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(a) Colourised scanning electron microscopy (SEM) micrograph of a GaN-based micro-
LED platelet; (b) SEM micrograph of a dual-colour micro-LED optrode; (c) CMOS-
driven micro-LED array displaying the Institute of Photonics (IoP) logo; (d)-(g) plan-
view photographs of violet, blue, green, and red micro-LEDs, respectively.



Abstract

The work presented in this thesis focuses on the development of hybrid micron-sized light

emitting diode (micro-LED) devices by elastomeric micro-transfer printing. The main

body of this work is divided into the development of dual-colour micro-LED devices and

the integration of micro-LEDs with control electronics, mainly for optical communication

and optogenetics applications.

Individually addressable III-nitride based blue-green and blue-violet micro-LED ar-

rays and in-series connected blue-green micro-LED arrays were fabricated by micro-

transfer printing a blue micro-LED platelet onto to the substrate a pre-fabricated green

(or violet) micro-LED. Gigabit per second (Gbps) error-free data rates in free-space

visible light communication (VLC) and up to 200 Mbps in highly turbid underwater

media have been demonstrated using these dual-colour arrays. Gbps VLC based on

III-phosphide red micro-LEDs micro-transfer printed onto diamond and glass substrates

is also presented. Furthermore, the integration of III-phosphide red micro-LEDs onto

a III-nitride based optrode for dual-colour excitation of different neural populations is

also demonstrated. III-nitride based singulated micro-LEDs were directly integrated

onto a silicon complementary metal oxide semiconductor (CMOS) drive chip contain-

ing a monolithic single photon avalanche diode detector, by elastomeric micro-transfer

printing. An 8x8 array was realised with excellent uniformity both in brightness and

modulation performance across the full array, which has led to a 128 kbps optical cam-

era communication link, and to a time-of-flight ranging demonstration with cm-scale

resolution.
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Chapter 1

Introduction

This thesis focuses on the development of hybrid micron-sized light-emitting diode

(micro-LED) devices enabled by elastomeric micro-transfer printing (micro-TP). In par-

ticular, this work is divided into two main research topics: (1) integration of different

colour micro-LEDs onto the same substrate for communications and optogenetics applic-

ations; and (2) direct integration of micro-LEDs onto complementary metal oxide semi-

conductor (CMOS) circuitry for active control over individual pixels. As such, Chapter 1

gives a general introduction to the basic properties and characteristics of LEDs, with

a strong emphasis on gallium nitride (GaN) and aluminium gallium indium phosphide

(AlGaInP)-based LEDs. This chapter starts with a brief historical perspective on the

development of LEDs from early days to today’s high performance solid-state light emit-

ters. The physics and operating principles of LEDs are described, and III-nitride and

AlGaInP based LEDs discussed in further detail.

Chapter 2 describes the experimental techniques and systems required for the fabric-

ation of micro-LEDs and the mechanics of elastomeric transfer printing. In this chapter,

the techniques (lithography, etching, metallisation) and associated tools required for the

fabrication of the hybrid micro-LED devices are presented. The technique of elastomeric

micro-transfer printing is discussed in further detail, from the basic physical concepts to

stamp fabrication. This chapter is concluded by demonstrating the advantages of using

Parylene-C as an insulation/encapsulation layer over conventional SU-8 epoxy.

Chapter 3 shows the fabrication, characterisation and application of on-chip dual-

colour micro-LED array in visible light communication (VLC) and underwater wireless

optical communication. This chapter is divided into two sections: (1) individually-

addressable blue-violet and blue-green micro-LED arrays; and (2) in-series connected

blue-green micro-LED arrays. Such micro-LED arrays, developed in collaboration with

1
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Dr. Enyuan Xie, achieve free-space gigabit per second (Gbps) VLC data rates and up

to 200 megabit per second (Mbps) in highly turbid water environments.

Chapter 4 focuses on the integration of AlGaInP red micro-LEDs by micro-TP onto

unusual substrates for VLC and optogenetics applications. First, the AlGaInP structure

and fabrication workflow are briefly described. Next, the integration of these micro-LEDs

onto glass and diamond substrates and their application in VLC are demonstrated.

Thanks to diamond’s exceptional thermal properties, VLC data rates up to 6.6 Gbps

are achieved by the AlGaInP micro-LEDs, which is currently the record for AlGaInP

structures of these dimensions. This chapter is concluded by demonstrating a dual-

colour optrode based on monolithic GaN-based LEDs and transfer printed AlGaInP

micro-LEDs, and its potential for distinct neural population optogenetic studies.

Chapter 5 presents the direct integration micro-LEDs onto CMOS circuitry by elast-

omeric micro-TP. This chapter describes the workflow and process optimisation stages

that led to the development of a 8x8 array of micro-LEDs with high brightness and

modulation uniformity. The potential of the full 8x8 array as an optical camera commu-

nication transmitter is demonstrated. This chapter is concluded by showing the opera-

tion of the CMOS micro-LED hybrid device as a VLC transceiver and as a time-of-flight

ranging device. This thesis closes with conclusions and future work perspectives.

1.1 Brief history of light-emitting diodes

Electroluminescence was first reported by Henry J. Round in 1907 [1], when he observed,

at room temperature, a yellowish light being emitted by a silicon carbide (SiC) crystal.

However, it was not until the 1950s, with the advent of both the theoretical under-

standing and the development of tools for semiconductors, that researchers shifted their

attention towards, what are the basis of modern LEDs, the III-V alloys. This was a

key step, and in 1962, infrared (870-980 nm) LEDs and lasers based on gallium arsenide

(GaAs) were demonstrated. In the same year, Holonyak and Bevacqua [2] demonstrated

the first direct bandgap, visible (red 650 nm) gallium arsenide phosphide (GaAsP) LEDs

and lasers (Fig. 1.1(a)). This, not only showed the viability of III-V alloys for LEDs and

laser diodes but also contributed towards the commercialization and mass production of

such devices [3]. Green emission based on nitrogen doped gallium phosphide (GaP:N)

was introduced shortly after by AT&T Bell Labs [4]. These low-brightness early LEDs

were mainly used as indicator lights and as displays for calculators and watches [3].

Based on the work developed for visible-spectrum lasers, high-efficiency red LEDs from

the aluminium gallium indium phosphide (AlGaInP) material system were reported in

the early 1990s [5]. These LED structures are suitable for high-brightness emission in the
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(a) (b)

Figure 1.1: Photograph of (a) the first red-spectrum GaAsP alloy diode laser and (b)
the first GaN pn junction blue LED grown on sapphire (retrieved from [11, 12]).

red, orange and yellow spectral range and are currently the dominant high-brightness

emitters in that wavelength range [3].

The search for shorter wavelengths LEDs started in the late 1960s with SiC and

gallium nitride (GaN) being considered. The first current injected GaN blue light emitter

was announced by Pankove et al. in 1972 [6]. However, at the time the growth of

high quality GaN was quite challenging and p-type conductivity continued to elude

researchers, which led to the withdrawal of many research groups from the nitride field [3,

7]. In fact, the highly inefficient indirect bandgap SiC blue LED was the commercially

available option up until the 1990s. There were two crucial technological processes that

enabled the development of pn junction GaN blue LEDs: (1) growth of high quality

GaN films on sapphire substrates by metalorganic vapour phase epitaxy using a low-

temperature aluminium nitride (AlN) buffer (in 1986), thus improving the crystal quality

and GaN electrical and luminescent properties [8]; (2) the development, in 1989, of p-

type conductivity in magnesium doped GaN by using postgrowth low-energy electron

beam irradiation treatment (LEEBI) [9], leading to the first pn junction GaN blue LED

(Fig. 1.1(b)). In the following years, Nakamura et al. [10] demonstrated high-brightness

InGaN blue, green and yellow LEDs with quantum well structures, laying the foundation

for high-performance III-nitride LEDs.

In the development of high-efficiency LEDs two metrics are used to quantitatively

evaluate device performance: the internal and external quantum efficiency (IQE and

EQE). The IQE (ηint) is defined as the number of photons emitted from the active

region per second divided by the number of electrons injected into the LED per second,

which can be written as [3]:

ηint =
Pint/(hν)

I/e
(1.1)

where Pint is the optical power emitted from the active region, h is Planck’s constant,

ν is the emitted light frequency, I the injection current, and e the elementary charge.
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Figure 1.2: (a) Time evolution of the external quantum efficiency (EQE) of visible and
ultraviolet LEDs (retrieved from [16]); (b) EQE vs wavelength of high-performance
III-nitride and phosphide LEDs and CIE1978 V(λ) photopic eye sensitivity function
(EQE values and V(λ) curve retrieved from [3, 17]).

In an ideal LED the active region would emit one photon per electron injected. How-

ever, the IQE strongly depends on the active layer crystalline quality and defect density,

which depend on growth conditions (temperature, pressure, amongst others), the growth

technique and the choice of substrate [13]. Nevertheless, at the present time, IQEs ap-

proaching 100% and 90% have been reported for III-phosphide and III-nitride materials,

respectively [14, 15].

In an ideal LED, all the photons emitted by the active area are also emitted into free

space. However, in a real LED, not all the power emitted by the active area escapes the

LED die. Light might be absorbed by the substrate (e.g. GaAs is not transparent in the

visible spectral region) and/or undergo total internal reflection being trapped inside the

LED die. The ratio between the number of photons emitted into free space per second

and the number of electrons injected into LED per second is defined as the EQE, and

can be expressed as [3]:

ηext =
P/(hν)

I/e
= ηint · ηextraction (1.2)

where P is the optical power emitted into free space and ηextraction is the light extraction

efficiency (LEE)*. Figure 1.2(a) shows the time of evolution of the EQE of visible and

ultraviolet LEDs from the initial GaAsP, GaP:N, and SiC to present day AlGaInP

phosphide and III-nitrides. Figure 1.2(b) shows the maximum EQE vs wavelength of

high-performance commercially available III-nitride and phosphide LEDs, from which

the decrease of EQE in the green spectral range is obvious. This phenomenon, known

as the green gap, is almost compensated by the human eye’s stronger response in the

*Different strategies have been employed to increase the LEDs’ light extraction efficiency, such as
the use of patterned growth substrates (patterned sapphire substrate), post-growth substrate removal
or the integration of photonic crystals [3].
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(a) (b) (c) (d)

Figure 1.3: Everyday applications of LEDs: (a) LED lamp for indoor illumina-
tion [18], (b) traffic lights [19], (c) car headlights [20], and (d) heart rare monitoring in
wearable fitness trackers [21].

green spectral region, as shown by the CIE1978 V(λ) photopic eye sensitivity function

(grey curve - Fig. 1.2(b)).

High-efficiency LEDs can be found in everyday applications, such as indoor illumina-

tion (Fig. 1.3(a)), traffic lights (Fig. 1.3(b)), car headlights (Fig. 1.3(c)), and heart rate

monitoring in wearable fitness trackers (Fig. 1.3(d)). The importance of LEDs, especially

their application in long-lasting and more efficient white light lamps, was acknowledged

in 2014 by the Nobel Prize Committee, who awarded the Nobel Prize in Physics to I.

Asaki, H. Amamo, and S. Nakamura “for having invented a new energy-efficient and

environment-friendly light source – the blue light-emitting diode” [22].

Figure 1.4 compares different light sources used throughout time, from the oil lamp

to the 21st century LED lamp�. The efficacy of the conversion of electrical power to

luminous flux of white light is measured in terms of lumens per watt (lm/W). The lumen

is the unit of luminous flux, which represents the light power of a source as perceived by

the human eye [3]. In terms of energy saving, white LEDs are theorised to save 95% and

LED
(21st century)

FLUORESCENT LAMP
(20th century)

LIGHT BULB
(19th century)

OIL LAMP
(approx. 15 000 B.C)

Figure 1.4: Comparison of luminous efficacy of conventional lighting technologies to
LED technology (adapted from [22]).

�An excellent historical perspective on the physics of artificial lighting can be found in reference [23].
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Figure 1.5: Cross-section schematic drawing of a packaged high-power LED (adapted
from [26]).

80% more energy than incandescent and fluorescent lamps, respectively [24]. In fact, the

mechanical robustness, low power consumption, long lifespan and high efficiency of LEDs

have been the foundation of the solid state lighting revolution, in which conventional

incandescent and fluorescent light lamps have been progressively replaced by greener

and lower-cost LED lighting systems.

Figure 1.5 shows the cross-section schematic drawing of a packaged high-power LED

(> 100 lm/W). The LED die, with an active area size between 300x300 µm2 to a

few mm2, is mounted on a silicon submount, which sits on top of a thermal heatsink.

The die is wire bonded to metal frame and easily electrically addressed by the outer

cathode and anode leads (anode not shown in Fig. 1.5). The die is encapsulated with

silicone and then covered with a plastic lens, maximising the light output. In low power

LEDs, no heatsink is employed and the die is only encapsulated with silicone [3, 25].

1.2 Theoretical background

1.2.1 Introduction to semiconductors

Solid-state materials can be grouped into insulators, semiconductors, and conductors.

A semiconductor is classified has having a conductivity between 10−8 to 103 S/cm [27]

and an electronic energy gap between zero and ∼4 eV� [28]. The conductivity of a

semiconductor is generally sensitive to temperature, illumination, magnetic field, and

minimal amounts of impurity atoms. This possibility of fine tuning a semiconductor’s

conductivity is what makes the semiconductor one of the most important materials for

electronic and photonic applications [27].

�It must be noted that there are exceptions to this definition, with terms such as semiconducting
diamond and semi-insulating GaAs, with electronic energy gaps of 6 eV and 1.5 eV, respectively, being
frequently used [28].
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Figure 1.6: Schematic energy band structures of (a) a direct (e.g. GaAs) and (b) an
indirect (e.g. silicon) bandgap semiconductor (adapted from [27]).

For an isolated atom, the electrons can have discrete energy levels, for example the

energy levels of Bohr’s hydrogen atom. In the case of bulk materials, such as semi-

conductor crystals, as the N isolated atoms that form the crystal are brought together,

the orbits of the outer electrons of different atoms overlap and interact with each other.

This interaction causes a shift in the energy levels and N separate but closely spaced

levels arise, which for large N results in an essentially continuous band of energy. At

absolute zero (T=0 K), electrons occupy the lowest energy states, so that all the states

in the lower band (valence band) are full and all the states in the upper band (con-

duction band) are empty. The bottom of the conduction band is called Ec and the top

of the valence band is called Ev. The bandgap energy (Eg) between the bottom of the

conduction band and the top of the valence band (Ec − Ev) is the width of the forbidden

energy gap. Physically, Eg can be regarded as the energy required to break a bond in

the semiconductor to free an electron to the conduction band and leave a hole§ in the

valence band [27].

Figure 1.6 shows the energy band structures of 1.6(a) GaAs (electrons orange circles,

holes blue circles) and 1.6(b) Si (electrons green circles, holes blue circles). For GaAs

the maximum in the valence band and the minimum in the conduction band occur at

the same momentum (k). GaAs is an example of direct bandgap semiconductor as it

does not require a change in momentum for an electron transition from the valence

band to the conduction band. On the other hand, for Si the maximum in the valence

band and the maximum in the conduction band occur at different momentum k. Silicon

is an indirect bandgap semiconductor because a change in momentum is required in

§A hole is the absence of an electron. A hole behaves as a quasi-particle with opposite charge of the
electron (positive) and an effective mass [28].
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an electronic transition between the valence and the conduction band. This change in

momentum is achieved by emission of a phonon, which is defined as a collective vibration

of the crystal lattice, resulting in heat [27]. As direct bandgap semiconductors do not

require phonons for electronic transitions between the conduction and valence band,

they are very efficient at generating photons, and are thus the material of choice for

light emitting applications (LEDs and laser diodes).

1.2.1.1 Recombination processes in semiconductors

In semiconductors electrons and holes recombine either radiatively (with photon emis-

sion) or non-radiatively. The former process is highly preferable in light-emitting devices,

while the latter is unwanted in most optoelectronic devices since it often results in det-

rimental heat generation.

Figure 1.7 illustrates several recombination processes that occur in bulk semiconduct-

ors. Radiative recombination occurs when an electron in the conduction band recombines

with a hole in the valence band, emitting a photon (Fig. 1.7(a)). The relation between

the bandgap energy and emitted photon wavelength (λ) is given by Eq. 1.3:

Ephoton = Eg =
hc

λ
(1.3)

where c is the speed of light. On the other hand, non-radiative recombination (without

photon emission) can also happen in the semiconductor bulk. Defects in the crystal

structure such as: unwanted foreign atoms, native defects (interstitials, vacancies, and

Photon
Phonons

(a) (b) (c)

ET

CB CB CB

VB VB VB

Figure 1.7: Schematic band diagram illustrating different recombination mechanisms
in bulk semiconductors: (a) radiative, (b) Shockley-Read-Hall non-radiative at deep
centres, and (c) intraband non-radiative Auger. CB and VB represent the conduction
and valence band, respectively (adapted from [16]).
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antisite), and dislocations have different energy level structures that are different from

substitutional semiconductor atoms. Thus, they result in energy levels (ET ) within

the forbidden gap (also known as traps – depicted in Fig. 1.7(b)). The additional

energy levels allow relaxation of the charge carriers (electron/hole) by phonon emission

resulting in the heat generation previously mentioned. This non-radiative recombination

mechanism is known as the Shockley-Read-Hall (SRH) process. Another important non-

radiative recombination mechanism is Auger recombination. The energy available from

the electron hole recombination is dissipated by exciting a hole deep into the valence

band or a free electron high into the conduction band (Fig. 1.7(c)). These highly excited

carriers (sometimes referred to as “hot” electrons/holes) relax by multiphonon emission

until they are close to the band edge.

Although not shown, non-radiative recombination via surface states is also an im-

portant recombination mechanism in semiconductors. These surface states arise from

perturbation of the periodicity of the crystal lattice, which creates electronic levels within

the forbidden gap of the semiconductor. This allows non-radiative recombination of car-

riers via phonon emission in a similar process to the one shown in Fig. 1.7(b).

1.2.1.2 Intrinsic and extrinsic semiconductors

A semiconductor that contains relatively small amounts of impurities compared with

the thermally generated electrons and holes is said to be an intrinsic semiconductor.

The distribution of electrons (holes) in the conduction (valence) band is given by the

density of allowed quantum states times the probability that a state is occupied by an

electron (hole); this is the Fermi-Dirac distribution function. When a semiconductor

is doped with impurities, new energy levels are introduced and the semiconductor is

said to be extrinsic. Figure 1.8(a) shows the effect of substituting a silicon atom by an

arsenic atom with five valence electrons. The arsenic atoms forms covalent bonds with

four neighbouring silicon atoms. The fifth valence electron has a relatively small binding

energy to the arsenic atoms and this can be ionized becoming a conduction electron at a

moderate temperature. The arsenic atom is called a donor, since it donates an electron

to the conduction band, and the silicon becomes n-type because of the addition of this

negative charge carrier. Figure 1.8(b) shows the effect of now substituting a silicon atom

by a boron atom with three valence electrons. In order to create four covalent bonding

around the boron atom an additional silicon valence electron is accepted, creating a

positively charged hole in the valence band. Silicon becomes a p-type semiconductor

and boron is referred to as being an acceptor.
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Figure 1.8: Schematic bond pictures for (a) n-type Si with donor (arsenic) and (b)
p-type Si with acceptor (boron); schematic energy band representation of extrinsic
semiconductors with (c) donor ions and (d) acceptor ions (adapted from [27]).

Since these impurity atoms are different from the host semiconductor they are re-

garded as imperfections that affect the periodicity of the lattice, thus creating energy

levels within the forbidden gap of the host material. Figure 1.8(c) shows a schematic

drawing of a semiconductor energy band after being doped with donor ions. A donor

energy level (ED) is created inside the forbidden gap below the conduction band. In the

case of shallow donors the thermal energy at room temperature (kT∼26 meV) is enough

to ionize all the donor impurities and thus provide the same number of electrons in the

conduction band. Figure 1.8(d) shows the energy band structure of a semiconductor

doped with acceptor impurities. In this case, an acceptor energy level (EA) is created

inside the bandgap just above the valence band. In the case of shallow acceptors the

thermal energy at room temperature is enough to promote electrons from the valence

band to ionize the acceptor impurities and thus leaving the same number of holes in the

valence band [27].
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1.2.2 Physics of the pn junction

Figure 1.9(a) schematically shows a pn homojunction. It consists of an entire semi-

conductor in which one of the regions is doped with acceptors (NA) to form the p-side,

whilst the adjacent region is doped with donors (ND) to form the n-region. The interface

separating the n and p region is referred to as a metallurgical junction. All dopants are

assumed to be fully ionized, such that the free electron concentration is given by n = ND

and the free hole concentration is given by p = NA. At the vicinity of the metallurgical

junction there is a very large density gradient in both electron and hole concentrations.

Electrons originating from donors on the n-type side diffuse over to the p-type side where

they recombine. A corresponding process occurs with holes from p-region diffusing into

the n-region. As a result, a region near the metallurgical junction is depleted of free

charge carriers. This region is known as space charge region or depletion region. As

electrons from the n-region diffuse to the p-side, positively charged donor atoms are left

behind. Similarly, as holes diffuse from the p-region, negatively charged acceptor atoms

are uncovered. The net positive and negative charges in the space charge region induce

an electric field in the direction from the positive to the negative charge. Assuming that

no voltage is applied across the pn junction, then the junction is said to be in thermal

equilibrium – the Fermi energy level is constant throughout the entire system [29].

p n

Space charge 
region

Na negative 
charge

Nd positive 
charge

E-field Diffusion force 
on electrons

Diffusion 
force on 
holes E-field 

force on 
holes

E-field 
force on 
electrons

EF
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WD

eVD

p-type

n-type

EFn
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eVD- eVp-type

n-type

eVEFp
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Figure 1.9: (a) pn junction scheme showing the space charge region, the electric field
and the forces acting on the charge carriers; (b) pn junction band diagram under zero
bias; (c) pn junction band diagram under forward voltage bias. Adapted from [27, 29].

Figure 1.9(b) shows the energy band diagram for a pn junction under zero bias. The

conduction and valence band energies must bend as we go through the depletion region,

since the relative position of the conduction and valence bands with respect to the Fermi

energy changes between p and n regions. The space charge region produces a potential

called the diffusion voltage (VD) or built-in potential (Vbi) given by [3]:

VD =
kT

e
ln
NAND

n2i
(1.4)
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where k is the Boltzmann constant, T the temperature in Kelvin, e the electron ele-

mentary charge, and ni is the intrinsic carrier concentration. The diffusion voltage

represents the barrier that free carriers must overcome in order to reach the neutral

region of opposite conductivity type. This potential also maintains equilibrium, so no

current is produced by this voltage. The width of the depletion region (WD) depends

on the diffusion voltage and dielectric permittivity of the semiconductor (ε = εrε0) as

follows:

WD =

√
2ε

e
(VD − V )

(
1

NA
+

1

ND

)
(1.5)

where V is the pn junction bias voltage [3].

Applying a positive voltage (V ) to the p-side with respect to the n-side, the pn

junction becomes forward biased (Fig. 1.9(c)). Under forward bias, the total electrostatic

potential across the junction decreases by V, thus reducing the depletion region width.

In an LED, the charge carriers diffuse into the regions of opposite conductivity type

where they will eventually recombine, resulting in the emission of a photon.

The current-voltage (IV) characteristic of a pn junction diode with a cross-sectional

area A is given by Shockley equation:

I = eA

(√
Dp

τp

n2i
ND

+

√
Dn

τn

n2i
NA

)(
e

eV
kT − 1

)
(1.6)

where Dn,p and τn,p are the electron and hole diffusion constants and the electron and

hole minority carrier lifetimes, respectively. Under forward bias conditions (Fig. 1.9(c))

the diode voltage is much larger than the thermal voltage (kT/e) and Eq. 1.6 can be

rewritten as:

I = eA

(√
Dp

τp
NA +

√
Dn

τn
ND

)(
e

e(V −VD)

kT

)
(1.7)

Equation 1.7 shows that the current strongly increases as the applied voltage ap-

proaches the diffusion voltage. This turn-around point in the diode behaviour is called

the threshold voltage (Vth) and can be approximated by the semiconductor bandgap

energy divided by elementary charge - Eq. 1.8.

Vth = VD = Eg/e (1.8)
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1.2.3 Double heterostructures and quantum wells

In a simple pn junction the minority carriers (electron and holes) diffuse into the opposite

conductivity type region by a distance known as diffusion length (Lp and Ln for holes

and electrons, respectively), as shown in Fig. 1.10(a). In III-V semiconductors, carriers

can diffuse 10 µm or even longer before recombination, resulting in a low concentration

of minority carriers. The radiative recombination rate is given by the bimolecular rate

equation [3]:

R = Bnp (1.9)

where B is the bimolecular recombination coefficient and n and p are electron and hole

concentrations, respectively. From Eq. 1.9 it is clear that low carrier concentration

results in a low recombination rate and thus low efficiency of simple pn junction LEDs.

While B is material dependent, the electrons and holes concentration can be increased by

engineering of structures, such as double heterostructures or quantum wells (QW), that

allow carrier confinement. A double heterostructure consists of a small bandgap active

region between two large bandgap barrier regions. The heterostructure barriers are

heavily doped (∼1018 cm−3), while the active region is usually left undoped (intrinsic),

forming a p-i-n structure. As shown in Fig. 1.10(b), the carriers are confined in the

active layer of the p-i-n structure, therefore increasing the carrier concentration and

the recombination rate. In this case, the carriers recombine emitting photons of energy

equal to the active layer bandgap [3].

EFn

Ec

Ev

Ln

EFp

Lp

τn

τp
ℎ𝜐

ℎ𝜐
EFn

Ec

Ev

WDH

EFp

τ ℎ𝜐

(a) (b)

Figure 1.10: Schematic drawing of (a) homojuction and (b) a double heterostructure
both under forward bias (adapted from [3]). The horizontal axis is distance through
the structure.

When the width of the active layer (WDH) is comparable to the de Broglie wavelength

for thermal motion¶ (Eq. 1.10), quantum size effects become important [30].

λdB =
h

p
=

h√
2m∗E

=
h√

2m∗kT
(1.10)

¶Calculated assuming a thermal energy of E = kT .
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Figure 1.11: Schematic band diagram of a quantum well (QW) structure showing
the energy difference between the QW ground states (Ee0 and Eh0). The E and z axes
represent energy and growth direction, respectively (adapted from [30]).

Here p and m∗ are the carrier momentum and effective mass, respectively. For GaN,

which has an electron effective mass of 0.2m0 (with m0 being the electron mass),

λdB ≈ 17 nm, meaning that, for active layers thinner than ∼17 nm, quantum effects

are observed and the active layer is called a quantum well. In the quantum well, the

carriers are confined in the growth direction (z). In this case, and contrary to a bulk

semiconductor where the carriers occupy a continuous band, the allowed energy levels

become quantized and discrete. Assuming infinite barriers for the quantum well the

allowed energy levels are given by [28]:

En =
~2π2

2m∗L2
n2, n = 1, 2, 3... (1.11)

where L is the width of the quantum well and n is the integer number of levels. The

ground and first excited energy levels for electrons and holes inside a quantum well

structure are shown schematically in Fig. 1.11. In this case, the emitted photon energy

is given by the separation of the QW energy levels, e.g. for a transition between the QW

ground states the photon has an energy equal to Ee0 - Eh0. As such, the LED emission

wavelength can tuned by selecting an active layer with an appropriate bandgap and by

optimising the QW composition and width. In addition, as QW active regions provide

additional carrier confinement, high efficiency LEDs are based on QW and multiple QW

structures (where the QW structure is repeated for a certain period) [3, 30].

1.2.4 III-nitride LEDs

The LEDs described in this thesis with wavelengths spanning from the violet to the green

are fabricated from LED wafers based on III-nitride materials. The violet and green

LED (shown in Chapter 3) epitaxial structures are grown on conventional patterned
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Table 1.1: Important properties of the AlGaInN binary alloys (in wurtzite phase) at
room temperature (retrieved from [3]).

Parameter AlN GaN InN

Lattice constant a0 (�A) 3.112 3.191 3.545

Lattice constant c0 (�A) 4.982 5.185 5.703

Bandgap energy Eg (eV) 6.28 3.425 0.77

Electron mobility µn (cm2/Vs) 300 1500 3200

Hole mobility µp (cm2/Vs) 14 30 -

sapphire substrates. The blue LED (shown in Chapters 3-5) epitaxial structures are

grown on (111)-oriented silicon wafers, and are commercially available through Plessey

Semiconductors Ltd.

The III-nitride materials have three basic binary alloys: AlN, GaN, and InN. Their

stable crystal structure under normal conditions is the hexagonal wurtzite phase (inset

of Fig. 1.12), however, the cubic zinc blende phase can be obtained under special condi-

tions [31]. Table 1.1 summarises important properties (in the context of light-emitting

applications) of the binary alloys in the wurtzite phase at room temperature [3].

The III-nitrides’ isomorphous nature means that the wurtzite structure is maintained

during the formation of ternary and quaternary alloys. This means that the bandgap of

these ternary alloys can be engineered to any chosen value between the bandgaps of the

constituent binaries. The bandgap vs lattice constant of the AlGaInN material system

(in the wurtzite phase) is shown in Fig. 1.12. The AlGaInN alloys are direct bandgap

materials throughout the deep and near UV, visible and near infrared (NIR) spectral

range, which makes them desirable for light emitting applications in a wide range of

wavelengths. Of particular interest for this thesis is the InxGa1−xN alloy, which, for

In concentrations of typically ∼9%, ∼17%, and ∼30%, yields violet, blue, and green

emission, respectively [32].

The majority of III-nitride LEDs are grown by metal-organic chemical vapour depos-

ition (MOCVD). During MOCVD, metal alkyl and ammonia precursors are transported

in vapour form to a heated substrate, where they react forming epitaxial films of the

desired material. Typically in GaN growth very high temperatures (∼1000 °C) are re-

quired because of the high bond-strength of N-H bond in ammonia precursors [34]. This

high deposition temperature limits the choice of growth substrate, as it has to be chem-

ically and mechanically stable under these conditions. Sapphire is the most common
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Figure 1.12: Bandgap energy vs lattice constant of the AlGaInN material system in
wurtzite crystal structure (Eg and a0 values retrieved from [3]); inset shows a repres-
entation of the wurtzite crystal structure (retrieved from [33]).

substrate�, although less common, Si and SiC substrates are also used for the growth of

III-nitrides [35]. Figures 1.13(a)-1.13(c) show the epitaxy relationship between c-plane

GaN and c-plane sapphire, 111-oriented Si and 6H-SiC, respectively.

Table 1.2 summarises important properties of the growth substrates. The lattice

mismatch between GaN and the different substrates results in a high density of misfit

dislocations at the GaN/substrate interface. Although III-nitrides are much more tol-

erant to defects than other conventional III-V materials, great effort has been made to

reduce the misfit and threading dislocations (TD) density. The coefficient of thermal

expansion (CTE) mismatch leads to a strained film, which is prejudicial as it can lead

(a) (b) (c)

Figure 1.13: Epitaxy relationship between c-plane GaN and (a) c-plane sapphire, (b)
Si(111) and (c) 6H-SiC (adapted from [36]).

�Historically, sapphire was one of the few available materials stable under MOCVD growth conditions
(1000 °C and NH3 atmosphere) and with crystal symmetry similar to GaN [12])
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Table 1.2: Comparison of c-plane sapphire, Si(111), and 6H-SiC as growth substrates
for c-plane GaN (retrieved from [37, 38]).

Parameter c-plane sapphire Si(111) 6H-SiC

Lattice mismatch (%) +16 -17 +3.5

TD density (cm−2) 1.8x1013 2.8x1013 1.1x1012

CTE mismatch (%) -34 +54 +25

Cost per 2-inch wafer (Euro) 20 10 100

Cost per 6-inch wafer (Euro) 500 20 -

The cost per 2- and 6-inch wafer refers to the year 2012.

to cracking of the film (to be discussed). Also important is the cost of the substrates,

which clearly illustrates why SiC, which has the smallest lattice mismatch, is not the

most substrate used for the growth of III-nitrides. Due to their relevance to this work,

the growth of III-nitrides on sapphire and silicon substrates will be discussed in more

depth in the following sections.

Conventionally, III-nitride based devices are grown on polar (0001) c-plane of the

wurtzite crystal structure (Fig. 1.14(a)). This leads to the formation of strong po-

larisation fields pointing along the [0001] axis. These fields reduce the overlap of the

(a) (b) (c)

(d) (e) (f)

n-GaN p-GaNi-InGaN n-GaN p-GaNi-InGaN n-GaN p-GaNi-InGaN

Figure 1.14: Schematics of (a) polar (c-plane), (b) semipolar (1122), and (c) non-
polar plane (m-plane) of III-nitride wurtzite crystal structure; (d)-(f) simulated band
diagram for In0.2Ga0.8N(3 nm)/GaN(15 nm) QW grown on c-plane, semipolar (1122)
and nonpolar ( m)-plane, respectively (adapted from [39]). The vertical axis in (d)-(f)
is energy and the horizontal axis is distance through the heterostructure.
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electron and hole wavefunctions inside the QWs (Fig. 1.14(d)), thus reducing the radi-

ative recombination rate and, ultimately the IQE. By growing III-nitrides in semipolar

(e.g. orientation 1122 - Fig. 1.14(b)) and nonpolar (e.g. orientation 1010 -Fig. 1.14(c))

growth planes, these fields can be significantly reduced or even eliminated. This has tre-

mendous consequences in the QWs’ electronic bands and on the carriers wavefunctions,

as shown in Figs. 1.14(e) and 1.14(f) [40].

1.2.4.1 Growth on sapphire

As mentioned above, nowadays sapphire is the most common substrate for growth of

III-nitrides. Sapphire is transparent in the visible range (Eg=8.1-8.6 eV), chemically and

thermally very stable (melting temperature of 2050 °C), and the technology of growth

of nitrides on sapphire is quite mature. The III-nitride materials’ unit cell is rotated

30° about the c axis with respect to the sapphire unit cell to ensure both materials crystal

orientations are parallel. Nevertheless, the lattice mismatch between GaN and sapphire

is around 16%. Due to the large lattice and thermal mismatch, the quality of GaN films

grown directly on sapphire is poor. GaN films grown directly on sapphire exhibit a large

number of dislocations, hillocks, and strong deep level yellow luminescence [35, 41].

Amano et al. [8] discovered that optically flat and crack free GaN films could be

epitaxially grown by MOCVD on a sapphire substrate, by depositing a low temperature

AlN buffer layer between the substrate and the GaN film. This method, often called

two-step strained heteroepitaxy, is crucial in the growth of high quality III-nitride films,

as it is still used nowadays. The two-step strain heteroepitaxy consists of two steps: (1)

growth of a low-temperature (500-550 °C) AlN or GaN** 10-100 nm thick buffer layer;

(2) growth of thick (>1 µm) high-temperature GaN layer typically at 1000-1060 °C.

The growth mechanism of GaN grown on sapphire by MOCVD using a AlN buffer layer

was analysed by Kiramatsu et al. [43] and consists of the following stages: (1) high-

density nucleation of GaN on top of the AlN buffer; (2) geometric selection arranging the

crystallographic direction of the GaN columnar crystals; and (3) highly lateral growth

velocity of the trapezoid islands. Even with this method the threading dislocation

density in the epitaxial materials is on the order of 108-109 cm−2. While the high

dislocation density of a III-nitride epitaxial structure does not prevent the device from

working as a light emitter (to be discussed after), it limits its full potential as these

defects act as current leakage path and carrier traps providing routes for non-radiative

recombination [44, 45].

**In 1991, Nakamura et al. [42] reported a two-step epitaxial growth of GaN on sapphire using a low
temperature GaN buffer layer.



Chapter 1. Introduction 19

The dislocation density in III-nitrides grown on sapphire has been reduced using ad-

vanced growth techniques, such as epitaxial lateral overgrowth (ELO) [45] and patterned

sapphire substrates (PSS) [46]. The ELO techniques allow reduction in the thread-

ing dislocation density to 104-105 cm−2, however, due to their complexity and longer

turn-around time, this technique is often reserved for laser diode applications. On the

other hand, using PSS for III-nitride growth not only reduces the dislocation density

to ∼107 cm−2 [47] (increasing the IQE) but also increases the LEE, thus improving the

EQE of GaN-based LEDs. An oblique view scanning electron microscopy micrograph of

PSS is shown in Fig. 1.15(a). Due to this structure, nucleation of GaN only occurs at

the etched flat c-plane and not on the sidewalls. Fig. 1.15(b) shows that because GaN

does not nucleate on the sidewall of the cone structure no dislocations are generated at

this interface. Dislocations are generated at the interface of GaN with the flat etched

c-plane and at the top of the cone. This reduction of dislocations mitigates non-radiative

recombination, increasing the LED structure IQE. The mechanism for improved light

extraction efficiency is shown in Figs. 1.15(c) and 1.15(d). Due to the high refractive

index contrast between air and the semiconductor die, in a flat surface sapphire LED

a large portion of the emitted photons undergo total internal reflection, being trapped

inside the semiconductor die (Fig. 1.15(c)). In the case of PSS, the inclined sidewalls

effectively scatter photons, increasing their probability of escaping from the die - in other

words, increasing the light extraction efficiency and EQE [46].

2 µm 2 µm

TD

TD

TD

Sapphire n=1.7

GaN

Air n = 1

n=2.5

(a) (b)

(c) (d)

Figure 1.15: (a) Scanning electron microscopy micrograph of patterned sapphire
substrate (PSS) [48]; (b) cross-sectional transmission electron microscopy of GaN grown
on random-cone PSS (dislocations identified in yellow) [49]; (c) and (d) schematic cross-
sectional LED structure and photon trajectories of an LED fabricated in flat substrate
sapphire and in PSS, respectively (adapted from [46]).
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1.2.4.2 Growth on silicon

Silicon is the workhorse of microfabrication, being present in virtually every electronic

device. Silicon, as a growth substrate for III-nitrides, is interesting due to (1) the

availability of Si substrates in large sizes (up to 450 mm diameter) at low cost and

high quality, (2) Si’s high thermal and electrical conductivity, and (3) the possibility of

integration with other devices on the Si substrate. Despite these advantages, the growth

of III-nitrides (in particular GaN) on Si substrates is more challenging than the growth

on sapphire.

For the growth of wurtzite nitrides, Si(111) is the most favoured orientation due to

the threefold symmetry at the surface, which gives a good rotation matching to the

growth seeding layer�� [50]. Similarly to the growth on sapphire, the large lattice mis-

match (17%) between GaN and Si(111) leads to a large density of threading dislocations

(>1010 cm−2) in the epitaxial film (Fig. 1.16(a)). While for sapphire this problem is

mitigated by the growth of a low-temperature GaN buffer, such approach is not suitable

for Si. At normal growth conditions for GaN, Ga reacts with silicon initiating a strong

and fast etching reaction, usually referred to as melt-back etching. Figure 1.16(b) shows

the hole etched by the gallium atoms into the Si and the film roughness. Due to the

large thermal mismatch, if GaN films could be grown directly on Si they would be in

tension, as a consequence of the tensile stress introduced upon cooling from the growth

temperature. This leads to strong cracking of the GaN film surface, resulting in non-

uniform illumination pattern (Figs. 1.16(c) and 1.16(d)) and wafer bowing. In addition,

to achieve a good film quality the Si amorphous native oxide must be removed before

the growth [36, 51].

This native oxide can be easily removed, inside the growth chamber, by heating the

substrate to temperatures of 1100 °C in a hydrogen atmosphere. To prevent the melt-

back etching, the growth of GaN on Si is initiated with deposition of a high temperature

AlN layer. This layer not only avoids melt-back etching but also minimizes the crystal

misorientation and defect density of the GaN grown on top. The quality of the AlN

and subsequent GaN layer largely depend on the structural and chemical properties at

the interface of AlN with Si(111). The first 2-3 nm of this interface were found to be

amorphous SiNx, that formed unintentionally prior to the AlN growth. Inadvertently,

the thin SiNx layer, which does not affect the epitaxial growth of AlN, plays a important

role in the transfer of III-nitride devices to foreign substrates (see Chapter 2) [36].

GaN structures grown on Si substrates are under large tensile growth stress and

thermal stress introduced upon cooling, which makes them susceptible to cracking. The

��Nevertheless, III-nitrides can also be grown on (100)- and (001)-oriented Si substrates, albeit with
lower crystalline quality [36, 50].
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(a)

(b)

(c)

(d)

20 µm

Figure 1.16: (a) Atomic force microscopy micrograph of a typical surface of a GaN
epilayer grown on a Si substrate, in which each dark spot corresponds to a threading dis-
location [36]; (b) GaN on Si after melt-back etching [51]; (c) and (d) examples of cracked
GaN LEDs on Si under EL test, showing a non-uniform illumination pattern [36].

critical thickness of a crack free GaN film grown directly on a high temperature AlN

buffer layer is only 250 nm. This tensile stress can be compensated by introducing

compressive stress into the epilayer during growth. This can be achieved by growing

graded AlxGa1−xN intermediate layers [52], low temperature AlN [53] or AlGaN/GaN

superlattices [54]. Figure 1.17(a) shows the effect of the graded AlxGa1−xN compressive

layer in the curvature of GaN structures grown on 6-inch Si substrates. Due to the larger

in-plane lattice parameter of GaN compared to AlN (Table 1.1), an AlxGa1−xN layer

will be under compression when it is grown on relaxed AlN. The compressive stress in

the AlxGa1−xN layer will cause convex bowing at the growth temperature (Fig. 1.17(a)

LED1 orange shaded region), thus counteracting the concave wafer bow which occurs as a

result of the tensile stress introduced during cooling to room temperature (Fig. 1.17(a)

LED1 blue shaded region). Figures 1.17(b) and 1.17(c) show that by using a stress

management AlxGa1−xN layer it is possible to grow crack free flat GaN LED structures

on Si substrates [36].

The large lattice mismatch between Si and AlGaN, GaN structures leads to a high

initial dislocation density. Similarly to the sapphire case, epitaxial lateral overgrowth is

also an effective TD reduction method for GaN grown on Si [56]. A more conventional

method is the growth of a SiNx interlayer into the GaN layer, which acts as nano-ELO.

The thin SiNx interlayer constitutes a mask containing random holes through which

small facetted GaN islands form on regrowth, causing the TD to bend laterally and

annihilate themselves. Employing the methods show above it is possible to grow flat,
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Figure 1.17: (a) In-situ wafer curvature measured during growth of complete 2.8 µm
(LED1) and 1.8 µm (LED2) thick LED structures on 6-inch Si substrates (adapted
from [55]); (b) and (c) optical images of a badly cracked and a crack free GaN layer on
6 inch Si, respectively [36].

thick, crack-free GaN films on Si substrates with threading dislocation densities below

109 cm−2, or even with TD densities comparable to the ones seen on GaN on sapphire

(2-3x108 cm−2 [57]).

1.2.4.3 Dislocations in III-nitrides

As mentioned above III-nitrides, in particular GaN, exhibit threading dislocation dens-

ities on the order of 108-109 cm−2. The dislocations create energy levels inside the

forbidden gap, which are a pathway for non-radiative recombination of the charge car-

riers [3]. These mechanisms reduce the radiative efficiency of light emitters, and, in

fact for GaAs, if the dislocation density exceeds 103 cm−2 the emission is quenched [36].

However, the question of how can III-nitrides be so highly radiative efficient (IQE>70%),

while exhibiting such a high density of dislocations, is still open to debate.

One possible explanation is that the electronic states of the dislocation do not lie

inside the forbidden gap, but outside the forbidden gap, i.e. within the conduction and

valence bands of the semiconductor (Figs. 1.18(a) and 1.18(b)). This hypothesis is based

on an incomplete screening of the dislocation potential, which results in the repulsion of

either electron or holes, and thus in the absence of non-radiative recombination [3].

Another explanation is that compositional alloy fluctuations, alloy clustering effects

(specifically in In-rich GaInN clusters), and phase separation effects result in a variation

of the bandgap energy and lead to local potential minima, which in turn can attract

and confine carriers. Figure 1.18(c) shows how an In-rich cluster potential minima can
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Figure 1.18: Band diagram of dislocation (a) donor states in conduction band and
(b) acceptor sates in the valence band; (c) band diagram of GaInN with In rich regions
(adapted from [3]).

trap and localise carriers, preventing them from diffusing to a nearby dislocation, where

non-radiative recombination can happen. However, it has been suggested that In-rich

clusters are caused by the imaging method (damage of the InGaN QWs by electron

beam) and that localisation of the carriers is due to alloy fluctuations [58].

