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ABSTRACT

Full Name : [Mohammed Zia Ullah Khan]
Thesis Title . [A Coupled Electronic-optical Simulation Model of GaN-based LEDs]

Major Field . [Electrical Engineering]
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Solid State Lighting (SSL) technologies that utilize Light Emitting Diodes (LEDs) made
from I11-Nitride materials have emerged as an energy-efficient and reliable source of
lighting because of unique IlI-Nitride material properties. Numerical modeling and
simulation of such LEDs is needed to understand various physical mechanisms to
enhance the performance and development of new Il1-Nitride devices.

In this thesis, we present a coupled carrier-photon model that accounts for the time-
domain interactions between carrier transport and light emission in Gallium Nitride
(GaN)-based LEDs that hasn’t been reported so far. Carrier transport is modeled using
the drift-diffusion formulation, whereas light emission and propagation is modeled using
Maxwell’s equations. The drift diffusion equation is solved self-consistently with Poisson
equation. The carrier transport and photon emission are coupled by formulating an
appropriate relation between radiative recombinations and dipole sources such that the
strength of the dipole sources is given by the radiative recombination rates gauged to an
appropriate value. This gauging factor is obtained by calibrating the External Quantum
Efficiency (EQE) of homojunction GaN LED with the experimental value.

The coupled model is used to investigate homojunction and heterojunction AlGaN/ GaN
LEDs. The maximum EQE of p-n and p-i-n homojunction LEDs is found to be 0.1755 %

and 0.39 % respectively at a forward voltage of 4.267 V, whereas the AlGaN/GaN DH
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LED demonstrated an EQE of 1.03 % at a forward voltage of 4.101 V. Utilizing this
coupled model, GaN LEDs with improved recombination rates and optical power were
investigated through Double Heterojunction (DH) and Multiple Heterojunction (MH)
LEDs with array of metal contacts instead of single contact. The maximum EQE
achieved for DH and MH LEDs with silver contact array is found to be 1.825 % and
5.295 % respectively. It is expected that this model will find applications in many device

simulation cases where carrier-wave interaction is important.
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CHAPTER 1

INTRODUCTION

Solid State Lighting (SSL) is expected to reduce electricity consumption for lighting by
at least 50% [1]. This can be achieved through the development of light sources that
consume less power or have high lumens per watt (Im/W) ratio. High power
semiconductor light emitting diodes (LEDs) in the visible spectrum for SSL have been
possible with the advent of direct bandgap I11-Nitride semiconductor materials that have
approached luminous efficiencies of ~100 Im/W [2]. Group IlI-Nitride semiconductor
materials such as Gallium Nitride (GaN), Indium Nitride (InN) and Aluminum Gallium
Nitride (AlGaN) have been used to produce high brightness LEDs for SSL applications
and are the subject of current research in SSL to improve device performance and to
achieve high LED efficiencies [3], [4]. Due to the unique material properties of these
semiconductors, they have been demonstrating high internal quantum efficiencies (IQE)

compared to the commercial Silicon carbide (SiC) LEDs.

Future development and improvements in GaN LEDs require a deeper understanding of
the physical nanoscale mechanisms and internal physics of the device. The parameters
needed to improve the device performance can be investigated through numerical
simulations of advanced models. The challenges that occur in modeling such devices are
knowledge of a large number of 111-Nitride material parameters and integration of carrier

transport with optical domain. Numerical simulations help in developing the link between



material properties and the performance of the device. They can also help to understand
the nanoscale effects influencing the LED performance that cannot be explained
experimentally. Therefore, advanced numerical simulation models of such LEDs have to
be developed for future advancements. In this thesis, a coupled carrier-photon simulation
model for GaN based LEDs will be developed to study and analyze LED structures for

SSL applications.

1.1 Highlights of GaN LED Research

The advent of semiconductor LEDs made from I11-Nitride compounds helped to improve
LED efficiencies compared to the conventional fluorescent and incandescent light bulbs
and have attracted attention worldwide to achieve highly efficient LEDs with low power
consumption. Figure 1.1 shows the improvement in LED efficiencies with time using
different semiconductor materials. It can be observed that LEDs made from IlI-Nitride
materials have been achieving higher efficiencies and hence SSL has been very efficient
and environment friendly. This was possible because of the direct bandgap nature of
these materials, due to which the radiative recombinations or band to band
recombinations occur more efficiently compared to indirect bandgap materials such as
Silicon Carbide (SiC) or Silicon (Si). GaAs and GaAsP were the first 111-V materials used
to produce LEDs that emit red and infrared light. Later, 11I-VV compound materials such
as AlGaAs or AlGalnP have been used to emit red, yellow and orange light. Later in the
early 1990s, the achievement of p-type doped GaN material [5] and the development of
high power GaN blue LEDs [6], [7] have attracted researchers worldwide to investigate

[11-Nitride LEDs.
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Figure 1.1 Lighting sources and their efficiencies with time (adapted from [8], [9])

Following the above developments, numerous LED structures and devices based on
Nitride materials have been investigated such as GaN/AlIGaN heterojunction LEDs,
Quantum Well (QW) and Quantum Dot (QD) LEDs and are studied for improvements in
terms of internal quantum efficiencies (IQE) and extraction efficiencies. These studies
involved both experimental investigations and numerical simulations with advanced

models.



1.2 GaN Material for Light Emitting Devices

GaN materials have been extensively used to produce visible and Ultra-violet (UV) LEDs
because of their unique material properties. Table 1.1 illustrates the conventional and the
wide bandgap material properties. The large band gap energies and high electric
breakdown fields of such wide bandgap materials compared to conventional
semiconductors, allow them to operate at high supply voltages and withstand high
temperatures. As discussed previously, they also exhibit a direct bandgap which results in

efficient light emission.

Table 1.1 Comparison of conventional and wide bandgap semiconductors at 300 K ([10], [11]), HS-

Heterostructure.
Property GaN and | Silicon Diamond | Silicon | Gallium
Carbide Arsenide and
AlGaN/
GaN AlGaAs/
InGaAs
Bandgap energy, E; (eV) 3.44 3.26 5.45 1.12 1.43
Electric breakdown field, | 3 3 10 0.3 0.4
E. (MV/cm)
Saturated drift velocity, | 2.7 2.0 2.7 1.0 2.1
electrons, vy, (X 107cm/
s)
Electron  mobility, u, | 900 700 4800 1500 | 8500
cm?
(E) 2000 10,000 (HS)
(HS)
Thermal conductivity | 1.3-2.1 3.7-4.5 22 15 0.5
(r)
K cm—K
Relative permittivity , €, 9.7 10.1 55 11.8 12.8




1.2.1 Light emission at specific wavelengths

The use of AlGaN/InGaN alloys as active layers with different aluminum or indium
content can provide light emission at desired wavelengths. This can be explained from
the bandgap properties of 111-Nitride and its alloys as shown in Figure 1.2 to Figure 1.4.
This emission depends on the bandgap of the material used as the active region of LED.
The energy bandgap of I11-Nitride materials can be varied in wide range i.e. 0.65 eV to
6.13 eV as shown in Figure 1.2. For example, the bandgap of GaN when alloyed with
AIN can be varied from 3.42 eV to 6.13 eV or the emission shifts towards UV as shown

in Figure 1.2 and Figure 1.3.

Bandgap [eV]

Lattice constant a (A7)

Figure 1.2 Energy bandgap versus lattice constant of 111- Nitride and its alloys.



This bandgap depends on the lattice constant of the material. Therefore, the variation in
the bandgap by alloying Ill-materials results from different lattice constants. Therefore,
for GaN LEDs emitting in the UV range, alloying GaN with AIN is most suitable,

whereas for LEDs emitting in red or blue, InGaN materials are preferred.
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Figure 1.3 Bandgap or emission versus Aluminum (Al) composition of AlGaN alloy.
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Figure 1.4 Bandgap or emission versus Indium (In) composition of InGaN alloy.
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1.3 Analysis of Optoelectronic Devices

With the rapid increase in the computational tools, numerical simulation techniques are
becoming more efficient and accurate in the development of optoelectronic devices.
Numerical simulations help shorten the development cycle of products and also tend to
reduce huge costs that incur during analysis with complicated experimental setups. The
time domain analysis of optoelectronic devices can help to produce multi wavelength
optical characteristics in one single run which is very important for simulating coupled
electronic-photonic devices. In this work, the time domain simulation of GaN LEDs is
developed using the Finite-Difference Time Domain (FDTD) numerical method that is

very popular in simulation of photonic devices and their verification.

The numerical analysis of LEDs consists of a combined simulation of carrier transport
that describes the behavior of carriers under the influence of external fields, and an
optical model describing the photon emission and propagation in such devices. The
important parameters defining the performance of GaN LEDs obtained from the

numerical simulation model are as follows:
1. Internal quantum efficiency (IQE)

Photons generated inside the active region (1.1)

"MQE = Total number of electrons injected into the LED



2. Optical/ Light Extraction efficiency (LEE)

Photons emitted outside the LED (1.2)
Photons generated inside the active region

NEXE =

3. External quantum efficiency (EQE)

Photons emitted outside the LED (1.3)

= X
Total number of electrons injected into the LED MEXE ** TIQE
_ Output Optical Power

NEQE =

" Input Electrical Power

4. Radiative and non-radiative electron- hole pair recombination rates.

5. Optical carrier generation rate

Power density absorbed at each point B -V.S.v (1.4)

G =
opt Photon energy Eph

1
= —EwIEIZimag(S)

_ hCO

where S,, = % Real (E x H) is the intensity distribution, E,}, = -

is photon energy,

w and ¢ are frequency and dielectric constant, respectively.
6. Emission intensity and spectrum.

1.3.1 Carrier transport simulation

With a rapid decrease in the size of electronic devices and increased complexity, the

device development through experimental approach may become expensive and time



consuming. However, the analysis of these devices can be effective through use of
numerical simulations that can help to investigate the device characteristics rigorously
before fabrication. These numerical simulations require advanced models to describe
transport of electrons and holes in these devices. The carrier transport or the behavior of
charges under external fields can be described through a set of coupled partial differential
equations that can be derived from the semi classical Boltzmann Transport Equation
(BTE), that describes the carrier motion under applied fields as an accelerating (classical)

and scattering (quantum) events [12] .

The development of powerful computational tools has improved the numerical device
simulations from one-dimensional models to more realistic three dimensional
simulations. Several approaches have been used to numerically solve the carrier transport
equations: Monte-Carlo methods, finite-difference (FD) and finite-element (FE), Quasi
Fermi level models and quantum transport models [12]-[14]. However, these models
involve steady state analysis that solves the carrier concentrations from the Fermi levels
instead of time dependent continuity equations. Therefore, to analyze the coupled
electronic-optical characteristics of GaN LEDs, we formulate a time domain device

model that can be coupled with time varying electric and magnetic fields.

The drift diffusion (DD) transport model for semiconductor devices is obtained from the

BTE which gives the self-consistent solution of the following coupled equations [15].

1. Poisson’s Equation- relating the electric field to charge distribution

V.(eVV) = —p (1.5)



where V' is electrostatic potential, € is dielectric permittivity and p is volume charge

density, V. (.) is the divergence operator and V(.) is the gradient operator.
2. Current density equations- representing the drift and diffusion of carriers.

Jn = —qnu,VV + qD,Vn (1.6)

Jp = —apu,VV — qDpVp

where J,, and J, are electron and hole current densities, n and p are electron and hole
densities, g electronic charge magnitude, u,) and Dy, are carrier mobility and

diffusion coefficient.

3. Continuity equations- electron and hole carrier densities.

o _ Gn—Rn+1V.]n (1.7)
at q
(')_p_ G, — R —EV.]
ot 14 14 q p
where Gppy and Ry, are electron-hole pair generation and recombination rates

respectively.

The solution of these coupled equations describes the carrier transport in any
semiconductor device. For a specific semiconductor material or a structure, its properties

can be incorporated in these equations to understand the electronic behavior.
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1.3.2 Optical simulation

The electromagnetic phenomena in any optoelectronic device are described through

Maxwell’s equations.

VXH= + oD (18)
- ]ext at
0B
9B _uxE (1.9)
ot
V.D = peyt (110)
V.B=0 (1.12)
with, D =c¢Eand B = uH (1.12)

where D, E, B, H and ], are the electric flux density, electric field intensity, magnetic

flux density, magnetic field intensity and current density vectors respectively.

Optical simulation of LEDs is required to understand the spontaneous light emission and
propagation that is generated through the recombination of charge carriers in the active
region. A multi wavelength simulation can be performed in one run by solving Maxwell’s
equations in the time domain. Optical simulations provide important parameters such as
optical generation rate or absorbed power, external quantum efficiencies and emission
spectrum that are needed to understand the light emission properties in GaN LED

structures and to improve the performance characteristics.

The solution of Maxwell’s equations can describe the optical or EM wave propagation.
The coupled partial differential equations can be solved through well-known
electromagnetic numerical techniques such as Beam propagation method (BPM), Finite

11



Difference Time Domain (FDTD), Method of Lines (MOL), Finite Element Method
(FEM), Method of Moments etc. [16]. The time domain carrier-wave interactions inside
GaN LEDs can be efficiently modeled using FDTD method because of several

advantages over other methods shown in Table 1.2.

Table 1.2 Comparison of numerical techniques for solving coupled partial differential equations.

Numerical
FDTD FEM MOL
technique
Based on finite
difference
Based on finite
Based on variational approximations
difference
Method methods that divide the only for spatial
approximations for
Principle domain into finite derivatives,
spatial and temporal
triangular sub-regions. | whereas the time
derivatives.
derivatives are
kept continuous.
Wide range of Easily handles
frequency problems in complicated Simple and easy to
one run, Can easily geometries, implement,
Advantages model linear and non- | APProximation is better | Efficiently used to
linear materials than FDM, Easily solve initial value
Robust and efficient includes dissimilar problems
for electromagnetic material properties.
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wave interactions.

Disadvantages

Large computational
time with fine meshes
requires to model time

source explicitly,
cannot easily handle
complicated

geometries.

Defining absorbing
boundary conditions,
Choosing proper
element size, Complex
programming
compared to FDTD
method, Parallelizing
FEM code is also

difficult.

Curved geometries
can’t be
approximated
efficiently,
stability issues in
transient problems,
semi-analytical

technique.

Modeling

Applications

Photonic devices,
Nanoplamonics,
Imaging, Linear and
non-linear wave
propagation problems,
Wireless
communication

devices.

Electromagnetic
problems, Heat transfer
and computational fluid

dynamics problems.

Photonic devices,
Optical
waveguides, Fluid
dynamic problems,
Non-linear wave
propagation

problems.

Therefore, in this thesis, FDTD numerical technique is used to solve EM wave equations

for light propagation and emission and the DD transport model for carrier transport in

GaN LEDs.
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1.4 Literature Review

GaN has been a very promising material for high brightness and efficient light sources
such as visible and UV LEDs and Laser diodes (LDs) [17]. It was not possible until
1990’s to obtain a p-n junction GaN LED due to difficulty in obtaining p-type doping in
GaN. However in 1989, p-type doped GaN was achieved by doping GaN with
Magnesium (Mg) using the low-energy electron-beam irradiation (LEEBI) treatment and
a p-n homojunction UV LED at a peak wavelength of 375 nm and a smaller peak at 420
nm (blue) was also demonstrated [5]. In the 1990’s, Nakamura et al. reported high power
GaN blue homojunction LED where the electroluminescence of GaN p-n homojunction
LED in blue spectra was improved further by increasing the p-type doping and using a

GaN buffer layer [6].

Later, double heterostructure (DH) blue LEDs were presented that had a strong blue
emission and high external quantum efficiencies compared to homojunction LEDs [18].
This was achieved by using low band gap material such as InGaN as active layer
sandwiched between two higher bandgap materials (GaN). This increases the electron-
hole pair recombinations in the active region because of the low energy bandgap of active
layer compared to other layers. Following these developments, the researchers have
aimed at improving internal quantum efficiencies of GaN based LEDs for emission in
visible wavelengths through use of quantum structures in the active region such as single
and multiple quantum wells and quantum dots [19], [20] separated by barrier layers that
prevent the escape of carriers from the active region. The research in this area aims at

providing high brightness and efficient visible and UV LEDs for SSL applications.
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The development of numerical models is important for LED optimization and
development and also to explain physical mechanisms through formulation of theoretical
models that can explain these affects. Numerous simulation studies have been
investigated for electronic, optical and thermal problems using commercial simulation
softwares such as APSYS, COMSOL, SILENSE etc. These simulation programs are
based on the drift diffusion (DD) transport model, polarization models for heterostructure
LEDs and radiative and non-radiative recombination models. These programs use
approximate ray tracing models to determine the optical characteristics such as photon
extraction, emission spectrum and optical power. To analyze a practical LED structure, a
full-wave simulation model consisting of both the carrier transport and an appropriate
optical model coupled with the carrier transport have to be investigated. In this work, we
focus on developing a complete optoelectronic model that simulates electronic and
optical properties of GaN LED structures in time domain and also incorporates the

coupling between the optical and electronic parameters.

Thus, numerical simulations based on the DD transport model have been investigated for
development and improved performance of these devices. 3D simulations of UV LEDs
made from AlGaN/GaN quantum well structures were demonstrated for short range
communication and SSL applications in [21]. A blue InGaN LED was studied using
APSYS simulation program for optical performance and quantum efficiencies [22]. This
LED had different compositions of Indium in the GaN-InGaN-GaN barrier layer and an
optimum value of indium composition and number of barrier sub layers to obtain good

optical performance. The studies performed using such simulation models focused on

15



major electronic parameters i.e. recombination rates or internal quantum efficiency.

Various other issues were addressed using these simulation studies such as:

1. The decrease in the internal quantum efficiencies (IQE) with the increase in the
injection current termed as efficiency droop [23] .

2. The effect of joule heating or temperature reducing the LEDs 1QE [24].

3. The effect of thickness of intrinsic GaN layers between multiple quantum wells
(MQW) and p-GaN layer on light output powers [25]. The optimum thickness of
these layers was determined to increase optical power and reduce the non
radiative recombinations.

