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Abstract

This thesis reports the results of an extensive analysis of the reliability of GaN-based
Light-Emitting Diodes (LEDs) and Laser Diodes (LDs). The analysis has been carried
out in close cooperation with the manufacturers of the devices: for this reason, we
have worked on state-of-the-art LEDs, lasers and R&D samples, providing a feedback
to the manufacturer on the weaknesses of adopted technology. By means of specific
experiments on suitable test structures, we have been able to separately analyze (i)
the degradation of the LEDs active region, (ii) the role of passivation layer in limiting
LEDs reliability, (iii) the degradation of the ohmic contacts of the devices, (iv) the
degradation of the properties of LEDs package and resins and (v) the degradation of
violet laser diodes and its dependence on driving conditions.

In particular we have demonstrated that:

e Low current density stress can determine the degradation of the properties of the
active layer of light-emitting devices, generating an increase of the non-radiative
recombination rate, due to the modification of defects properties. Combined
optical and electrical characterization can be used as an efficient tool for the

analysis of the charge instabilities and of the related optical power decrease

e High temperature stress implies the degradation of the contact and semiconductor
layer at the p-side of GaN-based LEDs. Degradation has been attributed to
the interaction between hydrogen and the acceptor dopant, with subsequent
compensation of the effective acceptor concentration and worsening of the current

and emission spreading at devices surface.

e An important source of the hydrogen responsible for devices degradation is

represented by the PECVD-SIN passivation layer, usually deposited on the



devices for surface leakage reduction and chip encapsulation. The use of this
kind of H-rich passivation can strongly limit LEDs stability at high temperature
levels. We have therefore proposed and demonstrated sputtered passivation as
a more stable alternative to the conventionally adopted PECVD passivation for

devices to be used in high temperature environment.

Transmission Line Method can be efficiently used for the analysis of the
degradation of the ohmic contacts on p-GaN submitted to high temperature
storage. This technique provides important information on the impact of
thermal treatment on the properties of metal /semiconductor interface and p-type
GaN layer, because it allows to separately analyze the degradation of the
semiconductor layer and of the ohmic contact properties. It has been shown
that high-temperature degradation process mostly interests the semiconductor
region close to the metal/semiconductor interface. Two critical parts of devices
structure must be improved to obtain reliable behavior at high temperature levels:
(i) the metal /semiconductor interface and contact and (i) the passivation layer.
High-temperature degradation of ohmic contact on p-GaN has been found to be

reversible.

Combined electrical, optical and microscopical analysis can be used for the
evaluation of the different processes that determine the degradation of high
power LEDs for lightning application. In particular, relevant information on
the degradation of the contact layers and of the package/phosphors system have
been obtained by means of this set of techniques. An extensive characterization
of the degradation kinetics under different stress temperature levels has provided
important information on the activation energy of the degradation process. These
information have been used for the estimation of devices lifetime under nominal

operating conditions.

By means of a wide set of ageing tests under different driving conditions (current,
optical power and temperature level) it is possible to characterize the degradation
of InGaN-based laser diodes, and its dependence on the driving conditions. In
particular we have shown that stress at constant current and constant optical

power level can induce the increase of the threshold current of these devices, due

vi



to an impurity diffusion process. The tests carried out within this work indicate
that the degradation rate depends on stress temperature and current level, while
it is not significantly influenced by the optical field in the cavity. The identified

degradation process is supposed to be electro-thermally activated.

The results of the activity are described in the following chapters. This thesis
reports the most important results obtained during the Ph.D. program of the candidate.
Useful information on the activity can be also found in the following papers co-authored

by the candidate.
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Sommario

Questa tesi descrive i risultati di un ampio studio dell’affidabilita di Diodi Emettitori
di Luce (LED) e Diodi Laser (LD) in nitruro di gallio (GaN). L’analisi ¢ stata condotta
in stretta collaborazione con i costruttori dei dispositivi: cio ha permesso di lavorare su
dispositivi allo stato dell’arte e su prototipi R&D, e di fornire un feedback ai costruttori
sulle debolezze tecnologiche riscontrate nel corso del lavoro.

Mediante esperimenti specifici si sono analizzati separatamente (i) il degrado della
zona attiva di LED su GaN, (i) il ruolo della passivazione nel degrado termico di LED
su GaN, (%ii) il degrado dei contatti ohmici dei dispositivi, (iv) il degrado di package
e resine di LED bianchi di potenza e (v) il degrado di diodi laser Blu-Ray, al variare
delle condizioni di stress.

In particolare in questo lavoro si dimostra che:

e Lo stress a basse densita di corrente puo determinare il degrado della zona attiva
di LED in GaN, inducendo un aumento del tasso di ricombinazione non-radiativa,
a causa della generazione di difetti. L’analisi elettro-ottica delle caratteristiche
dei dispositivi durante lo stress fornisce informazioni sulle instabilita del profilo

di carica ed il conseguente calo di efficienza.

e Lo stress ad alte temperature determina la degradazione dei contatti ohmici al
lato p di LED in GaN. La causa di questa degradazione ¢ la compensazione del
drogante accettore da parte dell’idrogeno, con conseguente peggioramento dei

meccanismi di trasporto di corrente alla superficie dei LED.

e La passivazione in nitruro di silicio, usualmente deposta mediante PECVD per
ridurre le correnti di perdita ed incapsulare i chip, rappresenta un’importante

sorgente di idrogeno. L’uso di questo tipo di passivazione puo limitare fortemente

1X



I’affidabilita di LED ad alte temperature, a causa della compensazione del
drogante accettore da parte dell’idrogeno. Per questo motivo, si ¢ proposto
I'utilizzo di passivazione SiN deposta mediante sputtering (basso contenuto
di idrogeno) come alternativa alla passivazione PECVD convenzionale per la

realizzazione di dispositivi affidabili anche ad alte temperature.

I1 Transmission Line Method ¢ uno strumento efficace per ['analisi del
degrado termico di contatti ohmici su p-GaN. Questa tecnica permette di
analizzare separatamente il degrado dell’interfaccia metallo/semiconduttore e
degli strati di p-GaN durante lo stress termico. In questo lavoro si dimostra
che i trattamenti termici influenzano prevalentemente le proprieta elettriche
dell’interfaccia metallo-semiconduttore, mentre non determinano un aumento
significativo della resistivita degli strati di p-GaN. Il meccanismo di degradazione
descritto e reversibile, e dipende fortemente dal tipo di passivazione utilizzato per

incapsulare i dispositivi.

Mediante analisi elettrica, ottica e microscopica e possibile caratterizzare nel
dettaglio il degrado di LED bianchi di potenza. In particolare, mediante
queste tecniche ¢ stato possibile studiare nel dettaglio il degrado del sistema
package/fosfori di LED sottoposti ad invecchiamento termico, ed il conseguente
peggioramento delle proprieta cromatiche dei dispositivi. Mediante stress a
diverse temperature si € potuta estrapolare ’energia di attivazione del processo di
degrado, parametro utile per la stima dei tempi di vita dei dispositivi in condizioni

di funzionamento nominali.

Mediante di prove di invecchiamento condotte in diverse condizioni operative
(corrente, temperatura, potenza ottica) ¢ possibile caratterizzare la degradazione
di diodi laser in GaN, e la dipendenza delle cinetiche di degrado dalle condizioni
di pilotaggio. In particolare, in questo lavoro si dimostra che lo stress a corrente
o potenza ottica costante determinano ’'aumento della corrente di soglia dei
dispositivi, a causa della diffusione di una o piu impurezze verso la zona attiva
dei laser e del conseguente aumento del tasso di ricombinazione non-radiativa.

Le prove effettuate indicano che il tasso di degrado dipende dalla temperatura



e dalla corrente di stress, ma non dall’intensita del campo ottico in cavita. Il

meccanismo di degrado individuato ¢ attivato Elettro-Termicamente.

I risultati dell’attivita di ricerca sono descritti nel seguito. Questa tesi riassume i
risultati piu significativi ottenuti dal candidato durante il triennio di dottorato. Utili

dettagli possono essere reperiti anche nei seguenti articoli.
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Introduction

During the last decade, gallium nitride alloys have been shown to represent excellent
materials for the development of optoelectronic devices working in the visible and UV
range. The emission spectrum of these devices can be tuned almost continuously from
the deep UV to the whole visible range, by varying the In and Al content in the
AllnGaN alloy. This has unfolded dramatic changes in optoelectronics industry.

Semiconductor blue and white light-emitting diodes (LEDs) are characterized by
smaller volumes, compatibility with automated electronic assembly techniques, better
reliability with respect to conventional light sources and for these reasons are considered

to be the candidates for the next generation of light sources for general lighting.

Furthermore, as a result of the recent efforts on AlGaN-alloys, efficient ultraviolet
(UV) LEDs with mW power output and peak wavelength as low as 250 nm have been
demonstrated [1]. UV LEDs have many important applications, including biological
and chemical agent detection, air-water purification, money validation, biomedical
treatment [2, 3]. In addition, using suitable phosphors these devices can be utilized
to fabricate white LEDs, which are expected to replace the low-pressure mercury
discharge white lamps in the future (proposed European Union rules indicate mercury
as an hazardous substance, not acceptable for commercial applications). Moreover,
gallium nitride-based laser diodes (LDs), emitting in the blue and violet range, are
now commercially available, and represent excellent candidates for the next generation
of optical data storage systems: their short wavelength and the increasing continuous
wave output power will make possible the realization of low cost high density-high

speed storage system in the next few years.

Despite these excellent properties, there are several factors limiting the

improvement of the characteristics of GaN-based optoelectronic devices, as well as

XixX



their reliability. The most important are:

e Devices hetero (SiC, sapphire and Si) and homoepitaxial growth imply high
dislocation density (10° — 10'? ¢m™2) in the active layer [4, 5]. Such dislocation
densities do not compromise LED and LD efficiencies [6], but have an impact in

limiting devices lifetime, acting as diffusion channels for non-radiative defects [7]

e p-dopant (Mg) tends to form Mg-H complexes with hydrogen. Hydrogen in
GaN has been extensively studied: it is incorporated in GaN during growth
and subsequent processing steps; hydrogen may rapidly diffuse within GaN;
thermal and current stress can generate/dissociate Mg-H complexes, therefore

compromising devices reliability [8, 9]

e ohmic contacts are quite critical, with resistivities of 10™* — 1073 Qem? for
Ni/Au and Pt contacts on p-GaN. Modifications of the contacts properties have
been identified as a consequence of stress [10], with subsequent development of
permanent current crowding effects [11]. However there is no systematic study of
the stability of ohmic contacts and of the semiconductor material under thermal

or current stress

e the high piezoelectric and spontaneous electric fields give rise to huge internal
fields (1-2 MV/cm). Such electric fields produce a strong Quantum Confined
Stark Effect, modifying the electron and hole recombination dynamics and
decreasing the radiative recombination rate [12]. Problems related to internal
fields can be partly solved by means of non-polar devices, and research is in

progress in this direction [13]

e chip surface passivation is crucial for leakage current control, but its deposition
may introduce contaminants that can interact with devices surface and reduce

LED/LD reliability [14]

e the always higher power levels reached by the devices and the corresponding
high temperatures imply reduced lifetime due to (i) the degradation of the
transparency of the optical coating (also related to UV irradiation), epoxy

package [15, 16] and laser facets [17]; (i) the thermally activated interaction
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between Mg-dopant and hydrogen [8, 14]; (4ii) the thermally-enhanced metal
electro- migration along threading dislocations or tube defects [18]. Thermal
management at chip and system level is therefore critical, as well as the
development of suitable packages, phosphors (for LEDs) and lenses (both for
LEDs and LDs)

e stress can induce the growth of regions of non-radiative recombination, starting
from areas of maximum power densities and/or maximum lattice strain and

expanding within the device active area [19, 20]

e catastrophic failures have been also observed, and attributed to: (i) thermal
degradation of the device optical coating, shorting the junction [21]; (i)
electro-thermal migration of metal coming from ohmic contacts via threading
dislocations across the p-n junction; (7ii) catastrophical optical damage at laser
facets, due to high photon density and local heating [17]; (iv) Electro Static
Discharge events [22].

During the last years, many works on the reliability of GaN-based optoelectronic
devices have been published (see for example [21, 18, 11, 23, 24, 25, 9]). Several
physical mechanisms have been identified as responsible for devices degradation such
as modifications of the electrical contacts [21], changes in the local indium concentration
in the quantum wells (QW) [26, 27], formation of radiative and non-radiative centers
[28, 23], changes in the charge-injection mechanisms across the cladding and barrier
layers (pure tunnelling, trap/phonon assisted tunnelling, thermal emission etc.) [29],
aggregation or breaking of complexes mainly involving hydrogen impurities and
magnesium p-dopant [30].

However, most of the studies quoted above referred to degradation processes
that depend both on driving current and operating temperature, without indicating
how these two driving forces separately act in determining devices degradation.
Furthermore, in many stress tests, more than one process is involved in devices
degradation, thus complicating the interpretation and the analysis of the degradation
physics. This consideration indicates that it is important to define specific test
procedures and samples with the aim of separately analyze each of the processes

responsible for degradation and to evaluate the dependence of stress kinetics on the
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most important degradation driving forces (current, temperature and optical power
level).

Therefore, the aim of this thesis is to describe the physical mechanisms that
limit the reliability of GaN-based optoeletronic devices, by separately analyzing the
effect of current and of temperature on LED and laser performance during stress.
Furthermore, we describe here a set of experiments that have been used to separately
analyze (i) the degradation of the heterostructure properties, (ii) the degradation of
the contact and p-type semiconductor layers, (iii) the role of passivation in determining
devices degradation, (iv) the degradation of devices package during stress and (v) the
degradation of the radiative properties of LDs active layer related to impurity diffusion.

The analysis has been carried out in close cooperation with the devices
manufacturers: as a consequence, we have had the possibility of working on
state-of-the-art devices with optimized growth and epitaxial parameters and on R&D
samples specifically grown for our analysis. The results of this work have provided
important information on the physics of the degradation processes, and have been used
by the manufacturers as starting point for the improvement of growth and technological
processes.

The analysis carried out within this work has demonstrated that:

e Low current density stress tests can be used for the analysis of the degradation
of the properties of the active layer related to carrier flow. Under these
stress conditions, the most significant degradation process is the increase of the
non-radiative recombination rate, due to the modification of defects properties.
On the other hand, no significant degradation of the properties of the contacts
and dopant instabilites are induced by low current stress. In Chapter 3 it is shown
that combined optical and electrical characterization can be used as an efficient
tool for the analysis of charge instabilities and related optical power decrease

taking place as a consequence of dc bias stress

e High temperature stress implies the degradation of the contact and semiconductor
layer at the p-side of GaN-based LEDs. On the other hand, no significant
modification of the radiative properties of the active layer has been detected

during high temperature stress. As described in Chapter 4, degradation can be
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attributed to the interaction between hydrogen and the acceptor dopant, with
subsequent compensation of the effective acceptor concentration and worsening

of the current and emission spreading at devices surface.

An important source of the hydrogen responsible for devices degradation is
represented by the PECVD-SIN passivation layer, usually deposited on the
devices for surface leakage reduction and chip encapsulation. We have therefore
proposed and demonstrated sputtered passivation as a more stable alternative to
the conventionally adopted PECVD passivation for devices to be used in high

temperature environment (see Chapter 4).

Transmission Line Method (TLM) can be efficiently used for the analysis
of the degradation of the ohmic contacts on p-GaN submitted to high
temperature storage. As described in Chapter 5, this technique provided
important information on the impact of thermal treatment on the properties
of metal/semiconductor interface and p-type GaN layer. In particular, the
comparison between the data on the degradation of LEDs and of TLM samples
showed that high-temperature degradation process mostly interest two critical
parts of LED structure that must be improved to obtain reliable behavior at high
temperature levels: (i) the metal/semiconductor contact and (7i) the passivation

layer.

Combined electrical, optical and microscopical analysis can be used for the
evaluation of the different processes determining the degradation of high power
LEDs. In particular, information on the degradation of the optical properties
of the package/phosphors system have been obtained by means of this set of
techniques, as described in Chapter 6. An extensive characterization of the
degradation kinetics under different stress temperature levels can finally provide
important information on the activation energy and acceleration factors of the
degradation process. These information have been used for the estimation of

devices lifetime under nominal operating conditions.

Constant current and constant optical power stress can induce the degradation

of the optical characteristics of InGaN-based laser diodes. Stress determines the
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increase of the threshold current according to the square-root of stress time,
thus suggesting that a diffusion process is involved in devices degradation. As
described in Chapter 7, devices degradation rate was found to significantly
depend on the stress current level and on the stress temperature level, while
only a weak dependence on optical field has been detected. On the basis of the
tests carried out within this work, we have attributed devices degradation to an
electro-thermally activated diffusion of impurities towards the active layer of the

devices, with subsequent increase of the non-radiative recombination rate.

The initial two chapters of this thesis briefly describe the theoretical concepts that
are necessary for the understanding of the subsequent part of the thesis. In particular
Chapter 1 summarizes the basic properties of GaN-based semiconductors, while in
Chapter 2 a brief overview on the electrical, optical and capacitive characteristics of
GaN-based optoelectronic devices is given. The subsequent chapters describe the main
results of the research activity.

Research activity has been carried out in the framework of two Italian Research
Ministry (MUR) projects (PRIN), in close cooperation with the partners of the
Universities of Bologna, Cagliari, Parma, Firenze. The wide set of characterization
techniques used for this thesis has been available only thanks to the cooperation of
the partners involved in this project. Furthermore, the results described in this thesis
have been reached under strict cooperation and discussion with the colleagues and
professors at the University of Padova. The author want to thank all the persons that

have cooperated to this research activity.
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Chapter 1

GalN basics

Gallium nitride and its alloys represent excellent materials, especially for the
development of blue and UV light emitting diodes. The III-V nitrides, aluminum
nitride (AIN), gallium nitride (GaN) and indium nitride (InN), are candidate materials
for optoelectrical applications at such photon energies, because they form a continuous
alloy system (InGaN, InAIN, and AlGaN) whose direct optical bandgaps for the
hexagonal wurtzite phase range from 0.7 eV for InN and 3.4 eV for GaN to 6.2
eV for AIN (see Figure 1.1). High brightness visible light-emitting diodes (LEDs)
are now commercially available, a development which has transformed the market
for LED-based full color displays and which has opened the way to many other
applications, such as in traffic lights and efficient low voltage, flat panel white light
sources. Continuously operating UV laser diodes have also been demonstrated in
the laboratory, exciting tremendous interest for high-density optical storage systems,
UV lithography and projection displays. In a remarkably short space of time, the
nitrides have therefore caught up with and, in some ways, surpassed the wide band gap
II-VI compounds (ZnCdSSe) as materials for short wavelength optoelectronic devices.
In this chapter we will briefly review the main properties of this material system,
the most important problems and open issues related to n and p-type doping, the
presence of hydrogen in GaN and the characteristics of ohmic contacts to be used
for the applications. The discussion of these topics is necessary to understand the

characterization and reliability studies described in the following chapters.
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1.1. Crystal and band structure
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Figure 1.1: Bandgap energy versus lattice constant for various semiconductors including

GaN and its alloys

1.1 Crystal and band structure

Gallium nitride and its related compounds can crystallize both in the cubic
zincblende as well as in the hexagonal wurtzite structure (see Figure 1.2). These
structures represent the unit cells of the GaN lattice: each of them is characterized by
three lattice constants a, b, ¢, and by three angles «a, 3, v, that express the distance and
the reciprocal position of the atoms in the cell. Zincblend has three identical lattice
constants (a = b = ¢, « = [ =~ = 90°), while for wurtzite cell properties are defined
by a =b# ¢, a = =90° ~v = 120°. For gallium nitride, the wurtzite structure is
more common: this fact represents a difference with respect to what happens for other
widely used semiconductor materials. In fact, silicon and germanium have a diamond
lattice, while other III-V semiconductors, such as GaAs and GaP, have the zincblende
structure. The most important properties of gallium nitride (both for wurtzite and
zincblende structure) are summarized in Table 1.1: in this table, the basic properties
of GaN are compared to those of other common semiconductors. As can be noticed, the

large bandgap energy of GaN results in high electric breakdown fields, which enable the
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application of high supply voltages. Furthermore, it allows the material to withstand
high operating temperatures and provides for improved radiation hardness. Another
important advantage of GaN is its high thermal conductivity, that makes it a good
choice for the realization of high power devices. These characteristics can explain the
incredible attention that has been focussed on GaN-based material system during the
last decade.

