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 Abstract 
Large area semipolar (112!2) III-nitride semiconductor based long wavelength light emitting 

diodes (LEDs) have been demonstrated with record breaking modulation bandwidths of 540 

MHz, 350 MHz, and 140 MHz for our green (515 nm), yellow (550 nm) and amber (610 nm) 

LEDs, respectively. Differential carrier lifetimes of these long wavelength LEDs have been 

extracted from frequency response measurements, confirming that the significantly enhanced 

modulation bandwidth is due to the intrinsically reduced polarization of the (112!2) growth 

orientation in comparison to currently used c-plane LEDs. Furthermore, the highest data 

transmission rates have been reported at their respective wavelengths of 4.42 Gb/s, 3.72 Gb/s, 

and 336 Mb/s for our green, yellow, and amber LEDs, respectively. Such high data 

transmission rates were achieved using adaptively bit loaded DC-optical orthogonal 

frequency division multiplexing (DCO-OFDM) with measured bit-error-ratios under the 

forward error correction (FEC) threshold standard for reliable communications. 

A detailed comparison study between a similarly structured c-plane and semipolar LED using 

time-resolved electroluminescence (TREL) measurements has been performed to investigate 

the influence of polarisation on modulation bandwidth. The semipolar LED luminescence 

was found to follow closely to a tri-exponential decay, with differential carrier lifetimes 𝜏! =

0.40 ns and 𝜏" = 1.2 ns contributing towards radiative and non-radiative recombination and 

a third lifetime, 𝜏# = 8.3 ns encapsulating carrier transport effects. This was confirmed by 

capacitance measurements. The total carrier lifetime of a c-plane LED has been found to be 

mainly limited by RC effects due to a junction capacitance, while it is not the case for a 

semipolar LED due to intrinsically reduced polarization, demonstrating the major advantages 

of using a semipolar LED for VLC. 

A monolithically integrated HEMT-microLED has been developed using our direct epitaxy 

approach, where an individually addressable microLED can be modulated using the gate of 

an individual HEMT around each microLED. Our integration has eliminated the usage of 

any dry-etching technique which is necessary for the fabrication of conventional microLEDs, 

allowing for stable, high current density operation. Consequently, the integrated HEMT-

microLED achieved a record modulation bandwidth of 1.2 GHz at 13.3 kA/cm2. 
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Chapter 1: Introduction 
1.1 Motivation 
Cisco, a world-leading telecommunications enterprise, predicts a 46% compound annual 

growth rate (CAGR) in global mobile data traffic from 2017-20221. Currently, wi-fi or 5G 

utilise the radio frequency (RF) spectrum. Due to its limited bandwidth (∼300 GHz) and the 

annually increasing data usage, it has been predicted that the RF spectrum is rapidly 

becoming saturated even though heavy bandwidth restrictions are in place. For example, the 

industrial, scientific and medical (ISM) sector utilises a RF band of 5.4 GHz with a bandwidth 

of only 500 MHz2. Based on Cisco’s prediction, it can be expected that in 10 years the ISM 

RF band would use roughly 120 times the current data usage of 2022. In 20 years, this number 

would rise to ∼5300 times the current data usage assuming the CAGR is constant. It is 

unlikely that the CAGR will drop due to the upcoming 4G and 5G infrastructure which 

demand mobile cell receiver sizes on the order of 100 m and 25 m, respectively2. Bandwidth 

saturation is therefore inevitable and prompts the adoption of alternative methods for optical 

wireless communications (OWC). A somewhat short-term solution to the RF saturation 

problem for the ISM band is the use of the ‘millimetre’ wave region between 28 GHz and 

250 GHz. For example, the unlicensed WiGig spectrum makes use of the 57-66 GHz 

frequency range whereas most traditional wireless networks use the 2.4 GHz and 5  GHz 

bands3. However, this method is not practical in the long term as higher frequencies suffer 

from increased path loss and directionality, which increases the need for line-of-sight (LoS) 

between devices2.  

A promising long-term solution is communication through visible light. The entire RF 

spectrum takes up around 1% of the visible spectrum’s unlicensed 340 THz bandwidth. Since 

telecommunications via optical fibres with modulated lasers has been very successfully 

demonstrated in the infrared spectral region, namely, in the either 1300 nm or 1500 nm band4, 

similar methods could be applied to the visible spectral region, i.e., the 380-740 nm range. 

Such research would eliminate the looming RF ’spectrum crunch’ and allow high-speed 

communications in all types of infrastructure at relatively low cost. The driving interest 

behind visible light communications (VLC) research is the increasing popularity of solid-

state lighting (SSL) technology. Incandescent and compact fluorescent lamp (CFL) lighting 

is now being replaced with higher brightness, more efficient and longer lifetime light emitting 

diodes (LEDs). Also, due to the 2020 ban on tungsten and halogen light sources across 

Europe there is a significantly increasing demand for SSL. Perhaps the most interesting 

characteristic of certain LEDs are their fast modulation speeds. Japanese researchers were 

the leaders in visible LED technology ever since the demonstration of the first GaN-based 
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blue LED by Nakamura et al. in 19945. After which, they formed the visible light 

communications consortium (VLCC) with the purpose of bringing other industries and 

academics together to promote this new technology. Today, there are a number of standards 

for the commercialisation of VLC technology6-8. 

The first successful VLC link was demonstrated by Pang et al. 9 in 1999 by using traffic lights 

to broadcast audio information. In general, VLC is realised through intensity modulation of 

light, meaning that it requires illumination for successful data communication. However, 

several Mb/s of data transfer has been demonstrated when a LED is perceived as off (Lights-

off VLC)10. Infrared (IR) LEDs can also be used as a substitution if illumination is not 

designed for the application9. When any communication link is established for private or 

commercial use, security and health regulations need to be addressed. Due to the nature of 

VLC, electro-magnetic interference (EMI) effects can be neglected while this is not the case 

for standard RF signals. From this stems interesting security and health benefits for specific 

applications such as hospitals, aeroplane cabins, nuclear power stations, mines, and 

underwater communication applications10. From a consumer’s perspective, VLC is expected 

to be a key technology in the implementation of the Internet of Things (IoT) whereby all 

personal day-to-day devices are sharing information. A consumer’s implementation of the 

IoT provides a future ’smart-home’ where home appliances such as kitchen equipment, 

thermostats, security cameras and lighting fixtures are all interconnected and manageable on 

one device. Most of these devices already have LEDs displaying useful information to the 

user. This lighting infrastructure along with the potential high data transmission rates makes 

VLC a cost effective and viable alternative to RF communications. 

1.2 History of III-Nitride LEDs 
Electroluminescence i.e., light emission from a solid-state material using a voltage source 

was first discovered in 1907 by H. J. Round when testing SiC crystals commonly used in 

radio receivers11. Later, in 1928 O. V. Lossev published the results of electroluminescence 

from a SiC semiconductor rectifier under reverse bias with corresponding current-voltage 

characteristics, indicating the regions of electroluminescence12. Eventually, Lossev deduced 

that electroluminescence is generated by an ‘active layer’ in the material and by 1940 

managed to correlate the emission energy to the absorption edge (i.e., bandgap energy) of 

SiC.  

The first LED operating in the visible spectrum was successfully demonstrated in 1962 by 

N. Holonyak and S. F. Bevacqua with red emission (710 nm) based on the GaAsP material 

system13. Substantial efforts were made to further extend the emission wavelength to the 

shorter end of the spectrum by increasing the phosphor (P) content. However, the LED 
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radiative efficiency significantly decreased when the P content reached 44% due to the direct 

to indirect bandgap transition of GaAsP14,15. Therefore, alternative approaches were needed 

in order to generate viable solutions for short wavelength visible LEDs.  

In 1968, H. P. Muruska had gained a lot of experience in growing GaAsP red LEDs using 

metal-halide vapor-phase epitaxy (MHVPE) and was tasked by his supervisor J. Tietjen to 

attempt to grow single crystalline films of GaN to eventually create a blue LED that Tietjen 

could use in his RGB flat panel display. Shortly after in 1969, Maruska managed to grow a 

single GaN film after realising that growth occurs in an ammonia environment at elevated 

temperatures. The films were found to be intrinsically n-type with a direct bandgap of 3.39 

eV16. J. I Pankove later created a metal-insulator-semiconductor (MIS) diode consisting of 

an n-type region, an insulating Zn-doped layer and an indium surface layer, thus 

demonstrating the first electrically injected GaN light emitter17. Maruska postulated that Mg 

would be a better dopant than Zn and reported later in 1974 on another MIS device exhibiting 

blue emission18. The Mg doping however proved not to be p-type conductive and deemed to 

be very inefficient, resulting in Maruska retiring from further research in the MIS/LED area.  

There were very few publications on GaN after Maruska’s contribution and was not until the 

late 1980s and early 1990s where a team of Japanese researchers invented a two-step growth 

method, namely, firstly depositing a thin AlN nucleation layer on a sapphire substrate at a 

low temperature before a GaN layer grown at a high temperature, enabling crack-free, high 

quality GaN films, where the thin AlN nucleation plays an important role in accommodating 

the lattice mismatch between sapphire and GaN19,20. GaN with p-type conductivity using Mg 

dopants was achieved unintentionally by low-energy electron-beam irradiation (LEEBI) 

which decomposes neutral Mg-H complexes formed during Mg-doped GaN growth, 

allowing for p-type conductivity. This permitted for strong violet-blue electroluminescence, 

demonstrating the first GaN PN homojunction LED in 1989 with 1% efficiency21. In 1994, 

S. Nakamura and colleagues demonstrated the first blue GaInN based double-heterostructure 

LEDs with an InGaN/AlGaN quantum well structure with efficiencies up to 10%5,22,23. The 

breakthrough in efficiencies were attributed to the thermal activation of Mg dopants, 

achieved alternatively by annealing the p-type film under nitrogen ambient. As a result of the 

significant breakthroughs in GaN LEDs, the 2014 Nobel prize was awarded to I. Asaki, H. 

Amano and S. Nakamura. 

1.3 Challenges  
Green LEDs and blue LEDs which are based on III-nitride semiconductors are commercially 

available, while the technologies for the growth and the fabrication of red LEDs are based 

on the mature AlInGaP system. Together, they can form RGB LEDs. Currently, there exists 
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several fundamental challenges that are yet to be overcome with the AlInGaN system which 

hinders the progress of VLC. The majority of which are agreed by most to stem from the 

large lattice-mismatch between sapphire and GaN, as well as the lattice mismatch between 

the InGaN/GaN quantum well layers in heterostructure LEDs. As will be explained further 

below, the Quantum Confined Stark Effect (QCSE) resulting from the mismatch acts as a 

challenging roadblock in achieving efficient LEDs at longer emission wavelengths. 

1.3.1 Substrate 
Due to the lack of affordable GaN substrates, III-nitride growth is limited to lattice-

mismatched heteroepitaxy using foreign substrates, typically sapphire (Al2O3), silicon 

carbide (6H-SiC) and silicon (Si). The considerably large difference in both lattice mismatch 

and thermal expansion coefficients between the foreign substrates and III-nitrides serves to 

induce a high density of defects. These defects generally introduce non-radiative 

recombination centres, which is detrimental to the quantum efficiency. For example, the 

lattice mismatch between GaN and the foreign substrate is 16%, 3.4% and 17% for sapphire, 

silicon carbide and silicon, respectively. Free-standing GaN substrates can be formed via 

hydride vapor phase epitaxy (HVPE) by first growing a very thick GaN layer with a thickness 

of typically more than 300  µm onto a foreign substrate such as sapphire and then utilising a 

laser-lift off technique to remove the substrate24–26. However, this is not a cost-effective 

procedure and there are other issues such as cracking and bowing which occurs during the 

lift-off process. 

Clearly, the substrate of choice should be SiC, since it experiences the smallest lattice 

mismatch difference. However, SiC substrates are extremely expensive (around $1000 per 

2-inch wafer) which is not practical when scaling for mass production. Si substrates, whilst 

being the cheapest of the three, have serious issues when considering for III-Nitride growth 

due to the largest lattice mismatch difference and the large thermal expansion coefficient 

difference induced tensile strain. The latter easily leads to severe cracking issues. As a 

compromise, sapphire is the usual substrate of choice for III-Nitride heteroepitaxy as it is 

transparent to visible light, inexpensive and very chemically and structurally stable. All 

samples in this thesis are grown on sapphire substrates. 

1.3.2 Quantum Confined Stark Effect  
In the absence of an external electric field, electrons and holes in a quantum well (QW) may 

only occupy states within a discrete set of energy sub-bands for the valence band and 

conduction band, respectively. With an applied electric field, however, the electron states 

shift to lower energies and hole states shift to higher energies resulting in a reduction in 

permitted light absorption and emission energies, causing a redshift in emission. In addition, 
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the electric field potential causes the electrons and holes to move to the opposite sides of the 

QW, leading to a reduction in the electron and hole wavefunction overlap integrals and 

ultimately reducing the recombination rate and quantum efficiency. This is known as the 

quantum confined stark effect (QCSE) which can be schematically illustrated under an 

unbiased and a biased case in Figure 1-1. 

 

Figure 1-1 InGaN/GaN quantum well structure demonstrating the quantum confined Stark 
effect for unbiased (a) and biased (b) cases. 

This effect is synonymous with the heterostructure of LED active regions. Since there exists 

a lattice mismatch between quantum well structures, for example, InGaN/GaN quantum 

wells and barriers, a strain is introduced once the heterostructure is formed. The induced 

strain generates piezoelectric fields across the InGaN quantum wells and forms the QCSE 

mentioned above resulting in long-reaching consequences on device electrical and optical 

performance. Longer wavelength emitters such as green, yellow, or red can be achieved by 

increasing the indium content which once again increases the lattice mismatch between the 

InGaN/GaN structure resulting in an enhanced QCSE, further reducing device efficiency. 

Increasing the carrier density in the active region flattens the bandstructure (depending on 

the field direction) since the injected carriers partially screen out the piezoelectric fields, 

resulting in a blue shift in emission wavelength27,28. Small active area devices such as 

microLEDs capable of very high current densities can screen out the polarisation fields 

significantly, but at the heavy sacrifice of optical performance due to significant efficiency 

droop at elevated carrier densities, which will be discussed later. 

The even greater concern for VLC applications is how the QCSE decreases the modulation 

bandwidth due to its influence on the total carrier lifetime. In addition to the piezoelectric 

polarisation generated by the lattice mismatch in an active region, another spontaneous 

polarisation arises due to the intrinsic nature of wurtzite III-nitride materials on widely used 
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c-plane substrates. Since the modulation bandwidth of an LED is inversely proportional to 

its carrier recombination lifetime by 𝑓 ∝ 1/𝜏 (when not limited by its geometrical 

capacitance), the piezoelectric and the spontaneous polarisations across InGaN/GaN 

quantum wells on c-plane substrates limits the modulation bandwidth to a few 10s of 

MHz29,30.  

QCSE is considered to be one of the main contributing factors to the ’Green Gap’ 

phenomenon of III-nitrides, which will be discussed in more detail below. 

1.3.3 The Green Gap 

Figure 1-2 shows the bandgap energies and corresponding lattice constants for the AlInGaN 

material system. By tuning the indium or aluminium fraction in InGaN and AlInN systems 

respectively, the deep UV to the near infrared (NIR) region can be achieved. Changing the 

relative compositions nearer to the green/yellow spectral regions however impacts the 

efficiency of the device significantly, mainly due to the QCSE described above. Other 

approaches are to use the III-phosphide (III-P) system by tuning the Al composition as shown 

in the inset of Figure 1-2. Unfortunately, emission wavelengths are restricted between 560-

650 nm as the direct-indirect bandgap transition occurs with Al compositions > 53% after 

which the efficiency reduces significantly. This phenomenon is known as the ‘Green Gap’ 

since it is very difficult to achieve similar efficiencies in the green and yellow regions as the 

blue and red regions for the III-N and III-P structures respectively. 
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Figure 1-2 Bandgap energy as a function of lattice constant for the AlInGaN material 
system31. Reproduced with permission.  

To bypass this issue, white light emission is usually obtained by partially down-converting 

emission of a blue InGaN/GaN LED to the green/yellow region via a layer of phosphor. The 

phosphor layer absorbs a photon from the blue LED and enters an excited state, then emits a 

down-converted photon via vibration energy relaxation. The resulting energy loss in the 

conversion process is typically around 25%, implying the efficiency of a white LED using 

this method is relatively low33. For VLC applications, the phosphor conversion process is 

very slow, with a response time on the scale of microseconds resulting in a LED  modulation 

bandwidth of 1 MHz34–36, which is clearly not practical for data transmission.  

1.3.4 Efficiency Droop 
The external quantum efficiency of an LED is defined as   

 𝐸𝑄𝐸 =
𝑃$%&/ℎ𝜈
𝐼/𝑒

,	 (1-1) 

where 𝑃$%& is the measured LED optical power, ℎ𝜈 is the photon energy, 𝐼 is the injection 

current and 𝑒 is the charge of an electron. Qualitatively, the numerator gives the number of 
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photons emitted into free space per second by the LED and the denominator represents the 

number of electrons injected into the LED per second. 

In general, LED efficiency tends to decrease gradually with injection current. This 

phenomenon faced with III-nitride devices is the so called ’efficiency droop’. The origins of 

this effect are still up for debate within the community, but it is mostly agreed that the effect 

originates from various non-radiative channels such as Auger recombination, Shockley-

Read- Hall (SRH) recombination and current leakage37. Figure 1-3 shows EQE as a function 

of injection current, showing an initial increase in EQE with increasing injection current and 

then a decrease in EQE with further increasing injection current, typically between 100-1000 

A/cm2 for GaN-based LEDs38. 

 

Figure 1-3 Efficiency droop in InGaN/GaN LEDs when increasing the current density in 
the active region. 

Auger recombination occurs after an electron-hole recombination, the resulting photon is 

absorbed by another electron or hole and is excited to a higher energy state. The excited 

carrier then loses its energy via the form of a phonon i.e., a vibration which dissipates through 

the lattice. Since this is a three-particle interaction, the effect is more likely at high current 

densities where the system is in non-equilibrium conditions. SRH recombination is another 

non-radiative effect where trap energy levels occur within the bandgap of materials due to 

dopants or unwanted impurities. When a carrier is in transition between bands, these states 

trap the carrier and energy is exchanged through a phonon. Current leakage is a carrier 

transport process whereby injected carriers escape through the active region without 

undergoing recombination processes, called hot-carriers. An electron-blocking layer (EBL) 

can be grown between the p-GaN and the active region in order to minimise the generation 

of hot-carriers, enhancing recombination efficiency39.  
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1.4 Realising long wavelength VLC 
To optimise devices for VLC applications the fundamental challenges with III-nitrides 

described above need to be considered. As will be explained in more detail in Chapter 2, the 

modulation bandwidth of a LED is limited by its total recombination lifetime and is essential 

for data transmission. Therefore, if the QCSE reduces the recombination efficiency by 

reducing the wavefunction overlap integrals then to realise large LED modulation 

bandwidths without sacrificing EQE, the QCSE needs to be minimised. There are two main 

approaches to increasing the modulation bandwidth of LEDs by mitigating the QCSE, this 

section will outline these methods. 

1.4.1 MicroLEDs 

The first and one of the most attractive methods is to reduce the active area of the LED to < 

100 µm in diameter, which is the generally accepted size to be named microLED. Due to 

their small area, desirable heat dissipation, and high crystal quality available from 

commercial wafers, microLEDs can be driven on the order of kA/cm2. At such high current 

densities, the carrier recombination rate can be significantly enhanced (mainly due to the 

non-radiative recombination), potentially leading to a substantial increase in modulation 

bandwidth at the expense of sacrificing internal quantum efficiency.  

The first report of a GaN microLED suited for VLC was demonstrated by McKendry et al. 

in 2010, where the electrical-to-optical (-6 dB attenuation point as opposed to the 

conventional electrical -3 dB point) modulation bandwidth of a 450 nm blue LED with 72 

µm pixel diameter reached 245 MHz using off-the-shelf commercial GaN wafers41. As a 

follow up to this work, McKendry fabricated an individually addressable 8 ´ 8 array with 

varying pixel sizes from 14 µm to 84 µm42. Initially, the smaller LED pixels seemed to 

demonstrate a higher modulation bandwidth compared with the larger area devices (> 400 

MHz). However, it was later found that the modulation bandwidth was independent of device 

size when evaluating the injected current density into each device, even though the smaller 

pixels were able to reach higher bandwidths. For broad area LEDs, the modulation bandwidth 

is usually limited by the RC time constant since junction capacitance scales with device area. 

These results suggested that microLEDs are not limited by their geometrical capacitance and 

are instead governed by another mechanism. The best explanation for this is through the 

differential carrier lifetime of carriers in the quantum wells. The relationship between the 

differential carrier lifetime, 𝜏'()), and injected carrier density, 𝑛, can be described by the 

ABC model40 
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 𝜏'())(𝑛) =
1

𝐴 + 2𝐵𝑛 + 3𝐶𝑛"
,	 (1-2) 

where A, B and C are the Shockley-Reed-Hall, radiative and Auger coefficients, respectively. 

Increasing the carrier density decreases the differential carrier lifetime, and even more so at 

higher injection levels where Auger non-radiative recombination dominates. This may 

explain why smaller pixels are in general able to withstand higher carrier densities and 

demonstrate larger modulation bandwidths, due to their better heat dissipation when dealing 

with higher orders of non-radiative recombination. 

Recent reports have seen c-plane GaN based microLEDs reach modulation bandwidths 

approaching 1 GHz43 under high injection current regimes. It is worth highlighting that since 

the increase in modulation bandwidth is dominated by non-radiative recombination, the 

microLEDs experience very low EQE as a result. MicroLEDs have also been used in many 

VLC systems with excellent data transmission rates beyond 10 Gb/s by arranging several 

microLEDs together and driving them simultaneously, which increases the total signal-to-

noise ratio (SNR) of the system and enables higher data transmission rates44-57. Since 

microLEDs utilise similar growth structures and orientations to commercial LEDs i.e., c-

plane InGaN/GaN on sapphire, the problems associated with higher indium content 

structures are still present. This is why microLED VLC research is generally limited to <500 

nm emitters, since the optical performance above this wavelength is extremely poor, and the 

benefits of the high current density capabilities are no longer applicable due to the absence 

of high-quality commercial wafers at longer wavelengths. This is shown in Figure 1-4b. 

1.4.2 Semipolar and nonpolar LEDs 

As will be discussed in more detail in Chapter 2, one of the most effective routes to achieving 

high modulation bandwidths at long wavelengths for VLC applications is through semipolar 

and nonpolar LEDs. By growing along a semipolar or nonpolar orientation, the QCSE can 

be significantly reduced or effectively eliminated. Due to the lack or the reduction of 

polarisation in these growth directions, a short carrier recombination lifetime and thus an 

increased optical efficiency is expected58. In addition, some semipolar planes are particularly 

favourable such as the (112!2) orientation offering increased indium incorporation efficiency. 

As a result, enhanced indium compositions can be achieved at elevated growth temperatures 

in comparison to those on c-plane substrates, which is helpful for improving crystal quality. 

As explained above, large modulation bandwidths are achieved by driving c-plane LEDs at 

very high current densities which reduces the total recombination lifetime. Semipolar and 

nonpolar LEDs reduce the total recombination lifetime due to the large electron-hole 

wavefunction overlap. As a result, significantly higher modulation bandwidths are attainable 
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at much lower current densities than c-plane LEDs, which is very desirable when considering 

both power consumption and efficiency. The influence of the orientation of a LED (i.e., 

nonpolar, semipolar and polar) on bandwidth is given in Figure 1-4 which highlights the key 

advantages of alternative growth planes in wurtzite GaN for VLC applications.  

 

Figure 1-4  (a) Modulation bandwidth of GaN LEDs as a function of injection current 
density, highlighting different growth orientations (b) corresponding wavelengths. The grey 
box indicates the motivation for the work in this thesis45-65. 

In addition to the VLC capabilities, nonpolar and semipolar LEDs have more design 

flexibility in their active region structure due to the absence of QCSE. The efficiency droop 

mentioned above can be minimised by employing thick QW active regions, which reduces 

the carrier density for a given current density. Since the carrier density in the active region is 

reduced, the Auger recombination rate is reduced, leading to an improvement in device 

effciency66,67. In c-plane LEDs this is not the case due to the reduced wavefunction overlap 

from the polarisation induced QCSE, limiting devices to a thin QW active region structure. 

Semipolar and nonpolar LEDs also experience better wavelength stability as a function of 

injection current, an important design consideration in display applications68,69. 

1.5 Project description 
The work in this thesis aims to demonstrate the need for semipolar LEDs for efficient long 

wavelength emitters and monolithically integrated high bandwidth microLEDs that exploit 

the mitigated QCSE to enable Gb/s data transmission rates for VLC applications. The thesis 

is split into 8 chapters: 

Chapter 1 presents an introduction to VLC, a necessary technology for the advancement of 

OWC in the near future using III-nitride emitters as the vehicles for data transmission. The 

current challenges in achieving longer wavelength devices are presented, along with the 
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challenges faced with commercial GaN wafers with respect to modulation bandwidth 

capabilities.  

Chapter 2 delves deeper into the background of the fundamental device physics of LEDs, 

highlighting the characteristics of interest for VLC. Semipolar and nonpolar LEDs are 

introduced in detail, and their benefits over c-plane GaN discussed. Our approach to 

developing high-quality crystal semipolar (112!2) is given, which is the groundwork for 

enabling the VLC applications demonstrated later in the thesis.  

Chapter 3 describes the experimental methods used in the thesis, starting with our custom 

VLC system. A detailed explanation is presented on the techniques used to measure the 

frequency response of the devices, along with the important modulation schemes which 

enable such high data transmission rates. Our time-resolved electro/photoluminescence 

setups are also presented to study the recombination dynamics in semipolar LEDs along with 

standard setups for typical LED characteristics. 

Chapter 4 demonstrates the record for the modulation bandwidths of semipolar (112!2) LEDs 

operating > 500 nm and a detailed comparison to other works is presented, clearly 

highlighting the benefits of our novel overgrowth approach.  

Chapter 5 builds on this work and presents record data transmission rates at each of the LEDs 

respective wavelengths using DC-biased optical orthogonal frequency division multiplexing 

(DCO-OFDM). A detailed description on how these data rates were achieved is given.  

Chapter 6 presents our time-resolved electroluminescence system, which determines three 

distinct lifetimes associated with a (112!2) semipolar LED electroluminescence decay profile, 

the slowest of which attributed to carrier transport effects, as confirmed by LCR 

measurements. This system shows what conventional time-resolved photoluminescence 

cannot in LED structures, since excitation is supplied by an electrical source injected via the 

contacts where various transport processes occur rather than optically pumping the active 

region directly. 

