB (measured). Applying equation 3.5 one obtains a theoretical
channel capacity of C = 0.332 x 500 x 105 x 12.5 = 2.075 x 10° (bit/s) = 2.075 (Gbps) for
a pulse encoded data stream, also known as pulse width modulation (PWM). As this type
of modulation only assigns one bit per pulse in a unipolar waveform, it is analogous with
OOK using a bipolar waveform. Experimental results for real time OOK on a device with
~ 800 MHz of bandwidth and an estimated 7 dB of SNR (limited by the 1.5 V modulation

depth of the system) obtained an error-free data rate of 1.7 Gbps [115], given a theoretical
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channel capacity of ~ 1.8 Gbps. As the experimental results are in line with predictions by
the Shannon-Hartley theorem, this metric can be adopted for a direct comparison of the
communication capability of micro-LEDs. A slight modification must be introduced to the
SNR. As the noise level of the system is unknown and system dependent (i.e. depends on
quality of components), for the purpose of developing micro-LEDs, the absolute optical power
is considered instead to provide an accurate relative comparison between well known devices

and new designs.

3.3 Modulation schemes

Here, is presented a short introduction to the general principles behind modulation schemes
and data transmission for guided-wave and free-space applications.

Digital data is, at its most basic level, a series ones and zeros, known as bits. Bits
represent the information contained in electronic devices such as documents, photographs,
music and video. Sending information from one place to another requires a transmission
channel or link and a data encoding technique, known as a modulation scheme. Copper
wire and optical fibre are examples of wired communication links, whereas RF and VLC are
examples of wireless links. The medium that transports the information is known as the
channel. Each channel has its own set of characteristics that affect the transmission of the
information, e.g. RF can travel through walls but is highly attenuated by water; visible light
cannot travel through walls but can fairly easily go through water. The channel influences
how information is transmitted and received. As such, many modulation schemes have been
developed throughout the years to tackle the the different channel characteristics. In this
thesis the channels of focus are POF and free-space, corresponding to a media of PMMA
and air. These are two independent classes of application that work better with modulation
schemes of different types, as explained in the next sections.

All modulations schemes are ways of encoding the digital data in a waveform that drives
a time varying voltage applied to the emitter device (here, the micro-LED) to send the

waveform through light intensity variations through the medium onto the receiver device.
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The recovered waveform is demodulated or decoded into digital data and compared with the
data sent. For each received bit that does not match the sent data an error is generated, and
this is known as the bit error ration (BER). The BER is the ratio between bit errors and
the total number of transferred bits during the time interval. The IEEE sets firm rules for
the acceptable BER in a communication link. A BER of 3.8 x 1073 s7! is the ceiling for
forward error correction (FEC). This is a technique that uses a 7 % data rate overhead to
include redundant information that allows, at the receiver end, error—correcting code (ECC)
or channel coding algorithms to partially or totally recover the lost bits. The limits set for
FEC for a good quality communication link effectively determine the maximum data rate

achievable by the link.

DC-biased modulation

LEDs require a threshold voltage to start normal operation in the milli-Ampere regime and
emit photons of average power above the uWatt. Their bandwidth is also dependent on the
injection current or, more precisely, the current density. Modulation schemes exist to cope
with these needs by using bipolar signals. That is, a signal that, in the time domain, exists
above and below a threshold. DC-biased modulation corresponds to a situation where the
transmitter is biased with an optimal voltage and a bipolar signal is applied to use, as much
as possible, the dynamic range of the LED. In most situations this corresponds to signal that
is 50% above the DC-biased point and 50% below, settings that can be adjusted to fit a
specific requirement. This type of modulation means that the average bandwidth or speed of
the device is set by the current consumed at the DC—bias point.

Single—carrier modulation for optical links were first implemented for IrDA [116]. Single—
carrier means that all the bandwidth is used to transmit one carrier of information through
the link. As optical links are dispersive, single—carrier modulation requires complex equalisers
at the receiver. Single—carrier modulation schemes used in this thesis are OOK and pulse
amplitude modulation (PAM).

Multi—carrier modulation is the basis of modern wireless communications including WiFi

and 4G LTE. It consists of a method of transmitting data by dividing it into several compon-
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ents and sending each of component over a separate carrier signal. The individual carriers
only use a narrow bandwidth, and the sum of all carrier completes the broad bandwidth of the
link. The only multi-carrier modulation scheme used in this thesis is DC-biased (or offset)

OFDM (DCO-OFDM).

3.3.1 On-off keying (OOK)

The simplest modulation scheme is OOK. OOK is a single carrier modulation scheme and
widely used as a baseline from which a system can be scaled up to high—level modulation
schemes. The main advantages of OOK are its simplicity of implementation and the ability
to visually represent the system performance in what is known as an eye diagram (see below).

In OOK, data is encoded in digital pulses representing a one for a pulse (“on” state) and
a zero for the absence of a pulse (“off” state). Data is transmitted in a series of light pulses,
representing the ones and zeros of the digital stream. The system implementation can add
variants such as a DC-bias, where the OOK signal is bipolar meaning positive pulses above
the DC-bias and negative pulses below the DC-bias.

The basic system setup for OOK is presented in figure 3.6. This is very similar to the
setup for frequency response measurements (figure 3.1). Here the DC-bias is chosen at a mid
current level and an AC-signal is superimposed. The signal consists of a pseudo-random bit
sequence pattern (27 — 1 bits long) from a pattern generator. The received signal is fed into
the error detector which compares it with the pre—programmed pattern. The system clock
is fed to both the pattern generator and error detector externally using a network analyser.
As the system runs in real time, synchronisation is very important and using the rule of
thumb that one foot of cable equals one nanosecond of delay, cabling needs to be manually
adjusted to guarantee a correct synchronisation between the instruments. Finer picosecond
adjustments are available using the instruments themselves.

A typical OOK signal is presented in figure 3.7 (a) at 500 Mbps using a pixel of the
segmented micro-LED A, more details this particular micro-LED are shown in section 4.3.
In the input is used V}, ~ 2V resulting in a received signal with V},, =~ 0.6V. As the received

signal is a pattern and it repeats itself, a time superposition of the pattern frame allows display
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Figure 3.6: Setup for data transmission in real time using a BERT with OOK modulation.

in the form of an eye diagram. Figure 3.7 (b) shows the eye diagram at three bit rates. The
open space between the bottom and top levels is known as the eye, where a larger eye ideally
it should looking squared or rectangular means higher link quality, allowing lower BER. Note
that in OOK the device runs at full speed set by the clock frequency, and increasing data rate
requires a higher clock frequency. When an increase in the bit rate leads the eye to close, one
approaches the bandwidth limit of the micro-LED source, assuming no other limitation in
the system. As the speed increases the response decreases; i.e. the probability for a carrier
to recombine in phase with the signal decreases. As such, the optical power carrying the
intended signal decreases and the SNR decreases leading to higher noise at higher bit rates.
Figure 3.7 (c) presents the data rates as a function of optical power up to 1.7 Gbps. Note
that at these high data rates the clock frequencies are already above the bandwidth of the
photodiode (Femto HSA-X-S-1G4-SI, 1.4 GHz), although with an extended bandwidth (no

sharp cutoff), it attenuates the received V,,, signal with no influence on the DC optical power.

This micro-LED device has a bandwidth over 800 MHz, presented in more detail in sec-
tion 4.3. The result shown here indicates that the micro-LEDs can easily run at significantly
higher speeds than their bandwidth point. At 1.7 Gbps with OOK, meaning a clock of
1.7 GHz, it just over twice the bandwidth of the device and the measured BER in real time
sits at 107 or six orders of magnitude lower than the 10~3 limit for FEC or channel coding.
This level of performance is very high for LEDs and demonstrates the capability for higher

level modulation schemes.
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Figure 3.7: Received OOK signal at 500 Mbps in (a) where the zero level marks the decision
boundary; eye diagrams at 155 Mbps, 500 Mbps and 700 Mbps for a segmented micro-LED in (b),
amplitude is in Volts; BER as function of optical power at 1 Gbps, 1.55 Gbps and 1.7 Gbps.

3.3.2 Pulse amplitude modulation (PAM)

PAM is a single carrier modulation scheme that follows the same working principle as OOK
as a time domain data encoding scheme but it uses amplitude as an extra degree of freedom.
PAM encodes data in the amplitude of the signal by dividing it in multiple levels, each level
carries a symbol that represents a binary word. Thus OOK can be considered to be a 2-level
PAM or 2-PAM. The word length depends on the number of levels which is adjusted to the

available SNR, and required bit rate. Increasing the number of levels assigned increases the
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number of bits sent per unit of time at the same clock frequency. PAM is strong against
abnormalities in frequency response such as dips and resonances created by signal reflection
between connections. It can deal with low optical power at the uW level, scales linearly with
the available bandwidth. In the other hand, PAM is sensitive to non-linear optical response
and distortion which affect the differences between the amplitude levels, and thus requires

complex equalisers at the receiver for best performance.

3.3.3 Orthogonal frequency division multiplexing (OFDM)

Orthogonal frequency division multiplexing is a modulation scheme widely used in both wired
and wireless communications systems [8]. Instead of transmitting the bit stream with a single
carrier using all the available bandwidth, as OOK and PAM seen above, OFDM makes use
of a large number of closely spaced orthogonal subcarrier frequencies within the available
bandwidth that are transmitted in parallel. Data is digitally encoded in the frequency domain
rather than the time domain. Modulation is achieved digitally with an inverse fast Fourier
transform (iFFT), allowing precise generation of orthogonal signals that is computationally
efficient. In OFDM the spectra of individual subcarriers overlap in the frequency domain as
illustrated in figure 3.8 (a). OFDM subcarriers typically use quadrature amplitude modulation
(QAM). QAM is a signal in which the modulated carriers are shifted in phase by 90 degrees
and assigned different amplitudes, and the output consists of variations both in amplitude and
phase. This can be scaled in an M-array and visualised in a constellation, and figure 3.8 (b)
illustrates a 16-QAM example. Each point in the constellation carries a 4 bit word resulting
in a total of 4 bits per symbol for 16-QAM. The channel is estimated for a SNR, spectrum of
the whole system, and based on the minimum SNR within the bandwidth set, an M—QAM
level is decided. The implementation by the research groups of the Universities of Edinburgh
and Oxford uses an advanced version of OFDM. Here, instead of loading the channel with a
constant M—QAM level (or bit loading) through the whole bandwidth, the QAM levels are
decided based on the available SNR for each carrier. This technique is referred to as adaptive
bit and power loading, and it results in higher M—QAM level for higher SNR carriers and

lower M—QAM level for low SNR carriers, thus significantly increasing spectrum efficiency
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(bit/s/Hz). In practice, this provides two advantages versus fixed bit loading: first, for the
same bandwidth higher bit rates can be achieved; second, as the lower SNR level does not
decided the bit loading of the whole band, bandwidth can be extended with the use of lower
M-QAM levels, increasing the bit rate of the system. In a communications system, micro—
LEDs can achieve up to 256—QAM for a SNR ~30 dB. In this thesis, OFDM measurements
correspond to DC—biased OFDM with QAM modulation with adaptive bit and power loading,
referred to as DCO-OFDM.
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Figure 3.8: In (a) we show schematically the frequency spectrum of the OFDM subcarrier frequencies,
from [8]. In (b) a 16-QAM constellation is displayed.

3.4 Summary

In this chapter we presented the fundamentals regarding the frequency response character-
istics of micro-LED and the electro-optic modulation bandwidth. Aspects related with the
modulation technique and the linearity of the electrical to optical signal transfer were dis-
cussed. An overview of the photo—receiver technologies for VLC was also presented. This
chapter finishes with a short introduction to the modulation schemes used with our part-
ners with key differences are highlighted. Results using PAM and OFDM are presented in

chapter 5 for the devices introduced in chapter 4.



Chapter 4

New designs of micro—LED

This chapter introduces the main innovation regarding fast response micro-LEDs, and de-
scribes the respective devices and their characterisation. Here, the main driver for innovation
is the understanding of the thermal performance, followed by a micro-LED design targeting
specific applications. This chapter starts with thermal management to address a few import-
ant aspects such as: the thermal dissipation dependancy with pixel design, the thermal uni-
formity within the active area. It progresses to understanding of how temperature influences
other properties of the device and how to mitigate these effects. The relationship between
these properties is found to be complex and interdependent. The knowledge gained forms the
basis for the second part of this chapter. There, the focus shifts to pixel design resulting in
shapes that improve device performance forward, tailored for visible light communications.

The application of these devices is presented subsequently in chapter 5.

4.1 Thermal management

The major limitation for performance of an LED is it operating temperature. Temperature
limits efficiency and thus, optical power and maximum injection current density. Any reduc-
tion in operating temperature provides direct benefits. The most obvious step to increase
the bandwidth of LEDs is to increase their capability to sustain high current densities [46].

Current densities of 20 kA/em? in micro-LEDs are not unprecedented [45]. As seen in

81
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chapter 3, small LED pixels can provide higher bandwidth at the expense of optical power,
and, conversely, large pixels can provide high optical power at the expense of bandwidth.

A key challenge is therefore, within standard fabrication processes and with commercial
epitaxial material, increase the output optical power while maintaining high bandwidth, thus
maximising the channel capacity. As was seen in section 2.7, small pixels provide better
thermal management than large pixels, allowing higher current densities and, thus bandwidth.
The first question we address is if there is a viable format to multiplex a number of small pixels
in a single chip to increase the overall optical power, ideally without a bandwidth penalty. In
order to answer this question, an understanding of actual heat dissipation of a single pixel

and multiple pixel is required.

4.1.1 Modelling

COMSOL™ s a software package that allows one to model heat dissipation and temperature
buildup in a given structure with particular material properties [117]. This software uses finite

element analysis to solve the steady-state heat equation, which in the 3D case is:

PAT  O’AT  O?AT
02 Vo2 T oz TV
z y z (4.1)

T(x,y,2z) — T, = AT
where T is the temperature in a given point in space, AT is the increase of temperature over
the ambient temperature and T, is the ambient temperature.

This permits a comparison of the thermal performance of several pixel configurations. For
the purpose of modelling the wafer structure presented in figure 2.2 is now simplified to three
layers: 430 pum for the sapphire, 6 um for the GaN buffer and 179 nm for the stack of MQWs.
The power-to-heat conversion is assumed as 80 % and an ambient temperature of T, = 20°C
is set as a boundary condition at the bottom of the die. Note that no additional heatsink
mechanism being considered. The parameters assumed in the modelling are presented in
table 4.1, values which are dependent on temperature, crystal orientation, alloy content and
layer thickness.

Figure 4.1 presents the temperature on the GaN layer of 3 pixels with a separation of
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Table 4.1: Parameters used for thermal modelling with COMSOL, retrieved from [10, 11].

Sapphire GaN

Thermal conductivity K (W m™1K~1) 35 253
Specific heat capacity C,, (J kg7 K1) 788 490
Density p (kg m™3) 3980 6070

20 — 150 um. The pixels are identical in each die, with an active dimension of (a) 20 ym and
(b) 40 pm in (b) in a 1 mm die. The heat generation is applied to the MQW layer as a power
density of 1.115 x 10'° W/m3, derived from the total electrical power at current density of
5 kA/cm? of a real device of similar size. In a real device, the typical junction temperature
(Tj) for breakdown is ~ 150°C, thus the situation in (a) is within practical limits and (b)
is not viable. Increasing the gap between adjacent pixels reduces the mutual heating at the
cost of die area. The best choice is also dependent on factors such as required optical power,

beam diameter and current density capability.
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Figure 4.1: COMSOL simulation of temperature at the top of the die for three pixels of (a) 20 ym

and (b) 40 um active length at a current density of 5 kA/cm?. The inset show the cross section of
isothermals inside the die of ©®40 pm with 150 pm gap.

In the context of modelling, one can assume the LED efficiency as a constant for all the
operating range and consequently achievable optical power becomes linear with the active
area of the device. The next question is wether for a large active area required to achieve
a certain level of optical power, a design where that area is divided to a higher number of

small pixels presents better thermal performance than a design with lower number of larger
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pixels. Figure 4.2 (a) shows the resulting simulated temperature in the GaN layer of a fixed
active dimension of 200 pum divided in to 5 and 15 pixels equally spaced with pixel dimension
of 40 pm and 13.3 um, respectively. The power density applied here is 2.23 x 10 W/m3,

corresponding to a current density of 1 kA/cm?.
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Figure 4.2: Simulation of 200 um active length divided into 5 pixels of 40um each and 15 pixels of
13.3um each, with 50um pixel gap at 1 kA/cm?. The temperature curves obtained are shown in (a)
and the cross section with isothermal contours in (b). The colour bar for (b) is the range of displayed
in (a), with white indicating the highest temperature.

Subdividing a wide active length in a large number of small segments allows the heat
to be distributed instead of accumulated. This is seen by the width of the temperature
curves in figure 4.2 (a) and the warm region in figure 4.2 (b). Note that the colour scales
in (b) correspond to the dynamic range shown in (a). The second conclusion is related to
the limited thermal conductivity of sapphire (K = 35 W/(mK)) resulting in restricted heat
extraction through the substrate. This leads to heat buildup and, consequently, a rapid rise
in temperature. Figure 4.2 (b) clearly shows that by distributing the active area over a larger
die area, one is effectively increasing the channel through which heat escapes the active region

thus reducing the temperature at the active region.
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4.2 High-power LEDs

This section presents a study of current crowding, i.e. spatial regions of high current density
in the device. This study is performed with broad—area LEDs as the effects examined here
are difficult to characterise with small pixels and the solutions found can, in principle, be

directly adopted for micro-LEDs.

Current crowding [6, 118], is a factor limiting increase in the injected current density in
LEDs. Current crowding occurs in mesa-structured LEDs grown on insulating substrates such
as sapphire used in GaN-based LEDs [119]. In these LEDs, the p-electrode is usually located
on the top of the mesa, while the n-electrode is located to the side of the pixel on the n-type
GaN at the bottom of the mesa. As a result, carriers injection is lateral to the LED mesa

and current tends to crowd on the edges of the mesa towards the n-electrode [120].

LEDs operating under non-uniform current densities create thermal hotspots due to non-
radiative recombination [106]. These hotspots are responsible for device failure under steady-
state high-power operation [121]. High current densities lead to localised peaks of carrier
density and therefore, localised peaks of modulation bandwidth [109]. Furthermore, high-
frequency operation creates stress in the intrinsic defects [122] leading to a quicker degradation
in the regions of current crowding. For GaN LEDs grown on sapphire, differences in lattice
constant, thermal expansion coefficients and thermal gradients can also lead to degradation.
Current crowding of LEDs grown on insulating substrates has been investigated in a number
of reports [119, 123, 106, 124]. Possible solutions to address this issue include shaping and
patterning of p-electrodes for top-emitting devices [119, 106], and shaping of n-electrodes
for devices in a flip-chip architecture [123, 124]. Spatially-resolved photocurrent has been
used to relate spatial current distribution and light emission for AllnSb LEDs [125]. We
have recently reported a theoretical demonstration of the impact of the n-electrode layout to
current distribution and brightness of a GaN-based micro-display [7].

Here, we look at changes in the n-electrode layout and pixel shape as means to mitigate
current crowding, increase optical power and reduce junction temperature. Spatially-resolved

measurements of bandwidth linked to localised carrier density via the differential carrier
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lifetime, show localised current crowding regions. Thermal imaging and spatially-resolved
peak emission wavelength monitoring are also considered and compared to the modulation

bandwidth in the context of current crowding.

4.2.1 Device designs

To explore the effects of the n-electrode layout and pixel shaping, four broad-area LEDs were
fabricated on a single chip with the same active area of 0.2mm?, equivalent to a pixel 500 pum
in diameter. Figure 4.3 presents the four LEDs with the respective changes as seen from the
top, where the overlay represents the p- and n-metal insulation. The pixels for LEDs A and
B are disk shaped, and LEDs C and D are semi-ring shaped. LEDs A and C have localised

n-electrodes, and LEDs B and D have n-electrodes surrounding the whole pixel.

500 500pm
8 active area
[ n-contact
\:’p-contact LED A LED B LED C LED D

Figure 4.3: Diagram of the four LEDs in flip-chip architecture seen from the top, light emission exists
through the bottom (substrate). LEDs A and B use different n-electrode layout, LED C and D differ
from A and B in the shape of the pixellated area. LEDs B and D have the whole mesa surrounding
the pixel covered with the n-electrode.

Design principles

The principle proposed to address current crowding is the following. At high current densities,
the current flow between the n- and p-electrodes is such that, in order to minimise the electrical
resistance, the current flow chooses a path through the structure that avoids passage through
the highly resistive p-GaN layer. This effect is illustrated in figure 4.4 (a) where the n-
electrode is positioned on one side of the pixel, on example corresponding to LED A. In these
regions, light intensity is typically higher [119]. One solution to this is to minimise the path
length for the current to flow through, meaning that the average resistance is minimal. This

can be achieved by surrounding the whole pixel with the n-electrode metal, distributing the
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current flow around the edges of the pixel (inner and outer) as illustrated in figure 4.4 (b) for
LED D. In this case an interior n-electrode is added to further increase the lateral injection

perimeter and thus minimising the variation of resistance.
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Figure 4.4: Cross-section diagrams of the predicted effect of n-electrode layout and pixel shaping on
the current distribution through the junction, intensity of light emission and heat dissipation for high
current regimes, (a) for LEDs A and (b) for LED D. Note that light intensity is typically higher at
the regions of current crowding.

The next effect to consider is thermal management. The junction can be interpreted as a
collection of discrete points in area at which current flows and recombination occurs. Each
point acts as a heat source or hotspot generating heat that dissipates through the crystal
lattice. As each point is adjacent to others, there is an overlap of the heat curves from the
points that represent a pixel. Reducing the pixel size decreases this effect significantly [86].
The challenge is to keep the pixel size large for high optical output power while reducing the
accumulated heat. One solution is to design the pixel such that the active area is distributed
through a larger device area. Doing so decreases the length of the line connecting two opposite
pixel edges, effectively reducing the number of points that contribute to a heat accumulation.
Therefore, LEDs C and D were designed with these concepts in mind. Figure 4.4 (b) illustrates

the current flow and thermal dissipation principles for LED D.
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4.2.2 Performance of the LEDs
Optical power

LEDs were probed on chip and the emission collected by a power meter with a collection
efficiency of ~ 66% for all devices, A, B, C and D. Figure 4.5 presents the (a) I-V and (b)
LI curves for all four devices. The R is 10.4-11.22 and V}j, is 2.2-3.0V for all, as expected
for devices of this size [6]. The optical power of all four LEDs follows the same trend up
to ~250 mA, a current at which the curves diverge. This indicates that current crowding
and thermal effects may dominate device performance. At low driving voltage, slightly lower
differential resistances are seen in LED B and D versus LED A and C, indicating that the
n-electrode layout provides a contribution to the decrease of resistance, potentially slightly
lowering current densities.

LED A presents a roll-over of the optical power at ~380 mA producing ~40 mW of optical
power. At the same injection current, LEDs B, C and D produce more power, showing
evidence of increased efficiency at high current. LEDs B and C produce similar optical power
and roll-over points at =430 mA. This indicates that for output power, changes in n-electrode
layout and pixel shape give equivalent results. LED C is sightly above LED B, which might
be due to a slightly higher extraction efficiency typical of ring shaped devices. The highest
power achieved was 46 mW for LED D at ~480 mA, representing an increase of 20 % in the
injection current and 15 % in the optical power versus LED A, the 5 % difference coming

from the reduced efficiency at high currents.

Thermal effects

The differences seen in the optical power and injection current at roll-over (figure 4.5 (b))
indicates a thermal dependence. Figure 4.6 (a) presents the thermals images for all the LEDs
at an injection current of 350 mA, near the roll-over point of LED A (figure 4.5). Note that
the calibration of the emissivity is applied to the whole image meaning that temperature
values are accurate only for the active area. High contrast seen for the mesas of LEDs A and

C is due to the transparent sapphire substrate and the near perfect reflectivity of Pd at the
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Figure 4.5: I-V (a) and LI (b) curves for all four LEDs. The inset shows the differential resistance
as a function of the driving voltage.

IR wavelengths [126]. Note that for LEDs B and D the mesa is fully covered with TiAu metal

from both n- and p-electrodes, leading to blurred images.

LED A shows a clear hotspot near the n-electrode, marking the minimum resistive path
connecting the p- and n-electrodes. A higher temperature indicates a region with more non-
radiative recombination. This evidence points towards a link between current crowding and
observed temperature. As such, a higher carrier density is expected in this region, of which
details to follow in section IV. Let us consider LED A as the baseline for comparison. LED
B introduces a change of n-electrode layout, and the temperature is decreased due to the
spreading of heat across the pixel, being slightly more concentrated in between the p- and n-
tracks. The uniformity seen indicates an even carrier density and thus current crowding might
be reduced. LED C introduces a change in pixel shape. Thermal imaging shows a significant
decrease in temperature across the pixel. A hot region is seen on the path connecting the p-
and n-tracks, indicating that current crowding was not reduced compared to LED A. Note
that with the change of pixel shape to a semi-ring, an inner n-electrode was also introduced.
This change is able to dissipate heat over a larger area, effectively reducing the observed
temperature. LED D is the combination of both changes introduced with LED B and C.

Heat distribution is significantly more uniform, leading to the lowest temperature of the set.
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Figure 4.6: In (a) the temperature distribution across the pixel via infra-red imaging is shown at
350mA for all four LEDs. Note that the blur seen in LED B and D is due to the reflective Pd metal
covering the whole mesa. Images are presented in the same orientation as figure 4.3. In (b) the mean
junction temperature of whole pixel with increasing injection current is shown, the dashed line marks
the injection current of 350 mA at which the images in (a) were taken.

A detailed look at LEDs C and D shows a slightly colder region at the centre of the pixel,

attributed to a smaller thermal overlap from the junction profiles of the semi-ring.

A direct comparison of the Tj is presented in figure 4.6 (b). The T} is calculated from
the thermal images as the mean temperature within the pixel area for each current. Thus
the whole active area responsible heat generation contributes to the final value of junction
temperature. The junction temperature increases quadratically with the increase in injection
current. Up to 150 mA the temperature differences are negligible. This is due to two factors.

Firstly, when the device operates near room temperature, the ratio between the emitted IR
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photons and the background photons limits the technique ability to discern small differences.
Secondly, the current crowding effect is more pronounced at high injection currents [6]. Thus,
at lower injection currents, differences in junction temperature are expected to be small. For
this reason, measurements presented later in section III were done at 150 mA.

In the high injection current regime, differences in junction temperature appear, with LED
A being the hottest and LED D the coldest of the set. At an injection current of 350 mA, the
current at which figure 4.6 (b) is presented, the respective differences in T are ATy_4 = 0°C,
AT _p = 8.82°C, ATs_¢c = 10.06°C, ATs_p = 17.13°C. This means that at the same
driving conditions LED D runs at 16% lower Tj than LED A, leading to benefits in efficiency
as seen in increased optical power (figure 4.5) and reliability for continuous operation over
long periods. Note that at 350 mA the optical power for LEDs C and D does not roll-over.
Furthermore, the pixels with lower 7} have an extra margin to increase the injection currents
up to 400 mA before reaching a similar temperature to LED A.

As shown in figure 4.6, thermal imaging as a non-evasive method also offers the advant-
age to see thermal effects of the whole structure under normal operating conditions in. This
method is also widely used for power electronics, an area where, like in LEDs, thermal per-

formance is major limiting factor for performance [127].

4.2.3 Spatially-resolved measurements

In this section we look at spatially-resolved measurements of modulation bandwidth and peak
emission wavelength (Apeqr). Higher carrier density can be achieved by increasing the injection
current or by confining the current flow to certain zone creating current crowding. Therefore,
carrier density serves as a direct link to the current crowding. The \peqr is a function of the
injected current. Typically, Apeqr depends on the screening of the piezo-electric fields and
band-filling at low currents (blue-shift), and on thermally-induced bandgap reduction at high
currents (red-shift).

The setup for the spatially-resolved measurements is presented in figure 4.7. LEDs are
probed on chip, light is collimated and magnified to 13 mm diameter and projected onto

a screen. A detector is placed in the screen position and measurements are obtained by
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rastering the detector on a 13 x 13 grid with steps of 1 mm, with one acquisition per step.
Measurements of frequency response are made with a photodiode and the emission spectra
were recorded with a fibre coupled spectrometer, both having a collection diameter of 800 pm.
The data was processed in Matlab”™ to determine bandwidth and the Apeak- The images

were constructed in the same orientation as in the diagram presented in figure 4.3.
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Figure 4.7: Setup schematic for spatially-resolved measurements of bandwidth and Apeqr. The image
projected on a screen in (a) corresponds to LED C, vertically and horizontally flipped with respect to
representation used in this text.

Figure 4.8 (a) presents the spatially-resolved bandwidth, measured as above, for all four
LEDs at a chosen DC bias current of 150 mA. There are no thermal differences at this current
(figure 4.6) and this guarantees that the overall thermal effects do not play a large role on
the observed trend of the measurements. The constant current ensures that regardless of
crowding, the mean carrier density is equal for all devices. The input power for the AC signal
was chosen to be 10 dBm, above the usual 0 dBm value as these devices consume more power
than micro-LEDs, corresponding to a modulation depth of ~ 67 mV applied to the LED.
LED A shows a higher bandwidth in the bottom half towards the n-electrode and a lower
bandwidth at the top half, thus having a bandwidth that varies spatially from 10 MHz to
18 MHz, the smallest and largest values of the set. The device is strongly affected by current
crowding and this agrees with the high temperature zone presented in figure 4.6 (b). In the
case of LED B the current crowding is highly reduced versus LED A. The change in the
n-electrode layout is able to effectively reduce the current crowding as the carrier density is

now distributed more evenly around the edges. The left side of the pixel shows a medium



4.2. High-power LEDs 93

bandwidth, just slightly higher than the mean value of 13 MHz. This is attributed to the
contribution of the p-electrode to the crowding phenomenon, which remains unchanged for
all four devices. LED C introduces a new pixel shape which is able to reduce the effective
junction temperature as was seen in figure 4.6 (a). However, this change does not reduce
current crowding according to figure 4.8 (a). The change in pixel shape also benefits from
an inner n-electrode, which seems to distribute the carrier density on both sides of the pixel
profile. This agrees with the hot region seen in Fig 4.6 (b). LED D is the combination of
the change in n-layout and pixel shape. As with LED B, the n-electrode layout distributes

carriers across inner and outer the edges, reducing current crowding.
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Figure 4.8: Spatially-resolved measurements at a constant injection current of 150 mA for bandwidth
in (a) and Apeqr in (b) for all four LEDs. The mean values are [13.0,12.2, 13.5,12.3] MHz for bandwidth,
and [444.1,442.9,442.5,442.1] nm for the Apeqr corresponding to LED A, B, C and D, respectively.
Images are presented with orientation as in figure 4.3.
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Fig 4.8 (b) presents the spatially-resolved A,eqr for all four LEDs. The devices in question
present both blue- and red-shifts under CW conditions, where in general the red-shift dom-
inates for injection currents above 150 mA. LED A shows a strong red-shift in the bottom
half pixel, towards the n-electrode, which has a strong correlation with temperature as seen

in figure 4.6 (b). This indicates that the thermally—induced red-shift is correlated with the
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high bandwidth zone seen in figure 4.8 (b). However, this red-shift covers the majority of the
pixel area unlike the current crowding, indicating an indirect dependence between Ajcqx and
current crowding. LED B shows a reduced red-shift and increased uniformity, in-line with
the previous observation for the temperature. LED C features a change in the pixel shape
and presents a uniform distribution of A,c.r across the pixel area. From temperature and
bandwidth measurements one would expect to see a distinct zone as seen for LED A. This
points towards a balance between the higher temperature (red-shift) and current crowding
(blue-shift), leading to a neutral Apeqr across the pixel area. LED D includes both changes
mentioned above. It exhibits a small red-shift on the top half of the pixel, attributed to a
slightly lower carrier density. On the bottom half a small blue-shift is observed in the same
region of higher carrier density and temperature. This is attributed to a lower overall temper-
ature that allows extending of the injection current at which the band-filling effect dominates
over the thermal induced bandgap reduction. Overall, we see that the Apeq alone can provide
qualitative information regarding temperature and current crowding when comparing various

LEDs with a reference under equal driving conditions.

4.2.4 Summary

A method to measure spatially-resolved bandwidth and \peqx has been introduced. Bandwidth
is directly linked to current crowding via carrier density, allowing one to discern crowding
regions. The results show that at medium injection currents, the influence of current crowding
on the Apeqr is also dependent on factors such as band-filling and thermal management of the
LED. The strong crowding towards the n-electrodes for flip-chip LEDs on insulating substrates
such as sapphire was assessed with minimum disruption to the fabrication process. A set of
four LEDs was fabricated with simple changes in the n-electrode layout and pixel shape.
Reductions in crowding were observed with the change in n-electrode layout from LED A to
B. The introduction of a new semi-ring shape in LED C increased the heat dissipation leading
to an increase in optical power and a decrease in junction temperature. The combination of
both changes, embodied in LED D, led to the highest performance of the set, with a 15%

increase in optical power and 16% decrease in the T; under equivalent driving conditions.
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These improvements were attained on commercial epitaxial material by simple changes in the

mask design and no extra fabrication steps.

4.3 Segmented micro—LEDs

One way to take VLC a step further is to increase bandwidth of the emitters. This plays an
important role at two levels: first, larger available bandwidth in principle allows higher data
rates; second, more bandwidth allows a flatter channel (maximises SNR over a larger frequency
band) which leads to a more resilient communication link and maximises performance at lower
SNR. Micro-LEDs for fibre communications in the visible range with the cost effective POF
can achieve Gbps [50, 53]. One limitation for data transmission with a single emitter pixel at
long lengths is the low power margin or budget of the link (analogous to SNR), where values in
the order of 3-10 dB are typical [50, 49]. Furthermore, step-index fibres are based on PMMA
with a bandwidth limitation proportional to the length, due to temporal dispersion [128].
At 50 m, for example, length the bandwidth is estimated to be ~250 MHz. As such, the
metric for a fibre system is the data length product [19], which accounts for the photonic
device characteristics, the transmission line and the coupling losses. The largest loss is the
optical coupling loss in and out of the POF, which is typically 3-6 dB per interface. An idea
to mitigate this problem is to operate multiple pixels in full dynamic range to generate the
discrete optical levels that represent the data symbol to be sent through the fibre. This can
be achieved with an array of closely packed individually addressable micro-LEDs, a concept
that is introduced in this work.

A significant increase in the modulation bandwidth exceeding 800 MHz for a single LED

was also obtained.

4.3.1 Segmented micro—LEDs devices

Two segmented geometries of micro-LEDs were developed with designations A and B, having
active areas of 435 and 1369 um?, respectively. These areas are equivalent to those of disk—

shaped micro-LEDs with diameters of 24 um for LED A and 42 um for LED B. Figure 4.9 (see
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also Appendix 6.2) shows large concentric arrays of these LEDs designed primarily for use with
POF without lenses. Within these constraints, the pixels were chosen with dimensions that
maximise the perimeter for required active area to maximise the heat dissipation through the
substrate, following the principles shown in figure 4.1. LED A is composed of 15 segmented
pixels displaced in two concentric circular arrays, and LED B is a single circular array with
8 segmented pixels. The design is optimised to be aligned concentrically with the POF core
to guarantee an equal optical coupling for every pixel. For the specific case of LED A, with
both inner and outer arrays, the pixels in the outer array are ~7% larger in active area
to compensate for the increased out-coupling given the distance to the centre axis. This
difference, however, is only seen by the peak optical power of an outer pixel being ~4%

higher, and is ignored in the characterisation.

Oo
DD<>

105
|- 200
pixel design n-pads pixels p-pads microscope view
LED B <> D >
Y
\
~ 45 .;‘>

o 200

Figure 4.9: Micro-LED designs in concentric multiple element geometries. LED A is a single element
of (a) and LED B is a single element of (b), where dimensions are given in micrometre. The upper
diagrams correspond to the pixels which are located at centre of the photographs. The positions of
the n and p bonding pads are noted.

The fabrication of the segmented micro-LEDs follows the process described in section 2.2.

The mesa is deep etched down to the sapphire substrate, confining the n-GaN to match the
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LED active area, thus reducing capacitance of each pixel. Changes in fabrication combined
with a change of LED shape and electrode layout are the key factors to which the improve-

ments in performance shown in the following sections are attributed.

4.3.2 Performance of the segmented devices

Characterisation was performed on single elements of the micro-LED segmented arrays. A
direct comparison of relative size and shape of LED A and B can be found in the inset of

figure 4.10 (a).

I-V, LI & L—V characteristics of the segmented devices

Figure 4.10 (a) presents the current-voltage (I-V) and output power-current (L-I) charac-
teristics of the segmented micro-LEDs. The DC current densities are up to a remarkable
19.5 kA/ecm? for device A and 8.7 kA/em? for device B. The optical power is 2.7 mW for
LED A and 5.7 mW for LED B, corresponding to optical power densities (at the LED face)
of 655 W/em? and 415 W/em? for LED A and B, respectively. This corresponds to an in-
crease in optical power of three times compared with our previous reports for non-segmented
devices of comparable size [46]. Figure 4.10 (b) presents the L-V curve for LED A and B,
when the inset shows a single pixel of LED B in operation. The L—V characteristic is of great
importance for data transmission as it sets the DC-bias and modulation depth in order to
use the full dynamic range of the devices.

The high current density capability is characteristic of flip-chip micro-LEDs and is attrib-
uted to improved thermal management and reduced current crowding [129]. Higher series
resistance is common for small active areas and increases with the decrease of area [83, 130].
In these devices the improved p-contact with Pd results in a lower contact resistance in com-
parison to previous reports using Ni/Au [46]. The lower resistance reduces the Joule heating,
thus contributing to a lower junction temperature for similar active areas. In addition, the
pixel shape is designed to increase the surface-to-active-area ratio, which enables a more ef-
ficient thermal dissipation. As such, in comparison with our previous report for devices of

equivalent areas, these devices show an increase by a factor of 2 in the current densities at
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Figure 4.10: In (a) the I-V and L-I characteristics of LED A and B with respective maximum optical
power densities of 655 and 415 W/cm? at current densities of 19.5 and 8.7 kA/em?, respectively. Inset
shows the relative size and shape of the micro-LEDs. In (b) the corresponding L—V curve for use in
data transmission. The inset is a single pixel of LED B under operation.

which the roll-over point occurs [46].

Thermal characteristics of the segmented devices

Multi—pixel devices suffer from mutual heating, reducing efficiency and resulting in overall
optical power being less than the sum of the power of the individual pixels. The geomet-
ric layout of this design combined with carefully chosen driving conditions can significantly
mitigate this problem. Figure 4.11 presents thermal images the LED B with two pixels oper-
ating in DC conditions at 80 mA. The images shows the effect on device temperature of the
increased separation around the circumference of the array. The first image is a single pixel
with a T} of 67 °C), serving as a baseline; the second image for two adjacent pixels with T} of
89°C’; in the last image, showing pixels at opposite sides of the array, T} is 77 °C|, and is thus
12 °C above of a single pixel. This physical separation represents a 50% reduction in T} for
two pixels in simultaneous operation under DC conditions.

