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1 Introduction to ultraviolet light emitting
diodes

Ultraviolet (UV) radiation has a broad range of commercial applications, ranging from dis-
infection of water, air and surfaces to health care and even industrial production (Fig. 1.1).
In 2014 the UV lamp market was estimated to be a $815M business [1] and is expected to
increase with the introduction of new applications. This large market has provided a tremen-
dous push in the development of UV sources.
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Figure 1.1: Applications of ultraviolet radiation.

The main factors influencing the choice of a UV source are a strong overlap between the
spectral emission of the source and the required wavelength for the application, efficient
production of the required intensity doses and finally lifetimes over a thousand hours and
easy maintenance. The conventional sources of UV radiation are gas discharge lamps such
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as low and medium pressure mercury lamps, xenon lamps and excimer lamps. In the last
two decades many research efforts are being directed towards developing UV light emit-
ting diodes (LEDs) due to their distinct advantages over conventional sources. For instance,
LEDs have a pre-tunable and nearly monochromatic emission spectrum, high power con-
version efficiencies, long lifetimes, no thermal heating, instant turn on of emission and are
environmentally friendly. Furthermore, due to their low operating voltages, compact size
and robustness, they are ideal sources for point of use applications.

Hexagonal wurtzite structure group Ill-nitride semiconductors, namely AIN, GaN and
InN along with their ternary and quaternary alloys, have proven to be promising candidates
for the production of LEDs emitting in the UV-A (320-400 nm), UV-B (290-320 nm) and
UV-C (200-290 nm) wavelength regions because of their direct band gaps which span the
range from 0.7 eV to 6.2 eV. Using this technology, UV LEDs captured 15 % of the complete
UV lamp market in 2014 with an estimated market value of $122M [1]. The UV LED
market is expected to continue growing by not only substituting conventional lamps but also
by generating new application fields. Nevertheless, the efficiency of UV LEDs is much
below that of their visible counterparts (Fig. 1.2) and their overall performance is still far
below what is expected by the market. Hence, further research is required to improve the
performance of UV LEDs in order for them to be a dominant player in the market.

Performance of lll-nitride UV LEDs

The performance of an LED is best characterized by the external quantum efficiency (EQE or
Neoke) and the wall plug efficiency (WPE or nw pg) of the device. The EQE is defined as the
ratio of the number of photons emitted into free space per second to the number of carriers
injected into the LED per second. The WPE describes the power conversion efficiency of
the LED and is an important factor in determining the viability of an LED as a light source.
It is defined as the ratio of the optical output power to the electrical input power. In the ideal
case the LED should have an EQE and WPE of unity.

The EQE can be expressed as a product of two distinct components, i.e. the internal
quantum efficiency (IQE or 7n;,) and the light extraction efficiency (LEE or Neyracrion) as
given below

nEQE = Nint X Nextraction = rlinj X Nrad X Nextraction (11)

The IQE of an LED is the ratio of the number of electron-hole pairs that recombine radia-
tively in the active region per second to the total number of carriers injected into the LED
per second. The IQE can be further divided into the radiative quantum efficiency (1,44),
i.e. the fraction of the total recombination in the active region that recombines radiatively,
and the injection efficiency (1)), i.e. the fraction of the injected current that recombines,
both radiatively and non-radiatively, in the active region [2]. The IQE is mainly dependent
on the heterostucture design and the threading dislocation density (TDD) of the LED. The
LEE is defined as the ratio of the number of photons emitted into free space per second to
the number of photons emitted from the active region per second. The LEE is dependent
on the geometry of the LED and the absorption of the emitted light by various materials
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such as the metal contacts and the substrate. While UV-A LEDs emitting at around 400 nm
are commercially available with EQEs as high as 60 % [3], the EQE decreases as the wave-
length moves deeper into the UV region (Fig. 1.2). Recently UV Craftory demonstrated
280-300 nm LEDs with EQEs as high as 14.3 % [4]. However, the EQE of most UV-B and
UV-C LED:s still remain below 10 %.
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Figure 1.2: Reported values of the external quantum efficiencies of III-nitride LEDs emitting in the
UV region [5,6].

One of the main reasons for the low EQE of UV LEDs is the lack of a lattice matched
substrate for epitaxial growth. The most commonly used substrate for metalorganic vapour
phase epitaxy of UV LEDs is sapphire, which not only has a large lattice mismatch with the
AlInGaN layers but also has a significantly different thermal expansion coefficient. Buffer
layers of AIN [7] or GaN [8], grown at low temperatures, between the sapphire substrate
and the active AlGaN layers result in defect densities in the order of 10'°cm™ in the ac-
tive layers. The large threading dislocation densities (TDDs), which act as non-radiative
recombination channels, significantly reduce the IQE of UV LEDs [9-11]. In order to get
an IQE greater than 50 % it is necessary to reduce the TDD below 10° cm~2 [4, 12]. A num-
ber of techniques have been used to fabricate templates with low TDDs such as epitaxial
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lateral-overgrowth (ELO) of GaN on sapphire using a SiO, mask [13], migration-enhanced
metalorganic chemical vapour deposition (MEMOCVD) to grow low defect density AIN
and AIN/AlGaN superlattice layers on sapphire [14], ELO of patterned AIN and sapphire
templates to obtain low dislocation density AIN layers [15] and the use of an AIN/GaN
multibuffer-layer structure to reduce the TDD [16]. Using these techniques TDDs in the
order of 103 cm™2-10° cm~2 have been achieved. In the recent years high quality free stand-
ing GaN substrates with defect densities from 10% cm~2 down to 10* cm~2 have also become
commercially available which can be used for the fabrication of highly efficient LEDs emit-
ting below 365 nm. While tremendous efforts are being made to realise free standing AIN
substrates, the currently available substrates are highly absorbing in the UV region with
defect densities in the range of 10> cm—2-10* cm—2.

Another factor that reduces the IQE of UV LEDs is the quantum confined Stark effect
(QCSE). Due to the ionic nature of the group III metal-nitride bonds and the deviation of
the lattice structure from the ideal wurtzite structure, III-nitrides suffer from the existence
of a large spontaneous polarization field [17]. Furthermore, due to strain arising from the
presence of non-relaxed heterojunctions in the active region, a piezoelectric polarization field
in also present in the layers. This built in spontaneous and piezoelectric polarization results
in a strong electrostatic field which separate the electrons and holes in the quantum well thus
leading to a reduction in the radiative recombination efficiency. In order to reduce the QCSE,
techniques such as the use of polarization matched barriers have resulted in UV LEDs with
higher EQEs [18].

Efficient current injection is a critical issue for UV LEDs due to the leakage of electrons
from the active region and their subsequent recombination in the p-doped regions. The elec-
tron leakage is mainly attributed to the problems in the p-doping of high Al content AlIGaN
layers and the resulting low hole concentrations. The ionization energy of Mg acceptors
increases with the Al content in the layer from 187 meV for GaN [19] to 510 meV for AIN
layers [20]. Due to these high ionization energies the concentration of holes in the p-doped
regions is low (10'7 cm?) [21]. To increase the confinement of the electrons in the active
region, single electron blocking layers (EBL) with high Al contents [22], multiple quantum
barriers (MQB) [4] or thin Al interlayers [23] have been introduced between the multi quan-
tum well (MQW) active region and the p-doped semiconductor region.

The high refractive index of III-nitride semiconductors gives rise to difficulties in extract-
ing the light generated in the LED. The presence of absorbing contacts and TM polarization
of the emitted light in deep UV LEDs further decreases the LEE of the devices.

For UV LEDs to be used commercially it is necessary that the devices have efficient power
conversion and long lifetimes. Currently the voltage drop across the LEDs during operation
is much greater than the band-gap. The high resistances of the n- and p-type current spread-
ing layers due to challenges in doping layers with high Al contents, the difficulty in finding
ohmic contacts due to the large band-gap of the semiconductor material and the presence of
multiple heterojunctions in the device structure result in large operational voltages. Further-
more, the large series resistance combined with the low EQE of UV LEDs result in severe
self heating of the devices which affects the lifetime of the devices [24]. At present the life-
time (Lsg) of UV LEDs range from a few hundred hours for UV-C LEDs to a few thousand
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hours for UV-B and UV-A LEDs [24-26]. Recently 310 nm LEDs with lifetimes greater
than 10,000 h have been reported [5].

While most research efforts are being directed towards increasing the IQE of UV LEDs,
a number of other areas of the device development still needs to be investigated. Currently
standard chip technologies used for visible GaN LEDs are being applied to UV LEDs. In
order to produce highly efficient UV LEDs it is necessary to develop new chip designs,
packages and integrated optics aimed to solve the specific problems faced by UV emitters.
Additionally, new techniques to increase the LEE of UV LEDs still need to be explored.

Outline of this work

This work has two main areas of focus in the development of IlI-nitride UV LEDs. Firstly,
the design of LED chip geometries to improve the electrical performance and thermal man-
agement of the devices and secondly, the investigation of techniques to increase the light
extraction efficiency of UV LEDs.

In Chapter 1, the growth and fabrication of LED chips emitting in the UV-A and UV-B
region which have been investigated in this work is presented and the measurement tech-
niques used to characterize the LEDs electrically, optically and thermally are described. The
simulation models used to study the current spreading and thermal distribution in LED chips
along with models used to determine the LEE are also explained in this chapter.

The designing of UV LED chips is presented in Chapters 2-3. The dependence of the
IQE on the current density, the self heating of the LED and the problem of current crowding
in lateral geometry LEDs is discussed in Chapter 2. These three factors must be taken
into account when designing a UV LED chip. In Chapter 3, two UV LED chip layouts,
namely the interdigitated finger contact geometry and micro-LED arrays, are presented. It is
demonstrated that use of these geometries result in uniform current injection, reduced series
resistance and improved thermal management in UV LED chips as compared to conventional
large area square contacts.

Techniques to increase the LEE of UV LEDs are discussed in Chapters 4—-6. The factors
that limit the LEE of UV LEDs are presented in Chapter 4. In particular the origin and the
influence of the optical polarization of the light, emitted from the active region, on the LEE is
investigated. An overview of the different techniques used to extract light from nitride-based
LEDs will also be presented and the possibility of their extension to UV LEDs is discussed.
In Chapter 5, the texturing of the sapphire substrate back-surface to increase the LEE is
studied. Simulations used to optimize the surface structures show that the best structures
to increase the LEE are micro-frustums. Processing techniques to fabricate the optimized
structures on sapphire substrates are presented. Finally in Chapter 6, a novel nanopixel
contact LED design, consisting of an array of Pd nanopixels along with an Al reflector,
which results in the enhanced extraction of light from UV LEDs is proposed. The methods
to optimize and fabricate nanopixel contact LEDs are discussed. Using this design a two-
fold increase in the optical power as compared to large area square contacts is demonstrated
for UV-A LEDs.
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2 Fabrication, characterization and
simulation of UV LEDs

An overview of the techniques used to grow and fabricate the IlI-nitride based UV LEDs,
investigated in this work, will be presented in this chapter. The set-ups used to characterize
the performance of the LEDs as well as the simulation models used to optimize the device
parameters will also be discussed.

2.1 Growth of nitride-based UV LEDs

Metalorganic vapour phase epitaxy (MOVPE) is one of the most widely used epitaxial tech-
nique for the growth of nitride-based LEDs due to the higher throughput and superior mate-
rial quality as compared to techniques such as molecular beam epitaxy [27]. In this process
very thin layers are deposited on a hot substrate due to chemical reactions occurring between
metalorganic precursors and hydrides. The typical group-III precursors used in MOVPE
growth are Trimethylgallium (TMGa), Trimethylaluminium (TMAI) and Trimethylindium
(TMIn) while Ammonia (NH3) is used as a nitrogen source. For the controlled introduction
of n- and p-type dopants in the AllnGaN layers, silane (SiH,4) or disilane (SioHg) and cy-
clopentadienylmagnesium (Cp,Mg) are used respectively. Hydrogen (H;) and nitrogen (N3)

are the typically used carrier gases.
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The AllnGaN UV LEDs investigated in this work were grown by MOVPE on (0001)
oriented sapphire substrates at the Technische Universitit Berlin (Thomas Swan CCS
MOVPE reactor) and the Ferdinand-Braun-Institut Leibniz-Institut fiir Hochstfrequenztech-
nik (Aix200HT and Aix2400G3HT MOVPE reactors). LEDs across the UV-A, UV-B and
even in the UV-C region were successfully fabricated (Fig. 2.1). A schematic of the generic
heterostructure design of the UV-B LEDs! is shown in Fig. 2.2. A 700 nm thick AIN buffer
layer was grown in two steps on the sapphire substrate for the reduction of the defect den-
sity [29, 30]. First a low temperature (1000 °C) nucleation layer was grown followed by a
smoothening layer grown at a high temperature (1500 °C) to improve the surface diffusion
length of the Al adatoms. A 140 nm thick nominally undoped short-period AlGaN super-
lattice was deposited on the AIN buffer layer followed by an 600 nm undoped Al,Ga;_,N
layer. The value of x varied from 35 % to 50 % to ensure that the layer was transparent
at the emission wavelength. The n-current spreading layer consisted of a 4 um thick Si-
doped Al,Ga;_,N layer and a 500 nm thick Si-doped AlGaN short-period superlattice. The
Si concentration of the layers was approximately 2x 10'® cm™3. The superlattice structures
were used to compensate for the strain difference between the AIN/sapphire template and
the Al,Ga;_,N layers allowing the growth of thick layers which are necessary for good cur-
rent spreading. For Al sGag sN:Si layers, threading dislocation densities of 10'9 cm =2 were
obtained.

Next the active region, consisting of AllInGaN multiple quantum wells (MQW), was de-
posited on the n-current spreading layer. In the case of 320nm LEDs
Alg.20Ing.02Gag 78N/ Alg 30In0.020Gag.esN MQWs were used. Quaternary AllnGaN MQW ac-
tive regions were not only used to control the polarization fields in the MQW:s [18] but also
to improve the surface morphology and to reduce the defect density of the layers [31, 32].
To prevent the leakage of electrons into the p-current spreading layer and to confine them in
the active region a 20 nm thick AlGaN:Mg electron blocking layer (EBL) was used. The Al
content in the EBL varied from 35 % to 50 % depending on the wavelength.

"Detailed structures for other wavelengths are described in the corresponding chapters.
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The p-current spreading layer, which followed the active region, consisted of a 150 nm
thick Mg-doped AlGaN or AlGaN/GaN short-period superlattice. The Mg concentration
of the layers was approximately 6x10'® cm™3. In order to form a low contact resistance
p-ohmic contact, a 20 nm thick highly doped GaN:Mg layer was grown at the end of the
LED structure. The LEDs were then annealed at 835 °C for 10 minutes in nitrogen ambient
to activate the p-type carriers.

2.2 Fabrication of UV LEDs

The UV LED wafers were processed into lateral geometry LEDs due to the insulating sap-
phire substrate. Two kinds of LED structures were fabricated:

1. Flip-chip mountable UV LEDs for use in applications (Fig. 2.3 a).

2. LED test structures for measurements made on wafer (Fig. 2.3 b). These LEDs were
used to obtain quick feedback on the opto-electrical characteristics of the UV LEDs
and for the optimization of the processing technology.

~ Figure 2.3: Microscope images of
2;)?1?2;';: (a) a flip-chip mountable UV LED
and (b) an LED test structure for on-

wafer measurements.

2.2.1 Fabrication of flip-chip mountable UV LEDs

The fabrication of flip-chip mountable UV LED chips is a six level process using standard
chip processing technologies (Fig. 2.4). The transfer of the geometrical patterns from the
mask to the wafer was done using photolithography for all levels.

Level 1: Deposition of the p-ohmic contact

The first level in the fabrication of the LEDs is the deposition of the p-ohmic metal contact.
A buffered oxide etch, with a solution of NH4F(40 %)/HF(49 %)/H,O (3:1:3), was used to
clean the surface of the LED wafer before deposition of the p-ohmic contact. In this work
three different p-ohmic contacts were used based on the wavelength of the LED and the
application.
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UV LED.
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* Ni/Au contacts were used for bottom emitter LEDs emitting at wavelengths longer
than 380 nm. A 20 nm thick layer of Ni followed by a 20 nm thick layer of Au was
deposited on the complete LED wafer using electron beam physical vapour deposi-
tion. Sputter-etching through Ar+ ion bombardment was used for the patterning of
the structures. To form an ohmic contact to the GaN:Mg layer, the wafer was an-
nealed at 545 °C in oxygen ambient for 10 minutes. A specific contact resistivity of
2.1x1073 Qcm? was obtained after annealing.

* Pd contacts were used for bottom emitter LEDs emitting at wavelengths shorter than
380nm. 30 nm thick Pd contacts were fabricated in the same way as the Ni/Au con-
tacts. The contacts were annealed at 530 °C in nitrogen ambient for 5 minutes to

form an ohmic contact to the GaN:Mg layer with a specific contact resistivity of
6.5x 103 Qcm?.

* Indium tin oxide (ITO) contacts were used for top emitter LEDs emitting in the UV-A
wavelength region. Using sputter deposition, a 300 nm thick layer of ITO was de-
posited on the complete LED wafer. The contact geometries were patterned using
inductively coupled plasma etching (ICP-etching) with BCl3 as a reagent. To increase
the transparency of the ITO layer, the wafer was then annealed for 5 minutes at 600 °C
in nitrogen ambient. A specific contact resistivity of 2x 1073 Qcm? was obtained after
annealing.

Level 2: Definition of the mesa

After the deposition and formation of the p-ohmic contact, the LED wafers were etched
down to the AlGaN:Si n-current spreading layer to form a n-ohmic contact. The mesa
was patterned using negative resist photolithography and ICP-etching with BCl3 and Cl,
as reagents. During the etching process, heat is generated which results in elevated wafer
temperatures. To prevent melting of the photoresist at these elevated temperatures, negative
photoresist is used as a mask due to its higher temperature stability as compared to positive
photoresist.

Level 3: Deposition of the n-ohmic contact

The n-ohmic contact was deposited on the exposed AlGaN:Si n-current spreading layer in
lateral geometry UV LEDs. In this work a metal stack consisting of Ti/Al/Mo/Au with
thickness 10 nm, 50 nm, 20 nm and 200 nm respectively was used as an n-ohmic contact.
The metal stack was deposited using electron beam physical vapour deposition and patterned
using the lift-off technique. For UV LEDs emitting at wavelengths > 380 nm, an ohmic
contact was formed to the GaN:Si n-current spreading layer without annealing of the wafer.
However, to form an ohmic contact to the AlGaN:Si n-current spreading layer, the wafer
must be annealed at 800 °C for 30s in nitrogen ambient. A specific contact resistivity of
107> Qcm? was obtained after annealing for a Aly 3Gag 7N:Si n-current spreading layer.
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Level 4: Deposition of a compensating layer

For the flip-chip mounting of the LEDs, it is necessary that the heights of the n- and the
p-metal pads is the same. As the n-ohmic contact lies at a much lower level than the p-
ohmic contact, a compensating layer consisting of a Ti/ Au metal stack was deposited on the
n-ohmic contact.

Level 5: Deposition of an insulating layer

An insulating layer was deposited on the areas of the n-ohmic contact which lying around
the mesa to prevent electrical shorting between the p-metal pad and the n-ohmic contact.
In this work 300 nm SiN, was used as an insulator. The SiN, was deposited using plasma-
enhanced chemical vapour deposition (PECVD) with NH3 and SiH4 diluted with Ar gas as
input gases. A stack of 50 nm thick SiNx layers with alternative tensile and compressive
strain was deposited to manage the stress in the layer and to ensure complete coverage over
the wafer. The SiN, structures were patterned using SFg plasma etching.

Level 6: Deposition of the metal pads

In the last level, both the n- and the p-metal pads were deposited for bonding of the UV LED
chip to a submount. A layer stack consisting of Ti/Pt/Au/Ti/Pt/Au with a total thickness of
1 um was used in this work for the metal pads. The metal stack was deposited using electron
beam physical vapour deposition and patterned using the lift-off technique.

2.2.2 Fabrication of test UV LED structures

A simpler technological process was used for the fabrication of test LED structures which
were used to obtain fast feedback for optimization of both the growth and the fabrication
processes (Fig. 2.5). The test LED structures consisted of only four process levels. The
processes for the deposition of the p-ohmic contact, definition of the mesa and deposition
of the n-ohmic contact (Level 1 - Level 3) were the same as that for the flip-chip mountable
LEDs. A metal reinforcement layer, consisting of Ti/Au layers with thickness of 10 nm and
400 nm respectively, was introduced due to the thinness of the p-ohmic contact (Level 4).
As the LEDs were designed for on wafer measurements, no compensating layer, insulating
layer or metal pads were included in the design.

2.3 Electrical and optical characterization of UV LEDs

The LED output power—current—voltage (L-I-V) characteristics were measured to investigate
the device performance. A schematic of the set-up used for the measurement of on-wafer
devices is shown in Fig. 2.6. The LED was contacted with the help of two micro positioners
and a constant voltage source, Agilent 6614C, was used to drive the LEDs under forward and
reverse bias. The current following through the forward biased LED was measured using
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Figure 2.5: Schematic of the processing levels involved in the fabrication of a test UV LED structure.

a Keithley 2000 multimeter. For the reverse bias measurements, the set-up was shielded
against electro-magnetic waves to ensure accurate measurements of small currents using a
Keithley 6487 picoammeter. The current—voltage (I-V) characteristics of the diode were used
to determine the turn-on voltage, the ideality factor (n;;.4;) and the parasistic resistances, i.e.
the resistance parallel to the diode (R),) and the series resistance (Ry).

The light output power versus current (L-I) characteristics of on-wafer LEDs were mea-
sured by directly placing the wafers on a calibrated silicon photodetector, with an area of
100 mm?. Only the light extracted through the substrate back-surface was measured and no
active cooling of the device was used during the on-wafer measurements. The photocurrent
of the silicon detector was measured using a Keithley 2000 ammeter. To measure the emis-
sion spectrum of the LED, the emitted light was coupled, with the help of an optical fiber, to
a StellarNet EPP2000C spectrometer with resolution of 0.85 nm.

On-wafer pulsed measurements were conducted using an AVTEC AV-1010-B pulsed volt-
age source. The current flowing through the device was measured using a current clamp
and a Textronix TDS 2024B digital storage oscilloscope. A fast calibrated silicon photode-
tector, with area of 63.6 mm?, was used to measure the light output power of the LED. The
photocurrent of the silicon detector was measured by monitoring the voltage drop produced
across a 1 kQ resistor with the help of an oscilloscope.
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The L-I characteristics of single LED chips, flip-chip mounted on AIN submounts, were
measured in a calibrated OPTE-E-MA 18-inch integrating sphere (OL IS-1800) combined
with an OPTE-E-MA double monochromator system for spectral measurements over the
200-800 nm wavelength range.

2.4 Measurement of the LED junction temperature

A direct measurement of the junction temperature of an LED during operation, with thermo-
couples or infrared cameras, is difficult due to the small size of the chips. However, indirect
methods can be used to determine the diode junction temperature by monitoring a temper-
ature dependent parameter of the LED. In this work the junction temperature of the LED
during operation was determined by measuring the shift in the peak emission wavelength i.e.
the electroluminescence of the band-to-band recombination.

The band-gap energy of semiconductors generally decreases with increasing temperature.
This observation has two main contributing factors. The first contributing factor is a broad-
ening of the energy levels, due to a temperature-dependent dilatation of the lattice, resulting
in a decease of the band-gap energy [33]. The second and main contributing factor is a shift
of the energy bands due to the interaction of the electrons with the vibrating lattice. Since
the lattice vibrations are dependent on the temperature, the energy shift of the bands is also
temperature dependent [34]. Varshni [35] proposed a semi-empirical formula to describe the
temperature dependence of the band-gap energy of semiconductors (Eqn. 2.1).

oT?
T+[3

where E, is the band-gap energy at the temperature T, Ey is the band-gap energy at T=0K
and o and f are fitting parameters. [ is sometimes associated with the Debye tempera-
ture. For wurtzite AIN the Varshni parameters, o and 3, were found to be 1.799 meV/K
and 1462 K respectively for 7 < 300K [36] while for wurtzite GaN they were found to be
7. 7meV/K and 600 K respectively for T < 600K [37].

E,=E, @2.1)
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Figure 2.7: (a) Change in the peak emission wavelength with temperature measured at different
pulsed operating currents for a 380 nm LED with an Ing g, Gag ogN/ Alg 16Gag saN MQW active re-
gion. (b) Dependency of the temperature coefficient of the peak emission wavelength on the current
density measured for a 380 nm LED with an Ing 9oGag.osN/ Alg 16Gag.s4N MQW active region. All
measurements were done on wafer.

To determine the junction temperature of the LED during operation from the shift in the
peak emission wavelength method a two step approach is used. The first step is a calibration
step in which the temperature dependence of the peak emission wavelength is determined. In
the next step the change in the wavelength during operation is measured and the temperature
is calculated.

For the calibration process, the LEDs were passively heated using a Peltier element, and
the electroluminescence of the LEDs was measured at different currents under pulsed condi-
tions (pulse width of 1 us and a pulse repetition rate of 1 kHz) such that the junction temper-
ature of the LED was the same as the ambient temperature. The temperature distribution in
the device during the calibration measurements were simulated at thermal equilibrium?. The
difference in the temperature of the Peltier element and the LED was found to be 0.06 % at
80° C. Even if a large air gap between the stage and the device and a low value for convection
(20 W/m?K) was considered, only a 0.46 % difference in temperature at 80° C was obtained.
A room temperature pulsed measurement was also performed to obtain the room tempera-
ture peak emission wavelength of the LED at different currents. In Fig. 2.7 a the change in
the peak emission wavelength with increasing temperature is shown for a 380 nm LED with
an Ing 02 Gag 9gN/ Al 16Gag.g4N MQW active region. In the temperature range under consid-
eration, the peak emission wavelength has a linear dependence on the junction temperature.
Additionally, the temperature coefficient of the peak emission wavelength was found to be
dependent on the current density (Fig. 2.7 b) which may be attributed to localization effects
in the quantum wells.

2Simulations done by Christoph Stomacker.
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In the next step the peak emission wavelength of the LED during operation was measured
and the difference in the emission wavelength as compared to the room temperature pulsed
measurement was calculated. The junction temperature was calculated using Eqn. 2.2.

T, — AL
T dn)dT,
where 77, is the junction temperature at the operating current /, AA is the measured shift in

the wavelength and dA /dT, is the temperature coefficient of the peak emission wavelength
at the current /.

(2.2)

2.5 Simulation of the performance of an LED chip

To investigate the current spreading and heat distribution in UV LED chips, 3-D simula-
tions of the current distribution coupled with thermal analysis were performed using the
SpeCLED commercial software package from STR [38]. The simulations of the light extrac-
tion from LED chips were done with the use of the RATRO commercial software package
from STR [39] and the ZEMAX-EE commercial software package from ZEMAX Develop-
ment Corporation [40].

2.5.1 Current spreading in an LED chip

For the simulation of the current spreading in an LED chip, the computation is simplified by
using a 1-D/ 3-D hybrid approach. The SpeCLED software allows for the LED chip to be
described by the following layers: substrate, thick n-type semiconductor layer, active region,
thick p-type semiconductor layer, metallic electrodes and metallic pads. The simulation of
the current spreading in the quasi-neutral p-and n-type semiconductor regions is considered
within a 3-D approach (Fig 2.8). The quasi-neutral p-and n-type semiconductor regions are
separated by the active region consisting of the MQW:s and the space charge regions. In the
simulation, the active region is considered to be a single layer with a distributed non-linear
resistor like behaviour. The vertical current density (J;) in this layer is locally controlled by
the voltage (Up) induced at the top and bottom interfaces of the layer.

Simulation of the active region

The dependence of J, on U, is calculated using the SILENSe software package [41]°. The
band diagram for the active region at various biases is calculated using a 1-D approach and
the distribution of electron and hole concentrations in the device structure is simulated con-
sidering both drift and diffusion. The radiative and non-radiative recombination rates of the
carriers, including Auger recombination and recombination on threading dislocations, are
calculated to determine the dependence of the IQE on J,. Furthermore, the simulations can
be carried out for various temperatures to determine the temperature dependent behaviour of

3Simulations of the active region done by Tim Kolbe.
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J; and the IQE. Further details about the physics involved in the simulations is described in
detail elsewhere [42].