Chapter 7 presents a novel approach to monolithically integrating a high-electron mobility 

transistor (HEMT) with a microLED to demonstrate the highest modulation bandwidth at the 

time of publishing for c-plane LEDs. The HEMT acts to provide more device stability at 

elevated current densities, enabling high frequency performance.  

Chapter 8 presents a summary, conclusion, and further work for the future of VLC using 

semipolar LEDs and microLEDs.  
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Chapter 2: Background 
2.1 Semiconductor device fundamentals 
2.1.1 From atoms to crystals 
The energies required for specific electronic transitions in an atom can be solved using the 

Schrödinger equation with appropriate electronic potentials. Figure 2-1 illustrates these 

electronic transitions in an isolated atom in a crystal. For the isolated atom, 𝐸! to 𝐸+ is the 

only transition possibly allowed. Therefore, for a successful electronic transition, a very 

specific energy is required, i.e., 𝐸! − 𝐸+. 

 

Figure 2-1 Discrete energy levels for an isolated atom and reducing the distance between 
neighbouring atoms creates energy bands forming a crystal. 

However, when bringing two of these isolated atoms near one another to form a covalent 

bond (i.e., sharing of an electron pair between two atoms) the outer shell electron of one of 

the atoms arranges itself into either a low-energy bonding (symmetric) charge distribution 

between the two nuclei or high-energy bonding (asymmetric) distribution in absence of 

charge between the nuclei. Since there are now two ways the electron can distribute itself 

around the atoms, the energy levels (𝐸! and 𝐸+) splits in two. If another atom is introduced 

into the system, a new charge distribution which is neither symmetric nor asymmetric is 

available for the valence electron, meaning a third energy level forms between the two 

bonding extremes. Adding N covalently bonded atoms in a chain forms N energy levels 

distributed between the lowest and highest energy bonding states, forming a band of allowed 

energies. Along the chain of atoms, electron spin-degeneracy allows all N valence electrons 

to fall in the lower half of the energy band which leaves the upper half vacant1.  

The upper- most energy level (and all levels below) by which all valence electrons fill forms 

the valence band (VB) and the lowest energy level (and all levels above) in the vacant energy 

levels forms the conduction band (CB). Since electrons are fermions, they are subject to the 

Pauli Exclusion Principle (PEP) whereby no two electrons can occupy the same quantum 
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state. The Fermi-Dirac distribution describes the probability an electron with a given energy, 

𝐸, and temperature, 𝑇,  occupies an energy level as2 

 𝐹(𝐸) =
1

1 + 𝑒(%-%!)/0"1
, (2-1) 

where 𝑘2 is the Boltzmann constant and 𝐸3 is the Fermi level energy. The Fermi level is the 

energy at which the probability of finding an occupied electron is exactly 0.5 at a given 

temperature. At absolute zero (0 K), the Fermi level is the highest possible energy level an 

electron can occupy and therefore the probability of finding an electron below this level is 

certain i.e., 𝐹(𝐸, 𝑇 = 0	𝐾) = 1 for 𝐸 < 𝐸33. 

2.1.2 Crystal band structure 
Next, we consider how electrons traverse through a semiconductor crystal. The energy of a 

free electron in a vacuum is given by  

 𝐸 =
𝑝"

2𝑚+
, (2-2) 

where  𝑝 is the momentum and 𝑚+ is the free-electron mass. If we then place this electron in 

a semiconductor crystal, 𝑚+ is replaced with an effective mass 𝑚4 (the subscript 𝑛 referring 

to the electron’s intrinsic negative charge) since the electron is subject to the influence of all 

the other electrons and the periodic potential created by the chain of atoms within the crystal, 

which restricts and changes its movement. For this reason, the effective mass is usually given 

as a fraction of the free electron mass. Taking the second derivative of energy with respect 

to momentum in Equation 2-2 allows us to obtain an expression for the effective mass i.e.,  

 
𝑚4 = K

𝑑"𝐸
𝑑𝑝"

M
-!

. (2-3) 

The difference in energy between the VB maxima and CB minima is called the bandgap 

energy i.e., 𝐸5, which is the minimum energy required for an electron in the VB to be excited 

to the CB. The excited electron in the CB can freely move through the crystal, leaving behind 

a freely moving quasi-particle in its now vacant place in the VB called a hole with opposing 

properties to the electron i.e., positively charged +𝑒 and with effective mass 𝑚6.  

Plotting the energy verses momentum relationship with electron effective mass 𝑚4 = 0.5	𝑚+ 

and hole effective mass 𝑚6 = 𝑚+ gives us the energy band diagram of a simple 

semiconductor, as shown in Figure 2-2a. The effective mass is heavily dependent on the 

material properties of the semiconductor. For the narrower CB parabola in Figure 2-2a, the 

larger the second derivative in Equation 2-3 resulting in a smaller effective electron mass. 
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This effective mass concept greatly simplifies complex semiconductor band structures and 

allows us to treat a single electron or hole moving through a semiconductor crystal as a 

classical particle. This diagram i.e., the 𝐸(𝑘) diagram, is known as the dispersion relationship 

and describes the energy band structure of specific semiconductors which are often much 

more complicated than drawn here. Momentum, 𝑝 on the x-axis is usually substituted with 

the wavenumber, 𝑘 with the relation 𝑝 =ℏ𝑘. 

 

Figure 2-2 Dispersion relationship of a simple semiconductor with effective mass 0.5𝑚+ and 
𝑚+ for electrons and holes respectively: as a direct bandgap semiconductor (a) and an indirect 
bandgap semiconductor (b). 

Up to now, it was assumed that the bandgap in semiconductors occur at the same point in 𝑘-

space i.e., at the same wavevector or momentum vector. This is true for a direct bandgap 

semiconductor. However, for some materials this is not the case. Figure 2-2b shows how the 

bandgap energy can vary with 𝑘. Therefore, along with an electrical or optical excitation, the 

electrons need an additional 𝑑𝑘 (the difference in electron and hole momentum often in the 

form of a lattice vibration called a phonon) for a successful transition. This is known as an 

indirect semiconductor. Involving a phonon in this process means radiative processes are 

much less likely to occur and offers much longer recombination lifetimes than direct bandgap 

materials. GaN, AlN and InN for example, all possess direct bandgaps, therefore from a 

material perspective, radiative processes can be optimised4.  

2.1.3 Carrier concentration and doping under thermal equilibrium 
The conductivity of a semiconductor depends on the densities of free carriers within the 

semiconductor (electrons and holes) and their mobilities, which can be described by 

 𝜎 = 𝑒(𝑛+𝜇4 + 𝑝+𝜇6), (2-4) 
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where 𝑒 is the elemental charge of an electron (1.602 × 10-!7 C), 𝜇4 and 𝜇6 are the electron 

and hole mobilities, respectively. The mobility is a material parameter which describes how 

easily electrons and holes can move through a material in response to an electric field.  

For an intrinsic semiconductor, the carrier density labelled as 𝑛( is 

 𝑛( = R𝑁82𝑁92	𝑒
:-

%#
"0"1

; (2-5) 

where NCB and 𝑁92 are the effective density of states in the CB and VB respectively. Adding 

impurities to a semiconductor generates an excess of free carriers, increasing the carrier 

concentration at equilibrium therefore increasing the conductivity of the material, a technique 

known as doping. Dopants can be either p-type (acceptor - holes) or n-type (donor - electrons) 

depending on which column in the periodic table they fall i.e., how many valence electrons 

they have and whether they have more valence electrons than the atoms in the intrinsic 

semiconductor they replace. For example, in a III-V semiconductor such as GaN, Magnesium 

atoms which are a group II element, can be used as an p-type dopant to generate excess holes 

in the valence band. Similarly, a group IV element like Si can be used as an n-type dopant 

for obtaining n-type GaN, generating an excess of electrons. Introducing dopants into the 

intrinsic semiconductor creates allowed energy states slightly below the CB for n-type 

dopants and slightly above the VB for p-type dopants. These shallow dopant states usually 

only require a small amount of energy, around 𝑘2𝑇 (0.026 eV) at room temperature, for 

complete ionisation of the free carriers3. Under this condition therefore, the electron and hole 

carrier densities are equal to the donor and acceptor concentrations, respectively i.e., 𝑛 = 𝑁& 

and 𝑝 = 𝑁<. Since the CB and VB density of states available for carriers to occupy changes 

with 𝑁&, and 𝑁<, the Fermi level will also shift towards the highest concentration of free 

carriers to either the CB or VB depending on type of doping as shown in Figure 2-3.

  

 

Figure 2-3 Effect of doping on the energy band diagram for n-type (a) and p-type (b) 
semiconductors. 
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2.1.4 Recombination 
Without any external excitation (i.e., under equilibrium conditions at a given temperature) 

the law of mass action states that in a semiconductor crystal the product of equilibrium 

electron and hole carrier concentrations is a constant value i.e., 

 𝑛+𝑝+ = 𝑛(", (2-6) 

under the assumption that the doped semiconductor discussed previously is non-degenerate 

i.e., not highly doped. Upon excitation, statistically, it is more probable for electrons to relax 

down from their excited state in the CB and recombine with a hole in the VB via a radiative 

(with a production of a photon) or non-radiative process than to remain in the CB. There are 

three main types of radiative processes: spontaneous band-edge, exciton, and donor-acceptor 

recombination. The less desirable non-radiative processes are mainly caused by Schockley-

Reed-Hall (SRH) recombination and Auger recombination. These are demonstrated 

schematically in Figure 2-4 and discussed in more detail below. 

 

Figure 2-4 recombination mechanisms in semiconductors: spontaneous band-edge 
recombination (a), exciton pair recombination (b), donor-acceptor recombination (c) 
Schockley-Reed-Hall (SRH) recombination (d) and Auger recombination (e). 

Radiative 
After excitation, whether it be electronically or optically, excess carriers are introduced such 

that the total carrier concentration is the sum of the equilibrium and excess concentrations 

i.e., 𝑛 = 𝑛+ + ∆𝑛 and 𝑝 = 𝑝+ + ∆𝑝. For radiative processes, the probability that this event 

occurs is governed by the radiative recombination rate, 𝑅=>', and is proportional to the 

product of the electron and hole concentrations along with a material constant called the 

bimolecular recombination coefficient i.e.,  

 𝑅=>' = 𝐵(𝑛+ + ∆𝑛)(𝑝+ + ∆𝑝). (2-7) 

B has a typical value of 10-9 - 10-11 cm3/s in III-nitrides5.  

Figure 2-4a demonstrates the simplest radiative transition, whereby an excited electron at the 

CB edge spontaneously recombines with a hole at the VB edge emitting a photon equal to 

the bandgap of the material. Under certain temperatures and due to the coulombic attraction 

between an electron and a hole, the electron-hole pair can bind to one another forming a 

(a) (b) (c) (d)

EC

EV

(e)

eeh

ehh



Semiconductor device fundamentals 

  

24 

stable exciton as shown in Figure 2-4b. The exciton acts as a single particle with neutral 

charge. Eventually, the exciton recombines except the energy released in recombination is 

reduced by the exciton binding energy i.e., 𝐸5 − 𝐸4. The exciton binding energy depends on 

the material, for example, GaN has an exciton binding energy of 25 meV suggesting that 

stable excitons can form at room temperature (from kBT)6. As discussed previously, dopants 

introduce allowed energy states within the bandgap of the intrinsic semiconductor. Figure 

2-4c describes how electrons recombine with holes through the impurity induced states, 

releasing a photon with an energy 𝐸5 − 𝐸>, where 𝐸>  is the ionisation energy of the dopant. 

We can look more closely at the radiative recombination dynamics of a semiconductor 

subject to a small excitation by modelling the generation and recombination of free carriers 

as a function of time. Since electron-hole pairs recombine together instantaneously, the 

steady state and excess carrier concentrations are equal i.e., ∆𝑛(𝑡) = ∆𝑝(𝑡). At low 

excitation levels, the excess generation rate is much less than the total carrier concentration 

i.e., ∆𝑛(𝑡) ≪ 	𝑛+𝑝+, under these assumptions and multiplying out Equation 2-7 then 

rearranging gives us  

 𝑅=>' = 𝐵𝑛(" + 𝐵(𝑛+ + 𝑝+)∆𝑛(𝑡) = 𝑅+ + 𝑅?@A?BB, (2-8) 

where the left summand of Equation 2-8 denotes the equilibrium recombination rate and right 

summand the excess recombination rate. The net rate of change of carriers in the 

semiconductor is the difference between the generation rate and recombination rate of 

carriers i.e., 𝐺 − 𝑅 encompassing contributions from carriers in equilibrium (𝐺+ and	𝑅+) and 

excess carriers introduced by the excitation (Gexcess and Rexcess). Considering an excitation 

source which is switched off when 𝑡 = 0, then 𝐺?@A?BB = 0 and G0 = R0, Equation 2-8 can 

be rewritten as  

 𝑑
𝑑𝑡
∆𝑛(𝑡) = −𝐵(𝑛+ + 𝑝+)∆𝑛(𝑡) (2-9) 

with a general solution 

 ∆𝑛(𝑡) = ∆𝑛+𝑒-2(4$C6$)D . (2-10) 

where ∆𝑛+ =	∆𝑛 at 𝑡 = 0. Collecting the constants in the exponential yields 

 ∆𝑛(𝑡) = ∆𝑛+𝑒-D/E%&' (2-11) 

where 𝜏=>' denotes the radiative carrier lifetime of a simple semiconductor which is the 

average time taken for the luminescence decay to reach 1/𝑒 of its initial value. Depending 

on the doping level, 𝜏=>' changes to 
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 𝜏=>' =
1

𝐵(𝑛+ + 𝑝+)
,  for undoped semiconductors, (2-12) 

 
 𝜏=>' =

1
𝐵𝑁<

,	    for p-type semiconductors, (2-13) 

 
 𝜏=>' =

1
𝐵𝑁&

,     for n-type semiconductors. (2-14) 

From Equation 2-11, the luminescent decay of minority carriers follows a single exponential 

decay. In more complex structures such as multiple-quantum well (MQW) InGaN LEDs, 

mono-exponential decays are seldom seen due to a convolution of the various radiative 

processes described above in Figure 2-4 along with non-radiative mechanisms. Figure 2-5 

describes illustratively how the luminescence of InGaN evolves with time. 

 

Figure 2-5 An InGaN semiconductor subject to a photoexcitation source and resulting 
luminescent decay, deviating from a conventional single exponential function. 

Non-radiative 
SRH recombination, which is a non-radiative process, is shown in Figure 2-4d. SRH 

recombination occurs when trap levels are created within the bandgap of the semiconductor, 

often caused by defects in the lattice which interrupt the periodicity. An excited electron in 

the CB can recombine with a hole via multiple phonon emissions through many trap levels. 

The rate of SRH recombination therefore is dependent on the trap’s capture cross-section, 

𝜎?,  electron thermal velocity, 𝑣DF, and trap density, 𝑁1, i.e., 

 𝑅GHI = 𝜎?𝑣DF𝑁1𝑛 = 𝐴𝑛. (2-15) 
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Since SRH is predominantly a single particle process, under low excitation SRH is expected 

to be the dominating source of non-radiative recombination. 

The second non-radiative process is shown in Figure 2-4e, namely, Auger recombination. 

Auger recombination involves three carriers, two electrons and one hole in the CB (eeh) or 

one electron and two holes in the VB (ehh) and is therefore statistically more likely to occur 

under higher excitation levels. Auger recombination is like spontaneous band-edge 

recombination, but the energy released in recombination is instead used to excite another 

carrier deep into the energy band. The ‘hot’ carrier will then relax down to the band-edge by 

releasing multiple phonon emission. The rate of Auger recombination is described by 

 𝑅<J5?= = 𝐶𝑛#, (2-16) 

where C is the Auger coefficient. 

The total recombination rate is therefore a sum of the three main contributors to 

recombination, i.e.,  

 𝑅DKD>L = 𝑅=>' + 𝑅GHI + 𝑅<J5?= . (2-17) 

Total carrier lifetime 
The average time for an electron and hole to recombine is governed by the carrier lifetime in 

Equation 2-12. However, this is for purely spontaneous radiative recombination. The actual 

carrier lifetime of a semiconductor is a weighted sum from both radiative and non-radiative 

lifetimes stemming from the various transition mechanisms described above i.e., 

 𝜏DKD>L-! = 𝜏=>'-! + 𝜏4K4-=>'-!	 (2-18) 

Therefore, it is often useful to modify Equation 2-12 to various non-monoexponential decay 

models such as bi-exponentials, tri-exponentials and stretched exponentials to fit the 

luminescence profile of the sample. Under temperature dependent measurements, 𝜏=>' and 

𝜏4K4-=>' can be separated under the assumption that non-radiative recombination centres are 

frozen at low temperature.  

2.1.5 p-n Junctions and Heterojunctions  
In this section, we bring a p-type and n-type semiconductor together to form a pn-junction. 

The carrier transport process for a simple pn-junction under zero bias (0 V) is shown in Figure 

2-6. As the two doped layers of semiconductor material are brought together, negatively 

charged electrons in the n-type material and positive charged holes in the p-type material will 

diffuse toward the opposite directions due to the carrier concentration gradient, leaving 

positive charges in the n-type layer and negative charges in the p-type layer which eventually 



Background 

 

27 

 

builds up an electric field. A depletion region devoid of free carriers forms between the n-

type layer and the p-type layer. Equilibrium in the junction occurs due to the build-up in 

electrostatic potential Vb which prevents further diffusion across the interface. Therefore, an 

external electric field is needed for current to flow, and only under forward bias. The applied 

forward voltage reduces the depletion width, lowers the potential barrier height, and allows 

carriers to diffuse through the interface. 

 

Figure 2-6 Schematic illustration of a pn-junction under 0V bias. 

2.1.6 Light emitting diodes (LEDs) 
LEDs utilise the radiative properties discussed in Section 2.1.4. A typical GaN based LED is 

shown in Figure 2-7. Firstly, a GaN nucleation layer is used to accommodate the lattice 

mismatch between the sapphire and GaN therefore promoting GaN growth. The pn-junction 

in this case consists of a low dimensional active region between a p-GaN and n-GaN layer. 

The active region serves to confine the carriers in 1D (quantum well), 2D (quantum wire) or 

3D (quantum dot) depending on the strength of confinement. The active region size must be 

reduced to the order of the de Broglie wavelength so that the carriers are sufficiently confined, 

and their available energy states quantised. Therefore, when an electron and hole recombine, 

the released energy not only depends on the bandgap of the semiconductor, but also the 

energy level at which the carriers are confined in the active region, i.e., for a quantum well 

sandwiched with two infinite potential barriers, 

 
𝐸4 =

1
𝑚4

[
𝜋ℏ𝑛
𝐿 ^

"

, (2-19) 

where 𝐸4 is the discrete energy of the quantum well, which is the so-called quantization 

energy, 𝑛 is the principal quantum number and 𝐿 is the quantum well thickness. Most 

commercially available visible light LEDs use a quantum well structure as the active region. 

Such a structure can be formed by sandwiching together a material with a smaller bandgap 

between two other materials with a larger bandgap, creating a heterostructure. Quantum wells 
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and barriers are formed by the smaller and larger bandgap materials, respectively. A current 

spreading layer (CSL) is used to help distribute the current across the whole device and 

prevent current crowding around the contact. These are usually made transparent such that 

the generated light can escape from the top of the device. An electron blocking layer (EBL) 

is used to prevent current leakage out of the active region. 

 

Figure 2-7 InGaN/GaN LED epitaxy structure (a) and corresponding band diagram (b). 

2.1.7 High-electron mobility transistors (HEMTs) 
HEMTs are heterojunctions-based devices where the current flow between the two terminals 

(called source and drain) is controlled by a third terminal (gate). A metal is used for the gate 

terminal to form a metal-semiconductor junction, where a Schottky barrier is formed between 

the metal and the semiconductor and is characterised by its barrier height 𝜙2. The contact 

for a source and a drain must be ohmic. 

2.2 III-nitride semiconductors 
This section aims to specifically explain GaN based semiconductors, and how semipolar and 

nonpolar LEDs can mitigate some of the main problems associated with the III-nitride 

material system. 

2.2.1 Crystal structure 
GaN exists in three types of crystalline structures: wurtzite, zinc-blende, and rock salt. The 

most common and thermodynamically stable under ambient conditions is the wurtzite (or 

hexagonal) structure. The work done in this thesis will focus on devices fabricated from this 

structure. 
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The crystal structure of wurtzite GaN is shown in Figure 2-8. Two lattice constants, c, and a, 

corresponding to the length of the unit cell along the vertical direction and the basal-plane 

lattice constant, respectively, can describe the structure. Multiple unit cells can be joined 

together in a hexagonal closed packed (HCP) arrangement along the c-plane direction, 

wurtzite GaN is therefore said to have a hexagonal symmetry. The structure can be either Ga 

terminated which is the so-called Ga face (+c plane) or nitrogen terminated which is the so 

called Nitrogen face (-c plane). The physical and chemical properties are therefore different 

in the +c and -c directions. The Ga and N atoms are tetrahedrally bonded together but with 

slight distortions with respect to the bond angle and length. Due to this imbalance, there exists 

a net polarisation in the +c direction i.e., an electric field, which, as we discuss below, is the 

fundamental property behind many issues with devices grown along this direction.  

 

Figure 2-8 GaN wurtzite structure, shaded regions indicating the tetrahedral bonding of N 
and Ga atoms. 

Material properties 
As mentioned previously, the AlGaInN system offer direct bandgaps allowing tuneable alloy 

compositions from the deep UV to the near infrared spectral range. In many semiconductor 

systems, the bandgap can be simply described linearly as a function of lattice constant using 

Vegard’s law4. In a more accurate manner, an extra non-linear term known as the bowing 

parameter, b, is required to account for the deviation from a linear relationship. The resulting 

bandgap energy of the ternary alloy (either InGaN or AlGaN) can be expressed as 

 𝐸5(𝐴@𝐵!-@𝑁) = 𝐸5(𝐴)𝑥 + 𝐸5(𝐵)(1 − 𝑥) − 𝑥(1 − 𝑥)𝐸M (2-20) 

Where A and B are different binary alloys of GaN, InN, and AlN, Eb is the bowing parameter 

and x is the alloy fraction. The material properties of these three binary alloys are shown in 

Table 2-15. 
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Table 2-1 Material parameters of wurtzite structure III-nitrides. 

material a (Ȧ) c (Ȧ) 𝐸5 (eV) 𝜆 (nm) 

GaN 3.191 5.185 3.42 363 

AlN 3.112 4.982 6.20 200 

InN 3.545 5.403 0.78 1590 

Electrical properties 
The electrical and thermal properties of GaN along with the other major semiconductors is 

shown in Table 2-2. The wide bandgap (WBG) of GaN means a very high breakdown 

voltage. This property, coupled with intrinsically high thermal conductivity, makes GaN 

devices ideal for high-power, high-frequency and high temperature applications where 

efficient heat dissipation is crucial. In addition, WBG semiconductors such as GaN result in 

fabricated devices with lower on-resistance and switching losses than a Si-based device with 

comparable voltage and current capabilities7. The electron mobility of GaN is the only 

property where it lags compared with other more mature semiconductors. Since mobility is 

dependent on various factors such as impurities and defects within the crystal, optimising 

growth conditions and therefore crystal quality is important for high frequency applications 

such as visible light communications (VLC). 

Table 2-2 Approximate electrical and thermal properties of GaN compared with other major 
semiconductors at room temperature, 300K. 

material 
electron 
mobility 

(cm2 V-1 s-1) 

hole 
mobility 

(cm2 V-1 s-1) 

breakdown 
field 

(M V cm-1) 

thermal 
conductivity       
(W cm-1 K-1) 

GaN 12458 15031 3.39 2.310 

GaAs 940011 100032 0.412 0.5511 

Si 140013 30033 0.33 1.5614 

SiC 38015 4034 316 3.616 

InP 540017 12035 0.512 0.6818 

 

2.2.2 Polarisation 
In an ideal wurtzite structure, the lattice constant ratio i.e., c/a is calculated to be 

√8/3=1.633. In reality, wurtzite GaN is 1.62619,20. This means that there is a slight asymmetry 

in the tetrahedron made up of Ga and N atoms, leaving some charge uncompensated for and 

resulting in a net, spontaneous polarisation field in the +c-direction i.e., Psp. For unstrained 

GaN, InN and AlN, the spontaneous polarisations are 0.029, 0.032 and 0.081 C/m2, 

respectively21. Mechanical strain caused by lattice mismatch between different materials can 

result in the tetrahedral bonding configuration to become further distorted, increasing the 

effect of the polarisation field. This is known as piezoelectric polarisation i.e., Ppz, which can 
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either oppose or contribute to the spontaneous polarisation, depending on the type of strain 

being compressive or tensile. In compressive strain, such as in an InGaN/GaN 

heterostructure, the direction of Ppz is in the opposite direction to Psp as InGaN is compressed 

when grown on a GaN surface. AlGaN grown on GaN in contrast results in tensile strain, 

causing Ppz and Psp to align along the same field direction. The total polarisation field, Ptot, is 

therefore the sum of both sources of polarisation i.e., Ptot= Psp+ Ppz. This is illustrated 

schematically in Figure 2-9 for different heterostructures.  

 

Figure 2-9 Spontaneous polarisation field and resulting electric field direction for GaN on 
sapphire (a). Piezoelectric field direction and corresponding electric field directions for 
InGaN/GaN and AlGaN/GaN heterostructures for (b) Ga face and (c) N face. 

2.2.3 Semipolar and nonpolar GaN  
The strain induced piezoelectric field drastically changes optoelectronic devices such as 

LEDs grown along the c-plane GaN direction. The electron-hole wavefunctions move further 

apart in the quantum well region leading to long radiative recombination times and reduced 

device efficiency, i.e., the QCSE. Adding more indium content to the InGaN/GaN region for 

longer wavelength emitters for example, such as green, yellow, and amber further increases 

the strain due to the increased lattice-mismatch between layers enhancing the QCSE. A 

promising solution to this is by epitaxially growing along a semipolar or nonpolar GaN 

direction, thereby reducing or eliminating the strain induced piezoelectric field. 

Reduced QCSE 
The earliest work on semipolar and nonpolar GaN was a theoretical approach to calculating 

the piezoelectric fields in a strained 3nm InGaN/GaN quantum well as a function of the polar 

angle from the c-axis22. The results proved that the lowest electron-hole transition probability 

occurred along the c-plane direction, where the polarisation field strength was highest. 

Consequently, as the angle from this axis increases, the transition probability increases 
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significantly as the polarisation fields reduces. Crystal facets which are orientated 

perpendicular to the c-plane direction are called nonpolar planes, i.e., the a-plane and m-

plane which eliminate piezoelectric fields. Orientations which lie in-between these two 

planes are semipolar, where the piezoelectric fields are reduced depending on the angle 

subtended from the c-axis. Some crystal facets of interest are shown in Figure 2-10a-d.  