In communication application using a bipolar modulation scheme, the input power of the
DC + AC signal over one second averages at the DC point, note that to use the full dynamic
range the DC bias must be =40 mA to be at half the optical power as shown in figure 4.10

(a). Using a table that maps the pixels that are further apart as possible for a given optical
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Figure 4.11: Thermal images of device B with one and two active pixels at 80 mA with increasing
separation within the array.

power level, this can further reduce the mutual heating in the time domain.

Modulation bandwidth of the segmented devices

Figure 4.12 presents the (E-O) bandwidth as a function of the injected current density for
LEDs A and B. These devices achieve high current densities enabling modulation bandwidths
up to =830 MHz for LED A and 400 MHz for LED B. We have previously shown that
increasing the current densities in the active region decreases the differential carrier lifetime [6,
46]. The differential carrier lifetimes are calculated from equation 3.2 to be 0.19 ns (at
19.5 kA/em?) for LED A and 0.40 ns (at 8.7 kA/cm?) for B, which we attribute to the

combined effect of high carrier densities. As a comparison, the micro-LEDs reported in [46]
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had differential carrier lifetimes down to 0.37 ns at < 10 kA/em?, which suggests that the high
current densities possible from LED A, in particular, are key in enabling the high modulation
bandwidths shown here. Lower capacitance in these devices due to the etch process going
down to the substrate may have also reduced parasitic capacitance that might otherwise have

affected the modulation response of the LEDs.
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Figure 4.12: E-O bandwidth as function of the injected current density for micro-LEDs A and B.
The maximum bandwidths are 833 MHz and 397 MHz, respectively. Note that these current densities
correspond to a DC bias range of 10-70 mA for LED A and 10-110 mA for LED B.

In addition, at the same injected current densities the observed bandwidths are higher for
device A than device B. This effect differs from previous reports with 450 nm devices [46].
This difference may be attributed to improved current spreading across the active area of
the small pixel and an associated reduction in the junction temperature [86]. Furthermore,

temperature differences at the same current densities may contribute to this effect.

4.3.3 Summary

Two new segmented micro-LED designs for VLC and polymer optical fibre systems were
developed. These devices demonstrate that using simple changes in the pixel design it is
possible to improve the balance between optical power and bandwidth. As such, the seg-
mented micro-LEDs shown record modulation bandwidths while simultaneously producing a

few mW of optical power, and consequently — as shown in chapter 5 — record throughputs
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in data transmission applications. The devices sustain very high current densities producing
higher optical power densities than comparable commercial devices while retaining multi-mW
optical power. The performance achieved by these micro-LEDs is attributed to three factors:
deep etch of the mesa down to substrate; improved metallisation of the Pd p-contact and
the shaping of the active area. The individual contributions of these factors is not yet clear,

however, and requires further research.

4.4 Ring—shaped micro—LEDs

In section 3.2.3 we introduced the Shannon-Hartley theorem. This raises a paradigm of
the optical power x bandwidth product: larger pixels have high power but slow response
(section 4.2), whereas very small pixels have very fast response but lower optical power (sec-
tion 4.3). In both cases there is a tradeoff between optical power and bandwidth. In data
communications applications what is important is to maximise the data capacity capabil-
ity [109]. The key challenge is to maintain high efficiency for optical power while increasing
response speed [33]. Given the required use commercial epitaxial material to show mass mar-
ket exploitation potential, the degrees of freedom we have are fabrication and LED design.
The devices developed here consist of ring—shaped pixels with areas smaller than a 100 x
100pum?2. Previous publications on micro-rings in our group focused only on the increase of
optical power via enhancement of the light extraction efficiency using a large array [84]. Here,

a step forward is taken towards individually addressable single micro-ring elements for VLC.

4.4.1 Ring-shaped micro-LEDs, rings and half-rings

The thinking behind the design of the rings and half-ring micro-LEDs is to optimise the
thermal management of a given active area. We choose active areas which, based on our
previous knowledge, meet the performance requirements in optical power and bandwidth for
the various application in data communications.

The ring LEDs are based on the same principles as described in section 4.2 for broad area

devices. In a circular shaped pixel, the hottest spot is at the centre. Removing this centre
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spot by shaping the intended active area in a circular segment or ring simultaneously reduces
T; and current crowding, as was shown in section 4.2. This allows operation over an extended
range of current density and, thus, higher bandwidth. In addition, this configuration increases
the light extraction efficiency, giving benefits in optical power [84]. As such, there is a basic

approach in place here to simultaneously increase optical power and bandwidth.

Figure 4.13 presents a schematic diagram of all the rings and half-ring micro-LED designs.
Here, a ring is defined by the aperture diameter and the width of the solid material or wall.
To explore a range of optical power and bandwidth, twenty pixels were designed with a range

of 20-100 pm in aperture diameter and 10-20 pm in wall width.
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Figure 4.13: Schematic diagram of the set of ring-shaped micro-LEDs

The nomenclature is defined as: R for ring aperture diameter and W for wall width, e.g.
R40W15 is a ring with 40 pm aperture diameter and wall width of 15 pum, where the ring
outer diameter is 40 4+ 15 x 2 = 70 pm. Of the twenty pixels, fifteen are ring shaped and five
are half-ring shaped, the latter having the nomenclature HR. These are a copy up the upper
row of rings corresponding to W10. Thus, all the half-rings have a wall width of 10 pum, the
limiting feature size for good quality fabrication. The reason for introducing half-rings is to

decrease the active area with minimum perturbation to the mask design and the fabrication
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process.

Figure 4.14 shows photographs of: (a) the chip; (b) a group of rings for W10 and W15; (c)
a group with all the half-rings. The chip size is 1.5 x 1 ¢m, significantly larger than typical
for a micro-LED chip. It hosts a total of 50 different LEDs, including rings, half-rings and
clusters. In this chip the various pixels have a large clearance with short metal tracks to
eliminate parasitics for high frequency modulation. In addition, a larger chip allows superior
thermal performance as it allows heat to dissipate further away from the pixels, while at the

same time providing a larger area of contact with the next thermal interface, in this case air.

(a) (b)

Figure 4.14: Photographs of the ring and half-ring devices. In (a) a photograph of the whole die
sitting on a power meter under probing, in (b) the rings of wall width of 15 pum (left column) and
10 pm (right column), in (c) the half-rings of wall width of 10 ym with right column being a mirrored
copy of the left column.

In the mask, the pixels are organised in groups of ten, sharing the same mesa (n—contact).
Included in this mask are disc—shaped pixels with sizes of, respectively 20, 40, 60, 80, 100] pm
in diameter. Overall, there are three groups with ten pixels each, totalling thirty pixels. One
group contains the half-rings only, where the pixels are duplicated to guarantee a working

pixel of every size given the fabrication difficulties of smaller sized devices.

Thermal modelling of the devices

Attention was given to the thermal performance of the variously shaped pixels. The devices

were studied at the design stage via thermal modelling with COMSOL™ | following procedure
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is presented in section 4.1. The final pixel shapes, ring and half-ring, result from balancing
considerations between three aspects: thermal management, feasibility for active area scale

up and practicality for optical collimation.

Figure 4.15 presents a 3D simulation result for HR80 and R40W20 at 12 kA/cm? and
8 kA/cm?, respectively. The block considered is 3 x 3 mm, corresponding to typical chip
size. From the bottom up, the structure consists of sapphire (430 pm), GaN (6 pm) and
MQW (179 nm). The heat power is assigned to the MQW using values from the I-V curve
of a similar size device, as described in section 4.1 and the results presented correspond to
a steady state. These shapes radiate heat through the first interface, in this case GaN, on
both the inside and outside of the active area, as seen in the top view simulation. At high
current densities, such as the ones used here, the maximum temperature spot seen in R40W20
is not located at active area, but instead, it is located in the centre opening. This is the
first indication of the design being able to effectively take the highest mutual heating region
outside the active area, thus, reducing the chance of junction breakdown. For a baseline com-
parison please see LED B in figure 4.6 (a), showing a measured hotspot directly on the active
area at high current in a traditional disc-shaped pixel. The half-ring HR80 presents a similar
thermal response to high current densities. Here the mutual heating is almost non-existent,
and instead the heat is evenly radiated outside the active area without a the generation of
an hotspot. In practice these advantages allow one to operate the pixels at higher current
densities than previously possible with pixels of similar active area. In addition, an even tem-
perature distribution decreases the chance for steep temperature gradients, thus, increasing
reliability. These simulated temperatures — based on typical maximum current densities
achieved with micro-LEDs of similar size — are similar to the ones measured for broad-area
LEDs at high current density, see figure 4.6, an indication of the accuracy of the model used.
Please note that thermal conductivity and thermal resistivity are fixed by the wafer epitaxial
structure. Our own simulations and test devices have shown that heat conduction via addi-
tional top layers during the fabrication does not provide significant benefit at the operation

range of interest.
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Figure 4.15: 3D simulation thermal modelling for (a) HR80 ad (b) R40W20 devices, respectively.
The images below show oblique views of the simulations, in close up.

4.4.2 Performance of ring-shaped micro-LEDs

As, in this study, the number of pixels is twenty, the following analysis is mostly focused on
the R60 rings and half-rings. The R60 rings have fixed diameter and three variation of wall

width, whereas the half-rings have fixed wall width and five respective diameters.

I-V, L1, & L—V characteristics

Figure 4.16 presents (a) the I-V and (b) the L-I characteristics for the R60 rings and the
various half-rings, (c) are the L-V curves for the half-rings only. The devices on the graphs
are listed by increasing active area. As the area increases the series resistance decreases, see
table 4.2 for numerical values. Similarly, the optical power increases with the increase of active
area. The trend saturates for larger areas of each device type, meaning that the step increase
in active area does not lead to a step increase in optical power. The L-I curves normalised

to the active area are plotted in the inset of figure 4.16 (b). Current density is a determinant
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for the optical power density performance in the optimum working range, up to 80% of the
roll-over point. This is independent of the pixel size or active area. This particular aspect is
a direct indication of thermally limited performance as previously introduced in section 2.7.

The rest of the rings present similar I-V and LI trends, the ones with larger wall width

(larger active area) showing lower resistance and higher optical power.
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Figure 4.16: In (a) the I-V and (b) the LI curves of the R60 rings and half-rings micro-LEDs
measured up to the roll-over points. In (c) is presented the L-V curve for half-rings only. The inset in
(b) corresponds to optical power density P.D. (W/em?) as a function of current density J (kA/cm?).
The inset in (c¢) is a projection of the emission for HR20 and HR100 at 26 mA and 50 mA, respectively.

The L-V curves are shown in figure 4.16 (c) for the half-rings only. Note that L-V curves
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for these devices present higher linearity than for the segmented devices, which were shown
in figure 4.10 (b). In a communications context this allows to reduce distortions of the
transfer function and potentially increase the SNR thus, increasing in data rate or reducing
errors. More details will be provided in chapter 5. The insets in (¢) show two photographs
of the frontal projection on white paper for HR20 and HR100 measured at 26 mA and 50 mA,
respectively. These currents are chosen to match a T; of 50°C' via figure 4.18, assuring thermal
effects are negligible. In both devices there are no obvious brightness differences within the
pixel area, indicating a low degree of current crowding. Differences between the photographs

are due to acquisition conditions such as the focus points and shutter time.

Figure 4.17 (a) presents the optical power performance as function of the active area for
all the rings and half-rings, showing maximum values only. This follows an inverse quadratic
increase as expected from the decrease in efficiency as the total active area increases. Some
rings at similar active area show up to 40% more optical power than others. This is attributed
to the ratio between absolute size and wall width proving beneficial when it minimises the
heat accumulation. One important metric to understand this phenomena is the ratio between
the active area and total perimeter (A/P) [45, 131], shown in figure 4.17 (b). Increasing the
total perimeter for the same active area (reducing A/P) increases the edge that dissipates
heat through the material resulting in benefits in optical power. The curved trend seen for
the half-rings pixels is due to a 20 um section of perimeter at the bottom of the pixel that is

constant with the increase in size.

Table 4.2 summarises the basic parameters of the ring and half-ring micro-LEDs. Current
density and optical power density are included for the maximum measured values. These are
at very high values given the active areas > 400 pum?. In this single pixel measurement,

HR20 achieved ~ 21kA/em? producing >2 mW of optical power compared to previous art

of ~ 20kA/em? producing 0.25 mW with @14 um (154 pum?) pixel [45].
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Figure 4.17: In (a) the optical power for all the rings and half-rings is shown with increasing active
area. The photographs are HR80 and R80W10 as seen from the top of the chip. In (b) the area to the
sidewall perimeter ratio is shown. Please note that the optical power presented corresponds to the
maximum measured, and in most cases is not at the roll-over point.

Table 4.2: List of electrical and optical properties of the R60 rings and half-rings, showing maximum
measured values. The nomenclature P.D. corresponds to optical power density, J to current density
and A/P to the active area/perimeter ratio.

Pixel Active area (um?) Rs () J (kA/em?) P.D. (W/em?) A/P (um)

HR20 472 9.93 21.33 460 4.12
HR40 786 7.95 17.42 405 4.43
HR60 1100 7.01 14.21 361 4.58
HR&80 1414 7.56 13.64 342 4.67
HR100 1728 6.84 11.86 302 4.72
R60W10 2199 6.15 8.73 294 5.00
R60W15 3534 6.06 5.71 234 7.49
R60W20 5027 4.54 8.81 190 9.99

These pixels present a Ry slightly higher than typical disc-shaped pixels present on the same
chip, see figure 2.11 and table 2.1. This is attributed to the increase in the edge perimeter for
the same active area. This region is slightly degraded due to the pillar etching generating a

highly resistive region. Pixel-to-pixel variation due to fabrication also influences R, as seen
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in the case of HRRKO0.

Thermal imaging

The ring and half-ring devices were characterised in terms of their thermal performance via
infra—red imaging, following the procedure presented in section 2.7.3. Figure 4.18 (a) presents
the T; with increasing current for the rings R60 and half-rings. These devices show a quadratic
increase in T with the increasing current, a typical effect due to efficiency droop at higher
currents [88]. As the pixels increase in active area, the T; decreases for the same injection
current, providing additional capability to handle higher currents. The rings show a clear
decrease in T; with the increase in wall width from R60W10 to R60W15, a 60 % increase in
active area. The gap in T} between these increases linearly for higher currents, an indication of
a combined reduced mutual heating provided by the shape with the higher current capability
of a larger active area pixel. From R60W15 to R60W20, although the active area increases by
70 %, the reduction in T} is not as significant. This means that for same heat power generated,
this geometry does not provide significant benefits above W15, the difference seen being due to
a larger active area. These differences are also reflected in optical power due to efficiency; in
figure 4.17 (a), R60W10 and R60W15 are above the curve, whereas R60W20 is below the curve.
The half-rings scale up in active area with the diameter, with a thin wall width of 10 pm.
These present a consistent decrease in T at the same injection current. In addition, the gap
between adjacent curves increases with the increase in injection current, an indication of a
reduced mutual heating for increases in heat generation. This is mainly due the geometry
providing simultaneously an increase in active area and spacing for heat dissipation. The 77
curve for HR100 sits very close to HR80, which is unexpected. As a result the optical power
does not scale up with its active area as seen in figure 4.17 (a). This is believed to be due to a
fabrication issue, possibly a high resistance p—contact generating extra heat at the interface.

In order to validate the initial thermal model predictions, a comparison between the
predicted and measure 7} is presented in figure 4.18 (b). The data used is from figure 4.15
and thermal imaging for the pixels HR80 and R40W20. The curves show a good agreement

confirming two aspects: good fabrication quality and that the assumptions and simplifications
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used for the thermal model are correct.
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Figure 4.18: Thermal performance of R60 rings and half-rings. In (a) we show T; with injection
current and in (b) the comparison between the thermal model and final device measurement of T;.

The T} assumed in the thermal model is the highest temperature of a pixel at the GaN
interface. In addition, the model assumes a linear scale of heat power with reference to the
heat power from a previous device at mid injection current. As such, T} on the model scales
linearly as it is not corrected for changes of efficiency due to the efficiency droop. Moreover,
the reference heat power is for a traditional disc—shaped pixel which does not benefit from
improved heat dissipation, thus the model slightly overestimates T};. Figure 4.19 presents the
thermal images of the pixels in figure 4.18 (b) at the highest measured current density. Here,
R40W20 presents the highest temperature at the centre, confirming the prediction from the
thermal model in figure 4.15. That is, the ring geometry is able to shift the mutual heating
from being on the active area to being on an empty area, creating a temperature gradient
that does not affect the pixel directly. In the case of HR80 there is no clear hotspot, heat

dissipation is even and temperature gradients are lower that in the case of R40W20.
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Figure 4.19: Thermal imaging comparing the dissipation capability between a ring (R40W20) and
a half-ring (HR80) at high current density. Please note that the temperature is only corrected for the
reference emissivity at the pixel area.

Emission spectra

The spectral response of these devices is presented in figure 4.20 in terms of \,cq, and FWHM
under DC conditions. The peak emission in (a) shows with increasing current a blue-shift
followed by a red—shift typical of micro-LEDs, as was shown in section 2.6. The increase
in active area reduces the range of these shifts, allowing a more controlled colour rendering
capability. The inflection point from blue—shift to red—shift increases with the active area
from 30 mA to 100 mA for the half-rings and 70 mA to 110 mA for the rings presented on
the graph. These inflection points match a similar 7}, indicating a thermal dependence. The
increase in active area leads to decrease in the thermal shift which, given the geometry of
the pixels, is an indication of a more efficient heat dissipation as the active area is spread
over a larger die area. This aspect is observed by a narrower emission from the larger pixels
in figure 4.20 (b). Taking into account the ramp up of T and spectral shift, the thermal
broadening is assumed dominant at high currents, i.e. the linear region of the FWHM graph.
As such, the slope of a linear fit on this region is empirically associated with the thermal
broadening. The inset in figure 4.20 (b) presents the slope extracted from the fit with the
active area of each pixel. In the case of the half-rings, the increase in active area is due to
a larger diameter, thus allowing spacing of hot zones further apart which results in a sharp
decrease in the thermal broadening effect. In the case of the R60 rings, the diameter is fixed

and the increase in active area is due to the wall width. The thermal broadening effect is
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surprisingly reduced. This is an indication of very low current crowding of these devices,

capable of a even current density distribution across the pixel.
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Figure 4.20: Spectral characteristics of under DC conditions for R60 rings and half-rings, (a) peak
emission and (b) FWHM, where the legend is shared for both graphs. The inset in (b) presents the
FWHM slope variation with increasing active area taken by fitting the linear region of the FWHM at
high currents.

Modulation bandwidth

Studying of the frequency response of the ring devices is performed as was described in sec-
tion 3.1. The modulation bandwidth is inversely dependent on the differential carrier recom-
bination time, meaning, it increases as the differential carrier recombination time decreases.
The differential carrier recombination time is dependent on the current density and therefore
decreases as the average current density through the junction increases [109, 46]. This occurs
only when the recombination time constant due to parasitic capacitance is smaller than the
carrier recombination time [109]. The intrinsic electrical capacitance using a parallel plate
approximation is estimated to be 4.42 pF for R100W20, the largest pixel of the whole set, with
a cutoff frequency of f. =~ 8 GHz, implying significantly higher modulation speeds than the
achievable with earlier micro-LEDs geometries.

Micro-LEDs typically show a trend for bandwidth to decrease (increase) with the increase
(decrease) in size or active area [131]. Up to this point this the case for all micro-LEDs

presented in this thesis. Figure 4.21 (a) presents the highest measured bandwidth as function
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of the active area for all the ring and half-ring devices. The ring pixels show a typical
bandwidth decrease with the increase in active area. This is relatively linear, in line with
a previous report by Green et al. [131]. The small differences in bandwidth are attributed
to thermal performance of each pixel configuration enabling higher or lower current density,
and measurement conditions also contribute. The half-ring pixels show the opposite effect
with the maximum bandwidth increasing with the increase in active area. This effect is very

2. In order to explore this

linear up to HR80, saturating for HR100, active area > 1500 um
new aspect, a detailed view of the bandwidth as a function of current density for R60 and

half-rings is presented in figure 4.21 (b).

The bandwidth curves for R60 line up for the three pixels, meaning that at the same
current density each pixel presents identical bandwidth, which is seen for all the ring pixels.
This consistent behaviour of the bandwidth scaling with current density is believed to be
the main driver for the recombination time and is a sign of good fabrication quality, as
reported in previous work [46]. However, in the case of the half-rings at the same current
density, larger pixels present higher bandwidth. This is an intriguing phenomenon which led
to multiple repeated measurements on the bare die, the bare die with a substrate thermal
tape acting as a heatsink and measurements with the die wire-bonded to a PCB. Although
the measurements conditions were changed, the trend was always consistent even with device

ageing, and only small differences in absolute measured values were observed.

At a respective current density of 6.4k A/cm?, the half-rings show bandwidths with differences
that are consistent and higher than the typical pixel-to—pixel variation. This is evident in
the frequency response at 6.4 kA/cm? as presented in figure 4.22. The frequency at the
bandwidth point is higher for larger devices with a slow decay for frequencies above the
bandwidth point. A clear response is seen up to 1.5 GHz, just above the 1.4 GHz bandwidth
of the detector. The curves are roughly parallel to each other showing a consistent behaviour
at high modulation frequencies. In addition, the network analyser used for the measurement
in figure 4.22 has a very low noise floor, typically at -80 dB. As such, it provides an insight
into the maximum dynamic range these devices can provide, both in terms of optical signal

and system bandwidth.
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These results indicate that current density might not be the only factor determining
bandwidth. The difference is attributed to the uniformity of heat distribution across the
active area and a lower junction temperature. Other factors such as very thin pixels, and

smaller ratio between the active area and sidewall perimeter may also contribute.

On this basis two intriguing questions emerge: how does bandwidth vary with T} at a fixed
current density, and how does bandwidth depend on current density for a fixed T;7 These
issues can be addressed by interpolating thermal and frequency response data found in fig-
ures 4.18 and 4.21, selecting the points for each pixel that match a condition in junction
temperature or current density and plotting against the respective degrees of freedom. The
result is presented in figure 4.23 (a) for the first question and figure 4.23 (b) for the second
question. At a current density of 6.4 kA/cm? the bandwidth increases from HR20 to HR100
as expected from figure 4.21 (b), an increase that systematically occurs at a higher 7. This
is not surprising as smaller pixels can sustain higher current densities than larger pixels.
However, the difference between HR20 and HR100 for 7} is ~ 27°C leading to an increase
in bandwidth of 280 MHz (131 %). This trend is in line with the expected behaviour of
semiconductors [132], but it is usually masked by other effects or limitations of the device.
The implications of bandwidth increasing with temperature at the same current density are
seen in the answer to the second question for bandwidth against current density at a fixed T}

presented in figure 4.23 (b).

Here HR100 does not follow the trend of the remaining pixels as previously seen in figure 4.21.
This is attributed to limitation of the design intended to keep low current crowding at large
diameters, where the device might be larger than the current spreading length [133]. Con-
sidering the difference between the pixels HR80 to HR20, an increase in current density of
7.46 kA/cm? leads to a decrease in bandwidth of 104 MHz at Tj = 76°C. In other words,
at the same T} the smaller pixel of set needs significantly higher current density to achieve a
similar level of bandwidth, and thus short carrier lifetime. It represents a strong indication
of more than one determining factor for bandwidth. Using a pixel design that reduces mu-
tual heating, an electrode layout that significantly mitigates current crowding and pixel sizes

below the current spreading length, these micro-LEDs are able to show high bandwidths at
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lower current densities than traditional pixel’s shapes.

4.4.3 Summary

Micro-LEDs in ring and half-ring or semi-ring shapes have been designed to tackle issues with
mutual heating, current crowding and current spreading length. Devices show optical power
higher than equivalent area disc—shapped micro-LEDs. The junction temperature is also
lower enabling stable operation at very high current densities. The electro—optical modulation
bandwidths are very high for LEDs that produce optical powers at multi-milliwatt level. From
the range of devices investigated, the half-rings stand out with bandwidths increasing with
the active area. This observation puts in question the role of current density as the main
driver to achieve higher bandwidth. The developed micro-LEDs prove that under certain
conditions, bandwidth and current density can be decoupled. As the bandwidth is higher for
larger pixels, it is effectively scaling up with optical power. This is very interesting property
for VLC as it maximises the channel capacity by simultaneously increasing bandwidth and
SNR, as introduced in section 3.2.3. Results applying these designs to VLC are presented in

chapter 5.
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Figure 4.21: Modulation bandwidth for ring and half-ring devices. In (a) we show the maximum
measured bandwidth for each pixel against the respective active area. In (b) the bandwidth as function
of bias current for the half-ring and R60 pixels is displayed.
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Figure 4.23: Bandwidth dependence with T; and current density for the half-rings using information
from thermal imaging. In (a) we show the bandwidth as a function of T} at a fixed current density of
6.4 kA/em?. In (b) the bandwidth as a function of current density at a fixed T'j = 76°C' is shown.



Chapter 5

Application in data transmission

This chapter presents experimental results from close collaboration with communications
systems engineering research groups from the Universities of Cambridge, Edinburgh, Glasgow,
Oxford and Strathclyde. Data transmission was in every case performed with the presence of
the author to guarantee the most efficient use of transmitters, receivers and optics to achieve
the highest possible data rates deliverable by the system. Here, we focus on results for the
micro-LEDs with segmented and ring type design as presented in chapter 4, work which
well represents the systems used for all other types of micro-LEDs devices as well. These
results are obtained by probing the pixels straight on chip for the highest performance and
with no heat—sink applied. In addition, the data and graphs shown are only for the best
results obtained, results which, at the time of writing, represent the highest data rates known
for LED-based VLC under their specific application. In order to present a clear view and
distinguish the main differences between the two different applications and their inherent
modulation schemes, this chapter merges work that has been done in various locations and
with different groups. The names of the people involved in the various aspects of this work

are acknowledged at the start of this thesis.
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5.1 Guided—wave operation of micro—LEDs

The guided-wave investigations used polymer optical fibre (POF) and micro-LEDs modulated
by pulsed amplitude modulation (PAM). The objective was to maximise the data rates for long
lengths of fibre. Chromatic dispersion in the PMMA material of the fibre limits the system
bandwidth at long distance, to about 250 MHz in 50 m long POF for 450 nm wavelength
emitters. As such, the relevant figure of merit is the bandwidth—distance product for the

system and bit rate-length product for the data transmission [134].

5.1.1 System setup

Figure 5.1 (a) presents the setup as used at the University of Cambridge for data transmission
with POF using PAM modulation schemes. The system consists mainly of an emitter, the
micro-LED, from which light is coupled in and out of a roll of POF (ESKA Mega step index)
using off the shelf lenses, and an APD photo receiver (First Sensor AD500-11) to detect the
output. An arbitrary waveform generator (AWG), Tektronix AWG70001A, generates the
PAM signal which is amplified by an SHF 100AP amplifier to 2.5 — 3.5V, to feed the DC—
biased micro-LED. The transmission medium is PMMA which has an absorption of ~0.1
to 0.2 dB-m~! [128] in the visible region. The facets where chosen to be cleaved but not
polished, and this adds a measured coupling loss of ~9 dB. At the working lengths presented
here 1 — 25 m, the total optical power loss adds to 9.1 — 11.5 dB. The long reach of POF and
the low power nature of micro-LEDs require high sensitivity at the receiver side. As such,
APD detectors were chosen and tested to provide higher system margin over the bandwidth
of interest. The received signals captured on the oscilloscope and the digital signal processing
(DSP) was done offline in Matlab?. This last step includes post-equalisation and decoding
of the 16-PAM signal into a bit stream, and more details of this process are available in Li

et al. [56].
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Figure 5.1: In (a) we show the setup for data transmission in POF using PAM modulation, where the
micro-LED is DC-biased separately; in (b) a photograph of one experimental session at the University
of Cambridge is shown.

5.1.2 Data transmission

Data transmission capability was tested with 4 to 32 levels (PAM-4 and PAM-32), in this
thesis only the PAM-16 results are presented as these provide the best overall performance.
Many configurations for POF reach, micro-LED DC-bias and modulation depth, APD gain
voltage were tested. In the next two section are presented the best results only for the

segmented LED A and half-ring HR100.

Segmented micro—LEDs

Segmented micro-LEDs present, to our best knowledge, the highest reported bandwidth of
any LED fabricated with commercial epitaxial material [115]. LED A presents a bandwidth
over 800 MHz and optical power up to 2.1 mW in a design that matches the geometry of POF

for multi—pixel use and has achieved a coupling loss of 6 dB.
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In figure 5.2 are presented the BER performance as a function of POF length for a PAM-
16 signal running at data rates of 6 Gbps in (a) and 8 Gbps in (b). For short reach, i.e.
1-10 m, the BER is very low; in the case of 6 Gbps data rate at 1 m the BER goes below
1071 (calculated offline) when the received optical power is maximised (not shown in the
figure to keep the graph readable). This represents a probability to get one error every three
thousand years! As the FEC limit for the BER is 3.8 x 1072 as set by the IEEE standard,
is was possible to increase the POF reach up to 25 m while maintaining the BER bellow the
limit. Note that increasing the reach is not the same as decreasing the received the optical
power. The POF material attenuates the signal and is intrinsically dispersive, distorting the
waveform and thus limiting the maximum useful bandwidth. The results show very little
difference in the maximum optical power received at any length. The reason for this is the
maximum gain of the APD. Although there is significantly more optical power available, the
saturation current for the APD does not allow one to use it. As such, the main differences
in the BER obtained are due to the dispersive nature of the POF, with the exception of the
case at 25 m where attenuation was significant. Note that the optical power shown here is a
calibrated conversion for the measured gain current at the APD. This means it includes AC
signal effects on top of the DC emission, which due to the non-linearity characteristic of the

micro-LED, the real power may be slightly higher.

At 6 Gbps the link was limited in reach due to the lower power of the micro-LED. A test
at 8 Gbps was executed under the same conditions by increasing the symbol rate to from
1.5 to 2.0 GBaud for a data rate of 8 Gbps, see figure 5.2 (b). At this rate, the BER for
short reach went up about two orders of magnitude, clearly showing a bandwidth limitation.
However, the received optical is similar to the previous case. Still, the BER does not have

enough margin to increase the reach any further than 10 m.

In order to better understand the effect of length and bit rate, the received waveforms
for a full frame are presented in figure 5.3 (a) and (b) at 6 Gbps and 8 Gbps, respectively.
The decrease in peak response for longer reaches is very small. Instead, the smaller variations
between close PAM levels become more indistinguishable. Note that these waveforms are a

product of the whole system response. The case of 6 Gbps at 25 m is clearly a limitation
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Figure 5.2: BER performance with PAM-16 at various POF lengths at (a) 6 Gbps and (b) 8 Gbps.
The received waveforms are shown in figure 5.3 (a) and (b) for 6 Gbps and 8 Gbps, respectively.

of POF bandwidth. When the PAM frame has a series of levels going up, the response seen
is significantly higher than for isolated high levels. This is due to the micro-LED rise time
being longer than the pulse duration. There are similar effects for series of low PAM levels
due to the decay time of the micro-LED. DSP can corrects these effects, to certain degree, via
equalisation [135]. At 8 Gbps the symbol rate is 33% higher and the waveforms show a weaker
and rounded response to peak changes indicating a bandwidth limitation of the system. This
is due to two separate factors: first, the APD E-E bandwidth is 650 MHz, whereas the micro—
LED E-E bandwidth is 300 MHz at the bias point; secondly, at a symbol rate of 2 GBaud
the system is running far above the bandwidth of both devices. A test of frequency response
of the whole system showed it can be pushed to nearly 2 GHz under a penalty of dynamic
range. This means that improvements in bandwidth of either the micro-LED or the APD
would provide higher data rates at short reach. Such high data rates are not possible for long

reach as the POF limits the bandwidth (250 MHz at 50 m).

Ring micro—-LEDs

The ring and half-ring micro-LEDs have also been tested for data transmission in POF.
HR100 provides about 200 MHz less bandwidth than the segmented LED A but with 240 %

higher optical power. HR100 was chosen for these tests as PAM schemes rely heavily on large
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Figure 5.3: Received waveforms for PAM-16 at various POF lengths at (a) 6 Gbps and (b) 8 Gbps.

bandwidth to achieve high data rates. In addition, the geometry of this pixel is not optimised

for optical coupling with POF and a coupling loss of 10 dB was observed.

Figure 5.4 (a) presents the bit rate test at short reach (without major penalties from the
POF), showing that 6 Gbps is the highest achievable rate while maintaining a good quality
link. Figure 5.4 (b) shows HR100 at 6 Gbps maintaining good a quality link up to 10 m. These
results are in line with those of the segmented LED A, with a 25 % decrease in bandwidth
leading to a 25 % decrease in bit rate under the same conditions. The additional optical
power of HR100 versus the segmented LED A only provided marginal advantage in the link
quality for POF lengths up to 25 m. In this is due to a lower optical coupling loss for the
segmented micro-LEDs, the low POF attenuation at 450 nm of 0.18 dB-m~! and to the high
POF bandwidth at short reach, bandwidth-length product of 10 GHz-m, where the LED

bandwidth is the dominating factor for performance [135, 136]. However, a test performed
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at 50 m reach (taking advantage of the high optical power) have shown a similar capability
as a commercial 650 nm RC-LED (at 1.5 Gbps) in a previous report [50], although the APD
sensitivity is lower at 450 nm is than at 650 nm. Although from the point of the device
capability such a result is significant, from the perspective of fibre communications it does

not add link capabilities.
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Figure 5.4: BER performance for HR100 with PAM-16 at (a) 6 Gbps at various POF lengths and
(b) at 1 m at various bit rates.

5.2 Free—space operation of micro—LEDs

The work presented in this section was executed in different locations, in laboratories at the
Universities of Edinburgh, Glasgow and Oxford. Between the different laboratories there
are slight setup differences regarding the optical assembly and electrical components that
accomplish the same function without having any substantial influence on the results. In
cases where the components do have an effect, it will be stated below.

The VLC applications over free—space are explored in this thesis at short distances up
to 1 m with OFDM modulation schemes, with only one exception using PAM for result
comparison. The objective is to maximise the data rates for variations in optical power, DC-
bias and modulation depths V,,,. The characteristics of OFDM are such that bit rate scales

up with both optical power and bandwidth available. This allows one to explore a range of
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micro—-LEDs with a different balance of these characteristics. The figure of merit for OFDM
schemes is the number of bits sent given the available bandwidth per unit of time (bit/Hz/s).
We propose that, in an optical system, the figure of merit should also include a relationship
with the optical power received, which is directly correlated to the SNR necessary to achieve

high QAM levels.

5.2.1 System setup

Figure 5.5 (a) presents a schematic of the setup as used at the Universities of Edinburgh and
Oxford for free-space data transmission using DCO-OFDM. The differences to the setup used
for PAM (figure 5.1 (a)) are that the receiver is now a PD and the physical medium is now
air. This has two significant implications. First, the PDs used have from 1 GHz to 1.4 GHz
bandwidth with about two orders of magnitude less sensitivity and noise floor. Secondly, the
free—space link does not suffer from the 6-9 dB of coupling loss, allowing significantly signi-
ficantly larger AC—signals to pass through the system. In a free—space system transmitting in
air, the absorption at visible wavelengths is negligible at close range (<5 m) as is required for
systems being part, in principle, of the illumination infrastructure [137]. Each micro-LEDs
was biased at a current that provides half of the optical power and then a Vpp =3.0-3.5V
was applied to explore the full dynamic range of the L-V curve, see figure 4.16 (c) for an
example.

Although many configurations for system components were tested, here we only present
results where the system has a minimised or known influence on the obtained data rates. In
other words, we wish to measure the capability of micro-LEDs, as opposed to a limitation in
the system. During the course of many experiments, various limitations have been found that
degrade OFDM performance such as the linearity of amplifiers, the bandwidth and sensitivity

of the photo receivers, wire bounds from chip to PCB, and RF interference on the electronics.

5.2.2 Data transmission

Segmented micro—-LEDs were tested at the University of Oxford for data transmission in

free—space with DCO-OFDM. Ring micro-LEDs were initially tested at the University of
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Figure 5.5: In (a) the setup for data transmission in free-space using OFDM modulation is shown,
the micro-LED is DC-biased separately; in (b) is shown a photograph of one experimental session at
the University of Glasgow, undertaken with colleagues from the University of Edinburgh.

Edinburgh. From this work problems were identified and solutions arranged for a second test
at the University of Oxford. At a later stage a final test was made targeting the highest
possible bit rates. This was done at University of Glasgow, involving colleagues from the

University of Edinburgh.

Segmented micro—LEDs

Segmented micro—LEDs present what we believed to be the highest reported bandwidth of any
GaN LED fabricated with commercial epitaxy material [115]. The high bandwidth comes at
a cost of optical power, however. Although not an issue for PAM-based systems, in practice
OFDM-based systems require a minimum SNR threshold to provide significant improvements
over other PAM schemes. This threshold was barely achievable with the highest bandwidth
LED A. In addition, at the time of testing at the University of Oxford, the chips were wire

bonded onto a PCB which was later found to have significant parasitics in its frequency
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response (signal resonances). These issues were found to come from the length of metal
between conductor interfaces, wire bounds and PCB tracks. The chip for LED B did not
suffer from such parasitics, in part due to a more restricted bandwidth and in part due to
smaller dimensions of the packaging to accommodate 8 pixels instead of 15 as in the case of
LED A.

A PAM-L signal was generated using a pseudo-random bit sequence (PRBS) of 2!4 —1 and
transmitted via the micro-LED. Due to the limited bandwidth of the micro-LED, an adaptive
decision feedback equaliser (DFE) was adopted at the receiver. The data rate versus BER for
a PAM-4 scheme is shown in Fig. 5.6 (a). The achievable data rate below the forward error
correction (FEC) floor of 3.8 x 1073 is ~3.8 Gbps, which corresponds to a net data rate of
3.5 Gbps, after applying a 7 % FEC overhead reduction. Higher order PAM schemes were
also tested, however the data rates achieved were below this value.

The spectrally efficient DCO-OFDM scheme was also tested for the same link setup. DCO-
OFDM signal generation and decoding is described in detail in [47], and we have adopted a
similar approach. Fig. 5.6 (a) presents the data rate versus BER for DCO-OFDM and PAM-4

schemes, respectively.
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Figure 5.6: In (a) we show the BER as function of the data rate for the segmented LED B in

free-space with PAM-4 and DCO-OFDM. In (b) is the bit loading per subcarrier index for the OFDM
signal at 5.5 Gbps.

Fig. 5.6 (b) presents the adaptive bit loading for the DCO-OFDM. A maximum data rate
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of 5.37 Gbps was achieved at a FEC limit of 3.8 x 1073. Also shown in the figure are the
allocated bits for different subcarriers and the channel capacity. Taking into account the 7 %
FEC overhead, the net bit rate is 5 Gbps. This compares to 3 Gbps over 5 cm reported
in [47], and represents what we believe to be the fastest LED-based wireless link at blue
wavelengths (~450 nm) [115]. As the system bandwidth is limited to 1 GHz, the micro-LED
still has unexplored capacity above 1 GHz which in principle can increase the bit rates by an

estimated maximum of 600 Mbps for an extra 300 MHz at 2 bit/Hz/s.