Current spreading in the quasi-neutral semiconductor regions

In the quasi-neutral p-and n-type semiconductor regions, carrier drift is considered to be
the dominant mode of transport and no electron-hole recombination is considered. In every
semiconductor layer the current density (J) is given by

J=(6/q))VF (2.3)

6, = qllun, 6]) = Q.appv (2.4)

where ¢ is the electron charge, F is the quasi-Fermi level of the electrons or the holes,
6, (6,) is the unipolar conductivity tensor of the n-semiconductor layer (p-semiconductor
layer), i, ({1,) is the mobility tensor and n. and p, are the carrier concentrations in the n- and
p-type semiconductor layers respectively. The introduction of a mobility tensor is useful for
the description of superlattices in which the in-plane mobility (1)) of the carriers is different
from the mobility normal to the plane of the active region (1t ). In the simulations, the value
of [l can be defined by the user.

As the layers are considered to be electrically neutral, the carrier concentration is equal to
the ionized donor or acceptor concentration in the layer (Nl-i). The carrier concentrations in
the semiconductor layers in the presence of an electric potential ¢ are given by

F(x,2,y) — Es+ qu(may)) (2.5)

ne(x,z,y) = NcFl/z( T
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Es_ X, Z, —F)C,Z,
pu(,2y) = Ny (B2 190 kyT) ®2:)) 2.6)
D(x,2,y) = F(x,2,y) — Es +q@(x,2,y) (2.7)

where F{; ) is the Fermi-Dirac integral of the order of 1 /2, k is the Boltzmann constant,
E; is the conduction or valence band edge and N, and N, are the effective density of states
in the conduction and the valence bands. N, is given by

aVkT 3/2
N.=2 (";nhQ ) 2.8)

where 7 is the reduced Planks constant and m¢" is the average effective masses of the
electron in the conduction band. For doubly degenerate valence subbands, as in the case of

[[I-nitrides, N, is given by
KT\ 32
) (2.9)

M= 2+ ) (5o

where mg},; and m{y; are the average effective masses of the holes in the heavy hole and
light hole valence subbands respectively. Due to electric neutrality, & is constant through out
the semiconductor layer. Therefore VF = —gV ¢. Using this expression in Eqn. 2.3 we get
J = -6V which is Ohm’s law. Hence current spreading in the quasi-neutral p-and n-type
semiconductor regions is described by Ohm’s law.

The ionized impurity concentrations (N 5“ or N,) in the presence of an electric potential @,
considering incomplete ionization, are given by

ND(x7ya Z)
N (x,,2) = (2.10)
1 +gDexp(—q)(x’y,fT)+ED)
N 1)
Ny (r,3,2) = 4lx2,2) @11

1+ gAexp(E—Aff}x’y’z) )

where Np and N, are the doping concentrations, Ep and E4 are donor and acceptor ion-
ization energies respectively and gp and g4 are the degeneracy factors for the electrons and
holes respectively. In this work the degeneracy factors were considered to be gp = 2 and
ga = 4 because of the presence of doubly degenerate valence subbands in GaN and AlGaN
alloys. Due to the electric neutrality condition, n, = Ng in the n-type semiconductor layer
and p, = N, in the p-type semiconductor layer. In the simulations, the values of Np, Ny, Ep,
E4, N and N, for the semiconductor layers can be specified as functions of both temperature
and coordinate by the user. Hence @ and the carrier concentrations are determined using
Eqns. 2.5, 2.6, 2.10, 2.11 which are then used to calculate the electrical conductivity as a
function of the doping level and the temperature.
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In the simulations, electron-hole recombination is suppressed in the quasi-neutral p-and
n-type semiconductor regions, i.e. V - J = 0. Using this condition in Eqn. 2.3 we get

V- (8VF) =0 (2.12)

The boundary conditions of the Eqn. 2.12 is dependent on the whether the layer is in
contact with the active layer, substrate or a metal electrode and is descried as the following

1. The interface between the substrate and the n-type semiconductor layer is considered
to have no resistance. The Fermi levels are considered to be aligned such that

F,=F, (2.13)
n-(6,VF, — 6,VF,) =0 (2.14)

where F;, and F; are the quasi-Fermi levels of the n-type semiconductor layer and the
substrate respectively, 6, and 6, are the conductivities of the n-type semiconductor
layer and the substrate respectively and n is the vector normal to the interface.

2. The active region, between the quasi-neutral p-and n-type semiconductor regions, is
considered to be a single layer with a distributed non-linear resistor like behaviour.
The non-linear dependence of J, in the active region on U, is used to produce the
boundary conditions for the interfaces with the p-and n-type semiconductor layers.
The quasi-Fermi levels and their gradients are related by the boundary condition

n-6,VF, =n-6,VF, = J,(F,— F)) (2.15)

where F,, and F), are the quasi-Fermi levels of the n- and p-type semiconductor layers
respectively, n is the vector normal to the interface directed from the p- to the n-type
semiconductor layer and U, = F, — F),

3. The interface between the metal electrode and the n- or p-type semiconductor layer
has a specific contact resistance p.. Accounting for p., the boundary conditions at the
interfaces are given by

n-6Vo=(Fn—F)/pc (2.16)

where F,, and F are the quasi-Fermi levels of the metal layer and the n- or p-type
semiconductor layer respectively, & is the conductivity of the semiconductor layer
and n is the vector normal to the interface directed from the semiconductor layer to
the metal layer. In the simulation the value of p. can be determined by the user.
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Current spreading in the metallic electrodes and pads

In the simulation model, it is assumed that the variation of the Fermi energy level across a
thin metal layer is negligible. Furthermore the current is considered to flow mainly in the
plane of the layer and hence a current density (J,,) averaged over the layer cross-section is
used in the simulations. Due to the conservation of charge we get, hV; - J,, = Jour, Where
Jour 1 the current flowing out of the metal layer in the direction n from the semiconductor to
the metal layer.

2.5.2 Distribution of temperature in an LED chip

The temperature distribution in an LED chip is simulated using self-consistent current spread-
ing in a non-isothermal die and heat transfer simulations. The SpeCLED commercial soft-
ware package from STR [38] was used for the simulations. First, the current spreading in the
LED chip is simulated for a fixed temperature defined by the user. Next, the corresponding
heat generated and temperature distribution in the chip is calculated for the given current
density distribution. The material parameters of the layers are then adjusted according to the
temperature distribution and once again the current spreading in the chip is simulated. This
process is repeated until a self-consistent solution is reached. In the heat transfer simulations,
only heat transfer by conduction is considered

Generation of heat in the LED chip

The main sources of heat, generated in the LED structure, were considered to the Joule
heating of the quasi-neutral n- and p-type semiconductor layers and the metal electrodes,
heating caused by non-radiative recombination in the active region and partial absorption of
the emitted light in the LED structure.

The volumetric heat power generated in the quasi-neutral n- and p-type semiconductor
layers and the metal electrodes, due to joule heating, is given by

Qv (x,y,2) = J*(x,,2) /0 (x,7,2) (2.17)

where J(x,y,z) and o(x,y,z) are the 3-D current density and specific electrical conductiv-
ity of the layer.

In the active region, the difference between the total electrical power delivered to the
active region and the optical power extracted from the LED is considered to be converted
into heat. Hence the surface heat power generated in the active region is given by

(]a(x,Y) - {(JZ(x7y)'Ub(x7y))}electricalpower
— { (J—Z(x’y) “h@ - Nipe (x,y) : nextraction) } (2.18)

q optical power
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where g is the electron charge, J;(x,y) is the local density of current flowing through the
active region, Up(x,y) is the local bias on the active region, 1, (x,y) is the local IQE, and
Nextraction 15 the LEE. @ 1s the photon energy and is determined from the peak wavelength
of the emitted LED spectrum. The Neysracrion 1S defined by the user in the simulations.

The heat generated due to joule heating at the contact resistances is given by

qn(xa)’) :pcn'Jzz(xa)’) dp :pc‘p'-]zz(xa)’) (2.19)

where g, and g, are the surface heat power generated at the n-electrode/ n-contact layer
and p-electrode/ p-contact layer interfaces respectively, p., and p., are the n- and p-type
contact resistances respectively and J;(x,y) is the local density of current flowing through
the interfaces.

Analysis of the temperature distribution

The steady state heat equation is used to analyse the temperature distribution in the LED
chip. The heat flux, —xVT, has divergence equal to the rate of heat generation

~V(kVT) = qpear (2.20)

where 7T is the temperature, K is the thermal conductivity and gy, is the local heat source
dependent on the current density. The boundary conditions to Eqn. 2.20 is dependent on
the interface type. LED chips are surrounded by air or epoxies, which generally have a low
thermal conductivity, hence all external surfaces of the chips are assumed to be adiabatic.
Heat can only be transferred from the LED chip through the substrate backsurface or through
the metal pads by way of conduction. The heat flux at the surface is given by

Qhear = aheat(Ta - T) (2.21)

where 0y, 1S the heat transfer coefficient and 7, is the ambient temperature. ¢ and T, are
assigned by the user in the simulations. The surface temperature is determined by balancing
the external and internal heat fluxes. At an isothermal boundary 7' = T, (O,0qr — o) While
at an adiabatic boundary gjeqr =0 (Qpear = 0)

2.5.3 Light extracted from an LED chip

The light extracted from an LED chip was simulated using the RATRO commercial software
package from STR [39] and the ZEMAX-EE commercial software package from ZEMAX
Development Corporation [40]. Rays with wavelength A, which is defined by the user, are
emitted from the active region of the LED chip. The optical path of a ray is traced using ge-
ometric optics till the ray is emitted into the immersion medium (air/ epoxy) or the intensity
of the ray falls below a user defined fraction of the initial intensity i.e., the ray is absorbed
in the medium.

The distribution of the emission intensity over the active region can either be obtained
from the previously described current spreading simulations (Sec. 2.5.1 and Sec. 2.5.2) or
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can be considered to be uniform across the active region. The angular distribution of the
emission from the active region can be isotropic or can be manually defined by the user.
Details about the angular distribution of the light emitted from the active region will be
discussed in Sec. 5.2. The user defined absorption index, o, of the active region is used
to determine the re-absorption of the emitted light in the active region. The intensity of a
ray, with direction 6 with respect to the normal to the active region, decreases by a factor
exp(—doyps/cos(0)) each time it crosses the the active region with thickness d.

The wavelength dependent refraction index and absorption index of the n- and p-type
semiconductor layers, metal electrodes, metal pads, substrate and immersion medium can
be defined by the user. The optical models that can be used for the interfaces between the
layers or the layer/ immersion medium interface are described below

Smooth Surface

The smooth surface optical model can be used for all the lateral chip interfaces, the het-
erostructure/substrate interface, n- and p-type semiconductor free surfaces, substrate free
surfaces and the metal free surfaces. In this model the reflection (R) and transmission (7")
coefficients for light intensity are determined from the Fresnel equations. If no light polar-
ization is defined, the reflection and transmission coefficients of each ray are calculated as
an average value of the TE and TM polarizations.

Mirror

The user can assign the reflection and transmission coefficients of the ray intensity in the
mirror interface optical model. The absorption coefficient (A) is then givenby A=1—-R—T.
The reflection and refraction angles are determined by the law of reflection and Snell’s law.
The assigned values are used unless the incidence angle exceeds the total internal reflection
angle. In case of total internal reflection 7 =0, R =1 — A, while A is assumed to be constant
in the whole angle range.

Multiple layers

The multiple layers optical model describes the behaviour of the interaction of a monochro-
matic plane wave of arbitrary incident angle with a stack of layers with given complex refrac-
tive index (1) assigned by the user. In this model the reflection, transmission and absorption
in the layer stack is calculated using the transfer-matrix method [43].



3 Investigation of the physical
parameters influencing the chip design
of UV LEDs

When designing the chip layout of an LED it is necessary to consider all the factors that influ-
ence the electrical and optical characteristics of the device. Factors such as the dependence of
the internal quantum efficiency (IQE) on the current density, temperature and current crowd-
ing can adversely affect the electrical and optical performance of LEDs. It is important to
have a good understanding of the influence of these parameters on the LED characteristics to
be able to design highly efficient LEDs. By intelligently designing the layout and geometry
of LED chips, it is possible to minimize these detrimental effects. Therefore in this chapter,
the influence of the current density dependence of the IQE as well as the temperature and
current crowding on the chip design of UV LEDs will be presented.

3.1 Dependence of the IQE on the current density

The IQE of LEDs can be defined as the probability of radiative recombination of carriers in
the active region and is given by:

Ryaa
Mine Ryad + Ruon—rad ©. 1)
where 1;, 1s the IQE of the LED and R, and R,,,,_ 44 are the radiative and non-radiative
recombination rates respectively. The radiative process in LEDs results in the emission of
photons while the non-radiative processes result in the generation of heat and may be related
to carrier losses inside the QWs, such as defect related recombination or Auger recombina-
tion, or losses due to recombination outside the QWs due to carrier leakage.

The dependence of the IQE on the current density is not completely understood. In partic-
ular, the reason for the observed reduction in the IQE of III-nitride LEDs at high injection
currents (efficiency droop) is still under investigation. A number of different explanations,
such as defect related recombination, Auger recombination and electron leakage have been
proposed. Piprek [44] developed a unified model to describe the dependence of the IQE of
III-nitride LEDs on the injection current density (Fig. 3.1). According to this model, the
total current injected into the LED is divided into four sections

= Idef +lrua + IAuger + lieak (32)

23
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Figure 3.1: Schematic of the components of the
current in an LED where A is the SRH recombina-
tion, B is the spontaneous recombination and C is
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where ;.7 is the defect recombination current, /,,4 18 the radiative recombination current,
Tpuger 1s the Auger recombination current and /¢, is the leakage current. The current injected
into the QWs (Ipw ) is a combination of the first three terms of Eqn. 3.2.

Defect recombination current (/;.¢)

The defect recombination current is given by

Idef = qVQWAn (33)

where ¢ is the electron charge, Vpw is the volume of all the quantum wells, n is the QW
carrier density and A is the monomolecular non-radiative recombination coefficient. The A
coefficient is determined from the Shockley-Read-Hall (SRH) recombination i.e., the non-
radiative recombination of carriers via deep levels associated with dislocations and other
defects. The SRH non-radiative recombination rate (Rsgy) for an undoped QW, assuming
the deep level trap captures electrons and holes at the same rate, is given by [45]

An An
Rsgry = = 4 (3.4)
SRH R To(1+ coshET]:TEF 9|

where An is the concentration of excess electrons injected into the active region, Tyg is
the non-radiative recombination lifetime, E7 and EF; are the trap energy and intrinsic Fermi
level and 7y is dependent on the trap concentration and capture cross section. At low current
densities the IQE of the LED is mainly dominated by the SRH recombination.

Hadar et al. [46] proposed that a density-activated defect recombination (DADR) may be
responsible for the observed decrease in the IQE at high current densities. The physical
model behind the proposal is that at densities higher than a critical value npspg, the carriers
gradually escape from the local defect free potential minima in the QWs and start to fill the
entire quantum well eventually reaching defects with lower recombination lifetime (Tpapg).
The total 1.y would then be given by
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Idef = qVQWAn for n < npapr

= gVowAn+qVow(n—npapr)*/ (2npADRTDADR) forn>npapr  (3.5)

For 410 nm InGaN LEDs npspg was determined to be 10'?> cm™2 and tpspgr was found to
be 3.8 ns

Radiative recombination current (/)

The radiative recombination current is given by

Laa = qVowBn® (3.6)

where ¢ is the electron charge, Vpw is the volume of all the quantum wells, n is the QW
carrier density and B is the bimolecular radiative recombination coefficient which in the
case of IlI-nitride LEDs is also dependent on the spontaneous and piezoelectric polarization
fields. The quadratic dependence of /,,; on the carrier density is only valid for low carrier
densities where the carrier distributions can be described by Maxwell-Boltzmann distribu-
tions. At high carrier densities, due to phase-space filling, the carrier distributions are better
described by step like Fermi distributions [47] and hence the radiative recombinations be-
come monomolecular. To include the phase-space filling effect, David et al. [48] proposed
the use of a carrier density dependent radiative coefficient. Based on this assumption the 7,4
is expressed as

Liag = qVowBon® /(1 +n/no) 3.7)

where By and ng are fit parameters to calculate the radiative current. For a GaN/InGaN
LED emitting at 430 nm the fitted values of 7 x 10~ cm3s~! and 0.5 x 10" cm™3 were
obtained for By and ng respectively.

Leakage current (1;,..x)

Piprek [44] proposed that the leakage current is related to the Ipy by the equation

Lieak = a(Iow)"™ (3.8)

where a and m are fit parameters. Eqn. 3.8 can be used to describe carrier leakage by
thermionic emission from QWs, carriers not captured by the QWs or defect assisted carrier

tunnelling at a given temperature as no temperature dependence of the fitting parameters is
defined.
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Unified IQE model
The unified model for the IQE of [II-nitride LEDs is given by
Irad
NMIQE = 7 (3.9)
Q I ow + al SW

If the carrier concentration is considered to be less than npspg, B is considered indepen-
dent of carrier density and no leakage current is assumed then Eqn. 3.9 reduces to a simplified
IQE expression described by the well know ABC model for the recombination of carriers in
the QWs.

Bn?

3.10
An—+ Bn? +Cn3 ( )

Nige =

3.1.1 Dominance of the SRH recombination in UV LEDs

LEDs are typically operated at low current densities (<500 A/cm?). At these low current
densities, the IQE is mainly dominated by the SRH recombination. In case of AllnGaN
UV LEDs, due to the large dislocation densities which act as non-radiative recombination
centres, the IQE is low at reduced currents. Kolbe [42] simulated the influence of the disloca-
tion density on the IQE of 320 nm LEDs with 5 x Alg 20Ing.02Gag 78N/ Alg 30Ing.02Gag g N
MQW active region (Fig. 3.2). The radiative recombination coefficient and the Auger coef-
ficient were considered to be 2.29 x 10~ cm3s~! and 5 x 10732 cm®s~! respectively. The
simulations were based on the model by Karpov et al. [11] in which the treading disloca-
tion density (TDD) forms acceptor like levels within the band-gap and the minority carrier
diffusion lengths is a function of TDD. For a low TDD of 107 cm 2, the IQE increased
rapidly with the current density and a maximum of 84 % was obtained at a current density
of 2 A/cm?. With an increase in the TDD, the maximum in the IQE curve not only decreases
but also shifts to higher current densities. For a TDD of 8 x 10° cm~2 which is typical for
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LEDs grown on sapphire templates, the maximum IQE was only 3.4 % at 70 A/cm?. Hence
for UV LEDs grown on sapphire with TDDs in the order of 10° cm™2, the IQE is mainly
dominated by the SRH recombination at the typical operational current densities. The op-
erating current is thus an important parameter in the design of the UV LED chip geometry
and layout. To obtain a highly efficient device it is necessary to choose the area of the active
region such as to ensure that the maximum in the IQE is achieved for the resulting operating
current density.

3.2 Temperature effects in UV LEDs

The temperature of an LED can change during operation due to the self heating of the device
and due to changes in the ambient temperature. Heat is generated in the LED due to the
non-radiative recombination of the carriers and Joule heating in the ohmic contacts and the
current spreading layers. The temperature of an LED during operation greatly influences not
only the electrical and optical characteristics of the device but also the long term stability of
the LED. In this section the detrimental effects of elevated temperatures in UV LEDs will
be investigated.

3.2.1 Temperature droop in UV LEDs

The junction temperature of an LED has a tremendous influence on the electrical and optical
characteristics of the device. In particular the output power of LEDs decreases at elevated
temperatures which is referred to as the temperature droop [49]. The decrease in the emis-
sion power of LEDs with temperature can be described by the empirical formula [45]

Ipower(T) = Ipower(0K)exp(—T /T¢) (3.11)

where Ipoyer(T) and Ipoyer(0K) are the emission powers of the LED at junction tempera-
tures T K and 0 K and 7;. is the characteristic temperature and a figure of merit of the temper-
ature sensitivity of the device. A high value of T¢, indicating weak temperature dependence,
is desired for many applications to minimize the impact of ambient changes on the device
performance. Cao et al. [S0] reported that III-nitride visible LEDs are relatively insensitive
to the junction temperature with 7. in the range of 170 K to 270 K. However the 7. was found
to decrease to 31-73 K for UV LEDs indicating that the efficiency of UV LEDs is extremely
sensitive to small changes in the temperature.

To study the influence of the junction temperature on the efficiency of UV LEDs, the
emission powers of 380 nm AllnGaN LEDs were measured at different temperatures and
current densities under pulsed conditions to exclude the self heating of the device. The
current density was determined from the ratio of the measured current to the p-contact area
assuming uniform current injection. The layer-structures of the LEDs are given in Table. 3.1.

Due to the increase in the temperature, the following competing processes may occur in
the LED leading to a change in the output power of the device.
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1. Increased SRH recombination resulting in reduced output power. The SRH recombina-
tion rate is dependent on the temperature as seen in Eqn. 3.4. As the temperature rises,
the non-radiative lifetime of the carriers decreases resulting in a higher probability of
non-radiative recombination of the carriers and a reduction in the IQE of the LED.

2. Generation of carriers at high temperatures resulting in increased output power. Due
to the elevated temperatures, a higher acceptor ionization is achieved in the p-current
spreading layer which results in a higher injection efficiency of the device.

3. Temperature assisted carrier leakage from the QWs resulting in a decrease of the out-

put power.
substrate MQW active region
Sample A | sapphire 3 x Ing 01 Gag.99N/ Ing 95 Gag.9sN
Sample B GaN 3 x In0,0IGao_ggN/ In0,05Ga0‘95N
Sample C | sapphire 3 x Ing g3Gag 97N/ GaN
Sample D sapphire 3 X In0.03Ga0.97N/ A10.16In0,03Ga0.81N
Sample E | sapphire 3 X Ing.g3Gag 97N/ Al 16Gag g4 N

Table 3.1: Structure of the 380 nm LEDs used for temperature droop investigations.The n- and p-
current spreading layers of the LEDs were GaN:Si and GaN:Mg respectively while the electron and
hole blocking layers were Aly23Gag77N:Mg and Alg 23Gag 77N:Si respectively.

The dependence of the emission power, of sample E, on the junction temperature and
the current density is shown in Fig. 3.3a. Based on Eqn. 3.11, the 7. of the LED was
calculated for different current densities (Fig. 3.3b). At low current densities the output
power decreases exponentially with increasing temperature. At these low current densities
the SRH recombination is dominant, hence the observed reduction in the output power may
be attributed to the increase in the SRH recombination. As the current density increases,
a smaller dependence of the output power on the temperature is observed. The increased
temperature stability at a higher current density is reflected in the change of the value of 7.
from 69 K at 50 A/cm? to 215K at 1200 A/cm?. This increase in stability can be attributed
to a reduced contribution of the SRH recombination to the total carrier recombination due to
saturation of the non-radiative recombination paths. A similar dependence of the T, of blue
[II-nitride LEDs, on the current density was reported by Chhajed et al. [51] and Meyaard
et al. [52]. At high current densities, an initial increase in the output power is observed
before the output power decreases at elevated temperatures. The measured increase in the
output power can be explained by increased carrier activation resulting in a higher injection
efficiency. The consequent decrease in the output power at elevated temperatures may arise
due to carrier leakage from the QWs at high current densities and temperatures.

To distinguish the contributions of the SRH recombination and the carrier leakage to the
temperature droop, the dependence of the temperature stability of the EQE of 380 nm LEDs
on the defect densities of the templates and the barrier height of the quantum wells in the
active region has been investigated.
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Figure 3.3: (a) Dependence of the normalized output power of a 380 nm AllnGaN LED on the am-
bient temperature measured on wafer under pulsed conditions to avoid self heating of the device. (b)
Characteristic temperature (7;) of the aforementioned LED plotted as a function of the current density.
The T, is determined from the region in the aforementioned plot where the output power decreases
exponentially with the temperature. The curve is a guide to the eye and the error bars represent the
accuracy of the fit for 7.

Influence of the dislocation density

The dislocations in an LED are associated with deep levels which act as non-radiative re-
combination centres; hence LEDs with different TDD were compared to investigate the
influence of the SRH recombination on the temperature dependence of the EQE. The out-
put power-current characteristics of sample A, grown on a sapphire template with a TDD of
8 x 10° cm ™2, were compared to that of sample B, grown on a GaN template with a TDD
of 4 x 107 cm™2 (Fig. 3.4 a). Sample B has a five fold higher output power than sample A
due to the higher IQE of the device resulting from a reduced non-radiative recombination
rate [54].

To obtain a deeper understanding of the temperature dependence of the devices, their 7¢s
were derived at different current densities as shown in Fig. 3.4b. At low current densities,
where the SRH recombination is dominant, sample B has a weaker temperature dependence
of the EQE with a T, of 69K at 9 A/cm? as compared to sample A with a 7, of 48K. As
the current density increases from 9 A/cm? to 100 A/cm?, a significant increase in the 7,
of sample A is observed in contrast to the small and more gradual increase observed for
sample B. Hence at low current densities the TDD of the LED plays an important role in the
temperature stability of the device.

Influence of the barrier height

To investigate the influence of the carrier-confining potentials in the quantum wells on the
temperature stability of the EQE, 380 nm LEDs with GaN (sample C), Alg 16Ing 03Gag.gi N
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Figure 3.4: (a) Output power (solid lines) and EQE (symbols), measured on wafer, of 380 nm LEDs
with TDD of 8 x 10° cm™2 (sample A) and 4 x 10’ cm~? (sample B) as a function of the operating
current [53]. (b) Characteristic temperature 7;. as a function of the current density for the aforemen-
tioned LEDs [53]. The curves are a guide to the eye and the error bars represent the accuracy of the
fit for 7.

(sample D), and Alg 16GaggsN (sample E) quantum well barriers in the active region
and having the same TDD were compared. The calculated band offsets for the GaN,
Al 16Ing 03Gag g1 N, and Al 16Gag g4N barriers were 25 meV, 95 meV and 142 meV for the
valence band and 54 meV, 205 meV and 308 meV for the conduction band, respectively [55].
The low carrier-confinement in sample C is reflected in the low output power of the LED
as seen in Fig. 3.5a. An approximately ten fold increase in the output power is observed in
samples D and E. The highest output power is observed in sample D due to the presence of
polarization matched barriers. Polarization matched barriers are quaternary barriers chosen
such as to reduce the polarization sheet charges at the interface between QW and barrier
resulting in a reduction of the quantum confined Stark effect and hence improved overlap
of the electron and hole wave functions [18,55]. The interface quality of the MQWs with
different barriers is considered to be similar and hence no effect of the barriers on the crystal
quality is expected [18].

The T, extracted from the temperature dependence of the output power at different current
densities for samples with different barrier heights is shown in Fig. 3.5b. No essential link
between the 7, and the room temperature output power of the device is observed. At low
current densities, the temperature dependence of the output power is dominated by the SRH
recombination and is weakly influenced by the barrier height. Even at these low current
densities thermally assisted carrier leakage is possible for samples with low barrier potentials.
Therefore at 50 A/cm?, the LEDs have a similar temperature dependence which then begins
to deviate, depending on the barrier height of the quantum wells, as the current density is
increased. Sample E with the largest confining potential exhibits the weakest temperature
dependence with a T, of 207K at 1kA/cm? while sample C with the smallest confining
potential showed the highest temperature sensitivity with a 7. of 103K at 1kA/cm?. At
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Figure 3.5: (a) Output power (lines) and EQE (symbols), measured on wafer, as a function of cur-
rent for 380 nm LEDs with different quantum well barriers. Sample C: GaN barriers, sample D:
Al 16Inp.03Gag g1 N barriers and sample E: Aly 16Gag g4IN barriers [53]. (b) Characteristic tempera-
ture 7; as a function of current density for the aforementioned LEDs [53]. The curves are a guide to
the eye and the error bars represent the accuracy of the fit for 7.

high current densities, where the contribution of the SRH recombination to the total carrier
recombination is reduced, the main factor influencing the reduction in the output power with
ambient temperature should be thermionic emission resulting in carrier leakage from the
quantum wells to the barriers. At elevated temperatures the carriers may obtain sufficient
thermal energy to overcome the confining potentials and recombine non-radiatively in the
barriers. An effect due to Auger recombination can be neglected due to the weak dependence
of the Auger coefficient on temperature [56]. Hence, the improved temperature stability of
LEDs with increasing barrier height at high current densities can be mainly attributed to
a superior carrier confinement in the active region i.e. reduced thermally assisted carrier
leakage from the quantum wells. An absolute correlation between the confinement potential
and the T is difficult as the SRH recombination is not completely saturated.