 

Figure 2-10 Crystal orientations of wurtzite GaN and their angles with respect to c-plane: 
polar (a) c-plane, nonpolar (b) a-plane and (c) m-plane and semipolar (d) s2-plane. (e) The 
polarisation of InGaN with different indium content as a function of angle with respect to c-
plane23. 

Figure 2-10e shows how the polarisation changes with indium content with respect to c-

plane. The polarisation significantly reduces with angles >60° with respect to the c-axis and 

indium composition has a reduced dependence on the amount of polarisation in the structure. 

Therefore, longer wavelength emitters with higher efficiency should be achievable due to the 

reduced (eliminated) dependence of polarisation along semipolar (nonpolar) planes. Because 

of these highly attractive benefits, a considerable amount of effort has been devoted to 

utilising the semipolar and nonpolar orientations for GaN growth.  
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Enhanced indium incorporation 
As was discussed previously, it is very difficult to achieve long wavelength emitters such as 

green, yellow, or red with high indium compositions (typically >20%24) without drastically 

reducing the efficiency and optical performance using c-plane GaN. This is because in 

general, higher indium contents are achieved by lowering the growth temperature which is 

detrimental to crystal quality25.  

Indium incorporation into an InGaN semiconductor relies on the indium chemical bonding 

energy, which in polar and nonpolar directions are very high, and therefore restricts high 

indium composition emitters with high efficiency. Semipolar structures however, for 

example, the (112!2) plane have the advantage of enhanced indium incorporation due to the 

significantly lower indium chemical potential arising from the orientation’s specific surface 

structure23. This means more indium atoms can be accommodated on semipolar surfaces at 

potentially higher growth temperatures, suggesting crystal quality can be improved over 

polar and nonpolar orientations for longer wavelength emitters. A recent report measuring 

the emission properties of InGaN quantum well structures grown at different orientations 

under identical growth conditions shows that the (112!2) plane structure exhibited the longest 

wavelength compared with the other orientations26. This demonstrates the key advantage of 

the growth along the (112!2) plane. Another report demonstrated that the indium incorporation 

efficiency is 2-3 times less on nonpolar surfaces than for c-plane GaN27, suggesting semipolar 

LEDs are better equipped for developing longer wavelength emitters. 

2.2.4 Overgrowth technique for (112!2) GaN on sapphire 
Since there exists a large lattice mismatch (16%) between GaN and sapphire, the growth of 

(112!2) GaN contains many more defects in the form of basal stacking faults (BSF) compared 

to its c-plane counterpart as well as the dislocations common to both orientations. The reason 

for this is that BSFs are restricted to the interface of GaN and sapphire and are perpendicular 

to the growth direction. In the c-plane orientation, the BSFs cannot extend up to the surface 

of the sample and as a result there is no concern for device performance. In (112!2) GaN 

however, the BSF planes are inclined to the growth direction, meaning they can eventually 

extend upwards towards the surface of the sample which would strongly affect device 

electrical and optical performance. For this reason, it is very difficult to grow semipolar GaN 

with good crystal quality on sapphire.  

To address the defect related issues, our group has recently developed a cost-effective 

overgrowth technique using regularly arrayed micro-rod templates demonstrating crystal 

quality comparable to commercial c-plane GaN wafers. The growth process is shown in 

Figure 2-11. Initially, (112!2) GaN is grown on a 2-inch m-plane sapphire wafer using our 
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high temperature AlN buffer technique by metal organic chemical vapour deposition 

(MOCVD)28. This is followed by the deposition of a SiO2 layer using plasma enhanced 

chemical vapor deposition (PECVD). A standard photolithography process is then used to 

pattern the SiO2 with a series of regularly arrayed circles. Then, a nickel layer is deposited 

using thermal evaporation after which a lift-off process is used to remove the photoresist. 

Reactive ion etching (RIE) is then used to etch any exposed SiO2 areas to form the micro-

rods. The nickel is then removed using wet etching. The patterned semipolar GaN micro-rod 

template is then loaded back into the MOCVD chamber for overgrowth of (112!2) GaN. The 

overgrowth takes place from the exposed sidewalls of the micro-rods and eventually 

overflows over the top of the micro-rods and coalescences into an atomically flat surface 

(when the overflow thickness reaches about 4 µm). This method serves to reduce the BSF 

associated with the semipolar planes due to the SiO2 effectively blocking any BSF or 

dislocation development to the surface. As a result, dislocation and BSF densities were 

reported for typical wafers as low as 2×108 cm-2 and 4×104 cm-2, respectively29. 

 

Figure 2-11 Micro-rod template fabrication and overgrowth process. 

Due to the step-change in crystal quality achieved by our novel overgrowth method in 

developing (112!2) GaN on sapphire, semipolar LEDs with emission wavelengths up to the 

amber spectral region with low efficiency droop was successfully demonstrated30. The work 

in this thesis will aim to utilise these LEDs to unlock long wavelength VLC and progress 

towards the ultimate goal of monolithic integration of an RGB chip capable of general 

illumination as well as the additional capability of Gb/s data transmission rates.  
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Chapter 3: Experimental techniques for VLC 
Several experimental techniques are used in this research project to realise light-emitting 

diodes (LEDs) for visible light communications (VLC) applications, most of which are 

specific device characterisation methods. The VLC system will be presented from a 

fundamental basis of light intensity modulation, as it is important for replication of work in 

this thesis, and complex modulation schemes will be explained. The MATLAB source code 

for the on-off keying (OOK) and DC-biased optical – orthogonal division frequency 

multiplexing (DCO-OFDM) schemes along with instrument specific code is provided in the 

Appendix. Our time-resolved luminescence systems will be explained, along with the 

electrical and optical excitation methods used to study the recombination dynamics. The 

inductance, capacitance, and resistance (LCR) system used for capacitance measurements is 

also described. The VLC system was designed and built by Jack Haggar. The time-resolved 

electroluminescence system was designed and built by Jack Haggar and Dr Suneal Ghataora. 

The time-resolved PL system was built by Dr Richard Smith. 

3.1 Visible Light Communications (VLC) system 
A photograph of our VLC system is shown in Figure 3-2. The system can measure the 

frequency response of LEDs and apply complex modulation schemes such as DCO-OFDM 

to exploit bandwidth limited systems such as optoelectronic devices.  

3.1.1 Modulation bandwidth  
The modulation bandwidth is a measure of the frequency response of a device. It can be 

quantified as the optical power of an LED subject to a chirped frequency signal falling to half 

of its initial value. As explained previously, for LEDs the modulation bandwidth is limited 

by the total carrier recombination lifetime or the resistance-capacitance (RC) time constant 

for large junction capacitance values under electrical injection. Considering the former case, 

the alternating current (AC) variation in a LED, 𝑖, when subject to a small AC input signal 

with frequency, 𝜔, is given by 

 𝑖(𝜔) =
𝑖+

f1 + 𝜔"𝜏'())"
, 

(3-1) 

where 𝑖+ is the DC bias and 𝜏'()) is the differential carrier lifetime of a LED. A differential 

carrier lifetime is used here instead of the total carrier recombination lifetime since the LED 

is subject to a small AC signal, such that the derivative of the recombination rate equation in 

Equation 2-17 is used. The electrical power dissipated through a resistor is 𝑃 = 𝑖"𝑅. 

Therefore, the electrical power variation is proportional to the square of the current variation 
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i.e., 𝑃?L?AD=(A>L ∝ 𝑖(𝜔)". The modulation bandwidth, therefore, is defined as 𝑖(𝜔)" = !
"
𝑖+". 

Rearranging Equation 3-1 defines the cut-off frequency, 𝑓#'2 as 

 𝑓#'2 =
1

2𝜋𝜏'())	
, (3-2) 

the 3 dB corresponds to the halving of the electrical power using a logarithmic scale. This is 

known as the electrical-to-optical bandwidth. To measure the frequency response, a 

photodiode with an integrated transimpedance amplifier (TIA) is typically used and is 

measured with a vector network analyser (VNA). The photodiode converts the total received 

power from the LED into a photocurrent. The TIA converts the current into a voltage and 

amplifies the signal to increase the sensitivity. TIAs are AC coupled such that no light 

intensity originating from the DC bias is amplified.  When the light intensity of the LED 

drops to the 3 dB point, the generated photocurrent is 𝑖(𝜔) = !
"
𝑖+. The corresponding power 

in the photodiode is therefore 𝑃 = g!
"
𝑖+h

"
𝑅 = !

N
𝑖+"𝑅 and the bandwidth becomes 𝑖(𝜔)" =

!
N
𝑖+". This is defined as the electrical-to-optical-to-electrical bandwidth when measured on 

the VNA, the power at which the LED drops to a quarter i.e., the 6 dB point of its initial 

value, due to the photodiode and VNA used for detection. Many reports use this bandwidth 

definition as a measure of LED performance instead of the electrical-to-optical bandwidth 

commonly used. The equipment schematic for frequency response and VLC measurements 

is shown in Figure 3-1. 

 

Figure 3-1 Equipment schematic for frequency response and VLC measurements. 
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Figure 3-2 Visible light communications (VLC) system. (a) typical PC output, (b) probe 
station and RF measurement equipment and (c) SNR optimised collection optics for 
substrate emission. 
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3.1.2 Frequency response measurement 
The setup used to measure the frequency response is shown in Figure 3-3. Initially, a small 

signal spanning 6GHz (usually shortened to 1.4GHz, the cut-off of the photoreceiver) from 

port 1 of a VNA (Tektronix TTR506A) is generated. The signal strengths are typically in the 

range of 0 dBm to -10 dBm, which corresponds to modulation depths in the 100 mV range 

assuming the series resistance of the LED is around 50 W (which can vary depending on the 

IV characteristics). The AC signal is combined with a constant current through a 12 GHz 

bias tee (Tektronix PSPL5575A) and fed into a high-frequency ground-signal (GS) 40 GHz 

probe (FormFactor ACP40-GS300RC). As shown in Figure 3-3a, all the components apart 

from the RF probe and DUT are calibrated out of all measurements by connecting short, 

open, load (50 W) and thru reference connections supplied by the VNA. 

 

Figure 3-3 Frequency response setup for LED measurements. (a) schematic and (b) 
annotated photograph. 
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is not obstructive to the LED emission plane, a stronger infinity-corrected objective 

(Olympus 40×, NA = 0.75) is used which increases the light collection efficiency and 

therefore the total signal-to-noise ratio (SNR) of the system. Since the frequency response of 

a device is relative and typically normalised, the collection efficiency is not that important. 

For smaller, less efficient devices such as microLEDs or SNR sensitive applications like VLC 

however, maximising the SNR is crucial. A large 2-inch aspheric lens is then used to focus 

the light onto the photoreceiver (Femto HSA-1G4-Si-FC). The VNA then compares the 

signal from the photoreceiver to the input signal to generate a frequency response plot. 

 

Figure 3-4 (a) Typical Frequency response of an InGaN/GaN semipolar LED (coloured 
lines) and the simulated frequency response of a low pass filter with R = 50 W and C = 200 
pF. (b) electrical modulation bandwidth as a function of injection current. 

An example of the frequency response of various InGaN/GaN LEDs is shown in Figure 3-4a. 

The roll-off in frequency is expected due to the speed of the signal generated from the VNA 
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exceeding the recombination time of the LED. In LEDs driven at higher current densities, 

however, the gradual decrease in power at higher frequencies can be advantageous by 

employing complex modulation schemes after the cut-off frequency, essentially increasing 

the available bandwidth for data transfer. The only concern here is the SNR after the cut-off 

frequency, which can be optimised through device design or collection optics. Figure 3-4b 

shows the modulation bandwidth increasing with the applied constant current. As explained 

in Chapter 1 and 2, this is due to the increased current density in the active region decreasing 

the total recombination lifetime. 

3.1.3 Modulation schemes 
There are a number of modulation schemes available for VLC. On a fundamental level, 

optical wireless communications (OWC) data is sent through a transmitter using streams of 

‘1s’ and ‘0s’ which, in the analogue domain, consists of discrete voltage levels provided by 

a waveform generator. The waveform modulates the transmitter’s light intensity which 

travels through a OWC channel, introducing various distortions and delays before reaching 

the receiver. The recovered signal is compared with the input signal by strictly looking at 

where ‘1s’ and ‘0s’ should be which is then presented as errors in the form of a bit-error-ratio 

(BER). The BER is a crucial characteristic which represents the quality of signal recovered 

at the receiver. The Forward Error Correction (FEC) is a standard dictating the maximum 

BER of 3.8 × 10-# for a successful communication link. 

More specifically to optoelectronics such as LEDs, the modulation schemes must consider 

certain operating conditions such as turn-on voltage, series resistance, and output power as it 

can be detrimental to BER. The modulation waveform therefore needs to be bipolar, in that 

the signals must exist above and below a threshold, which in this case is the constant current 

supplied from the power source to bias the LED. The bias is needed to ensure the negative 

parts of the modulated waveform are utilised in the output of the LED. Care must be taken 

when modulating the LED as clipping and distortion can occur to the resulting waveform 

around the turn-on voltage and thermal roll-off regions. For this reason, modulation schemes 

should be targeted towards the linear regime of the LED’s IV characteristics. Two 

modulation schemes of interest are used in this work: OOK and DCO-OFDM. OOK is used 

as a precursor for higher level modulation formats such as DCO-OFDM in this case as eye-

diagrams give a lot of information and diagnostics on a OWC link whilst being relatively 

simple to implement. 

OOK 
OOK is a single carrier baseband modulation scheme where the transmitted waveform 

consists of a pseudorandom bit sequence (PRBS). ‘1s’ and ‘0s’ are encoded as the bit 
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sequence is present or absent, respectively. The PRBS serves to modulate the LED’s light 

intensity which can be represented in an eye-diagram, overlaying all the possible bit 

transitions in a sequence. The experimental setup for OOK data transmission is similar to the 

frequency response setup, however a 10 GHz arbitrary waveform generator (Tektronix 

AWG70002A) and 6 GHz digital phosphor oscilloscope (Tektronix DPO70604C) are used 

for the PRBS generation and receiver hardware, respectively. A variable gain amplifier is 

used to match the output modulation depth from the AWG to the LEDs dynamic range. A 

typical transmitted and received PRBS-7 (27-1 bits long) signal is shown in Figure 3-5a, along 

with the experimental setup and corresponding eye-diagram at 1Gb/s in Figure 3-5b and 

Figure 3-5c, respectively. As the data transmission rate increases, the eye tends to close as 

the system approaches the modulation bandwidth of the LED and the SNR decreases. 

 

Figure 3-5 VLC setup for OOK modulation. (a) Typical transmitted and received 
waveforms of a 1Gb/s PRBS-7 from a semipolar LED. (b) VLC schematic of experimental 
setup and (c) resulting eye diagram of the received signal. 
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frequency response of the LEDs can be exploited by using adaptive frequency domain 

modulation formats such as OFDM. A simple schematic of OFDM is given in Figure 3-6. At 

its core, OFDM is realised using closely spaced subcarriers with orthogonality in the 

frequency domain. Orthogonality is realised when subcarriers are separated such that they 
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other when crosstalk is eliminated. Each subcarrier is modulated with a fixed quadrature 

amplitude modulation (QAM) order, for example, 4-QAM containing 2 bits per symbol. 

QAM consists of two carrier waves, one 90° out of phase with the other which groups the 

incoming bit stream and assigns different amplitudes and phases of the two carrier waves to 

each possible bit configuration. The resulting modulated signal can be expressed as a 

constellation diagram, with each point corresponding to a different amplitude and phase 

coordinate. The modulation order, M is defined by 2n, where n is the group of bits being 

modulated. Increasing the M-QAM order to higher levels increases the spectral efficiency 

((bit/s)/Hz) of the available channel, and therefore the data throughput can be increased 

dramatically compared with the OOK method described above. The higher data throughput 

results in a degraded BER since the QAM constellation points are spaced closer together and 

is limited by the noise associated with the channel. The experimental setup for DCO-OFDM 

is the same setup as used for OOK, the difference is in the pre and post processing methods 

to generate the OFDM waveform in MATLAB.  

 

Figure 3-6 OFDM waveform visualised in the frequency and time domain consisting of 
multiple QAM constellations situated on closely spaced subcarriers. 

The DCO-OFDM scheme discussed above utilises a fixed M-QAM order for data 

transmission. From this, we can measure the SNR per subcarrier from the response of the 

signal, effectively measuring the frequency response of the entire system i.e., the OWC 

channel response. From this, we can adaptively load each subcarrier with a different M-QAM 

order to increase the spectral efficiency. Figure 3-7 shows a typical LED DCO-OFDM input 

and output power spectrum, and the associated adaptively loaded QAM constellations based 

on SNR at different subcarriers. For more discussion on OFDM and VLC encoding 

techniques in general, please refer to [1-6]. More experimental detail specific to semipolar 

LEDs is found in Chapter 5. 
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Figure 3-7 Typical QAM constellations of different subcarriers (top) extracted from the 
received (blue) unequalised OFDM power spectrum of a semipolar LED (bottom) and 
transmitted data (red). Higher frequencies (above 686.5 MHz) correspond to unmodulated 
subcarriers for improved BER. The total data rate in this case is 1.76 Gb/s. 
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3.2 Time-resolved luminescence 
Time-resolved luminescence spectroscopy involves the measurements of the temporal 

luminescent decay of a semiconductor subject to an excitation source, i.e., under either 

optical pumping or electronic excitation. In doing so, the fundamental physics of carrier 

behaviours can be measured within a sample. This allows for a more detailed analysis of the 

sample, measuring parameters such as the non-radiative and radiative recombination 

lifetimes of carriers as a function of temperature by fitting an appropriate decay model. As 

the luminescent decay of a sample occurs on the order of nanoseconds or less, specialised 

equipment is needed to accurately resolve the signal. This is achieved using a method called 

time-correlating single photon counting (TCPSC).  

Time correlated single photon counting (TCSPC) 
TCSPC operates using a periodic excitation from a source, for example, a pulsed laser or an 

electronic square wave. Data can then be sampled over multiple excitation and emission 

events using a single photon detector such as a photo-multiplier tube (PMT). The collected 

photons from thousands of events can then be reconstructed into a decay profile using 

precisely timed registration and allocation of photons into individual timing bins7,8.  

A simplified process of TCSPC is described as follows: An excitation source is generated, at 

the same time, a trigger signal is sent to a timing electronics synchronisation module. The 

sample is excited, and the emission is collected via a PMT where a photon is detected. This 

generates a voltage signal which is sent to the same timing electronics module. The difference 

in the trigger signal and detector signal is logged in memory. A histogram of photon events 

is then produced over many trigger and detection cycles, analogous to an intensity plot as a 

function of time. To make the technique as accurate as possible, the probability of multiple 

photon detection between adjacent pulses needs to be negligible. This is achieved by limiting 

the detection rate of the PMT between 1-5% of the excitation source repetition rate.  Another 

important consideration in TCSPC systems is the instrument response function (IRF). The 

IRF is a convolution of all timing jitters present in a system, originating from the cables and 

equipment. Therefore, when measuring the luminescence decay of a sample, the IRF would 

be an intrinsic part of the response. It is therefore necessary to either deconvolve and remove 

the IRF from the decay profile or ensure that it is not a deciding factor in the extracted lifetime 

parameters. Deconvolving the IRF from the response directly is quite difficult, the accepted 

solution is to use an iterative re-convolution fitting method. The Fluofit software from 

PicoQuant is used to do this for our time-resolved photoluminescence setup (TRPL). The 

weakest part of the IRF, that is, the piece of equipment that contributes the most to the IRF 

is usually the detector. We can approximately estimate the IRF response using the sum-of 
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the squares of the full-width at half maximum (FWHM) responses of each piece of equipment 

in the system 

 
𝑒OH3 = fi𝑒?PJ(6Q?4D" . (3-3) 

Due to the nature of the calculation,  𝑒OH3 will be proportionally more skewed towards the 

slowest part of the system, in this case, the detector rendering the other component’s 

contributions negligible. 

3.2.1 Photoluminescence 
Our TRPL system is shown in Figure 3-8. A pulsed 375 nm laser (PicoQuant PDL 800-B) is 

used to directly excite InGaN/GaN quantum well structures. The laser has characteristics of 

50 ps pulse width and a variable repetition rate of 2.5 – 40 MHz, which integrates with the 

TCSPC electronics module (Becker & Hickl Simple-Tau 130). The laser excites the sample 

through a dichroic mirror and a high magnification objective (Mitutoyo 50´, NA = 0.42) with 

a micron-scale spot size. The emission from the sample is then collected through the same 

microscope objective and reflected from the dichroic mirror to be dispersed through 

diffraction grating on a monochromator (Horiba Jobin Yvon iHR550) before being focused 

onto a hybrid-PMT with an integrated pre-amplifier (Becker & Hickl HPM-100- 40 with a 

Hamamatsu R10467). The PMT detects a photon down to a response time of 120 ps.  As a 

result, the IRF of the system is calculated to be 150 ps, which is removed from each 

measurement. The system has a timing resolution of 15 ps. 

 

Figure 3-8 Time-resolved photoluminescence (TRPL) setup. 

3.2.2 Electroluminescence 
Our time-resolved electroluminescence (TREL) system is shown in Figure 3-9. The TREL 

and VLC systems share components such as the AWG, bias tee, RF probe and oscilloscope. 

An electrical square wave with an ultrafast falling edge (around 23 ps) is generated from our 
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AWG and used as an excitation source. The trigger signal, which is identical to the excitation 

signal operating at the same clock frequency is created on the adjacent AWG channel for the 

timing electronics module. A bias tee is used to combine the excitation source and a constant 

current from a power supply (Keithley 2400). Our RF probe then delivers the signal to excite 

the sample and the resulting electroluminescence is collected through a microscope objective 

(Mitutoyo 50´, NA = 0.42) which is infinity corrected. A 50:50 beam splitter is used to direct 

half of the emission to be coupled into a fibre using a parabolic collimator. Like TRPL, the 

light is dispersed through a monochromator and onto a hybrid PMT and the resulting photon 

detection triggers the TCSPC module, and a histogram of electroluminescence is created over 

multiple excitation and emission events. The hybrid PMT used in this case (PicoQuant PMA 

Hybrid Series – 06) has a faster response than in TRPL, resulting in an estimated system IRF 

of 67 ps. Comparisons between the TRPL and TREL excitation methods along with the 

advantages for VLC are given in detail in Chapter 6. 

 

Figure 3-9 Time-resolved electroluminescence (TREL) setup. 

3.3 Precision inductance, capacitance, and resistance (LCR) system 
As the junction capacitance of a LED influences the modulation bandwidth, a precise 

measurement of the capacitance as a function of voltage is necessary for VLC applications. 

In principle, the LCR meter generates an AC signal and measures the current, I, through and 

voltage, V, across a device and measures the phase angle between them to determine the 

impedance. From the impedance, we can calculate L, C and R. Our system uses a precision 

LCR meter (Keysight E4980A Precision LCR Meter, 20 Hz to 2 MHz) to measure the 

capacitance of LEDs. The system is calibrated such the cables and the system phase response 

is accounted for, leaving the measured values of L, C and R characteristic of the device itself. 
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Chapter 4: High Modulation Bandwidth of 

Semipolar (11-22) InGaN/GaN LEDs with Long 

Wavelength Emission 
Visible light communications (VLC) requires III-nitride light emitting diodes (LEDs) with 

high modulation bandwidth but suffer from various c-plane limitations as explained in 

Chapter 2. In addition, white light illumination requires green/yellow III-nitride LEDs with 

high efficiency but are very difficult to achieve on c-plane substrates. Other LED structures, 

for example, microLEDs with low efficiency can be used to obtain high modulation 

bandwidths but do not satisfy the requirement for standalone general illumination. In this 

chapter, we demonstrate a record modulation bandwidth of 540 MHz for semipolar green 

LEDs with the additional capability of general illumination due to their broad area. Semipolar 

yellow and amber LEDs with modulation bandwidths of 350 and 140 MHz, respectively, 

have also been reported. These results agree with differential carrier lifetime measurements. 

4.1 Introduction 

Since the 1990s, there has been unprecedented progress in developing solid state lighting 

(SSL) sources, which are overwhelmingly dominated by III-nitride semiconductor LEDs. 

Much like the evolution from traditional telephones to smartphones, it is anticipated that the 

development of SSL sources will undergo a similar trend from current devices with a single 

function to future devices with multiple functions. A smart lighting source, for example, can 

be used as a transmitter for VLC (i.e., Li- Fi)1,2 along with its original function for general 

illumination. 

So far, a “blue LED + yellow phosphor” approach still remains the dominant technique in 

manufacturing white LEDs, where white lighting is generated by mixing the blue emission 

of InGaN/GaN LEDs and the downconversion yellow emission from yellow phosphors 

radiatively pumped by the blue LEDs. However, this approach has a number of fundamental 

challenges such as limited efficiency, severe colour rendering, and instability issues as a 

result of employing the downconversion phosphors. The even greater concern is due to the 

phosphors with an intrinsically slow response time on the scale of microseconds, meaning 

that the resultant bandwidth is limited to be less than 1 MHz2–4. Therefore, the ultimate white 

LED for VLC is possibly a package of either three individual LED chips containing red, 

green, and blue (i.e., RGB) emissions or at least two LEDs each emitting blue and yellow. 

High efficiency blue LEDs have been widely commercialized, but one of the remaining 

challenges is still the optical performance of green and yellow LEDs, the longer emission 

wavelength emissions, which is far from satisfactory. 
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In addition to the issues of the downconversion yellow phosphors in current white LEDs for 

Li-Fi applications, another fundamental issue for Li-Fi applications is due to blue LEDs 

themselves. Simply speaking, a maximum modulation bandwidth (𝑓#'2) is inversely 

proportional to the total carrier recombination lifetime (𝜏DKD>L) of an LED by 𝑓#'2 	∝

	1/𝜏DKD>L. Current blue LEDs that are commercially available are grown on c-plane sapphire 

substrates, intrinsically producing piezoelectric fields as a result of the strain generated by 

the large lattice mismatch between InGaN and GaN. Consequently, the LEDs exhibit a 

reduction in the overlap of the electron and hole wave functions leading to an increased 

radiative recombination lifetime of 10−100 ns, reduced quantum efficiency, and other issues 

such as efficiency droop5,6. Therefore, a maximum attainable modulation bandwidth is in 

principle on the order of MHz if any extra methods are not used (for example, using 

microLEDs, which will be explained later), which is far from the practical requirements for 

Li-Fi. In order to enhance the modulation bandwidth when using current blue LEDs for Li- 

Fi, complicated modulation techniques with pre- and post-equalization and a large amount 

of postprocessing have to be employed, making the communication system complicated and 

expensive7–10. Even so, the modulation bandwidth is still far from satisfactory, as it is 

fundamentally determined by the long radiative recombination lifetime of blue LEDs on c-

plane substrates, which is limited by their intrinsic polarization. This increases concerns 

when LEDs move toward longer emission wavelengths such as green or yellow, which 

require higher indium content leading to further enhancement in strain-induced piezoelectric 

fields. Recently, it has been proposed to employ microLEDs driven at a very high current 

density to achieve a high modulation bandwidth for Li- Fi applications11–14. However, the 

great challenge is that the optical efficiency of current microLEDs is too low as a result of 

significantly enhanced nonradiative recombination15–17.Therefore, this cannot meet the 

requirements for both Li-Fi and general illumination simultaneously.  