1.2.4.4 Doping

The realisation of efficient light emitters not only depends on good crystalline quality but

also on achieving effective n and p doping. Non-intentionally doped GaN is n-doped with

carrier concentration ∼1016 cm−3. This high n-type background carrier density has been

attributed to nitrogen vacancies and Si and/or oxygen impurities, however the origin of

this n doping is still controversial. As mentioned before, high-quality III-nitrides are

grown by MOCVD. This technique allows a precise control of the composition, thickness,

and doping of the epitaxial films. The dopants are introduced, during the growth, as a

gas and the doping concentration controlled by the gas flow rate [41, 59].

Silicon is the most used dopant for n-type conductivity in GaN, although, germanium

can also be used. Si mainly substitutes at the gallium site due to the low covalent radii

difference between Si and Ga, compared with the radii difference with nitrogen, forming

shallow donors. The most popular Si doping sources are SiH4 and Si2H6 in MOCVD

growth. Using SiH4, Nakamura et al. [60] showed that GaN could be grown without

cracks or pits on the surface with carrier concentrations up to 2x1019 cm−3, with an

associated mobility of 100 cm2/Vs. The activation energy for ionization of Si donors

in GaN is estimated to be between 12-17 meV [61], which explains the high ionization

efficiency at room temperature [41, 59].

Historically, efficient p-doping in III-nitrides has always been challenging and the

main obstacle towards the realisation of GaN-based pn junction LEDs. Acceptors in

III-nitrides can be chemically passivated by hydrogen atoms, which provide the electron

that acceptors tend to accept from the valence band, thereby passivating the acceptor.
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In addition, acceptors in III-nitrides have a high thermal activation energy, and, as a

result, only a small percentage of acceptors, typically less than 10%, are ionized at room

temperature [3].

The most common used acceptor in GaN is magnesium (Mg), which substitutes the

Ga atom thereby forming a substitutional acceptor. Generally, Mg-doped GaN grown

by MOCVD (using Cp2Mg gas) exhibits a semi-insulating behaviour. It was thought

that hydrogen��, generated during the epitaxial growth of GaN, behaves as a donor com-

pensating the acceptors, thus forming neutral Mg-H complexes. Amano et al. [9] dis-

covered that the acceptor dopants can be activated by post-growth LEEBI, thus achiev-

ing Mg-doped GaN p conductivity (hole concentration and mobility of 2x1016 cm−3 and

8 cm2/Vs, respectively). Subsequently, Nakamura et al. [62] demonstrated that low res-

istivity p-type Mg-doped GaN films can by obtained by thermal annealing at 700 °C

in a N2 atmosphere (hole concentration and mobility of 3x1017 cm−3 and 10 cm2/Vs,

respectively). During thermal annealing the H-N bond is broken and the H atoms are

driven out of the epitaxial film. The heating caused by the LEEBI is believed to have

this same effect. However, thermal annealing (675-725 °C for 5 minutes in a N2 atmo-

sphere) is the preferred method to activate the Mg acceptors, as it is an easy, reliable,

in-situ mass production process [3, 59].

In GaN, the Mg acceptor level is located about 200 meV above the valence band.

Because of the deep nature of the Mg acceptor, very high doping levels of ∼1019 cm−3

are frequently used in device applications. However, at this high concentration Mg atoms

can occupy interstitial sites, leading to the formation of defects, instead of substituting

the Ga atom. These factors limit the typical hole concentrations in highly Mg doped

GaN films to ∼1017 cm−3 [3, 59].

1.2.4.5 Polarisation effects

As previously mentioned, wurtzite III-nitrides are strongly polarised along the c-axis,

exhibiting spontaneous and piezoelectric polarisation.

The spontaneous polarisation originates from a deviation from an ideal tetrahedral co-

ordination along the (0001) axis and the ionicity of the crystal. The high electronegativ-

ity of the nitrogen atoms creates a strong dipole in the metal (Al, Ga, In) nitrogen bond,

which, due to the deviation from the ideal tetrahedral configuration, results in non-zero

dipole moment. As the wurtzite III-nitrides lack inversion symmetry, the crystal has two

��Sources of H atoms and H passivation include the methyl and ethyl groups of the organo-metallics,
ammonia, as well as hydrogen from the H2 carrier gas [3].
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Figure 1.19: Schematic cross-section views of surface charges and direction of electric
field and polarisation field for spontaneous (sp) and piezoelectric (pz) polarisation in
III-nitrides for Ga and N face orientation (adapted from [3]).

polar surfaces, one terminated with metal atoms and the other N-face. The spontaneous

polarisation for Ga and N face terminated GaN is shown in Fig. 1.19(a) [40, 63].

The piezoelectric polarisation arises from the hetero-epitaxially growth of III-nitride

devices, for example the active region of an LED consists of several few-nanometre-thick

InGaN QWs between GaN or InGaN barriers. The in-plane lattice constant mismatches

with the underlying layer results in the expansion or contraction of the III-nitride film.

For example, InGaN is compressively strain when grown on a thick relaxed GaN buffer

layer. In a similar fashion, AlGaN is under tensile strain when grown on a thick relaxed

GaN buffer layer (Figs. 1.19(b) and 1.19(c)) [3, 40].

The piezoelectric polarisation constants in III-nitrides are up to ten times larger

than in conventional III-V and II-VI semiconductor alloys [65]. As a result the InGaN
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Figure 1.20: Electronic band structure of a quantum well structure showing (left)
no QCSE and exhibiting (right) QCSE, resulting in effective bandgap narrowing and
spatial separation of electron and hole wavefunctions (adapted from [64]).
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QW structures, employed in visible LEDs, experience large internal fields that bend the

conduction and valence bands of the QWs. Consequently, the electron and holes are spa-

tially separated (reducing the radiative recombination§§) and the energy of the radiative

transition is lowered (red-shifted). The lower efficiency and lower emission energy are

collectively referred to as the quantum-confined Stark effect (QCSE) - Fig. 1.20 [3, 64].

This effect can be mitigated by reducing the QWs thicknesses down to 2-3 nm, thus

decreasing the electron and hole separation. Nevertheless, InGaN/GaN QWs are still

affected by QCSE, which causes their emission to blue-shift with increasing current

density (due to carrier screening effects) [3, 40].

1.2.5 AlGaInP-based LEDs

The red (630 nm) LEDs described in Chapter 4 are fabricated from LED wafers based

on AlGaInP materials. These LEDs were acquired through a collaboration with a con-

fidential company, with the help of Dr. Erdan Gu. The LEDs were fabricated by the

company, as such a detailed explanation of the fabrication workflow was not provided.

Nevertheless, a brief explanation of the LEDs structure and overview of the fabrication

process workflow are shown in Chapter 4.

The quaternary AlGaInP alloy system, grown on lattice matched GaAs substrates,

is important for high performance LEDs and lasers operating in the orange and red

regions of the visible spectrum. This quaternary alloy was first developed in the 1980s

for double heterostructure lasers operating in the 680 nm range [66, 67]. Following

the success of the AlGaInP lasers, the first AlGaInP LEDs, with emission wavelength

extending from ∼560-620 nm, were reported [5, 68]. AlGaInP and the binary alloys AlP,

GaP, and InP crystallize in the zinc blend structure at room temperature. Table 1.3

Table 1.3: Important properties of III-V phosphides and GaAs at room temperature
(retrieved from [3]).

Parameter AlP GaP InP GaAs

Lattice constant a0 (�A) 5.4635 5.4512 5.8686 5.6533

Bandgap energy Eg (eV) 2.45 2.26 1.35 1.42

Electron mobility µn (cm2/Vs) 60 110 4600 8500

Hole mobility µp (cm2/Vs) 450 75 150 400

§§The radiative recombination is proportional to the absolute square of the overlap integral of electron
and hole wavefunctions. Due to the spatial separation of the carriers, their wavefunctions overlap is
reduced, thereby the radiative recombination rate [40].
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Figure 1.21: Bandgap energy and corresponding wavelength vs lattice constant of
(AlxGa1−x)yIn1−yP at 300 K. The dashed vertical line shows (AlxGa1−x)0.5In0.5P lat-
tice matched to GaAs (retrieved from [3]).

summarises important parameters of the III-V phosphides binary alloys and of the GaAs

substrate [3].

At the molar indium composition of 50%, (AlxGa1−x)0.5In0.5P is lattice matched to

GaAs (as shown in Fig. 1.21). The bandgap energy of lattice matched GaInP (x = 0)

is approximately 1.9 eV (650 nm). The addition of Al to GaInP allows one to shift the

emission towards shorter emission wavelengths. However, (AlxGa1−x)0.5In0.5P becomes

an indirect bandgap semiconductor at Al mole fractions of ∼0.53, which translates into

a emission wavelength at the direct-indirect crossover point of approximately 555 nm.

Below this value the radiative efficiency strongly decreases and this material is no longer

suitable for light emitting applications [3].

1.2.5.1 Growth on GaAs

AlGaInP is heteroepitaxially grown on (100) GaAs substrates by MOCVD at temperat-

ures between 650 and 800 °C. Commonly before the epitaxy of the AlGaInP layer, GaInP

and AlInP materials are firstly deposited on the lattice matched GaAs substrates, re-

spectively, following the linear interpolation method. The p and n (AlxGa1−x)0.5In0.5P,

with 0.6 ≤ x ≤ 1, confinement layers and the (AlxGa1−x)0.5In0.5P active layer are lat-

tice matched to the GaAs substrate during the growth at high temperature. The lattice

matched growth on GaAs results in high quality films, however, due to CTE mismatch

between GaAs and AlGaInP, the epitaxial film is under compressive strain at room

temperature [69, 70].
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Although AlGaInP is perfectly lattice matched to GaAs, the growth of AlGaInP

still proved challenging due to oxygen incorporation and ordering effects. Aluminium

is highly reactive and binds easily to oxygen impurities present in the chamber or in

the source gases. These impurities form deep-level donor states that act as nonradiative

centres and compensate shallow acceptors, which is detrimental to a device’s perform-

ance. The ordering of Ga and In atoms along the (111) planes lowers the bandgap

energy of AlGaInP. As a result, the emission wavelength varies as the degree of ordering

changes. Oxygen incorporation and ordering effects can be minimised by optimising the

growth conditions (high temperature and high V-III ratio) and the orientation of the

growth substrate [69].

1.2.5.2 Doping

Light emitting applicatons require the intentional doping of both n- and p-type con-

finement layers ((AlxGa1−x)0.5In0.5P, with 0.6 ≤ x ≤ 1). Early attempts to dope high

Al-content AlGaInP alloys were not very successful, especially for p-type alloys. These

early difficulties were due to: (1) high oxygen content in the early AlGaInP materials

which electrically compensated the shallow acceptors; (2) increase of the acceptor ion-

ization energy with increasing Al content, reducing free hole concentrations; and (3)

hydrogen passivation of the acceptor impurities (similar to III-nitrides) [71, 72].

Si2H6 or SiH4 are commonly used as source gases for n-type Si doped AlGaInP. The

doping concentration is controlled by adjusting the dopant flux, and it is commonly in

the range of 2x1017 to 5x1018 cm−3. The most common p-type dopants for AlGaInP are

zinc (Zn) and magnesium, however Mg is usually preferred as it has a smaller ionization

energy than Zn. The doping density for the p-type confinement layer is in the range

of 4x1017 and 2x1018 cm−3, and can be controlled by adjusting the flux of Cp2Mg

during growth. Reactivation of the passivated acceptors can be achieved by post-growth

annealing in H2 or N2 ambient at temperatures above 400-500 °C [73]. For AlGaInP hole

and electron mobilities are usually ∼10 cm2/Vs and ∼50 to 500 cm2/Vs, respectively [71,

72].

1.2.6 LED efficiency droop

Ideally the optical power emitted by an LED would increase linearly with the injected

current, and thus the efficiency would be constant, independent of the current. However,

in real LEDs the efficiency peaks at relatively low current and then gradually decreases

with increasing current. This phenomena is known as efficiency droop and it is shown

in Figs. 1.22(a) and 1.22(b) for AlGaInP-based and GaN-based LEDs, respectively [3].



Chapter 1. Introduction 29

(a) (b)
ALED=300x300 𝜇m2

ALED=350x350 𝜇m2

Figure 1.22: (a) EQE vs current of a AlGaInP-based LED at different temperatures
(open black circles indicate the peak position of each curve); (b) efficiency vs current
curves of GaN-based UV, blue, and green LEDs at 293 K; - retrieved from [32].

AlGaInP-based LEDs exhibit strong efficiency droop at cryogenic temperatures, how-

ever, at room temperature the efficiency droop is close to zero, thus not posing an

obstacle in practical high-brightness applications. It has been suggested that for AlGaInP-

based LEDs, the efficiency droop occurs due to an increase in non-radiative recombina-

tion via traps and due to electron leakage out of the active region [3, 74]. For GaN-based

LEDs the efficiency peak occurs at relatively low current density (0.1-10 A/cm2) and

the efficiency droop increases with increasing wavelength (from UV to green), posing a

bigger obstacle for high-power applications than AlGaInP-based LEDs. For GaN-based

devices the origin of the efficiency droop is not fully understood and several mechan-

isms have been proposed, with Auger recombination and carrier leakage being the most

discussed [32, 75, 76].

In the Auger process, an electron recombines with a hole, transferring the released

energy for exciting a third carrier (electron or hole) rather than emitting a photon.

When analysing the influence of Auger recombination on the efficiency droop, carrier

leakage is neglected and, as such, the IQE is given by the ABC model:

IQE =
Bn2

An+Bn2 + Cn3
(1.12)

where n is the carrier density and A, B, and C are the SRH non-radiative, radiative, and

Auger non-radiative recombination coefficients. Shen et al. [77] were the first to suggest

that Auger recombination could be the primary non-radiative path for carriers at typ-

ical LED operating currents, and the reason behind the efficiency droop. The measured

Auger coefficient varied between 1.4x10−30 and 2.0x10−30 cm6s−1, which accordingly to

the limit set by Piprek [75] (C ≥10−31 cm6s−1), is enough to cause significant efficiency

droop. Iveland et al. [78] reported direct measurement of Auger electrons emitted by a

LED under current injection, and showed a linear correlation between the emitted elec-

tron and the efficiency droop. Nevertheless, this work has been contested by others [79],
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who have commented that the LED structure used in [78] is unsuitable to retrieve an

Auger signature.

Carrier leakage has also been proposed as the main mechanism behind the efficiency

droop. In this case, as the carrier concentration increases, an increasing number of

carriers may not be captured by the active region or may escape from the active region.

In this case an extra term, that accounts for the carriers that recombine outside the

active region, is added to the denominator of Eq. 1.12 (ABC model). A common cause

of carrier leakage in GaN-based LEDs, is when an electron fails to be captured by MQW

structure and eventually recombines with holes in the p-type GaN or at the p-type

contact electrode. To mitigate this problem, an AlGaN electron blocking layer (EBL) is

grown on the p-side of the MQW structure. However, the EBL is unable to completely

stop electron leakage in nitride LEDs, and a direct connection between the efficiency

droop and electron leakage has been proposed [80]. In nitride LEDs, polarisation effects

are believed to be one of the possible reasons for electron leakage. With the typical

Ga-polar growth of nitride LEDs, the polarisation charges at the MQW-EBL interface

are positive, which leads to electron accumulation at this interface and strong negative

band bending [3, 32, 75].

1.3 Micro-LEDs

Micron-sized LEDs (micro-LEDs) are, by convention, defined as LEDs with an emission

area of less than 100 µm in each dimension [81]. The first micro-LED (12 µm diameter

disk - Figs. 1.23(a) and 1.23(b)) was reported in 2000 by Jin et al. [82], who showed

that, for an identical area, the external quantum efficiency of micro-LED is enhanced over

conventional broad area LEDs. Later, in 2001, the same group [83] demonstrated a 10x10

blue nitride microdisplay (Fig. 1.23(c)), highlighting “that III-nitride microdisplays have

an unsurpassed ability to provide high-brightness/resolution/contrast, ..., long life, high

speed, and low-power consumption”.

Micro-LEDs can deliver higher power density and sustain higher current density op-

eration (up to several kA/cm2) than conventional broad area LEDs. This has been

attributed to better thermal management [84], less current crowding [85] and enhanced

light extraction efficiency [86] in micro-LEDs. In addition, due to their size the modula-

tion bandwidth of micro-LEDs is no longer limited by the RC constant but instead by

the differential carrier lifetime, which accordingly to the ABC model is inversely pro-

portional to the carrier density. This results in extremely high modulation bandwidths
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(a) (b)

(c)

Figure 1.23: (a) Schematic drawing and (b) scanning electron microscopy micrograph
of InGaN/GaN QW micro-LEDs [82]; (c) first III-nitride blue microdisplay [83].

of up to 830 MHz¶¶ for a single colour micro LED at 16 kA/cm2 [87]. Nowadays, micro-

LEDs are regarded as the next-generation of self-emissive displays*** (Figs. 1.24(a) and

1.24(b)) [81, 91, 92], and can be found in a wide range of applications, such as visible

light communication (VLC - Fig. 1.24(c)) and optogenetics (Fig. 1.24(d)) [93, 94].

In VLC, data is transmitted by modulating visible light at rates unperceived by the

human eye. This technology uses the existing lighting infrastructure and highly energy

efficient LEDs to exploit the license-free and virtually unlimited bandwidth of the THz-

frequency visible spectrum [93]. The upper bound of data transmission in a VLC channel

(a) (b)

(c) (d)

Figure 1.24: Monolithic (a) green [92] and (b) blue [91] micro-LED microdisplays;
illustration of the LiFi concept [95]; micro-LED array integrated with a micro-needle
array for neural interfacing [94].

¶¶Putting this value into perspective, conventional broad area LEDs bandwidth is around 20 MHz.
***With companies such as Samsung [88], Apple [89], and Facebook [90] pushing towards commercial-

isation.
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(capacity of the channel - C) is given by the Shannon theorem - Eq. 1.13 [96]:

C = B · log2 (1 + S/N) (1.13)

where B is the modulation bandwidth, S is the power of the signal, and N is the power

of the noise. From Eq. 1.13 it is obvious that the channel capacity increases with the

bandwidth and optical power of LEDs. Early studies showed that commercial broad area

LEDs are capable of achieving VLC data rates in the range of 100 Mbps [97, 98]. Em-

ploying more advanced modulation schemes and equalisation techniques data rates of a

few Gbps have been demonstrated [99, 100]. Nevertheless, the inherently low bandwidth

of commercial LEDs (∼20 MHz) is an obstacle towards high-speed VLC systems. On the

other hand, micro-LEDs extremely high modulation bandwidth and compatibility with

commercial LED growth and fabrication processes makes them a perfect candidate for

high-speed VLC applications. In fact, due to the 100’s MHz bandwidth of micro-LEDs

and the development of highly spectral efficient modulation schemes, such as ortho-

gonal frequency division multiplexing (OFDM), VLC data rates of 10 Gbps have been

achieved by a single violet micro-LED [101]. Although the low absolute optical power

of micro-LEDs seems to set a practical limitation on the employment of micro-LEDs

in VLC, it has been recently demonstrated that, using in-series connected micro-LED

arrays, several Gbps data rates can be achieved at long distances (e.g. 6.58 Gbps at

10 m) [102].

The concept of VLC has also been extended to underwater wireless optical com-

munication (UWOC), with reports of LED-based transmitters achieving 2.28 Mbps in

50 m [103] and 14.6 Gbps in 1.2 m [104] of tap water. Light sources operating in the

visible range take advantage of water’s transparency window in that wavelength range.

More recently, micro-LEDs have also been employed in underwater media for communic-

ation. Tian et al. [105] reported a data rate of 800 Mbps in 0.6 m of tap water, using a

single blue micro-LED. Using an in-series connected blue micro-LED array Arvanitakis

et al. [106] achieved 4.92 Gbps in 1.5 m of tap water.

LEDs have also made an impact in the field of optogenetics, which uses light to stimu-

late/inhibit neuron function [107]. One of the main challenges in in-vivo optogenetics is

how to deliver light into the brain without damaging the surrounding tissue, whilst keep-

ing high spatio-temporal resolution and freedom of movement of the subject. A common

approach is to use an optical fibre to guide light from an external light source into the

brain. In this case, commercial LEDs can be used as the external light source [108],

and specific optogenetics LED modules can be acquired from Thorlabs [109]. However,

in fibre-based approached spatial resolution is compromised and the requirement for a



Chapter 1. Introduction 33

light source with an external physical connection also hinders wireless solutions. Altern-

atively, micro-LED arrays can be fabricated into a probe shape, which is then inserted

directly into to the subject’s brain, thus eliminating the need for external light sources

and enabling unique spatial resolution. Following this approach several reports have

emerged in the past years [110–113].

1.4 Micro-transfer printing

Micro-transfer printing offers advanced capabilities in the manipulation of solid micro/n-

ano structures via their selective transfer from one substrate (the donor substrate) to

another substrate (the receiver substrate) using a soft, elastomeric stamp. This tech-

nique relies on strategies to fabricate suspended platelets of material still tethered to

the growth substrate, on the successful transfer of individual or arrays of these platelets

onto a receiving substrate, and efficient encapsulation and electrical addressing of the

aforementioned platelets. By separating the fabrication substrate from the application

substrate, it bypasses the incompatibility problem of delicate substrates (e.g. flexible

polymers, CMOS, amongst others) with conventional fabrication technologies which

have a mature and established commercial infrastructure (e.g. III-nitrides MOCVD

growth). This process enables massive parallel assembly of diverse materials in various

structural forms (i.e. wires and membranes with dimensions from a few nanometres to

macroscopic scales), with throughputs that correspond to millions of objects per hour,

into spatially organised, functional arrangements with two or three-dimensional (3D)

layouts [114–116].

Micro-transfer printing has been used to realise flexible arrays of inorganic micro-

LEDs (Figs. 1.25(a) and 1.25(b)), flexible micro-LED neuroprobes (Fig. 1.25(c)), active-

and passive-matrix addressable micro-LED microdisplays (Figs. 1.25(d) and 1.25(e)), as

well as complex 3D structures (Figs. 1.25(f) and 1.25(g)).
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(a) (b) (c)

(d) (e)

(f) (g)

Figure 1.25: (a) Optical image of a flexible GaN-based micro-LED array [117]; (b)
optical image of an array of AlGaInP-based micro-LEDs (6x6) tightly stretched on
the sharp tip of a pencil [118]; (c) optofluidic neural probe during simultaneous drug
delivery and photostimulation [119]; (d) photograph of a 127 ppi full-colour active
matrix display on glass in operation [120]; (e) passive-matrix micro-LED display on a
flexible substrate [121]; (f) scanning electron microscopy (SEM) micrograph of silicon
platelets assembled by micro-transfer printing [122]; SEM micrograph of a polarisation-
sensitive cross-nanowire THz detector [123].

1.5 Summary

This chapter has given a brief and largely historical overview of the development of light

emitting diodes and a theoretical background on semiconductors and on the operating

principles of LEDs. The importance of heterostructures and later on of MQWs struc-

tures in achieving high-efficiency solid state emitters has been discussed. Due to their

relevance to this work, the growth of high-quality and efficient n- and p-type doping of

III-nitride and AlGaInP-based LEDs have been described in further detail. The LED

efficiency droop phenomena and possible mechanisms behind it have been discussed.

The high-brightness and high-bandwidth of micro-LEDs and their application in visible

light communication has been presented. To conclude, the technique of micro-transfer

printing and its suitability for the emerging field of hybrid optoelectronic devices was

briefly introduced.
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Chapter 2

Experimental techniques for

fabrication of micro light emitting

diodes for transfer printing

applications

Fabrication of releasable suspended micron-sized light emitting diodes (micro-LEDs)

requires highly specific equipment and processes. In this chapter, the main techniques

used for fabrication and transfer of micro-LEDs are reviewed and discussed. This chapter

is divided into two sections. In section one, the main micro-LED fabrication processes

and techniques are presented. In section two, the assembly of micro-LEDs onto non-

native substrates by transfer printing is described.

2.1 Fabrication of micro-LEDs for transfer printing applic-

ations

The typical fabrication process of suspended GaN-based micro-LED platelets is schem-

atically shown in Fig. 2.1. The fabrication process is similar to the one followed for

the fabrication of commercial LEDs, with the main exceptions being the smaller pixel

size and underetching for suspension of platelets on their growth substrate. In this sec-

tion, the techniques and processes required for the fabrication of suspended micro-LED

platelets are described. These techniques and processes have been grouped into pattern

definition, pattern transfer and formation of metal contacts.

44
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Figure 2.1: Schematic process flow for the fabrication of suspended GaN-based micro-
LEDs.

2.1.1 Pattern definition

2.1.1.1 Photolithography

Photolithography is the process of transferring patterns on a mask to a thin layer of

photosensitive material (called photoresist - PR) by light exposure (usually ultraviolet-

UV). The transferred PR pattern acts as mask in subsequent etching processes that

remove material from unmasked portions of the sample. The photolithography process

starts with coating of the sample with a thin layer of PR. Next, the sample is exposed

to UV light through apertures previously defined on the mask. This step activates the

photo active compounds (PACs) in the PR, changing its chemistry. In the case of a

positive PR, the exposed PR becomes soluble in developer and it is removed, while for

a negative PR, the exposed PR becomes insoluble in developer and non-exposed PR is

washed away. Thus, with a positive PR the obtained pattern corresponds to the mask

pattern, while with a negative PR the obtained pattern is the negative of the mask [1].

This process is illustrated in Fig. 2.2.
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Figure 2.2: Schematic photolithography process for positive and negative photores-
ists, respectively.

In this work, alignment and exposure were performed in a Karl Suss MA6 Mask

Aligner system (Fig. 2.3(a)). The main features of this system are the lamp housing,

microscope, alignment stage, and mask holder. The lamp house holds a high-pressure

short-arc mercury lamp (Hg UV400), which emits wavelengths primarily between 365

and 436 nm (Fig. 2.3(b)). The alignment stage allows precise translation (x -y) and

rotation control. The microscope and alignment stage allow one to align the sample

with the mask patterns. To allow for free movement of the sample during this step,

a 30 µm gap between the sample and the mask is used. When aligned, the sample

is brought into contact with the mask to ensure the highest resolution possible. The

exposure time and dose are determined by the PR properties and thickness.

Lamp 
house

Microscope

Mask holder

Alignment 
stage

(a) (b)

Figure 2.3: (a) Photograph of the mask aligner system used in this work with main
features identified; (b) high-pressure mercury lamp typical emission spectrum (from
[2]).
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2.1.2 Pattern transfer

The pattern transfer process is initiated with the lithographic pattern definition step

(introduced in the previous section) and finalised with the subsequent etching of the

underlying material. In the etching process material is chemically and/or physically

attacked and eroded in the PR unprotected areas. However, in many etching processes

hard masks are required, as resists are simply not tolerant enough under harsh etching

conditions. Generally, etching can be classified into dry etching and wet etching. In this

section, the concept of hard masks and related processes are firstly introduced. Then,

both types of etching and related techniques/processes are reviewed.

2.1.2.1 Hard masks by plasma-enhanced chemical vapour deposition

As mentioned in the previous section, photolithography allows the creation of PR pat-

terns that act as a mask during etching. However, some of the etching processes used in

this work are not compatible with the use of PR (e.g. potassium hydroxide (KOH) wet

etchant). A common solution to this problem is to use silicon dioxide (SiO2) as a hard-

mask, which offers better etching resistance. This hard-mask is defined by transferring

the PR pattern onto the SiO2 layer through dry etching (to be discussed in following

subsection). In this work, SiO2 is deposited by plasma-enhanced chemical vapour de-

position (PE-CVD) in an Oxford Plasma 80 Plus system (Fig. 2.4(a)). Figure 2.4(b)

shows a schematic drawing of a PE-CVD deposition chamber. The sample is placed

on the heated electrode (300 °C) and the source gases (silane (SiH4) and nitrous oxide

(N2O)) are introduced from the top. The source gases are activated in the plasma and

diffuse to the sample surface, where they react to form a thin SiO2 film:

SiH4(g) + 2N2O(g)→ SiO2(s) + 2H2(g) + 2N2(g) (2.1)

By using a plasma it is possible to decrease the deposition temperature while maintaining

competitive deposition rates (0.1-10 nm/s) [1]. By comparison plasma-free SiO2 can also

be grown by dry thermal oxidation at 900 °C and at rates of 0.5 nm/min [1].

In this work, SiO2 was deposited at a rate of 34 nm/min under the following con-

ditions: gas flows of 170 sccm of silane and 710 sccm of nitrous oxide, 70 W of radio

frequency (RF) power and substrate temperature of 300 °C.
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Figure 2.4: (a) Photograph of an Oxford Plasma 80 Plus plasma-enhanced chemical
vapour deposition (PE-CVD) system; (b) schematic drawing of the PE-CVD chamber
(adapted from [1]).

2.1.2.2 Dry etching

The term dry etching is usually used as a synonym of plasma etching, however, plasma-

free dry etching processes exist. An example of such is the hydrogen fluoride (HF)

vapour phase etching of SiO2. In this work, all the dry etching processes are plasma

etching processes. A plasma can be defined as a fully or partially ionized gas composed

of equal numbers of positive and negative charges and a different number of unionised

molecules [3]. Most microfabrication techniques use RF-excited (usually 13.56 MHz)

low-temperature and low-density plasmas contained in a vacuum chamber. The plasma

is initiated by the gas free electrons, which, due to the RF field, gain kinetic energy

and collide with the gas molecules, ionising them. These energetic electrons can also

Pump

Gas inlet

Plasma
Sample

RF Power

Lower 
Electrode

Upper 
Electrode

(a) (b)

Figure 2.5: (a) Photograph of an Oxford Plasma 80 Plus reactive ion etching (RIE)
system; (b) schematic drawing of an RIE chamber (adapted from [1]).
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generate reactive radicals and enhance chemical reactions. Most plasma processes use

both the energetic ions and the reactive radical for material removal, a process called

reactive ion etching (RIE). In RIE ionic species accelerated by the RF field impart energy

directionally to the surface, while highly reactive radicals react with the sample yielding

volatile byproducts. This technique is associated with the production of vertical sidewalls

and highly accurate reproduction of the PR dimensions (minimal undercut) [1, 3].

A photograph of the RIE system used in this thesis and a schematic drawing of its

chamber are shown in Figs. 2.5(a) and 2.5(b), respectively. The reactive gases are fed

through the top gas inlet and the plasma initiated and maintained by the RF field. The

sample to be etched is placed on the lower electrode, which, being reverse biased, is

strongly attacked by energetic ions and neutral radicals. In an RIE system the plasma

density (∼ 109 cm−3) and the bombardment energy are dependent on each other and

cannot be controlled independently [1, 3]. In this work, the RIE system was mainly

used to etch PR patterned SiO2. The SiO2 was etched at a rate of 28 nm/min under

the following conditions: gas flow of 5 sccm of flouroform (CHF3) and 15 sccm of argon

(Ar), 120 W of RF power at a pressure of 0.03 Torr.

An inductively coupled plasma (ICP) dry etching system is a modified RIE system

in which plasma generation and biasing are separated (shown in Fig. 2.6). ICP systems

use a set of RF-powered coils, physically separated from the gas through a dielectric

window, to generate a high density plasma (∼ 1011-1012 cm−3). The samples are placed

on the platen electrode and the ion bombardment controlled by platen RF power. As

separate sources are used for plasma generation and ion acceleration, higher etch rates

and higher selectivity can be achieved [1, 3]. In this work, the ICP system was used to

etch GaN-based materials. An etch rate of 340 nm/min is achieved under the following

Pump

Plasma

Sample

Platen RF Power

Platen 
Electrode

Coil RF 
Power

Gas inlet(a) (b)

Figure 2.6: (a) Photograph of the inductively coupled plasma (ICP) deep reactive ion
etching system used in this work; (b) schematic drawing of an ICP chamber (adapted
from [1]).
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conditions: Ar flow of 10 sccm, chlorine (Cl2) flow of 30 sccm, coil power of 400 W,

platen power of 200 W and chamber pressure of 20 mTorr.

2.1.2.3 Wet etching

In wet etching, liquid chemical baths are used to etch away materials. The mechanisms

for wet etching involve three essential steps: transport of reactants to the reacting sur-

face, occurrence of chemical surface reactions generating soluble products, and transport

of the products away from the surface. While plasma dry etching processes are charac-

terised for their directionality, most of the wet etching processes are isotropic. A notable

exception is the wet etching of silicon in alkaline aqueous solutions (such as KOH), which

is strongly anisotropic along preferred crystalline directions [1, 3]. Silicon crystallises in

the cubic diamond crystal structure. This structure belongs to the face-centred cubic

(fcc) crystal family and its unit cell can be thought of as two interpenetrating fcc lat-

tices with their origins at (0,0,0) and (1/4,1/4,1/4). Figure 2.7 shows the silicon crystal

planes and crystallographic directions (a) (100) and 〈100〉, (b) (110) and 〈110〉, and (c)

(111) and 〈111〉. The angle between two planes (θ) can be calculated from the scalar

product of the normal vectors:

a · b = |a||b|cos(θ) (2.2)

Plane (100) intersects the plane (110) at 45° and the plane (111) at 54.7°. Crystallo-

graphic dependent etching of silicon relies on aligning mask openings with the Si wafer

crystal planes. The wafer orientation is labelled according to the surface plane and re-

spective normal vector. For example, the surface of a Si (111)-oriented wafer is a (111)

plane with [111] surface normal vector.

One important parameter in crystallographic dependent etching of silicon is the

atomic lattice packing density and available bonds in the crystallographic plane [4]. The

highest atomic packing density occurs along direction 〈111〉 in plane (111) (Fig. 2.7(c)).

Direction 〈100〉 shows a less dense atomic packing in the (100) plane (Fig. 2.7(a)). And

direction 〈110〉 exhibits a very low atomic packing density in the (110) plane, when

compared to (111) and (100) planes. Taking this into account, one would expect the

etch rate to be considerably faster in the 〈110〉 direction than in the 〈100〉 direction and

even more so than in the 〈111〉 direction. This assumption is confirmed by experimental

etch rates for Si along the aforementioned planes. Table 2.1 shows the etch rate for the

Si(100), Si(110), and Si(111) planes in a 30% KOH solution at 70 °C [5]. It immedi-

ately stands out that the plane Si(110) is etched faster than the plane Si(100), and the
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Figure 2.7: Silicon crystal planes and crystallographic directions for (a) (100), (b)
(110), and (c) (111) Miller indices (adapted from [1]).

plane Si(111) is barely etched, confirming the theoretical prediction based on the atomic

packing density.

In this work, crystallographic dependent KOH wet etching was used to create pyr-

amidal protrusions on Si(100)-oriented wafers and to underetch the planes (110) on

Si(111)-oriented wafers. The former is used to fabricate stamps for transfer printing and

the latter to suspend and release micro-LED platelets from their Si(111) growth sub-

strate (left bottom corner of Fig. 2.1). In both of these processes, PE-CVD deposited

SiO2 had to be used as a mask, as PR is severely attacked in KOH solutions. PE-CVD

deposited SiO2 is etched at 15 nm/min in a 30% KOH solution at 80 °C. Silicon nitride

is commonly used in industry as it offers better resistivity to KOH (0.67 nm/min) [6].

However, the deposition of high quality SiNx films is quite challenging in our current

PE-CVD system. As such, in this work, and despite its faster etching rate, SiO2 masks

are used in KOH wet etching processes. Figure 2.8 shows a schematic drawing of the

KOH etched features used in this work for Si(100) and Si(111) wafers. In Fig. 2.8(a)

a SiO2 mask with a square opening (aligned with the primary flat) is RIE defined on

Table 2.1: Orientation dependent etch rate (µm/min) for a 30% concentration KOH
solution at 70 °C [5].

Direction Etch rate (µm/min) Etch rate normalised to plane Si(110)

Si(100) 0.797 0.548

Si(110) 1.455 1.000

Si(111) 0.005 0.004
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Figure 2.8: Schematic of (a) and (b) Si(100) wafer with a SiO2 square mask opening
before and after KOH etching (which exposes the Si(111) planes (identified in red)),
respectively; (c) and (d) Si(111) wafer with Si(110) planes exposed (identified in green)
before and after KOH etching (which etches the Si(110) plane), respectively (adapted
from [1]).

top of a Si(100) sample. Figure 2.8(b) shows an inside cut of the sample after KOH wet

etching. The Si(100) planes are etched while the Si(111), identified in red, are practically

unetched. This etching process is said to be self limiting as it terminates when the slow

etching Si(111) planes meet. As the planes (111) intersect the planes (100) at 54.7° the

obtained etching feature is a square based pyramid. Figure 2.8(c) shows a SiO2 bridge

feature etched down to the Si(111) substrate. An additional dry etching step exposes

the Si(110) planes - identified in green. The planes Si(110) are fast etched in KOH, while

the Si(111) are practically not affected. As the etch removes the planes underneath a

structure (in this case, the SiO2 bridge) it is usually referred as an underetch. After

completion of the underetch the SiO2 bridge is left suspended (Fig. 2.8(d)).

The principle shown in Figs. 2.8(c) and 2.8(d) is applied in the fabrication of sus-

pended micro-LED platelets from GaN on Si. In this case, the micro-LED platelets

are tethered to the Si(111) substrate by sacrificial anchors (which are defined by dry

etching) and the Si(110) planes underneath the platelet are removed in KOH wet etch-

ing. Optical pictures taken at different stages of etching process show the etch front

progression underneath a GaN platelet (Fig. 2.9).

KOH aqueous solutions are known to anisotropically etch N-polar GaN and AlN [7].

The N-polar GaN etching results in nanotip pyramids structures [8], which can lead to

considerable sidewall roughness of the micro-LED mesa structure. In order to mitigate

this effect a thick layer of SiO2 is PE-CVD deposited, before the KOH etching, for
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Time

Figure 2.9: Plan-view optical microscope images of the KOH etch front progression
over time of the planes underneath a GaN platelet. The platelet is 100x100 µm2.

sidewall protection during the process. As the backside of the micro-LED structure is

also exposed to KOH during the underetching, roughening of the micro-LED backside

is expected. This roughness can play a huge role in transfer printing as it reduces the

contact area between the micro-LED backside and a receiving substrate. Fortunately,

the micro-LED platelet backside is protected from KOH by a thin layer of SiNx
*, which

forms between the Si(111) substrate and the buffer layer during the epitaxial growth of

the LED structure [9].

2.1.3 Metal contacts

A crucial step in the fabrication of LEDs is the formation of metal contacts to both p-

and n-GaN. In this work, different metals were deposited, by physical vapour deposition

(PVD)� methods, onto the GaN surface to form metal-semiconductor contacts. In ad-

dition, in order to achieve a low specific contact resistivity, a thermal annealing process

is applied to the p-GaN metal contact. The following section describes the techniques

used for metal deposition and thermal annealing.

2.1.3.1 Metal deposition by electron beam evaporation

In this work, the p-GaN metal contact was deposited in an electron beam (e-beam)

evaporation system. Depending on the micro-LED being top-emitting or flip-chip emit-

ting different metal were used. Top-emitting micro-LEDs required a nickel/gold (Ni/Au)

10/20 nm thick bilayer, while flip-chip micro-LEDs required a 100 nm thick palladium

(Pd) metallic film.

Figures 2.10(a) and 2.10(b) show a photograph of the e-beam evaporator used in this

work and a schematic drawing of its chamber, respectively. The deposition process is

*As mentioned before, SiNx exhibits high resistance to KOH aqueous wet etching.
�In PVD, material is ejected from a solid target material, transported in a vacuum to a sample

surface where film deposition takes place.
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Figure 2.10: (a) Photograph of the e-beam metal deposition system used in this work;
(b) schematic drawing of an e-beam deposition chamber (adapted from [1]).

performed in a vacuum chamber at pressures lower than 2x10−5, which ensures a mean

free path larger than the chamber size. An electron beam is generated by a passing a high

electric current (in the order of 40 mA for Pd deposition) through a tungsten filament.

This electron beam is redirected by a magnetic field towards a crucible that contains

the desired target material. The electrons’ kinetic energy is converted into thermal

energy which causes the target material to melt, forming a plume of sublimated material.

This plume of sublimated material travels until it reaches the sample surface, where it

condenses to form a solid thin film. The target material atoms arrive at thermal speeds,

which results in basically room temperature deposition. Low deposition temperature

combined with line-of-sight transport means that evaporated films will not coat sidewalls

or holes well, however planar surfaces exhibit good film quality [1].

2.1.3.2 Metal deposition by sputtering

In this work, a titanium/gold bilayer (100/200 nm thick) was used as metal contact to

the n-GaN and to define the metal tracks. Both of these metals were deposited in a

magnetron sputtering system. Figures 2.11(a) and 2.11(b) show a photograph of the

magnetron sputtering system used and a schematic drawing of its chamber, respectively.

In this technique, argon ions (Ar+), from a glow discharge plasma, hit the negatively

biased target and eject target atoms. The magnet behind the target creates a field which

confines electron movement, leading to a higher ionisation density, and therefore high

deposition rates (1-10 nm/s). The ejected target atoms are transported in a vacuum to

the sample surface where they deposit forming a thin film. Because sputtering pressures
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Figure 2.11: (a) Photograph of the sputter metal deposition system used in this work;
(b) schematic drawing of a sputter deposition chamber (adapted from [1]).

are quite high, 1-10 mTorr, sputtered atoms will experience many collisions before reach-

ing the sample surface. Therefore they deposit on the surface with random incidence

angles, which results in good step coverage [1].

2.1.3.3 Thermal annealing

Thermal annealing of the p-GaN metal contact is known to reduce the specific contact

resistance between the p-GaN and its metal contact (Ni/Au and Pd). For example,

a as-deposited Ni/Au contact to p-GaN exhibits nonlinear characteristics, indicating a

Schottky-type barrier between the metal and the p-GaN. Annealing at 500 °C of the

Ni/Au metal contact can result in a specific contact resistance as low as 4x10−6 Ω/cm2

and thus a good ohmic contact to p-GaN [10]. In this work, the thermal annealing

was performed in a rapid thermal annealing (RTA) system. Figures 2.12(a) and 2.12(b)

show a photograph of the RTA system used and a schematic drawing of its chamber,

respectively. Compared to furnaces, RTA systems are single wafer tools capable of

achieving ramp rates on the order of 50 to 300 °C/s, 1000 times higher than horizontal

furnaces [1]. Such rapid heating rates are performed by high intensity tungsten-halogen

lamps controlled by pyrometer and thermocouples� that measure the sample temperat-

ure [11]. The gas inlet allows the introduction of different gases, such as, N2 and air,

so the sample can be annealed in different atmospheres. In this work, the flip-chip Pd-

based micro-LEDs were annealed at 300 °C in a N2 atmosphere, while the top-emitting

Ni/Au-based micro-LEDs were annealed at 510 °C in an air atmosphere.

�Thermocouples are usually used for process temperature below 600 °C [1].
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Figure 2.12: (a) Photograph of the rapid thermal annealing (RTA) system used in
this work; (b) schematic drawing of a RTA chamber (adapted from [1]).

2.2 Mechanics of elastomeric transfer printing

In this work, 100x100 µm2 mesa size suspended ultra-thin micro-LED platelets were

fabricated following the procedures described above. Figure 2.13(a) shows a scanning

electron microscopy (SEM) micrograph of an array of suspended micro-LED platelets.

Figure 2.13(b) shows a colourised SEM micrograph of a single micro-LED platelet, the

pixel, n-GaN metal contact, LED mesa, and anchors are identified in blue, orange,

yellow, and green, respectively.

Conventional assembly techniques, relying on robotic systems, cannot support as-

sembly of such ultra-small (<200x200 µm2) and ultra-thin (<50 µm) micro-LED plate-

lets into addressable arrays with high spatial resolution [12]. An alternative technique

is elastomeric micro-transfer printing§ (micro-TP), in which a stamp, made of an elast-

omer called polydimethylsiloxane (PDMS), is used to retrieve (“pick”) the suspended

micro-LED platelets and release (“place”) them onto non-native and unconventional

substrates [14].

100 µm

(a)

20 µm

(b)

Figure 2.13: (a) Scanning electron microscopy (SEM) micrograph of an array of
suspended micro-LED platelets; (b) colourised SEM of a single micro-LED platelet.