4. The effect of built-in spontaneous and piezoelectric polarizations on the
luminescence [26]. These charges develop a strong built-in electric field at the
junction that reduces the emission energies of QW or active layers.

5. Electron leakage effects on IQE [27]. The leakage of electrons from active layers
to p-type layers captures holes in the p-type layer before these holes reach active
layers. Thus, this reduces the radiative recombinations in the active region and

therefore the IQE.

Simulation studies focusing on improving the optical characteristics such as light
extraction efficiencies in a GaN LED structure have also been addressed. Photonic crystal
LEDs i.e. periodic arrangement of materials of different refractive indices on top of
LEDs that can alter the propagation of photons such that total internal reflections at
air/emitter interface are reduced have been demonstrated [28]. Light extraction
efficiencies were also improved by using metal gratings, surface roughening or texturing

and these studies were demonstrated through FDTD simulations [29], [30]. 3D FDTD

16



simulation studies of LED structures that can increase the light output power were
investigated through patterning in sapphire substrates such that the light can be scattered

or redirected inside the LED and escape from GaN layers [31].

Therefore, these studies focused on improving internal quantum efficiencies or extraction
efficiencies either through electronic simulation or optical simulations but not both
simultaneously. Thus, using the advanced simulation models, the issues were
demonstrated and various solutions were proposed through these studies. The following

deficiencies were observed in such simulation studies.

The simulation models that link photon emission with the carrier transport

describing the complete electronic and optical characteristics were missing.

e Appropriate relation between electron-hole pair recombinations and current
density inputs to the optical model was absent.

e The dependence of light extraction efficiencies on electronic parameters was not
demonstrated.

e The dependence of carrier mobilities and diffusion coefficients on applied bias

was not classified.

e The effect of hole transport parameters on GaN LED performance was missing.

In conclusion, the following points are made from the literature
e GaN and its alloys are being extensively used for developing high brightness and
efficient LEDs.

e Simulation studies have been made for GaN/AlGaN heterostructures and QWs.

17



e These simulation models were based on DD transport models, built- in
polarization models for LED heterostructures, quantum mechanical models and
ray tracing models for photon extraction.

e The major limitation and deficiency found in such simulation models is the
combined carrier-wave interactions and representation of time dependent
electron-hole pair recombinations to dipole sources.

e The simulation models that link electronic transport model to the optical model

for LED simulation have not been reported so far.

Therefore, this work attempts to develop a coupled electronic-optical simulation
model for GaN LEDs. A time domain electronic model should be formulated in order
to perform simulation studies in conjunction with optical model using FDTD

numerical technique.
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1.5 Thesis Objectives

The main contribution of this work is to develop a coupled time domain electronic-
optical simulation model of GaN based LEDs that can be used to analyze the
performance of complex GaN LED structures using finite difference time domain

(FDTD) simulation technique.
The specific objectives are as follows:

1. Conducting an extensive literature survey on the numerical simulation of I1I-
Nitride light emitting diodes pointing out limitations and deficiencies.

2. The development of an electronic model representing the carrier transport
using drift-diffusion current equations and field-dependent parameters.

3. The development of a coupled multi-dimensional simulator that combines
both the electronic and optical models, to study and analyze electrical and
optical characteristics of I11-Nitride LEDs.

4. Presentation of an overall evaluation of the capabilities of the coupled model
indicating its strengths and limitations.

5. Extracting important results and conclusions from the developed model.

19



1.6 Thesis Organization

This thesis is organized as follows.

Chapter 1 discusses the overview of GaN LED technology and the need for research on
these devices. It also explains the importance of numerical modeling and simulation for
development of these devices. It also describes the objectives of this thesis and literature.
Chapter 2 explains the theory of numerical models that are needed to simulate carrier

transport and photon emission in GaN LEDs.

Chapter 3 describes the development of the time domain FDTD algorithm for electronic

and optical model that simulate GaN device characteristics.

Chapter 4 discusses the electronic carrier transport simulation results of homojunction

and heterojunction GaN LED structures.

Chapter 5 discusses the optical model simulation results of homojunction and

heterojunction GaN LED structures.

Chapter 6 discusses the coupling method that combines the carrier transport with photon
emission. It discusses the coupled model simulation results for the LED structures

discussed in Chapters 4 and 5.

In Chapter 7 the coupled model is used to investigate GaN LEDs for improved EQE by
using DH LEDs with sub-wavelength metal contact array and multiple heterojunction

(MH) LEDs as two applications.

Chapter 8 contains summary and conclusions. It also describes the extension of this work.
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CHAPTER 2

THEORETICAL BACKGROUND

This chapter explains the basic semiconductor transport models used in electronic
simulation of GaN LEDs. It includes the drift diffusion (DD) model, field dependent
models, electron-hole pair recombination models and polarization models required for
carrier transport simulation. This chapter also discusses the dispersive material models

required for simulation of light propagation inside GaN LEDs.

2.1 Introduction

In this work, a time domain simulation model is developed to numerically analyze GaN
LED structures. This consists of an electronic model representing the carrier transport
and an optical model for photon emission and optical characteristics. The electronic
model is based on DD transport model. The dependence of carrier transport parameters of
GaN on the applied electric field is incorporated in this model. There are various
analytical models that have been proposed to incorporate the electronic transport
properties of I1I-Nitride materials in device simulation. In IlI-Nitride materials, the
dependence of mobilities and diffusion coefficients on applied bias arises due to the
electronic band structures and scattering mechanisms such as intervalley scattering,
piezoelectric, phonon scattering, carrier-carrier, and plasmon scattering mechanisms [32].
For example, at low electric fields, the electron drift velocity increases linearly due to

rare polar optical phonon emissions that causes weak electron effective mass and high

21



drift velocities. At higher fields, the electrons are excited to higher valleys as they gain
more energy and become heavier and the possibility of their collisions increases which
slows them and reduces their steady state velocities such that a negative differential

mobility region is observed.

The commonly used analytical models to describe such behavior of carrier velocities are
the Canali and the transferred electron models [33]. Improved models have also been
proposed that fit the available experimental data for electronic transport in I11-Nitride
materials. For example, the field dependent mobility models in GaN and its alloys have
been proposed by using the Monte Carlo simulation techniques and the proposed models
were in good agreement with the experimental data [32]-[35]. Analytical models for both
low field and high field mobility in GaN have been presented in [34]. However, it is quite
challenging to model the hole transport in GaN and there is no satisfactory model that
includes both low field and high field transport. A simple model is used to represent the
hole- velocity field characteristics that is described by standard Caughey-Thomas formula
for the drift velocity is used in this work since this model fits the available experimental
data for the hole velocity-field characteristics [36]. The DD simulator uses the Arora
model to incorporate the effect of doping concentration and crystal temperature on the
low field electron and hole mobilities [37]. The diffusion coefficient is usually deduced
from Einstein’s equation. However, this is valid only at low electric fields. Thus, in this
work the available Monte Carlo simulation data for electron diffusion coefficient versus

applied electric field is also employed in the DD simulator [38].
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2.2 Carrier transport models

The simulation of carrier transport in an electronic device can be modeled by solving the
classical semiconductor equations i.e. drift diffusion (DD) equations and carrier
continuity equations. These equations are obtained from the first two moments of the
Boltzmann Transport equations (BTE) [15]. The BTE is a distribution function
representing the electron or hole distribution or their statistical behavior under non
equilibrium condition. Monte Carlo simulations and quantum mechanical numerical
models have been used to investigate the non-equilibrium carrier transport in electronic
devices [14]. Finite element and finite difference methods for solving the partial
differential semiconductor equations have also been used for modeling of semiconductor

devices [12], [13], [43].

In this work, the carrier transport in GaN LEDs is modeled using the time domain drift

diffusion model discussed in the following section.

2.2.1 Drift Diffusion model

The drift diffusion model is a simplified model obtained from the moments of the BTE. It
is solved in conjunction with Poisson’s equations, current density equations and carrier
continuity equations [15]. Thus, the basic electronic simulation of GaN LEDs is based on

the following equations (equations (2.1)-(2.6)).

Poisson’s equation relates the electrostatic fields with the charge distribution as

V.(eVW)=qg(n—p+ Ny —Nj +N;)=—p (2.1)
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E=-V (2.2)

The continuity equation describes the change in electron and hole densities with time and

is given by
on 1 (2.3)
E: Gn—Rn+av.]n
ap 1 (2.4)
a: Gp—Rp—av.]p

The current density for electrons and holes is given by the drift diffusion (DD) equations

Jn = qnuyE +qD,Vn (2.9)
Jp = apupE — qDpVp (2.6)

where,

I/ is the electrostatic potential in VVolts, E is the electrostatic field in V/m

€ is the dielectric permittivity of the medium in F/m, q is the unit charge in C

n is the electron density in m=3, p is the hole density in m~3

N is the ionized acceptor impurity concentration in m=3,

N7 is the ionized donor impurity concentration in m=3

N; is fixed interface charge density due to spontaneous and piezoelectric polarization in
-3

m
G, and R,, are electron generation and recombination rates in m=3s~1
G, and R, are hole generation and recombination rates in m=3s~!

Jn and J,, are electron and hole current densities in A/m? .

1, and p,, are the electron and hole mobilities in m?V~ts™*

D, and D, are the electron and hole diffusion coefficients in m*s~*

The solution of the above equations is obtained using the FDTD algorithm that is

discussed in chapter 3.
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2.2.2 Field dependent models

The optimization of GaN devices through numerical simulations requires utilization of
optical and electrical material properties and reliable models to describe them. The
intense research on the nitride materials over the past decade has made it possible to
discover a large number of material parameters. These parameters can be incorporated in
numerical simulations through analytical models that fit the experimental data. This
section discusses the transport parameters of electrons and holes and their analytical

models that can be integrated in the DD model.

2.2.2.1 Field dependent carrier mobilities

The analytical models representing the dependence of low field and high field electron
mobility on doping, temperature and electric field have been presented in [32], [33], [35],
[36]. These models were fitted with the available experiment data and found to be

appropriate to be used in numerical simulators.

Thus, the low field and high field electron and hole mobility models [35], [36] have been
incorporated into the DD model. The doping and temperature dependent low field

electron mobility of GaN is based on the Arora model [37] and is given as [35]

T \P? (2.7)
T B (Mmax — Hmin) (m
Uno (T, N) = Wmin (%) N
«(355)
1+ NT o
Nrer (35)
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where, 4o, T and N are low field electron mobility, temperature and doping
concentration and the low field parameters are given in Table 2.1. N, = 10'7 is the
fitting parameter which is valid for this model for doping concentrations of 1 x 1016 —

1 x 108 cm™3.

Table 2.1 Low field mobility parameters of GaN [35].

Parameter Value
Umax [cm?V~1s71] | 1460.7

Umin [cm?V~1s71] | 295

a 0.66

B, 1.02

B, 3.84

Bs 3.02

B 0.81

Nyep [em™2] 107

The high field mobility (Figure 2.1 a) is given by the following model [35]

ni-1
o (T, N) + 952 &9
[4

1+ (Eﬁ)n +a (Eﬁ)n

where, u,, is the low field mobility which is doping and electron temperature dependent

.un(E) =

and is obtained using equation (2.7). 95%¢ is the saturation velocity, E. is the critical field
i.e the field value above which the drift velocity changes its slope from positive to

negative, and a, nq, n, are the fitting parameters.
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Table 2.2 High field mobility parameters of GaN [35].

Parameter Value

953 [x 107cm/s] | 1.9064

E, [kV/cm] | 220.8936

ny 7.2044
n, 0.7857
a 6.1973

Similarly, the hole mobility models used in the simulator are given by the following

expressions [36]

Ha
Hno = no (T,ND) = ———p | N; = Ng + N 29)
1+ (&
(%)
where,
T \% T\N . T\% (2.10)
Hag = Ad (T—O) ’ NO = AN (T—O) ,and A = Aa (T_())

The parameters used are Ay =41.2cm?V-1s71 a; = —2.34, Ay = 1.97 X

10Y%cm™3, ay = 0.869, 4, = 0.309, and a, = —2.311.

The high field hole mobility model (Figure 2.1 b) used in the drift diffusion simulator is
described by the following expression [36].

() = ——— (2.11)

BB
Hno€
1+ (402)
I 19h,sat l
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The parameter u, is the low field mobility as expressed in equation (2.9), g = 0.725

and 9y, 5qc = 1.7 X 107cm/s.

1000 T T 3% . ,
Gah electran mability (u (E)) GaM hale mobility ( (E))
';:T soab - ......... L TERERTEES AL LETRETES B e 0] P, RS SOUURUR ............
= : : : : : -
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S : : - o
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Bi] S N e N D e . I S —_— o S |
0 i i ' - . ; : ; :
0 200 400 &O0 €00 1000 1200 105 200 0 B0 a0 1000
Applied Electric Field [kv/cm) Applied Electric Field [kv/icm]
@ (b)

Figure 2.1 Field dependent a) electron mobility and b) hole mobility for GaN.

2.2.2.2 Field dependent diffusion coefficient

The Monte Carlo simulation data for the electron diffusion coefficient in GaN presented
in [38] is incorporated in the drift diffusion model using the following expression.

k 2.12
D, (&) = p1e* + p,e3 + p3e? + puc + ps, £ < ZOOJ (2.12)
D, (€) = pee® + pre* + pge® + poe® + P1o€P11

kv kv
200— < £ <500—
cm cm

D,(¢) =5cm?V~1s71, &> 500?—:1
where the fitting parameters p; = 3.841 x 1078, p, = —2.816 x 107>, p; = 6.859 X
1073, p, = —6.197 x 1071, ps = 22.8, pg = —9.482 x 1071, p, = 5.473 x
1077, pg = —1.244 x 10™*, py = 1.439 X 1072, p;, = —0.833 and p,, = 23.88.
The available experimental data and the fitted expression for GaN diffusion coefficient is

shown in Figure 2.2.
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Figure 2.2 Electron Diffusion Coefficient of GaN vs. applied field.

2.2.3 Recombination models

The photon emission or absorption in GaN-based LEDs is governed by the recombination
and the generation parameters that play a vital role in determining the device
performance and its emission characteristics. The major quantities that are to be
considered in this model are the recombination and the generation rates i.e. the rates at
which the carrier density decreases or increases due to electron-hole pair recombinations
or generations inside the device, respectively. The recombination mechanisms inside a
GaN LED consist of both radiative and non-radiative recombinations (Figure 2.3). The
radiative recombinations or band to band recombinations are the major parameters
responsible for light emission. The non radiative recombinations in a GaN LED are due

to both Shockley Read Hall (SRH) recombination or Auger recombination [44], [45].
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Figure 2.3 Recombination processes in a GaN-based LED (Adapted from [44] ).

2.3.1.1 Radiative or Band to Band recombination

The direct bandgap nature of I11-Nitride semiconductors is the important parameter that
differentiates GaN LEDs with the LEDs made of indirect bandgap materials such as
Silicon or SiC. Since in a direct bandgap material, the electron or hole transitions from
conduction band to valence band or vice versa occur at same momentum, the
recombinations are more effective than that of indirect bandgap material. For the
radiative recombinations, the electrons and holes should be at the same position
(momentum) in the band diagram. Thus, the radiative recombination in the GaN layers is
directly proportional to the electron or hole concentration since it is related to the

probability of finding electrons or holes.

Rrqdiative = B(np - nlz) (2-13)
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where B is the radiative recombination coefficient and B~ 10711 to 108 cm3/s for

I11-V semiconductors [23], [46].

2.3.1.2 Non-radiative Shockley Read Hall (SRH) recombination

The non radiative SRH recombinations in GaN are observed due to the dislocations or
defects in the material that produces deep levels in the conduction and valence band.
Thus, the energy from the electron-hole pair recombinations through deep levels result in
the vibration of atoms called phonons instead of photons. If the deep levels are assumed
to be at the intrinsic levels, the SRH recombination rate can be expressed as

np — n? (2.14)
o (n+n) + " (p +ny)

Repy =

where 75%% and 73R are hole and electron SRH lifetimes.

The defects or dislocations in Ill-nitride materials are important terms that decide the
SRH lifetimes. With more defects or dislocations, these lifetimes tend to decrease and
thereby the non radiative recombinations occur at a faster rate and this is the reason for
high non-radiative SRH recombinations are directly related to the defects. These lifetimes

are also reduced at low carrier mobilities or diffusion coefficients.

Thus, the SRH lifetimes ;%" or 73R can be expressed as a function of the dislocation

densities and mobilities as [47]

7SRH _ 1 ln( 1 ) _ E + (ZDn(p)) (2.15)
() 4-7TDn(p) Nd Tl.'(lsz 2 aVn(p)S
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where Dy, is the diffusion coefficient, N, is the thread dislocation density (TDD),

1

Vo) = (3,’1(—:)2 is the thermal velocity and S = 0.5 for GaN (constant).

Mn(p)

Figure 2.4 shows the dependence of the SRH lifetimes on the TDD. These are also
compared with the radiative lifetime obtained from radiative recombination coefficient B.
It can be observed that the non radiative lifetimes become smaller than radiative lifetimes
for dislocation densities higher than 10”7 cm™2. Therefore, the non radiative
recombinations start to affect the internal quantum efficiencies from these TDDs

onwards.
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Figure 2.4 Dislocation density vs. non-radiative lifetimes (t,”"" and =,>"") in I11- Nitride materials.
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2.3.1.3 Non-radiative Auger recombination

Auger recombination in GaN LEDs occurs at high injection levels where the electron and
hole interactions result in generation of another hot carrier. Thus, there are two basic
processes: a) electron-electron-hole (eeh) process where an electron-hole pair (EHP)
recombination excites an electron to a higher level in the conduction band as shown in
Figure 2.3, b) electron-hole-hole process in which an EHP recombination excites a hole
to a lower level in the valence band. It was explained in various studies that the Auger
recombination is the dominant mechanism for the decrease in the external quantum
efficiencies of GaN LEDs at high current densities or efficiency droop [23], [44], [48]

[49]. The auger recombination rate is given by the following equation.

RAuger = Ln(np — nlz) + I})p(np - nzz) (2.16)

where I}, and I, are electron and hole Auger recombination coefficients in cm™=°s~*.