Half-ring micro-LEDs

In chapter 4, ring and half-ring micro-LEDs were presented as devices that achieve an
improved balance between bandwidth and optical power. A linear approximation of the
Shannon—Hartley capacity, as introduced in section 3.2.3, is presented in figure 5.7. In this
metric, the ring-shaped pixels span a large range of active areas, showing a slight roll-over for
active areas above 3000 um?. Nonetheless, their capability remains very high in comparison
with half-rings and segmented pixels. This was confirmed with early OFDM tests where data
rates were maintained at high levels. The pixel of R60W15 achieved 3.40 Gbps in a system
limited to 500 MHz and 5.37 Gbps in system with 1 GHz of bandwidth, see section 4.4 for
details of this device. This case alone confirms that a better balance between bandwidth and
optical power provides higher performance. The more interesting case is that of half-ring
pixels. As presented in figures 4.17 and 4.21, the half-ring pixels achieved a bandwidth that
increases with optical power. This characteristic places them at the top of the graph of band-
width power product, the metric of interest for high bit rates. Segmented pixels A and B are
included as a reference for the data rates presented below.

All the five half-ring devices were tested at Oxford University with the intent to confirm
if the simultaneous increase of bandwidth and optical power results in higher bit rates. The
results are presented in figure 5.8. The step increase in data rates shown by the blue bars
in (a) is a very clear evidence that larger half-rings perform better with data rates easily
crossing the 5.5 Gbps mark previous set by the segmented LEDs under the same test. In

addition, the larger the pixel the more linear the L—V response, as shown in figure 4.16 (c), a
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Figure 5.7: Data capacity for the ring and half-rings based on a linear approximation of the Shannon—
Hartley theorem. Segmented devices are included for comparison.

property which benefits OFDM bit rates. These measurements were limited to 1 GHz system
bandwidth by the amplifier and photodiode. During the tests it was clear by the high SNR at
full bandwidth that we were not at the limit of the devices. This leads us to study the system
decay above 1 GHz and a test at 1.33 GHz with HR100 increased the data rate to 6.99 Gbps.
Although, at this high frequency there is an SNR penalty, the test successfully proved that
the half-ring devices keep very good performance levels at frequencies over two times their
maximum bandwidth. Figure 5.8 (b) summarises the bit rates against the predictions from
bandwidth power product, showing a linear correlation between the the two. The inset shows
the bit loading and QAM-256 constellation for HR100 at 1 GHz system bandwidth. The test
at 1.33 GHz bandwidth is also shown in an attempt to use the 15 dB unused SNR from HR100
at 1 GHz. Note that the data rate in this case does not align well with the other results, an
indication that the true bit rate limit for the half-rings may be a parallel line in the graph

at higher bit rates.

As the previous test did not fully explore the device capability, a new set of measurements
were performed with the group of the University of Edinburgh using a 1.4 GHz (40% larger)
bandwidth system in the laboratories of the University of Glasgow. The limit is now imposed
by the photodiode (Femto HSA-X-S-1G4-SI), and a very linear 25 GHz bandwidth amplifier

(SHF 100AP) was also used. A higher bandwidth receiver has a smaller active area, and thus,
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Figure 5.8: In (a) is the BER as function of the data rate for the segmented LED B in free-space
with PAM-4 and DCO-OFDM. In (b) is the bit loading per subcarrier index for the OFDM signal
at 5.5 Gbps. All the results are for BER below the FEC limit of 3.8 x 1072, the highest BER was
3.8 x 1072 at 6.99 GHz for HR100 at 1.33 GHz system bandwidth.

lower collection area resulting in a measured SNR penalty of 2—4 dB. Device degradation due
to heavy use with large AC signals may also contribute. A photograph of this system is
shown in figure 5.5 (b), where the photodetector and receiving cable were shielded with

kitchen aluminium foil in an attempt to reduce RF interference from mobile networks.

The focus was then is now to use HR100, as it is the pixel with the highest capability,
to set a bit rate benchmark for LED-based communication systems in free—space. In this
test we have experienced high noise from the detector, the cause of which is not yet known.
In addition, RF interference was significant — it was easy to spot signals from the 800 MHz

and 900 MHz 4G LTE bands on the oscilloscope. For this reason we measured the bit rate
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performance using 64 waveform averages in addition to the typical case. Averaging allows
to significantly reduce the random noise from the instruments and increasing the SNR. A
reduction in RF interference (the RF signal were not random) permitted a reduction in the
non-linearity of the our signal. Figure 5.9 (a) presents the BER agains data rate. The bit
rates obtained below within the FEC limit are up to 6.5 Gbps without averaging and up to
9 Gbps with averaging. The result with averaging is still not completely inference free, but it
is closer to the true maximum performance of the micro-LED. The result without averaging
is about the same bit rate as achieved in Oxford, although through a different route, i.e. less

SNR but larger bandwidth.
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Figure 5.9: In (a) is the BER as function of the data rate for HR100 in free-space with DCO-OFDM at
a system bandwidth of 1.4 GHz. Measurements were executed with and without averaging to observe
the noise and interference impact on the results. In (b) is a separate measurement of the data rate
against received optical power using neutral density attenuation. The inset shows the bit loading and
SINR at 7.9 Gbps.
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A separate measurement of bit rate performance with decreasing optical power at the
receiver is presented in figure 5.9 (b) without averaging. The highest measured bit rate was
7.9 Gbps, and the bit loading and SINR (accounting for interference) is shown in the inset.
The SINR curve achieves a maximum of 27 dB, 2 dB lower than the test at Oxford, and

presents a sharp cutoff at 1.4GHz due to the detector bandwidth.

From figure 5.9 (b) on can see that the bit rate degradation is marginal up to a 7 dBm re-
duction in optical power. Below this point the maximum modulation order (at low frequency)
drops from QAM-256 to QAM-128. At 13 dBm reduction, optical power of —18 dBm or
16 W, the bit rate decreases to 5.98 Gbps. This demonstrates that at low optical power, a
very high performance capability is possible for a system with large bandwidth. In a realistic
free-space scenario, the received optical power is below ~ 100 uW, the result above proves
that large bandwidth photonic devices provide high speed communication links even at very

low received optical power.

These results are an improvement over the tests done at Oxford, being about 1 Gbps or
15 % higher, although this is below our initial expectations. The reason is a combination of
three factors: excessive noise from the detector; unexpected RF interference in the system;
and micro-LED degradation leading to slightly lower optical power and weaker frequency

response.

5.3 Summary

In this chapter we presented typical communication systems and setups for VLC targeting high
performance. The devices studied were the segmented and half-ring micro-LEDs, achieving
a record 8 Gbps with PAM-16 in guided-wave and 7.9 Gbps with OFDM in free-space,
respectively. To our knowledge, at the time of writing, these represent the highest data
rates known in the VLC field using GaN LEDs. The highest bandwidth micro-LED used is
the segmented LED A, although in a different system and modulation scheme, HR100, even
with less bandwidth, is able to match the same level of performance by proving significantly

higher optical power. The particular case of the half-ring micro-LEDs present a new effect of
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bandwidth increasing with optical power. The benefits for data transmission with OFDM were
confirmed with bit rates that increase linearly with the bandwidth power product. This simple
metric for data capacity based on raw device performance demonstrated a close relationship
with measured bit rates. The performance of these pixels was demonstrated for low power as
well, providing an overall advantage versus traditional square or circular shaped micro-LEDs.

At the time of writing, we have published: for POF systems 8 Gbps using segmented
micro-LEDs at 450 nm with PAM-16 [135]; for free-space systems with OFDM, 5 Gbps
using 450 nm segmented micro-LEDs [115] and 7.9 Gbps at 400 nm using segmented micro—
LEDs [138].
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Conclusion

We conclude this thesis with an overview of the key findings followed by suggestions for future

directions of research building on this work.

6.1 Summary of key findings

The approach taken to extend micro—LED performance to a higher level was to look first
at the specifics of the VLC applications and then to understand the main device drivers
which influence them. The two key limitations from micro-LEDs we identified relevant to
VLC applications are current crowding and junction temperature. Our investigations of these
problems opened up routes to higher optical power and higher bandwidth.

We presented two novel techniques: spatial-resolved bandwidth to tackle current crowding,
and thermal imaging to tackle junction temperature. The solution to key problems lies on a
good understanding of LEDs properties and dynamics at high temperature. One such prob-
lem is the dependancy of electrical resistance with DC—bias plus AC-signal to find the ideal
driving conditions for data communications. As the DC-bias creates an increase in junction
temperature, the electrical resistance decreases. An AC—signal is voltage driven and strongly
depends on resistance of the device, non-linearities, clipping and degradation might quickly
occur that were not accounted for. Another unexpected problem is the metal thickness for

the back reflector and p—track in the flip-chip format. A thicker metal layer reduces elec-
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trical resistance and the change for device failure at the pillar sidewall. At the same time
it decreases the chance for proper thermal annealing, consequently, electrical properties are
voltage dependent. Higher temperature and prolonged annealing can solve the electrical prob-
lem at the expense of pixel performance. Such problems were carefully studied during the
corse of fabrication and characterisation of many micro-LEDs. The solution I have found was
to completely redesign the pixels in such a way that would mitigate the current crowding and
reduce mutual heating. This lead me to study specific designs that would at the same time
route the electrical current evenly across the pixel by minimising lower resistance points, and
allow lower overlap of heat dissipation paths. This was studied in detail using broad area
LEDs as they are easier to measure with the referred techniques. This was also based on the
assuming that major benefits seen in these would also be true for micro-LEDs. It was found
a complex relationship between current crowding and junction temperature, both affecting

properties such as the emission spectrum in ways that not yet clearly understood.

New micro—LED designs were developed to implement and improve the learnings at small
scale, targeting high performance VLC. Segmented pixels were specifically designed to mach
the fibre geometry and generate discrete PAM signals. Such application was never imple-
mented by systems engineers, instead effort was devoted into single pixel links. These pixels
demonstrated the highest bandwidth for LEDs the excess of 800 MHz. In addition, segmented
pixel also demonstrated the highest reported LED—based POF links at visible wavelengths
with bitrates up to 8 Gbps. At free-space, segmented pixels easily crossed the 5 Gbps mark
with OFDM being the highest reported link in the field.

A second generation of micro-LED designs target a better balance between optical power
and modulation bandwidth. Old ideas of micro—rings were further developed into a coherent
set of 20 ring—shaped pixels for mid power and mid bandwidth. This allowed to explore
thermal management advantages of certain ratios of sizes and active areas, as well as their
impacts on device performance. In addition, a small version of ring pixels was developed as
half-ring pixels. This was to achieve smaller active areas with the minimum disruption to the
fabrication process. Such pixels have demonstrated, to the best of my knowledge, modulation

bandwidths increasing with the increase in active area, and as a consequence optical power.
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Thermal properties were carefully studied and linked with modulation bandwidth. The dy-
namics of these devices are not well understood and the answers may lie a few layers down
in the impacts of current crowding and junction temperature in MQWs at high temperature
(>300K). Still, such unusual properties enable greater data capacities for VLC. Bitrates were
obtained with a consistency that proves the design as a better tradeoff for optical communic-
ations. Results were in line predictions drawn the bandwidth power product, derived from
a simplification of the Shannon—Hartley theorem. This metric is introduced as the simplest
figure of merit for LED targeting VLC applications. A record high 6.9 Gbps and 7.9 Gbps
free—space OFDM was obtained in separate occasions with a single half-ring micro-LED. The
capability of these devices to withstand various measurements at peak (and over the peak)

performance for long sessions is abnormal for micro-LEDs without heat—sink.

6.2 Future research

Here, we present some directions one could to improve on the work presented in this thesis.
This is divided in two parts: the device level improvements and the application in optical
communications. A view for the industry integration of VLC and LiFi products is also

presented.

The study of device physics for micro-LEDs fabricated on commercial epitaxy is very
challenging as the detailed structure is unknown. During the course of the PhD various
attempts were made to study the device physics and other effects underpinning the new
performance levels observed. These efforts depend on assumptions and informed guesses based
on publication from other groups. As such, there is opportunity to understand the impacts
that a micro-LED designed for high performance have on characteristics such as internal
quantum efficiency and reliability. This could be achieved collaboration with research groups
growing IT11-V materials, which could help to do a consistent study on the devices physics using
well known epitaxial structures. In addition, this may open the possibility to investigate the
benefits of semi-polar and non-polar substrates for the purposes of fast response, and possibly

to further develop a better understanding of the recombination mechanisms, e.g. the ABC
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model and efficiency droop. Micro-LEDs designed for high speed modulation have shown fast
degradation with just a few operating hours. The reason for this is not completely clear. In
our own tests, we see that at constant DC current, the device degrades as expected, showing
less than 10% decrease in optical in the first 50 hours of use [139], for the chip without
heat sink. As the active area reduces, for the same current density and period of time, the
lower the degradation is. This makes sense as the smaller pixels are capable of handling
very high current densities. However, in the case of investigations we did targeting high
speed optical communications, we explored the devices at their limits and high degradation
is to be expect. It remains for one to find what is the real cause of degradation, is it the
high DC current density, the fast AC modulation or the non-optimised thermal dissipation?
The device fabrication by our group, although already optimised, has limitations due to
the available equipment. Processes that allows smaller feature size may improve on two
aspects: first, a more accurate mask alignment for etching and deposition steps will increase
yield and quality, allowing more consistent testing for the various fabrication runs; secondly,
feature size below 10 pm could further reduce current crowding and increase the thermal
dissipation capability, allowing for extended operating range, higher current densities and, in
principle, faster response (higher bandwidth). Currently, our micro-LED chips are fabricated
on GaN LED wafers grown on sapphire substrates. A combination of technologies such as
laser liftoff, which allows to remove the sapphire substrate, flip-bonding, a mature technique
to bond chips, or transfer printing, a pick and place technique for quantum well platelets,
may allows to construct transceivers on chip. An schematic example of what may be possible
is illustrated in figure 6.1 for the case of flip-chip bonding in (a) and the case of transfer print
in (b), respectively. The case for flip-chip bonding may permit to stack chips on their native
substrates, if transparent, creating a multi-wavelength emitter that with correct control may
render high quality white light. Variations with colour converting materials are also possible.
This is illustrated in figure 6.2. Packaged devices could also integrate custom optics such
micro-lenses and concentrators to control the field of view of the emitting and receiving

pixels, and to potentially improve thermal dissipation characteristics.

The applications of micro-LEDs in optical communications can be further divided in two
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Figure 6.1: Schematics of CMOS chip integration of micro-LEDs. In the case of (a) a transceiver
implemented with current flip-chip bonding technology, the case of (b) a multi-wavelength transceiver
chip that could be achieved with the new transfer-print technology.

parts: driving techniques and photo receivers. In this thesis, the driving technique used
was a bipolar modulated voltage superimposed on a DC bias set in current. This mixed
format allows to have some control over the average power consumed by the LED, the DC
bias power, and still be compatible with voltage signals as commonly used in test equipment.
This, however, is not the ideal format and in practice it incurs in some issues: firstly, the
real average power of the DC bias and the bipolar signal can be significantly higher than
the DC bias power due to the exponential response of the I-V curve, leading to distortion of
the light signal and increased degradation of the device; secondly, the bandwidth of micro—
LEDs depends linearly with the current density, as such a voltage modulation means that the
bandwidth of the device becomes non-linear and as such difficult to model. As such, these
two issues can addressed by switching the driving technique to current mode for both the
DC bias and the AC signal. This requires test equipment with a current digital-to-analogue
converter (DAC) capable outputting a current signal large enough to drive the micro-LEDs

at high sampling frequencies. Such equipments are very specialised and not common for
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Figure 6.2: Schematic illustration of the a stacked multi chip device with three wavelengths via
flip-chip bonding.

telecommunication testing. One alternatives be a custom designed electronics capable of
converting the voltage signal to a current signal, and to amplify the small current signal to
the power level required to drive the micro-LEDs. Using current signals can create issues with
the frequency response due to inductance on long cables. This best practice is to keep the cable
length as short as possible and the shortest possible for the purpose of research is to integrate
the driving circuitry and the micro-LED in a single PCB. Note that the exact specifications
are dependent on the specific of the micro-LED device in use and the targeting performance.
The appropriate photo receiver technologies for VLC are PD, APD, SPAD and SiPM. In the
cases presented in this thesis only PDs and APDs were used due to their high bandwidth
capability. In the case of real operating conditions, two factors must be considered: first, the
emitted power density levels need to comply with eye safety requirements for a modulated
radiation source, the IEC 60825 [16]; second, the emitted beam may be divergent and the
collecting apertures may be limited, significantly reducing the total optical power reaching
the receiver, opposite to the case of our own laboratory demonstrations. This issues indicate

that in real conditions the receiver technology may play a large role, and it might be the
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limiting factor for the overall system performance. The other two technologies, SPAD and
SiPM, may be a solution for the issues above stated. These can offer significantly higher
responsivity due to the higher gain factors. These devices operate in a fire mode fashion,
where the signal response peaks sharply, within a few picoseconds, on the arrival of a photon
into a cell but requires long recovery times, few nanoseconds or higher. As such, the higher
responsivity comes tradeoff of bandwidth and potentially SNR as well. Although, this is not
ideal for benchmarking systems, in practice can be the best solution for VLC in scenarios
where is the received power is very low. This is, in principle, the case of real conditions
which a VLC product may need to operate. Using SPADs and SiPMs require careful biasing
circuitry and transimpedance amplification. These circuits are high sensitive to noise in the
DC supply rail and RF interference, e.g. WiFi and mobile networks signals. To take full
advantage of SPADs and SiPMs, custom designed analogue electronics and RF shielding are
required. These circuitry can, in principle, be integrated in the CMOS controlling chip as

shown in figure 6.1.

In this thesis, progress was shown to further increase the speed of cost effect POF links
for the last kilometre. Further improvements in length are dependent on the optical power
of the emitter and possibly POF technologies such as microstructured fibres or thin core
fibres (=10 pm) coupled to large core fibres via a tapper to. Ultimately, the upper limit in
term of bit rate for a single pixel LED-based optical communication links, both in free-space
and guided-wave, is dictated by bandwidth. Bit rated of 10 Gbps and slightly above are
attainable in for current micro-LEDs using a system bandwidths under 2 GHz, as shown in
this thesis in chapter 5. When attached to low noise electronics such as integrated chips,
the noise is significantly reduced and the SNR is increased. Bit rates up to 15 Gbps using
current micro-LEDs may be achievable for high bandwidth and high SNR systems (>35 dB)
where higher OFDM modulation orders such as QAM-512 or QAM-1024. Bit rates beyond
for 20 Gbps require micro-LED devices with bandwidths above 1 GHz. Such devices may
require significant improvements in the GaN epitaxial material. Higher bit rates are possible
via multiplexing techniques such as MIMO and WDM described above. In addition to the

guided—wave route explored in this thesis — the last kilometre with POF — the interconnects
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is also an interesting application with mature technology already developed in the infrared
using laser technology. The possibility to maintain a full LED-based optical link from board
to board via waveguides to rack to rack via POF is exiting. Here, data rates are critical and
micro-LEDs may be competitive with existing technologies on the cost and on par with bit
rates via multiplexing a number of channels with waveguide arrays and multicore fibres. The
question is now more dependent fabrication techniques for the waveguides and on material
properties of the polymers used for VLC wavelengths. Moreover, a full optical link in a
local network may be possible from the rack directly to a AP to dispersive the signal into
free—space and received by a user device. Such a configuration would centralise all the active
components in a single place, with the rooms to serve only requiring to install an optical
fibre in the ceiling that can serve illuminations and communication to the whole via passive
front-end optics. This poses significant changes in the modulation schemes, calling for a new

standard to serve channels of free—space and POF equally, and reduce the overall complexity.

The prospects the realisation of VLC / LiFi products and the market success are as
follows. Currently, investment is in VLC and LiFi technologies is growing every year, as well
as the number of publish patents. The public is becoming more aware of the technology since
the term LiFi was found in the source code of Apple’s iOS operation system. Since then,
the quantity of news articles has significantly increase in the last two years with titles such
as: “LiFi is 100 times fast than WiFi” and “A New Type of Li-Fi Has Reportedly Cracked
40 Gbps, 100 Times Faster Than The Best Wi-Fi”. These articles describe the technology
as:  “Li-Fi uses common household LED (light emitting diodes) lightbulbs to enable data
transfer, boasting speeds of up to 224 gigabits per second” and “At more than 40 Gbit/s per
ray, the Li-Fi system’s data capacity is greater than that of a Wi-Fi system”. The confusion
increases with the field of free-space optics (FSO), a laser-based mature technology for long
range high speed optical links primarily used between buildings and satellites. These reveals
a large misconception of the VLC and LiFi technology by non-technical newspapers, creating
a very high level of expectation for consumers and increasing the pressure in the industry.
For comparison, current product from the UK company pureLiFi, the LiFi-X, based on

commercial white LEDs is rated for 40 Mbps PHY link rate. This means that investment
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by new companies are of high risk as the products may not meet the market expectation,
and consequently it might not be successful. The grounds behind the needs for high-speed
optical wireless communication is based on the exponential growth in data consumption and
spectrum crunch, as shown in figures 1.4 and 1.5. Today’s reality in the RF communications
for the final delivery to the consumer is as follows. Current WiFi systems based on 802.11ac
standard is rated for theoretical PHY link rate up to 6.77 Gbps operating at the 5 GHz band,
future systems based on the 802.11ay standard for 2019 are targeting a PHY link rate up to
176 Gbps using 2.6GHz of total bandwidth operating at the 60 GHz band. In the case of the
mobile networks, in the mobile world congress 2017, Qualcomm announced a baseband chip
with bit rate up to 1 Gbps for current 4G LTE infrastructure; the next generation of mobile
networks (5G) is expected to be released around 2020 operating at the 28, 38, 60 and 72—
73 GHz bands, the target bit rates are not yet defined although, links up to 70 Gbps have been
demonstrated. In summary of the above, as the pressure for data consumption increases, the
RF-based industry is responding with increasingly higher speed systems based on millimetre
wave frequency bands. There are three questions regarding that may dictate the success this
approach: safety due to radiation exposure at millimetre wave frequency band; economical
viability due to high deployment costs; and the implications for the fibre optic infrastructure
that sits behind the wireless technologies. This last point is today’s limitation in the delivered
bit rate to consumers is not the wireless technology. For example, South Korea has the highest
average connection speed for homes at 29 Mbps in 2016. This is about 0.04 % of the capacity
of current technology (802.11ac) and about 10 % of the capacity of typical 300 Mbps WiFi
AP installed in our homes. This limitation comes from two parts, the capacity of land and
seabed fibre optics, and the capacity of the last kilometre delivery from the street exchange
to homes in copper cables. As such, in terms of link speed the immediate benefit of VLC
comes from the implementation of POF in the last kilometre. The benefit of VLC for optical
wireless communications is questionable as the mature RF-based industry is increasing the link
speed by order of magnitude. This means that the success of optical wireless communication
technology may lie on the combination of characteristics such as: increased security, higher

data density, interference-free links, number of wavelengths available, low power consumption



6.2. Future research 143

and long range. Examples of applications where these advantages may be advantageous
are as follows. The IoT applications envisions connecting all sorts objects together. These
connections may be direct (object to object) or through the network (object to network to
object) or simply to the internet or local network. In a aircraft manufacturing scenario,
one prefers the connections between equipments to be totally isolated from the network, and
that the connection to the network to not interfere with the equipment links. This situation
the advantages in channels via wavelength, long range via control of the field of view and the
directionality of point to point links may be the decision factor. In defence applications, secure
communications free from external disruption may be one the highest priorities and VLC or
LiFi can guarantee very high levels of security by physically containing the information in
covered area and wavelength, in addition to the standard encryption as used in WiFi. In
addition, optical wireless communications may provide alternatives to the use of separate
dedicated cabling in ships, submarines and aircrafts. Although, light only travels in straight
lines, one can envision the combined use passive mirrors and lens, and active relay devices to
transmit signals through corridors, intersections, and staircases operating both in the visible
and infrared. Increase capacity or redundancy may be as simple as replicating the system
using different corners. Moreover, an optical wireless communications system operating with
redundancy and extra wavelengths available may significantly increase security by spreading
the transmission of data packets on the various available channels or wavelengths following
an algorithm inscribed in the PHY, e.g. the baseband chip. Consumer applications for indoor
geolocation already exist and are increasing, especially for retail services. This is associated
with the smart lighting and consumer implementation of IoT. These operate in broadcast
only from the infrastructure to the user mobile device using the front camera. Although this
proves the basic functionality, the next stage may be integrating an high speed optical receiver
with existing optoelectronic devices for proximity sensing and ambient light detection, present

in all modern smartphones.
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A Multi-Gigabit/sec Integrated Multiple-Input
Multiple-Output VLC Demonstrator

Sujan Rajbhandari, Member IEEE, Aravind V. N. Jalajakumari, Hyunchae Chun, Grahame Faulkner,
Katherine Cameron, Robert Henderson, Dobroslav Tsonev, Member IEEE, Harald Haas, Member IEEE,
Enyuan Xie, Jonathan J. D. McKendry, Member IEEE, Johannes Herrnsdorf, Ricardo Ferreira, Erdan
Gu, Martin D. Dawson, Fellow IEEE, Dominic O’Brien, Member IEEE

Abstract— In this paper, we report the performance of an imaging
multiple input multiple output (MIMO) visible light communication
(VLC) system. The VLC transmitter consists of a two-dimensional,
individually addressable Gallium Nitride micro light emitting diode
(ULED) array. The receiver uses a two-dimensional avalanche
photodiode (APD) array fabricated using complementary metal oxide
semiconductor (CMOS). Using integrated CMOS-based LED drivers,
a data rate greater than 1 Gbps was obtained at a link distance of 1 m
with the system field of view (FOV) of 3.45 degree using four
channels. At a reduced link distance of 0.5 m, a data rate of 7.48 Gbps
was obtained using a nine channel MIMO system. This demonstrates
the feasibility of compact MIMO systems which offer substantial data
rates.

Index Terms—Visible light communications, multiple input
multiple output, VLC demonstrator, integrated VLC

. INTRODUCTION

Visible light communications (VLC) systems, realized using
solid-state lighting (SSL) devices, can offer high-speed data
communication in addition to their primary purpose of
illumination. With the white light emitting diodes (LEDs)
expected to be the dominant illumination device in the home
and office environment in the near future, the use of VLC
systems will grow exponentially over the coming decades [1].
As a result, there has been significant research and commercial
interest in VLC systems over the last ten years (see [2] for the
detailed review). This is largely due to several key advantages
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that VLC offers in comparison to the existing radio frequency
(RF) technology, including license-free operation, high
available bandwidth, high spatial diversity, innate security, and
controlled beam shaping.

Phosphor based white LEDs have a low communication
bandwidth (a few MHz) due to the long photoluminescence
lifetimes of the phosphor [3]. The bandwidth of the blue LED
itself is limited to 20-30 MHz. Using pre and post- equalisation
for on-off keying (OOK) modulation, a data rate of 550 Mbps
was demonstrated using a phosphorescent white LED [4].
Further enhancement in data rate was achieved by adopting
advanced modulation schemes including carrierless phase and
amplitude modulation (CAP) and orthogonal frequency
division multiplexing (OFDM) [5], [6].

To increase the data rates further, VLC systems must use
wavelength division multiplexing (WDM) and/or spatial
multiplexing (also known as multiple input multiple output
(MIMO)) [2]. Using WDM, VLC systems with data rates up to
10 Gbps were demonstrated [7], [8]. However, there are limited
practical work using spatial MIMO and most of these are low
data rate proof-of-the-concept demonstrations [9]-[11]

Research progress has been substantial in the past few years
[2], and whilst a ‘killer app” may provide a kick-start for VLC
system [12], it is also essential to explore technologies that can
make a high-speed bi-directional VLC system compatible for
energy-efficient integration with existing CMOS-based
consumer electronics (e.g. mobile devices). Except for the use
of CMOS-based image sensors [13], [14] and other low-speed
demonstrations [15], most of the practical VLC demonstrations
used off-the-shelf components that are not suitable for mass
production and difficult to integrate into mobile devices. In a
real-time application, device and system constraints that are not
encountered in the laboratory environment, including limited
memory, real-time processing power, and clock rates, also need
to be addressed.

In this paper, we report high-speed imaging MIMO systems
which address the issues of integrating transmitter and receiver
components. We have demonstrated four and nine channel
MIMO systems with maximum data rate of ~890 Mbps per
channel with an aggregate data rate of 7 Gbps for nine channels.
Higher data rates have been demonstrated using similar
transmitter devices using significantly larger area photodiodes
(PDs) and bigger optical aperture at the receiver. However,
these demonstrations have a very limited field of view (FOV)
as collimating and focusing is used to concentrate most of the
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emitted power onto the detector [28]. Hence, the contribution of
the paper is as follows:
a) Demonstration of fully integrated MIMO-VLC

CMOS technology is widely used to realize integrated
circuits, especially for mass production due to low power and
high-speed performance. Previously reported CMOS based
LED drivers have low driving currents (less than 70mA) and
limited data rate support (up to 155 Mb/s) (see [17], Table x).
The CMOS-based LED driver circuit reported here can deliver
up to 500 MS/s at a maximum full-scale current of 255 mA and
has a power efficiency of 67%. The driver supports different
modulation schemes (pulse amplitude modulation (PAM),
CAP, OFDM) with the capability to drive multiple LEDs in
MIMO or single-input-single-output (SISO) modes. A detailed
description of the driver is reported in [18].

The fully integrated system uses an array of blue HLEDs
driven by a CMOS driver and an array of avalanche
photodiodes (APDs) and processing circuitry manufactured
using CMOS technology. Preliminary results using 1
generation APDs receiver with a bandwidth of ~ 22 MHz
(without the CMOS driver) was reported in [19], [20]. Further,
results with the second generation of APDs were reported in
[21]. To the best of authors’ knowledge, this is the first fully
integrated MIMO demonstration.

b) Demonstration of spatially dense high-speed MIMO-VLC

MIMO-VLC has so far been demonstrated only for limited
data rates (often far below the maximum rate demonstrated
using a single channel) [9]-[11]. In this paper, we have
demonstrated data rates up to 7 Gbps using nine channels with
transmitter separation of 750 um and receiver separation of 250
um. This demonstration improves upon /surpass the existing
systems in terms of i) higher data rate: the previously reported
maximum data rates for MIMO system (in an ideal condition
i.e. without optical cross-talk) was 1.3 Gbps [10], [22]. In this
paper, we have improved the data rate to 7 Gbps. This data rate
was achieved using significantly smaller size photodiode (200
x 200 um?) instead of using large area PDs such as 7.1 mm? in
[11], [22], 10.24 mm? in [10] and 15 mm? in [9] ii) spatial data
density: in comparison to above-mentioned work, we
demonstrated system with a high spatial density. The previous
MIMO work was demonstrated with transmitter spacing in cm
range (e.g. 5 cmin [11], 15 cmin [10] and 25 cm in [9]). ]). In
comparison, the current system has transmitter spacing of 750
um increasing the spatial density by >4000channel/cm?.
Though this increase in the spatial density may not directly
translate into the similar increment in the data rate, this
demonstration provides a platform to use the multiple LEDs
chips within each luminaire of the commercial chip-on-board
(COB) LED architecture of illumination devices for parallel
data transmission iii) higher MIMO order: the previously
reported high-speed MIMO-VLC system are limited to
4-parallel channels. In the work, we have improved the number
of channel to nine, limited by available transceivers and iv)
scalability: since the transceiver is manufactured in CMOS
technology, the system is readily scalable. We have
demonstrated that the same system can be scaled from
4-channel to 9-channel. Higher order MIMO system is feasible
with a larger array of the transceiver.

To the best of authors’ knowledge, this is the first large-scale
MIMO-VLC demonstration as we practically demonstrated a
9%x9 MIMO system. We have reported a complete system with
full devices and communication link characterization including
error probability within the coverage distance. With the
demonstration of high-speed, high-density, a large-scale
MIMO-VLC system using CMOS-based LED driver and APD
receiver, we have not only made system compact but also more
practical for large scale integration with the existing system.

The rest of the paper is organized as follows: section Il gives
an overview of the MIMO VLC system. The sub-systems of the
demonstrator are described in detail in this section. Section 111
details the experimental set-up. The experimental results are
presented in Section IV. Finally, conclusions are given in
Section V.

Il. INTEGRATED SYSTEM DESCRIPTION

The device parameters for optimum performance of a VLC
system depend on the device constraints of both the transmitter
and the receiver. At the transmitter, there is an
inter-relationship between the ULED area, optical power, and
bandwidth. Similarly, the photodiode bandwidth depends on its
active area. By incorporating the power penalty for multilevel
PAM with ULED constraints (area-bandwidth-output power
relationship) and APD  constraints  (area-bandwidth
relationship) in link budget analysis, a realistic target of 1 Gbps
at 1m distance was established for this integrated MIMO-VLC
system. A conservative goal of 1 Gb/s over 1 m was chosen
based on the preliminary modelling of likely available uLED
devices and CMOS-based receiver sensitivities. Though the
link distance is lower than average distance ceiling/user, the
system is scalable to a longer distance. Refer to [19] for detailed
derivations of these parameters and numerical values.

A. Transmitter Subsystem

The transmitter subsystem consists of the uLED driver chips,
the pLED array and associated printed circuit boards (PCB).
The YLED driver chip is designed and implemented in an
Austria Micro Systems 0.18 um CMOS process. Each chip
consists of four independent current steering digital to analogue
converter (DAC) based driver channels each with 8-bit
resolution. The chip can drive four individual LEDs in a ganged
mode (i.e. all channels driving the same data stream) or MIMO
mode (each channel driving an independent data stream). In
MIMO mode, each driver operates with four times lower clock
rate. Each driver channel can deliver full-scale current up to
255 mA (i.e. ~1A per chip), and power efficiency is 67 % [18].
The DC bias current of each DAC can be varied independently
from 16 mA to 255 mA with a 4-bit resolution. The DAC is
designed to operate at a maximum sampling frequency of 500
MS/s. A custom PCB platform provides an interface between
the driver chip and a field programmable gate array (FPGA)
card (Opal Kelly XEM6310) (see Fig. 1). The FPGA provides
the data, sampling clock, and other control signals to the driver
chip. The full electrical characteristic of driver chip was
reported in [18].
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B. ULEDs

The MIMO device consists of a 6x6 array of
individually-addressable pLEDs with 39 pm diameter and was
fabricated from commercially available GaN LED wafer
material, grown on a 2” c-plane sapphire substrate. Each
individual uLED has a common p-contact and an individually
addressable n-contact to make them compatible for driving
with an NMOS-based CMOS driver. The MIMO pLED array is
arranged in nine 2x2 clusters with a pitch of 69 um between
two adjacent uLED elements (Error! Reference source not
found.(a)). The separation between adjacent clusters is 750 pm
making an end-to-end separation of 1500 pm. The nominal
peak emission wavelength for each pLED is 450 nm with
20 nm full width at half maximum line width.

The YLED array is wire bonded to a 132-pin ceramic
package which is attached to a daughter card (see Error!
Reference source not found.(b)). The daughter card is
connected to a motherboard through four high-speed
connectors, and the motherboard is connected to the LED
driving subsystem. This hierarchical approach allows the LED
array to be easily exchanged with another array.

C. Receiver

A 3x3 APD array of detectors, each 200 pmx200 um on
240 um pitch was designed and fabricated in 0.18um CMOS
process as shown inside the rectangular box in Fig. 3. The outer
APDs are tested structures not relevant to this work. The APDs
have a responsivity of 2.61 A/W at 450 nm with a reverse bias
voltage of 9.1 V. Each APD has an associated transimpedance
amplifier in a shunt-shunt feedback topology. The shunt-shunt
feedback topology was selected as it offers better noise
performance than alternatives. The outputs of all nine APDs
can be accessed simultaneously via SMA connectors.

D. Optical Design

An imaging MIMO system is preferred over a non-imaging
MIMO system, as the channel H-matrix of an imaging system
can be well-conditioned [14]. To achieve a full rank matrix in
the imaging MIMO system, the image of more than one source
should not fall entirely into the same receiver i.e.

@

where s is the source spacing, p is the PD width, f is the focal
length of the receiver optics system and d is the link length. The
ratio (p/f) governs the receiver FOV of the imaging system.
The transmitter and the receiver optical systems are designed
using a combination of commercially available aspheric singlet
lenses (see Error! Reference source not found.). The
transmitter and receiver optics have apertures of 45 mm and 23
mm, respectively and the distances of 37 mm and 21.5 mm to
the lenses front edge from PLED and PD, respectively. The
optics system was optimized for a 4x4 imaging MIMO system
using ray tracing software. However, there is a flexibility to
adjust the optics for other MIMO configurations. The
transmitter optics is designed to offer a full divergence angle of
7.5 degrees. The divergence angle and FOV are calculated
based on a link budget analysis to offer at least 1 Gbps data rate
at a 1m link distance. The receiver optics does not only create
an image of the LED array but also provides an optical gain.

P_S.
fod’

The receiver has full FOV of 3.5 degrees. The FOV of the
receiver is limited by the number of available APDs in the
array. In order to increase the FOV, a significantly larger array
of APDs is required [23].

111, EXPERIMENTAL SET-UP

In this paper, we report a practical demonstration of the
integrated ~ four-channel ~ MIMO-VLC  system  using
state-of-the-art CMOS technology. We have also demonstrated
four and nine-channel MIMO-VLC system driven using
arbitrary waveform generator (AWG) that show the high-speed
capacity of the system. A simplified block diagram of the
MIMO-VLC experimental set-up using CMOS driver is shown
in

(a) and picture of the setup is given in

(b). To achieve an aggregate data rate of 1 Gbps or higher,
two DAC driver chips were required as the maximum sampling
rate the Opal Kelly FPGA supports was limited to 375 MS/s.
Each DAC chip drives two PLEDs in MIMO mode. The
synchronization of the two driver chips was achieved by
configuring them in a master-slave configuration where a 10
MHz clock from a master DAC chip was used as the reference
clock for the slave chip.

In the AWG-based system, DAC drivers are replaced with
AWGs (Agilent 81150A). One PLED in each cluster of four
were used for nine-channel system whereas only uLEDs from
corner clusters were used for the four-channel system (see Fig.
2(a)). The electrical outputs from the APDs were acquired
using oscilloscopes for further offline processing which
includes low pass filtering, equalisation and signal decoding.
The four-channel MIMO systems were evaluated at a link
distance of 1m and the nine-channel system was evaluated at
0.5m

In a bandlimited MIMO system, both spatial (among MIMO
channels) and temporal (intersymbol) interferences occur. To
mitigate these interferences, a joint spatial and temporal
decision feedback equalization (DFE) as outlined in [24] are
adopted in this work.

1VV. SYSTEM PERFORMANCE

The system under test is fully characterized and optimum
operating conditions for both transmitter and receiver are
determined. For data rate evaluation, a bit error threshold of
3.8x107 is adopted as recommended by ITU [25].