§While transfer printing is commonly used as a synonymy for elastomeric transfer printing, it should
be noted that there are other mass-transfer techniques, such as electrostatic and electromagnetic transfer,
that also involve the use of a “stamp” and are sometimes referred to as transfer printing [13].
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2.2.1 Physical concepts

Contacting the soft PDMS stamp against solid thin-film objects (shown in green in

Fig. 2.14(a)) leads to conformal contact, driven by generalised adhesion forces, which

are typically dominated by van der Waals’ interactions. The adhesion between the solid

objects and the stamp is kinetically controllable owning to the viscoelastic behaviour

of the elastomer¶. Pulling the stamp away from the donor substrate with sufficiently

high peel velocity (typically 10 cm/s) leads to adhesion that is strong enough so that

the solid objects adhere preferentially to the stamp, lifting them away from the sub-

strate (Fig. 2.14(a)). The stamp is then brought into contact with a receiving sub-

strate. Removing the stamp with sufficiently low peel velocity (∼1 mm/s) causes the

objects to adhere preferentially to the receiving substrate and separate from the stamp

(Fig. 2.14(b)) [14].

The interfacial adhesive strength (G) between the stamp and its contacting substrate

depends on the stamp width and the force applied to the stamp in the normal direc-

tion. Assuming the donor and receiver substrate are the same, separation at either the

stamp/film or film/substrate interface corresponds to a G
stamp/film
c and G

film/substrate
c ,

respectively, leading to the simple relations [16]:

Gstamp/film
c > Gfilm/substrate

c for retrieval (2.3)

Gstamp/film
c < Gfilm/substrate

c for printing (2.4)

The elastic nature of both the rigid film and the substrate implies that G
film/substrate
c is

independent of the stamp peeling velocity. On the other hand, due to the viscoleastic

properties of the stamp, the stamp energy release rate depends on the velocity and can

Donor substrate

Stamp

Receiver substrate

Stamp

(a) (b)Fast retrieval (pick) Slow release (place)

Figure 2.14: Side-view schematic drawing of the generic process flow for kinetically-
controlled transfer printing during (a) retrieval and (b) releasing (adapted from [14]).

¶Certain polymers, such as PDMS, exhibit viscoelasticity; this is they exhibit both elastic and
viscous behaviour when subjected to stress. On release of such stress, the material molecules slowly
recover their former spatial arrangement and the strain slowly returns to zero. The polymer is elastic,
in that it recovers, but also viscous, in that it exhibits a time-dependent strain [15].
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be expressed by [16]:

Gstamp/film
c (v) = G0

[
1 +

(
v

v0

)n]
(2.5)

where G0 is the zero-velocity energy release rate, v is the peeling velocity, v0 a refer-

ence velocity associated with G0, and n is a scaling parameter that can be determ-

ined experimentally. Figure 2.15 shows a schematic diagram of the critical energy

release rate for the stamp/film (black curve) and film/substrate (red line) interfaces.

These two curves intersect at the critical peeling velocity; at peeling velocities v > vc,

G
film/substrate
c < G

stamp/film
c and the film is retrieved from the substrate (pick-up); at

peeling velocities v < vc, G
film/substrate
c > G

stamp/film
c and the film remains on the sub-

strate (printing). For the limit of a very weak film/substrate interface (Fig. 2.15 green

line), the film is always retrieved regardless of the peel velocity and therefore cannot be

printed on the substrate. For case of a very strong film/substrate interface (Fig. 2.15

black line), the film is never retrieved.

This technique has proven to be efficient (up to 99.5% yield) and largely independent

of chemical composition or surface energy of the receiving substrate, when the surface

roughness is less than 3 nm over 1 µm2 [14]. Such printing can be challenging when the

contact area between the film and the receiving substrate is smaller than the contact

area between the film and the soft, conformal stamp. Although the adhesion to the

receiving substrate can be increased by using adhesive polymer layers, the fact that

these materials are known to be electrical insulators and poor thermal conductors can

pose an obstacle towards high-performance devices.

G
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J/
m

2
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Weak interface (film/substrate)
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Figure 2.15: Schematic diagram of critical energy release rates for the stamp/film and
film/substrate interfaces. The intersection of the horizontal line with the monotonic-
ally increasing curve represents the critical peel velocity (vc) for kinetically controlled
transfer printing. The horizontal lines at the bottom and top represent very weak
and very strong film/substrate interfaces, respectively, corresponding to conditions for
which only retrieval and printing can be realised (adapted from [14]).
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An alternative is to use microstructured stamps for kinetically controlled, adhesive-

less transfer printing onto rough or non-adhesive substrates [17, 18]. These stamps have

relief structures which allow one to minimise the contact area between the stamp and

the film, in a manner that can reduce the adhesive strength and facilitate printing. A

popular microstructured stamp design is the four pyramidal protrusions (microtips) on

the corners of a square post stamp, developed by Rogers’ group for transfer printing of

discrete microstructures [18]. A schematic drawing (with the main dimensions identi-

fied) and a SEM micrograph (showing in detail the microtip) of such stamp are shown

in Figs. 2.16(a) and 2.16(b), respectively. During retrieval (pick-up), downward force

mechanically collapses the region between the microtips (this effect is known as roof

collapse), maximising the contact area, and thus the strength of adhesion between the

stamp and the microstructure (hereby referred to as platelet). When in full contact,

the compressed stamp has a strong rate-dependent behaviour due to the viscoelastic

nature of the stamp. Quick retraction of the stamp maintains the roof collapsed, max-

imising the adhesion strength between the stamp and the platelet, and thus retrieving

it from its donor substrate. Figure 2.16(c) shows a colourised SEM micrograph of the

stamp (identified in blue) with the roof collapsed and the retrieved platelet (identified

in green). The deformation of the microtip is shown in further detail. Immediately after

retraction, elastic restoring forces bring the stamp back to its original shape; the roof de-

collapses leaving contact only at the sharp points of the microtips (Fig. 2.16(d)). During

printing, the stamp is pressed against a receiver surface such that the platelet backside

comes into full contact, but the stamp roof does not collapse. Slow retraction minimises

the adhesion strength associated to the microtip viscoelasticity, thus facilitating release.

Inspection of the effective contact areas during the collapsed and uncollapsed states, by

SEM and optical images, show that the projected contacts areas are ∼80% and ∼0.07%,

respectively. The ratio of these areas suggests an expected difference in adhesion of more

than 1000 times between retrieval and release (Fig. 2.16(e)).

The important parameters in this four corner microtips stamp design are the stamp

width (Wstamp) and the microtip height (hmicrotip) and width (Wmicrotip). The mi-

crotip height depends on its width accordingly to the following expression hmicrotip =

Wmicrotip/
√

2. There exists a minimum height, hmin, below which the elastic restoring

force is too small to de-collapse the roof, thus failing to release the platelet. There also

exists a maximum height, hmax, above which the elastic restoring force associated with

compression of the microtips is so large that the stamp rapidly delaminates from the

platelet after the pull-off force is applied. Kim et al. [18] have numerically calculated

hmin=8.44 µm and hmax=13.3 µm for the case of silicon platelets (100x100x3 µm3) and

100 µm wide four corner microtips stamps. In addition, Wu et al. [20] have proposed

analytic expressions for the microtip minimum and maximum height, which can assist in
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Figure 2.16: (a) Schematic drawing of the four corner pyramidal protrusions (mi-
crotips) stamp; scanning electron microscopy (SEM) micrographs of the stamp during
(b) no contact, (c) roof collapse, and (d) roof de-collapse; (e) adhesion strength as a
function of delamination velocity during retrieval (blue curve, stamp in full contact un-
der 1.5 mN preload) and release (green curve, only microtips in contact under 0.2 mN
preload) - adapted from [18, 19].

the stamp design for reversible adhesion. In this work, a variation of the four corner mi-

crotips stamp, previously described, was used for micro-transfer printing of micro-LED

platelets.

2.2.2 Stamp fabrication process

The stamp fabrication process flow is shown in Fig. 2.17. Fabrication starts with PE-

CVD of a SiO2 layer (shown in blue in Fig. 2.17(a)) on a Si(100) wafer. Next, square

openings, aligned with the wafer flat, on the SiO2 are defined by RIE (Fig. 2.17(a)). A

30% KOH solution at 80 °C was used to expose the 54.7° angled Si(111) planes and the

remaining SiO2 was removed in buffered oxide etch (the Si(111) planes are identified in
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(a) (b) (c)

(d) (e) (f)

Figure 2.17: Schematic drawing of the elastomer stamp fabrication process flow: (a)
SiO2 deposition on a Si(100) wafer and definition of square openings; (b) definition of
pyramidal protrusions by anisotropic wet etching; (c) SiO2 deposition; (d) definition of
the body of the stamp using thick SU-8; (e) pouring of PDMS; (f) PDMS stamp after
being peeled-away from the Si(100) mould.

dark red in Fig. 2.17(b)). This step allows one to create the pyramidal microtips. In this

stamp design, 4 corner microtips (hcorner = 10.6 µm) and 1 central microtip (hcentral =

9.2 µm) were employed. The smaller central microtip facilitates the roof de-collapse of

the stamp, and after full relaxation of the stamp, only the four corner pyramids are in

contact with the retrieved platelet. Next, a thin layer of SiO2 is deposited, smoothing

the Si surface, which facilitates the peeling of the PDMS (Fig. 2.17(c)). The body of

the stamp is made by spin-coating and patterning a thick SU-8 (MicroChem 2100) layer

(shown in yellow in Fig. 2.17(d)). The PDMS is prepared by mixing a pre-polymer

base with a cross-linking curing agent in ratio of 8:1 (Sylgard 184). This mixture was

degassed in a vacuum dessicator at low pressure using a roughing pump, poured into to

the mould and left to cure at room temperature for 24 hours (Fig. 2.17(e)). The PDMS

stamp is then peeled away from the mould (Fig. 2.17(f)) and wax-bonded to a glass

cover.

2.2.3 Adapted NanoInk NLP 2000 system for micro-transfer printing

Figure 2.18(a) shows a photograph of an adapted NanoInk NLP 2000 system for micro-

transfer printing. This system is a commercially available dip-pen nanolithography

instrument capable of depositing a wide variety of materials (e.g. polymers, proteins,

nanoparticles, etc.) with sub-micron accuracy and precision [21]. This system uses

sets of individual or arrayed “pen” tips to create multi-component patterns with 1-10

microns feature sizes. The NLP 2000 system employs a 5 axis system consisting of
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Figure 2.18: (a) Photograph of the adapted NanoInk NLP 2000 system for micro-
transfer printing; (b) and (c) software interface for the stage motion control and imaging
options, respectively; (d)-(i) plan-view (through stamp) optical images acquired with
the NLP 2000 system integrated microscope of a micro-LED platelet being transfer
printed from its silicon growth substrate onto a rigid substrate without any adhesion
enhancement layer.

xyz piezo-driven linear stages and Tx,Ty encoded goniometer stages, with accuracies of

±25 nm and ±0.00025°, respectively. This allows for automated and precise patterning

of areas as large as 10x10 cm2. This system was further adapted for micro-transfer

printing applications by replacing the “pen” tips by a stamp holder, shown as an inset
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in Fig. 2.18(a), and by replacing the ink reservoir by arrays of suspended platelets

suitable for transfer printing applications.

The software interfaces for the stage motion control and imaging options are shown

in Figs. 2.18(b) and 2.18(c), respectively. The stage motion can be controlled in xyz -

directions and tilted in x and y. The donor and receiver substrate can be recorded,

allowing fast and precise alignment of the stamp with the donor or receiver substrate.

The imaging software interface allows for control of the focus positioning, digital zoom,

and light intensity. It also allows to save and record focal points, which is useful to

toggle between different image planes.

Facilitated by the optical transparency of the stamp Figs. 2.18(d)-2.18(i) show optical

images acquired by the NanoInk microscope during micro-transfer printing of a GaN

micro-LED platelet onto a rigid substrate without any adhesion enhancement layer.

First, the 5 microtips’ design of elastomeric stamp (delimited by the black square) is

aligned with the micro-LED platelet suspended on its Si substrate (Fig. 2.18(d)). Next,

the stamp is pressed against the platelet, collapsing the stamp roof, and thus maximising

the adhesion strength between platelet and stamp (Fig. 2.18(e)). Quick retraction of the

stamp maintains the roof collapsed and the platelet is retrieved from its Si substrate,

which in Fig. 2.18(f) is in a different focal plane than the platelet. The stage then

moves to a pre-recorded position on the receiver substrate, while at the same time, the

stamp recovers its initial shape (Fig. 2.18(g)). When the stamp is fully relaxed (roof

de-collapses) the platelet is then brought into contact with the receiving substrate, and

only the four corner microtips are being pressed against the platelet (Fig. 2.18(h)). Slow

retraction of the stamp, minimises the adhesion strength between the stamp microtips

and the platelet, thus releasing it onto the receiving substrate with great accuracy and

repeatability (Fig. 2.18(i)).

After micro-TP, the micro-LED platelets are not functional as they need to be elec-

trically insulated and electrical connected to existing bonding pads on the receiving

substrate. The next subsection, describes the techniques used for efficient encapsulation

and electrical insulation of micro-LED pixels after micro-TP.

2.2.4 Pixel encapsulation after micro-TP

Figure 2.19(a) shows a 45° tilted SEM micrograph of a micro-LED transfer printed onto

the edge of a rigid substrate. Perhaps not obvious at first sight but easily seen in the

larger magnification inset, is that the micro-LED platelet is bowed. This arises from

the compressive strain introduced in the epitaxial structure during growth, which was
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Figure 2.19: (a) Scanning electron microscopy micrograph of a micro-LED transfer
printed onto the edge of a rigid substrate (the inset shows in further detail the micro-
LED curved edges); (b) atomic force microscopy line scan over the central area of a
unbonded micro-LED die and full-length parabolic fit (reproduced from [22]).

necessary to balance the tensile stress occurring during cooldown. From the SEM micro-

graph the distance between the flat rigid substrate and the micro-LED edge corner was

estimated to be approximately 1.75 µm. Trindade et al. [22] investigated the curvature

of such micro-LED platelets by taking an AFM line scan over the central area of an

unbonded micro-LED backside (Fig. 2.19(b)). A full length parabolic fit of the AFM

results shows an height of 1 µm at the edge of the platelet. This concave curvature

of the micro-LED platelets combined with micro-LED roughened sidewalls (occurring

during the KOH underteching step [23]) prevent an efficient pixel electrical insulation

by conventional inorganic thin layers, such as SiO2 or SiNx. Furthermore, Trindade et

al. also reported that the micro-LED backside exhibited a root-mean-square roughness

of ∼1 nm, which was attributed to the protective SiNx layer formed between the Si

substrate and the AlN growth initiation layer (see Chapter 1).

A common alternative to SiO2 to insulate and encapsulate transfer printed optoelec-

tronic devices is the use of thick polymers, such as SU-8 [22, 24] or benzocyclobutene

(BCB) [25, 26]. One of the big advantages of using SU-8 or BCB is that, as these ma-

terials are photosensitive, apertures (that allow access to the printed device electrical

contacts) can be defined in a single photolithography step. One major drawback is that

these thick polymers are applied by spin-coating, which can displace devices that are

not strongly bonded to their receiving substrate and result in non-uniform coverage of

the devices sidewall. This led us to investigate if these problems could be mitigated by

using Parylene-C (Pa-C) instead of SU-8 as an insulation layer.

Pa-C was chosen due its excellent chemical stability and electrical insulation proper-

ties. A photograph of the Parylene-C (Pa-C) deposition system and a schematic drawing

of the deposition process are shown in Figs. 2.20(a) and 2.20(b), respectively. Pa-C is

deposited by CVD, in a process called the Gorham process after William Gorham [27].
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Figure 2.20: (a) Photograph of the Parylene-C deposition system used in this work;
(b) schematic drawing of the Parylene-C deposition system chamber (adapted from
[30]).

The deposition process is carried out under vacuum (∼0.1 torr) and begins with a granu-

lar dimer precursor. Sublimation of the dimmer, at around 175 °C, followed by pyrolysis,

at around 580 °C, cleaves the dimer into its reactive radical monomer. Within the de-

position chamber (at room temperature), the reactive monomer adsorbs to all exposed

surfaces and begins to spontaneously polymerise, forming conformal films [28]. An ex-

tensive review of the deposition process and properties of Parylenes can be found in

[29]. In this work, Pa-C films were deposited on a Speciality Coating Systems PDS 2010

system at a rate of 0.57 µm per gram of dimmer.

Contrary to SU-8, as Pa-C is not photosensitive, patterning of Pa-C film is done

by dry plasma etching. Being a polymer, Pa-C is readily removed in oxygen-based

plasmas. The etching mechanism for Pa-C is believed to be similar to that of Parylene-

N (Pa-N), which is different only by the absence of a chlorine atom (Pa-C and Pa-N

chemical structures shown in Figs. 2.21(a) and 2.21(b), respectively). Plasma removal

of Pa-N involves benzene ring opening using reactive oxygen radicals to form volatile

carbon dioxide or carbon monoxide products [28, 31]. A comprehensive explanation of

the etching mechanism can be found in [32]. In this work, Pa-C was etched in an RIE

system at the rate of 320 nm/min under the following conditions: gas flow of 50 sccm

of O2, 200 W of RF power at a pressure of 0.08 Torr. The next subsection, compares

the use of SU-8 2005 and Pa-C as a pixel insulation/encapsulation layer.
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Parylene-C(a) Parylene-N(b)

Figure 2.21: Chemical structures of (a) Pa-C and (b) Pa-N [1].

2.2.4.1 SU-8 vs Parylene-C

In order to investigate the insulation properties of both polymers, two identical samples,

employing either SU-8 or Pa-C, were fabricated by sequentially transfer printing a 2x4

array of micro-LEDs onto SU-8 coated patterned sapphire substrates. Next, for the

SU-8 sample, a 4.5 µm thick SU-8 layer was prepared by spin-coating SU-8 2005 for

60 s at 3000 rpm, soft-bake for 5 minutes at 95 °C, UV-expose for 12 s, post-exposure

bake for 1 minute at 95 °C, develop for 1 minute in propylene glycol methyl ether

acetate (PGMEA), and hard-bake for 30 minutes at 150 °C. For the Pa-C sample, a

4.5 µm thick Pa-C film was deposited in a Specialty Coating Systems PDS 2010 Parylene

Coater. Afterwards, for both samples, 40 µm wide titanium/gold (Ti/Au, 100/200 nm

thick) tracks were lithographically defined, contacting the micro-LED platelet through

localised apertures in both insulation layers. Figures 2.22(a) and 2.22(d) show plan-view

photographs of a micro-LED using SU-8 and Pa-C as insulation layer, respectively. It

∢𝟒𝟓°∢𝟎°
(a) (b) (c)

∢𝟎° ∢𝟒𝟓°
(d) (e) (f)
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Figure 2.22: Plan-view photographs of a transfer printed micro-LED insulated with
(a) SU-8 and (d) Pa-C; (b) and (e) SEM micrographs of a transfer printed micro-LED
insulated SU-8 and Pa-C, respectively; (c) and (f) 45°tilted SEM micrographs of a
transfer printed micro-LED insulated with SU-8 and Pa-C, respectively.
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can be observed that the SU-8 film shows interference fringes, when illuminated with

the microscope light, suggesting thickness variation across the platelet. In addition, the

SU-8 layer does not cover the full platelet. Neither fringes or discontinuities are observed

for the Pa-C insulated platelet, suggesting that the Pa-C is a continuous uniform film.

Plan-view SEM micrograhs of the micro-LEDs (Fig. 2.22(b) for SU-8 and Fig. 2.22(e)

for Pa-C) confirm the optical microscope results. By tilting the samples inside the

SEM chamber it can be observed that the SU-8 layer fails to completely cover the

pixel (Fig. 2.22(c)), leaving the sidewalls exposed, which can lead to electrical shortage

between the p-GaN and n-GaN epilayers of the LED structure. On the other hand, the

Pa-C layer perfectly conforms to the micro-LED sidewall (Fig. 2.22(f)), fully insulating

and encapsulating the micro-LED platelet.

Figures 2.23(a) and 2.23(b) show the voltage vs current density (JV) and optical

power density vs current density (LJ) curves, respectively, of the best performing transfer

printed micro-LED insulated with SU-8 (blue squares) and Pa-C (grey triangles). The

JV characteristic was measured by a voltage source, through scanning each data point

under direct current (DC) conditions (Yokogawa GS610). The LJ characteristic was

measured using a calibrated Si photodiode detector (Thorlabs PM100D) placed in close

proximity to the micro-LED backside. The forward diode voltage of commercial LEDs

(250x250 µm2 size) is usually defined at 20 mA, corresponding to a current density of

32 A/cm2 [33]. At this current density the SU-8 and Pa-C insulated micro-LEDs exhibit

a forward voltage of 4.5 V and 4 V, respectively. The SU-8 insulated device also exhibits

a larger series resistance (413± 6 Ω) than the Pa-C insulated device (150± 10 Ω). The

lower forward diode voltage and series resistance suggest that using Pa-C as an insulation

layer results in a better ohmic contact, which might be due to undeveloped residues of

SU-8 in the micro-LED vias. In terms of optical power density, at 120 A/cm2 the SU-

8 and Pa-C insulated micro-LEDs achieve similar values (6.6 W/cm2 and 7.6 W/cm2,

respectively).
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Figure 2.23: (a) Voltage vs current density (JV) curve and (b) optical power density vs
current density (LJ) curve of the best performing transfer printed micro-LED insulated
with SU-8 (blue squares) and with Pa-C (grey triangles).
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The big advantage of using Pa-C over SU-8 as an insulation layer is shown in Fig. 2.24.

Figure 2.24 shows the distribution of voltages at 1 mA and power density at 50 A/cm2 of

the 2x4 array of transfer printed micro-LEDs insulated with (a) SU-8 and (b) Pa-C. Due

to SU-8 non-uniform film thickness the micro-LEDs voltage at 1 mA varies between 3.73

and 7.36 V, with some of the micro-LEDs exhibiting no optical power at 50 A/cm2. On

the other hand, Pa-C film high conformity and uniformity leads to a smaller variation of

voltage (between 3.2 and 5.3 V), as well as, in power density (from 3.9 to 4.9 W/cm2).
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Figure 2.24: Distribution of voltage at 1 mA and power density at 50 A/cm2 of a
2x4 array of transfer printed micro-LEDs insulated with (a) SU-8 and (b) Pa-C.

2.3 Summary

This chapter presented the different techniques and systems used to fabricate GaN-based

suspended micro-LED platelets on their Si growth substrate. Elastomeric transfer print-

ing was introduced as a technique which allows one to transfer such suspended micro-

LED platelets onto non-native substrates with high accuracy and yield. In addition,

micro-LED encapsulation after micro-transfer printing was discussed and the suitability

of Parylene-C as an insulation/encapsulation layer demonstrated.
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António José Trindade, Christopher A. Bower, and Gunther Roelkens. Silicon photonics fiber-to-

the-home transceiver array based on transfer-printing-based integration of III-V photodetectors.

Opt. Express, 25(13):14290–14299, Jun 2017.

[27] William F. Gorham. A New, General Synthetic Method for the Preparation of Linear Poly-p-

xylylenes. Journal of Polymer Science Part A-1: Polymer Chemistry, 4(12):3027–3039, 1966.

http://www.bnmfabrika.com/belgeler/Nanoink/DS_System_NLP2000.pdf
http://www.bnmfabrika.com/belgeler/Nanoink/DS_System_NLP2000.pdf


Chapter 2. Experimental techniques for fabrication of micro light emitting diodes for
transfer printing applications 71

[28] Brian J. Kim and Ellis Meng. Micromachining of Parylene C for bioMEMS. Polymers for Advanced

Technologies, 27(5):564–576, 2016.

[29] Jeffrey B. Fortin and Toh-Ming Lu. Chemical Vapor Deposition Polymerization. Springer US, 2004.

[30] Comelec Parylene Coating. Comelec Parylene Coating Brochure. http://www.comelec.ch/en/

index.php, Accessed 2019-10-10.

[31] Ellis Meng, Po-Ying Li, and Yu-Chong Tai. Plasma removal of Parylene C. Journal of Micromech-

anics and Microengineering, 18(4):045004, feb 2008.

[32] Russell R. A. Callahan, Gregory B. Raupp, and Stephen P. Beaudoin. Effects of gas pressure

and substrate temperature on the etching of parylene-N using a remote microwave oxygen plasma.

Journal of Vacuum Science & Technology B: Microelectronics and Nanometer Structures Processing,

Measurement, and Phenomena, 19(3):725–731, 2001.

[33] E. Fred Schubert. Light-Emitting Diodes - 2nd Edition. Cambridge University Press, 2006.

http://www.comelec.ch/en/index.php
http://www.comelec.ch/en/index.php


Chapter 3

On-chip dual-colour micro-LED

arrays and their application in

visible light communication and

underwater wireless optical

communication

This chapter presents the development of on-chip dual-colour micro-LED arrays and

their application in visible light communication (VLC) and underwater wireless op-

tical communication (UWOC). For this purpose, blue micro-LED platelets were printed

onto the patterned sapphire substrate (PSS) of pre-fabricated violet and green micro-

LEDs. Devices have been fabricated in two different layouts: individually addressable

(blue-green and blue-violet) and in-series connected (blue-green). As shown below, indi-

vidually addressable dual-colour micro-LED arrays allow tuning of the perceived colour

and implementation of wavelength division multiplexing (WDM) schemes for gigabit per

second (Gbps) VLC. On the other hand, the in-series connected dual-colour micro-LED

array allows for a simpler electrical connecting scheme while maintaining Gbps VLC

operation.
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3.1 Introduction

The exceptional brightness, contrast, fast response time, long operation lifetime, and

low power consumption of GaN-based micro-LEDs has led to their application in sev-

eral fields, such as microdisplays [1] and free-space and underwater optical communic-

ations [2, 3]. Despite the huge success of monochromatic GaN-based micro-LEDs with

different configurations for the aforementioned applications, a general thread common

to many applications is the desire for different colour micro-emitters on a single chip

platform. Multi-colour emission can be achieved by using colour converters to downshift

the GaN-based micro-LED blue emission to longer wavelengths. However, due to the

colour converters’ lower efficiency, slow response time, and short lifespan, this solution

is unsuitable for many applications [4]. Although possible, the growth of highly efficient

inorganic red, green, and blue emitting materials on a single wafer is still in its early

stages and is extremely challenging [5, 6]. Currently, highly efficient blue and green

emitting LED structures are GaN-based, while efficient red emitters are AlGaInP-based

(see Fig. 1.2(b)). An alternative is to fabricate blue, green, and red emitting micro-LEDs

on their respective growth wafers and then, by transfer printing techniques, integrate

the three different colour emitting micro-LEDs onto a common substrate.

Following this method, full-colour micro-LED microdisplays have been demonstrated

(Fig. 3.1(a)). These arrays comprise several pixelated RGB micro-LEDs (Fig. 3.1(b)),

with the blue and green emission being achieved by GaN-based LEDs and the AlGaInP

material system being responsible for the red emission. Due to micro-LEDs’ extremely

high bandwidth, clusters of micro-LEDs in the microdisplay could be modulated at rates

unperceived by the human eye and thus be used to transmit data (Fig. 3.1(c)). Such a

smart microdisplay would act both as a display and as a high-speed VLC transmitter [9].

The data rate can be increased by employing wavelength division multiplexing techniques

in which each different colour micro-LED would transmit a different data stream. This

concept has already been implemented in a multi-Gbps VLC link using separate micro-

LED chips of different colours [10], however it has not been explored in the concept

(b) (c)(a)

Figure 3.1: (a) Full-colour micro-LED display [7]; (b) close-up view of a 48x48
pixelated full-colour LED array, each chip is 100x250 µm2 in size [8]; (c) schematic
drawing of a full-colour microdisplay with clusters of micro-LEDs acting as VLC trans-
mitters.
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of closely packaged on-chip multi-colour emitters. The results shown in this chapter

demonstrate the potential of on-chip multi-colour micro-LED arrays, which are the basis

of microdisplays, for high-speed WDM VLC.

A particular trend in VLC is underwater optical wireless communication. The de-

velopment of high-speed underwater wireless communication channels is of paramount

importance to the military, industry, and the scientific community, as it plays an im-

portant role in tactical surveillance, pollution monitoring, oil control and maintenance,

offshore explorations, and oceanographic research, just to name a few. In particular,

the emergence of automated unmanned vehicles (AUVs) for subsea exploration has cre-

ated a demand for links capable of transmitting high-definition images in real time

(Fig. 3.2(a)). While this can be achieved by tethered links, these can be impractical

due to the challenging underwater environment. Underwater acoustics are the dominant

technology in underwater wireless communication offering tens of km of range, however

they suffer high latency and limited data rates of tens of kbps (Fig. 3.2(b1)). Radio

frequency communication offers data rates up to Mbps, however this is attenuated by

(a)

(b)

1 2 3

Figure 3.2: (a) Example of underwater wireless communication applications [11];
(b) schematic of (1) acoustic wave-, (2) microwave-, and (3) optical-based underwater
communications [12].
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seawater’s conductivity resulting in sub-metre ranges (Fig. 3.2(b2)). Optical devices

operating at visible wavelengths can enable high-speed data transmission over tens of

metres (Fig. 3.2(b3)) [3, 13, 14]. For instance, Doniec et al. [15] have demonstrated a

2.28 Mbps link over 50 m of clear water using an array of 18 LEDs. Arvanitakis et

al. [16] reported data rates of 4.92 Gbps over 1.5 m of clear water using an in-series

connected array of 6 micro-LEDs.

Optical signals in an underwater environment face several extreme challenges due to

water absorption and/or scattering caused by suspended particles. Nevertheless, wa-

ter’s lowest overall attenuation in the visible range (Fig. 3.3) results in a “transparency

window”, where GaN-based LEDs are highly efficient. However, different bodies of wa-

ter (varying from clear ocean to turbid harbour) exhibit different absorption/scattering

properties. For example, in coastal ocean water the concentration of dissolved particles

like salts, mineral components, and coloured dissolved organic matter is much higher

than in clear ocean. This increase in turbidity causes the water’s transparency window

shifts to longer wavelengths [3, 13, 14]. As such, wavelength-adaptable transmitters,

consisting of multiple-colour LEDs, are highly desirable, not only due to their versat-

ility but also due to the potential increase in data rates by using wavelength division

multiplexing modulation schemes [17, 18].

Figure 3.3: Water absorption spectrum (adapted from [19]).
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3.2 Individually-addressable dual-colour micro-LED arrays

3.2.1 Device overview

3.2.1.1 Violet and green micro-LEDs grown on sapphire

Violet and green emitting (405 nm and 520 nm, respectively) micro-LEDs in flip-chip

configuration were fabricated from commercial InGaN epistructures, grown on c-plane

patterned sapphire substrates, following previously reported microfabrication proced-

ures [20]. The violet LED epitaxial structure consisted of a 4.5 µm GaN buffer layer, a

1.8 µm thick n-doped GaN layer, a 116 nm thick active layer, a 85 nm magnesium-doped

aluminium gallium nitride (AlGaN:Mg) cladding layer, and finally a 25 nm thick p-doped

GaN layer. The green LED epitaxial structure consisted of a 3 µm undoped GaN buffer

layer, 4 µm of n-doped GaN, a 130 nm thick active layer, and was topped with a 300 nm

thick p-doped GaN layer. In the first fabrication step, a p-GaN metal contact (palla-

dium (Pd), thickness 100 nm) was electron-beam deposited, lithographically patterned,

and annealed in a nitrogen environment at 300 °C (Fig. 3.4(a)). Inductively coupled

plasma (ICP) etching was used to expose the underlying n-GaN layer defining a 20 µm

diameter pixel (3.15x10−6 cm2 active area) - Fig. 3.4(b). Another ICP etch step created

a 90 µm side square mesa down to the PSS, thus further reducing the micro-LEDs ca-

pacitance [21]. Then, a metal sputter deposition (titanium (Ti)/gold (Au), thicknesses

100/200 nm) defined the n-GaN metal contact layer (Fig. 3.4(c)). Next, a 300 nm silicon

dioxide (SiO2) passivation layer was deposited by plasma-enhanced chemical vapour de-

position (PE-CVD) and a SiO2 aperture on top of the p-GaN was defined by reactive

ion etching (RIE). Finally, a second Ti/Au metallisation step defined the metal track

(Fig. 3.4(d)).

p-GaN

n-GaN
MQW

Buffer

Sapphire

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

Figure 3.4: Schematic drawings of the sapphire substrate micro-LEDs’ (violet and
green) fabrication process (not to scale, see text for further details).
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3.2.1.2 Suspended blue micro-LED platelets grown on silicon

Blue emitting (450 nm) micro-LED platelets with flip-chip configuration were fabricated

from commercial InGaN epistructures, grown on a silicon (Si) 111-oriented substrate.

The blue LED epitaxial structure consisted of a 200 nm thick aluminium nitride (AlN)

layer, followed by a 650 nm Al-graded GaN buffer layer, a 300 nm non-intentionally

doped GaN layer, an 800 nm thick n-doped GaN, a 100 nm thick active layer, and a

140 nm thick p-doped GaN layer. An L-shaped pixel (active area of 6.5x10−5 cm2)

and a 100 µm squared mesa were defined by the same processes as for the violet and

green micro-LEDs. The blue TP micro-LED pixel size was chosen to be larger than

the violet and green micro-LEDs in order to compensate for its lower operating optical

power density. Additionally, in order to yield transferable micro-LED platelets, the

following steps were undertaken. First, supporting “anchors” that tether the micro-LED

platelet to the growth substrate were defined during the ICP mesa etching. Second, an

additional etching step was used to expose the chemically preferentially etched Si(110)

planes. Third, by wet etching (30% potassium hydroxide (KOH) solution at 80 °C) the

Si(110) planes underneath the micro-LED platelets were removed. Upon completion of

the underetch step, the blue micro-LED platelets are held suspended above an air gap

(2 µm) by two diagonally opposed sacrificial anchors.

3.2.1.3 Heterogeneous integration by micro-transfer printing

Heterogeneous integration of the blue micro-LED platelets onto the sapphire substrate of

respective violet and green micro-LEDs was enabled by micro-transfer printing (micro-

TP). The elastomeric polydimethylsiloxane (PDMS) stamp show in Chapter 2 was used

to pick-up the blue micro-LED platelets from their Si substrate and print them onto the

PSS of the pre-prepared green and violet micro-LED chips. When printing, the adhesion

force between the receiving substrate (in this case, PSS) and the micro-LED platelet

backside must be larger than the adhesion force between the micro-LED platelet and the

stamp. However, release of the micro-LED platelet onto to green and violet micro-LEDs’

PSS is not a trivial task. Figures 3.5(a) and 3.5(b) show scanning electron microscope

(SEM* - 45 degrees tilted) and atomic force microscope (AFM�) micrographs of the

PSS substrate, respectively. The SEM micrograph shows a highly dense cone-shaped

periodically patterned surface. These features are also observed in AFM, from which a

root-mean-square (RMS) roughness of 342 nm and maximum height feature of 1.9 µm

were extracted. The PSS roughness greatly reduces the effective contact area of the

*SEM micrographs acquired using a tungsten low-vacuum JEOL JSM-IT100 InTouchScope.
�AFM micrographs using a Park systems AFM.
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(a)

(d)(c)

(b)∢𝟒𝟓°

∢𝟒𝟓°

Figure 3.5: (a) and (b) 45 degrees tilted scanning electron microscope (SEM) and
atomic force microscope (AFM) micrographs of the PSS, respectively; (c) and (d) 45
degrees tilted SEM and AFM micrographs of the PSS substrate after SU-8 planarisation,
respectively.

micro-LED platelet backside with the receiving substrate, rendering the release of the

micro-LED platelet from the stamp quite challenging.

In order to assist the release of the micro-LED platelet, the PSS was coated with

an adhesion-enhancing layer of SU-8 epoxy-based photoresist (MicroChem SU-8 2005 -

datasheet in [22]). SU-8 was chosen due to its high chemical, thermal and mechanical

stability alongside its ability to render planar surfaces and high transparency at 450 nm

(∼95% after hard-bake) [22–24]. For this purpose, SU-8 2005 was spin-coated for 60 s at

3000 rpm, soft-baked for 5 minutes at 95 °C, UV-exposed for 12 s, post-exposure baked

for 1 minute at 95 °C, developed for 1 minute in propylene glycol methyl ether acetate

(PGMEA), and hard-baked for 30 minutes at 150 °C, yielding a 4.5 µm thick SU-8 layer.

This SU-8 layer effectively planarises the PSS surface, as shown by SEM and AFM

(Figs. 3.5(c) and 3.5(d), respectively). The PSS RMS roughness and maximum height

feature are down to 16.9 nm and 118 nm, respectively, which enabled a successful and

repeatable release of the micro-LED platelet. The blue micro-LED was placed 50 µm

apart from the violet or green micro-LED mesa. Next, a 4.5 µm thick Parylene-C (Pa-C)

film was deposited as the insulation layer. Afterward, 40 µm wide metal tracks (Ti/Au,

100/200 nm thick) were lithographically defined, contacting the micro-LED platelet

through, previously RIE defined, localized apertures in the Pa-C. Figures 3.6(a) and

3.6(b) show plan-view optical micrographs of the blue-green micro-LED array before

and after micro-TP of the blue micro-LED platelet, respectively. The micro-LEDs in
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Shared-KGreen-A Blue-A

Green 
micro-LED

Shared-KGreen-A Blue-A

Green 
micro-LED

Blue 
micro-LED

100 µm200 µm200 µm

100 µm

100 µm

(a) (b)

(c) (d) (e)

(f) (g)

Figure 3.6: Plan-view optical micrographs of the blue-green micro-LED array (a)
before and (b) after micro-TP of the blue micro-LED (A and K are the respective
anode and common cathode contact pads); plan-view topside optical photograph of the
(c) violet, (d) blue and (e) green micro-LEDs individually driven at the current density
of 318 A/cm2, 15 A/cm2 and 318 A/cm2, respectively; plan-view backside optical
photographs of the (f) blue-violet and (g) blue-green micro-LED arrays simultaneously
driven at 318 A/cm2 (green and violet) and 15 A/cm2 (blue).

this array are individually anode-addressable sharing a common cathode (K). The blue-

violet micro-LED array follows the same layout. Plan-view topside optical micrographs

of the individually driven violet (at 318 A/cm2), blue (at 15 A/cm2), and green (at

318 A/cm2) micro-LEDs are shown in Figs. 3.6(c)-3.6(e), respectively. In addition,

plan-view backside optical photographs of the blue-violet and the blue-green micro-LED

arrays simultaneously driven at 318 A/cm2 (green and violet) and 15 A/cm2 are shown

in Figs. 3.6(f) and 3.6(g), respectively.

3.2.2 Electrical, optical and bandwidth performance of single-colour

micro-LEDs

The room temperature (RT) voltage vs current density (JV) and optical power vs cur-

rent density (LJ) performance of the violet, green, and blue micro-LEDs fabricated in
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this work are shown in Figs. 3.7(a)-3.7(c), respectively. In addition, the electrolumines-

cence (EL) spectra of the violet, green, and blue micro-LEDs, acquired at 318 A/cm2

for the violet and green micro-LEDs and 15 A/cm2 for the blue micro-LED, are presen-

ted in Figs. 3.7(d)-3.7(f), respectively. The JV characteristic was measured by a cur-

rent source, through scanning each data point under direct current (DC) conditions

(Yokogawa GS610). The LJ was measured using a calibrated Si photodiode detector

(Thorlabs PM100D) in proximity to the backside of the micro-LEDs. The EL spectra

were acquired by an optical fibre-coupled spectrometer (Avantes AvaSpec-2048L spec-

trometer). The violet and green micro-LEDs present a respective turn-on voltage (at

318 A/cm2) of 3.5 V and 5.4 V and, at 2.8 kA/cm2, their optical powers are 0.85 mW

and 0.34 mW, respectively. At the current density of 318 A/cm2, the violet and green

micro-LED EL spectra exhibit a broad peak centred at 400 and 512 nm, respectively.
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Figure 3.7: (a)-(c) Voltage vs current density (JV) and optical power vs current
density (LJ) curves of the violet, green and blue micro-LEDs, respectively; (d)-(f) elec-
troluminescence (EL) spectra of the violet, green, and blue micro-LEDs, respectively.
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The blue micro-LED exhibits a turn-on voltage (at 15 A/cm2) and optical power (at

138 A/cm2) of 3 V and 1.04 mW, respectively. The lower current density operation of

the micro-TP micro-LED is a direct consequence of its larger pixel size. At 15 A/cm2,

the blue micro-LED EL spectrum exhibits a broad peak centred at 453 nm. The micro-

TP micro-LED exhibits a reverse leakage current, under dark conditions, of 350 nA at

-3 V. This value is lower than the one achieved by a similar device employing SU-8 as

insulation layer, which upholds the superior capability of Pa-C as an electrical insulation

layer for these transfer printed micro-LEDs. In addition, the low reverse leakage current

is also a good indicator of the excellent JV performance shown by the TP micro-LED.

The modulation bandwidths of the different colour micro-LEDs were measured by

applying a DC bias combined with a small-signal modulation from an HP8753ES net-

work analyzer. The optical response was collected by a lens system and focused onto

a fast photodiode (Femto HAS-X-S-1G4-SI bandwidth 1.4 GHz). Figure 3.8(a) shows

a schematic drawing of the experimental setup. The most widely adopted definition

of bandwidth is the half power bandwidth, commonly known as -3 dB bandwidth. It

is defined as the frequency at which the AC power of the LED drops to half of the

power in DC. As electrical power is proportional to the electrical current output of the

DC
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Figure 3.8: (a) Schematic drawing of the bandwidth measurement experimental setup;
(b) photodiode response vs frequency curve (adapted from [25]); (c) E-O bandwidth vs
current density curves of the violet, green, and blue micro-LEDs.
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photodiode squared (I2), the -3 dB electrical-to-electrical (E-E) and the -3 dB electrical-

to-optical (E-O) bandwidths occur at 0.707 and 0.5, respectively (Fig. 3.8(b)) [25]. The

-3 dB E-O modulation bandwidths of each micro-LED, at different current densities,

are shown in Fig. 3.8(c). The violet and green micro-LEDs exhibit E-O bandwidths

up to 427 MHz and 144 MHz, respectively. The lower bandwidth and optical power of

the green micro-LED, when compared to the violet micro-LED, can be attributed to

its higher In content in the active region, and thus stronger quantum confined Stark

effect [26]. Furthermore, the transfer printed blue micro-LED shows an E-O bandwidth

up to 134 MHz. The lower value achieved by this micro-LED is related to its larger size

and, thus, lower current density (and longer differential carrier lifetime) operation.

3.2.3 Colour properties of dual-colour micro-LED arrays

The assessment and quantification of colour is an important metric in LED characterisa-

tion. While many would argue that colour is subjective, the International Commission

for Illumination (Commission Internationale de l’Eclairage, CIE) has standardized the

measurement of colour by means of colour matching functions and the chromaticity

diagram (CIE1931) [27].

CIE1931 colour coordinates of the blue-green and blue-violet micro-LED array on the

colour-space chromaticity diagram are shown in Figs. 3.9(a) and 3.9(b), respectively. For

the blue-green array, by increasing the current density of the blue micro-LED from 0

to 15 A/cm2 and simultaneously decreasing the current density of the green micro-LED

from 318 to 0 A/cm2, it is possible to tune the xy colour coordinates from (0.15, 0.04),

for only the blue micro-LED, to (0.11, 0.71), for only the green micro-LED. The optical

photographs in Fig. 3.9(a) show that the blue-green array is capable of efficient colour

mixing (without any additional optic elements) under different bias conditions. The

slightly violet appearance of the blue micro-LED, at 15 A/cm2, is a digital artifact

due to the photographic camera detector. On the other hand, for the blue-violet array,

varying the driving current of both micro-LEDs results in a small change of the CIE1931

colour coordinates. The enlarged inset shows, in further detail, how indistinguishable

the CIE1931 colour coordinates of the blue-violet array are at different biases. This is

due to the poorer human eye response in the violet-blue region, when compared to blue-

green spectral region [27]. The typical blue-green and blue-violet array EL spectra, at

different integrated area ratios of blue-green and blue-violet, respectively, correspond to

the superposition of the individual spectra of each light source, as shown in Fig. 3.9(c).