One of the most promising approaches to overcoming the intrinsic polarization is to grow 

LEDs along a nonpolar or semipolar orientation. In terms of effectively reducing the intrinsic 

polarization, nonpolar LEDs would be best. However, InGaN intrinsically suffers limited 

indium incorporation efficiency if it is grown on nonpolar GaN, meaning that it is extremely 

challenging to grow nonpolar LEDs with green or yellow or any other longer wavelength 

emissions18–22. In contrast, indium atoms can be accommodated on a semipolar GaN surface 

more easily than those on either a c-plane surface or nonpolar surface20, making semipolar 

GaN more attractive for obtaining longer wavelength LEDs, which require higher indium 

content. Out of all the semipolar orientations, (112!2) GaN is possibly the best choice when 

considering all factors including high indium content InGaN, a reduction in strain-induced 

piezoelectric fields, and a short carrier recombination lifetime (by referring to a topical 
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review for the details about III-nitride semipolar LEDs21). This makes (112!2) semipolar 

LEDs strong candidates for achieving longer wavelength LEDs for high-speed applications. 

It is therefore interesting to explore the upper limit in the maximum modulation bandwidth 

of semipolar LEDs with green, yellow or any other longer wavelength emissions and beyond 

for which there are no reports so far. Prior to starting the investigation, the crystal quality of 

semipolar (112!2) GaN on the more widely used sapphire substrate needs to be improved to 

a point where it is similar to or at least approaching its c-plane counterpart. In order to meet 

the material challenges, our group has established a number of cost-effective approaches to 

achieve high quality semipolar (112!2) GaN grown on m-plane sapphire, leading to the 

demonstration of high performance semipolar InGaN LEDs covering a wide wavelength 

range up to amber22.  

In this work, frequency response measurements have been performed on semipolar (112!2) 

LEDs with long emission wavelengths from green to amber demonstrating a modulation 

bandwidth of up to 540 MHz for green LEDs with a typical size of 330 × 330 μm2, a record 

modulation bandwidth for III- nitride macroLEDs (not microLEDs) reported so far. This 

work also presents the first report on the modulation bandwidth of III-nitride based yellow 

and amber LEDs and is also the record for the longest wavelength III-nitride LED achieved.  

4.2 Fabrication 

Three different LEDs each containing an InGaN single quantum well (SQW) with different 

InN mole fractions were prepared on our overgrown semipolar (112!2) GaN by metal organic 

chemical vapour deposition (MOCVD). Our detailed structural characterization including 

both X-ray diffraction and transmission electron microscopy measurements confirm that our 

overgrown semipolar (112!2) GaN templates typically exhibit a dislocation density of 2 × 108 

/cm2, which has been achieved using our mature overgrowth approach on regularly arrayed 

microrod templates. The crystal quality is even better than that of standard c-plane GaN on 

sapphire for the growth of c-plane LEDs. All three LEDs exhibit a similar structure except 

for in the indium content of their InGaN quantum well. These three LEDs are labelled as 

LED-A, LED-B, and LED-C, respectively, corresponding to the green LED at 515 nm, the 

yellow LED at 550 nm, and the amber LED at 610 nm. Detailed information about the growth 

of these three LEDs is available elsewhere22–24. A structural cross-section of our LEDs is 

shown in Figure 4-1. Using a photolithography technique and then a dry-etching process, 

LEDs with typical dimensions of 330 × 330 μm2 have been fabricated. A transparent p-

contact consisting of a 100 nm thick ITO film was deposited using an electron beam 

deposition technique and then annealed by rapid thermal annealing (RTA). A Ti/Al/Ti/Au 
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metal stack was then evaporated onto the n-GaN to form an n-contact. Ti/ Au was finally 

prepared on both the p- and n- contacts to form the n- and p-electrode pads. 

 

Figure 4-1 Structural cross-section of our single InGaN/GaN quantum well (112!2) 
semipolar LEDs (a) and an SEM image of the micro-rod GaN template enabling efficient, 
long wavelength emitters (b)22. 

4.3 Results and discussion 

4.3.1 Electrical and optical characteristics 

The IV characteristics of each LED is shown in Figure 4-2a. Turn on voltages (measured at 

20 mA) are measured to be 3.7 V, 3.6 V and 5.2 V for LED-A, LED-B and LED-C 

respectively. The devices do not experience any thermal roll-off in the measurement range 

for this study (up to 100 mA).  Figure 4-2b shows the typical electroluminescence (EL) 

spectra of the three LEDs measured at a 20 mA injection current in a continuous wave (CW) 

mode at room temperature, demonstrating strong EL emission centred at 515, 550, and 610 

nm for LED-A, LED-B, and LED-C, respectively. Insets shows the EL emission images of 

these three LEDs taken at an injection current of 20 mA. The higher turn-on voltage for LED-

C is due to a poorer p-type activation than the other LEDs, resulting in a lower conductivity 

and a lower EL peak intensity at the same current density as LED-A and LED-B. The broader 

full width at half maximum (FWHM) and apparent shoulder on the longer wavelength side 

of the LED-C EL peak may be due to an indium segregation as a result of the higher indium 

content than LED-A and LED-B which induces localised, lower energy states available to 

carriers22. 
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Figure 4-2 IV measurements tested over an 8 V range, inset shows top-down view of LED-
B from the charge coupled device (CCD) camera highlighting probing pads (a) and 
received spectra when biased at 20 mA with the inset showing photographs for LED-A, 
LED-B and LED-C (b). 

4.3.2 Frequency response 
A standard system has been used to perform modulation bandwidth measurements on these 

LEDs. To measure the frequency response, a DC bias from a source meter (Keithley 2612B) 

was added to a bias tee (Tektronix PSPL5575A) along with a small sinusoidal signal with an 

amplitude of 100 mV from port 1 of a vector network analyser (VNA, Tektronix TTR506A). 

The combined signal was sent to our RF probe station equipped with a DC to a 40 GHz 

signal-ground RF probe (FormFactor ACP40-GS300RC). The EL was collected using an 

infinity corrected objective (10×, NA = 0.28) and then coupled into a multimode fibre using 

a parabolic collimator (Thorlabs RC12SMA-P01). A photoreceiver (Femto HSA-1G4-Si-

FC) consisting of a silicon photodiode with an integrated transimpedance amplifier was used 

for optical to electrical conversion and the amplified electrical signal was sent to port 2 of 

the network analyser. The RF cables and bias tee were also accounted for in the calibration 

of the S21 transmission. The photoreceiver has a 3 dB modulation bandwidth of 1.4 GHz, and 

our RF probes are designed for 40 GHz testing, ensuring that the frequency response of our 

devices is not limited by the system response. Figure 4-3 shows the frequency responses of 

our three LEDs, namely, the normalized output power as a function of frequency for the three 

LEDs measured under identical conditions. The frequency response measurements have also 

been carried out as a function of injection current density ranging from 9.2 to 92 A/cm2, 

which cover the major range for practical applications. The normalized power is obtained by 

taking the initial frequency point (100 kHz) as 0 dB. 
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Figure 4-3 Figure 4 3 Frequency responses of LED-A (a), LED-B (b) and LED-C (c) 
measured between 10-100mA. The horizontal dashed line denotes the 3 dB bandwidth.  
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All the devices demonstrate a maximum 3 dB modulation bandwidth exceeding 100 MHz 

when driven at a higher current density. For example, LED-A shows a 3 dB modulation 

bandwidth of 540 MHz at 92 A/cm2, which is the highest reported on III-nitride LEDs with 

a standard area of 330 × 330 μm2 or above (not microLEDs) for general illumination. LED- 

B and LED-C exhibit a maximum 3 dB modulation bandwidth of 350 and 140 MHz, both of 

which are the first report in the yellow and amber regions. The small “shoulder” around 20 

MHz apparent on the yellow LED may be due to the relaxation resonant frequency often 

observed in laser diodes25, but in LEDs, this needs further study. Small fluctuations at higher 

frequencies (before the noise floor of the VNA) are from signal reflections within our testing 

system. It is worth highlighting that there still exists piezoelectric polarization in semipolar 

LEDs, although the polarization in semipolar LEDs is substantially weaker compared with 

that of their c-plane counterparts as stated above. Longer wavelength LEDs require higher 

indium content, leading to an increase in piezoelectric polarization and thus a reduced 

quantum efficiency. Consequently, the SNR decreases with increasing emission wavelength. 

This is why the amber LED signal is noisy compared with other LEDs. 

Figure 4-4a displays the 3 dB modulation bandwidth as a function of injection current density 

from 9.2 to 92 A/cm2 for the three LEDs. During the frequency response measurements at 

each injection current density, the EL spectra of the three LEDs have been measured 

simultaneously, and Figure 4-4a also provides their corresponding emission wavelengths. 

For LED-A, the emission wavelength shows a slight blue-shift with increasing injection 

current density as a result of the screening effect of polarization-induced electrical fields. 

LED-B exhibits a slightly enhanced blue-shift in emission wavelength with increasing 

injection current density compared to LED-A. However, it is worth highlighting that the blue-

shift in emission wavelength is much smaller than that of their c-plane counterparts as a result 

of the intrinsically low polarization of semipolar LEDs. LED-C initially exhibits a large blue-

shift in emission wavelength at low injection current densities as a result of band-filling of 

localized states22, and then, the blue- shift reduces quickly but is still larger than those for 

LED-A and LED-B. LED-C exhibits amber emission at 596 nm even under 92 A/cm2 and 

red emission at 620 nm under 9.2 A/cm2. Therefore, our LEDs have demonstrated a high 

frequency response in a wide spectral region, which has not been previously reported. 



Results and discussion 

  

58 

  

Figure 4-4 (a) Modulation bandwidth (3 dB) as a function of injection current density from 
9.2 to 92 A/cm2 and the corresponding emission wavelength for each injection current 
density for the three LEDs. (b) Benchmarking our device performance against current state-
of-the-art data from semipolar macro-LEDs (>100 × 100 μm2) in terms of the 3 dB 
modulation bandwidth. Our data obtained in this work are exhibited by solid symbols, 
while data collected from the literature are presented as open symbols with different 
colours. The inset only includes our data from LED-A, LED-B, and LED-C. 
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Figure 4-4b benchmarks our device performance against the current state-of-the-art 

semipolar macroLEDs (>100 × 100 μm2) in terms of the 3 dB modulation bandwidth26–29. 

The inset includes only our data from LED-A, LED-B, and LED-C, provided to make them 

easier to observe. In the current literature, there has been an entire absence of data from 

longer emission wavelengths such as yellow and amber LEDs, and thus, the majority of 

devices reported on so far are blue LEDs whose emission wavelength is below 500 nm. One 

of the major reasons is due to it being extremely challenging to obtain III- nitride based 

yellow and amber LEDs with reasonably good device performance. Our data obtained in this 

work are all labelled by solid symbols in Figure 4-4b, while all the data from literature are 

presented by using open symbols. A conventional c-plane blue LED with a standard size of 

330 × 330 μm2 measured under identical conditions has also been provided as a reference. 

As expected, the c-plane blue LED (where 2.5 nm InGaN quantum wells are typically used 

as an active region) exhibits a low 3 dB modulation bandwidth of 4 MHz at a 9.2 A/cm2 

current density and 12.5 MHz at 92 A/cm2. The inset in Figure 4-4b shows that the green 

LED (i.e., LED-A) exhibits the highest 3 dB bandwidth of 540 MHz at 92 A/ cm2, which is 

much larger than that of its c-plane blue counterpart. This is followed by the yellow LED at 

350 MHz and then the amber LED at 140 MHz, also higher than that of the c-plane blue 

counterpart, although the indium content in any c-plane blue LED is much lower than those 

of LED-A−C.  

This demonstrates the major advantage of semipolar LEDs, which exhibit intrinsically weak 

polarization. However, it is worth highlighting that the significantly lower polarization for 

semipolar LEDs does not mean that the polarization is zero. Furthermore, with increasing 

indium content in InGaN, the polarization in semipolar LEDs increases due to the 

enhancement in strain. Consequently, the carrier recombination lifetime of the semipolar 

LEDs also increases with increasing emission wavelength (i.e., increasing indium content), 

although this increase is not so significant as in its c-plane counterparts. As stated earlier, a 

modulation bandwidth is inversely proportional to the carrier recombination lifetime of a 

LED. The polarization of an III-nitride LED, which is enhanced with increasing emission 

wavelength (this requires higher indium content) will lead to a long recombination lifetime. 

As a result, the modulation bandwidth decreases with increasing emission wavelength. With 

increasing injection current density, the polarization can be partially screened out, leading to 

a reduction in carrier recombination lifetime. Of course, if a very high injection current 

density, beyond what is used in this work is employed (for example, in the case of 

microLEDs, where the emission mechanism is fully dominated by a nonradiative 

recombination mechanism), the situation is different and thus is beyond the scope of this 

work. 
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More interestingly, by fitting the data from LED-A, LED-B, and LED-C, it can be found that 

the 3 dB modulation bandwidth of these three LEDs as a function of injection current density 

follows a strong power law relationship, 𝑓#'2 	∝ 	 𝐽0. This suggests that a junction 

capacitance effect is not a limiting factor in the 3 dB modulation bandwidth of each device 

when the injection current density is below 92 A/cm2 26. This means that a further increase in 

3 dB bandwidth can be possibly achieved. 

4.3.3 Differential carrier lifetime 
The above small-signal microwave method can also be used to determine a differential carrier 

lifetime30,31, rearranging Equation 3-2 gives  

 𝜏'()) =
1

2𝜋	𝑓#'2
, (4-1) 

where 𝜏'()) is the differential lifetime and 𝑓#'2 is the modulation bandwidth. Figure 4-5 

exhibits the differential carrier lifetime as a function of injection current density for the three 

LEDs, demonstrating that the differential carrier lifetime increases with increasing emission 

wavelength. Furthermore, in each case, the differential carrier lifetime decreases with 

increasing injection current density. At 92 A/cm2, LED-A shows a differential carrier time 

of 0.31 ns, which is shorter than that of LED-B, whose differential carrier lifetime is 0.56 ns. 

Both values are consistent with the carrier recombination lifetime with similar emission 

wavelengths obtained by time-resolved photoluminescence measurements (TRPL)32, 

although a differential carrier lifetime, which also considers transport effects, is different 

from a carrier recombination lifetime (the former is typically smaller than the latter by a 

factor of 2−333). Of course, as expected, LED-C (amber LED) exhibits a stronger polarization 

than LED-A and LED-B. Consequently, LED-C exhibits a differential carrier lifetime of 0.92 

ns, which is longer than those for LED-A and LED-B. This result also confirms that a 

reduction in carrier recombination lifetime with increasing injection current density can be 

attributed to the screening effect mentioned above. In contrast, the c-plane LED exhibits a 

typical differential carrier lifetime of >12 ns, which is far longer than those of our semipolar 

LEDs. However, it is worth noting that the differential carrier lifetimes of the semipolar 

LEDs are much shorter than those of any c-plane III-nitride LEDs, although the indium 

content in these semipolar LEDs is much higher than that for any c-plane blue LEDs. This 

further confirms that the fundamental physics for the significantly enhanced modulation 

bandwidth for these semipolar LEDs with long emission wavelengths is due to their 

intrinsically short recombination lifetime. 
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Figure 4-5 Differential carrier lifetimes of the three LEDs as a function of injection current 
density, which are extracted from the frequency response measurements. Solid lines are 
guides to the eye. 

4.4 Summary 
In conclusion, we have demonstrated a modulation bandwidth of 540 MHz for semipolar 

(112!2) green LEDs with typical dimensions of 330 × 330 μm2, which is a record modulation 

bandwidth for III-nitride macroLEDs (not microLEDs) reported so far. We also demonstrated 

a modulation bandwidth of 350 MHz for the semipolar (112!2) yellow LEDs and 140 MHz 

for the semipolar (112!2) amber LEDs, which are the first report for the longest wavelength 

III-nitride LEDs with such a high modulation bandwidth. All these long wavelength III-

nitride LEDs are grown on our overgrowth semipolar (112!2) GaN with a significantly 

improved crystal quality on m-plane sapphire. The differential carrier lifetimes of these long 

wavelength LEDs have been extracted from frequency response measurements, further 

confirming that the significantly enhanced modulation bandwidth is due to the intrinsically 

low polarization. This result may pave the way for a next generation white light source, which 

can meet both the requirements for VLC and general illumination simultaneously. 
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Chapter 5: Long-Wavelength Semipolar (11-22) 

InGaN/GaN LEDs with Multi- Gb/s Data 

Transmission Rates for VLC 
Monolithic integration of red, green and blue (RGB) light-emitting diodes (LEDs) is crucial 

for white light visible light communication (VLC), display technology and general 

illumination but is intrinsically limited by the fundamental differences between the InGaN 

and AlGaInP epitaxial material systems typically used for visible wavelength emission. 

Increasing the indium content in traditional c-plane InGaN/GaN to achieve longer 

wavelength LEDs enhances the piezoelectric induced polarization resulting in a low quantum 

efficiency and long radiative lifetimes. These issues can be resolved by growing along a 

nonpolar or semipolar orientation. This chapter demonstrates the feasibility of the (112!2)  

semipolar LEDs for long wavelength VLC with an additional capability of monolithic 

integration to produce a single white light RGB chip. Based on our high performance 

semipolar InGaN/GaN LEDs, we report record data transmission rates of 4.22 Gb/s, 3.72 

Gb/s and 336 Mb/s under the forward error correction (FEC) threshold standard for reliable 

communication for our green (515 nm), yellow (550 nm) and amber (600 nm) semipolar 

LEDs using adaptively bit-loaded DC-biased optical orthogonal frequency division 

multiplexing (DCO-OFDM). 

5.1 Introduction 
VLC is an emerging wireless communication technology, providing a complementary 

technology to RF based Wi-Fi/5G. In principle, VLC can offer a very large bandwidth which 

is about three orders of magnitude higher than current Wi-Fi, as a frequency bandwidth is 

inversely proportional to the square of wavelength (RF emissions are limited to 3 kHz to 300 

GHz, while the much shorter wavelength visible light covers a huge range from 430 to 750 

THz1,2). In general, a data transmission rate is determined by the bandwidth of a transmitter 

and the sensitivity of the receiver. Therefore, a high data transmission rate can be obtained 

by using a high efficiency visible LED with a high modulation bandwidth as a transmitter. 

Of course, SSL also requires high efficiency visible LEDs.   

There has been a significant progress in developing white LEDs for solid state lighting (SSL) 

and VLC recently, which are mainly fabricated by means of employing light down-

conversion from c-plane III-nitride blue LEDs to yellow, green or red via emitting phosphors. 

It is worth highlighting that such a white LED involves a considerable amount of energy loss 

during the down-conversion process. Furthermore, the modulation bandwidth is also 
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fundamentally limited by the naturally slow recombination lifetime of current c-plane III-

nitride LEDs (due to their intrinsic polarisation effect as a result of large lattice-mismatch 

induced piezoelectrical fields in InGaN/GaN multiple quantum wells as an emitting region) 

and an extremely long response time of emitting phosphors2,3. Therefore, such a white LED 

is clearly not ideal. The ultimate white LED for both SSL and VLC is a monolithic integration 

of either three individual LED chips containing red, green and blue (i.e., RGB) emissions or 

at least two LEDs each emitting blue and yellow. Blue LEDs with high efficiency have been 

widely commercialized but are limited to those grown on c-plane substrates, suffering from 

a long recombination lifetime and thus leading to a small modulation bandwidth4,5. 

Furthermore, the optical performance of green and yellow LEDs, the longer emission 

wavelength emissions, are even worse than blue LEDs in terms of optical efficiency and 

modulation bandwidth. Currently, red LEDs are dominantly manufactured by utilising the 

AlGaInP material system6. It then seems logical to combine these two kinds of compound 

semiconductors by using a blue or green or even yellow LED from the InGaN system with a 

red LED from the AlInGaP system to create a much superior white light chip for VLC, 

thereby removing the need for phosphor conversion layers with a slow response time. 

However, it is a great challenge to monolithically integrate these two kinds of fundamentally 

different compound semiconductors onto a single substrate without facing mismatch and 

thermal issues. Therefore, it is necessary to develop III-nitride based long emission 

wavelength LEDs, such as yellow or even red LEDs with both high efficiency and high 

modulation bandwidth. This means that it is crucial to effectively both suppress the intrinsic 

polarisation issue and enhance indium incorporation into GaN whilst maintaining the high 

performance of InGaN alloys as an active region.   

Benefiting by reducing the size of a device to the micron-scale, microLEDs can be driven at 

a very high current density, allowing microLEDs to be modulated at a high modulation 

bandwidth for VLC applications with GHz capabilities, which is very promising for VLC 

applications7–14. Unfortunately, the optical efficiency of current micro-LEDs is too low 

compared with broad area LEDs and thus cannot meet the requirements for both VLC and 

general illumination simultaneously at least before a step-change in optical efficiency for 

microLEDs can be achieved. Moreover, in addition to the incompatibility issue in terms of 

integrating InGaN LED and AlGaInP LEDs for the fabrication of white LEDs, the 

miniaturisation of AlGaInP based red LEDs with high performance is very difficult due to 

their higher surface recombination velocity resulting in a much lower external quantum 

efficiency (EQE) and thermal management issues compared with InGaN LEDs15. The EQE 

is further reduced because AlGaInP LEDs are lattice matched to a light absorbing GaAs 

substrate, drastically reducing the light extraction efficiency for red wavelengths16. 
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One of the most effective routes to meeting these requirements is to grow LEDs along a semi-

polar orientation, in particular, (112!2) orientation, as InGaN grown on the (112!2)  plane is 

predicted to exhibit both a significant reduction in polarization and an enhancement in indium 

incorporation into GaN17. The reduced polarisation is expected to lead to a short carrier 

recombination lifetime and thus an enhancement in optical efficiency18. The enhanced indium 

incorporation rate will favour material growth (whilst maintaining high indium content in 

InGaN to obtain a longer wavelength emission such as yellow and red) at a high temperature, 

leading to an improvement in crystal quality. However, the prerequisite is that (112!2) GaN 

templates with high crystal quality must be available, where long wavelength semipolar 

LEDs with high performance can be grown. In order to meet the material challenges, our 

group has established a number of cost-effective approaches to achieve high quality semi-

polar (112!2)  GaN grown on m-plane sapphire, demonstrating very bright semi-polar InGaN 

LEDs covering a wide wavelength range up to amber19–21. In the previous chapter, frequency 

response measurements on these high-performance semipolar LEDs were presented, 

exhibiting a record modulation bandwidth of 540 MHz, 350 MHz and 140 MHz all with a 

broad area (with a typical dimension of 330 × 330 μm2) on our semi-polar green, yellow and 

amber LEDs, respectively22. This is also the report on modulation bandwidth for the longest 

wavelength III-nitride LEDs. 

Given the high performance of these semipolar LEDs with long emission wavelengths and 

the record modulation bandwidth which we have achieved on these semipolar LEDs, it is 

worth exploring the upper-limit on the data transmission rate achievable on these long 

wavelength semipolar LEDs, which is crucial for eventually achieving monolithically 

integrated white LEDs for both SSL and VLC.  In this chapter, we have reported a data 

transmission rate of 4.22 Gb/s for our green semipolar LEDs, 3.72 Gb/s for our yellow 

semipolar LEDs and 336 Mb/s for our amber LEDs, which are all the records for InGaN/GaN 

LEDs at their respective wavelengths. We hope these results demonstrate the benefits of 

semi-polar LEDs for VLC, potentially paving a new avenue to employ semipolar LEDs for 

eventually fabricating monolithically integrated white LEDs for both SSL and VLC. 

A number of modulation schemes can be used to characterize the data throughput of LEDs. 

For this study, we first use a simple non-return-to-zero on-off keying (NRZ-OOK) approach 

to monitor eye-diagram performance at different fixed data transmission rates for each LED. 

To further enhance the data rates, a DCO-OFDM method adapted for intensity modulated 

direct detection (IMDD) systems has been employed. DCO-OFDM is chosen due to its 

relatively simple implementation whilst also outperforming other schemes such as pulse 

amplitude modulation (PAM) and carrierless amplitude phase modulation (CAP) as a result 
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of its spectrally efficient format which thrives in a dynamic-range and bandwidth limited 

VLC system23. Another advantage is that DCO-OFDM can be further extended spatially in 

order to take advantage of the cascaded device arrangement in a multiple-input multiple-

output (MIMO) approach using MIMO-OFDM24, which is particularly useful for measuring 

multiple monolithically integrated LEDs on a single chip substrate in the future. Single LED 

devices are demonstrated here to show the feasibility of the long wavelength VLC 

performance of the (112!2) semipolar LEDs. 

5.2 VLC system results 

5.2.1 Experimental setup conditions 

Figure 5-1a schematically illustrates our VLC system, allowing us to carry out NRZ-OOK 

and adaptively bit-loaded DCO-OFDM measurements on our semipolar LEDs, along with a 

photograph of the light collection optics in Figure 5-1b. For NRZ-OOK modulation, a 27-1 

pseudorandom bit sequence (PRBS-7) which is initially generated using MATLAB is used 

to modulate the LEDs using an arbitrary waveform generator (Tektronix AWG70002A). The 

semipolar LEDs are modulated with the signal through a 40 GHz high-frequency probe. To 

maximise the SNR, the emission of our semipolar LEDs is collected from the backside of 

our devices, where the sapphire substrates have been polished and then lapped to ensure they 

are completely transparent. A 0.75NA, infinity-corrected objective with 40 × magnification 

is used to collect the emitted light. The collimated light is reflected off a dielectric coated 

mirror with a reflectivity of > 98% and then focused onto a 1.4 GHz high-speed photoreceiver 

with an integrated transimpedance amplifier using a 2″ aspheric lens. A 6 GHz, real-time 

sampling oscilloscope (Tektronix DPO70604C) with a sample rate of 25GS/s and an 8-bit 

ADC with a maximum record length of 31.3M samples is used to capture the modulated 

signal from the photoreceiver. 
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Figure 5-1 Schematic of our entire VLC system for demonstrating VLC with LEDs (a); 
photograph of our optical light collection system showing that emitted light is collected 
from the backside of a LEDs in order to enhance a signal to noise ratio (b); and (c) typical 
examples of the received eye-diagrams using our semipolar LEDs under various current 
densities for different data transmission rates measured under various current densities 
using NRZ-OOK with a modulation depth of 4.4 V for LED-A, LED-B and LED-C, 
respectively. 
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5.2.2 NRZ-OOK modulation 
Figure 5-1c demonstrates a few typical examples of the received eye-diagrams using our 

semipolar LEDs under various current densities after NRZ-OOK modulation using a 0.25 V 

peak-to-peak PRBS signal amplified by 25 dB to ~4.4 V. For instance, for our semipolar 

green LEDs, a clear, open eye has been observed for LED-A at 1 Gb/s under 92, 184 and 230 

A/cm2, and clear, open eyes at 2Gb/s under 184 and 230 A/cm2. Similarly, fully open eye 

diagrams for our semipolar yellow LED at 1 Gb/s under 92, 184 and 230 A/cm2, and at 2 

Gb/s under 230 A/cm2. The eye diagram for our amber LED is fully open at 0.25 Gb/s under 

23, 69 and 91 A/cm2, while it shows a reduced eye at 0.5 Gb/s. In all cases, horizontal jitter 

is reduced with increasing a current density due to the reduction in recombination lifetime, 

resulting in a wider eye for LED-A and LED-B at 2 Gb/s and LED-C at 0.5 Gb/s. DCO-

OFDM is performed after NRZ-OOK to further push the limits of the available bandwidth of 

the semipolar LEDs. 