The radiative and non radiative recombination rates in equations (2.14)-(2.16) are in
general simplified as ABC model (A- SRH recombination, B- Radiative recombination
and C- Auger recombination) i.e. at high injection levels when n=p, these equations are
simplified as

Rspy = An, Ryqaiative = Bn® and RAuger =Cn? (2.17)

1

whereA = —— B = and C =T

27SRH ! Tradiative AT

The radiative or non radiative carrier lifetimes or the recombination coefficients A, B or
C are important parameters that determine the IQE of GaN LEDs and help to understand
recombination processes and to optimize LED structures. These lifetimes have been

determined through the time-resolved photoluminescence (TRPL) measurements in
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several studies [48], [50]. A rate equation model has been proposed very recently to
extract the recombination coefficients and IQE by using a transient analysis of GaN-
based LEDs through numerical simulations [51]. Through such studies, researchers were
able to increase the radiative recombinations inside a GaN LED. Therefore, it is
important to use appropriate models and coefficients for recombination mechanisms in

simulating GaN- based LED structures.

2.2.4 Polarization model for LED heterostructures

Another important material parameter of IlI-Nitride materials that is needed to be
incorporated in the DD simulator is the built- in spontaneous and piezoelectric
polarization charges. The spontaneous polarization is usually observed in ferroelectrics
and pyroelectrics. In pyroelectrics such as IlI-Nitride semiconductors that have a
hexagonal or wurtzite crystal structure, the center of electronic charges do not coincide
with the nucleus position due to uneven bonding among the atoms leading to built- in
electric field causing spontaneous polarization [39]. The piezoelectric polarization occurs
at the hetero interfaces such as GaN/ AlGaN or GaN/ InGaN due to thermal strain,
mechanical stress or lattice mismatch [40]. These polarizations play a vital role in the
performance of I11-Nitride optoelectronic devices based on MQWSs nanostructures. The

following are some effects of these polarizations in GaN devices.

1. The photoluminescence emission energies of GaN/ AlGaN heterostructures and
QWs are strongly affected due to the presence of built-in polarization charges at

the heterointerface. These energies vary with the well composition [41] .

2. Reduction in IQE of I11-Nitride LEDs.
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3. The effect on luminescence spectra of GaN/ AlGaN QWs [26] . This occurs due
to red shift of the energy gap caused due to polarization charges at

heterointerface and also with varying widths of QWs.

4. Reduction in the gate leakage current in the nitride heterostructure field effect
transistors [42]. This effect is due to the increase in the polarization charges at

heterointerface with incorporation of Indium in the active layers.

In order to incorporate the above polarizations in the simulator, the fixed interface
charges at the GaN/ AlGaN heterostructures are included in the Poisson equation. These

charges are computed from the difference of total polarizations at hetero interfaces

The surface charge density at AIGaN/GaN heterointerface is calculated as:

Ny = (PsiGan — Pean)/ 4 (2.18)

where PX%% n or PESL, is the sum of built-in spontaneous and piezoelectric polarizations.
These fixed surface charges are therefore incorporated in Poisson’s equation to model the

polarization effects as shown in the following equation.

V.(eWW)=—q(Ng —N;y +p—nFN,) (2.19)

2.3 Dispersive material models

The propagation of light wave inside GaN LED structures described by the solution of
Maxwell’s equations (equations (1.8)-(1.12)) is affected by the frequency dependent
parameters of the material. Therefore, to account such effects, i.e. material dispersion,
appropriate models have to be used to simulate optical characteristics.
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The frequency dependent optical behavior of dispersive materials can be described by the
constitutive relations in frequency domain, i.e. the relation between the electric field
intensity E, the electric flux density D and the polarization density P given by the

following equations

D(w) = e(w)E(w) (2.20)
P(w) = g x(w)E(w) (2.21)
D(w) = ¢,E(w) + P(w) (2.22)

where y is the electric susceptibility that is a measure of the ability of a dielectric to
polarize in the presence of an external electric field and P(w) is the frequency dependent

polarization induced by an external electric field E(w).

Therefore, combining equations (2.20)-(2.22), we have

D(w) = soE(w)(l + )((w)) (2.23)

c(w) = 50(1 + )((a))) or &-(w) = (1 +)((a))) (2.24)

where, ¢, (w) is the frequency dependent relative permittivity of the dispersive material.

The material models describing the frequency dependent behavior of relative permittivity
or electromagnetic polarization can be derived using the classical electron oscillator
(CEO) model. These models deal with macroscopic polarization properties of dispersive

material.

The relation between frequency dependent electromagnetic polarization P(w) and
electric field intensity E(w) of dispersive materials used in this thesis is modeled using

Drude and Lorentz models [52], [53].
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2.3.1 Drude Model

The Drude model describes the transport properties of electrons in a metal. It is based on
the CEO model and assumes that the electrons travel inside a metal without interacting
with each other in the presence of external electric field i.e. free electrons. The motion is
dampened by electron collisions with the ions. The relation between macroscopic
polarization and electric field can be described by using Newton’s laws of motion as

nq? (2.25)

——F
m(Tw — w?) (@)
where n is the electron density, g is the magnitude of electronic charge, m is the mass of

P(w) =

electron and I" is damping constant.
The electric susceptibility y(w) can be found using equation (2.21) as

P(w) nq? (2.26)
g, E(w) m(Tw— w?)
Thus, the relative permittivity can be found using equation (2.24) as

x(w) =

nqg? - w?, (2.27)
m(Tw — w?) jTw — w?
w, is the plasma frequency of the metal that describes the rapid oscillations of the

gw)=1+

electron density in conducting materials.

2.3.2 Lorentz Model

The Lorentz model describes the electron transport properties using the CEO model for
any conducting material i.e. metal or non-metal. It is analogous to the spring-mass

system. The behavior of electrons in the presence of an external electric field is such that
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they oscillate like a mass bounded to a spring i.e. electrons are bounded to the atoms. The
relation between electric field and polarization is expressed as
ne? (2.28)

E
m(w3 + jTw — w?) (@)
Where w, is the resonance frequency of electron density oscillations.

P(w) =

And the electric susceptibility y(w) and ¢, (w) are given as

_ Plw) ne? (2.29)
x(w) = E(@)  m(w?+ jTw — w?)
(@) =14 ne? w?, (2.30)

=1
m(w? + jTw — w?) + (wg + jTw — w?)
In this thesis, the frequency dependent relative permittivity of GaN and AlGaN materials

is modeled using the multi pole Lorentzian function given in equation (2.30) because it is

applicable to any conducting material.

2.3.3 Lorentz-Drude Model

A more generalized model describing the complex permittivity of metals is described
using a Lorentz-Drude model which characterizes the free electrons using the Drude
model and bound electrons using the Lorentz model. Therefore, the permittivity of the

Lorentz-Drude model is given as

&(w) = gfree(w) + Epouna () (2.31)

where, &reo(w) is described by Drude model and &,4ynq (w) by Lorentz model.

Therefore, we have
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B - wph N w?, (2.32)
£(@) = jTw —w? (w2 + jTw — w?)

The relative permittivity of metals used in this thesis i.e. Silver and Gold are therefore

modeled using a multi-pole Lorentz-Drude model.

2.4 Summary

Carrier transport models and dispersive material models required for the simulation of
GaN LEDs are presented in this chapter. Carrier transport model consists of coupled
Poisson’s equations, carrier continuity equations and drift diffusion current equations.
The field dependent carrier transport parameters that are incorporated in the electronic
transport model are also discussed. Lorentz model, Drude model and Lorentz-Drude

model are presented to model the dispersive properties of any conducting material.
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CHAPTER 3

FINITE DIFFERENCE TIME DOMAIN

SIMULATION ALGORITHM

The time domain simulation of GaN LEDs is performed using Finite difference time
domain (FDTD) numerical method which is a popular technique that has been widely
used in computational electromagnetics problems. In this chapter, the FDTD algorithm
for electronic-optical simulation of GaN LEDs is developed to simulate the carrier
transport and photon emission. The resulting FDTD algorithm is used to model the active
part of the device by solving the drift diffusion (DD) transport equations and the
electromagnetic part by solving Maxwell’s equations in time domain. This chapter also
discusses the boundary conditions required for FDTD solution of DD and Maxwell’s

equations.

3.1 Overview of the FDTD Method

The finite difference time domain (FDTD) numerical technique is a very popular and
well established numerical technique to solve the coupled partial differential equations in
time domain. It was first introduced by Kane Yee in 1966 as a numerical algorithm to
solve Maxwell’s equations [54]. It uses finite difference approximations to the spatial and
temporal derivatives. It improved exponentially with several advanced models and has
become an efficient computational tool to model several electromagnetic problems. The

research and developments on this technique have led to more stable numerical
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techniques to solve EM problems that can be used for a wide range of applications; few

of them are listed below [55]:

1. Military defense applications: Radar technologies, development of high power
microwave sources (HPM), circuits and antennas.

2. Numerical modeling of electronic, photonic and nanoplasmonic devices and
components.

3. Bio electromagnetic simulations.

4. High speed communications.

The advantages and disadvantages of the FDTD method are:

A) Advantages

1. Itissimple, robust and can be implemented efficiently.

2. Itis awell-developed tool for the analysis of photonic devices in the industry.

3. It can be used for broad range of EM problems covering the ultra-low to ultra
violet frequencies.

4. It can simulate the multi wavelength simulation in one run.

5. It has well developed absorbing boundary conditions for EM fields.

B) Disadvantages

1. The computational burden increases with finer mesh sizes.

2. The space and time steps are limited by Courant- Friedrich- Levy (CFL) stability
criterion [55].

3. The curved boundaries are poorly represented.
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4. The time response of the medium should be modeled explicitly.

3.2 Electronic Model FDTD DD Algorithm

The solutions of the basic DD equations (equations (2.1)-(2.6)) have been obtained in
closed form for any semiconductor device. However, these types of solutions are limited
in applications and accuracy for nonlinear or multi-dimensional problems. Therefore,
numerical techniques can be used to investigate such problems. The finite difference
numerical technique is used to solve these set of coupled nonlinear partial differential
equations. FDTD solution of DD model produces the solutions for the electrostatic
potential and the electron and hole densities (V, n and p). The partial derivatives are

discretized by finite difference approximations.

3.2.1 FDTD solution of drift diffusion equations

The finite difference approximation of first order and second order derivatives are given
as,

0 fGHLD—FGD (3.)
af(ll])"’ Ax
9y LD 2D + G+ L) (32)
axzf” ~ Ax?

The 2D FDTD grid arrangement is shown in Figure 3.1. With such arrangement, the
finite difference approximations can be used without any inconsistency. The scalar
variables such as the potential V or the electron and hole concentrations n and p, are

defined at integer grid points (i,j), whereas the vector quantities current densities and
electric fields are defined at grid points (i + %]) for x components and (i,j + %) fory
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components. In addition to this, the vector quantities are offset in time by half time step
for the temporal derivatives to be consistent i.e. the scalar quantities are calculated at time

step k, vector quantities are calculated at time step k +1/2.
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T 1T 1
Jy Jy Jy Jy
I,j+1)
—xp—B—)xp——]x
A A
Jy Jy Jy Jy
-1, I,
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NP

Figure 3.1 2D FDTD grid arrangement to solve DD equations.

For a homogeneous medium, Poisson’s equation is given as

0%V 9%V
——=
0x?  0dy?

p (3.3)
€

The finite difference discretization of equation (3.3) at time t= kAt is obtained as

VEG+1,)+VE (—1,)) = 2VE(G,)) (3.4)
Ax?
VEG,j+ 1)+ VEG,j — 1) — 2V*(, j) p (i, )
+ > = ——
Ay £

Equation (3.4) can be rewritten (for Ax = Ay) to solve for the electrostatic potential

V (i, ) for a homogeneous medium, as
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VE @, )) =%le G+L)+VEE—-1,)+VEGj+1D)+VEGj—1) (35)

A 2
+ (%) Pk (i,j)]

It can be observed from equation (3.5) that the potential at grid point (i,j) depends on
potential at four neighboring grid points. This requires solving potential at these grid
points simultaneously i.e. systematic algorithms are required to solve Poisson’s equation.
There are both direct and iterative methods to solve the discretized Poisson’s equation
(Equation (3.5)). The direct methods such as Gauss elimination method and LU
decomposition method are based on triangularization techniques that eliminate the
unknowns in a systematic way [56]. The iterative methods include the mesh relaxation
methods and the matrix methods such as the Jacobi, Gauss-Siedel, Successive over-
relaxation (SOR), Alternating directions implicit (ADI), Sparse matrix, and Conjugate
gradient methods. The iterative methods start with a first approximation which is
improved successively by repeating the algorithm until an accurate solution is achieved.
The SOR iterative method converges faster as compared to other iterative methods [56],
[57]. The direct methods require a lot of computational effort with increase in the size of
the simulation domain since they require solving a system of linear equations and matrix
inversions at each time step. Thus to overcome this difficulty, a simple and explicit

iterative method such as SOR can be used to obtain solution of Poisson’s equation.

Thus, a Poisson equation solver based on SOR technique is developed to solve for
electrostatic potential V. In this method, first, the residue is calculated at each grid point

and iteration given by equation (3.6)
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R(i,j)=%lV(i+1,j)+V(i—1,j)+V(i,j+1)+V(i,j—1)—4V(i,j) (3.6

Ax? ..
+( )p(w)

e
Next, we add a correction factor to potential V (i, j) at each iteration given by equation

(3.7).

V@, ) = VT ) + R™THGE ) 3.7)
The SOR method uses a convergence factor w to increase the convergence of the

iterations in the equation (3.7) as

V™, j) = V™, ) + oR™I(3, ) (3.8)

w 1S given as

w=2 [cos (E) + cos (E)] ,and 0 < w < 2 (3.9)
le ]e

where i, and j, are the number of grid points in x and y directions, respectively.

For non-homogeneous medium, the Poisson solver equations (equations (3.3)-(3.9)) are

given as
d (aV\ 9/ dV\ (3.10)
a(fa) W(E@) =P
a(, DVEGE+1,)) + b, HVEGE = 1,)) + c(i, VG, + 1) (3.12)
+d@HVEG - D + e DV = F3))
R (,j)

a DV E+L)+bEHV E—-1L,)+c@NV Gj+D+d@HV GEj—1)
+e(t DV J) = f())
e(t,))

(3.12)

and,
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Vm(l']) = Vm_l(i'j) - me_l(i'j) (313)

The coefficients a, b, c,d, e and f are given by the following expressions

a(i,j) = €(i, ),
b(l']) = E(l - 1'j);
c(i,)) =re(i, ),
d(i,j)=re(i,j— 1),

e(i,j)) = (-1-1)e(i,j) —e(i—1,j) —re(i,j— 1), (3.14)
f@,)) =qAx*(n— Ny —p + Ny)
Ax?
r= _Ayz

The problem with SOR is that the convergence is affected for regions with multiple
dielectrics. It converges slowly with the increase in the dielectric constant. The
convergence rate decreases linearly with the maximum dielectric constant in the
simulated domain. In such situations, when the solution does not converge to accurate
solution, advanced numerical techniques should be introduced to solve Poisson’s
equation. Thus the update equation to solve for electrostatic potential in time domain

using FDTD technique is given by equations (3.8)-(3.13).

The update equation for the static electric field is obtained using equation (2.2) as

1 ks N ki o;
Ef+§(i,j) _ <V (i+ 1,]A)x %4 (l,])) (3.15)
1 Krs : _vk(i o:
E;”f(i,j) __ <V G,j+ 1A)y 14 (L.J)) (3.16)

Similarly, the finite difference approximations of current density equations (equations

(2.5)-(2.6) for a 2D simulation domain are given as
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]k+% ( 1 ) (3.17)

i+=,J
2
— .un(l + 1']) + ﬂn(l,]) nk(l + 1!]) + nk(l!]) Vk(l + 1']) - Vk(lr])
-1 2 2 Ax
D, (i +1,j) 4+ Dp(i, )] (n*G + 1,5) — n*(i, j)
|
! 1 3.18
() -
_ tn (i, + 1) + (D) (MG + 1) + 0@ ND) (VEG + D) = VEG, )
-1 2 2 Ay
Dn(i,j + 1) + D (i, )] (n*(,j + 1) — n*(, j)
e |
A1 3.19
Jpa? (i +504) o
_ o+ 1,7) + i, (D) (PRG+ L) + R D) (VEG+ 1)) = VEG))
-1 2 2 Ax
3 D,(i+1,j)) + D,(i, D) (p*G + 1,)) — p* (i, ))
1 2 Ax
kg (1 (3.20)
ot (0143)
_ (@, + 1)+, (D) (p*CG 7+ 1) + 56D (VEG T+ 1) — VEG, )
-1 2 2 Ay
3 D,(i,j + 1) + D, (i, (p*(,j + 1) — p*(, j)
1 2 Ay

The scalar terms n, p, uyp, up, Dy, and D, are averaged for consistency.

The electron and hole continuity equations (equation (2.3)-(2.4)) are discretized both in

space and time as
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nf (i, ) = n" (0, ) (3.21)

]ny%l]+2 ]+l(”_;)

k(i o _ pk(io:
+ Ay + At (Gn )] Rn(l:]))
pk+1(i,j) — pk(l,]) (322)
k+> . k+3 1
At ]pxz(l+2’])_jpx2(l 2’])
q Ax

+2 ’ + At (G5GJ) - REL)D)

Therefore, at each time step, the new values of J are calculated using the previous values
of V, n and p and are stored for next time step. Similarly, the new values of n and p are
calculated using the previous values of n, p, R and G and the new values of J. Thus, the
update equations (3.13)-(3.22) develop the basic FDTD algorithm for studying electronic
carrier transport in any semiconductor device. These basic semiconductor equations are
solved with suitable boundary conditions i.e. Dirchilet and Neumann boundary conditions
[15] for electrostatic potential and carrier densities that are discussed in detail in section

3.2.1.