A. System characterization

The measured intrinsic bandwidth and optical power of
ULED device are shown in Fig. 6(a). The electrical-to-electrical
(E-E) bandwidth and optical power of uLED increase with the
driving current. The measured optical power at 100mA current
is ~3.3 mW. The measured frequency response of the APD
arrays is given in Fig. 6(b). Except for two APDs which show a
resonant dip at 63 MHz, the remaining APDs have a bandwidth
>90 MHz which is limited by parasitic capacitance. The
resonant dips in these two APDs are possibly caused by them
being close to the pads. Further investigation on the issue is
being carried out and will be rectified in future iterations.
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In order to determine if the DAC driver has any adverse
effect on the system performance, the bandwidth of the system
was evaluated by driving pLEDs with a DAC and with an
AWG under similar bias current using sinusoidal signals of
different frequencies. The sampling rate of the DAC is fixed to
250 MS/s whereas the AWG has a sampling rate of 2 GS/s. Fig.
7 shows the measured bandwidth of the complete system
(ULED + APD). As expected, the bandwidth of the PLEDs
increases with an increase in the average current (see Fig. 6(a)).
It can be observed that the DAC driver has a lower bandwidth
than the AWG. The DAC output waveforms exhibit longer fall
times than rise times as the CMOS driver has an active rise and
passive fall due to the current-steering approach, which reduces
the bandwidth. Nonetheless, the DAC does not significantly
degrade the frequency response. For example, a -4 dB level is
obtained at 52 MHz and 50 MHz for AWG and DAC,
respectively (~ 4% difference). Note that frequency response
beyond 50 MHz is not reliable for the DAC due to a low
sampling rate. Based on this result, the average current per
LEDs was set to ~ 45mA for the results presented in the
following sections.

B. System FOV

The overall FOV of the system (transmitter with the transmitter
optics and receiver with the receiver optics) was evaluated by
driving a single pLED and measuring the output signals from
all APDs. The transmitter position was fixed while the receiver
was displaced horizontally (perpendicular to the direction of
propagation of light) in steps of 5 mm. The total received power
was calculated by summing the APDs’ output. The normalized
total received power (i.e. DC channel gain) versus the
horizontal displacement is shown in Error! Reference source
not found.. The coverage diameter at 1 m distance is ~60 mm,
which corresponds to an overall system FOV of 3.45 degrees,
limited by the number of available APDs. With a larger APD
array, the FOV can be increased e.g. with an array of 5x5
APDs, the FOV is estimated to be ~7 degrees. The maximum
achievable data rate using maximal-ratio combining (MRC)
and equal gain combining (EGC) methods are also shown in the
figure for a 4-PAM scheme with DFE. As expected, MRC
offers higher data rate than EGC. The maximum data rate
achieved using EGC and MRC are of 440 Mbps and
~500Mbps, respectively.

C. 4-channel MIMO performance

1) DAC drivers

To evaluate the performance of the full integrated MIMO
system, four uLEDs were driven by two DAC drivers in the
MIMO mode with independent data streams. The signals from
all the APDs were captured and further processing (filtering,
downsampling and equalization) was done offline. The
aggregate data rates against the displacement of the MIMO
system with 4-PAM modulation scheme is shown in Error!
Reference source not found.. As it was not feasible to obtain
an aggregate data rate beyond 750 Mbps for 2-PAM due to
FPGA limitations, 2-PAM results are not presented here. The
minimum and maximum data rates achieved were ~1.23 and
~1.3 Gbps, which correspond to a net rate of ~1.14 and ~1.21
Gbps respectively after 7 % forward error correction (FEC)

overhead reduction. The data rates with the DAC drivers were
limited by the available sampling rate and lower bandwidth.

2) Waveform generators

As outlined in [26], the optimum PAM level with a DFE
depends on the ratio of the bandwidth and data rate, available
signal-to-noise (SNR) and dynamic range. Hence, it is
necessary to establish the optimum PAM level case-by-case
basis as a generalized conclusion is difficult to draw. In order to
determine the optimum PAM level, the BER performance of
different PAM level under the identical operating condition is
evaluated. Fig. 10 illustrates the data rate against BER of 2, 4
and 8-PAM with DFE, evaluated for a single channel (without
any cross-talk) at 1 m link distance. This clearly demonstrates
that 4-PAM offers the optimum performance closely followed
by 2-PAM. 8-PAM offered a significantly lower BER
performance.

Fig. 1. The data rate vs BER for 2, 4 and 8-PAM with DFE, evaluated for a
single channel at 1m link distance.

The aggregate data rates against the displacement of the
four-channel MIMO-VLC system with 2-PAM and 4-PAM
modulation schemes for the experiments with AWGs is shown
in Fig. 11(a). The minimum and maximum data rates achieved
within the coverage area using 4-PAM are 1.35 and 1.96 Gbps
(i.e. 1.25 and 1.8 Gbps, respectively after the 7 % overhead
FEC reduction). This corresponds to a maximum data rate of ~
500 Mbps per channel. Note that higher data rates (2 Gbps
using pre-equalised 4-PAM [27] and 3 Gbps using OFDM [28])
were achieved using uLEDs. However, those demonstrations
used significantly larger area PDs and bigger optical aperture;
and hence had significantly higher SNR with limited FOV.

Fig. 2. a) the aggregate data rates versus the displacement of the integrated
MIMO system with the AWGs b) eye-diagrams of the received 4-PAM signal
at 200 Mbps (left) and after applying ZF (right) for channel 2 at a displacement
of 5 mm and c) eye-diagrams of the received 4-PAM signal at 200 Mbps (left)
and after applying ZF (right) for channel 2 at a displacement of 20 mm.

As shown in Fig. 11, there is a variation in the aggregate data
rates within the FOV. The variation in data rates is due to: a)
variation in inter-channel interference (ICl) and b) fill factor of
APD array. It is feasible to design MIMO optical system with
negligible cross-talk for a point-to-point link with the fixed
transceiver position. However, when the transceiver positions
are not fixed, the ICI (i.e. the condition number of the H-matrix
and system capacity) depends on the relative position and
orientation the transceiver. Secondly, the APD array has a fill
factor of ~80 %. As the orientation of the transceiver changes, a
significant proportion of the optical intensity may not be
detected, this reduces the overall received power. For example,
the overall channel gain (i.e. the sum of all the elements in
H-matrix) at a displacement of 15 mm is 0.16 which is ~11%
less than at 5mm where the channel gain is ~0.18. However, the
H-matrix condition numbers are 2.7 and 2.2 (~ 18% variation)
which significantly reduced the achievable data rate at 15 mm.
On the other hand, the channel gain at 35mm is 0.12 and a
significantly lower data rate is expected. The optical cross-talk
at different displacements is demonstrated by Fig. 11(b) and
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(c). Fig. 11(b) shows eye-diagrams of the received signal and
the signal after applying zero-forcing (ZF) equalizer at 5 mm
where the cross-talk is negligible. Hence, a clear eye-opening
can be observed. On the other hand, Fig. 11(c) demonstrates
that the signal recovery is not possible without an equalizer as
the eye is completely closed due to ICI.

D. Nine Channel MIMO with AWGs

In order to demonstrate the feasibility of higher order,
high-speed, dense spatial density MIMO system, a nine channel
MIMO-VLC was studied. Nine is the maximum channel that
the current set-up accommodates due to the limited number of
available APDs. However, it is feasible to scale the system
when the receiver with a higher number of APDs became
available. To evaluate the performance of the 9x9 MIMO
system, one ULED from each cluster of nine (see Fig. 2(a)) was
driven by AWGs. The link distance was reduced to 0.5 m so
that the imaging MIMO condition given by (1) was satisfied.

As in the case of 4-channel system, 2,4 and 8- PAM with
DFE were evaluated to determine the best performance. The
8-PAM offered the best performance, followed by 4-PAM as
reducing link distance to half (0.5 m) increases the SNR by at
least 6 dB (see [26] for a theoretical comparison PAM under
different ISI and SNR).

The BER against the date rate for nine channel MIMO
system for 8-PAM is given in Fig. 12. The BER for a channel
was measured when all pLEDs corresponding to its
neighboring channels were active so that the channel
experiences the maximum possible inter-channel interference.
For example, to estimate data rate for ULEDs in the top-left
corner (Fig. 2(a)), all uLEDs except the one in the bottom-right
corner were active. The signal from APDs was then captured
and joint MIMO decoding algorithm was applied. Each channel
can support data rates up to 890 Mbps. The aggregate data rate
for the nine channels is 7.48 Gbps, which is ~ 6.95 Gbps after
removing 7% FEC overhead. Note that the FOV of the 9
channel MIMO system is significantly smaller (theoretically
less than 8 mrad) due to a limited number of available APD.

V. CONCLUSIONS AND FUTURE WORK

In this work, we have developed and demonstrated a complete
integrated MIMO-VLC system that can support complex
modulation schemes such as PAM and. Using two-dimensional
arrays of ULEDs and APDs, and imaging optical system
specifically designed for this purpose, combined with an
imaging optical system, an integrated 4-channel MIMO system
was demonstrated with aggregate data rates beyond 1 Gbps.
Furthermore, we also we demonstrate a four-channel system
with a minimum aggregate date rate of 1.35 Gbps and an FOV
of 3.45 degrees at 1m. This paper also shows the feasibility of a
high-speed spatially dense nine-channel MIMO system that
achieved data rates beyond 7 Gbps at a link distance of 0.5 m.

The FOV and range of the current system is limited due to
the number of available APDs, as well as the source array size.
Work to use WDM, improved receiver optics, more efficient
sources, and novel receiver designs is underway. This will
focus on achieving practical fields of view and coverage areas,
whilst maintaining high data rates.
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Visible light communication (VLC) is a promising solution to the increasing demands for wireless connectivity.
Gallium nitride micro-sized light emitting diodes (micro-LEDs) are strong candidates for VLC due to their high
bandwidths. Segmented violet micro-LEDs are reported in this work with electrical-to-optical bandwidths up to
655 MHz. An orthogonal frequency division multiplexing-based VLC system with adaptive bit and energy loading
is demonstrated, and a data transmission rate of 11.95 Gb/s is achieved with a violet micro-LED, when the non-
linear distortion of the micro-LED is the dominant noise source of the VLC system. A record 7.91 Gb/s data
transmission rate is reported below the forward error correction threshold using a single pixel of the segmented

array when all the noise sources of the VLC system are present.
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1. INTRODUCTION

The increasing demands of communication services are chal-
lenging radio frequency (RF) wireless communications technol-
ogies. The overall number of networked devices is expected to
reach 26.3 billion in 2020 [1]. Visible light communication
(VLC) is a promising solution to the limited availability of the
RF spectrum as the visible light spectrum offers abundant
bandwidth that is unlicensed and free to use. VLC improves
the spectral efficiency per unit area, which enhances the quality
of service in crowded environments and allows for secure and
localized services to be provided.

General lighting is under a rapid transformation to become
semiconductor based due to huge energy savings. This trans-
formation has already enabled applications such as active energy
consumption control and color tuning. Solid state lighting
devices such as gallium nitride (GaN)-based inorganic light
emitting diodes (LEDs) are ubiquitous power-efficient devices
to enable illumination and communications. Commercially

2327-9125/17/020A35-09 Journal © 2017 Chinese Laser Press

available LEDs have a limited frequency response due to the
yellow phosphor coating on top of the blue LED chips. How-
ever, the slow response of the yellow phosphor can be filtered
out using a blue filter in front of the receiver. Recent results
for VLC using a phosphorescent white LED with adaptive bit
and energy loading were reported at 2.32 Gb/s aided by a two-
staged linear software equalizer [2].

Micro-LEDs are promising candidates in enabling lighting
as a service (Laa$S) and Internet of things (IoT). The introduc-
tion of micro-LEDs has enabled high-performance value-added
lighting functions such as VLC and indoor positioning and
tracking [3]. Micro-LEDs are known for their small active areas
enabling high current density injection, which drives the
modulation bandwidth to hundreds of megahertz [4,5]. At
450 nm, micro-LEDs have set the standard for high-speed
VLC. A 60 pm diameter pixel has achieved 3 Gb/s [6], and
more recently a single pixel of a new segmented array has
demonstrated 5 Gb/s [7]. The novel micro-LEDs emitting at
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400 nm featured in the current work offer a number of advan-
tages over the 450 nm devices previously reported [7]. From
typical trends concerning the internal quantum efficiency
(IQE) of indium GaN-based active regions, comparable IQEs
are expected at 400 and 450 nm, whereas the IQE decreases
steeply at shorter emission wavelengths [8]. For generation of
white light for illumination, the use of violet-emitting LEDs
exciting tricolor (red, green, and blue) phosphors also offers
advantages over the widely used method of combining blue
direct LED emission with a yellow-emitting phosphor. These
include much superior color rendering indices [9,10] and the
absence of a direct blue component, which has proven to be
disruptive to the human circadian rhythm [11]. The micro-
LED die shapes employed in this work are also expected to
be advantageous for efficient light extraction, by analogy with
previous designs employing non-circular emitting areas [12].

VLC is enabled by incoherent illumination from the light
sources. Therefore, only real and positive modulating wave-
forms can be realized. Single carrier modulation schemes such
as on—off keying (OOK), pulse amplitude modulation (PAM),
and pulse width modulation (PWM) are straightforward to
implement. However, the performance of these modulation
schemes degrades as the transmission speed increases due to
the increased inter-symbol interference (ISI). Equalization
techniques can be used to improve the system performance
at significant computation cost [13]. Multi-carrier modulation
techniques such as orthogonal frequency division multiplexing
(OFDM,) are promising candidates for VLC. Computationally
efficient single-tap equalizers are straightforward to realize in
OFDM. Adaptive bit and energy loading in OFDM allows
the channel utilization to approach the information capacity
limit. In addition, multiple access can be easily supported in
OFDM by assigning groups of subcarriers to multiple users,
which is known as orthogonal frequency division multiple
access (OFDMA).

Previously, a 40 pm diameter micro-LED at 405 nm
achieved a data rate of 3.32 Gb/s at an optical power of
2.5 mW with electrical-optical bandwidth up to 307 MHz
[14]. In this paper, we present a high bandwidth VLC link at
400 nm. The emitter consists of a single pixel of the segmented
micro-LED array design introduced in Ref. [7]. This device
achieves 2.3 mW of optical output power while maintaining
an electrical-to-optical (E-O) bandwidth of 655 MHz.
A VLC system is realized with a modulation bandwidth of
1.81 GHz, evaluated beyond the 3 dB bandwidth of the sys-
tem. A transmission rate of 11.95 Gb/s is presented, when the
nonlinear distortion noise of the micro-LED is the major
source of noise in the system. A record transmission rate at

n-pad
pixels
p-pad
probe

7.91 Gb/s is presented when all the noise sources of the
VLC system are considered.

2. VIOLET MICRO-LED

A. Design and Fabrication

The design of standard GaN LEDs is based on a large-area chip
assembled on a package that maximizes heat extraction through
an n-pad at the bottom for a flip-chip configuration. This cre-
ates two limitations: a large capacitance due to the package con-
tact area and an upper limit on the current density due to the
rapid self-heating of a large-area chip. The design and fabrica-
tion process of the micro-LED array used in this work is as
reported in our previous work [7]. It consists of two circular
micro-LED arrays, an inner and an outer, containing 5 and
10 pixels, respectively. Originally designed to match the geom-
etry of plastic optical fiber, the inner and outer pixels have
active areas of 435 and 465 pm?, respectively. This compares
with the 1256 pm? active area for the 405 nm device in Ref. [14].
Figure 1 shows optical images of this micro-LED array, together
with a schematic of the pixel layout.

The wafer used in this work is for a commercially available
GaN-based LED emitting at 400 nm. In order to fabricate
these arrays, micro-LEDs emitters are etched by inductively
coupled plasma to expose n-type GaN. An annealed Pd layer
is used as a metal contact to p-type GaN. Each emitter is iso-
lated by a layer of SiO,. The metallization on the #-type GaN is
formed by depositing a Ti/Au metal bilayer, which fills the area
between each micro-LED and enables an improved current
spreading. This bilayer connects each micro-LED emitter in
order to individually address them. The micro-LED array
allows increasing the total output power with minimal reduc-
tion in performance due to mutual heating between pixels. The
low optical power per pixel in micro-LEDs is a challenge when
combined illumination and communication is considered. This
problem can be addressed by using large arrays of pixels, where
a system capable of handing the communication link over
multiple pixels can be designed to reduce the duty cycle, reduce
the junction temperature on individual pixels, and maintain
high efficiency. These investigations are subject to future work.

B. Performance Measurements

The electrical performance of the micro-LED arrays was mea-
sured by a semiconductor analyzer (HP 4155). The optical
power of the arrays under direct current (DC) conditions was
measured using a Si detector placed in close proximity to the
polished sapphire substrate. A spectrometer and a charge
coupled device detection system were used for the collection

Fig. 1. Plan view micrographs of the segmented micro-LED arrays. The magnified micrographs on the right show the array configuration and
individual pixel desigu A diagram is also included noting the inner and outer pixels (dimensions in micrometers).
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of electroluminescence spectra. The small signal frequency
response was measured by a network analyzer with a 20 mV
alternating current (AC) frequency sweep signal combined in
a bias-tee with a DC-bias current ranging from 5 to 50 mA.
The optical response was collected by a lens system and focused
onto a fast photodiode (PD) and fed to the network analyzer.
All the measurements were performed at room temperature
with the device directly probed on chip with a high-speed probe
to guarantee minimal parasitic effects.

1. |-V and L-I Characteristics

Devices with linear luminescence—voltage (L-V) characteristics
and high optical power allow for a large dynamic range that can
accommodate large swings of modulating signals, and this sub-
sequently improves the signal-to-noise ratio (SNR) of the VLC
system. The current—voltage (I-V) and luminescence—current
(L-I) characteristics for the micro-LED are presented in Fig. 2.
The pixels present a shunt resistance responsible for a sub-
threshold turn-on; this is attributed to damaged regions in the
junction and by surface imperfections. Differences between the
inner and the outer pixels are minimal in I-V with a series re-
sistance of 27 and 26 Q and threshold turn-on voltage of 4.60
and 4.64 V for the inner and outer pixels, respectively. In terms
of optical power, at the roll-over point, the outer pixels achieve
a maximum of 2.79 mW, 17% higher than the inner pixel,
which is expected given the larger active area. This compares
t0 2.5 mW from a pixel at 405 nm with a 2.88 times larger
active area [14]. The improvement in the optical power is
due to the improved Pd p-type contact, resulting in 50%
higher optical power compared to Ref. [14]. In addition,
the commercially supplied wafer for this micro-LED gives
better IQE.

2. Frequency Response

The frequency response from 100 kHz to 1.5 GHz for the low-
est and highest bias currents of the testing set are presented in
Fig. 3. At 1.5 GHz modulation, the pixels do not reach the
noise floor of the system, thus providing a large useful band-
width for data transmission. The calculated E-O bandwidth
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Fig. 2. Combined current—voltage (I-V), left, and luminescence—
current (L-I), right, characteristics of both inner and outer pixels.
The inset shows the emission spectrum of an inner pixel at 50 mA.
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Fig. 3. Small signal frequency response for the inner pixel at 5 and
50 mA. The inset shows 6 dB E-O bandwidth at different values for
the current density /, corresponding to DC-bias values of 5-50 mA.

against current density is shown in the inset of Fig. 3 for the
set of bias currents covering the full operating range. The cur-
rent densities for these pixels are in line with what was previ-
ously seen at 450 nm [7], meaning that the pixels achieve
similar bandwidth at the same current density. This is also com-
pared with 307 MHz bandwidth for the 405 nm device in
Ref. [14]. The improvement in bandwidth over [14] is due
to the smaller active area of the device that allowed higher cur-
rent density and shorter carrier lifetime. With a bandwidth of
655 MHz for the inner pixel, to the authors’ best knowledge,
this micro-LED has the highest bandwidth yet shown in the
violet wavelength band.

3. VLC SYSTEM

A. Optical OFDM

Multiple variants of OFDM have been proposed for VLC [15].
Conventional OFDM waveforms are both complex and bipo-
lar; however, Hermitian symmetry can be imposed on the
OFDM subcarrier frame to realize real-valued OFDM wave-
forms, X[k] = X*[Ngpr - k], where Ngpr is the OFDM frame
size, and k is the subcarrier index. In addition, subcarriers at
X[0] and X[N gy /2] are set to zero. DC-biased optical OFDM
(DCO-OFDM) uses a DC bias to shift most of the negative
real-valued OFDM samples into positive. The block diagram
for OFDM is shown in Fig. 4. The generation of DCO-
OFDM in this VLC experiment starts with generating a
real-valued OFDM waveform in MATLAB. A pseudo-random
bit sequence (PRBS) is generated and then modulated using
quadrature amplitude modulation (QAM). Given the # priori
estimated SNR, the /;,-QAM constellation size at subcarrier £
and its corresponding relative energy, I/i, are adaptively
allocated based on the probability of error target, P!

The QAM symbols are loaded into orthogonal subcarriers
with subcarrier spacing equal to the symbol duration. The
OFDM frame size is set to Nppr = 1024 subcarriers. Smaller
sizes for the OFDM frame result in less statistical significance;
larger sizes result in an increased peak-to-average power ratio
(PAPR). The symbols can then be multiplexed into a serial time
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Fig. 4. Block diagram for OFDM transmitter and receiver.

domain output using an inverse fast Fourier transform (IFFT).
Cycdlic prefixes (CPs) are inserted at the start of each OFDM
frame. Adequate length of the CPs, N¢p, allows for ISI to be
eliminated by the computationally efficient single-tap equalizer.
A value of N¢p =5 is found to be sufficient for the ISI to
be removed at less than 0.97% loss in the spectral efficiency.
Root-raised cosine (RRC) pulse shaping filter is used to achieve
band limited communication since it allows a trade-off control
between pulse duration and bandwidth requirements [16].
OFDM time domain waveforms have high PAPR due to the
coincidence of multiple in-phase QAM symbols in the same
OFDM frame. Extreme values for the OFDM modulating signal
are clipped to minimize the effect of nonlinearity at acceptable
error margins. The upper and lower clipping values are set to
430, and -3.50,, respectively, where o, is the standard
deviation of the OFDM waveform. Asymmetric values for the
clipping points are used since the upper clipping due to the sat-
uration of the micro-LED is higher than the lower clipping. The
received waveform is processed with matched filters, fast Fourier
transform (FFT) with CPs removal, single-tap equalizer using the
a priori estimated channel, and demodulator. Bit error rate (BER)
is calculated based on the demodulated binary stream.

Before any data transmission, the channel is first estimated
by pilots composed of multiple OFDM frames. A conventional
mean estimator is used with random pilots that would take the
nonlinearity effects into account. Details about the used esti-
mation method can be found in [17]. An estimation of the
SNR is also obtained using the same method. The received
OFDM waveform, y(#), can be expressed as follows:

2(2) = h(r) * 2(x(2)) + n(2), (1)
where A(t) is the VLC system channel, 7(z) is the additive
white Gaussian noise (AWGN) at the receiver with a variance
62, and z(-) is the nonlinear transformation of the micro-LED.
For Gaussian inputs such as the real-valued OFDM waveform,
the Bussgang theorem can be applied and the nonlinear trans-
formation can be expressed as [18]

z(x(2)) = ax(¢) + d(z), (2)
given that the processes x(r) and d(r) are uncorrelated
Elx(t)d(¢)] = 0, where E[-] is the statistical expectation and
d(¢) is the distortion noise. The constant & can be calculated as [18]

o = EC0) 0] o

E
The distortion noise #(¢) is a non-Gaussian noise. However,
its representation in the frequency domain D(f) follows a

Gaussian distribution with a DC mean and a variance (rj [18].
Detailed analysis of the nonlinear distortion noise effect on
DCO-OFDM can be found in Ref. [19]. The used arbitrary
waveform generator (AWG) has 10 bits resolution for the
digital-to-analog converter (DAC), and the oscilloscope used
has an effective number of bits of 5.5 for the analog-to-digital
converter (ADC). The nonlinearity effect from the amplifier is
minimal at the operational frequencies and at the injected
power levels. The harvested optical power at the photoreceiver
is well below the saturation level. Therefore, the micro-LED is
assumed to be the main source of nonlinearity in the overall
system due to the relatively limited dynamic range, compared
to other system components.

The estimated SNR is used to adaptively load the subcarriers
with variable constellation sizes at different energy levels
based on the Levin-Campello algorithm [20]. The algorithm
allows more energy to be allocated to the subcarriers, which
require minimal additional power to be elevated into larger
constellation sizes, while preserving the probability of error
target, P!. Assuming that Ngpr > 64, the adaptive bit and
energy loading can be formulated in the following optimization
problem:

> ,;i, log, M,
Mp>0
e, (4a)
(Nger + Nep) (1 + )

NeET_4

maximize 7 =
n

VIQPEy,

subject to BER (Mk, —
N,/IH®)* + 0y

) <PI, (4b)

e )
e (4c)
Negr _ 1 4
k=1 2
My>0

where f3 is the roll-off factor of the RRC filter, £, is the energy
per bit at subcarrier 4, IV, is the double-sided power spectral
density (PSD) of the noise at the receiver, | (k)|? is the chan-
nel gain at subcarrier £ when a zero forcing (ZF) equalizer is
used, 7 is the spectral efficiency given in bits/s/Hz, and BER
(M}, y;) is the theoretical BER equation of M;-QAM at sub-
carrier # and SNR per bit 7, given in non-flat channels as [21]

4 1
BER(ML 7o) =00 ) <1 - W)

L 3log, (Mp)ye
x 20 - 1) |28k )
;;Q<( W Za0-D

(5)
where Q() is the complementary cumulative distribution
function (CCDF) for the standard normal distribution, and

R = min(2, /M,).
The adaptive bit and energy loading on each subcarrier is
shown in Fig. 5 along with the channel capacity limit defined

by Shannon as [22]
azEb/e ) (6)

C=1 14—
°g2< T NHB o

It is shown that the gap between the exact loading and the
capacity limit is already small; however, it can be closed when
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Fig. 5. (a) Bit loading and channel capacity per subcarrier, both
given in bits per subcarrier. (b) Energy loading per subcarrier.

channel coding is employed. The cumulative distribution func-
tion (CDF) of the estimated SNR for multiple QAM constel-
lation sizes is presented in Fig. 6. The results show the
distribution of the SNR values required to achieve a BER below
the forward error correction (FEC) target based on the bit and
energy loading algorithm.

B. Experimental Setup

The experimental setup, shown in Fig. 7, starts with a laptop
connected to a Tektronix AWG (AWG70001A) that has a
maximum sampling frequency of 50 GS/s with an ADC res-
olution of 10 bits per sample. Bipolar OFDM waveforms
are generated in MATLAB as detailed in Section 3.A and then
transmitted to the AWG. The maximum peak-to-peak voltage
(Vpp) of the AWG is 0.5 Vpp. The output of the AWG is
amplified with a broadband amplifier (SHF 100AP) that has
a maximum gain of 20 dB in the bandwidth range
(100 kHz—20 GHz). A 3 dB attenuator is used at the output
of the amplifier to allow flexible control of the signal modula-
tion depth, V pp. The power budget of the system is adjusted to
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Fig. 6. Statistical CDF for different QAM constellation sizes real-
ized at BER = 2.3 x 1073, below the FEC target.
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Fig. 7. Experimental setup. (a) Schematic setup of the experiment
showing the optical system, AWG, oscilloscope, amplifier, attenuator,
and Bias-tee. (b) Photograph of the optical system showing the micro-
LED, the optical lens system, and the photoreceiver.

allow complete utilization of the micro-LED dynamic range
shown in Fig. 2.

The amplified bipolar signal is DC-biased with a Bias-tee
(Mini-Circuits ZFBT-4R2GW+). Low values for the DC bias
result in high zero-level clipping of the OFDM waveform,
which degrades the SNR. High values for the DC bias result
in optical power saturation at the micro-LED, which also de-
grades the SNR. After extensive experiments, the DC bias is set
to /pc = 30 mA corresponding to a measured DC voltage of
Vpe = 5.23 V. This value allows the OFDM bipolar signal to
swing in the linear region of the L-V characteristic of the
micro-LED. The biased signal is then fed to the micro-LED
via a high-speed probe. An optical plano-convex lens (Thorlabs
LA1116) is used to collimate most of the light into a dielectric
mirror (Thorlabs CM1-E02) with higher than 97% reflectance
in the desired wavelength region. The reflected light is then
focused onto the photoreceiver by a bi-convex lens (Thorlabs
LB4879) followed by a microscopic objective lens (NewPort
M—40 x ) with a numerical aperture (NA) of 0.65. A silicon
positive—intrinsic—negative (PIN) photoreceiver is used (Femto
HSPR-X-1-1G4-SI) with a 3 dB bandwidth of 1.4 GHz and a
responsivity of 0.135 A/W around 400 nm.

4. RESULTS AND DISCUSSION

The VLC data transmission experiment was only conducted on
the inner pixels due to their higher E-O bandwidth compared
to the outer pixels. The sampling frequency of the AWG is set
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to 29 GS/s with an oversampling factor of eight samples per
symbol, which results in a single-sided modulation bandwidth
of 1.81 GHz. The subcarriers are equally spaced within the
Nyquist rate of the modulation signal with a subcarrier spacing
of 3.54 MHz. The high-speed equipment used in the measure-
ments allowed for the overall system bandwidth to be limited
by the bandwidth of the micro-LED. Figure 8 shows the data
rates, and the corresponding theoretical lower bounds and ex-
perimentally obtained values for the BERs at different dimming
levels. The theoretical lower bounds for the BER estimations
are calculated based on the experimentally estimated SNR as
described in Eq. (5), and they are shown to be close to the
experimental results. The data rates start with 3.46 Gb/s at a
received optical power, P°P* = -4.94 dBm, which corresponds
to a DC bias of Vpc=4.16V and a DC current of
Ipc = 10 mA. The data rate increases, but starts to saturate
as the DC bias increases until it reaches a maximum of
4.91 Gb/s at PP* = -2.29 dBm corresponding to Vpc =
5.21 V and Ipc = 35 mA. The data rate starts to decrease
as the DC bias increases beyond 35 mA. This result is expected
due to the increased clipping distortion caused by the optical
power saturation shown in Fig. 2. The achieved BER for all the
studied cases in this test is well below the 3.8 x 103 FEC
threshold. The optimized DC bias was selected for the rest
of the measurements as Vpc =511V and Ipc=
30 mA, since the system performance for a larger swing of the
peak-to-peak modulation signal starts to degrade at /pc =
35 mA. The theoretical lower bounds of the BER versus data
rates at different dimming levels are shown in Fig. 9 with a
comparison to the experimental results. The deviation
between theoretical and experimental validation points at
PPt = -4.94 dBm is due to the severe clipping distortion at
DC current Ipc = 10 mA.

The system performance as a function of the modulation
signal depth, Vpp, is investigated. A large modulation signal
swing is expected to increase the SNR due to the increased sig-
nal power, 62. Nevertheless, it incurs additional nonlinear dis-
tortion, af{, due to the increased clipping. It is shown in Fig. 10
that the SNR improves as the modulation depth increases. The
nonlinear distortion is present on the first 250 MHz; however,
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Fig. 8. Experimentally obtained results and theoretical bounds of
data rate and BER versus different dimming levels at a modulation
depth of Vpp = 2.36 V. The values for the received optical power
correspond to DC-bias values ranging from 10 to 40 mA.
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Fig.9. Theoretical bounds on the data rate versus BER for different
dimming levels at a modulation depth of Vpp = 2.36 V. The values
for the received optical power correspond to DC-bias values ranging
from 10 to 40 mA. Filled markers denote experimental results.

the improvement in the signal power 62 is more significant at
higher frequencies. This result is justified by the fact that
signals at higher frequencies are attenuated due to the lower
channel gain at these high frequencies. Therefore, these values
become less affected by the nonlinearity of the device. This
result shows that tolerating additional nonlinearity by
employing a larger signal swing can improve the communica-
tion system performance.

The experimentally optimized values for the DC bias at
30 mA and the modulation signal swing at 3.88 Vpp are used
to investigate the system data rate performance against BER.
The experimentally obtained data rates versus BERs are pre-
sented with the theoretical lower bounds for the BER perfor-
mance in Fig. 11. The theoretical lower bounds are shown to be
very close to the experimentally obtained results. As shown in
Fig. 11, a transmission data rate of 7.91 Gb/s is experimentally
achieved at a BER below the FEC threshold, 3.8 x 1073. To
guarantee reliable communications, the data rate is reduced
to 7.36 Gb/s to allow for a 7% FEC overhead to be employed.
This compares to 5 Gb/s for a device with similar design
emitting at 450 nm [7]. To the best of the authors” knowledge,
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Fig. 10.  SNR versus frequency for different modulation depths at
DC-bias current /pc = 30 mA. The values for the modulation signal
swings correspond to feeding the micro-LED with varying power levels
from 5.85 to 11.78 dBm.
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Fig. 11. Data rates versus BER for the experimentally obtained
and the theoretical bounds at DC-bias current /pc = 30 mA corre-
sponding to PP* = -2.6 dBm and modulation depth Vpp = 3.88 V.

this record is the highest for VLCs data transmission speeds
using single micro-LED.

The system data rate performance is investigated when the
waveform averaging acquisition mode of the oscilloscope is
activated. Averaging acquisition was shown to be useful in
drawing conclusions from experimental studies that could in-
fluence practical system design [23]. The averaging acquisition
mode in this experiment allows for a better characterization of
the micro-LED by reducing the AWGN of the photoreceiver,
which limits the system performance to the nonlinear distor-
tion noise of the micro-LED. It is shown in Fig. 11 that data
rates up to 11.95 Gb/s can be achieved at a BER below the FEC
threshold. This is reduced to 11.12 Gb/s when 7% FEC over-
head is used. The results for the waveform acquisition mode
of the oscilloscope are only presented to show the effect of
the nonlinear distortion in the absence of the photoreceiver
AWGN noise. All other reported results were conducted with-
out waveform averaging acquisition.

5. RANGE AND ALIGNMENT CONSIDERATIONS

The VLC system was realized using an optical system to collect,
collimate, and focus the light on the PD. The used optical sys-
tem imposes restrictions on the link alignment and transmis-
sion range. Introducing optimized optics and deploying more
micro-LED pixels from the array can improve both the cover-
age and the range of the system. The feasibility of demonstrat-
ing long transmission distances was demonstrated at a free-
space distance of 10 m and a data rate of 1.1 Gb/s in
Ref. [24]. This was achieved using an avalanche photodiode
(APD) with an integrated concentrator, and a micro-LED with
an optical power of 4.5 mW, which is 1.96 times higher than
the optical power of the micro-LED pixel used in this work.

The obtained data rates and BERs for different received op-
tical power presented in Fig. 8 enable us to investigate the sys-
tem performance against the transmission range based on the
widely accepted line-of-sight (LoS) optical wireless communi-
cation (OWC) propagation models [25]. The methodology is
to compute the distances which result in the respective received
optical power presented in Fig. 8 and the distances are then

cross-mapped with the data rates achieved in Fig. 8. Note that
the results shown in Fig. 8 are obtained at different dimming
levels by varying the DC-bias point, which limits the operating
bandwidth and the experimentally obtained data rates. An
analysis of the system range is provided based on four studies:
(I) with transmitter and receiver lenses, (II) with transmitter
lens only, (III) with receiver lens only, and (IV) without any
optics. In all cases we assume that all array pixels are used
(15 micro-LEDs) in a ganging OFDM mode. This can increase
the mutual heat between the pixels and consequently degrade
the total aggregate data rates; therefore the results in this section
can be considered as upper bounds on the system performance.
The LoS channel gain can be given as [25]

U o T sty @)

where 2 = -1/log, (cos(®,,)) is the Lambertian order of the
optical source and @/, denotes its semi-angle; ¢ is the angle
of irradiance; A is the detection area of the APD; 4 is the
Euclidean distance between the optical source and the APD;
y is the angle of incidence; 7 () represents the gain of the
optical filter used at the receiver; and g(y) represents the gain
of the optical concentrator, given as [25]

e, 0<y <Y
= sin®(Wg,y) ov
) { 0, v > Y,
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where 7 is the refractive index of the optical concentrator used
at the APD. The optical power after the transmitter lens can be
given as [26]

phiens _ (mpp + VDR, 7. pTLED ©)
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where ;g denotes the Lambertian order of the micro-LED,
D)oy, is the lens diameter, 7', is the transmittance of the lens,
and 4’ is the distance between the micro-LED and the trans-
mitter lens. The existence of the transmitter lens affects the
micro-LED beam divergence. The half power semi-angle CI)lf}‘;
can be given as [26]

D5
s = 7 (10)
where D; is the diameter of the micro-LED. The transmitter
lens used in this investigation is an aspheric condenser lens
(Thorlabs ACL7560U-A) with a diameter of Dy.,, = 75 mm,
and a focal length of lens /= 60 mm.

A commercially available compound parabolic concentrator
(CPC) is assumed to be in front of the APD. The field-of-view
(FOV) of the concentrator is 25°, with a refractive index of
n=1.5. We assume the use of a high-speed commercially
available APD at the receiver (Thorlabs APD210) instead of
the used PIN receiver (Femto HSPR-X-I-1G4-SI). The APD
diameter is 0.5 mm, and the modulation bandwidth is
1.6 GHz. The APD improves the sensitivity of the receiver;
therefore an APD conversion gain factor is introduced to
allow a fair comparison between the experimentally obatined
results using the PIN and the numerical results using the
APD photoreceivers:

GAPD
W = (11)
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where GAPP and G™™ are the conversion gains of the APD
and PIN photoreceivers given in V/W, respectively. Using
Egs. (7)—(11), the received optical power at the APD can be
given as

RoArD _ Miens + 1A~
Poyi™™ = a2 s s ()

x T(p)g(w) cos(y) APPEE™,  (12)

where my.,, is the Lambertian order of the lens based
on Eq. (10).

The LoS propagation model is used to compute the trans-
mission ranges that can achieve certain values for the received
optical power between -5 and -2 dBm. These values for the
received optical power were demonstrated experimentally to
achieve dara rates between 3.46 and 4.91 Gb/s using the ex-
perimentally realized VLC system. An upper bound on the data
rates can be estimated by cross-mapping the computed received
power at each distance, with the experimentally obtained data
rates provided in Fig. 8. The distance versus received optical
power and data rate for Studies I and II and Studies III and
IV is shown in Fig. 12, respectively. The largest distances
can be achieved using transmitter and receiver optics.
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Fig. 12. Distance versus received optical power (left) and data rate
(right). (a) Study I with transmitter and receiver lenses and Study 1T
with transmitter lens only. (b) Study IIT with receiver lens only and
Study IV without any oprics.
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Specifically, it was found that at 3.69 m distance a data rate
of 4.91 Gb/s can be achieved, and at 5.25 m distance the data
rate reduces to 3.46 Gb/s. As expected, the transmitter lens is
shown to boost the range more than the receiver concentrator
lens. At a data rate of 4.91 Gb/s, the maximum distance is
1.04 m and 4.7 cm for Studies II and III, respectively. At a
data rate of 3.46 Gb/s, the maximum distance is 1.47 m
and 6.6 cm for Studies IT and II1, respectively. The transmission
ranges that can be supported at data rates above 3.46 Gb/s are
less than 2 cm when optics are not used.

The received optical power distribution is investigated as a
function of the receivers vertical-horizontal misalignments for
the four considered studies, as shown in Fig. 13. The results
are presented for the received optical power values that allow a
maximum of -2 dBm and a minimum of -5 dBm, correspond-
ing to data rates of 4.91 and 3.46 Gb/s, respectively. The trans-
mission range and the system robustness against misalignments are
both improved when optics are used for both front-end compo-
nents in Study I, which makes this scenario suitable for high-speed
point-to-point applications. The transmitter lens in Study II im-
proves the transmission range but reduces the system robustness
against misalignments. The receiver lens in Study III reduces the
performance degradation caused by misalignment at the expense
of reducing the system range. The transmission range and the sys-
tem robustness against misalignments are both degraded in Study
IV. However, Studies III and IV are suitable for board-to-board
communication links, where wired links are not possible because
of the rotational requirements between the boards for example.