5.2.3 Channel estimation 

Before any DCO-OFDM data transmission, the channel is first estimated using several pilot 

frames consisting of fixed rate 4 - quadrature amplitude modulation (QAM) symbols and 

measured through the channel on the oscilloscope. The estimate can then be used to apply a 

zero-forcing equaliser (ZF) on the data carrying frame transmitted afterwards. Since the 

additive white gaussian noise (AWGN) of the signal at the receiver is zero-mean, we can use 

a commonly implemented mean estimation technique11 to characterise the effective gain on 

each subcarrier. Error-vector-magnitude (EVM) measurements were used to calculate the 

SNR on each subcarrier, 𝑆𝑁𝑅0  and then converted to decibel format. Each subcarrier is then 

adaptively loaded with 𝑙𝑜𝑔"𝑀k bits where 𝑀k is the M-ary QAM order on the 𝑘DF  subcarrier 

using the general probability of error equation for M-ary QAM25: 

 
𝑃M ≈

R𝑀0 − 1
R𝑀0𝑙𝑜𝑔"R𝑀0

𝑄qr
3𝑙𝑜𝑔"𝑀0 ∙ 𝑆𝑁𝑅0
2(𝑀0 − 1)

t. (5-1) 

The total bit rate, 𝑅M, can then be calculated using: 

 
𝑅M =

CB × ∑ 𝑙𝑜𝑔"𝑀0
R(()
0S!

(𝑁))D +𝑁8T)
 (5-2) 

where CB is the channel bandwidth, where 𝑁))D is the total number of subcarriers and 𝑁8T 

is the size of the prepended cyclic prefix (CP), which will be explained below. 
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Error-vector-magnitude (EVM) measurements and SNR 
EVM measurements are used to characterise the signal impairments in a wireless channel by 

comparing the received signal to the transmitted signal on the constellation diagram. 

Specifically, an error vector is measured between the ideal, transmitted symbol and received 

symbol. The root-mean-square (rms) of all the magnitudes of the error vectors results in the 

EVM value for the signal. The relationship between the EVM and the SNR is calculated by 

 SNR = −{𝐶𝐹 + 20𝑙𝑜𝑔!+ g𝐸𝑉𝑀 100%~ h�, (5-3) 

where 𝐶𝐹 is the crest factor, which is an indicator of how large the peaks of a signal waveform 

are compared to the average value. For example, 𝐶𝐹 = 1 means there are no peaks in the 

signal i.e., a DC signal. For a 64-QAM signal, 𝐶𝐹 = 3.7.25 The conversion arises from an 

EVM measurement being a ratio of voltages, whereas an SNR is a power ratio. Therefore, 

we can convert the two parameters by simply using the pre-factor 20𝑙𝑜𝑔!+. The minus sign 

is needed since EVM is a ratio of noise-to-signal and SNR is a ratio of signal-to-noise. 

5.2.4 Adaptively loaded DC-biased optical OFDM modulation 

The signal generation and processing method is shown in Figure 5-2 for DCO-OFDM 

measurements. Firstly, a PRBS is initially generated using MATLAB. The resulting vector 

is converted to parallel format and then arranged into blocks to be transmitted on R(()
"
− 1 

data carrying subcarriers, where 𝑁))D is the total number of subcarriers. The block of bits on 

the 𝑘DF subcarrier is subsequently assigned to the 𝑘DF QAM symbol, i.e., 𝑋0. The 

measurements are based on an IMDD system, and thus the modulated signals must be real-

valued (not the case in conventional OFDM). Leaving the first and π-shifted subcarriers 

unmodulated, i.e., 𝑋+ = 𝑋R/" = 0, allows us to impose Hermitian symmetry across the entire 

DCO-OFDM frame such that 𝑋R(()-0 = 𝑋0∗, achieving a real valued signal after the Inverse 

Fast Fourier Transform (IFFT)26. For simplicity, the average power of every QAM symbol 

in this study has been normalised to unity before transmission. After the IFFT, a few samples 

at the end of the real-valued time domain signal are prepended to the beginning of the 

waveform in the form of a CP to combat inter-symbol interference (ISI) and to convert the 

received waveform linear convolution with the channel into a circular convolution. This 

enables us to use a simple, single-tap ZF equaliser at the receiver since ISI is effectively 

eliminated due to the introduction of a CP27. A root-raised cosine (RRC) filter is then used 

for pulse shaping and oversampling of the waveform. Next, the signal is clipped at [−3σ; 3σ], 

where σ denotes the standard deviation of the time domain waveform. The OFDM signal 

amplitude follows a gaussian probability distribution function with the majority of data 
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encoded to be within three standard deviations, therefore no significant loss of data is present 

at the transmitter. It can be achieved by choosing a suitable DC bias and then clipping the 

signal within the chosen range. By doing so, we will be in a comfortable position to ensure 

that the resulting clipped waveform remains undistorted, and any clipping noise can be 

ignored26. Finally, the clipped signal is converted to a compatible file for read-out through 

the AWG (Tektronix AWG70002A), where a digital-to-analogue conversion can be carried 

out using the AWG’s 10-bit DAC. 

 
Figure 5-2 Detailed signal generation and data processing steps enabling DC-biased optical 
OFDM for our semipolar LEDs using MATLAB. 

The analogue signal is further amplified using a 25 GHz broadband variable gain amplifier 

and then fed into a 12 GHz bias tee along with a DC bias from a source meter. The semipolar 

LEDs are then modulated with the signal through the 40 GHz high-frequency probe. The 

captured signal is synchronized with the transmitted signal by firstly decimating the 

oversampled oscilloscope signal to match the sample rate of the AWG, followed by using a 

cross-correlation method between the transmitted and measured signal. Matched filtering is 

applied to the aligned signal and the CP is removed. The signal is then buffered into a parallel 

format before performing the FFT. ZF equalisation is applied to the QAM symbols using the 

estimated channel prior to demodulation after which a bit-error ratio (BER) test is conducted. 

Figure 5-3 below shows the I-V characteristics, voltage modulation and resulting current 

modulation when using the DCO-OFDM method for LED-A, LED-B and LED-C. LED-A 

and LED-B are modulated in their linear regimes where thermal roll-over occurs around 13.5 

V for LED-A and 12 V for LED-B. LED-C shows no roll-over in the voltage range tested. 

Table 1 provides the test conditions and DCO-OFDM parameters used in this study for LED-

A, LED-B and LED-C including peak wavelengths λ and 3dB bandwidths 𝑓#'2 at 100 mA. 
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The CB of the three channels with the corresponding AWG and oscilloscope (OSC) sample 

rates fs are also included. 

 

 
Figure 5-3 IV characteristics showing the regions of modulation voltage for DCO-OFDM 
modulation for LED-A, LED-B and LED-C. 

 

Table 1. DCO-OFDM test conditions and characteristics for LED-A, LED-B and LED-C 

Measurements Parameters LED-A LED-B LED-C 

Wavelength λ (nm) 515 550 596 

f3dB  (MHz) 540 350 150 

Channel bandwidth (MHz) 1000 1000 150 

AWG fs (GS/s) 8 8 1.2 

Oversampling 4× 4× 4× 

OSC fs (GS/s) 25 25 6.25 

Nfft 512 512 512 

NCP 16 16 16 

Figure 5-4a, b and c show the strong EL spectra of our semipolar green, yellow and amber 

LEDs, for example, measured at 10 mA, where their EL emission images are also provided 

in their individual inset. The results demonstrate that a reduction in intrinsic piezoelectric 
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polarisation due to the growth along the (112!2) orientation compared with c- plane III-nitride 

LEDs allows these long wavelength LEDs (up to amber) to be still good enough to enable 

high data transmission rate performance. After channel estimation as described above, optical 

SNR profiles have been measured on our semipolar green, yellow and amber LEDs, which 

are shown in Figure 5-4d, e and f, respectively. Optical SNR profiles have been measured 

under different current densities, for example, 92 to 230 A/cm2 for LED-A and LED-B, and 

23 to 92 A/cm2 for LED-C. In each case, the initial 0.5 V peak-to-peak waveform from the 

AWG is amplified by 25 dB to ~8.9V. The maximum voltage swing capable by the AWG is 

kept constant to ensure a full DAC dynamic range can be utilised. LED-A and LED-B use 

the maximum available bandwidth by the AWG when a 4 × oversampling factor is used. It 

is possible to further increase the channel bandwidth by lowering the oversampling factor or 

by using an AWG capable of a higher sample rate. The former is not ideal since this may 

reduce SNR and also introduce aliasing and phase distortion effects at a receiver. Therefore, 

a 4 × oversampling factor is chosen here at the expense of channel bandwidth. Due to the 

increased indium content in LED-C, the modulation bandwidth is lower than those of LED-

A and LED-B22 as well as the SNR per subcarrier.  
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 5-4 EL spectra of LED-A (a), LED-B (b), and LED-C (c) LEDs measured at 10 mA, 
where their EL emission images are also provided in their individual inset; optical SNR 
profiles demonstrating the SNR per subcarrier each adaptively loaded with a different 
number of bits at a target BER of Pb = 3.8 × 10−3 for LED-A (d), LED-B (e), and LED-C 
(f) LEDs, respectively. 
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To maximise BER performance, a reduced CB (which is reduced to 150 MHz) has been used 

for LED-C. With increasing current density, a similar effect to the eye diagrams as shown in 

Figure 5-1c has been observed. In general, for all the LEDs tested, the SNR per subcarrier 

profile becomes flatter at higher current densities due to an increase in the modulation 

bandwidth of the LEDs, resulting in better high-frequency performance. It is interesting to 

note that the lower current densities tested lead to slightly higher SNR closer to DC than at 

higher current densities. This is due to more of the available energy of the OFDM waveform 

being distributed among the lower frequencies than higher frequency subcarriers, resulting 

in a less flat profile. It is therefore important to choose a current density for adaptively loaded 

OFDM that has strong high-frequency performance but does not compromise in SNR at the 

low frequency subcarriers to maximise BER performance and data transmission rates. 

Therefore, 184 A/cm2, 138 A/cm2 and 92 A/cm2 have been chosen as the DC bias points for 

LED-A, LED-B and LED-C for adaptively loaded DCO-OFDM, respectively. The SNR for 

each subcarrier has been measured for the whole channel. SNR is directly related to BER 

performance and data transmission rate as shown in Equation 5-1 and Equation 5-2. 

Therefore, we will be able to modulate each subcarrier with a different number of bits 

(corresponding to a different M-QAM order). By doing so, we can modulate the higher SNR 

subcarriers with a higher M-QAM order and conversely a lower M-QAM order for lower 

SNR subcarriers. This allows us to maximise the data transmission rate without 

compromising BER performance. Using a target BER of 𝑃M 	= 3.8 × 10-#, i.e., the forward 

error correction (FEC) threshold standard for reliable communication, bits have been 

allocated to each subcarrier based on the SNR values at the chosen DC bias and have been 

provided in Figure 5-4d, e and f. The data transmission rate can be further improved with 

adaptive power loading in addition to bit loading which reduces crosstalk, this was attempted 

but no significant progress was achieved. 

Figure 5-5 shows the BER performance as a function of data transmission rate for the three 

LEDs at different current densities, allowing us to identify a maximum data transmission rate 

which can be achieved for each LED. Based on the BER value standard for reliable 

communication (i.e., the FEC value) which has also been provided, Figure 5-5 demonstrates 

that maximum data transmission rates of 4.22Gb/s, 3.72Gb/s and 336Mb/s have been 

achieved against BER performance of 1.8 × 10-#, 1.4 × 10-#,  and 3.6 × 10-#, for LED-

A, LED-B and LED-C, respectively. These results which have been achieved without the 

oscilloscope averaging function to represent a real-world VLC application. In general, either 

the lowest or highest of current density tested tends to lead to the worst results in terms of 

BER performance. This is likely due to the DC bias being either too high or too low for the 

modulation depth used in this study, resulting in modulating the nonlinear region of the LED 
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and thus distorting the modulated signal and increasing the BER. To the best of our 

knowledge, these results represent record data transmission rates for InGaN/GaN LEDs with 

a long emission wavelength, such as in the green and above green spectral range (>515 nm). 

Table 5-1 benchmarks our semipolar LEDs against the current state-of-the-art long 

wavelength (> 500 nm) InGaN LEDs reported for VLC applications and shows data 

transmission rate results where possible. 

 

Figure 5-5 BER performance as a function of data transmission rate for LED-A (a), LED-B 
(b), and LED-C (c) obtained at different current densities, allowing us to identify a 
maximum data transmission rate, which can be achieved for each individual LED. 

Table 5-1 Benchmarking Our Work against the Current State-of-the-Art Long-Wavelength 
InGaN LEDs Above 500 nm with Reported VLC Characteristics 

 

Year 

 

Ref. 
LEDs λ (nm) 

Bandwidth 

(MHz) 

Modulation 

Scheme 

Data rate 

(Gbps) 

 

BER 

2008 Ref. 25 c-plane 500 330 - - - 

2012 Ref. 26 c-plane 520 400 OOK-RZ 1.1 < FEC 

2014 Ref. 27 c-plane 500 463 - - - 

2016 Ref. 28 (112!2) 500 100 - - - 

2018 Ref. 29 c-plane 520 340 DCO-OFDM 2.16 <FEC 

2019 Ref. 30 c-plane 515 144 (-6dB) 
WDM, 

DCO-OFDM 
0.62 <FEC 

2020 Ref. 31 (20-21) 
427 

560 
410 - - - 

2020 Ref. 32 (20-21) 525 756 OOK-NRZ 1.5 <FEC 

2021 
This 

work 
(112!2) 

515 

550 

596 

540 

350 

150 

DCO-OFDM, 

OOK-NRZ 

4.22 

3.72 

0.34 

1.8 × 10-# 

1.4 × 10-# 

3.6 × 10-# 

3.0 3.5 4.0 4.510-5

10-4

10-3

10-2

10-1

3.0 3.5 4.0 4.5 0.2 0.3 0.4 0.5

B
it
Er
ro
rR
at
io
(B
ER
)

Data Rate (Gb/s)

92A/cm2

138A/cm2

184A/cm2

230A/cm2

FEC Threshold

LED-A LED-B LED-C

(a) (b) (c)

Data Rate (Gb/s)

92A/cm2

138A/cm2

184A/cm2

230A/cm2

Data Rate (Gb/s)

92A/cm2

138A/cm2

184A/cm2

230A/cm2
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Figure 5-6a shows the received power spectra of the adaptively loaded OFDM waveforms, 

measured at their respective maximum data transmission rates of 4.42 Gb/s, 3.72 Gb/s and 

336 Mb/s for LED-A, LED-B and LED-C respectively, as obtained using Equation 5-2. 

Comparing to the transmitted waveform before amplification (shown in black) a reduction in 

received power has been observed at higher frequency for each LED, following similarly to 

their respective SNR profiles.  

Figure 5-6b displays the equalised QAM constellations (using the channel estimation 

method) of three out of the total of 255 subcarriers at various points in the channel for each 

LED with their corresponding M-QAM order labelled. Figure 5-6b clearly indicates that 

lower frequency subcarriers can be modulated with a higher order M-QAM due to their 

higher SNR compared with the lower order M-QAM, higher frequency subcarriers. The SNR 

change with frequency is clearly evident due to the noisier profiles on the lower order M-

QAM constellations for all LEDs. However, due to the lower M-QAM order adaptively 

loaded on these subcarriers, we should still achieve similar BER performance to the higher 

SNR subcarriers. Figure 5-6b demonstrates that peak constellations of 128QAM, 128QAM 

and 8QAM have been achieved for LED-A, LED-B and LED-C, respectively. 

5.3 Summary 

In conclusion, record data transmission rates for VLC applications have been achieved by 

using our high-performance semipolar LEDs with a long emission wavelength of up to 

amber, which cannot be obtained using current c-plane III-nitride LEDs. The growth of III-

nitride LEDs along the (112!2) semipolar direction allows us to incorporate more indium into 

the InGaN quantum wells whilst also suppressing piezoelectric induced polarisation resulting 

in a higher bandwidth, SNR and therefore an enhanced data transmission rate. This allows 

multi-Gb/s speeds at longer emission wavelengths. Since all the LEDs utilise the same III-

nitride material system without the need for any down-conversion phosphors, a monolithic 

LED chip integration of white light Gb/s VLC and SSL could be potentially possible. Further 

improvement could involve reducing the size of the LEDs to micro-LEDs to further enhance 

the modulation bandwidth; however, this would reduce the SNR of single LEDs due to their 

lower optical power output. Integrating multiple arrays of different wavelength semipolar 

microLEDs could address these challenging issues. 
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(a)

(b)

Figure 5-6 Received power spectra of adaptively loaded OFDM waveforms measured at 
their respective maximum data transmission rates of 4.42 Gb/s, 3.72 Gb/s, and 336 Mb/s for 
LED-A, LED-B, and LED-C, respectively, and (b) equalized QAM constellations (using a 
pilot sequence) of three out of the total of 255 subcarriers at various points in the channel 
for each LED with their corresponding M-QAM order labelled. 
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Chapter 6: A study of the luminescence decay of a 

semipolar green LED for visible light 

communications by time-resolved 

electroluminescence 
Time resolved photoluminescence (TRPL) is often used to study the excitonic dynamics of 

semiconductor optoelectronics such as the carrier recombination lifetime of III-nitride LEDs. 

However, for any real-world application that requires light emitting diodes (LEDs) under 

electrical injection, TRPL suffers an intrinsic limitation due to the absence of taking carrier 

transport effects into account. This becomes a severe issue for III-nitride LEDs used for 

visible light communications (VLC) since the modulation bandwidth for VLC is determined 

by the overall carrier lifetime of a LED, not just its carrier recombination lifetime. Time 

resolved electroluminescence (TREL), which can characterize the luminescent decay of a 

LED under electrical injection to simulate real-world conditions when used in practical 

applications, is required. Both TRPL and TREL have been carried out on a semipolar LED 

and a standard c-plane LED (i.e., polar LED) both in the green spectral region for a 

comparison study. The (112!2) green semipolar LED exhibits much faster differential carrier 

lifetimes than the c-plane LED. In addition to a fast and a slow exponential component of 

0.40 ns and 1.2 ns which are similar to those obtained by TRPL, a third lifetime of 8.3 ns due 

to transport related effects has obtained from TREL, which has been confirmed by 

capacitance measurements. It has been found that the overall carrier lifetime of a c-plane 

LED is mainly limited by resistance-capacitance (RC) effects due to a junction capacitance, 

while it is not the case for a semipolar LED due to intrinsically reduced polarization, 

demonstrating the major advantages of using a semipolar LED for VLC.  

6.1 Introduction 
There is an increasing demand for developing a VLC technology which is based on a visible 

emitter (either LED or laser diode) as a transmitter, an emerging wireless communication 

technology offering a complementary approach to RF based Wi-Fi and 5G. As a result of 

using visible light whose wavelength is much shorter than those of RF, the frequency 

bandwidth exhibits more than three orders of magnitude larger than those for RF. It has been 

predicted that VLC provides a long-term solution to the looming radio frequency (RF) 

‘spectrum crunch’ due to a substantial increase in data demand.1  
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The data transmission rate is determined by the bandwidth of a transmitter and the signal-to-

noise ratio (SNR) of the channel. A high data transmission rate requires a visible emitter with 

both high output power and a short carrier lifetime. TRPL is a powerful tool for 

characterizing a carrier recombination lifetime but is fundamentally confined to the active 

region of an emitter and does not contain information about carrier transport through the 

emitter structure, active region carrier density or performance when considering real-world 

LED applications under biasing conditions (i.e., electrical injection).2-4 Therefore, it is crucial 

to explore a method which allows us to study the carrier dynamics of an emitter under biasing 

conditions for VLC applications. 

 

In general, the modulation bandwidth of a LED (labelled as 𝑓#'2) is inversely proportional 

to the overall carrier lifetime of a LED (labelled as t), i.e., 𝑓#'2µ 1/t  , which can be described 

in more detail by Equation 6-1 given below: 

 𝑓#'2µ	
1

tDKD>L
=

1
t=>'

+
1

t4K4-=>'
+

1
tH8

 (6-1) 

where t=>' is the lifetime due to radiative recombination and t4K4-=>' the lifetime due to 

non-radiative recombination. It is worth highlighting the 3rd component labelled as tH8  is the 

lifetime due to the junction capacitance of an emitter, i.e., the so-called RC effects (i.e., 

resistance labelled as R and junction capacitance labelled as C). The junction capacitance of 

an emitter depends on its dimension. A standard III-nitride LED is > 300 µm × 300 µm. 

Generally speaking, an emitter with an area of < 100 µm2 is not limited by tH8  as the carrier 

lifetime dominates the modulation response rather than the geometrical capacitance.5-8 

However, broader area LEDs are desirable in terms of easier fabrication, higher optical power 

and cheaper integration solutions. It is essential to consider tH8  if broad area LEDs are used 

for VLC applications. 

 

t=>' and t4K4-=>' are normally studied and can be separated by means of using temperature 

dependent TRPL measurements with the assumption that t4K4-=>' is negligible at a low 

temperature.4 This method, while being sufficient for the optical investigation of an emitter 

under optical pumping conditions, does not tell the whole story for an emitter under biasing 

conditions since TRPL completely neglects carrier transport effects. Moreover, since TRPL 

is performed under optical pumping, it is challenging to quantify the carrier density in the 

active region of an emitter. Therefore, t=>' only provides an approximate characterization 

since t=>' = 1/𝐵𝑁 where B is the recombination coefficient and N is the carrier density.9 

There is an alternative to TRPL, namely, time-resolved photocurrent (TRPC) which has been 

applied to the investigation of transport effects of GaInP solar cells.10 For VLC applications, 
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electroluminescence measurements are essential. TRPL has also been studied on LEDs whilst 

simultaneously under electrical bias, which gives insight on the suppression of QCSE fields 

in semipolar devices.10 
 

In an ideal case, the luminescent decay of a LED should be characterised under electrical 

injection to simulate real-world conditions when used in practical applications. Therefore, 

TREL measurements as a function of bias allows us to accurately investigate the decay 

dynamics of a LED for practical applications, which is particularly important for VLC 

applications. TREL demonstrates two major benefits. The excitation signal (electrically 

injected square wave with an ultrafast falling edge) used for TREL can be described as a 

small perturbation compared to the DC bias used to electrically drive a LED, i.e., dR/dN. The 

resulting lifetimes measured are therefore differential lifetimes instead of carrier 

recombination lifetimes measured from TRPL, the latter being around 2-3 times smaller than 

the former.11,12 The carrier density in the active region can be then calculated by simply 

integrating the differential lifetime across the thickness of the active region. 

 

Differential carrier lifetime has been studied extensively using various methods for 

optoelectronics with most reports based on network analysers (VNAs), where both the 

impedance and the optical modulation response of a LED can be measured and both 

responses can be fit simultaneously to a physical model.12-16 The optical receivers are usually 

silicon-based photodetectors with either integrated transimpedance amplifiers or separate 

operational amplifiers which intrinsically suffer from low responsivity in the visible spectral 

range (for example, 0.1 A/W at 450 nm). As III-nitride emitters used as transmitters for VLC 

applications are approaching the limit of these detectors,17-19 recent efforts are focused on 

finding new alternatives for the receivers in VLC characterization systems. By means of 

using a combination of time-correlated single photon counting (TCSPC) electronics and 

hybrid photomultiplier tubes (PMTs) which are similar to what are used in TRPL, we can 

establish an electrically injected time resolved system that exhibits high sensitivity with 

impulse responses < 50 ps compared with conventional photodetectors used in frequency 

domain systems. 

 

There are also key issues associated with commercially available LEDs used for VLC. 

Commercially available white LEDs are typically fabricated by using polar orientated III-

nitride blue LEDs grown on c-plane substrates coupled with yellow phosphors as conversion 

layers, where such a LED suffers greatly from strain induced piezoelectric fields across the 

InGaN/GaN multiple quantum well (MQW) emitting region.20,21 The blue LEDs experience 

a reduced overlap between the electron-hole wavefunctions, leading to a long radiative 
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recombination time and thus low quantum efficiency, i.e., the quantum confined stark effect 

(QCSE). The colour conversion process is also very slow, resulting in increased response 

lifetimes.22 Replacing the phosphor layers by longer wavelength emitters such as yellow or 

red LEDs results in an even larger strain across the InGaN MQWs and therefore an enhanced 

QCSE, which further increases the carrier recombination lifetime. Growing III-nitride LEDs 

along a semipolar or nonpolar orientation, such as the LEDs grown on (112!2) semi-polar 

substrates, have been proposed to naturally minimise or even eliminate the QCSE, effectively 

increasing the recombination rate.23 The (112!2) orientation also facilitates the enhancement 

of indium incorporation into InGaN enabling longer wavelength emitters along with a 

reduction in polarisation.24  

 

Recently, we have demonstrated record breaking modulation bandwidths and multi-Gb/s data 

transmission rates for our large area semipolar LEDs up to the amber spectral region.12, 26 In 

this chapter, we explore further into the nature of semipolar LEDs due to reduced polarisation 

and their benefits for VLC. Both TREL and TRPL measurements have been performed on 

two different kinds of green LEDs, one grown on c-plane sapphire, whilst the other grown 

on our high-quality semipolar (11-22) GaN overgrown on m-plane sapphire substrates.25 

Interestingly, we have found that even though RC measurements suggest that both the c-

plane LED and the semi-polar LED should be limited by tH8 , only the c-plane LED suggests 

tH8  is a limiting factor while the TREL data from the semipolar LED are comparable to their 

TRPL results. Our results have shown that the semipolar LED demonstrates an increased 

recombination rate compared with the c-plane LED. More importantly, it has been found out 

that RC effects exhibit less contribution to the overall carrier lifetime for the semipolar LED 

than that for the c-plane LED, demonstrating the major advantage of using semipolar LEDs 

for VLC applications compared with c-plane LEDs. 