Based on these investigations, the importance of the epitaxial design for the reduction
of the temperature droop in UV LEDs is evident. When designing UV LEDs for applica-
tions with low operating current densities (< 50 A/cm?), it is essential that the crystalline
perfection of the epitaxial heterostructure is high to fabricate devices with high temperature
tolerance. On the other hand for LEDs with high operating current densities, it is necessary
to design structures with large confining potentials, e.g. by increasing the Al content in the
barriers.

3.2.2 Influence of temperature on the LED reliability

Temperature can significantly alter the electrical characteristics of the device and the long
term reliability of the LEDs. Cao et al. [S7] investigated the electrical and optical degradation
of GaN/InGaN SQW LEDs and proposed that the defect generation under high forward-
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Figure 3.6: (a) Schematic of an UV LED with lateral geometry. (b) Equivalent circuit model devel-
oped by Xuo et al. [62].

current stress results from thermally assisted processes in the InGaN layer. Meneghini et
al. [58] demonstrated a temperature induced morphological degradation of the ohmic con-
tacts of GaN-based LEDs resulting in an increase in the series resistance of the device. For
devices with non-optimized contact technology, detachment of the contact layers was ob-
served due to thermal mismatch and/or poor adhesion between different metal layers. Fur-
thermore, electrical contact metallurgical interdiffusion of LED packages, resulting in light
output degradation, increase in parasitic series resistance and short circuit of LEDs, is also
caused by high operational currents and large increases in temperature [59].

Temperature can also effect the stability of the LED packaging resulting in reduced life-
time of the device. Carbonization of the plastic LED encapsulant material may occur at the
diode surface and bonding wires due to joule heating and high ambient temperatures which
could contribute to optical power degradation and short circuit of the device [60]. Encap-
sulant delamination [61] and yellowing [59] may also occur due to repeated cyclic thermal
stresses resulting in reduced mechanical toughness of the device and reduced output power.

Due to the various detrimental effects of temperature on the performance of LEDs, it is
essential to design LED chips such that the heat generated within the device is efficiently
dissipated from the device. Hence new LED chip layouts with low thermal resistances must
be designed to enable low operational temperatures ensuring long term stable operation of
the devices.

3.3 Current crowding in lateral geometry LEDs

The current crowding effect in III-nitride LEDs is an important factor in the chip designing
process. Hence in this section the origin of current crowding in LEDs and its significance
for UV LEDs will be presented.
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3.3.1 Theory of current crowding

II-nitride LEDs fabricated on sapphire substrates, without substrate lift-off, have a lateral
contact mesa geometry i.e., both the p and n contact lie side by side on the epitaxial side, due
to the electrically insulating nature of the substrate (Fig. 3.6 a). The p-ohmic contact lies on
the top of the mesa while the n-ohmic contact lies on the area surrounding the mesa. During
operation, the current has to flow laterally through the n-current spreading layer. Due to the
resistance of the n-current spreading layer, the current will crowd around the edges of the
mesa which is called the current crowding effect [62]. Due to current crowding, there is a
reduction of the effectively used area of the active region resulting in higher current densi-
ties. Localized over heating of the device may occur as a consequence of the high current
densities. Current crowding will thus result in the saturation of the output power at lower
currents. Additionally, the emission of light from the active region will be inhomogeneous
across the mesa (Fig. 3.7) which may be a problem for some applications such as the use
of LEDs in displays. Hence it is necessary that the current crowding effect is minimized to
obtain efficient LEDs.

Figure 3.7: Optical microscope im-
age showing inhomogeneous emis-
sion from a 350 nm AllnGaN LED
measured at a current of 20 mA with
ambient temperature of 300 K.

To study the distribution of the current injection in the active region across the mesa, Guo
et al. [62] developed a model for the lateral current transport in LEDs using the equivalent
circuit depicted in Fig. 3.6 b. Considering the potential to be uniform across the p-ohmic
contact and the voltage drop across the p-type series resistance to be greater than k7T /e, the
current distribution in the active region can be described by the equation:

J(x) = J(0)exp(—x/Ly) (3.12)

where x is the distance from the p-contact edge. Hence the current density will decrease

exponentially as the distance from the p-contact edge increases. Ly, called the current spread-

ing length, is the distance over which the current density will fall to 1/e of its maximum value

at the edge of the p-contact. Ly is dependent on the specific contact resistance of the p-ohmic

contact (p.p), the resistivities of the p- and n-current spreading layers (p, and p,) and the
thickness of the p- and n-current spreading layers (7, and 7,,) according to the equation:

Ly =/ (Pep + Ppty)n/ P (3.13)
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Based on this model it can be seen that the current crowding in LEDs is minimal if the
vertical resistance of the LED i.e, the resistivity of the p-current spreading layer and p-ohmic
contact resistance, is large. However, an LED with a large vertical resistance is undesirable
as the Joule heating in such a device will be considerable resulting in high operational tem-
peratures. Contrastingly, the current crowding increases strongly as the sheet resistance of
the n-current spreading layer increases.

3.3.2 Current crowding in UV LEDs

Current crowding is a severe problem for UV LEDs, which intensifies as the wavelength
decreases, due to the difficulties in the growth of transparent n-doped AlGaN layers with
low resistivities. The resistivity of the n-doped AlGaN layer is dependent on the carrier
concentration and mobility. The commonly used n-type dopant in IlI-nitride layers is Si.
Taniyasu et al. [63] reported that the n-type conductivity in AlGaN layers is limited due
to the self compensation of the Si donors. The upper limit of uncompensated Si donors
is dependent on the Al concentration in the layer and decreases as the Al concentration
increases. For an Al concentration of 0.49, the upper limit of the Si concentration was found
to be 6 x 10! cm™3. Furthermore the ionization energy of the Si donors also increases
with the Al concentration with a value of 8.1 meV for GaN layers [63] to (255 £ 11) meV
for AIN layers [64]. Due to the self compensation effect of the Si donors and the increase
in the activation energy, the carrier concentration in n-type AlGalN layers decreases with
increasing Al concentration. Additionally, the mobility of the electrons in AlGaN layers is
low due to alloy scattering and scattering at unidentified dislocation-related defects. The
electron mobility was found to decrease from ~ 100 cm?/Vs for x < 0.1 to ~ 50 cm?/V's for
x =0.6 [65] and then once again increases to ~ 146 cm?/Vs for x =0.95 [66]. Due to the
low carrier concentrations and mobilities, the sheet resistance of the n-doped AlGaN layers is
high ranging from ~25 Q/[] for low Al concentrations [64] to 15400 Q/[] for x=0.95 [66].

To study the current crowding effect in UV LEDs, the 3-D current spreading in an 320 nm
LED die was simulated using the SpeCLED software package [38]. A simple stripe ge-
ometry was considered for the simulations. Keeping the area of the mesa constant at
0.5mm?, the width was varied from 250 um to 1000 um. The LED structure consisted
of a 200 nm thick Alg 0sGag 94N:Mg p-current spreading layer with a resistivity of 10 Qcm
and an Alg33Gag ¢7N:Si n-current spreading layer with sheet resistance of 86 Q/L1. The p-
and n-ohmic specific contact resistance was considered to be 0.01 Qcm? and 107> Qcm? re-
spectively. A current spreading length of 109 um was obtained using Eqn. 3.12. For a mesa
width of 1000 um, the simulated distribution of the current density can be well described
by the Eqn. 3.12 (Fig. 3.8 a). As the mesa width decreases and becomes comparable to the
current spreading length, the simulated distribution of the current density begins to differ
from the analytical model. Hence the analytical model for current crowding, which is based
on the transfer line model, is valid only for the infinite mesa case.

The dependence of the current spreading length on the sheet resistance of the AIGaN:Si
n-current spreading layer and the p-ohmic specific contact resistance was investigated for
a fixed mesa area of 0.5 mm? and width of 1000 um (Fig. 3.8b). The sheet resistance of
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Figure 3.8: (a) Simulation of the current injection in the active region of a 320 nm LED as a function
of the distance from the p-contact edge for LEDs with different p-contact widths using the 3-D current
spreading model (solid lines) and the analytical model described by Eqn. 3.12 (dashed line). (b)
Dependence of the current spreading length (distance from the p-contact at which the current density
drops to 1/e times its initial value) on the sheet resistance of the n-current spreading layer and the
p-ohmic specific contact resistance (p.,) determined using the 3-D current spreading model (solid
symbols) and the analytical model described by Eqn. 3.12 (open symbols).

the AlGaN:Si layer was varied from 25 Q/[] to 430 /L] while the p-ohmic specific contact
resistance was varied from 0.1 Qcm? to 0.001 Qcm?. For LEDs with high p-ohmic spe-
cific contact resistances, large current spreading lengths are obtained. A current spreading
length as large as 154 um was obtained even for LEDs with a sheet resistance of 430 Q/L1.
A significantly smaller current spreading length is obtained for LEDs with low p-ohmic
specific contact resistances. Even for an n-current spreading layer with 25 Q/[] sheet resis-
tance, the current spreading length is only 60 um for a p-ohmic specific contact resistance of
0.001 Qcm?. No influence of the n-ohmic specific contact resistance on the current spread-
ing length was observed in the case of isothermal simulations. The n-ohmic specific contact
resistance will however add to the joule heating of the device which will in turn increase the
current crowding effect.

To get uniform current injection in an LED, the width of the mesa should be approximately
equal to twice the current spreading length. If the values of the p-ohmic specific contact resis-
tance and the sheet resistance of the AlGaN:Si n-current spreading layer is known, Fig. 3.8 b
can be used as a guide for designing the UV LED chip layout.

3.4 Summary

The dependence of the IQE on the current density, temperature effects and current crowding
have been identified as the main factors that need to be taken into consideration when design-
ing the chip layout of a UV LED. Based on the influence of these factors on the electrical



36 Factors influencing the design geometry

and optical properties of UV LEDs the following guidelines are obtained for the design of
highly efficient and stable devices:

1. The size of the active region should be chosen to ensure that the maximum in the IQE
is achieved for the operating current density due to the strong dependence of the IQE
on the current density in the case of UV LEDs,

2. the thermal resistance of the LED chip should be minimized to enable low operational
temperatures ensuring long term stable operation of the devices and

3. the width of the mesa in an LED should be less than twice the current spreading length
to obtain uniform current injection in the UV LED.



4 Efficient UV LED chip designs for
uniform current injection and heat
management

The LED chip design is an essential part of the device fabrication process. For the production
of highly efficient UV LEDs it is necessary to use novel LED chip layouts to ensure uniform
current injection and good heat management. In this chapter, first an interdigitated finger
contact geometry, in which the mesa area is reduced in one direction, will be introduced
which results in an improvement of the uniformity of the current injection. The concept will
then be extended to a reduction of the mesa area in two directions resulting in a micro-LED
array geometry which not only improves the electrical performance of the LED but also
reduces the self-heating and hence improves the thermal behaviour of the device.

4.1 Interdigitated finger contacts for homogeneous current
injection in UV LEDs

In lateral geometry UV LEDs, current crowding is a serious issue which leads to detrimental
effects such as a reduction in the effective area of the active region, localized over heating and
non-homogeneous light emission as discussed in Sec. 3.3. To ensure a homogeneous current
injection in the active region of the LED and hence avoid current crowding it is necessary
to reduce the width of the mesa to less than twice the current spreading length. Gua et
al. [67] proposed the use of interdigitated mesa patterns instead of conventional large area
square contacts to prevent current crowding in lateral geometry Ill-nitride LEDs (Fig. 4.1).
By reducing the width of the mesa in one direction, the distance from the centre of the mesa
to the n-contact is reduced. In such a geometry the width of the p-type finger is chosen
to be smaller than twice the current spreading length while the width of the n-type finger
should not be larger than the contact transfer length (L7). The contact transfer length can be
determined from the transmission line model (TLM) and is given by

pC}’l
Ly =,/ “4.1)
! pshn

where p,, is the specific contact resistance of the n-ohmic contact and pg,, is the sheet
resistance of the n-current spreading layer.

37
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Figure 4.1: Schematic cross-sectional view of a nitride-based LED with interdigitated finger contact
geometry. The width of the p-type finger is w;, while that of the n-type finger is w,.

To investigate the influence of the finger width on the electrical, thermal and optical per-
formance of UV LEDs, 380 nm AllnGaN LEDs with interdigitated finger contacts were
fabricated. The structures were grown by MOVPE on (0001) oriented sapphire substrates
and consisted of a 3.4 um thick GaN:Si buffer layer, a 10 nm Alg 23Gag 77N:Si hole block-
ing layer, an InGaN/AlInGaN MQW active region, followed by a 10 nm Al 3Gag 77N:Mg
electron blocking layer and a 200 nm thick GaN:Mg contact layer. LEDs were fabricated
using standard chip-processing technologies. Mesa structures were defined by ICP-etching
in order to expose the n-GaN surface. A Ni/Au layer annealed in an oxygen ambient and
reinforced with Ti/Au was used to form the p-ohmic metal contact. The n-current spreading
layer was contacted using a Ti/Al/Mo/Au ohmic contact. Keeping the area of the p-contact
constant at 0.0225 mm?, LEDs with conventional square contacts and interdigitated fingers
contacts were fabricated on the same wafer (Fig. 4.2). The footprint of all the different chips
was kept constant. The different geometries fabricated were: (i) square contact, (i1) six in-
terdigitated finger contact with finger width of 40 um, (ii1) ten interdigitated finger contact
with finger width of 20 um and (iv) fourteen interdigitated finger contact with finger width
of 10 um.

The L-I and V-I characteristic curves, measured under dc current operation, for the differ-
ent contact geometries are shown in Fig. 4.3 a and Fig. 4.3 b, respectively. Below 70 mA, a
linear increase in the output power with current is observed for all the devices. Above 70 mA,
the curves become non linear and roll-over at different currents depending on the geometry
of the device. The maximum output power is achieved for the LED with an interdigitated
finger contact geometry with finger width of 10 um.

The 3-D current and heat distribution in the devices was simulated, using the SpeCLED
software package [38], to study the working of the LEDs. To simulate the heat distribution of
the LEDs on wafer, all the external surfaces except the back-surface of the sapphire substrate
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Figure 4.2: Optical microscope images
of the UV LEDs with different design ge-
ometries: (a) Square contact and interdig-
itated finger contacts with p-type finger
width of (b) 40 um, (c) 20 um and (d)
10 um. The width of the n-type finger is
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Figure 4.3: (a) Output power and (b) voltage measured on wafer as a function of current for 380 nm
LEDs with a square contact and interdigitated finger contacts with p-type finger widths of 40 um,
20 um and 10 um. The width of the n-type finger is the same as that of the p-type finger.
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were considered to be adiabatic. In the case of the back-surface of the sapphire substrate the
heat was transferred by conduction while no radiative heat transfer was considered. The lat-
eral size of the sapphire substrate was taken to be large enough such that no further increase
in the substrate size influenced the temperature of the device. The room temperature mate-
rial properties used in the simulations were determined from hall and TLM measurements
and are as follows: thicknesses of GaN:Mg and GaN:Si were 7,=0.2 um and 7, =1.7 um;
electron and hole concentrations were n=4 x 10'"® cm™ and p=1 x 10!” cm™3; mobilities
of holes and electrons were (1, =10 cm?/Vs and p,, =95 cm?/Vs; specific contact resistances
to GaN:Mg and GaN:Si were 7 x 107> Qcm? and 107> Qcm?. The thermal conductivities
of the GaN and sapphire layers were considered to be 120 W/mK and 40 W/mK respectively.
A heat transfer coefficient of 1 x 10° W/m?K was used for the sapphire back-surface.

4.1.1 Current distribution in LEDs with interdigitated finger contacts

The current spreading length, for the 380 nm LEDs investigated, was estimated to be 87 um
using Eqn. 3.13 and assuming typical values for the contact and sheet resistances. The simu-
lated distribution of the current injected into the active region is shown in Fig. 4.4. Although
the length (150 um) of the conventional square contact is less than twice the current spread-
ing length, a significant current crowding is observed at the contact edges. A 20 % variation
in the current density from the edge to the centre of the contact is calculated. When the
square contact is replaced by an interdigitated finger contact, a more uniform current injec-
tion is obtained. With decreasing finger width, the non-uniformity in the current injection in
the active region also decreases. For a finger width of 10 um a less than 3 % variation in the
current density was observed.

40pum
150um v

J, (Alcm?)

505

455

404

Figure 4.4: Simulation of the spatial distribu- s
. P . . . 253
tion of the current injection in the active re- 505
gion of 380nm LEDs with square and inter- 1

digitated finger contact geometries at a current
of 100 mA. The operating voltage is 4.25V,
4.19V, 417V and 4.15V for the square con-
tact and interdigitated finger contacts with p- _
type finger width of 40 um, 20 ym and 10 um -
respectively [68].
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4.1.2 Electrical characteristics of LEDs with interdigitated finger
contacts

For a better understanding of the electrical behaviour of the LEDs, the influence of the
interdigitated finger contact geometry on the series resistance and the leakage currents in the
device has been investigated.

Influence on the series resistance

The series resistance (R;) in a lateral geometry LED can be divided into the p-ohmic con-
tact resistance (Rc)), the resistances of the p- and n-current spreading layers (R, and R,
respectively) and the n-ohmic contact resistance (R.,;) (Eqn. 4.2).

Ry =Rcp+Rp+Ry+Rep 4.2)

For a conventional square contact, if the length of the square (L) is larger than twice L
then due to current crowding the components of R can be expressed as

Rep =2~ (icf 2L,)? *
K= (ipﬁ) 2L,)? 44)
R = W 4.5)
Ren = 4’2 - 4.6)

where d is the distance between the edges of the p- and n-ohmic contacts and L? is the
area of the p-contact. Since the current spreading in the p-current spreading layer is much
smaller than the dimensions of the p-contact, it is not considered in the calculations. If the
conventional square contact is replaced by an interdigitated finger contact with finger width
w equal to 2L, and keeping the p-ohmic contact area constant, the components of R, are now
given by

_ Pep
Ry =12 @7
Pyl
R, =17 4.8)
R, = Psh, (Ls +d) (4.9)
P
R, = Pen (4.10)

pLT
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where p is the perimeter of the p-ohmic contact. Comparing Eqns. [4.3 - 4.6] to Eqns. [4.7
- 4.10], it can be seen that the use of intergitated finger contacts results in lower series
resistance of the LED. Additionally, as the series resistance of the interdigited finger contact
is influenced by the perimeter of the p-ohmic contact, the series resistance will decrease with
decreasing finger width due to the increased perimeter of the device.

To experimentally study the influence of the contact geometry on the series resistance, the
differential series resistance of the fabricated 380 nm LEDs was determined from the linear
part of the measured I-V curves (Fig. 4.3 b). Differential series resistances of 2.5 Q, 2.0 Q,
1.4 Q, and 1.5 Q were obtained for the square contact and the interdigitated fingers contacts
with finger widths of 40 um, 20 um, and 10 um, respectively. Due to the large p-specific
contact resistance of the LEDs, the series resistance is dominated by the resistance of the
p-ohmic contact. Hence a large decrease in the differential series resistance is observed
when moving from the conventional square contact to an interdigitated finger contact with
finger width of 40 um and then further to a finger width of 20 um due to a more uniform
current injection. The contribution of R, to the total series resistance vanishes due to the
low resistance of the n-ohmic contact. Therefore reduction in the finger width to 10 um does
not strongly influence the differential series resistance as no change in the distribution of the
current injection is expected.

Simulations of the devices show a decrease in the operating voltage at 100 mA from 4.25V
for the conventional square contact to 4.15 V for the contact with the narrowest finger width
of 10 um (Fig. 4.4). For an LED with emission of 380 nm, the voltage drop across the active
region is 3.26 V. The remaining 0.99 V and 0.89V, in the case of the square contact and
the interdigitated finger contact with finger width of 10 um respectively, is the voltage drop
across the series resistance. The reduction in the operating voltage indicates a lowering of
the series resistance, from the square contact to the contact with finger width of 10 um, by
1 Q which agrees well with the evaluation of the measured I-V curves.

Influence on the leakage current

The interdigitated finger contact geometry has an increased perimeter as compared to the con-
ventional square contact with the same p-contact area. The use of reactive ion etching (RIE)
for the definition of the mesa has been reported [69] to induce surface damage at the mesa
edges resulting in leakage paths that bypass the active region. Hence an increased perimeter
may result in larger leakage currents being observed in the case of LEDs with interdigitated
finger contact geometries. An increase in the leakage current with the perimeter of the p-
contact of 460 nm LEDs has been previously reported by Gua et al. [67]. To investigate the
influence of the finger width on the leakage current of UV-LEDs, the reversed-biased I-V
characteristics of the LEDs with different geometries were measured. At a reversed-bias
voltage of 5V, no clear dependence of the leakage current on the perimeter of the device was
observed (Fig. 4.5). Furthermore a large scatter in the measurement was observed across the
wafer. The results indicate that leakage through the volume of the device is dominant com-
pared to the leakage current on the etched surface of the diode. Due to the large dislocation
density (10” cm~2) of the GaN/sapphire template on which the UV LEDs were grown, the
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dominating mechanism is bulk leakage [70,71]. The perimeter of the device will once again
be an important factor for devices with low dislocation densities due to the reduction of the
bulk leakage component to the total leakage current in the LED.

of i Figure 4.5: Boxplot of the leakage current
10 : — — — measured at -5V for 380 nm LEDs with square
Square 5 fingers 7 fingers 14 fingers . .
contact and interdigitated fingers contacts.

4.1.3 Self heating of LEDs during operation

The self heating of the LEDs can be studied by measuring the shift in the LED emission
wavelength with the operating current (Fig. 4.6 a). With increasing current the emission
wavelength is red shifted. At 300 mA dc current, a shift of 9.08 nm, w.r.t. the emission wave-
length under pulsed conditions, is observed for the square contact corresponding to a 202°C
increase in junction temperature. In comparison, the junction temperatures of the LEDs with
interdigitated finger contacts increase by 139°C , 122°C and 104°C for the devices with fin-
ger widths of 40 um, 20 um and 10 um respectively. The dependence of the self-heating of
the LED on the contact geometry is also reflected in the thermal roll-over of the L-I curves
shifting to higher currents as the width of the interdigitated fingers is decreased. The lower
heating in the LEDs with interdigitated finger contacts as compared to the square contact
may be attributed to the lower series resistances and/or a more efficient extraction of heat
from the contact. The thermal resistance of the LEDs was determined from the shift in the
emission wavelength (Fig. 4.6b). The thermal resistance of the LED with the square con-
tact was found to be 139 K/W while that of the LEDs with the interdigitated finger contacts
decreased from 98 K/W to 76 K/W along with the finger width. The interdigitated finger
contact geometry hence provides a better dissipation of the generated heat.

The simulated temperature distributions in the LEDs at 100 mA also show that the junc-
tion temperature is maximum for the LED with the square contact and decreases for the
interdigitated finger contacts (Fig. 4.7b). Furthermore the distribution of the temperature
across the chip is more homogeneous for the LEDs with interdigitated finger contacts. Infra-
red camera images of the temperature distribution in the LEDs at 20 mA were found to be in
good agreement qualitatively with the simulated temperature distributions (Fig. 4.7 a).



44 Efficient UV LED chip designs for uniform current injection and heat management

(a)

10 —————7—

—a— Square
8 - —e—6 fingers (40um)

E | —+—10fingers (20um)
£ 6| —v 14fingers (10um)
e

n L

=

o 4

c

< I

)

® 2

; L

0 1 " 1 " 1 " 1 1 1

A junction temperature [K]

50 100 150 200

current | [mA]

250

300

200

N -
0] N (o]
(=] (=] o
T T

N
o
d T

(b)
i 1 v L) ¥ 1 L 1 b 1 L 1
= Square 139 KW % 1
® 6 fingers (40um)
4 10 fingers (20um) 4
98 K/W
v 14 fingers (10um)

02 04 06 08 10 12 14 16
input power [W]

Figure 4.6: (a) Shift in emission wavelength as a function of current and (b) Junction temperature
during dc operation as a function of input power, measured on wafer, for 380 nm LEDS with a square
contact and interdigitated finger contacts with p-type finger widths of 40 um, 20 um and 10 um.
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Figure 4.7: (a) Infra-red camera images of 380 nm LEDs with (i) square contact and interdigitated
finger contacts with p-type finger widths of (ii) 40 um, (iii) 20 gm and (iv) 10 pm measured at 20 mA.
(b) Simulation of the temperature distribution in the active region of the LEDs. The total current is

constant at 100 mA.
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4.2 Micro-LED arrays for high power UV LEDs

In order for UV LEDs to be used in applications such as water purification, phototheraphy or
UV-printing, devices with high output powers are required. High power LEDs are typically
operated at currents greater that 100 mA. The low EQE and significant Joule heating, due to
the high resistances of the ohmic contacts and the n-and p-current spreading layers, result in
the self heating of UV LEDs at the necessary high currents. This self heating of the device
is detrimental to its performance (Sec. 3.2). Hence for high power applications it is not only
necessary to decrease the series resistance of the device but also to effectively extract the
heat generated in the LEDs during operation by designing suitable contact geometries and
heat sinks which will result in a low thermal resistance of the device.

An effective technique to improve the performance of high power lateral geometry LEDs
is the use of micro-LED arrays [72-75]. In this geometry, a conventional large area single
mesa LED is replaced by a matrix of interconnected micrometer size LEDs which are oper-
ated in parallel (Fig. 4.8). The use of micro-LED arrays results in reduced current crowding
and a 2-D reduction in the LED access resistance as compared to the 1-D reduction obtained
with the use of interdigitated finger contacts [74]. The thermal resistance of the device is also
reduced due the segmentation of the area where heat is generated in the chip. Additionally
the distance between the micro-LEDs allows the heat to be dissipated efficiently.

p-ohmic
metal contact

n-ohmic
metal contact

Figure 4.8: Schematic cross-sectional view of a nitride-based LED with micro-LED array geometry.
The length of each micro-LED is Ly, and the width of the n-contact is d,.

To study the influence of the micro-LED array geometry on the electrical, optical and
thermal behaviour of UV LEDs, 380 nm and 327 nm LEDs with micro-LED arrays were
fabricated. The LED layer structures were grown by MOVPE on (0001) oriented sapphire
substrates. The LED emitting at 380 nm consisted of a 3.5 um thick GaN:Si buffer layer,
a 10 nm Aly»3Gag77N:Si hole blocking layer, an InGaN/InAlGaN MQW active region, fol-
lowed by a 10nm Alg23Gag 77N:Mg electron blocking layer and a 200 nm thick GaN:Mg
contact layer. In the case of the LEDs emitting at 327 nm, the layer structure consisted
of a 400 nm AIN base layer followed by a 7 um thick transparent AlGaN:Si buffer layer,
an InAlGaN/InAlGaN MQW active region, a 25 nm AlGaN:Mg electron blocking layer,a
500 nm thick GaN:Mg/Alg 12,Gag ggN:Mg short period superlattice and a 20 nm GaN:Mg
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contact layer. After MOVPE growth the samples were annealed in nitrogen ambient in order
to activate the p-type conductivity.

Figure 4.9: Optical microscope images
of the UV LEDs with different design ge-
ometries where [ is the length of the each
individual micro-LED or finger width

. . 1=33 ym 1=20 pm 1=10 ym
and p is the pitch of the array [76]. p = 183.5 ym p =95 pm p=43.3 ym

LEDs were fabricated using standard chip-processing technologies. Mesa structures were
defined by ICP-etching in order to expose the n-(Al)GaN surface. A palladium based p-
contact was deposited to form the p-electrode while an aluminium based contact was used to
form the n-electrode. A SiN layer was used as an insulator and Ti/Au pads were fabricated
for electrical contact. Keeping the area of the p-contact constant at 0.01 mm?, LEDs with
different design geometries were fabricated on the same wafer (Fig. 4.9). The footprint of all
the different geometries was also kept constant. The different geometries fabricated were: (i)
square contact, (ii) interdigitated fingers contact with finger width of 20 pum, (iii) micro-LED
arrays with pixel sizes 10 um, 20 um, and 33 um and pitch 43.3 um, 95 um and 183.5 um,
respectively.

To investigate the current spreading and heat distribution in LEDs with different geome-
tries, 3-D simulations of the current distribution coupled with thermal analysis were per-
formed using the SpeCLED software package [38]. The room temperature material proper-
ties used in the simulation of the LEDs emitting at 327 nm were as follows: thicknesses of
Alp.06Gag.94N:Mg and Al 35Gag ¢5N:Si were 7, =0.2 um and #, =6 um; electron and hole
concentrations were n=1.5 x 108 cm—3 and p=1x 10'7 cm—3; mobilities of holes and elec-
trons were [, =6cm?/Vs and u, =96 cm?/Vs; specific contact resistance to GaN:Mg and
Alj 35Gag ¢sN:Si were 1072 Qcm? and 10~* Qem?. For the electrical and thermal modelling,
the 20 nm GaN:Mg layer was not taken into account. The thermal conductivities of the Al-
GaN and sapphire layers were considered to be 80 W/mK and 40 W/mK respectively. A heat
transfer coefficient of 1 x 107 W/m?K was used for the sapphire back surface.