6. CONCLUSION

A novel violet micro-LED array with two sets of inner and
outer pixels is reported in this paper. The inner pixels allow
very high current densities due to the small active area, enabling
E~O bandwidth up to 655 MHz at an optical output power of
2.3 mW. An OFDM-based VLC system using a single pixel of

X (mm) X (mm)

Fig. 13. Received optical power distribution in dBm as a function of vertical-horizontal displacements. (a) Study I at a distance of 369 cm;
(b) Study I at a distance of 525 cm; (c) Study IT at a distance of 104 cm; (d) Study IT at a distance of 147 cm; (e) Study IIT at a distance of 4.7 cm;
(f) Study III at a distance of 6.6 cm; (g) Study IV at a distance of 1.3 cmj; (h) Study IV at a distance of 1.9 cm.



178

Research Article - @ - Q Vol. 5, No. 2 / April 2017 / Photonics Research  A43
- -

the proposed violet micro-LED is realized using adaptive bit and
energy loading. The nonlinear distortion is found to affect the
slow frequency region of the overall system bandwidth due to
the limited dynamic range of the micro-LED. A transmission rate
of 11.12 Gb/s, including the 7% FEC overhead, is achieved by
averaging out thermal and shot noise of the photoreceiver and
limiting the overall VLC system noise to the nonlinear distortion
of the micro-LED. This result represents an upper bound on the
proposed micro-LED performance that can be approached when
higher quality system components with lower noise margins are
used. A data transmission rate of 7.36 Gb/s, including the 7%
FEC overhead, is also reported when all the noise sources of
the VLC system are considered. The theoretical bounds are in
good approximation with the experiment results.

The numerical investigation of the range and alignment
highlights the role of optimized optics in increasing the trans-
mission distance and improving system robustness.
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Abstract— Gallium-nitride (GaN)-based light-emitting
diodes (LEDs) are highly efficient sources for general purpose
illumination. Visible light communications (VLC) uses these
sources to supplement existing wireless communications by
offering a large, licence-free region of optical spectrum. Here,
we report on progress in the development of micro-scale GaN
LEDs (micro-LEDs), optimized for VLC. These blue-emitting
micro-LEDs are shown to have very high electrical-to-optical
modulation bandwidths, exceeding 800 MHz. The data
transmission capabilities of the micro-LEDs are illustrated
by demonstrations using ON-OFF-keying, pulse-amplitude
1 fr y division multiplexing

Anlati

ion, and orthog
modulation schemes to transmit data over free space at the
rates of 1.7, 3.4, and 5 Gb/s, respectively.

Index Terms—Bandwidth, micro light-emitting diodes, GaN,
optical communication, visible-light communication, OFDM,
PAM.

I. INTRODUCTION

ISIBLE light communications (VLC) is an emerging
technology that has significant potential to supplement
existing radio frequency (RF) based wireless communications.
VLC opens up a large, licence-free, visible region of the elec-
tromagnetic spectrum for wireless communications, and can in
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principle be integrated into, and work alongside, pre-existing
lighting infrastructure. Gallium nitride (GaN) light-emitting
diodes (LEDs) are attractive light sources for use in VLC
systems. They can be used to generate light across the visible
spectrum, including white light, and being semiconductor-
based they can be modulated significantly faster than con-
ventional incandescent or fluorescent light sources, as well
as being amenable to integration with drive electronics.
LED-based VLC typically uses off-the-shelf LEDs, which
generally have modest electrical-to-optical modulation band-
widths of the order of 10-20 MHz, although the use of
complex modulation schemes, parallel data transmission and
equalisation can allow data transmission rates in excess
of 1 Gbps [1], [2]. There have been efforts made to develop
novel LED epitaxial structure and devices optimised for
VLC [3], [4]. For example by reducing the LED active area,
and thereby decreasing capacitance and increasing current
density, we have previously reported modulation bandwidths
in excess of 400 MHz [5]. Such LEDs, with dimensions
of 100 x 100 ,um2 or less, have been used to demonstrate
3 Gbps transmission over free-space [6] and 5 Gbps along
a polymer optical fibre (POF) [7]. In this work, we report
further advancement of these micro-LED sources. A signif-
icant increase in the modulation bandwidth, now exceed-
ing 800 MHz has been obtained. Using single pixels from
individually-addressable arrays of these LEDs, with a nom-
inal peak emission wavelength of 450 nm, we demonstrate
data transmission over free-space using on-off keying (OOK),
pulse-amplitude modulation (PAM) and orthogonal frequency
division multiplexing (OFDM) modulation schemes at data
rates of 1.7, 3.4 and 5 Gbps, respectively. These modulation
bandwidths and data transmission rates represent, to the best
of our knowledge, the highest yet reported for GaN LEDs.

II. DEVICES

Two segmented geometries of micro-LEDs were fabricated
for this work which we designate A and B, with active areas
of 435 and 1369 um?, respectively. These areas are equivalent
to disk shape micro-LEDs with diameters of 24 um for
LED A and 42 um for LED B. Fig. 1 shows large concentric
arrays of these LEDs designed primarily for use with POF.
The chosen micro-LEDs are single elements of these arrays,
as shown in Fig. 1 (a) for LED A and Fig. 1 (b) for LED B.

This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/
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Fig. 1.  Micro-LED designs in concentric multiple element geometries.
LED A is a single element of (a) and LED B is a single element of (b),
dimensions are given in micrometers. The upper diagrams correspond to the
pixels which are located at center of the photographs.

[ —LEDA - ~155

Voltage (V)

Output power (mW)

Il
20 40 60 80
Current (mA)

100 120

Fig. 2. Voltage-current-optical power characteristics of LED A and B with
respective maximum optical power densities of 655 and 415 W /em? at current
densities of 19.5 and 8.7 kA/cmz, respectively. Inset shows the relative size
and shape of the micro-LEDs.

A direct comparison of relative size and shape of LED A and B
can be found in the inset of Fig. 2.

The micro-LEDs had flip-chip configurations (substrate
emitting) and were fabricated from a commercial 450 nm
GaN-based LED wafer grown on a c-plane sapphire substrate.
Basic details of the fabrication process for these devices
can be found in our previous reports [5]. However, here we
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have changed the p-contact metal and etching depth. We use
palladium (Pd) for the p-contact, thermally annealed to form
a metal contact with high reflectivity (> 50%) and low
contact resistance [8]. In addition, the mesa is etched down
to the sapphire substrate, confining the n-GaN to match the
LED active area, thus reducing the capacitance of each pixel.

These two changes in fabrication combined with a change
of LED shape and layout are the key factors to which we
attribute the improvements in performance that are shown
in the following sections. Note that the chips are not on a
heat-sink.

III. PERFORMANCE
A. I-V and L-I Characteristics

Fig. 2 presents the current-voltage (I-V) and output power-
current (L-I) characteristics of the micro-LEDs. The DC cur-
rent densities are up to 19.5 kA/cm? for device A and
8.7 kA/cm? for device B. The optical power is 2.7 mW
for LED A and 5.7 mW for LED B, corresponding to
optical power densities of 655 W/cm? and 415 W/cm? for
LED A and B, respectively. This corresponds to an increase
in optical power of three times compared with our previous
reports for devices of comparable size [S]. We note that these
powers are measured in the forward direction only, without an
integrating sphere.

The high current density capability is characteristic of
flip-chip micro-LEDs and is attributed to improved thermal
management and reduced current crowding [9]. Higher series
resistance is common for small active areas and increases with
the decrease of area [10], [11]. In these devices the improved
p-contact with Pd results in a lower contact resistance in
comparison to our previous report using Ni/Au [5]. The
lower resistance reduces the Joule heating, thus contributing
to a lower junction temperature. In addition, the shape of the
pixel is designed to increase the surface-to-active-area ratio,
which enables a more efficient thermal dissipation. As such,
in comparison with our previous report for equivalent areas,
these devices show an increase by a factor of 2 in the current
densities at which the roll-over point occurs [5].

B. Modulation Bandwidth

The small signal electrical-to-optical (E-O) modulation
bandwidth was measured in similar fashion to our previous
reports [5], [12], [13]. The micro-LEDs were directly probed
on chip using a high-speed micro-probe. The input signal
consists of a constant bias current from a power supply
combined with a small modulation voltage (few mV) from
a network analyser. The modulated light is then received by
a high-speed photodiode (bandwidth = 1.4 GHz) and sent to
the network analyser.

Fig. 3 presents the (E-O) bandwidth as a function of the
injected current density for LEDs A and B. These devices
achieve high current densities as described in III A, enabling
modulation bandwidths up to ~830 MHz for LED A and
400 MHz for LED B. We have previously shown that increas-
ing the current densities in the active region decreases the
differential carrier lifetime [5], [14]. The differential carrier
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Fig. 3. E-O bandwidth as function of the injected current density for micro-
LEDs A and B. The maximum bandwidths are 833 MHz and 397 MHz,
respectively. Note that these current densities correspond to a DC bias range
of 10-70 mA for LED A and 10-110 mA for LED B.

lifetimes are calculated here to be 0.19 ns (at 19.5 kA /cm?2) for
LED A and 0.40 ns (at 8.7 kA /cm?2) for B, which we attribute
to a combined effect of high carrier densities. As a comparison,
the micro-LEDs reported in [5] had differential carrier life-
times down to 0.37 ns at < 10 kA/cm?2, which suggests that
the high current densities possible from LED A, in particular,
are key in enabling the high modulation bandwidths shown
here. Lower capacitance due to the etch process down to the
substrate may have also reduced parasitic capacitance that
might otherwise have affected the modulation response of the
LEDs.

In addition, at the same injected current densities the
observed bandwidths are higher for LED A than B. This effect
differs from our previous reports with 450 nm devices [5]. This
difference may be attributed to improved current spreading
across the active area of the small pixel and an associ-
ated reduction in the junction temperature [15]. Furthermore,
temperature differences at the same current densities may
contribute to this effect.

IV. DATA TRANSMISSION

The next two sections present free-space data transmission
with OOK, PAM and DC biased optical OFDM (DCO-OFDM)
modulation formats.

A. OOK

Free-space data transmission using OOK was performed
over an optical link distance of approximately 0.5 m using
a bit-error ratio test (BERT) system. The various LED chips
were directly probed as in section III B with a high-speed
micro-probe and the light focused onto the photodiode (Femto
HSA-X-S-1G4-S1, bandwidth of 1.4 GHz). Data rates ranging
from 155 Mbps up to 1.7 Gbps were investigated for the
different devices. In Fig. 4 the BER for LED A versus received
optical power is shown for data rates from 1 Gbps to 1.7 Gbps.

A BER of 1079 was achieved for 1.7 Gbps at a received
optical power of -6 dBm. Note that no equalisation was applied
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Fig. 4. Bit-error-rate as function of received optical power for LED A in
free-space with OOK.

here and at 1.7 Gbps the system is limited by the bandwidth
of the photodetector (1.4 GHz).

B. PAM and OFDM

This section describes the maximum data rates achieved
using PAM and OFDM schemes. The experimental set-up
was similar to that previously reported [6]. An analogue
signal (OFDM or PAM) from an arbitrary waveform gener-
ator (AWG, Keysight 81180B) was combined with a 5 V DC
bias, using a bias-tee. The output from the micro-LED was col-
limated and imaged onto a Si photodetector (New Focus 1601,
bandwidth of 1 GHz) using a singlet aspheric lens. The
micro-LED and photodetector were in this case approximately
0.75 m apart. The received signal was captured by a digital
oscilloscope (Keysight, MSO8104A) and processed offline in
MATLAB®.

A PAM-L signal was generated using a pseudo-random
bit sequence (PRBS) of 24 — 1 and transmitted via the
micro-LED. Due to the limited bandwidth of the micro-LED,
an adaptive decision feedback equaliser (DFE) was adopted at
the receiver. The data rate versus BER for a PAM-4 scheme is
shown in Fig. 5 (a). The achievable data rate below the forward
error correction (FEC) floor of 3.8 x 1073 is ~3.8 Gbps, which
corresponds to a net data rate of 3.5 Gbps, after applying
a 7% FEC overhead reduction. Higher order PAM schemes
were also tested, however the data rates achieved were below
this value. Although OOK offered BER of 10~5 at 3 Gbps
with a DFE, it was not possible to test higher data rates due
to the limited sampling rate of the AWG.

The spectrally efficient DCO-OFDM scheme was also tested
for the same link setup. DCO-OFDM signal generation and
decoding is described in detail in [6] and we have adopted
a similar approach. The DCO-OFDM parameters used for
the experiments were: Fast Fourier Transform (FFT) size of
Nyfr = 512; cyclic prefix length = 5; clipping level = +40,
where ¢ is the standard deviation of the time-domain OFDM
signal. Fig. 5 (a) presents the data rate versus BER for
DCO-OFDM and PAM-4 schemes. Fig. 5 (b) presents the
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Fig. 5. 1In (a) is the BER as function of the data rate for LED B in free-space
with PAM-4 and DCO-OFDM. In (b) is the bit loading per subcarrier index
for the OFDM signal.

adaptive bit loading for the DCO-OFDM. Also shown in
the figure are the allocated bits for different subcarriers.
A maximum data rate of 5.37 Gbps was achieved at a FEC
BER floor of 3.8 x 1073, Taking into account the 7% FEC
overhead, the data becomes 5 Gbps. This compares to 3 Gbps
over 5 cm reported in [6], and represents, to the best of the
authors’ knowledge, the fastest single link wireless VLC data
rate demonstrated using a single wavelength.

V. CONCLUSION

We present two new micro-LED designs for VLC and poly-
mer optical fibre systems. We demonstrate record modulation
bandwidths and data transmission with both PAM and OFDM.
The devices sustain very high current densities producing
higher optical power densities than comparable commercial
devices while retaining multi-mW optical powers. Bandwidths
in excess of 800 MHz were obtained and data rates of 3.5 Gbps

IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 28, NO. 19, OCTOBER 1, 2016

using PAM-4 and 5 Gbps using adaptive DCO-OFDM. At this
stage in our own studies, the performance achieved by these
micro-LEDs is attributed to three factors: deep etch of the
mesa down to substrate; improved metallisation of the Pd
p-contact and the shaping of the active area. The individual
contributions of these factors are part of on-going work to be
reported shortly. Other future investigations include the influ-
ence of design in the thermal and bandwidth performance, and
its impacts on the radiative and non-radiative recombination.
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Abstract—In this paper, feed-forward pre-eq tion in con-
junction with a PAM modulation scheme are proposed for use in
wireless visible light communication (VLC) systems in order to
enable the transmission of data rates >1 Gb/s. Simulation results
demonstrate that simple few-tap feed-forward pre-equalization is
able to remove the intersymbol interference caused by the lim-
ited link bandwidth of a line of sight VLC link, providing up
to 5 dB better receiver sensitivity compared with postequaliza-
tion. The pre-eq ion scheme is i ted for a free-space
VLC link using a PAM modulation scheme, which provides an
enhanced spectral efficiency compared to NRZ modulation. Mi-
cropixelated LEDs (1LEDs) are used as the transmitter in this
study, as they exhibit higher modulation bandwidth than conven-
tional large-diameter LEDs. An avalanche photodiode is used at
the receiver to provide an enhanced link power budget. Error-free
(BER <10'2) 2 Gb/s free-space VLC tr over 0.6 m is
d trated experi lly using a simple 3-tap feed-forward
pre-equalizer and a PAM-4 modulation scheme. The results show
that feed-forward pre-equalization with only a few taps can im-
prove the pLED-based link performance greatly, providing a sim-
ple and cost-effective solution for high-speed VLC links.

Index Terms—APD, feed-forward equalization, micro-LED,
pre-equalization, pulse amplitude modulation, visible light com-
munication.

I. INTRODUCTION

HE demand for high speed wireless transmission is grow-
T ing exponentially with the rapid development of mobile
digital devices and wireless network cloud services. Optical
wireless communications, with wavelength ranging from in-
frared to ultraviolet using light-emitting diodes (LEDs) or laser
diodes, has been proposed and investigated intensively as a
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promising complementary technology to traditional radio fre-
quency (RF) transmission systems, as these are currently facing
the challenge of an overcrowded RF spectrum and the resulting
capacity bottleneck [1]-[5]. Wireless visible light communica-
tion (VLC) systems have been proposed based on the deploy-
ment of light sources that can provide illumination as well as
data transmission, such as Gallium Nitride (GaN) LEDs. These
systems can benefit from the use of the increasing deployment of
solid state LED lighting technology. LED sources provide sig-
nificant advantages over conventional lighting sources, namely
lower power consumption, longer lifetimes and color rendering
capabilities [2]. Moreover, they exhibit modulation bandwidths
of the order of tens of MHz and can therefore be efficiently
modulated providing data transmission capability as well as
their main illumination function. The use of such LED-based
communication systems enables the exploitation of the large
(hundreds of THz) un-regulated visible spectrum, thus over-
coming the current spectrum crunch in the RF and millimetre
wave range [2]. Moreover, the use of visible light in indoor wire-
less communications provides important advantages including
cost and energy efficiency [3] as well as enhanced security ow-
ing to the light confinement within the walls of a room, and the
potential for a high degree of spatial reuse. As a result, atto-cell
optical wireless communication systems can be implemented
providing important capacity enhancements [6].

VLC links typically deploy intensity modulation and direct
detection (IM/DD) techniques owing to their simple implemen-
tation, which matches well the low cost character of the LED
technology. However, the maximum data rate achieved in such
systems is typically constrained by the limited modulation band-
width of the LEDs (typically in the low MHz range) [7]. As
a result, various techniques have been proposed and investi-
gated in order to compensate the LED bandwidth limitation and
improve the achievable data rates: (i) advanced modulation for-
mats, (ii) multi-channel communication systems and (iii) equal-
ization techniques. Advanced modulation formats can offer high
spectral efficiency, therefore enhancing the channel capacity.
Orthogonal frequency division multiplexing (OFDM) [8], [9],
carrierless amplitude and phase modulation (CAP) [10] and
pulse amplitude modulation (PAM) [7], [11] have been studied
in the context of LED-based links and implemented in VLC
system demonstrators. In [8], a 3 Gb/s single-LED OFDM-
based wireless VLC link using a GaN micro-pixelated LED
(uLED) was implemented. An aggregate data rate of 4.5 Gb/s
was achieved over a red-green-blue (RGB) LED-based WDM
system using a CAP-64 modulation in [10]. A bi-directional

0733-8724 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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1LED-based guided-wave VLC system was also realized in [12]
with an aggregated data rate of 10 Gb/s achieved over 10 m of
plastic optical fiber using a PAM-32 modulation. To realize even
higher transmission capacities, multi-channel communication
techniques, including multiple-input multiple-output (MIMO)
systems [13], [14], wavelength division multiplexing (WDM)
[10], [15] and optical spatial modulation (OSM) [16], [17], have
also been deployed in VLC free-space links. An imaging-MIMO
VLC system using four parallel channels has been demonstrated,
achieving an aggregate data rate of 920 Mb/s [14]. Experimen-
tal proof-of-concept demonstration of optical spatial modulation
OFDM using pLEDs was also realized, with a maximum data
rate of 1.34 Gb/s achieved [17].

Equalization is another approach to mitigate the inter sym-
bol interference (ISI) in such links and improve the achiev-
able transmission data rates. Equalization schemes implemented
at both the transmitter (pre-equalization) and receiver (post-
equalization) side of the link have been proposed [18]-[20].
In [18], a multiple-resonant equalizer has been implemented at
the transmitter, achieving 80 Mb/s data transmission with a bit-
error-rate (BER) <10~ using a white LED and non-return-to-
zero (NRZ) modulation. VLC post-equalization circuits, which
reshape the channel response at the receiver side, have also been
investigated, achieving NRZ data transmission up to 340 Mb/s
[19]. Moreover, the use of an adaptive equalization system using
a decision feedback equalizer has been proposed and simulation
studies have demonstrated the potential to achieve 1 Gb/s data
transmission using 4 feed-forward taps and 2 decision feedback
taps using NRZ modulation [20].

In this work, we propose the use of feed-forward equalization
(FFE) at the transmitter (pre-equalization) in conjunction with
a PAM modulation scheme in order to achieve high data rates
of >1 Gb/s in pLED-based VLC links. It is the first time that
the feed-forward pre-equalization and post-equalization are
compared for a free space VLC system using a PAM scheme.
FFE has already been investigated for use in high-speed optical
links in order to mitigate ISI and extend the transmission
capability [21]-[23]. Significant performance improvements
can be achieved using a small number of equalizer taps, which
can be implemented using relatively simple electronic circuitry
and adaptive control algorithms [21]. For example, 55 Gb/s
transmission was demonstrated using a directly-modulated
vertical-cavity surface-emitting laser (VCSEL), NRZ modula-
tion scheme and feed-forward equalization [24]. In this work,
it is shown that similar benefits can be obtained in LED-based
optical links by deploying low-complexity few-tap equalizers.
Moreover, pre-equalization is compared with post-equalization
for such links and it is demonstrated that pre-equalization can
offer ~5 dB better receiver sensitivity compared with post-
equalization. Furthermore, PAM modulation is employed in the
VLC links studied, as it provides an enhanced spectral efficiency
over NRZ modulation and requires a simpler implementation
than OFDM without significant digital processing requirements.
Herein, simulation and experimental studies are presented on
wireless VLC links using GaN pLEDs, APD receivers, feed-
forward pre-equalization and PAM modulation schemes and it is
demonstrated that multi-gigabit transmission over such low-cost
links can be achieved using simple adaptive electronic circuitry.
Error-free (BER <107'?) 2 Gb/s transmission is achieved
over a free-space VLC link, using a simple 3-tap feed-forward
pre-equalizer and a PAM-4 modulation scheme. In the sections
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that follow, the details of the VLC links studied are described
(Section II.A), the details of the feed-forward equalization are
illustrated (Section II.B) and the related simulation studies are
presented (Section II.C). The experimental setups along with
the high-speed data transmission experiments are reported in
Section III. Finally, Section IV presents the conclusions.

II. VLC LINK AND SIMULATION STUDIES
A. VLC link

The wireless VLC links studied in this work are based on the
use of GaN pLEDs and APD receivers. LEDs typically have,
diameters in the range of 20 to 100 xm and can provide mod-
erate output powers ~1 mW and relatively large modulation
bandwidths in excess of 100 MHz [25]. Their enhanced band-
width performance over conventional large size LEDs is due to
their small pixel size which reduces the capacitance limitation
of conventional larger-size LEDs and which also enables much
larger current densities through the devices [25]. Bandwidths
of 450 MHz have been demonstrated from 20 pm in diameter
450 nm pLEDs while 1 Gb/s NRZ data transmission has
reported [26]. For this work 20 ;sm diameter 450 nm pyLEDs are
employed. The pLEDs are modulated with PAM signals in order
to improve the spectral efficiency of the link and extend its trans-
mission capability. Low-order PAM schemes, such as PAM-4
and PAM-8, are studied for the VLC links as they are easy to
implement in practice with low-cost encoders and decoders.

At the receiver side, APD-based detectors are employed. The
advantage of using an APD receiver over a PIN-based receiver
in VLC link has already been demonstrated [12], [27]. The
reported studies indicate that APDs can provide a larger power
budget in such links and offer an improved sensitivity enabling
higher data rates or longer reaches [12], [27]. Therefore, an APD
receiver with a LNA is employed in this work. For the simulation
and experimental studies in this work, an 800 pm diameter Si
APD is considered, as it exhibits reasonable responsivity in the
visible wavelength range (0.28 A/W) and adequate bandwidth
(650 MHz) for gigabit data transmission. The gain and noise
performance of the APD detector are experimentally measured
and are employed in the link simulations presented below.

The transmission channel is a line-of-sight (LOS) free-space
link implemented in the experimental work with optical lenses.
This LOS VLC link emulates directly-illuminated configura-
tions such as workspace desks, meeting rooms or work benches
while its beam characteristics (coverage, field of view) can be
adjusted by employing appropriate beam shaping elements. For
the simulations, the LOS channel is assumed to have a time
delayed delta impulse response [28]. No multi-path reflections
are assumed in the model, in order to simplify the analysis and
demonstrate the benefits of the equalization technique on the
basic link by mitigating the limited LED bandwidth.

B. Feed-Forward Equalization

As indicated in the introduction, equalization is used to
overcome the bandwidth limitation of the LEDs and mitigate
the ISI in the VLC link. Equalization has been widely in-
vestigated for use in radio communication as well as in fibre
optic systems [21], [29]. A feed-forward (FF) equalizer is a
linear system whose output is the sum of a set of input sig-
nals which are appropriately delayed and weighted by the tap
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coefficients: Qutput:
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Fig. 1. Schematic of a feed-forward equalizer.

Data Sequence:00 11 11 01 00 11 00

10 01 00

— Pre-equalized PAM-4 Signal
s Un-equalized PAM-4 Signal

Fig. 2. Waveform of an un-equalized (solid line) and a pre-equalized (dotted
line) PAM-4 modulating signal for an example data sequence for a 2-tap feed-
forward equalizer with tap coefficients of (1 —0.55).

coefficients:

N
out(t) =y Cy x sft — (n—1)T]

n=1

where out(t) and s(t) are the equalizer output and input signal
respectively, C,, (n = 1,2 ... N) are the tap coefficients, T is the
tap delay and NV is the number of taps. Fig. 1 shows the schematic
of such a system while Fig. 2 shows an example of a PAM-4
waveform before and after the use of a 2-tap feed-forward equal-
izer. A feed-forward equalizer can be easily implemented with
simple electronic components or a transversal filter [30], [31].
High-speed transversal filters with adjustable tap coefficients
have already been developed [30]. For VLC systems, owing to
the use of moderate symbol rates (in comparison to laser-based
optical links), the electronic implementation of such equalizer
circuits becomes straightforward. In this work, we propose the
use of a FF equalizer at the transmitter side of the link with a
small number of taps (2 to 5) and a tap delay T that matches the
symbol period.

C. Simulation studies

Fig. 3 shows the basic link model used in the simulation
studies. The performance of the free-space LOS VLC link is
evaluated when a few-tap feed-forward pre-equalizer and PAM
schemes are applied [Fig. 3 (a)]. As indicated above, the key
parameters of link components, matching the values of the com-
ponents employed in the experiments, are listed in Table I. For
comparison, the performance of a similar link is also inves-
tigated when feed-forward post-equalization is applied at the
receiver [Fig. 3 (b)] and also when NRZ modulation is em-

Component Response Parameter
HLED Exponential Bandwidth: 150 MHz Emission
Power: 0 dBm Wavelength:
450 nm
APD Raised-Cosine Responsivity: 0.275 A/W
Bandwidth: 650 MHz
Modulation NRZ 2 Gb/s
scheme
PAM-4 1 Gbaud (2 Gb/s) 1.5 Gbaud
(3 Gbrs)
PAM-8 1 Gbaud (3 Gbrs)

ployed. The waveforms of the received signals in each link
configuration are recorded and processed in order to estimate
bit-error-rate (BER) performance in each case, employing the
BER estimation method described in [32], [33].

To illustrate the operation of the pre- and post- equalized VLC
links, Fig. 4 shows the simulated eye diagrams generated at each
stage of the link for both configurations when the same feed-
forward equalizer is used. The VLC link is assumed to operate
at 1.6 Gb/s using 0.8 Gbaud PAM-4 modulation. It employs a
2-tap feed-forward pre- or post- equalizer [Fig. 4 (a)]. For the
post-equalized link, an un-distorted PAM-4 signal [Fig. 4 (b)]
modulates the LED, while the eye diagram of the detected signal
at the APD is completely closed due to ISI [Fig. 4 (c)]. Using
the 2-tap feed-forward post-equalizer, the ISI is removed yield-
ing open eye diagrams [Fig. 4 (d)] and therefore the transmitted
data can be successfully recovered at the receiver. For the pre-
equalized link, the PAM-4 modulating signal is pre-distorted
using the same FFE equalizer at the transmitter side of the link
and is used to drive the LED [Fig. 4 (e)]. The optimum coef-
ficients of the equalizers are determined using the minimum-
mean-square-error (MMSE) adaption algorithm [34]. The eye
diagram of the signal at the APD is shown in Fig. 4 (f). The
received eye-diagram is open with 4 clear distinguishable lev-
els indicating that the transmitted data can be detected directly
without any further equalization. The BER performance of each
link can be estimated by analysing the received waveforms and
taking into account the noise at the receiver.

Simulations for the free-space VLC link are carried out for
2 Gb/s transmission using NRZ and PAM-4 modulation, whilst
varying the number of FFE taps from 2 to 5 and the BER
performance of each link configuration is obtained (Fig. 5).
These results are obtained using optimized tap coefficients for
each link. For NRZ based links, the feed-forward equalizers
require at least 4 taps to recover the transmitted signal at 2
Gb/s; while simple 2-tap equalizers can be used for the PAM-4
based links. Similar BER performance can be achieved for both
NRZ and PAM-4 links using pre-equalization. The simulation
results demonstrate that pre-equalization outperforms post-
equalization for all the VLC links studied. 3 dB and 5.5 dB
improvements in receiver sensitivity are obtained for the 2 Gb/s
PAM-4 and NRZ links respectively. This is due to the noise en-
hancement penalty induced in the link by the post-equalization
process, as the feed-forward post-equalizer amplifies both the
received signal and the noise, resulting in a degradation of the
signal-to-noise ratio (SNR) at the receiver. Such a noise en-
hancement penalty does not exist in the pre-equalized link as the
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Post-equalization
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Mocjlulalmg Exponential Raised Cosine Post- Calculation
Signal Response Response equalizer )
(b)
Fig. 3. Schematic of the (a) pre-equalized and (b) post-equalized free-space VLC system using PAM-4 modulation.
1 1 —*—NRZ Pre-eq (4Taps)
5 -&-NRZ Post-eq(4Taps)
-0.45& —4—NRZ Pre-eq (5Taps)
Tap-1  Tap-2 ~#-NRZ Post-eq(5Taps)

~ 1.25ns
(e) (f)

Fig. 4. (a) Tap-coefficients of the feed-forward equalizer; simulated eye-
diagram of (b) ideal PAM-4 signal, (c) APD detected signal before post-
equalization, (d) post-equalized PAM-4 signal, (e) pre-equalized PAM-4 signal
and (f) received PAM-4 signal using pre-equalization.

feed-forward equalizer is implemented at the transmitter side of
the link. For NRZ based links, the receiver sensitivity is 2.5 dB
larger compared with the PAM-4 based links as the equalizers
have larger tap coefficients to remove more ISI, resulting in a
larger noise enhancement penalty for the post-equalized link.

Further simulations are carried out on the free-space VLC
link comparing the performance of a 1.5 Gbaud PAM-4 and
1 Gbaud PAM-8 transmission, which both provide the same
3 Gb/s data rate. NRZ modulation would not be able to support
such high data rate transmission even with a larger number of
equalization taps. 3 to 5 taps are considered for the PAM-4 and
PAM-8 based links due to the increased symbol rate. Again the
BER performance of both the pre- and post-equalized links is
extracted and compared (Fig. 6). The BER results indicate a
5 dB improved receiver sensitivity for the pre-equalized link
over the respective post-equalized link. Moreover, it is found
that PAM-4 modulation outperforms PAM-8 and that error-free
(BER <107'?) 3 Gb/s transmission can be achieved with a
3-tap and 5-tap FFE pre-equalizer with a receiver sensitivity of
—9.4 and —11.8 dBm respectively. The improved performance
of PAM-4 over PAM-8 modulation for these links is explained
by the increased multi-level penalty that PAM-8 exhibits.

The simulated receiver sensitivity for a 107> BER for the
pre-equalized VLC link as a function of the number of taps is
found for the different modulation schemes (NRZ, PAM-4 and
PAM-8) and data rates (1.6 to 3 Gb/s) and is shown in Fig. 7.
An improvement in the receiver sensitivity (up to 2 dB) can be
achieved with a larger number of pre-equalizer taps. However,

—4— PAM-4 Pre-eq (4Taps)

-#r-PAM-4 Post-eq (4Taps)

—#—PAM-4 Pre-eq (5Taps)
&~ PAM-4 Post-eq (5Taps)

—+—PAM-4 Pre-eq (2 Taps)
- -PAM-4 Post-eq (2Taps)
—=—PAM-4 Pre-eq (3Taps)
-8-PAM-4 Post-eq (3Taps)
—o—PAM-4 Pre-eq (4Taps)
- -PAM-4 Post-eq (4Taps)
~+—=PAM-4 Pre-eq (5Taps)
-~ PAM-4 Post-eq (5Taps)

ER

Fig. 5. Simulated BER performance of (a) NRZ and PAM-4 VLC links and
(b) PAM-4-based VLC links at 2 Gb/s using pre- and post-equalization with
varying number of taps.

it can be noticed that beyond a certain number of taps no further
improvement is achieved. Higher symbol rates require a larger
number of the equalization taps as larger IST occurs in the link.
As a result, a PAM scheme would require fewer tap than the
equivalent NRZ link due to the lower required symbol rate. The
simulation results indicate that for a particular link the optimum
modulation and number of taps can be selected.

In this work, a 2°~1 PRBS is used to generate the PAM-4
modulation signal. In order to assess the link performance for a
longer pattern which would generate more transitions, the use of
a longer 2'°—~1 PRBS pattern is also studied with the same link
model. The simulated received eye diagram for a 2'°~1 PRBS
and for a 2 Gb/s PAM-4 based VLC link using a 4 tap equalizer
is shown in Fig. 8 (a). The simulated received eye diagram for
a 2°-1 PRBS pattern is also illustrated for comparison [Fig. 8
(b)]. The obtained BER performance for the two PRBS with
different lengths (2°-1 and 2'5-1) are compared in Fig. 8 (c)
and it is shown that a small power penalty < 0.5 dB is induced
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Fig. 6. Simulated BER performance of 3 Gb/s VLC links for different PAM

schemes using pre-/ post-equalization with varying number of taps.
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Fig. 7. The receiver sensitivity versus the number of taps of the feed forward

pre-equalizer for various modulation schemes.
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Fig 8.  Simulation results of (a) received eye-diagram using a 2'°—-1 PRBS;
(b) received eye-diagram using a 2°—1 PRBS and (c) BER results using a 2°—1
and 2'9-1 PRBS for a 2 Gb/s PAM-4 based VLC link using 4 taps.

for a BER of 107'2. The use of the 2°~1 PRBS pattern in the
experiments therefore is not expected to result in a significant
difference in obtained link performance.

III. EXPERIMENTAL RESULTS

Fig. 9 shows the experimental setup used for the data trans-
mission experiments on the pre-equalized free-space LOS VLC
link. An arbitrary waveform generator (AWG) is used to gener-
ate the PAM modulating signals and implement the feed-forward
pre-equalizer at the transmitter side using its built-in functions.

The generated PAM signal is amplified to appropriate voltage
levels via an RF amplifier (SHF-826H) and modulates a square
20 x 20 pm? 450 nm pLED. The uLED is biased at a DC volt-
age of 5 V while the modulating signal has a 2 V peak-to-peak
amplitude. The optical output is collected using an aspheric lens
(Edmund #87-161) with a numerical aperture (NA) of 0.64. At
the receiver side, an aspheric lens (Edmund #66-013) is used
as a light concentrator focusing the light onto the APD receiver
(First Sensor AD800-11). The received electrical signal is am-
plified using a low noise amplifier (LNA, ZFL-1000LN+) and
the obtained waveforms and eye diagrams are captured using a
digital storage oscilloscope. The BER performance of the link is
calculated offline based on the captured waveforms and the mea-
sured receiver noise characteristics. It should be noted that the
free-space distance used in the data transmission experiments
is 0.6 m and is limited by the size of the optical bench. Trans-
mission over larger distances of ~5 m is feasible as the output
beam has a small divergence. In real applications, the maximum
free-space distance over which the VLC link will be operated
successfully depends on the required coverage, field-of-view
and LED output power.

The VLC link is initially tested using a NRZ modulating
signal. Fig. 10 shows the received eye diagrams at the data rates
of 0.5 Gb/s, 0.6 Gb/s and 0.7 Gb/s with a received optical power
of —14.2 dBm. The obtained eye diagram at 0.5 Gb/s is open
(Fig 10 (a)), albeit with a very large ISI, while the received
eye diagram at 0.7 Gb/s is closed due to the limited p©LED
bandwidth. As expected, NRZ modulation cannot support data
rates > 1 Gb/s over the VLC link. In order to achieve this, a
2-tap FFE pre-equalizer is implemented at the transmitter. The
#LED is modulated by the pre-equalized PAM-4 signal at 0.8
Gbaud, providing a data rate of 1.6 Gb/s. Fig. 11 shows the eye
diagram of the PAM-4 signal at the transmitter and receiver side
of the link for different values of the 2" tap coefficient with
a received optical power of —14.2 dBm [Fig. 11 (a)]. Fig. 11
(b) shows the corresponding pre-equalized PAM-4 modulating
signals while Fig. 11 (c) are the respective eye diagrams recorded
at the receiver. The eye diagrams obtained for an un-equalized
PAM-4 modulating signal are also illustrated for comparison.

As expected, the uncompensated PAM-4 VLC link fails; the
received eye diagram is completely closed and therefore the
transmitted data cannot be directly recovered at the receiver. On
the other hand, the received eye diagrams for the pre-equalized
1.6 Gb/s PAM-4 links are open and the 4 signal levels are
clearly distinguishable. As a result, the transmitted data can
be recovered directly at the receiver without any further signal
processing. The BER performance of the each pre-equalized
1.6 Gb/s link is calculated for the different tap coefficients stud-
ied and the results are shown in Fig. 12. Based on the obtained
BER performance, the optimum value and tolerance for the
second tap coefficient in this link are obtained. Fig. 13 shows
the receiver sensitivity for a 10~'> BER as a function of the
value of the second tap coefficient as obtained from the sim-
ulations and experiments. For a particular target receiver sen-
sitivity, the range of values satisfying this requirement can be
identified. For example if a receiver sensitivity of —13 dBm is
required in the link, a large tolerance is obtained, with suitable
values within the range [—0.65 —0.5] for the experiment and
[—0.6 —0.38] for the simulation. The experimental results fol-
low the same trend as the simulation results but with a small shift
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Fig. 9. Experimental setup of the free-space VLC using pre-equalization

Fig. 10. Received NRZ eye-diagrams of the VLC link at (a) 0.5 Gb/s, (b) 0.6
Gb/s and (c) 0.7 Gb/s
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Fig. 11.  (a) Tap coefficients and eye-diagrams of the (b) pre-equalized PAM-4
modulating and (c) respective received signal for the 1.6 Gb/s VLC link.
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for the optimized 2 Gb/s PAM-4 free-space VLC link.

in values. This difference can be attributed to the slightly dif-
ferent values for link bandwidth between the real link and sim-
ulation model and the non-linearities which are not taken into
account in the simulation (such as the APD non-linearity). The
tap coefficients of [1 —0.55] provide the best BER performance
and the corresponding receiver sensitivity for a BER<107!2
is found to be —15 dBm. In practice, the optimum equalizer
coefficients can be determined experimentally using a training
sequence and a feedback mechanism. Communications in VLC
systems are expected to be bi-directional so the real-world im-
plementation of such equalization schemes can be incorporated
in the higher-level communication protocols.