3.2.2 Calculation of Spontaneous and Piezoelectric Polarization Charges

The built-in polarization charges (V. Pt°%) incorporated in Poisson’s equation (equation
(3.23)) are calculated from the spontaneous and piezoelectric polarizations of the

materials used in the simulation.
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V.(eWW)=—q(Ng — Ny +p—n) + V.P = —p + 7. Pt (3.23)

Considering the material growth in y-direction i.e. the heterointerface is in y direction,
the interface charges are given by the term V. P!t that can be discretized using finite
difference approximation as:

PYf(i,j+1) =P, j)  qNs(i,)) (3.24)

. ptot =
Ay Ay

Therefore, the coefficient £ (i,j) (equation (3.14)) of the discretized Poisson equation for
heterojunction case now becomes,

P (i, j) — P (i,j — 1) (3.25)

Ay
The total polarization is the sum of both spontaneous and piezoelectric polarizations. The

f(i,)) = qAx*(n — Nf —p + N;) + qAx?

values of these polarizations for AlGaN/ GaN and InGaN/ GaN heterointerface are
calculated using the following equations (equations (3.26)-(3.30)) [39]. The parameters

used in the calculation of these charges are given in Table 3.1.

Table 3.1 Spontaneous polarization values of 111- Nitride materials [39], [40]
Material Parameters | GaN AIN InN
c - - -
psp (_2) 0.034 0.090 0.0413
m
ag(A) 3.189 3.112 3.540
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AlGaN/ GaN heterointerface

Ptot (Al Ga,_ ,N) = PP (Al,Ga,_,N) + PP? (AL.Ga,_,N) (3.26)
PSP (Al,Ga;_ N) = — 0.090x — 0.034(1 — x) + 0.019x(1 —x)  (3.27)
PP% (Al,Ga;_xN) = xPP* (AIN)e + (1 — x)PP? (GaN) (3.28)

PPZ (GaN) = — 0.918¢ + 9.541¢%C /m? (3.29)

PPZ (AIN) = — 1.808¢ — 7.888¢2C /m? (3.30)

Where ¢ is the strain component obtained from the equilibrium lattice constant of GaN

and AlGaN given as

GaN __
. “Tx;(") a(x) = x(a"™) + (1 — x)(adeV)

(3.31)

Therefore, the sheet charge density Ny at AlGaN/ GaN heterointerface calculated using

equation (2.18) is shown in Figure 3.2 as a function of Al mole fraction.

InGaN/ GaN heterointerface

Pt (In,Ga,_,N) = PP (Iny,Ga,_N) + PP? (In,Ga,_,N) (3.32)
PSP (In,Ga,_,N) = — 0.042x — 0.034(1 — x) + 0.038x(1 —x)  (3.33)
PSP (In,Ga,_,N) = — 0.042x — 0.034(1 — x) + 0.038x(1 —x)  (3.34)

PP* (In,Ga,_,N) = xPP* (InN)e + (1 — x)PP* (GaN) (3.35)
PPZ (InN) = — 1.373¢ + 7.559¢2C/m? (3.36)
PPZ (GaN) = — 0.918¢ + 9.541£%C/m? (3.37)

The strain component ¢ is calculated as
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a®N — a(x)

a(x)

The calculated sheet charge density N, at InGaN/ GaN heterointerface is shown in Figure

’ a(.X') = x(al’nN) + (1 _ x)(aGaN) (338)

3.3 as a function of In mole fraction.

The values of N, obtained experimentally are usually smaller than the calculated values
using the above model. This is due to the charge screening resulting from dislocations or
defects. The screening percentages for an AlGaN/ GaN heterointerface are nearly 90 %
whereas for an InGaN/ GaN system is 20- 80%. Therefore, to account for this effect,
only 10% of calculated values are taken in simulation model for an AlGaN/ GaN

heterojunction.

m
: ¥ 03
B . ........ v 1 A9TedT

=

Sheet charge density M_ {1/m?)

1 1
a 0.2 0.4 0.6 0.8 1
Al mole fraction (%)

Figure 3.2 Calculated sheet charge density at AlGaN/ GaN heterointerface.

51



%10
14 ! ! ! 5
R i} P .............. .............. .......... g
£ : : : :
P | S R EE R B [ m
L] . - - .
= . . :
= :
E B_ ....................................................... ..............
= .
= :
B B b e
= f
£ .
O :
b AEREERRRRREE J
z :
i :
1 e J
0 | 1 i i
1] 02 0.4 0.6 0.8 1

In male fraction (x)

Figure 3.3 Calculated sheet charge density at InGaN/ GaN heterointerface.

3.2.3 Boundary conditions

The metal contacts are considered to be ohmic contacts i.e. the electrostatic potential V
and carrier concentrations n and p will have Dirchilet boundary conditions at these
contacts. A Dirchilet boundary condition assigns the thermal equilibrium values to the
potential and concentrations as shown in Table 3.2. The free surfaces or non-contacts
uses the Neumann boundary condition. A Neumann boundary condition is used for
continuity of potential and concentrations at these surfaces. Therefore, the gradient of the
normal component of potential or concentrations at these surfaces is zero and it is given
by Neumann boundary condition as shown in Table 3.2. Vj, is the potential at p-contact,
V, is the potential at n-contact, V¢4 IS the applied voltage and V,,; is the zero bias built

in potential.
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Table 3.2 Boundary conditions for electrostatic potential and carrier concentrations.

Parameter Contacts (Dirchilet BC) Free Surfaces or Non
Contacts (Neumann BC)
Potential V Vp = (Vapplied - Vbi) v,V = 0

Concentrations n and p

VJ_TI:O,VJ_p:O

.Figure 3.4 shows the flowchart for solving the time domain drift diffusion equations. The

flow of calculations in time loop to solve the three basic semiconductor coupled

equations i.e. Poisson’s equation, current density equation and the carrier continuity

equation ((3.13)-(3.22)) are also shown in this figure.
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No
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Figure 3.4 Flowchart (Electronic Model).

3.3 Optical Model FDTD Algorithm

The electromagnetic light wave propagation in GaN LEDs is described by the solution of
the coupled partial differential equations representing the four Maxwell’s equations.
Several computational methods have been used to obtain the numerical solution of
Maxwell’s equations. FDTD method provides direct solution of these equations by

discretizing the partial differential equations in space and time. In this work, we use
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generalized Auxiliary Differential Equation (ADE)- FDTD algorithm that incorporates
the optical properties of dispersive materials to solve the electromagnetic part of GaN

LEDs [52].

3.3.1 FDTD Solution Method

3.3.1.1 Yee’s mesh

The discretization of coupled partial differential Maxwell’s equations in space and time
is based on Yee’s mesh that provides an appropriate arrangement of electric and magnetic

fields to provide consistency both in space and time [54].

Yee’s mesh positions electric (E) and magnetic field (H) components at the centers of the
grid lines and surfaces such that each E field component is surrounded by four H
components and vice versa in a 3D grid as shown in Figure 3.5. This type of arrangement

also links the fields to Ampere’s and Faraday’s laws.

Hy Ex
Ey
E E,
Ex Hyx
EV E'
H; E,
() Ex

Figure 3.5 Yee’s spatial grid for 3D FDTD problems.
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Maxwell’s equations for a linear, non-dispersive isotropic and source free medium are

given as
a—Hz—leE (3.39)
dat U
oE = lv x H (3.40)
at ¢

Expressing the equations (3.39)-(3.40) in scalar form gives the following six coupled

differential equations

0E, O0E,  0H, (3.41)
dy 9z ot

0E, OE,  O0H, (3.42)
9z ox 0Ot

0E, O0E,  0H, (3.43)
ox dy ot

OH, OH, OE; (3.44)
dy dz ot

0H, O0H, OE, (3.45)
dz ox Ot

oH, 0H, OE, (3.46)
0x dy ot

oH, o0H, JE, _OE (3.47)
y _ X _ y _ X _
0z =0, 0z =0, 0z =0, 0z =0

In this thesis, Maxwell’s equations are solved in 2D considering TM polarization only.

This is due to the polar property of I11-Nitride materials that reduces TE polarizations and

56



TM polarizations are the dominant ones. The intrinsic polar property or built-in
polarizations arises because of the asymmetry in the bonding between atoms and strain
effects when the materials are grown on different layers as discussed in chapter 2. Thus,

the set of equations (3.41)-(3.46) for TM case simplifies to

0E, _1 0H, (3.48)
at & dy
0E,  10H, (3.49)
at & oOx
0H, 1(0E, OE, (3.50)
ot pu\ dy ox

The spatial derivatives in equations (3.48)-(3.50) are discretized using central difference

approximations utilizing Yee’s spatial gridding scheme as follows

0E, 1 (H,(i,)—H,(i,j—1)) (3.51)
ot e Ay
0Ey 1 (H,(i)) —H,(i-1)) (3.52)
ot e Ax
oH, 1[(EGj+1D—EG)) (E+1Li)=EG)) (3.53)
at ; Ay B Ax

The central difference approximation of the time derivatives in equations (3.51)-(3.53)
are again found using the Yee’s algorithm and by using a leapfrog scheme shown in
Figure 3.6. In this method, the H and E fields are off-set in time by half time step i.e.
they are computed at time step k + 1/2 and k respectively to provide consistency in

time.
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T
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I

Figure 3.6 Time domain representation of Yee’s algorithm (Leap frog scheme).

Therefore, the central differencing of equations (3.51)-(3.53) in time using this method

gives the following update equations for solving E and H fields.

£ (i 5,)) — EX (i4+5.))

At
1 1
) 1 2 (ih g, 4g) —Hy (i3, —5) (3.54)
T e Ay
E3’,‘+1(i,j+%)—E§,‘(L,]+7)
At
1 1
) 1H:+7(i+%,j+%)—Hf+5(i—%,j+%) (3.55)
T & Ax
H§+7(l+%,j+%)—HZ_7(l+%,j+%)
At
1 E§(i+%,j+1)—E,’§(i+%,])
T Ay
CBj(i+1g+g) B (L %)) (3.56)
Ax
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At each time step the new values of E at all grid points are calculated using the previous
values of E and the new values of H and are stored for next time step. Similarly, at each
time step, the new values of H field are computed using the previous values of H and the

new values of E.

For GaN LED simulation, the equations (3.54)-(3.55) with external current density

sources J are modified as

et (i45,)) — EX (i+5.))

L (e d e ) - (41— D)

-- <1x ) (3.57)

NG Vas R (o VA,
€ Ax

Arn)

There is an upper limit on the time step of optical model At for stability of the

discretization in time using Yee’s FDTD algorithm in accordance with spatial increment
Ax and Ay. This is given by the Courant-Friedrich-Levy (CFL) stability condition [55].

For the two dimension case, it is given as

1 (3.59)

1 1
¢ (sz + Ay? )

where c is the velocity of light in the medium.

(At)optical < (At)max =
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3.3.2 Auxiliary Differential Equation (ADE)-FDTD

The representation of FDTD algorithm that takes into account the dispersive material
properties is formulated using an ADE-FDTD algorithm [53]. In this method, the
frequency dependent polarization is converted into time domain using inverse Fourier
transform. A more generalized algorithm that includes the most general form of
dispersion is represented by a general ADE-FDTD algorithm [52] that can include a
multi-pole Lorentz-Drude or Lorentz model. Thus, to model dispersive materials using
FDTD, the frequency dependent polarization is converted into time domain polarization

using inverse Fourier transform of the constitutive relation using the following procedure.

The polarization using a Lorentzian function (equation (2.30)) for a single pole is given

as

P(w) = E(w) (3.60)

b+ jcw — dw?
Taking the inverse Fourier transform of equation (3.60) and rearranging the terms, it

simplifies to

bP(t) + cP'(t) + dP"(t) = aE(t) (3.61)

The first and second order discretization of equation (3.61) gives the following equation

pk+1 _ pk-1 pk+1 _ opk + pk-1 (362)
bP* + c A +d e = aE*

Therefore, the update equation for time domain polarization after rearranging the terms in

equation (3.62) is obtained as

Pkt = ¢, P* + C,P*"1 + C,E* (3.63)
__ 4d-2bAt? __ —2d+chAt __ 2aAt?
where, C; = 2d+cAt ' 7% T 2d+cAt '3 T 2d+ceAt
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Now, the update equation for the electric field using equation (2.22) becomes

D+ — pi+1 (3.64)
€000
Since the dispersive materials used in this thesis are modeled using the multi-pole

Ek+1 —

Lorentz-Drude model, the above formulation for calculating the time domain polarization

can be modified as

P{*h = CyyPf + CyiPf™" + CyEff (3.65)

4di - ZbiAtZ _ —Zdl + CiAt ZaiAtZ (366)

ith Cy; = ) i — ) | =
wt 1t Zdl + Cl'At 2 Zdl + CiAt 3 Zdl + CiAt

where, i = 1,2,3...,N
Therefore equation (3.64) for a multi-pole case becomes

(Dk+1 _ Z{V Pik+1) (3.67)
€0€c0
Figure 3.7 shows the FDTD algorithm for modeling the electromagnetic part of the

Ek+1 —

device. It describes the flow of calculations of EM fields inside the time loop using the

generalized polarization algorithm.
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1
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|

Calculate Polarization
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|
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|

Calculate Magnetic Field

3 3
B**2 and H**Z using v x Ek+1

'

No

k=Maximum time

Figure 3.7 Flowchart of general ADE-FDTD algorithm (Optical model).

3.3.3 Absorbing boundary conditions to solve EM fields

Appropriate boundary conditions must be used to absorb the EM waves at the boundaries.
Perfectly matched layer (PML) is used as an absorbing boundary conditions in an FDTD
computational domain [58]. It uses a specific condition on electric and magnetic
conductivity values to absorb the EM wave at the boundary or across a vacuum-medium
interface with no reflections. In this thesis, we use a more generalized PML i.e. Material

Independent PML (MIPML) which can be used as absorbing boundary conditions for any
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type of FDTD simulation boundaries [59]. For TM case, the equations (3.48)-(3.50) with

electric and magnetic conductivity terms are modified as

oD, . OH, (3.68)

aD 0H, (3.69)
a_ty-l_a’?Dy T T ox
0B oE (3.70)
Tt Yo gy
0By OE, (3.71)
ac By = T

In this technique, the EM waves are transmitted at the vacuum-medium interface with no
reflections at boundaries by using the following condition on the electric and magnetic

conductivities cPand o respectively.

Oxy)’ =0 5@) (3.72)

Where D and B correspond to electric and magnetic fields respectively, ¢” and oZ are

calculated as

O\ 3.73
@) = o8 (5 .
py  (m+1)clogR,
Omax = — 26

Where,p = x or y,§ = npml X Ax or npml X Ay, npml is the number of PML cells.

c is the velocity of light inside the medium, n = 3 and R, = 107 are constant.
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3.3.4 Total Field/ Scattered Field (TFSF) boundary conditions for scattering
characteristics

The scattering properties of materials can be studied by determining the scattered EM
fields using TF/ SF theory. In this formulation, the total field is split into two components
Etotat = Einc + Escat Hiotat = Hinc + Hscat (3.74)
To determine the scattered fields, the simulation domain is divided in TF and SF regions
(Figure 3.8 TF/ SF domain). In a TF region, the EM fields are the sum of both incident
and scattered fields, whereas in SF region, the EM fields are purely scattered fields with
no incident fields. TF/SF boundary conditions are therefore used to realize a plane wave

source that corresponds to total fields in Region 1 and scattered fields in Region 2.

The incident plane wave source at the TF/SF boundary is generated by simulating a pulse
on an auxiliary 1-D grid at the source point and mapping it into two dimensional grid. In
region 1, the solution of Maxwell’s equation yields total fields, whereas in region 2, it
gives scattered fields. However, when the fields are solved using Yee’s mesh, an

inconsistency arises at the TF/ SF boundary.
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Region 2: Scattered Fields

Figure 3.8 TF/ SF domain.

For example, the solution of E, in Region 1 and Region 2 given by equation (3.54) can

be written as

Region 1 (Total Field Region):

1 3.75
Extotal (i + E'j) = (3.79)
k 1 At k+% o, 11 k+% 11
Fasotal (l WL ) ~ zay \Matota (l togt E) —H, oa (z +2.) - 5)
Region 2 (Scattered Field Region):
(3.76)

1
Eﬁlg,zclat (l + E:]) =
k o1 N At ke 11 kty (11
Exscat (l + E']) B E’ Hz,scat (l + E'] + E) - Hz,scat (l + E'] - E)

At the TF/ SF boundary ( i; toi,,j; ), the solution would become (if boundary is

assumed to be total field region)
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o1 (3.77)
Ealcc,?oltal (l + El]l) =

K o1 At [ kg (001 1 el o1 1
o (1 +071) = gy | Moo (100 +3) = Hasdee (155 =3)
The inconsistency in the fields in equation (3.77) can be removed by using equation

(3.74) for Hy,scq¢ i.€.

o1 3.78
Ealc(,;roltal (l + 5'11) = ( )

1 1
K cpl ooyt (ke 1 gk 1
Ex,total (l + 2 ’]1) eAy Hz,total L+ 2 Jit 2 Hz,total L+ 2’]1 2 +

At Hk+1/2( 1 1)

Iy zjinc l+§']1_5

Equation (3.78) can be simplified as

1 o1 At v, 1, 1 3.79
Bitha (i 500) = Btk (14 300) + Gy (g =3) - O
Similarly, corrections to the electric and magnetic fields are applied on remaining TFSF

boundaries. The scattering properties are obtained by taking Fourier transform of the time

samples of the fields stored at each time step.

The incident electric and magnetic fields: H jnc, Ex inc and E,, ;. are calculated using

FDTD on Maxwell’s equations in 1-D auxiliary computational domain as shown below

41 ok At (kg ks (3.80)
ElD,inc(m) = ElD,inc(m) + m HlD,inc m—1/2) — HlD,inc(m +1/2)
k+% 1
HlD,inc (m + E)
1 (3.81)

! At
=Hp (m * _) Y (EfD,inc(m) = Efpnc(m + 1))
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3.4 Summary

The formulation of Finite-Difference Time Domain (FDTD) algorithm to solve active
part and the electromagnetic part of GaN LEDs is elucidated in this chapter. The solution
of coupled partial differential equations in time domain is given by the update equations
that give the values of different parameters i.e. electrostatic potential, carrier
concentrations, EM fields at each time step and at each grid point in the simulation
domain. The boundary conditions used to solve these update equations are also discussed.