Calculated band structure is shown in Figure 1.3 for the wurtzite case [31, 32]. These
diagrams are similar to the ones of some direct-bandgap zincblende semiconductor (such
as for example GaAs), but with significant differences: the degeneracy of the valence
band (levels A, B, C in Figure 1.3) is more pronounced in GaN with respect to GaAs,
due to the strong electric field present in the crystal structure. However, in GaN strain

has a less effective role in deforming the valence band with respect to GaAs.



1.2. Polarity and polarization of nitrides

Properties (300K) Symbol Ge Si GaAs GaP GaN
Crystal structure
(D=Diamond, D D Z Z W Z
Z=Zincblende,
W=Wurtzite)
Gap
(D=Direct, I=indirect) I I D I D
Lattice constant ap = bo[A] 5.64 5.43 5.65 5.45 3.19 4.52
co [A] 519  4.52
Bandgap energy EyleV] 0.66 1.12 1.42 2.26 344 3.3
Intrinsic carriers
concentration nilem=3] 2x1013 | 1x10%0 | 2x1016 | 1.6x1010 | 1.9x10%°
Electron mobility pnlem?/Vs] 3900 1500 8500 110 1500
Hole mobility pplem? [V s] 1900 450 400 75 30
Electron diffusion
constant D, [em?/s] 101 39 220 2.9 39
Hole diffusion
constant D,lem? /s 49 12 10 2 0.75
Electron affinity x[V] 4.0 4.05 4.07 4.1
Refractive index Nopt 4.0 3.3 3.4 2,67 2.5
Breakdown field £1[x10° V/cm] 0.8 3 3.5 33
Thermal conductivity | k[W(em k)™'] | 0.606 | 1.412 | 0.455 0.97 1.5

Table 1.1: Comparison between the main electrical and thermal parameters of common

semiconductor materials
1.2 Polarity and polarization of nitrides

1.2.1 Piezoelectric and internal polarization fields

Because of the lack of electrons occupying the outer orbitals of the N atom
(1s*25?2p® electronic configuration), the electrons involved in the metal-nitrogen
covalent bond are strongly attracted by the Coulomb potential of the N atomic
nucleus. This means that this covalent bond of gallium nitride will have stronger
ionicity compared to other III-V covalent bonds. This ionicity, which is a microscopic
polarization, will result in a macroscopic polarization if the crystal has lack of inversion

symimetry.
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Wurtzite

Figure 1.2: schematic representation of the wurtzite (top) and zincblende (bottom) unit

cell. Perspective is given along various directions: (a) [0 0 0 1]; (b) [1 1 2 0]; (c) [1 0 1 0] [33]
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1.2. Polarity and polarization of nitrides

Both wurtzite and zincblende structures have lack of inversion symmetry. In
particular, the bonds in the [0001] direction for wurtzite and [111] direction for
zincblende are all faced by nitrogen in the same direction and by the cation in
the opposite direction. This fact in combination with the strong ionicity of the
metal-nitrogen bond results in a strong macroscopic polarization along the [0001]
direction. Since this polarization effect occurs in the equilibrium lattice of I1I-nitrides
at zero strain, it is called spontaneous polarization.

Both bulk and surface properties can depend significantly on whether the surface
is faced by nitrogen or metal atoms. The most common growth direction of hexagonal
GaN is normal to the [0001] basal plane, where the atoms are arranged in bilayers
consisting of two closely spaced hexagonal layers, one with cations and the other with
anions, so that the bilayers have polar faces (lack of inversion symmetry). Thus, in the
case of GaN a basal surface should be either Ga- or N-faced. By Ga-faced we mean Ga
on the top position of the [0001] bilayer, corresponding to [0001] polarity (Figure 1.4).

If stress is applied to the I1I-nitride lattice, the ideal lattice parameters of the crystal
structure will change to accommodate the stress. Hence, the polarization strength
will be changed. This additional polarization in strained IIl-nitride crystals is called
piezoelectric polarization. Wurtzite is the structure with highest symmetry compatible
with the existence of spontaneous polarization [34] and the piezoelectric tensor of
wurtzite has three independent nonvanishing components. Therefore, polarization
in GaN-based material systems will have both a spontaneous and a piezoelectric
component.

In this section, we will discuss the characteristics of the internal polarization
fields, and their role in determining heterostructure characteristics. As stated above,
in wurtzite, both spontaneous (the polarization at zero strain) and a piezoelectric
component are present.

In the absence of external electric fields, the total macroscopic polarization P of a
solid is the sum of the spontaneous polarization Psp in the equilibrium lattice and the
strain-induced or piezoelectric polarization Ppgr. Here we consider polarizations along
the (0001) axis, because this is the direction along which standard bulk materials,
epitaxial films and heterostructures are grown. Spontaneous polarization field along

axis z can be expressed as P, = P;,z, on the basis of the parameters listed in Figure 1.5
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Figure 1.4: Different polarities (Ga- and N-faced) of wurtzite GaN.

[34]. On the other hand, piezoelectric polarization can be calculated by means of

PPE = e33€, + 631<€z + Gy) (11)

where ag and ¢y are the equilibrium values of the lattice parameters, €, = (c—cq)/co
is the strain along the c-axis,and the in-plane strain ¢, = €, = (a — ag)/ao is assumed

to be isotropic.
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Figure 1.5: Spontaneous polarization, piezoelectric and dielectric constants of AIN, GaN

and InN.

As shown in Figure 1.6, the superposition of both spontaneous and piezoelectric
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field generates the total polarization field, that is defined as

P = Psp + Ppg (1.2)

To give a numerical example of the entity of the internal fields in an AlGaN-GaN
heterostructure, we refer to the data reported in [34], calculating the electric field
caused by polarization inside a Ga-faced Al,Ga;_,N/GaN/Al,Ga;_,N quantum well
(see Figure 1.6). To simplify, we assume here that GaN is grown pseudomorphically
on AlGaN (i.e. a(GaN)=a(AlGaN)), and that screening effects due to free carriers and
surface states can be neglected. In this case, using the coefficients in Figure 1.5 and

the Vegard’s law, the total polarization field can be calculated to be equal to

P = Psp + Ppp = (—0.029 4+ 0.0163x) Cm > (1.3)

This polarization generates an electrical field inside the quantum well, that can be

calculated as

P

€GaN€0

B =

=(3.6-10° —2.1-10%) Vem ™! (1.4)

where €g,n and ¢y are the dielectric constants of GaN and vacuum respectively.
For an AlGaN/GaN heterostructure, therefore, internal electrical field can be higher
than 1 MV /em. For an InGaN/GaN system the order of magnitude of the internal
electrical field is the same. By means of optical measurements, for example, it has been
estimated that an Ing15Gagss N/GaN QW system can have an internal field as high
as 2.1 MV /em [35]. Such important field can have large influence on the electrical
and optical properties of devices than in other III-V compounds. It is particularly
important to mention here the Quantum-Confined Stark Effect, and its consequences

on QW emission properties. Details are given in the following section.

1.2.2 Quantum-Confined Stark Effect

The strong electrical field present inside a GaN-based heterostructure or
quantum-well (like the one shown in Figure 1.6), can give rise to the Quantum-Confined
Stark Effect, that generates the redshift of the electroluminescence with respect to the

ideal potential well. Hangleiter [36] has described in detail the impact of QCSE on the
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Figure 1.6: Polarization (spontaneous, piezoelectric and total polarization) of a
Al,Gai—, N — GaN heterostructure. The interface charge o is caused by the different total
polarizations of the GaN and the AlGaN film.

emission properties of nitride-based quantum-wells. As shown in the inset of Figure 1.7,
as a consequence of the high electrical field present in the structure, the bands in the
quantum well are strongly tilted: as a result, electrons and holes are separated on the
opposite corners of the well. This fact leads to the red-shift of the transition energy
between conduction and valence band.

This phenomenon has an impact also on the recombination efficiency, since with
QCSE electrons and holes are not spatially overlapped (see the inset of Figure 1.7),
and recombination probability is reduced. This effect is particularly evident for wide
quantum wells, where spatial separation of the carriers can imply a significant increase
of lifetimes with subsequent reduction of light emission (see Figure 1.8, from [36],
referred to the case of one InGaN/GaN QW). Under high excitation conditions,
piezoelectric fields are screened by injected carriers. This leads to a blue-shift of the
emission, the amount of which depends on the width of the quantum well and the
quantum well composition [37]. Only due to this screening effect, optical gain and
lasing of nitride laser structures becomes possible. If there were no screening, the
extremely small oscillator strength would prevent such structures from lasing. On the
other hand, under lasing conditions, the internal fields are largely screened and the full
oscillator strength is almost recovered.

The screening of the internal field can be obtained also applying a bias to the

heterostructure. As described by Bunker et al. [38] for an InGaN/GaN structure
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(the one that is considered for this thesis), applying a reverse bias to one QW LED
a blueshift of the EL peak can be observed, due to the compensation of the internal
field (see Figure 1.9): this indicates that the direction of the internal field is set against
the reverse bias field. By increasing the reverse bias, there is a cancellation of the
piezoelectric field until flat-band conditions are reached and a further increase in the

reverse bias inverts the bands and causes the redshift of the emission (see also [35]).
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Figure 1.9: Room-temperature SEM-CL spectra of the InGaN MQW LED collected at

several reverse biases. The CL emission peak blueshifts 52 meV nm before it begins to

redshift above 15 V. The circles indicate the peak positions of the CL spectra [38]

1.3 Substrates for GaN growth

The first attempts to grow GaN crystals were made in the 1930s, by Johnson [39],
who synthetized GaN samples by the reaction of ammonia gas with metallic Ga at high
temperatures, 900-1000 °C. Several efforts have been done in the subsequent decades
with the aim of growing good quality crystals, but without significant results. Hydrogen
passivation and nitrogen vacancies or other unknown defects made it difficult to obtain
sufficient p doping. Growth of GaN epitaxial layers using hydride VPE-HVPE was
reported in the late 1960s [40]. Interest towards III-nitrides was renewed by the work
of Amano and Hiramatsu, in the late 1980s and early 1990s. These authors succeeded
in growing good quality GaN films, demonstrating that growth on sapphire substrates
is facilitated by the use of an AIN buffer layer deposited at low temperatures [41, 42].
During the last decade several authors have worked on the growth of epitaxial layers of
[TI-nitrides and alloys using both the MOVPE and MBE methods. The most interesting
results are summarized in [43, 32] and references therein. In most cases the epilayers
have been grown on sapphire and SiC substrates. During the last years, intense research
has been done with the aim of obtaining low dislocation density GaN films grown on
gallium nitride. A certain interest has been directed also towards the possibility of
growing GaN on silicon. In this section we will briefly describe the most important

characteristics of the substrates to be used for GaN growth.
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1.3.1 Sapphire

The first experiments that have achieved efficient growth of gallium nitride used
sapphire (single crystal aluminum oxide) as a substrate, despite the high lattice
mismatch that this material has with GaN [41, 42, 44, 45] and its relatively low
thermal conductivity (0.47 W /cmK at 300 K). Sapphire has been widely used due to
(i) its large availability, (7i) its hexagonal symmetry (compatible with wurtzite-GaN),
(#11) its stability at the high temperature and pressure levels necessary for MOVPE.
Furthermore, large area good quality crystals of sapphire are easily available at low
cost ($ 100 for a 2 inch wafer). This factor, together with the important improvements
achieved during the years, make this substrate still competitive for the realization of
electronic and optoelectronic devices. As cited above, the most critical aspect for
the growth of GaN on sapphire is the lattice mismatch between the two materials,
that is close to 13 %, and which leads to high dislocation density (10 em™2) [33].
These high defect densities reduce the charge carrier mobility, reduce the minority
carrier lifetime, and decrease the thermal conductivity, all of which degrade device

performance. Figure 1.10 gives a schematic representation of this mismatch.
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Figure 1.10: Schematic representation of in-plane atomic arrangement in the case of 0001

GaN film grown on 0001 sapphire

Qian et al. [46] proposed that the main sources of threading dislocations are the
low angle grain boundaries, formed during coalescence of islands at the initial stages
of GaN growth. In order to improve the quality of GaN films on sapphire, it became

necessary to introduce a buffer layer between the substrate and the GaN film.
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The first material that has been used as a buffer was AIN [41, 42]: growing the AIN
buffer at low temperatures (usually about 500-550 °C for MOCVD, 400 °C for MBE,
[47]), this layer become amorphous. The high temperatures subsequently used for the
deposition of GaN (usually about 1100 °C for MOCVD, 700 °C for MBE, [47]) allow the
AIN buffer to assume crystalline structure, generating a good base for the deposition
of high quality GaN films. The use of the AIN buffer can furthermore improve the
electrical properties of the devices, reducing of several (2-3) orders of magnitude the

intrinsic carrier concentration of undoped material [43].

Finally, it is worth mentioning that sapphire is electrically insulating, thus, all
electrical contacts must be made to the front side of the device, reducing the area

available for devices and complicating device fabrication.

1.3.2 Silicon Carbide

Extensive work has been done on the growth of I1I-nitrides on SiC, since it presents
many advantages with respect to sapphire. Its lattice mismatch with GaN is only
3.5 %, and with AIN, the mismatch is very small [32]. Furthermore it has an higher
thermal conductivity (3.7-4.5 W /cmK) with respect to sapphire, and it is possible to
prepare conductive SiC layers, that permit to grow vertical structure devices, thereby

simplifying the structure compared to sapphire substrates.

However, SiC substrates are expensive, and gallium nitride epitaxy directly on SiC
presents a few problems, due to poor wetting between these materials. This can be
remedied by using a low temperature AIN buffer layer [48], but such layers increase the
resistance between the device and the substrate. The defectivity of the GaN layer grown
in this way decreases as the thickness of the layer increases, due to the annihilation
of the stacking faults generated at the interface [49]. Finally, the thermal expansion
coefficient of SiC is less than that of AIN or GaN, thus, the films are typically under
biaxial tension at room temperature: this fact can limit devices reliability due to

increased defect concentration [33].
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1.3.3 Silicon

Silicon wafers have a low price, and are available in large size due to the mature
development of technology. Therefore, an attractive option for the realization of
GaN-based devices is to use silicon as a substrate for the growth of gallium nitride.
Silicon has good thermal stability under GaN epitaxial growth conditions. The
crystal perfection of silicon is better than any other substrate material used for GaN
epitaxy and its surfaces can be prepared with extremely smooth finishes. Furthermore,
telecommunications scientific community has a certain interest in the possibility of
integrating optoelectronic GaN devices with Si electronic devices. [50].

To date, the quality of GaN epitaxial layers on silicon has been much poorer than
that on sapphire or silicon carbide, due to large lattice constant mismatch (17 %) and
thermal expansion coefficient mismatch (56 %), and the tendency of silicon to form
an amorphous silicon nitride layer when exposed to reactive nitrogen sources. For this
reason, buffer layers are typically deposited first on the Si substrate to enhance wetting
and reduce the reactivity of the Si substrate, and to provide a better lattice constant
match between the film and substrate. Furthermore, an amorphous Si, /N, layer may

form at the GaN/Si interface introducing a phase mixture.

1.3.4 GaN substrates

During the last decade, many efforts have been done to prepare high quality GaN
films to be used as homoepitaxial substrate for the growth of GaN. Homoepitaxial
growth of GaN epilayers on free-standing GaN substrates offers a better control over
surface morphology, defect density, and doping concentration compared to conventional
heteroepitaxial growth. Furthermore, the growth procedure for nitride devices can be
greatly simplified as the homoepitaxy process does not require additional steps, such
as surface nitridation and low-temperature buffer growth. The defects, impurities, and
stress in the epilayers would be greatly reduced, leading to improved performance,
yields, and scalability to larger substrates. Devices may further take advantages of the
high thermal and electrical conductivity of GaN substrates.

Hydride vapor phase epitaxy (HVPE) has recently evolved as a leading technique
for growing bulk GaN materials [51, 52]. Samples grown with this technique have low
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dislocation densities in (2 - 107 ¢m™2), several orders of magnitude below than those
in the heteroepitaxial GaN [53]. Therefore homoepitaxial GaN represents an excellent

perspective for the future development of high quality devices on gallium nitride.

1.4 Doping of gallium nitride

One of the factors that determines the possibility of obtaining high quality
GaN-based devices is the capability of efficiently doping semiconductor material.
Several factors have limited advances in GaN doping: at first, the absence of an ideal
substrate, that implies high material defectivity. As described above, this problem
has been partly solved thanks to the improvements of GaN growth technique: the
use of a buffer layer, and the possibility of growing GaN on different substrates,
SiC and homoepitaxial GaN, have strongly improved the quality of the films, and
therefore the incorporation of the doping is easier. A second aspect that has limited the
control of GaN films electron and hole doping is the high unintentional n-type doping
concentration (typically in the range 2 — 10 - 10'6 ¢m =3, which is generally attributed
to the presence of nitrogen vacancies. Finally, the fact that the most commonly used
acceptor dopant, Mg, can be easily compensated by hydrogen, has limited the advances
in the development of high quality p-GaN films, and subsequently the realization of
p-n diodes and LEDs. In this section we will summarize the properties of n and p-type

dopant used for GaN, and give an indication of the open problems in this field.

1.4.1 n-type doping

As stated above, one of the problems of efficiently controlling the n-type doping of
GaN is represented by the high un-intentional donor concentration present in gallium
nitride. This problem has been detected in the 1960s by Maruska [40], and initially
attributed to native defects. More recent studies [54, 43] have ascribed this effect
related to the presence of nitrogen vacancies in the semiconductor. Further studies
[55, 56], have indicated that intrinsic n-type doping is most likely related to the presence
of unintentional impurities such as oxygen and silicon. These impurities are calculated
to be shallow donors with high solubilities, and can therefore react with semiconductor

material generating n-type conductivity.
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Thanks to the advances obtained during the last dacade, by using advanced
MOCVD is now possible to grow GaN layers with low intrinsic carrier concentration
[43].  Therefore is has become possible to accurately control the n-type doping in
GaN sheets. Nakamura has described in detail the possibility of using germanium and
silicon as doping sources for GaN [43]. Germanium is a shallow donor in GaN with
an activation energy for ionization of 19 meV, which is almost the same as for silicon
[57]. Germanium doping is incorporated during growth by the reaction between GeH,
and trimethilgallium and ammonia. In this way it is possible to achieve germanium
concentration as high as 2 - 10" ¢cm™3 [43].

On the other hand, silicon doping is obtained by a similar reaction, using silane
(SiHy4) as a precursor. Sig, in GaN is a shallow (0.02, as reported by Bougrov et
al. in [58, 57]) effective-mass donor. It is an energetically very stable configuration,
since the nitrogen substitutional site and the interstitial configurations are energetically
unfavorable. This can be understood by noting that silicon has an atomic radius very
similar to gallium. Thus, while easily fitting in on a Ga site, it causes a large strain if
it replaces a small N atom or goes on an interstitial site [56]. For this reason, as well as
for the higher efficacy of the silicon incorporation process with respect to germanium

[43], silicon is the most widely used donor dopant for GaN.