4.2.1 Current distribution in micro-LED arrays

To study the influence of the contact design on the current injection into the active region, the
thermally coupled 3-D current distribution in LEDs emitting at 327 nm with different device
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geometries was simulated. Due to the high resistance of the p-contact and the thick n-current
spreading layer, the current is almost uniformly injected into the active region of the LED
(Fig. 4.10). In the case of the 0.01 mm? square contact, the current density varies by 7.2 %
from the edge to the centre of the mesa at 100 mA. A uniform current injection is obtained
across the finger width of the interdigitated finger contact and the micro-LED arrays. Current
crowding will be an important issue when the resistance of the p-ohmic contact and p-current
spreading layer is reduced. In addition, for LEDs emitting in the UV-B and UV-C regions,
due to the high resistivity of the underlying n-AlGaN layers with high Al-contents, current
spreading in the LED will be crucial. Consequently, the use of micro-LED arrays, where
the pixel size is smaller than twice the current spreading length [62], will be beneficial for
uniform current injection and hence improved device performance.

J; (Alcm?) (a)

636

Figure 4.10: Simulation of the spatial distribu-
tion of the current density in the active region
4% (c) of 327nm LEDs with (a) square (b) interdig-
495 itated fingercontact and (c) micro-LED array

(zoomed in) with individual micro-LED size of
1 33 um at a total current of 100 mA [76].

4.2.2 Influence of the micro-LED size on the operational voltage and
series resistance

To analyse the influence of the contact geometry on the series resistance and the operational
voltage, the I-V characteristics of the fabricated 380 nm and 327 nm LEDs were investigated.
The operational voltages of the micro-LED arrays, emitting at 380 nm, were found to be
lower than that of the interdigitated finger contact (Fig. 4.11a). The series resistance, de-
creased from 2.9 Q for the interdigitated finger contact to 2.0 Q - 1.7 Q for the micro-LED
arrays. A 10 % variation in the series resistance was observed for each geometry across the
wafer. As the p-contact resistance can be considered to be constant for all the devices, the
decrease in the series resistance is attributed to a decrease in the resistance of the n-current
spreading layer due to a one-dimensional reduction in the device geometry, as compared
to the interdigitated finger contact. In the case of the LEDs emitting at 327 nm, due to the
non-linearity of the p-contacts, the large p-contact resistance and the high resistivity of the
Alp.0sGag 94N:Mg cladding layer (3 Qcm), large variations in the turn on voltages of the de-
vices were observed across the wafer (Fig. 4.11b). Despite this large variation, the series
resistance decreased from 49 Q for the square contact to 40 £ for the interdigitated finger
contact and further reduced to 37 Q, 36 Q and 32 Q for the micro-LED arrays with pixel
sizes 33 um, 20 um and 10 um respectively.
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Figure 4.11: Emission power and operating voltage as a function of current, measured on wafer, for
(a) 380 nm LEDs and (b) 327 nm LEDs with different design geometries [76].

To understand the observed decrease in the series resistance with the introduction of the
micro-LED array geometry, the series resistance of a micro-LED array is compared to that
of a conventional square contact when both devices have the same p-contact area. The series
resistance of a conventional square contact, with length of the square (L) larger than twice Ly,
is described by Eqns.[4.2 - 4.6]. To determine the series resistance of a square micro-LED
array with p-contact area equal to that of the conventional square contact, we consider the
resistance of each micro-LED. In the case of a square micro-LED array, with N micro-LEDs
in a row, the length of each micro-LED is given by L/N. If d is the distance between the
edges of the p- and n-ohmic contacts, the series resistance of a single micro-LED (R;,,, ), can
be expressed as

e Case I: L/N > 2L;

RSML — pCP +

(B2 (R 2L

Pplp
(B (527

+ 4.11)
4(%) 4(§)Lr
e CaseII: L/N < 2L
Pep | Pplp | Psiy,(Ls+d) Pcn
Ry, =+ 4 (4.12)
E? (§)? 4(%) 4(% )Lz

The series resistance of the complete chip (R, , ,) is then given by the sum of the individual
resistances in parallel.

Rstoml = RSML/]V2 (413)
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Hence when L/N > 2L, the series resistance of the complete chip is given by

pcp pptp Psh, (Ls + d) Pecn
Ry, = 4.14
Sl 12 (L —2NLg)? T (L —2NLy)? TN T ang (+14)
When L/N < 2L the series resistance of the complete chip is given by
Pep  Pplp . Psh,(Ls+d) Pcn
R = “° 4.15
o = T TN 4LNLy (+15)

Comparing the Eqns.[4.2 - 4.6] to Eqns.[4.14 - 4.15], it can be seen that the use of micro-
LED arrays results in lower series resistance. All the four contributions to the series resis-
tance (R.p, Ry, R, and R,) will decrease with increasing number of micro-LEDs as long
as the length of the micro-LED is greater than 2L;. For micro-LEDs with lengths equal to
or smaller than 2L, only R,, and R, will decrease with increasing number of micro-LEDs
due to the longer perimeter. The number of micro-LEDs will influence the footprint of the
device and hence it is necessary to determine the optimum number of micro-LEDs on a chip
(Sec. 4.2.4).

4.2.3 Thermal resistance of LEDs with micro-LED arrays

The emission power of the micro-LED arrays at different currents was compared to that of
a large area square contact and an interdigitated finger contact for LEDs emitting at 380 nm
(Fig. 4.11 a) and 327 nm (Fig. 4.11b). Initially the output power increases with the current
and then rolls over at high currents. This rollover of the output power is attributed to the
self-heating of the device which results in increased non-radiative recombination and carrier
leakage [52]. The thermal rollover of the emission power shifts to higher currents as the
device geometry is changed from a large area square contact into an interdigitated finger
contact and then finally into micro-LED arrays. The increase in the maximum emission
power is attributed to better heat dissipation and hence reduced self heating with the use
of micro-LED arrays. Additionally, the larger perimeter of the mesas for the micro-LEDs
could also increase the LEE of the device by deflecting guided light downwards towards the
substrate.

To further investigate the influence of the device geometry on the self heating of the LED,
the thermal resistances of the 380 nm LEDs with different device geometries were measured
on wafer. As seen in Fig. 4.12 a, the thermal resistance of the interdigitated finger contact
was determined to be 72 K/W. With the use of the micro-LED arrays, the thermal resistance
reduced to41 K/W for a pixel size of 33 um and 36 K/W for a pixel size of 20 um. No
further decrease in the thermal resistance was observed with smaller pixel size.

The 327 nm LEDs were grown on an AlGaN:Si current spreading layer which has lower
thermal conductivity as compared to GaN:Si layers [77]. Due to the reduced thermal conduc-
tivity of the underlying AlGaN:Si current spreading layer, the measured thermal resistance
of the 327 nm LEDs are higher than that of the 380 nm LEDs (Fig. 4.12b). A thermal re-
sistance of 154 K/W was observed for the conventional square contact which reduced to
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Figure 4.12: Junction temperature, measured on wafer, during dc operation as a function of input
power for (a) 380 nm LEDs and (b) 327 nm LEDs with different design geometries [76].

112 K/W with the use of the interdigitated finger geometry. Thermal resistances as low as
58 K/W were obtained with micro-LED arrays. This corresponds to a factor of 2.6 decrease
in the thermal resistance. The experimentally obtained results are in good agreement with
the simulations of the current spreading and heat distribution in 327 nm LEDs. As seen in
Fig. 4.13 b, the temperature of the active region decreases as we change the contact geometry
from a square contact to micro-LED arrays at a fixed current of 50 mA. The thermal resis-
tance of the LEDs, obtained from both simulations and experiments, was found to decrease
linearly with the length of the pixels (Fig. 4.14) although the distance between the pixels
also decreased correspondingly. In addition, the foot print of the device is the same for all
the different geometries. This indicates that the improved heat dissipation is mainly due to
the division of the heat source from one large area in the square contact into smaller pixels
thus allowing sufficient area for the dissipation of the generated heat.

Infra-red camera images of the temperature distribution in 327 nm LEDs at 20 mA were
found to be in good agreement with the simulated temperature distributions (Fig. 4.13 a). The
conventional square contact showed the highest temperature and the most non-uniformity
in the temperature distribution. With the introduction of the micro-LED arrays not only a
drop in the peak temperature was observed but the temperature distribution across the chip
becomes more uniform.

To show that the micro-LED array geometry will also be beneficial for flip-chip mounted
LEDs, 3-D thermal distribution simulations! were done, using the Patran/ Nastran software
package from MSC Software Corporation [78], of LEDs flip-chip mounted on AIN sub-
mounts to determine the thermal resistance of the entire device. The mounted LEDs were
considered to be soldered on to a Cu-heatsink. The size of the LED chips was considered to
be 600 um x 1000 um while that of the submount was 800 um x 1500 um. The thermal
conductivities of the AIN submount, AlGaN p-cladding layer, solder, and the Cu-heatsink

I'Simulations done by Christoph Stolmacker.
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Figure 4.13: (a) Infra-red camera images of 327 nm LEDs with (i) square contact (1=100 pum), (ii)
interdigitated finger contact (=20 pm), (iii) micro-LED array (1=33 um, p=183.5 um), (iv) micro-
LED array (1=20 um, p=95 um), and (v) micro-LED array (1=10 um, p=43.3 um) measured at
20 mA. (b) Simulation of the heat distribution in the active region of the LEDs. The total current is
constant at 50 mA [76].
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were considered to be 170 W/mK, 20 W/mK, 57 W/mK, and 400 W/mK respectively. In
the simulations the heat was generated in the active region and the back-surface of the Cu-
heatsink was kept fixed at 300 K. Both conduction and convection modes of heat transfer
were considered. For a conventional square p-contact with area 0.01 mm?, the thermal
resistance was determined to be 36 K/W which decreased to 13.5 K/W for a micro-LED
array with individual micro-LED size of 10 um, corresponding to a factor of 2.7 decrease
in thermal resistance (Fig. 4.15). These results are consistent with the trends observed in
the on-wafer measurements indicating that micro-LED arrays are an effective geometry for
improved thermal management.
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Figure 4.15: Simulated thermal resistance of
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4.2.4 Optimization of the number of micro-LEDs

The electrical, optical and thermal performance of UV LEDs with micro-LED arrays im-
proves with decreasing size of the individual micro-LEDs, i.e. an increase in the number
of micro-LEDs. However, an increase in the number of micro-LEDs is accompanied by an
increase in the footprint of the chip due to the increased area of the n-contact. For a fixed
LED chip footprint the number and size of the micro-LEDs will determine the effective die
area (A.sr) 1.e. the area of the LED chip emitting light. In order to efficiently use the chip
area it is necessary maximize the ratio of the effective die area to the total area of the chip.

Consider a micro-LED array having a square footprint, with length Lrp and area (Arp).
If the number of micro-LEDs in a row is N and the width of the n-contact is d,, the length of
each micro-LED (L) is given by

Lrp— [(N—|— 1) X dn]
N

Ly = (4.16)

The effective area for the micro-LED array (A7 )can then be written as
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Figure 4.16: (a) Dependence of the effective useful die area and the series resistance on the number
of micro-LEDs in a row for a fixed chip area of 1 mm? calculated for two current spreading lengths
(Ly). (b) Determination of the optimum number of micro-LEDs in a row (minimum in the curve) for
two current spreading lengths (L) and fixed chip area of 1 mm?.

The ratio of the effective die area to the total area of the chip (A.rr = AyL /AFp), calculated
for different current spreading lengths, is shown in Fig. 4.16 a. The area of the chip and the
width of the n-contact was kept constant at 1 mm? and 20 um respectively. The distance
between the edges of the p- and n-ohmic contacts was considered to be 5 um. The most
efficient use of the LED chip is achieved when the size of the individual micro-LED is
comparable to twice the current spreading length. Thus, it can be clearly seen that large
current spreading lengths result in the maximum use of an LED chip area. To determine the
optimum array for a fixed footprint, it is necessary to consider the series resistance (Ry,, )
of the LED. In Fig. 4.16 a, the series resistance of the micro-LED arrays are calculated. The
resistance initially decreases as the number of micro-LEDs increases but begins to rise as
the total size of the p-contact is reduced in the case of large arrays. The optimum size of the
micro-LED array can be determined from the minimum of the ratio Ry, , , /A, rr (Fig. 4.16b).
For a current spreading length of 41 um, the optimized geometry is a 7x7 micro-LED array
with the length of each individual micro-LED being 108 um. On the other hand a 4 x4 array
is optimum for a current spreading length of 119 um with individual micro-LED length of
212 ym.
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4.3 Summary

The use of interdigitated finger contact geometry and micro-LED arrays to ensure uniform
current injection in UV LEDs was demonstrated. Calculations and experiments show that
these geometries have a lower series resistance as compared to conventional square contacts
and improved heat management. The micro-LED arrays can be effectively used to reduce
the self heating of UV LEDs due to improved temperature distribution resulting in a greater
than two-fold decrease in the thermal resistance of the device as compared to a conventional
large area square contact. Furthermore, even when the LEDs are flip-chip mounted, the
micro-LED array geometry continues to be thermally advantageous. However, the use of
this geometry greatly enhances the size of the chip thus reducing the useful die area. Hence
a method to determine the optimum size of the micro-LED array for a fixed chip area was
also presented. The use of this geometry will be essential for high power UV-B and UV-C
LEDs due to its capabilities of ensuring uniform current injection, reduced series resistance
and reduced self-heating of the device.



5 Extraction of light from light emitting
diodes

Fabrication of UV LEDs is an emerging technology and hence research efforts are mainly be-
ing directed towards increasing the IQE of the devices while ignoring the LEE. Nevertheless,
for the realization of high efficiency devices, methods to improve the LEE of UV LEDs are
essential and therefore is a significant element of this thesis. In this chapter, the basic theory
behind extraction of light from LEDs and the particular challenges faced in the outcoupling
of light from UV LEDs will be discussed. Finally, an overview of the methods to increase
the LEE of nitride-based LEDs will be presented.

5.1 Extraction of light from LEDs

For the realization of highly efficient LEDs it is necessary to extract all the light generated
in the active region of the device into free space. Light extraction is a major challenge due
to the high refractive index of the semiconductor/substrate which results in total internal
reflection of the light at the semiconductor—air or substrate—air interface. The critical angle
for total internal reflection (¢.) can be determined from Snell’s law and is given by Eqn. 5.1,
where ny is the refractive index of the semiconductor and 7, is the refractive index of air.
Only light incident on the surface at an angle, w.r.t. the normal, smaller than the critical
angle can escape thus defining a light escape cone.

0 = sin~ 14" (5.1)
ng

If the light emission is assumed to be from a point-like source in the semiconductor with
a total power of Ps,,ce, then the fraction of light that is emitted into the escape cone is given
by Eqn. 5.2 [45]. For semiconductors with a high refractive index like GaAs (n; ~ 3.4) and
GaN (ng ~ 2.56) the critical angle is only 17.1° and 23° respectively. Due to the small critical
angles only 2.21 % of the light can be extracted from a planar GaAs LED while 4.18 % of

the emitted light can escape from a planar GaN LED.

Fescape ~ ln%’ (5.2)

Pyource 4 ng

LED structures are conventionally quadrangular parallelepipeds which have six light es-
cape cones, two perpendicular and four parallel to the plane of the active layer. In the case

of rectangular parallelepiped nitride-LEDs grown heteroepitaxially on sapphire substrates,
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Figure 5.1: Schematic of the propagation of the emitted light in an LED

the photons will be outcoupled based on their angle of emission (6) from the active region
w.r.t. the normal to the plane of the active region (Fig. 5.1). The emission can be divided
into various zones [79]:

. No escape zone: 6; < 0 < 6, =sin

1. Surface-emission zone: 0 < 8 < ) = sin~ ! (ng;, /ny)

The photons emitted within this zone will be extracted if the cladding layers and sub-
strate are transparent and the ohmic contacts are transparent or reflective. For a GaN-
based LED 0y = 23°.

—1 Psup COS [Sin_l (nair/nsub)]

n
where ny,;, is the refractive index of the substratef These photons are totally inter-
nally reflected at both the surface and the edge of the LED. For GaN LEDs grown on
sapphire substrates 6, ~ 35°.

. Substrate edge emission zone: 6, < 6 < 63 = sin_l(nm;7 /ny)

Photon emitted within this angular region can be out coupled from the side walls of
the substrate. For GaN LEDs grown on sapphire substrates 63 ~ 44°. The light needs
to undergo a number of reflections to reach the edge of the structure before being
extracted.

. Waveguide zone: 63 < 0 < 90°. These photon are waveguided in the cladding layers

and may be collected at the edge of the LED structure after multiple reflections.

The light which is guided within the LED structure may be re-absorbed by defects, con-
tacts, the active region or other absorbing layers (Fig. 5.2). Photon recycling i.e., the re-
emission of photons absorbed in the active region may occur which results in the random-
ization of the angular distribution of the photons. However, the probability of re-emission is
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Figure 5.2: Schematic of the sources of losses in an LED

dependent on the IQE of the device and hence is not a viable method to improve the outcou-
pling of light. Therefore, to increase the efficiency of the LEDs, it is necessary to suitably
modify the geometry of the LED to outcouple the light which is guided within the structure.

5.2 Effects of the polarization of the light emitted from UV
LEDs

The wurtzite (WZ) phase of IlI-nitrides is mainly used in the fabrication of LEDs and optical
devices. Hence in this section the band structure of the WZ phase of AllnGaN emitters
will be discussed. The electrical and optical properties of WZ group Ill-nitrides are mainly
determined by the band structure near the Brillouin zone centre (wave vector k ~ 0). At the I'
point, GaN and AIN have one conduction band (CB), I'7, with states having atomic s orbital
like character. The valence subband (VB) states have atomic p,, py and p, character where
the z-direction is defined parallel to the c-axis of the crystal. Transitions between the s and
Px» Py and p, like states involve x, y and z polarized light respectively. Due to the reduced
symmetry of the wurtzite crystal structure, III-nitride materials are anisotropic along and
perpendicular to the direction of the c-axis. This anisotropy results in a crystal-field splitting
(Acr) of the VBs. The top of the VB is split into twofold and single degenerate states [80].
The twofold degenerate state has atomic p, and p, like character (wave form |X £iY) like)
while the single degenerate state has a predominant atomic p, like character (wave form |Z)
like). The order of the two energy levels depends on the kind of materials, the ¢/a ratio of the
lattice constants and the relative displacement of the N sublattice with respect to the Al or Ga
sublattice along the c-direction. If spin-orbit interaction Agp is introduced, the degeneracy
of the twofold degenerate state is lifted resulting in 'y and I'; states which are known as the
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Figure 5.3: (a) Schematic of the band structure of WZ GaN at the I" point [82, 84, 87]. (b) Relative
valence band energies at the I" point as a function of the crystal field for a spin-orbit energy of
18 meV [88]. (c) Schematic of the band structure of WZ AIN at the I" point [85,87].

heavy hole (HH) and light hole (LH) bands respectively. The single degenerate state (I'7) is
called the crystal-field split off hole band (CH).

Based on the quasi-cubic model [81], at the I" point the energetic position of the I'g band
with respect to the two (I'7) bands is given by

Acr+Aso | 1 8

I'g—I'74 = — + 5\/(ACF +As0)? — §ACFASO (5.3)

The spin-orbit splitting energies are positive for both GaN (17 meV) [82-84] and AIN
(20 meV) [85]. However, the more ionic nature of AIN results in a crystal-field splitting Acr
which is negative (-206 meV) instead of positive as in the case of GaN (10 meV) [82—85].
Due to the difference in the crystal-field splitting, the order of the valence subbands at the I
point in AIN is different from that in GaN (Fig. 5.3). In GaN, the HH (I'9) band is the topmost
valence subband closely followed in energy by the LH (I'7) band and CH (I'7) band [86]. On
the other hand, in AIN, the topmost valence subband is the CH band (I'7) followed by the
HH band (I'y) and the LH band (I'7). The valence subbands are named A, B and C according
to the order of their energetic positions from highest to the lowest.

Chen et al. [86] and Li et al. [89] calculated the square of the transition matrix element
(Iy) for the band-to-band transition involving the three valence subbands, in GaN and AIN
respectively, using the quasicubic model (Table 5.1). The square of the transition matrix
element determines the polarization selection rules and is given by

Iy = |(®v [Haipote| )| (5.4)

where Wy and W are the hole and electron wave functions.

The dipole transition matrix calculations show that the recombination between the con-
duction band and the holes in the topmost valence subband I'; in the case of AIN is almost
prohibited for £ Lc [89] i.e., the emitted light is TM polarized. On the contrary, for GaN,
with the topmost valence subband I'g, the recombination is almost forbidden for E||c [86]
i.e., the emitted light is strongly TE polarized.
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Table 5.1: Calculated values for the square of the transition matrix element (Iy) of WZ GaN [86] and
WZ AIN [89] for light polarized parallel and perpendicular to the c-axis. For WZ GaN the values
relative to E4 are listed.

GaN AIN
Transition E|llc Elc Transition E|llc Elc
Ea(T7¢ <> Toy) 0 1 Ep(T7¢ <> T'7y) 0.4580 0.0004
Ep(T7¢ <> T7y) 0.053 0.974 | Ep(I'7¢c <> Toy) 0 0.2315
Ec(F7C <~ F7v) 1.947 0.026 EC(F7C — F7v) 0.0007 0.2310

In AlGaN alloys, as the concentration of Al increases Acr changes from positive to nega-
tive. Neuschl et al. [90] proposed a crystal field bowing between 0 and -0.18 eV for AlGaN
alloys while Coughlan et al. [91] proposed a crystal field bowing of -23 meV. As Acr de-
creases the energy separation between the three valence subbands is reduced until the I';
band becomes the uppermost band when Acr becomes negative. Goldhahn et al. [88] calcu-
lated the relative positions of the three valence bands as a function of Acr for Agp = 18meV
(Fig. 5.3b). Assuming a linear dependence of Acr on the Al concentration in the alloy, a
band crossing at 5 % Al concentration was predicted for strain-free AlGaN layers. Due to
the dependence of the valence subband order on the Al concentration, the degree of polar-
ization of light emitted from AlGaN layers is related to the composition of the alloy. The
degree of polarization of the emitted light P (also denoted p) is defined as

_ Ite —Itm
Ite +1ry

where I7g and Iy, are the integrated intensities of the in-plane emitted TE and TM polar-
ized light respectively. At a critical Al concentration, the optical polarization of the emitted
light from AlGaN layers will switch from predominantly TE polarization (E Lc) to predom-
inant TM (E||c) polarization. Light emitted from UV LEDs, grown along the c-axis, which
is polarized with the electric field vector lying in the quantum well plane (E_Lc) can be effi-
ciently extracted from an LED while the polarized light emitted with the electric field vector
perpendicular to the plane of the quantum well (E||c) propagates within the LED and may be
extracted from the die side walls or reabsorbed in the LED structure. The value of the critical
Al concentration is therefore important for the extraction of the spontaneously emitted light
in UV LEDs and hence has been widely investigated.

(5.5)

5.2.1 Factors influencing the light-polarization switching in AlIGaN
layers

In literature a large variation in the Al concentration, at which switching of polarization
characteristics of light emitted from Al,Ga;_,N layers occurs, has been reported. Nam et
al. [87] measured the change in the degree of polarization of the light emitted from 1 um
thick undoped Al,Ga;_,N layers grown on sapphire templates. The emitted light was found
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to switch from mainly TE polarized, for low values of x (x < 0.25), to dominantly TM po-
larized for higher values of x (Fig. 5.4). At x = 0.25 the degree of polarization was found to
be zero as the three valence subbands become degenerate at the I" point. Kolbe et al. [92]
showed that for UV LEDs, the in-plane electroluminescence is polarized with the intensity
of TE polarized light to TM polarized light reducing with decreasing wavelength. The cross
over from mainly TE polarized light to dominantly TM polarized light was found to be at a
wavelength of 300 nm (Fig. 5.5). Basal et al. [93] reported polarization switching at an Al
composition x ~ 0.83 for Al,Ga;_,N/ AIN MQWs grown on sapphire (0001) substrates. For
AlGaN MQW lasers built on free-standing AIN templates grown on SiC substrates, Kawan-
ishi et al. [94] estimated a change in the lasing polarization from the TM mode to the TE
mode at an Al concentration x ~ 0.36 —(0.41 based on experimental results. Netzel et al. [95]
reported an optical polarization switching at an Al concentration of 8 % for AlGaN layers
grown pseudo-morphically on top of 4.4 um GaN buffer layers on c-plane sapphire sub-
strates.

To understand the discrepancies in the reported values of the critical Al concentration
i.e., the wavelength at which the polarization switching of the emitted light takes place, the
influence of many factors such as the strain in the quantum well, quantum well thickness and
the internal electric fields have been investigated.

Strain state of the AlGaN layers

The strain state of the quantum well strongly influences the critical Al concentration, i.e. the
wavelength, at which the polarization switching of the emitted light takes place [93,96,97].
The strain in the Al,Ga;_,N quantum well layers grown epitaxially on substrates such as
SiC, sapphire, GaN and AIN is dependent on the substrate or the underlying Al,Ga;_,N
template (x < y).

In strained layers due to the deformation of the crystal, the crystal field splitting differs
from that in an unstrained bulk crystal. Chuang et al. [98] derived analytical expressions
for the ordering of the valence subbands in strained wurtzite semiconductors using the k- p
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approach with the cubic approximation. In the case of strained Al Ga;_,N layers, with
isotropic in-plane strain, the energetic position of the I'g band with respect to the I'; band is
given by

2 2 3
A = Acp + D3 — D4 (C33/C13)] &

A +A AN +Agp\> 2
y—Ty == 1250 S0+\/<—+ SO) — xAAs0

where Agg is the split-off energy, Acr is the crystal field splitting energy, D; are the defor-
mation potentials, C; are the elastic stiffness constants, and €, is the strain tensor element
along the c-direction [93, 98].

The polarization switching of the light, emitted from Al,Ga;_,N layers, occurs at the Al
concentration at which A’ = 0. Hence, the Al concentration at which polarization switching
occurs can be shifted to higher or lower values depending on the strain in the layer. Theo-
retical calculations reveal that for AlGaN layers grown along the c-direction, compressive
in-plane strain pushes the |X £iY) like bands (I'g and I'7) upward and tensile strain along
the c direction pushes the |Z) like band (I';) downward [93,96,99]. Therefore, compressive
in-plane strain moves the Al concentration at which polarization switching occurs to higher
values while tensile in-plane strain moves the Al concentration to lower values. Sharma
et al. [97] calculated the relative oscillator strength of the lowest excitonic transition under
strain for light polarized along the z direction in Al,Ga;_,N layers grown on Al,Ga;_,N
templates (x < y) (Fig. 5.6). The critical Al concentration at which polarization switching
occurs was found to increase linearly with the Al content in the Al,Ga;_,N template or sub-
strate. Northrup et al. [96] have shown that the critical Al concentration can be controlled by
changing the strain in the quantum well. Using this method 253 nm LEDs with strongly TE
emission have been demonstrated (Fig. 5.5). Tim Kolbe et al. [100] demonstrated a depen-
dence of the in-plane light polarization of 380 nm LEDs on the in-plane strain of the active
region. The TM polarized part of the in-plane emitted light was found to become more dom-
inant as compared to the TE polarized part for MQWs with decreasing tensile in-plane strain
of the MQW barriers.
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Quantum confinement

Quantum confinement in Al,Ga;_N/Al,Ga;_,N MQWs affects the ordering of the va-
lence subbands in the quantum well and hence the optical polarization of the emitted light
[93,96,97,101]. The QW thickness, the barrier composition and the internal electric fields
(due to spontaneous and piezoelectric polarization) influence the quantum confinement of
the carriers in the QW. Banal et al. [93] proposed a simple qualitative model to describe the
effect of quantum confinement on the ordering of the valence subbands in Al,Ga;_,N/ AIN
single quantum wells. Since the hole effective mass in the top most |Z) like band (I'7) is
much lighter than that in the |X 4-iY) like bands (I'g and I'7), the quantum confinement low-
ers the energy of the |Z) like band (I'7) in the Al,Ga;_,N layer. Under sufficiently strong
quantum confinement, cross over of the I'7 and the I'g bands will occur causing a switch in
the optical polarization. For thin quantum wells (< 3 nm), the well width dominates the quan-
tum confinement effect and the critical Al concentration at which polarization switching of
the emitted light takes place is shifted to higher values as the well width decreases (Fig. 5.7).
For thick quantum wells (> 3 nm), the critical Al concentration is dependent on the internal
electric field and independent of the well width. Sharma et al. [97] reported that the switch-
ing of the valence subbands due to quantum confinement only occurs when the three valence
subbands are in close proximity. Al tahtamouni et al. [102] investigated the optical polar-
ization of Aly ¢5Gag 35N/ AIN single quantum wells using photoluminescence spectroscopy.
At a well width of 2nm the dominant polarization component of the band-edge emission
switched from E||c to E_Lc. Wierer et al. [103] reported a decrease in the degree of polar-
ization with increasing quantum well thickness for UV LEDs with Al,Ga;_,N/Al,Ga;_yN
MQWs.