A 2 Gb/s PAM-4 free-space VLC link is also implemented
using the same experimental setup and a 3-tap feed-forward pre-
equalizer. The optimum tap coefficients are adaptively adjusted
0 as to maximize the eye opening of the received PAM-4 signal
and optimize the link BER performance. Fig. 14 shows the
optimized tap coefficients [Fig. 14 (a)], the corresponding eye
diagrams of the pre-equalized PAM-4 modulating signal [Fig. 14
(b)] and the received signal with a received optical power of
—14.2 dBm [Fig. 14 (¢)]. It can be noticed that the eye diagram
of the received PAM-4 signal is open and that the 4 signal levels
are clearly distinguishable. The estimated BER performance
of the link is shown in Fig. 14 (d) along with the respective
simulated BER performance. Error-free (BER<10~'%) 2 Gb/s
transmission is achieved for an average received optical power
larger than —12.2 dBm, while good agreement is obtained again
between experimental and simulation results.

IV. CONCLUSION

Feed-forward pre-equalization is proposed for use in wireless
VLC systems in conjunction with PAM modulation schemes in
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order to overcome the limited bandwidth of LEDs and achieve
multi-gigabit (>1 Gb/s) transmission using low-complexity
electronic circuitry. The proposed VLC links are based on the
deployment of few-tap simple feed-forward equalizers, pLEDs,
APD receivers and low-order PAM schemes. Both simulation
studies and experimental results demonstrate that such schemes
can effectively remove the ISI caused by the limited bandwidth
of the link without using any complex digital signal processing.
The simulation results indicate 3 Gb/s PAM-4 VLC links are fea-
sible using only 3 to 5 taps in the equalizer and further show that
improved receiver sensitivities of up to 5 dB can be achieved
by employing pre-equalization over post-equalization. Error-
free (BER <107'2) 1.6 Gb/s and 2 Gb/s PAM-4 data transmis-
sion are achieved over a free-space VLC link using a 2-tap and
3-tap feed-forward pre-equalizer respectively, a 450 nm pLED
transmitter and a Si APD receiver. The results showcase the po-
tential benefits of pre-equalization in high-speed VLC systems,
providing a cost-effective, energy-efficient and low-complexity
approach to overcome the bandwidth limitation.
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Abstract—Displays based on microsized gallium nitride
light-emitting diodes possess extraordinary brightness. It is
demonstrated here both theoretically and experimentally that the
layout of the n-contact in these devices is important for the best
device performance. We highlight, in particular, the significance
of a nonthermal increase of differential resistance upon multipixel
operation. These findings underpin the realization of a blue
microdisplay with a | e of 105 cd/m>.

Index Terms— CMOS integrated circuits, displays, flip-chip
devices, integrated tronics, light-emitting diodes (LEDs).
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I. INTRODUCTION

ALLIUM nitride-based light-emitting diodes

(GaN LEDs) not only hold great promise for lighting
but also can be fabricated into arrays of microscale
LEDs integrated with CMOS control electronics [1], [2].
Such devices can serve as miniature displays [3], multisite
excitation sources [4], and manipulation tools [5], [6] in
the life sciences. LEDs with a size of 100 x 100 xm?
or less (here referred to as micro-LEDs) can be driven
at significantly higher current and optical power density
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than conventional large-area LEDs [7]. Consequently, they
are promising for applications requiring, or benefitting
from, high intensity, e.g., displays in high brightness
environments (sunlight), projection [8], optoelectronic
tweezers [5], [6], or pumping of organic lasers [9]. A further
consequence of high current density operation is a reduction
of the carrier lifetime [10], making micro-LEDs attractive
candidates for high-speed data transmission using visible
light [11]. CMOS control of multiple micro-LEDs has the
potential to enhance the capabilities of such a communications
system [12].

In recent years, matrix-addressed and individually addressed
CMOS-controlled GaN microdisplays with a luminance on
the order of 10* cd/m? have been demonstrated [3], [13].
This is already one order of magnitude higher than alternative
technologies, such as organic LED displays [3]. A single
micropixel can provide an optical power density >150 W/cm?
yielding luminance in excess of 107 cd/m?. However, scaling
this single-pixel performance up to an entire high-brightness
display is very challenging. The work reported here is based on
CMOS driver electronics and LED arrays specifically designed
to tackle this challenge.

We investigate the limitations and issues in high current
density operation of flip-chip micro-LED arrays bump-bonded
to a CMOS driver chip where several pixels are switched ON
at the same time. It is found that in arrays with high
LED fill-factor (i.e., the ratio of light-emitting area to total
pixel area) a brightness drop occurs which we refer to as the
multipixel droop. In the previous study, high current density
operation in micro-LEDs was linked to improved thermal
management of the small pixels [7]. Therefore, a drop in
brightness due to device heating is expected when operating
high fill-factor arrays. Interestingly, it is found here that,
while thermal issues play a role, a severe limitation for
multipixel operation is a nonthermal increase of differential
resistance, which may be linked to current crowding.
Current crowding will always cause additional device heating,
but we demonstrate that the multipixel droop occurs in pulsed
and moderate current continuous wave operating regimes
where such heating is insignificant. It is, therefore, an electrical
crosstalk that occurs in both pulsed and dc operation.
This effect can be mitigated by careful layout of the
n-contact, possibly sacrificing LED fill-factor. The importance
of the n-contact layout has recently been highlighted in [14]

This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/
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Fig. 1. Schematic of the devices for experimental investigation. (a) Cross section showing the integration of the LED arrays with the CMOS-chip. (b) Electric
circuit. (c) Layout A. (d) Layout B.
TABLE I

and here we present a more in-depth study of the underlying
physics and performance limitations. As a result of
these investigations, we demonstrate a CMOS-integrated
blue microdisplay with a display luminance of 10° cd/m?2
(12 W/em?), exceeding current commercial displays by a
factor of 10°.

II. EXPERIMENTAL RESULTS

A range of factors influences the brightness achievable
with micro-LED displays, including the quality of the
epitaxial material, the layout of LEDs and CMOS, as well
as thermal management. In this paper, we focus on the
LED and CMOS layout. The epitaxial structures used are
commercial sapphire-grown InGaN/GaN multiquantum-well
structures emitting at 450 nm. The LEDs were fabricated
as reported earlier [1] using Pd as the p-contact metal [15].
To the best of our knowledge, the epitaxial layer thicknesses
and electrical properties are similar to those in Section III.
All results reported here were obtained from a single wafer
(and, where possible, from the same die) in order to allow the
best comparison.

A. CMOS Layout

Each micro-LED array was bump-bonded directly on top
of a CMOS driver chip fabricated in a 0.35-um process
containing a pitch-matched array of drive circuits [Fig. 1(a)].
These were designed with the aim of driving the highest
possible current per pixel while also allowing switching
on a nanosecond timescale. To enable LED drive voltages
beyond the operating voltage of the CMOS, the driver chip
was implemented with three voltage terminals, LED_VDD,
GND, and LED_GND, which are shown in Fig. 1(b).

COMPARISON OF THE GENERATION 1 AND
GENERATION 2 CMOS DRIVER

Generation 1 Generation 2

Array dimensions 16x16 10x40
Pixel pitch 100 pm 100 pm
Bond pad size 50x50 pm? 100x 100 pm?
Number of power rails

. 2 4
connected to one pixel
Power rail width 40 pm
LED_VDD 36 pim 33 um
Power rail width 25 pm
GND 4 pm 17 pm
Power rail resistance 071 Q 0.21 Q
LED_VDD i 0.17 Q
Power rail resistance 10 0.40 Q
GND 0.28 Q
QC Driving current per 200 mA 400 mA
pixel
Electronics underneath
bond pad No Yes
Fraction of pixel area
used by drive transis- 36 % 90 %
tors

LED operating voltages up to 8.3 V are possible by supplying
a CMOS compatible voltage of 3.3 V (with respect to GND)
on the LED_VDD terminal and —5 V on the LED_GND
terminal. Note that the CMOS driver reported here is the latest
development in a series of driver chips specifically designed
for driving micro-LED pixel arrays [1], [10], [16]-[18].
In this section, we compare the present driver (generation 2)
to the previous one (generation 1) [10], [18]. We highlight
the changes that were made to enable high-power display
operation. A synopsis of both generations is given in Table I.
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a) b)

LED_VDD
GND
LED_GND
Bond Pad

Fig. 2.
CMOS driver and (b) and (d) generation 2 CMOS driver. (a) and (b) Power
rail configuration. (c) and (d) Layout of an individual pixel. Note that in (d),
the bond stack covers the entire pixel.

Schematic of the design changes between (a) and (c) generation 1

The voltage uniformity across the pixel array was improved
by reducing the voltage drop along the power rails of the
chip due to their resistance. This was minimized by making
the power rails supplying each pixel as wide as possible.
Furthermore, they were laid out in a grid arrangement,
which compares with a linear arrangement in generation 1
[Fig. 2(a) and (b)]. Values for the rail width and resistance
in both generations are given in Table I. Both the LED_VDD
and the GND rails have a factor 3 and 4 lower rail resistance
in generation 2 compared with generation 1. Furthermore, the
power rails are each routed through ten dedicated bonding
pads.

The integration by bump-bonding requires each pixel to
have a bond pad. An important difference between the
two CMOS driver generations is that in generation 1, the bond
pad area was prohibited to active circuitry in order to avoid
fusion with the lower level metals during the bump-bonding
process, thus short-circuiting the circuitry underneath [16].
In generation 2, the bond pad was placed on top of the drive
circuit so that both could utilize the full pixel area, as shown
in Fig. 2(d). This was enabled by making the top metal layer
thick and mechanically strong so that it can withstand the
forces applied during bonding. The resulting area increase of
the driving transistors is clearly visible in Fig. 2(c) and (d).
In generation 2, 90% of the pixel area was occupied by the
driving transistors, which compares with 36% for generation 1.
This increase of transistor size enhances the current handling
capability of each driver element.

As a result of these improvements, the generation 2 driver
can handle up to 400-mA dc per pixel, which is twice the value

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 62, NO. 6, JUNE 2015

Patterns displayed on device B at 100 cd/m? (~7.7 mA/pixel).
(a) Single pixel. (b) Smiley. (c) Letters IOP. (d) Full array with a few defects.
The voltage was 3.6 V and the camera settings were kept identical for all
micrographs.

Fig. 3.

of the generation 1 device. A single pixel current of ~300 mA
(limited by the LED) has been realized, and a 10 x 10 section
of the array (1 x 1 mm? area) has been operated at a total
current of 900 mA.

B. LED Layout

We illustrate the multipixel droop on the basis of
two 10 x 10 LED arrays, labeled A and B. These correspond
to Fig. 1(c) and (d), respectively. Both were implemented in
flip-chip format on the same wafer die and bonded to the same
CMOS chip allowing optimal comparison. Note that six other
layouts have been fabricated as well and confirm the trends
outlined here. These further results are not shown here for
brevity and clarity.

Array A is similar to previously reported micro-
displays [3], [18] and serves as a reference. It consists
of 85 x 85 um? mesas at 100-um pitch, forming
a 10 x 10 array. The n-contact metal surrounds the array and
there is no n-metal between the mesas. It is, therefore, similar
to devices Al and A2 in Section III.

Array B is a 10 x 10 array of 80 x 80 um? mesas
at 100-pum pitch. In this case, the surrounding n-metal
contact is supplemented by 10-um wide n-metal tracks
running through the gaps between each mesa. It is, therefore,
similar to device B in Section III.

Both array types are part of a larger 10 x 40 array on
a single die, which was bump-bonded to a CMOS chip,
as shown in Fig. 1(a). Therefore, both device types have
undergone exactly the same fabrication steps at the same time.
Fig. 3 shows micrographs of representative displayed patterns.
Even though the bump-bonding causes a dark region in the
center of the pixels, the optical output power of the individual
pixels differs minimally from that prior to bonding the device
measured by needle probing. At an operating voltage of 3.3 V,
the individual pixels draw a uniform current with <10%
pixel-to-pixel variation. This is particularly relevant because
in Section II-C it will be shown that the multipixel droop
manifests in the current—voltage (/-V') characteristics.

C. Limitation of Display Luminance

At a given LED voltage and resulting LED current, the opti-
cal power was measured using a silicon photodetector, which
was placed at 3-cm distance from the device. The collection
efficiency in this configuration was estimated by assuming a
Lambertian emission pattern [9] and the conversion of optical
power to luminous intensity was also based on the assumption
of a Lambertian emission pattern. Note that the optical power
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and luminous intensity are normalized to the pixel area as a
direct measure of display brightness. The current, on the other
hand, is normalized to the active area because in the light
of earlier investigations [7], [10], [19] this allows the best
comparison between the slightly differently sized mesas of
layouts A and B.

Earlier studies investigated the dependence of the (/-V)
and luminance—current (L—I) characteristics of GaN LEDs as
a function of LED size [7] and showed significant variation.
Similarly, the -V and L-I characteristics of a densely packed
LED array both vary with the number of pixels that are
switched ON, as shown in Fig. 4. Interestingly, the L—I curves
are almost identical and the major difference is due to the
slightly different LED fill-factor of the two devices. This is
discussed in Section II-D. However, clear differences can be
seen in the /-V curves.

In both layouts, the /-V shows a higher resistance per
pixel the more pixels are switched ON. This multipixel droop
depends on both the pixel number and the operating voltage.
Close to turn ON, the /-V is independent of the pixel number.
However, at voltages that significantly exceed turn ON, a large
number of pixels will draw a smaller current density than a
small number of pixels, i.e., there is a crosstalk between the
pixels that reduces the current per pixel.

By comparing Fig. 4(a) and (c), we see that the multipixel
droop is less severe in layout B, indicating that a suitable
layout of the n-contact can alleviate the multipixel droop.
This finding is well-aligned with an observation in [20] that
the n-contact layout is generally important for high
performance of lateral-injection LEDs.

Fig. 5. L-V characteristics of (a) layout A and (b) layout B. Left y-axis:
optical output power density normalized to the pixel area (100 x 100 pm2)4
Right y-axis: equivalent display luminance for an emission wavelength of
450 nm and a Lambertian emission profile.

The impact of this phenomenon on the display performance
shows up in the luminance-voltage (L-V) characteristics
shown in Fig. 5. At low voltages, the L-V curves overlap
but at higher values they fan-out significantly. This means
that above a certain drive voltage the brightness changes
upon switching ON and OFF pixels are too large for useful
display operation. As indicated in Fig. 5, this operating point
for maximal brightness has approximately three times higher
optical output power in device B than in device A despite the
slightly lower LED fill-factor.

Patterns with larger pixel numbers are compared in Fig. 6 at
a constant operating voltage, showing clear multipixel droop.
Layout B has generally higher brightness and the relative
droop is less severe (54% for layout A and 45% for layout B
when switching on a 10 x 10 array). When the full array is
switched ON, the power density has dropped to 8.8 W/cm?.
Notably, by raising the voltage from 3.6 to 3.8 V, the bright-
ness of the full array was raised to 11.5 W/em?, ie., only
moderate adjustments to the operating voltage are needed to
maintain good uniformity.

D. Thermal Effects

The influence of device heating on the multipixel droop
can be assessed indirectly from the L—I characteristics and
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Fig. 7. Peak optical power normalized to pixel area of 10-ns pulses at 8.3 V
and 100-Hz repetition rate as a function of pixel number.

directly by thermal imaging. At high currents, heating causes
thermal rollover of the optical output power. It can be noted
though that rollover occurs at lower current densities, the more
pixels are switched ON. This means that cumulative heating
has an impact on the device performance and will need to be
addressed when pushing display brightness toward and beyond
the 107 cd/m? mark.

Interestingly though, we find that the observed multipixel
droop is not entirely of a thermal nature. A first evidence
for this is given by nanosecond pulsed operation at low duty
cycle, where virtually no cumulative heating occurs. Fig. 7
shows the optical output power when operating with pulses of
10-ns duration (achieved by switching the CMOS transistors
with an external clock signal) at a duty cycle of 107°.
In this configuration, no device heating will occur, yet a
significant (factor 2) multipixel droop is observed. Note that
layout B performs slightly better in pulsed operation, which
is remarkable considering the different LED fill-factor.
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measurement.

Further evidence is obtained in dc operation. Fig. 8
compares the L—I characteristics of two pixels switched ON
simultaneously and the two pixels are either adjacent to each
other or separated by some distance. When the two pixels
are adjacent to each other, thermal rollover occurs at ~75%
of the current density at which the single pixels rollover.
However, when the two operated pixels are several
hundred micrometers apart, the thermal rollover is not
changed. First of all, this indicates that heat is efficiently
spread across the die. Notably though, this behavior is identical
for both layouts. This indicates that the thermal property is not
responsible for the different multipixel-droop behavior of the
two layouts.

To gain better insight into the temperature distribution in the
device, we used a thermal infrared camera. Fig. 9(a) presents
the junction temperature of a single pixel as a function of
current density (kept below rollover). There is no significant
difference between layouts A and B. Device B has mar-
ginally lower temperatures due to the lower LED fill-factor.
Note that the observed junction temperatures are lower than
usually reported for GaN-based LEDs under similar driving
conditions [21]. We attribute this to improved heat sinking via
the bump bonds to the CMOS chip and the small size of the
LED pixels.

An example of a thermal image of the device with two pixels
switched ON is given in Fig. 9(b). In this case, the pixels
have a temperature of ~35 °C and the whole die is heated
up to 32 °C. Here, the device was operated at a voltage
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Fig. 9. Thermal performance analyzed by IR imaging. (a) Junction temper-
ature for a single pixel. (b) Image of two pixels switched ON simultaneously
(layout B, four pixels spacing). (c) and (d) Temperature profiles of two pixels
with different spacing operated at 4.8 V for (c) layout A at 0.78 kA/cm? and
(d) layout B at 1.28 kA/cm~.

of 4.8 V and a current density of 1.28 kA/cm?, which is well
below thermal rollover. For a better quantitative comparison,
Fig. 9(c) and (d) shows the temperature profile along a cross
section through the centers of both pixels for different pixel
spacing. The voltage was kept constant at 4.8 V and, therefore,
layout A operated at 60% of the current density of layout B
and consequently it had a lower temperature. If the pixels are
spaced apart by 100-xm separation or more, their temperature
is independent of the pixel spacing. In this case, the mutual
heating of the pixels is enabled by the uniform widespread
heating across the whole die. Only for directly adjacent pixels,
arise in junction temperature can be seen by thermal imaging.
Even then, the temperature of the whole die is the same as for
any other pixel spacing.

III. THEORETICAL INVESTIGATION OF
THE CURRENT DISTRIBUTION

The experimental results indicate that the current
distribution within the n-layer of the devices is important.
Therefore, the current density was calculated from a finite-
difference model implemented in MATLAB [22], [23]. Here,
thermal effects are neglected, highlighting the impact of the
n-contact layout on the current distribution in the structure.
The following material parameters were used:

ny=5x10% em™3 n, =107 cm™3 (1a)
tn =200 cm?/Vs  pp =1 cm?/Vs (1b)
pen =107 Qem?  p., = 107° Qem? (1c)

Fig. 10. Schematic of the modeled devices. (a) Layout Al. (b) Layout A2.
(c) Layout B. Light gray: mesa area. Dark gray: area covered by n-metal.

where n, and n, are the electron and hole concentrations in
the n- and p-doped regions, u, and u, are the corresponding
carrier mobilities, and p.,, and p., , are the contact resistivities
of the metal contacts to the n- and p-doped semiconductor
regions. The junction was described as an ideal diode with
saturation current jor = 1072 A/em?, ideality factor n = 5,
and room temperature Boltzmann factor k7 = 27 meV.

Fig. 10 shows the schematic of the three modeled devices,
labeled Al, A2, and B for easy comparison with the devices
in Section II. All of them consist of three 10 x 10 xm?2
mesas with a mesa height of 1 xm and a total semiconductor
thickness of 3 xm, of which 200 nm are p-doped and the rest
n-doped GaN. These devices are smaller than the LEDs in
the experimental section in order to reduce the computational
effort. The difference between the devices is the layout of the
n-contact. Layouts Al and A2 have no n-contact in between
the mesas, whereas layout B has a metal stripe between each
mesa. Design Al has a single n-contact on one side of the
device. This is known to cause current crowding effects at
high current densities [24], [25]. In layout A2, the pixel group
has n-metal contacts on both sides, which is typical for high
LED fill-factor arrays and provides good uniformity at low
current densities [3]. Finally, design B has n-contacts
surrounding each mesa individually.

We look first at the operation of a single pixel at a
bias voltage of 4.5 V. Under these conditions, a relatively
uniform (<10% variation) current density of ~700 Alem?
passes through the junction of the biased pixel. Fig. 11 maps
the current density distribution along a cross section through
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Fig. 12. Similar to Fig. 11, current density cross sections through the devices
in Fig. 10. A bias voltage of 4.5 V is applied to all three pixels.

the device. It can be seen that the asymmetric n-layout
(device Al) suffers from significant current crowding toward
the single n-contact. In the symmetric layouts, the current
injected into the center pixel is evenly distributed to the
two closest n-contacts, giving similar peak current densities.
Note also that in layouts Al and A2 high lateral currents
flow underneath pixels with 0 V bias. Even though there is
no vertically injected current in these pixels, the current
density in the n-layer is still large due to the current injected
at adjacent pixels.

Fig. 12 shows the current density distribution when all
pixels are operated simultaneously. It can be seen that current
crowding effects at the mesa edges and n-contact edges
are only minimized when each mesa is surrounded by its
own n-contact regions [layout B, Figs. 10(c) and 12(c)].
Furthermore, the asymmetric n-contact [Fig. 12(a)] leads to
current crowding toward the n-contact [24].
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Section II-C demonstrates that the multipixel droop is
an effect of increased parasitic differential resistance upon
switching ON several pixels. It was shown in Section II-D
that this differential resistance cannot solely be attributed to
device heating and that the n-contact layout has an influence
on this effect. The simulation confirms that a major difference
between the layouts is the current density distribution. This
suggests that there may be a link between current crowding
and the multipixel droop. For example, the n-GaN conductivity
may change nonthermally as a function of current density.
This interpretation is in line with earlier observations that
the drift velocity of electrons in semiconductors rolls over at
high electric field strength [26], i.e., effectively the electron
mobility u, decreases at high current density.

IV. CONCLUSION

High brightness CMOS-controlled microdisplays can
be made on the basis of GaN flip-chip micro-LEDs.
Limiting factors to the achievable luminance include the
current handling capability of the control electronics, the
current distribution within the LED structure and thermal
management. In particular, it is demonstrated that careful LED
design toward optimal current distribution in the n-GaN layer
is crucial for obtaining the highest possible display luminance.
These design considerations may have impact on the
fill-factor, pixel size, and resolution. Furthermore, we show
that in high-brightness dc and pulsed operation an electrical
crosstalk occurs, which is caused by a nonthermal increase
of differential resistance and may be linked to current
crowding.
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pwLED-Based Single-Wavelength Bi-directional POF
Link With 10 Gb/s Aggregate Data Rate

Xin Li, Nikolaos Bamiedakis, Jinlong Wei, Jonathan J. D. McKendry, Enyuan Xie, Ricardo Ferreira, Erdan Gu,
Martin D. Dawson, Richard V. Penty, and Ian H. White

Abstract—We report record 10 Gb/s bi-directional data trans-
mission over a single 10 m SI-POF, by employing blue microlight-
emitting diodes (xLEDs) at a single wavelength, APD receivers,
and a PAM-32 modulation scheme. The implementation of
10 Gb/s LED-POF links takes advantage of the bi-directional con-
figuration, which doubles the overall channel capacity, and APDs,
which provide an enhanced link power budget owing to their im-
proved sensitivity compared with conventional p-i-n photodiodes.
Moreover, the high spectral efficiency of the PAM-32 modulation
scheme employed, together with equalization techniq bl
the full utilization of the link bandwidth and the transmission of
data rates higher than those obtained with conventional on—off key-
ing. Simulation and experimental results demonstrate the feasibil-
ity of such a bi-directional link, and simultaneous 5 Gb/s data trans-
mission is realized in each direction, achieving an aggregate data
rate of 10 Gb/s with a BER < 1073, The crosstalk penalty between
the two directions of the link is measured to be less than 0.5 dB.

Index Terms—APD, bi-directional communication, micro-LED,
plastic optical fiber (POF), pulse amplitude modulation (PAM).

I. INTRODUCTION

N recent years, there has been much research interest in the

deployment of step-index plastic optical fiber (SI-POF) in
low-cost short-reach communication links, such as those em-
ployed in in-home and automotive networks. These applica-
tions can fully exploit the mechanical and cost advantages pro-
vided by SI-POF, namely, ease of installation, high flexibility,
resilience to bending, shock and vibration, and cost-efficiency
[1], [2]. Moreover, it has been shown that POF links, apart
from higher interconnection data rates, can also provide cost
and power advantages over common copper-based technolo-
gies [3], [4]. Light-emitting diodes (LEDs) appear to be es-
pecially attractive for use in such low cost SI-POF links as
they are compatible with the large core diameter of POF, eye-
safe, and cost- and energy-efficient. However, the increasing
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network traffic foreseen in such environments (e.g., the inter-
connected house, 3-DTV, HDTYV, multi-sensor automotive data
networks) will require high transmission data rates of >1 Gb/s
over such optical links [5]. The high speed performance of
LED-POF links is typically limited by the low bandwidth of
the POF (200 MHz x 50 m), the RCLEDs typically employed
(~100 MHz), and the relatively high attenuation coefficient
of SI-POF (e.g., 0.16 dB/m at 650 nm) [5]. As a result, vari-
ous schemes which enable an improvement in the achievable
data rates over LED-POF links, such as advanced modulation
formats, multiplexing techniques, such as wavelength-division
multiplexing (WDM) and bi-directional (BiDi) transmission,
and the use of avalanche photodiodes (APDs) have attracted
considerable research interest. The use of spectrally efficient
modulation formats, such as multi-level and multi-carrier mod-
ulation, has been proposed and demonstrated in such links. A
5 Gb/s data transmission rate over 25 m of a RCLED-POF
link has been realised using 32-level pulse amplitude modula-
tion (PAM-32) with a bit-error ratio (BER) <1072 [6]. A 5.5
Gb/s transmission over 1 m SI-POF is achieved employing GaN
LEDs and a PAM-4 modulation scheme [7]. Discrete multi-tone
modulation has also been demonstrated using an LED transmit-
ter, achieving 1.5 Gb/s over 50 m of POF with a BER < 1073
[8]. Moreover, WDM has been implemented over SI-POF links
using six laser diodes and achieving an aggregate data rate of
21.4 Gb/s [9]. A 1 Gb/s real-time BiDi transmission over a
single SI-POF is achieved using red lasers and a passive 1 x
2 POF splitter [10]. Finally, recent studies have demonstrated
that APDs can offer improved sensitivity in such links enabling
higher data rates or longer reaches [6].

In this work, we propose the use of BiDi transmission over
LED-POF links in order to double the channel capacity and we
report record single-wavelength 10 Gb/s BiDi data transmission.
The link employs 20 pm-diameter, 450 nm pLEDs, 800 pum-
diameter APDs and PAM-32 modulation in order to achieve
5 Gb/s in each link direction. Such pLEDs, with diameters
<100 p4m, can demonstrate higher modulation bandwidths [11].
Moreover, ¢LEDs emitting in the blue wavelength range match
very well the low attenuation window of POF and the attenu-
ation coefficient is lower than that for red wavelength. It also
offers high coupling efficiency owing to their small dimension in
comparison to the POF core size (1 mm in diameter). 6.25 Gb/s
data transmission over 10 m of POF using 4 LEDs and a PAM-
16 modulation has been experimentally demonstrated with a
BER < 1073 [12]. Simulation studies on the BiDi #LED-POF
link are presented indicating the feasibility of such link and
highlighting the importance of the use of APD-based receivers.
The BiDi optical link is implemented and data transmission

This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/
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Fig. 1. BiDi link model with noted bandwidth (BW) for the optoelectronic components.
TABLEL frequency response of a SI-POF can be accurately modelled
SIMULATION MODELS AND SPECIFICATION using a Gaussian filter [13]. The employed value for the POF
loss coefficient at 450 nm (0.2 dB/m) is based on the measured
Component  Response Parameter value of the particular SI-POF (Eska-Mega) used in the experi-
JLEDs Exponential Bandwidth: 150 MHz mental demonstration. The obtained loss value is larger than the
Emission Power: 0 dBm 0.12 dB/m value used in the datasheet, as this includes bending
Wavelength: 450 nm - . N . .
POF Gaussian Bandwidth distance product: 200 MHz x 50 m losses and facets imperfections. The APD receiver is modelled
Attenuation:0.2 dB/m at 450 nm as having a raised cosine frequency response [13] with a band-
APD Raised-Cosine  Responsivity: 0.275 A/W

Bandwidth: 650 MHz

experiments are carried out to investigate the link performance.
A gross aggregate data rate of 10 Gb/s is achieved over 10 m
of POF with a BER < 103 for both directions_ which is within
forward-error correction (FEC) limits. The 10 Gb/s gross data
rate includes the required FEC overhead. The crosstalk penalty
for each link direction is measured to be less than 0.5 dB. The
reported results constitute, to the best of our knowledge, a
record aggregate data rate performance for LED-POF links at
a single wavelength and demonstrate the potential to achieve
relatively large capacity in short-reach optical links using such
low-cost components.

The remainder of the paper is organized as follows. Sec-
tion II describes the link model used for the simulation studies
and presents the obtained results. The link implementation and
data transmission experiments are reported in Section III, while
Section IV provides the conclusions.

II. SYSTEM MODEL AND SIMULATION RESULTS

A link model is developed to study the performance of the
BiDi LED-POF link (see Fig. 1). The characteristics of the com-
ponents employed in the simulations are based on the actual
components used in the link demonstration. Table I summarises
the important parameters and the type of response assumed for
the different components in the link. Separate component stud-
ies have been carried out to determine some of the 4LED, POF
and APD characteristics, while the value of the remaining pa-
rameters required are based on their datasheets. The impulse
response of LEDs in fiber optic systems has been studied [13]
and an exponential response is proposed. Moreover, the light-
voltage (L-V) characteristic of the 4LEDs is measured and is
incorporated in the model in order to take into account the ef-
fect of their non-linear behaviour on the link performance. The

width of 650 MHz, as found by related measurements on the
receivers used in the link implementation. The value for the APD
responsivity used in the simulations is based on the datasheet
of the APD employed in the experiments (First Sensor AD800-
11). The value used is 0.275 A/W for M = 1. The receiver noise
performance and APD avalanche gain (M) used in the simula-
tion model are based on experimentally-determined values. The
beam splitter is assumed to introduce a 3 dB coupling loss in
each link direction.

In order to evaluate the effect of the use of the APD in the
link, a similar link model is setup using a p-i-n-based receiver
instead of the APD. The p-i-n receiver is modelled to have
similar bandwidth and noise performance as the APD but with
a unity avalanche gain (M = 1). The responsivity used for the
p-i-n detector is chosen to be the same as the APD receiver
without any gain (0.275 A/W) in order to provide a like-for-like
comparison for the link power budget. The typical responsivity
for a p-i-n detector at this wavelength range is of similar range
(e.g. the commercially-available p-i-n receiver (Femto HAS-X-
S-1G4-SI) has a responsivity of 0.19 A/W at 450 nm).

The PAM-32 signal is generated using a 2°—1 pseudo random
binary sequence (PRBS), emulating the short run length codes
used in data communications (e.g., 8B10). Every 5 bits of the
binary data sequence are combined to form the corresponding
PAM-32 symbol. A 1 Gsample/s PAM-32 modulating signal is
employed, giving rise to a gross data rate of 5 Gb/s in each
direction. Due to the limited bandwidth of the link, the received
PAM-32 waveform is severely distorted [see Fig. 2(a)] and the
corresponding eye diagram is completely closed [see Fig. 2(b)].
As a result, feed-forward (FFE) and decision-feedback equal-
ization (DFE) are used at the receiver to overcome the link
bandwidth limitation and fully recover the transmitted signals
[see Fig. 2(c)]. The obtained equalised eye diagrams are open
and the 32 levels are clearly distinguishable, indicating that the
transmitted data can be successfully recovered at the receiver.
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Fig. 2. Simulation results for (a) the transmitted ideal PAM-32 signal and
received 5 Gb/s PAM-32 waveform after transmission over 25 m of POF,
(b) received eye diagram in one link direction, (c) respective eye-diagram af-
ter equalization and (d) equalized eye-diagram generated using a 2'°—1 PRBS
sequence at 5 Gb/s.
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Fig.3. Simulated BER results for the 5 Gb/s PAM-32 link using 2'>~1 PRBS
and 2°-1 PRBS pattern.

It should be noted that the use of the relatively short pattern
length (2°-1 PRBS) results in the absence of some amplitude
transitions in the transmitted PAM signal. In order to assess
the link performance for a longer pattern which would generate
more transitions, a longer 2'°~1 PRBS is also studied using
the same link model. The simulated received eye diagram after
equalization for a 2°—1 PRBS pattern is obtained [see Fig. 2(d)]
and the respective BER performance is calculated (see Fig. 3).
The obtained eye diagrams are open and the levels are clearly
distinguishable. The comparison of the BER curves obtained
for a 2'5-1 PRBS and a 2°-1 PRBS pattern indicates a small
power penalty <0.5 dB at BER = 1073,

A power budget analysis is used to evaluate the link per-
formance and compare the APD- and p-i-n-based link config-
urations. The APD exhibits higher sensitivity than the p-i-n
and therefore provides a larger power budget. Fig. 4 shows the
additional power budget obtained as a function of the APD
avalanche gain M. The additional power budget increases as

4
/

Nl
[

0 10 20 30 40 50
Avalanche Gain

Additional Power Budget (dB)
IS

Fig. 4. Additional power budget in the pLED-POF link obtained with the
APD receiver as a function of the APD avalanche gain.

M increases due to the larger APD sensitivity until it reaches
an optimum value M. Further increase in the gain M re-
sults in a performance deterioration due to the excess noise
factor of the APD. For this particular device, the optimum APD
avalanche gain M,,,; is found to be 12 while the resulting power
budget improvement over the p-i-n is ~9 dB. For the simula-
tions, the yLLED emitted power is assumed to be 0 dBm while
the APD is assumed to operate at the optimum avalanche gain
(M,py = 12), yielding a sensitivity of —33.7 dBm for a BER
of 1073 at 100 Mb/s. For comparison, the sensitivity of the re-
spective p-i-n receiver is —24.5 dBm for the same 10~ BER at
100 Mb/s.

The power penalties considered in the link budget analysis in-
clude the multilevel, noise enhancement, residual inter-symbol
interference (ISI), extinction ratio, non-linearity, attenuation and
beamsplitter loss penalties. The multilevel penalty is introduced
by the multilevel modulation scheme due to the reduction in
the amplitude between two adjacent levels of the PAM signal
[14]. The higher the order of the PAM scheme, the larger is
the multilevel penalty. For the PAM-32 scheme, the multilevel
penalty is found to be 14.9 dB. The noise enhancement penalty
is introduced by the FFE process as, apart from the received
signal, the noise is also amplified. Its magnitude depends on the
values of the tap coefficients used in FFE process. The residual
ISI penalty represents the signal degradation due to the limited
link bandwidth that cannot be mitigated through the equaliza-
tion process. The extinction ratio power penalty is caused by the
non-zero power level for the symbol “0,” while the non-linearity
penalty is due to the signal distortion induced by the non-linear
response of the uLLED. The non-linearity penalty is obtained by
comparing the BER performance of a link using a pLED with
a linear and a non-linear LV characteristic. For different POF
lengths, the link bandwidth is different and therefore different
tap coefficients are employed in the equalizers to optimise the
link performance. As aresult, the “linear” and “non-linear” links
exhibit different eye closure for the different link lengths and
therefore, different values for the respective non-linearity power
penalty. The attenuation penalty represents the optical loss in
the system due to the transmission over the POF and depends
on the link length. To enable BiDi transmission in the link two
beam splitters are used in the optical path resulting in additional
optical loss in the system. For the simulations, each beamsplit-
ter is assumed to introduce a loss of 3 dB in the link. Finally, a
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crosstalk penalty of 1 dB is assumed in the BiDi link simulations
to account for the effect of the use of the second uLED.

Fig. 5 shows in detail the link power budget of the single-
directional (SiDi) and BiDi LED-POF links implemented with
both p-i-n and APD receivers for different POF lengths: 10, 15
and 25 m. The simulation results show that there is no system
margin available for the p-i-n-based link to support 10 Gb/s BiDi
data transmission for any of the POF lengths studied. However,
the APD-based link is able to support 10 Gb/s BiDi transmission
up to 15 m of SI-POF due to the larger power budget provided by
the APD. The link power margins are found to be 5.7 dB and 4.5
dB for 10 and 15 m of POF, respectively. The simulation results
clearly demonstrate the advantage of using APDs in SI-POF
links and indicate the feasibility of achieving a 10 Gb/s BiDi link
over SI-POF using yLLEDs and a PAM-32 modulation scheme.

The link reach is limited by the optical losses in the sys-
tem: POF attenuation, optical coupling loss at the pLEDs-POF
and POF-APD interfaces and the 6 dB optical loss due to the
use of the two beamsplitters in the optical path. Longer POF
lengths therefore could be potentially supported by employ-
ing higher efficiency optical coupling schemes, such as in [15],
where a monolithically-integrated transceiver chip is fabricated
consisting of p-i-n PDs and top-emitting vertical cavity surface-
emitting lasers.

III. EXPERIMENTAL SETUP AND RESULTS

An APD-based 10 Gb/s BiDi LED-POF link is implemented
[see Fig. 6(a)]. Two 450 pm GaN pLEDs, each with a 20 ym
diameter, are used as the transmitters and two 800 pm-diameter
APD as the receivers. For the purposes of this demonstration,
discrete optical coupling components are used to combine and
split the two optical streams at the input and output of the POF
respectively. The emitted light from the 4LED is coupled into
the POF using a pair of aspheric lenses while a beam splitter is
introduced in the optical path at each POF end to enable BiDi
link transmission [see Fig. 6(b)]. The light transmitted over the
POF is focused on the APD using a pair of aspherical lenses.
The input coupling loss («LED-POF coupling) is measured to be
~2.8 dB, while the output coupling loss (POF-APD coupling)
is found to be ~2.4 dB. A slight difference in the obtained
coupling loss values is observed in each link direction due to the
alignment of the coupling elements. The BiDi coupling scheme
can be implemented with miniaturized components integrated
with the source and receiver. Work towards this is currently
underway to demonstrate a similar POF-link that could find
application in real-world low-cost optical systems.

The 5 Gb/s PAM-32 modulation signal is generated using an
FPGA and a 16-bit 1 GSamples/s DAC. The modulation signal is
split into two PAM-32 signals, which are subsequently delayed
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Fig. 7. (a) Received waveforms for SiDi and BiDi transmission; (b) received
5 Gb/s eye-diagram in one link direction after transmission over 10 m of POF
and (c) respective eye-diagram after equalization.

with respect to each other to generate two quasi-decorrelated
data streams and which are then amplified (SHF-826 H, BW:
70 kHz-25 GHz) in order to drive the two pLEDs. At the
APD receiver end, the received electrical signals are ampli-
fied using a low noise amplifier (LNA, ZFL-1000L N+, BW:
0.1-1000 MHz, noise figure: 2.9 dB) and are captured using a
digital communication analyzer for offline processing. The per-
formance of the SiDi link is obtained using the same setup but
by operating one pLED at a time.