1.4.2 p-type doping

As described above, systematical research on gallium nitride begun in the 1960s.
The first technological problem that has delayed the development of GaN-based LEDs
and lasers has been the difficulty of obtaining high quality p-type GaN layers. For many
years it was not possible to achieve p-type doping in GaN, due partially to the often
high residual n-type background resulting from nitrogen vacancies or Si or O impurities
and to the high ionization energy level of most acceptor dopants. The first attempts of
achieving a p-type doping have been done using several elements, like lithium, sodium,
potassium, beryllium, zincum, calcium and magnesium. The behavior of the different
acceptors have been compared, using two parameters as a measure of the efficient
acceptor incorporation: the strength of chemical bonding between the acceptor and

its neighbors (which can be assessed by comparison with existing compounds) and the
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atomic size match between the acceptor and the host atom for which it substitutes.
Tests have demonstrated that magnesium is the best choice, and for this reason, during
the last decade many efforts have been done for the realization of stable Mg-doped GaN
layers [59].

The first experiments that have shown the possibility of obtaining p-GaN layers
have been done by Amano and Akasaki [41, 42, 43]. p-GaN layers were grown by
means of Metal Organic Chemical Vapour Deposition (MOCVD), and using magnesium
as acceptor. After growth, the Mg-doped layers had high resistivity, due to the
acceptor passivation by grown-in hydrogen (generation of Mg-H bonds). Amano et
al. [60] demonstrated the possibility of breaking Mg-H bonds by means of Low Energy
Electron Beam Irradiation (LEEBI) treatment. In this way it was possible to obtain
hole concentration of 2 - 10'® em ™3, while the resistivity values were in the order of
35 Q- cm. These values were too low the realization of blue LEDs or lasers: an higher
hole concentration was needed to efficiently inject carriers in the active region of the
devices, and the resistivity of the layer had to be lowered in order to decrease devices
operating voltage and joule-heating effects.

A few years later, Nakamura et al. (see [43] and references therein) demonstrated
that it is possible to obtain low-resistivity p-GaN layers using Mg as a dopant, and
submitting the as-grown GaN layers to a thermal annealing in Ny atmosphere (at 700
°C). In Figure 1.11 it is shown the resistivity of GaN films as obtained after post-growth
annealing in Ny atmosphere [43]: it can be noticed that the as-grown material had an
high resistivity, in the order of 10 Q - ¢m, while after treatment at 700 °C it was
possible to obtain resistivity values as low as 2 2 - em.

Youn et al.[61] demonstrated that there is an optimum annealing temperature,
which results in the highest hole concentration, depending on the existing defect
structures in Mg-doped GaN layers. They observed that the hole concentration was
constant with annealing temperature above 650 °C, but it subsequently decreased
at much higher annealing temperatures. This phenomenon was interpreted as the
generation of nitrogen vacancies compensating Mg at higher annealing temperatures.
The possibility of defect generation or other thermal effects are also important factors
to be taken into account in the discussion of the activation process of Mg acceptors.

The effect of thermal treatment is reversible. By heating the activated layers in
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hydrogen atmosphere, the Mg atoms are deactivated (see Figure 1.12). More recently
Gotz et al. [62] have made extensive Hall measurements on Mg-doped GaN epilayers
grown by MOCVD on sapphire substrates. They also activated the Mg impurity by
thermal annealing and confirmed that on thermal annealing the resistivity decreases

by more than 6 orders of magnitude.
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Figure 1.11: Resistivity of GaN-Mg layers as a function of annealing temperature in Na
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Figure 1.12: Variation of the resistivity of GaN-Mg layers submitted to annealing in N H3

and Ny ambient

Other authors (see [63] and references therein) indicated that the presence of
minority carrier injection can help the activation process. They fabricated GaN p-n
diodes using Si and Mg dopants. The layers were grown by MOVPE. As deposited

Mg-doped layers were insulating. Different diodes were annealed under different
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biasing conditions. Under forward bias, the resistance of the Mg-doped layer (and
the differential resistance of the diodes, see Figure 1.13) was found to decrease at 300
°C, until saturating at a value five orders of magnitude smaller at 400 °C. Further

details on the role of hydrogen will be given in a subsequent section.

~ 10% 1

¢ 7

: 10y O ooao ] o

§ 105} ™ 20 1

k= P EIS

g 10°f 10 1

[ " 5

= 10%F 0 1

E 10%k b T 5 107

g Voltage (V)

A 10°) L n m ]
10}

200 300 400 500 600
Temperature (°C)

Figure 1.13: The differential resistance at 10 V of the diodes as a function of the temperature

of the annealing under forward bias (solid squares) and in the open-circuit configuration (open

squares)

Another process that limits the characteristics of Mg-doped GaN layers is
self-compensation caused by the formation of a deep donor, M¢gGa — Vy, namely a
nearest-neighbor association of Mg acceptor with nitrogen (N) vacancy. The nitrogen
vacancy, Vy, acts as a donor for GaN [64]: the Vy and Mg acceptors, which are
oppositely charged, attract each other, tending to form Mgg,_v, [65]. In order to
solve this problem, it has been proposed to introduce nitrogen in the growth chamber:
in this way it become possible to fill the vacancies and to increase hole concentration.

As described above, many technological improvements have made possible the
realization of high quality Mg-doped GaN films. As a result, it has been recently
demonstrated that it is possible to obtain Mg-doped GaN layers with ever decreasing
resistivity and high hole concentration (above 5 - 10’7 em™, see for example [66]),
indicating that the technology of p-GaN growth is now mature for the development of
efficient LEDs and lasers.

The activation energy of the magnesium acceptor is quite high, in the range
160-200 meV [32]. This fact, together with the compensation of Mg-dopant, imply

that at room temperature the effective hole concentration (N,) is well below the total
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magnesium concentration measured by SIMS. An analysis of the relation between the
two parameters has been presented by Weimar et al. [67]: results are summarized
in Figure 1.14 and 1.15, that show the variation of specific p-GaN resistance and of
the hole concentration with increasing SIMS acceptor concentration. The increase of
the specific resistance (see Figure 1.14) of the p-GaN-layer is due to the decrease of
hole concentration with increasing Mg-doping concentration, that can be attributed to
the self-compensation effect in MOVPE-grown Mg-doped p-GaN layers [68]. In such
GaN-layers, the concentration range around 2-10* ¢m ™3 is a limit for Mg incorporation
as shallow acceptors. Further Mg-atoms form deep donors which are believed to be
Mg - Nitrogen vacancy complexes. Those deep donors compensate the Mg-acceptors

resulting in the decrease of free holes and therefore the increase of the specific resistance.
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Figure 1.14: Specific p-GaN resistance versus Mg-concentration [67]

1.4.3 Role of hydrogen in GaN

Hydrogen is contained in most of the reagents and liquids used in the growth,
annealing, and processing of semiconductors, and a great deal of attention has been
focused on the effects of hydrogen incorporation in Si, GaAs, SiC, and other materials.
It is known that molecular hydrogen is basically electrically and optically inactive in all
semiconductors, and that it has a low diffusivity once formed inside the semiconductor
[69]. On the other hand, atomic hydrogen (both in the H°, H*, H~ form, depending
on the position of the Fermi level) diffuses rapidly even at low temperatures (25-250

°C) and bind with dangling or defective bonds associated with point or line defects,
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Figure 1.15: Hole concentration versus Mg-concentration [67]

and can also form neutral complexes with dopants, thus compensating the effect of

dopant, as expressed by

D"+ H = (DH)° (1.5)
A"+ H'" = (AH)" (1.6)

where Dt and A~ represent ionized donors and acceptor respectively. These
reactions manifest themselves as increases in resistivity of the semiconductor, and
an increase in carrier mobility as ionized impurity scattering is reduced. A typical
signature of an unintentional hydrogen passivation process is a reduction in doping
density in the near-surface region (< pum) due to in-diffusion of atomic hydrogen from
the liquid or gas in which the sample is immersed.

The key quantity that determines the properties of hydrogen is the formation energy,
i.e., the energy needed to incorporate H in the host. Details on the definition of this
parameter can be found in [70]. Using Density Functional Theory (DFT) it has been
shown that hydrogen acts as a donor (H") in p-type GaN and as an acceptor (H-) in
n-type GaN, always counteracting the prevailing conductivity (see Figure 1.16, that
shows the calculated formation energy for H in GaN). In p-type material hydrogen
is most stable in the positive charge state, explaining the experimentally observed
passivation of acceptors. Similarly, H~ in n-type material passivates donors [70].

Metal-organic chemical vapour deposition (MOCVD) of GaN occurs by the reaction
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Figure 1.16: Calculated formation energies of interstitial hydrogen in GaN in different

charge states, referenced to the energy of an Hy molecule [70]

(CHg)gGCL + NH3 — GaN + CH4 T +H2 T (17)

While the growth temperature is high (around 1040 °C), there is a long cooldown
under a N Hs ambient during which atomic hydrogen can easily diffuse into p-GaN,
thus interacting with the acceptor atoms. A proof of the fact that hydrogen is trapped
by the acceptor atoms is given by the fact that in as-grown MOCVD samples the
concentration of hydrogen is proportional to the concentration of magnesium in the
semiconductor layers (see [71] and references therein). A minor hydrogen incorporation
can be obtained if growth is done by means of MBE, due to the fact that in this case
Ns is used as nitrogen source instead of N Hj.

As described above, the first method that has been used for the reactivation of the
magnesium acceptor has been LEEBI, proposed by Amano [60]. However, it has been
demonstrated that carrying out an annealing at high temperature levels (700 °C) is

more effective for breaking the Mg — H bonds [43], according to reaction
(Mg—H) «—— Mg~ + H" (1.8)

The high temperature necessary for the breaking of the Mg — H bonds has been
justified demonstrating that there is a surface-barrier effect that limits H release
during postgrowth thermal activation of H-passivated Mg acceptors [72]. As a result
of the annealing process, the amount of hydrogen in the GaN layer is reduced (see

Figure 1.17), and the mobility and hole concentration are increased. On the other
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hand, the concentration of magnesium in the sample is stable during the annealing,
and this demonstrates the stability of the acceptor atoms. However, a substantial
amount of hydrogen remains in the material, probably bound at defects or internal
surfaces. This residual hydrogen may give rise to effects such as current gain drift
in transistors, or a dependence of apparent material resistivity on the measurement
current in Hall measurements because of minority carrier reactivation of passivated

acceptors.
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Figure 1.17: SIMS depth profile of MOCVD grown GaN-Mg before and after 700 °C, 60

min anneal in Ny [71]

Subsequent investigations have evaluated the infuence of the atmosphere used for
the high temperature annealing on the efficiency of breaking of the Mg-H bonds.
In particular, the effect of annealing in nitrogen and oxygen atmosphere have been
compared [72]. The results of this analysis have confirmed the surface-barrier effect
that has previously been shown to limit H release during postgrowth thermal annealing.
It has been shown that Os is far more effective than N, in accelerating the initial stages
of release, but the enhancement is subsequently slowed by oxidation, a potential issue
for the use of O, anneals in device processing.

Also the flow of minority carriers inside the p-layer can have a benefic effect
and break the Mg-H bonds. This fact has been demonstrated by Pearton and Lee
[73, 71]: they have analyzed the behavior of GaN-based p-n junctions submitted
to annealing at 175 °C. Thermal treatment was found to induce no significant
modification of the doping concentration, in the case that no bias was applied to the

devices during annealing. On the other hand, they demonstrated that if p-n junction
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were forward-biased during storage at 175 °C, the magnesium dopant concentration
increased. After one hour of treatment almost all the p-type dopant was found to
be re-activated. This phenomenon is effectively related to the flow of the carriers in
the junction, since they have demonstrated that during test junction temperature was
below 200 °C, and thermally-activated breaking of deep Mg-H bonds takes place only
for higher temperatures [71] under no-bias conditions.

A more accurate description of the interaction between magnesium and hydrogen
during forward bias has been given by Myers and Wright [74, 75, 76, 8, 72|. By
applying differential equations for the concentration profiles of H species, charged
dopants, and carriers with simultaneous solution of Poisson’s equation, they simulated
the activation/passivation process, finally demonstrating that interstitial Hj is the
state of the H resulting from such activation. This conclusion was supported by good
agreement between the predicted and observed onset temperatures for repassivation
under open-circuit annealing, and by experimental tests carried out on H-containing p-n
junctions. Myers and Wright therefore demonstrated that the minority flow-induced
re-activation of magnesium can not be only related to breaking of Mg-H bonds, since
if this was the case, free H" ions could immediatly find new acceptors to bind with.
They finally demonstrated that the minority-carrier injection into the p-type region
under bias leads ultimately to the formation of neutral interstitial Hs, that remains in

the semiconductor material, according to reactions

MgH — Mg~ + H" (Thermal dissociation) (1.9)
HY +e* —~ H" (Hot electron capture) (1.10)
H® +e* —~ H~ (Hot electron capture) (1.11)

H +H" =H, (1.12)

where it is supposed that the breaking of the Mg-H bonds is due to the presence of
hot electrons. This assumption is made bacause experimental data show that dopant
re-activation does not depend on observed depth: threfore thermal electrons can not
be involved in this process, since they recombine close to the junction and do not reach

higher depths.
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The process described in Equation 1.9 - 1.12 is reversible, by means of an annealing.

In this case the reactions are

Hy — HY + H~ (Thermal dissociation) (1.13)
H™ +ht — H° (Hole capture) (1.14)
Mg+ H" — MgH (1.15)

Mg¢®+ H° — MgH (1.16)

The processes described in Equation 1.9 - 1.12 involve reaction or diffusion energy
barriers, implying a need for thermal excitation. This property may be responsible for
the observed necessity of somewhat elevated temperatures for Mg activation to occur

under forward bias [71, 74].

Figure 1.18: Atomic configurations relating to LEEBI dissociation, as calculated using

density functional theory [76]

To achieve the re-activation of the Mg-bonds at room temperature one can use
LEEBI treatment [76]. The efficacy of this treatment is due to the high energies
of the carriers (25-30 keV), that are sufficient for the breaking of the Mg-H bonds.
Dissociation can lead to the generation of M gH, complexes, that behave as shallow
acceptors. A description of the dissociation of MgH bonds and subsequent generation
of MgH, complexes is given in Figure 1.18. The stable MgH center in (a) is dissociated
by the impinging energetic electrons, and the resultant detached H™ is envisioned as

migrating into the vicinity of another MgH (b), where an electron capture yields H°
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(¢), and a final electron capture enables the formation of M gH; (d). During subsequent
thermal dissociation in the absence of electron injection, the dissociated H+ moves
through a saddle point (e) to a local energy minimum (f), and the process is rendered
irreversible through hole capture by the residual H, It is important to remind here
that with LEEBI it is possible to dissociate only 1/2 of the Mg-H complexes present
in the semiconductor material. This is possibly due to the fact that M gH, complex is
subject to electron-beam dissociation as well as the M gH center, so that the system

approaches a dynamic balance between the opposing reactions.
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1.5 Ohmic contacts on GalN

GaN and related III-V nitrides have been applied to realize optoelectronic devices,
such as light emitting diodes, ultraviolet photodetectors, and laser diodes. They have
been employed also to produce high-power microwave devices, such as modulation
doped field-effect transistors. Low resistance ohmic contacts are essential elements of
these devices. In this section we will give a brief review of the most common material

and structure choices for the realization of good ohmic contacts on GaN.

1.5.1 Contacts on n-GalN

The Schottky barrier height of a contact on n-GaN is defined as

qbsm = q(dm — Xs) (1.17)

where ¢,/ is the work function of the metal, and yg is the electron affinity of the
semiconductor. For n-GaN, the room temperature energy band-gap Eg is 3.39 eV, and
the electron affinity yg is 4.11 eV.

As evident from Table 1.2, the work function ¢,; of most of the metal yields quite
large Schottky barrier height ¢gys. So, carrier transport through these contacts due to
pure thermionic emission is rather remote. A similar effect takes place in the case of
p-type gallium nitride. Therefore, in order to obtain low-resistivity ohmic contacts on
GaN, surface doping concentration is usually increased, in order to enhance tunneling
components.

Actually, both tunneling and thermionic emission contribute to carrier flow in
an ohmic contact, in different proportions. Taking into account the case of n-GaN,
with heavy doping, increasing number of new donor-type energy levels are created
underneath the conduction band edge. Under these circumstances, the donors are so
close together that the donor levels are no longer discrete and noninteracting energy
levels. These are rather degenerate merging together to create an impurity band, and
causing band-gap narrowing (BGN) of the conduction band. Obviously, the BGN is the
highest near the M/S interface, and the lowest in the bulk, where doping concentration
is lower. The effective M /S barrier height ¢ is thus reduced, as shown schematically

in Figure 1.19. The sharp tip of the conduction band edge in contact with the metal
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Metal Work function (eV)
Ga 3.96
Al 4.25
Ti 3.95
Ni 4.50

Au 4.30
Ta 4.25

Pd 5.12

TiN 3.74

TaN, ZrN, VN, NbN > 4.00

Table 1.2: Work-function of several metals

is particularly lowered, and the new barrier height ¢pr becomes ¢pr = ¢p — AEq,

where ¢ is the barrier height without BGN, and ¢gg is the barrier height with BGN.

Figure 1.19: Schematic diagram showing the reduction of the M/S barrier height due to
band-gap narrowing. Note that ¢p is the M/S barrier height without band-gap narrowing,

and ¢pg is the M/S barrier height with band-gap narrowing.

According to thermionic emission theory, the resistivity of the M/S contact depends

only on the barrier heigth, according to

Tt (1.18)

where A* is the Richardson constant.



Chapter 1. GaN basics 29
On the other hand, the resistivity due to tunneling is
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N¢ is the effective density of states for electrons in the conduction band, h = h /27,
and m; is the effective electron mass in the conduction band of n-GaN.

It has been recently demonstrated [77] that, depending on how much ¢p is lower
than ¢g)s , thermionic emission, together with tunneling, can contribute to low contact
resistivity even in the tunnel contacts. If the surface treatment is very good, and the
metal parameters (e.g., metal thickness, metal deposition temperature, metal work
function, metal combination, etc.) are optimum, then ¢p may be significantly lower
than ¢g)s, thus leading to a significant contribution also of thermionic emission to
overall conduction. Therefore, the properties of the material and surface must be
carefully controlled, in order to achieve a good definition of the transport properties of
the M/S system.

To produce low resistivity metal/n-GaN contacts, a number of design requirements
must be satisfied. As described in [77], alloyed ohmic contacts should have a barrier
layer (see Figure 1.20), that must be metallic, and located immedialtly close to the
n-GaN layer. This layer should have a low work function, and is called barrier because
it acts as a barrier against the diffusion of the other metal layers towards n-GaN. For
ohmic contacts to n-GaN, TiN, TaN, ZrN, CoN, etc., represent a good choice, because
they can be conveniently formed by the solid phase chemical reaction of the barrier
layer metal (for example Ti, Ta, Zr, Co) the N atoms of n-GaN. The formation of the
barrier layer by this procedure can have another merit. The outdiffusion of N atoms
from n-GaN to form these metallic generates N vacancies, that are known to act as

n-type dopant atoms [64], that can increase tunneling probability.
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Preferably the contact should have also an overlayer metal. This overlayer metal
can play the catalytic role as a sink for N atoms into the barrier layer metal enhancing
solid phase chemical reaction between the nitrogen atom and the metal atoms of the
barrier layer. Aluminum may be a good overlayer metal as long as it does not create

a large work function alloy nor a thick wide band-gap material upon alloying.