Northrup et al. [96] investigated the influence of the barrier composition on critical Al
concentration for Al,Ga;_N/Al,Ga;_yN MQWs. Due to the lighter effective mass in the
CH band, as compared to the HH band, the hole wavefunction is less localized than that for
the HH state. The energy of the CH band is thus more sensitive to the barrier potential as
compared to the HH band. For a fixed quantum well thickness of 3 nm, the critical wave-
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length, at which polarization switching of the emitted light takes place, could be shifted by
15 nm by increasing the Al concentration in the barrier fromy = 0.7 toy = 1.0.

The critical Al concentration, at which polarization switching of the emitted light takes
place, decreases gradually with increasing carrier density [103—105]. This can be explained
by the fact that at high carrier densities, carriers will occupy higher states above k = 0 in
the conduction and valence subbands which allows more transitions to the second and third
highest valence subbands. The light emission characteristics will thus be affected by tran-
sition matrix elements far from k = 0. The matrix elements for TM-polarization above the
band-edge are much larger than those for TE-polarization. Hence the light emission for
TM-polarization becomes larger than that for TE-polarization at higher carrier densities.

5.2.2 Optical polarization dependence on substrate orientation

The optical polarization properties of the spontaneous light emitted from AlGaN quantum
wells grown on semipolar and nonpolar substrates have been investigated to improve the
performance of UV LEDs [101, 106—-108]. Using a 6x6 k-p Hamiltonian under the quasi
cubic approximation, Yamaguchi [106] calculated the transition matrix elements for light
polarized in the substrate plane and perpendicular to the substrate plane in the case of 1.5 nm
thick Al,Ga;_,N/AIN quantum wells grown on AIN substrates with orientation 6 w.r.t. the
c-plane (Fig. 5.8). In the c-plane case due to the 6-fold symmetry there is only a minor
interaction between the three valence subbands through the spin-orbit interaction. Hence
an abrupt change from TE to TM polarization is observed at an Al concentration of 76 %

(Fig. 5.8 a). Additionally, the in plane optical properties are isotropic. For substrates with

orientation 6 > 0, the symmetry in the quantum wells is broken resulting in a mixing of
the three valence subbands. Accordingly, a gradual polarization switching occurs as the Al

concentration increases. Furthermore a large in-plane optical anisotropy appears due to the

break down of the 6-fold symmetry and the presence of anisotropic in-plane strain.
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Figure 5.8: SQW-layer Al composition dependence of optical matrix elements for X1, X2, and X3
polarizations (solid lines) and Y and Z polarizations (broken line) in 1.5 nm AIGaN quantum wells
on (a) exact, (b) 5°-misoriented, and (c) 10°-misoriented c-plane AIN substrates [106].

In the case of Al,Ga;_,N thin films grown on m-plane AIN substrates (6 = 90°), the va-
lence band ordering is affected by the in-plane strain which is compressive and anisotropic
[107]. Transition matrix calculations show that the emitted light is mainly polarized in the
z-direction (E||c) which lies in the plane of the substrate and hence can be easily extracted
from the top/ bottom surface [107, 108]. LEDs grown on m-plane AIN can thus be used for
the fabrication of efficient surface emitting LEDs. Banal et al. [109] showed experimentally
that the band-edge photoluminescence from m-plane AlGaN quantum wells grown on par-
tially relaxed AlGaN templates has a strong polarization in the direction E||c (Fig. 5.9). The-
oretical investigations reveal that although semipolar AIGaN quantum wells show stronger
in-plane polarization of the emitted light as compared to c-plane AlGaN quantum wells, they
show weaker in-plane polarization as compared to the non-polar case [106, 108]. Wang et
al. [108] reported that (1122)-plane AlGaN quantum wells grown on AIN substrates show a
weaker in-plane polarization of the emitted light as compared to (2021)-plane AlGaN quan-
tum wells.

For the InGaN material system, Schade et al. [110,111] conducted both experimental stud-
ies and analytical calculations on polarization properties of InGaN layers and LEDs on polar,
semipolar and nonpolar crystal orientations. It was confirmed that both the inclination angle
between the c-plane and the plane of growth as well as the indium composition and thus
the anisotropic strain state influence the transition point between dominant optical polariza-
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Figure 5.9: Polarization PL spectra, measured at 9 K, from (a) m- and (b) c-plane AlGaN MQWs
with quantum well width (L,,) = 4 nm. (c) Polarization degree (p) of the PL from the m- and c-plane
AlGaN MQWs as a function of L,,. The wavelength of the LEDs varied from 225 nm to 250 nm [109].

tion states. While the main difference of the InGaN system in comparison to AlGaN is the
negative crystal-field splitting Acr, the model itself is valid for the entire AllInGaN system.

5.2.3 Influence of the optical polarization on the light extraction
efficiency

The polarization of the emitted light is an important issue for the extraction of light from UV
LEDs grown along the c-axis as the angular distribution of the light emitted from the active
region of the LED is dependent on the degree of polarization. A model based on the basis
states of the bulk Hamiltonian [98] can be used to determine the angular distribution of the
light emitted from the active region of III-nitride LEDs [111, 112]. In this model all emitters
are considered to be dipoles where the electric field vector E of the emitted wave lies in the
plane defined by the orientation of the dipole and the photon vector k. For electromagnetic
waves E | Kk is required.

In III-nitride LEDs, the conduction band has states with atomic s orbital like character
while the three valence subbands have states with atomic py, p, and p, character where the
z-direction is defined parallel to the c-axis of the crystal. The p, and p, orbitals combine to
form the HH and LH valence subbands (wave form |X +iY) like) which have a rotational
symmetric distribution around the c-axis (Fig. 5.10). Hence transitions into these subbands
will result in the emission of TE polarized light. The CH valence subband has a predominant
atomic p, like character (wave form |Z) like) which is aligned along the c-axis. Therefore
transitions into the CH valence subband will result in the emission of TM polarized light.
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Figure 5.10: Dipole orientation of the |py), |py). |p;). and the |X £ iY) orbitals [112]

In spherical coordinates the angular dependence of the wavefunctions of the p-orbitals are
given by

|px) = sinBcos@
|py> = sinBsin@ (5.6)
|p;) = cos6

and the intensity distribution for the radiation emitted by each dipole is given by

I, =1y (sinzesinz(]) + 00529)
Iy = Ly (sin®@cos* ¢ + cos*0) (5.7
L. = Losin*6

where Iy, Iyo and I are the ratios of the contributions from each valence subband. I,
Iy and Iy are dependent on the energy separation between the subbands and the thermal
occupancy of the holes which is described by the Fermi-Dirac distribution. In the case of
LEDs grown along the c-axis, I,o = I,9. Using Eqns. 5.5 and 5.7, the angular distribution
of the emission from the active region of an LED can be determined from the measured
polarization degree (P). If the polarization degree is measured along the y-axis then

Lo(1+P)
(1-P)

In Fig. 5.11 the angular distribution of the emission from the active region of an LED is
depicted for different polarization degrees. In the case of mainly TE polarized light, most
of the light is emitted at small angles with respect to the c-axis i.e., more light is emitted
within the top surface and bottom substrate light escape cones. This results in a high LEE
of the device. As the degree of polarization decreases, the light emitted at higher angles
increases and at zero polarization degree the light emission is isotropic. Further decrease in
the degree of polarization results in the emission being mainly TM polarized with most of
the light emitted at large angles w.r.t. the c-axis. As described in Sec. 5.1 light emitted at

Lo = (5.8)
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Figure 5.11: Calculated emission distribution inside the semiconductor of polarized light with differ-
ent polarization states from fully TM- to fully TE polarized [112].

these large angles is trapped and finally absorbed in the LED structure resulting in devices
with low LEEs.

To study the influence of the polarization degree of the emitted light on the LEE, the light
extracted from a 320 nm InAlGaN LED was simulated using a non-sequential ray tracing
software package ZEMAX-EE [40]. A 400 um x 400 pum chip was considered for the simu-
lations with a 100 um x 100 um square p-ohmic metal contact (Fig. 5.12). All surfaces and
interfaces were considered to be smooth and hence no light scattering was assumed in the
simulations. The optical parameters used for the simulations were obtained from literature
and are given in Table 5.2. The degree of polarization of the light emitted from the active re-
gion was varied from P=1 i.e., completely TE polarized emission, to P=-1 i.e., completely
TM polarized emission. The distributions shown in Fig. 5.11 where used to describe the
angular distribution of the emission from the active region.

p-ohmic
metal contact

pa

active region
n-ohmic |
metal contact \

n-ohmic
metal contact

sapphire

Figure 5.12: Schematic of the LED structure used for the simulation of light extraction.

For TE polarized emission, 12% of the emitted light is outcoupled from the LED
(Fig. 5.13 a). The LEE was found to decrease as the light emission from the active region be-
comes more TM polarized. For completely TM polarized emission, only 3 % of the emitted
light can be outcoupled. The rest of the light is lost due to absorption in the LED. The degree
of polarization of the light emitted from the active region of the LED also impacts the far
field radiation pattern of the device (Fig. 5.13b). For P=1, the light is mainly directed per-
pendicular to the surface. As the polarization degree decreases the emergence of rabbit ears
is seen due to outcoupling of light from the sidewalls of the sapphire substrate. For P=-1,
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Table 5.2: 320nm LED material parameters used for simulations. Values of refractive index of
AllnGaN layers determined by a model from [113] based on experimental values from [114-120]. R,
T and A are the reflection, transmission and absorption coefficients respectively.

Layer Thickness | Refractive index
p—A10‘06Ga0.94N 200 nm 2.637 A=1
p-Alo,szaoqu 200 nm T=1
n-Alg 35Gag 5N 3.5‘LLII] 2.554 T=1

sapphire 430um 1.806 [121]
p-ohmic metal contact | 500 nm R=0.4
n-ohmic metal contact | 500 nm R=0.65

almost no light is emitted perpendicular to the surface. The light can only be extracted from
the sidewalls of the chip which results in a low LEE. In applications where the LED needs to
be coupled to external optical components, this dependence of the far field radiation pattern
of UV LEDs on the polarization degree is an important issue.
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Figure 5.13: Simulated dependence of the (a) light extraction efficiency of a 320 nm UV LED chip
and (b) farfield radiation pattern of a 320 nm UV LED chip on the degree of polarization (P) of the
light emitted from the active region.

The simulation results clearly show that the extraction of light will be a severe problem for
LEDs with mainly TM polarized light emitted from the active region. This indicates that for
LEDs emitting in the UV-B and UV-C region, with large concentrations of Al in the QWs,
the LEE will be very low. Hence to achieve highly efficient UV LEDs it is necessary to either
shift the wavelength at which switching of the polarization occurs to shorter wavelengths or
to develop novel methods to extract the light emitted at large angles w.r.t. the c axis.
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5.3 Methods to increase the extraction of light

Various techniques have been implemented to increase the light extraction from nitride-based
LEDs. An overview of a few of the popular methods to increase the LEE of the devices will
be presented in this section.

5.3.1 Modification of the LED geometry

One of the most intuitive methods to increase the LEE of LEDs is to change the shape of the
device from a quadrangular parallelepiped to a geometric structure that enables more light to
be extracted from the side walls of the LED. The ideal LED shape would be a sphere with a
point-like active region in the centre of the sphere. In this case, all the light would be emitted
normal to the surface and hence outcoupled efficiently. The fabrication of a spherical LED is
however technically impractical. A more technologically viable method to increase the LEE
of the LED is to consider a cylindrical structure where the four in plane escape cones are
replaced by an escape ring. A 10 % increase in the output power of blue GaN circular disc
LEDs, as compared to cubic LED structures, was demonstrated by Wang et al [122] with the
use of laser micro-machining to dice the sapphire substrate.

Figure 5.14: Schematic of geomet-
rically deformed (a) rhomboidal and
(b) triangular LED chips. Depiction
of the photon trajectories in the hor-
izontal planes of (c) rhomboidal and
(b) triangular LED chips [123].

Lee et al. [123] proposed the use of geometrically deformed LED chips, in which the
horizontal cross section of the LED is either rhomboidal or triangular and the side walls
slanted, to increase the LEE of LEDs (Figs. 5.14a and b). Due to the deformation of the
horizontal and vertical planes, the photon trajectory is changed after each reflection off the
wall resulting in the photons, regardless of their travelling directions, finding the escape
cone after multiple reflections (Figs. 5.14 ¢ and d). Based on this design, truncated inverted
pyramid [124, 125], triangular [126] and lozenge-shaped [127] GaN-based LED chips have
been fabricated which exhibit higher LEEs as compared to a quadrangular device. Kim et
al. [126] demonstrated a 48 % increase in the output power of a 455 nm InGaN LED with the
use of an equilateral triangular LED chip as compared to a quadrangular device. A 88.6 %
increase in the output power of a InGaN truncated inverted pyramidal LED, with side walls
inclined at 50°, was reported by Fu et al. [124]. The InGaN LEDs which were grown on
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sapphire substrates were diced and shaped by applying four consecutive oblique laser cuts
onto the sides of the LEDs. To determine the optimized polygonal geometry to maximize
the side wall light extraction, Wang et al. [128] fabricated 470 nm InGaN LEDs of different
geometries ranging from triangular to heptagonal chips (Fig. 5.15 a). With the help of both
simulations and experiments they showed that the extraction of light from LEDs with odd
number of side walls is higher than that from LEDs with an even number of side walls
(Fig. 5.15D).

The shaping of LED dies, although beneficial to the LEE of the LED, is a tedious and
expensive procedure due to the hardness of the sapphire substrate. To reduce costs, shaping
of the LED at the wafer level has been investigated [129-131]. A nearly two-fold increase
in the output power of blue GaN-based LEDs has been demonstrated with the use of deep
etched angled mesa side walls [130, 131]. The angled side walls deflect the laterally guided
photons to a direction normal to the surface after total internal reflection which results in
increased outcoupling of the light. Micro-LED arrays [129] have also been used to increase
the LEE of LEDs due to the increased side wall area as compared to a conventional large
area LEDs. Also, due to the shorter photon flight distances to the side walls, reduced optical
absorption in the cladding layers is expected.
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Figure 5.15: (a) Optical microscopy images of polygonal 470 nm LED chips fabricated using laser
micro-machining [128]. (b) Measured and simulated light output from the polygonal LEDs at an
operating current of 20 mA [128].

The LED geometry can be further modified by texturing the surfaces of the semiconductor
and substrate layers. The use of textured surfaces has proved to be the most efficient and cost
effective method to increase the LEE of blue nitride-based LEDs. The physics behind the
observed increase in the LEE with texturing of surfaces and its impact on UV LEDs will be
discussed in detail in Chap. 6.

5.3.2 Modification of the spontaneous emission

Advanced techniques such as photonic crystals, resonant cavity LEDs and surface plasmons
have been used to increase not only the LEE of LEDs but also to enhance the IQE and modify
the direction of spontaneous emission from the LED.
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The spontaneous emission decay constant 7 for radiating dipoles is given by Fermi’s
golden rule as
1 2n N
== 7 [(f [Haipore| 1) " p () (5.9)
where p(h®) is the photon density of states and < f ‘Hdip(,le‘ i> is the dipole transition
matrix element. The enhancement of spontaneous emission by altering the photon density
of states is called the Purcell effect [132]. Several techniques based on the Purcell effect
have been used to increase the LEE of LEDs by increasing or modifying the spontaneous
emission of light from the active region of the LED.

Photonic crystals

Photonic crystals (PCs), which are artificial materials with two or three dimensional periodic
refractive index distributions on the scale of the wavelength of light [133], have been inten-
sively investigated for the extraction of light from LEDs. The behaviour of photons in a PC
is analogous to that of electrons in an atomic crystal. By suitably designing the structure it is
possible to obtain a photonic bandgap where no photonic modes exist for certain directions
of propagation. If a point defect is introduced in the PC, an emission channel can be created
in the photonic bandgap. Due to the point defect, the PC now behaves like a nanocavity and
the LED emission, if coupled to the cavity mode, can be greatly enhanced by the Purcell
effect. Fujita et al. [134] demonstrated the inhibition and redistribution of spontaneous light
emission using 2-D PCs formed in a GalnAsP slab. They showed that with the use of a 2-D
PC it is possible to prevent the spontaneous in-plane emission of light while redistributing
the saved energy to enable enhanced spontaneous emission in the vertical direction. How-
ever, for the PCs to be effective it is necessary for the structures to penetrate the active layer
making it difficult to achieve an electrically pumped device. Additionally, the short wave-
length and low refractive index of III-nitride semiconductors, make the use of PCs to modify
the spontaneous emission of LEDs even more challenging [135].

Another method in which PCs can increase the LEE of LEDs is by Bragg scattering of the
guided light out of the device. Using this technique, Order et al. [137] demonstrated a 20
fold increase in the emission light intensity of optically pumped InGaN/GaN MQWs using
a triangular lattice 2-D array of PCs. Wierer et al. [135] reported an ~ 73 % increase in the
LEE for 450 nm III-nitride thin-film LEDs with a 2-D PC layer formed in the n-GaN layer.
Shakya et al. [136] demonstrated a factor of 2.5 enhancement in the output power of 333 nm
[I-nitride UV LEDs with the use of triangular lattice 2-D PCs (Fig. 5.16). They showed that
separation of the light generation and extraction area i.e., light is generated in an injection
region and guided modes are extracted when reaching the PC region, results in enhanced
light extraction.

Resonant cavity LEDs

Resonant cavity LEDs (RCLEDs) or microcavity LEDs [138], in which the active region is
placed into an optical cavity, have been used to increase the output power of LEDs. The
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Figure 5.16: (a)Schematic of a 333nm LED
with a 2-D triangular PC etched on the free
p-GaN layer surrounding the p-metal contact.
(b) AFM image of the PC with lattice constant
a=600nm, diameter of holes d=200nm and
depth ~190nm. (c) SEM image of the PC
with lattice constant a=300nm and diameter
of holes d=100nm [136]

cavity is defined by a highly reflective mirror placed a few wavelengths away from the active
region and a moderately reflective distributed Bragg reflector (DBR) to allow the extraction
of light. In such a Fabry-Perot resonator, the density of the optical modes is enhanced for
resonance wavelengths. Since the probability of radiative recombination is proportional to
the photon density of states, enhanced spontaneous emission will be achieved if the optical
cavity mode is in resonance with the LED emission wavelength. Enhanced directionality and
spectral purity can also be obtained with the use of RCLEDs. Shen et al. [139] investigated
the optical cavity effects in flip-chip InGaN/GaN LEDs where the QWs were placed at a
few wavelengths distance from a highly reflective metallic p-ohmic contact. A change in the
LEE was observed when the distance between the QWs and the metal reflector was changed.
The ratio of the maximum to the minimum of the LEE was determined to be 2.3 indicating
that microcavity effects can greatly influence the LEE of the device. Moudakir et al. [140]
demonstrated a 390 nm nitride-based RCLED with the vertical cavity formed between a
bottom AlGaN/GaN DBR and a top dielectric Si0,/ZrO; mirror. Output powers of 0.6 mW
were reported for the devices. As we move towards shorter wavelengths, the fabrication
of RCLEDs becomes challenging due to difficulties in the growth of DBRs consisting of
[[I-nitride semiconductor layers with a sufficiently large refractive index contrast and the
fabrication of highly reflective p-ohmic contacts.

Surface plasmons

Resonant surface plasmon (SP) coupling can also be used to increase the output power of
LEDs [141, 142]. If the active region of the LED is placed within the SP fringing field pen-
etration depth of a thin metallic layer, the QW can be strongly quantum electrodynamically
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coupled to the SP mode. In this case when an electron and hole recombine, a SP is created
instead of a photon being emitted into free space. At the SP resonant energy, the SP density
of states is very high. If the emission wavelength of the LED matches the SP resonant energy,
the spontaneous emission will be greatly enhanced due to the Purcell effect. To extract the
light from the SP mode it is necessary to scatter the SPs which can be effectively achieved if
the metal layer is rough and has imperfections [143]. Okamoto et al. [143] demonstrated a
6.8 fold enhancement in the 7;,,; of 470 nm optically pumped LEDs with an Ag coating and
a 3 fold enhancement for LEDs with an Al coating. However for the coupling of the QW
with the SP it is necessary that the distance between the QW and the metal layer is within the
SP fringing field penetration depth which is only 47 nm for Ag and 77 nm for Al on GaN.
An exponential increase in the luminescence intensity was found as the distance between the
QW and the metal layer decreased. This becomes an issue for the fabrication of electrically
pumped III-nitride LEDs where a thickness of at least 100 nm is needed to obtain a high
quality p-current spreading layer.

Even if coupling between the QW and the SPs is not possible, they can still be used to
enhance the LEE by SP-TM wave coupling. Gao et al. [144] reported a 217 % increase in
the peak photoluminescence intensity at 294 nm for AlGaN-based UV LEDs with an 5 nm
thick Al layer placed at a distance of 90 nm from the active region. No increase in the IQE
was observed indicating that the QWs do not couple to the SPs. They also showed that
the enhancement increased as the wavelength decreased which might be attributed to the
increased TM emission from the LEDs at shorter wavelengths and stronger coupling as the
photon energy approaches the SP resonant energy.

5.3.3 Packaging of LEDs

Optimization of the packaging technology can significantly increase the LEE of LEDs. In
this section the advantages of flip-chip mounting and LED encapsulation for UV LEDs will
be discussed. In addition the use of polydimethylsiloxane (PDMS) as an encapsulant for UV
LEDs will be proposed and its influence on the LEE of UV LEDs will be investigated.

Flip-chip mounting of UV LEDs

Nitride-based LEDs grown on transparent substrates can be packaged as top-emitters (epi-
taxially up) i.e., the light is mainly collected from the epitaxial surface or bottom-emitters
(epitaxially down) i.e., the light is mainly collected from the transparent substrate. In the
case of LEDs grown on insulating sapphire substrates, both the p and the n contacts lie
on the epitaxial surface of the device. Hence for top-emitters the light must be extracted
through the ohmic contacts. The LEE of such devices is greatly reduced due to absorption
at the ohmic p-contact, bonding pads and the bonding wires. The issue is even more critical
for UV LEDs since at these short wavelengths it is difficult to find contacts which are both
electrically conductive and transparent (Chap. 7). Furthermore due to the difficulty in grow-
ing highly conductive p-AlGaN layers, most UV-LEDs are capped with a thin absorbing
p-GaN layer to obtain an ohmic p-contact with a low contact resistance. To circumvent this
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problem a flip-chip bonding scheme is used for LEDs [145] in which the LED die is inverted
and mounted on the submount with the epitaxial side down (Fig. 5.17).

Substrate

Figure 5.17: (a) Schematic of a UV LED flip-chip mounted on a submount. The light is collected
from the transparent substrate [146]. (b) Photograph of a 320 nm LED flip-chip mounted on an AIN
submount

Although flip-chip mounting is a challenging technological process, flip-chip LEDs
(FCLEDs) have a number of advantages over the traditional top emitter LEDs which include:

* reduced thermal resistance of the device due to efficient transfer of heat through the
metal bonding pads. In the case of top-emitter LEDs grown on sapphire substrates,
the thermal resistance of the device is high due to the low thermal conductivity and
thickness of the sapphire substrate. The low thermal resistance of FCLEDs results in
good thermal performance of the devices and subsequently increased lifetimes.

* good current spreading because of the presence of thick p-ohmic contacts as the con-
tacts no longer have to be semi-transparent. Hence FCLEDs can be manufactured with
large emission areas.

» compatibility with wafer scale packaging.
* no distortion of the radiation pattern due to the absence of bonding wires.

* enhanced LEE as the light is extracted from the transparent sapphire substrate avoiding
absorption at the ohmic p-contact, bonding pads and the bonding wires. Furthermore
if the contacts are replaced by highly reflective mirrors, light propagating downwards
can be redirected up and extracted through the substrate increasing the LEE.
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In Fig. 5.18, the output power of 305 nm AllnGaN LED measured on wafer is compared
to the output power of the same LED after dicing and flip-chip mounting on an AIN sub-
mount. The FCLED was measured in an integrating sphere under dc conditions. Due to the
enhancement of the heat and light extraction, a maximum output power of 3 mW at 200 mA
was achieved.
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Encapsulation of UV LEDs

The chip-encapsulating material is another factor of the packaging technology that can
greatly influence the LEE of the LEDs. In order to increase the LEE an optically trans-
parent encapsulant should be used, which decreases the index contrast at the semiconduc-
tor/ substrate—air interface thus opening the escape cone [45]. Given that the geometry of
the encapsulant is chosen such (e.g. hemispherical dome structure) that the light is always
incident normal to the encapsulant—air interface, the LEE can be increased by a factor of two
or three. For UV LEDs the chosen encapsulant should be optically transparent in the UV
region, stable under UV exposure and high temperatures, chemically inert, hermetic, mold-
able and have a refractive index similar or close to that of the semiconductor material or the
substrate. However, the transparency of epoxy resins or silicones, presently used as encap-
sulants for visible and IR LEDs, decreases drastically at wavelengths shorter than 350 nm.
Prolonged exposure to UV light and heat also degrades the encapsulant which results in a
further decrease in the transparency [147]. As most commercial silicones are either strongly
absorbing or degrade rapidly in the deep UV region, they are not used in the packaging of
UV LEDs below 350 nm. Currently, for the packaging of deep UV LEDs, UV transparent
quartz windows or lenses are used. However, the fabrication of quartz lenses and their inte-
gration with LEDs is tedious and very expensive. Recently Yamada et al presented results
on 265 nm and 285 nm UVC LEDs encapsulated with polymerized perfluoro(4-vinyloxy-1-
butene) [148]. The stable end (s-type) version of the encapsulant was reported to have a
transparency level above 90% down to 200 nm and no visible ageing or degradation of the
encapsulant was found after more than 3000 hours of operation.
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Figure 5.19: Absorption coefficient of PDMS and ethylene vinyl acetate (EVA) as a function of
wavelength and time spent (a) under a Xe arc lamp at room temperature in air (b) at 85°C and 85%
relative humidity [149].
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Figure 5.20: (a) Comparison of the spectrum of a 390 nm InAlGaN LED chip without an encapsulant
to an LED chip with PDMS as an encapsulant. Inset: Photograph of the encapsulated LED. (b) Inte-
grating sphere measurements of the output power of 390 nm InAlGaN LED chips with and without a
PDMS encapsulant.

In this work the use of polydimethylsiloxane (PDMS), with refractive index of 1.54-
1.55 [150], as an encapsulant for UV LEDs was investigated. PDMS is an elastomeric
material and belongs to the group of polymeric organosilicon compounds or silicones. It is
extensively used as a master mould for soft lithography due to its ease of use (easily mold-
able), low cost and high transparency in the UV region [151]. However, it has never before
been used as an encapsulant for UV LEDs. Mclntosh et al. [149] demonstrated that PDMS is
stable under 1948 hours of exposure to a Xenon arc lamp (5.6 kWh/m?) at room temperature
(Fig. 5.19 a). Additionally, they showed after exposure to damp heat (85% relative humidity
and 85°C) for 1200 hours, the absorption in a 1.6 mm thick PDMS layer increased from less
than 1% to 10% at 300 nm (Fig. 5.19b). The stability of PDMS to UV exposure and its
reasonable stability to heat and high humidity make it ideal for UV LED encapsulation.