Chapter 3. On-chip dual-colour micro-LED arrays and their application in visible light
communication and underwater wireless optical communication 83

0 A/cm2

318 A/cm20 A/cm2

350 400 450 500 550 600 650
0.0

0.2

0.4

0.6

0.8

1.0

N
o
rm

a
lis

e
d

 i
n

te
n

s
it
y

Wavelength (nm)

 B:G=1:2

350 400 450 500 550 600 650
0.0

0.2

0.4

0.6

0.8

1.0

N
o

rm
a

lis
e

d
 i
n

te
n

s
it
y

Wavelength (nm)

 B:G=1:1

350 400 450 500 550 600 650
0.0

0.2

0.4

0.6

0.8

1.0

N
o

rm
a

lis
e

d
 i
n

te
n

s
it
y

Wavelength (nm)

 V:B=1:1

350 400 450 500 550 600 650
0.0

0.2

0.4

0.6

0.8

1.0

N
o

rm
a

lis
e

d
 i
n

te
n

s
it
y

Wavelength (nm)

 V:B=1:2

15 A/cm2

Blue micro-LED J (A/cm2)

Violet micro-LED J (A/cm2)

318 A/cm20 A/cm2

x

y
0.15 0.16 0.17

0.040

0.045

0.050

0 A/cm215 A/cm2

1

2

3

4

5

6

1

2

3

4

5

6

7

8

3 4 7 8

(a) (b)

(c)

Figure 3.9: (a) Blue-green micro-LED array CIE1931 coordinates on the CIE1931 col-
our space chromaticity diagram and photographs of the device at different biases; (b)
blue-violet micro-LED array CIE1931 colour coordinates at different biases; (c) electro-
luminescence spectra from the blue-green and blue-violet array at different integrated
area ratios of blue-green and blue-violet, respectively (reproduced from [28]).

3.2.4 VLC application

3.2.4.1 VLC modulation schemes

In optical wireless communication (OWC)� systems the information is modulated in the

instantaneous intensity of an optical carrier, and the receiver detects the optical intensity

of the incoming signal, i.e. it operates in intensity modulation (IM) and direct detection

(DD) mode [2, 30, 31]. The three main differences between OWC and RF technologies

are summarised in Table 3.1.

VLC modulation schemes can be divided into: (1) single carrier modulation, which

includes on-off keying (OOK), pulse amplitude modulation, pulse position modulation;

and (2) multi-carrier modulation, which includes carrier-less amplitude and phase mod-

ulation and orthogonal frequency division multiplexing (OFDM) [2, 30, 31]. Due to their

relevance to this work, OOK and OFDM will be discussed in further detail.

OOK is the simplest VLC modulation scheme, where data is transmitted by sequen-

tially turning on and off the LED at a rapid speed. In the OOK non-return-to-zero

�The term OWC refers to any optical transmission in an unguided media, with VLC being the
common designation of OWC operating in the visible range [29].
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Table 3.1: Comparison between OWC and RF, where Popt and ARF correspond to
the optical power and amplitude of the RF carrier, respectively [2].

Parameter OWC RF

Information encoding Amplitude Amplitude and phase

Signal Real-valued and unipolar Complex-valued and bipolar

SNR ∝ P 2
opt ∝ A2

RF

(OOK-NRZ) scheme, the bits 1 and 0 are represented by the presence or absence, re-

spectively, of an optical pulse for the bit duration (Fig. 3.10(a)). OOK provides a good

trade-off between system performance and implementation complexity, being the com-

monly used technology in digital optical transmission systems [2, 30, 31].

In OFDM parallel data streams are transmitted simultaneously through a collection

of orthogonal subcarriers and complex equalisation can be omitted. The spectra of in-

dividual subcarriers overlap (Fig. 3.10(b)), however due to the orthogonality property,

as long as the channel is linear, the subcarriers can be demodulated without interfer-

ence. OFDM offers high spectral efficiency, ability to resist multipath interference, and

dynamic subcarrier allocation technology to achieve the maximum bit rate [2, 30, 31].

A schematic block diagram of an OFDM signal generation and demodulation is shown

in Fig. 3.10(c). The input bit streams are mapped onto complex numbers representing

the quadrature amplitude modulation (QAM) constellation being used for transmission

(constellations sizes from 4-QAM to 64-QAM are typically used). The sequence of com-

plex numbers output from the constellation mapping are then serial-to-parallel (S/P)

converted to form a vector. In order to generate a real signal (required for optical com-

munications), Hermitian symmetry is imposed before applying the inverse fast Fourier

transform (IFFT), which maps the signal to orthogonal subcarrier frequencies. A cyclic

prefix (CP) is added to the start of each OFDM symbol, i.e. a number of samples from

the end of the symbol is appended to the start of the symbol§. The OFDM signals are

then serialised using parallel-to-serial (P/S), followed by conversion to analogue signals

using a digital-to-analogue converter (DAC) and filter. In order to convert the OFDM

bipolar signal into a suitable unipolar signal for optical communication, a DC-bias is

added to the signal. This technique is called DC-biased optical OFDM (DCO-OFDM).

On the receiving side the process is almost the inverse of signal generation. The received

signal is converted to a discrete time signal by filtering and an analogue-to-digital con-

version (ADC) followed by CP removal and S/P conversion. A fast Fourier transform

§Although the CP introduces some redundancy, and reduces the overall data rate, it eliminates both
inter-symbol interference and inter-carrier interference from the received signal.
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Figure 3.10: Time waveforms of a on-off keying signal; (b) orthogonal frequency divi-
sion multiplexing (OFDM) subcarriers in the frequency domain [32]; (c) schematic block
diagram of a DC-biased optical OFDM signal generation and demodulation (adapted
from [2]).

(FFT) is applied to the signal followed by 1-tap frequency domain equalisation, P/S

conversion and finally the symbol recovery [2, 32].

3.2.4.2 VLC experimental details

The capability of the blue-green and blue-violet micro-LED arrays to operate as two-

colour WDM transmitters in two different experimental setups is explored in the follow-

ing sections. In the first setup (referred to as WDM1 and shown in Fig. 3.11(a)), we

placed one optical receiver to measure the communication performance of both chan-

nels by changing a bandpass filter (Laser 2000 FF01-392-23/25, FF01-445/20-25 and

FF01-525-45/25, for violet, blue, and green, respectively). To ensure that the measured

results were the same as in the case of simultaneous signal reception with the existence

of crosstalk, we sent two different signal streams to different colour micro-LED channels.

One stream was captured and demodulated, while the other one behaved as the inter-

fering signal. Although this setup provided a capacity estimation for WDM (a “best

case scenario”), simultaneous reception of both channels was not possible. To overcome

this issue, dichroic mirrors were employed in a second experimental setup (referred to

as WDM2), shown in Fig. 3.11(b). The light emitted from the dual-colour micro-LED

array was directed onto the dichroic mirror (Thorlabs DMLP425 and DMLP490L, for

blue-violet and blue-green micro-LED arrays, respectively) at 45 degrees which separated

the beam into two individual components. The light transmitted through the dichroic
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Figure 3.11: Schematic drawing of the experimental setups in wavelength divi-
sion multiplexing data transmission experiments: (a) setup 1 (WDM1); (b) setup 2
(WDM2). The photograph inset in the schematics is the actual blue-green micro-LED
array (wire bonded to a printed circuit board - PCB) being operated in WDM mode.

mirror was focused onto an optical receiver and the light reflected by the dichroic mirror

was focused onto another optical receiver. Bandpass filters were also placed in front of

the detectors in order to minimize crosstalk. This setup enabled simultaneous reception

of both channels, although the use of the dichroic mirror leads to signal power losses.

The distance between transmitter and detector was kept at 30 cm in both setups and

throughout the measurements.

In both setups, two random bit streams, for the transmission via the two different

colour emitting micro-LED channels, were generated and modulated with DC-biased

optical orthogonal frequency division multiplexing by a PC using MATLAB�. The in-

coming bit stream was coded and mapped to M-ary quadrature amplitude modulation

(M-QAM) symbols for each subcarrier at different frequencies. The time-domain OFDM

symbols were generated after having the IFFT operation for the M-QAM symbols. A

real-valued OFDM signal was obtained by using a Hermitian symmetry OFDM frame.

The resulting time-domain OFDM signals were forwarded to an arbitrary waveform gen-

erator (AWG Keysight M8195A), which generated the corresponding analog signals. In

order to make sure the input signals fully exploited the available linear dynamic range

of the micro-LEDs, the output analogue signals were amplified by a power amplifier

(Mini-Circuits ZHL-1A-S+), and a suitable operation current density was provided by a
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power supply (Yokogawa GS610). The bipolar signals and the DC bias were combined

using a bias-tee (Mini-Circuits ZFBT-4R2GW+), and the output of the bias-tees were

connected to the micro-LED array to drive the two micro-LED pixels. On the receiver

end, the light emitted by the dual-colour micro-LED array was focused onto a p-i-n pho-

todetector (New Focus 1601AC) by using an aspheric condenser lens (ACL4532). The

signal from the photodetector was captured by an oscilloscope (Keysight MSO7104B)

and sent back to the PC for demodulation. In order to maximize the achievable data

rate, a bit and energy loading algorithm [33] was applied. Therefore, the signal-to-noise

ratio (SNR) on each subcarrier was estimated at the beginning of the communication

performance measurement. Based on the estimated SNR and a bit-error-ratio (BER)

target that is acceptable for the application of forward error correction (FEC) coding,

modulation order and symbol energy on each subcarrier was calculated. Finally, the

signals with bit and energy loading were transmitted and the achieved data rate and

BER were measured.

3.2.4.3 Communication performance of the blue-green micro-LED array

The results of the blue-green micro-LED array operated in a WDM mode with different

setups are summarized in Fig. 3.12. The blue and green micro-LEDs were operated

at 138 A/cm2 and 2.8 kA/cm2, respectively, whilst the modulation signal peak-to-peak

voltage (Vpp) was set to 1.5 V, after the amplifier. The sampling frequency was set

as 16 GSa/s and number of samples per symbol was optimized for each link. The

SNR and number of allocated bits, at the highest data rate below the FEC threshold of

3.8x10−3 BER, for the blue and green micro-LED are shown in Figs. 3.12(a) and 3.12(b),

respectively. Figure 3.12(c) shows the blue and green micro-LEDs EL spectra overlaid

with the DMLP490L dichroic mirror optical response (transmitted and reflected) and

the blue and green bandpass filters.

The blue micro-LED channel exhibits a higher SNR than the green micro-LED chan-

nel due to the blue micro-LED higher optical power. Also, as shown in Fig. 3.12(a),

there is no obvious difference in the SNR curves of the blue channel between the two

different setups. On the other hand, compared with the WDM1 setup, the SNR curve

of the green channel with the WDM2 setup presents a sharp drop when the frequency

is over 150 MHz, shown in Fig. 3.12(b). This is mainly due to the optical power loss

(roughly 25%) caused by the dichroic mirror used in WDM2 (Fig. 3.12(c)). This leads to

a lower maximum achievable data rate in WDM2. The BER vs data transmission curves

for the blue and green micro-LEDs, in both WDM setups, are presented in Fig. 3.12(d).

The maximum data rates, below FEC threshold, achieved by the blue and green micro-

LEDs in the WDM1 setup are 1261 and 667 Mbps, respectively. In the WDM2 setup the
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Figure 3.12: Signal-to-noise ratio and allocated bits (at maximum data rate below
forward error correction threshold) in both WDM setups achieved by (a) the blue micro-
LED and (b) the green micro-LED; (c) blue and green micro-LEDs EL spectra overlaid
with the dichroic mirror and bandpass filters optical responses; (d) bit-error-ratio vs
data rate for the blue and green micro-LEDs in both WDM setups.

maximum data rates, below FEC threshold, achieved by the blue and green micro-LEDs

drop to 1245 and 410 Mbps, respectively.

Error-free data rates, calculated by applying the 7% FEC overhead reduction, for blue

and green micro-LEDs and their aggregate in each WDM setup are shown in Table 3.2.

In aggregate, 1.79 and 1.54 Gbps error-free data rates are achieved in the WDM1 and

WDM2 setups, respectively.

Table 3.2: Error-free data rates for each channel and aggregated in WDM1 and
WDM2 setups achieved by the blue-green micro-LED array.

WDM1 WDM2
Channel Blue Green Blue Green

Error-free data rate (Mbps)
1173 620 1158 381

Aggregate Aggregate
1793 1593
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3.2.4.4 Communication performance of the blue-violet micro-LED array

The blue-violet micro-LED array operation as a WDM transmitter followed the same

approach as the blue-green one. The blue and violet micro-LEDs were operated at

the same current density as the blue and green micro-LEDs, respectively. The SNR and

number of allocated bits, at the highest rate below FEC threshold, in both WDM setups

for the blue and violet micro-LEDs are shown in Figs. 3.13(a) and 3.13(b), respectively.

Figure 3.13(c) shows the blue and violet micro-LEDs’ EL spectra overlaid with the

DMLP425 dichroic mirror optical response (transmitted and reflected) and the blue and

violet bandpass filters.

The blue and violet micro-LED channels’ maximum SNR is quite similar due their

comparable optical power. Nonetheless, due to the violet micro-LED’s higher E-O mod-

ulation bandwidth, the violet channel supports bit allocation up to 650 MHz. The

introduction of the dichroic mirror, which has cut-off wavelength at 425 nm, results in

a loss of optical power and, thus lower SNR for both channels, limiting the maximum

achievable data rate in WDM2 (Fig. 3.13(c)). The violet (reflected) channel is more
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Figure 3.13: Signal-to-noise ratio and allocated bits (at maximum data rate below
forward error correction) in both WDM setups achieved by (a) the blue micro-LED and
(b) the violet micro-LED; (c) blue and violet micro-LEDs EL spectra overlaid with the
dichroic mirror and bandpass filters optical responses; (d) bit-error-ratio vs data rate
for blue and violet micro-LEDs in both WDM setups.
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affected than the blue one due to the optical response of the dichroic mirror, with es-

timated optical power losses of 11%. The BER vs data transmission curve is presented

in Fig. 3.13(d). The maximum data rates, below FEC threshold, achieved by the blue

and violet micro-LEDs in the WDM1 setup are 1130 and 2472 Mbps, respectively. In

the WDM2 setup the maximum data rates, below FEC threshold, achieved by the blue

and violet micro-LEDs drop to 842 and 1309 Mbps, respectively.

The blue and violet channels and aggregate error-free data rates for WDM1 and

WDM2 setups are shown in Table 3.3. In aggregate, the blue-green micro-LED array

achieves error-free data rates of 3.35 and 2 Gbps, in the WDM1 and WDM2 setups,

respectively.

Table 3.3: Error-free data rates for each channel and aggregated in WDM1 and
WDM2 setups achieved by the blue-violet micro-LED array.

WDM1 WDM2
Channel Blue Violet Blue Violet

Error-free data rate (Mbps)
1051 2299 783 1217

Aggregate Aggregate
3350 2000

3.2.5 Underwater Wireless Optical Communication

A schematic drawing of the UWOC demonstration experimental setup for the blue-green

micro-LED array is shown in Fig. 3.14(a). A photograph of the 1.5 m long water tank

is shown in Fig. 3.14(b). The UWOC setup is identical to the free-space WDM1 (shown

in Fig. 3.11(a)) with a few exceptions.

In the UWOC demonstration, the data signal was generated using either a field-

programmable gate array (FPGA, Opal Kelly XEM6310-LX45) or an AWG (Keysight

M9502A). The FPGA is advantageous due to its small size and weight, which opens the

possibility for easy integration into autonomous underwater vehicles (AUVs). However,

the FPGA modulation signal peak-to-peak voltage is a fixed value, which does not allow

an optimization of the micro-LED array’s modulation driving conditions. For this case,

as we also wish to assess the upper modulation limits of these devices in water media,

an AWG was also used to generate the data signal.

An OOK data signal, generated by either a FPGA or an AWG, combined with a

DC bias (Yokogawa GS610) was used to modulate the micro-LED array through a bias-

tee (ZFBT-4R2G+). When using the FPGA, RF attenuators were employed to adjust

the Vpp to suitable values. When using the AWG, an external amplifier (Mini-Circuits

ZHL-1A-S+) was used in order to explore the full dynamic range of the micro-LEDs. A
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Figure 3.14: (a) Schematic drawing of the experimental setup used in the UWOC
demonstration using either FPGA or AWG; (b) photograph of the 1.5 m water tank;
(c) plan-view photograph of the 64x64 SPAD array used as detector; (d) schematic
drawings of a conventional photodetector, a single SPAD, the SPAD array, and their
respective electrical outputs.

sequence of length 215 was transmitted, consisting of a wide synchronisation pulse and

a pseudo-random bit sequence. The blue-green (or blue-violet) micro-LEDs were oper-

ated simultaneously and each colour carried a different data stream. The dual-colour

micro-LED array emission was collected and collimated by a condenser lens (Thorlabs,

ACL50832U-A), propagated through a 1.5 m long water tank and then focused onto the

receiver by a 4-inch diameter Fresnel lens (Edmund, #46-614). The measured channel

was chosen by placing an appropriate bandpass filter in front of the receiver (Laser 2000

FF01-392-23/25, FF01-445/20-25 and FF01-525-45/25, for violet, blue, and green, re-

spectively). The receiver, shown in detail in Fig. 3.14(c), consists of a 64 x 64 array

of Si single photon avalanche diodes (SPADs), the working principles of a SPAD being
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Figure 3.15: Bit-error-ratio vs Maalox concentration curves of the UWOC WDM
demonstration using (a) a FPGA and (b) an AWG to generate the data signal.

described in Chapter 5, operating as a digital silicon photo-multiplier¶. Each receiver

element contains a single p-well/deep-n-well SPAD biased at 15.2 V with a dead time of

12 ns (SPAD saturation 83 MHz) and a photon detection probability of 37% at 450 nm.

A digital combination module combines the output of each SPAD array at a maximal

rate of around 900 MHz limited only by wiring parasitics (not SPAD dead time). The

SPAD array merges the single photon sensitivity achieved by SPADs with the speed

of conventional photodetectors. The photon counts are summed over a time window

of 5 ns and the count values outputted through a DAC. A schematic drawing of the

SPAD array output is shown in Fig. 3.14(d), alongside with the outputs from a conven-

tional photodetector and a single SPAD. The DAC signal was captured with an active

oscilloscope probe and transferred to MATLAB� for offline processing to determine a

BER. The turbidity of the water sample was varied by adding Maalox� antacid to tap

water, a method widely used to mimic different natural water analogues in a laboratory

setup [35].

Operation of the integrated blue-violet and blue-green micro-LED arrays as respect-

ive dual-wavelength WDM transmitters for underwater communication in high-turbidity

conditions, using either a FPGA or an AWG, is shown in Figs. 3.15(a) and 3.15(b),

respectively. Also identified in Figs. 3.15(a) and 3.15(b) are the Maalox� concentra-

tions that correspond to coastal ocean (∼6x10−3 ml/l) and turbid harbour (2.5x10−2 -

3.1x10−2 ml/l) waters, which serve as turbidity reference points.

Using the FPGA, the blue-green micro-LED array (blue: DC=2.8 V and Vpp=1.5 V,

green: DC=7 V and Vpp=2.4 V) achieves a 100 Mbps aggregate data rate, below the

FEC threshold, at Maalox� concentrations of 7.5x10−2 ml/l. The blue-violet micro-LED

array (blue: DC=2.6 V and Vpp=1.5 V, violet: DC=3.3 V and Vpp=1.5 V) achieves a

¶This SPAD array was developed by the University of Edinburgh and further details can be found
in [34].
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100 Mbps aggregate data rate, below the FEC threshold, at Maalox� concentrations

of 8x10−2 ml/l. The ability of the blue-violet micro-LED array to support error-free

communication at higher Maalox� concentrations than the blue-green, suggest that, in

this case, the violet micro-LED higher optical power compensates the expected red-shift

of water transparency window with turbidity [13].

Using an AWG, the blue-green micro-LED array (blue: DC=1.5 V and Vpp=4.3 V,

green: DC=0 V and Vpp=15 V) achieves an aggregate data rate of 150 Mbps, below FEC,

for Maalox� concentrations up to 6.5x10−2 ml/l. In addition, the 50 Mbps green channel

is capable of error-free communication up to ∼7.4x10−2 ml/l of Maalox�. The blue-violet

micro-LED array (blue: DC=1.5 V and Vpp=4.3 V, violet: DC=1 V and Vpp=5 V)

achieves an aggregate data rate of 200 Mbps, below FEC, for Maalox� concentrations

up to 5.2x10−2 ml/l. The blue channel supports a 100 Mbps error-free link up to

6.1x10−2 ml/l of Maalox�. The aggregate data rate achieved by the blue-green and

blue-violet micro-LED arrays, using a FPGA or an AWG, are summarised in Table 3.4.

Table 3.4: Data rates for the blue-green and blue-violet micro-LED arrays using a
FPGA or an AWG.

FPGA AWG
Device Blue-green Blue-violet Blue-green Blue-violet

Aggregate data rate (Mbps) 100 100 150 200

3.3 In-series connected blue-green micro-LED array

3.3.1 Device overview

The fabrication of the in-series connected blue-green micro-LED array follows the same

process flow of the individually-addressable micro-LED arrays with a few notable excep-

tions. These will be discussed first for the green micro-LED and then for the suspended

blue micro-LED platelets.

First, in order to increase the optical power, the green micro-LED pixel diameter was

increased to 30 µm (active area 7.07x10−6 cm2). During the ICP mesa etch down to the

PSS a common anode and cathode were defined. Fabrication of the green micro-LED

was finalised after metallisation (Ti/Au thicknesses 100/200 nm) of the n-GaN layer

and of the bonding pads. In this case, and contrary to the previous example, the green

micro-LED device is not yet functional. Figure 3.16(a) shows a plan-view photograph

of the green micro-LED device (mesa identified by a green square) before micro-TP of

the blue micro-LED platelet.
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The design of the blue micro-LED platelets was modified in order to facilitate the

in-series electrical connecting scheme. For this purpose, instead of the L-shaped pixel,

ICP was used to expose the underlying n-GaN layer defining a central square pixel

(60x60 µm2). Next, a square-shaped n-contact metal ring (Ti/Au thicknesses 100/200 nm)

was deposited by metal sputtering. Suspension of the micro-LED platelets followed the

same underetch process in hot KOH solution.

Heterogeneous integration of the blue micro-LED platelets onto the SU-8 coated PSS

of the green micro-LED was enabled by micro-TP. After micro-TP, a 4.5 µm thick Pa-C

film was deposited as an electrical insulation layer for both green and blue micro-LEDs.

Figure 3.16(b) shows a plan-view photograph after micro-TP and Pa-C vias definition

(identified in red for both micro-LEDs). Next, a Ti/Au metallisation step defined tracks

connecting the different colour micro-LEDs in-series (Fig. 3.16(c) - blue micro-LED

platelet identified by a blue square). A plan-view photograph of the finalised device

being driven at 2 mA is shown in Fig. 3.16(d). As the blue and green micro-LEDs are

connected in series, each element is being driven at the same current. However, due to

their different pixel size, a 2 mA current corresponds to current densities of 56 A/cm2

and 283 A/cm2 for the blue and green micro-LEDs, respectively. As such, in this section,

for simplicity the results will be presented in current instead of current density.
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Figure 3.16: Plan-view optical photographs of (a) the green micro-LED device before
micro-TP of a blue micro-LED platelet; (b) the blue-green micro-LED device after
micro-TP after electrical vias definition; (c) the blue-green micro-LED device connected
in series; (d) the in-series connected blue-green micro-LED array driven at 2 mA.
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3.3.2 Electrical, optical and bandwidth performance of the in-series

connected blue-green micro-LED array

The voltage vs current (IV) and optical power vs current (LI) performance of in-series

connected blue-green micro-LED array is shown in Fig. 3.17(a). For comparison, the

IV curve of a single blue micro-LED transfer printed onto on a glass substrate (plan-

view photograph shown as an inset in Fig. 3.17(b)) is shown in Fig. 3.17(b). The

IV characteristic was measured by a current source, through scanning each data point

under DC conditions (Yokogawa GS610). The LI characteristic was measured using a

calibrated Si photodiode detector (Thorlabs PM100D) in proximity to the backside of

the micro-LED array. The in-series connected blue-green micro-LED array exhibits a

turn-on voltage (at 1 mA) of 13.4 V. Taking into account that the turn-on voltage of

a comparable single blue micro-LED is 3 V (Fig. 3.17(b)), one can deduce the turn-on

voltage of a single green micro-LED to be ∼3.7 V. These values suggest a good ohmic

contact between the metal contacts and the p-GaN. Setting the detection wavelength of
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Figure 3.17: (a) Voltage vs current (IV) and optical power vs current (LI) curves of
the in-series connected blue-green micro-LED array; (b) IV curve of a comparable single
blue micro-LED printed onto glass - inset shows a plan-view photograph of the device;
(c) E-O modulation bandwidth of the in-series connected micro-LED array vs current
in aggregate, blue component, and green component; (d) E-O modulation bandwidth
of a comparable single blue micro-LED printed onto glass.
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the photodiode detector to 450 nm, the in-series connected blue-green micro-LED array

achieves roughly 1.6 mW of optical power at 9 mA.

The E-O modulation bandwidth of the in-series connected blue-green micro-LED

array was measured by applying a DC bias combined with a small-signal modulation from

an HP8753ES network analyzer. The optical response was collected by a lens system

and focused onto a fast photodiode (Femto HAS-X-S-1G4-SI bandwidth 1.4 GHz). In

order to separate the contribution of the different colour micro-LEDs, bandpass filters

(FF01-445/20-25 and FF01-525-45/25, for blue and green, respectively) were placed in

front of the receiver. Figure 3.17(c) the modulation bandwidth vs current curves of

the in-series connected blue-green micro-LED array measured with no filter (red curve),

with the blue bandpass filter (blue curve), and with the green bandpass filter (green

curve). With no filter, and at 9 mA, the in-series connected micro-LED array exhibits a

modulation bandwidth of 73 MHz. The filtered blue component follows the same trend

with current of the no filter curve, while the green component plateaus at ∼60 MHz

for currents above 3 mA. This suggests that the bandwidth of the in-series connected

blue-green micro-LED array is dominated by the blue micro-LED. This hypothesis is

also supported by the modulation behaviour of the single blue micro-LED, shown in

Fig. 3.17(d), which achieves 76 MHz at 9 mA.

According to literature, smaller active area micro-LEDs exhibit higher maximum

modulation bandwidth than their larger area counterparts [36]. At the micron-size

scale, the LED bandwidth is no longer limited by its RC time constant, but, instead, by

its differential carrier lifetime (τdiff ). Following the ABC model, this differential carrier

lifetime is a function of the carrier density (n):

τdiff (n) =
1

A+ 2Bn+ 3Cn2
(3.1)

Where A and B are the Shockley-Read-Hall (SRH) non-radiative recombination and ra-

diative recombination coefficients, respectively. The parameter C is a higher-order non-

radiative recombination coefficient, usually associated to Auger recombination mechan-

isms [37]. Assuming that the carrier density is proportional to the current density, one

can infer from Eq. 3.1 that as the current density increases, τdiff decreases and thus

bandwidth increases. As smaller active area micro-LEDs support higher current density

operation, they exhibit higher maximum modulation bandwidth.

However, comparing the L-shaped device with the 60x60 µm2 micro-LEDs, it was

found that the larger active area and lower current density operation L-shaped pixel

exhibits larger modulation bandwidth (Fig. 3.18(a)). This contradictory behaviour can

be discussed using the ABC model. As the micro-LEDs were fabricated from the same

wafer the epitaxial structure related coefficients B and C [2] should be similar. In
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Figure 3.18: (a) Electrical to optical modulation bandwidth vs current density of the
L-shaped and the 60x60 µm2 blue micro-LEDs; (b) schematic drawings of the L-shaped
and the 60x60 µm2 micro-LEDs (not to scale).

addition, it has also been proposed that these two coefficients are independent of the

LED size [38]. However, it should be taken into account that these LED structures are

grown on 6 inch wafers that exhibit non-uniform peak emission. This can be attributed

to different indium concentration in the quantum wells, or even local strain effects. It

is then plausible to assume that micro-LEDs fabricated from different regions of the 6

inch wafer can exhibit similar but different B and C coefficients. On the other hand,

the different geometry of the L-shaped and 60x60 µm2 micro-LEDs (Fig. 3.18(b)) might

explain why the L-shaped pixel presents a higher maximum modulation BW. The SRH

non-radiative recombination coefficient A has been associated with sidewall defects. In

the case of L-shaped pixel, the active area is only 5 µm away from the mesa edge, while

for the 60x60 µm2 pixel this distance is 20 µm. It is reasonable to assume that the

L-shaped pixel sidewall suffers more damage during the mesa dry etching step, than the

60x60 µm2 pixel. For example, in reference [39] the authors assumed that mesa etching

would result in a 4 µm wide damaged region. In addition, in the L-shaped design there is

more sidewall and therefore the carriers are able to access more damaged material. This

etch damage to the pixel sidewall creates defects where non-radiative recombination of

carriers can occur, thus increasing the A coefficient. The difference in the B and C

coefficients, associated to the non-uniform epitaxial structure, and expected difference

in the A parameter, associated to the pixel design, might explain why the L-shaped pixel

exhibits a higher maximum modulation bandwidth than the smaller 60x60 µm2 pixel.
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3.3.3 Colour properties of the in-series connected blue-green micro-

LED array

Figure 3.19(a) shows the in-series connected blue-green micro-LED array EL spectra at

different driving currents. The EL spectra were acquired by an optical fibre-coupled

spectrometer (Avantes AvaSpec-2048L spectrometer). The EL spectrum (at 3 mA) con-

sists of the superposition of a broad blue peak (centred at 452 nm) and a broad green

peak (centred at 508 nm). With increasing current both peaks broaden due to band

filling effects. The green peak slightly blue-shifts due to carrier screening of quantum

confined Stark effect piezoelectric fields in the multi-quantum well active region. The
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Figure 3.19: In-series connected blue-green micro-LED array (a) electroluminescence
(EL) spectra and (b) CIE1931 colour coordinates at different driving currents; (c)
angular distribution of the integrated area of the blue and green components of the EL
spectrum at 9 mA; (d) and (e) EL spectra superimposed with gaussian fits at +45° and
-45°, respectively.
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CIE1931 colour coordinates of the in-series dual-colour device at different driving cur-

rents are shown in Fig. 3.19(b). Although, there is no individual control of the different

colour micro-LEDs, fine-tuning of the perceived colour can be obtained by changing the

driving current.

In addition, as the emitting footprint of the in-series connected array is roughly two

times larger than the individually addressable array, the EL spectra angular distribution

was investigated. For this purpose, the fibre-coupled spectrometer was mounted on a

goniometer and the detection angle swept from -90° to +90° in 15° intervals. The EL

integrated areas for the blue and green components vs detection angle are shown in

Fig. 3.19(c).

Figures 3.19(d) and 3.19(e) present the EL spectra acquired at +45° and at -45°,

respectively. Two gaussians were used to fit the data and extract the integrated area

of the blue and green peaks. As shown in Figure 3.19(c) the green component follows

a textbook Lambertian emission profile, expected for a planar LED [40]. On the other

hand, the blue component exhibits a distorted Lambertian emission profile. This is also

evident when comparing the intensity of the blue peak in Figs. 3.19(d) and 3.19(e).

As the blue micro-LED is transfer printed onto the SU-8 layer, it is possible that this

layer is preferentially guiding the light onto one of the edges of the diced chip, where it

scatters. This effect is not as strong for the green micro-LED because its emission only

goes through the transparent sapphire substrate, instead of SU-8/sapphire as the blue

micro-LED.

3.3.4 VLC and UWOC application

Schematic drawings of the VLC and UWOC experimental setups are shown in

Figs. 3.20(a) and 3.20(b), respectively. For the VLC demonstration, a random bit stream

is encoded into an OFDM signal by MATLAB� and then generated by an AWG (Key-

sight M8195A). The analogue signal is amplified by a power amplifier (SHF S126A)

and then combined with a DC bias (Yokogawa GS610) through a bias-tee (Tektronix

PSPL5575A). The output of the bias-tee is connected to the micro-LED device. The

link distance is set to 40 cm and aspheric condenser lenses (ACL4532A) have been used

at both transmitter and receiver side. The optical signal is detected by a photoreceiver

(Femto HSPR-X-I-1G4-SI). The output electrical signal is captured by an oscilloscope

(Keysight DSA90804B) and then sent to the PC for processing using MATLAB�.

For the UWOC demonstration, an OOK data signal was generated by an AWG

(Keysight M9502A). The analogue signal is amplified by a power amplifier (Mini-Circuits

ZHL-1A-S+) and then combined with a DC bias (Yokogawa GS610). A sequence of
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Figure 3.20: Schematic drawings of the experimental setups employed in the (a) VLC
and (b) UWOC data transmission demonstrations.

length 215 was transmitted, consisting of a wide synchronisation pulse and a pseudo-

random bit sequence. The in-series connected micro-LED array emission was collected

and collimated by a condenser lens (Thorlabs, ACL50832U-A), propagated through a

1.5 m long water tank (with different Maalox� concentrations) and was then focused

onto the receiver by a 4-inch diameter Fresnel lens (Edmund, #46-614). The receiver,

shown in detail in Fig. 3.20(b), is the same 64 x 64 array of Si SPADs used in the

previous UWOC demonstration. The photon counts are summed over a time window

of 5 ns and the count values outputted through a DAC. The DAC signal was captured

with an active oscilloscope probe and transferred to MATLAB� for offline processing

to determine a BER. The turbidity of the water sample was varied, again, by adding

Maalox� antacid to tap water.

The VLC results of the in-series connected blue-green micro-LED array, at two dif-

ferent DC biases (9 and 23 mA), are summarised in Fig. 3.21. The modulation signal

peak-to-peak voltage, for both DC bias and after the amplifier, was set to 7.05 V. The

sampling frequency was set at 16 GSa/s and the number of samples per symbol was set

at 5. The estimated SNR and number of allocated bits, at the highest data rate below

the FEC threshold of 3.8x10−3 BER, for the in-series connected micro-LED array at a

DC bias of 9 and 23 mA are shown in Fig. 3.21(a).

The in-series connected blue-green micro-LED array SNR decreases smoothly with

frequency, supporting bit allocation up to 1600 MHz. Increasing the DC bias from 9

to 23 mA, results in an increase of the SNR and number of allocated bits throughout

the full frequency range. These differences in SNR and bit allocation curves lead to

the different BER vs data rate curves shown in Fig. 3.21(b). At 9 mA, the in-series
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Figure 3.21: (a) Signal to noise ratio and number of allocated bits (at maximum data
rate below forward error correction) at 9 and 23 mA of DC bias; (b) bit-error-ratio vs
data rate curves for the different DC biases.

connected blue-green micro-LED array achieves a data rate, below FEC threshold, of

4054 Mbps. The increase in SNR at 23 mA, pushes the achievable data rate, below

FEC, to 5649 Mbps. Applying the 7% FEC overhead reduction, error-free data rates of

3770 and 5254 Mbps are obtained, for the DC biases of 9 and 23 mA, respectively.

For the UWOC demonstration the in-series connected blue-green micro-LED array

was DC-biased at 4.5 V and the modulation signal Vpp set to 20 V. Figure 3.22 shows

the BER vs Maalox� concentration in the water tank. A 50 Mbps link is established

below FEC threshold up to Maalox� concentrations of 7.2x10−2 ml/l.
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Figure 3.22: Bit-error-ratio vs Maalox concentration curve of the in-series connected
blue-green micro-LED array in an UWOC demonstration.

3.4 Summary

This chapter presented the development of dual-colour micro-LED arrays in two differ-

ent layouts (individually addressable and in-series connected). In both configurations
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Gbps error-free VLC data rates are achieved. These results show the potential for

multi-coloured pixelated clusters in micro-LED displays acting as VLC transmitters.

In addition, due to water’s transparency window in the visible spectrum, these devices

have shown UWOC Mbps data rates in high-turbidity conditions. The results of the

first section of this chapter were published in: J.F.C. Carreira et al., Optics Express 27

(20), A1517-A1528 (2019).
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Chapter 4

Integration of AlGaInP red

micro-LEDs by micro-TP onto

unusual substrates for VLC and

optogenetics applications

In this chapter, the integration of aluminium gallium indium phosphide (AlGaInP) red

micro-LEDs by micro-transfer printing onto non-native substrates for visible light com-

munication and optogenetics applications is presented. First, the integration of red

micro-LEDs onto glass and diamond substrates and their application in Gbps free-space

VLC is demonstrated. Second, the development of a dual colour-optrode for dual-

excitation and/or excitation-inhibition of different neural populations is shown.

4.1 AlGaInP micro-LED platelets

AlGaInP red (630 nm) micro-LED platelets were acquired through a collaboration of

Dr. Erdan Gu with a confidential company. The epitaxial structure of these red micro-

LEDs follows that of conventional AlGaInP epistructures grown on GaAs [1]. Fig-

ure 4.1(a) shows a schematic drawing of the epitaxial structure, where the grey, blue,

green, magenta, and beige colours correspond to GaAs, GaInP (etch stopping layer -

ESL), n-doped layer, active layer, and p-doped layer, respectively. Fabrication of the

micro-LED platelets started by processing the topside of the AlGaInP/GaAs wafer fol-

lowing typical microfabrication procedures for mesa type LEDs. First, a 6.96 x 10−6 cm2

active area pixel was defined by dry etching, exposing the n layer (Fig. 4.1(b)), followed
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(a) (b) (c)

(d)

(e)

30 µm

(f)

10 µm
(g) (h)

Figure 4.1: (a)-(e) Schematic drawings of the red micro-LED fabrication process (not
to scale, see text for further details); (f) plan-view photograph of a 2x2 array of micro-
LED platelets on the temporary sapphire carrier; (g) scanning electron microscopy
micrograph of a micro-LED platelet backside; (h) representative 5x5 µm2 atomic force
microscopy micrograph of a micro-LED platelet backside.

by deposition of AuGe/Au and Ti/Al/Ti/Au metal stacks on the n and p contacts,

respectively (Fig. 4.1(c)). Next, the GaAs wafer was flip-chip bonded to a temporary

sapphire carrier (identified in purple in Fig. 4.1(d)) and the GaAs bulk substrate removed

by wet chemical etching [2]. Finally, the platelet was defined through the backside of

the AlGaInP film by dry etching (Fig. 4.1(e)). Figure 4.1(f) shows a 2x2 array of the

micro-LED platelets on the temporary sapphire wafer.

Figure 4.1(g) shows a scanning electron microscopy (SEM) micrograph of a red micro-

LED platelet backside. Contrary to the GaN-based blue micro-LED platelets fabricated

in this thesis, the red micro-LED platelets were found to be extremely flat (not curved).

This can be attributed to the lattice matched and strain-free epitaxial growth of these

LED structures on GaAs [3]. In addition, due to the high etching selectivity between

the GaAs and the ESL, the backside of the micro-LED platelets is extremely smooth,
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as shown by a representative 5x5 µm2 atomic force microscopy micrograph of a micro-

LED platelet backside (Fig. 4.1(h)). The micro-LED platelets backside exhibit a root-

mean-square roughness of 0.2 nm, approaching the instrument resolution. The flatness

and smoothness of the micro-LED platelet backside are important factors for micro-

TP applications, as they improve the adhesion between the platelet and the receiving

substrate. Furthermore, the good contact between the micro-LED platelet and the

receiving substrate ensures efficient heat transfer.

4.2 Gbps VLC based on AlGaInP red micro-LEDs micro-

transfer printed onto diamond and glass

4.2.1 Introduction

Full-colour micro-LED displays have been realised by mass transfer techniques, such as

micro-transfer printing (micro-TP or µTP), of red-green-blue (RGB) singulated chiplets

onto a common platform (Figs. 4.2(a) and 4.2(b)). Blue and green pixels are fabricated

from highly-efficient indium gallium nitride alloys, while, the red emission is based on

AlGaInP LED structures. In Chapter 3, the concept of smart displays acting both as

a display and as a high-speed VLC transmitter was introduced and the suitability of

blue-green and blue-violet clusters of micro-LEDs for wavelength dependent modulation

schemes discussed. This study was motivated by the emergence of micro-LED displays,

as well as by the proven capability of GaN-based micro-LEDs to achieve multi-Gbps

VLC data rates. Although, there are several reports focused on AlGaInP-based LEDs in

equivalent device geometries [7], with a strong emphasis in microdisplays (Fig. 4.2(c)) [6,

(a) (b)

(c)

Figure 4.2: (a) Illustration of a conceptual micro-LED display [4]; (b) SEM micro-
graph of an RGB micro-LED IC-controlled pixel [5]; (c) AlGaInP-based micro-LED
display [6].
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8, 9], the data transmission capability of AlGaInP micro-LEDs has not been much

studied. As such, there is a knowledge gap in the current state-of-the-art of AlGaInP

micro-LEDs. In this chapter, AlGaInP micro-LEDs were micro-transfer printed onto a

glass and diamond substrates and their modulation characteristics investigated.

4.2.2 Device overview

A 2x2 array of micro-LEDs was sequentially printed directly, without any adhesion en-

hancement layer, onto glass and diamond substrates. The glass and single-crystal (syn-

thetic) diamond substrates had the same dimensions, namely area 4x4 mm2 and thick-

ness 500 µm. An elastomeric polydimethylsiloxane (PDMS) stamp array with pyramidal

protrusions was used to pick-up the micro-LED platelets from the temporary sapphire

carrier, thus flipping the platelets and exposing the p and n contacts (Fig. 4.3(a)). Next,

a single elastomeric stamp was used to pick-up the platelets (with the electrical contacts

upside) from the stamp array and print them onto both substrates (Fig. 4.3(b)). This

two stage micro-TP was necessary in order to expose the micro-LED electrical contacts

and to ensure a good contact between the platelets backside and the receiving substrates.

After micro-TP, a Parylene-C (Pa-c) layer (thickness 4 µm) was deposited as insulation

and encapsulation layer. Next, titanium/gold (Ti/Au thicknesses 100/200 nm) metal

@
4

.3
 A

/c
m

2

150 µm

S1

S2

P

Diamond or glass

Pa-C

Red µLED

(c) (d)

100 µm

(a) (b)

50 µm

Figure 4.3: (a) Plan-view photograph of the red micro-LED platelets (with the elec-
trical contacts facing up) on the stamp array; (b) plan-view photograph of a 2x2 micro-
LED array micro-TP onto glass; (c) schematic drawing of a micro-TP red micro-LED
after Pa-C encapsulation and metallisation; (d) plan-view photograph of a finalised 2x2
micro-LED array micro-TP onto glass with a single pixel (S1) driven at 4.3 A/cm2.
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tracks were lithographically defined, contacting the micro-LEDs through, previously re-

active ion etching defined, localised apertures in the Pa-C layer. Figure 4.3(c) shows

a schematic drawing of a micro-TP red micro-LED after Pa-C encapsulation and met-

allisation. The 2x2 array was arranged in order to have two individually addressable

single micro-LEDs (identified in Fig. 4.3(d) as S1 and S2) and a 2x1 in-parallel micro-

LED array (identified in Fig. 4.3(d) as P). Figure 4.3(d) shows the single micro-LED

S1 driven at 4.3 A/cm2. It was found experimentally that the micro-LEDs S1 and S2

exhibit the same electrical and optical properties, on both substrates. Thus, for clarity

sake, the device performance and application results are only shown for the micro-LED

S1.

4.2.3 Device performance and application

4.2.3.1 Micro-LED electrical, optical, and bandwidth characteristics

Figure 4.4(a) shows the voltage vs current density (JV) and optical power density vs

current density (LJ) of the single micro-LED S1 on-diamond and on-glass. The JV

characteristic was measured by a voltage source, through scanning each data point under

direct current (DC) conditions. The LJ was measured using a calibrated Si photodiode

detector (Thorlabs PM100D) placed in close proximity to the micro-LED backside. The

forward diode voltage (at 32 A/cm2) of the single micro-LED on-diamond and on-glass

was found to be 2.2 V and 2.1 V, respectively. The red micro-LED on-glass optical

power density reaches a plateau of 16.6 W/cm2 at 359 A/cm2. Due to diamond’s superior

thermal properties (k = 2200 W/m.K) over glass (k = 1.42 W/m.K) [10] the micro-LED

on-diamond sustains current densities up to 790 A/cm2 without any thermal roll-over.