The received electrical PAM-32 waveforms for the SiDi and
BiDi link operation are shown in Fig. 7(a). The received wave-
form in the BiDi link is slightly more distorted than the one
obtained from the SiDi link operation due to optical crosstalk
induced by the operation of the second link channel. This optical
crosstalk can be mainly attributed to reflections from the opti-
cal interfaces in the link (surfaces of the optical lenses, beam
splitters, POF facets as well as APD and pLED dies). After
equalization, the transmitted signals are successfully recovered
in BiDi link operation and 32 clear signal levels can be observed
in the equalised eye-diagram [see Fig. 7(c)]. The BER perfor-
mance of the link is calculated using the equalised waveforms
and the measured APD receiver noise.

In order to optimise the BiDi link performance, the optimum
APD gain is investigated for this link configuration. Fig. 8 shows
the obtained BER for the optical back-to-back (B2B, short POF
patch cord) link under different APD gains. The optimum APD
gain is found to be M = 14. The excess noise factor of the APD
with M = 14 is 1.49. This yields a sensitivity of —16.8 dBm for
a BER of 1073.

The BER performance of the BiDi link in each direction (for-
ward and backward) is obtained for the optimum APD operating
point [see Fig. 9(a) and (b)]. The BER curves obtained for SiDi
data transmission over the same setup are also plotted for com-
parison. The plots demonstrate that BiDi 10 Gb/s transmission
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Fig. 8. Experimental BER results for the optical B2B link for different APD

gains (M).
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Fig.9. Experimental BER results for (a) the forward and (b) backward chan-

nels in the BiDi link.

can be achieved over 10 m of POF with a BER < 1073, The aver-
age optical power required at the receiver end to achieve an ag-
gregate 10 Gb/s over 10 m of SI-POF is —13.8 and —14.4 dBm for
the forward and backward direction, respectively. The reverse
link direction exhibits slightly improved performance over the
forward link by ~0.7 dB, owing to the slightly larger bandwidth
of the £LED used in this direction. The power penalty due to
optical crosstalk can be found by comparing the BER curves for
the SiDi and BiDi links. This is found to be 0.5 and 0.3 dB for
the forward and backward channel respectively. The obtained
value is small indicating that the BiDi link, and therefore link
capacity doubling, is feasible with very small degradation in the
performance of each link direction.
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IV. CONCLUSION

In this work, we have proposed the use of a BiDi LED-based
single wavelength optical link over SI-POF in conjunction with
PAM-32 modulation and APD receivers in order to achieve a
record high aggregate SI-POF link capacity. Simulation and ex-
perimental studies are presented on a 10 Gb/s BiDi SI-POF link
employing 450 nm pLEDs and APDs indicating the feasibil-
ity of such links and demonstrating their potential for use in
low-cost communication links such as in-home and automotive
environments.

The presented simulation studies based on power budget anal-
ysis highlight the importance of the use of APD in such links and
indicate that a 10 Gb/s BiDi PAM-32 transmission is feasible
over 10 m of POF with an 5.3 dB power margin. Longer reaches
can be realised by improving the employed optical coupling
scheme. A proof-of-principle demonstration is implemented us-
ing discrete free-space optical components (lenses, beamsplit-
ters), two 20 pm-diameter 4LEDs and two APD receivers. 10
Gb/s BiDi data transmission is achieved over 10 m of SI-POF
with a BER < 1073. The receiver sensitivity is found to be —13.8
and —14.4 dBm for the forward and backward link direction re-
spectively, while a small power penalty (<0.5 dB) is observed in
the link due to optical crosstalk. The reported results constitute,
to the best to our knowledge, record data rate transmission in
LED-based POF links.
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Abstract: We report the transfer printing of blue-emitting micron-scale
light-emitting diodes (micro-LEDs) onto fused silica and diamond
substrates without the use of intermediary adhesion layers. A consistent
Van der Waals bond was achieved via liquid capillary action, despite
curvature of the LED membranes following release from their native silicon
growth substrates. The excellence of diamond as a heat-spreader allowed
the printed membrane LEDs to achieve optical power output density of 10
W/em? when operated at a current density of 254 A/cm? This high-current-
density operation enabled optical data transmission from the LEDs at 400
Mbit/s.
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1. Introduction

Transfer printing (TP) is a rapidly emerging technique for heterogeneous integration in
electronics and optoelectronics [1-5]. In TP, soft elastomeric stamps are typically used to
‘pick and place’ device structures from their native growth substrate to a dissimilar receiving
substrate, allowing the creation of novel hybrid device technologies. An important example of
the application of this approach is in printing inorganic light-emitting diodes (LEDs), where
pre-fabricated LED membrane devices can for example be transferred onto receiving
substrates such as those based on polymers, enabling new forms of flexible displays [6]. As
the technique matures and is optimized, thin membranes of suspended LED materials can be
achieved in various ways, most commonly by directional wet etching of the growth substrate,
here termed under-etching [1], or by laser lift-off [2]. However, a general issue for devices
based on epitaxial multilayers is that removal of the substrate eliminates a natural heat-sink
retained in conventional fabrication. This issue is severe for the important case of gallium
nitride (GaN) based LEDs, in which, despite continuing efficiency improvements, most
electrical input energy is dissipated as heat. Even for conventional devices in thermal contact
with the growth substrate, operation under direct-current (dc) bias results in undesired thermal
effects on the electroluminescence (EL), namely red spectral shifts and reduced optical output
power (T-droop effect), while irreversible degradation of devices may also occur [3,4].
Reduction of the die size provides systematic improvement in heat dissipation, but does not
eliminate these problems [5]. Heat dissipation from transfer-printed GaN-LEDs becomes a
more pronounced issue when flexible polymeric materials are used as the receiver substrate,
because these have lower thermal conductivities than inorganic materials used as the native
growth substrate. Thermal effects in such a situation have been studied previously [2].
Regardless of the choice of receiver substrate in TP, the process flows normally feature
adhesion-enhancement layers on the receiving substrates to aid the release of the LEDs from
the transporting stamps [6]. Conventionally, these layers are organic materials, with poor
thermal conductivities, x (e.g. for polydimethylsiloxane (PDMS), « ~0.15 W/m.K [7]).
Therefore adhesion-enhancement layers impede heat dissipation from operating devices even
if the underlying substrate has a relatively high thermal conductivity.

The attractive alternative to the use of a conventional adhesion-enhancement layer, which
we report in this paper, is to use a transient layer of a volatile liquid [8]. The liquid film aids
release of devices from the transporting stamps, as in a conventional process. Subsequently,
capillary forces during evaporation of the liquid enable formation of a robust Van der Waals
bond between the transferred devices and receiving substrate, with no permanent intermediate
layer to add thermal resistance, or changes in refractive index, at the interfaces. This study
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utilized high-performance GaN LED epistructures on Si (111) substrates [9,10]. While Si can
act as a reasonably effective heat-sinking material in conventional devices (k ~149 W/m.K
[11]), this material is removed during the under-etching fabrication step, using potassium
hydroxide (KOH) solution, needed in the TP process flow [12]. We compared two receiver
substrates with thermal conductivities much higher and much lower than that of the GaN-
based LED die (x ~160 W/m.K for GaN [13]), namely diamond (x ~2200 W/m.K [14]) and
optical-grade silica glass (x ~1.42 W/m.K [15]). The benefits of diamond as a heat spreader
were investigated by comparing the dc characteristics of LEDs on these two receiver
substrates. This part of our study included the use of thermal imaging to infer device
operating temperatures, and to observe the transient heating effects under increasing dc drive
currents. The ability of LEDs to operate at high dc current densities is also relevant to the
emerging application of visible light communications (VLC) with LED sources [16]. In a
typical situation where the data signal is superposed on a dc component, the modulation
bandwidth of an LED increases with dc current up to a critical point [16,17]. As it is clearly
of interest to see how transfer printed devices perform for VLC applications, we undertook
comparison of the modulation bandwidths and data transmission characteristics of devices on
diamond and silica.

2. Experimental results

We report the TP in array formats of 100x100 um® LEDs (micro-LEDs) emitting around 465
nm onto single-crystal diamond platelets [14] (200 um thick) and fused silica substrates (500
um thick). We concentrate on LEDs of such small dimensions here by reason of applications
described later in the paper, but note that scaling to larger areas [2] should in principle be
possible if strain compensation issues specific to GaN/Si are addressed. The GaN micro-LED
structures and process flow, together with the mechanical transfer system and PDMS stamps,
are as described previously [12]. Here, however, capillary bonding was achieved by
introducing an intermediate step to the TP process, in which the backside of the devices being
transferred is wetted with a suitable liquid as shown in Fig. 1.

Fig. 1. Schematic of transfer printing using capillary bonding. The left-hand figure represents
the pick-up of a suspended device using an elastomeric stamp (a). Upon pick-up, LEDs are
compressed against an acetone-wetted cloth (b) and released when the backside contacts
receiving substrate (c). The excess of liquid aids the positioning and release of the LED from
the transporting stamp. After thermal curing, the LED is bonded to the new substrate (d).

After pick-up from the donor wafer as per Fig. 1(a), the backside is wetted on an acetone-
impregnated standard cleanroom wipe as shown in Fig. 1(b). Quick retraction of the stamp
removes the LED die from the wipe with its backside still wet, and it is then deposited onto
the receiver substrate, shown in Fig. 1(c). The transparency of the stamps allows the TP
process to be followed visually, and Fig. 2(a) confirms overflow of excess liquid to the sides
of the LED die when it is compressed against the receiving substrate. Slow retraction of the
stamp causes the liquid to partially reflow back underneath the die, and provide initial
adhesion between the die and the receiving substrate, through liquid capillarity. This stage is
shown in Fig. 2 (b). Subsequent evaporation of liquid proceeds from the outside of the die,
and during this step the forces at the retreating meniscus bring the two surfaces into intimate
contact [8]. While no specific tests have been performed at this time to assess the placement
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accuracy in detail, the LEDs are printed using the same mechanical system we have
previously shown to be capable of sub-micrometer placement [12], and we note that the
printed dies hold their positioning during slow stamp retraction and later after the solvent has
been evaporated.

Fig. 2. Images illustrating the process of capillary bonding of individual LEDs onto rigid
substrates. Parts (a) and (b) are optical microscope views through the transparent stamp at
successive stages: (a) after wetting of the LED backside, contact is made with the receiving
substrate; (b) stamp retraction allows the liquid to reflow underneath the LED. Parts (c) and (d)
are views through the substrate showing interference effects from an air gap left round after
liquid evaporation and bonding in the central region: (c) colored fringes visible under white
light; (d) fringes observed under laser light.

After moderate heating to 50°C to evaporate any remaining liquid, the devices are left
bonded by Van der Waals forces over the contact area with the receiving substrate. Both
combinations of surfaces brought into contact (i.e. diamond or silica substrates, and the
micro-LED backside) display similar root-mean-square roughness values of ~I nm as
measured by atomic force microscopy (AFM). We have previously attributed the smoothness
of the micro-LED bonding surface to a protective SiN, layer formed between the Si substrate
and the AIN growth initiation layer [17]. This layer can largely protect the underside of the
[II-nitride die from attack by the KOH etch solution used to remove the Si substrate. Such
low roughness results in two tightly-bonded surfaces robust to mechanical disturbance, and
surviving multiple wet-processing steps necessary to complete the device fabrication.
However, imaging of the devices through the back of the receiving substrate reveals a pattern
of interference rings associated with an air gap as shown in Fig. 2(c) and 2(d). This
observation correlates with curvature of the LED dies, which limits contact to the central
region of the LED. Such curvature is reasonable to expect after removal of the Si substrate
beneath the LED epistuctures. The epistructures are engineered such that the total epi-layer/Si
substrate system is approximately strain balanced. This requires compressive strain to be
introduced into the AlGaN buffer layers using lattice mismatch to counteract the tensile strain
introduced by the thermal expansion difference between the nitride layers and the Si substrate
on cooling from the growth temperature. After removal of the Si substrate this residual
compressive strain in the AlGaN buffer layers then induces the concave curvature seen, as it
acts against the topmost GaN layers in the LED stack.

The method to investigate the observed curvature of the LED dies after deposition used
the imaged interference rings under monochromatic and coherent (653nm-emitting laser
diode) light, exemplified in Fig. 2(d), and standard analysis of optical interference. The height
of the die-substrate air gap was spatially reconstructed, allowing visualization of the
backplane curvature over a full die as illustrated in Fig. 3(a). Essential information regarding
the die positioning and tilting can be obtained from such measurements. The effective contact
area, corresponding to the colorless mesh in Fig. 3(a), in the central region of a sample LED
was found to be 14 + 2% of the total die area and a radius of curvature averaging 2 mm per
die (assuming a spherical curvature).
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Fig. 3. Backplane curvature measurements. In (a), the calculated height of the air gap between
a bonded LED and the substrate is represented as a mesh reconstructed by the photographed
interference pattern. The colorless central area indicates where contact is assumed to occur. In
part (b), an AFM line scan over the central area of an unbonded LED die is shown and
extrapolated with a parabolic fit. Part (c) shows an SEM image of a micro-LED transfer
printed onto a rigid substrate (at 45° tilt), and connected to Ti/Au metal tracks.

To further analyze the backplane curvature, an AFM profile scan was performed (45um in
length) on a flipped-over die where the central area was measured and fitted over the entire
lateral size of the die as shown in Fig. 3(b). By zeroing the measurement to the minimum
height as the center of the backplane curvature, the AFM height scan matches the interference
rings height reconstruction for the area surrounding the center of the die (with = 2 um lateral
fluctuations). However - towards the edges of the reconstructed backplane - higher curvature
zones can be seen as per Fig. 3(a), indicating that the radius of curvature is not constant. SEM
imaging provided a qualitative assessment of the height at the extremities of ~2.5 um closely
matching the values attained by the interference-based measurements.

To act as an electrical insulation layer and encapsulation for the devices on diamond and
silica receiver substrates, an SU-8 epoxy photoresist layer of 10 um post-cure thickness was
deposited and patterned. Metal tracks, comprising 200 nm of Au above 50 nm of Ti, were
deposited next, contacting the LED through localized apertures in the SU-8. The media
surrounding LED dies in such a situation are shown in the right-hand part of Fig. 4(a).

a)
Gold tracks
AirVolume 318 W/mK
0026 W& SU-8Volume
/ 03W/imK
InGaN LED Diamond substrate
160 W/mK

2200W/mK

/
PDMS substrate
0.15W/mK

Silica substrate
142 W/mK )

Fig. 4. Thermal conductivities of media surrounding the respective transfer-printed LEDs (a):
The left half-section of the device illustrates the air-exposed baseline devices deposited on
PDMS adhesion enhancement layers. The right half-section represents the case of the better
performing substrates (diamond and silica) with improved heat dissipation and volumetric SU-
8 (x ~0.3 W/m.K [19]) encapsulation on top. Full device arrays can be seen in the microscope
images in parts (b), (c) and (d) with configurations of 1, 2 and 4 active LEDs respectively.

As well as introducing the capillary-assisted TP of LEDs onto diamond and silica, we also
fabricated for reference identical device structures onto PDMS/polyethylene terephthalate
(PET) flexible substrates as previously demonstrated [17]. The media surrounding dies in this
case are shown in the left-hand part of Fig. 4(a). 6x6 device arrays were assembled onto each
substrate with alternative LED driving configurations as pictured in Fig. 4(b)-(d).
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Figure 5 shows the operating voltage (¥) and the optical output power density (L) of three
representative LEDs as a function of the current density (J). L-J curves were acquired with
the devices in direct contact with a calibrated Si photodiode detector, capturing only the light
going through the supporting substrate. Characteristics of a reference micro-LED bonded to a
PET polymer substrate with a 20-um PDMS intermediate adhesion layer are included for
comparison with those of the devices on diamond and bulk silica substrates. The devices on
the PDMS/PET substrates were in direct thermal contact with air on one side, while those
bonded to the inorganic receiver substrates were encapsulated with SU-8 epoxy as described
above. The reference devices operated at a maximum drive current density of 30 A/cm?
producing an optical output power density of 55 mW/cm?® before permanent damage was
observed. This limited performance is attributable to a poor environment for heat dissipation.
The media on opposite sides of the LED dies, air and PDMS, both have lower thermal
conductivities than their counterparts in the encapsulated devices bonded to inorganic
substrates. LEDs on all three substrates display similar turn-on voltages (~4.5 V), indicating
good ohmic contacts, and effective performance from the thin metal current-spreading layer
over the p-GaN. A maximum current density of 255 A/cm” was measured without significant
thermal roll-over on diamond substrates, representing a major improvement when compared
to similar devices on soft intermediate layers (~30 A/cm?) [2,12] .
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Fig. 5. Characteristics of an individual LED in operation on different substrates. In (a), J-V
curves for individual LEDs on PDMS/PET, silica and diamond substrates, respectively. In (b)
the corresponding L-J with the inset showing a magnification of the device emission on the
PDMS/PET substrates used as a baseline comparison achieving a maximum optical power
density of 55 mW/cm’.

The maximum values for optical power density in Fig. 5 for devices on inorganic receiver
substrates were 10 W/em® at 255 A/em” (I = 20 mA) and 3.2 W/em?® at 77 A/em® (I = 6 mA)
for devices on diamond and silica respectively. LEDs on silica gave a maximum optical
power inferior to their counterparts on diamond, and started to reach saturation from thermal
rollover after 78 A/cm®. However, repeated drives up to 80 A/cm? showed no damage to the
LEDs, in contrast to the irreversible damage suffered by devices on PDMS/PET above 30
A/em’. LEDs on diamond consistently outperformed those on the other substrates, due to its
orders of magnitude higher thermal conductivity. The maximum optical power density per
LED (10 W/cm?) was nearly three times higher than that obtained from devices on silica. This
represents a significant advance, outperforming previously reported transfer-printed devices
with an equal die size by a factor of 10 [2].

To better understand how the two very different thermal conductivities of diamond and
silica affected the device performance, the temperature distribution across LED arrays was
measured with a calibrated thermal infrared camera, viewing through the substrate [Fig. 6(a)]
and focusing on the plane of the LEDs. The camera acquisitions accounted for the emissivity
of the GaN in the wavelength range of 1.5 to 5um and the false-color representation of
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temperature is referenced to the emissivity of GaN. The images show semi-quantitatively the
much greater effectiveness of heat spreading in the array on diamond. At the highest current
density no hot spots are evident, in contrast to the hot spot around the powered LED on glass,
and there is a comparable temperature rise across the full diameter (3 mm) of the diamond
substrate.
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Fig. 6. (a) Thermal imaging of LED arrays with a single device powered on diamond (top) and
silica (bottom). The emitting LED is identified in the last diamond frame as a black dot. The
last frame of the silica-substrate row shows a magnified view of the die and its metal
interconnection tracks. The captured images show the measured temperature corrected for the
LED material (GaN); the rest of the image should be interpreted as a relative comparison. Part
(b) shows the dependence of LED temperature on the injected current density (see Media 1).

Figure 6(a) also suggests the apparently enhanced temperature rise along the metal
interconnection tracks. This is considered to be mainly an artifact arising from the metal
emissivity and the calibration procedure, although a significant role for aluminum
interconnection tracks in lateral heat transport in similar LED arrays has been proposed and
simulated previously [1]. Figure 6(b) shows estimates of the temperature of the powered LED
die as a function of drive current density for the two substrates, and shows an approximate
linear dependence in each case. Devices are estimated to reach a maximum operating
temperature of ~115°C. This is reached by devices on silica at an injection current density of
90 A/em”. LEDs on diamond attain a similar temperature only at 230 A/cm?, a current density
2.5x higher. Representative heat-propagation visualization is available (see Media 1) showing
real-time heat propagation with 1mA current increments on both substrates.

The very different heat-spreading properties of diamond and silica are expected to affect
the spectral shifts shown by LEDs operating at different dc drive currents. Therefore
electroluminescence spectra were recorded with a fiber-coupled spectrometer. Figure 7 shows
how the peak EL wavelength shifted, and the inset illustrates typical spectra at relatively low
current density. The peak EL emission of the transfer-printed devices shifted over a full range
of 464 to 455 nm (44 = 9 nm) and of 463 to 459 nm (41 = 4 nm) on diamond and silica,
respectively. The corresponding injected current densities ranged from 12 to 100 A/em? for
silica, and to a maximum of 256 A/cm’ for diamond. In the case of LEDs on silica, the peak
wavelength blue-shifts initially, with a reversal to a red shift above 50 A/em’ as similar to
other reports of InGaN/GaN based LEDs [8]. The blue shift in polar (0001)-oriented device
structures, as used here, are usually attributed to carrier screening by piezoelectric fields in
the quantum well (QW) active region. Localized heating meanwhile causes strong
competitive red shift effects - including bandgap shrinkage - which become dominant at
higher injected current densities [8] and due to the devices own self-heating effects [10].
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Fig. 7. EL peak shift of a representative single LEDs as a function of increasing injected
current on diamond (red triangles) and silica (blue squares). The inset shows representative EL
spectra at 46 A/cm2 for both substrates.

In the case of LEDs on diamond, a continuous blue shift is the net observable trend.
Because these devices reached similar temperatures to those on silica at the highest current
densities, the bandgap shrinkage contribution will be similar. It is likely that strain effects in
the QWs, associated with thermal expansion mismatches between the Ill-nitride dies and
underlying substrate, play a role in the markedly different spectral shift behavior [9]. The
transition observed from initial blue shifts to red shifts parallels several previously published
reports, which discuss contributing mechanisms in more depth, and their investigation with a
wide range of techniques [2—4,18].

The combination of LED die sizes 10-100 times smaller in area than those of typical
commercial GaN-based devices, and the ability to sustain high dc current densities through
effective heat dissipation on diamond, motivated further fast-modulation measurements
relevant to visible light communications (VLC) applications. A key parameter for VLC is the
electrical-to-optical (E-O) modulation bandwidth (BW), which is conventionally measured
using a =3 dB criterion. A small LED size naturally enhances BW by minimization of
capacitive contributions, but a decrease in the differential carrier lifetime in GaN-based QWs
as carrier density rises also gives a significant increase in BW with current density [16]. BW
measurements on transfer-printed devices were acquired in a similar fashion to that reported
elsewhere, applying a modulation signal on a constant dc bias [16]. Figure 8 shows the
expected initial increase of BW with current density for devices on both diamond and silica.
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Fig. 8. E-O bandwidths as a function of dc drive current density of representative LEDs
deposited onto diamond and silica.
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Devices on both silica and diamond displayed similar performance for current densities
under 50 A/em’. Above this point roll-over became evident for devices on silica, which are
thus limited to a maximum BW of ~55 MHz. The BW of devices on diamond continued to
increase at much higher current densities, and to plateau at 200 A/cm’, corresponding to a
maximum BW of 154 MHz. These maximum observed BW values, which establish a
performance benchmark for transfer printed devices for optical communications, that could be
further improved by fabricating smaller LEDs for use in the TP process. Interesting
comparisons can also be made between the results in Fig. 8, and previous BW measurements
on micro-LEDs fabricated from similar epitaxial material, but tested on the Si growth
substrate [17]. These were circular in shape, and of 45 pm diameter. The previous non-
transferred devices attained BWs of 190 MHz at relatively low current densities around 6
A/em?. However, they displayed an unusual temporary saturation of bandwidth increase in
this current density range, before moderate further BW increases at higher current densities
attributed to heating effects, and associated lowering of series resistance [17]. The smoother
initial BW increase with current density shown by the transfer-printed devices resembles
typical results from conventional GaN-on-sapphire devices [16]. These observations suggest
that alteration of the strain state of QWs by removal of the Si substrate may influence the
recombination dynamics of carriers significantly.

To further demonstrate the potential of the transfer-printed devices for VLC, tests were
made of the optical transmission of data in a back-to-back configuration. The resulting eye
diagrams are shown in Fig. 9. A simple on-off keying modulation scheme was used with a dc
bias for the device on diamond of 10.5 V, and of 5.7 V for the device on the silica. A peak-to-
peak modulation of 2 V was used in both configurations, and pseudo-random sequences of 2'-
1 bits were employed, as in previous work [16].
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Fig. 9. Data-transmission measurements from representative LEDs deposited onto diamond
(top row) and silica (lower row). The eye diagrams were acquired with the same dc applied
current throughout.

Devices on diamond displayed open eye diagrams at data-rates up to 400 Mbit/s,
correlating with error-free data transmission. In contrast, devices on silica showed eye closure
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above 100 Mbit/s, which was virtually complete at 150 Mbit/s. The superior performance of
the devices on diamond is again ultimately attributable to this material’s effectiveness as a
heat spreader, allowing operation of the LEDs at higher dc current densities.

3. Summary

Micro-transfer printing combined with liquid capillary bonding is demonstrated as a
technique to directly integrate active device membranes to novel rigid substrates without
adhesive interlayers. The technique retains the scalability and potentially nanometer
positioning accuracy we have demonstrated previously [12], but brings additional benefits in
direct contact to functional substrates including those possessing high thermal conductivity.
As an important example of the use of this technique, the electrical and optical characteristics
of 100 x 100 pm” blue-emitting GaN LEDs transfer printed in array format onto diamond and
silica receiver substrates are compared, and demonstrate the major benefits of diamond as a
heat-spreading material. Devices on diamond were driven at dc current densities up to 254
A/em® without reaching thermal roll-over, or suffering permanent damage. A maximum
optical output power density of 10 W/cm® was recorded from devices on diamond substrate,
which is more than three times the optical power density of counterpart devices on silica (3.2
W/cm?). The response of the devices to fast modulation, involving superposition of a data
signal on a dc offset, was also studied, motivated by applications in optical data transmission.
The effective heat dissipation offered by diamond allowed devices to attain maximum
electrical-to-optical modulation bandwidths of 154 MHz at dc current densities of ~200
Alcm®. The same devices achieved a highly competitive back-to-back data transmission rate
of 400 Mbit/s at a dc current density of 128 A/cm?.

The LED structures used in this study were optimized for conventional large-area LED
fabrication, where the wafer-scale properties are most important. In future studies we will
investigate how the strain profile in the layer stack can be modified to reduce the curvature of
the micro-LEDs and improve the contact area, which should bring further benefits to the
optoelectronic performance of the devices. We note finally that our technique of LED transfer
printing onto diamond has the potential to take advantage of commercial-scale polycrystalline
diamond substrates or the cost-economies to be expected from scaled up single-crystal CVD
growth of diamond.
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Temperature-dependent trends in radiative and Auger recombination coefficients have been
determined at different injection carrier concentrations using InGaN micro-light emitting diodes
40 pm in diameter. The differential lifetime was obtained first from the measured modulation band-
width and was then employed to calculate the carrier concentration in the quantum well active
region. When the temperature increases, the carrier concentration increases, but both the radiative
and Auger recombination coefficients decrease. In addition, the temperature dependence of radia-
tive and Auger recombination coefficients is weaker at a higher injection carrier concentration,
which is strongly related to phase space filling. © 20/4 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4900865]

Significant progress has been achieved in the application
and physical understanding of GaN-based light emitting
diodes (LEDs). However, their external quantum efficiency
(EQE) shows a non-thermal reduction at high injection cur-
rent density, known as efficiency droop, which appears to be
a barrier for the wide application of LEDs in general light-
ing.l‘2 This phenomenon is generally studied under pulsed
current conditions, which allows analysis of the effects of
current density, independent of the heating. However, in
many LED applications, such as automotive headlights, the
ambient temperature is much higher than normal room tem-
perature, and therefore, the study of temperature-dependent
LED efficiency droop is necessary.

Recently, the issue of temperature-dependent reductions
in EQE, known as thermal droop, has received more atten-
tion.? For example, a major reduction in EQE by about 30%
has been observed from 300K to 450K.> Several groups
have reported that at a fixed high current density of hundreds
of Afem?, EQEs first increase and then decrease with
increasing temperature, the detailed variation depending
largely on the LED design.*”’ Different mechanisms have
been proposed to explain the temperature-dependent effi-
ciency droop, which is interdependent with current-
dependent efficiency droop. The proposed current-dependent
efficiency droop mechanisms include Auger recombination,
electron leakage, and carrier delocalization.'> Recent signifi-
cant experimental contributions include claims of direct
observations of Auger electron emission under current injec-
tion®” or photoluminescence.'® Within the framework of an
ABC recombination model, the temperature dependence of
carrier recombination coefficients has often been investi-
gated experimentally by fitting the temperature-dependent
internal quantum efficiency (IQE) curves without consider-
ing electron leakage.“'12 With the increase in temperature,
the defect-related Shockley-Read-Hall (SRH) recombination
coefficient A increases and the radiative recombination
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105, 171107-1

coefficient B decreases. However, inconsistent temperature-
dependent trends in the third-order coefficient C' (assumed
hereon for concreteness to correspond to Auger recombina-
tion) have been reported, including a monotonous increase
with increasing temperature'" and little variation at tempera-
tures higher than 200 K."> In these studies, current-
independent B and C coefficients have been assumed, and
their variations with injection current density/carrier concen-
tration due to phase space filling effects have not been con-
sidered. Similar controversy also exists in the theoretical
work based on direct/indirect Auger recombination calcula-
tions.'*~'® Theoretical work has indicated that the tempera-
ture dependence of B and C coefficients varies at different
carrier concentration in quantum wells (QWs) with different
carrier confinement conditions;'> however, experimental ver-
ification of such predictions has not yet been achieved.

In this study, we experimentally determine temperature-
dependent trends in carrier recombination coefficients, in
particular the Auger coefficient, as a function of carrier con-
centration, through measurements of the experimental
modulation bandwidth and EQE of blue-emitting InGaN
micro-LEDs. Due to their excellent current spreading and
heat dissipation ability, micro-LEDs can be operated at cur-
rent densities up to several kA/em? with little self-heating, as
emphasized in previous publications.'”'® At such high injec-
tion current densities, the phase space filling effect is signifi-
cant and its effect on the temperature-dependent B and C
coefficients has been demonstrated here. In addition, the
excellent current spreading of micro-LEDs helps to alleviate
the effect of current crowding on carrier recombination at
different current densities and temperatures. Furthermore,
we use temperature-dependent modulation bandwidth for
carrier recombination analysis. These bandwidth measure-
ments follow methodologies developed in recent studies on
the emerging application of visible light communications
(VLC).'"?® While VLC using GaN-based LEDs operating
at different temperatures has been demonstrated,?’  the
temperature-dependent mechanisms affecting performance

© 2014 AIP Publishing LLC
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in this application require further investigation to comple-
ment understanding of efficiency droop effects, commonly
considered in a direct current (DC) drive context.

Individually addressable top-emission (through the
p-contact) micro-LEDs on c-plane sapphire substrates with a
diameter of 40 um and emission wavelength ~445nm were
fabricated from a commercial wafer. The epistructure con-
sists of an n-GaN layer, an InGaN/GaN multiple quantum
well (MQW) active region, an AlGaN current blocking layer,
and a p-GaN layer. The micro-LED fabrication processes are
similar to those in Ref. 22.

A previous study on micro-LEDs of comparable design
shows that the junction temperature of a 40 um micro-LED dif-
fers insignificantly from the ambient temperature even under
high injection DC, due to highly effective current spreading
and heat dissipation.'”"® To confirm this observation, the light
output power of the micro-LED was compared under pulsed
current with low duty cycle (pulse width: 25 us; pulse period:
525 ps) and DC. No difference of light output power was found
up to a current of 35mA (~2800 A/cmZ)A Also, for a 40 um
micro-LED from Ref. 17, the junction temperature shows little
change until current density ~2800 Afem?. Thus, the self heat-
ing can be neglected here at DC 35 mA or less for the measure-
ments of light output power and bandwidth in this work.'”'® In
addition, potential effects of the temperature on current spread-
ing as reported by Kudryk er al.” are neglected due to the
more uniform current spreading in micro-LEDs compared to
broad-area LEDs.

The ambient temperature of the micro-LEDs was
adjusted by placing the devices on a hotplate, and the temper-
ature was monitored by bonding a thermocouple to the device.
The optical —3 dB modulation bandwidth was measured by
combining a DC bias from a power source and a small-signal
modulation of fixed amplitude from an HP8753ES network
analyzer using a bias-tee. Then the light emission from the
micro-LED was collected using a 1.4 GHz bandwidth photo-
receiver, and the frequency response was recorded by a net-
work analyzer. To calculate the EQE, the light output power
as a function of current under different temperatures was
measured by a Si detector at a fixed distance from the sample.
Detector response changes due to micro-LED spectral
changes at different currents/temperatures were further con-
sidered to correct the measured light output power. Then, the
light output power measured in an integrating sphere at room
temperature (~300 K) was used to calibrate the fraction of the
light captured by the detector during the variable-temperature
measurements.

Fig. 1(a) shows the temperature-dependent EQE versus
current density characteristics on a semi-logarithmic scale
with device temperature varied from 300 to 500K in 25K
increments. It can be seen that with the increase in tempera-
ture, the EQE peak shifts towards higher current densities
and the peak EQE decreases. At low current densities, less
than 10 A/cm?, the EQEs drop with increasing temperature.
At high current densities, the variation is complicated. For
example, at 1000 A/cm?, from a close inspection of the data,
we found that the EQE increases from 300 to 375K and
decreases from 375 to 500 K. The electrical-to-optical band-
widths of the micro-LED are shown in Fig. 1(b). The band-
widths from 300 to 425K demonstrate a clear trend. For

Appl. Phys. Lett. 105, 171107 (2014)

(2010 ' ' ok
—— 325K
o0e} =]
—— 400K
" 006} :}ggg 1
@ ool —— 500K
0.02+
00 10 io? , 1
Current density (A/cm”)
(0)160 : : : : :
140 g
120 g
’§1OO B
< 80 .
g 60 ]
é 40 g
“ 20 ]
[0]8 4
6 560 10IOO 15IOO 20‘00 25‘00 3000
Current density (A/cm?)

FIG. 1. (a) EQE versus current density from 300 to 500 K with 25 K temper-
ature increments on a semi-logarithmic scale. (b) Bandwidth versus current
from 300 to 425K to show the trend with temperature. The bandwidths from
450K to 500K show large fluctuations and are not shown here.

example, at 500 A/cm?, the bandwidth decreases, and, at
2500A/Cm2, the bandwidth increases with the increase in
temperature. The bandwidths from 450K to 500K show
large fluctuations and are not shown here. It should be noted
that three randomly selected micro-LEDs have been meas-
ured and the results confirm that the obtained temperature-
dependent trends in EQE and bandwidth are experimentally
repeatable.

The carrier concentration n can be determined from the
bandwidth measurement by equation'®>*

n

ol
J i () 2(I)al’, o)

q@Vactive Jo

where ¢ is the electron charge, V.. is the effective volume
of QWs in the active region, / is the current, 77;,; is the carrier
injection efficiency affected by electron leakage, and 7 is the
differential lifetime calculated from the —3 dB bandwidth,
i.e., fap = \/5/2711. Vaeiive may change under different cur-
rents/temperatures due to carrier distribution in more QWs,
indium fluctuation, and more possible factors.”>~>” However,
due to the lack of sufficient recombination volume informa-
tion from available data,”>" an accurate correction for dif-
ferent currents and temperatures is very challenging. Our
analysis follows the common assumption,”®?’ supported by
many simulation studies,”>>" that only the QW closest to the
p-GaN is heavily populated with carriers. Therefore, in this
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FIG. 2. Carrier concentration n versus current density from 300 to 500 K.

work, one QW with a thickness of 2.8 nm is used to estimate
Vaciive- In addition, carrier injection efficiency 7, is assumed
to be 1 for all temperatures.“’12 The electron leakage has lit-
tle effect at low current densities (roughly before the EQE
peak), but may affect LED efficiency at high current den-
sities (roughly after the EQE peak).! The latter determined
temperature-dependent trend in carrier recombination coeffi-
cients is consistent in the whole current density range, so we
consider that the effect of electron leakage on our results can
be neglected. The calculated carrier concentrations # at dif-
ferent temperatures are shown in Fig. 2. Generally, n keeps
increasing from 300 to 500 K, which is consistent with the
reduced recombination coefficients in the following text.

In the framework of the ABC-approximation, the EQE
of the micro-LED is expressed by the following equation:'

Bn?

EQFE = EXE X IQE = EXE X ————
Z Z An+ Bn? +Cn3’

(@)
where EXE is the LED light extraction efficiency.
Following Refs. 19 and 32, a constant EXE value of ~18%
has been assumed here, for all current densities and tempera-
tures in this work.'""'? In addition, a slightly different EXE
value will not affect the trends in the ABC coefficients. In
Eq. (2), the B and C coefficients are only constant at low
current densities owing to phase space filling effect.3* The
B and C coefficients can be described by the empirical for-
mulas B = Bg/(1 +n/N*) and C = Cy/(1 4+ n/N*), respec-
tively,”‘34 Here, N” is the phase space filling parameter, and
By and C, represent B and C at very low n, respectively.
From the experimental EQE and IQE, the carrier recombina-
tion rates can be obtained. The total carrier recombination
rate is expressed as R,.com =1/qV 4crives Which is the sum of
radiative recombination rate R,=R,..,,/OE and non-
radiative recombination rate R, =R,.com(1-IQE). Then,
from R, /n=A + Cn?, the A coefficient is obtained at low n
(e.g., n=1x10"cm™?); from R,/n* = B, the B coefficient
is calculated; through R,,,V/n3 = A/n2 + C, the C coefficient
is available at high 1 (e.g., n =2 x 10*°cm™?),**3° By fitting
these curves as shown in Figs. 3(a) and 3(b), the parameters
A, By, Cyp, and N" can be obtained at different temperatures,
as shown in Table I. The physical mechanisms underlying
the trends in the fitted parameters are discussed as follows.

Appl. Phys. Lett. 105, 171107 (2014)

%

8 s — 375K ]

oo 107F 400k

£ —— 425K

o 0%t —450K i
—— 475K

10—33 _‘500K 1 L

10" 10" 102

n (cm®)

FIG. 3. The experimental variation of (a) R,,/n, (b) R,/n*, (¢) R,,/n° with
temperature from 300 to 500 K.

At low current densities, the SRH recombination coeffi-
cient A in Table I, as determined from Fig. 3(a), shows a gen-
eral increasing trend with increasing temperature, consistent
with published results.?®3 However, scatter from the overall

TABLE L. Summary of fitted parameters A, B,, Cy, and N" from 300 to
500K.

T (K) Aish By (cm’s™") Cp (cm® ™) N* (cm ™)
300 1.74 x 107 8.76x 107" 7.85% 107 1.94 x 10"
325 1.78 x 107 272x 107" 1.90 x 10 6.72 x 10"
350 1.76 x 107 115x 107" 6.96 x 10" 1.42 % 10"
375 1.86 x 107 597 x 107" 3.19x 107! 2.86 % 10"
400 2.03 x 107 3.65x 10712 1.82x 107! 4.75x 10"
425 221 %107 3.52x 107" 1.97 x 107! 434 % 10"
450 2.03 % 107 1.57x 1072 7.50 x 10 1.17 x 10"
475 2.09 x 107 9.53x 107" 5.05% 107 1.55 x 10"
500 1.77 x 107 551x10° " 2.60 x 102 3.18 x 10"
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trend exists, which may come from measurement errors in
the —3 dB bandwidths at very low currents. The possible rea-
sons are the relatively large modulation signal compared to
the DC component, as well as the noises of optical frequency
response. Subsequent analysis has also shown that the tem-
perature dependence of A is relatively weak compared to
those of B and C.