To study the influence of PDMS, used as an encapsulant, on the LEE of UV LEDs, the
change in the output power of a 380 nm LED after encapsulation with PDMS was measured.
The encapsulant was moulded into a hemispherical dome using an aluminium master mould.
No change in the emission spectrum of the LED was observed indicating no absorption of
light in the PDMS layer or secondary emission of light from the layer (Fig. 5.20a). A two-
fold increase in the output power of the LED was obtained indicating a two-fold increase in
the LEE of the LED with the use of a hemispherical PDMS encapsulant (Fig. 5.20b). Hence
PDMS, with its high UV transparency, UV and thermal stability and easy handling, can be
used as an effective and low cost option as an UV and visible LED encapsulant and for the
fabrication of integrated optical components to increase the LEE of LEDs.
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5.4 Summary

The challenges in extracting light from LEDs have been presented and in particular the new
challenges arising due to the polarization of the emitted light, in the case of UV LEDs, has
been discussed. Simulations were used to investigate the influence of the polarization degree
on the LEE and the far field radiation pattern of UV LEDs. A strong decrease in the LEE
was observed for LEDs with mainly TM polarized light emission. Furthermore the light is
emitted at large angles making it difficult to couple the LEDs to external optical systems.
The simulation results clearly show that it is necessary to apply novel techniques to increase
the LEE of LEDs to obtain highly efficient devices. Techniques currently used to increase the
LEE of visible III-nitride LEDs were presented and their possible application to UV LEDs
were discussed. To increase the LEE of UV LEDs, the use of PDMS as an encapsulant for
UV LEDs was studied and a 2 fold increase in the LEE of UV-A LEDs was demonstrated. In
the next chapters, two more techniques to increase the LEE of UV LEDs i.e., use of textured
surfaces and a novel nanopixel contact LED design will be presented.



6 Texturing of the substrate
back-surface for the enhancement of
light extraction from UV LEDs

Texturing of the semiconductor/ substrate surfaces is a very efficient method to increase the
LEE of LEDs. Due to the cost effectiveness of this process, it is one of the most commonly
used techniques to enhance the light output power of commercial visible LEDs. In this chap-
ter, the mechanism behind the enhanced outcoupling of the light will be discussed and the
concept will be applied to nitride-based UV-A and UV-B LEDs grown on sapphire substrates.
With the help of simulations and experiments, the influence of a patterned substrate surface
on the LEE of UV LEDs will be investigated and optimized patterns will be presented.

6.1 Texturing of surfaces to increase light extraction

The use of textured semiconductor/ substrate surfaces, which not only increases the one
bounce extraction of light but also randomizes the angular distribution of the photons in
the LED, results in better outcoupling of the light generated in the LED. A detailed expla-
nation of the mechanism behind the process will be presented in Sec. 6.2. This approach
was first proposed in 1973 by Bergh et al. [152] and later demonstrated in 1999 by Schnitzer
et al. [153] on GaAs LEDs. The EQE of the thin film GaAs LEDs, with large area dielec-
tric coated Au mirrors, was found to increase from 9 % for a planar surface to 30 % for an
LED with a semiconductor surface textured using natural lithography, i.e. the etching of the
semiconductor layer using randomly distributed spherical colloidal particles as a mask [153].

In 2003, first reports on the use of surface texturing of GaN to increase the LEE of blue
LEDs were published by Huh et al. [155] and Haerle et al. [156]. Using Pt clusters as an
etch mask for the wet chemical etching of the top p-GaN layer, Huh et al. demonstrated a
52.4 % increase in the light output power [155]. Haerle et al. achieved EQE:s as high as 35 %
(LEE of 75 %) for thin film FC blue LEDs with a highly reflective p-mirror metallization and
efficient roughening of the n-GaN layer [156]. Fujji et al. [157] demonstrated a twofold to
threefold increase in the output power of FC GaN LEDs with a hexagonal cone like n-GaN
surface coupled with a Ag-based highly reflective p-contact. Huang et al. [158] used Ni-
nanoclusters to nano-roughen the p-GaN surface resulting in a 55 % increase in the output
power.

For GaN-based LEDs grown on sapphire substrates, complex surface processing such
as ICP etching have been used to fabricate patterned arrays on the surface of the sapphire
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Figure 6.1: SEM image of the surface morphology of (a) top surface sapphire textured layer, (b)
interface pattern sapphire layer, and (c) bottom naturally textured p-GaN layer. (d) Schematic of the
FC-LEDs with triple-light scattering layers [154].

substrate. A 40.2 % increase in the output power of FC GaN-based LEDs, by the use of
a mesh type textured sapphire back-surface along with a Ni/Ag p-pad reflector electrode,
was demonstrated by Han et al. [159]. A technique to reduce the dislocation density in the
epitaxial layers is the epitaxial growth on patterned sapphire substrates (pss) [160]. These
structures at the GaN-sapphire interface scatter the light resulting in higher output powers
[161]. In 2008, Lee et al. fabricated LEDs with triple-light scattering layers (Fig. 6.1) i.e.,
patterned sapphire back-surface and interface along with a naturally textured p-GaN surface,
which resulted in a 60 % increase of the output power [154]. The technique of surface
roughening coupled with a rear mirror, to increase the LEE, has been extensively explored
for LEDs emitting in the blue wavelength region and has proven to be a viable solution for
the commercial fabrication of LEDs. However, its impact on near and deep UV LEDs still
requires to be investigated.

6.2 Modelling the influence of textured surfaces on the LEE
of LEDs

A statistical approach in which the behaviour of light is considered to be ergodic was pro-
posed by Yablonovitch [162] and Schnitzer [153] to understand the observed increase in the
LEE with the use of textured surfaces. In this photon gas model, light rays incident on a
surface with irregular shape lose all memory of the incident angle after the first or second
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Figure 6.2: Schematic of the propagation of light in an LED with a textured substrate back-surface
and a smooth substrate back-surface. The incident angle of propagation is randomized in the case of
a textured surface.

scattering from the surface i.e., the angle of incidence will be totally lost after total internal re-
flection, leading to complete randomization of the photon trajectories with respect to internal
angles in the semiconductor. Consequently photons which were originally emitted out of the
escape cone can be redirected into the escape cone after reflection (Fig. 6.2). An equivalent
wave-optical description is the mixing of waveguide modes confined in the cavity, formed
between the LED surface and reflector, and modes which are not confined in the LED [163].
Schnitzer et al. [153] did not consider any increase in the one bounce transmission due to
the rough surface.
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Figure 6.3: (a) Schematic of the setup for the measurement of the light transmitted through a tex-
tured GaAs surface. Upper inset: SEM image of the textured surface. Lower inset: structure of the
integrated detector [164]. (b) Comparison of the light detected by the detector, placed at different dis-
tances from the optical fiber, for a flat and a textured GaAs layer with an integrated InGaAs detector
of 50 x 50 um? in size. The light detected at different distances of the detector from the optical fiber
is related to the angular distribution of the light. The surface is roughened using natural lithography
with polystyrene spheres with size 300 nm [164].

For a quantitative assessment of the behaviour of LEDs with textured surfaces, Windisch
et al. published a series of papers studying the behaviour of light propagation through tex-
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tured GaAs surfaces [163-166]. Using an integrated detector (Fig 6.3 a), they showed that
72 % of the light incident normally on a textured GaAs surface is transmitted through the
surface without being scattered (Fig 6.3b) [164]. The rest of the light is not scattered into
random directions but is dispersed preferentially into small angles described by a scatter-
ing function with angular distribution cos(6)%3 where 0 is the angle w.r.t. the normal. To
measure the angular dependence of the transmission coefficient for GaAs textured surfaces,
transmission of light incident on a bevelled GaAs plane was measured (Fig 6.4) [166]. Con-
tradictory to the assumption of Schnitzer et al., transmission of light was observed for angles
greater than the critical angle for textured surfaces although a reduction in the transmission
was observed for incident angles within the escape cone. An angle averaged transmission
T of 1.35 % was observed for flat samples and increased to 2.6 % for samples textured with
pillars of diameter 350 nm and height 180 nm. Windisch et al. compared the EQE of LEDs
with textured surfaces to those with flat surfaces both with and without a rear mirror. An
EQE of 2.15 % was measured for GaAs LEDs with flat surfaces which increased to 18.5 %
with the addition of a rear mirror. In the case of LEDs with textured surfaces a greater in-
crease in the EQE, from 3.2 % to 46 %, was observed with the use of a rear mirror indicating
internal scattering of the light reflected from the textured surface is the major cause of the
observed enhancement [166].
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A. David used a numerical model based on solving the Maxwell’s equations to describe
scattering of light by a roughened semiconductor interface [167]. The period of the struc-
tures considered were 0.8 to 2 times the wavelength of the emitted light. The scattering
efficiency was found to be dependent on the incoming angle. The backscattering is diffused
at normal incidence and specular at glancing angles while the transmission on the other hand
is specular near normal incidence and diffused at large angles (Fig 6.5). A large number of
round trips of the light rays in the LED is required for the outcoupling of the light and the er-
godicity was found to decrease with successive bounces. Due to the requirement of multiple
bounces, the presence of any lossy features can significantly impact the LEE of the devices.
A. David also showed that for large feature sizes i.e., greater than 4.5 times the wavelength
of the generated light, the results obtained from wave-optics calculations slowly converges
to the results obtained using geometric optics.
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Figure 6.5: Sketches of scattering
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ular peaks in the scattering profiles.
(b)—(d) Realistic scattering at various
angles of incidence. (b) near normal
incidence T is mostly specular and R
is mostly diffuse. (c) At intermedi-
ate angles T is diffuse and the specu-
lar component of R increases. (d) At
glancing angle T vanishes, and R is
mostly specular [167].

The models discussed show that the use of scattering structures increases the one bounce
extraction efficiency of the light only by a small amount. The main increase in the LEE
with the use of textured surfaces is due to the randomization of the light rays after reflection
allowing the light to obtain multiple chances to enter the escape cone.

6.3 Influence of a mechanically textured sapphire substrate
on the LEE of UV LEDs

In flip-chip mounted UV LEDs grown on sapphire substrates, the light is extracted from the
sapphire back-surface. As in the case of the visible LEDs, texturing of the sapphire back-
surface could be used to increase the LEE of the devices. The simplest method to texture the
surface is mechanical polishing. Hence, to study the influence of surface texturing on the
LEE of UV LED:s, the light output power of LEDs with a polished substrate back-surface
was compared to the output power of the same LED after the substrate back-surface of the
LED was mechanically roughened. Assuming that the texturing process does not affect the
contacts or the IQE of the device, the observed change in the output power would correspond
to a change in the LEE of the device. To obtain a smooth surface, the sapphire substrate
was mechanically polished using a paste of B4C particles with particle size 9 uum followed
by diamond particles of particle size 3 um. The substrate was roughened using a paste of
diamond particles with particle size 30 um. The roughness of the sapphire was determined
using scanning white light interferometry (SWLI) (Fig. 6.6). Mechanical texturing of the
surface results in a non-uniform surface roughness as seen in Fig. 6.7. The angles of the
roughened surface varies across the surface and hence no typical angles can be determined.
In the case of the polished surface, scratching of the surface is observed.

A comparison of the electric and optical performance of an LED emitting at 391 nm with
different surface roughnesses of the sapphire substrate back-surface is shown in Fig. 6.8 a.
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Figure 6.6: Roughness of sapphire substrate back-surface measured by SWLI (a) rough surface as
bought from manufacturer (rms surface roughness =1.4 um) (b) roughened using 30 um diamond
particles (rms suface roughness =0.75 um) (c) polished (rms surface roughness =2.71 nm)

Figure 6.7: Cross-sectional SEM image of the
back-surface of the sapphire substrate as pur-
chased from the manufacturer.
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The emission power of the LED is found to increase with the surface roughness as in the
case of the blue and arsenide based LEDs. No change in the operating voltage was observed,
indicating that no damage to the ohmic contacts or the LED heterostructure is caused during
the polishing process.
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Figure 6.8: (a) Comparison of the L-I-V characteristics, measured on wafer, of a 391 nm LED with
different roughnesses of the sapphire substrate back-surface. (b) Box plot of the increase in the output
power of LEDs measured on wafer, emitting at different wavelengths, after roughening the sapphire
substrate back-surface from 2.71 nm to 1.4 um measured at various points across the wafer.

For a quantitative assessment of the behaviour of the LEDs with mechanically roughed
surfaces, the change in the emission power of the device after mechanical roughening of the
substrate to 1.4 um was investigated for LEDs emitting in the UV-A and UV-B wavelength
region. The parameters of the samples studied are listed in Table 6.1. The large variation in
the change of the output power of the LEDs, from the same sample, is due to the differences
in the surface roughness across the wafer. In the case of all samples an increase in the
output power was observed after roughening of the sapphire substrate (Fig. 6.8b). This
indicates that surface texturing can increase the LEE of LEDs even in the UV wavelength
region. The enhancement may be attributed to an increase in the one bounce extraction of
light and/ or to the randomization of the incident angular distribution of the photons after
multiple reflections (Sec. 6.2). Due to the requirement of multiple reflections, even at the
same wavelength, the change in the output power is dependent on the reflectivity of the
ohmic contacts. Absorption in the LED heterostructure, owing to the presence of absorbing
p-cladding layers, layers with large number of defects and devices with low IQEs, would also
influence the enhancement of the LEE. This is reflected in the experimental results where
although a large variation in the data is observed the measured increase in the LEE tends
to decrease with the emission wavelength of the LED due to the lack of reflective contacts
and lower IQE of LEDs at shorter wavelengths. The large improvement in the LEE of the
377 nm LEDs may be attributed to the high reflectivity of the ITO/Ti/Pt/Au p-contact due to
the transparency of the ITO layer coupled with the presence of untreated Ti/Pt/Au layers.
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Table 6.1: Parameters of the LEDs used for the investigation of mechanical roughening of the sub-
strate on the LEE of the device

Substrate | Wavelength (nm) | p-metal contact n-metal contact
Sample A | sapphire 414 Ni/Au/Ti/Au Ti/Al/Mo/Au
Sample B | sapphire 409 Ni/Au/Ti/Au Ti/Al/Mo/Au
Sample C | sapphire 377 ITO/Ti/Pt/Au Ti/Al/Mo/Au
Sample D | sapphire 323 Pd/Ti/Au Ti/Al/Mo/Au (annealed)
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Figure 6.9: Schematic of the LED structure and micro-structures used for the simulation of the light
extraction

6.4 Modelling the influence of sapphire micro-structures
on the LEE of UV LEDs

Simulations were used to obtain a deeper understanding of the influence of the sapphire sub-
strate texturing on the LEE of UV LEDs. Arrays of etched micro-structures were considered
for a controlled, systematic investigation as the optical description of a random interface is
difficult. The light extracted from 320 nm LEDs with and without etched sapphire micro-
structures on the substrate back-surface was simulated using a non-sequential ray tracing
software package ZEMAX-EE [40]. The optical parameters used for the simulations were
obtained from literature and are given in Table 6.2. A simplified conventional square p-
contact LED structure (Fig. 6.9) was considered for the simulations of the LEE measured
on wafer i.e. no emission from the sides of the substrate. The light emission from the
100 um x 100 um active region was considered to be isotropic i.e. no polarization effects
were considered. No scattering of light was assumed in the simulations as the dimensions of
the micro-structures are much larger than the wavelength of the emitted light and all surfaces
and interfaces were considered to be smooth.
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Table 6.2: 320 nm LED material parameters used for simulations. Values of the refractive index of
the AllnGaN layers determined by a model from [113] based on experimental values from [114-120].
R, T and A are the reflection, transmission and absorption coefficients respectively.

Layer Thickness | Refractive index
p—A10A06Ga0.94N 200 nm 2.637 A=1
p-A10'25G30,75N 200 nm 2.701 T=1
n-Algp35Gag 5N 3.5[.Lm 2.554 T=1

sapphire 430um 1.806 [121]
p-ohmic metal contact | 500 nm R=04
n-ohmic metal contact | 500 nm R=0.65

6.4.1 Influence of the parameters of the micro-structures on the LEE

An array of micro-structures etched in the sapphire back-surface was introduced in the simu-
lation model and its impact on the LEE was studied. The different micro-structures simulated
were arrays of micro-cylinders, micro-frustums and micro-lenses (Fig. 6.9). An absorbing
p-Alg.06Gag.04N layer was considered for the simulations. The simulated LEE was 3.45 %
for a 320 nm LED measured on-wafer, with an n-ohmic metal contact with reflectivity 0.65
and a smooth sapphire substrate back-surface. If the LED wafer is replaced by an individ-
ual 0.16 mm? LED chip with a smooth sapphire substrate in the simulation model, the LEE
of the device increases to 6.2 %. The observed increase is due to collection of light from
the side walls. In this work, only the change in the LEE of LEDs measured on-wafer is
considered.

The influence of the coverage area, i.e. the area of the substrate covered by the microstruc-
tures, on the LEE was investigated. The coverage area is defined in Eqn. 6.1, where p is the
pitch and R; is the radius of the base of the microstructure.

2
coverage area = np—liz (6.1)

In Fig 6.10 a the increase in the output power, with the use of micro—structures as com-
pared to a smooth sapphire back-surface, is calculated for different coverage areas. A more
than 50 % increase in the output power can be obtained with the use of micro-structures. Due
to the micro-structures, the incident angle of the light is changed at the micro-structure-air
interface as compared to a flat surface. Hence light initially emitted outside the escape cone
may now lie in the escape cone or after multiple reflections find the escape cone and be
extracted. For both the micro-lenses and the micro-frustums the enhancement of the LEE
strongly depends on the percentage of the surface area etched with micro-structures. The ob-
served dependence is anticipated since as the coverage area decreases, a flat, smooth surface
is approached which results in a decrease in the output power and consequently, reduced
enhancement of the light extraction.

The dependence of the LEE on the parameters of etched micro-lenses, micro-frustums and
micro-cylinders was systematically analysed. In the case of the micro-frustums, the influ-
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Figure 6.10: Simulation of the dependence of the increase in the extraction efficiency of 320 nm
LEDs on (a) the coverage area for micro-lenses (&4 = 650nm, Ry = 1.38 um) and micro-frustums
(h = 650nm, Ry = 1um, o¢ = 60° ) and (b) the slope angle (&) and the etch depth (h) of the micro-
frustums etched in the sapphire substrate back-surface with a coverage area of 65 %. The p-contact
is considered to be absorbing and reflectivity of n-ohmic metal contact is 0.65.

ence of the slope angle () and the etch depth on the light extraction is shown in Fig. 6.10b.
For oo = 90° the micro-frustum corresponds to a micro-cylinder. An increase of only 26 %
is obtained with the use of micro-cylinders for on wafer LEDs. This increase is due to out-
coupling of light, emitted at large angles, at the edges of the microcylinders. At a constant
coverage area, initially a steep increase in the output power is observed when the etch depth
of the structures increases from 0.1 um to 1 um which begins to saturate for etch depths
greater than 1 ym. A broad maximum is observed in the curve of enhancement of LEE ver-
sus the slope angle for the shallow etched structures. The peak in the LEE shifts towards
larger slope angles as the etch depth increases.

To understand the observed behaviour we consider a ray of light incident at an angle 0
on a flat substrate—air interface. If the flat surface is replaced by a micro-frustum with slope
angle o then the angle 6’ at which the ray impinges on the surface is given by (& — 0) for
6 <aor(6—a)for 6 > o (Fig. 6.11). The light will be extracted if: |o¢ — 8| < ¢., where
¢ 1s the critical angle given by Eqn. 5.1

‘We consider two cases
Case 1 o< ¢,

The light is extracted, with a transmission dependent on the Fresnel coefficients for the
interface, if 0 satisfies the equation

0°< 6 < o+ ¢, < 90° (6.2)

Case 11 a> @
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Figure 6.11: Schematic of the possible paths of a ray of light incident on the surface of a micro-
frustum etched in the substrate back-surface

The light is extracted if 0 satisfies the equation

o— ¢ <0< ato. <90° (6.3)

Accordingly if we consider only the one bounce extraction of light, the maximum effi-
ciency is obtained for slope angles ranging from (¢.) to (90 — ¢.). In the case of a sapphire
substrate this would correspond to angles ranging from 33.7° to 56.3° which agrees well
with the simulation results for the shallow etched micro-frustums.

In the case of the deep etched structures, the reflected light must also be considered. Let
6, be the angle at which the reflected ray is incident on a flat substrate-air interface. For
slope angles greater than the critical angle, rays with 8 < a — ¢. will be reflected forward
towards the opposite side of the frustum with the angle of incidence, w.r.t. a flat surface,
increased by (180 — 2¢r). After multiple reflections the ray can satisfy the condition of
Eqn. 6.3 and escape the device. The greater the etch depth, the more reflections are possible
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Figure 6.12: (a) Simulation of the dependence of the increase in the LEE of 320 nm LEDs on the etch
depth and diameter of the micro-lenses etched in the sapphire substrate back-surface. (b) Simulation
of the dependence of the increase in the LEE of 320 nm LEDs with infinite extent and LED chips
on the slope angle (&) of micro-frustums (h = 650nm, Ry = 1 um, coverage area=65 %) etched in
the sapphire substrate back-surface. The p-contact is considered to be absorbing and reflectivity of
n-ohmic metal contact is 0.65.

before intersection of the ray with the top flat of the frustum and hence the maximum of the
LEE versus slope angle curve moves towards larger values of the slope angle.

If @ < 0 and (60 — o) > ¢, then the ray will be reflected back towards the active region
of the device and depending on the reflectivity of the metal ohmic contacts may receive
additional opportunities to find the light escape cone.

In Fig. 6.12 a, the simulated increase in the output power with the use of micro-lenses
etched in the sapphire substrate back-surface is shown. The amount of light extracted
strongly depends on the ratio of the etch depth to the diameter of the lens i.e., the solid
angle suspended by the lens. The maximum power was obtained with hemispherical domes.
As the angle suspended by the lens decreases, the surface morphology moves towards that of
a flat surface and hence a reduced enhancement of the light extraction is observed. Since the
enhancement of light extraction is only dependent on the solid angle and is independent of
the etch depth, shallow etched structures with correspondingly small diameters can be used
to increase the LEE of UV LEDs.

If the idealized LED with an infinite extent is replaced by an LED chip with dimensions
1 mm?, an enhancement of the LEE, with the use of micro-structures etched in the substrate
back-surface, is still achieved (Fig. 6.12b). The maximum enhancement is obtained for
smaller micro-frustum slope angles as compared to the infinite extent case. The obtained
shift in the maximum is due to efficient outcoupling of the light, emitted at large angles,
from the LED sidewalls even for a smooth surface. Therfore, the main benefit of the use of
micro-structures is the extraction of light emitted in the no escape zone (Sec. 5.1).

To determine the most efficient micro-structures, the maximum simulated increase in the
LEE of 320 nm LEDs with the use of optimized micro-cylinders, micro-frustums and micro-
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lenses etched in the sapphire substrate back-surface is shown in (Fig.6.13). The LEE of the
LEDs can be most effectively increased with the use of micro-frustums or micro-lenses due
to a change of the surface morphology.

6.4.2 Influence of the reflectivity of the metal contacts on the LEE

The impact of the reflectivity of the metal ohmic contacts on the LEE of LEDs, with smooth
sapphire substrate back-surfaces, was investigated. A transparent p-Alg 25Gag 75N layer was
considered for the simulations. For a 320nm LED with an absorbing p-ohmic metal con-
tact and a n-ohmic metal contact with reflectivity 0.65, the simulated LEE was 7.25 %. In
Fig. 6.14 a, the increase in the LEE is shown for different reflectivites of the ohmic metal
contacts. For a p-ohmic metal contact reflectivity of 0.4, a mere 11 % increase in the output
power was observed when an absorbing n-ohmic metal contact was replaced by a contact
with reflectivity 0.9. Only a minor influence of the n-ohmic metal contact reflectivity on
the output power was observed. On the other hand, an increase in the reflectivity of the
p-ohmic metal contact greatly enhanced the output power. Up to 84 % increase in the LEE
was obtained by using a p-ohmic metal contact with reflectivity of 0.9 as compared to an
absorbing contact. Light emitted towards the p-contact, with an incident angle less than the
critical angle, can be extracted after specular reflection at the p-ohmic metal contact. At the
same time light emitted within the escape cone reflected at the substrate-air interface, due
to fresnel reflections, will also have multiple opportunities to escape due to reflections at
the p-ohmic metal contact. Therefore, a reflective p-ohmic contact can greatly enhance the
performance of the LEDs. For an LED with a smooth sapphire back-surface, the reflectivity
of the n-contact does not greatly influence the LEE as the propagation angle of the light
incident on the n-ohmic metal contact surface would be much larger than the critical angle
and would be internally guided after specular reflection at the contact.
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Figure 6.14: Simulation of the increase in the LEE, of 320 nm LEDs, with the reflectivity of the
ohmic metal contacts for (a) a smooth sapphire substrate back-surface as compared to an absorbing
ohmic metal contact. (b) micro-frustums with 7 = 650nm, Ry = 1 um, a¢ = 60° and 65 % coverage
area etched in the sapphire substrate back-surface as compared to a smooth surface.

The influence of the reflectivity of the metal ohmic contacts on the LEE of the LEDs in
combination with the use of etched micro-structures is shown in Fig. 6.14 b. The structures
considered for the simulations were micro-frustums with 4 = 650nm, Ry = 1 um, o = 60°
and 65 % coverage area. For a given n-metal ohmic contact reflectivity, there is no significant
impact of the reflectivity of the p-ohmic metal contact. The slight decrease in the enhance-
ment of the LEE observed with higher reflectivity is due to the initially higher LEE of the
LED with a smooth surface and a highly reflective p-ohmic metal contact. Light emitted
directly under the p-metal ohmic contact would mainly lie within the escape cone and hence
be extracted from the LED even in the absence of the micro-structures. Therefore, no sig-
nificant influence of the p-ohmic metal contact reflectivity is observed. In contrast, the LEE
of the LED is strongly influenced by the reflectivity of the n-ohmic metal contact. Nearly
100 % improvement in the LEE is obtained with the use of contacts with 90 % reflectivity.
The enhancement in LEE can be attributed to reflection, at the n-ohmic metal contact, of
the light redirected back into the LED by the microstructures with incident angles different
from the initial angle of propagation. After multiple reflections the light initially outside the
escape cone can be directed into the escape cone. In conclusion, for a highly efficient LED
with a large LEE, it is necessary to have not only a highly reflective p-ohmic metal contact
but also the reflectivity of the n-ohmic metal contact should be large.
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Figure 6.15: Schematic of the processing steps involved in the fabrication of micro-structures etched
in a sapphire substrate

6.5 Experimental determination of the influence of
micro-frustums on the LEE of UV LEDs

To experimentally determine the influence of micro-structures etched in the sapphire back-
surface on the LEE of UV LEDs, the emission powers of LEDs with polished sapphire
back-surfaces were compared to its emission power after the etching of the micro-structures
on the sapphire back-surface. The micro-frustums and micro-lenses were found to be the
structures that provide the highest enhancment of the LEE (Sec. 6.4.1) and consequently the
fabrication of these structures was investigated.

6.5.1 Fabrication of micro-structures etched in sapphire

The process flow for the fabrication of the micro-structures is shown in Fig. 6.15.
A mask consisting of a hexagonal array of circles with diameter 2 ym and distance 1 um
was used for the fabrication of the micro-structures. The pattern was transferred to a 2 um
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Figure 6.16: (a) Cross-sectional SEM image of the photoresist mask consisting of micro-cylinders
used for the etching of micro-frustums and micro-lenses in the sapphire substrate back-surface. (b)
top view SEM image of photoresist micro-cylinders with holes in the center of the structures aris-
ing from the interference fringes generated during exposure due to the transparency of the sapphire
substrate.
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Figure 6.17: Cross-sectional SEM image of the thermal reflow of the photoresist micro-cylinders
after heating at different temperatures for 15 min (a) T=150°C, (b) T=170°C and (c) T=190°C.

thick photoresist layer (SPR 995-CM 1.1') using contact photolithography (Fig. 6.16 a). Due
to the transparency of the substrate, interference fringes may be generated, during the expo-
sure of the photoresist, resulting in the formation of a pit in the center of the micro-cylinders
(Fig. 6.16b). This pit formation can be avoided with the use of an absorbing foil under
the samples. For the patterning of the micro-frustums, the photoresist micro-cylinders were
directly used as a mask for the etching of sapphire. To fabricate the micro-lenses, the pho-
toresist cylinders were transformed first into micro-lenses using thermal reflow. In Fig. 6.17,
SEM images of the photoresist micro-cylinders after reflow at different temperatures is pre-
sented. The photoresist micro-cylinders were converted to micro-lenses by reflowing them
at 165°C for 30 min or 170°C for 15 min.