It also explains the TF/SF theory for determining scattering characteristics.
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CHAPTER 4

CARRIER TRANSPORT SIMULATION OF GaN

LEDs

4.1 Introduction

The carrier transport simulation of GaN LEDs based on FDTD DD model is investigated
in this chapter. The numerical simulations are performed to understand the physics
involved in the operation of IlI-Nitride LEDs. The detailed electronic characteristics
starting from the band diagrams till the electron-hole pair recombinations of a
semiconductor LED using the formulated model will be discussed. The initial verification
of the DD model is performed by simulating a simple p-n junction in 1D and comparing
the results with the analytical values. The overall verification of the simulation model for
LED is done in chapter 6 by comparing emission of homojunction GaN LED obtained

from coupled model with that of the experimental data in [5].

4.2 Verification of Drift Diffusion Transport Model

The verification is done on a GaN p-n junction in 1D. The p-n junction is simulated at
zero applied potential (thermal equilibrium) and the analytical and simulated values of
built-in potential, depletion widths, peak electric field at the p-n junction and volume

charge density are compared.
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The analytical expressions of peak electric field, built-in potential, depletion widths and

volume charge density for any p-n junction are given by the following equations [15]:

gN, QNd 41
Epeak = _E_a(xp) = (xn) (41)
S
kgT N N4 (4.2)
Vbi =——1In >
q n;
1 1
o e Y 1 1 S
n Nd N + Nd P q N + Nd
W =X, +x,
p(x) = —qNg, —x, <x <0 (4.4)

p(x) =qN4 0 <x < xp

4.2.1 Simulation of GaN p-n junction in 1D

In this test, a GaN p-n junction in 1D is simulated using FDTD DD model with the
parameters given in Table 4.1. The simulated and analytical distributions of electric field,
electrostatic potential and volume charge densities under thermal equilibrium or zero
applied bias are shown in Figure 4.1 to Figure 4.3. The high value of built-in voltage
compared to Si p-n junction is due to very low intrinsic concentration of GaN layers. The
simulated volume charge density in the p-side or the n-side depletion region shown in

Figure 4.3 is almost same as the analytical values obtained using (4.4).
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Table 4.1 Parameter values used in simulation of 1-D GaN p-n junction

Parameter Value
Carrier concentration of n and p layers, N, and N; [cm™3] | 107
Intrinsic carrier concentration of GaN n;[cm™3]. 3.567 x 10711
Thickness of p and n layers [um] 1.0
Static dielectric constant of GaN e, 9.7
Spatial Step Ax [nm] 10
Temporal step At [fs] 0.5
x 10’
0.5 T T T T3 T T T T T !
0
Peak Electric field
_ 05F = -2.449 x 107 Vim g
E (Simulation)
z = -2.465 x 107 V/m
g 1k (Analytical) |
U5k p-GaN n-GaN |
2= : -
X:9.9e-07
: Y: -2.449e+07
_25 r r r r : | : r r r

0 02 04 06 0.8 1 1.2 1.4 1.6
Distance x (m)

x 10°

Figure 4.1 Simulated Electric Field distribution (1D GaN p-n junction) at zero applied potential.
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or [
H i X 1.12e-06
1 Y:-0.02393

; ; Built-in voltage
- = 3.239 V (Simulation) y
H H = 3.267 V (Analytical)

Electrostatic potential (V/m)

_15 [ -
2F P -
p-GaN i i GaN

2.5 -
{ X 85e-07

3r i v:-3.263 7
v i

_3.5 r r r r : r : r r r r
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Distance x (m) X 10-6

Figure 4.2 Simulated Electrostatic potential distribution (1D GaN p-n junction) at zero applied potential.

Thus, the simulated parameters are in good agreement with the calculated analytical

values using equations (4.1)-(4.4).
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Figure 4.3 Simulated volume charge density (1D GaN p-n junction) at zero applied potential.
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4.3  Analysis of a basic p-GaN/n-GaN homojunction LED

The first LED structure to be analyzed using the FDTD DD electronic simulation model
is a basic 2D p-GaN/ n- GaN homojunction UV LED with an emission wavelength at 365
nm. The carrier transport is studied through the formulated simulation model. The
simulated structure shown in Figure 4.4 consists of a 300 nm p-GaN layer with a doping
of 107cm™3,1 um n-GaN layer doped at 10*”cm™3, 100 nm intrinsic GaN buffer layer
and a 1 um sapphire substrate layer. The LED structure is biased t0 V,, = Vppiiea — Vi
(p-contact) and V,, = 0 (n-contact). The FDTD simulation domain is 100 x 341 grid
points with Ax = Ay = 10 nm and At = 0.5 fs. The parameters used in simulation of
homojunction LED are given in Table 4.2. The simulations are run until the solutions of

the electronic model reaches steady state.
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Figure 4.4 Schematic of a basic p-GaN/ n- GaN homojunction LED.

4.3.1 Energy Bands, Carrier Concentrations, Recombination Rates and
Injection currents

The energy band diagrams representing the conduction band, valence band, electron and

hole Fermi levels are obtained from the electrostatic potential and carrier densities that

are solved using the formulated model. The energy levels are given by the following

equations,
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N,
E. = kgT log (n_> —qV

L

E, =E,—E,/2

E, = E. — E,

n
Ern = E; + kgT log (n_)

L

Efp = Ei — kBT lOg <n£>

l

Table 4.2 Parameter values used in simulation ([34], [36], [47], [60]).

Parameter Value
Carrier concentration in p-layers N, (cm™3) 1017

Carrier concentration in n-layers N; (cm™3) 1017

Static Dielectric constant &, (GaN) 9.7

Band gap E; (eV) (GaN) 3.4

Low field electron mobility u,,(cm™2V"1s1) 880

Low field hole mobility p1,,,(cm™2V~*s™1) 35

Effective density of states (electrons) N, (¢cm™3) | 2.23 x 108
Effective density of states (holes) N, (cm™3) 4,624 x 10%°
Dielectric constant ¢, (41,03) 3.218

SRH recombination coefficient A (s™1) 1 x 10°
Radiative recombination coefficient B (cm™3s71) | 1 x 1078
Auger recombination coefficient C (cm™6s™1) 1 x 10730
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The energy band diagrams at zero applied potential and in forward bias are shown in
Figure 4.5 and Figure 4.6 respectively. It can be observed that the energy barrier in the
depletion region is reduced with the increase in the applied potential. Thus, the electrons

and holes can easily move into p and n layers respectively under forward bias.

Yp and y, are edges of the active region in p and n GaN layers respectively
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Figure 4.5 Energy band diagram of p-n homojunction GaN LED at zero applied voltage.
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Figure 4.6 Energy band diagram of p-n homojunction GaN LED in forward bias.
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E. and E, are conduction and valence bands respectively, Ef, and Ef, are electron and

hole Fermi levels respectively, and E; is the intrinsic Fermi level.

The UV LED structure in Figure 4.4 is investigated for the electronic distributions and
the most important parameter, the electron-hole pair recombination rates that decide the
output light intensity and external quantum efficiencies of GaN LED structures. The
simulated steady state electronic distributions solved using the time domain DD transport
model are shown in Figure 4.7 to Figure 4.12. It can be seen in Figure 4.7 and Figure 4.8
that the potential starts from a high value at the p-contact and reaches low values as we
go towards the side n-contact at forward bias conditions. As soon as the potential
distribution is found, the electron and hole currents can be computed using the current

density equations.

Electrostatic Potential Distribution (Volts)
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X (nm)

Figure 4.7 Simulated Electrostatic potential distribution of p-n homojunction GaN LED (Vapplieg=4.267 V).
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The current spreading mechanism associated with such configuration of the LED
structure from p-contact to n- contact can also be seen in Figure 4.9. It can also be
observed that the electron current flowing from p-contact to n-contact is high near the

contacts because of non-uniform potential distribution between these contacts.
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Figure 4.8 Electrostatic potential distribution for different bias (p-n homojunction GaN LED).
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Figure 4.9 Electron current density distribution of p-n homojunction GaN LED (Vappiied=4.267 V).
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Thus, with the potential and the current density distributions obtained, the electron and
hole concentrations are found using the carrier continuity equations. The distribution of
electron and holes along the device is shown in Figure 4.10. The increase in the forward

voltage results in an increase in the charge carriers on either side of the p-n junction.

Carrier density distribution at x = 300 nm (1/m3)
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Figure 4.10 Comparison of carrier density distribution of p-n homojunction GaN LED at different applied
voltages.

The electron concentration in the p-region decreases at a slower rate as compared to the
hole concentration in the n-region because of high electron mobility of GaN than the hole
mobility. The recombination rates computed from the electron and hole distributions

using the recombination models are shown in Figure 4.11.

It can be seen that the radiative recombinations are stronger than the non- radiative
recombinations for the recombination coefficients given in Table 4.2. It is also clear that
the recombination rates are high at the junction resulting from the large number of
electron-hole pairs at the junction. At high injection currents i.e. at high applied voltages

as seen in Figure 4.13, the electron-hole pairs increase that lead to high recombination
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rates as it can be seen in Figure 4.12. Figure 4.14 shows the current- voltage (I-V)
characteristics of a p-n homojunction GaN LED. The LED forward voltage V. is 3.267 V

at 14.06 A/m injection current as shown in Figure 4.14.
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Figure 4.11 Electron hole pair recombination distribution- radiative and non-radiative (Vappiieg=4.267 V).
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Figure 4.12 Radiative recombination rate of p-n homojunction GaN LED at different applied voltages.
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Figure 4.13 Injection current as a function of time (p-n homojunction GaN LED).
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Figure 4.14 a) Current- voltage (I — V) and b) Electrical Power-voltage (P, -V) characteristics of p-n
homojunction GaN LED.

4.3.2 Effect of Field dependent models (FDM) and recombination models
(RM)
The effect of field dependent transport parameters of GaN material discussed in chapter 2

is investigated for the LED structure. The current-voltage characteristics with and without
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the FDM and RM are shown in Figure 4.15. It can be seen that the injection currents
decrease in the presence of these models and this decrease is higher at high forward
voltages. This decrease results from the low mobility and diffusion coefficients and
strong recombination rates at high forward voltages as seen in Figure 2.1, Figure 2.2 and

Figure 4.12.
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Figure 4.15 Effect of field dependent and recombination models on I-V characteristics.

4.4 Analysis of a basic p-GaN/ i- GaN/ n-GaN homojunction LED

The second LED structure that is analyzed numerically is a p-GaN/ i (intrinsic) - GaN/ n-
GaN UV LED shown in Figure 4.16. An addition of intrinsic GaN layer increases the
active region that leads to high electron-hole pair recombinations as compared to that of

p-n GaN LED. The structure is obtained from the p-n GaN LED by removing part of p-
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GaN layer and adding an intrinsic GaN layer. It consists of a 200 nm p-GaN layer doped
at 10'7 cm™3, 100 nm intrinsic GaN layer with a doping of 10> cm™3, 1 um n- GaN
layer doped at 107 cm™3, 100 nm intrinsic GaN buffer layer, 1 um Al,05 substrate
layer and 100 nm X 100 nm Au contacts. The device dimensions arel um X 3.4 um.
The parameter values used in simulation are same as that of p-n GaN LED given in Table

4.2. The device is biased to V,, = Vi,p1iea — Vi (P-contact) and ¥, = 0 (n-contact).
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Figure 4.16 Schematic of p-GaN/ i- GaN/ n-GaN LED.

4.4.1 Energy Bands, Recombination Rates and Injection currents

The energy band diagrams at equilibrium and at forward bias for the LED structure with

intrinsic GaN layer sandwiched between p and n GaN layers are shown in Figure 4.17
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and Figure 4.18. A linear potential distribution in the intrinsic region can be observed in

Figure 4.17.

Yo and y, are the edges of the active region in p and n GaN layers respectively
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Figure 4.17 Energy band diagram of p-i-n GaN LED at zero applied voltage.
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Figure 4.18 Energy band diagram of p-i-n GaN LED at forward bias.
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The probability of electrons or holes to recombine in this region increases with such
potential barrier that also increases the width of active region. A similar barrier in the
conduction band and valence band energies can be seen in Figure 4.18 that leads to
increase in the recombination area. The intrinsic layer increases the energies in the active
region (Figure 4.18) as compared to that of energies inside the p-n LED (Figure 4.6)

because of linear potential distribution that accumulates the carrier across that region.

The steady state dc distributions obtained by solving the FDTD DD equations are
compared with the p-n GaN LED. Figure 4.19 shows the electrostatic potential along the
width of the device and at x = 300 nm for different applied voltages. The difference in
the potential distributions and recombination rates can be seen in the intrinsic region due
to the difference in the energy band gaps of the two LEDs as shown in Figure 4.19 and
Figure 4.20. The solid lines correspond to the p-n GaN LED and the dashed lines

correspond to the p-i-n GaN LED. The area under the radiative recombination rate curve
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Figure 4.19 Electrostatic potential distribution at x= 300 nm (p-n vs. p-i-n GaN LEDs).
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for p-i-n LED is higher than that of p-n LED because of increase in the carrier density,
active region and high carrier injection at high applied voltage. Figure 4.21 shows the
simulated injection current- time curve of p-i-n GaN LED. As the voltage is increased

from 3.267 V t0 4.467 V, it increases exponentially from 14 A/m to 607A/m .

Radiative Recombination Rate at x = 300 nm (1/n*?s )

Figure 4.20 Radiative recombination rate at different applied voltages (p-n vs p-i-n GaN LEDs).
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Figure 4.21 Injection current as a function of time (p-i-n GaN LED).
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The current-voltage (I-V) characteristics curve of this LED structure is obtained from the

steady state values of injection current- time curve and is shown in Figure 4.22.
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Figure 4.22 Current- voltage (I-V) characteristics of p-i-n GaN LED.

45 Analysis of a basic P-AlGaN/ n-GaN/ N-AlGaN Double
Heterojunction (DH) LED

As seen from the p-i-n LED, the active region where there are strong recombinations is
increased with the addition of an intrinsic layer. With the same idea, the LED device
performance can be further improved by increasing the active region and confining the
carriers inside the active region. This can be achieved by using heterojunctions i.e.
materials with different energy bandgaps. The carrier confinement inside the LED active
region can be enhanced with the introduction of a narrow bandgap material between two
wide bandgap materials. Therefore, we numerically analyze a P-AlGaN/n-GaN/N-AlGaN

DH LED structure that consists of a 100 nm n — GaN narrow bandgap layer doped at
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10Y7¢m™3 sandwiched between 200 nm thick P — Aly3Gay,N and 1um thick N —
Aly3Gay,N wide bandgap layers doped at 1017 ¢cm™3 as shown in Figure 4.23. The

parameter values used in simulation are given in Table 4.2 and Table 4.3.
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Figure 4.23 Schematic of P-AlGaN/ n- GaN/ N-AlGaN DH LED.

4.5.1 Energy Bands, Recombination Rates and Injection currents

The conduction band and valence band edges of two different bandgap materials are at
different energy levels. The conduction band edge and valence band edge alignment of a
double heterojunction structure i.e. P — Aly3Gay,,N/n — GaN heterojunction and
n—GaN/ N — Aly3Gay,N is decided by the electron affinity rule. According to the

electron affinity rule, the conduction band offset AE,. at the heterojunction interface is
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given by

AE. = q(x1 — x2) (4.10)
AE, = Egl — Egz —AE, = AEg — AE, (4.11)

Table 4.3 Parameter values used in the simulation of AIGaN/ GaN DH LED ([36], [39], [60], [61]).

Parameter Value
Energy Bandgap of Aly3Gay,N Eg[eV] 4.06
Low field electron mobility of Aly;Ga,,N at N = 10Y7¢m™3 843
Hno[cm ™2V ~1s™1]

Dielectric constant of Al,3Gay,N (&,) 9.61
Conduction band offset between Al,3Ga, N and GaN heterojunction 0.36
AE. [eV]

Richardson coefficient (electrons) A, [Acm™2K 2] 24
Richardson coefficient (holes) Ay, [Acm™2K 2] 132
Sheet charge density at (Aly;Gay,N/GaN heterointerface) N, [cm™2] 1.32716
Electron Affinity of GaN qy [eV] ;<510
Electron Affinity of Al,3Gay,N qx [eV] 3.14
Electron Effective mass of Aly3Gay,N/ GaN m;/m, 0.20
Hole Effective mass of Aly3Gao;N/ GaN my/m, 1.1

The LED structure has two heterojunction interfaces i.e. a P-n heterojunction and an n-N
heterojunction. The bandgap energies and electron affinities of P-n-N DH LED structure
are shown in Figure 4.24. The built in voltage V,,; and depletion width edges y, and y,

for P-n and n-N heterojunction are given by the following equations
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P — Aly3Gay;,N/n — GaN Heterojunction

NgNy (4.12)
= B —AE, +k,T ( a )
qul g1l c+ B In NCZN‘Vll
[2 M ]E (4.13)
=|—¢g,6, —
Ve q "Ny (e1Ng + &;Ny)
1 (4.14)

[2 Na Vbi :|E
= |—¢&6—

I q Ny (&N, + &,Ng)
where N.and N, are electrons and holes effective densities of states (1 =P —

Alo_3Ga0_7N and 2 =n-—- GaN)

n— GaN/N — Aly3Gay-N Heterojunction

N;>N 4.1
qVy; = AEC+kBTln< i “) (4.15)
lecz )
[2 v ]E (4.16)
= |-¢g,¢
In q > (e1Ngy + £5Ngy)

(1=n—GaN,2 =N — Aly3Gay,N )

The energy band diagram for the DH LEDs is obtained from the electrostatic potential
distribution, carrier concentrations n and p obtained by solving the drift diffusion
equations with thermionic boundary conditions and are calculated using the following

equations.

(4.17)

(4.18)
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where the bandgap distribution and the electron affinity distribution y along the device is

given by Figure 4.24.

E,=E.—E, (4.19)
n 4.20
Efn = Ei + kBT lOg (—) ( )
n;
p 4.21
Efp = Ei - kBT lOg <— ( )
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Figure 4.24 (a) Bandgap energies, (b) Electron affinities of P-n-N DH GaN LED.