6.2 Experimental setup conditions 

6.2.1 LED fabrication 

Two different kinds of green LEDs have been used in the present study: one standard LED 

on c-plane sapphire and one (112!2) semipolar LED on our high-quality semipolar (112!2) 

GaN overgrown on m-plane sapphire.25,27,35 The c-plane LED consists of 7 periods of 

In0.25Ga0.75N/GaN MQW structures (well: 2.5 nm and barrier:13.5 nm). For the semipolar 

LED, please refer to our previously published papers. 25, 27, 35 A 3 nm single quantum well 

sandwiched between two 9 nm thick quantum barriers was used as an emitting region for the 

semipolar LED, and the nominal indium content is 29 %. LEDs with a typical dimension of 

330 ´ 330 µm2 have been fabricated using a standard photolithography and dry-etching 

method. A 100 nm thick ITO film was deposited on top of the device to form a transparent 
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p-contact and then annealed using rapid thermal annealing (RTA). A Ti/Al/Ti/Au stack was 

thermally evaporated onto the n-GaN to form the n-contact. Finally, Ti/Au was deposited on 

both contacts to form the p- and n- electrodes. 

6.2.2 Time resolved photoluminescence 
A pulsed 375 nm laser diode with a 50 ps pulse width and a repetition rate of 16 MHz is used 

as an excitation source. The laser spot size is focussed to 2 µm diameter using a NUV 0.43NA 

infinity corrected objective lens. The emission is collected through the same lens and coupled 

into a multimode fibre. The light is then dispersed through a monochromator before focusing 

onto a hybrid PMT. The overall system has an approximate timing resolution of 15 ps and 

an instrument response time of 150 ps which is deconvolved from each measurement. 

6.2.3 Time resolved electroluminescence 
An excitation signal consisting of a 10 MHz (1MHz for the c-plane LED) square wave with 

amplitude 500 mV (peak-to-peak) is created using an arbitrary waveform generator (AWG). 

An identical waveform is created on the adjacent AWG channel and used as a trigger for a 

TCSPC timing electronics system. The excitation signal is combined with a DC bias from a 

power supply through a 12 GHz bias tee. A 40 GHz RF probe is then used to deliver the 

resulting RF + DC signal to the LED under test. To monitor the input electrical pulse that 

includes the effect from the cables, bias tee etc., the signal is first connected to a 6 GHz 

oscilloscope before the LED. After initial checks, the resulting modulated LED emission is 

collected through a 50 x magnification, 0.42 NA infinity corrected objective. A 50:50 beam 

splitter is used to split half the collimated light onto a charge coupled device (CCD) camera 

(for aligning, probing etc.) using a lens tube while the other half is coupled into a multimode 

fibre using a parabolic collimator. The light is then dispersed through a diffraction grating in 

a monochromator and then focussed onto a hybrid PMT for TCSPC measurements. A flip 

mirror is used to switch between the PMT and a CCD for spectral measurements. Timing 

synchronisation is achieved by combining TCSPC electronics with the falling edge of the 

trigger signal from the AWG and hybrid PMT measurements. 

6.3 Results and discussion 

Figure 6-1a shows the current-voltage (I-V) characteristics of both the semipolar LED and 

the c-plane LED, indicating turn-on voltages (measured at 20mA) of 4.3 V and 2.5 V with 

corresponding series resistances of 36 W and 22 W for the semipolar LED and the c-plane 

LEDs, respectively. Figure 6-1b exhibits the capacitance and resistance of these two LEDs 

measured using a precision LCR meter at 1 MHz in a parallel circuit mode, where the 

capacitance of a LED is given by its depletion capacitance below 0 V.26 Therefore, the RC 

time constant of each LED can be obtained using the series resistance and the depletion 
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capacitance under negative bias. In this case, capacitance values of 194 pF and 173 pF have 

been measured at -2 V, corresponding to RC time constants of 7.0 ns and 3.8 ns for the 

semipolar LED and the c-plane LEDs, respectively. It is worth highlighting that these values 

are an approximate for the real RC lifetime and only serve as a lower limit due to the 

nonlinearity of the devices. Based purely on these measurements, however, if the carrier 

lifetime is in fact found to be dominated by the RC lifetime (as the typical size of a standard 

LED is > 300 × 300 µm2) when electrically injected, we would expect the c-plane LED to 

exhibit a faster decay time when measured on the time-resolved system. Figure 6-1c and d 

show the EL spectra of the two LEDs measured as a function of injection current for the 

semipolar LED and the c-plane LEDs, respectively. At 100 mA, both LEDs exhibit similar 

peak wavelengths of 507 nm and 514 nm for the semipolar LED and the c-plane LEDs, 

respectively. Due to the reduced QCSE, the emission wavelength shift of the semipolar LED 

is only 7 nm, compared with 40 nm from the c-plane LED when measured between 1 and 

100 mA as shown in Figure 6-1e. Similarly, Figure 6-1f displays that the full width at half 

maximum (FWHM) of the semipolar LED experiences a 3 nm narrowing at injection current 

up to around 60 mA due to the naturally reduced polarisation and then broadens slightly at 

higher injection currents mainly due to band filling effects. In contrast, the c-plane LED 

experiences a 11 nm broadening between 1 and 100 mA due to QCSE and band filling effects. 

This has been often observed in III-nitride c-plane LEDs.  
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Figure 6-1 (a) Electrical and optical characteristics of the semipolar LED and the c-plane 
LED: I-V curves and series resistance; (b) capacitance (solid) and resistance (dashed) 
measured using an LCR meter in a parallel circuit mode at 1 MHz; (c) EL spectra of the 
semipolar LED as a function of injection current ; (d) EL spectra of the c-plane LED as a 
function of injection currents; (e) peak wavelength shift of both LEDs as a function of 
injection current, (f) FWHM of the EL spectra of the both LEDs as a function of injection 
current. 
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Figure 6-2a shows the results of TRPL measurements performed on both samples measured 

at room temperature. A bi-exponential model is typically employed to fit the decay trace of 

InGaN, namely, a fast and slow exponential component to fit the decay traces.2-4,29,30 This 

behaviour is usually due to two radiative recombination channels contributing the decay. The 

exciton binding energy of GaN is large (> 26 meV), meaning that room temperature excitons 

and carrier localisation effects are the main factors contributing towards the bi-exponential 

nature of the decay. 31-33 The extracted lifetimes from the TRPL data are 0.44 ns and 1.3 ns 

for t1 and 1.2 ns and 6.3 ns for t2 corresponding to the semipolar and c-plane LEDs, 

respectively. It is clear that the semipolar LED exhibits much faster lifetimes for both fast 

and slow components which are attributed to a reduction in QCSE, allowing an enhanced 

recombination rate. However, for VLC applications which require fast LED switching speeds 

under electrical injection, TRPL results are not enough to confirm high performance, as 

TRPL neglects carrier transport effects through the LED structure. We therefore extend this 

measurement further by electrically injecting the device and observing the 

electroluminescence decay dynamics over time. Figure 6-2b and Figure 6-2c show the results 

of TREL decay traces of the two LEDs both measured at room temperature, which will be 

discussed later on.    

 

 

Figure 6-2 TRPL decay traces and fitting with a bi-exponential model showing extracted 
lifetimes for both the semipolar LED and the c-plane LED. (a); TREL decay traces for the 
semipolar LED (b) and c-plane (c) LED with the same bi-exponential model applied with 
associated extracted lifetimes. The corresponding amplitude coefficients are (a) 𝐴! =
3954,  𝐴" = 1175 and 𝐴! = 4467,  𝐴" = 159 for the c-plane and semipolar LED 
respectively. (b) 𝐴! = 5454,  𝐴" = 950 and (c) 𝐴! = 341,  𝐴" = 99. 



A study of the luminescence decay of a semipolar green LED for visible 
light communications by time-resolved electroluminescence 

 

91 

 

Figure 6-3a shows the experimental setup for our TREL system. Figure 6-3b shows a typical 

example for an electrical input waveform generated by an AWG as an excitation source and 

the resulting histogram waveform acquired over time from a PMT detector displaying the 

LED recombination dynamics. For the semipolar LED, a 500 mV (peak-to-peak) waveform 

with a repetition rate of 10 MHz (100 ns) is used as an excitation source while an identical 

but less frequent 1MHz (1000 ns) source is used for the c-plane LED. The modulation voltage 

drop across the device is slightly lower due to the series resistance of both LEDs being less 

than the system impedance of 50 Ω. The lower frequency for the c-plane LED is necessary 

for the device to reach a steady state before measuring decay dynamics. In any time-resolved 

system, the instrument response function (IRF) needs to be taken into consideration. Since it 

is very difficult to directly measure the IRF of a system such as this which takes both the 

electrical and optical side into account simultaneously (this would require a probe-able, 

electrically injected emitter operating at > 500 nm with picosecond response times), we 

outline the response times of each major component in the system in Table 6-1 which should 

serve as a good approximation of the IRF. The IRF is approximated to be ~67 ps calculated 

using the sum of the squares of each of the component’s response time. 

 

 

Figure 6-3 Schematic of our TREL system (a); and typical electrical input signal (red) from 
an AWG measured on an RF oscilloscope and measured output (blue) from A PMT (b). 
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Table 6-1 Response time of each component of our TREL system to estimate the 
instrument response function (IRF). Data taken from equipment datasheets. 

Component Response time (ps) 

AWG 22 

Bias Tee 30 

TCSPC electronics 6.5 

RF probe 25 

PMT <50 

RF cables 38 

 

Figure 6-2b and Figure 6-2c show the TREL traces of the two LEDs and their corresponding 

fitting results for a typical waveform biased at 50 mA for both LEDs. Initially, a bi-

exponential model as we used for TRPL was employed to fit the decay curves of both LEDs, 

aiming to approximately compare the two types of measurements. In this case, the extracted 

lifetimes from the TREL data are 0.72 ns and 19 ns for t1 and 7.2 ns and 57 ns for t2 

corresponding to the semipolar LED and the c-plane LEDs, respectively. This direct 

comparison shows that there are much larger differences between the two LEDs compared 

to TRPL, with the semipolar LED experiencing similar but slightly higher lifetimes than on 

TRPL and the c-plane LED showing much higher lifetimes.  In addition to the bi-exponential 

behaviour commonly observed in InGaN photoluminescence decay stemming from different 

radiative recombination channels such as excitonic contributions and carrier localization, a 

slower third term encompassing various carrier transport related recombination in the 

cladding and barrier layers, defects and junction capacitance-related effects is added. These 

mechanisms governing the third term are conceptualised in Figure 6-4. 

 

Figure 6-4 Transport effect concept. (a) Equivalent circuit showing four possible current 
paths and (b) band diagram with carrier dynamic mechanisms. 
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The circuit is based on a report by Masui et al which aims to model the differences between 

EL and PL results for InGaN/GaN LEDs34. The model assumes four main current paths for 

the LED: current leakage, radiative, non-radiative and carrier overflow. Resistor 1 (R1) 

represents current leakage due to crystal defects, surface defects, traps etc… and is expected 

to be relatively large as the leakage current in the semipolar LEDs is low. Diode 1 (D1) 

considers current flow due to radiative recombination only, and conversely Diode 2 (D2) 

represents current flow due to non-radiative recombination such as SRH and Auger 

recombination. Finally, Resistor 2 (R2) represents carrier overflow. A switch is introduced 

for this branch as a specific voltage is needed for carrier overflow to take place i.e., to 

overcome the QW barrier potential. These carrier transport mechanisms into and out of the 

active region could be potential reasons for the third term in the EL decay of the semipolar 

LED compared with the PL decay.  

 

Figure 6-5a and b show the TREL traces of the semipolar LED measured under high and low 

injection current at room temperature, respectively, where a tri-exponential fitting given as 

below is used for each dataset.  

 
𝑦 = 𝐴!𝑒

-D
t* + 𝐴"𝑒

-D
t+ + 𝐴#𝑒

-D
t, ,	 (6-2) 

where t1, t2 and t3 refer to the fastest, fast and slow components along with their 

corresponding amplitude coefficients 𝐴!, 𝐴" and 𝐴#, respectively. Each dataset comprises of 

different DC biases ranging from 50 µA to 100 mA, the effect of this DC bias is apparent 

when observing the baseline counts for each curve. A 500 mV excitation source is added on 

top of each DC bias using a bias tee so that we can measure recombination dynamics from a 

steady state as a function of injection current. Between 50 and 200 µA the LED does not 

reach a steady state and exhibits extremely fast fall times after the excitation source from the 

AWG is switched off. This may be due to the excitation source being comparatively much 

larger than the DC bias level resulting in the excitation source negatively biasing the device 

and briefly creating an artificial current shaping circuit that introduces other dominant 

recombination mechanisms such as carrier sweep out, exceeding the response time of the 

system. Therefore, under very low injection current these mechanisms are out of the scope 

of this study. 
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Figure 6-5 TREL decay traces as a function of injection current for the semipolar LED at 
high injection (a) and low injection (b). Tri-exponential model fitted to the decay profiles 
with corresponding amplitudes (c) and extracted time constants (d) as a function of 
injection current. 

Figure 6-5c and d show the extracted lifetimes of the semipolar LED obtained using the tri-

exponential model. Above 3 mA, there are three clear lifetimes associated with the EL decay 

of the semipolar LED. In general, t1, t2 and t3 decrease with increasing injection current as 

expected since increasing current density increases the recombination rate and thus the 

decreases the carrier lifetime. t3, the slowest component, seems to be the most dominant 

lifetime at lower injection current but then slowly decreases in its contribution with 

increasing current as indicated by Figure 6-5d. At higher injection, t1 becomes the most 

dominant component followed closely by t2 and then t3. For example, at 50 mA the extracted 

lifetimes are 0.40 ns, 1.2 ns and 8.3 ns for t1, t2 and t3 respectively. The extracted lifetimes 

for t1 and t2 are of the same magnitude as those obtained from the TRPL measurements and 

comparable to other published data on semipolar LEDs.12,36. This suggests that this device is 

not limited by RC effects. The extracted lifetime t3 is responsible for carrier transport effects 

as it is comparable with the LCR meter measurement, i.e., the approximation for the RC 

lifetime. 
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Figure 6-6 : TREL decay traces as a function of injection current for the c-plane LED at 
high injection (a) and low injection (b). Tri-exponential model fitted to the decay profiles 
with corresponding amplitudes (c) and extracted time constants (d) as a function of 
injection current. 

Figure 6-6a and b show results obtained by applying the same tri-exponential model to the c-

plane LED in under high and low injection, respectively. t1 and t2 converge towards a single 

lifetime to around 12 ns below 60mA, while t3 is a much slower component, exhibiting 

between 0.1 and 1 µs as shown in Figure 6-6d. At higher injection, all three lifetimes 

converge towards a single lifetime i.e., a mono-exponential decay, slowly decreasing to 10 

ns at 100 mA. LEDs which typically experience a mono-exponential decay are essentially 

like an RC circuit, since the fall time is limited by transport effects. Interestingly, the RC 

characteristics measured on this device would suggest that the c-plane LED should perform 

better than the semipolar LED when measuring dynamics. This clearly is not the case, and 

the reduction in QCSE present on the semipolar LED has a much more dominant effect on 

the recombination lifetime and resulting decay dynamics than the RC measurements which 

are expected to be the dominant lifetime with LEDs of this size. 

6.4 Summary 

We have demonstrated the importance of using TREL measurements over TRPL 

measurements for VLC applications, as it is impossible to use TRPL to study transport effects 
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through a LED structure. A detailed comparison study has been conducted by performing 

TREL and TRPL on a semipolar LED and a c-plane LED both with an emission wavelength 

in the green spectral region. By performing TREL measurements under bias conditions, the 

transport effect on carrier lifetime has been studied. The semipolar LED was found to follow 

closely to a tri-exponential decay, with differential carrier lifetimes t1, t2 contributing 

towards radiative and non-radiative recombination and t3 encapsulating transport effects 

while the c-plane LED was reduced to a mono-exponential decay, indicating tH8  being a 

limiting factor.  
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Chapter 7: HEMT driven microLEDs and 

semipolar based microLEDs for visible light 

communications 
In previous chapters, research was focussed on the viability of semipolar light emitting diodes 

(LEDs) with a broad area for visible light communications (VLC). In parallel to this, 

microLEDs offer high modulation bandwidths when driven at high current densities. As 

explained in previous chapters however, microLEDs suffer from low efficiencies partly due 

to etching induced sidewall damage, which deteriorates further with decreasing LED 

diameter. In addition, since the microLEDs need to be injected with a high current density 

for high-frequency performance, conventional biasing methods through the pn-junction may 

not be sufficient or stable enough for long usage. In this chapter, we demonstrate an 

alternative method for the fabrication of microLEDs using a direct epitaxial approach which 

eliminates the need for dry etching and therefore any sidewall damage contributing to device 

performance degradation. We also directly grow the microLEDs on top of a AlGaN/GaN 

high-electron mobility transistor (HEMT) template, whereby LED emission is achieved by 

directly tuning its HEMT’s gate voltage. As a result, we have demonstrated an epitaxial 

integration of monolithic on-chip 20 µm microLED-HEMT with a record modulation 

bandwidth of 1.2 GHz when measured on our high-frequency setup. 

7.1 Introduction 
VLC is expected to be a complementary technology to the upcoming 5G infrastructure where 

current lower frequency radio frequency (RF) technology does not work such as in hospitals, 

schools, underwater communications etc1. The modulation bandwidth of current solid state 

lighting (SSL) technology is the crucial barrier which restricts the implementation of VLC 

today. In general, the LED modulation bandwidth is determined by the larger of the 

resistance-capacitance (RC) time constant (derived from device geometry and parasitics) and 

the carrier recombination lifetime. If we consider a typical blue InGaN/GaN multiple 

quantum well (MQW) LED with a 100 nm active region, the RC time constant can be 

estimated using Equation 7-1: 

 𝑅𝐶 = 𝑅(
𝜀𝜀+𝐴
𝐿
) (7-1) 

where R is the electrical impedance, A is the LED area, L can be estimated as the active 

region thickness, e is the GaN dielectric constant (i.e., around 9) and e+ is the vacuum 

permittivity. Equation 7-1 suggests that the RC time constant reduces with a smaller LED 
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area. Assuming an impedance of 50 W, reducing the LED area from a standard sized 330 × 

330 µm2 to π10"	µm" (for a 20	µm diameter circular LED) corresponds to an RC time 

constant of 10ns and 0.05ns for the larger and smaller sizes, respectively. As a result, the 

modulation bandwidth (~1/2πRC) increases to > 10 GHz for a 20 µm microLED. 

 

This calculation however assumes the carrier recombination lifetime of the LED is less than 

0.05 ns, which is not the case for commercially available blue LEDs which are on the order 

of 10 ns under normal operating conditions. For microLEDs, efforts are therefore targeted 

towards improving the carrier lifetime of the LEDs which currently dominates the overall 

modulation bandwidth over the RC time constant. Driving the LED at a very high current 

density on the order of kA/cm2 is a simple solution to improving the carrier lifetime. In order 

to do this for extended periods of time however, the microLED quality is essential. 

Conventional methods of III-nitride microLED device fabrication involve dry-etching 

techniques2–6 which unavoidably introduce significant etching induced sidewall damage. 

These damages dramatically reduce device performance and introduce many problems when 

driving the microLEDs at higher current densities which is a requirement for VLC7,8. Even 

worse so, this effect is significantly enhanced when reducing the LED dimension below 20 

µm9–11. In recent work, evidence suggests microLEDs typically exhibit a lower EQE than 

broader area LEDs with diameters exceeding 100 µm12,13. Advanced atomic layer deposition 

(ALD) techniques have been recently used for surface passivation to reduce sidewall 

damages but the improvements however are minimal14,15. Using traditional dry-etching 

methods therefore will make fabrication of micro-LEDs with high performance extremely 

difficult to produce. Etching induced sidewall damages may be one of the fundamental 

reasons the modulation bandwidth of microLEDs on industry compatible c-plane substrates 

is currently limited to 1 GHz.  

 

In addition to sidewall issues, another problem arises when driving the LEDs at high current 

densities which is needed for VLC. For general SSL applications, LEDs need not be driven 

beyond 10 A/cm2 and as a result stable operation is possible across the p and n layers. For c-

plane LEDs suited for VLC applications however, current densities on the order of kA/cm2 

is needed for high frequency performance5,16 and in this case, conventionally biasing the 

devices across their PN junction may not be good enough. To address these issues, we 

propose to integrate an AlGaN/GaN HEMT and a microLED together. The biasing methods 

for a standard LED is shown in Figure 7-1a and for our proposed HEMT-LED in Figure 7-1b. 

For a conventional LED, when driven at high current densities a small change in forward 

voltage results in a significant change in injection current density which is very difficult to 
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control. Conversely, for a HEMT-LED the injection current into the LED can be easily 

controlled by simply tuning the gate voltage of its HEMT. As the HEMT epi structure is 

grown before the LED structure, the integration is known as LED-on-HEMT. Another 

configuration is HEMT-on-LED, whereby a HEMT epi structure is grown on top of the LED 

p-i-n structure and is subsequently etched down to n-GaN to separate the two devices as 

reported in other work17. Each configuration has its pros and cons, for example the LED-on-

HEMT structure demonstrated here has the advantage of easily creating a connection 

between the cathode of the LED and the source/drain of the HEMT. However, in this 

configuration the LED device quality may suffer when grown on a HEMT epi rather than 

conventional sapphire substrates and buffer layers. The HEMT-on-LED configuration would 

have the advantage of not affecting the LED performance, but the metal connection tracks 

have to span the entire thickness of the LED and HEMT, possibly resulting in packaging and 

scaling issues when considered for high resolution display and VLC applications. 

 

 
Figure 7-1 Conventional biasing method across the LED PN junction (a) and our proposed 
method of biasing the LED by tuning its HEMT’s gate voltage (b). 

7.2 Growth 

Recently, our group has demonstrated a direct epitaxial approach to achieving ultra-small 

microLEDs with a record external quantum efficiency (EQE)18,19. Using SiO2 masks on n-

GaN to form micro-hole array templates, microLEDs form naturally inside the micro-hole 

arrays without the need of any dry-etching processes and therefore eliminate any sidewall 

damage. Here we extend this growth method further by forming the SiO2 masks on an 

AlGaN/GaN HEMT template with the purpose of achieving monolithically integrated single 

HEMT-microLED devices on industry compatible c-plane sapphire substrates.  

The process of preparing our micro-hole arrays on our AlGaN/GaN HEMT template is shown 

in Figure 7-2. Firstly, a 500 nm layer of SiO2 is deposited using plasma-enhanced chemical 

vapour deposition (PECVD). Photolithography processes are then used to develop the 

circular array on the SiO2 before inductive-coupled plasma (ICP) on the SiO2 to etch the 

micro-hole arrays. The diameter of each micro-hole is 20 µm with an edge-to-edge spacing 



HEMT driven microLEDs and semipolar based microLEDs for visible light 
communications 

 

103 

 

of adjacent micro-holes of 25 µm. Then, using the newly developed micro-holes as masks, 

ICP is used again to etch into the HEMT template within the micro-hole regions by ³ 50 nm. 

As a result, the microLEDs will only grow in the selected micro-hole regions. The microLED 

structure is shown schematically in Figure 7-2c and is described as follows: a layer of n-GaN, 

30 periods of In0.05Ga0.95N/GaN superlattices (SLS) as a pre-layer, 5 periods of 

In0.25Ga0.75N/GaN MQWs (well: 2.5 nm; barrier: 13 nm) as an active region, a 20 nm p-

Al0.20Ga0.80N electron blocking layer and finally a 150 nm p-GaN layer. Making sure the 

overgrown n-GaN of microLEDs contacts the AlGaN barrier and GaN buffer ensures that 

each single microLED is electrically connected to the HEMT through the two-dimensional 

electron gas (2DEG) formed between the barrier and buffer layers. Finally, 40% Hydrofluoric 

acid (HF) is used after LED overgrowth to remove the SiO2 masks as shown in Figure 7-2d. 

 

Figure 7-2 Process steps of micro-hole arrays on AlGaN/GaN template: layer of SiO2 (a) 
after PECVD (b) after selective overgrowth of microLED arrays (c) removal of SiO2 using 
HF. 

A cross sectional scanning electron microscope (SEM) image of an overgrown 20 µm LED 

on our HEMT template is shown in Figure 7-3; clearly demonstrating the monolithic 

integration between the LED and HEMT. The LED protrudes slightly due to the removal of 

the SiO2 layer.  

 

Figure 7-3 SEM image of a 20 µm LED on our HEMT template. 
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7.3 Fabrication 
The detailed fabrication process for the HEMT-microLEDs is shown in Figure 7-4 and is 

performed directly after using HF to remove the SiO2 masks. Firstly, a photoresist mask is 

used to protect each individual microLED before using ICP to define the HEMT mesas 

(Figure 7-4a). Ti/Al/Ni/Au is then used as source contacts for the HEMT and is then annealed 

at 850°C in N2 ambient for 30 seconds (Figure 7-4b). A Ni/Au transparent current spreading 

layer (CSL) is then deposited as the p-contact on top of each microLED mesa and 

subsequently annealed at 570°C in air ambient for 2 minutes (Figure 7-4c). The p-contact 

metal is formed using Ti/Ai/Ti/Au (Figure 7-4d), and Ni/Au deposited for the gate contact of 

the HEMT (Figure 7-4e). A 800nm layer of SU8-2 polymer is spin-coated onto the sample, 

patterned and then hard-baked to serve as a passivation layer (Figure 7-4f). Finally, 

connection metal tracks are deposited consisting of Ti/Al/Ti/Au for probing (Figure 7-4g).  

 

Figure 7-4 Fabrication process for attaching electrodes to microLED and HEMT. 

A top-down view from an optical microscope of the fabricated HEMT-microLED is shown 

in Figure 7-4h with a zoomed in scanning electron microscopy (SEM) image displaying the 

circular gate of the HEMT surrounding the LED with length 2 µm, gate-to-source distance 2 

µm and gate width 88 µm. The anode pad is shown more clearly in the SEM image, situated 

on top of the current spreading layer (CSL) of the microLED. A square shaped mesa is 

defined for the whole HEMT-microLED device with two semi-circular shaped pads placed 

on top acting as the source for the HEMT. Metal connection tracks travel to probing pads 

from the gate, anode, and source suitable for our high frequency ground-signal-ground (GSG) 

air coplanar probes with a centre-to-centre pitch of 100 µm.  