At the current density of 790 A/cm2 the micro-LED on-diamond exhibits an optical

power density of 39 W/cm2 (more than twofold increase compared to the micro-LED

on-glass).

The electrical to optical (E-O) modulation bandwidth of the single micro-LED S1

on different substrates was measured by applying a DC bias combined with a small-

signal modulation from an HP8753ES network analyser. The optical response was lens-

focused onto a silicon avalanche photodetector (Thorlabs — APD430A2/M bandwidth

400 MHz). Figure 4.4(b) shows the E-O bandwidth vs current density of the single micro-

LED S1 on-diamond and on-glass. Devices on both glass and diamond exhibit similar

performance for current densities below 100 A/cm2. Above this point, the micro-LED

on-glass exhibits a lower modulation bandwidth until it reaches a plateau of 85 MHz

at 431 A/cm2. On the other hand, the micro-LED on-diamond modulation bandwidth

continues to increase up to 170 MHz at 1000 A/cm2.
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Figures 4.5(a) and 4.5(b) show the electroluminescence (EL) spectra and CIE1931

colour coordinates of the single S1 micro-LED driven at 359 A/cm2 on both substrates,

respectively. The EL spectra were acquired using an optical fiber-coupled spectrometer
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Figure 4.4: (a) Voltage vs current density (JV) and optical power density vs current
density (LJ) curves of the micro-LED S1 on-diamond and on-glass; (b) electrical to
optical modulation bandwidth vs current density of the single S1 micro-LED on both
substrates.
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Figure 4.5: (a) Electroluminescence (EL) spectra and (b) CIE1931 colour coordinates
of the single micro-LED S1 (at 359 A/cm2) on both substrates; (c) EL spectra peak
position vs current density of the micro-LED S1 on both substrates.
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(Avantes AvaSpec-2048L spectrometer). Both EL spectra show fringes due to the re-

fractive index contrast between the LED epitaxial material (n=3.5 [11]) and the receiving

substrates (glass n=1.46 [12], diamond n=2.41 [13]). The micro-LED on-diamond ex-

hibits an EL peak centred at 631.8 nm and a full width at full maximum (FWHM) of

19 nm. On the other hand, the micro-LED on glass EL peak is red-shifted (peak emission

centred at 634.5 nm) and broadened (FWHM = 22 nm) due to bandgap shrinkage and

band filling effects, respectively. Nevertheless, these variations have a marginal effect on

the perceived colour, with the micro-LED on-diamond (x = 0.68, y = 0.32) and on-glass

(x = 0.69, y = 0.31) showing similar (x, y) CIE1931 colour coordinates (Fig. 4.5(b)).

This minimal variation of the colour coordinates shows that these red micro-LEDs are

highly suitable for display applications. Figure 4.5(c) shows the EL peak position vs

current density for the single micro-LED S1 printed on-diamond and on-glass. For the

device on-glass, increasing the current density from 72 A/cm2 to 359 A/cm2 results in

a steep red-shift of the peak position from 632.1 nm to 634.5 nm (∆λ = 2.4 nm). On

the other hand, for the device on-diamond, under the same current density interval, the

peak only red-shifts by 0.3 nm. In fact, due to diamond’s superior thermal properties

varying the current density from 72 A/cm2 to 790 A/cm2 results in a red-shift from

631.5 nm to 632.6 nm (∆λ = 1.1 nm).

4.2.3.2 VLC application

Optical orthogonal frequency division multiplexing (O-OFDM) has proven to be spec-

trally efficient in VLC [14, 15]. In this work, an implementation of direct current biased

optical OFDM (DCO-OFDM) is used for the wireless data transmission due to its sim-

plicity and high spectral efficiency [16]. As intensity modulation and direct detection

(IM/DD) is used in VLC, the transmitted signal should be both real and non-negative.

Thus Hermitian symmetry is applied and a DC bias is added.

A schematic drawing of the VLC experimental set-up is shown in Fig. 4.6. A random

bit stream is encoded into an OFDM signal by MATLAB� and then generated by an
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Figure 4.6: Schematic diagram of the visible light communication experimental setup.
The photograph inset is the micro-LED on-diamond device (edge of the device is 1 cm).
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arbitrary waveform generator (AWG, Keysight M8195A). The analogue signal is ampli-

fied by a power amplifier (SHF S126A) and then combined with a DC bias (Yokogawa

GS610) through a bias-tee (Tektronix PSPL5575A). The output of the bias-tee is con-

nected to the micro-LED device. The link distance is set to 40 cm, as in this case

we wish to assess the upper modulation limits of the devices, and aspheric condenser

lenses (ACL4532A) have been used at both transmitter and receiver side. The optical

signal is detected by a photoreceiver (Femto HSPR-X-I-1G4-SI). The output electrical

signal is captured by an oscilloscope (Keysight DSA90804B) and then sent to the PC

for processing using MATLAB�.

Within each measurement, a channel estimation is first done to estimate the signal-

to-noise ratio (SNR) at each subcarrier. Then the signal is generated using an adaptive

bit and power loading algorithm based on the estimated SNR and a target bit error ratio

(BER). Such signal is transmitted and the achieved data rate and BER are measured.

The VLC results of the red micro-LED devices on both substrates are summarised

in Fig. 4.7. The DC bias and the modulation signal peak-to-peak voltage, after the

amplifier, were set to 359 A/cm2 (862 A/cm2) and 2.68 V (7.19 V), respectively, for

the single S1 micro-LED on-glass (on-diamond). The sampling frequency was set at

16 GSa/s and the number of samples per symbol was optimized for each substrate. The

estimated SNR and number of allocated bits, at the highest data rate below the FEC

threshold of 3.8x10−3 BER, for the single micro-LED S1 on-glass (blue curve and blue

bar plot) and on-diamond (red curve and red bar plot) are shown in Fig. 4.7(a). As the

micro-LED on-glass exhibits lower optical power and bandwidth its SNR suffers a sharp

drop with frequency, supporting bit loading only up to 656 MHz. On the other hand, the

micro-LED on-diamond’s higher optical power and bandwidth (due to its higher current
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Figure 4.7: (a) Signal-to-noise ratio and number of allocated bits (at maximum data
rate below forward error correction of the single micro-LED S1 on both substrates
(glass and diamond); (b) bit-error-ratio vs data rate of the single micro-LED S1 and
in-parallel micro-LED array P on both substrates.
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density operation) results in a smooth decrease of the SNR with frequency and bit

loading up to 1245 MHz. These differences in SNR and bit loading lead to the difference

in BER vs data rate curves shown in Fig. 4.7(b). At the BER of 3.8x10−3 a single micro-

LED on-glass achieves a data rate of 2749 Mbps, with the device on-diamond achieving

5391 Mbps (roughly a twofold increase). These results show the importance of efficient

thermal management in LED-based VLC transmitters. Applying the 7% FEC overhead

reduction, error-free data rates of 2557 Mbps and 5014 Mbps are achieved for the single

S1 micro-LED on-glass and on-diamond, respectively.

Also shown in Fig. 4.7(b) is the BER vs data rate performance of the 2x1 in-parallel

(P) micro-LED array on both substrates. For this purpose, the DC bias and the modula-

tion signal peak-to-peak voltage, after the amplifier, were set to 323 A/cm2 (718 A/cm2)

and 3.26 V (6.62 V), respectively, for the in-parallel micro-LED array on-glass (on-

diamond). Although the current density is lower than a single micro-LED, the total op-

tical power of the array is two times higher than of a single micro-LED. This translates

into an increase in SNR and capacity to allocate more bits to the in-parallel micro-LED

arrays. Thus, the in-parallel micro-LED array on-glass achieves 3262 Mbps below FEC

threshold (a 1.2x increase compared to its single counterpart). For the device transfer

printed on-diamond a data rate of 7093 Mbps, below FEC, is achieved (a 1.3x increase

compared to a single device on-diamond). Again, applying the 7% FEC overhead reduc-

tion, error-free data rates of 3034 Mbps and 6596 Mbps are obtained for the in-parallel

micro-LED array on-glass and on-diamond, respectively.

Table 4.1 compares the data rate, BER, and link distance achieved by the single micro-

LED S1 and by the in-parallel micro-LED array P on-diamond, with other red LED-

based VLC reports from our previous work. The data rates achieved in this work are

higher than the ones obtained using commercially available LEDs [17] or resonant cavity

LEDs [18] employing similar modulation schemes. Due to the micro-LEDs lower optical

power the link distance is shorter than for commercial LEDs. However, it has been shown

that the optical power can be increased, without any penalty in modulation bandwidth,

by simply arranging several micro-LEDs in-parallel or in-series configurations [19].

Table 4.1: State-of-the-art of red LED-based VLC.

Transmitter Data rate (Mbps) BER Link distance (m) Ref.

Micro-LED
5391 (S1)
7093 (P)

3.8x10−3 0.4 This work

Commercial LED 4904 2.5x10−3 1.6 [17]

Resonant cavity LED 4000 3.4x10−3 1.5 [18]
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4.3 Dual-colour optrodes for optogenetics application

4.3.1 Introduction

In optogenetics, neural cells are genetically modified to be susceptible to light stimula-

tion, providing excitatory and/or inhibitory control of the neural circuitry with milli-

second precision [20]. This can be used to map brain networks, gather knowledge about

their working mechanisms and interrelations, and, as expected in the near future to

treat brain disorders, such as dysfunctional Parkinsonian motor control [21] and depres-

sion [22]. A detailed overview of optogenetics is out of the scope of this thesis and can

be found in [23–25]. Nevertheless, the following paragraph presents a brief introduction

to the field.

Figure 4.8(a) shows the mechanism behind optogenetics. First, in order to make

the neurons susceptible to light, opsins are introduced into the subject’s brain, usually

through a viral injection which causes the targeted neuron cells to be light sensitive*.

Opsins are single component light-sensing systems, which have a photoreceptive char-

acteristic coupled to a biological function, can be excitatory or inhibitory and are sus-

ceptible to a wide range of wavelengths (400-630 nm) [23]. Consequently, the targeted

neurons will express the introduced opsin and, when exposed to light, the photoreceptive

proteins will promote a biological effect on those specific cells. One of the most common

opsins, shown in Fig. 4.8(a), is the so-called channelrhodopsin-2 (ChR-2)�, which when

exposed to blue light causes the neuronal ion channels to open resulting in neuron fir-

ing. The light is introduced into the brain by an optrode, which is a device capable of

delivering light to neurons and electrically record them [20].

Figure 4.8(b) compares conventional electrical with optogenetics stimulation. Elec-

trical stimulation approaches stimulate a large area of the brain without precise spatial

control and cannot distinguish between different cell types. In addition, it is only excit-

atory (cannot silence neuron activity) and can also induce unwanted thermal heating of

the surrounding tissue. On the other hand, optogenetics only affects opsin-expressing

neurons and depending on the opsin and light wavelength is capable of excitatory (e.g.

ChR-2 at 460 nm - blue light) and inhibitory control (halorhodopsin at 590 nm - yellow

light).

One of the biggest challenges in optogenetics is delivering light into neural tissue with

reliability and accuracy. As shown in Fig. 4.8(a) this is performed by an optrode, which

*Cellular specificity can be obtained with viruses by specific promoters, by spatial targeting of virus
injection, and by restriction of opsin activation to particular cells [26].

�ChR-2 is a microbial photosensitive protein derived from algae, which exhibits an irradiance stim-
ulation threshold of 1 mW/mm2 [20].
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Figure 4.8: (a) Illustration of the optogenetic technique using blue light, which activ-
ates ChR2-expressing neuron cells by opening light sensitive channels [20]; (b) electrical
stimulation vs optogenetics (excitation/inhibition) (adapted from [26]); (c) schematic
of probe insertion and high-pass filtered signals from two separate recording channels
showing the depth-dependent activation of neurons in vivo [27].

can be based on optical fibre or micro-LED shanks. Optical fibres optrodes are the most

straightforward way of guiding light from an external light source (e.g. LEDs or laser

diodes) into to the brain tissue. However, as it illuminates a large volume of the brain,

spatial resolution is compromised. This is illustrated in Fig. 4.8(c) stim0. An optical

fibre based optrode is used to illuminate a mouse’s brain with blue light and the electrical

response recorded from two different electrodes (separated by 350 µm). In the case of

the optical fibre based optrode the signals from the different electrodes are very similar,

showing poor spatial resolution. An alternative is to fabricate implantable micro-LED

shank based optrodes. Stimulation based on such small emitters enables unique spatial

resolution by delivering light at the cellular scale with millisecond precision. Fabricating

arrays of these micro-LEDs on the optrode shank allows for depth-specific optogenetic

control. This is shown in Fig. 4.8(c) stim1 and stim3. In this case, the same recording

electrodes are used but the light is delivered by an array of micro-LEDs fabricated in an

optrode shank. In this case, as the light sources are at different depths, minimal crosstalk

between the two electrodes is observed [27]. In addition, when compared to conventional

electrical probes, micro-LED based optrodes exhibit superior thermal properties, which

translates into a minimal 0.5 °C increase of temperature in the surrounding tissue [28].
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Due to the abundance of opsins with different properties and wavelength suscept-

ibility an optrode comprising dual-colour micro-LEDs and recording sites would be of

great importance in the field of optogenetics. Such a device, would be capable of inde-

pendent optical stimulation/inhibition of distinct neural populations and simultaneously

recording with high spatial resolution. The following sections describe the fabrication

of a blue-red micro-LED optrode by micro-TP of red micro-LED platelets onto a blue

emitting micro-LED optrode. The contents shown in this thesis focus on the integra-

tion, by micro-TP, of red AlGaInP micro-LED platelets onto the optrodes and do not

go into detail on the fabrication of the blue micro-LED optrode. Fabrication of the blue

micro-LED optrode was in this case carried out by Mr. Ruaridh Winstanley from Prof.

Keith Mathieson’s research group within the Institute of Photonics at the University of

Strathclyde.

4.3.2 Device overview

Optrodes were fabricated from commercial InGaN epistructures grown on a silicon (Si)

111-oriented substrate, following conventional microfabrication procedures [27]. This

allows one to create monolithic GaN-based blue micro-LEDs for optical excitation and

micro-electrodes (µ-electrodes) for detection on a single shank. Figures 4.9(a) and 4.9(b)

show a schematic drawing of the full optrode and of the tip of the shank, respectively.

Figure 4.9(c) shows a plan-view photograph of the shank tip, before micro-TP, with

1 micro-LED and 4 micro-electrodes identified in blue and green, respectively. At this

stage, the optrode is fully functional but still on its robust Si growth substrate. This sim-

plifies handling and post-processing steps, which involve photolithography, after micro-

TP of the red micro-LED platelets.

Figure 4.10(a) shows a schematic process flow of the micro-transfer printing of a red

micro-LED platelet onto such an optrode�. In order to aid in the release of the red

micro-LED platelets the optrodes were covered in 800 nm of Pa-C prior to micro-TP.

The red micro-LEDs were printed perpendicularly to the shank long axis, so as to further

maximise the contact area between the micro-LED platelet backside and the optrode.

After micro-TP, the Pa-C adhesion enhancement layer was removed in an oxygen plasma.

Figure 4.10(b) shows an optrode after micro-TP of the red micro-LED platelets. The

red micro-LEDs were transfer printed in between two micro-electrodes, which at the

end of the encapsulation and metallisation process will not be exposed. Thus, in order

to connect the micro-TP red micro-LED to the optrode bonding pads two sacrificial

micro-electrodes (identified in green in Fig. 4.10(b)) are used.

�In this case, a two stage flip-chip transfer printing process was employed, although, for simplicity
sake, it is not shown in Fig. 4.10(a).
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Figure 4.9: Schematic drawing of the (a) full optrode and (b) the tip of the shank with
the micro-LEDs active area highlighted in green; (c) plan-view photograph of the shank
tip with micro-LED (µLED) and µ-electrodes identified in blue and green, respectively.

Following the micro-TP process and removal of the adhesion enhancement layer, a Pa-

C film (thickness 4 µm) was deposited as insulation and encapsulation layer. This layer

was patterned as a circle around the red micro-LED platelet, with vias on top of the p and

n contacts. Next, Ti/Au (thicknesses 100/200 nm) metal tracks were lithographically

defined, connecting the red-micro-LED p and n contacts to sacrificial micro-electrodes.

Figures 4.11(a) and 4.11(b) show a 45° tilted SEM micrograph of the shank tip and of a

pair of red and blue micro-LEDs after Pa-C encapsulation and metallisation, respectively.
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Figure 4.10: (a) Schematic process flow of the micro-transfer printing of a red micro-
LED platelet onto an optrode (courtesy of Mr. Ruaridh Winstanley); (b) plan-view
photograph of an optrode after micro-TP of the red micro-LED platelets.
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Figure 4.11: 45° tilted scanning electron microscopy (SEM) micrograph, after Pa-
C encapsulation and metallisation, of (a) the shank tip and of (b) a red and a blue
micro-LED ; (c) colourised SEM micrograph (the colours green, blue, purple and red
correspond to the micro-electrode, the blue micro-LED, the metal tracks and the red
micro-LED, respectively) - courtesy of Mr. Ruaridh Winstanley; (d) plan-view photo-
graph of the red micro-LED after Pa-C encapsulation and metallisation.

For clarity’s sake, Fig. 4.11(c) shows a colourised SEM micrograph of the dual-colour

micro-LEDs. The red micro-LED, identified in red, is electrically connected by metal

tracks, in purple, to the sacrificial micro-electrodes. The blue micro-LED, identified in

blue, is also shown along with a micro-electrode, in green. Finally, Fig. 4.11(d) shows a

plan-view photograph of the dual-colour micro-LED pair after Pa-C encapsulation and

metallisation.

At this point, the red micro-LEDs are fully functional (as shown in the following

section), while the shank is still on its growth substrate. The path towards fully free-

standing optrodes involves a 50 µm deep etching into the Si substrate, followed by

thinning down of the Si substrate by mechanical polishing. However, those steps are out

of the scope of this thesis and will not be described.

4.3.3 Electrical and optical characterisation

Figures 4.12(a) and 4.12(b) show the JV and LJ curves of the monolithic blue micro-LED

and of the printed red micro-LED, respectively, alongside with a plan-view photograph of

the shank tip with both micro-LEDs being driven simultaneously at 100 µA. The meas-

urements were performed by probing the dual-colour optrode on its Si substrate. The

J-V characteristic was measured by a voltage source, through scanning each data point

under direct current (DC) conditions (Yokogawa GS610). The LJ was measured using

a calibrated Si photodiode detector (9 mm diameter active area, Thorlabs PM100D)

placed in close proximity to the micro-LEDs topside. A Lambertian emission profile was

assumed to convert the collected optical power into values quoted for the full forward
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Figure 4.12: Voltage vs current density and irradiance vs current density curves of
(a) the monolithic blue micro-LED and of (b) the transfer printed red micro-LED,
respectively, alongside with a plan-view photograph of the shank tip with both micro-
LEDs being driven simultaneously at 100 µA.

hemisphere. The forward diode voltages (at 32 A/cm2) of the blue and the red micro-

LEDs are 3.7 V and 2.5 V, respectively. These low forward diode voltages enable the

integration of these optrodes with low-power consumption electronics, which is a crucial

step towards miniaturization of these devices. In terms of optical power, both blue and

red micro-LEDs achieve 100 mW/mm2, which, for the blue micro-LED, translates into

an excitable volume up to 2.5x10−3 mm3 (250 neurons) [27].

The monolithic blue and the micro-TP red micro-LED individual EL spectra, ac-

quired using an optical fibre-coupled spectrometer (Avantes AvaSpec-2048L spectro-

meter), are shown in Fig. 4.13. The absorption spectra of the opsins ChR-2, Chrimson,

and Jaws are also shown [29, 30]. These opsins were chosen as they illustrate the multi-

functionality of the dual-colour optrode reported in this work. ChR-2 and Chrimson

are excitatory opsins, centred at 465 and 590 nm, respectively [29]. While, Jaws is an

inhibitory red-shifted opsin centred at 590 nm [30]. The blue micro-LED EL spectrum

consists a broad peak centred at 450 nm, exhibiting a strong (minimal) overlap with the

ChR-2 (Chrimson and Jaws) opsin absorption band. The red micro-LED EL spectrum

consists of a broad peak centred at 630 nm, showing strong (marginal) overlap with

the Chrimson and Jaws (ChR-2) opsin absorption band. Considering the ChR-2 and

Chrimson opsins case, this means that the dual-colour optrode is capable of independent

optical excitation of distinct neural populations. On the other hand and considering the

case of ChR-2 and Jaws opsins, it also means that the dual-colour optrode is capable of

optical excitation and inhibition of different neural populations. This is an extremely

versatile optogenetics tool that can be used in cases of dual-excitation or excitation-

inhibition behaviours.
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Figure 4.13: Monolithic blue and micro-TP red micro-LEDs individual EL spectra
superimposed with ChR-2, Chrimson and Jaws opsins absorption spectra (adapted
from [29, 30]).

4.4 Summary

In this chapter Gbps VLC based on AlGaInP micro-LEDs printed onto glass and dia-

mond substrates was demonstrated. These devices show the highest reported VLC data

rate based on red LED based illumination. In addition, a dual-colour optrode was

developed by micro-TP of red AlGaInP micro-LEDs onto a GaN-based shank optrode.

This dual-colour optrode has the potential to excite and/or inhibit different neural popu-

lations. The results in the first section of this chapter were published in: J.F.C. Carreira

et al., Optics Express 28 (8), 12149-12156 (2020).
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Chapter 5

Direct integration of micro-LEDs

onto CMOS circuitry by

micro-transfer printing

This chapter presents the direct integration of micro-LEDs onto complementary metal

oxide semiconductor (CMOS) circuitry by micro-transfer printing. An 8x8 micro-LED

array was realised with high brightness and bandwidth uniformity. Application of this

device in an optical camera communication (OCC) link, and in on-chip data communic-

ation and time-of-flight ranging applications is presented.

5.1 Introduction

The integration of micro-LEDs with CMOS circuitry allows active-matrix addressing of

individual micro-LEDs, dynamic video graphic imaging, and short pulse generation, just

to name a few. These characteristics have led to the application of CMOS-driven micro-

LED arrays in several fields, such as microdisplays (Fig 5.1(a)), VLC (Fig 5.1(b)), spatial

navigation (Fig 5.1(c)), UV maskless photolithography (Fig 5.1(d)), and optoelectronic

tweezing (Fig 5.1(e)). At the core of these applications is the CMOS technology, which

will be described in the next section.

5.1.1 Complementary metal-oxide-semiconductor background

Complementary metal oxide semiconductor (CMOS) technology employs both n and

p metal oxide semiconductor field-effect transistors (MOSFET), commonly referred to

125
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Figure 5.1: CMOS-driven micro-LED arrays in several applications: (a) microd-
isplays [1]; (b) visible light communication [2]; (c) spatial navigation [3]; (d) maskless
photolithography [4]; and (e) optoelectronic tweezing [5].

as NMOS and PMOS, respectively, to form logic elements. A schematic cross-section

drawing of the NMOS and PMOS are show in Figs. 5.2(a) and 5.2(b), respectively. The

NMOS is a four terminal device consisting of a p-substrate with two heavily doped n-type

regions, indicated as the source and drain regions. A thin layer of SiO2, typically 1 to

10 nm thick, is grown on top of the substrate, covering the area between the source and

drain regions. Metal is deposited on top of the oxide layer, forming the gate electrode

of the device. Metal contacts to the source, drain, and body are also deposited. The

PMOS is similar to the NMOS, consisting instead of a n-type substrate with two heavily

doped p-regions [6, 7].

n+n+

p-type substrate

Source
Gate

Drain

Body

Oxide
Metal

Channel region p+p+

n-type substrate

Source
Gate

Drain

Body

Oxide
Metal

Channel region

(a) (b)

Figure 5.2: Schematic cross-section drawing of (a) NMOS and (b) PMOS (adapted
from [6]).
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Figure 5.3: (a)-(c) Schematic cross-section drawing of an NMOS during cutoff, triode,
and saturation regions, respectively; (d) characteristic curves for an NMOS (adapted
from [8]).

Operation of a MOSFET can be divided into: cutoff, triode, and saturation regions.

Figure 5.3 summarises the operation of an NMOS in these three regimes. In the cutoff

case, the voltage applied to the gate is zero (VGS=0). Applying a positive voltage VDS

to the drain relative to the source results in a reverse biased pn junction at the drain

and body interface (Fig. 5.3(a)). Thus, and while the gate voltage is lower than a

particular value called threshold voltage (Vto) no current flows (iD=0). In the triode

region, VGS > Vto and the voltage applied to drain is smaller than gate voltage minus the

threshold voltage (VDS < VGS − Vto). The electric field resulting from the applied gate

voltage repels holes from the p-doped region under the gate, leaving behind a carrier-

depletion region. Concurrently, also attracts free electrons from the heavily doped source

and drain regions, thus creating an n-type channel between the drain and the source

(Fig. 5.3(b)). As VDS increases, electrons from the source flow trough the created channel

and into to the drain (by convention current flows from the drain to the source). As VDS

increases, electrons in the channel are pulled into the drain region leading to tapering of

the channel thickness. For VDS > VGS−Vto, the channel depth at the drain end reduces

to zero, giving rise to the term channel pinch-off (Fig. 5.3(c)). Increasing VDS above this

point has no effect on the channel shape and charge, and the current through the channel

remains constant. The NMOS is then said to be in the saturation region. Figure 5.3(d)

shows the characteristic IV curves of an NMOS at different values of VGS [7, 8].
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In a PMOS device the semiconductor regions are reversed in polarity to those of an

NMOS. Thus the characteristics of a PMOS are very similar to those of an NMOS,

except that the voltage polarities are inverted. In this case, applying a negative voltage

to the PMOS gate, creates a p channel between the source and the drain. Applying

a negative voltage to the drain attracts holes from the source, which flow through the

channel into to the drain (current flows from source to drain). In similar fashion to

the NMOS, increasing VDS leads to channel pinch-off and the PMOS is said to be

saturated. PMOS technology emerged before NMOS, due to difficulties in fabricating

NMOS transistors, and dominated the early integrated circuit manufacturing industry.

As NMOS fabrication processes evolved, this technology eventually supplanted PMOS,

due to its greater gains and speeds of operation than PMOS devices. CMOS technology

employs both NMOS and PMOS on the same chip, which allows for much more powerful

circuit configurations and logic operations [7, 8].

5.1.2 CMOS logic-gate circuits

CMOS digital circuits use NMOS and PMOS transistors operating as on/off switches.

This is achieved by controlling the gate voltage to operate the transistor in the triode

region (on) or in the cutoff region (off). An NMOS transistor behaves as a closed switch

when its gate voltage is high, usually at the power-supply level VDD, which represents a

logic 1. When the gate voltage is low, the transistor is cut off, acting as an open switch,

which represents a logic 0. The PMOS transistor operates in a complementary fashion.

The transistor is on when the gate voltage is low (logic 0), and off when the gate voltage

is raised to VDD (logic 1) [7]. Three of the most basic and important building blocks of

digital systems are the NOT (inverter), NAND, and NOR gates, which are constructed

using CMOS technology.

A logic inverter (NOT gate) inverts the logic value of its input signal, thus for a

logic 0 input, the output will be a logic 1, and vice versa (Fig. 5.4(a)). It consists of an

NMOS and a PMOS transistor, with the gate terminals (input terminal) and the drain

terminals (output terminal) connected together (Fig. 5.4(b)). When the input voltage is

high (Vin=VDD), that is X=1, the NMOS transistor is on, thus a conducting channel is

induced between the drain and source of the NMOS transistor (closed switch). However,

the PMOS transistor is off, behaving like an open switch, thus the output voltage will

be zero and Y=0 (Fig. 5.4(c)). When X=0 (Vin=0), the NMOS transistor is off and the

PMOS transistor behaves as a closed circuit, connecting the output terminal to VDD.

Thus the output voltage is equal to VDD and Y=1 [7, 8].



Chapter 5. Direct integration of micro-LEDs onto CMOS circuitry by micro-transfer
printing 129

Vin Vout

+VDD

PMOS

NMOS

S

D

G

G
S

D ++

--
Vout=0

+VDD

PMOS

NMOS

+

-
Vout=VDD

+VDD

PMOS

NMOS

+

-

     

 

 
  

 

 

+VDD

M1 M2

M3

M4

Vout=  

 

 
   

 

 

+VDD

M1

M2

M3

M4

Vout=   

A B AND NAND

0 0 0 1

1 0 0 1

0 1 0 1

1 1 1 0

A B OR NOR

0 0 0 1

1 0 1 0

0 1 1 0

1 1 1 0

NOT (INVERTER)  

NAND

NOR

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

(e) (f) (g)

(h) (i) (j)

Figure 5.4: (a)-(d) NOT gate block representation, circuit diagram, and operation
when the logic input is a logic 1 and a 0, respectively; (e)-(g) NAND gate block rep-
resentation, circuit diagram, and truth table, respectively; (h)-(j) NOR gate block
representation, circuit diagram, and truth table, respectively (adapted from [8]).

The two input NAND function is described by the Boolean expression Y = AB*

(Fig. 5.4(e)). The NAND gate is constructed by adding transistors to the inverter circuit,

in this case there are two PMOS transistors in parallel and two NMOS transistors in

series (Fig. 5.4(f)). When the gates are high, the NMOS (PMOS) devices are on (off),

and when their gates are low, the NMOS (PMOS) devices are off (on). Figure 5.4(g)

shows the truth table of the NAND function, which summarises the possible outputs

depending on A and B, being low (0) or being high (1) [7, 8].

The two input NOR function is described by the Boolean expression Y = A+B�

(Fig. 5.4(h)). In this case, there are two PMOS transistors in series and two NMOS

transistors in parallel (Fig. 5.4(i)). Similarly to the NAND gate, when the gates are

high, the NMOS (PMOS) devices are on (off), and when their gates are low, the NMOS

(PMOS) devices are off (on). The truth table (Fig. 5.4(j)) shows that Vout=VDD (Y=1)

only when all the gates are low (NMOS transistors behave as an open switch and PMOS

as a closed switch) [7, 8].

*It can be interpreted as an AND function followed by a NOT function.
�It can be interpreted as an OR function followed by a NOT function.
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These three logic circuits are the basics of integrated circuits, and as such, also the

basic building blocks of the CMOS chip used in this work.

5.2 Device overview

5.2.1 Blue micro-LEDs fabrication

In this chapter, blue (450 nm) top-emitting through the p-GaN micro-LED platelets

were fabricated from commercial InGaN LED epistructures, grown on a silicon (Si)

111-oriented substrate, following the same processes described in Chapter 3. The only

difference is that, in order to yield top-emitting micro-LED platelets, a nickel/gold

(Ni/Au thicknesses 10/20 nm) bilayer was electron beam deposited, lithographically

patterned, and annealed in an air environment at 510 °C defining a semitransparent

p-GaN metal contact.

5.2.2 CMOS chip

The CMOS chip was developed by Prof. Robert Henderson’s CMOS Sensor and Systems

group at the University of Edinburgh and implemented in a standard 0.35 µm, 3.3 V

CMOS technology by Austria Microsystems. It consists of a 16x16 array of individually-

controllable 100x100 µm2 p-MOS driver cells on a centre-to-centre pitch of 100 µm [9].

The driver follows a four-metal-layer design in which the bottom two layers are used to

route the CMOS transistor signals, the third layer acts as protective layer to the bottom

layers towards the LED voltages, and the top layer is patterned into bonding pads to

interface with the micro-LED array. Table 5.1 summarises the CMOS specifications.

The CMOS backplane driver circuit is shown in Fig. 5.5. The inputs ROW and

COL are used to select the active pixels by addressing rows and columns, respectively.

Table 5.1: CMOS chip specifications.

Chip dimensions (mm2) 3.55x3.55

Array size 16x16

Individual driver size (µm2) 100x100

Driver centre-to-centre pitch (µm) 100

Max. output voltage (V) ∼9

Max. output current per driver (mA) ∼230

Min/max electrical pulse duration (ns) 0.3/48
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LED

GND

Figure 5.5: CMOS backplane driver circuit (reproduced from [9]).

When a certain driver is selected, the inputs ROW and COL are set high, and the

output of the D-type flip-flop matches the driver input (DIN ) state on the rising edge

of clock signal (CLK ). DIN controls if a driver is active or not, and the D-type flip-flop

maintains its state. The output of D-type flip-flop is then sent to the addressed CMOS

driver by setting the driver input signal (INPUT SIG) high. INPUT SIG can be

sourced by a DC signal from the motherboard, an on-chip voltage-controlled oscillator

(V CO) or an external signal. In this work, INPUT SIG was always an external signal.

The state of MODE CONTROL (high or low) determines whether the output follows

INPUT SIG directly (MODE CONTROL high), as previously described, or in pulsed

mode (MODE CONTROL low). In the pulsed mode, INPUT SIG is sent through an

inverter to introduce a time delay, which is controlled by an external voltage V BCM2.

As also shown in Fig. 5.5 the ground terminal of the main CMOS logic circuit (GND) is

physically separated from the LED ground (LED GND). This allows one to increase the

value of LED VDD above 3.3 V without damaging the CMOS electronics by negative

biasing LED GND with respect to GND.

5.2.2.1 Heterogeneous integration by flip-chip bonding

This chip was custom designed to be integrated with on-sapphire 16x16 micro-LED

arrays by conventional gold bump flip-chip bonding. A schematic drawing of the flip-

chip bonding process is shown in Figs. 5.6(a)-5.6(c). Gold bumps are deposited onto

the CMOS chip. Next, the micro-LED array is held above the CMOS chip and aligned

with the CMOS array. Finally, thermo-sonic bonding is used to partially melt the Au

bumps and make physical and electrical connection between the CMOS and the micro-

LEDs. However, flip-chip integration can result in issues with uniformity in the emission

from large arrays due to the bump bonding process (Fig. 5.6(d) [10]), and multiple

reflection paths within the thick sapphire substrate can lead to cross-talk between pixels

(Figs. 5.6(e) and 5.6(f)). Furthermore, flip-chip bonding is not suitable in cases where

the device emission, or detection, wavelength is absorbed by the flipped substrate.
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Micro-LED array    

bump-bonded to CMOS

200 µm 1 mm 1 mm

(a) (b) (c)

(d) (e) (f)

Figure 5.6: (a)-(c) Schematic drawing of the flip-chip bonding process; (d) micro-LED
array flip-chip bump-bonded to a CMOS showing a few defects (reproduced from [10]);
(e) blue and (f) green micro-LED arrays flip-chip bump-bonded to a CMOS showing
light waveguiding in the sapphire substrate.

5.2.3 Heterogeneous integration by micro-transfer printing

An alternative integration technique is micro-transfer printing (micro-TP or µTP). This

technique allows the population of the host substrate with devices only where required,

removing issues associated with a flip-chipped substrate. A preliminary 1x8 array micro-

LED device was realised following the methods described in Chapter 3, however, it was

found that during the Parylene-C (Pa-C) etching process the CMOS chip electrical prop-

erties deteriorate, rendering it nonfunctional. This led to a detailed investigation of the

CMOS chip properties before and after etching and the development of a microfabrica-

tion process to etch Pa-C without damaging the CMOS drivers and bonding pads.

5.2.3.1 Pre-processing of the CMOS chip

Optical photographs of the CMOS bare chip and drivers, before any processing, are

shown in Figs. 5.7(a)-5.7(c). Figure 5.7(d) shows the voltage vs current curves of the

LED VDD to LED VDD (green curve) and BU MOD CONT to BU COL SEL (red

curve) bonding pads of the CMOS chip (see Fig. 5.7(a)). The IV curves were acquired

by direct micro-probing of the bonding pads using a probe station Wentworth 280X.

LED VDD and BU MOD were chosen due their characteristic IV curves, which allow

for a non-destructive inspection of the CMOS chip electrical properties at different stages

of the process.
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Figure 5.7: (a)-(c) Optical photographs of the CMOS bare chip and drivers, before any
processing, at different magnifications; (d) voltage vs current curves of the LED VDD
to LED VDD (green curve) and BU MOD CONT to BU COL SEL (red curve)
bonding pads before any process.

Figures 5.8(a) and 5.8(b) show optical photographs of the CMOS chip after oxygen

etching of the Pa-C insulation layer. The different colour of the bonding pads might

suggest that the Pa-C was not fully etched. However, a 17% overetch was applied

to guarantee that the polymer was completely etched. In addition, a transfer printed

micro-LED could be driven by directly probing the micro-LED through the Pa-C vias,

as small as 15x15 µm2 (Fig 5.8(c)), which further suggests that the Pa-C layer was

efficiently removed in the oxygen plasma. Inspection of the electrical properties of the

CMOS bonding pads reveal that no current flows up to 3.3 V (Fig. 5.8(d)). This explains

why the micro-LEDs could be electrical driven by external probes but not by the CMOS.

Analysis by energy-dispersive X-ray spectroscopy� (EDS or EDXS) of the CMOS

bonding pads and drivers (SEM micrograph shown in Fig. 5.8(e)) revealed that the top

metallisation layer consists mainly of aluminium§ (Fig. 5.8(f)). Aluminium is well-known

to be etched in chlorine-based plasma chemistries [12]. Taking into account that the Pa-

C molecule consists of benzene rings with a chlorine atom and that its etching mechanism

is not fully understood, it is plausible to suggest that Pa-C etching byproducts might

attack the aluminium layer, deteriorating the CMOS drivers and bonding pads electrical

properties.

�EDS acquired using the same tungsten low-vacuum JEOL JSM-IT100 InTouchScope SEM system.
§Aluminium alloys are commonly used as a metallisation layers on CMOS foundries due to their

high conductivity and good ohmic contact with polysilicon [11].
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Figure 5.8: (a) and (b) optical images of the CMOS chip bonding pads after oxygen
etching of the Pa-C layer; (c) optical image of a transfer printed micro-LED, after
Pa-C etching, being electrical driven by external probes - scale bar corresponds to
100 µm; (d) current vs voltage curves of the LED VDD to LED VDD (green curve)
and BU MOD CONT to BU COL SEL (red curve) bonding pads after Pa-C etching;
(e) scanning electron microscopy micrograph of a CMOS driver and (f) correspondent
energy-dispersive X-ray spectroscopy spectrum.

In order to prevent exposure of the aluminium CMOS top layers to the Pa-C etching

byproducts a Ti/Au bilayer (100/200 nm thicknesses) was patterned on top of the CMOS

drivers and bonding pads. Figure 5.9(a) shows a plan-view photograph of the CMOS

chip after patterning of the Ti/Au bilayer on top of the bonding pads and n- and p-

drivers (identified in yellow) before transfer printing and Pa-C etching. Figure 5.9(b)

shows a plan-view photograph of the CMOS chip after transfer printing of the micro-

LEDs and Pa-C etching. It can be observed that the etching of vias on the Pa-C layer

to access the p-drivers stops at the Ti/Au protective layer. In this case, no change

in colour after the etching process is observed. Figure 5.9(c) shows the LED VDD

and BU MOD CONT IV curves of the bare chip and after Pa-C etching of the Ti/Au

protected drivers. Protecting the CMOS drivers and bonding pads allows to retain the

same electrical characteristics of the CMOS chip. This pre-processing of the CMOS

proved to be crucial for the development of the micro-TP enabled micro-LED CMOS

device shown in this chapter.
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Figure 5.9: (a) Plan-view photograph of the CMOS bonding pads and drivers after
the Ti/Au patterning step and before the Pa-C etching; (b) plan-view photograph of
the CMOS driver after Pa-C etching; (c) LED VDD and BU MOD CONT IV curves
of the bare chip (in solid) and after Pa-C etching the CMOS chip with protected drivers
(in dash).

5.2.3.2 Micro-TP of an 8x8 micro-LED array onto a pre-processed CMOS

chip

After protecting the CMOS drivers and bonding pads, an 8x8 array of micro-LEDs was

sequentially transfer printed directly, without any adhesion enhancement layer, onto the

CMOS drivers. An elastomeric polydimethylsiloxane (PDMS) stamp, with pyramidal

protrusions, was used to pick-up the suspended micro-LED platelets from their Si sub-

strate (Fig. 5.10(a)) and print them onto every other CMOS drivers (Fig. 5.10(b)) [13].

Since the micro-LED mesa is the same size as the CMOS driver and the micro-LED back-

side is non-conductive, the adjacent CMOS driver was used to address each respective

micro-LED. For this purpose, after micro-TP of the micro-LEDs, a Pa-c layer (thickness

4.5 µm) was deposited and apertures on the micro-LED contacts and CMOS drivers

were lithographically defined. Next, Ti/Au (thicknesses 100/200 nm) metal tracks were

lithographically defined, connecting the p-MOS driver to the micro-LED p-contact and

the micro-LED n-contact to the common LED ground.

Figure 5.10(c) shows a schematic cross-section view of the micro-LED directly printed

onto the CMOS. Figure 5.10(d) shows an optical image of the finalised device. In

addition to the 16x16 main array of driver pixels, the CMOS chip also contains a single

free running single photon avalanche diode (SPAD). As described earlier, the SPAD

is an avalanche photodiode operating in Geiger mode, providing digital pulses on the

detection of a single photon [14]. The potential is therefore available for a single chip,

with suitable optical bonded devices, to act as both an optical transmitter and receiver.

Figure 5.10(e) shows in further detail the monolithic SPAD, while Figs. 5.10(f) and
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Figure 5.10: Schematic drawing of the micro-transfer printing process during (a)
pick-up and (b) printing of the micro-LED platelet; (c) schematic cross-section drawing
of the finalised device; (d) optical image of the CMOS chip with the CMOS drivers
array and SPAD identified in red and yellow, respectively; (e) magnification showing
in further detail the SPAD active area; (f) magnification of the CMOS chip showing
the 8x8 array of transfer printed micro-LEDs; (g) shows, in further detail, the micro-
LED p-GaN electrical connection through the adjacent p-MOS driver; (h) plan-view
photograph of the motherboard used to interface with the CMOS chip; (i) plan-view
photograph of the CMOS driven micro-LED array displaying the Institute of Photonics
(IOP) logo.

5.10(g) show the full micro-LED array and the micro-LED electrical connecting scheme

through the adjacent p-MOS driver, respectively.

The CMOS chip was then wire-bonded to a ceramic package (CCJ08428) and in-

tegrated with a custom designed motherboard controlled by a field programmable gate

array (FPGA - Opal Kelly XEM3010), as shown in Fig. 5.10(h). The FPGA establishes

a connection between the motherboard and a PC, providing not only power, but also

controlling the logic signals through a graphical user interface (GUI) or Matlab�. The

logic signals are transferred to the CMOS device by a daughtercard, which houses an

SMA connector for the INPUT SIG. Figure 5.10(i) shows a plan-view photograph of the
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CMOS-driven micro-LED array displaying the Institute of Photonics (IOP) logo¶.

5.3 Single micro-LED and full array performance

5.3.1 Single micro-LED electrical, optical, and bandwidth perform-

ance

Figure 5.11 shows the voltage vs current density, JV, and optical power density vs cur-

rent density, LJ, characteristics of a representative micro-LED in the 8x8 CMOS-driven

array. The inset in Fig. 5.11 presents the electroluminescence (EL) spectrum acquired

at 22.2 A/cm2. The JV characteristic was measured by a voltage source, through scan-

ning each data point under direct current (DC) conditions (Yokogawa GS610). The LJ

was measured using a calibrated Si photodiode detector (9 mm diameter active area,

Thorlabs PM100D) placed in close proximity (5 mm) to the micro-LED topside. A Lam-

bertian emission profile was assumed to convert the collected optical power into values

quoted for the full forward hemisphere. The EL spectrum was acquired using an optical

fibre-coupled spectrometer (Avantes AvaSpec-2048L spectrometer). The forward diode

voltage of commercial LED’s (250x250 µm2 size) is usually defined at 20 mA, corres-

ponding to a current density of 32 A/cm2 [15]. At this current density the CMOS-driven

micro-LED, reported in this work, exhibits a forward voltage of 3.65 V. The micro-LED

presents an optical power density of 11 W/cm2, at 161 A/cm2, which translates into a

brightness of 7.79x105 cd/m2. The EL spectrum is composed of one major peak centred
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Figure 5.11: CMOS-driven micro-LED voltage vs current density (JV) curve, optical
power density vs current density (LJ) curve, and electroluminescence spectrum (EL).