The carrier transport simulation of heterojunction LEDs requires incorporating the
Aly3Gay,N/ GaN material properties i.e. the band discontinuity at the heterointerface
through the thermionic boundary conditions, the field dependent mobilities
of Al,;Ga, N, the fixed polarization charges at the heterointerface through polarization

model discussed in chapter 2.

The Fermi levels at the heterojunction interface are discontinuous due to the conduction

band offset between the two materials that lead to discontinuity in electron and hole
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currents. However, the drift diffusion model solves the current continuity equations
assuming the continuity of Fermi levels at the junction. Therefore, appropriate changes
have to be made for current to be continuous at the heterojunction. This can be achieved
by using thermionic boundary conditions on current densities at the heterointerface [62],
[63] . Therefore, the carrier transport in heterojunction LEDs is described by the drift
diffusion model solved in the bulk regions and thermionic boundary conditions at the

heterointerface.

P— Al,Gay_ N / JnGiDor ], (i1)

i1 N (i1)

n— GaN

i2 Ns(iz)

N —AL.Ga;_.N
\ JnGixor J, (i)

Figure 4.25 A simple P-n and n-N heterointerface, i; and i, are heterointerfaces.

The polarization surface charge density at the two heterointerfaces is calculated using the
polarization model and is included in Poisson’s equation to incorporate the effect of built-

in polarization charges at AlGaN/ GaN heterointerface as discussed in chapter 2.

Therefore, the surface charges densities Ni(i;), Ng(i,) and thermionic boundary

conditions on electron and hole current densities J, (i) and J/p(iz) at P —
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Aly3Gay,N/n—GaN and n— GaN/ N — Al,3Gay-,N heterointerfaces used in the

simulation are calculated using the following expressions [39], [61]-[63]

Ptotal _ Ptotal (4_22)
Ny(iy) = Al°'36a°"g GaN_ o« 10% = —1.327 x 106 cm™2

ptotal _ ptotal (4.23)
N,(i,) = 2~ AlsG207N o 1094 = +1.327 x 1016 cm 2

Jn(i1) = qndng (n(il —1) —6n(il + 1) exp <_ iBET)) (4.24)
Jo(i1) = qndpr (p(il — 1) — p(il + 1) exp (- ﬁBET)) (4.25)
Jn(i2) = qning (n(iz +1) —6n(i2 — 1) exp (_ 257)) (4.26)
Jo(iz) = qndye (p(iZ +1) — 6p(i2 — 1) exp (— 2572)) (4.27)

where, ¥, = A;T?/qN, and 9,z = AyT?/qN, are electron and hole recombination
velocities, Ay, and A, are electron and hole Richardson coefficients, respectively given in
Table 4.3.n and 6 are coefficients representing the effect of different effective masses and
quantum mechanical transmission and reflections at the heterointerface. The case of 7
=6=1 is for same effective mass of GaN and Al,;Ga,,N. AE. is the conduction band
offset between AlIGaN/ GaN layers, n and p are electron and hole concentrations,

respectively.

The discontinuity in the conduction band and valence band energies can be seen in Figure

4.26 and Figure 4.27 at the two heterointerfaces. It can be observed in Figure 4.27 that the
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carriers inside the GaN layer are at low energy levels compared to that of AlGaN layers.

Therefore, with such band alignment, we can confine the carriers inside the active region

of GaN LED.
Yp and y, are the edges of active region in p and n AlGaN respectively
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Figure 4.26 Energy band diagram of P-n-N DH GaN LED at zero applied voltage.
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Figure 4.27 Energy band diagram of P-n-N DH GaN LED in forward bias.
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The injected current- time curve at different bias and at different band offsets AE, is
shown in Figure 4.28 and Figure 4.29. The effect of AE, is demonstrated on injection
currents in Figure 4.29. The increase in the injection currents with increasing AE, is
observed due to the fact that the net built-in voltage across the DH LED decreases with

increasing AE,.
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Figure 4.28 Injection current as a function of time (AlGaN/ GaN DH LED).
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Figure 4.29 Injection current of AIGaN/ GaN DH LED at different band offsets AE..

The effect of bandgap offset AE, is also seen on the radiative recombination rates shown
in Figure 4.30. High values of band offset imply a high difference in the bandgap at the
heterojunction that leads to more carrier confinement in the lower bandgap material.
Therefore, the recombination rates increase at high values of AE.. The effect of
polarization charges at the heterointerface can also be seen in Figure 4.30. It tends to
reduce the radiative recombinations at the heterointerface because of charge screening at

the heterointerface due to presence of the built- in polarization fields.

The radiative recombination rates of a DH LED are also compared with that of
homojunction LEDs as shown in Figure 4.31. It is evident that the effective area of the
recombination rates is high for a DH LED than homojunction LED at same applied
potential because of the carrier confinement with such band alignment in the CB and VB

(Figure 4.27).
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Figure 4.30 Radiative recombination rates of P-n-N DH GaN LED at different band offsets AE(Vapplieg=4.101V).
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Figure 4.31 Radiative recombination rates: DH GaN LED vs. Homojunction GaN LEDs.

The current-voltage (I-V) characteristics of P-n-N DH GaN LED are shown in Figure

4.32 and are compared with that of a p-i-n GaN LED. The LED forward voltage is V, is
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3.101V at an injection current of91.1 A/m. The difference in the output currents
between the three LEDs results from the differences in the radiative recombination rates.
For example, the high radiative recombinations in the p-i-n LED decreases the output

current as compared to p-n LED at same applied potential.
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Figure 4.32 Current- voltage (I-V) characteristics P-n-N DH GaN LED vs. homojunction GaN LEDs.

4.5.2 Effect of dislocation densities on recombination rates and injection

currents

The dislocations in Il1-Nitride materials that occur during material growth are due to the
lattice mismatch or defects between the layers. The strength of the non-radiative
recombinations is directly proportional to these dislocations. This can be elucidated from

Figure 4.33 that shows the non-radiative lifetimes with dislocations. With high
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dislocations, the non-radiative lifetimes tend to decrease i.e. the non-radiative SRH
recombinations are faster. Therefore, this effect of dislocations is demonstrated in Figure
4.34 and Figure 4.35 on recombination rates and injection currents respectively. The non-
radiative SRH recombinations increase with dislocation densities whereas, the radiative

recombinations decrease at a slow rate compared to SRH recombinations.
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Figure 4.33 Non- radiative lifetime dependence on dislocation density (Ndislocation)-

98



1 034

5 T T T T T T T T T
: R IN =6x10°cm? | I
radiative ' "Dislocation il
33
.10 N - 5 em2 E
= RsrH [Npisiocation=8 X 107 ¢m ] E
= ]
7 -2 7
o ----- = -
% 1032 \ .- Rradiative [NDisIocation 6.9x 10" cm™]
- Vi T 7 -2 E
\I>_I</ E \"" _____ Rsri [NDisIocation:6'9 x 10" em™] b
— - 9 2. I~
[7) 31 ————— = -~
“”E 10 & Rradiative [NDisIocation 6.8x 10" cm™] ‘-;
S - — Rew [N =6.8 x 10° cm™] :
~ N SRH " “Dislocation™ " ]
"q—") 30 ———--——---‘ e~
g€ 10 ¢ D T E
E o \" N ————— S———— — E
T r el
c 29 ~
5 10 = E
1] E bl
S s b
3 [ ]
28
T 10 .
27 r r r r r r r r r

1
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
Y (nm)

Figure 4.34 Effect of dislocations on Radiative and non-radiative recombination rates in GaN DH LED.
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Figure 4.35 Effect of dislocations on Injection currents in GaN DH LED.
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45.3 Effect of radiative recombination coefficient B,agiaive ON €lectron-hole

pair recombinations

Similar tests are carried with varying radiative recombination coefficient B or radiative
lifetimes. A high value of coefficient B corresponds to low radiative lifetimes. Therefore,
with decreasing B, the radiative lifetimes increases and hence the radiative
recombinations occur at a slower rate. This can be seen from Figure 4.36, where the
radiative recombination rates decrease with decreasing values of B. On the other hand,
the injection currents increase at high values of B as shown in Figure 4.37 because of

large number of carriers resulting from low recombinations at high B.
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Figure 4.36 Radiative recombination rate with Bragiative in GaN DH LED.
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Figure 4.37 Injection current with Bradiative in GaN DH LED.

4.6 P-AlGaN/ n-GaN/ N-AlGaN vs. P-AlGaN/ p-GaN/ N-AlGaN DH
LED

The carrier transport in P-p-N DH LED is studied and compared with that of P-n-N DH
LED. P-p-N DH LED is obtained by replacing the n-type active GaN layer with a p-type
doped active GaN layer of same thickness. The difference in the radiative recombinations
is due the shift in the p-n junction as shown in Figure 4.38. However, since the effective
recombination area in the active region is approximately same, the injection currents for

the two LEDs are equal as shown in Figure 4.39.

Next, asymmetric AlGaN/GaN DH LEDs i.e. AlGaN layers of different bandgaps on

either side of GaN layer are tested to see the effect of asymmetry on the carrier transport.
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The parameter values used in simulation of asymmetric DH LEDs are given in Table 4.2

and Table 4.4.

Table 4.4 Parameter values used in simulation of asymmetric AlIGaN/ GaN DH LEDs ([32], [35], [56], [57])

Parameter Value
Energy band gap of Aly4Gag¢N/ GaN E,4 [eV] 4.312
Electron affinity of Al ,Ga,¢N yx [eV] 3.01
Dielectric constant of Al ,GaygN &, 9.58

Conduction band offset at Al ,Gay N/ GaN interface AE, [eV] | 0.49

Valence band offset at Aly ,Gay N/ GaN interface AE,, [eV] 0.40
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Figure 4.38 Radiative recombination rates: P-n-N vs. P-p-N AlGaN/ GaN DH LED.
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Figure 4.39 Injection currents: P-n-N vs. P-p-N AlGaN/ GaN DH LED.

The asymmetry in the conduction band and valence band offsets can be seen from energy
band diagrams shown in Figure 4.40 and Figure 4.41. This asymmetry arises due to the
difference in the energy bandgaps and electron affinities of AlGaN layers present on the

either side of GaN layer.
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Figure 4.40 Energy band diagram of P-Al, ,Ga, ¢N/p-GaN/N-Al, 3Gay ;N DH LED at forward bias.
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Figure 4.41 Energy band diagram of P-Al, 3Ga, ;N/p-GaN/N-Al, ,Gag¢N DH LED at forward bias.

The radiative recombination rates and injection currents are compared at same applied
potential for the symmetric and asymmetric cases. It can be seen that the radiative
recombinations and injection currents increases for the case where conduction band offset
at P-p heterojunction is increased or is decreased at p-N heterojunction and vice versa.
This increase with high band offset at P-p heterojunction i.e. P — Aly4,GaycN/ p — GaN
is due to the high probability of minority carriers in the active region as compared to that

of P — Aly3;Gay 7N/ p — GaN heterojunction.
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Figure 4.42 Radiative recombination rates: Symmetric and asymmetric P-p-n DH GaN LEDs.
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4.7 Summary and Discussion

Homojunction and heterojunction GaN LEDs have been analyzed using the time domain

FDTD-DD algorithm for carrier transport. The following observations were made:

Injection currents decrease in the presence of FDM and RM.

It is seen that the radiative recombination rates and injection currents for all the
three LED structures considered increases with the applied voltage.

DH LEDs demonstrated high recombination rates as compared to p-i-n and p-n
homojunction GaN LED. This increase in the recombination rates of DH LED
depend on the conduction band offset or band alignment of the materials.
Radiative recombination rates of DH LED are almost doubled as compared to
homojunction LEDs.

The non-radiative recombinations were found to increase with increasing defects
or dislocations, whereas the radiative recombinations increase with the increase
in the radiative recombination coefficient.

Symmetric and asymmetric P-p-N DH LEDs were also demonstrated and have
been compared with P-n-N DH LED. The radiative recombination rates and
injection currents of asymmetric DH LEDs either increases or decreases as
compared to symmetric DH LEDs depending on asymmetry on P or N side

respectively.
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CHAPTER S

OPTICAL SIMULATION OF GaN LEDs

5.1 Introduction

This chapter investigates the light propagation in GaN LED structures discussed in
chapter 4 using the formulated optical model. The optical model based on Maxwell’s
equations is developed using the ADE-FDTD algorithm. The frequency dependent
optical properties of dispersive materials used in these simulations i.e. GaN, AlGaN,
silver, gold and aluminum are modeled using Lorentzian function and are incorporated in

the ADE-FDTD algorithm.

5.2  Lorentzian fitting for dispersive materials

The optical properties of dispersive materials used in this thesis are modeled by a
Lorentzian function that describes the relative permittivity in frequency domain. The

general form of Lorentzian function is given as

wp ) (5.1)

wé +jTw — w?

e(w) = g (sm +

The complex permittivity data of GaN and Al,;Ga,,N have been fitted into a 5-pole
Lorentz model as shown in Figure 5.1 and Figure 5.2. The Lorentzian function (equation

(5.1)) for a multi- pole case can be re- written as
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X, (52)
(w) = g €0 + E -
€ 0 @ ] bi +jCi(1) - di(l)z ’
i=

£ (w) = go(&rea(w) _jgimaginary(w))

where,a;, b;, c;, and d; are fitting parameters.
Therefore, the real and imaginary values of complex permittivity are fitted in equations

(5.3)-(5.4). The fitting parameters for both GaN and Al,;Ga,,N are shown in Table 5.1

and Table 5.2.

_ " b~ dw?) o3
Sreal((‘)) - <£°° + ; (bi — din)Z + (Ciw)z )

N aici (5.4)
gimaginary(w) = Zl (bi _ diwz)z + (ciw)z
l=

The optical properties of gold and silver are modeled using a 6- pole Lorentz- Drude
model. The frequency dependent relative permittivity of gold and silver are shown in
Figure 5.4 and Figure 5.5, respectively. On the other hand, the optical properties of

aluminum are modeled using 5-pole Lorentz-Drude model.
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5.2.1 Gallium Nitride (GaN) complex permittivity

The complex permittivity data of GaN [41]

shown in Figure 5.1. The fitting parameters a

Relative permittivity of GaM

is fit into 5- pole Lorentzian function as

, b, cand d are provided in Table 5.1.

Figure 5.1 Relative permittivity of GaN (Lorentz fit (5 poles) and experimental data [41]).

Table 5.1 Fitting parameters for GaN relative permittivity (5-pole Lorentzian function).

4 : ! !
B Lo R N R S .
Tl R
o B gL T 4
= L : : :
E 51| ——=,, (experimental data [41]) [T 7
2 a4t —8— Elmag. (E}{perimentm data [41]) .....................
uk}
z 3l g o (Lorentzianfy |G |
& 2L Gima (Lorentzian fit) S TTTTTRTR—
NS .-ttt l
Ok 900E - ......................... i
-1 1 1 | i I 1 1
1.5 2 25 3 3.5 4 4.5 5
Energy (%)

Pole (i) a b c d
! 0.2 x 1030 27.35 x 1030 0.03 x 105 1.0
2 2.2 x 1030 29.16 x 1030 0.4 x 105 1.0
3 37 x 1030 49 x 103° 3 x10%° 1.0
4 —4 x 103° 20.25 x 1030 2 x10%° 1.0
> -2 x 103° 27.24 x 103° 0.4 x 105 1.0

109




5.2.2 Aluminum Gallium Nitride (Alg; Gag;N) complex permittivity

Similarly, Alps Gap7N complex permittivity data [64] is fitted into 5-pole Lorentzian

equation as shown in Figure 5.2. The fitting parameters a, b, ¢ and d are listed in Table

5.2.
Relative permittivity of Al, .Gag oM
=
= :
E A ——=5_, (experimental data [B4]) [0 T
o :
2 Fhe| =S, (experimental data [B4]) |..... TR
o . :
E 2. Freal (Lorentzian fit) R _
Cina (Lorentzian fit)
1 S— _
1l Gttt O A Ot A gl
_1 1 i 1 1
0 1 2 3 4 5
Energy (%)
Figure 5.2 Relative permittivity of Aly3Gag;N (Lorentz fit (5 poles) and experimental data [64] ).
Table 5.2 Fitting parameters for Aly;Gay ;N relative permittivity (5-pole Lorentzian function).
Pole (i) a b c d
1 0.1 x 1030 37.93 x 1030 0.02 x 10%5 1.0
2 2.2 x 1030 39.81 x 1030 0.4 x 105 1.0
3 37 x 103° 65.78 x 103° 3 x 105 1.0
4 —4 x 103° 28.09 x 1030 2 x 105 1.0
> -2 x 103° 37.34 x 1030 0.5 x 105 1.0
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5.2.3 Aluminum (Al) complex permittivity

The complex permittivity data of Al is fitted into 5-pole Lorentz-Drude model with
fitting parameters given in [65] and is shown in Figure 5.3. The Lorentz-Drude

parameters are given in Table 5.3.
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Figure 5.3 Aluminum (Au) relative permittivity (5-pole Lorentz-Drude model) ([65]).

Table 5.3 Fitting parameters for Aluminum (Al) relative permittivity (5-pole Lorentz-Drude model).

Pole (i) a b c d
! 2.708 x 1032 0.0 7.14 x 10*3 1.0
2 1.176 x 1032 6.057 x 10%8 5.059 x 10** 1.0
3 2.589 x 103! 5.502 x 103° 4.74 x 101* 1.0
4 8.598 x 103! 7.545 x 103° 5.253 x 103 1.0
S 1.553 x 103! 2.784 x 103! 5.138 x 10%° 1.0
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5.2.4 Gold (Au) and Silver (Ag) complex permittivity

The complex permittivity data of Au and Ag is fitted into 6-pole Lorentz-Drude model

[65] and is shown in Figure 5.4 and Figure 5.5.
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Figure 5.4 Gold (Au) relative permittivity (6-pole Lorentz-Drude model) ([65]).
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Figure 5.5 Silver (Ag) relative permittivity (6-pole Lorentz-Drude model) ([65]).
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5.3 Optical simulation of GaN LEDs

In this section, the optical simulation of the homojunction and DH GaN LED structures is
investigated using the ADE- FDTD algorithm. The material dispersion of GaN and
AlGaN is incorporated in the FDTD algorithm using the five pole lorentzian function
given in Table 5.1and Table 5.2. The effect of material dispersion on light propagation in
GaN LEDs is investigated through these simulations. The light absorption due to
dispersive behavior of the material is demonstrated through the optical generation rate

and output optical power.