(h) Top view of fabricated HEMT-microLED
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7.4 HEMT-microLED characterisation setup 
Our high-frequency setup described in Chapter 3 was modified in order for us to test a three 

terminal device such as our HEMT-microLEDs. Figure 7-5 shows our experimental setup 

capable of measuring HEMT-microLEDs up to a frequency of 1.4GHz which is limited by 

our fibre coupled photoreceiver. A two-channel source meter, with channel 1 connected to 

the gate of the HEMT-microLED via the DC port of a bias tee. Channel 2 is then used to 

supply a voltage to the anode on top of the HEMT-microLED mesa. The small signal from 

the VNA is connected to the gate voltage via the RF port on the same bias tee. The resulting 

modulated and/or unmodulated electroluminescence is collected through the microscope 

objective and delivered to either a spectrometer or a photodiode with an integrated 

transimpedance amplifier which rejects DC photocurrent. All measurements are then 

recorded onto a computer. As a result, the IV and transconductance characteristics, 

electroluminescence spectra and frequency response of the HEMT-microLED can be easily 

and accurately measured. 

 

Figure 7-5 High-frequency characterisation system for HEMT-microLED showing 
electrical injection method and electroluminescence collection system. 
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7.5 Results and discussion 
7.5.1 Electrical 

A two-channel Keithley 2612B source meter was used for electrical measurements. Figure 

7-6 shows the typical IV and transfer characteristics of the integrated HEMT-microLED 

where the injection current into the LED is carefully controlled by the HEMT device. Figure 

7-6a shows the injection current into a single microLED as a function of anode voltage 

measured at different gate bias voltages from -1 to 7 volts which demonstrates typical HEMT 

characteristics. The mechanism of LED current supply is more clearly shown in the inset of 

Figure 7-6a, which shows the equivalent electrical circuit between the HEMT and microLED. 

The maximum current which the HEMT can provide to a single microLED is 45 mA, or ~ 

14.3 kA/cm2, indicating that our HEMT-microLED can sustain very high injection current 

densities whilst also confirming that the microLED is of high quality due to our novel 

overgrowth method. 

 

Figure 7-6 Typical IV characteristics of the HEMT-microLED with the electronic circuit as 
the inset (a) and the corresponding transfer characteristics (b). 

Figure 7-6b shows typical transfer characteristics of our HEMT-microLED. The 

transconductance (GV) is an electrical characteristic related to the change in input voltage 

across the gate of the microLED and the output current through the microLED. No current 

flows through the device with a gate voltage less than -5.4 V, after which the conductance 

increases rapidly. Our HEMT-microLED reaches a maximum transconductance of 132 mS 

at a gate voltage of -0.75 V and a fixed anode voltage of 10 V. The conductance sharply 

reduces after -0.75 V to around 20 mS at 1V gate bias; where a maximum output current of 

45 mA is measured. Due to these characteristics, our monolithically integrated HEMT with 
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a microLED allows us to carefully control the LED injection current through small variations 

to gate voltages. 

7.5.2 Optical 
Figure 7-7a shows the electroluminescence spectra from a single HEMT-microLED as a 

function of gate bias. The peak shifts from 510 nm to 480 nm with increasing gate voltage 

and clearly demonstrates that the microLED injection current (and therefore intensity) can 

be easily tuned using the gate voltage. Figure 7-7b demonstrates the possible advantages of 

integrating a HEMT as a driving mechanism for an LED for VLC applications. Firstly, the 

HEMT-microLED is biased with a fixed anode voltage of 15V and then the gate bias is 

varied. The output power is measured using a Thorlabs PM100D power meter at each gate 

bias level. The gate electrode is then left unbiased, and the anode voltage is varied so that the 

injection current is determined by the voltage across the PN junction and not from the gate 

bias as is the case in conventional LED driving systems. Once again, the output power is 

measured at each anode voltage step, since there are no changes in the system when changing 

the biasing method then the measured output powers can be directly comparable. Comparing 

the normalised output powers in the linear regime i.e, 20-80% of max intensity (annotated 

boxes in Figure 7-7b) needs a voltage swing of 4.5 V for the conventional biasing method 

(without a gate bias) and only 2V when the injection current is determined by the gate bias. 

Therefore, in this case, a smaller modulation swing is needed for such devices to reach similar 

signal-to-noise ratio (SNR) levels for complex modulation schemes such as DC-biased 

optical orthogonal frequency division multiplexing (DCO-OFDM). 

 

Figure 7-7 Electroluminescence (EL) spectra characteristics of HEMT-microLED measured 
at different gate voltages between -4 V and +1 V and a fixed anode voltage of 10 V (a). 
Measured light output power when biasing the LED with a HEMT (varying gate voltage) 
and without a HEMT (0 V gate bias) (b). 
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7.5.3 Frequency response 
The frequency response of our single HEMT-microLED is shown in Figure 7-8a, i.e., the 

normalised output power as a function of frequency measured under different gate bias 

conditions. The resulting current densities at different gate bias levels are also shown. At 0 

V gate bias, the HEMT-microLED exhibits a record breaking 1.2 GHz at 13.3kA/cm2 which 

is close to the maximum bandwidth achievable with this system. In addition, the small 

variations in gate bias from -4 to 0 volts, results in a 12.5 kA/cm2 and 954 MHz difference 

in current density and modulation bandwidth, respectively suggesting that small RF powers 

are needed to modulate the LED sufficiently for VLC applications such as DCO-OFDM 

where large modulations in light intensity are necessary to maximise the SNR at the receiver. 

Figure 7-8b shows a CCD view of our HEMT-microLED emitting strong cyan 

electroluminescence with annotations showing gate/anode injection methods to measure the 

frequency response. Table 7-1 compares this work to other state-of-the-art devices for VLC 

applications which clearly demonstrates the benefits of monolithic integration4,5,20-24.   

 

 

 

Figure 7-8 Frequency response of our HEMT-microLED measured at different gate 
voltages with a constant anode voltage of 10V (a). Optical microscope image of HEMT-
microLED when turned on (b). 
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Table 7-1 Benchmarking our monolithically integrated HEMT-microLED against other 
works. 

University 
Device Size 

(µm) 

Wavelength 

(nm) 

Current Density 

(kA/cm2) 

3 dB bandwidth 

(MHz) 

This work 20 480 13.3 1200 

Strathclyde5  24 450 16 830 

Xiamen19 30 448 14 160 

Strathclyde4 44 450 4.6 440 

NCU20 50 480 4.58 960 

Strathclyde21 72 450 1.24 245 

Tsing Hua22 75 500 1.13 463 

TSBI23 75 460 0.18 1060 

 

7.5.4 Semipolar microLEDs 
The logical step forward for the semipolar LEDs in this thesis is to shrink their diameters to 

the sub 100 µm scale to evaluate VLC performance. As discussed previously, these semipolar 

microLEDs should have superior performance when compared to their c-plane microLED 

counterparts. Initial results have been performed on semipolar green microLEDs ranging 

from 40 to 100 µm in diameter. The detailed fabrication process is shown in Figure 7-9. We 

firstly defined the mesa using photolithography and an inductively coupled plasma (ICP) etch 

down to the n-GaN layer. We deposited a transparent current spreading layer (CSL) on top 

of the mesa to ensure even current spreading and good light extraction. After annealing the 

CSL we deposited Ti/Al/Au layers for the p and n electrodes. To eliminate short circuiting 

of the p and n electrodes together we deposited a SiO2 passivation layer using PECVD. We 

then used ICP to create contact windows on the mesa and n-contact ring. Finally, we 

deposited metal for the probing pads and connection tracks to the electrodes. We chose a 

GSG electrode pad configuration to ensure RF isolation at higher frequencies (exceeding 

1GHz). 
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Figure 7-9 Fabrication process of our semipolar microLED. 

The initial electrical and frequency response characteristics are shown in Figure 7-10a and b, 

respectively. Clearly from the IV characteristics, the turn on voltage is very high, indicating 

a very high series resistance. We think this is possibly due to poor p-GaN activation and will 

need further investigation. However, for the smaller device, a high modulation bandwidth of 

671 MHz was achieved at a current density of 5.97 kA/cm2 as shown in Figure 7-10b. 

Optimising the fabrication process is crucial for better performance with these devices. 

 

Figure 7-10 Initial results of our semipolar microLEDs showing (a) IV characteristics and 
(b) frequency response. Inset shows pictures of a 40 µm and 100 µm when biased. 
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7.6 Summary 
In conclusion, we have employed our direct epitaxial approach to achieve small microLEDs 

on pre-defined micro-hole arrays formed by SiO2 masks on an AlGaN/GaN HEMT template, 

demonstrating an epitaxially monolithic on-chip integration of HEMT-µLED, where a single 

µLED with 20 µm diameter is modulated simply and stably by the gate bias of its HEMT 

instead of conventional biasing methods for LEDs. Furthermore, our approach has eliminated 

any dry-etching induced damages which current approaches cannot avoid. All these features 

have led to the demonstration of a single µLED with a record modulation bandwidth of 1.2 

GHz on industry-compatible c-plane substrates. Initial results reported on a green semipolar 

microLED show high bandwidth capabilities and demonstrates the potential of microLED 

semipolar emitters. 
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Chapter 8: Conclusion 
8.1 Conclusion 

The work presented in this thesis involved utilising and studying semipolar InGaN/GaN light 

emitting diodes (LEDs) unique advantages over conventional c-plane structures such as 

increased indium incorporation, reduced QCSE and shorter recombination lifetime to 

demonstrate viable, long wavelength visible light communications (VLC). In addition, 

monolithic on-chip integration of a c-plane microLED and HEMT was achieved using our 

novel direct epitaxy approach, which allows for stable, high current density operation due to 

the elimination of etching induced sidewall damage, which lead to the highest modulation 

bandwidth achieved with c-plane GaN LEDs at the time of publishing. 

8.1.1 Overview 

High Modulation Bandwidth of Semipolar (112!2) InGaN/GaN LEDs with Long 

Wavelength Emission 
Frequency response measurements presented the highest yet reported modulation bandwidths 

for respective wavelengths on our semipolar (112!2) LEDs. Modulation bandwidths of 540 

MHz, 350 MHz, and 140 MHz for our green, yellow, and amber LEDs were demonstrated, 

only possible due to our novel overgrowth technique allowing for crystal quality similar to 

conventional c-plane structures. This study confirms that the modulation bandwidth is 

significantly enhanced due to the intrinsically low polarisation present on the (112!2) 

semipolar plane and unlocks possibilities for VLC applications. 

Long-Wavelength Semipolar (112!2)  nGaN/GaN LEDs with Multi- Gb/s Data 

Transmission Rates for VLC 
Following on from the previous chapter, record data transmission rates of 4.22 Gb/s, 3.72 

Gb/s and 336 Mb/s for our green, yellow, and amber LEDs have been demonstrated, 

respectively. The exceptionally high data rates were achieved using adaptive bit loading DC-

biased optical orthogonal frequency division multiplexing (DCO-OFDM), a modulation 

scheme which exploits the limited bandwidth of our semipolar LEDs and maximises the data 

throughput. Data transmission rates as high as this cannot be achieved using commercial c-

plane GaN emitters at these wavelengths due to poor optical performance with increased 

indium compositions. The enhanced indium incorporation in (112!2) GaN means longer 

wavelength emitters can be achieved without sacrificing crystal quality and optical 

performance when lowering metal organic chemical vapour deposition (MOCVD) growth 

temperatures. As a result, in VLC applications, higher signal-to-noise ratio (SNR) values can 

be achieved which consequently lead to record breaking data transmission rates. 
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A study of the luminescence decay of a semipolar green LED for visible light 

communications by time-resolved electroluminescence 
Time resolved photoluminescence (TRPL) is a technique to study carrier dynamics in an 

LED structure but is fundamentally limited for VLC applications due to the absence of 

consideration for carrier transport effects. We demonstrated the significance of electrically 

injected temporal luminescence where transport effects are clearly shown in LED decay 

profiles when an appropriate model is used. A semipolar green LED was found to follow 

closely to a tri-exponential decay, with two lifetimes associated with radiative and non-

radiative lifetimes comparable to TRPL and a third lifetime attributed to transport effects as 

confirmed by inductance, capacitance, and resistance (LCR) measurements. A similar 

wavelength green c-plane LED was found to demonstrate a monoexponential decay with a 

single lifetime, indicating resistance-capacitance (RC) effects are a limiting factor. 

Direct Epitaxial Approach to Achieve a Monolithic On-Chip Integration of a 

HEMT and a Single Micro-LED with a High- Modulation Bandwidth 
Dry etching sidewall damages have been eliminated using our novel direct epitaxially 

approach when fabricating a 20 µm LED monolithically grown on a AlGaN/GaN high 

electron mobility transistor (HEMT) template. The LED can be modulated using the gate of 

the HEMT, allowing for sable, high current density operation. As a result, our integrated 

HEMT-microLED achieved a record modulation bandwidth of 1.2 GHz at 13.3 kA/cm2. 

8.1.2 Future work 

Replacing solid state lighting with monolithic RGB semipolar LEDs 
The most promising result from this thesis is that semipolar LEDs can cover most of the 

required visible light spectrum for adobe sRGB, offer very high bandwidth whilst also being 

relatively efficient. An interesting avenue to explore would be to try and integrate multi-

coloured semipolar LEDs on a common, silicon substrate in the hopes to achieve a monolithic 

RGB chip capable of replacing solid state lighting (SSL) for general illumination and serving 

as a data transmitter/receiver. The next step forward would be to try to grow the same 

templates on Si substrates rather than sapphire. After the recipe is optimised on Si, a fusion 

bonding process between three wafers each containing red, green, and blue epi structures 

could be implemented in order to achieve monolithic integration of the three colours. Similar 

packaging techniques used in SSL infrastructure today could then be adopted relatively easily 

since the RGB pixel pitch density should be much lower than standard, hybrid RGB LED 

packages. Modulation techniques which then take advantage of the different colours i.e., 

colour shift keying (CSK) as well as spectrally efficient techniques such as the schemes used 

in this thesis can be implemented at low cost. In parallel, similar processes can be used to 
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create microLED RGB displays suitable for small form factor displays such as watches, 

phones and heads-up-displays (HUD). 

HEMT-LED display for VLC 

Recently, using our novel direct epitaxy method, our group has developed a 8 ´ 8 HEMT-

microLED display fabricated monolithically on a single chip1. As each HEMT-microLED 

can be individually addressed, then in theory each LED could be modulated using the 

technique demonstrated in Chapter 5. Assuming each LED offers similar bandwidth to that 

of the device in Chapter 7, then an array of these devices will not only increase the SNR due 

to the increased output power but will also have a significantly increased modulation 

bandwidth as a result of the 64 devices. Efforts will therefore be focused on the designing a 

high-bandwidth CMOS driver for the display, as this is the only roadblock in realising VLC 

with this device. 

8.2 References  
 (1)  Cai, Y.; Zhu, C.; Zhong, W.; Feng, P.; Jiang, S.; Wang, T. Monolithically Integrated 

ΜLEDs/HEMTs Microdisplay on a Single Chip by a Direct Epitaxial Approach. Adv. 
Mater. Technol. 2021, 6 (6), 2100214. 
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Appendix 
This section gives the raw code for both DCO-OFDM and OOK modulation using 

MATLAB. DCO-OFDM is achieved using four main scripts: Program 1 generates fixed 

QAM modulation for channel estimation or simple fixed rate data transmission testing. 

Program 2 uses the data from Program 1 as well as the measured OFDM waveform measured 

from the LED on the oscilloscope and aligns them sample by sample using cross-correlation. 

Program 1 is then run again in full with the aligned waveform to calculate SNR and BER 

characteristics. Program 3 takes these measurements and adaptively loads bits to each 

subcarrier specified by its SNR and target BER value. Program 4 creates the adaptively bit 

loaded waveform for LED data transmission testing, and then Program 2 is used again to 

align the transmitted and received waveforms. Finally, Program 4 is run again in full with 

the aligned waveform to generate the adaptively bit loaded BER characteristics. The 

waveform is equalised using the channel response calculated in Program 1. 