¶It must be noted that the non-uniformity seen is due to the imaging conditions.
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Figure 5.12: Schematic drawing of the experimental setup of electrical-to-optical
modulation bandwidth measurement.

at 450 nm and broadened by Fabry-Perot interference occurring due to high refractive

index contrast between the GaN epilayers and air [16].

The electrical-to-optical (E-O) modulation bandwidth of the CMOS-driven micro-

LED was measured using a network analyser (HP8753ES) and a Si avalanche photo-

detector (Thorlabs — APD430A2/M bandwidth 400 MHz). A schematic drawing of

the experimental setup is shown in Fig. 5.12. As the CMOS driver is a digital device,

1 V peak-to-peak output from the network analyser was combined with a DC offset

(1.5 V) to reach the logic threshold of the electronics and then sent to the CMOS driver

board through an SMA connector to modulate the corresponding micro-LED. This res-

ults in a square wave driving signal for the micro-LED, modulating between 0 V and

an adjustable micro-LED bias voltage. The optical output of the micro-LED was then

lens-focused onto the detector and the electrical output of the detector was fed back to

the network analyser.

20 40 60 80 100 120 140 160 180
10

20

30

40

50

E
-O

 b
a
n

d
w

id
th

 (
M

H
z
)

Current density (A/cm2)

 Micro-LED E-O BW

Figure 5.13: CMOS-driven micro-LED electrical-to-optical (E-O) modulation band-
width vs current density.



Chapter 5. Direct integration of micro-LEDs onto CMOS circuitry by micro-transfer
printing 139

The modulation bandwidth of the CMOS-driven micro-LED, at different current

densities, is shown in Fig. 5.13. The CMOS-driven micro-LED exhibits a modulation

bandwidth of 48 MHz at 165 A/cm2, which is lower than the E-O bandwidth of the L-

shaped pixel micro-LED shown in Chapter 3. This is attributed to the high modulation

depth of the CMOS driver output [2].

5.3.2 Micro-LED array performance

The micro-LED yield and uniformity of electrical/optical characteristics across the full

array are important factors for applications. The micro-transfer printing enabled hy-

bridization process exhibits a 100% yield, with 64 out of 64 operational micro-LEDs. No

electrical crosstalk has been observed showing a suitable insulation and electrical con-

tact scheme. In addition, as each micro-LED is a singulated device, no optical crosstalk

between neighbouring micro-LEDs has been observed.

Figures 5.14(a) and 5.14(b) show a “heat map” distribution of the forward voltage

(defined at 32 A/cm2) and optical power density at 60 A/cm2 across the full array, re-

spectively. The mean and standard deviation values for the forward voltage and power

density are 3.9 ± 0.3 V and 6 ± 1 W/cm2, respectively. The most erratic values ori-

ginate from column 1 row 6 and column 1 row 7, which exhibit some electrical leakage

behaviour. Similar electrical leakage behaviour has also been observed on micro-LEDs

printed onto a glass substrate [17]. It has been suggested that this is due to damage

to the device sidewalls occurring when the Si substrate is removed, leaving a rough

surface and increasing opportunities for tunneling. This can be further investigated by
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Figure 5.14: “Heat map” distribution of (a) forward voltage and (b) optical power
density at 60 A/cm2 across the full array.
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topographic and conductive atomic force microscopy and scanning Kelvin probe micro-

scopy [18]. Nevertheless, these pixels are fully operational and can be used in practical

applications as detailed in the following results. In addition, the bandwidth of 5 ran-

domly selected CMOS-driven micro-LEDs at 4.6 V forward bias was found to be of high

uniformity: 44.8± 0.5 MHz.

5.4 OCC application

Optical camera communication (OCC) is a particular thread of VLC, in which image

sensors (e.g. smartphone cameras, automotive cameras) are used as receivers [19, 20].

The development of high-speed and high-resolution CMOS cameras and their implement-

ation in smartphones has opened the doors towards ubiquitous user-friendly pocket-sized

OCC receivers. Unlike conventional photodetectors, as cameras are capable of spatial

resolution, the data rates can be readily increased by employing spatial modulation

schemes, such as multiple-input-multiple-output (MIMO). MIMO camera communica-

tion is based on a LED array (M xN ) or a display board for the transmission of data

and a camera image sensor for the reception of data (Fig. 5.15). Each light emitter of

the array/display can be seen as an independent VLC transmitter. The emitted light

is detected by individual pixels across the image sensor. Each activated pixel gener-

ates a voltage proportional to the number of photons that impinge on it. At the same

time, each pixel is connected to an external circuit, which converts the pixel voltage into

binary data [21].

In this work, an OCC link using spatio-temporal modulation of the full CMOS-

driven micro-LED array and an ultrafast camera receiver� (Photron Fastcam UX100

[22]) is demonstrated. This has previously been demonstrated with a flip-chip bonded

array and a smartphone camera receiver in reference [23], however uniformity issues and

Transmitter

M

N

Receiver

Figure 5.15: Multiple-input-multiple-output (MIMO) optical camera communication
link (adapted from [19]).

�As we wish to assess the upper modulation limits of the CMOS-driven micro-LED device.
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Figure 5.16: The block of frames transmitted for synchronisation, threshold, align-
ment, and data transmission.

faulty pixels in the array were a significant cause of errors in transmission in that case.

In addition, the smartphone camera maximum frame rate acquisition of 960 fps limited

the achievable data rate. With the transfer printed device, yield and uniformity are

significantly improved. Furthermore, as the ultrafast camera receiver has a much higher

maximum frame rate than the smartphone camera better results are expected.

For the OCC demonstration the CMOS-driven micro-LED array was DC biased at

4.6 V (average total current of 12.5 mA) producing an average total optical power

of 2.77 mW. The patterns were updated at a rate of 2 kHz, being only limited by

the full-array refresh rate of the CMOS electronics [3]. Thus each micro-LED pixel

is transmitting independent binary data at 2 kHz, resulting in a net data rate of

2000x8x8=128 kbps. 4 blocks of 67 frames (a total of 268 frames) are transmitted

with an overhead of 4.48% (3 frames in every 67) for synchronisation, and determining

thresholds and alignment (Fig. 5.16). This overhead can be reduced, depending on the

number of data frames per transmitted block. A pseudorandom sequence of 214 useful

bits were transmitted in order to measure a bit-error-ratio (BER). The emitted light

was lens-focused (Nikon Plan Fluor 4x/0.13) onto the ultrafast camera. The camera

acquisition parameters were set at 8000 frames per second (fps), resolution of 1280x616,

and a total acquisition time of 302 ms. Figure 5.17(a) shows the BER as a function of

the received power by the camera. The received power was changed by placing different

neutral density filters at the receiver. The BER floor of 6.10x10−5 (1/214) occurs as 214

total bits were transmitted, so a lower BER cannot be measured.

For optical power values lower than 0.02 µW the BER is larger than the 3.8x10−3

limit for forward error correction (FEC) coding [24]. Example image frames for the full
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Figure 5.17: (a) Bit-error-ratio (BER) measured as a function of received power by
the ultrafast camera; (b)-(e) show the captured frames from the 8000 fps video for all
active micro-LEDs, alignment conditions, and two different pseudo-random patterns,
respectively.

array, alignment frame and two example data frames are shown in Figs. 5.17(b)-5.17(e),

respectively.

5.5 On-chip single micro-LED/SPAD operation

The multifunctional capability of the CMOS-driven integrated emitter and receiver has

been demonstrated by its application as an optical communication transceiver and time-

of-flight (ToF) ranging device. A single DC biased micro-LED pixel was used for both

experiments. It was experimentally verified that the on-chip crosstalk between the micro-

LED and SPAD is insignificant, and therefore it is impossible to establish a direct detec-

tion link without additional optics. Thus, the micro-LED (identified in red - Fig. 5.18(a))

light was lens-collected, back reflected, and focused onto the SPAD (identified in yellow

Lens Mirror

Data

ToF∆𝑥

𝑡

(a) (b)

Figure 5.18: (a) Schematic drawing of the experimental setup used in VLC (∆x ∼
2 cm) and ToF ranging (∆x = 0:0.2:1.2 m) demonstrations; (b) schematic drawing of
the input electrical signal for the VLC and ToF experiments.



Chapter 5. Direct integration of micro-LEDs onto CMOS circuitry by micro-transfer
printing 143

- Fig. 5.18(a)). This setup provides an estimation of the device performance as an in-

tegrated transceiver. Figure 5.18(b) shows a schematic drawing of the input electrical

signal for the VLC and ToF ranging experiments.

5.5.1 SPAD working principles

SPADs are pn junctions reverse biased at a voltage (VA) above the diode breakdown

voltage (Vb), the so-called Geiger mode. This mode of operation enables detection

of single photons, when the diode is equipped with the means to detect and regener-

ate the current associated with photon detection. At VA, the electric field is so high

(>3x105 V/cm) that a photo-generated carrier in the depletion region can trigger a

diverging avalanche multiplication of carriers by impact ionisation (Fig. 5.19(a)). This

effect generates several hundreds of thousands of secondary electron-hole pairs, thus

causing the diode’s depletion capacitance to be rapidly discharged. As a result, a sharp

current pulse is generated**. Current continues to flow until the avalanche is quenched,

by lowering the bias voltage down to or below Vb. Once the avalanche has been quenched,

the SPAD needs to be recharged to the bias voltage so it can detect subsequent photons.

The time required to quench the avalanche and recharge the diode up to 90% of its

nonimal excess bias is defined at the dead time. The probability of detecting a photon

hitting the SPAD’s surface, known as the photon detection probability (PDP), depends

on the quantum efficiency and the probability of an electron or hole to trigger an ava-

lanche [14, 25, 26]. Table 5.2 summarises the SPAD specifications.
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Figure 5.19: (a) Illustration of avalanche breakdown and (b) schematic cross-section
of a single-photon avalanche diode (adapted from [14, 25]).

A schematic cross-section drawing of the SPAD is shown in Fig. 5.19(b). It con-

sists of a circular p+-anode/deep n-well/p-substrate dual junction structure. The p+-

anode/deep n-well junction forms the avalanche multiplication region where the Geiger

**It must be noted that the signal amplitude does not provide intensity information since all the
current pulses have the same amplitude. Instead intensity information can be obtained by counting
the pulses during a certain period of time or by measuring the mean time interval between successive
pulses [14].
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breakdown occurs. The deep n-well/p-substrate junction allows to bias the p+-anode

independently from the p-substrate, while also preventing electrical crosstalk due to

minority carriers diffusing in the substrate. The p-well guard-ring, surrounding the

p+-anode, prevents premature breakdown of the diode [14].

Table 5.2: Single photon avalanche diode specifications.

SPAD dead time (ns) 40

SPAD saturation (MHz) 25

SPAD active area (µm2) ∼28

SPAD photon detection probability at 450 nm (%) ∼2

5.5.2 VLC transceiver

In the first demonstration a free-space VLC link is implemented. For this, the micro-

LED was modulated with an on-off signal provided by an FPGA module (Opal Kelly

XEM6310-LX45) and applied to the CMOS control electronics. An aspheric lens (Thor-

labs ACL25416U-A) was used to approximately collimate the emission. The light was

reflected by a mirror at a distance of approximately 2 cm, and transmitted back through

the lens. The angle of the mirror was adjusted to focus the light back on to the SPAD,

which is laterally ∼2 mm away from the emitting micro-LED. The output signal from a

SPAD is a series of digital pulses indicating the detection of a photon, including noise and

dark counts. Therefore, to produce a meaningful data signal, counts must be summed

over a time interval. Photon counts per data period can then be compared to a threshold

value to decode a data signal. The output of the SPAD was captured by an oscilloscope

and processed offline in MATLAB�. A pseudorandom bit sequence of length 212 bits
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Figure 5.20: Bit-error-ratio (BER) measured as a function of the incident power on
the SPAD.
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was transmitted, and repeated to transmit a total of over 4x104 bits, sufficient to justify

a BER of less than 1x10−4.

Figure 5.20 shows the BER as a function of incident power on the SPAD. VLC links

of 500 kbps and 1 Mbps, below the FEC threshold, are demonstrated. For the 500 kbps

link, communication, below FEC, is possible down to 58 pW of incident power. By

increasing the data rate to 1 Mbps the minimum incident power for communication

below the FEC limit is 135 pW.

5.5.3 Time-of-flight ranging

Time-of-flight (ToF) incorporates several different range measurement techniques, such

as sonar, radar and lidar. All of these are based on measuring the turn-around time of a

propagating wave with a known propagation velocity (vp), and calculating the distance

between the measuring system and a target [27]:

d =
1

2
· vp ·∆t (5.1)

Pulsed optical ToF is considered one of the most straightforward ToF techniques, as

the turn-around time is measured directly. Figure 5.21 illustrates the working principle of

pulsed optical ToF. A very short light pulse (shown in blue) is emitted by the transmitter,

propagates into free-space, until it is scattered (shown in green) by the target, and then

detected by the receiver [28]. Knowing the time interval between emission and detection

and the speed of light (c), the distance between the measuring system and the target

can be calculated by Eq. 5.1.

Transmitter

Receiver

Start

Stop

Target

Figure 5.21: Pulsed optical time-of-flight working principle (adapted from [27]). The
target is a photograph of the Technology and Innovation Centre building in Glasgow,
UK (retrieved from [29]).

The main disadvantage of this method is the requirement for a sufficiently large re-

turn signal from the object to permit an accurate distance measurement. This can be
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problematic when the imaged object is distant and/or non-scattering. This can be easily

addressed by employing high-power laser systems, however, depending on the applica-

tion, this solution might fail to meet eye-safety requirements. An alternative is to use

a sensitive photon-counting technique, such as time-correlated single-photon counting

(TCSPC) to monitor the return signal. TCSPC is a statistical averaging technique that

has single photon detection sensitivity and picosecond timing accuracy. The object is

illuminated with a high repetition rate train of short pulses, and each short pulse triggers

a counting event. The scattered return signal is routed onto a photon-counting detector,

which stops the counting event on arrival of the first photon. After many photon-timing

events (104 to 106) a histogram, that represents the probability distribution of arrival

times of returning photons, is generated (Fig. 5.22(a)). When a high-repetition rate

(>100 kHz) source is used, it is more efficient to use reverse TCSPC. In this case, the

photon-counting detector starts the counting event and the stop is given by the excita-

tion pulses shifted by a delay. In reverse mode, photon events with longer turn-around

time will have a shorter arrival time, which means that the histogram is temporally

reversed (Fig. 5.22(b)) [28, 30, 31].

To demonstrate the ranging capability of the CMOS-driven micro-LED device, a

single micro-LED was operated in a pulsed manner. The FPGA module was used to

generate 20 ns wide electrical pulses at a repetition rate of 3.13 MHz. This rate was

Start

Stop

T-T1 T-T2
t

Delay T Delay T

T-T1T-T2

Stop

Start

T1 T2
tT1 T2

(a)

(b)

Figure 5.22: (a) Forward and (b) reverse time-correlated single-photon counting op-
eration modes.
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Figure 5.23: Photons arrival time histogram acquired at (a) 0 m and at (b) 1.2 m.

chosen as a compromise between rapid acquisition of ranging data and the ability to

fully resolve individual pulses. As the CMOS and the micro-LED bandwidth limit the

rise and fall times, applying this signal to the CMOS driver generates optical pulses

from the micro-LED with a full width at half maximum of 19 ns. An aspheric lens

(Thorlabs ACL50832U-A) was used to collimate the micro-LED output. A large mirror

(COMAR 250 MC 160) was used to reflect the light back to the chip and refocus on to

the SPAD. The distance from the CMOS chip to the mirror was changed from 0 to 1.2 m

in 0.2 m intervals. The SPAD output was used as the start signal to trigger a time-

to-digital converter (Texas Instruments TDC7200), with a stop signal provided by the

FPGA module. Thus, time of flight for single photons is recorded using reverse TCSPC

methods. By repeating the single photon arrival time measurements and building up

a histogram, the optical pulse shape is recovered, and time of flight can be measured

by finding the centroid of the received peak [32]. For these experiments, 104 arrival

times were measured in dark laboratory conditions. Using a repetition rate of 3.13 MHz

(Rep) and 104 samples (N) gives an acquisition time (T ) of ∼3 ms (T = N/Rep), which

provides an adequate capture for simple time of flight ranging. In addition, at this

repetition rate, an effective accessible range (i.e. spatial pulse separation divided by two)

of 48 m is achieved. Figures 5.23(a) and 5.23(b) show the histogram acquired at 0 and at

1.2 m. Increasing the distance from 0 to 1.2 results in a decrease of the maximum counts

peak and increase of the floor level due to power losses. More important, the centroid

shifts from 250.66 to 242.35 ns, which, applying Eq. 5.1, corresponds to a distance of

1.24 m. The resulting distance measurements are shown in Fig. 5.24. While the precision

is limited by the width of the optical pulses, this proof-of-concept demonstration shows

cm-scale distance measurements over a 1.2 m distance with a root-minimum-square

deviation of 8.14 cm.
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Figure 5.24: Measured distance plotted as a function of the actual distance in a
ranging setup.

5.6 Summary

In this chapter, the direct integration of micro-LEDs onto CMOS circuitry by micro-

transfer printing is demonstrated. An 8x8 micro-LED array was thus realised with high

brightness and modulation bandwidth uniformity across the full array. This led to a

128 kbps optical camera communication link demonstration using an ultrafast camera.

Taking advantage of the monolithic SPAD on the CMOS chip operation as a VLC

transceiver and ranging device was also demonstrated. The results in this chapter were

published in: J.F.C. Carreira et al., Optics Express 28 (5), 6909-6917 (2020).
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Chapter 6

Outlook and future work

The work presented in this thesis is focused on the integration of GaN-based and

AlGaInP-based micro-LEDs onto capability enhancing substrates by micro-transfer

printing. The main body of the work can be divided into two threads: (1) devel-

opment of dual-colour micro-LED arrays for optical communications and optogenetics

applications, and (2) integration of optical devices with control electronics for optical

communications and time of flight ranging applications. These were enabled by the de-

velopment of high-yield advanced transfer printing methods (e.g. flip-chip TP without

adhesive layers) and efficient insulation/encapsulation strategies.

Chapter 1 gives a general introduction and overview of LEDs, in particular based on

III-nitrides and III-phosphides. The physics of semiconductors and the pn junction op-

erating principles were described. The role of double heterostructures and quantum

wells in increasing LED’s quantum efficiency was revised. Due to the relevance to

this work, III-nitride LEDs and AlGaInP-based LEDs growth and doping conditions

and their importance in realising highly efficient solid state emitters were discussed.

Mechanisms behind III-nitrides astonishing performance, despite their high dislocation

density and polarisation effects, were also presented. The efficiency droop phenomena,

which strongly affects III-nitride LEDs at moderate current density levels, and possible

mechanisms behind it were described. Micro-LEDs and their application in optical com-

munications were briefly discussed. In the end, micro-transfer printing was introduced

as a highly-versatile technique which has enabled tremendous advancements in the field

of heterogeneous integration, in particular for flexible optoelectronic applications.

In Chapter 2, the tools and techniques required in the fabrication of suspended GaN-

based micro-LED platelets are described in detail. Most of the techniques are common

to commercial LEDs, with the main exception being the underetch step, which releases
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the platelets from their silicon growth substrate. The physical concepts behind elast-

omeric transfer printing, in particular the kinetically controlled reversible adhesion of

microstructured stamps are discussed. The stamp fabrication process and the adapted

for micro-TP nanolithography system are presented. In the end, two different strategies

for insulation/encapsulation of micro-LEDs are compared in terms of the devices’ optical

and electrical performance.

Chapter 3 presents the development of on-chip dual-colour micro-LED arrays and

their application in free-space and underwater optical communications. Devices were

fabricated in two different configurations: (1) individually addressable blue-violet and

blue-green; and (2) 2x2 in-series connected blue-green micro-LED array. The individu-

ally addressable arrays exhibit high modulation bandwidths and allow for fine tuning

of the perceived colour by adjusting the current density. In the optical communica-

tion context, in WDM scheme these arrays are capable of achieving Gbps data rates

in free-space and up to 200 Mbps in highly-turbid water media. This work paves the

way towards clusters of multi-colour micro-LEDs acting as fast VLC transmitters in the

emerging micro-LED displays. The 2x2 in-series connected blue-green micro-LED array,

with only one anode and one cathode, benefits from a simpler electric addressing scheme,

in which the current flowing through the different size and different colour micro-LEDs

is the same. In free-space VLC, the in-series connected array is capable of achieving

several Gbps. In underwater optical communication, the limited bandwidth of the array

combined with the simplicity of the modulation scheme limited the achievable data rate

to 50 Mbps.

Chapter 4 presents the integration of pre-fabricated AlGaInP-based red micro-LEDs

onto unusual substrates for optical communication and optogenetics applications. In op-

tical communication context, a 2x2 array of red micro-LEDs was transfer printed onto

diamond and glasses substrates. The versatility of the micro-TP technique was demon-

strated by executing a two stages flip-chip transfer of the platelets onto the receiving

substrates, without the use of adhesive layer. The device on-diamond exhibited higher

current density operation and thus higher optical power and bandwidth. In free-space

VLC, both devices exhibited Gbps data rates, with the 2x1 in-parallel array on-diamond

achieving up to 6.6 Gbps. To the best of our knowledge, this is the fastest VLC link

based on AlGaInP red micro-LEDs. The integration of the AlGaInP-based micro-LEDs

onto non-native substrates is also interesting for optogenetics applications. In this case,

AlGaInP-based micro-LEDs were integrated onto a monolithic GaN-based optrode con-

sisting of blue micro-LEDs and recording electrodes. The integration process is described

in detail and a fully functional blue-red micro-LED optrode is shown at the end of the

chapter.
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Chapter 5 presents the direct integration of micro-LEDs onto CMOS circuitry. Firstly,

complementary-metal-oxide-semiconductor technology and how CMOS circuitry can be

used to realise logic-circuits are described. Micro-transfer printing is presented as an

alternative technique to common flip-chip integration of micro-LEDs with CMOS. An

8x8 micro-LED array was realised with high brightness and modulation bandwidth uni-

formity. The full array was spatio-temporal modulated at 2 kHz and an optical cam-

era communication 128 kbps link was established at optical power values higher than

0.02 µW. In addition to the main micro-LED driving area the CMOS also contained a

single photon avalanche diode, which opens the possibility for excitation and detection

on a single chip. Following on that, the capability of this device to act as VLC trans-

mitter was demonstrated with data rates of up to 1 Mbps being achieved. Furthermore,

operation as a time-of-flight ranging device was also presented, with ranging up to 1.2 m

being demonstrated.

6.1 Future work

Based on the work developed in this thesis, three future research topics are suggested: (1)

wavelength division multiplexing (WDM) multiple-input-multiple-output (MIMO), (2)

red-green-blue (RGB) micro-LED arrays , and (3) integration of vertical cavity surface

emitting lasers (VCSELs) onto CMOS circuitry.

WDM MIMO

In Chapter 3.2, the capability of blue-green and blue-violet micro-LED arrays to operate

as Gbps WDM VLC transmitters was demonstrated. In this case, the blue-green (blue-

violet) array consisted of one monolithic green (violet) micro-LED and one transfer

printed blue micro-LED. This concept was further expanded into a 2x4 array of blue-

green and blue-violet micro-LEDs, with 8 monolithic and 8 transfer printed micro-LEDs

on a centre-to-centre pitch of 1 mm (Fig. 6.1(a)). The blue, green, and violet 2x4 micro-

LED arrays exhibit good electrical and optical uniformity, as shown in Figs. 6.1(b)-

6.1(d), respectively.

For optical communication purposes, such on-chip 2x4 dual-colour micro-LED arrays

can be operated in WDM ganging or in WDM multiple-input-multiple-output modes.

Taking into consideration the 2x4 blue-green micro-LED array. In WDM ganging mode,

the blue and green micro-LEDs are modulated with different signal streams, however,

the signal streams are the same for each LED of the same colour. The light of the 16

micro-LEDs is focused onto one optical receiver and the performance of the blue and
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Figure 6.1: (a) Plan-view photograph of the 2x4 array of dual-colour micro-LEDs
(either blue-violet or blue-green); (b)-(d) voltage and optical power density distribution
of blue, green, and violet micro-LED arrays, respectively.

green channel measured by changing a bandpass filter. The expected increase in optical

power (each different colour channel is now composed by 8 micro-LEDs), leads to an

increase of the channel SNR and thus increase in data rate.

The spatial multiplexing MIMO technique relies on a certain number of transmitters

each carrying an independent data stream to enhance spectral efficiency. The channel

capacity is proportional to the minimum of transmitters M and receivers N [1]. The

suitability of micro-LED arrays for high-speed imaging MIMO systems has been demon-

strated in [2], with aggregate data rates of up to 7 Gbps being achieved. WDM MIMO

has been employed in RGB LED systems in order to increase the maximum data rate per

wavelength, with data rates of 6.36 Gbps being reported [3]. In WDM MIMO, each blue

and each green micro-LED of the 2x4 array carry a different data stream (Fig. 6.2). In

this case each blue-green micro-LED pair behaves as an individual MIMO transmitter,

thus in this configuration M = 8. On the detection side, an array of photodetectors

(N = 8) is placed. Using imaging optics, the light emitted by each blue-green pair is

focused onto a different photodetector. By changing a bandpass filter in front of the

photodetector array, the performance of the different colour 2x4 arrays can be meas-

ured. This approach combines a 2x4 (8 transmitters) MIMO spatial modulation scheme

with a two channel WDM modulation, resulting in 16 independent channels for data

transmission. Taking into account that in Chapter 3.2 a single blue-green pair achieved

an error-free data rate of 1793 Mbps, such WDM MIMO approach has the potential to

achieve up to 14.3 Gbps.
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Figure 6.2: Block diagram of wavelength division multiplexing multiple-input-
multiple-output modulation scheme.

RGB micro-LED array

Chapters 3 and 4 presented the development of on-chip blue-green micro-LED arrays and

the integration of red micro-LEDs onto non-native substrates, respectively. The tech-

niques shows in these two chapters can be applied to develop on-chip RGB micro-LED

arrays, and thus achieve white light emission (Fig. 6.3). Such array can be fabricated by

simply transfer printing the GaN-based blue platelets and the AlGaInP-based red plate-

lets onto the substrate of a pre-fabricated green micro-LED (similarly to Chapter 3). A

different approach would be to transfer print the three different colour materials onto a

common platform, such as a CMOS chip. In this case, the green micro-LED grown on

sapphire could be suspended following similar techniques to the ones described for the

blue platelet, replacing the chemical wet etch by a laser lift-off step* [4].

RGB micro-LED arrays have already been reported in the context of micro-LED dis-

plays, however, their application in optical communications has not yet been reported.

Similarly to the work presented in Chapter 3, RGB micro-LED clusters can behave as

R G B

White light

Figure 6.3: Schematic drawing of a red-green-blue (RGB) micro-LED array enabled
by micro-transfer printing.

*The GaN thin-film/sapphire interface is heated using a KrF pulsed-excimer laser (248 nm), resulting
in the decomposition of the interfacial GaN into Ga metal. Separation of GaN thin-film from the sapphire
substrate is then completed by melting the thin Ga-rich interfacial layer [4].



Chapter 6. Outlook and future work 157

a fast VLC transmitter in microdisplays. In addition, as white light can be achieved

by efficient color mixing of the three RGB components, such array would also meet the

basic requirements of a VLC transmitter (white light + high modulation bandwidth).

Furthermore, this RGB micro-LED array could have important implications in the field

of underwater optical communications, where water’s transparency windows shifts to-

wards longer wavelengths with increasing turbidity. Again, in free-space and underwater,

WDM modulation schemes could be employed to increase the aggregate data rate.

Integration of VCSELs onto CMOS

Chapter 5 presented the direct integration of micro-LEDs onto CMOS circuitry by micro-

TP. The strategies demonstrated in this chapter can be extended to a myriad of optical

devices. GaAs-based VCSELs are particularly interesting due to their low threshold

current, high quantum efficiency and high-speed modulation bandwidth at low current.

These characteristics have led to their dissemination in various fields, with strong em-

phasis in data communication and sensing (e.g. face recognition). A VCSEL consists

of an active region within an optical cavity with two highly reflective semiconductor

distributed Bragg reflectors (DBRs) to form a vertical resonator (Fig. 6.4(a)) [5]. The

total thickness of the grown layers is usually 5-10 µm and the active area of the device

is typically 10 µm in dimension while the chip size is typically 250-300 µm [6].

Si-CMOS backplane 
and driver circuit

Base layer

n-DBR

Active layer

p-DBR

Pa-C

Ti/Au

(a) (b)

(c)

Figure 6.4: (a) Schematic of a top-emitting VCSEL (inset shows a cross-sectional
electron microscopy micrograph) [7]; (b) scanning electron microscopy micrograph of a
single micro-VCSEL printed on glass [8]; (c) schematic cross-section of a micro-VCSEL
printed on a CMOS.



Chapter 6. Outlook and future work 158

By epitaxially growing VCSEL structures with sacrificial release layers, micro-

VCSELs can be separated from their growth substrate and transferred onto non-native

substrates (Fig. 6.4(b)) [8]. Thus, there is a great opportunity to integrate VCSELs with

the electronic drive and receive circuits to form compact transceivers [6]. Micro-VCSELs

can easily be integrated with CMOS electronics (Fig. 6.4(c)) by following the strategies

shown in Chapter 5, which can be of importance in the growing field of 3D sensing.
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Abstract— We report the integration of blue micro-LED onto 
the substrate of green micro-LED, by transfer printing. This 
dual-color device fabrication and performance as a visible light 
communication transmitter is demonstrated. 

Keywords—micro-LED; transfer printing; VLC; 

I.  INTRODUCTION 

Gallium nitride-based light emitting diodes (LEDs) have 
shown great potential in Visible Light Communications (VLC), 
with over Mbit/s data transmission rates achieved by a single 
broad area LED. Further increase of transmission rates is 
limited by the low optical modulation bandwidth (BW) of these 
broad area LEDs, around the tens of MHz [1]. In the past years, 
we have shown that simply by reducing the size of the LED 
down to the micro scale (micro-LEDs) a tenfold increase in 
bandwidth is observed. This has led to a whole new field of 
VLC transmitters, with several reports of multi-Gbit/s data 
rates achieved by micro-LED devices [1], [2]. In this work we 
report a dual-color micro-LED array VLC transmitter that 
combines green and blue emitting micro-LED on the same 
substrate. By a pick-and-place technique, we have successfully 
transfer printed a blue-emitting micro-LED platelet from its 
silicon growth substrate onto the sapphire substrate of the 
green-emitting micro-LED. The electro-optical characteristics 
of this device are assessed and its performance as a VLC 
transmitter is evaluated by BW and data rate measurements. 

II. EXPERIMENTAL DETAILS 

The dual-color micro-LED device reported in this work 
results from the integration of a blue micro-LED onto the 
substrate of a fully operational green micro-LED (Fig.1 a)). 
The fabrication processes of the green and blue micro-LEDs 
are, until the dual-color integration step, independent of each 
other. As such, they will be described separately.   

The green micro-LED is fabricated from green emitting 
(505 nm) commercial InGaN epistructures grown on c-plane 
sapphire. A 20 µm diameter flip-chip micro-LED is defined by 
conventional photolithography techniques, as described 
elsewhere [3]. An important additional step is the deep etching 
of the mesa structure (90x90 µm2) down to the patterned 
sapphire substrate (PSS). This allows reduction of the green 

micro-LED capacitance [2] as well as compensation for height 
differences between the green and blue micro-LED in further 
processes [4]. 

Blue micro-LED platelets (100x100 µm2) are fabricated 
from commercially available blue emitting (450 nm) InGaN 
epistructures grown on (111)-oriented silicon (Si). The process 
is similar to the conventional GaN-based LED fabrication, with 
3 main differences: 1) during mesa etching, supporting 
“anchors” are defined and etched down to the silicon substrate; 
2) next, an extra etching step is introduced, exposing the 
Si(110) planes; 3) followed by a hot (80 °C) 30% potassium 
hydroxide bath used to underetch the Si(110) planes. Upon 
completion of the underetching, the micro-LED platelets (2 µm 
thin) are held suspended, above an air gap, by the two 
diagonally opposed sacrificial anchors [5]. 

The dual-color micro-LED fabrication is enabled by 
transfer printing (TP). In this technique, an elastomer stamp is 
used to pick-up one of the suspended blue micro-LED platelets 
and print it on the PSS of the green micro-LED (Fig.1 b)). It is 
worth mentioning that, due to the textured nature of the PSS a 
thick adhesion enhancement layer of SU-8 (4.5 µm) is spin 
coated prior to the printing. The gap between these two micro-
LEDs is set to 50 µm, however our TP system is capable of 
nanoscale placement accuracy [5]. After printing, a highly 
conformal film of parylene-C (4 µm thick) is deposited, 
electrically insulating the sidewalls of the blue micro-LED. 
Localized apertures on the parylene-C layer, above the n and p 
contacts of the micro-LED, are lithographically defined and 
electrically addressed by Ti/Au (50/250 nm) metal tracks. 
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BLUE
ANODE

a) b)

 
Fig. 1 – Optical photographs of the green micro-LED before transfer printing; 
b) of the dual-color device after transfer printing the blue micro-LED. 

978-1-5386-5358-6/18/$31.00 ©2018 IEEE 

Authorized licensed use limited to: UNIVERSITY OF STRATHCLYDE. Downloaded on August 12,2020 at 13:21:16 UTC from IEEE Xplore.  Restrictions apply. 



III. RESULTS AND DISCUSSION 

A. Electro-optical perfomance 

The electro-optical response of the dual-color micro-LED 
array is shown in Fig. 2. The green micro-LED is able to 
sustain much higher current density than the blue micro-LED, 
due to their difference in size. Despite this size difference the 
maximum optical power of the two micro-LEDs is quite 
similar, 0.45 mW (at 3.8 kA/cm2) and 0.6 mW (at 120 A/cm2), 
for the green and blue micro-LED, respectively.  
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Fig. 2 – Current density-voltage (JV) and current density – optical power (LJ) 
of a) the green micro-LED and b) the blue micro-LED. 
 

B. VLC Application 

The capability of the dual-color micro-LED array on VLC 
has been evaluated in terms of the LEDs electrical-to-optical 
modulation BW, data transmission rate, and 
electroluminescence (EL).  

Both micro-LEDs exhibit BW values above 100 MHz (Fig. 
3a)). These extremely high values have been attributed to the 
ability of micro-LEDs to sustain high current density as well as 
to their low capacitance [3]. Data transmission experiments 
have been performed by driving the micro –LEDs with a direct 
current bias from a power supply combined, by a bias-tee, with 
a modulated signal from a signal generator. The modulated 
signal is based on an orthogonal frequency-division 
multiplexing (OFDM) data encoding scheme. The bit-error-
ratio (BER) as a function of the data rate is shown in Fig. 3b). 
The blue micro-LED (blue-squares), operating at 10 mA 
driving current, can achieve 800 Mbit/s before reaching the 
3.8x10-3 forward-error-correction (FEC) threshold. The 
influence of the green micro-LED, operating at 11 mA, and a 
bandpass filter centered at 470 nm on the blue micro-LED data 
rate is also shown (light blue circles). In this case, the 
maximum achieved by the blue micro-LED data rate is around 
500 Mbit/s. The corresponding EL spectra (Fig. 3c) – 
Blue/Green curve) shows that the bandpass filter effectively 
blocks the light from the green micro-LED, and as such, the 
lower values for data rate are likely due to the blue micro-LED 
optical power losses at the filter. The same measurements have 
been performed for the green micro-LED. A maximum data 
rate of 613 Mbit/s and 480 Mbit/s is achieved, for single green 
micro-LED (green triangles) and green micro-LED with a 
480 nm longpass filter and blue micro-LED (light green stars). 
When in ganging mode (both LEDs transmitting the same input 
signal) the maximum achieved data rate below the FEC 
threshold is 430 Mbit/s (Fig. 3b)). 
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Fig. 3 – a) BW as a function of current density; b) BER as a function of data 
rate; c) EL spectra of single micro-LED and dual-color pair; d) picture of the 
micro-LEDs driven at the same time with a 480 nm longpass filter before the 
spectrometer. 
 

IV. CONCLUSION 

We have successfully transfer printed a blue emitting 
micro-LED onto the growth substrate of a green emitting 
micro-LED, creating an individually driven dual-color array. 
The potential of this device as a VLC transmitter has been 
demonstrated with data rates of 800 Mbit/s and 600 Mbit/s for 
the blue and green micro-LED, respectively.  
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Abstract— Transfer printing of 450 nm-emitting micro-LED 

8x8 arrays onto CMOS platform is reported. The pixels’ average 
optical power density was measured at 4.4 W/cm2 (50 A/cm2). 
Sub-nanosecond pulses as well as MHz bandwidth modulation 
are other modes of operation of the hybrid device. 

Keywords—micro-LED; transfer printing; CMOS 

I.  INTRODUCTION 

Integration of GaN-based micro light emitting diodes 
(micro-LEDs) arrays with complementary metal oxide 
semiconductor (CMOS) control electronics is sought after for 
applications such as micro-displays [1], [2], light engines [2] 
and smart optical sources for lighting and communications [3], 
[4]. The existing integration approaches involve either 1) bump 
flip-chip of a pre-processed micro-LED array onto a CMOS 
chip, 2) monolithic GaN comprising LED and electronics, and 
3) directly bonding GaN epilayers onto CMOS, with further 
processing into micro-LEDs [2]. In this work, we report the 
integration of fully fabricated micro-LEDs onto an off-the-shelf 
CMOS chip by transfer printing (TP). This prototype 
showcases the capability of integrating within current silicon 
foundries photonic components such as, CMOS drivers, by a 
deterministic, high accuracy pick-and-place technique [5]. This 
process can be further optimized to allow parallel and high-
throughput assembly of multi-wavelength micro-LEDs with 
sub-micron pitch. In addition, the process does not require 
extra adhesion-promoting layers such as SU-8 or 
benzocyclobutene (BCB) and is fully carried out at low 
temperature (~ 100 °C) which allows the integration with other 
photonic materials and devices such as organic 
semiconductors, photodetectors and waveguides.  

II. FABRICATION AND CHARACTERIZATION OF THE TRANSFER 

PRITNED MICRO-LEDS 

Blue micro-LED platelets (100x100 µm2) were fabricated 
from commercially available InGaN epistructures grown on 
silicon (111)-oriented substrate. The process to fabricate 
suspended micro-LED platelets, capable of being transfer 
printed, followed the typical GaN-based LED manufacture 
procedure. The suspended platelets were held on the growth 
wafer by sacrificial “anchors” – defined during the micro-
LEDs mesa etching step (Fig. 1a)) – to avoid their 
unintentional separation from the growth substrate. A hot 30% 

potassium hydroxide (KOH) bath etched the Si(110) crystal 
directions underneath each platelet; Fig. 1.b) shows an 
interrupted process where the arrows indicate the etch 
direction. Arrays of suspended 2 µm-thin micro-LED platelets 
were obtained. The integration of these micro-LED platelets 
with other substrates was realized by a pick-and-place 
technique, known as transfer printing (TP). In order to pick up 
and manipulate these micro-LED platelets a PDMS micro-
stamp was mounted onto a modified nanolithography system. 
The TP technique relies on the principle of reversible adhesion 
[6], where the stamp retrieves micro-LEDs from their growth 
substrate by maximizing the contact area between the platelets 
and the micro-stamp (Fig. 1c)) and prints them onto different 
substrates by a competitive adhesion of the platelet with the 
receiving surface and the stamp. Fig. 1d) shows a micro-LED 
transfer printed onto a SU-8 coated patterned sapphire substrate 
(PSS). The interference fringes observed through the 
transparent GaN are associated with the air gap between the 
receiving substrate and the micro-LED backside, due to the 
inherent bowing of the suspended micro-LED resulting from 
the strained nature of InGaN epilayers grown on Si. An 
estimated 14% contact area was measured previously [7]. The 
TP process is nonetheless scalable and allows the sequential or 
parallel printing of micro-LEDs onto various receiving surfaces 

a) b)

c) d)

 
Fig. 1 – Optical photographs of a) 100x100 µm2 micro-LED platelet; b) KOH 
underetch of a GaN platelet; c) micro-LED being pick-up from its growth 
substrate; d) micro-LED printed on SU-8 coated PSS. 
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Fig. 2 – a) Current density-voltage-optical power curves of a TP micro-LED; 
b) voltage and optical power distribution of a 2x4 TP micro-LED array onto 
SU-8 coated PSS. 

 
The electrical current vs forward bias performance and the 

optical output power density of a representative micro-LED 
printed on SU-8 coated PSS is shown in Fig. 2a). Fig. 2b) 
shows the voltage and optical power density distribution of a 
2x4 micro-LED array on SU-8 coated PSS. The array forward 
bias at 1 mA presents an 18% variation around a mean value of 
3.7 V, while the power distribution at 50 A/cm2 shows an 8% 
variation around a mean value of 4.4 W/cm2. The good 
electrical and optical uniformity of this array suggest that the 
micro-LED fabrication and TP integration process are suitable 
to employ for integration with CMOS technologies.    

III. INTEGRATION WITH CMOS 

An array of 8x8 micro-LEDs was transfer printed onto a 
CMOS chip (3.1 x 3.1 mm2) as shown in Fig. 3a). This chip 
active area consists of 16x16 p-drivers and a shared n-contact 
outer squared ring, as it was originally designed to receive a 
gold-bumped 16x16 flip-chip micro-LED array. In this work, 
the micro-LEDs were directly transfer printed onto the CMOS 
p-drivers’ as shown in Fig. 3b), without intermediate bonding 
layer such SU-8 or BCB as it is commonly. Nonetheless, the 
micro-LEDs were strongly bonded to the CMOS drivers owing 
to the high quality of the backside of the micro-LEDs [7]. No 
displacement of the micro-LEDs was observed during 
subsequent processing. The electrical insulation and 
encapsulation of the micro-LEDs was made by a highly 
conformal coating of Parylene-C (4 µm thick), then vias were 
lithographically defined, exposing the micro-LEDs n and p 
contacts. Since the micro-LED backside is non-conductive 
(silicon nitride and Al(Ga)N graded buffer layer), the micro-
LEDs were electrically addressed using neighboring CMOS p-
driver and the micro-LED n-contact to the outer ring by Ti/Au 
(50/200 nm) metal tracks (Fig. 3 c) and d)). 

IV. CONCLUSION 

In this work, we propose a novel approach of integrating 
photonic devices/materials, non-compatible with silicon 
foundries, with CMOS. By a pick-and-place technique, we 
have successfully transfer printed an 8x8 array of 100x100 µm2 
blue emitting micro-LEDs onto the CMOS active area. 
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Fig. 3 – a) Photograph of the CMOS active area after transfer printing the 8x8 
micro-LED array; b) Scanning electron microscope image of a TP micro-LED; 
c) Photograph of the CMOS active area after Ti/Au tracking; d) close-up view 
of c).
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Abstract: Visible light communications (VLC) is an emerging technology that uses LEDs,
such as found in lighting fixtures and displays, to transmit data wirelessly. Research has so far
focused on LED transmitters and on photoreceivers as separate, discrete components. Combining
both types of devices into a single transceiver format will enable bi-directional VLC and offer
flexibility for the development of future advanced VLC systems. Here, a proof of concept
for an integrated optical transceiver is demonstrated by transfer printing a microsize LED, the
transmitter, directly onto a fluorescent optical concentrator edge-coupled to a photodiode, the
receiver. This integrated device can simultaneously receive (downlink) and transmit (uplink)
data at rates of 416 Mbps and 165 Mbps, respectively. Its capability to operate in optical relay
mode at 337 Mbps is experimentally demonstrated.

Published by The Optical Society under the terms of the Creative Commons Attribution 4.0 License. Further distribution
of this work must maintain attribution to the author(s) and the published article’s title, journal citation, and DOI.