Capping metal (2)

Capping metal (1)

Barrier metal

n-GaN layer

Figure 1.20: Schematic diagram showing barrier layers, overlayers, and cap layers as

elements of the described design scheme

Another factor must be taken into account: the barrier layer metal and the overlayer
metal may have high propensity for oxidation. Therefore, one or more cap can be
needed, to ensure the stability of the system. In general the metal layers described
above do not represent a stable system: a solid phase interfacial reaction must occur
upon Rapid Thermal Annealing (RTA) causing metal interdiffusions. The reaction
products will comprise thin low resistance, low work function metallic barriers and
a number of robust, thermally stable intermetallic alloys on the top of the barrier
layer. An optimization of the RTA time, the RTA temperature, and the metal
thicknesses would be very crucial to ensure the formation of the most desirable,
robust, and thermally stable intermetallic alloys, namely, the barrier layer and the
cap layers. Today, it is widely believed that the formation of good ohmic contacts
to n-GaN necessitates tunneling. Tunneling through metal/GaN contact is possible if
n-GaN is very heavily doped with significant conduction band bending near the M/S
interface. The semiconductor region at the interface thus becomes very thin allowing
an unhindered flow of electrons via tunneling. This leads the resistivity of the contact

to be very low. An example of this is the contact with resistivity on the order of
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107 Qem? obtained for the n-GaN doping Np = 10%° cm—3 [78]. The real challenge to
achieving low resistivity contact is, however, to use moderately doped semiconductors.
Many devices do indeed need low resistivity contacts without the need of heavy doping.
Therefore, important efforts have been done in order to improve the properties of ohmic
contacts on n-GalN, working on the metalization and process scheme, rather than on the
increase of n-type doping. Au and Al single metal contacts to n-GaN and nonalloyed
Au/Ti and Al/Ti were found to have contact resistances of 107 to 107 Q- em™2 (see
[69] and references therein). For high temperature electronics applications, or for high
reliability, it is preferable to employ refractory metal contacts such as W and W S,
[69]. Moreover, the contact resistance could be reduced if lower band gap In-containing
alloys or InN were used as contact layers on GaN, much as in the case of InGaAs on
GaAs. However, the In-based nitrides are less thermally stable than GaN, and a trade

off between contact resistance and poorer temperature stability must be established.

However, among the many contact metallization schemes reported in the literature,
Ti/Al-based contacts are the most widely used for Ohmic contact formation to
n-GaN and n-AlGaN, being the most common metal scheme Ti/Al/Ti/Au [79]. As
described above, Ti is reactive, and participates in the solid-state reactions at interface
with the nitride, yielding thin TiN or AlTisN layers, responsible for Ohmic nature
[80]. However, despite providing low contact resistances, Ti/Al-based Ohmic contacts
exhibit significant limitations such as the formation of low-melting AlAu, phase,
responsible for lateral flow during alloying at high temperatures (around 900 °C) [81].
Under these conditions Ti and Al diffuse, through the contact surface and towards
semiconductor interface, degrading contact performances. In the last years, strategies
for improving Ohmic contacts have included the employment of high melting point
metals such as Mo, V, W, W Si,, and Ir, acting as a metal barrier, showing very
promising results [82]. These metals confer more thermal stability and reproducibility
than conventional ones. Recent innovating metal schemes have confirmed the role of
the barrier layer cited above: for instance, it has been demonstrated that using a Ti-W

barrier, it is possible to achieve contact resistance as low as 0.29 Q - cm [83].
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1.5.2 Contacts on p-GalN

One of the factors that have limited the development of reliable GaN-based
light-emitting diodes and lasers has been the difficulty of obtaining good ohmic contacts
on p-GaN. In the first experiments, due to the poor specific contact resistance, the
metalization self-heating was strong, thus leading to metal migration through threading
dislocations and eventual shorting of the junction. While on one hand the efforts aimed
at reducing the dislocation density (i.e. with epitaxial lateral overgrowth structures)
have leaded to an improvement of devices lifetime, on the other hand the study of the
properties of the ohmic contacts on p-GaN has leaded to important improvements of
devices technology.

The factors that limit specific contact resistance of ohmic contacts on p-GaN are:

e The absence of a metal with a sufficiently high work function (the band gap of
GaN is 3.4 eV, and the electron affinity is 4.1 eV, but metal work functions are
typically < 5el)

e The relatively low hole concentrations in p-GaN due to the deep ionization level

of the Mg acceptor (170 meV)

e The tendency for the preferential loss of nitrogen from the GaN surface during

processing, which may produce surface conversion to n-type conductivity

Metal

DdMetal

Figure 1.21: Schematic band diagram of a metal/p-type semiconductor junction

Typical Ohmic contacts to p-GaN are based on high work function metals, such

as Pd, Pt, Ni, or Cr, with an overlayer of Au. These are annealed at 400-750° C
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to increase the hole concentration of the surface through the depassivation of Mg-H
complexes and formation of Ga vacancies through reaction with Au. The study of the
temperature dependence of the electrical characteristics of these contacts has shown
that conduction processes are dominated by tunneling [67]. Typical transmittance of
this kind of contacts is around 60 %-75 % [84].The fundamental electronic properties of
these contacts depend on the atomic arrangement and on the nature of chemical bonds
at the metal /semiconductor interface. Specific contact resistances of 1072 — 1074 Qem?
are obtained by annealing at 450-650 °C [85]. These contacts have stability problems
at high temperature. In general, degradation of Ni/Au contacts upon aging has been
demonstrated: degradation has been ascribed to the formation of an islanded contact
morphology, to the formation of reactions with the GaN resulting in a modification of
the doping profile, and to the intermixing of Ni and Au, leading to the oxidation on
the rough Ni surface and an increase of the series resistance (see [86] and references
therein). Furthermore, Omiya et al. [87] demonstrated that the initial Au/Ni/GaN

structure transforms to Ni/Au/GaN with a rough Ni surface after annealing at 600 °C.

A way to prevent excessive intermixing and contact morphology degradation is to
use a high-melting-point diffusion barrier in the contact stack. For instance, TiB,,
with a melting temperature of 3000 °C, electrical resistivity 28 pf2em and thermal
conductivity 26 Wm 'K ™!, and heat of formation comparable to those for silicides or
nitrides, can be used as a diffusion barrier [86]. Howevewer, the transparency of such
materials is low: they can be effectively uses in p-side down LEDs, and have a great
impact in high power nitride electronic devices, where improved stability over Ni/Au

is mandatory.

As described above, the Au-based contacts generally have poor thermal stability,
leading to poor device reliability. An improvement in contact technology can be
given by the use of Au-free structures. On choice is represented by thin oxides, for
example Indium Thin Oxide (ITO). ITO films can have high transparency 90 % in
the visible spectrum and low electrical resistivity (< 5 -107* Qcm). The ITO film
can also provide high carrier concentration (10%° — 10*! ¢m=3) and applicable mobility
25 — 50 ¢m?/V's [88]. Therefore, it has been demonstrated that depositing Ni and
ITO films on p-GaN by thermal evaporation and RF magnetron sputtering at room

temperature respectively, a 87 % normalized transmittance of Ni/ITO film can be
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reached, as well as a specific contact resistance of 5-107% Qem? [84]. Optical properties
of these contacts are better with respect to Ni/Au ones, but are limited by the high
refractive index (2.1-2.5 at 405 nm of GaN-related materials and indium tin oxide),
resulting in the escape cone with a small angle for the emitted light, and so causing
most of the light to experience total internal reflection. To enhance the light extraction
efficiency, several methods, such as laser lift-off, GaN surface roughening, and contact
layer patterning, have been introduced (see [89] and references therein). In particular,
contact-layer patterning was found to be efficient in enhancing light extraction by
inducing the photonic crystal effect. In flip chip LEDs (FCLEDs), it is necessary to have
an highly reflective p-side metal layer. It has been shown that using a metal different
from Ni/Au as a reflector, the optical properties of the LEDs can be significantly
improved [90]. Among metallic reflectors, Ag is known to be the most promising
material for GaN-based FCLEDs, because it gives high reflectivity in visible light and
forms good ohmic contacts at temperatures below 250 °C. However, the adhesion of
Ag to p-GaN is poor and Ag becomes agglomerated when annealed at temperatures of
300 °C, leading to the degradation of ohmic properties and consequently the lowering
of device performance. This means that use of a single Ag contact itself may lead
to the poor optical device performance and reliability. Several research groups have
investigated different metallization schemes to settle the problems associated with the
single Ag contact. For example, Hibbard [91] used oxidized Ni/Au bilayer contacts to
obtain high-quality ohmic contacts for FCLEDs and reported that surface light emission
of 70 % was obtained from the LEDs with the Ni/Au/Ag p-contact layers, which is
higher than that from LEDs with the annealed Ni/Au contacts. Kim [92] introduced an
indium tin oxide (ITO) layer between a Ni/Au bilayer and a Ag reflector, and showed
that after annealing at 500 °C in oxygen ambient, the contacts produced reflectance
of 82.5 % at a wavelength of 460 nm. Recently, Song [93] investigating a Zn-Ni solid
solution/Ag p-type ohmic contacts for FCLEDs, showed that the scheme produced
specific contact resistance of 10™* Qem? and reflectance of 90 % at 460 nm, when

annealed at 530 °C.
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1.6 Summary

In this chapter we have briefly summarized the characteristics of GaN-based
semiconductor systems. Particular importance has been given to the aspects that
influence the properties of GaN-based systems to be used in optoelectronic applications.
Details on (i) the band structure of GaN, (ii) the existence of spontaneous and
piezoelectric polarization fields, (744) the most common substrates used for GaN growth,
(iv) the problems related to GaN doping, (v) the role of hydrogen in limiting the
electrical characteristics of p-doped layers, (vi) the solutions for the realization of good
ohmic contacts have been given. These information are necessary for the understanding

of the subsequent chapters.
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1.6. Summary




Chapter 2

Properties of optoelectronic devices

In this chapter we summarize the most significant properties of the optoelectronic
devices (LEDs and lasers) that must be recalled for the understanding of the following

analysis. In particular, we will describe:

e the mechanisms that rule carriers radiative and non-radiative recombination in

a semiconductor
e the electrical characteristics of the diode and their most significant non-idealities

e the capacitance-voltage characteristics of the diode, the method for the
extrapolation of the apparent charge distribution, and the typical C-V profiles of
MQW structures

e the rate equation, the optical power vs input current characteristics, and the

luminescence spectrum of the LED

2.1 Recombination of carriers

In a semiconductor, the total carrier recombination rate is determined by several
physical processes. In order to be transferred from conduction band to valence band,
electrons need to transfer their excess energy to other particles (electrons, phonons,
photons). Recombination processes can be radiative (and determine the emission of a
photon) or nonradiative (no photon emission). The recombination processes that are

most important for LEDs and lasers are described in the following.

37



2.1. Recombination of carriers

2.1.1 Radiative recombination

In bulk material, the generation of photons can be

e spontaneous, if a carrier in an excited state (e.g. electron in conduction band)

undergoes a transition to the ground state and emits a photon (see Figure 2.1,

left)

e stimulated, if an excitated carrier (e.g. electron in conduction band), when
perturbed by a photon of appropriate energy, loses energy resulting in the creation
of another photon, with the same phase, frequency, polarization, and direction

as the original (see Figure 2.1, right)

In bulk material, the spontaneous emission rate can be expressed as

Rspont =B (np - nOpO) (21)

where n and p represent the electron and hole concentration, while ng and pq
are the equilibrium electron and hole concentration, while B is usually referred to
as bimolecular recombination coefficient. This parameter is often determined as the
second-order coefficient BN? in a polynomial fit to measurements, as a function
of average concentration N: it has typical values of 107! — 1072 em3/s for II-V
semiconductors [94]. As expressed in Equation 2.1, the net recombination rate depends
on the availability of electrons in the conduction band and of holes in the valence band.
Under equilibrium conditions, net recombination rate is zero. Parameter B decreases
with higher temperature and with tensile strain.

As stated above, recombination can take place also as a consequence of the
interaction between a photon and the semiconductor material, thus leading to the
stimulated emission process. The local stimulated emission rate is proportional to the

optical field intensity I,,; (measured in W/cm?) according to

I opt

hw

Rstim =4 (22)

with the optical gain g as a material parameter proportional to the probability that

a given photon triggers an electron transition, and fAiw as the photon energy.



Chapter 2. Properties of optoelectronic devices

39

Spontaneousemission Stimulated emission
Conduction band —I. ’ Conduction band
| E=hv E=zhv |
| l
1 1
1 1
M M Valence band
Valence band O O
@ Electron
QO Hole

Figure 2.1: Schematic representation of spontaneous and stimulated emission processes

2.1.2 Non-radiative recombination

The two main non-radiative processes are Shockley-Read-Hall (SRH) recombination
and Auger recombination. In the case of Auger recombination, the excess energy
is transferred to a third electron within the valence or conduction band. After the
interaction, the third carrier normally loses its excess energy to thermal vibrations.

The Auger recombination rate is given by

Raug = (Cun + Cpp)(np — nopo) (2.3)

C, and C), are the Auger coeflicient, that depend on temperature according to

Cop(T) = Coe ™ 757 (2.4)

where F, is an activation energy parameter. Typical values for the Auger coefficient
are 10729 — 10728 ¢m® /s for I1I-V semiconductors. These values are usually determined
as the third order coefficient (C'N3) in a polynomial fit of optical measurements
at different carrier concentrations. Auger recombination reduces the luminescence
efficiency of optoelectronic devices only at high carrier injection currents, due to the
cubic dependence on carrier density expressed in Equation 2.3.

SRH recombination processes involve energy levels inside the semiconductor band

gap that are generated by crystal defects. Such deep-level defects can capture carriers
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Figure 2.2: Schematic representation of non-radiative recombination processes

and thereby serve as recombination centers. They are characterized by capture
coefficients depending on capture section, trap density NV, and trap energy FE,. Carriers
that recombine according to SRH theory release their energy by phonons.

According to SRH theory, the non-radiative recombination rate is given by

R B PoAn + ngAp + AnAp (2.5)
S (Nyory)~H(no + nu + An) + (Ngvon)~L(po + p1 + Ap) '

where o, and o0, are the capture cross sections of the traps, An =n —ny = Ap =

D — Do, Vn and v, are the electron and hole thermal velocities and

Ei—Ee¢
ny = N.e *8T (2.6)
Ey—E,
p1 = Nye #BT (2.7)

are the electron and hole concentration is the Fermi level is located at the trap level

(”1]71 = 7%2)

The non-radiative lifetime of excess electrons can be calculated considering that

Rsry = An/7, and is expressed as

L Po +no + An (2.8)
T (Nwpo,)~H(no + n1 + An) + (Npvypon)~H(po + p1 + Ap) '

In the case that analyzed semiconductor is p-type, the holes are the majority, i.e.

po > ng and py > p;. If deviation from equilibrium is minimum, i.e. n — ng < po,
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then the minority carrier lifetime can be approximated as

1 1
— = — = Nrv,o, (2.9)

T Tng
and the corresponding recombination rate, in the case of low injection conditions,
is
n—no

R, = (2.10)

Tno

In the case of n-type material, the holes lifetime and recombination rate are obtained

in analogous way:

1 1
11 211
T, TVpOp ( )
R,=02"10 (2.12)
Tpo

As can be noticed from previous equations, SRH recombination is dominated by the
more rare recombination partner (minority carrier). Semiconductor materials exhibit
different types of defects depending on the fabrication process. Thus, the lifetimes are
quite uncertain parameters and should be obtained from fits to measurements. Typical
values are in the nanosecond to microsecond range.

The lifetime of the carriers in a semiconductor depends on all the recombination
processes described above, i.e. spontaneous recombination, stimulated emission,
Auger recombination and SRH recombination. The contributions of these different

mechanisms give rise to the complexive carrier lifetime parameter, according to

1

Tn

~
~

R R R uger Rs on Rs im 1 1 1 1
o SRH + Aug + D + t o T (21?))
n

= + + .
n TERH 7_111471967“ Tﬁp(m Tﬁtzm

2.1.3 Internal quantum efficiency

In this section we have described how radiative and non-radiative processes
contribute to carriers recombination. These processes are in competition: in particular,
even if they have a detrimental effect on the characteristics of the optoelectronic devices,

non-radiative processes can not be completely avoided. Therefore, it can be useful to
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define a parameter that expresses how the radiative and non-radiative processes are

balanced. This parameter is the internal quantum efficiency and is defined as

7_—1

Nint = s + i (2.14)

where 7, is the carriers lifetime associated to radiative recombination processes and
Ty 1s the carriers lifetime associated to non-radiative recombination processes. This
parameter is an expression of the ratio between the number of photons generated and

the number of carriers that undergo recombination.

2.2 Electrical properties

In this section we will summarize the basic electrical properties of the optoelectronic
devices. In the first part the current-voltage characteristics will be described, as well
as the most common non-idealities. A description of the capacitive properties of the
devices will be subsequently given: description will be focussed on the aspects that are
of interest for the characterization and reliability study described in the subsequent
chapters. For a more detailed and specific description of all the aspects concerning the

characteristics of the LEDs and LDs, reader can refer to [94, 95]

2.2.1 Current vs Voltage characteristics

For the description of the current-voltage (I-V) characteristics of the diodes, we
can consider an abrupt p-n junction, with donor concentration Np and acceptor
concentration N4. Assuming that all the dopant atoms are ionized, the junction is
characterized by a space charge region (SCR), which is depleted of free carriers. In this
situation, the only charge present in the SCR is due to the fixed donors and acceptor:
this charge generates an electric field, and a built-in potential drop, that acts as a

barrier for the diffusion of the carriers. This potential drop is

kT NpN
q n;

where n; is the intrinsic carrier concentration of the semiconductor, and ¢ is the

charge of the electron.
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The width of the depletion region can be calculated starting from the Poisson

equation, and is found to be equal to

ra = ¢ “v-0) (3 +52) (2.16)

where € = €,¢y is the dielectric permittivity of the semiconductor and V is the
voltage applied to the junction. If a positive bias is applied to the junction, the barrier
that obstructs the movement of the free carriers to the other side of the diode decreases
(¢; — ¢; — V') and carriers can diffuse to the region with opposite conductivity.

The current-voltage equation of a p-n junction, usually referred to as Schockley

equation, is

D, n? D, n?
I=qgA| =22 Zn i) (edV/RT 2.17
g < w» N N\ NA> (¢ ) (2.17)

where A is the area of the devices, D and D, are the diffusion coefficients and 7,
and 7, the minority carriers liferimes for electrons and holes respectively. Under reverse

bias, the diode current saturates, at the value

D, n? | D,, n?
Is = qA ( T:;\Z + 7_71]7\17;> (saturation current) (2.18)

while under typical forward bias conditions, the diode voltage is V' > kT/q

and therefore the relation between current and voltage becomes exponential. Using

Equation 2.15, Equation 2.17 can be re-written as

D D, _
o (T T ) v o
p n

Therefore, for V' > kT'/q current strongly increases as the diode voltage approaches
the intrinsic voltage. For extrinsic and highly-doped junction, the intrinsic voltage is
close to the bandgap energy divided by the electron charge (i.e. ¢; = E,/q). This fact
indicates that the turn-on voltage of the diodes directly depends on the amplitude of
the bandgap, i.e. on the semiconductor material used for the junction (see Figure 2.3).

Actually, the I-V curves of the devices deviate from the ideal behavior expressed
in Equation 2.17. Usually, for the description of the I-V behavior of the devices, the

following equation is used
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Figure 2.3: I-V measurements for diodes made of semiconductors with different bandgap

energies, from [94]

qV
I = I emaca®™ (2.20)

where ;4. is the ideality factor of the diode. Ideally this factor is unitary. For
real devices, it assumes higher values (in the range 1.1-2, according to Schubert [94]).
However, in the case of quantum-well structures, this parameter can assume even higher
values.