8.3 MATLAB code for DCO-OFDM modulation 
8.3.1 Program 1: Fixed rate QAM and/or channel estimation 
%%-----------------------------------------------------------------1 
-------------------------------% 2 
  3 
% ---PROGRAM 1 - RUN THIS SCRIPT FIRST FOR CHANNEL ESTIMATION (or 4 
simple fixed rate modulation)---% 5 
  6 
%------------------------------------------------------------------7 
-------------------------------% 8 
  9 
% A MATLAB program that simulates DC biased optical OFDM (DCO-OFDM) 10 
for LEDs and creates waveforms  11 
% of suitable file format to experimentally demonstrate using a 12 
Tektronix AWG70k series AWG 13 
% Jack Haggar 2020 ¨© 14 
%------------------------------------------------------------------15 
-------------------------------% 16 
close all 17 
%% First define simulation parameters 18 
M = 4;                     % Modulation order (alphabet size or 19 
number of points in signal constellation) 20 
k = log2(M);               % Number of bits per symbol 21 
n = k*(64^2) ;             % Number of bits to process 22 
subs = 64;                 % Number of subcarriers 23 
cp = 16;                   % cyclic prefix length 24 
sps = 4;                   % Number of samples per symbol 25 
(oversampling factor) 26 
rolloff = 0.1;             % RRC filter rolloff 27 
filtlen = subs;            % Filter span in symbols 28 
n_pilot_frames = 2;        % number of OFDM pilot frames for 29 
channel estimation 30 
LED_SSB = 10;              % LED single sided bandwidth (in MHz, 31 
rough estimate for channel BW) 32 
amplifier_gain = 29;       % typical amplifier gain (dB) 33 
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voltage_pp = 14;           % desired peak-peak voltage swing after 34 
pre-amplification (V) 35 
DC_bias = 5;               % desired DC-bias used after pre-36 
amplification (V) 37 
%% System throughput 38 
%Data rate for the system is D = 2*B*spectral_Efficiency where B is 39 
the 40 
%single sided bandwidth of the system i.e. the LED + channel 41 
%The spectral efficiency is: 42 
spectral_efficiency = (k*(subs-2))/((2*(subs+cp)*(1+rolloff))); 43 
%and the data rate of transmission is: 44 
data_rate_Mbps = 2*LED_SSB*spectral_efficiency 45 
%% Generate data 46 
rng 'default'; 47 
%rng (1,'philox'); 48 
dataIn = randi([0 1],n,1); % Generate vector of binary data 49 
dataInMatrix = reshape(dataIn,length(dataIn)/k,k); 50 
dataSymbolsIn = bi2de(dataInMatrix); 51 
%% Take N/2-1 subcarriers, modulate using QAM, then perform 52 
hermitian symmetry 53 
%serial to parallel conversion 54 
subs_2= subs/2; 55 
dataSymbolsIn_new=reshape(dataSymbolsIn,[length(dataSymbolsIn)/subs56 
_2,subs_2]); 57 
dataSymbolsIn_new(:,subs_2)=[]; 58 
dataMod = 59 
qammod(dataSymbolsIn_new,M,'bin','UnitAveragePower',true); 60 
conj_dataMod=conj(dataMod); 61 
%Ensure hermitian symmetry in IFFT by setting x_0 and x_n/2 to 0 62 
a=zeros(length(dataSymbolsIn)/subs_2,1); 63 
b=zeros(length(dataSymbolsIn)/subs_2,1); 64 
X = [a dataMod b fliplr(conj_dataMod)]; 65 
figure; 66 
for i=subs/8:subs/8:subs % plot Tx symbols per subcarrier 67 
subplot(2,4,i/(subs/8)) 68 
plot(X(:,i),'.'); 69 
title(['SC#: ',num2str(i), '    f: ', num2str((LED_SSB/subs_2)*i), 70 
' MHz']); 71 
xlabel('In-phase'); 72 
ylabel('Quadrature'); 73 
end 74 
%% Perform IFFT, covert to serial signal then add cyclic prefix 75 
ifft_X=ifft(X,[],2); 76 
ifft_X_2=reshape(ifft_X,[],1); 77 
cp_vector=ifft_X_2(end-cp+1:end); 78 
cp_ifft_X=[cp_vector;ifft_X_2]; 79 
  80 
%% Perform oversampling using a SRRC filter to satisfy Nyquist 81 
limit 82 
rrcFilter = rcosdesign(rolloff,filtlen,sps); 83 
txFiltSignal = upfirdn(cp_ifft_X,rrcFilter,sps,1); 84 
  85 
%% Clipping the time domain signal in the range [-3?…,3?…] in order 86 
to not exceed LED dynamic range 87 
%Calculate scaling factor (0-500mV) on the AWG for a desired 88 
voltage swing 89 
%after a 29dB amplification from SHF S126 A (This does add clipping 90 
noise 91 
%but should reduce BER) 92 
voltage_initial = voltage_pp*10^(-amplifier_gain/20); 93 
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txFiltSignal = normalize(txFiltSignal,'range',[-94 
voltage_initial,voltage_initial]); 95 
standard_deviation = std(txFiltSignal); % time domain standard 96 
deviation (for clipping); 97 
txFiltSignal(txFiltSignal>3*standard_deviation)=3*standard_deviatio98 
n; % clipping of the signal positive 99 
txFiltSignal(txFiltSignal<-3*standard_deviation)=-100 
3*standard_deviation; % clipping of the signal negative 101 
pilot_signal = repmat(txFiltSignal,n_pilot_frames,1); % Creating 102 
pilot signal for channel estimation 103 
amplified_signal =  txFiltSignal.*(10^(amplifier_gain/20))+DC_bias; 104 
% for analysis purposes 105 
awg_samplerate_MSps = LED_SSB*sps*2 106 
%% Convert to AWG70002A compatible file - change sample rate on AWG 107 
% Retrieve IQ Data  108 
iData = real(txFiltSignal);  109 
qData = imag(txFiltSignal);  110 
% Create I Waveform  111 
Waveform_Name_1 = 'MyI_Waveform';  112 
Waveform_Data_1 = iData;  113 
Waveform_Sampling_Rate_1 = LED_SSB*sps*2*1e6; 114 
%LEDbandwdith*sps*2(Nyquist) 115 
Waveform_Signal_Format_1 = 'I';   116 
% Create Q Waveform  117 
Waveform_Name_2 = 'MyQ_Waveform';  118 
Waveform_Data_2 = qData;  119 
Waveform_Sampling_Rate_2 = LED_SSB*sps*2*1e6; 120 
Waveform_Signal_Format_2 = 'Q';  121 
% Save Files   122 
save('OFDM_signal_yellow_64qam.mat', '*_1', '*_2', '-v7.3');  123 
% Convert pilot waveform  124 
iData_p = real(pilot_signal);  125 
qData_p = imag(pilot_signal); 126 
% Create I Waveform  127 
Waveform_Name_3 = 'MyI_Pilot';  128 
Waveform_Data_3 = iData_p;  129 
Waveform_Sampling_Rate_3 = LED_SSB*sps*2*1e6;  130 
Waveform_Signal_Format_3 = 'I';   131 
% Create Q Waveform  132 
Waveform_Name_4 = 'MyQ_Pilot';  133 
Waveform_Data_4 = qData_p;  134 
Waveform_Sampling_Rate_4 = LED_SSB*sps*2*1e6; 135 
Waveform_Signal_Format_4 = 'Q';  136 
% Save Files   137 
save('OFDM_pilot_yellow_64qam.mat', '*_3', '*_4', '-v7.3');  138 
%% Creating the channel (for simulation purposes only) 139 
EbNo = 13;%*g; 140 
snr = EbNo + 10*log10(k) - 10*log10(sps); 141 
rxSignal = awgn(txFiltSignal,snr,'measured'); 142 
rxSignal_pilot = awgn(pilot_signal,snr,'measured'); 143 
%% Taking data from Sampling_conversion .m file (i.e. oscilloscope) 144 
comment out as desired 145 
% rxSignal_pilot = T3; 146 
% rxSignal = T1; 147 
%% Receiving the signal, downsampling and filtering 148 
rxFiltSignal = upfirdn(rxSignal,rrcFilter,1,sps);  % Downsample and 149 
filter 150 
rxFiltSignal = rxFiltSignal(filtlen + 1:end - filtlen); % Account 151 
for delay 152 
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rxFiltSignal_pilot = 153 
reshape(rxSignal_pilot,[length(pilot_signal)/n_pilot_frames, 154 
n_pilot_frames]); 155 
rxFiltSignal_pilot = upfirdn(rxFiltSignal_pilot,rrcFilter,1,sps); % 156 
Downsample and filter  157 
rxFiltSignal_pilot = rxFiltSignal_pilot(filtlen + 1:end - filtlen, 158 
:); % Account for delay 159 
%% removing cyclic prefix, convert to parallel then applying fft 160 
%Signal 161 
rxFiltsignal_nocp=rxFiltSignal(cp+1:end); 162 
rxFiltsignal_nocp1=reshape(rxFiltsignal_nocp,[length(rxFiltsignal_n163 
ocp)/subs,subs]);%S->P 164 
fft_X=fft(rxFiltsignal_nocp1,[],2); 165 
fft_X=normalize(fft_X); 166 
figure; 167 
for i=subs/64:subs/64:subs_2 % plot Rx symbols per subcarrier 168 
subplot(4,8,i/(subs/64)) 169 
plot(fft_X(:,i),'.'); 170 
title(['SC#: ',num2str(i), '    f: ', num2str((LED_SSB/subs_2)*i), 171 
' MHz']); 172 
xlabel('In-phase'); 173 
ylabel('Quadrature'); 174 
xlim([-1.2 1.2]) 175 
ylim([-1.2 1.2]) 176 
hold on 177 
plot(X(:,i),'r x','MarkerSize', 5,'linewidth', 3); 178 
end 179 
fft_X(:,(subs/2+1))=[]; 180 
fft_X(:,1)=[]; 181 
  182 
%Pilot 183 
rxFiltSignal_pilot_nocp = rxFiltSignal_pilot(cp+1:end,:); 184 
rxFiltSignal_pilot_nocp1 = 185 
reshape(rxFiltSignal_pilot_nocp,[length(rxFiltSignal_pilot_nocp)/su186 
bs,subs,n_pilot_frames]); 187 
fft_X_pilot=fft(rxFiltSignal_pilot_nocp1,[],2); 188 
fft_X_pilot(:,(subs/2+1),:) = []; 189 
fft_X_pilot(:,1,:) = []; 190 
fft_X_pilot=normalize(fft_X_pilot); 191 
%% Channel estimation and equalisation 192 
% Retrieve Pilot frame and split into single OFDM frames 193 
% Channel can then be estimated using a conventional mean estimator 194 
used in 195 
% Tsonev 2015 IEEE. Noise energy i.e. noise variance can also be 196 
estimated 197 
% from this technique and as a result the SNR per frequency 198 
subcarrier of 199 
% the channel can be calculated. 200 
X(:,(subs/2+1))=[]; 201 
X(:,1)=[]; 202 
sum_pilot = sum(fft_X_pilot,3); 203 
H_channel = sum_pilot./((n_pilot_frames).*X); 204 
channel_gain = (abs(H_channel).^2); 205 
equalised_signal = fft_X./H_channel; 206 
  207 
for i=subs/64:subs/64:subs_2 % plot Rx symbols per subcarrier 208 
subplot(4,8,i/(subs/64)) 209 
plot(equalised_signal(:,i),'.'); 210 
title(['SC#: ',num2str(i), '    f: ', num2str((LED_SSB/subs_2)*i), 211 
' MHz']); 212 
xlabel('In-phase'); 213 
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ylabel('Quadrature'); 214 
xlim([-1.2 1.2]) 215 
ylim([-1.2 1.2]) 216 
hold on 217 
plot(X(:,i),'r x','MarkerSize', 5,'linewidth', 3); 218 
end 219 
%% SNR calculation 220 
evm = comm.EVM; 221 
CF = 2.6; %crest factor (calculate from constellation M-QAM) 222 
rmsEVM1 = evm(X,fft_X); 223 
SNR = -(CF+20*log(rmsEVM1/100)); 224 
SNR_data_for_P3=SNR(:,1:subs_2-1); 225 
%% Demodulate the equalised QAM constellation and calculate the BER 226 
dataSymbolsOut2 = qamdemod(fft_X,M,'bin','UnitAveragePower',true); 227 
dataSymbolsOut2 = dataSymbolsOut2(:,1:(subs/2)-1); 228 
dataSymbolsOut2 = dataSymbolsOut2(:); 229 
dataSymbolsIn_new = dataSymbolsIn_new(:); 230 
dataSymbolsOut3 = 231 
qamdemod(equalised_signal,M,'bin','UnitAveragePower',true); 232 
dataSymbolsOut3 = dataSymbolsOut3(:,1:(subs/2)-1); 233 
dataSymbolsOut3 = dataSymbolsOut3(:); 234 
dataSymbolsIn_new = dataSymbolsIn_new(:); 235 
% compare bits out to bits in to calculate bit error ratio (BER) 236 
[no_errors_before_eq,BER_before_eq] = 237 
biterr(dataSymbolsOut2,dataSymbolsIn_new); 238 
[no_errors_after_eq,BER_after_eq] = 239 
biterr(dataSymbolsOut3,dataSymbolsIn_new); 240 
  241 
fft_X_dataSC=fft_X(:,1:subs_2-1); 242 
fft_X_dataSC_EQ=equalised_signal(:,1:subs_2-1); 243 
fft_X_pilot_dataSC=fft_X_pilot(:,1:subs_2-1); 244 
  245 
fft_X_dataSC =fft_X_dataSC(:); 246 
fft_X_dataSC_EQ = fft_X_dataSC_EQ(:); 247 
fft_X_pilot_dataSC = fft_X_pilot_dataSC(:); 248 
%% Plotting final graphs 249 
scatterplot(fft_X_dataSC); 250 
xlabel('In-phase'); 251 
ylabel('Quadrature'); 252 
title([num2str(round(data_rate_Mbps)), ' Mbps with BER = ' 253 
,num2str(BER_before_eq)]); 254 
hold on 255 
plot(dataMod(:,2),'r x','MarkerSize', 5,'linewidth', 3); 256 
scatterplot(fft_X_dataSC_EQ); 257 
xlabel('In-phase'); 258 
ylabel('Quadrature'); 259 
title([num2str(round(data_rate_Mbps)), ' Mbps with BER = ' 260 
,num2str(BER_after_eq)]); 261 
hold on 262 
plot(dataMod(:,2),'r x','MarkerSize', 5,'linewidth', 3); 263 
figure; 264 
plot(SNR_data_for_P3); 265 
title('SNR per subcarrier'); 266 
xlabel('Subcarrier Index'); 267 
ylabel('SNR (dB)'); 268 
 269 
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8.3.2 Program 2: Aligning Tx and Rx signals from AWG/oscilloscope
%%-----------------------------------------------------------------1 
-------------------------------% 2 
  3 
% --------------PROGRAM 2 - RUN THIS SCRIPT AFTER AQUIRING DATA 4 
FROM OSCILLOSCOPE-----------------% 5 
  6 
%------------------------------------------------------------------7 
-------------------------------% 8 
% A MATLAB program that simulates DC biased optical OFDM (DCO-OFDM) 9 
for LEDs and creates waveforms  10 
% of suitable file format to experimentally demonstrate using a 11 
Tektronix AWG70k series AWG 12 
% Jack Haggar 2020 ¬¨¬© 13 
%------------------------------------------------------------------14 
-------------------------------% 15 
close all 16 
%% First define syncronisation parameters 17 
AWG_Fs = 8e9;                    % AWG sampling rate 18 
OSC_Fs = 25e9;                   % oscilloscope sampling rate 19 
signal = -signal; 20 
pilot = -pilot; 21 
abl = -abl; 22 
abl_pilot = -abl_pilot; 23 
  24 
[P1,Q1] = rat(AWG_Fs/OSC_Fs);    % Rational fraction approximation 25 
T1 = resample(signal,P1,Q1);     % Change sampling rate by rational 26 
factor 27 
T2 = txFiltSignal;               % Input signal from PROGRAM 1 28 
T3 = resample(pilot,P1,Q1);     % Change sampling rate by rational 29 
factor 30 
T4 = pilot_signal;               % Input signal from PROGRAM 1 31 
%% Cross correlation function to compare input signal to scope 32 
signal SIGNAL 33 
[C1,lag1] = xcorr(T2,T1);                34 
figure                           % Plotting xcorr funtion 35 
plot(lag1/AWG_Fs,C1) 36 
ylabel('Amplitude') 37 
grid on 38 
title('Cross-correlation between Input and Output SIGNAL') 39 
%% Cross correlation function to compare input signal to scope 40 
signal PILOT 41 
[C2,lag2] = xcorr(T4,T3);                42 
figure                           % Plotting xcorr funtion 43 
plot(lag2/AWG_Fs,C2) 44 
ylabel('Amplitude') 45 
grid on 46 
title('Cross-correlation between Input and Output PILOT') 47 
%% Calculating time/sample difference between signals and 48 
syncronisation SIGNAL 49 
[~,I1] = max(abs(C1)); 50 
SampleDiff1 = lag1(I1) 51 
timeDiff1 = SampleDiff1/AWG_Fs 52 
T1 = T1(abs(SampleDiff1-1):end); 53 
diff1 = length(T1)-length(T2); 54 
T1 = T1(1:end-diff1); 55 
Aligned_delay1 = finddelay(T1,T2) 56 
%% Calculating time/sample difference between signals and 57 
syncronisation PILOT 58 
[~,I2] = max(abs(C2)); 59 
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SampleDiff2 = lag2(I2) 60 
timeDiff2 = SampleDiff2/AWG_Fs 61 
T3 = T3(abs(SampleDiff2-1):end); 62 
diff2 = length(T3)-length(T4); 63 
T3 = T3(1:end-diff2); 64 
Aligned_delay2 = finddelay(T3,T4) 65 
%% Aligned signal plotting for confirmation of correct 66 
syncronisation SIGNAL 67 
figure;                     68 
subplot(2,1,1) 69 
plot(T1); 70 
title('Received signal SIGNAL'); 71 
xlabel('Samples'); 72 
ylabel('Voltage (V)'); 73 
xlim([2100 2150]) 74 
grid on 75 
subplot(2,1,2) 76 
plot(T2); 77 
title('Transmitted signal SIGNAL'); 78 
xlabel('Samples'); 79 
ylabel('Voltage (V)'); 80 
xlim([2100 2150]) 81 
grid on 82 
figure; 83 
subplot(2,1,1) 84 
plot(T1); 85 
title('Received signal SIGNAL'); 86 
xlabel('Samples'); 87 
ylabel('Voltage (V)'); 88 
grid on 89 
subplot(2,1,2) 90 
plot(T2); 91 
title('Transmitted signal SIGNAL'); 92 
xlabel('Samples'); 93 
ylabel('Voltage (V)'); 94 
grid on 95 
%% Aligned signal plotting for confirmation of correct 96 
syncronisation PILOT 97 
figure;                     98 
subplot(2,1,1) 99 
plot(T3); 100 
title('Received signal PILOT'); 101 
xlabel('Samples'); 102 
ylabel('Voltage (V)'); 103 
xlim([2100 2150]) 104 
grid on 105 
subplot(2,1,2) 106 
plot(T4); 107 
title('Transmitted signal PILOT'); 108 
xlabel('Samples'); 109 
ylabel('Voltage (V)'); 110 
xlim([2100 2150]) 111 
grid on 112 
figure; 113 
subplot(2,1,1) 114 
plot(T3); 115 
title('Received signal PILOT'); 116 
xlabel('Samples'); 117 
ylabel('Voltage (V)'); 118 
grid on 119 
subplot(2,1,2) 120 
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plot(T4); 121 
title('Transmitted signal PILOT'); 122 
xlabel('Samples'); 123 
ylabel('Voltage (V)') 124 
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8.3.3 Program 3: Adaptive bit loading algorithm 
%%-----------------------------------------------------------------1 
-------------------------------% 2 
  3 
% --------------PROGRAM 3 - RUN THIS SCRIPT AFTER CALCULATING SNR 4 
PER SUBCARRIER------------------% 5 
  6 
%------------------------------------------------------------------7 
-------------------------------% 8 
% A MATLAB program that simulates DC biased optical OFDM (DCO-OFDM) 9 
for LEDs and creates waveforms  10 
% of suitable file format to experimentally demonstrate using a 11 
Tektronix AWG70k series AWG 12 
% Jack Haggar 2020 ¬¨¬© 13 
%------------------------------------------------------------------14 
-------------------------------% 15 
close all 16 
%% Import SNR per subcarrier data measured from channel estimation 17 
SNR_k= SNR_data_for_P3; 18 
Eb_No = 10.^(SNR_k/10);             % energy per bit/ noise 19 
M_k = zeros(1,length(SNR_k));      % initialise adaptive bit vector 20 
channel_bandwidth = 1000    % used bandwidth (MHz) 21 
%% Bit maximisation algorithm below a target BER using SNR profile 22 
(equation from Yoon et al. 2000) 23 
for n=1:length(SNR_k)     24 
    for m=1:30 25 
        k=2^m;   26 
        qfunction(m,n) = qfunc(sqrt(3*log2(k)*(Eb_No(n)/m)/(2*(k-27 
1)))); 28 
        BER(m,n) = ((sqrt(k)-29 
1)/(sqrt(k)*log2(sqrt(k))))*qfunction(m,n); 30 
        if BER(m,n)>=3.8e-3 31 
             M_k(n)=m; 32 
             if M_k(n)<2 33 
                 M_k(n)=0; 34 
             end 35 
            break 36 
        elseif BER(m,n)<3.8e-3 37 
            continue 38 
        end    39 
    end 40 
end 41 
%% Adaptive Data throughput (R) and plotting 42 
R = channel_bandwidth*sum(M_k)/((length(SNR_k)+16)) 43 
yyaxis left 44 
plot(SNR_k) 45 
ylim([0 25]) 46 
xlabel('Subcarrier number'); 47 
ylabel('SNR (dB)'); 48 
hold on 49 
yyaxis right 50 
stem(M_k) 51 
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8.3.4 Program 4: Data transfer using adaptive bit loading 
%%-----------------------------------------------------------------1 
-------------------------------% 2 
  3 
% --------PROGRAM 4 - DATA TRANSFER USING ADAPTIVE BIT LOADING 4 
CALCULATED FROM PROGRAM 3----------% 5 
  6 
%------------------------------------------------------------------7 
-------------------------------% 8 
% A MATLAB program that simulates DC biased optical OFDM (DCO-OFDM) 9 
for LEDs and creates waveforms  10 
% of suitable file format to experimentally demonstrate using a 11 
Tektronix AWG70k series AWG 12 
% Jack Haggar 2020 ¬¨¬© 13 
%------------------------------------------------------------------14 
-------------------------------% 15 
close all 16 
%% First define simulation parameters 17 
M = 2.^M_k;                 % Modulation order (alphabet size or 18 
number of points in signal constellation) 19 
k = log2(M);                % Number of bits per symbol 20 
n = 1000*k;                % Total number of bits to process  21 
subs = 512;                % Number of subcarriers 22 
cp = 16;                    % cyclic prefix length 23 
sps = 4;                    % Number of samples per symbol 24 
(oversampling factor) 25 
rolloff = 0.1;              % RRC filter rolloff 26 
n_pilot_frames = 1;  27 
filtlen = subs;             % Filter span in symbols 28 
amplifier_gain = 29;        % typical amplifier gain (dB) 29 
voltage_pp = 6.5;           % desired peak-peak voltage swing after 30 
pre-amplification (V) 31 
DC_bias = 5;                % desired DC-bias used after pre-32 
amplification (V) 33 
LED_SSB = 1000; 34 
rng 'default'; 35 
awg_samplerate_MSps = channel_bandwidth*sps*2; 36 
%% System throughput 37 
%Data rate for the system is D = 2*B*spectral_Efficiency where B is 38 
the 39 
%single sided bandwidth of the system i.e. the LED + channel 40 
%The spectral efficiency is: 41 
spectral_efficiency = sum(M_k)/((2*(subs+cp)*(1+rolloff))); 42 
%and the data rate of transmission is: 43 
data_rate_Mbps = channel_bandwidth*sum(M_k)/((length(SNR_k)+cp)) 44 
%% Generate data for each subcarrier with different modulation 45 
formats 46 
subs_2 = subs/2; 47 
dataIn = zeros(max(n),length(M)); 48 
dataMod = zeros(max(n)/max(k),length(M)); 49 
A = zeros(length(dataMod),1); 50 
B = zeros(length(dataMod),1); 51 
for i=1:length(M) 52 
     53 
    if n(i) == 0  54 
        break 55 
    end 56 
dataIn(1:max(n(i)),i) = randi([0 1],n(i),1); % Generate vectors of 57 
binary data 58 
P = dataIn(1:max(n(i)),i); 59 
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dataMod(1:max(n(i))/k(i),i) = 60 
qammod(P,M(i),'InputType','bit','UnitAveragePower',true); 61 
conj_dataMod = conj(dataMod); 62 
end 63 
X = transpose([A dataMod B fliplr(conj_dataMod)]); 64 
 Y = X(:); 65 
scatterplot(Y); 66 
figure('Name','Transmitted QAM subcarriers','NumberTitle','off') 67 
for i=subs/64:subs/64:subs_2 % plot Tx symbols per subcarrier 68 
subplot(4,8,i/(subs/64)) 69 
plot(X(i,:),'.'); 70 
title(['SC#: ',num2str(i), '    f: ', num2str((channel_bandwidth 71 
/subs_2)*i), ' MHz']); 72 
xlabel('In-phase'); 73 
ylabel('Quadrature'); 74 
xlim([-1.2 1.2]) 75 
ylim([-1.2 1.2]) 76 
hold on 77 
plot(X(i,:),'r x','MarkerSize', 5,'linewidth', 3); 78 
end 79 
%% Perform IFFT, covert to serial signal then add cyclic prefix 80 
ifft_X=ifft(X); 81 
ifft_X_2=reshape(ifft_X,[],1); 82 
cp_vector=ifft_X_2(end-cp+1:end); 83 
cp_ifft_X=[cp_vector;ifft_X_2]; 84 
  85 
%% Perform oversampling using a SRRC filter to satisfy Nyquist 86 
limit 87 
rrcFilter = rcosdesign(rolloff,filtlen,sps); 88 
txFiltSignal_abl = upfirdn(cp_ifft_X,rrcFilter,sps,1); 89 
  90 
%% Clipping the time domain signal in the range [-3≈ì√â,3≈ì√â] in 91 
order to not exceed LED dynamic range 92 
% Calculate scaling factor (0-500mV) on the AWG for a desired 93 
voltage swing 94 
% after a 29dB amplification from SHF S126 A (This does add 95 
clipping noise 96 
% but should reduce BER) 97 
  voltage_initial = voltage_pp*10^(-amplifier_gain/20) 98 
  txFiltSignal = normalize(txFiltSignal,'range',[-99 
voltage_initial,voltage_initial]); 100 
  standard_deviation = std(txFiltSignal_abl) % time domain standard 101 
deviation (for clipping) 102 
  103 
txFiltSignal_abl(txFiltSignal_abl>3*standard_deviation)=3*standard_104 
deviation; % clipping of the signal positive 105 
  txFiltSignal_abl(txFiltSignal_abl<-3*standard_deviation)=-106 
3*standard_deviation; % clipping of the signal negative 107 
  pilot_signal_abl = repmat(txFiltSignal_abl,n_pilot_frames,1); % 108 
Creating pilot signal for channel estimation 109 
  amplified_signal =  110 
txFiltSignal.*(10^(amplifier_gain/20))+DC_bias; % for analysis 111 
purposes 112 
%% Convert to AWG70002A compatible file - change sample rate on AWG 113 
% Retrieve IQ Data  114 
iData = real(txFiltSignal_abl);  115 
qData = imag(txFiltSignal_abl);  116 
% Create I Waveform  117 
Waveform_Name_1 = 'MyI_Waveform';  118 
Waveform_Data_1 = iData;  119 
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Waveform_Sampling_Rate_1 = channel_bandwidth*sps*2*1e6; 120 
%LEDbandwdith*sps*2(Nyquist) 121 
Waveform_Signal_Format_1 = 'I';   122 
% Create Q Waveform  123 
Waveform_Name_2 = 'MyQ_Waveform';  124 
Waveform_Data_2 = qData;  125 
Waveform_Sampling_Rate_2 = channel_bandwidth*sps*2*1e6; 126 
Waveform_Signal_Format_2 = 'Q';  127 
% Save Files   128 
save('OFDM_ABL_waveform_3686Mbps_AMBER.mat', '*_1', '*_2', '-129 
v7.3');  130 
%% Taking data from Sampling_conversion .m file (i.e. oscilloscope) 131 
    rxSignal =T1; 132 
    rxSignal_pilot = T3; 133 
   specScope = dsp.SpectrumAnalyzer('NumInputPorts',2, ... 134 
    'SampleRate',awg_samplerate_MSps*1e6, ... 135 
    'PlotAsTwoSidedSpectrum',false, ... 136 
    'ShowLegend',true, ... 137 
    'ChannelNames',{'Tx','Rx'}, ... 138 
    'AxesScaling','Auto'); 139 
specScope(txFiltSignal_abl,rxSignal); 140 
specTable = getSpectrumData(specScope); 141 
writetable(specTable,'specScope.csv'); 142 
%% Receiving the signal, downsampling and filtering 143 
rxFiltSignal = upfirdn(rxSignal,rrcFilter,1,sps);  % Downsample and 144 
filter 145 
 rxFiltSignal = rxFiltSignal(filtlen + 1:end - filtlen); % Account 146 
for delay 147 
 rxFiltSignal_pilot = 148 
reshape(rxSignal_pilot,[length(pilot_signal_abl)/n_pilot_frames, 149 
n_pilot_frames]); 150 
rxFiltSignal_pilot = upfirdn(rxFiltSignal_pilot,rrcFilter,1,sps); % 151 
Downsample and filter  152 
rxFiltSignal_pilot = rxFiltSignal_pilot(filtlen + 1:end - filtlen, 153 
:); % Account for delay 154 
%% Removing cyclic prefix, convert to parallel then applying fft 155 
rxFiltsignal_nocp=rxFiltSignal(cp+1:end); 156 
rxFiltsignal_nocp1=reshape(rxFiltsignal_nocp,[subs,length(rxFiltsig157 
nal_nocp)/subs]);%S->P 158 
fft_X=fft(rxFiltsignal_nocp1); 159 
fft_X((subs/2+1),:)=[]; 160 
fft_X(1,:)=[]; 161 
fft_X=normalize(fft_X,2); 162 
%pilot 163 
rxFiltSignal_pilot_nocp = rxFiltSignal_pilot(cp+1:end,:); 164 
rxFiltSignal_pilot_nocp1 = 165 
reshape(rxFiltSignal_pilot_nocp,[subs,length(rxFiltSignal_pilot_noc166 
p)/subs,n_pilot_frames]); 167 
fft_X_pilot=fft(rxFiltSignal_pilot_nocp1); 168 
fft_X_pilot((subs/2+1),:,:) = []; 169 
fft_X_pilot(1,:,:) = []; 170 
fft_X_pilot=normalize(fft_X_pilot,2); 171 
%% Channel Equalisation 172 
X((subs/2+1),:)=[]; 173 
X(1,:)=[]; 174 
sum_pilot = sum(fft_X_pilot,3); 175 
sum_transmitted = n_pilot_frames.*X; 176 
H_channel_pilotest = sum_pilot./sum_transmitted; 177 
equalised_signal_abl = fft_X./H_channel_pilotest; 178 
fft_X_ber_pilot = transpose(equalised_signal_abl);  179 
%% Demodulate the equalised QAM constellation and calculate the BER 180 
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dataSymbolsOut4 = zeros(max(n),length(M)); 181 
for i=1:length(M) 182 
     if n(i) == 0  183 
        break 184 
    end 185 
dataSymbolsOut4(1:max(n(i)),i) = 186 
qamdemod(fft_X_ber_pilot(:,i),M(i),'OutputType','bit','UnitAverageP187 
ower',true);   188 
end 189 
% compare bits out to bits in to calculate bit error ratio (BER) 190 
[no_errors,BER_after_eq_pilot_est] = biterr(dataSymbolsOut4,dataIn) 191 
 figure('Name','Unequalised Data','NumberTitle','off') 192 
for i=subs/64:subs/64:subs_2 % plot Rx symbols per subcarrier 193 
subplot(4,8,i/(subs/64)) 194 
plot(fft_X(i,:),'.'); 195 
title(['SC#: ',num2str(i), '    f: ', num2str((LED_SSB/subs_2)*i), 196 
' MHz']); 197 
xlabel('In-phase'); 198 
ylabel('Quadrature'); 199 
xlim([-1.5 1.5]) 200 
ylim([-1.5 1.5]) 201 
 hold on 202 
 plot(X(i,:),'r x','MarkerSize', 5,'linewidth', 3); 203 
end 204 
figure('Name','Pilot EQ method','NumberTitle','off') 205 
for i=subs/64:subs/64:subs_2 % plot Rx symbols per subcarrier 206 
subplot(4,8,i/(subs/64)) 207 
plot(equalised_signal_abl(i,:),'.', 'Color', '#e8cb0c'); 208 
title(['SC#: ',num2str(i), '    f: ', num2str((LED_SSB/subs_2)*i), 209 
' MHz']); 210 
xlabel('In-phase'); 211 
ylabel('Quadrature'); 212 
xlim([-1.5 1.5]) 213 
ylim([-1.5 1.5]) 214 
% hold on 215 
% plot(X(i,:),'r x','MarkerSize', 5,'linewidth', 3); 216 
end 217 
clear abl 218 
clear abl_pilot 219 
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8.4 MATLAB code for OOK modulation 
8.4.1 Program 1: PRBS sequence generation 
% -----------------------------------------------------------------1 
-------- 2 
% N = length of the PRBS sequence, N=2^k - 1, PBRS-k sequence 3 
% M = number of samples per bit 4 
% For a 8GS/s awg divide through by M for bit rate 5 
% -----------------------------------------------------------------6 
-------- 7 
close all; 8 
clear all; 9 
% -----------------------------------------------------------------10 
-------- 11 
% DEFINE PRBS SEQUENCE AND PARAMETERS 12 
% -----------------------------------------------------------------13 
-------- 14 
N = 1023; % lenght of the PRBS sequence (PBRS-7) 15 
M = 8; % number of samples per bit (calculate bit rate for 8GS/s 16 
awg) 17 
Bit_rate_Mbps = 8000/M 18 
Fs = 1; 19 
uk = idinput(N,'prbs',[0 1],[-1 1]); 20 
  21 
oversample = 4;  % Number of samples per symbol (oversampling 22 
factor) 23 
rolloff = 0.9;   % RRC filter rolloff 24 
filtlen = 100;  25 
EbNo = 15; 26 
% -----------------------------------------------------------------27 
-------- 28 
  29 
% -----------------------------------------------------------------30 
-------- 31 
% GENERATE WAVEFORM 32 
% -----------------------------------------------------------------33 
-------- 34 
for k=1:N 35 
    if (uk(k) == -1) 36 
        for i=1:M 37 
        waveformTemp(k,i) = [-1]; 38 
        end 39 
        waveform{k} = waveformTemp(k,:); 40 
    elseif (uk(k) == 1) 41 
        for i=1:M 42 
        waveformTemp(k,i) = [1]; 43 
        end 44 
        waveform{k} = waveformTemp(k,:); 45 
    end   46 
end 47 
% -----------------------------------------------------------------48 
-------- 49 
  50 
% % ---------------------------------------------------------------51 
---------- 52 
% % CONVERT TO AWG COMPATIBLE FILE 53 
% % ---------------------------------------------------------------54 
---------- 55 
PRBSwave = cell2mat(waveform); 56 
baseWfm = PRBSwave; 57 
baseMarkers = uint8(square(PRBSwave));  58 
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Waveform_Name_1 = 'PBRS_1000Mbps';  59 
Waveform_Data_1 = baseWfm; %already a double array  60 
Waveform_M1_1 = baseMarkers; %already uint8 array  61 
Waveform_M2_1 = baseMarkers; 62 
save('PRBS_ 1000Mbps', '*_1', '-v7.3'); % MAT 7.3 Can save > 2GB  63 
% -----------------------------------------------------------------64 
-------- 65 
% -----------------------------------------------------------------66 
-------- 67 
% PLOT WAVEFORM 68 
% -----------------------------------------------------------------69 
-------- 70 
figure(1); 71 
h = plot(PRBSwave,'k'); 72 
set (h, 'LineWidth', 2); % for a width of n 73 
axis([0,length(PRBSwave),-1.5,1.5]); 74 
title('Input waveform'); 75 
xlabel('Samples') 76 
ylabel('Amplitude (a.u)') 77 
%------------------------------------------------------------------78 
-------79 
8.4.2 Program 2: Eye diagram generation 
AWG_Fs = 8e9;                   % AWG sampling rate 1 
OSC_Fs = 25e9;                 % oscilloscope sampling rate 2 
   x1000mbps = -x1000mbps; 3 
   x=turbo; 4 
[P1,Q1] = rat(AWG_Fs/OSC_Fs);    % Rational fraction approximation 5 
s1 = resample(x1000mbps,P1,Q1);        % Change sampling rate by 6 
rational factor 7 
M=8; 8 
eyeObj2 = comm.EyeDiagram(... 9 
    'SampleRate', OSC_Fs, ... 10 
    'SamplesPerSymbol', M, ... 11 
    'YLimits',[-0.05 0.05], ... 12 
    'OversamplingMethod', 'Input Interpolation', ... 13 
    'DisplayMode', '2D color histogram'); 14 
eyeObj2(s1); 15 