1. Introduction

InGaN-based visible light emitting diodes (LEDs) are widely used in solid-state lighting and
display technologies [1, 2]. Because of their high modulation bandwidth, ranging from 20
MHz for large-area LEDs [3, 4] up to several hundreds of megaHertz for microsize LEDs
(µLEDs) [5, 6], they can also double as wireless transmitters in visible light communications
(VLC) applications [7]. In particular, µLEDs have been demonstrated in VLC links with data
transmission rates approaching 8 Gbps [6]. In a VLC system, LED transmitters are intensity
modulated at high speeds and photoreceivers convert the optical signals into the electric domain.
Research has so far mainly considered LED transmitters and photoreceivers as discrete devices.
VLC demonstrations have also been principally unidirectional, the downlink using VLC and
the uplink another technology like Wi Fi (wireless fidelity) or infrared communications. Here,
in order to enable bi-directional VLC, we devise an integrated transceiver with a µLED as the
transmitter. The signal-to-noise ratio (SNR) at the receiver and the overall bandwidth are key
factors that affect the performance of VLC. Advanced modulation schemes, e.g. orthogonal
frequency division multiplexing (OFDM), are often implemented in order to maximize utilization
of the available bandwidth [6]. The size of the photoreceiver can be increased to enhance the
SNR but this is at the detriment of the bandwidth as photoreceivers with large active areas tend to
be slow [8]. One solution is to keep the active area of the receiver small and increase the amount
of light arriving onto it with an optical element known as a fluorescent concentrator [9, 10], the
downshifted light is waveguided to the edge of the concentrator where a small area receiver is
positioned. Unlike lenses, these fluorescent concentrators make use of fluorescence (and an
accompanying Stokes shift) and not exclusively reflection and refraction and can therefore be
used to circumvent the étendue limit. This enables the collection of an incident signal over a wide
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area and its concentration onto the detector whilst maintaining high bandwidth and excellent
field of view of the receiver. In the following we report an integrated optical transceiver that
combines a 450 nm transfer printed (TP) µLED (the transmitter) with such a fluorescent optical
concentrator (the receiver). Transfer printing is a heterogeneous integration technique where
micro- and nano-sized optoelectronic devices are ”printed” onto non-native, capability enhancing,
substrates [11–19]. The advantage of a TP µLED is for integration of the transmitter with the
concentrator receiver in a small form factor. Using a full µLED-on-sapphire device, rather than
a TP µLED, would lead to a device with at least twice the thickness and furthermore raise the
issue of cross-talk at the receiver side. The performance of GaN-on-sapphire µLEDs for VLC
is typically better than GaN-onSi devices [20] in terms of bandwidth and optical power. An
alternative would be to transfer print µLEDs fabricated on sapphire and then released from their
substrate by laser lift off [11]. On the other hand, the utilization of Si offers cost effectiveness,
potential for scalability and a wide choice of substrate removal approaches. We note that TP
µLEDs used this demonstration have been shown to have modulation bandwidths of 100s of
MHz, and data transmission rates of 120 Mbps on flexible and silica substrates [21, 22].

We describe the design and fabrication of an optical transceiver device and assess its operation
using ODFM as the VLC modulation scheme. The device can simultaneously receive and
transmit VLC signals, i.e. it can implement both the VLC downlink and uplink. It benefits from
the wide-angle detection capability of the optical concentrator and can also operate as an optical
relay, thereby providing a solution to the line-of-sight limitations of indoor communications [9].

2. Design and fabrication

Fig. 1. Illustration of the optical transceiver concept. External modulated light is collected
and concentrated by the optical antenna (fluorescent concentrator). This concentrated light
is detected by an avalanche photodiode (APD) on the edge of the transceiver. For operation
as a repeater, this signal is then demodulated, before being re-modulated and used to drive
the transfer printed µLED transmitter.

The schematic in Fig. 1 shows the concept of the integrated optical transceiver device with the
µLED on the top surface of the optical concentrator. Fabrication first entails TP the blue-emitting
µLED onto a 1 mm-thick 25 mm × 75 mm glass substrate (microscope slide). TP makes use of
the reversible adhesion of an elastomeric stamp to pick-up, transfer and print objects (here the
µLED) onto a non-native substrate. Previously used in the fabrication of mechanically-flexible
inorganic semiconductor devices [17, 18], we have demonstrated the technique for printing
InGaN µLEDs with < 200 nm resolution onto optically inactive substrates [21, 23] and onto
multi-color devices for VLC applications [22, 24]. Prior to TP, the 100 µm × 100 µm µLED
is fabricated in a suspended format from a GaN-on-Si LED epistructure. The Si substrate is
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underetched with potassium hydroxide (KOH) to leave ultra-thin µLED platelets, suspended by
10 µm-wide anchors that can be easily removed from their growth wafer with an elastomeric
stamp. Figure 2(a) shows a schematic of the TP process. After TP, the µLED contacts are defined
by photolithography [21]. Figures 3(a)–3(c) show microscope images of the µLED TP on the
glass slide (seen on the bottom right of the three images) with metal tracks added. The metal
track design gives scope to print a 6 × 6 array of µLEDs, but this is beyond this first device
demonstration. Figure 3(d) gives the current-voltage characteristic for such a TP µLED, these
start to emit light around 3.5 V. It is important to note that these µLEDs can have some leakage
current, and so we only see light-emission after around 1 mA of drive current. This is possibly
due to damage to the device sidewalls occurring when the Si substrate is removed, leaving a rough
surface and increasing opportunities for tunneling. The current-optical power characteristic for
these TP µLEDs is given in Fig. 3(e) and the emission spectrum when printed on the glass slide
can be seen in Fig. 3(f). These TP µLEDs emit at 460 nm, and achieve over 50 µW of optical
power at 3.5 mA.
Before removal from their Si substrate, these µLEDs have a lower turn on voltage and begin

to emit light at around 2.8 V as reported in [21]. The optical power of 100 µm x 100 µm
InGaN–on–Si µLEDs, fabricated in the same way but without any underetching of the Si substrate,
is difficult to measure though, as the flip-chip configuration of these µLEDs means light is not
significantly transmitted until the Si substrate is removed. Top-emitting, broad-area, µLEDs
processed on the same wafer as the TP µLEDs used in this work show a spectral emission around
450 nm. We attribute the 10 nm redshift between the spectral emission on Si and the TP µLEDs
(see Fig. 3(f)) to strain effects induced when the µLED is removed from its growth substrate.

The glass substrate integrated with the TP µLED forms the top cladding of the transceiver.
The other part of the transceiver is fabricated by blade coating a 70 nm-thick fluorescent
film on a second microscope slide – this glass slide is the bottom cladding of the fluorescent
concentrator, see Fig. 2(b). The fluorescent material is a conjugated poly (p-phenylene vinylene)
copolymer, commonly known as “super yellow” (SY), acquired from Merck KGaA (PDY 132).
The absorption and typical emission of SY respectively peak at 450 nm and 560 nm [25]. While
we focus here on demonstrating a device concept and a stability study was not conducted, we
did not observe any degradation of the fluorescence during experiments. We note that SY is a
relatively stable copolymer, in widespread use in OLEDs, and given the device geometry, it is
encapsulated by glass, which is beneficial for stability. Initially a 4 mg/ml solution of SY in
chlorobenzene was prepared. An automatic film applicator (ZAA 2300, Zehntner GmbH) was
used to blade coat the solution onto the glass. The temperature was set to 40◦C, the speed to 30
mm/s and the height of the blade (ZUA 2000.80) was 100 µm above the microscope slide. A
circular area (diameter 3 mm) of the SY film directly under the targeted position of the TP LED
was mechanically removed. This is to prevent absorption of µLED light emitted from the TP
µLED, which falls within the absorption band of SY, by the optical concentrator as this would
otherwise cause interference, at the receiver end, when the device simultaneously transmits and
receives. Furthermore, the µLED transmits through the glass cladding as shown in Fig. 1 and
any absorption would diminish the optical power of the transmitter. To finalize the transceiver,
the microscope slide with the SY film was coated with the optical epoxy NOA 13685 (Norland
Inc.), placed in contact with the backside of the glass cladding on which the µLED was printed,
and UV cured (365 nm, 7 J/cm2). For the experiments described in section 3, the edge of the
optical concentrator was coupled to a Hamamatsu (S8664-50K) avalanche photodiode (APD).
This APD has a peak sensitivity at 600 nm (spectral response range 320–1000 nm), a quantum
efficiency of 70 % (at 420 nm) [8], and a 3–dB bandwidth of 60 MHz but the overall bandwidth
of the system is set by the pulse-shaping filter (see section 3 for details).
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Fig. 2. (a) Illustration of the transfer printing process. (b) Schematic representation of the
structure of the device. The inset shows the different layers of the fluorescent concentrator
(Glass/Epoxy/Fluorescent medium/Glass). (c) Photograph of the setup used to characterize
the optical transceiver device.

3. VLC demonstration and discussion

Two separate experiments were performed to demonstrate the capability of the transceiver device
for VLC. The first consisted of operating the device to simultaneously transmit and receive
independent data (transceiver mode). In the second experiment the device was operated to
receive and re-transmit data (optical relay mode). In both these experiments, an external µLED
source (respectively blue, 450 nm, and 3 violet, 405 nm, µLEDs in series) and a second APD
are used to respectively send a signal to and receive a signal from the transceiver. The typical
electrical-to-optical modulation bandwidth of these external LEDs is above 100 MHz. The
maximum optical power is approximately 9 mW at 175 mA and 9.5 mW at 45 mA for the blue
and 3 series violet emitting LEDs, respectively. Information on the design, fabrication, and
characteristics of the blue µLED used as an external source in this demonstration can be found
in [26]. The power versus injection current for the 3 violet µLEDs is plotted in Fig. 4.

The setup used for the experiments is shown in Fig. 2(c). The TP LED and the external LED
source are driven with a direct current (DC) bias from a power supply combined by a bias-tee
with a modulated alternating current (AC) signal from a signal generator. The modulated signal
is based on an OFDM data encoding scheme. To generate this OFDM signal, an incoming stream
of bits was modulated into M–ary quadrature amplitude modulated (M–QAM) symbols where M
is the constellation size. Hermitian symmetry and fast Fourier transformation (FFT) operation
are then applied to NFFT M–QAM symbols. 1024 subcarriers are equally spaced over the
system bandwidth. The resulting OFDM stream drives the µLEDs through an arbitrary waveform
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Fig. 3. (a) and (b) photographs of the TP µLED and metal tracks on the fluorescent
concentrator. (c) Photograph of TP µLED illuminating. (d) Current-voltage curve, (e)
power-current curve, and (f) spectral characteristics of the TP µLED on the microscope
slide.

Fig. 4. Optical power – current characteristic of the 3 violet µLED pixels in series used in
the optical repeater demonstration.

generator (AWG) Agilent®81180A with a sampling frequency of 720 MS/sec (transceiver mode
experiment) or 1200 MS/sec (optical relay mode experiment). A root raised cosine (RRC) pulse
shaping filter is used with an oversampling factor of 8, which results in a single side modulation
bandwidth of 45 MHz for the transceiver mode experiment and 75 MHz for the optical relay
mode experiment. This is because of the higher SNR in the optical relay experiment, which
we believe is related to the addition of a small lens directly under the TP µLED (see below).
Light from the external µLED source is collected by the optical concentrator and waveguided to
the edge facet of the structure to the APD at the position labeled A in Fig. 2(c). This optical
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link is referred to hereafter as link A, a spectrum of the light collected here is shown in Fig. 5.
This shows a major peak at 563 nm from the color-converted SY light and a smaller peak at
543 nm from unconverted blue light from the incident µLED . Light from the TP µLED (460
nm) is emitted down and straight through the glass and epoxy layers to the external APD at the
position labeled B in Fig. 2(c). This optical link is referred to in the following as link B. The
data rates given in the following are for a bit error rate (BER) target of 3.8 × 10-3 [27]. The drive
conditions in this first experiment are 6.1 V and 3 mA for the TP µLED and the 4.1 V and 24 mA
for the external µLED. The optical power of these µLEDs is approximately 44.5 µW for the TP
µLED and 2 mW for the external µLED at these drive currents. The typical electrical-to-optical
modulation bandwidth for the TP µLEDs on glass is around 50 MHz [23].

Fig. 5. Optical spectrum of the light at the receiver (position B). The spectrum of the light
transmitted by the device (at position A) can be seen in Fig. 3f).

The SNR for both links is shown in Fig. 6(a). The higher SNR for link A is due to the higher
optical power of the external µLED. Figure 6(b) shows the data rates for both link A and link B.
The link B with the TP µLED transmitter reaches a data rate of 165 Mbps. The link between the
external µLED and the transceiver (link A) has a data transmission rate of 416 Mbps. These
performance values are consistent with the SNR of both links. The sharp drop in the SNR as the
modulation bandwidth is increased past 40 MHz is attributed to the pulse shaping filter.

The second experiment demonstrates the integrated transceiver operating as an optical relay in
decode and forward regime. The experimental setup is similar, but the external source is an array
of 3 violet LEDs (405 nm) in place of the blue LED. The violet LEDs are used in this case to
boost the received optical power at APD A. It also shows the wavelength flexibility at detection
of the device while still demonstrating a viable VLC system, with violet LEDs an emerging
enabling technology for white light solid state lighting as well as for communications [6, 28, 29].
The three violet µLEDs were driven in series, with a combined current of 30 mA (at 12V), the
optical power of the three violet µLEDs was 7 mW. A lens (focal length 2.5 mm, diameter 2.5
mm) is also added onto the underside of the device, directly under the TP µLED, to increase the
light collected by APD B. The emitted light of the external LEDs is collected by the fluorescent
concentrator and detected at APD A. This detected signal is sent to an oscilloscope (MSO7104B)
and demodulated offline in MATLAB, where all the signal processing operations are performed
as described in [30]. The demodulated –QAM symbols are then remodulated and fed to the TP
µLED. The TP µLED was driven at 1 mA (at 5.7V). The three violet µLEDs have a modulation
bandwidth of 350 MHz, while the TP µLEDs typically have electrical-to-optical modulation
bandwidths of just over 20 MHz at 1 mA [23]. The light from the TP µLED is emitted through
the glass structure and is in turn detected at APD B. Below forward error correction (FEC) level
of 3.8 × 10-3, the data rate is 375 Mbps for link A and 337 Mbps for link B, as shown in Fig.
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a)

b)

c)

Fig. 6. Transceiver mode operation; (a) The SNR of external µLED (Link A) and TP µLED
(Link B). (b) BER vs data transmission rates for link A and link B. (c) The BER results for
link A and link B when the device is working as an optical relay. The dip in the SNR of both
links seen in (a) around 35 MHz is an artefact from the measurement equipment used in this
demonstration, and is not caused by the devices.

6(c). The optical relay functions at up to 337 Mbps, as it is limited by the speed of the slowest
component – in this case the TP µLED. The improvement in data transmission rate from the TP
µLED (link B) between the first experiment (165 Mbps) and the second experiment (337 Mbps)
is attributed to the integration of a lens to more effectively transmit light from the TP µLED to
the APD.

This is a first concept device demonstration, and tests are done at short-range in order to define
the ultimate performance. For longer range VLC demonstrations, it can be noted that µLEDs
have been demonstrated in free-space VLC at data transmission rates in excess of 1 Gb/s over
distances of up to several meters. Hence we believe this concept device could potentially be
extended to communicate over comparable distances in the future [31, 32]. Transfer printing
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arrays of µLEDs, rather than a single µLED as in this demonstration, will increase the light
output power and therefore the range of the device. Additionally, increasing the light output
power will increase the SNR, and consequently the data transmission rate. As seen in Fig. 3(e),
these µLEDs typically rollover at 4–6 mA, and so can’t be driven to high currents - limiting their
power. Printing an array of µLEDs would also go some way to negating this issue.

One of the main visions of VLC is that conventional room lighting can be used to transmit data
through free space. We therefore chose here GaN-on-sapphire µLEDs as the external sources
(rather than the same µLEDs used for TP but before removal from their Si substrate) , as they are
the conventional materials for solid-state lighting fixtures.
In any real-life VLC system, it would be important to minimize the required power of this

device to integrate with other electronic components; one way to reduce this would be as in [33].
While this demonstration has focused on the VLC applications of this device, it could just as

easily be applied to biomedical applications, such as optogenetics and biosensing, as demonstrated
in [34–37], to wirelessly transmit signals to analysis equipment.

4. Conclusion

In conclusion, we have demonstrated, for the first time to our knowledge an integrated optical
transceiver and repeater for visible light communications. The device is based on a transfer printed
µLED as the transmitter, and a fluorescent concentrator as the receiver. It was experimentally
demonstrated that the optical transceiver can achieve beyond 100 Mbps data rates for reception
and transmission. We believe that this new VLC device will be very suitable for implementing
smart devices and enable IoT applications.
Supporting data can be found at DOI: 10.15129/7c4e99c7-94c5-4e69-b1b5-1d9e962cf164.
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Abstract: Integrated multi-color micron-sized light emitting diode (micro-LED) arrays have
been demonstrated in recent years for display applications; however, their potential as visible
light communication (VLC) transmitters is yet to be fully explored. In this work, we report on
the fabrication and characterization of on-chip dual-color micro-LED arrays and their application
in VLC. For this purpose, blue-green and blue-violet micro-LED arrays were fabricated by
transfer printing blue-emitting micro-LEDs onto the substrate of green and violet micro-LEDs,
respectively. The potential of these dual-color micro-LED arrays as VLC transmitters is
demonstrated with respective error-free data rates of 1.79 and 3.35 Gbps, achieved by the
blue-green and blue-violet devices in a dual wavelength multiplexing scheme.

Published by The Optical Society under the terms of the Creative Commons Attribution 4.0 License. Further
distribution of this work must maintain attribution to the author(s) and the published article’s title, journal
citation, and DOI.

1. Introduction

The interest in gallium nitride (GaN)-based micron-sized light emitting diodes (micro-LEDs), of
lateral dimension smaller than 100 µm, has increased dramatically in recent years [1]. GaN-based
micro-LEDs offer exceptional brightness, contrast, fast response time, long operation lifetime,
and low power consumption, which have facilitated their application in several fields, such as
microdisplays [2–4], visible light communication (VLC) [5,6], fluorescence sensing [7], and
optoelectronic tweezing [8]. Despite the huge success of monochromatic GaN-based micro
LED with different configurations for the aforementioned applications, a general thread common
to many applications is the desire for different color micro-emitters on a single chip platform.
Multi-color emission can be achieved by using color converters to downshift the GaN-based
micro-LED blue emission to longer wavelengths. However, due to the color converters’ lower
efficiency, slow response time, and short lifespan, this solution is unsuitable for many applications
[3]. Although possible [9–11], the growth of highly efficient inorganic red, green, and blue
emitting materials on a single wafer is still in its early stages and is extremely challenging.
As, currently, highly efficient blue and green emitting LED structures are GaN-based, while
efficient red emitters are aluminum gallium indium phosphide-based [12]. An alternative is to
fabricate blue, green, and red emitting micro-LEDs on their respective growth wafers and then
transfer the three different color emitting micro-LEDs onto a common substrate. Conventional
assembly techniques, relying on robotic systems for placement of materials mechanically diced
from a source wafer onto a common platform, are incapable of handling ultrasmall micro-LEDs
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[13]. This has pushed research into strategies of suspending releasable ultrathin micro-LED
platelets (still tethered to their growth substrate) and subsequent assembly by transfer printing
(TP) techniques [13,14]. Following this approach, several reports of TP-enabled multi-color
inorganic micro-LED arrays, targeting microdisplay applications, have emerged [15–17].
To the best of our knowledge, however, the potential of on-chip multi-color inorganic micro-

LED arrays as VLC transmitters has not yet been fully explored. Monochromatic GaN-based
micro-LEDs have been successfully demonstrated as multi-Gbps VLC transmitters [18–20].
Their success has been attributed to their hundreds of MHz -6 dB electrical modulation bandwidth
combined with spectrally efficient modulation schemes, such as orthogonal frequency division
multiplexing (OFDM) [19]. Furthermore, the communication capacity can be increased by using
different color emitting micro-LEDs and wavelength division multiplexing (WDM) techniques.
This concept has been successfully implemented in a multi-Gbps VLC link using separate
micro-LED chips of different colors [21]. But where the micro-LED transmitters were spatially
separated by 10’s of cm and optics were required for efficient color mixing.
In this work, we report the fabrication, characterization, and VLC application of transfer

printing-enabled on-chip GaN-based blue-green and blue-violet micro-LED arrays. In section
2, we present the micro-LED fabrication process on their growth substrates and subsequent
integration of the blue emitting micro-LEDs, onto the green or violet micro-LED substrate by
transfer printing. In section 3, firstly the electrical, optical, and bandwidth performance of
individual violet, green, and blue micro-LEDs are shown; secondly the color mixing properties of
the blue-green and blue-violet micro-LED arrays are presented in terms of their color coordinates;
finally the capability of the blue-green and blue-violet micro-LED arrays as VLC transmitters in
two different WDM experimental set-ups (with and without a dichroic mirror) is demonstrated
with Gbps error free data rates achieved by respective pairs of micro-LEDs. These results show
the potential for micro-LED arrays that act both as a display and as a high-speed VLC transmitter.

2. Device fabrication

2.1. Violet and green micro-LEDs based on GaN-on-sapphire epitaxy

Violet and green emitting (405 nmand 520 nm, respectively)micro-LEDs in flip-chip configuration
were fabricated from commercial InGaN epistructures, grown on c-plane patterned sapphire
substrate (PSS), following previously reported microfabrication procedures [20]. The violet LED
epitaxial structure consisted of a 4.5 µmGaN buffer layer, a 1.8 µm thick n-doped GaN, an 116 nm
thick active layer, a 85 nm magnesium-doped aluminum gallium nitride (AlGaN:Mg) cladding
layer, and finally a 25 nm thick p-doped GaN layer. The green LED epitaxial structure consisted
of a 3 µm undoped GaN buffer layer, 4 µm of n-doped GaN, a 130 nm thick active layer, and was
topped with a 300 nm thick p-doped GaN layer. In the first fabrication step, a p-GaN metal contact
(Palladium (Pd), thickness 100 nm) was electron-beam deposited, lithographically patterned, and
annealed in a nitrogen environment at 300 °C. Inductively coupled plasma (ICP) etching was used
to expose the underlying n-GaN layer defining a 20 µm diameter pixel (3.15× 10−6 cm2 active
area). Another ICP etch step created a 90 µm side square mesa down to the PSS, thus further
reducing the micro-LEDs capacitance [19]. Then, a metal sputter deposition (Titanium (Ti)/Gold
(Au), thicknesses 50/200 nm) defined the n-GaN metal contact layer. Next, a 300 nm silicon
dioxide (SiO2) passivation layer was deposited by plasma-enhanced chemical vapor deposition
(PE-CVD) and a SiO2 aperture on top of the p-GaN was defined by reactive ion etching (RIE).
Finally, a second Ti/Au metallization step defined the metal track.

2.2. Blue micro-LED platelets from a GaN-on-silicon wafer

Blue emitting (450 nm) micro-LED platelets with flip-chip configuration were fabricated from
commercial InGaN epistructures, grown on a silicon (Si) 111-oriented substrate. The blue LED



Research Article Vol. 27, No. 20 / 30 September 2019 / Optics Express A1519

epitaxial structure consisted of a 200 nm thick aluminum nitride (AlN) layer, followed by a
650 nm Al-graded GaN buffer layer, a 300 nm non-intentionally doped GaN layer, an 800 nm
thick n-doped GaN, an 100 nm thick active layer, and an 140 nm thick p-doped GaN layer. An
L-shaped pixel (active area of 6.5× 10−5 cm2) and a 100 µm squared mesa were defined by the
same processes as for the violet and green micro-LEDs. The blue TP micro-LED pixel size
was chosen to be larger than the violet and green micro-LEDs in order to compensate for its
lower optical power density. Additionally, in order to yield transferable micro-LED platelets,
the following steps were undertaken. First, supporting “anchors”, that tether the micro-LED
platelet to the growth substrate, were defined during the ICP mesa etching. Second, an additional
etching step was used to expose the chemically preferentially etched Si(110) planes. Third, by wet
etching (30% potassium hydroxide (KOH) solution at 80 °C) the Si(110) planes underneath the
micro-LED platelets were removed. Upon completion of the underetch step, the blue micro-LED
platelets are held suspended, above an air gap (2 µm), by the two diagonally opposed sacrificial
anchors [22].

2.3. Dual-color micro-LED arrays integrated by transfer printing

Heterogeneous integration of the blue micro-LED platelets onto the sapphire substrate of
respective violet and green micro-LEDs was enabled by transfer printing [22]. In this process,
an elastomeric polydimethylsiloxane (PDMS) stamp, fabricated by a micromolding technique,
was used to pick-up the blue micro-LED platelets from their Si substrate and print them onto the
pre-prepared green and violet sapphire substrate micro-LED chips. When printing, the adhesion
force between the receiving substrate (in this case, PSS) and the micro-LED platelet backside
must be larger than the adhesion force between the micro-LED platelet and the stamp. In order
to assist the release of the micro-LED platelet, the PSS of violet/green micro-LED was coated
with an adhesion-enhancing layer (SU-8 photoresist, 4.5 µm thick). The effect of this SU-8
layer on the PSS surface topography was investigated by atomic force microscopy. Figure 1(a)
shows the PSS surface topography before SU-8 coating. The periodic patterned surface exhibits
a root-mean-square (RMS) roughness of 342 nm with a maximum height feature of 1.9 µm.
The PSS roughness combined with the micro-LED platelet concave curvature (due to strain
effects on release from the growth substrate [23]), greatly reduce the effective contact area of the
micro-LED platelet backside with the receiving substrate, rendering the release of the micro-LED
platelet from the stamp quite challenging. After SU-8 coating, as shown in Fig. 1(b), the RMS
roughness and the maximum height feature of the periodic patterned surface is down to 16.9 nm
and 118 nm, respectively, which enabled a successful and repeatable release of the micro-LED
platelet from the PDMS stamp. In this work, the blue micro-LED was placed 50 µm apart from
the violet or green micro-LED mesa. Next, a 4.5 µm thick Parylene-C film was deposited as
the insulation layer. Parylene-C was chosen due to its excellent chemical stability, electrical
insulation properties, and exceptional conformity [24] that allow one to efficiently insulate
the KOH roughed sidewalls of the transfer printed micro-LED [25]. Afterward, 40 µm wide
metal tracks (Ti/Au, 50/200 nm thick) were lithographically defined, contacting the micro-LED
platelet through, previously RIE defined, localized apertures in the Parylene-C. Figures 1(c) and
1(d) show plan-view optical micrographs of the blue-green micro-LED array before and after
transfer printing of the blue micro-LED platelet, respectively. The micro-LEDs in this array
are individually anode-addressable sharing a common cathode (K). The blue-violet micro-LED
array has the same layout. Plan view optical micrographs of the individually driven violet (at 318
A/cm2), blue (at 15 A/cm2), and green (at 318 A/cm2) micro-LEDs are shown in Figs. 1(e)–1(g),
respectively.
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Fig. 1. Atomic force microscopy image of the PSS (a) before and (b) after SU-8 coating;
plan-view optical micrograph of the blue-green micro-LED array (c) before and (d) after
transfer printing of the blue micro-LED platelet. A and K are the respective anode and
common cathode contact pads. Plan-view optical micrograph of the (e) violet, (f) blue, and
(g) green micro-LEDs individually driven at the current density of 318 A/cm2, 15 A/cm2,
and 318 A/cm2, respectively.

3. Device performance and application

3.1. Electrical, optical and bandwidth performance of single-color micro-LEDs

The room-temperature (RT) current density – voltage (J-V) and optical power – current density
(L-J) performance of the violet, green, and blue micro-LEDs fabricated in this work are shown in
Figs. 2(a)–2(c), respectively. In addition, the electroluminescence (EL) spectra of each single-
color micro-LED, acquired at value of current density of 318 A/cm2 for the violet and green
micro-LEDs and 15 A/cm2 for the blue micro-LED, are also presented. The J-V characteristic
was measured by a current source, through scanning each data point under direct current (DC)
conditions (Yokogawa GS610). While, the L-J was measured using a calibrated Si photodiode
detector (Thorlabs PM100D) in proximity to the backside of the micro-LEDs. The EL spectra
were acquired by an optical fiber-coupled spectrometer (Avantes AvaSpec-2048L spectrometer).
The violet and green micro-LEDs present a respective turn-on voltage (at 318 A/cm2) of 3.5V
and 5.4V and, at 2.8 kA/cm2, their optical powers are 0.85mW and 0.34mW, respectively. At
the current density of 318 A/cm2, the violet and green micro-LED EL spectra exhibit a broad
peak centred at 400 and 512 nm, respectively. The blue micro-LED exhibits a turn-on voltage
(at 15 A/cm2) and optical power (at 138 A/cm2) of 3V and 1.04mW, respectively. The lower
current density operation of the TP micro-LED is a direct consequence of its larger pixel size. At
15 A/cm2, the blue micro-LED EL spectrum exhibits a broad peak centred at 453 nm. The TP
micro-LED exhibits a reverse leakage current, under dark conditions, of 350 nA at -3V. This
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value is lower than the one achieved by a similar device employing SU-8 as insulation layer,
which demonstrates the superior capability of parylene-C as an electrical insulation layer for
these TP micro-LEDs. In addition, the low reverse leakage current is also a good indicator of the
excellent JV performance shown by the TP micro-LED.

The RT -6 dB electrical modulation bandwidths of the micro-LEDs with different colors were
measured by applying a DC bias combined with a small-signal modulation from an HP8753ES
network analyzer. The optical response was collected by a lens system and focused onto a fast
photodiode (Femto HAS-X-S-1G4-SI bandwidth 1.4 GHz). The -6 dB electrical modulation
bandwidths of each micro-LED, at different current densities, are shown in Fig. 2(d). The violet
and green micro-LEDs exhibit the -6 dB electrical bandwidth up to 427 MHz and 144 MHz,
respectively. The lower bandwidth and optical power of the green micro-LED, when compared
to the violet micro-LED, can be attributed to its higher In content in the active region, and thus
stronger quantum confined stark effect [26]. Furthermore, the transfer printed blue micro-LED
shows a -6 dB electrical bandwidth up to 134 MHz. The lower value achieved by this micro-LED
is related to its larger size and, thus, lower current density operation.

Fig. 2. (a), (b), and (c) Violet, green, and blue micro-LEDs current density-voltage curve,
current density-optical power curve, and electroluminescence spectra, respectively; (d)
Violet, green, and blue micro-LEDs -6 dB electrical modulation bandwidth as a function of
the current density.

3.2. Color properties of dual-color micro-LED arrays

CIE1931 color coordinates of the blue-green and blue-violet micro-LED array on the color space
chromaticity diagram are shown in Figs. 3(a) and 3(b), respectively. For the blue-green array, by
increasing the current density of the blue micro-LED from 0 to 15 A/cm2 and simultaneously
decreasing the current density of the green micro-LED from 318 to 0 A/cm2, it is possible to
tune the xy color coordinates from (0.15, 0.04), for only the blue micro-LED, to (0.11, 0.71), for
only the green micro-LED. The optical photographs in Fig. 3(a) show that the blue-green array is
capable of efficient color mixing (without any additional optic elements) under different bias
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conditions. The slightly violet appearance of the blue micro-LED, at 15 A/cm2, is a digital artifact
due to the photographic camera detector. On the other hand, for the blue-violet array, varying
the driving current of both micro-LEDs results in a small change of the CIE color coordinates.
The enlarged inset shows, in further detail, how indistinguishable the CIE color coordinates of
blue-violet array at different biases are. This is due to the poorer human eye response in the
violet-blue region, when compared to blue-green spectral region [27]. The typical blue-green
and blue-violet array EL spectra, at different integrated area ratios of blue-green and blue-violet,
respectively, correspond to the superposition of the individual spectra of each light source, as
shown in Fig. 3(c).

Fig. 3. (a) Blue-green micro-LED array CIE1931 coordinates on the CIE1931 color space
chromaticity diagram and photographs of the device at different biases; (b) blue-violet
micro-LED array CIE1931 color coordinates at different biases; (c) electroluminescence
spectra from the blue-green and blue-violet array at different integrated area ratios of
blue-green and blue-violet, respectively.

3.3. VLC application of dual-color micro-LED arrays in WDM mode

The capability of the blue-green and blue-violet micro-LED arrays to operate as two-color WDM
transmitters in two different experimental set-ups are explored in the following sections. In
the first set-up (referring as WDM1 and shown in Fig. 4(a)), we placed one optical receiver
to measure the communication performance of both channels by changing a bandpass filter
(Laser 2000 FF01-392-23/25, FF01-445/20-25 and FF01-525-45/25, for violet, blue, and green,
respectively). To ensure that the measured results were the same as in the case of simultaneous
signal reception with the existence of crosstalk, we sent two different signal streams to different
color micro-LED channels. One stream was captured and demodulated, while the other one
behaved as the interfering signal. Although this set-up provided a capacity estimation for WDM
(a “best case scenario”), simultaneous reception of both channels was not possible. To overcome
this issue, dichroic mirrors were employed in a second experimental set-up (referring as WDM2),
shown in Fig. 4(b). The light emitted from the dual-color micro-LED array was directed onto the
dichroic mirror (Thorlabs DMLP425 and DMLP490L, for blue-violet and blue-green micro-LED
arrays, respectively) at 45 degrees which separated the beam into two individual components.
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The light transmitted through the dichroic mirror was focused onto an optical receiver and the
light reflected by the dichroic mirror was focused onto another optical receiver. Bandpass filters
were also placed in front of the detectors in order to minimize crosstalk. This set-up enabled
simultaneous reception of both channels, though the use of the dichroic mirror leads to signal
power losses. The distance between transmitter and detector was kept at 30 cm, in both set-ups
and throughout the measurements.

Fig. 4. Schematic drawing of the experimental set-ups in wavelength division multiplexing
data transmission experiments: (a) set-up 1 (WDM1); (b) set-up 2 (WDM2). The photograph
inset in the schematics is the actual blue-green micro-LED array (wire bonded to a printed
circuit board - PCB) being operated in WDM mode.

In both set-ups, two random bit streams, for the transmission via the two different color
emitting micro-LED channels, were generated and modulated with DC-biased optical OFDM
(DCO-OFDM) by a PC using MATLAB. The incoming bit stream was coded and mapped to
M-ary quadrature amplitude modulation (M-QAM) symbols for each subcarrier at different
frequencies. The time-domain OFDM symbols were generated after having the inverse fast
Fourier transform (IFFT) operation for the M-QAM symbols. A real-valued OFDM signal was
obtained by using a Hermitian symmetry OFDM frame. The resulting time-domain OFDM
signals were forwarded to an arbitrary waveform generator (AWG Keysight M8195A), which
generated the corresponding analog signals. In order to make sure the input signals fully exploited
the available linear dynamic range of the micro-LEDs, the output analog signals were amplified
by a power amplifier (Mini-Circuits ZHL-1A-S+), and a suitable operation current density was
provided by a power supply (Yokogawa GS610). The bipolar signals and the DC bias were
combined using a bias-tee (Mini-Circuits ZFBT-4R2GW+), and the output of the bias-tees were
connected to the micro-LED array to drive the two micro-LED pixels. On the receiver end,
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the light emitted by the dual-color micro-LED array was focused onto a p-i-n photodetector
(New Focus 1601AC) by using an aspheric condenser lens (ACL4532). The signal from the
photodetector was captured by an oscilloscope (Keysight MSO7104B) and sent back to the PC for
demodulation. In order to maximize the achievable data rate, a bit and energy loading algorithm
[18] was applied. Therefore, the signal-to-noise ratio (SNR) on each subcarrier was estimated at
the beginning of the communication performance measurement. Based on the estimated SNR
and a bit-error-ratio (BER) target that is acceptable for the application of forward error correction
(FEC) coding, modulation order and symbol energy on each subcarrier was calculated. Finally,
the signals with bit and energy loading were transmitted and the achieved data rate and BER
were measured.

3.4. Communication performance of the blue-green micro-LED array

The results of the blue-green micro-LED array operated in a WDM mode with different set-ups
are summarized in Fig. 5. The blue and green micro-LEDs were operated at 138 A/cm2 and 2.8
kA/cm2, respectively, whilst the modulation signal peak-to-peak voltage was set to 1.5 V, after
the amplifier. The sampling frequency was set as 16 GSa/s and number of samples per symbol
was optimized for each link. The SNR and number of allocated bits, at the highest data rate
below the FEC threshold of 3.8× 10−3 BER, for the blue and green micro-LED are shown in
Figs. 5(a) and 5(b), respectively.

Fig. 5. Signal-to-noise ratio and allocated bits (at maximum data rate below forward error
correction threshold) in both WDM set-ups achieved by (a) the blue micro-LED and (b) the
green micro-LED; (c) BER vs data rate for the blue and green micro-LEDs in both WDM
set-ups.

The blue micro-LED channel exhibits a higher SNR than the green micro-LED channel due
to the blue micro-LED higher optical power. Also, as shown in Fig. 5(a), there is no obvious
difference on the SNR curves of the blue channel between the two different set-ups. On the other
hand, compared with the WDM1 set-up, the SNR curve of the green channel with the WDM2
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set-up presents a sharp drop when the frequency is over 150 MHz, shown in Fig. 5(b). This is
mainly due to the optical power loss (roughly 25%) caused by the dichroic mirror used in WDM2.
This leads to a lower maximum achievable data rate in WDM2. The BER vs data transmission
curves for the blue and green micro-LEDs, in both WDM set-ups, are presented in Fig. 5(c). The
maximum data rates, below FEC threshold, achieved by the blue and green micro-LEDs in the
WDM1 set-up are 1261 and 667 Mbps, respectively. In the WDM2 set-up the maximum data
rates, below FEC threshold, achieved by the blue and green micro-LEDs drop to 1245 and 410
Mbps, respectively.

Error-free data rates, calculated by applying the 7% FEC overhead reduction, for blue and green
micro-LEDs and their aggregate in each WDM set-up are shown in Table 1. In aggregate, 1.79
and 1.54 Gbps error-free date rates are achieved in the WDM1 and WDM2 set-ups, respectively.

Table 1. Error-free data rates for each channel and aggregated in WDM1 and WDM2 set-ups
achieved by the blue-green micro-LEDs array.

WDM1 WDM2

Channel Blue Green Blue Green

Error-free data rate (Mbps) 1173 620 1158 381

Aggregate Aggregate

1793 1539

3.5. Communication performance of the blue-violet micro-LED array

The blue-violet micro-LED array operation as a WDM transmitter followed the same approach
as the blue-green one. In this case, the blue and violet micro-LEDs were operated at the same
current density as the blue and green micro-LEDs, respectively. The SNR and number of
allocated bits, at the highest rate below FEC threshold, in both WDM set-ups for the blue and
violet micro-LEDs are shown in Figs. 6(a) and 6(b), respectively.

The blue and violet micro-LED channels maximum SNR is quite similar due their comparable
optical power. Nonetheless, due to the violet micro-LED higher -6 dB electrical modulation
bandwidth, the violet channel supports bit allocation up until 650 MHz. The introduction of
the dichroic mirror, which has cut-off wavelength at 425 nm, results in a loss of optical power
and, thus lower SNR for both channels, limiting the maximum achievable data rate in WDM2.
The violet (reflected) channel is more affected than the blue one due to the optical response of
the dichroic mirror, with estimated optical power losses of 11%. The BER vs data transmission
curve is presented in Fig. 6(c). The maximum data rates, below FEC threshold, achieved by the
blue and violet micro-LEDs in the WDM1 set-up are 1130 and 2472 Mbps, respectively. In the
WDM2 set-up the maximum data rates, below FEC threshold, achieved by the blue and violet
micro-LEDs drop to 842 and 1309 Mbps, respectively.

The blue and violet channels and aggregate error-free data rates for WDM1 andWDM2 set-ups
are shown in Table 2. In aggregate, the blue-green micro-LED array achieves error-free data
rates of 3.35 and 2 Gbps, in the WDM1 and WDM2 set-ups, respectively.

Table 2. Error-free data rates for each channel and aggregated in WDM1 and WDM2 set-ups
achieved by the blue-violet micro-LED array.

WDM1 WDM2

Channel Blue Violet Blue Violet

Error-free data rate (Mbps) 1051 2299 783 1217

Aggregate Aggregate

3350 2000



Research Article Vol. 27, No. 20 / 30 September 2019 / Optics Express A1526

Fig. 6. Signal-to-noise ratio and allocated bits (at maximum data rate below forward error
correction) in both WDM set-ups achieved by (a) the blue micro-LED and (b) the violet
micro-LED; (c) BER vs data rate for blue and violet micro-LEDs in both WDM set-ups.

4. Conclusions

In conclusion, we have demonstrated the fabrication, characterization and VLC application
of on-chip dual-color micro-LED arrays. Blue-green and blue-violet micro-LED arrays were
fabricated by transfer printing a blue emitting micro-LED onto the substrate of the green and
violet micro-LEDs, respectively. The violet, green, and blue individual micro-LEDs exhibit an
optical power of 0.85, 0.34, and 1.04 mW, at the current densities of 2.8 kA/cm2, 2.8 kA/cm2,
and 138 A/cm2, respectively. The violet, green, and blue present -6 dB electrical modulation
bandwidths up to 427, 144, and 134 MHz, respectively. Operation of the blue-green micro-LED
array at different biases allows one to fine tune the perceived color from blue (x 0.15; y 0.04) to
green (x 0.11; y 0.71) on the CIE1931 color diagram. Due to the human eye’s poorer optical
response in the blue-violet spectral region, operation of the blue-violet micro-LED array at
different biases results in a very small variation of its color coordinates. In the two free space
WDM VLC set-ups investigated in this work, the blue-green micro-LED array achieves an
aggregated error-free data rate of 1.79 and 1.54 Gbps and the blue-violet micro-LED array 3.35
and 2 Gbps.

The two on-chip dual-color micro-LED arrays reported in this work can potentially be integrated
into the same package to give a 3-color output. Furthermore, these on-chip dual color micro-LED
arrays should be suitable for underwater and plastic optical fiber VLC, as the micro-LED EL
spectra match both mediums transparency windows. This work opens the way to multi-colored
pixelated clusters in micro-LED displays acting as WDM visible light communications links.

Supporting data can be found at https://doi.org/10.15129/82b872f9-a0b3-4ec8-94c2-9dcdcc95fe2b.
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Abstract — Integrated blue-violet and blue-green micro-

LED arrays, fabricated via a transfer printing method, were 

employed to demonstrate wavelength division multiplexing 

underwater data transmission at 100 Mb/s over up to 9 

attenuation lengths in a 1.5 m long water tank. 

Keywords — micro-LED, transfer printing, WDM, VLC, 

UWOC, turbid 

I. INTRODUCTION 

The development of high-speed underwater wireless 
communication channels is of paramount importance for 
industrial, scientific, and military underwater activities [1], as 
tethered links can be impractical due to the challenging 
underwater environment. Underwater acoustics offer long 
range (tens of km), but suffer from high latency and limited 
data rates (tens of kb/s). Radio frequency communication are 
attenuated by seawater’s conductivity resulting in data rates 
up to Mb/s for sub-meter ranges [2]. Optical devices operating 
at visible wavelengths, where water’s lowest overall 
attenuation is exhibited, can enable high-speed transmission 
over tens of meters. For instance, Doniec et al. using an array 
of 18 light-emitting diodes (LEDs) demonstrated 25 Mb/s in 
50 m of clear water [3]. Tian et al., presented 800 Mb/s over 
0.6 m of clear tap water using a single micro-LED [4]. It is 
worth noting, however, that as water becomes more turbid the 
optical window of lowest loss tends to redshift [2], thus a 
wavelength-adaptable transmitter is greatly desirable. 

We report here the deployment of micro-transfer printing 
(TP) enabled hybrid blue-violet and blue-green micro-LED 
arrays for underwater wireless optical communications 
(UWOC) using a single-photon avalanche diode (SPAD) 
array receiver. By having two different wavelengths 
integrated in the same transmitter chip, the option of tuning 
the optimum color depending on the water conditions is 
enabled. Furthermore, the two chips can potentially be 
integrated into the same package to give 3-color output. Data 
transmission rates of 50 Mb/s for each single color of micro-
LED over 1.5 m of highly turbid water are demonstrated. 
When operating in a wavelength division multiplexing 
(WDM) mode, with the respective pairs of colors, a 100 Mb/s 
link is established in each case over up to 9 attenuation 
lengths. 

II. DUAL COLOR MICRO-LED ARRAYS FABRICATION 

Blue-violet and blue-green micro-LED arrays were 
fabricated by TP a blue-micro-LED platelet onto the substrate 
of the violet and green micro-LED, respectively. The blue-
violet array follows the same fabrication process as the blue-
green array which is discussed in detail in [5].  