In Fig. 3(b), the B coefficient (R,./nz) decreases with
increasing temperature at all carrier concentrations. This is
induced by phase space filling, i.e., the carrier distribution is
approximately described by Maxwell-Boltzmann statistics at
low carrier concentration and by Fermi-Dirac carrier distri-
bution at high carrier concentration.'**>* As more carriers
occupy states in higher sub-bands at higher temperatures, the
carrier number per dk interval in k-space decreases with
increasing temperature, leading to a reduced B coefficient at
higher temperatures. In addition, N* increases with increas-
ing temperature as shown in Table I, i.e., phase-space filling
occurs at a higher injection level at a higher temperature,
which agrees with the theoretical and experimental trends in
other publications'***** but shows a stronger temperature
dependence. The phase space filling effect in Ref. 14 and 33
was estimated by extracting the theoretical data of B versus
n. This can be understood by noting that at higher tempera-
tures the thermal distribution already leads to a significant
occupation of high-k states. Therefore, a significant change
in the occupation of high-k states requires a higher carrier
concentration than at lower temperatures.

Figs. 4(a) and 4(b) show the temperature variation of B
coefficient at n=2x10%cm™ and n=1x10"cm™>,
respectively. A strong decrease in B with increasing tempera-
ture has been found at the low carrier concentration
n=2x10"cm ™3, empirically scaling as B 1/T”. However,
at the high carrier concentration n =1 x 10*°cm™3, a weaker
temperature dependence of B o 1/T>? appears. This observa-
tion agrees with the theoretical calculation very well'® and is

(a) 1.0x10™ T T T - -
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FIG. 4. B coefficient variation with temperature (a) at n=2 X 10"¥em ™3

(B 1/T* and (b) at n=1 x 10 cm™> (B x 1/T*). The red lines are fits to

the experimental data (black symbols).
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explained as follows. At a low injection carrier concentration
2 x 1018cm’3), a fraction of carriers, close to the Fermi level
and in the high energy tail of the occupation function, is
strongly influenced by temperature; at a high carrier concen-
tration (1 x 10*°cm ™), the carrier states close to the bandgap
are filled, so most carriers are at energies below the Fermi
level, leading to less temperature dependence.13 Other experi-
mental and theoretical work reported weak dependences of B
on T,""'* which agrees with our results at high carrier
concentrations.

The temperature-dependent C coefficients as shown in
Fig. 5(a) were calculated from the values of C, and N* in
Table 1. At all carrier concentrations, the C coefficient
decreases with the increase in temperature. In addition, similar
to the case of radiative recombination, a weaker temperature
dependence is obtained with increasing carrier concentration,
which is again related to the phase space filling effect. The
temperature dependence of C at a carrier concentration of
1% 10*cm ™ is shown in Fig. 5(b) and empirically follows
C  1/T?. The temperature dependence of the C coefficient
in this work is contrary to most theoretical and experimental
trends in the literature,'""*~'¢ but agrees with one design in
theoretical result with relatively weak carrier confinement in
the QWs."?

In summary, the temperature dependence of the recom-
bination coefficients in blue-emitting InGaN/GaN MQW
LEDs has been investigated experimentally. With increasing
temperature, the radiative and Auger recombination coeffi-
cients decrease. It is also found that the temperature depend-
ence of radiative and Auger recombination coefficients
becomes weaker at higher carrier concentrations. The phase
space filling effect is proposed to contribute significantly to
the variation of temperature-dependent radiative and Auger
recombination coefficients. This work not only provides fur-
ther insight into efficiency droop, but also helps to elucidate

1.5x10%

1.0x10%

C(cm’s”)

50x10%° . ‘ . s
300 350 400 450 500
Temperature (K)

FIG. 5. (a) Calculated C coefficient versus n at different temperatures. (b) C
coefficient variation with temperature at n=1 x 10*cm ™3 (C o 1/T). The
red line is a fit to the calculated data (black symbols).
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trends in the small-signal modulation bandwidth relevant to
the application of LEDs in VLC.
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Appendix 1

Micro-LED design process

The following figures are early stage handmade sketches to explore the concepts of pixel shape
on current distribution, self heating, mutual heating, addressing metal tracks and optical
coupling for fibre optics geometries.

Figure. 6.3 is an early draft of what became the design of segmented micro-LEDs. Here,
the initials concerns were to increase the optical power via a multi-pixel array and to meet the
fibre geometry for an uniform optical coupling. Initial thoughts about using transfer-printing
technology to create a transceiver module with no optics using an APD as receiver. At that
stage it was concluded that with the dimensions of such transceiver didn’t meet the maximum
diameter for POF applications. However, this exercise allowed to further develop the concept
of multi-pixel arrays considering the following aspects: the influence of the track length on
the pixel-to-pixel variation of series resistance, and consequently, output optical power; the
thermal management of the mutual and self heating effects; and the active area compensation
for the optical out-coupling of outer pixels. These concepts were implemented in the final
version of the segmented micro-LEDs, as presented in 4.3.

Figure 6.4 shows considerations of the optical coupling for applications with POF. Light
from the chip travels to refractive index matching liquid and into the POF. The initial calcu-
lations had further defined the a small area difference between inner and outer pixels of the
segmented micro—-LEDs to compensate for the coupling loss.

Figure 6.5 shows an initial draft of a cluster for application in POF. The idea here was to

centralise the p-pad for a direct wire bond. In principle, this detail should improve two aspects:

219
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Figure 6.3: Draft sketch for a segmented device for integration of a avalanche photodiode.

to create a more uniform current distribution for all pixels of the cluster, a typical problem
in cluster format of micro-LEDs; and to force the launch of the optical in an equidistant ring
to the fibre to reduce the high-order ray dispersion inside the fibre core, which may slightly
increase the bandwidth of the fibre. This device was not realised.

Figure 6.6 is an early draft of what became the design of the broad-area LEDs, ring and
half-ring shaped micro—LEDs. The initial thoughts here were to improve the performance of
single pixel micro-LEDs. The two main aspects considered were current crowding and thermal
management. Starting with the typical circular-shaped pixel, a ring-shaped geometry allows
to remove the highest temperature zone. To compensate for the loss in active area, a larger
diameter and wall width could be used and at simultaneously, larger diameters would reduce
heat transfer between opposite side of the ring, effectively reducing junction temperature.
The concept as shown in the figure 6.6 was broken down in steps and firstly implemented in
broad-area for further study, see figure 4.3; and the micro-LED implementation followed in

form of ring and half-ring shapes, see figure 4.13.
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Figure 6.4: Considerations of the optical coupling for integration with plastic optical fibre.
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Figure 6.5: Draft sketch of a cluster for integration with plastic optical fibre.
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Figure 6.6: Draft sketch for a semi-ring shaped micro-LED.




Appendix 2

Matlab™ applications

This section presents various software applications developed during the course of the PhD.
Although these applications did not contribute directly to results, they did provide significant

time savings and consistency in the analysis.

These applications have been used by LED group at the Institute of Photonics and the
University of Glasgow. Their use was crucial to fix bugs, improving features and adapt the
software to real needs. One feature that is present is a help button with usage instructions
for users not familiar with the application. In addition, for the Bandwidth application, a full
user manual was written, which includes details of how the application was programmed and

data management for datasets.

I-V & L1

Measurement of the I-V and LI characteristics were all taken with the assistance of a com-
puterised setup controlled via Labview”™. The output data comes in the form of text files
which require further processing in order to plot the respective I-V and L-I curves. Fig. 6.7
presents a software application developed in Matlab”™ to assist with the management, pro-
cessing and analysis of the I-V and L-I data sets. Analysis with this applications is fast and
consistent with any data set. Tools are included to plot various common graphs (I-V, L1,
L-V, IQE, EQE), determine key characteristics of the devices such as driving voltage, series

resistance and efficiency, and an option for normalised units is also included.
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Spectra

Measurement of the emission spectra from LEDs are done with a spectrometer connected
to a computer with acquisition software from the vendor. The typical case is to store a
spectrum for each injection current. This data is stored as text files with two columns, one
for wavelength and another for the corresponding count number. As such, a full measurement
involves a set of currents that explores the whole operating range of the LED, typically ten or
more measurements per device. In order to accelerate the process of data analysis, as shown
in Fig. 6.8 a Matlab™ application was developed to analyse all the spectra of a device at
once. It supports Gaussian and Lorentzian fits from which the central emission peak and the

spectral linewidth or FWHM are calculated.

Thermal analysis for FLIR camera

Thermal imaging measurements with the infra-red camera FLIR SC7000 require a calibration
to the emissivity of the materials under study. In addition, to correctly determine junction
temperature, the mean temperature across the active area must be calculated. Fig. 6.9

presents a software application developed in Matlab”™™ for the these purposes.

Modulation bandwidth

Measurements of modulation bandwidth were all taken manually with an optical setup (Fig. 3.1)
and a network analyser to evaluate the loss or gain between the input and output signals.
The network analyser stores frequency response data in a floppy disk which afterwards is
transferred to a computer. Fig. 6.10 presents a software developed in Matlab”™ to process
multiple sets of data of various devices and extract the relevant information with precision.
This software tool allows one to look at the same data set in two distinct ways. Firstly,
as shown in Fig. 6.11 (a), it allows one to plot the obtained bandwidth as a function of the
injected current for one or multiple LEDs, this is the standard plot to show bandwidth of a
device. Secondly, it can re-shape the data set and plot the obtained bandwidth as function of

the LED for each injection current, as shown in Fig. 6.11 (b). The latter is especially useful
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to compare the performance of LEDs with similar properties such as active area, this plot is

used in chapters 4 and 5.
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Source code

The source code of these applications is show the next pages for a selection of meaningful
code lines of the main function file only for brevity. Note that these applications have a user
interface which requires a certain style of programming and this reflected in the code with a
large amount of data types conversions. In addition, data storage is kept in the user interface
itself, allowing to always be loaded in the random access memory and very fast transition
to the processor for calculations. Each application also has a number of extra functions, not

shown here, that accomplish standard and repetitive tasks.

I-V & L1

The total number of code lines of the main file is 1011. Below are shown the 121-255 lines
corresponding to the core calculations.

function Calculate Callback (hObject, eventdata, handles)

% Clear previous run

clc;

set (handles.Calculate , 'UserData' ,[]);

set (handles.Calculate , 'BackgroundColor ', 'default');

set (handles.IV , 'BackgroundColor ', 'default ');

set (handles.LI | 'BackgroundColor ', 'default ') ;

set (handles. EQE, 'BackgroundColor ', 'default '
(
(
(
(

set (handles.VIL , 'BackgroundColor ', 'default'
set (handles.Save , 'BackgroundColor "', "default ') ;
set (handles.Export , 'BackgroundColor ', 'default ');

, )
set (handles.IQE , 'BackgroundColor ', 'default ');
, )

% Show busy
set (handles.Calculate , 'BackgroundColor', 'yellow ');

% Get Imported Data & TableData

Data = get (handles.Import , 'UserData ")
TableData = get(handles.Table, 'Data’
Data.Names = TableData (:,2) ;

);

% Create colours
Data.ColourSet = varycolor(Data.n);

% --- Rs & Turn-On

% Pre-allocation

Data.X = cell (Data.n,1);
Data.Yfit = cell(Data.n,1);
Data.Rs

zeros (Data.n,1);
)

b
zeros (Data.n,1);

Data.DriveV

for i = 1:Data.n,
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end

% Find the point to match the Drive Threshold from max current

idx = find (Data.I{i} < (str2num(get(handles.DriveThreshold, 'String'))) * ...

max(Data.I{i}), 1, 'last');

% Linear fit: y=mxtb

[FitCoeff R2] = LinearFit(Data.V{i}(idx:end), 1E-3 % Data.I{i}(idx:end)); % ...

includes conversion mA -> A

m = FitCoeff(1);

b = FitCoeff(2);

X = linspace (0, max(cell2mat (Data.V(i))), Data.nn) ';
Yfit =m * X + b;

[a aa] = find ( Yfit > 0,1);

Data.X{i,1} = X(a:end);
Data.Yfit{i,1} = Yfit(a:end);

% Rs (Ohm)
Data.Rs(i) =1 ./ m; % factor due to I(mA) in the fit

% Turn-On voltage (V)
Data.DriveV (i) = abs(b ./ m);

clear idx FitCoeff R2 a b m aa

% --- Normalise to Current Density

Data.Area{Data.n,1} = [];

if get(handles.DensityUnits, 'Value')

end

Area = TableData(:,3);

% Current Density - J
for i = l:numel(Area)
Data.Area{i,1} = num2str(round(eval(Area{i}

) % um”™2
Data.J{i,1} = 1E5 .x Data.I{i} ./ eval(Area{

));
i}); % A/em™2

end

% Luminescence Density - LD
for i = l:numel(Area)

Data.LD{i,1} = 1E5 .x Data.L{i} ./ eval(Area{i}); % W/cm 2
end

TableData (:,3) = Data.Area;

% --- EQE, IQE & Wallplug

Data.Wavelength =
Data.EQE_ factor =
Data.Extraction Eff = str2num(get (handles.Extraction Eff, 'String

for

str2num (get (handles.Wavelength , 'String ')) * 1E-9;
2 - str2num(get (handles.Collection_Eff,'String'

i = 1:Data.n,
idx = find (Data.L{i} > 0.1 * max(Data.L{i}),1);
while Data.V{i}(idx,1) < 0
idx = idx+1;
end

for j = idx:numel(Data.L{i}),
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Data.EQE{i,1}(j,1) = Data.EQE_factor * ( Data.L{i}(j,1) ./ (6.626E-34 * ..
(3e8 ./ Data.Wavelength) ) ) ./ ( Data.I{i}(j,1) ./ 1.602E-19 );
% IQE
Data.IQE{i,1}(j,1) = Data.EQE{i,1}(j,1) ./ Data.Extraction_ Eff;
% Wallplug efficiency
WallPlug{i,1}(j,1) = 100 = Data.L{i}(j,1) ./ ( Data.I{i}(j,1) * ..
Data.V{i}(j,l) ); % Percentage (%)
if WallPlug{i,1}(j,1) = 1nf
WallPlug{i,1}(j,1) = 0;
end
end
Data.WallPlug (i) = max(WallPlug{i}(WallPlug{i}>0));
end
clear i j idx

% --- Fill table

TableData (:,1) = Data.Files;

TableData (:,2) = Data.Names;

TableData (:,4) = num?2cell(round(Data.Rs));
TableData (:,5) = num2cell(Data.DriveV);

TableData (: 76) num2cell(Data WallPlug)
set (handles.Table, 'Data', TableData);

% Store processed data
set (handles.Calculate , 'UserData ' ,Data) ;

% Show done
set (handles.Calculate , 'BackgroundColor ', 'Green');

Spectra

The total number of code lines of the main file is 495. Below are shown the 197-277 lines

corresponding to the core calculations.

% red light - busy or error

set (handles.LED , 'BackgroundColor ', 'red ') ;

Table = get(handles.Table, 'Data');

if isempty(Table{1,2})
errordlg (' fill the table');
set (handles.LED , 'BackgroundColor ', "default ');
return

end

% get raw data
Data = get (handles.Import, 'UserData');

% read current from table
TableData = get(handles.Table, 'Data');
Data.Current = str2double (TableData (:,2));

% Fit
Eq = get(handles.Eq, 'Value');
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if numel(Data.Wavelength) < 5E3 && Eq #4,

Data.X =
Data.YFit = zeros(1E4,Data.n);
elseif Eq = 4,
Data.X = Data.Wavelength;
Data.YFit = zeros(length(Data.Wavelength) ,Data.n);

end

Data.Peaks = zeros(Data.n,1);
DataFWHM = zeros(Data.n,1);
for i = 1:Data.n

[Fit gof] = CreateFit( Data.Wavelength, Data.Intensity (:,i), Eq);

if Eq # 4

Data.YFit (:,1) = feval (Fit,Data.X);
Data.FitCoeff (:,i) = coeffvalues(Fit);
else

Data.YFit (:,i) = Fit;
end

% Calculate emission Peak
[A, I] = max(Data.YFit(:,i));
Data.Peaks (i) = Data.X(I);

% Calculate full width at half maximum of the raw data using the fit

DataFWHM(i,1) = fwhm(Data.X, Data.YFit);

% a = find (Data.YFit > 1/2xData.YFit);
% left = a(l);
% right = a(end);

% FWHM() = Data.X(a(end)) - Data.X(a(1l));

end
Data.Peaks = Data.Peaks (:) ;

clear i j Fit Spectrum yUp yDown xUp xDown A gof FitCoeff I a

% Clean Axes

cla (handles.Axes);

axes (handles.Axes);

xlabel (handles.Axes,' Wavelength (nm) ');
ylabel (handles.Axes ,' Counts (a.u.)');

% plot first graph & fit
Data.Counter = 1;

plot (Data.Wavelength, Data.Intensity (:,Data.Counter),'.b ', MarkerSize',8);

hold('on');
plot (Data.X, Data.YFit(:,1),"'-r"', 'LineWidth',2);

legend ({ 'data','fit '}, 'Location', 'NorthEast', 'FontSize' 14, 'Box', 'off");

axis tight
% Set the FileNumber
set (handles.FileNumber , 'String ' ,num2str (Data.Counter) ) ;

% save data to handles
set (handles.Calculate , 'UserData ', ,Data);

% green light - all good
set (handles.LED , 'BackgroundColor ', 'green');

linspace ( Data.Wavelength(1), Data.Wavelength (end), 1E4 ) ';
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Thermal analysis for FLIR cameras

The total number of code lines of the main file is 697. Below are shown the 439-552 lines

corresponding to the core calculations.

function Calculate_Callback (hObject, eventdata, handles)

set (handles.Calculate , 'BackgroundColor', 'yellow');
try
Data = get (handles.Import , 'UserData');
Counter = get(handles.FileNumber , 'UserData');
catch ME
return
end

% Load emissivity calibration (should be in the same folder)
load (' EmissivityCorrection.mat ') ;

dE = 0.1;

dT = 0.2;

Ta = str2num (get (handles.Ta, 'String'));

9% --- Get currents from table
TableData = get(handles.Table, 'Data');
Data.l = TableData (:,2);

%% --- Emissivity Correction
% Will correct the emissivity from 1.0 to the correct value
% based on the initial temperature of each pixel.

% GaN Emissivity Map
% Getting emissivity of each pixel from the calibration curve

a = GaN_ Emissivity.a;
b = GaN_ Emissivity.b;
¢ = GaN_ Emissivity.c;
d = GaN_ Emissivity.d;

for m = 1:Data.n
EmissivityMap{m,1} = a.xexp(b.*Data.Thermal{m,1}) + ...
c.xexp(d.«Data.Thermal{m,1});

idx = EmissivityMap{m,1} > 1;
EmissivityMap{m,1}(idx) = 1;
idx = EmissivityMap{m,1} < 0.25;
EmissivityMap{m,1}(idx) = 0.25;
end
clear a b ¢ d m index

% Temperature correction
[0y Ta N 1 a1 3 / n - - L. !
% Uses the Emissivity Map to correct the temperature to the 'real

a = Temp_ Emissivity.a;
b = Temp_ Emissivity.b;
¢ = Temp_ Emissivity.c;
d = Temp_ Emissivity.d;

for m = 1:Data.n
for i = 1:size(Data.Thermal{1,1},1)
for j = 1l:size(Data.Thermal{1l,1},2)

Data.Thermal{m,1}(i,j) = ..

value

Data.Thermal{m,1}(i,j)*exp(bxEmissivityMap{m,1}(i,j)) ...
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+ (Data.Thermal{m,1}(i,j) * 0.7818) * ...
exp (d«EmissivityMap{m,1}(i,j));

if Data.Thermal{m,1}(i,
Data.Thermal{m,1} (i
end

j) < Ta
) = Ta;

% Temperature Estimation Error - from emissivity & camera focus

Data.ThermalError{m,1}(i,j) = dE * ( exp(bxEmissivityMap{m,1}(i,j))

+ 0.7818+exp (d«EmissivityMap{m,1}(i,j)) ).

+ dT * Data.Thermal{m,1}(i,j) * (exp(b*EmissivityMap{m,1}(i,j))

+ 0.7818xexp (d«EmissivityMap{m,1}(i,j)));

end
end

% --- Calculate a mean value of the pixels

if get(handles.Mask, 'UserData') = 1

% Tj - mean temperature of each image
Data.Tmean(m,1) = mean(Data.Thermal{m}(Data.Mask));

% Errors of each image
Data.Error (m,1) = mean(Data.ThermalError{m}(Data.Mask)) ;

else

% Tj - mean temperature of each image

Data.Tmean(m,1) = mean(Data.Thermal{m}( Data.Thermal{m} > ...
0.5 *max(max(Data.Thermal{m}))));

% Data.Tmean(m,1) = mean(Data.Thermal{m}( Data.Thermal{m} > ...
0.5 *max (max(Data.Thermal{m}))));

% Errors of each image
% ErrorMax(m,1) = max(max(ThermalError{m,1}));
% Error(m,1) = mean(mean(ThermalError{m,1})

) ;
Data.Error (m,1) = mean(Data.ThermalError{m}( Data.Thermal{m} > ...

0.5 *max(max(Data.Thermal{m}))));
end

end
clear a b ¢ dm i j ThermalError

% New colorbar limits for the area
Data.Tmin = min(min(cell2mat (Data.Thermal)));
Data.Tmax = max(max(cell2mat (Data.Thermal)));

%% --- Save data to handles
set (handles.Import , 'UserData ' ,Data);

% Update the image

cla;

imagesc (Data.Thermal{Counter});

caxis ([round (Data.Tmin) ,round (Data.Tmax) ]) ;
colorbar;

colorbar ('FontSize "' ,16);

colormap ( 'hot ') ;

drawnow update

set (handles.Calculate , 'BackgroundColor', 'green');
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Modulation bandwidth

The total number of code lines of the main file is 1553. Below are shown the 174-511 lines
corresponding to the core calculations.

function Calculate_Callback (hObject, eventdata, handles)
% Objective: Calculate the electrical and optical bandwidth points (-3dB & -6dB).

WITTTTTTTITIITSe Please be very careful with ANY changes! YWOOTITTTIIIIIS s
set (handles.Calculate , 'BackgroundColor', 'yellow'); pause(0.01);

set (handles.Right , 'BackgroundColor', 'default');

set (handles.Left , 'BackgroundColor ', 'default');

set (handles.Save , 'BackgroundColor ', 'default');

clc

cla(handles.Axes);
axes (handles.Axes);

% Get Data from the Import button

Data = get (handles.Import , 'UserData');
FileName = Data.FileName;

Amplitudes = Data.Amplitudes;

Frequencies = Data.Frequencies;

XLimits = Data.XLimits;

YLimits = Data.YLimits;

clear Data

% Number of files

n = numel (FileName) ;

nPoints = 5E3;

% Memory Pre- Allocation for the bandwidth indexes and final values as Columns ...
(I think in Columns not Rows)

BW_E Index = zeros(n,1);

BW_O_Index = zeros(n,1);
BW_E = zeros(n,1);
BW O = zeros(n,1);

% Memory Pre- Allocation for the Iterpolation/Fitted variables, big time saver ..
for large DataSets,

X = zeros(nPoints, n);

Y = zeros(nPoints, n);

WISSTTTTTTIIITS -  Smoothing -  YWITTTISSIITTISo
if get(handles.Smooth,'Value')

SmoothPoints = str2double (get (handles.SmoothPoints, 'String '));

for i = 1:1:n

Amplitudes (:,1) = smooth(Frequencies (:,i), Amplitudes(:,i), ..
SmoothPoints, 'rlowess');

end

end

WISSSTTTTISSITS - Trim - WWSISTTTSSSITTTo
% Trims the Min
if get(handles.MinFrequency , 'Value')
MinFreq = str2double(get (handles.MinFreq, 'String'));
IndexMin = find( Frequencies > MinFreq , 1); % find the indexes ...
for Max Frequecy admitted
Frequencies( 1:(IndexMin+1), :) 15
Amplitudes( 1:(IndexMin+1), :) 1

end
% Trims the Max
if get(handles.MaxFrequency , 'Value')
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55 MaxFreq = str2double (get (handles.MaxFreq, 'String '));

56 IndexMax = find ( Frequencies > MaxFreq, 1); % find the indexes ..
for Max Frequecy admitted

57 Frequencies( (IndexMax-1):end, :) = [];

58 Amplitudes( (IndexMax-1):end, :) = [];

50 end

60

61

62 WITTTTITIITIIS - Current Density - IOOSSTIITTITIITS
63 %  Get Currents from the Table

64 TableData = get(handles.Table, 'Data');

65 Current = TableData(:,2);

67 if get(handles.CurrentDensity,'Value') && get(handles.Circular,'Value')

69 Size = str2num (get (handles.Area,'String'));

70

71 if Size =— 0,

72 errordlg ('Size cannot be zero!');

73 set (handles.Calculate , 'BackgroundColor', 'red');
74 return

75 end

76

77 Data.Area = pix(Size/2)72;

78 CurrentDensity = 1e5 % Current ./ (Data.Area); % A/em™2
79

80 elseif get(handles.CurrentDensity , ' Value') && get (handles.Squared ,'Value');

82 Size = str2double(get (handles.Area, 'String'));

83

84 if Size = 0,

85 errordlg ('Size cannot be zero!');

86 set (handles.Calculate , 'BackgroundColor', 'red');
87 return

88 end

89

90 Data.Area = Size " 2;

91 CurrentDensity = 1e5 % Current ./ (Data.Area); % A/em™2
92

93 elseif get(handles.CurrentDensity , 'Value') && get(handles.AreaButton ,'Value');

95 Data.Area = round(eval(get(handles.Area,'String')));
96

97 if Data.Area — 0,

98 errordlg ('Area cannot be zero!');

99 set (handles.Calculate , 'BackgroundColor', 'red');
100 return

101 end

102

103 CurrentDensity = leb * Current ./ (Data.Area); % A/em ™2
104

105 end

106 clear Size

107

108

100 WOTISSITIIIIITS - Interpolation Method - YOITISIIITIIITSo
110 % The interpolation is done with nPoints per File
111 if get(handles.Interpolation , 'Value')

112 % Loop for the interpolation of each file separatly

113 for i = 1:1:n;

114 % Interpolation with nPoints per File , X-Frequencies, Y-Amplitudes

115 X(:,i) = linspace( Frequencies(1l,i), Frequencies(end,i), nPoints );

116 Y(:,i) = interpl( Frequencies(:,i), Amplitudes(:,1), X(:,i), 'spline');

117 % Bandwidth calculation , get the indices I for the vector X that give ...
the correct values on Y(X(I))

118 BW_E Index(i) = find( Y(:,i) < (mean(Y(1:20,i)) - 3), 1);

119 BW_O Index(i) = find( Y(:,i) < (mean(Y(1:20,i)) - 6), 1);

120 end
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elseif —get(handles.Fitting , 'Value')
set (handles.Calculate , 'BackgroundColor', 'red');
errordlg ('Inconsistency with the methods.', 'Error Dialog');
return
end
WITTSITTIIIIIS -  Fitting Method - YIISTTIITTSITISo
% The Fits are done with the function ”CreateFit.m”
if get(handles.Fitting, 'Value')
Equation = get(handles.Equation, 'Value');
% Small interpolation to increase the number of points for the fit
for i = 1:1:n;
x(:,1) = linspace( Frequencies(1,i), Frequencies(end,i), 5E3 );
y(:,i) = interpl( Frequencies(:,i), Amplitudes(:,i), x(:,i), 'spline');

end

Frequencies = x;

Amplitudes = y;

clear x y

% Fit each File

for i = 1:1:n,
%

for the chosen Equation

Fits the data and gets the Fitted function
[f gof] = CreateFit(Frequencies(:,i), Amplitudes(:,i), Equation);

% Y evaluates the Fit function on X with 1E6 numbers

X(:,1) = linspace( Frequencies(1l,i), Frequencies(end,i), nPoints );

YFit (:,1) = feval (f,X(:,1));

R2(i,1) = gof.rsquare;

% Store the Fit parameters and Godness-Of-Fit to export later

Fit(i,:) = coeffvalues(f);

GOF(1i,1) = gof;

% Bandwidth calculation , get the indices I for the vector X that ..
give the correct values on Y(X(I))

BW_E Index(i) = find( YFit(:,i) < (mean(YFit(1:20,i)) - 3), 1);

BW_O_Index(i) = find( YFit(:,i) < (mean(YFit(1:20,i)) - 6), 1);

end

elseif —get(handles.Interpolation , 'Value')

set (handles.Calculate , 'BackgroundColor', 'red');
errordlg ('Inconsistency with the methods.', 'Error Dialog');
return

end

% Get the Bandwidth arrays always as columns.

BW_E_Index = BW_E_Index(:) ;
BW_O_Index = BW_O_Index(:) ;

% Calcule the Bandwidth with the determined indexes from the previous methods

for i=1:1:n
BW_E(i,1)
BW_O(i,1)

end

WSTTTTTTTTTTTTSo
cla;
hold('on');
grid('on');

X(BW_E Index(i),i);

% Eletric Bandwidth Array

X(BW_O_Index(i),i) : % Optical Bandwidth Array

Plotting

TITTITTTTITTTTSo
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188 axis ([ XLimits YLimits]); % Set the axis limits to the previous used values
189

190 % Plot according to the Interpolation or Fitting methods
191 if get(handles.Interpolation ,'Value')

192

193 % Plot the data from the first file in log scale for X-axis

194 plot (handles.Axes, X(:,1), Y(:,1), '-k');

195

196 % Crosses for BW points, Electrical and Optical (-3dB & -6dB)

197 plot (handles.Axes, X(BW_E_Index(1), 1), Y(BW_E Index(1), 1), 'xb',
"MarkerSize ', 24, 'LineWidth', 2);

198 plot (handles.Axes, X(BW_O_Index(1), 1), Y(BW_O_Index(1), 1), 'xb',
"MarkerSize ', 24, 'LineWidth', 2);

199

200 % Dashed lines for the Electrical and Optical Bandwidth (-3dB & -6dB)

201 plot (handles.Axes, [Frequencies(l, 1) Frequencies(end, 1)], [ ..

(mean(Amplitudes(1:2,1))-3) (mean(Amplitudes(1:2,1))-3) ], ':r', ..
'LineWidth ', 2);

202 plot (handles.Axes, [Frequencies(l, 1) Frequencies(end, 1)], [ ..
(mean ( Amplitudes(1:2,1))-6) (mean(Amplitudes(1:2,1))-6) |, ':r',
'LineWidth ', 2);

203
204 % Show the values of dashed lines
205 text ( 1.3*min(XLimits), mean(Amplitudes(1:20,1))-3, ' -3 ', 'FontName',
"Arial', 'FontSize', 14,...
206 '"HorizontalAlignment ', 'left ', ..
'VerticalAlignment ', 'top', 'FontWeight', 'bold"', 'Color', 'red');
207 text( 1.3+min(XLimits), mean(Amplitudes(1:20,1))-6, ' -6 ', 'FontName',
"Arial', 'FontSize', 14, ...
208 'HorizontalAlignment ', 'left ', ' VerticalAlignment ', 'top', 'FontWeight', 'bold', 'Color', 'red
209
210 % Show Bandwidth Values close the highlighted points
211 text ( 1.35+«X(BW_E Index(1),1), 0.94«Y(BW_E Index(1),1), sprintf('%.0f",
X(BW_E Index(1))), ...
212 'FontName ', 'CourierNew', 'FontSize', 16, 'FontWeight', 'bold',
"Interpreter ', 'tex', ...
213 'HorizontalAlignment ', 'left', 'VerticalAlignment', 'bottom',
'BackgroundColor', [0.9, 0.9, 0.9]);
214 text ( 0.75+«X(BW_O_Index(1),1), 1.05%xY(BW_O Index(1),1), sprintf('%.0f",
X(BW_O_Index(1),1)), ...
215 'FontName ', 'CourierNew', 'FontSize', 16, 'FontWeight', 'bold',
"Interpreter ', 'tex', ...
216 'HorizontalAlignment ', 'right', 'VerticalAlignment', 'top', ..
'BackgroundColor', [0.9, 0.9, 0.9]);
217
218 elseif get(handles.Fitting , 'Value')
219
220 % Plot the Original Imported Data + the Fitted from the first file in log ...
scale for X-axis
221 plot (handles.Axes, Frequencies(:,1), Amplitudes(:,1), '-k');
222 plot (handles.Axes, X(:,1), YFit(:,1), '-m');
223
224 % Dashed lines for the Electrical and Optical Bandwidth (-3dB & -6dB)
225 plot (handles.Axes, [Frequencies(l, 1) Frequencies(end, 1)], [ ..

(mean(Amplitudes(1:2,1))-3) (mean(Amplitudes(1:2,1))-3) ], ':r', ..
'LineWidth ', 2);

226 plot (handles.Axes, [Frequencies(l, 1) Frequencies(end, 1)], [ ..
(mean ( Amplitudes(1:2,1))-6) (mean(Amplitudes(1:2,1))-6) |, ':r',
'LineWidth ', 2);

227

228 % Show the values of dashed lines

229 text( 1.3+min(XLimits), mean(Amplitudes(1:20,1))-3, ' -3 ', 'FontName',
"Arial', 'FontSize', 14,...

230 '"HorizontalAlignment ', 'left ',

'VerticalAlignment ', 'top', 'FontWeight', 'bold"', 'Color', 'red');
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231 text ( 1.3+min(XLimits), mean(Amplitudes(1:20,1))-6, ' -6 ', 'FontName', ..
"Arial', 'FontSize', 14, ...
232 'HorizontalAlignment ', 'left ', ' VerticalAlignment ', 'top', 'FontWeight', 'bold', 'Color', 'red
233
234 % Crosses for BW points, Electrical and Optical (-3dB & -6dB)
235 plot (handles.Axes, X(BW_E Index(1), 1), YFit(BW_E Index(1), 1), 'xb', ..
"MarkerSize ', 24, 'LineWidth', 2);
236 plot (handles.Axes, X(BW_O _Index(1), 1), YFit(BW_O Index(1), 1), 'xb', ..
"MarkerSize ', 24, 'LineWidth', 2);
237
238 % Show Bandwidth Values close the highlighted points
239 text( 1.35+«X(BW_E Index(1),1), 0.94%YFit(BW_E Index(1) ,1), sprintf('%.0f",
X(BW_E Index(1))), ...
240 'FontName ', 'CourierNew', 'FontSize', 16, 'FontWeight', 'bold',
"Interpreter ', 'tex"', ...
241 'HorizontalAlignment ', 'left ', 'VerticalAlignment', 'bottom',
'BackgroundColor', [0.9, 0.9, 0.9]);
242 text ( 0.75+«X(BW_O_Index(1),1), 1.05%YFit(BW_O_Index(1) ,1), sprintf('%.0f",
X(BW_O Index(1),1)), ...
243 'FontName ', 'CourierNew', 'FontSize', 16, 'FontWeight', 'bold',
"Interpreter ', '"tex"', ...
244 '"HorizontalAlignment ', 'right', 'VerticalAlignment', 'top', ..
'BackgroundColor', [0.9, 0.9, 0.9]);
245
246 % Plot the R™2 value from the fit
247 text ( 1.3*min(XLimits), 0.91+min(YLimits), strcat('r 2=",
sprintf('%.4f ", R2(1))," "), ...
248 'FontName ', 'CourierNew ', 'FontSize', 16, 'Interpreter',6 'tex', ...
249 '"HorizontalAlignment ', 'left ', 'VerticalAlignment', 'top',
'BackgroundColor', [0.8, 0.7, 0.1]);
250
251 else
252 errordlg ( 'Unkown issue while plotting , ask god for help!');
253 end
254
255 % Show value of Current or Current Density
256 if get(handles.CurrentDensity , ' Value')
257 text ( 1.3+min(XLimits), 0.96+min(YLimits), ..
strcat (sprintf('%.0f"',CurrentDensity(1))," A/em™2"'), ...
258 'FontName ', 'CourierNew', 'FontSize', 16, 'FontWeight', 'bold',
"Interpreter ', 'tex', ...
259 '"HorizontalAlignment ', 'left', 'VerticalAlignment', 'top',
'BackgroundColor', [0.1, 0.5, 0.75]);
260 else
261 text( 1.3+min(XLimits), 0.96+min(YLimits), ..
strcat (sprintf('%.0f"',Current (1)), mA'), ...
262 'FontName ', 'CourierNew ', 'FontSize', 16, 'FontWeight', 'bold',
"Interpreter ', 'tex', ...
263 '"HorizontalAlignment ', 'left ', 'VerticalAlignment', 'top',
'BackgroundColor', [0.1, 0.5, 0.75]);
264 end
265
266 hold off;
267

268 % Set the Left button dark to reflect to the user the first file is already ...
being displayed
269 set (handles.Left , 'BackgroundColor', 'black');

270 set (handles.Right , 'BackgroundColor', 'default');
271
272
273

o214 WITTTTITIITITS -  Save Calculated Data - IITTSSTITTTIT
275 % Warn the user that data was not saved with a RED button and ERROR dialog

276 try
277

278 % Create Data Structure
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Data.X

Data.Y
Data.Frequencies
Data.Amplitudes
Data.BW_E Index
Data.BW_O Index
Data.BW_E
Data.BW_O
Data.XLimits
Data.YLimits
Data.Counter
Data.FileName

%

x

Y;

1 .

Get the equation

if get(handles.Fitting,

end

switch get(handles.Equation ,

case 1

Frequencies;
Amplitudes;
BW_E_Index;
BW_O_Index;
BW_E;

BW_O;
XLimits;
YLimits;

% Counter

FileName;

inside the data
'"Value ")

- first File displayed

structure

'Value ')

Data.Equation = 'y = alsexp(blsx) 4+ a2xx+b2";

case 2

Data.Equation = 'y = alsexp(blxx) + a2sxexp(b2xx)';

case 3

Data.Equation = 'y = al**xx 2 + a2xx + c¢';

case 4

Data.Equation = '- splines

end

if get(handles.CurrentDensity ,'Value')
= CurrentDensity;
if get(handles.AreaButton, 'Value')

set (handles.Area, 'String ' ,num2str(Data.Area));

end

try
try
try
try

end

%
set
set
set

(
(
(

Data.CurrentDensity

end

Data.MaxFreq = MaxFreq; end

Data.MinFreq = MinFreq; end

Data.Current = Current; end

Data.YFit
Data.Fit
Data.R2
Data.GOF

YFit;
Fit;
R2;
GOF';

Send Data Structure
handles.Calculate , '

handles.FileName , 'String ', FileNam
'"BackgroundColor

handles.Calculate ,

to handles
UserData ', Data

)

(

1
I

1));

'green');

set (handles.PlotBandwidth , 'BackgroundColor', 'default');

catch ME
set (handles.Calculate , 'BackgroundColor ',

end

%
%o

'red');

in

this button

errordlg ('"ERROR - Saving the calculated data was not sucesseful!’'

"Error Dialog');
return
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