This phenomenon has been attributed to different factors:

e Cao, Dmitriev and Eliseev attributed this behavior to the fact that in
heterostructure-based devices conduction is based on significant tunneling
components. Since Equation 2.17 assumes that carriers cross the potential
barrier and recombine at the opposite side of the junction, it represents only
an approximation of the actual conduction processes, and therefore must be

corrected using an appropriate parameter ([96, 97, 98));

e Franssen observed that while in simple pn junctions recombination occurs in the
neutral regions (Shockley model), in MQW structures radiative recombination
takes place mostly in the middle of the depletion layer, and this is expected to

give rise to an increase of the ideality factor in the I-V characteristics ([99]);

e Shah considered that real diodes are constituted by the series connection of more
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junctions (ohmic contacts, the p-n junction, other heterojunctions), and all these

junction contribute to the increase of the ideality factor of the devices ([100]).

Furthermore, a real diode has parasitic series resistances that is related to the
intrinsic resistivity of the neutral semiconductor regions, as well as to the resistivity
of the contacts. The effect of this resistive component is to decrease diodes current
in the high current region. On the other hand, a parallel resistance can be caused by
damaged regions or surface leakage, that generate conduction paths in parallel to the
diodes. The effect of this resistance (shunt resistor) is to significantly contribute to
carrier flow when the diode is not conducting, i.e. for reverse and low forward applied
voltage. A description of the effects of these parasitic resistance is given in Figure 2.4.
In the inset of the same figure an equivalent model for the diode with the two parasitic
resistors is described. The I-V characteristic, modified taking into account the effects

of the two parasitic resistive components has the following form

V — Rgl atv-rgn
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Figure 2.4: Effect of parasitic resistances on the characteristics of a diode

2.2.2 Transport processes in LEDs and lasers

As stated above, the Schockley model and Equation 2.17 can be used effectively to

describe the I-V behavior of optoelectronic devices, provided that a few modifications
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are introduced. In particular, we have seen how the ideality factor can be used as
a parameter to adjust the exponential dependence of current on voltage in order to
adapt the equation to actual diodes. These modifications must be introduced to
take into account the fact that carriers transport involves other mechanisms with
respect to the simple diffusion and recombination model described by Schockley. A
detailed description of the mechanisms ruling carrier transport in heterostructure LEDs
submitted to bias has been given by recent literature works, and will be summarized
in the following.

Hirsch et al. [101] have described the I-V behavior of multi-quantum well (MQW)
LEDs over temperature. Carrying out I-V characterization at different temperature
levels (I-V-T measurements), they have been able to identify and describe different
conduction mechanisms. Figure 2.5 shows the results of these measurements. By means
of accurate modeling of the transport mechanisms, Hirsch et al. have demonstrated

that:

e for low forward and reverse bias (region I in Figure 2.5), carrier transport can
be described as I ~ V/Ry,, where Ry, represents an equivalent shunt resistor,
that determines similar current contributions both in forward and reverse bias.
This shunt path has been attributed to hopping mechanism between next nearest
neighbors electronic localized states (ELS) at low temperatures (less than 170 K)

and to Poole-Frenkel mechanism, for T greater than RT.

e for intermediate bias values (region II in Figure 2.5), conduction is governed
by tunneling process at low temperature values (7' < 250 K), while for higher
temperatures the current injection is controlled by hole thermoionic emission
from p-GaN to the nearest QW. The hole injection occurs mainly in the nearest
p-GaN QW, so it does not matter whether the number of QW in the active zone

is increased.

e for high current values (region III in Figure 2.5), current is limited by the

resistance of the neutral n-GaN and p-GaN access zones of the diode.

When carrying out I-V-T analysis, tunneling and Schockley conduction processes

can be easily distinguished, as described by [99]. According to the standard Shockley
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Figure 2.5: Typical I-V-T curves of GaN based LEDs grown by MBE for the forward and

reverse biases. The presence of three conduction domains named I, IT,and III is highligted

model, the I-V characteristics of a p-n junction can be described by

I =TI,(e?/™ T 1) (2.22)

On the other hand, if tunneling dominates conduction processes, current depends
on voltage according to

I=Cy (e —1) (2.23)

where (] is a constant containing the built-in potential and the density of impurity

traps, and E7 is an energy constant typical for tunneling process. In p*/n step junction,

this energy constant is given by

Er = M (2.24)
T m*e

where Np is the concentration of donors in the n-type material, € is the dielectric

constant of the semiconductor, m* is the effective carrier mass and 7 = h/2.

Thus, the slope of a

semilogarithmic plot of the [V data shows a

temperature-dependent behavior in the case of the standard Shockley model, whereas

it is temperature independent in the case of tunneling (see Figure 2.6).
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Figure 2.6: Left: forward bias I-V behavior of typical InGaN/GaN MQW LEDs at
temperatures varying from 85 K to 300 K as reported in [99]; two regions of different
behavior are clearly distinguishable. The sudden change of the slope of the semilogaritmic
I-V plot around 2.5 V indicates a change of the dominant mechanism of carrier transport.
Right: typical I-V curves measured on the devices described in Chapter 3, demonstrating
the presence of a region of tunneling conduction (that can be distinguished for the

temperature-independent slope of the I-V curves)
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2.2.3 Reverse bias region

According to Equation 2.17, under reverse bias conditions the current of the diode
should be nearly equal to the saturation current Is. Measurements carried out on
real devices and LEDs show that this behavior is not representative of true devices.
For clarity, we show in (see Figure 2.7) the semi-logarithmic I-V measurements carried
out on one of the LEDs analyzed in Chapter 3. As can be noticed, reverse current
components can be significant. The two most common interpretation are described in

the following.
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Figure 2.7: Typical I-V curves measured on the devices described in Chapter 3,
demonstrating the presence of significant reverse-bias current, that can not be explained

by means of Equation 2.17

e Cao et al. [102, 96, 103] have demonstrated that reverse dark current in the
LEDs was found to scale with p-n junction area (Figure 2.8, left). This suggests
that the main mechanism is bulk leakage rather than surface leakage. As can
be noticed in Figure 2.8 (right), the leakage current is much higher than the
classical diffusion and generation-recombination current, which should be small
in magnitude in the wide band-gap materials and weakly voltage dependent. Cao
attributed this high reverse current to defect-assisted tunneling, or band-to-band
tunneling. At low biases, field-dependent tunneling via defects located in the

space-charge region could be a major contributor. At high reverse voltages, the
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data is in good agreement with band-to-band tunneling as predicted by Zener

tunneling model.

Li et al. [104] have shown that the leakage current exhibits exponential
dependence on the bias voltage according to I = Iye?/Fo. For low reverse
biases, the I-V behavior was attributed to leakage path through the surface
states at the device mesa sidewalls. On the other hand, for high reverse bias
the probability of tunneling through defect states increases and the leakage
current becomes dominant. In particular, Li showed that the preexponential
factor Iy is proportional to the square of the density of dislocations with a screw
component, and that the energy parameter Fj is related to the electrical activities
of dislocations with a screw component, therefore attributing the entity of the

leakage to the quality of the growth process.
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Figure 2.8: Left: Reverse current at -5 V in GaN/InGaN MQW LEDs as a function of

mesa diameter. Right: Reverse I-V characteristics of two commercial LEDs (A and B) at 25

°C and 100 °C [102]

2.3 Capacitance-Voltage characterization

One of the most

important characterization tools for diodes and heterostructure-based devices is the
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Figure 2.9: Reverse bias I-V curves of LED chips as reported in [104]

measurement of the junction capacitance of the devices. By means of this kind of
measurement, it is possible to evaluate the distribution of charge in the proximity of
the junction, information on the extension of the space charge region and band offsets
and on the position of the heterointerfaces. In this section we will describe how it is
possible to evaluate the charge profile in an heterostructure device starting from the
results C-V measurements. Furthermore, we will describe typical C-V results obtained

on GaN-based LEDs, and the corresponding literature interpretation.

2.3.1 p-n junction case

We can start considering an abrupt p-n junction, with acceptor and donor
concentration equal to N4 and Np in the two regions respectively. When the junction
is formed, electrons (holes) diffuse towards the p-side (n-side) of the diode, leaving the
corresponding donor (acceptor) atoms ionized. These atoms generate a distribution
of fixed charge, that obstructs carriers flow, to form a fixed charge distribution in
the region depleted from mobile charge (space charge region, SCR). When equilibrium
is reached, the amplitude of the SCR depends on the doping level in the p and n
semiconductor regions, on the characteristics of the semiconductor material and on the

applied bias (V'), according to
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Tg=Tp+Ty,= \/2;(‘/ — ¢i) (]\Z + ]\}D> (2.25)

where ¢; is the built-in voltage, and x,, (z,) is the amplitude of the depleted region

at the n (p) side of the diode (see Figure 2.10). It is worth noticing that a negative

voltage applied to the junction implies an increase of the width of the SCR, while for
forward bias the amplitude of the SCR is lower.

X=X X,
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Figure 2.10: Schematic of the charge distribution in a p-n junction

The fixed charge (for unit of area) in the SCR is expressed by

Q = qNgz,, = qN,2) (2.26)

where the second equality comes from the charge neutrality principle. According

to this principle, the positive charge at the n-side of the junction must be equal to

the negative charge at the p-side. Since the charge Q varies with applied bias, we can

define a low-signal capacitance (for unit of area) associated to the SCR, as
Q@ dx,, dx,

=% N N,
WYy = gy

Using Equation 2.25 - 2.27 it is possible to calculate the expression for the junction

(2.27)

capacitance:

= (2.28)
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Therefore, an increase of the applied voltage determines the narrowing of the SCR
and the increase of the junction capacitance. The second equality in Equation 2.28
indicates that the diode is equivalent to a capacitor with plate separator distance
equal to x4 and dielectric material equal to the semiconductor. It can be demonstrated
that this relation holds also for arbitrarily doped junction. In the following we will
refer to the case of p-n junction with non-uniform doping distribution.

Starting from the equation

d €
C= dg = o (2.29)
we can determine the concentration of dopant in a p-n junction simply starting
from the measurement of the small signal capacitance as a function of applied bias.

Deriving both members of Equation 2.29 and using x4 = ,, + x, we obtain

ac € dz,
dx,, (n, + )2

+ 1> (2.30)

For charge neutrality equation

|dQ| = |gN (= xp)dy| = |gN (n)dr] (2.31)

where d(@) represents the charge generated as a consequence of a movement dz,
(dx,) of the space-charge region boundary in region n (p) around position z,, (x,).

From the last two equation we obtain

ac C? N(z,)
—=—11 2.32
e 23
that (considering the definition of capacitance) brings to
C3 N(x,) )
N(z,) = — ( +1 (2.33)
eqgy \IN(=zp)|

that describes the concentration of charge at the boundary z, of the SCR
at the n-side, once the charge concentration in —z,, the junction capacitance C
(corresponding to an SCR amplitude equal to x4 = z, + z,) and its derivative are

known.
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2.3.2 Asymmetric junction

In the case that one of the two sides of the junction (e.g. the p-side) is more
heavily doped than the n-side (p™*/n asymmetric junction approximation), the ratio

N(z,)/N(—x,) tends to zero, and Equation 2.33 becomes

2
N(zp) = —+ (2.34)
i

For this last calculation we have considered that

d(1/c?) 2 dC
v T ciav (2:35)

Equation 2.34 indicates that if the junction is asymmetric, the slope of the 1/C? vs V
curve is directly related to the concentration of charge at the border of the SCR. Using
Equation 2.34 it is therefore possible to estimate the Apparent Charge Distribution
(ACD) for one asymmetric diode.

2.3.3 Heterostructure-based devices

For heterostructure-based devices, the presence of heterojunction can strongly
influence the behavior of the capacitance-voltage curves. The main difference with
respect to simple p-n junction is that in the case of heterostructure devices the bending
of the conduction and valence band (due to a potential notch or to the presence
of a quantum-well) can determine significant accumulation of free charge in specific
regions of the devices. This free charge contributes to the capacitive behavior of the
junction, as well as the fixed charge due to ionized dopant atoms. Therefore, by
means of capacitance-voltage characterization of an heterostructure-based device, it
is possible to extrapolate information also on the position and characteristics of the
charge accumulation regions. Furthermore, a C-V analysis can provide information on
the band discontinuities at heterojunction interfaces [105, 106].

For the explanation of the behavior of the C-V curves in the case of heterostructure
and multi-quantum well devices, we refer to the works of Ershov [107], Moon [108, 109],
and Xia [110].

Ershov has described in detail the C-V charactertistics of MQW-based LEDs



Chapter 2. Properties of optoelectronic devices 55

and photodetector: the devices that he has analyzed were quantum-well infrared
photodetector-LEDs (QWIP-LED), and had the schematic structure shown in
Figure 2.11.

LED QWIP

A
\

reverse bias

]
|
!
i
w L+w

Figure 2.11: Schematic band structure of one of the devices analyzed by Ershov [107]

Since these devices present an high number of heterostructures, they are appropriate
for describing the behavior of the C-V curves in MQW devices. The typical C-V curve
for one of these devices is shown in Figure 2.12. At low frequencies, the capacitance is
determined by the depletion layer capacitance. As described in the previous sections,
capacitance decreases with increasing reverse bias, due to the widening of the SCR. As
shown in Figure 2.12, the C-V curves present steps, that can be explained as follows.
Under zero bias, the border of the SCR in the QW region is located close to the first
QW, that is partially depleted of electrons. With the increase of the negative bias, the
electric field in the SCR increases, and the electrons are pushed out of the first quantum
well. When this happens, the boundary of the space charge region moves to the second
QW, so the width of the SCR is increased by a distance equal to the separation of the
QWs in the lattice. This implies a step-like behavior of the capacitance-voltage curves.
This process is repeated until the last QW (the farest from the junction) is depleted.
Obviously, the analysis presented by Ershov has been made under the approximation
that the extension of the SCR at the p-side of the diodes is negligible with respect to
the corresponding SCR amplitude at the n-side.

In Figure 2.13 we report the behavior of the dC'/dV curves for the corresponding



2.8. Capacitance-Voltage characterization

100 ——
quasistatic (low-frequenty) C 1 KHz
\ ————— 5kHz
80 S\, R S R S M 10 kHz
o : \& --——— 50 kHz
ps \x L e 100 kHz
) SNT— 500 kHz
% 60 > “\\\N ----- 1 MHz
-—
o . \‘__\‘\
8 i i :‘:\\:—:L
@ 40 R i |
o s SN [ e N
T=300 K —— -
20 i
0 -2 4 -6 -8 10 -12 14
Voltage (V)

Figure 2.12: Capacitance-Voltage characteristics measured at various frequencies, RT, on

one of the QWIP-LED analyzed by Ershov [107]

devices. The peaks of this curve correspond to the voltages at which the boundary QW
is completed depleted and the space charge region jumps to the next QW. It can be
shown, from electrostatics consideration, that the voltage offset between the positions of
the dC'/dV peaks is given by V; —V;_; = ¢¥.A/C;, where V; is the voltage corresponding
to a complete depletion of the ith quantum-well, ¥ is the 2D charge density of the QWs
and C} is low frequency capacitance of the MQW structure when the boundary of the
SCR is located at the ith QW. Therefore, from the distance between two steps on the

1/C axis, it is possible to evaluate the distance between the QWs.

Xia et al. [110] correlated the step-like behavior of the C-V curves to the
optical characetistics of the devices. They have used MQW structures, and measured
the variation of (i) junction capacitance, (i) photoluminescence signal and (%ii)
photocurrent signal with varying bias. They have demonstrated a correlation between
the three measurements, that is described in Figure 2.14, that reports the net fixed
charge concentration versus depletion width (left axis), PL spectrum (right axis), and
PC as a function of depletion width deduced from the measured capacitance. The peaks
of the charge profiles are attributed to the QWs, while the valleys correspond to the
barriers. The step-like behavior of the PL and PC signal show a good correspondence
with the peaks of the charge profile: this fact confirms that when junction bias is

decreased, the boundary of the SCR is swept through the QWs and the valleys. When
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Figure 2.13: Inverse capacitance and capacitance derivative (dC'/dV') measured on one of

the devices analyzed by Ershov [107]

the depletion region reaches the position of one QWs, the PL intensity changes abruptly,

while at the positions of the barriers, the PL intensity changes slowly. PC has the same

behavior.

—

3

Net fixed charge concentration (cm

2.0x10" —

Photocurrent

1.5x10" | Photo-

luminescence

1.0x10" -

5.0x10" £

=}
=S
:

| | |
100 120 140

60 80
Depletion width(nm)

IS
]

PC intensity (arb. units)

hv]
PL intensity (arb. units)

o

Figure 2.14: Net fixed charge concentration versus depletion width (left axis), PL spectrum

(right axis), and PC as a function of depletion width deduced from the measured capacitance

[110]

Further detail on the C-V behavior of MQW structures has been given by Moon et
al. [108, 109]. Moon worked with InGaAs/GaAs SQW and MQW devices. His work

was mostly concentrated in evaluating how the Free Carrier Density (FCD) and the
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Apparent Carrier Density (ACD) vary when QW parameters and junction voltage are
varied. In order to clarify these aspects, Moon has carried out a comparison between
experimental and simulated C-V curves of MQW LEDs. Simulation have been based
on the solution of the Schroedinger and Poisson equations, and took into account the
Debye averaging process.
The Schroedinger equation is given by
2 dx

m*(z) 7.

n* d 1
| v+ V) = Pu) (2.36)

where 1) is the wavefunction, E is the energy, V is the potential, i is Plank’s constant
divided by 27 and m* is the effective mass. This equation must be solved on the entire
semiconductor structure, in order to take into account the coupling effects of the QWs.
On the other hand, Poisson’s equation is
d d
. le(x)dx] O(x) = —q[Ny(z) — n(x)] (2.37)

where ¢ is the electrostactic potential. In general, the spatial resolution of the
C-V profiles is determined by the Debye screening length Lp, that is given by
Lp = (ekT/q*n)'/?, where n represents the carriers concentration. The ACD profile
reflects the real one only if the depth scale is greater than several Debye lengths. In
a MQW structure, the Debye length is usually 20 nm at RT (for n = 5 - 106 em™3),
and the thicnkesses of the well layer can be smaller than 3 nm. This confirms the
importance of considereing Debye screening processes in simulations. Figure 2.15 show
the C-V curves and corresponding charge profiles simulated for a SQW and a six-period
MQW device. The C-V curves confirm the step-like behavior described above and
attributed to the presence of the quantum wells. It is worth noticing that the six-fold
quantum-well charge profile does not show six equivalent peaks for the six QWs, even
if the same parameters have been used for the simulation. As can be noticed, the first
and the last peaks are higher than the others. An explanation of this behavior can
be given considering how the carriers are distributed in QW structures with different
number of wells (see Figure 2.16).

As can be noticed, the distribution of the electrons is symmetric with respect to the

center of the MQW and their peak height and sheet density increase as we go from the
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Figure 2.15: (a) Typical capacitance-voltage profiles and C2 — V profiles in QW structures
simulated from the self-consistent numerical methods. Steplike profiles are explicitly shown.
Downward arrows indicate the accumulation peak positions. (b) Concentration vs depth
profiles obtained from the simulated C-V profiles. One peak in SQW and six peaks in MQW

with six wells are explicitly shown [108]

inner to the outer QWs. This phenomenon can be explained by applying the Gauss
theorem to the conduction band diagram in Figure 2.16. If the theorem is applied
to the cube with a pair of opposite faces passing through adjacent points in barriers,
where the electric field is zero, the total charges in the cube is zero. In the case of the
outer QWs, the electrons in the well must compensate for the positive charges in the
wide depletion region in thick top (or bottom) layer. On the other hand, the electrons
in the inner QWs must compensate for the positive charges in the depletion regions
formed in thin barriers. Since the depletion regions in the inner barriers are much
thinner than the outmost depletion regions, the electron concentration in the inner

QWs must be lower than that in the outer.