The optical carrier generation rate G is obtained from the absorbed optical power

densities

_ Absorbed power W (5.5)
"~ Photon energy Eyn

where,

= —

W=-V.S,S=ExH,S is the power density and E,, = % is the photon (5.6)

energy.
For a 2D TM case, the generation rate is calculated as

# , S=E xH = (E,H,)a, — (ExH,)a, ®.7)
ph

G(X’Y) = -

Thus, G(x,y) simplifies to
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5.8
(aa—x (E,H,) - aa—y(Etz)) &9

Epn

G(x,y) = -

For a 2D domain, the optical power is calculated by integrating the pointing vector over a

line as follows

sz s.adl = | (ExH).adl (5:9)
S1 S1
p, = f (E,H,) di (5.10)
S1
(5.11)

P, =j (ExH,) dl
s1

5.3.1 Inputs to the optical model

For the LED structures simulated using the proposed optical model, the input time source
is a Gaussian pulse line source with a carrier wavelength of 365 nm, which corresponds

to the emission wavelength of GaN LED. It is given by the following equation.

t—t,\ 2m (5.12)
Jx(&) =], (t) = Aexp —( - ) cos (71:)

p

where A = 365 nm (GaN emission frequency), t, = 10 fs, t, = 30 fs

Therefore, the input source current densities J, and J,, to be used in the FDTD algorithm
to study light propagation inside a GaN LED structure are given by equation (5.12). The
source pulse in time domain and in wavelength domain is shown in Figure 5.6 and Figure

5.7 respectively. The FDTD simulation domain of both homojunction and DH LED
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structures is 1000 nm X 3400 nm with spatial step Ax = Ay = 10 nm and time step

At = 0.021 fs.

J, at x=400 nm, y= 1420 nm
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Figure 5.6 Input Gaussian pulse in the time domain.
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Figure 5.7 Input pulse in the frequency/ wavelength domain.
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5.3.2 Optical simulation results of p-GaN/ n-GaN homojunction LED

The FDTD simulation domain of p-GaN/ n-GaN homojunction LED is shown in Figure
5.8. The structure is excited by a Gaussian pulse line source at the edge of the active

region i.e. y = 1420 nm as shown in Figure 5.8.

Air p and n Gold contacts

500 /

n — GaN

~1500
E —
> 2000 Line source

0O 100 200 300 400 500 600 700 800 900 1000
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Figure 5.8 FDTD Simulation domain of p-n homojunction GaN LED.

The effect of GaN dispersion on EM fields propagating inside the LED structure is shown
in Figure 5.9 to Figure 5.11. The difference in the strengths of the field intensities inside
the GaN layers with and without dispersion effect can be seen from Figure 5.9 and Figure
5.10. The broadening and low amplitudes of magnetic field intensity measured in the air

region with GaN dispersion as compared to no dispersion can be observed in Figure 5.11.
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Figure 5.9 Snapshot of Magnetic field distribution- with GaN dispersion at time t=63.83 fs (p-n homojunction
LED).
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Figure 5.10 Snapshot of Magnetic field distribution- without GaN dispersion at time t=63.83 fs (p-n
homojunction LED).
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The dispersion effect is also demonstrated on the optical generation rates and optical
power as shown in Figure 5.12 and Figure 5.13. It is evident from Figure 5.12 that the

dispersion effect yields high optical generation rate that indicates high light absorption.
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Figure 5.11 Magnetic field intensity measured in air region (p-n homojunction LED).
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Figure 5.12 Optical Generation Rate along the width of p-n homojunction LED.
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Figure 5.13 Output optical power measured in air region with distance Y (p-n homojunction LED).

5.3.3 Optical simulation results of P-AlGaN/ n-GaN/ N-AlGaN DH LED

To overcome the high light absorption in GaN layers at the emission
wavelength 365 nm, the GaN layers are replaced with Al,;Ga,,N layers except in the
active region. It is well known that the imaginary part of dielectric permittivity accounts
for light absorption losses as the light propagates in a material. It can be seen from Figure
5.1 and Figure 5.2 that Al,;Ga,,N has low imaginary part of relative permittivity as
compared to that of that of GaN at GaN emission energies. Therefore, the AlGaN layers
improve both the electronic and optical performance of GaN LEDs through carrier

confinement and low absorption.

Therefore, an AlGaN/ GaN DH LED structure analyzed in chapter 4 is investigated for

light propagation using the optical model. Figure 5.14 shows the FDTD simulation
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domain of this LED structure. The input is a Gaussian pulse (Figure 5.6) line source

located in the active GaN layer.
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Figure 5.14 FDTD Simulation domain of P-n-N AlGaN/ GaN DH LED.

The dispersion effect of Al,3Gay,N and GaN layers on magnetic fields is shown in
Figure 5.15 and Figure 5.16. The fields inside these layers undergo dispersion as they

propagate which is also clear from Figure 5.17.
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Figure 5.15 Snapshot of Magnetic field distribution- with GaN dispersion at time t=63.83 fs (P-n-N AlGaN/ GaN
DH LED).
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Figure 5.16 Snapshot of Magnetic field distribution- without GaN dispersion at time t=63.83 fs (P-n-N AlGaN/
GaN DH LED).
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High generation rates in P — Al,3Gay,N layers can be observed in

compared to that of case with no dispersion. The dispersion effect can

Figure 5.19 on the optical power measured in air region.
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Figure 5.18 Optical Generation Rate along the width of P-n-N AlGaN/ GaN DH LED.
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The generation rates and output optical powers for homojunction and DH GaN LEDs are
compared in Figure 5.20 and Figure 5.21. It is apparent from these figures that the low

absorption in Al,3Ga,,N leads to lower generation rates and higher optical power.
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Figure 5.19 Output optical power measured in air region with distance Y (P-n-N AlGaN/ GaN DH LED).
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Figure 5.20 Optical Generation Rate along the width of the device (p-n LED vs. P-n-N AlGaN/ GaN DH LED).
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Figure 5.22 shows the optical powers measured with gold (Au), silver (Ag) and
aluminum (Al) contacts. It can be seen from this figure that the aluminum contact has
high output power as compared to silver and gold contacts because of the low absorption

loss property of Al at GaN emission frequencies (Figure 5.3).
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Figure 5.21 Output optical power with distance Y (p-n LED vs. P-n-N AlGaN/ GaN DH LED).
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Figure 5.22 Output optical power with distance Y for P-n-N AlGaN/ GaN DH LED (Ag, Au, and Al contacts).
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54 Summary

Light propagation inside homojunction and heterojunction GaN LEDs discussed in
chapter 4 is studied using the ADE-FDTD algorithm. The structures are tested with a
temporal Gaussian pulse line source with a carrier wavelength of 365 nm. Analysis shows
that the material dispersion decreases the amplitudes of the EM fields and the optical
power at the output due to absorption losses. The output optical powers are higher for the
case of DH LEDs because shift in the absorption peak towards higher energies. The
optical powers are also compared with Al, Au and Ag contacts. LEDs with Al contacts
demonstrated high optical powers due to low absorption losses at GaN emission

frequency.
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CHAPTER 6

COUPLED ELECTRONIC-OPTICAL

SIMULATION OF GaN LEDs

6.1 Introduction

This chapter investigates the coupling method to combine the carrier transport with
photon emission by coupling electronic model with the optical model. The electronic-
optical simulation of homojunction and heterojunction LED structures discussed in

chapter 4 and 5 is investigated using the coupled model.

6.2 Coupling procedure

The photon emission is related to the band to band or radiative recombinations. Its
propagation in an LED structure also depends on the absorption coefficient which is
related to the absorbed power. Thus, there are two major terms that are involved in

coupling the two models that are discussed in the following sections.

6.2.1 Electron-hole pair recombination for light generation

In a time domain simulation of GaN LEDs, the electron- hole pair recombinations are
represented by time dependent dipole sources J, and J,. These dipole sources have to be
modeled explicitly since the FDTD solution of optical model requires modeling the time

sources explicitly. Thus, the source distribution /, or J, is a function of these electron-

126



hole pair radiative recombinations and a time source. These dipole sources should have
random orientations such that they have random polarizations and phases. Thus, for this
work, the simulation model of GaN LED consists of an excitation or a dipole source that
should be a continuous time signal and should also have emission linewidth in the output

spectrum representing the emission spectrum.
The weight of dipole source at each grid point (i, j) in the simulation domain and at each

time step (i.e.]f%(i,j)or];%(i,j)) depends directly on the corresponding radiative
recombination rate (RX,,;..ive(i,/)) that is calculated from the time domain drift
diffusion model. Hence from these observations, we formulate an appropriate relation
between the electron-hole pair recombinations and the dipole sources that forms an
important step towards coupling the two models. Thus, the expressions for the time
dependent random dipole sources to be used in the coupled model are given by the

following equations.

Jx(t,), ) = K X Ryaq(i,J) X pxy (i, j) X s(t) (6.1)

Jy (i), t) = K X Rypaa(i,)) X pyr(i,j) X s(t) (6.2)
where
e K=q XWyeve X 1.102 X 107> is the gauging factor given in C-m.
o W, tive 1S the width of active region and q is the magnitude of electronic charge.
e The value of K is gauged by calibrating the EQE of homojunction GaN LED

with the experimental values for p-GaN/ n- GaN LED given in [6] .
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e R,,q IS the radiative recombination rate that is obtained from the solution of time
domain DD model.

e px, and py, are the random numbers (for random dipole sources) such that
px?+ py? =1 and0<px, <1,0<py, <1.

e s(t) is the continuous time signal with multiple output frequencies representing

the continuous light emission through radiative recombinations.

6.2.1.1 Modeling time source s(t)

The continuous time signal with linewidth in the output spectrum is generated by
summation of multiple continuous wave (CW) sources with random phases, where the
weight of each CW source is given by a Gaussian distribution. Therefore, s(t) is given

by the following equation

N (6.3)
s(t) = Z G(A) X (1 - exp(—(t/tp)z) X COS (i—:t - ¢r)
k=1

G (1) is a Gaussian distribution function and ¢,. is the random phase function. G(A4;,) is

given as
(4= 29)* R (6.4)
G(4) = exp T (Symmetric distribution)
p
Or,
A= 2)? (6.5)
o522
p
_ % 4 o distributi
= m (Assymetreic distribution)
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The time response of such signal is continuous and the output spectrum consists of
emission linewidth with Gaussian distribution. In conclusion, the electron-hole pair
radiative recombinations can be converted into a continuous random dipole sources with

emission frequencies that can be used as an excitation to FDTD coupled model.

6.2.2 Light absorption for electron-hole pair generation

The electron-hole pair generation resulting from the absorption of light as it propagates
inside the LED structure is also studied to couple the two models. The optical generation
rate G calculated from the absorbed optical power densities are linked to the electronic

part through the carrier continuity equation given by the following equations:

on 1 (6.6)
3= G~ R+-V
o 1 (6.7)
5= G R+

The optical carrier generation rate G is calculated from the EM fields obtained from

coupled model simulation. It is given by the following equation as discussed in chapter 5.

6.8
(e (Em) - gy ot ) 0

Epn

G(x'Y) = -

Figure 6.1 shows the FDTD algorithm for the coupled model. The link shown in the
figure to couple the two models is based on calculating the current densities at each time

step using the radiative recombinations obtained from the solution of electronic model.
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Figure 6.1 Coupled model algorithm.

6.3 Coupled model simulation of GaN LED structures

The simulation of homojunction and DH GaN LED structures discussed in chapter 4 and
5 is investigated using the coupled model algorithm. The LED structures are compared in

terms of optical power and external quantum efficiencies (EQE). The light generation is

130



demonstrated by the radiative recombination rates and the light absorption by the material

dispersion and optical generation rates.

6.3.1 Inputs to the coupled model

For all the LED structures that are studied using the coupled model, the input source is a
continuous random dipole source with linewidth that is modeled using the procedure
discussed in section 6.2 using equations (6.1)-(6.5). Figure 6.2 shows the input dipole
source of homojunction GaN LED (Figure 5.7) measured at x = 300 nm,y = 1300 nm.
Such input sources are initialized at all the grid points inside the LED structure. The
strength of dipole source at each point and each time is given by the radiative

recombination rate at that point.
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Figure 6.2 Input continuous wave for simulation of GaN LEDs with Coupled Model.
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6.3.2 Coupled model simulation results of GaN LED structures

As it can be seen from the coupled model algorithm shown in Figure 6.1, the radiative
recombination rates calculated from the electronic model are used in the optical model to
calculate the dipole sources, whereas the optical generation rate calculated from the
optical model is used in the electronic model to calculate the electron and hole
concentrations. This procedure basically couples the two models as discussed in section
6.2. The generation rate and the recombination rates have to be compared in order to see
the effect of optical generation rate on electronic model through the continuity equation

(equations (6.6)-(6.7)).

Figure 6.3 compares the radiative recombination and generation rates for a homogeneous
GaN LED structure. The radiative recombination rate is more effective than the
generation rate when these values are substituted in continuity equation because of low
amplitudes of generation rates. This implies that the generation rates have no significant
effect on the solutions of electronic model. Therefore, the radiative recombination rate is

the most important term that couples the two models.
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Figure 6.3 Comparison of Recombination and Generation rates of homojunction GaN LED.

The field distribution inside a homojunction GaN LED simulated using the coupled
model with random dipole sources is shown in Figure 6.4 describing the propagation of

EM field inside this device.

The emission spectrum of homojunction GaN LED is compared with the experimental
result [5] as shown in Figure 6.5. The fabricated p-n homojunction GaN UV-LED [5]
consisting of a p-type GaN layer doped at 2 x 102° cm™3, and an n-type GaN layer
doped at 2 x 107 ¢cm™3 emits at 370 nm as seen in Figure 6.5 whereas the simulated

result has an emission around 366 nm with an emission linewidth of 20 nm.
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Figure 6.4 Snapshot of Magnetic field distribution for p-n homojunction LED at time t = 106.13 fs ( At=0.02
fS, Vapp“ed =4.267 V)
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Figure 6.5 Emission spectrum of p-n homojunction GaN LED a) Experimental result ([5]) b) Coupled model
simulation.

Figure 6.6 and Figure 6.7 show the optical power and EQE of homojunction GaN LED

with and without the effect of dispersion respectively. It can be verified from these
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figures that the dipersion of GaN leads to low optical power or EQE. The maximum EQE
measured for this strucuture was 0.1755 % at a forward voltage of 4.267 V. The
experimental value of EQE for p-n homojunction GaN LED is 0.18% [6] at forward

voltage of 4 V.
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Figure 6.6 Optical power of p-n homojunction GaN LED vs. applied voltage- with and without GaN dispersion.
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Figure 6.7 External quantum efficiency (EQE) of p-n homojunction GaN LED vs. applied voltage- with and
without GaN dispersion.
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Next, the optical power and EQE of p-i-n GaN LED are compared with p-n GaN LED as
shown in Figure 6.11 and Figure 6.12. The addition of an intrinsic GaN layer increases
the effective recombination area and therefore has high EQE as compared to that of p-n
GaN LED. The maximum EQE of this structure was found to be 0.39 % at Vyppiieq =
4.267 V. The improvement in the EQE for p-i-n GaN LED results from high radiative

recombinations inside the active region as compared to that of p-n LED.
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Figure 6.8 Output optical power vs. applied voltage (p-n vs. p-i-n GaN LED).
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Finally, the optical power and EQE of DH LED is compared with p-i-n LED. It can be
seen that the magnetic fields in an AlGaN/ GaN DH LED have low absorption loss as
compared to homojunction GaN LED that is clear from the field amplitudes as shown in
Figure 6.4 and Figure 6.10. The optical power and EQE of AlGaN/ GaN DH LED are
shown in Figure 6.11 and Figure 6.12. The maximum EQE was found to be 1.03 % at a
forward voltage of 4.101 V (Figure 6.12). The improvement in the EQE using DH is

because of improvements in both recombination rates and optical power.
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Figure 6.10 Snapshot of Magnetic field distribution for AlGaN/ GaN DH LED at time t = 106.13 fs.
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Figure 6.11 Output optical power vs. applied voltage (p-i-n GaN LED vs. AlGaN/ GaN DH LED).
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6.4 Summary

The electron-hole pair radiative recombination rate is found to be the major parameter to
couple the electronic and the optical model. The expressions involving the conversion of
recombination rates to random dipole sources are presented in the coupling procedure.
The coupled model simulation results of homojunction and heterojunction GaN LEDs
discussed in chapters 4 and 5 are explained. The optical power and EQE obtained from
coupled model and EQE is found higher for DH LEDs that are explained as a combined

effect of carrier transport and optical simulation results.
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CHAPTER 7

APPLICATIONS OF THE COUPLED MODEL

7.1 Introduction

In this chapter, two applications of the coupled model for investigating the improved
LED designs in both electronic and optical aspects are presented. First, an AlGaN/ GaN
DH LED with holes in the metal contact i.e. array of metal contacts is proposed to
achieve enhanced optical power through extraordinary transmission (EOT) that occurs
only for TM polarization. Second, an AlGaN/ GaN multiple heterojunction (MH) LED
with array of metal contacts is proposed to achieve both enhanced optical power and

carrier confinement.

Various studies have been proposed in the literature to increase the external efficiencies
such as the use of metal nanoparticles, surface plasmons, nanoantennas, dielectric
nanoantenna arrays, optical nanoholes [66]-[68] coupled with the light emission. The
metal nanoparticles have the property to manipulate light at sub-wavelength scales and
they can resonate at optical frequencies that can be tuned with their sizes, shapes and
configuration. The basic idea in such studies is to resonate the metal nanoparticles at
emission frequency of GaN LED structures. However, these investigations involve only
optical simulation assuming that the enhancement is only due to the resonance of EM

fields inside the device.
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We will therefore investigate AIGaN/ GaN DH and MH LEDs with array of silver
contacts using the coupled model that can demonstrate the light enhancement resulting

from both the electronic and optical parameters.