Briefly, violet (405 nm) and green (510 nm) 20 µm 
diameter active area flip-chip micro-LEDs were fabricated 

from commercially available InGaN epistructures grown on c-
plane sapphire by conventional photolithography techniques. 
Suspended flip-chip micro-LED platelets (6.5x10-5 cm2 active 
area) were then fabricated from commercially available blue 
emitting (450 nm) InGaN epistructures grown on (111)-
oriented silicon (Si). An elastomeric stamp was used to pick-
up the blue micro-LED platelets from their Si substrate and 
print them onto the pre-prepared green and violet sapphire 
substrate micro-LED chips. The blue micro-LED platelet was 
then electrically insulated by parylene-C and addressed by 
Ti/Au (50/200 nm) metal tracks, following the process 
described in [5]. Fig. 1a) shows a plan view optical 
photograph of the resulting integrated blue-green micro-LED 
array (the blue-violet array shares the same layout). The 
micro-LEDs are individually anode-addressable sharing a 
common cathode. Fig. 1b) shows, by way of illustration, the 
blue-green device being simultaneously driven.  

 Fig. 1 – Plan view optical photographs of the blue-green micro-LED array 

a) magnified view; b) with both emitters simultaneously driven. Scale 

bars are shown inset. 

III. CHARACTERIZATION AND APPLICATION 

A. Micro-LEDs performance 

 
Fig. 2 – a), b) and c) current density-voltage (JV) and current density – 

optical power (LJ) curves of the violet, green, and blue micro-LED, 

respectively; d) micro-LEDs -3 dB optical bandwidth vs current density. 

 The individual electrical and optical performance of the 
chip-integrated violet, green, and blue micro-LEDs are shown 
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in Fig. 2 a), b), and c) respectively. The through-sapphire 
directed optical power output shown in Fig. 2 was measured 
using a calibrated Si photodiode detector butt-coupled to the 
device. In these conditions, the maximum optical power 
achieved by the violet, green, and blue micro-LED are 0.9, 0.4 
and 1.2 mW, respectively. All micro-LEDs exhibit a -3dB 
optical bandwidth above 100 MHz (Fig. 2 d)), which renders 
them highly suitable for data transmission.   

B. UWOC Application 

For the UWOC demonstration, an on-off keying (OOK) 
data signal was generated using a field-programmable gate 
array (FPGA, Opal Kelly XEM6310-LX45), modulating the 
micro-LED through a bias-tee. A sequence of length 215 was 
transmitted, consisting of a wide synchronisation pulse and a 
pseudo-random bit sequence. The micro-LED emission was 
collected and collimated by a condenser lens (Thorlabs, 
ACL50832U-A), propagated through a 1.5 m long water tank 
and then focused onto the receiver by a 4-inch diameter 
Fresnel lens (Edmund, #46-614). The receiver is a 64 x 64 
array of Si SPADs developed by the University of Edinburgh 
(details found in [6]) which operates as a digital silicon photo-
multiplier. The photon counts are summed over a time 
window of 5 ns and the count values outputted through a 
digital-to-analog converter (DAC). The DAC signal was 
captured with an active oscilloscope probe and transferred to 
MATLAB® for offline processing to determine a bit-error 
ratio (BER). The turbidity of the water sample was varied by 
adding Maalox® antacid to tap water, a method widely used 
[7] to mimic different natural water analogs in a laboratory 
set-up. A block diagram of the experimental setup is shown in 
Fig. 3. 

 
Fig. 3 – Block diagram of the experimental system. 

 
The effect of increasing turbidity levels on the BER for 

individually driven micro-LEDs at the three wavelengths is 
shown in Fig. 4a). A 50 Mb\s communication channel, below 
the 3.8x10-3 forward error correction (FEC) threshold, is 
achieved for all the micro-LEDs for Maalox® concentration 
of 0.075 mL/L. For the blue and green micro-LEDs this 
concentration of Maalox® corresponds to a number of 
attenuation lengths (calculated following [8]) of 7.2 and 8.3, 
respectively. The operation of the integrated blue-violet and 
blue-green micro-LED arrays as respective dual wavelength 
WDM transmitters for underwater communication is shown in 
Fig. 4b). The blue and green micro-LED were operated 
simultaneously (as shown in Fig. 1b)) and each color carried 
a different data stream. In order to select which micro-LED 
was being detected bandpass filters (Laser 2000: blue FF01-
445/20-25, green FF01-525-45/25) were placed in front of the 
detector. This results in a 100 Mb/s aggregate data rate link, 
below FEC, at a Maalox® concentration of 0.069 mL/L for 
the blue-green micro-LED array. The same measurements 
were repeated for the blue-violet micro-LED array, but with 
the use of a Laser 2000 FF01-392-23/25 bandpass filter for the 

violet micro-LED. In this case, a 100 Mb/s link, below FEC, 
at a Maalox® of 0.075 mL/L is achieved by the blue-violet 
micro-LED array. It should be noticed, that used data rates are 
limited by the driving method, and future work could reach an 
aggregate data rate of several hundred Mb/s with OOK. 

 Fig. 4 – Bit-error-ratio vs Maalox® concentration a) for individually 

driven blue, violet and green micro-LEDs; b) Blue-green and blue-violet 

micro-LED arrays operated in wavelength division multiplexing mode. 

IV. CONCLUSION 

By micro-TP we have fabricated on-chip dual-color 
(respectively blue-violet and blue-green) micro-LED arrays. 
The potential of these devices as a UWOC transmitter in 
highly turbid underwater environments has been 
demonstrated with 100 Mb/s data rates achieved over multiple 
attenuation lengths using WDM and a SPAD-based receiver. 
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Abstract: We present integration of singulated micron-sized light emitting diodes (micro-LEDs)
directly onto a silicon CMOS drive chip using a transfer printing method. An 8x8 micro-LED
device array with individual control over each pixel is demonstrated with modulation bandwidths
up to 50 MHz, limited by the large modulation depth of the driver chip. The 2 kHz frame rate
CMOS driver also incorporates a Single Photon Avalanche Diode device thus allowing detection
and transmission functionality on a single integrated chip. Visible light communications at data
rates up to 1 Mbps, and time-of-flight ranging with cm-scale resolution are demonstrated using
this hybrid integrated system.

Published by The Optical Society under the terms of the Creative Commons Attribution 4.0 License. Further
distribution of this work must maintain attribution to the author(s) and the published article’s title, journal
citation, and DOI.

1. Introduction

Arrays of micron-sized light emitting diodes (micro-LEDs or µLEDs) on sapphire substrates can
be directly integrated with their electronic drive chips using standard flip-chip bonding processes
[1,2], producing individually addressable, high-speed sources for visible light communications
(VLC) [3] and spatial navigation [4] in compact, chip-scale systems. The transparency of sapphire
at typical III-N emission wavelengths allows for vertical emission of individual pixels through
the substrate. Patterning of lenses [5] and surface features [6] allows for enhanced emission
out of the substrate bulk. However, flip-chip integration can result in issues with uniformity in
the emission from large arrays due to the bump bonding process, and multiple reflection paths
within the substrate can lead to cross-talk between pixels. Furthermore, flip-chip bonding is not
suitable in cases where the device emission, or detection, wavelength is absorbed by the flipped
substrate. An alternative integration technique is micro-transfer printing (µTP), where individual
thin film devices are removed from their growth substrate and transferred onto a host chip, using
an accurate form of pick and place [7]. This technique allows the population of the host substrate
with devices only where required, removing issues associated with a flip-chipped substrate. This
method has been shown to be able to handle micro-LED chips as small as 8x15 µm2, with
extremely high-yield [8], and has been used to realise, for example, micro-displays on flexible
substrates [9] or optical gain on silicon photonics [10]. In addition to the printing of optically
active devices, direct integration of optical and electronic layers has been demonstrated on
flexible substrates [11]. Nevertheless, the majority of transfer printed systems use electronic
tracks and wire-bonds to connect the optical devices to their respective drive electronics, limiting
the potential for dense integration and compact system geometries.

#384746 https://doi.org/10.1364/OE.384746
Journal © 2020 Received 12 Dec 2019; revised 10 Jan 2020; accepted 12 Feb 2020; published 24 Feb 2020
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In this work, we present the integration of nitride micro-LED devices directly onto silicon
(Si)-CMOS drive chips. Micro-LED platelets are fabricated on their native Si substrate and
then transfer printed onto pixels of a CMOS chip for individual control over each pixel. An 8x8
array of devices is realised with operation bandwidths in the 10’s of MHz range, with excellent
uniformity both in brightness and modulation performance across the pixel array. High-speed
optical camera communications (OCC) are demonstrated using spatio-temporal modulation of
the array. The silicon driver chip also includes a Single Photon Avalanche Diode (SPAD) device
that allows the single chip to act as a transceiver. Demonstration of data communications and
time-of-flight (ToF) ranging operation, using the SPAD as a receiver, is presented.

2. Micro-LED fabrication and integration onto CMOS by µTP

Blue (450 nm) top-emitting through the p-GaN micro-LED platelets were fabricated from
commercial InGaN LED epistructures, grown on a Si 111-oriented substrate, following con-
ventional microfabrication procedures [12]. The LED epitaxial structure comprises a 200 nm
thick aluminum nitride (AlN) layer, followed by a 950 nm Al-graded GaN buffer layer, an 800
nm thick n-doped GaN, a 100 nm thick multi-quantum well (MQW) layer, and a 140 nm thick
p-doped GaN layer (Fig. 1(a1)). In the first fabrication step, a nickel/gold (Ni/Au thicknesses
10/20 nm) bilayer was electron beam deposited, lithographically patterned, and annealed in
an air environment at 510 ◦ C defining a semitransparent p-GaN metal contact (Fig. 1(a2)).
Inductively coupled plasma (ICP) etching was used to expose the underlying n-GaN layer, thus
defining a 6.5x10−5 cm2 active area pixel (Fig. 1(a3)). Another ICP etch step down to the Si(111)
substrate created a 100x100 µm2 mesa and exposed the chemically preferentially etched Si(110)
planes (Fig. 1(a4)). In order to fabricate suspended transferable micro-LED platelets, supporting
“anchors”, which tether the micro-LED platelet to the Si substrate, were also defined during the
ICP mesa etching. The Si (110) planes, underneath the micro-LED platelets, were anisotropically
etched away in a 30% potassium hydroxide solution at 80 ◦C (Fig. 1(a5)). Upon completion of
this etching step, the micro-LED platelets are held suspended above an air gap (2 µm), by two
sacrificial supporting “anchors" [13].
The CMOS chip was implemented in standard 0.35 µm CMOS technology and consists of a

16x16 array of individually-controllable 100x100 µm2 p-MOS driver cells on a center-to-center
pitch of 100 µm (backplane driver circuit shown in [14]). This chip was custom designed to
be integrated with on-sapphire 16x16 micro-LED arrays by conventional gold bump flip-chip
bonding. Integrated devices using this driver chip have been demonstrated for VLC [3], spatial
navigation [4], and OCC [15]. In addition to the 16x16 main array of driver pixels, the CMOS
chip also contains a single free running SPAD. The SPAD, which has a dead time of 40 ns
(saturation of 25 MHz) and active area diameter of 6 µm (further details and pixel circuit in [16])
is an avalanche photodiode operating in Geiger mode, providing digital pulses on the detection
of a single photon. The potential is therefore available for a single chip, with suitable optical
bonded devices, to act as both an optical transmitter and receiver.

An 8x8 array of micro-LEDs was sequentially transfer printed directly, without any adhesion
enhancement layer, onto the CMOS drivers. An elastomeric polydimethylsiloxane (PDMS)
stamp, with pyramidal protrusions, was used to pick-up the suspended micro-LED platelets from
their Si substrate (Fig. 1(b)) and print them onto every other CMOS drivers (Fig. 1(c)) [13].
Since the micro-LED mesa is the same size as the CMOS driver and the micro-LED backside is
non-conductive, the adjacent CMOS driver was used to address each respective micro-LED. For
this purpose, after µTP of the micro-LEDs, a parylene-C (Pa-c) layer (thickness 4.5 µm) was
deposited and apertures on the micro-LED contacts and CMOS drivers were lithographically
defined. Next, titanium/gold (Ti/Au thicknesses 100/200 nm) metal tracks were lithographically
defined, connecting the p-MOS driver to the micro-LED p-contact and the micro-LED n-contact
to the common ground. Figure 1(d) shows a schematic cross-section view of the micro-LED



Research Article Vol. 28, No. 5 / 2 March 2020 / Optics Express 6911

Fig. 1. (a) Schematic drawings of the micro-LED platelets fabrication process (not to
scale, see text for further details); (b) and (c) schematic drawing of the transfer printing
process during pick-up and printing of the micro-LED platelet, respectively; (d) schematic
cross-section drawing of the finalised device; (e) optical image of the CMOS chip with the
micro-LED active area and SPAD identified in red and yellow, respectively; (f) magnification
showing in further detail the SPAD active area; (g) magnification of the CMOS chip showing
the 8x8 array of transfer printed micro-LEDs; (h) shows, in further detail, the micro-LED
p-GaN electrical connection through the adjacent p-MOS driver.

directly printed onto the CMOS. Figure 1(e) shows an optical image of the finalised device.
Figure 1(f) shows in further detail the monolithic SPAD, while Figs. 1(g) and 1(h) show the full
micro-LED array and the micro-LED electrical connecting scheme through the adjacent p-MOS
driver, respectively.

3. Single micro-LED and full array performance

3.1. Single micro-LED electrical, optical, and bandwidth performance

Figure 2(a) shows the current density vs voltage, J-V, and optical power density vs current
density, L-J, characteristics of a representative micro-LED in the 8x8 CMOS-driven array. The
inset of Fig. 2(a) presents the electroluminescence (EL) spectrum acquired at 22.2 A/cm2. The
J-V characteristic was measured by a voltage source, through scanning each data point under
direct current (DC) conditions (Yokogawa GS610). The L-J was measured using a calibrated Si
photodiode detector (9 mm diameter active area, Thorlabs PM100D) placed in close proximity
(5 mm) to the micro-LED topside. A Lambertian emission profile was assumed to convert the
collected optical power into values quoted for the full forward hemisphere. The EL spectrum was
acquired using an optical fiber-coupled spectrometer (Avantes AvaSpec-2048L spectrometer).
The forward diode voltage of commercial LED’s (250x250 µm2 size) is usually defined at 20 mA,
corresponding to a current density of 32 A/cm2 [17]. At this current density the CMOS-driven
micro-LED, reported in this work, exhibits a forward voltage of 3.65 V. The micro-LED presents
an optical power density of 11 W/cm2, at 161 A/cm2, which translates into a brightness of
7.79x105 cd/m2. The EL spectrum is composed of one major peak centred at 450 nm and
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Fig. 2. (a) CMOS-driven micro-LED current density vs voltage (JV) curve, current density
vs optical power density (LJ) curve, and electroluminescence spectra (EL); (b) CMOS-driven
micro-LED -6 dB electrical modulation bandwidth vs current density.

broadened by Fabry-Perot interference occurring due to high refractive index contrast between
the GaN epilayers and air [13].

The -6 dB electrical modulation bandwidth of the CMOS-driven micro-LED was measured us-
ing a network analyzer (HP8753ES) and a Si avalanche photodetector (Thorlabs—APD430A2/M
bandwidth 400 MHz). As the CMOS driver is a digital device, 1 V peak-to-peak output from
the network analyzer was combined with a DC offset (1.5 V) to reach the logic threshold of the
electronics and then sent to the CMOS driver board through an SMA connector to modulate
the corresponding micro-LED. This results in a square wave driving signal for the micro-LED,
modulating between 0 V and an adjustable micro-LED bias voltage. The optical output of the
micro-LED was then lens-focused onto the detector and the electrical output of the detector was
fed back to the network analyzer. The modulation bandwidth of the CMOS-driven micro-LED,
at different current densities, is shown in Fig. 2(b). The CMOS-driven micro-LED exhibits a
modulation bandwidth of 48 MHz at 165 A/cm2, which is lower than a comparable transfer
printed micro-LED packaged on a printed circuit board (PCB) [18]. This is attributed to the high
modulation depth of the CMOS driver output [3].

3.2. Micro-LED array performance

The micro-LED yield and uniformity of electrical/optical characteristics across the full array are
important factors for applications. The reported µTP-enabled hybridization process exhibits a
100% yield, with 64 out of 64 operational micro-LEDs. No electrical crosstalk has been observed
showing a suitable insulation and electrical contact scheme. In addition, as each micro-LED is a
singulated device, no optical crosstalk between neighbouring micro-LEDs has been observed.
Figures 3(a) and 3(b) show a “heat map" distribution of the forward voltage (defined at 32

A/cm2) and optical power density at 60 A/cm2 across the full array, respectively. The mean
and standard deviation values for the forward voltage and power density are 3.9 ± 0.3 V and
6 ± 1 W/cm2, respectively. The most erratic values originate from column 1 row 6 and column 1
row 7, which exhibit some electrical leakage behavior. Similar electrical leakage behavior has
also been observed on micro-LEDs µTP onto a glass substrate [19]. It has been suggested that
this is due to damage to the device sidewalls occurring when the Si substrate is removed, leaving
a rough surface and increasing opportunities for tunneling. This can be further investigated by
topographic and conductive atomic force microscopy and scanning Kelvin probe microscopy
[20]. Nevertheless, these pixels are fully operational and can be used in practical applications as
detailed in the following results. In addition, the bandwidth of 5 randomly selected CMOS-driven
micro-LEDs at 4.6 V forward bias was found to be of high uniformity: 44.8 ± 0.5 MHz.
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Fig. 3. “Heat map” distribution of (a) forward voltage and (b) optical power density at
60 A/cm2 across the full array.

In order to demonstrate that the µTP-enabled hybridization process does not physically damage
the CMOS, operation of the CMOS-driven micro-LED array as a transmitter in an OCC link
is demonstrated. This has previously been demonstrated with a flip-chip bonded array in Ref.
[15], however uniformity issues and faulty pixels in the array were a significant cause of errors in
transmission. With the µTP device, yield and uniformity are significantly improved, so better
results are expected. For this the CMOS-driven micro-LED array was DC biased at 4.6 V
(average total current of 12.5 mA) producing an average total optical power of 2.77 mW. The
patterns were updated at a rate of 2 kHz, being only limited by the full-array refresh rate of the
CMOS electronics [4]. Thus each micro-LED pixel is transmitting independent binary data at
2 kHz, resulting in a net data rate of 2000x8x8=128 kbps. 4 blocks of 67 frames (a total of 268
frames) are transmitted with an overhead of 4.48% (3 frames in every 67) for synchronisation,
and determining thresholds and alignment. This overhead can be reduced, depending on the
number of data frames per transmitted block. A pseudorandom sequence of 214 useful bits
were transmitted in order to measure a bit-error-ratio (BER). The emitted light was lens-focused

Fig. 4. (a) Bit-error-ratio (BER) measured as a function of received power by the ultrafast
camera; (b1)–(b4) show the captured frames from the 8000 fps video for all active micro-
LEDs, alignment conditions, and two different pseudo-random patterns, respectively.
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(Nikon Plan Fluor 4x/0.13) onto an ultrafast camera (Photron Fastcam UX100). The camera
acquisition parameters were set at 8000 frames per second (fps), resolution of 1280x616, and a
total acquisition time of 302 ms. Figure 4(a) shows the BER as a function of the received power
by the camera. The received power was changed by placing different neutral density filters at the
receiver. The BER floor of 6.10x10−5 (1/214) occurs as 214 total bits were transmitted, so a lower
BER cannot be measured. For optical power values lower than 0.02 µW the BER is larger than
the 3.8x10−3 limit for forward error correction (FEC) coding [21]. Example image frames for
the full array, alignment frame and two example data frames are shown in Figs. 4(b1)–4(b4),
respectively.

4. On-chip single micro-LED/SPAD operation

The multifunctional capability of the µTP-enabled CMOS-driven integrated emitter and receiver,
has been demonstrated by its application as an optical communication transceiver and ToF
ranging device. A single µTP DC biased micro-LED pixel was used for both experiments. It
was experimentally verified that the on-chip crosstalk between the micro-LED and SPAD is
insignificant, and therefore it is impossible to establish a direct detection link without additional
optics. Thus, the µTP micro-LED (identified in red - Fig. 5(a)) light was lens-collected, back
reflected, and focused onto the SPAD (identified in yellow - Fig. 5(a)). This setup provides an
estimation of the device performance as an integrated transceiver. Figure 5(b) shows a schematic
drawing of the input electrical signal for the VLC and ToF ranging experiments.

4.1. VLC transceiver

In the first demonstration a free-space VLC link is implemented. For this, the micro-LED was
modulated with an on-off signal provided by an FPGA module (Opal Kelly XEM6310-LX45)
and applied to the CMOS control electronics. An aspheric lens (Thorlabs ACL25416U-A)
was used to approximately collimate the emission. The light was reflected by a mirror at a
distance of approximately 2 cm, and transmitted back through the lens. The angle of the mirror
was adjusted to focus the light back on to the SPAD, which is laterally ∼2 mm away from the
emitting micro-LED. The output signal from a SPAD is a series of digital pulses indicating the
detection of a photon, including noise and dark counts. Therefore, to produce a meaningful data
signal, counts must be summed over a time interval. Photon counts per data period can then be
compared to a threshold value to decode a data signal. The output of the SPAD was captured
by an oscilloscope and processed offline in MATLAB. A pseudorandom bit sequence of length
212 bits was transmitted, and repeated to transmit a total of over 4x104 bits, sufficient to justify
a BER of less than 1x10−4. Figure 6(a) shows the BER as a function of incident power on the
SPAD. VLC links of 500 kbps and 1 Mbps, below the FEC threshold, are demonstrated. For the
500 kbps link, communication, below FEC, is possible down to 58 pW of incident power. By
increasing the data rate to 1 Mbps the minimum incident power for communication below the

Fig. 5. (a) Schematic drawing of the experimental setup used in VLC (∆x ∼ 2 cm) and ToF
ranging (∆x = 0 : 0.2 : 1.2 m) demonstrations; (b) Schematic drawing of the input electrical
signal for the VLC and ToF experiments.
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FEC limit is 135 pW.

4.2. Time-of-flight ranging

To demonstrate ranging capability, the micro-LED was operated in a pulsed manner. The FPGA
module was used to generate 20 ns wide electrical pulses at a repetition rate of 3.13 MHz. This
rate was chosen as a compromise between rapid acquisition of ranging data and the ability to
fully resolve individual pulses. As the CMOS and the micro-LED bandwidth limit the rise and
fall times, applying this signal to the CMOS driver generates optical pulses from the micro-LED
with a full width at half maximum of 19 ns. An aspheric lens (Thorlabs ACL50832U-A) was
used to collimate the micro-LED output. A large mirror (COMAR 250 MC 160) was used to
reflect the light back to the chip and refocus on to the SPAD. The distance from the CMOS
chip to the mirror was changed from 0 to 1.2 m in 0.2 m intervals. The SPAD output was used
as the start signal to trigger a time-to-digital converter (Texas Instruments TDC7200), with a
stop signal provided by the FPGA module. Thus, time of flight for single photons is recorded
using reverse time-correlated single photon counting (TCSPC) methods [22]. By repeating the
single photon arrival time measurements and building up a histogram, the optical pulse shape is
recovered, and time of flight can be measured by finding the centroid of the received peak [23].
For these experiments, 104 arrival times were measured in dark laboratory conditions. Using a
repetition rate of 3.13 MHz (Rep) and 104 samples (N) gives an acquisition time (T) of ∼3 ms
(T = N/Rep), which provides an adequate capture for simple time of flight ranging. In addition,
at this repetition rate, an effective accessible range (i.e. spatial pulse separation divided by two)
of 48 m is achieved. The resulting distance measurements are shown in Fig. 6(b), along with the
histogram acquired at 1.2 m. While the precision is limited by the width of the optical pulses, this
proof-of-concept demonstration shows cm-scale distance measurements over a 1.2 m distance
with a root-minimum-square (RMS) deviation of 8.14 cm.

5. Conclusion

In conclusion, we have demonstrated the direct integration of an 8x8 array of GaN-based
micro-LEDs onto CMOS circuitry by micro-transfer printing, without any adhesion-enhancement
layer. A representative CMOS-driven micro-LED exhibits a forward diode voltage of 3.65 V and
an optical power density of 11 W/cm2 at 161 A/cm2. The CMOS-driven micro-LED modulation
bandwidth of 48 MHz at 165 A/cm2 is limited by the CMOS driver and its high modulation
depth output. The reported µTP-enabled integration process exhibits a 100% yield with mean

Fig. 6. (a) Bit-error-ratio (BER) measured as a function of the incident power on the SPAD;
(b) measured distance plotted as a function of the actual distance in a ranging setup (inset
shows the histogram acquired at 1.2 m).
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and standard deviation values for the forward voltage and power density, across the full array, of
3.9 ± 0.3 V and 6 ± 1 W/cm2, respectively. The high yield and uniformity led to a demonstration
of a 128 kbps OCC link below BER for optical power larger than 0.02 µW. On-chip excitation
and detection enabled the demonstration of an 1 Mbps VLC link and ToF ranging up to 1.2 m
with a RMS deviation of 8.14 cm.

Due to its low temperature and minimal mechanical pressure the µTP-enabled integration
process can be extended to a wide range of materials/devices. In particular, the integration of full
color micro-emitters onto CMOS is highly sought for virtual/augmented reality applications, and
can be achieved using the techniques demonstrated here. Furthermore, we envisage the hybrid
integration of micro-LEDs and SPAD, shown in this work, to find further applications in single
chip architecture, low size, weight, power and cost (SWaP-C) VLC transceivers and ToF ranging
devices.
Supporting data can be found at https://doi.org/10.15129/718b2ab0-16fe-43eb-9a4c-

490c01ad0b29.
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Abstract: Full-color smart displays, which act both as a display and as a high-speed visible
light communication (VLC) transmitter, can be realized by the integration of red-green-blue
micron-sized light emitting diodes (micro-LEDs) onto a common platform. In this work, we report
on the integration of aluminum gallium indium phosphide red micro-LEDs onto diamond and
glass substrates by micro-transfer printing and their application in VLC. The device on-diamond
exhibits high current density and bandwidth operation, enabled by diamond’s superior thermal
properties. Employing an orthogonal frequency division multiplexing modulation scheme,
error-free data rates of 2.6 Gbps and 5 Gbps are demonstrated for a single micro-LED printed
on-glass and on-diamond, respectively. In a parallel configuration, a 2x1 micro-LED array
achieves error-free data rates of 3 Gbps and 6.6 Gbps, on-glass and on-diamond, respectively.

Published by The Optical Society under the terms of the Creative Commons Attribution 4.0 License. Further
distribution of this work must maintain attribution to the author(s) and the published article’s title, journal
citation, and DOI.

1. Introduction

Micron-sized light emitting diodes (micro-LEDs or µLEDs) are expected to become the next-
generation of self-emissive displays and microdisplays [1]. Full-color micro-LED displays have
been realized by mass transfer techniques, such as micro-transfer printing (micro-TP or µTP), of
red-green-blue (RGB) singulated chiplets onto a common platform [2,3]. Blue and green pixels
are fabricated from indium gallium nitride (InGaN) alloys grown on sapphire or silicon substrates
[4]. Typically, the red emission is based on aluminum gallium indium phosphide (AlGaInP) LED
structures grown on gallium arsenide (GaAs) [5,6]. These inorganic micron-sized pixels exhibit
exceptional brightness, contrast and low power consumption. In addition, due to their smaller
device capacitance and current density dependent differential carrier lifetime, micro-LEDs show
extremely high modulation bandwidth, supporting visible light communication (VLC) up to
several gigabits per second (Gbps) [7]. This opens the possibility for smart micro-LED displays
acting both as a display and as a high-speed VLC transmitter [8].
In the past years, several demonstrations of Gbps VLC, employing spectrally efficient

modulation schemes (such as, orthogonal frequency division multiplexing - OFDM) and GaN-
based micro-LEDs (with emission wavelengths covering from the violet to the green) were
reported [9–11]. In particular, nonpolar GaN-based micro-LEDs hold great promise for VLC
applications, due to their extremely high bandwidth at low current density [12]. However, the
internal polarization field effects of nitrides are not prevalent in AlGaInP/GaAs red LEDs, and, to

#391488 https://doi.org/10.1364/OE.391488
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the best of our knowledge, there are no reports on data transmission capability of AlGaInP LEDs
in micro-LED geometries. In this paper, we report on the integration of AlGaInP micro-LEDs
onto glass and diamond substrates by micro-TP. The superior thermal properties of diamond
over glass are evidenced by ability of the red micro-LED on-diamond to support higher current
density, thus achieving 100’s MHz of modulation bandwidth. In a free-space VLC link Gbps
error-free data rates are demonstrated by both on-diamond and on-glass micro-LED devices.
The broader implication of this work include application of these red micro-LED devices with
polymer optical fibers and/or high turbidity underwater wireless optical communication systems.

2. Device fabrication by micro-TP

In this work, free-standing red (630 nm) micro-LED platelets were printed onto glass and diamond
substrates. The epitaxial structure of these red micro-LEDs follows that of conventional AlGaInP
epistructures grown on GaAs [13]. Fabrication of the micro-LED platelets started by processing
the topside of the AlGaInP/GaAs wafer following typical microfabrication procedures for mesa
type LEDs. First, a 6.96 x 10−6 cm2 active area pixel was defined by dry etching, exposing the n
layer, followed by deposition of AuGe/Au and Ti/Al/Ti/Au metal stacks on the n and p contacts,
respectively. Next, the GaAs wafer was flip-chip bonded to a temporary sapphire carrier and the
GaAs bulk substrate removed by wet chemical etching [14]. Finally, the platelet was defined
through the backside of the AlGaInP film by dry etching. Figure 1(a) shows a 2x2 array of
micro-LED platelets on the temporary sapphire carrier.

Fig. 1. (a) Plan-view photograph of a 2x2 array of micro-LED platelets on the temporary
sapphire carrier; (b) scanning electron microscopy micrograph of a micro-LED platelet
backside; (c) representative 5x5 µm2 atomic force microscopy micrograph of a micro-LED
platelet backside; (d) schematic drawing of the transfer printed micro-LED after Parylene-
C (Pa-C) encapsulation and metallization; (e) plan-view photograph of a finalised 2x2
micro-LED array printed onto glass with a single micro-LED (S1) driven at 4.3 A/cm2.

Figure 1(b) shows a scanning electron microscopy (SEM) micrograph of a micro-LED platelet
backside. The micro-LED platelet backside was found to be extremely flat, which can be
attributed to the lattice matched and strain-free epitaxial growth of these LED structures on GaAs
[5]. In addition, due to the high etching selectivity between the GaAs and the etch stop layer, the
backside of the micro-LED platelet is extremely smooth, as shown by a representative 5x5 µm2
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atomic force microscopy micrograph (Fig. 1(c)). The micro-LED platelet backside exhibits
a root-mean-square (RMS) roughness of 0.2 nm, approaching the instrument resolution. The
flatness and smoothness of the micro-LED platelet backside are important factors for micro-TP
applications, as they improve the adhesion between the platelet and the receiving substrate.
Furthermore, the good contact between the micro-LED platelet and the receiving substrate
ensures efficient heat transfer.

A 2x2 array ofmicro-LEDswas sequentially printed directly, without any adhesion enhancement
layer, onto glass and diamond substrates. The glass and single-crystal (synthetic) diamond
substrates had the same dimensions, namely area 4x4 mm2 and thickness 500 µm. An elastomeric
polydimethylsiloxane (PDMS) stamp, with pyramidal protrusions, was used to pick-up the
micro-LED platelets from the temporary sapphire carrier and print them onto both substrates
[15]. The micro-LED platelets are bonded to the temporary sapphire carrier by a weak adhesive
interlayer, which was optimized to allow retrieval of the platelets with the PDMS stamp. Due
to PDMS viscoelastic properties, quick retraction of the stamp results in an adhesion strength
between the micro-LED platelet and the stamp larger than the adhesion strength between the
platelet and the weak adhesion interlayer; thus the micro-LED platelet is retrieved. On the other
hand, when in contact with the receiving substrate, slow retraction of the stamp results in an
adhesion strength between the platelet and the stamp smaller than the one between the platelet
and the receiving substrate; thus the platelet is released [16]. After micro-TP, a Parylene-C
(Pa-c) layer (thickness 4 µm) was deposited as an insulation and encapsulation layer. Next, Ti/Au
(thicknesses 100/200 nm) metal tracks were lithographically defined, contacting the micro-LEDs
through, previously defined by reactive ion etching, localized apertures in the Pa-C layer. Using
lithographically processed electrical contacts allows efficient planar registration of the transfer
printed micro-LEDs, without pre-processing the receiving substrate. In addition, this method can
be easily extended to a variety of substrates, such as flexible polymers [17]. Figure 1(d) shows a
schematic drawing of the transfer printed micro-LED after Pa-C encapsulation and metallization.
The 2x2 array was arranged in order to have two individually addressable single micro-LEDs
(identified in Fig. 1(e) as S1 and S2) and a 2x1 in-parallel micro-LED array (identified in
Fig. 1(e) as P). Figure 1(e) shows the single micro-LED S1 driven at 4.3 A/cm2. It was found
experimentally that the micro-LEDs S1 and S2 exhibit the same electrical and optical properties,
on both substrates. Thus, for clarity sake, the device performance and application results are only
shown for the micro-LED S1.

3. Device performance and application

3.1. Micro-LED electrical, optical, and bandwidth characteristics

Figure 2(a) shows the current density vs voltage (JV) and current density vs optical power density
(JL) of the single micro-LED S1 on-diamond and on-glass. The JV characteristic was measured
by a voltage source, through scanning each data point under direct current (DC) conditions
(Yokogawa GS610). The JL characteristic was measured using a calibrated Si photodiode detector
(Thorlabs PM100D) placed in close proximity to the micro-LED backside. The forward diode
voltage (at 32 A/cm2) of the single micro-LED on-diamond and on-glass was found to be 2.2 V
and 2.1 V, respectively. The red micro-LED on-glass optical power density reaches a plateau
of 16.6 W/cm2 at 359 A/cm2. Due to diamond’s superior thermal conductivity properties (k =
2200 W/m.K) over glass (k = 1.42 W/m.K) [18] the micro-LED on-diamond sustains current
densities up to 790 W/cm2 without any thermal roll-over. At the current density of 790 A/cm2

the micro-LED on-diamond exhibits a near chip face optical power density of 39 W/cm2 (more
than twofold increase compared to the micro-LED on-glass).

The -6 dB electrical modulation bandwidth of the single micro-LED S1 on different substrates
wasmeasured by applying a DC bias combined with a small-signal modulation from anHP8753ES
network analyzer. The optical response was lens-focused onto a silicon avalanche photodetector
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Fig. 2. (a) Current density vs voltage (JV) and current density vs optical power density (JL)
curves of the single micro-LED S1 on-diamond and on-glass; (b) -6 dB electrical modulation
bandwidth of the single micro-LED S1 on both substrates.

(Thorlabs — APD430A2/M bandwidth 400 MHz). Figure 2(b) shows the -6 dB electrical
modulation bandwidth vs current density of the single micro-LED S1 on-diamond and on-glass.
Devices on both glass and diamond exhibit similar performance for current densities below
100 A/cm2. Above this point, the micro-LED on-glass exhibits a lower modulation bandwidth
until it reaches a plateau of 85 MHz at 431 A/cm2. On the other hand, the micro-LED on-diamond
modulation bandwidth continues to increase up to 170 MHz at 1000 A/cm2.
Figure 3(a) shows the electroluminescence (EL) spectra of the single micro-LED S1 driven

at 359 A/cm2 on both substrates. The inset in Fig. 3(a) shows the CIE1931 color coordinates
of the single micro-LED S1 on both substrates on the color space chromaticity diagram. The
EL spectra were acquired using an optical fiber-coupled spectrometer (Avantes AvaSpec-2048L
spectrometer). Both spectra show fringes due to refractive index contrast between the LED
epitaxial material (n=3.5 [19]) and both substrates (glass n=1.46 [20], diamond n=2.41 [21]).
The micro-LED on-diamond exhibits an EL peak centered at 631.8 nm and a full width at full
maximum (FWHM) of 19 nm. While, the micro-LED on glass EL peak is red-shifted (peak
emission centered at 634.5 nm) and broadened (FWHM = 22 nm) due to bandgap shrinkage

Fig. 3. (a) Electroluminescence (EL) spectra of the single micro-LED S1 (at 359 A/cm2)
on both substrates (inset: CIE1931 color coordinates of the single micro-LED S1 on both
substrates (at 359 A/cm2)); (b) EL spectra peak position vs current density of the single
micro-LED S1 on both substrates.
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and band filling effects, respectively. Nevertheless, these variations have a marginal effect
on the perceived color, with the micro-LED on-diamond (x = 0.68, y = 0.32) and on-glass
(x = 0.69, y = 0.31) showing similar (x, y) CIE1931 color coordinates. Figure 3(b) shows the EL
peak position vs current density for the single micro-LED S1 printed on-diamond and on-glass.
For the device on-glass, increasing the current density from 72 A/cm2 to 359 A/cm2 results in a
steep red-shift of the peak position from 632.1 nm to 634.5 nm (∆λ = 2.4 nm). On the other
hand, for the device on-diamond, under the same current density interval, the peak only red-shifts
by 0.3 nm. In fact, due to diamond’s excellent thermal conductivity varying the current density
from 72 A/cm2 to 790 A/cm2 results in a red-shift from 631.5 nm to 632.6 nm (∆λ = 1.1 nm).

3.2. VLC application

Optical orthogonal frequency division multiplexing (O-OFDM) has proven to be spectrally
efficient in VLC [22,23]. In this work, an implementation of direct current biased optical OFDM
(DCO-OFDM) is used for the wireless data transmission due to its simplicity and high spectral
efficiency [24]. As intensity modulation and direct detection (IM/DD) is used in VLC, the
transmitted signal should be both real and non-negative. Thus Hermitian symmetry is applied
and a DC bias is added.

A schematic drawing of the VLC experimental set-up is shown in Fig. 4. A random bit stream
is encoded into an OFDM signal by MATLAB and then generated by an arbitrary waveform
generator (AWG, Keysight M8195A). The analogue signal is amplified by a power amplifier (SHF
S126A) and then combined with a DC bias (Yokogawa GS610) through a bias-tee (Tektronix
PSPL5575A). The output of the bias-tee is connected to the micro-LED device. The link distance
is set to 40 cm, as in this case we wish to assess the upper modulation limits of the devices,
and aspheric condenser lenses (ACL4532A) have been used at both transmitter and receiver
side. The optical signal is detected by a photoreceiver (Femto HSPR-X-I-1G4-SI). The output
electrical signal is captured by an oscilloscope (Keysight DSA90804B) and then sent to the PC
for processing using MATLAB.
Within each measurement, a channel estimation is first done to estimate the signal-to-noise

ratio (SNR) at each subcarrier. Then the signal is generated using an adaptive bit and power
loading algorithm based on the estimated SNR and a target bit-error-ratio (BER). Such signal is
transmitted and the achieved data rate and BER are measured.
The VLC results of the red micro-LED devices on both substrates are summarized in Fig. 5.

The DC bias and the modulation signal peak-to-peak voltage, after the amplifier, were set to 359
A/cm2 (862 A/cm2) and 2.68 V (7.19 V), respectively, for the single micro-LED S1 on-glass
(on-diamond). The sampling frequency was set at 16 GSa/s and the number of samples per
symbol was optimized for each substrate. The estimated SNR and number of allocated bits, at
the highest data rate below the FEC threshold of 3.8x10−3 BER, for the single micro-LED S1

Fig. 4. Schematic diagram of the visible light communication experimental set-up. The
photograph inset is the micro-LED on-diamond device (white scale bar corresponds to 1
cm).
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on-glass (blue curve and blue bar plot) and on-diamond (red curve and red bar plot) are shown in
Fig. 5(a).

Fig. 5. (a) Signal-to-noise ratio and number of allocated bits (at maximum data rate
below forward error correction) for the single micro-LED S1 on both substrates (glass and
diamond); (b) bit-error-ratio (BER) vs data rate for the single micro-LED S1 and in-parallel
micro-LED array P on both substrates.

As the micro-LED on-glass exhibits lower optical power and bandwidth its SNR suffers a
sharp drop with frequency, supporting bit loading only up to 656 MHz. On the other hand,
the micro-LED on-diamond higher optical power and bandwidth (due to its higher current
density operation) results in a smooth decrease of the SNR with frequency and bit loading up
to 1245 MHz. These differences in SNR and bit loading lead to the difference in BER vs data
rate curves shown in Fig. 5(b). At the BER of 3.8x10−3 a single micro-LED on-glass achieves a
data rate of 2749 Mbps, with the device on-diamond achieving 5391 Mbps (roughly a twofold
increase). These results show the importance of efficient thermal management in LED-based
VLC transmitters. Applying the 7% FEC overhead reduction, error-free data rates of 2557 Mbps
and 5014 Mbps are achieved for the single micro-LED S1 on-glass and on-diamond, respectively.
Also shown in Fig. 5(b) is the BER vs data rate performance of the 2x1 in-parallel micro-LED
array P on both substrates. For this purpose, the DC bias and the modulation signal peak-to-peak
voltage, after the amplifier, were set to 323 A/cm2 (718 A/cm2) and 3.26 V (6.62 V), respectively,
for the in-parallel micro-LED array on-glass (on-diamond). Although the current density is
lower than a single micro-LED, the total optical power of the array is roughly two times higher
than of a single micro-LED. This translates into an increase in SNR and capacity to allocate
more bits to the in-parallel micro-LED arrays. Thus, the in-parallel micro-LED array on-glass
achieves 3262 Mbps below FEC threshold (a 1.2x increase compared to its single counterpart).
For the device transfer printed on-diamond a data rate of 7093 Mbps, below FEC, is achieved (a
1.3x increase compared to a single device on-diamond). Again, applying the 7% FEC overhead
reduction, error-free data rates of 3034 Mbps and 6596 Mbps are obtained for the in-parallel
micro-LED array on-glass and on-diamond, respectively.

Table 1 compares the data rate, BER, and link distance achieved by the single micro-LED S1
and by the in-parallel micro-LED array P on-diamond, with other red LED-based VLC reports
from our previous work. The data rates achieved in this work are higher than the ones obtained
using commercially available LEDs [25,27] or resonant cavity LEDs [26] employing similar
modulation schemes. Due to the micro-LEDs lower optical power the link distance is shorter
than for commercial LEDs. However, it has been shown that the optical power can be increased,
without any penalty in modulation bandwidth, by simply arranging several micro-LEDs in-parallel
or in-series configurations [28].
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Table 1. State-of-the-art of red LED-based VLC.

Transmitter Data rate (Mbps) BER Link distance (m) Ref.

Micro-LED
5391 (S1)

3.8x10−3 0.4 This work
7093 (P)

Commercial LED 4904 2.5x10−3 1.6 [25]

Resonant cavity LED 4000 3.4x10−3 1.5 [26]

4. Conclusion

In conclusion, we have demonstrated the integration of AlGaInP micro-LED platelets onto
diamond and glass by micro-transfer printing, without any adhesion-enhancement layer. A
single micro-LED printed onto diamond can be driven up to 790 A/cm2 displaying an optical
power of 39 W/cm2 (more than two times the optical power density of the counterpart device
on-glass). The ability of the device on-diamond to sustain higher current density allows to
achieve modulation bandwidths up to 170 MHz (with the device on-glass plateauing at 85 MHz).
The heat-spreading properties of the diamond substrate are supported by the marginal red-shift
of 1.1 nm of the micro-LED emission with increasing current density. Error-free data rates of
5014 Mbps and 6596 Mbps are obtained for a single micro-LED and a 2x1 in-parallel micro-LED
array transfer printed onto diamond, respectively. These data rates are the highest reported values
in literature for red LED-based VLC.
This work benchmarks the application of AlGaInP micro-LEDs in VLC and paves the way

towards full-color pixelated clusters in micro-LED displays operating as wavelength division
multiplexing VLC transmitters. In addition, the devices reported in this work are of importance
for data transmission in plastic optical fibers and/or in high-turbidity water media.
Supporting data is available at DOI: 10.15129/593ca4b1-1184-4b0f-8dd3-aa9c63382d6f.
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