The next step in the fabrication process is the transfer of the pattern from the photoresist
mask to the sapphire substrate. Patterning of sapphire is technically challenging due to its
resistance to most chemical etching processes and a value of 9 on the Mohs scale of mineral
hardness [168]. ICP-etching using BCl3 and Cl, as reagents was used to pattern sapphire
with an etch rate of 175 nm/min and an etch selectivity ratio of the photoresist to sapphire of
2:1%. During the etching of sapphire, temperatures higher than 200°C are reached as a result

Iproduced by Dow (Rohm and Haas Electronic Materials)
2etching of sapphire done at SENTECH Instruments GmbH
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Figure 6.18: (a) Cross-sectional SEM image of the micro-frustum etched in the sapphire substrate
using ICP etching. (b) SEM image of arrays of micro-frustums etched in the sapphire substrate
back-surface at the edge (area (i)) and the centre (area (ii)) of the wafer.

of its high chemical resistance and low thermal conductivity coefficient of 40.06 W/mK at
273 K [168]. Therefore, the samples were cooled, using He gas, during the etching process
to prevent damage to the etching mask and the LED. Photoresist micro-cylinders could be
successfully used as a mask for the patterning of micro-frustums in sapphire. By controlling
the etch time, micro-frustums with slope angles ranging from 50° to 65° and etch depths
ranging from 500nm to 960 nm were obtained (Fig. 6.18 a). For the successful transfer
of the micro-lenses to the sapphire substrate, an etch selectivity ratio of the photoresist to
sapphire of 1:1 is required. Due to the high etch selectivity ratio obtained for the process,
the fabrication of optimized micro-lenses with etch depth to diameter ratios close to 0.5 was
not possible. Consequently, only the influence of the micro-frustums was investigated in this
work.

6.5.2 Investigation of the influence of the micro-frustums on the
extraction efficiency

The structures of the LEDs investigated and the parameters of the micro-frustums patterned
on the substrate back-surface are shown in Table 6.3. The measured change in the output
power of the LEDs after the patterning of the micro-frustums, compared to a smooth sub-
strate back-surface, is presented in Fig. 6.19. The large scatter in the measurements is due to
the in-homogeneity of the micro-frustums across the wafer. Due to the bowing of the wafer,
the temperature distribution across the wafer is non-uniform. This leads to in-homogeneous
etching conditions resulting in different dimensions of the micro-frustums across the wafer
(Fig. 6.18 b). At 10mA a (19 £14) % increase in the output power of LEDs was obtained for
sample C (Fig. 6.19). The measured enhancement is less than the 54 % increase expected
from the simulations. After the etching process the operating voltage at 10 mA increases
from (3.95+0.11)V to (4.06£0.16) V, indicating that the etching process degrades the
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ohmic metal contacts. Increased absorption in the ITO layer could result from the degra-
dation of the contact during the patterning of the substrate. In the case of Ti/Al/Mo/Au
contacts on n-GaN, it has been shown that a Ti-N compound is formed at the metal-GaN in-
terface even without annealing of the contact [169,170]. On annealing the contacts at 800°C,
intermixing of the metal layers is observed and a surface morphology with rms roughness of
48 nm has been reported [169, 170]. The presence of a Ti-N interlayer, in the case of the not
annealed contacts, and the intermixing of the metal layers, in the case of the annealed con-
tacts, could decrease the reflectivity of the n-ohmic metal contact from the theoretical value
of 0.6 used in the simulations. Therefore, the difference in the simulated and the measured
values in the enhancement of the LEE could be attributed to the degradation of the contacts
i.e., increased absorption in the ITO layer after etching, and the reduced reflectivity of the
n-ohmic metal contact. As seen in in Fig. 6.19, by adjusting the reflectivity of the n-ohmic
metal contact a good agreement between simulations and experiments can be obtained.

A (20 £7) % increase in the output power, as compared to a smooth substrate surface, is
observed for sample D emitting at 323 nm with the use of micro-frustums with slope angle
58° and height 650 nm (Fig. 6.19). The measured increase in the extraction efficiency is
greater than the (16 +=7) % increase in the output power obtained by mechanically roughen-
ing the sapphire back-surface. This is one of the first reports of the enhancement of the LEE
of UV-B LEDs using a patterned sapphire substrate back-surface.

To study the influence of micro-structures etched in the substrate back-surface on the
enhancement of the LEE of LEDs grown homo-epitaxially on GaN bulk substrates, micro-
frustums with slope angle 58° and height 650 nm were etched in the GaN substrate back-
surface of sample E. An (83 £26) % increase in the extraction efficiency of the LEDs was
observed with the use of etched micro-frustums (Fig. 6.19). In the case of LEDs grown on
sapphire substrates, even with the patterned substrate back-surface, a large fraction of the
light is waveguided in the n-Al,Ga;_,N layer and can not be extracted. However, for LEDs
grown on GaN substrates, patterning of the surface can be effectively used to extract all
the light as the light is no longer waveguided within the LED structure. Therefore, a much
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greater enhancement of the LEE, with the use of micro-structures etched in the substrate
back-surface, is observed for homo-epitaxially grown LEDs.

6.6 Summary

The use of a textured substrate back-surface to enhance the LEE of UV LEDs was system-
atically investigated using simulations and experiments. A simple technique of mechanical
polishing with diamond particles, to roughen the sapphire substrate back-surface, was suc-
cessfully used to increase the output power of 323 nm LEDs by (16 £7) % as compared to a
smooth surface.

For a even greater enhancement of the LEE, the use of patterned arrays of micro-cylinders,
micro-frustums and micro-lenses etched in the substrate back-surface was proposed. Sim-
ulations were used to determine the parameters of the microstructures that influence the
enhancement of the LEE of UV LEDs. The increase in the LEE with the use of micro-
structures was found to be strongly dependent on the coverage area of the structures and a
greater than 50 % increase in the output power can be achieved with high coverage areas.
Furthermore, shallow etched micro-structures i.e., etch depths less than 5 um, were found to
be sufficient to maximize the LEE. The maximum increase in the LEE with the use of micro-
cylinders, micro-frustums and micro-lenses, for 320 nm LEDs with an absorbing p-side and
and n-ohmic metal contact reflectivity of 0.65, was calculated to be 26 %, 71 % and 68 %
respectively. Using ICP etching, micro-frustums were patterned on the sapphire/ GaN sub-
strate back-surface of LEDs emitting in the UV A and UV B region. A (20 +7) % increase in
the output power of LEDs emitting at 323 nm was obtained with the use of micro-frustums.
As a result, the use of micro-frustums to enhance the LEE of UV LEDs was successfully
demonstrated.

Simulations were further used to investigate the influence of the reflectivity of the ohmic
metal contacts on the LEE of UV LEDs. For an LED with smooth surfaces, the LEE was
greatly increased with the use of reflective p-ohmic metal contacts. The reflectivity of the
n-ohmic metal contact was found to have only a minor influence on the LEE of the LED. In
contrast, for LEDs with micro-structures etched in the substrate back-surface, the reflectivity
of the n-ohmic metal contact greatly influenced the observed enhancement in the LEE of
the LEDs. Thus to fabricate UV LEDs with high LEEs it is important that the p-side is
transparent and both the p- and n-ohmic contacts are highly reflective.



7 Nanopixel contact LED design for
enhanced light extraction from UV
LEDs

One of the major sources of losses of the light generated in nitride-based LEDs grown on
sapphire substrates is light absorption at the electrical contacts. For the efficient outcoupling
of light from FCLEDs, light that is emitted towards the metal contacts needs to be reflected
to the transparent substrate. The immense influence of the reflectivity of the ohmic metal
contacts on the LEE of LEDs has been previously discussed in Sec. 6.4. In the case of UV
LEDs, obtaining p-contacts which are both ohmic and reflective is challenging due to the
large bandgap of AlGaN, the limits in p-doping of AlGaN layers and the low reflectivity
of metals in the UV wavelength range. To overcome this challenge, a novel nanopixel con-
tact LED design, consisting of an array of nanopixel p-contacts combined with a metallic
reflector, will be presented in this chapter.

7.1 State of the art reflective p-contacts for nitride-based
UV and visible LEDs

To enhance light extraction, the reflectivity of electrical contacts needs to be increased with-
out compromising the contact resistance. Increase in the contact resistance would result in
higher operating voltages and resistive electrical losses which would lower the wall plug
efficiency of the device. In the absence of suitable reflective ohmic contacts, an alternative
approach to increase the LEE is to integrate a reflector into the LED. For the reflector to be ef-
fective, it should have a high reflectivity with a weak angular dependence in the wavelength
range of interest.

Al, Rh and Ag metal reflectors have the highest reflectivity in UV wavelength region
(Fig. 7.1). Ag, which is one of the most frequently used reflector for the visible region,
becomes absorbing in the UV-B region due to 4d — Ss interband transitions. Accordingly,
Ag can only be used as a reflector in the UV-A wavelength range. The work functions of
Al, Rh and Ag are 4.28 eV [172], 5eV [173] and 4.26 eV [174] respectively. Due to their
low work functions, they do not produce good ohmic contacts to p-Al,Ga;_,N. One method
to circumvent this problem is the use of semi-transparent interlayers between the reflector
and the p-Al,Ga;_,N to obtain a low specific contact resistance. For the blue and near-
UV region, the use of thin semi-transparent interlayers such as Ni/Au [175] [176], Zn-Ni
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solid solution [177], indium-doped ZnO [178], Ir [179], indium-tin-oxide (ITO) [180] and
Ag/ITO [181] have been extensively investigated. However, when moving deeper into the
UV region, the absorption of light in these interlayers increases drastically.
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Another approach to increase the LEE is the use of multilayer mirrors such as distributed
Bragg reflectors (DBR) or omni-directional reflectors (ODRs). One of the major drawbacks
of using such reflectors is that, unlike metallic mirrors, they are electrically insulating and
hence no current can flow through the reflector. In order to provide electrical conductivity,
it is necessary to perforate the mirror with arrays of microcontacts. Kim et. al. utilized an
ODR consisting of GaN, a quarter-wave thick SiO, low-refractive-index layer perforated by
an array of NiZn/Ag microcontacts and an Al layer to enhance the light extraction efficiency
of 400 nm LEDs (Fig. 7.2) [182]. A 38 % higher output power was obtained for LEDs with a
GaN/SiO,/Al ODR as compared to LEDs with a Ag reflector. The size of the microcontacts
ranged from 4 x 4 um? to 10 x 10 um? with minimum interval between the microcontacts
of 15 um. Due to the large distance between the microcontacts no current is injected in the
region between the contacts and hence light is generated only in the active region below the
microcontacts. Jeong et. al. [183] used a DBR consisting of 11 layers of alternating quarter-
wave thick Ti3O5 and Al,O3 along with an p-ohmic contact ITO interlayer to increase the
output power of 385 nm LEDs by 15 % compared to LEDs with a Ag reflector. Nakashima
et. al. demonstrated a 1.6 times higher output power for 350 nm LEDs with the use of a
perforated SiO,/AIN dielectric multilayer coupled with an ITO interlayer as compared to
Ni/Au p-contacts [184].
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In the case of all the LEDs with reflective p-contacts discussed above, light is generated un-
der the low contact resistance interlayer or microcontacts which are absorbing in the UV-B
and UV-C wavelength range. Noticeably, in most commercial UV-LEDs due to the diffi-
culties in growing highly doped p-Al,Ga;_,N layers, the LED structure is capped with an
absorbing p-GaN layer for the formation of low resistivity p-ohmic contacts. For an efficient
outcoupling of the light, with the use of reflective contacts, in UV LEDs, new contact layouts
need to be designed such that light absorption in the p-GaN layer is avoided and the light is
also generated in the region below the exposed mirror.

Pd Al
'- q—l ‘
n-contact p-GaN
p- AlGaN
’ active
region

n-AlGaN

Figure 7.3: Schematic cross-sectional view of nitride-based nanopixel UV LED with Pd contacts and
Al reflector layer.

7.2 Description of the nanopixel contact LED design

In this work a novel nanopixel contact LED design, consisting of nanopixel contacts of
Pd (or any other low resistivity ohmic contact to p-GaN/p-AlGaN) combined with an Al
reflector (metal reflector), is proposed to enhance light extraction in UV LEDs. A schematic
cross-sectional view of the structure is shown in Fig. 7.3. The structure consists of a two
dimensional array of Pd nanopixel contacts or any other low resistivity ohmic contact, with
dimensions less than 4 x 4 um? and spaced less than 4 um apart. The Pd nanopixels form
an ohmic contact to the p-GaN cap layer or the p-AlGaN cladding layer. If an absorbing
p-GaN layer is implemented in the LED structure for the formation of low resistivity ohmic
contacts, it can be etched off in the area between the nanopixels. Next, the entire p-side is
covered with an Al reflector which also acts as a current spreading layer. If the spacing (d)
between the nanopixels is sufficiently small, a large portion of the current will flow into the
region between the nanopixels due to current spreading in the p-cladding layer. This results
in the almost homogenous injection of current throughout the entire active region of the
mesa structure. Light emitted in the region just below the nanopixels, towards the p-side of
the diode, will be absorbed or poorly reflected by the Pd nanopixel contacts, while the light
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emitted in the region between the nanopixels will be highly reflected by the Al layer. The
LEE of the device can thus be increased if current overlap is obtained in the region between
the nanopixels i.e. the nanopixel spacing is in the order of the current spreading length in the
p-AlGaN cladding layer. To maximize the outcoupling of the generated light, the ratio of the
area covered by the nanopixel contacts to the total mesa area (fill factor) should be minimal.
Hence, optimization of both the size (/) and spacing (d) between the nanopixels is necessary
to maximize the light extraction.

7.3 Theorectical impact of the nanopixel contact size and
spacing

To maximize the LEE, with the use of nanopixel contact LED design, it is necessary to
minimize the fill factor i.e. majority of the light should be generated under the Al reflector.
The minimum fill factor is limited by:

1. the desired operational voltage. For fixed device dimensions, the voltage drop across
the p-ohmic contact will increase by a factor (100/fill factor) for a LED with nanopixel
contacts as compared to a large area contact LED. Therefore, the operational voltage
will increase with reduced fill factor.

2. the minimum size of the nanopixel contacts which is determined by the fabrication
technique.

3. the distance between the pixels which is governed by the current spreading in the
p-cladding layer.

Current spreading in the p-cladding layer is necessary for the injection of current in the
region between the nanopixel contacts. A minimum current density is required for the gener-
ation of light and additionally the IQE also depends on the current density (Sec. 3.1). When
the lateral flow of current in an LED is considered, depending on the sheet resistance of the
cladding layers, the current will prefer to flow in the layer with lower resistance. In the case
of nitride-based UV LEDs, due to the difficulties in growing thick, highly doped p-AlGaN
layers, the sheet resistance of the p-cladding layer is much higher than that of the n-cladding
layer. Therefore, the junction current will tend to crowd around the nanopixel contact.

Thompson [185] proposed a model to describe the current spreading under a linear stripe
top contact with the current spreading layer lying just above the p-n junction (Fig 7.4). In
this model, the potential and current density (Jy) under the top metal contact is considered
to be constant. Due to the high conductivity of the n-cladding layer, the n-side boundary
of the active region is assumed to be a plane of equipotential V9. The equipotentials in the
p-cladding layer are taken to be perpendicular to the p-n junction, in the region outside the
contact, with purely transverse current flow. If p, and ¢, are the resistivity and thickness of
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Figure 7.4: Schematic of equipotentials and current distribution between contact and active layer in
structures with linear stripe contact geometry [185].

the p-current spreading layer and n;4,,; is the diode ideality factor, then the current density
J(x) through the active region at a distance x from the edge of the contact is given by Eqn. 7.1

Jo
J(x) =2 (7.1)
(x/Ls, + 21/2)2
where L, is the current spreading length given by Eqn. 7.2.
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Figure 7.5: (a) Current density in the active region at a distance x from the edge of the contact as a
function of the ratio x/ Ly,. (b) Calculated values for Ly, as a function of the current density under
the contact Jy and the sheet resistance of the p-cladding layer. The n;4.,; for UV AllnGaN LEDs is

assumed to be 4.

Fig. 7.5 a shows the current density as a function of the ratio of the distance from the
nanopixel contact edge (x) to Ls,. A drastic decrease in the current density is observed
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when the ratio x/Ly, > 1. Consequently for the generation of light in the region between
the nanopixel contacts, the spacing between the contacts (d) should follow the design rule
d <2L;,. As seen in Eqn. 7.2, L, can be increased by reducing the resistivity or increasing
the thickness of the p-cladding layer. The dependence of L;, on the current density further
implies that the current injection in the region between the contacts and hence the efficiency
with which the light is generated between the contacts will be dependent on the operational
current. Therefore, the LEE of LEDs with nanopixel contacts design will be a function of
the operational current. In Fig. 7.5 b, the current spreading length is calculated for different
current densities under the contacts and sheet resistances of the p-cladding layer. For typical
values of p,=10Qcm and 7, =200nm of the p-cladding layer, the distance between the
nanopixel contacts should be around 1 um at a current density of 200 A/cm?. This implies
that nanopixel contact sizes of less than 1 x 1 pm? are required to obtain a fill factor < 25 %.

7.4 Optical and electrical investigation of LEDs with
nanopixel contact geometry

To demonstrate the viability of the nanopixel contact LED design experimentally, AlInGaN
LEDs emitting from 390 nm to 400 nm with Pd nanopixel contacts and an Al reflector layer
were fabricated. The layer structures were grown by MOVPE on (0001) oriented 2-inch
sapphire substrates [186]. The structure consists of a GaN:Si buffer layer, a 5-period In-
GaN/InAlGaN MQW active region, a 10 nm thick Alg,3GaN:Mg electron blocking layer,
and a 200 nm thick GaN:Mg current spreading layer [55]. LEDs were fabricated using stan-
dard chip processing technology. Mesa structures were etched using inductively-coupled
plasma in a chlorine atmosphere down to the n-GaN current spreading layer. An array of
30nm thick nanopixel Pd contacts was fabricated on the mesa structure and annealed in
nitrogen ambient at 530°C to form ohmic contacts. Arrays with nanopixel contact sizes
from 4 x 4, to 1 x 1 um? and spacings of 4 to 0.5 um along with conventional large-area
square contacts (conventional LED contact) were fabricated on the same wafer for compari-
son. Ti/Al/Mo/Au layers were then deposited on the n-GaN surface. Finally Al/Pt/Au layers
were deposited on the mesa structures. Transfer length measurements (TLM) were carried
out to determine whether current is injected into the p-cladding layer by the Al reflector layer.
As seen in Fig. 7.6, current is injected into the LED only through the Pd nanopixel contacts.
For a systematic study of the influence of the nanopixel contact geometry on the LEE of the
LEDs, two cases were considered:

1. the p-ohmic contact area was kept constant for all the LED structures i.e. the mesa
area varied according to the fill factor and

2. the mesa area was kept constant for all the LED structures i.e. the p-ohmic contact
area varied according to the fill factor.
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7.4.1 LEDs with constant p-ohmic contact area: mesa area reduces
with increase in fill factor

For the comparison of LEDs with identical p-ohmic contact area but varied nanopixel contact
geometries, the Pd area was kept constant at 100 x 100 um?. Nanopixel contact LEDs with a
fixed nanopixel size of 1 x 1 um? and with nanopixel spacing 1.5, 1 and 0.5 um along with a
conventional 100 x 100 wm? square contact LED were compared. This corresponds to filling
factors of 16, 25, 44 and 100 % respectively. A similar operating voltage is obtained for all
the LEDs confirming that the p-ohmic area is the same in all the devices (Fig. 7.7 a). Typical
L-I characteristics of the different LED structures are shown in Fig. 7.7b. At low currents,
the output power of the large area contact is greater than that for the LEDs with nanopixel
contact geometry. As the current increases the output power of the nanopixel contact LEDs
becomes larger than that of the conventional LED. The crossover in the L-I curves occur at
higher currents as the fill factor of the LEDs with nanopixel contacts decreases.

If no current spreading between the nanopixel contacts is assumed, the L-I characteristics
of all the LEDs at low currents should be the same due to the identical current density in
the LEDs. At high currents due to reduced heating, in the case of the LEDs with nanopixel
contacts, the thermal roll-over of the output power occurs at larger currents as the fill factor
decreases (Sec. 4.2.3). One factor that could decrease the output power is leakage currents.
The mesa lengths of the LEDs with nanopixel spacing 1.5, 1 and 0.5 gm and the conventional
LED are 260, 210, 160 and 110 pum respectively. If the main source of leakage was along the
mesa side walls, the leakage current would increase with reducing fill factor. The increased
leakage would result in lower output powers for the LEDs with nanopixel contact geometry.
In Fig. 7.8 a, the measured reverse-biased current is plotted against the length of the mesa of
the LEDs. The reverse current is found to increase linearly with the square of the mesa length
i.e., the reverse current increases with the area of the mesa and not the perimeter. This implies
that the bulk of the LED is the dominant source of the leakage current. Under the assumption
of no current spreading, all the LEDs have the same contact area and consequently should
have the same volume of leakage. The observed difference in the L-I characteristics of the
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Figure 7.7: (a) V-I characteristics, measured on wafer, of nanopixel 400 nm AllnGaN LEDs with
(i) square contact (100 x 100 um?) and nanopixel contact LEDs with nanopixel size=1 x 1 um?>
and nanopixel spacing (ii) 0.5 um (iii) 1 ym and (iv) 1.5 um. The Pd area is kept constant at
100 x 100 wm?. (b) L-I characteristics, measured on wafer, for the structures (i-iv).

LEDs at low currents can therefore not be explained by variation in the leakage current.
Hence current spreading in the p-cladding layer must be considered to understand the L-I
characteristics of the devices.

If current spreading in the p-cladding layer and consequently current overlap in the region
between the nanopixels is considered, the average current density in the LED would decrease
with the fill factor. In Fig. 7.8 b, the measured dependence of the EQE of the conventional
large area contact LED on the current density is depicted. A maximum in the EQE curve is
obtained at a current density of 200 A/cm?. In the case of the conventional LED, the LEE
should be independent of the current density and thus the IQE of the LED should mirror
the observed dependence of the EQE on the current density. At low operating currents,
the nanopixel contact LEDs have a lower current density as compared to the conventional
LED which in turn results in lower IQE in the nanopixel contact LEDs and hence a reduced
output power. As the current increases, due to current spreading in the p-cladding layer
and current overlap in the region between the nanopixels, the current density in the region
between the nanopixel contacts increases resulting in more efficient generation of light in
the region between the contacts. The light generated between the nanopixel contacts will
be reflected by the Al-mirror and efficiently extracted from the LED which will result in a
higher output power as compared to the conventional LED. The current at which the current
density is sufficiently large to enable efficient generation of light between the pixels will
depend on the nanopixel spacing. Correspondingly, the current at which the output power of
the nanopixel contact LED becomes greater than that of the conventional LED will increase
as the fill factor of the device decreases (Fig. 7.7 b).

The experimental data clearly demonstrates that current spreading in the p-cladding layer
can be effectively used to inject current in the region between the nanopixels. By the op-
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Figure 7.8: (a) Dependence of the reverse current (/g) on the mesa length (p), measured at different
bias voltages, of 400 nm AllnGaN LEDs with conventional large area square contacts and nanopixel
contacts. (b) Dependence of EQE % on the operating current density, measured on wafer, for a
400 nm AlInGaN LED with large area 100 x 100 um? square contact.

timization of the nanopixel spacing, for the required operational current, it is possible to
increase the LEE of UV LEDs with the use of the nanopixel contact LED design.

7.4.2 LEDs with constant mesa area: p-ohmic contact area reduces
with decrease in fill factor

The mesa area was kept constant at 160 x 160 um? for the comparison of LEDs with
identical mesa area but varied nanopixel contact geometry. Typical L-I characteristics for
nanopixel LEDs, with different nanopixel sizes 4 x 4, 2 x 2 and 1 x I um? and spacing
4, 2, and 1 um respectively but identical fill factor of 25 %, along with a conventional
150 x 150 um? square contact LED (100 % fill factor) are shown in Fig. 7.9a. It can be
clearly observed that the light output increases with decreasing nanopixel size and spacing.
At 20 mA, the nanopixel LEDs with nanopixel sizes 4 x 4,2 x 2 and 1 x 1 ,umz show a 55,
78 and 90 % increase in the light output power respectively compared to the conventional
square contact. From the V-I characteristics shown in Fig. 7.9 b, it can be seen that at 20 mA
the forward voltage for the nanopixel LEDs is much larger than that for the conventional
square contact LED. This is mainly attributed to the decrease in the effective total p-ohmic
contact area. Increase in contact resistance due to structural imperfections arising from the
fabrication of contacts with small dimensions may also contribute to the observed increase
in the operational voltage. The challenges in the fabrication of the nanopixel contacts with
small dimensions will be discussed in detail in Sec. 7.5. Maximum wall plug efficiencies
of 0.44 %, 0.51 %, 0.46 % and 0.34 % are obtained for the nanopixel LEDs, with different
nanopixel sizes 4 x 4, 2 x 2 and 1 x 1 um? and the 150 x 150 um? square contact LED re-
spectively.
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Figure 7.9: (a) L-I characteristics, measured on wafer, of nanopixel 390 nm AllnGaN LEDs with
(i) square contact (150 x 150 um?) (ii) nanopixel size=4 x 4 um?, nanopixel spacing 4 um (iii)
nanopixel size =2 x 2 um?, nanopixel spacing 2 um and (iv) nanopixel size=1 x 1 um?, nanopixel
spacing 1 um [187]. Mesa area is kept constant at 160 x 160 um?. (b) V-I characteristics, measured
on wafer, for the structures (i-iv) [187].
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Figure 7.10: (a) DC V-I characteristics, measured on wafer, of nanopixel 390 nm AllnGaN LEDs
with nanopixel size of 1 x 1 um? and nanopixel spacing (i) 4 um (ii) 2 um (iii) 1 wm and (iv) square
contact (150 x 150 um?) [187]. Mesa area is kept constant at 160 x 160 um?. (b) Pulsed L-I charac-
teristics, measured on wafer, for the structures (i-iv) [187]. Pulse width of 1.5 us and a 0.15 % duty
cycle.
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To study the influence of the fill factor on the output power of the LEDs, nanopixel LEDs
with a fixed nanopixel size of 1 x 1 um? and with nanopixel spacing 4, 2 and 1 um along
with a conventional 150 x 150 um? square contact LED were compared. This corresponds
to filling factors of 4, 11, 25 and 100 % respectively. The forward voltage increases as
the spacing between the nanopixels increases due to the decrease in the effective total p-
ohmic contact area (Fig. 7.10 a) resulting in dissimilar levels of heating in the different LEDs.
Hence, for comparison between the devices, L-I characteristics were measured under pulsed
conditions as shown in Fig. 7.10b. For a pulse width of 1.5 us and a 0.15 % duty cycle, at
20 mA, the nanopixel LEDs with fill factors 4, 11 and 25 % show a 101, 114 and 103 %
increase in the output power respectively compared to the conventional square contact. For
nanopixel LEDs with different fill factors, the light output could increase due to the following
reasons:

1. increase in current density (at low currents) resulting in higher IQE,

2. enhanced reflection at the Al reflector along the increased perimeter of the p-contact
and

3. enhanced reflection at the Al reflector due to current overlap in the region between the
nanopixels.

At high currents the nanopixel LEDs with spacing of 2 and 1 um show a larger output than
the LED with spacing of 4 um. This effect could be an indication that current overlap and
concurrently enhanced light reflection at the Al reflector occurs for the LEDs with smaller
nanopixel spacing at high currents. It can be seen from Fig. 7.10, that the nanopixel LED
with spacing of 1 um results in the highest conversion efficiency considering that its oper-
ating voltage is the lowest of all nanopixel LEDs. The maximum wall plug efficiencies of
the nanopixel LEDs with fill factors 4, 11 and 25 % and the large area square contact are
determined to be 0.25 %, 0.39 %, 0.46 % and 0.34 % respectively.