7.2 AlGaN/GaN DH LED with subwavelength array of silver contacts

Figure 7.1 shows the AIGaN/ GaN DH LED with array of silver contacts of length L,
thickness H and spacing S. The field enhancement can be achieved through extra
ordinary transmission (EOT) through these sub wavelength metal contacts. This EOT is
caused due to the localized surface plasmon resonances (LSPR) at the surface of metal
contacts. The surface plasmon resonances (SPR) are the coherent oscillations of electrons
close to metal surface when excited by properly polarized light [69]. When surface
plasmons are excited in a metal nanoparticle, they are called localized SPR. They can be
enhanced and localized on the metal surface and can be confined to sub wavelength
scales. Therefore, for the field enhancement, the array of metal contacts placed on top

surface of GaN LED should resonate at emission wavelength.

Therefore, the first step is to determine the configuration of these metal contacts such that
they resonate at emission wavelength of GaN. The resonance of the array of metal
contacts can be found by determining the scattered power spectrum since these contacts
scatter more power at resonance than at off-resonance. Further optimization of the
configuration is done by determining the transmission spectrum of metal contacts
(Silver)/ dielectric (AlGaN) configuration to find enhancement in optical powers. Finally,
this configuration is used in a real LED structure i.e. AlGaN/ GaN DH LED structure and

is investigated with the electronic, optical and coupled model.

140



Light Emission

Array of silver contacts Air
500 nm

200vnm
100A nm
n-contact
N — Aly3Gag;N

2000 nm

Figure 7.1 Schematic of AlGaN/ GaN DH LED with holes in the metal contact (silver contact array).

7.2.1 Scattered power spectrum

The resonance of silver contact array is determined from the scattering power spectrum
calculated from scattered fields that are solved using TFSF theory. Figure 7.2 shows the
FDTD-TFSF simulation domain to study the scattering properties of the metal contact

array. The scattered power is given by the following expression

~ N 7.1
Boco = § Ssca-T dl = (Esca X Hgeg)-1 dl (7.1)
S1

S1

where, S; is closed rectangular path through the scattered field region, E,., and H,., are

the EM fields in the scattered field region.

Figure 7.3 shows the input to FDTD-TFSF domain i.e. a Gaussian in time plane wave

with a central wavelength of 600 nm that covers entire optical frequencies.
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Figure 7.2 FDTD-TFSF Simulation domain to determine resonance of silver contact array.
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Figure 7.3 Input Gaussian temporal pulse for FDTD- TFSF simulation.

Figure 7.4 shows the scattering of magnetic field as it propagates inside the medium. The

figure also shows the strongly coupled magnetic fields at the surfaces of the metal
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contacts that indicate the presence of localized surface plasmon waves confined at metal/
dielectric interface. Figure 7.4 (a) shows the plane wave at time 2.2407 fs, before it
interacts with the array of silver contacts. Later at time 3.361 fs, the plane wave is
transmitted through silver contact array and the coupled TM polarized waves that are
confined and localized at the surface of silver contact can be seen in Figure 7.4 (b) that

also shows the localized surface plasmon resonances on the surface of silver contacts.
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Figure 7.4 Snapshots showing the scattering of a plane wave as it propagate in FDTD-TFSF simulation domain.
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To determine the configuration of the metal contact array for which they resonate at
365 nm, we study the effect of the dimensions and spacing of the metal contacts. The
following configurations are studied to achieve resonance at emission wavelength using

TFSF theory .

e Configuration-l1: Number of metal contacs N = 2, Thickness of the contact
H = 50 nm, Spacing between the contacts S = 100 nm, Varying parameter:
L =100nmto 50 nm

e Configuration-ll: L =40nm, H=50nm, S =100nm, Varying parameter:
N =2to12

e Configuration-lll: L =40nm, H=50nm, N =12, Varying parameter:

S =50nmto 100 nm

Figure 7.5 shows the scattering power spectrum of configuration-l. The peak
wavelength of the scattering spectrum corresponds to the resonance wavelength of
that configuration. It can be noticed that scattering spectrum redshifts
(353 nm to 425 nm) and broadens with increase in the lengths of contacts
(20 nm to 100 nm). 1t is also found that the the configuartion-1 resonates at

366 nm (emission wavelength) for L = 40 nm.
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Figure 7.5 Scattering cross section of configuration-1: N=2, H=50 nm, S= 100 nm and L= 100nm to 50 nm.

It can be seen from Figure 7.6 that the increase in the number of metal contacts results in

the broadening of spectrum with same resonant wavelength.

L= 40 nm, H= 450 nm, 5=100 nm
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Figure 7.6 Scattering cross section of configuration-11: L=40 nm, H= 50 nm, S= 100 nm and N= 2 to 12.
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Figure 7.7 Scattering cross section of configuration-111: L=40 nm, H= 50 nm, N= 12 and S=50 nm to 100 nm.

Finally, the increase in the spacing between the contacts causes a slight redshift and
broadening of the spectrum as can be seen from the scattering spectrum of configuration-

Il shown in Figure 7.7.

Therefore, with these studies, the configuration that can be used for resonance at 365 nm

is configuration- Il'i.e. L =40nm,H =50nm,S =100nmand N = 2 to 12.

7.2.2 Transmission spectrum of silver contact array with AlGaN layer

The configuration is further optimized by studying the transmission properties of array of
silver contact configuration with AlGaN layers as shown in Figure 7.13. In this test the
power spectrum is calculated at the output with and without the silver contact array to

determine the frequencies that are enhanced. The input to the structure is a short Gaussian
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time pulse line source (t, = 0.5 f's) modulated with a carrier wavelength of 365 nm that

covers entire optical frequencies as shown in Figure 7.9 and Figure 7.10 .
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Figure 7.8 FDTD simulation domain (Silver contacts with AlGaN layers).
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Figure 7.9 Input Gaussian temporal pulse (for structure in Figure 7.8).
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Figure 7.10 Input pulse in wavelength domain (for structure in Figure 7.8).

The transmitted and reflected magnetic fields can be seen from Figure 7.11. To determine
the field enhancement, the transmission spectrum is determined as the ratio of power
spectrum measured at the output with silver contact array and power spectrum measured
without silver contact array. The calculated transmission spectrum is shown for the silver
contact configuration obtained in previous study for varying lengths in Figure 7.12. It
can be observed that the smaller lengths of silver contact enhance the output powers at
365 nm wavelength. For example, the enhancement in the optical power for length L=20

nm is found to be ~ 5 % as can be seen in Figure 7.12.
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Figure 7.11 Magnetic field propagating inside AlGaN layers/ silver contact array (N=10, L=100 nm, H=50 nm,

M=10

S=200 nm).

 H=50 nrm, 5=100 nrm

=
o

=
oo

A=

Arnplitude (a.u)

=
~

0B

— =100 nirn
— =70 nm
L=50 nm
L=40 nrm
— =30 nm
= =20 nm

365 nrm -

0.5 i '
200 300 A00

1
500

i 1 ]
BOO Joa 800 1000

Wawvelength (nm)

800

Figure 7.12 Transmission spectrum of AlGaN layers/ silver contact array for varying L.

7.2.3 Simulation results of DH LED with optimized configuration

The optimized configuration of silver

contact array from the two studies that is used in

the AlGaN/ GaN DH LED structure isN =12, L =20nm,H =50nm and S =
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100 nm as shown in Figure 7.13 The simulation domain is 2000 nm x 2200 nm
with Ax = 5nm, Ay = 10 nm, Ateieceronic = 0.5 £S5, Atopticar = 0.02 fS, Vappiiea =

4.101V.
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p and n Silver contacts
/ Silver contact array

500

1000

Y (nm)

1500

intrinsic GaN buffer layer

2000

0 200 400 600 800 1000 1200 1400 1600 1800 2000
X (nm)

Figure 7.13 FDTD simulation domain of AIGaN/ GaN DH LED with silver contact array.

Figure 7.14 and Figure 7.15 shows the simulated potential distribution with and without
silver contact array. It can be observed that the structure with silver contact array has
high potential distribution at the surface and also inside the GaN LED structure as
compared to that of GaN LED with single p-contact. The LED structure with the silver
contact array also improves the current spreading in the device. This can be seen from
Figure 7.16 and can be compared with the current distribution inside the LED without

silver contact array shown in Figure 7.17. The current in Figure 7.17 has a non-uniform
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spreading; it is maximum near the electrodes and decreasing in the other regions. This
type of current spreading in the device affects the electronic performance of the device in

terms of recombination rates and injection currents.
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Figure 7.14 Snapshot of the Electrostatic potential distribution- with silver contact array.
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Figure 7.15 Snapshot of the Electrostatic potential distribution- without silver contact array.
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Therefore, the problem of current spreading is improved with the metal contact array as

compared to the structure without these contacts.
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Figure 7.17 Electron current density distribution- without silver contact array.
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As can be seen from the Figure 7.18, the injection currents are higher with the array of
metal contacts because of high potential distribution inside the LED structure. Besides
injection current, the radiative recombinations are also improved because of the

improvements in the current spreading as shown in the Figure 7.19.
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Figure 7.18 Injection currents- with and without silver contact array.
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Figure 7.19 Radiative recombination rates- with and without silver contact array.
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Figure 7.20 and Figure 7.21 shows the magnetic field distribution with and without silver
contact array simulated using the optical model. The difference in the fields at the LED

metal contact surface can be observed in these figures.
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Figure 7.20 Snapshot of magnetic field distribution- with silver contact array.
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Figure 7.21 Snapshot of magnetic field distribution- without silver contact array.
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The optical power found to increase with these contacts because of localized fields at the
interface of AIGaN/ Silver contact array as seen in Figure 7.22 and Figure 7.23
corresponding to optical and coupled model respectively. The optical power increases by
almost thrice as compared to that of the case without the silver contact array (Figure

7.23).
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Figure 7.22 Output optical power from optical model — with and without silver contact array.
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Figure 7.23 Output optical power from coupled model — with and without silver contact array.
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Therefore, the combined effect of both electronic and optical model i.e. improved
currents, radiative recombinations and enhanced EM fields is reflected in the coupled
model output optical powers and EQE. With these improvements, the EQE of AlGaN/

GaN DH LED increased from 1.03 % to 1.825 % with the silver contact array.

7.3  AlGaN/ GaN Multiple Heterojunction (MH) LED

Further enhancement in the electronic and optical parameters is achieved by investigating
a multiple heterojunction (MH) AlGaN/ GaN LED using the coupled model as shown in
Figure 7.24 1t consists of two 100 nm GaN layers separated by Al,3;Gay,N layers to
form four heterojunctions. The simulation domain is same as that of DH LED for

comparison.
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Figure 7.24 FDTD simulation domain of AlIGaN/ GaN MH LED with silver contact array.

156



The offset in the conduction bands and valence bands at the four heterointerfaces can be
seen from energy band diagram shown in Figure 7.25. This type of arrangement i.e.
narrow bandgap GaN layers placed in between wide bandgap Al,s;Gay,N layers
increases the effective area of the radiative recombination rates because of the band

offsets in the CB and VB that confines the carriers in the active region.
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Figure 7.25 Energy band diagram of AlIGaN/ GaN MH LED at forward bias.
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Figure 7.26 Radiative recombination rates (DH LED vs. MH LED).
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The radiative recombination rates and injection currents follow the same behavior as that
of DH LED i.e. they are higher with silver contact array because of high potential
distribution as shown in Figure 7.27 and Figure 7.28. The injection currents of MH LED

are also compared with DH LED and are found to increase with silver contact array.
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Figure 7.27 Radiative recombination rates of MH LED- With and without silver contact array
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Figure 7.28 Injection currents (MH vs. DH LED).
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It can be seen in Figure 7.29 that the power obtained from the optical model also increase
for MH LED case because of two active GaN layers producing light. Therefore, the
overall effect of two models is seen on power obtained from coupled model as shown in
Figure 7.30. With these improvements, the EQE with and without silver contact array is

found to be 5.295 % and 4.23 % respectively.
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Figure 7.29 Output optical power from optical model — MH vs. DH LED.
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Figure 7.30 Output optical power from coupled model - MH vs. DH LED.
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7.4 Summary and Discussion

Two applications demonstrating the strengths of the coupled model to investigate LED
structures for improved EQEs through combined improvements in the electronic and
optical characteristics are investigated. First, a DH LED with subwavelength metal
contact holes (array of silver contact) instead of a single continuous contact is studied
with the coupled model and the improvement in the EQE resulting from improved
recombination rates, injection currents and optical power is observed. Second, a MH
LED is studied that show further enhancement in the EQE due to improved

recombinations and power resulting from carrier and light confinement.
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CHAPTER 8

SUMMARY AND CONCLUSIONS

The coupled model can be used to simulate real time domain carrier-wave interactions in
I11-Nitride LEDs that cannot be performed by steady state electronic simulators or FDTD
optical simulators alone. Therefore, to simulate carrier transport in conjunction with light
propagation with time, the time domain electronic model coupled with the optical model
is expected to find innovative applications in the field of solid state lighting. The overall

summary, conclusions and future work is discussed in the following sections.

8.1 Summary and Thesis Contributions

In this thesis, a coupled time domain electronic-optical model is developed to simulate
GaN LED structures for SSL applications. An FDTD-DD algorithm for simulation of
carrier transport and an ADE-FDTD algorithm for simulation of light propagation are
presented. The coupled model is used to study and analyze time domain carrier- photon
interactions inside GaN LED structures. The research work done in this thesis is

summarized as follows

e A time domain simulator for electronic and optical models is developed using DD
and Maxwell’s equations respectively based on FDTD numerical technique for

simulation of GaN LEDs.
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The transport properties of GaN i.e. field dependent transport models, built-in
polarization models and recombination models are incorporated in the DD
simulator.

The optical properties of I1I-Nitride materials and metal contacts i.e. complex
dielectric permittivity is modeled using multi-pole Lorentzian function.

A coupling procedure has been developed which is based on representing
electron-hole pair recombinations with the random dipole sources. The conversion
of electron-hole pair recombinations to current densities is formulated by
modeling a continuous time source whose weight is given by radiative
recombinations gauged to an appropriate value. This weight factor is gauged by
calibrating the EQE of homojunction GaN LED with the experimental value in
[6].

The FDTD analysis of p-n and p-i-n homojunction GaN LEDs, P-n-N and P-p-N
double heterojunction LEDs is performed with the electronic, optical and coupled
model.

Double heterojunction and multiple heterojunction GaN/ AlGaN LEDs with holes
in the metal electrode (silver contact array) are investigated as applications of the

coupled model.
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8.2 Conclusions

The following points can be concluded from the simulation results of GaN LED

structures tested with the electronic, optical and coupled models.

e The parameters that affect the radiative recombination rates or injection currents
are: the applied voltage, radiative recombination coefficients, dislocation densities
and field dependent transport parameters and also the CB and VB alignment of
I11-Nitride materials. The recombination rates increases with applied voltage and
radiative recombination coefficient as seen from electronic model results.

e Symmetric and asymmetric P-p-N DH LED simulations show that the asymmetry
on P-side or high conduction band offset at P-p heterojunction increases the
radiative recombinations.

e |t can also be concluded that the dispersion of IlI-Nitride materials have a
significant effect on the optical power and EQE as seen from optical model or
coupled model results.

e The radiative recombination rates are found to be the major parameter in coupling
the two models. On contrary, the optical generation rate calculated from coupled
model has no significant effect on the solutions of the electronic model because of
relatively low magnitudes as compared to recombination rates.

e For the specific simulation cases, the maximum EQE of homojunction p-n and p-
i-n LEDs is found to be 0.1755 % and 0.39 % respectively, at a forward voltage

of 4.267V. The high EQE for p-i-n is attributed to the increase in the
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recombination area by increasing the width of active region with the addition of
an intrinsic layer.

The maximum EQE of P-n-N AlGaN/GaN DH LED is found to be 1.03 % at a
forward voltage of 4.101V. This increase in the EQE results from high
recombinations in the active region due to carrier confinement as observed from
the electronic transport simulation results and low absorption inside AlGaN layers
as seen from optical simulation results.

The EQE of DH LED is improved by using an array of silver contacts instead of a
single continuous contact i.e. AlGaN/ GaN DH LED with silver contact array.
This structure is investigated with the coupled model as an application. The EQE
is improved from 1.03 % to 1.825 % . This increase is attributed to the improved
current spreading and recombinations as seen from the electronic simulation and
increased optical powers resulting from EOT through sub-wavelength metal
contact array. However, the complexity and cost increases for this structure as
compared to DH LED without silver contact array. Overall, this structure
expected to find advantage over the other.

Further enhancement in the optical powers and recombination rates is achieved by
investigating a multiple heterojunction AlGaN/ GaN LED with the coupled model
as a second application. The MH LED further increases the recombination area
and light output due to the carrier and light confinement in the active region. The
maximum EQE achieved for this LED is 4.23 % and 5.295 % with single metal

contact and array of metal contacts, respectively.
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8.3  Future Work

The time domain analysis offered by the coupled model can be utilized to improve the
performance through combined effect of both electronic and optical simulation.
Therefore, the possible extensions can be in both electronic part and optical part through
innovative and new LED designs. Specific suggestions for extending this research work

are:

e Combining LEDs with plasmonics is a new and exciting domain to enhance light
emission through SPP resonance as seen in the application of the coupled model
demonstrated. GaN LEDs with plasmonic structures of different configurations
i.e. size, shape and densities can be illustrated with the coupled model to achieve
high degree of enhancement through combined electronic-optical effects.

e The coupled model can be used to investigate the time domain electronic-optical
characteristics of AlGaN/InGaN quantum wells or quantum dots LEDs by
incorporating the quantum transport equations in the FDTD-DD algorithm.

e New designs that improve output power can be tested by reducing the total
internal reflections at the air/emitter interface through roughened, patterned,
textured or corrugated surfaces.

e New material models accounting the effect of temperature on the GaN LED
parameters i.e. recombination coefficients, efficiencies or built-in polarizations

can also be incorporated in the coupled model.
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