The influence of the Debye length averaging on the extrapolated carriers profiles
has been analyzed by Moon et al. [108] simulating the ACD of devices with two
quantum-well with different barrier thicknesses in the range 10-190 nm. Results are
shown in Figure 2.17: as can be noticed, for high values of the barrier thickness t;, the
peaks corresponding to the two QWs are well separated. On the other hand, when t,

is descreased the peaks superimpose until reaching the complete overlapping, due to
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Figure 2.16: Self-consistently calculated band bending (solid lines), free carrier distribution
(dotted lines), and apparent carrier distribution (dashed lines) of QW structures with the
well number of (a) one, (b) three, and (c) five. The well width is assumed to be 10 nm [108]

the fact that the resolution of C-V profiling is defined by the Debye length, that in this

last case becomes comparable to the separation of the wells.
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Figure 2.17: Self-consistently calculated ACDs for double-QW structures with different

barrier thicknesses
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2.4 Optical properties

In this section, the optical characteristics of the LEDs will be explained in detail:
attention will be focussed on the rate equation for LEDs, on the dependence of optical
power on injected current and on the shape of the emitted spectrum. For a more
detailed and specific description of all the aspects concerning the characteristics of the

LEDs and LDs, reader can refer to [94, 95]

2.4.1 Emission spectrum

For LEDs, the dominating recombination mechanisms ir spontaneous emission.
The radiative electron-hole recombination process can be schematically described as
in Figure 2.18 for a direct-bandgap semiconductor. Electrons in conduction band
and holes in valence band have nearly parabolic dispersion. This means that their

distribution in an F — k space can be expressed as:

h/27)%k?
E=FE:+ (/277;1 (for electrons) (2.38)
and
h/27)2k?
E=FEy — % (for holes) (2.39)
2my,

where m? and mj qare the electron and hole effective masses, k is the carrier
wavenumber and F¢o and Ey are the valence and conduction band edges respectively.

For the energy conservation principle, the energy of the emitted photon is hy =
E. — E, = E,, where E, (E}) is the energy of the recombinating electron (hole). The
momentum p = /2m*kT of the electron can not change significantly during transition
to the lower state: therefore, we can assume that during radiative recombination the
momentum or k is the same for the electron and the hole. Under this assumption we
can calculate the photon energy, and write it according to joint dispersion relation

21.2 21.2 21.2
WERPR L (2R (2

2ms 2mpj 2m

e

hv = Eco + (2.40)

*
r

where m is the reduced mass given by
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Figure 2.18: Schematic band diagram showing the occurrence of a spontaneous
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+ (2.41)
my  oml  my

Therefore, the joint density of states can be calculated as

By = | 2 v E—E 9.49

Since the distribution of carriers in the bands is given by the Boltzmann statistics
ie.

fo(E) = e P/ (2.43)

the emission intensity as a function of energy (emission spectrum), that is

proportional to to the product of the two last equations, is

I(E) < \/E — B, P/FT (2.44)

that corresponds to the spectral shape shown in Figure 2.19, which is the theoretical
emission spectrum for one LED. The peak emission energy is at F = Eg + 1/2kT.

The theoretical full-width at half maximum of the emission spectrum is

AE = 1.8kT (2.45)
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Figure 2.19: Theoretical intensity spectrum for a direct-bandgap semiconductor

In real cases, alloy composition fluctuations can induce the broadening of the
emitted spectrum. Experimental data show that in general a Gaussian function can

be used to describe the spectral power distribution, according to

P(\) = PJ\}%{%(A?M) (2.46)

where P is the total light emitted by the LED. The fact that Gaussian fit represents
a good match to experimental data is expressed by Figure 2.20, that shows the
comparison of InGaN/GaN blue LED emission and its gaussian fit.

In most of the cases, quantum-well (QW) based structures are used for the
realization of efficient optoelectronic devices. The carrier confinement length related
to the small dimensions of the quantum wells (typically ¢ < 10nm) implies that we
can consider the carriers as in one-dimensional potential energy well in the x-direction
(with discrete energy level), and as free carriers in the yz plane. The energy levels of

the electrons in a quantum well of sizes d, D, and D, are given by

h2n? h2n? h2n?
E=E +—— v - (2.47)
8mid*  8mrDZ  8miD?
where n, n, and n, are quantum numbers having the values 1, 2, 3, ... The reason

for the E. in Equation 2.47 is that the potential energy barriers are defined with respect

to E.. These barriers are AE, (conduction band offset) along = and electron affinity
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along y and z. D, and D, are orders of magnitudes greater than d, and for this the

minimum energy level is determined by the term

h2n?
8mid?

(2.48)

that represents the energy associated with motion in x direction. The minimum
energy is obtained for n = 1: a schematic representation of the quantized energy levels
in a quantum well is given in Figure 2.21. On the other hand, the holes in the QW are
confined by the potential barrier AE,,, and behave similarly as indicated in Figure 2.21.
The electron transitions in a quantum well differ from those in bulk semiconductors,
because of the quantized states formed in the wells. The electrons and holes in bulk
semiconductor transit between the conduction and valence band, while in QWSs the
transitions occur between quantized sub-bands. Therefore, the wavelength emitted
by a QW is shorter than the corresponding wavelength for corresponding bulk layers.
Under excitation, transitions mainly occur between the ground energy levels (n = 1 in

conduction and valence band), and photon energy can be rougly expressed as

hn? h?n?
8md? i 8mj d?

The difference between bulk and QW emission wavelength can be significant: for

E=E,+

(2.49)

example, in the case of a GaAs quantum well of thickness 10 nm, this difference is
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equal to 35 nm.
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Figure 2.21: (a) schematic structure of a QW-based device; (b) the conduction electron in
the QW are confined along x direction, so their energy is quantized; (c) density of states in

a two-dimensional QW

At the beginning of this chapter we have cited the fact that the semiconductor lattice
is not ideal, and contains defects. The presence of defects often results in an increase
of the non-radiative recombination rate, with subsequent decrease of the efficiency of
the emission process. However, a few defects can generate radiative transitions. An
example is presented by GaN semiconductor layers. The luminescence of this material
presents a narrow emission peak centered at 365 nm (at RT), that corresponds to the
bandgap energy, and a broad yellowish emission band (centered at 550 nm) related to
defects (see Figure 2.22). This yellow luminescence is usually attributed to gallium

vacancies [94].

2.4.2 Output power vs Current curves

As described at the beginning of this chapter, carrier recombination processes
may be radiative and non-radiative. Radiative processes (governed by bimolecular
coefficient B) therefore take place in parallel or in series with other processes, including
SRH recombination (coefficient A), Auger recombination (coefficient C), electron and
hole trapping processes, ¢, and c, and leakage current out of the active region. A

schematic representation of these phenomena is given in Figure 2.23.



66

2.4. Optical properties

- Band-to-band

n-type GaN/sapphire

Wavelength A (nm)

@
‘% luminescence 7=295K
=T 4
_u_:x I 6.5 nm i
g r Tl 2
- (60 meV)
2
2T Deep level 1
s L luminescence 1
E
3 L a4
a
i i i h 1 i i . 1 i i 1 i
300 400 500 600

700

Figure 2.22: Photoluminescence signal measured at room temperature on a GaN sample.

The main UV emission (at 365 nm) and the broad defect peak (cenetered at 550 nm) are

clearly visible

Figure 2.23: Schematic representation of the carriers recombination processes
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The most state-of-the-art LEDs have lightly doped p and n-side. Therefore, the
injected carrier concentration is higher than the background doping, and therefore we
can assume that n = p. In this approximation, as described above, SRH, radiative
and Auger recombination rate can be described by terms of the form An, Bn?,
Cn? respectively. Charge neutrality conditions impose that the rate equation can

be expressed as

dn J J

i _J gt 2

TR n n°—Cn o (2.50)
or, in other terms

dn J Jr

o 4 Rsry — Rr — R4 m (2.51)

where Jy, is the leakage current density out of the active region.
Converting recombination rate in lifetimes we finally obtain the following rate

equation

dn J ( 1 1 1) Jr,
L g b——) =L 2.52
dt  ql TSrRH TR TA qly (2:52)

where [ is the thickness of the active layer, [; is the minority carriers diffusion length,
RSRH = An, RA = Cn3, RA = Cn?’.

Under steady-state regime, Equation 2.52 becomes

S oan + Bn? +Cn® + Jr (2.53)
ql qly

Under the condition n = p, the term Cn? depends on bandstructure through the
relationship np = n2e?"/*" and n? = NoNye Fo/FT In wide-bandgap semiconductors,
the term n? can be small, and therefore the Auger recombination term is usually
neglected. Under this assumption, the rate equation simplifies to

I~ an + Bn? + Jr (2.54)
ql qly

Remembering the expression of the SRH recombination rate explained at the

beginning of this chapter



68 2.4. Optical properties

poAn + ngAp + AnAp
Nvyo,)~Hno +ny + An) + (Nrvpoy,) = (po + p1 + Ap)

Rsry = ( (2.55)

under the assumption that trap parameters are the same for electrons and holes
and that n = ng + An ~ p = pg + Ap, i.e. that injected carrier concentration is higher

than the background doping it can rewritten as

nov Nt

Rsru ~ 5 (2.56)
and neglecting the leakage current components we have
J' = qlnovNr/2 + qlBn? (2.57)

At low current densities, the electron concentration n is low, and therefore An >
Bn?. For an intermediate current value the radiative and non-radiative recombination

terms become equal (An = Bn?), and

J' =~ 2qlaN, = qlniocvNp (2.58)

where n, is the value of n for which An = Bn?. This last equation indicates that
the current level necessary to saturate the non-radiative recombination components is
proportional to the defect concentration. At higher current level, the quadratic term
Bn? begins to dominate over the non-radiative term, leading to the complete saturation
of non-radiative paths.

Light output L is only related to radiative recombination and therefore is

proportional to Bn?. On the basis of the previous calculation we can state that

J" novNp
L x Bn® = = 2.59
x Bn i 5 (2.59)
On the other hand, for low current levels we have An > Bn? and
B (J\
2 ~

Therefore, for low injection current levels, non-radiative processes dominate and

light output has a parabolic dependence on injected current. For higher current levels
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non-radiative processes are saturated, and light output depends linearly on injected
current. The balance between radiative and non-radiative process at the different
current levels and the parabolic and linear behavior of the optical power vs injected

current (L-I) curves are schematically represented in Figure 2.24 and 2.25 respectively.
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Figure 2.24: Schematic representation of the carriers recombination processes (radiative
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70 2.5. Summary

2.5 Summary

In this chapter we have described the most significant electrical and optical
properties of GaN-based optoelectronic devices. In particular, we have focussed the

attention on:

e the mechanisms that rule carriers radiative and non-radiative recombination
e the electrical characteristics of the diode and their most significant non-idealities

e the capacitance-voltage characteristics, the methods for the extrapolation of
the apparent charge distribution, and the typical C-V profiles of quantum-well

structures

e the rate equation, the optical power vs input current characteristics, and the

luminescence spectrum of the LED



Chapter 3

Analysis of heterostructure

degradation

This chapter describes the analysis of the effects of low current density stress on
the properties of LEDs heterostructure. The analysis has been carried out by means
of combined electrical, optical and capacitive techniques. R&D samples have been
used for this study. Low current density stress was found to induce the degradation
of the output power emitted by the analyzed devices, mostly during the early stages
of treatment. Optical power decrease was found to be correlated to modifications of
the electrical and capacitive properties of the LEDs: detailed spectroscopic analysis
demonstrated that carrier flow can induce the generation/modification of trap states
near/within the active layer, that can be related to the generation of non-radiative

recombination paths responsible for the efficiency degradation.

3.1 Motivation

The literature about GaN LEDs reliability indicates many mechanisms, generated
by both charge flow and thermal heating processes, as responsible of LEDs degradation:
modifications of the electrical contacts [21], changes in the local indium concentration
in the quantum wells (QW) [26, 27], formation of radiative and non-radiative centers
[28, 23], changes in the charge-injection mechanisms across the cladding and barrier
layers (pure tunnelling, trap/phonon assisted tunnelling, thermal emission etc.) [29],

aggregation or breaking of complexes mainly involving hydrogen impurities and
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magnesium p-dopant [30].

In the last years, the failure modes responsible for the output optical power
reduction have been intensively investigated, chiefly by injecting electrical currents in
order to simulate the working applicative conditions of the LEDs. However, in most of
the cases high driving current levels have been used, with the aim of accelerating stress
kinetics and analyze ageing effects in a shorter time interval. During high current stress,
a significant power is dissipated on the samples, and therefore the experimental data
on the effects of carrier flow on devices degradation can be masked by contributions of
thermal effects, arising from Joule dissipation. In this situation the understanding of
the degradation mechanisms is difficult due to the overlapping of two different aging
inputs: intense carrier flow across the active layer and high lattice temperature levels.

The purpose of the work described in this chapter is the aging of blue GaN
LEDs under current values comparable or lower than those employed in normal
operation modes (20mA, corresponding to a current density of 324/cm?), in order
to exclude any thermally-induced degradation (thermal maps have shown that the
junction temperature never exceeds 65 °C during our stress tests). InGaN-based
test structures have been electrically and optically characterized before any aging
treatments (as-received samples) and then submitted to low dc current stress and
examined at different aging steps.

Starting point for this work was a set of measurements demonstrating that a set
of LED test structures can lose the 20-30% of their efficiency during the initial stages
of ageing tests (initial 50-200 hours of stress at 20 mA), without showing significant
degradation in the subsequent stress phases (up to 2000-5000 hours of operation).
This short-term degradation is usually referred to as early degradation. Our industrial
partners were strongly interested in the investigation of these short-term degradation
processes, and in the identification of the technological weaknesses responsible for these
phenomena, that can induce a significant optical power degradation during the very
first phases of devices useful life. For this reason, the work described in this chapter is
focussed on the short-term degradation processes of GaN-based LEDs. The results of
this work have provided a description of the nature of the early-degradation process:
the feedback to the manufacturer has leaded to the development of devices with stable

behavior (no early-degradation).
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In the next sections, results concerning;:

e cfficiency decay during stress at 20 mA

e clectrical current-voltage (I-V) characteristics and capacitance-voltage (C-V)

measurements
e Deep Level Transient Spectroscopy (DLTS) analysis of aged devices

e optical  device  emission, studied by  complementary  techniques
of ElectroLuminescence (EL) and CathodoLuminescence (CL) in order to exploit

different excitation mechanisms

e photocurrent spectroscopy of untreated and aged samples

are described and discussed.

3.2 Analyzed devices and stress conditions

For this analysis we have used MQW LED test structures, grown by MOCVD
on SiC substrates.  Vertical structure consisted in a thick n-doped GaN layer
(Si &~ 210" ¢cm™3), a 4-period InGaN/GaN MQW (2nm/14nm, n-doped barriers,
Si ~ 210" em™3) and a p-side with a 40nm electron-blocking Al;gGagyN layer
(Mg ~2-10" ¢m™3) and a GaN contact layer (Mg ~ 2 - 10" ¢cm™3).

The schematic structure of the devices is reported in Figure 3.1. The devices are
designed to give a blue QW-related emission at 2.72 eV for an operating current of
20 mA at room temperature. The quality and thicknesses of the layers have been
controlled by means of Transmission Electron Microscopy (TEM). Figure 3.2 and 3.3
show TEM images of the active region of one analyzed sample, and a detail of the
active region with the fourfold quantum well system. The structure was processed
in order to obtain square devices, with a 250 pm side. The tested chips were
bonded on metallic packages (7'018) and the ohmic cathode contact was implemented
with a bi-component conductive epoxy adhesive, ensuring good electrical and thermal

characteristics (see Figure 3.4). The chips were covered with a SiN passivation layer,
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Bondpad

p-GaN:Mg-layer

INGAN/GaN MQW

n-GaN: Si-layer

Buffer layer

n-SiC substrate

Cathode contact

Figure 3.1: schematic structure of analyzed devices

Figure 3.2: Transmission Electron Microscopy image of the active layer of one analyzed

sample

Figure 3.3: Transmission Electron Microscopy image of the active layer of one analyzed

sample
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LED chip / Bonding wire

Bi-component adhesive

Figure 3.4: Micrograph of one LED chip mounted on TO18 package

in order to reduce surface leakage current components and protect the devices from

environmental contamination.

After an initial characterization of a wide number of samples, we selected a
set of LEDs with average characteristics, and planned a low current ageing test
as described in the following. The LEDs were stressed by means of a HP4155A
Semiconductor Parameter Analyzer at 20mA dc, room temperature. The stress
current value is the nominal current of the analyzed devices: this value is sufficiently
low to avoid self-heating and prevent dopant instabilities due to thermal effects
[76, 8], as described in the following. In order to analyze short-term effects, the
full stress had a duration of 100 hours, with logarithmic steps. At each step the
samples were characterized by means of current-voltage (I-V), capacitance-voltage
(C-V), capacitance-frequency (C-f) and optical power (OP) measurements. Deep
Level Transient Spectroscopy (DLTS) analysis was also carried out during stress, in
order to analyze the generation/modification of deep levels near/within the active
layer. Optical parameters have been analyzed by means of Electroluminescence (EL),
Cathodoluminescence (CL) and Photocurrent (PC) measurements during all stress

time.
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3.3 Measurements results

3.3.1 Thermal characterization

As described above, samples have been aged at 20 mA dc, RT. Before carrying
out the ageing tests, a careful analysis of devices thermal resistance has been carried
out, in order to understand if under the chosen stress conditions junction self heating
is limited or if it is a significant driving force for degradation processes. Therefore,
junction temperature has been evaluated by means of current-voltage thermal maps,
using the method described by Xi and Schubert [111, 112].

A set of voltage measurements was carried out at different current (1, between 5
and 25 mA) and temperature (7, between 35 and 85 °C) levels in a thermal chamber.
The measurements were carried out using short current pulses (80us), in order to avoid
devices self heating. Figure 3.5 shows that for each measuring current (/,,,) level the
relation between the corresponding voltage and temperature is roughly linear, and can
be expressed by means of

V; = A+ BT, (3.1)

where T, is the oven temperature, A and B are fitting parameters.

The slopes of the curves in Figure 3.5 were therefore evaluated by means of linear
fittings, and used as coefficients for junction temperature evaluation in the following
analysis.

The chamber temperature was subsequently fixed at 35 °C, and the devices were
biased for a fixed period (300 seconds) at each of the measuring current levels used
before: during bias at fixed current, LEDs voltage decreased exponentially, due to
junction self-heating.

For the same driving current I,,, a difference in forward voltage corresponds to a
difference in devices operating temperature. Therefore, using the calibration data in
Figure 3.5, and inverting equation 3.1 into

Vi—A

T =t (3.2)

we could convert the voltage transient data into junction temperature transient

data (see Figure 3.6).
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In this way we extrapolated the junction temperature (7)) corresponding to
operation at each measuring current level [,,,. Therefore, we could plot the temperature
vs electrical power diagrams for the analyzed devices: one example is reported in
Figure 3.7. From this kind of diagrams, we have extrapolated the thermal resistance
of the analyzed LEDs, that was found to be in the range 400-600 K/W depending on
devices quality. These values are significantly high, due to the fact that they have been
measured on LED chips mounted on a TO18 package with no heat sink. However,
since operating current and power levels are low for these devices, we have found that
during operation at 20 mA junction self heating is limited to 40 °C with respect to

ambient temperature for all the analyzed devices (see Figure 3.6).