The three-dimensional current spreading in an UV LED, emitting at 380 nm, was sim-
ulated, using the SpeCLED software package [38], to get a deeper understanding of the
working of the LEDs with nanopixel contacts. The room temperature material properties
used in the simulation of the LEDs emitting at 380 nm were as follows: thicknesses of
GaN:Mg and GaN:Si were 7,=0.2 um and 7, =1.7 um; electron and hole concentrations
were n=1.5x 10 cm=3 and p=1x 10'7 cm—3; mobilities of holes and electrons were
uy,=10 cm?/Vs and p, =263 cm?/Vs; specific contact resistance to GaN:Mg and GaN:Si
were 1072 Qcm? and 10~% Qcm?. Keeping the nanopixel size constant at 1 x 1 um? and
varying the nanopixel spacing from 1 to 4 um, current spreading in the 200 nm thick p-GaN
layer was investigated. Fig. 7.11 shows the simulated current density injected in the active
region. For a nanopixel spacing of 4 um, the density of the current injected in the region
exactly in the middle of the imaginary line joining two neighboring pixels is 13 A/cm?, indi-
cating that there is no current overlap in the region between the pixels. The injected current
between the nanopixels is too low for efficient light emission. The ratio (r) of the current
density injected in the middle of two neighboring pixels to that in the center of the nanopixel
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Figure 7.11: Above: Simulation of the current injection in the active region for nanopixel contacts
380 nm AllnGaN LEDs with nanopixel size 1 x 1 um? and nanopixel spacing (a) 4 um, (b) 2 um and
(c) 1 um. The total current is constant at 20 mA. Below: Optical microphotographs of the nanopixel
AllnGaN LEDs with nanopixel size 1 x 1 um? and nanopixel spacing (a) 4 um, (b) 2 um and (c)
1 um at 15 mA total current. Mesa area is kept constant at 160 x 160 um?.

is ~0.01. As the spacing is decreased to 2 um some current overlap can be observed. The
minimum current density injected in the region between the nanopixels is 36 A/cm? while
r increases to ~ 0.1. For a nanopixel spacing of 1 um, the minimum current injected in the
region between the nanopixels is 73 A/cm? and r is ~ 0.53. This strong overlap of the cur-
rent in the region between the nanopixels results in emission from the entire active region.
Hence a 1 um or less spacing between nanopixels is required to obtain light emission from
the entire region.

Optical microphotographs of the nanopixel LEDs, at a total current of 15 mA, were taken
from the polished back surface of the sapphire (Fig. 7.11—-7.12). The resolution of the
setup was 420 nm. For the LED with nanopixel size of 4 x 4 um?, no light is emitted in the
region between the contacts demonstrating that a distance of 4 um is too large for significant
current overlap. In addition, the area from which light is emitted is larger than that of the
nanopixels indicating that due to current spreading in the p-GaN layer, light is also emitted
in the region surrounding the nanopixels. Reflection from the Al layer results in increased
intensity observed at the edges of the nanopixels Fig. 7.12. The emission images (Fig. 7.11)
of the LEDs with constant nanopixel size of 1 x 1 um? and varying the nanopixel spacing
from 1 to 4 um show that for nanopixel spacing of 4 and 2 um no light is emitted in the area
between the nanopixels while for the LED with nanopixel spacing of 1 um, the entire active
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Figure 7.12: Optical mi-
crophotographs of a nanopixel
contact AllnGaN LED with
nanopixel size 4 x 4 um?
and nanopixel spacing 4 um
at 15mA total current.
The bright ring around the
nanopixel contact is a result of
the increased light extraction
at the edges due to reflection
at the Al reflector.

region appears to emit light. This compares well with the result obtained from simulations,
that nanopixel spacing (d) of 1 um or less is necessary for current overlap.

The experimental data confirms that the nanopixel contact LED design can be used to
enhance the LEE of UV LEDs. For the design to be efficient, i.e. current is injected homo-
geneously in the entire active region, it is necessary for the spacing between the pixels to be
less than 1 um.

7.5 Fabrication of nanometer size contacts

To maximize the LEE of UV LEDs with the use of nanopixel contact LED design, it is
necessary to minimize the fill factor. From both theoretical predictions and experimental
results, a maximum spacing of 1 ym between the nanopixels contacts is required for light to
be generated in the region between the contacts. Hence to obtain a fill factor of less than 25 %,
nanopixel contacts smaller than 1 x 1 um? are required. The crucial step in the fabrication
of LEDs with nanopixel contacts is the structuring of the contacts. Due to the nanometer
dimensions of the contacts, the fabrication process becomes complex and care must be taken
to ensure that the contacts can be electrically connected. In this work a method to fabricate
30 nm thick Pd nanopixel contacts with sizes 500 x 500 nm? and less was developed. The
process flow for the fabrication of Pd nanopixel contacts is shown in Fig. 7.13.

The use of e-beam lithography was investigated for the fabrication of Pd nanopixel con-
tacts with sizes ranging from 100 x 100 to 500 x 500 nm? and a constant spacing of 500 nm.
A spacing of 500 nm was taken to ensure that current overlap between the pixels is obtained
even at low operational currents. A 100 nm thick resist layer (AZ nLOF 2035') was used as
a mask and the e-beam doses required for the patterning of the nanostructures are shown in
Table 7.1. Rounding of the edges were observed for the small contacts of size 100 x 100 nm?
(Fig. 7.14 a). As the nanopixels have a spacing of only 500 nm, the proximity effect must be
taken into consideration during e-beam direct writing. Proximity effect in e-beam lithogra-
phy is the phenomenon in which blurring of the energy distribution takes place mainly due
to forward and backward electron scattering in the resist and substrate. Due to the proxim-

Iproduced by MicroChemicals GmbH
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Figure 7.13: Schematic of fabrication of Pd nanopixel LED contacts using e-beam lithography.
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Table 7.1: Required e-beam doses for the transfer of a nanopixel contact layout to a 100 nm thick
AZnLOF 2035 photoresist layer. The size of the structures obtained after e-beam lithography are
compared to the size defined in the CAD mask layout.

Length of nanopixel in mask layout | Electron dose | Measured length of nanopixel
100 nm 150 uC 113nm
200 nm 130 uC 205 nm
300 nm 110 uC 308 nm
400 nm 90 uC 405 nm
500 nm 80 uC 509 nm

ity effect, the pixels at the edges of the mesa structure are weakly defined as compared to
those in the center (Fig. 7.14b). To obtain a homogeneous pattern across the entire mesa
structure, the proximity effect can be precompensated with the use a proximity correction
scheme based on the modification of the e-beam dose. In this scheme a different dose is
applied to each pixel to compensate for the proximity effect. The correction requires an
accurate knowledge of the energy deposited in the resist by the e-beam writer which is de-
scribed by the proximity function. The function is modelled as a sum of two Gaussian terms;
one representing the short range effect due to forward scattering and the other representing
the long range effect due to backscattered electrons (Eqn. 7.3).

1 1 - 2

0= @l e =

o is the forward scattering range parameter, 3 is the backscattering range parameter, 1 is
the ratio of backscattered energy to forward scattered energy and r is the distance from the
point of electron incidence. The parameters &,  and 1 are dependent on the resist—substrate
system and the energy of the beam. The proximity correction is related to the deconvolution
of the desired result and the proximity function [188]. For the system under investigation,
the values for o, B and 11 were found to be 450, 3600 and 5 respectively [189].The commer-
cial software package PROXECCO? was used to calculate the required doses for proximity
correction. A homogeneous nanopixel contact pattern was obtained across the entire mesa
structure with the use of the proximity correction during e.beam writing (Fig. 7.14 b).

Wet chemical etching using a solution of Aqua regia® or sputtering by bombardment with
Ar+ ions can be used for the structuring of the 30 nm thick Pd layer. Due to strong under-
etching and the small dimensions of the nanopixels, wet etching results in the complete
removal of the Pd layer. Hence the Pd layer was patterned by sputtering using Ar+ ions.
It is also possible to etch off the thin ( 40 nm), absorbing p-GaN contact layer between the
nanopixel contacts by increasing the sputtering time. During the sputtering process, the
sputtered Pd and p-GaN material is redeposited on the sides of the etching mask (Fig 7.15)
forming insulating side walls, i.e. no current could be injected into the contacts. The height

ZProximity Effect Correction Software by Vistec Electron Beam GmBH, Jena, Germany
3also know as nitric acid hydrochloride (HNO3 + 3 HCI (1:3)) which is a highly corrosive mixture of acids
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Figure 7.14: (a) SEM images of a 100 nm AZ nLOF 2035 photoresist layer patterned into nanopixel
contacts using e-beam lithography. (b) Comparison of the transfer, using e-beam lithography, of
the nanopixel contact layout to a 100 nm AZnLOF 2035 photoresist layer with and without the use
of e-beam proximity correction. With the use of the proximity correction a homogeneous array of
nanopixel contacts are obtained even at the edges of the mesa structure.

of these redeposition walls was found to be proportional to the height of the etch mask. Fur-
ther more the side walls impede the complete removal of the etch mask preventing electrical
contact to the nanopixels in the case of an insulating mask (e.g. photoresist, SiN). To cir-
cumvent this problem, the use of Ti as a mask for the sputtering of Pd was investigated. As
the sputter rate for Ti is 2 nm/min as compared to 8 nm/min for Pd and 6 nm/min for GaN, a
20 nm thick Ti layer is sufficient as a hard mask for the patterning of a 30 nm Pd and 40 nm
p-GaN layer. Due to the electrical conductivity of the Ti mask, removal of the mask after
etching is not necessary for the electrical contact to the nanopixels. The 20 nm Ti layer was
structured using e-beam lithography and reactive ion etching (RIE) with an SFg based recipe.
SEM images show that with the use of the Ti hard mask, for the patterning of the Pd nanopix-
els, no redeposition wall formation is observed (Fig 7.15). The Pd nanopixel contacts, which
are electrically connectable, can thus be successfully fabricated using a Ti hard mask.

Using the process described above, it is possible to fabricate nanopixel contacts with sizes
less than 500 x 500 nm?. The complete LED fabrication can be achieved by integrating the
nanopixel contacts fabrication step in the standard LED processing technology (Sec. 2.2).
The fabrication of the complete LED structure was out of the scope of this thesis.
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Figure 7.15: Cross-sectional SEM images of a Pd nanopixel contact, after resist stripping, patterned
using sputtering by bombardment with Ar+ ions and (a) a 1.1 um photoresist mask and (b) a 20 nm
thick Ti hard mask. Electrically insulating redeposition walls are observed when using a thick pho-
toresist mask. No walls were observed in the case of a Ti mask.

7.6 Summary

A novel nanopixel contact LED design, consisting of nanopixel contacts of a low resistivity
ohmic p-contact material combined with a metal reflector, which results in enhanced light
extraction in UV LEDs was demonstrated. A 90 % increase in the light output power of a
390 nm AlInGaN LED was shown for nanopixel LEDs with a nanopixel size of 1 x 1 um?
and spacing of 1 um as compared to the conventional square contact geometry under dc
conditions. To optimize the efficiency of the nanopixel contact design

1. the spacing between the nanopixels should be less than twice the current spreading
length of the p-cladding layer

2. and the width of the nanopixel contact should be less than the nanopixel spacing.

In the case of a 200 nm thick p-AlGaN layer, due to the large sheet resistance of the layer, a
nanopixel spacing of less than 1 um is required. Accordingly, for AllnGaN UV LEDs the
nanopixel contact size should be less than 1 x 1 um?. To achieve these small dimensions, a
method using e-beam lithography to fabricate Pd nanopixel contacts with dimensions done
to 100 nm has been presented. In the deep UV region, where transparent or reflective ohmic
contacts are difficult to fabricate, the nanopixel contact design will be an excellent technique
to enhance light extraction.






8 Summary and outlook

The goal of this work was the design and fabrication of highly efficient IlI-nitride based UV
LEDs to be used in various applications such as water disinfection, sensors and UV printing.
As a result, this work focussed on the designing of chip geometries that not only improved
the electrical characteristics of the LED but also increased the light extraction efficiency
(LEE) of the devices.

The first step in designing an efficient LED chip geometry is identifying the physical
parameters that affect the performance of the device. Three factors, namely the current
density dependence of the IQE, the temperature of the device and the phenomenon of current
crowding in lateral geometry LEDs, were determined to be the key parameters that should
be considered when designing the LED chip layout. In the case of UV LEDs, a strong
dependence of the IQE on the current density was observed. Due to the high defect densities
of the structure, the Shockley-Read-Hall (SRH) non-radiative recombination of carriers is
dominant at low current densities resulting in low IQE values. On the other hand, at high
current densities an efficiency droop was observed which may be attributed to the Auger
recombination of carriers or the leakage of carriers from the quantum wells. When designing
an LED chip it is necessary to consider the current at which the LED will be operated for
the desired application. The size of the active region must then be chosen to ensure that the
maximum in the IQE is achieved for the resulting current density.

The temperature of the LED during operation was identified as the second critical factor
for the device performance. A temperature droop i.e. a strong decrease in the output power
at high temperatures was observed for UV LEDs. This temperature sensitivity of the device
was defined by the characteristic temperature (7). The 7. of a UV LED was found to be
dependent on the current density. The output power was very sensitive to the temperature at
low current densities with 7, ranging between 48 K and 69 K at 9 A/cm? for 380 nm LEDs.
At these low current densities the defect density of the template plays an important role in
the temperature stability of the device due to the increased SRH recombination at elevated
temperatures. As the current density increased, a smaller dependence of the output power on
the temperature was observed which was attributed to the saturation of the SRH recombina-
tion channels. 7;s as high as 207 K were obtained for 380 nm LEDs with a current density of
1 kA/cm?. Thermally activated carrier leakage from the quantum wells was identified as the
main reason for the decrease in the output power at these high current densities. Hence im-
proved confinement of the carriers with the use of barriers with larger Al content is necessary
to improve the temperature stability of the LED at high current densities. The investigation
of the temperature dependence of the LED performance further emphasized the importance
of designing UV LED chips with minimal self heating and low thermal resistances.
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Finally, the current crowding in lateral geometry UV LEDs was investigated to determine
the effectively used area of the active region. With the help of simulations, it was shown
that current crowding is a serious issue for UV LEDs due to the high sheet resistance of the
n-current spreading layer. To obtain uniform current injection in the active region, the width
of the mesa should be less than twice the current spreading length. In this work the current
spreading length was calculated for different combinations of the n-current spreading layer
sheet resistance and the specific contact resistance of the p-ohmic contact to be used as a
guideline for designing UV LED chip layouts.

The use of interdigitated finger contacts and micro-LED arrays as efficient UV LED chip
geometries was proposed and investigated based on the previous results. These geometries
provide uniform current injection when the finger width or the micro-LED size is chosen
to be less than twice the current spreading length. This not only ensures a lower current
density but also decreases the series resistance of the device as compared to a conventional
large area square contact. The increased mesa perimeter also contributes to a reduction in
the series resistance of the LED. UV LEDs with these geometries were shown to have a
higher wall plug efficiency as well as reduced self heating due to the lower series resistance
of the device. In the case of high power UV LEDs the benefits of using micro-LED arrays
was investigated. Due to the distribution of the heat source across the chip and the presence
of free area for heat dissipation, a greater than two-fold decrease in the thermal resistance
of UV LEDs with micro-LED arrays as compared to conventional large area square contacts
was obtained. However, the use of this geometry reduces the useful die area. Hence a method
to determine the optimum size of the micro-LED array for a fixed chip area was presented
in this work.

The second part of this thesis focussed on the issue of light extraction from UV LEDs.
The main reasons for the difficulties in exacting the light generated in the LED are the high
refractive indices of the semiconductors and the sapphire substrate, the absence of transpar-
ent or reflective p-ohmic contacts and the polarization of the light emitted from the active
region.

Due to the anisotropy along and perpendicular to the c-axis of the wurtzite crystal structure
of Il-nitrides, a crystal field splitting of the three valence subbands occurs at the I" point. The
more ionic nature of AIN results in a negative crystal field splitting instead of positive as in
the case of GaN. The different ordering of the valence subbands gives rise to polarization
of the optical emission along the direction of E Lc¢ (E||c) in GaN (AIN) layers grown along
the c-axis. In AlGaN alloys as the concentration of Al increases, the polarization of the
emitted light changes from mainly TE polarized to mainly TM polarized. The critical Al
concentration at which the switch in polarization occurs can be controlled by changing the
strain, quantum confinement and the orientation of the substrate. TE polarized light can be
easily extracted from the top or bottom surfaces of an LED as the light is emitted at small
angles w.r.t. the c-axis. On the other hand, TM polarized light is trapped in the LED as most
of the light is emitted at large angles w.r.t. the c-axis. Simulations showed that the LEE of
a UV LED decreased from 12 % for TE polarized light to 3 % for TM polarized light. Thus,
in the case of deep UV LEDs, with large Al contents in the quantum wells, it is necessary to
develop techniques to extract the light with is emitted at large angles.
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To enhance the LEE of UV LEDs, the encapsulation of the devices, the texturing of the
substrate back-surface and the use of nanopixel LED contacts was investigated in this work.

UV LEDs were flip-chip mounted on AIN submounts to improve the LEE and to reduce
the thermal resistance of the devices. To complete the package, the use of Polydimethyl-
siloxane (PDMS) as an efficient and stable encapsulatant for UV LEDs was proposed and
demonstrated. A 2-fold increase in the output power of 380 nm LEDs was obtained with the
use of PDMS as an encapsulant.

Texturing the back-surface of the substrate was show, with the help of simulations and
experiments, to increase the LEE of UV LEDs. A (16+7) % increase in the output power of
323 nm LEDs was demonstrated by mechanically roughening the smooth sapphire substrate
back-surface. To further enhance the LEE, the use of patterned arrays of micro-cylinders,
micro-frustums and micro-lenses etched in the substrate back-surface was proposed. Simula-
tions showed that a greater than 50 % increase in the output power can be achieved with high
coverage areas of shallow etched (<5 um) micro-structures on the substrate back-surface.
The maximum increase in the LEE with the use of micro-cylinders, micro-frustums and
micro-lenses, for 320nm LEDs with an absorbing p-side and an n-ohmic metal contact re-
flectivity of 0.65, was calculated to be 26 %, 71 % and 68 % respectively. A technique to
fabricate these structures in sapphire or GaN, using ICP etching, was developed in this work.
A (20 £7) % increase in the output power of LEDs emitting at 323 nm was obtained with the
use of micro-frustums.

Simulations were further used to investigate the influence of the reflectivity of the ohmic
metal contacts on the LEE of UV LEDs. For a LED with smooth surfaces, the LEE was
greatly increased with the use of reflective p-ohmic metal contacts. The reflectivity of the
n-ohmic metal contact was found to have only a minor influence on the LEE of the LED. In
contrast, for LEDs with micro-structures etched in the substrate back-surface, the reflectivity
of the n-ohmic metal contact greatly influenced the observed enhancement in the LEE of the
LEDs. Hence to fabricate UV LEDs with high LEEs it is crucial that the p-side is transparent
and both the p- and n-ohmic contacts are highly reflective.

A novel nanopixel contact LED design, consisting of nanopixel contacts of a low resistiv-
ity ohmic p-contact material combined with a metal reflector, was proposed to circumvent
the problems in obtaining highly reflective or transparent p-ohmic contacts to p-doped Al-
GaN layers. A 90 % increase in the light output power of a 390 nm AllnGaN LED was
demonstrated for nanopixel LEDs with a nanopixel size of 1 x 1 um? and spacing of 1 um
as compared to the conventional square contact geometry under dc conditions. To optimize
the efficiency of the nanopixel contact design the spacing between the nanopixels should
be less than twice the current spreading length of the p-cladding layer and the width of the
nanopixel contact should be less than the nanopixel spacing. In the case of a 200 nm thick
p-AlGaN layer, due to the large sheet resistance of the layer, a nanopixel spacing of less than
I um is required. Hence, for AllnGaN UV LEDs the nanopixel contact size should be less
than 1 x 1 um?. To achieve these small dimensions, a method using e-beam lithography to
fabricate Pd nanopixel contacts with dimensions down to 100 nm was developed. The use of
the nanopixel contact LED design can also be extended to fabricate reflective n-contacts to
increase the LEE of UV LEDs.
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Figure 8.1: Estimated light extraction efficiency of a 320 nm LED with the use of the techniques
investigated in this thesis.

All the techniques to increase the LEE of UV LEDs investigated in this work can be
technologically combined to realise highly efficient UV LEDs. In the case of a 320 nm LED
with micro-LED array geometry flip-chip mounted on an AIN submount, a LEE of 70 % can
be achieved with the use of reflective nanopixel contacts for the both the p- and n-ohmic
contacts, patterning of the substrate back-surface and encapsulation using PDMS (Fig. 8.1).
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While a number of techniques to increase the efficiency of UV LEDs have been discussed
in this work, many more techniques need to be investigated for further development of the
devices. One of the very important technologies that needs to be developed is the laser lift-
off of the sapphire substrate. This technique will not only increase the LEE of the LEDs,
as now shaping of the LED geometry will be easier, but will also allow the fabrication of
vertical UV LEDs which are less tedious to package. Another promising technique, is the
growth of UV LEDs on patterned sapphire substrates (pss). The growth on pss is expected
to reduce the defect densities and hence increase in the IQE of the LEDs. Furthermore, the
patterned sapphire at the heterostructure—substrate interface will scatter the light resulting
in an increase in the LEE of the UV LEDs. Similarly the growth of UV-C LEDs on free
standing AIN substrates will improve the overall efficiency of the LEDs. In particular due
to the strain in the active layers grown on AIN substrates, the light emitted from the active
region will still be mainly TE polarized even at short wavelengths resulting in higher LEE
of the LEDs. In the future, in order for UV LEDs to enter the market, the packaging of the
devices will also be an important research topic. AIN heat sinks capable of handling the
large amounts of heat generated in UV LEDs need to be developed. Understandably, the
development of UV encapsulants and UV transparent packaging optics will also be a focus
of research and development.

The work done in this thesis has contributed to the development of highly efficient UV-B
LEDs with one of the highest EQEs (2 %) and lifetimes (Lsy > 10000 hours) worldwide.
Due to the large potential market for these devices, the Technische Universitit Berlin and
the Ferdinand-Braun-Institut Leibniz-Institut fiir Hochstfrequenztechnik received the EXIST
Transfer of Research grant! in April 2014 to commercialize the UV LEDs through the estab-
lishment of the spin-off UVphotonics.

IFederal Ministry of Economics and Energy (BMWi)
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Appendix 1: Heterostructures of UV

LEDs

Heterostructure of a 320 nm LED

Layer Thickness (nm)
p-contact layer GaN:Mg 20
100 x p-current spreading  Alg 12,Gag ggN:Mg/GaN:Mg (SL) 500
layer
EBL A10,40Ga0‘60N:Mg 23
interlayer Aly.60Gag 40N:Mg 1.0
barrier A10,301n0,02Ga0.68N 5.0
5 X MQW AlO.ZOIH0.0ZGangN 2.5
first barrier lp.30Ing.01 Gag goN 20
100 x A10,30Ga0,70N:Si/A10_40Ga0.60N:Si 660
(SL)
n-current spreading  Alg 35Gag ¢5N:Si 600
layers
100 x A10,30Ga0,70N:Si/A10.40Ga0.60N:Si 660
(SL)
A10,35Ga0,65N:Si 5000
A10_35Ga0.65N 800
80 x strain ~ compensa- AIN/GaN (SL) 150
tion layers
buffer AIN 500
substrate sapphire 430 um




vi Appendix 1: Heterostructures of UV LEDs

Heterostructure of a 380 nm LED

Layer Thickness (nm)
p-current spreading layer GaN:Mg 200
EBL A10,23Ga0,77N:Mg 10
barrier Al 16Ing 04Gag goN 2.8
barrier Alg 16Ing 04Gag goN:Si 1.4
barrier A10.16In0.04Gao.80N 2.8
5% MQW Ino.ogGa0.97N 3.0
barrier A10.16In0.04Ga0.80N 2.8
barrier Alg 16In0.04Gag goN:Si 1.4
barrier Alg 16Ing 04Gag goN 2.8
HBL A10,23Ga0,77N:Si 10
n-current spreading layer GaN:Si 3500
buffer GaN 1700

substrate sapphire 430 um




Appendix 2: List of samples

Sample number

Process number

Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig. 4.11a
Fig. 4.11b
Fig. 4.12a
Fig. 4.12b
Fig.
Fig.

2.7a
2.7b
33a
3.3b
34a

34b

35a

3.5b

3.7

43a
43b
4.5

4.6a
4.6b
4.7a

4.13
4.14

B2524
B2524
B2524
B2524
TS1653-6
TS1653-3
TS1653-6
TS1653-3
B2522
B2533
B2524
B2522
B2533
B2524
B3080
B2945
B2945
B2945
B2945
B2945
B2945
B2956
TS0518-2
B2956
TS0518-2
TS0518-2
TS0518-2

713934 GAL
Z1 3934 GAL
Z1 3934 GAL
Z1 3934 GAL

Z1 3934 GAL
Z1 3934 GAL
Z1 3934 GAL
713934 GAL
Z1 3934 GAL
Z1 3934 GAL
Z1 4487 UVL
714458 UVL
714458 UVL
714458 UVL
Z1 4458 UVL
Z1 4458 UVL
7214458 UVL
715320 UVL
715338 UVL
715320 UVL
7215338 UVL
Z1 5338 UVL
Z1 5338 UVL

vil



viii Appendix 2: List of samples

Sample number Process number
Fig. 5.18 TS1428-D 71 6067 LED
Fig. 5.20 B3920-C 715728 UVL
Fig. 6.8 a B2134 713851 GAL
Fig. 6.8b B2132 713851 GAL
B2134 713851 GAL
B4383 715827 LAT
TS0637 715364 UVL
Fig. 6.19 B2701 714161 GAL
B4383 71 5827 LAT
TS0637 715364 UVL
Fig. 7.6 B4225 PT 2188 LED
Fig. 7.7a B4225 PT 2188 LED
Fig. 7.7b B4225 PT 2188 LED
Fig. 7.8 a B4225 PT 2188 LED
Fig. 7.8b B4225 PT 2188 LED
Fig. 7.9a B3280 714829 UVL
Fig. 7.9b B3280 714829 UVL
Fig. 7.10a B3280 714829 UVL
Fig. 7.10b B3280 714829 UVL
Fig. 7.11a B3280 714829 UVL
Fig. 7.11b B3280 714829 UVL

Fig. 7.12 B3280 714829 UVL




Appendix 3: List of abbreviations

Ag

Al

AIN
AlGaN
AllnGaN
Al,O3
Ar

Au
B4C
BCl;
CB

CH

Ch,
Cp2Mg
DADR
DBR
EBL
ELO
EQE
FC
FCLEDs
Ga
GaN
H;
HC1
HH
HF
HNO;
H,0
ICP
InGaN
InN
IQE

Ir

ITO

silver

aluminium

aluminium nitride
aluminium gallium nitride
aluminium indium gallium nitride
aluminium oxide

argon

gold

boron carbide

boron trichloride
conduction band

crystal field split-off hole band
chlorine
cyclopentadienylmagnesium
density-activated defect recombination
distributed Bragg reflector
electron blocking layer
epitaxial lateral-overgrowth
external quantum efficiency
flip-chip

flip-chip LEDs

gallium

gallium nitride

hydrogen gas

hydrogen chloride

heavey hole

hydrogen fluoride

nitric acid

water

inductively coupled plasma
indium gallium nitride
indium nitride

internal quantum efficiency
iridium

indium tin oxide

X



X Appendix 3: List of abbreviations
I-v current—voltage characteristics
LED light emitting diodes
LEE light extraction efficiency
LH light hole
L-I output power—current characteristics
L-I-V output power—current—voltage characteristics
MEMOCVD  migration-enhanced metalorganic chemical vapour deposition
Mg magnesium
Mo molybdenum
MOVPE metalorganic vapour phase epitaxy
MQB multiple quantum barriers
MQW multiple quantum wells
N nitrogen
N, nitrogen gas
Ni nickel
NH; ammonia
NH4F ammonium fluoride
ODR omni-directional reflector
PCs photonic crystals
Pd palladium
PDMS polydimethylsiloxane
PECVD plasma enhanced chemical vapour deposition
pss patterned sapphire substrates
Pt platinum
QCSE quantum confined Stark effect
QW quantum well
RCLEDs resonant cavity LEDs or microcavity LEDs
Rh rhodium
RIE reactive ion etching
rms root mean square
SEM scanning electron microscope
SFq sulfur hexafluoride
Si silicon
Si0, silicon dioxide
SiNy silicon nitride phase
SiHy silane
SipHy disilane
SL superlattice
SP surface plasmon
SRH Shockley-Read-Hall
SWLI scanning white light interferometry
TDD treading dislocation density
TE transverse—electric
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X1

TLM
™
Ti
Ti305
TMAI
TMGa
TMIn
uv
VB
WPE
WZ
Zn
Zn0O
ZI‘OZ

transmission line model
transverse—magnetic
titanium

trititanium pentoxide
trimethylaluminium
trimethylgallium
trimethylindium
ultraviolet

valence band

wall plug efficiency
wurtzite

zinc

zinc oxide
zirconium dioxide
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