90 [ ]

80

704

60
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Estimated junction temperature (°C)
|

40 T T T T T T T T T
20 40 60 80 100

Electrical power (mW)

Figure 3.7: temperature vs electrical power diagram for one analyzed LED

Therefore, when the LEDs are operated at 20 mA dc, RT, junction temperature
does not exceed 65 °C.

Considering that

e thermally activated degradation processes can have high activation energy (up

to 1.55 eV in [113] and references therein)

e in short stress times (~ 100h) pure thermal degradation has been reported in

literature only for temperatures greater than 180-200 °C [11, 9, 14, 113]
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this temperature level is too low to introduce LEDs thermal degradation and doping
instabilities [76, 8]. Therefore, stress effects observed during low current ageing can be

attributed to carrier flow and not to self-heating effects.

3.3.2 Optical power measurements

Optical power measurements were carried out using a Newport 1830C Optical
Power Meter, equipped with a Newport 818-UV Photo Detector. Changes in emission
intensity during the 20 mA aging test, measured at three different current levels, are
shown in Figure 3.8. At the nominal current of 20 mA the power loss never exceeded
8 %, while a more significant percentage loss was measured at low currents (see the 2
mA curve in Figure 3.8). The decrease took place during the initial 20 hours. In the

remaining 80 hours a stable behavior was observed.

110

—=— OP measured at 2 mA
—e— OP measured at 10 mA

1004 —=4— OP measured at 20 mA

A

80+

704

OP normalized to initial (%)

T T T T T

T
0 20 40 60 80 100
Stress time (hours)

Figure 3.8: Normalized optical power measured at 2, 10 and 20 mA during stress at 20 mA

de

Figure 3.9(a) shows the output power vs input current (L-I) curves measured on
one aged LED before and after stress. These curves can be divided in three zones: for
low currents (here for I < 2mA) the L-I characteristic is non linear, as a result of the
predominance of non radiative recombination. For intermediate current values (here
for 2 < I < 10mA) the curve is almost linear, as a result of the radiative recombination
dominating in the active layer. For high current levels (here for I > 10mA) a sublinear
zone can be identified, related to (i) self-heating effects, (i) carrier overflow, (%ii)

radiative path saturation, that worsen the quantum well efficiency.
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Figure 3.9: (a) Normalized optical power measured at 2, 10 and 20 mA during stress at 20
mA dc; (b) Comparison of normalized light current (LI) characteristics of a blue LED before

and after aging

Figure 3.9(b) shows the ratio between the red curve and the black curve in
Figure 3.9(a), i.e. the light intensity of the aged sample normalized to the intensity
measured before aging. This diagram represents the entity of the optical power decrease
measured at the different current levels after the 100 hours stress test. As can be
noticed, degradation effects were more prominent at low measuring current levels.
This fact suggests that emission decrease is related to the generation of non-radiative
recombination paths: these paths are saturated at high measuring current levels, and

the effect of the increased nonradiative recombination is weaker [114, 115, 20, 116].

Figure 3.10(a) and 3.10(b) show the false color emission pattern measured at LEDs
surface before and after the 100 hours stress tests. Measurements were carried out
by means of a PHEMOS 1000 Light Emission Microscope. As can be noticed, both
before and after stress the emission profile of the devices was uniform, indicating good
current and emission spreading. No crowding of the emission around the central contact
was therefore detected as a consequence of low current stress. In literature, emission
crowding is usually attributed to the degradation of the resistivity of the contact
and metal layers [11, 30, 9, 14]. The fact that the analyzed devices did not show
any significant degradation of their emission pattern indicates that the chosen stress
conditions do not affect the current and emission spreading, and suggests that stress

does not imply a significant degradation of the resistivity of the semiconductor and
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contact layers. The results of the I-V measurements described in the following give a
confirmation in this direction, showing that stress does not imply an increase of the

parasitic series resistance of the samples.
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Figure 3.10: emission microscopy images measured at 10 mA (a) before and (b) after the

100 hours stress at 20 mA

3.3.3 Current-Voltage characterization

The current vs voltage (I-V) measurements were carried out by means of an
HP4155A Semiconductor Parameter Analyzer, at room temperature. Before stress,
the individual devices (coming from the same wafer) showed identical forward -V
curves, while the reverse current was slightly different from sample to sample, possibly
due to different dislocations densities [117, 104, 103].

Stress did not modify the forward region of the I-V curves (see Figure 3.11(b)):
therefore, no increase in parasitic series resistance of the samples took place as a
consequence of stress. This fact suggests that the contact and semiconductor layer
resistivity are not significantly affected by low current treatment. On the other hand,
stress was found to induce an increase in reverse current, enhanced during the first
part of the stress (see Figure 3.11(a)).

The magnitude of this reverse current increase was different for each of the analyzed
LEDs: this fact suggests that this process is due to mechanisms depending on samples
quality, such as generation/propagation of threading dislocations in the active region

[117] and/or modifications of the surface states at the mesa sidewalls.
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Figure 3.11: Current-voltage curves measured on one LED at different steps of the 20 mA

stress test. Curves are plotted in (a) semi-logarithmic and (b) linear scale

3.3.4 Capacitance-Voltage characterization

Capacitive measurements were carried out by means of an HP4284A LCR Meter; a
parallel C'p — Gp model was adopted for the heterojunction. The curve in the inset of
Figure 3.12 shows the dependence of capacitance on frequency (C-f diagram), measured
at -0.5 V, room temperature on one untreated sample. Two plateau regions, the low
frequency and the high frequency ones, can be clearly seen in the C-f diagram. A deep

level with a transition frequency of about 4 kHz can be identified [118].

The apparent charge distribution (ACD) profile of the devices can be extracted
from capacitance-voltage (C-V) measurements as described in Chapter 2 and in
[29, 119, 108, 109]. The model used for these LEDs assumes the junction to be
unilateral, with the p-side more heavily doped (p > n) with respect to the n-side:
for this reason the profile extracted from the C-V measurements is referred to the
n-side. It is worth noticing that this assumption introduces a slight approximation in
the determination of the apparent depths and levels, since the charge concentration at
the p-side is not infinite, and the space charge region (SCR) extends both at the p and
at the n side.

The C-V measurements were carried out at different frequencies: 300 Hz, 100
kHz, 1 MHz. As shown in the inset of Figure 3.12, the first value corresponds to
the low frequency plateau of the C-f curves, while the other two correspond to the

high frequency region: these last values gave similar results. Here we show the data
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Figure 3.12: C-V measurements carried out at 1 MHz before and during ageing test. Inset:

C-f curves measured at -0.5 V, RT

obtained with a 1 MHz measuring signal: such a high value allowed us to obtain a good
signal to noise ratio and to reduce the contribution of the diffusion capacitance on the
measured capacitance for forward bias values, providing reliable junction capacitance
measurements also for low positive voltages [120].

In Figure 3.12 are shown the results of the C-V measurements carried out before
and during the ageing test at 1 MHz. The solid curve corresponds to the untreated
sample. As can be noticed, the junction capacitance shows a step-like behavior. With
the decrease of the reverse bias the boundary of the space charge region is swept through
the barriers and the wells: as it moves inside the wells, the capacitance changes very
slowly with voltage, due to the large amount of carriers [107, 108]. This behavior
is characteristic of quantum-well structures. Ageing of the LEDs induced a junction
capacitance increase, more prominent for reverse bias values (see Figure 3.12): in the
inset of Figure 3.13 is shown the increase of the capacitance value as measured at -1 V,
1 MHz during stress. The results of the C-V measurements were processed in order to
obtain the apparent charge distribution (ACD) profiles, that are shown in Figure 3.13.
For completeness, the same ACD data are plotted as a function of junction voltage in

Figure 3.14.
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The solid curve in Figure 3.13 is referred to the untreated samples. The junction
is considered to be in x=0. The spatial dependence of this charge profile suggests that
during voltage sweep the SCR boundary is moved through the active region (the peaks
at 60, 80 and 100 nm) and the n-side (for greater depths) [29, 119, 108, 107].

It is worth noticing that the position of the peaks does not exactly correspond to
the position of the heterointerfaces in the LEDs due to the fact (i) that the profiles are
extrapolated considering an ideally asymmetric junction (p**/n) and (i7) that ACD
profiles are extrapolated from high frequencies C-V measurements. At high frequencies,
junction capacitance is lower than at low frequencies, due to the influence of the trap
level detected by means of the C-f characterization (see the inset of Figure 3.12), and
this fact introduces a further modification in the determined apparent depths of the
charge profiles with respect to actual values. However, we have preferred to analyze the
ACD profiles extrapolated at high frequencies since (i) high frequency measurements
are less sensitive to noise with respect to low frequency ones and (i) a change of
measuring frequency implies an approximation of the relative position of the peaks,
but does not affect the shape and the positions of such features in the profiles.

The changes in the C-V measurements described above are reflected by an apparent
charge increase. This increase is mostly localized in one peak of the ACD (near 100
nm), suggesting that the strong changes took place near the interface between the
active layer and the n-side of the diode, and/or in one of the quantum wells that
compose the LEDs active region. Ageing induced also an uniform ACD increase for
higher depths (greater than 140 nm).

In Figure 3.15 are shown: (i) the optical power decrease measured at 2 mA
during stress (normalized to initial value) and (i) the apparent doping increase at
100 nm (normalized to initial value). As can be recognized, during stress the kinetic
of the efficiency loss is strongly related to the capacitance and ACD modifications: a
connection between the optical power (OP) decrease and the changes in the charge
distribution can be established.

The strong localization of the ACD increase suggests that the changes took place
mainly near the border of the active region, at the interface with the n-side. These
variations may be related to the generation or modification of levels or interfacial

states near the border of the active region, which can locally change the charge profile,
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Figure 3.15: emission decrease (at 2 mA) and charge increase (at 100 nm) measured during

stress at 20 mA

modify the the efficiency of carrier injection in the quantum-wells, and/or contribute
to the generation of non-radiative paths in the bandgap. Also the slight and uniform
ACD increase detected for depths greater than 140 nm (bulk region) possibly reflects a
generation and propagation of defects. These hypotheses have been explored by means

of Deep Level Transient Spectroscopy (DLTS).

3.3.5 Results of DLTS analysis

The capacitance transients were analyzed by means of a SULA Technologies Deep
Level Spectrometer with an exponential correlator. DLTS analyses were performed
with reverse bias and filling pulse values selected accounting for the ACD profile
resulting from the C-V characteristics. The ACD profiles (see Figure 3.13) present
a peak region, which could be attributed to the active quantum well layers according
to literature [108]. The major changes in the ACD profile with increasing stress time
were detected in correspondence of the peak on the bulk side, centered at about d=100
nm from the junction and nearly 20 nm broad. This region is swept by the Space

Charge Region (SCR) boundary when the biasing voltage varies from 0 V to -1 V.
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Accordingly, in the DLTS measurements reverse bias and filling pulse amplitudes were
set to Viey = —1 V and Vi = 0V, respectively, enabling us to monitor whether
the changes detected in the ACD profile correspond to modifications of deep electronic
levels in the same region (between the two dotted lines in Figure 3.13) [20]. The changes
occurring in the DLTS spectra as a function of the stress undergone by the LEDs are

shown in Figure 3.16.
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Figure 3.16: DLTS spectra obtained after successive stress steps. Spectra are collected with

reverse bias V., = —1V and filling pulse Vy;; = 0V. The emission rate is e, = 46.551

In the unstressed sample two peaks are detected, a positive peak A and a broad
negative peak C, the parameters of which are listed in Table 3.1. After the first stress
steps, the amplitude of peak C decreases and a shoulder on the low-temperature side
of peak C becomes visible. After 50 hours stress, the initial peak C clearly splits in
two, the aforementioned shoulder becoming the peak here labeled B (Table 3.1).

Meanwhile, peak A does not undergo any modification. Figure 3.17 reports the
amplitude dependence of peaks B and C on the aging time. Peak C undergoes a
significant amplitude reduction, about 40% after 100 h stress, while the amplitude of
peak B remains almost constant after the first stress steps, and then slightly decreases
after 10 h stress. The amplitude reduction of peak B does not exceed 12% with respect

to its initial value even if it is difficult to state how this change is connected to the
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Deep Level  Energy (meV) Capture section (cm?)

A 180 9-1071
B 180 5-10719
C 170 10720

Table 3.1: Parameters of the deep levels found by DLTS in the active region of the LED

modifications occurring to peak C, whose low-temperature tail partially overlaps peak

B.
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Figure 3.17: Evolution of the amplitude values of the DLTS peaks B and C versus the

aging time

From the Arrhenius plot (Figure 3.18) it results that the activation energies of all
these levels are in the range 170-180 meV, whilst the capture cross sections significantly
differ from each other. It is worth noting that the negative peaks B and C are expectedly
associated with majority carrier traps, while the positive sign of peak A does not
mean that this peak is related to minority carrier traps. In fact, it was detected in a
temperature interval where the high value of the series resistance can significantly affect
the capacitance measurements. Peaks B and C are detected in a temperature interval

where emission by dislocation-related states has been observed [121, 122]. Further
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investigation is under way in order to ascertain whether B and C are associated with

deep levels with potential barrier.
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Figure 3.18: Arrhenius plot of the energy levels detected

These DLTS results could give rise to two different interpretations:

e the decrease of peak C is ascribed to the concentration reduction of the related

deep level, possibly due to the dissolution of the relevant defect

e the decrease of peak C is due to the stress-induced introduction/generation of

other deep levels associated with minority carrier traps

Further analysis is underway by differently biasing the device to establish the origin
of the decrease of the amplitude of peak C and then to distinguish between these two
hypotheses. Comparing the results of DLTS with the ACD profile (Figure 3.13), we can
establish a connection between the net increase in the apparent charge density in the
bulk side of the active region and the amplitude changes of peak C. Unfortunately,
due to the device configuration (a heterostructure with quantum wells, having a
strong non-uniformity of charge distribution) and to the polarizations used (aimed to
probe exactly the bulk side of the active QW region), it is not possible to compare
quantitatively the variations detected by C-V and DLTS. However, the dynamics
appear to be quite similar for both ACD profile and trap C amplitude.
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3.3.6 Results of the optical measurements

In order to better investigate the degradation of the optical parameters of the LEDs,
we have carried out a detailed electro and cathodoluminescence analysis of the devices
at each step of the ageing test. The EL spectra are dominated by a MQW-related
peak, centered at about 2.72 eV (FWHM =~ 110 meV') for an operating current of
20 mA at RT (see Figure 3.19). At low temperature (Figure 3.19) the broadening is
reduced and phonon replicas spaced by 90-100 meV, in agreement with the energy of

longitudinal optical phonons, are resolved.
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Figure 3.19: EL spectra before (solid line) and after (dashed line) the 100 h DC-aging,
measured at: T'= 300K and I = 20mA, T = 100K and I = 5mA

Yunovich et al. [123] proposed that the equation describing the luminescence band
depends on the 2D density of states with exponential tail (N*P(hw — E¢//)) and on

Fermi functions f.(1 — f,) according to

I(hw) =~ N?Pf.(1 - £, (3.3)
hw—humaw—E[))_l

N*P(hw — BT = (1 +e  Fo

ES = hwmas + Eo (3.5)



Chapter 3. Analysis of heterostructure degradation 91

hw—hwmax

-1
full = fo) = (1478 (3.6)
where Wy, is the frequency of the maximum of the luminescence curve and Ej, and

E, are fitting parameters describing the exponential fall on the low (Ej) and high (E})
energy side of the QW peak, and can be estimated. In particular

e [ is connected with interfaces’ roughness, strain and microscopic potential
fluctuations mainly due to alloy inhomogeneities and Coulombic impurity
fields. In our samples it ranges between 50 and 60meV’, being independent of
temperature and drive current between 0.5 and 5mA (weakly current-dependent

at higher currents).

e /) shows a linear behavior as a function of temperature (E;, = mKgT) in the
range 220 — 300K and results in 1.5 < m < 2.5, as expected for a multiple
quantum well structure. The experimental values found for F; indicate a good
quality of the samples, being the hole localization near defects responsible for the

high energy side of the QW line.

The electrical aging induces a reduction of the radiative optical efficiency, causing
an intensity loss in the entire spectral range (Figure 3.19), likely indicating the aging
affects both the QW layers and the p-layers (GaN and/or AlGaN). On the other hand,
it does not affect the QW peak energy and it does not produce significant changes of
the Ey and FE; values, as well as of the Huang-Rhys factor (S ~ 0.14 at T'= 100K for
I = 10mA) describing the exciton-phonon coupling in the active region [99]. This fact
points out that, within the sensitivity of these quantities, the stress at low dc current
does not have major effects on the In distribution in the active layers.

As shown in Figure 3.8, the intensity reduction is produced mainly within the first
few hours of stress. Furthermore, the intensity loss with respect to the unstressed
value strongly depends on the drive current, as better evidenced in Figure 3.9(b). The
low-current regime is clearly more sensitive to the aging effects. As stated above, this
is consistent with the attribution of the intensity loss to an aging-induced generation
of non-radiative defects, creating a recombination channel which is saturated and
becomes therefore less and less effective when the drive current increases [114]. The

observed aging effect modifies the light-current (L-I) and efficiency-current (L/I vs
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I) characteristics. Figure 3.20(a) and 3.20(b) report these curves obtained for the

unstressed and aged diode at room temperature, which is of applicative interest.
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Figure 3.20: Intensity (a) and external efficiency (b) of the test structure’s QW EL emission

versus the drive current, measured at different aging steps

The L-I curve (Figure 3.20(a)) follows the expected power dependence (L o< I?),
with an initial non-linear part (p &~ 2) turning in an approximately linear (p & 1) region
when the radiative recombination dominates [124]. The p value in the low-current
regime is often considered as indicative of the concentration of non-radiative centers,
therefore the slight increase (from 1.72 to 1.82 after 1004 of treatment) induced by the
aging could suggest the creation of new defects or the increase of pre-existing center
density.

It is interesting to note that the use of a different excitation source, in CL
measurements, leads to similar results as for the degradation of the emission intensity.
A decrease of the radiative transitions, the blue QW emission, the GaN excitonic
emission and the broad defect-related yellow band, is found in the spectra acquired
in the first 10 hours of aging. For the subsequent aging stages a constant value is
maintained or a slight recovery is observed. Figure 3.21 shows the nearly exponential
intensity decay of the QW emission as a function of the aging time. The intensity
loss follows a dependence on the injected beam current of the same nature of that
detected on the drive current in EL, i.e. the lower the injected current, the stronger
the degradation effects.

The correspondence of the aging effects identified by means of EL and CLs rules out
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Figure 3.21: QW CL Intensity versus aging time (T = 77K ), measured at different beam
currents on the whole area of the sample. The beam energy is fixed to 20keV, ensuring all

the layers in the active region are excited

that the main degradation mechanisms can be ascribed to a damage of the electrical
contacts. On the other hand, the CL results strengthen the attribution of the optical
failure to a generation, due to the electrical stress, of non-radiative centres. This is
suggested on the basis of the spectra collected at fixed injection power by varying
the device temperature. As reported in Figure 3.22, the QW intensity loss, occurring
mostly within the first hour of aging, strongly increases (up to even 70%) by increasing
the temperature. This can be attributed to the growing role, as the sample is heated, of
non-radiative recombinations, controlling the observed quenching of the QW transition

for rising 7', up to an almost complete disappearance above 250 K.

3.3.7 Photocurrent measurements

Measurements results described above indicate that low current stress can induce
the generation of non-radiative recombination centers inside the semiconductor
material. Capacitance-Voltage and DLTS measurements have indicated that these

modifications take place near/within the active layer, indicating that stress worsens
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Figure 3.22: Temperature dependence of the QW intensity loss from CL data at several

aging stages

the radiative properties of the devices. A confirmation of this fact has been obtained
by means of photocurrent spectroscopy.

This technique allows to spectrally separate the contributions to the generated
photocurrent into (i) carriers generated inside the QW system and (i) carriers
generated in the GaN material. The high energy part of the spectrum, above the
bandgap of GaN, is due to carriers generated in GaN and in the QW (with a dominant
part of GaN), whereas the low energy part of the spectrum, between the bandgap of
QWs and GaN is only due to QW absorption (with exception of some band tailing
effects from GaN bulk material).

Photocurrent spectra have been measured at room temperature; light from a QTH
lamp with enhanced UV emission was chopped at f = 16H 2, monochromatized in a
CornerStone 260 monochromator with spectral resolution equal to 1nm and shed on
the sample. The photocurrent signal was collected by a SRS SR830 lock-in amplifier.
In Figure 3.23 we report the PC spectra measured during stress at 20 mA on one LEDs.

As can be noticed, low current stress induces the decrease of the PC signal. From
this signal, we analyzed the stress kinetics of two different spectral regions. The first

region is the so-called GaN NBE peak, at A\ = 363nm, corresponding to the energy



Chapter 3. Analysis of heterostructure degradation

95

A (nm)
500 450 400 350
Untreated 363 nm (NBE) 4
------ 10 h

417 nm (QW)

Photocurrent (pA)
|_\
o

26 28 30 32 34 36 38 4.0
Photon Energy (eV)

Figure 3.23: Photocurrent spectra collected on one aged sample at different stress times

Enpe = 3.40eV, while the second region is the peak at A = 417nm, which we labelled
"QW? corresponding to the energy Egw = 2.95eV. The signal at A = 363nm is related
to carrier pairs generated both inside the QWs and in the GaN bulk material, while
the signal at A\ = 417nm is related to carrier pairs generated inside the QWs only.
The analysis of the stress kinetics of the different spectral components (Figure 3.24)
indicates that PC collected at A = 417nm decreases about twice as much as PC

collected at \ = 363nm.

It is thus apparent that the signal due to carrier pairs generated inside the QWs
is more affected by current stress with respect to signal related to GaN transitions.
Therefore, photocurrent spectroscopy indicates that the generation of non-radiative
components taking place as a consequence of low current stress is mostly concentrated
in the active layer of the LEDs. This fact confirms the results obtained by means
of capacitive techniques, showing that stress induces modifications of the charge

distribution, mostly localized close to the MQW region.
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3.4 Discussion and conclusions

In this chapter, we have described a detailed analysis of the effects of low current
density stress on the electrical and optical properties of MQW LEDs. Analysis has
been focussed on the so called early degradation, i.e. a rapid degradation of LEDs
efficiency taking place during the initial stages of devices operation. Specific goal of
this work has been the identification of the physical mechanism responsible for this

phenomenon, by means of combined electro-optical analysis.

Stress was carried out at RT, biasing the devices at low current level (324/cm?):
in this way, junction temperature during stress was limited to 65°C, that is too low to
induce thermally-activated devices degradation within the analyzed stress time interval.
Stress effects can be therefore attributed to carriers flowing through the active layer of

the LEDs, rather than to thermal mechanisms.
Stress was found to induce the decrease of the optical power emitted by the devices.
OP decrease was mostly concentrated during the initial 20 hours of treatment, and was

more prominent at low measuring current levels. The results of CL analysis confirm this

trend: moreover, the CL characterization carried out at different temperature levels
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indicated that the QW loss measured at high temperatures was stronger than at low
temperatures.

The capacitance-voltage measurements showed that stress induced an apparent
charge increase in the whole investigated semiconductor region, particularly
pronounced at the interface between the active region and the bulk material, where
during ageing a peak in the ACD profile grew. The modifications of the apparent
charge profile and the optical power decrease had similar kinetics: this fact suggests
that the worsening of the efficiency of the devices can be due to the degradation of
the characteristics of the active layer, possibly due to the generation of defects and
related trap levels. This hypothesis has been confirmed by carrying out a detailed
DLTS analysis during stress.

The DLTS analysis, performed in the same region of the new ACD peak, showed,
as a consequence of stress, significant modifications of the properties of traps at
170 — 180 meV (traps B and C). These localized modifications are supposed to
be related to the generation of non-radiative paths, which lower the efficiency of the
devices, especially at low current levels: at high current levels, these non-radiative paths
saturate, thus leading to the minor OP loss shown by the EL and CL measurements.

The stronger OP loss shown at high temperatures by the CL measurements can
therefore be attributed to the increase, as the sample is heated, of the non-radiative
recombination rate. We believe that the generation/modification of trap levels didn’t
take place only at the active region boundary: an extended defect generation is
supposed, since the ACD changed in all the region analysed by the C-V measurements,
and the CL decrease didn’t affect only the QW line, but also the GaN exciton and
yellow bands. However, photocurrent spectroscopy showed that defects generation is
stronger in the active region, with respect to the bulk material: this is due to the
more defective structure of the QW region, that is composed by the superposition
of materials with different lattice and thermal constants, and therefore can be more
influenced by the ageing processes.

As previously described [125, 126], the generation/propagation of defects even
at these low current densities can be related to a process of sub-threshold defect
generation by hot electrons. The DLTS analysis doesn’t explain all the ACD, EL

and CL modifications: the generation of other defects with very deep nature can be
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supposed, so that they are not detectable within the explored DLTS range, set by the
need of avoiding exceeding device heating.

Finally, the modifications of the traps at the interface of the active layer (possibly
contributing to tunnel-injection of the carriers inside the QWs) could also be related to
changes in the capture efficiency of the active region, and thus contribute in lowering the
overall LEDs efficiency. This hypothesis has to be confirmed by further measurements
(e.g. I-V vs temperature), with the aim of characterizing ageing-induced variations of
the transport mechanisms.

In conclusion, with this chapter we have presented a study of the degradation of the
properties of the heterostructure of GaN LEDs during current stress. The analysis has
been carried out by means of a capacitance-voltage, Deep Level Transient Spectroscopy,
Electroluminescence, Cathodoluminescence and photocurrent study of short-term
instabilities of InGaN/GaN LEDs submitted to low current stress. During the first
hours of treatment, the EL and CL measurements showed an efficiency decrease,
enhanced at low current levels. The ACD measurements showed an ageing-induced
charge increase, well related to the OP decrease and to the deep levels changes
detected by DLTS. This suggests that the efficiency loss is related to the generation of

non-radiative paths, due to the generation/propagation of extended defects.



Chapter 4

High temperature reliability: role

of passivation

This chapter describes an extensive analysis of the high-temperature reliability of
GaN-based LEDs. Failure modes detected after high-temperature treatment include
(i) optical power decrease, (i) emission crowding and (%ii) operating voltage increase.
It is shown that devices degradation is related to the worsening of the properties of the
LEDs ohmic contacts and p-type semiconductor layer. The efficiency degradation was
found to be thermally activated, with activation energy equal to 1.3 eV. This failure
mechanism of LEDs is attributed to the thermally-activated indiffusion of hydrogen
from the passivation layer to p-type region of the diodes, with subsequent p-doping
compensation and/or worsening of the transport properties of the p-side ohmic contact
and p-type semiconductor. Furthermore, it is shown that the degradation process is
reversible. In particular, passivation removal and subsequent annealing are sufficient
for an almost complete recovery of the electrical and optical properties of the LEDs.
Finally, it is shown that the use of a sputtered SiN passivation layer can be an
effective alternative to usually adopted PECVD for the reduction of high temperature
instabilities of GaN LEDs, due to its reduced hydrogen content.

4.1 Motivation

During the last decade, gallium nitride LEDs have shown to be very effective devices

for many applications, because of their excellent properties, such as reduced energy

99
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consumption, small dimensions, flexibility, fast response, high robustness and excellent
lifetime (several 10000 hours). Indeed, these devices are currently used for indicators,
traffic lights, store signs, automotive lights and in several other fields. In addition,
advanced research indicates solid-state lighting as the most promising candidate for
the next generation of light sources, for both domestic and commercial applications.

One of the factors which have limited the development of high-brightness GaN
LEDs has been the difficulty of obtaining good p-type layers using magnesium as
acceptor, due to the important role of the hydrogen introduced during growth process
in compensating acceptor doping (see Chapter 1). Nevertheless, thanks to the intense
research carried out during the last decade, the growth of high-quality p-type GaN
films is now possible and well established: as widely described in literature, after
growth the acceptor doping can be activated by means of low-energy electron beam
irradiation (LEEBI) [60, 76] and/or an high temperature annealing [43, 71]. However,
the stability of p-type GaN layers at high temperature levels is still under analysis
(71, 74, 75, 8, 63], especially due to its implications in devices reliability.

During the last years a few authors have observed that GaN LEDs can fail during

stress at high temperature/current levels. The main consequences of stress are:

optical power decrease, as described in [11, 9] (see Figure 4.1(a))
e emission crowding, as described in [11] (see Figure 4.1(b))

series resistance increase, as described in [11] (see Figure 4.2(a))

modifications of the spectral properties of the devices, as described in [25] (see

Figure 4.2(b))

In these cases, temperature was considered to be a significant driving force for
devices degradation. Degradation process has been attributed to the presence of
hydrogen, which, at high temperature levels, can diffuse in the p-layer and generate
Mg-H bonds with the acceptor atoms, thus compensating the overall active doping level
and reducing device performance [71, 74, 75, 8]. Degradation of the LEDs has been
therefore attributed to the worsening of the properties of the contact and semiconductor
layer at the p-side of the diodes, that induce the non-uniformity of current flow (current

crowding) and the subsequent reduction of the effective emissive area and OP decay.



Chapter 4. High temperature reliability:

role of passivation

101

-

—a—20mA DC (P70mW)
.30 | | —=—50mA DC (P=225mW)

Optical power variation (%)
8

N

e : arcl

0.1 1 10

100

Stress time (hours)

(a)

(b)
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102 4.2. Analyzed devices and stress conditions

However, studies quoted above did not indicate which is the source of the hydrogen
responsible of this degradation process. The aim of this chapter is therefore to show
that a relevant source of the hydrogen compensating the acceptor doping during high
temperature stress can be represented by the passivation layer, deposited by PECVD
on the LEDs for chip encapsulation and surface leakage currents reduction. The
experiments were carried out by comparing the behavior of GaN LEDs with and
without a hydrogen-rich SiN passivation layer during thermal stress by means of a
combined electrical and optical characterization. Furthermore, we demonstrate that
the electrical and optical degradation related to passivation is completely reversible
after passivation removal and subsequent annealing and that the use of sputtered SiN

passivation layers can be effective in eliminating high temperature instabilities of GaN

LEDs.

4.2 Analyzed devices and stress conditions

For this analysis we have used test structures grown by MOCVD, including MQW
LEDs: the schematic structure of the samples is shown in Figure 4.3(a) and 4.3(b).
The devices were grown on a silicon carbide substrate. The vertical structure consists
in a buffer layer, a thick n-GaN:Si layer, an InGaN/GaN fourfold multi-quantum well,
a p-AlGaN:Mg layer and a p-GaN:Mg contact layer. The structure was processed
in order to obtain square devices, with a 250 um side. On half of the device wafer
a SiN passivation layer was deposited by PECVD (and which contains hydrogen,
as will discussed below), in order to enhance possible degradation effects, while the
other samples were left without passivation. The tested chips were bonded on metallic
packages (TO18) and the ohmic cathode contact was implemented with a bi-component
conductive epoxy adhesive, ensuring good electrical and thermal characteristics.

Before stress the passivated and un-passivated structures were fully electrically and
optically characterized, by means of current-voltage (I-V), capacitance-frequency (C-f),
conductance-frequency (G-f) and emission microscopy measurements.

After this analysis, the devices with and without passivation were subjected to a
thermal storage: equal samples were aged at different temperature levels, between 180

and 250 °C (with no applied bias). The stress duration ranged between 90 minutes and
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Figure 4.3: (a) schematic section and (b) top view of the analyzed structures

100 hours, depending on stress temperature. The steps had linear duration, and at each
step the full characterization was repeated, in order to achieve a detailed description
of the electrical and optical parameters during ageing, and to evaluate the different
behavior shown by the samples with and without the passivation layer. Here we will
describe the results obtained ageing the samples at 250 °C; the devices aged at the
other temperature levels showed the same degradation mechanisms, taking place with
different kinetics. The activation energy of the degradation process was calculated by
comparing the different degradation kinetics shown by the samples aged at different
temperature levels. After stress tests, the passivation layer was removed from the
LEDs, using an NHyF — HF solution, and the devices were submitted to further
thermal treatment at 250 °C. During this second annealing phase, the devices were
characterized by means of OP, emission microscopy, and [-V measurements in order to

detect possible recovery of their electrical and optical characteristics.

For the analysis described in this chapter, we have used LEDs coming from
different growth and PECVD passivation processes, in order to analyze the dependence
of degradation kinetics on devices technology. All analyzed samples with PECVD
passivation layer showed similar degradation modes, taking place with different kinetics
depending on technolgy process. The details on passivation deposition and p-layer

growth are confidential, and can not be given here. However, this is not restrictive,
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since the goal of this chapter is to give a physical description of the degradation
processes taking place as a consequence of thermal treatment: this physical explanation
has been necessary for the desing of passivation layers capable of guaranteeing stable
LEDs operation at high temperature levels. The most reliable solution obtained as
a consequence of this work is to use sputtering as an alternative to PECVD for the

deposition of stable passivation layers: results are described in Section 4.7.

4.3 Measurements results

4.3.1 Optical power measurements

The graph in Figure 4.4 shows the integrated optical power (OP) degradation
measured during thermal stress at 250 °C on the samples with and without PECVD
passivation layer. As can be noticed, the high temperature stress induced a strong
OP decrease only in the samples with passivation layer, which lost the 65 % of their
efficiency at 10 mA after the 90 minutes test; the efficiency loss had nearly exponential
time dependence, (time constant=18 £ 0.6 min at 10 mA), and was more prominent
for high measuring current values (Figure 4.4). On the other hand the un-passivated

samples lost only the 5 % of their efficiency at 10 mA during the 90 minutes test
(Figure 4.4).

1.0+
~
X —e— Un-Passivated (2 mA)
N—r -
— 0.8 —a— Un-passivated (10mA)
o
3
o —O— Passivated (2 mA)
5 0.6+ —— Passivated (10 mA)
o
=
=]
O 0.4+

T T T T T

0O 20 40 60 80 100
Stress time (min)

Figure 4.4: optical power measured at 2 and 10 mA for the passivated and un-passivated

samples during the 250 °C stress
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As stated above, the OP decrease was more prominent for high measuring current
values. This fact is expressed also by Figure 4.5, that reports the optical power vs
current (L-I) curves measured on one of the passivated LEDs during stress at 250
°C. In order to highlight the entity of the optical power (OP) decrease at each of the
measuring current levels, we have normalized all the curves to the values recorded
before stress.

As can be noticed, thermal treatment induced a 65 % OP decrease at the nominal
measuring current of 20 mA. Degradation effects were found to be less pronounced for
lower test current levels: this fact is consistent with previous studies that attribute
OP loss and emission crowding to the increase of the parasitic resistance of the p-side
of the diodes [9, 14]. In fact, both resistive and crowding effects are more effective in
determining light output degradation at high current levels. It is interesting to notice
that this behavior is exactly the opposite of the one described in Chapter 3 (see 3.9(b)),
where the OP loss was more prominent at low current values, due to the fact that in

that case the mechanism responsible for OP decay was the generation of non-radiative

paths.
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Figure 4.5: output power vs input current measured before and during stress on one

passivated LED. Curves have been normalized to the values measured before stress

The OP degradation process was found to be thermally activated: Figure 4.6 shows
the output power decay as measured on similar samples (from the same wafer) aged

at different temperature levels, ranging from 180 to 250 °C. As can be noticed, for all
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the stress temperature values, the OP decay has a nearly exponential behavior which

can be efficiently described by

OP =100 — K - /7 (4.1)

The value of the time constant 7 of the OP degradation varied with stress

temperature according to the exponential law

T a2 ePal/kT (4.2)

Its value ranges from 18 minutes at 250 °C, to 1633 minutes at 180 °C. By plotting
the value of the degradation time constant versus q/k7T (T=stress temperature), we
obtained the Arrhenius plot shown in Figure 4.7. From this plot we estimated the
activation energy of the thermally-induced degradation to be equal to 1.31 £ 0.03eV.
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Figure 4.6: output power decay as measured (at 10 mA) during stress tests at different

temperature levels ranging from 180 to 250 °C

The distribution of the light emitted by the surface of the LEDs was evaluated
by means of a PHEMOS 200 Light Emitting Microscope. Figure 4.8(a) and 4.8(b)
show the emission pattern of a passivated LED as measured before and after the 250
°C stress at 10 mA. As can be noticed, before stress the passivated LEDs showed a
uniform emission distribution, indicating a good current and emission spreading. In
the center of the diagram one can clearly notice the dark region corresponding to the

bondpad (see the top view in Figure 4.3(a) for comparison). As can be noticed, as a
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Figure 4.7: Arrhenius plot showing the degradation time constant (in minutes) plotted
versus q/kT; the straight line is the linear fitting curve used for the estimation of the activation

energy value

consequence of stress, the passivated LEDs showed a dramatic emission crowding: the
intensity decreased far from the pad, while the emission loss was less significant near
the contact. The intensity profiles of the LEDs without the passivation layer did not

show any significant change as a consequence of stress.

1600
1400
1200
1000

Counts
Counts

Figure 4.8: intensity profile of a passivated LED measured at 10 mA (a) before and (b)
after the 250 °C stress

The kinetic of the changes of the emission pattern can be analyzed by measuring
the intensity profiles on the median lines of the devices (linear intensity profiles):

Figure 4.9 shows a schematic top view of an LED, and the region on which the intensity
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profiles were evaluated. Figure 4.10(a) and 4.10(b) show the linear intensity profiles
measured before and during stress at 250 °C on the passivated and un-passivated
samples respectively. As described above, the intensity profiles of the untreated samples
(solid lines in Figure 4.10(a) and 4.10(b)) were rather uniform; on the right hand
side one can clearly notice the dark region corresponding to the bond-pad (region
C in Figure 4.10(a)). Figure 4.10(a) shows the occurrence of the emission crowding
phenomenon during stress: the intensity profile strongly decreased far from the pad
(region A in Figure 4.10(a)), while the emission loss was smaller near the contact (region
B). On the other hand, the intensity pattern of the un-passivated LEDs remained evenly
distributed after stress (Figure 4.10(b)).

LED top view

= == — -

Measured region

Figure 4.9: schematic top view of one LED, with the region on which the linear intensity

profile was measured

4.3.2 Current-Voltage characterization

The I-V measurements were carried out by means of an HP4155A Semiconductor
Parameter Analyzer. In Figure 4.11 and 4.12 are shown the forward current
characteristics of one passivated sample before and during storage at 250 °C. As can
be recognized, thermal overstress induced a lowering of the forward current in the
medium-high voltage region (V' > 2.5 V). On the other hand, stress did not induce
significant changes in the current-voltage curves of the samples without passivation

(see the linear I-V curves in Figure 4.13).
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Figure 4.10: intensity profile emitted during stress by the region highlighted in Figure 4.9:
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Figure 4.11: I-V curves measured of one LED with passivation before and during stress at

250 °C (linear scale)
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Figure 4.12: I-V curves measured of one LED with passivation before and after stress at

250 °C (semi-logarithmic scale)
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Figure 4.13: 1-V curves measured of one LED without passivation before and during stress
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In order to achieve a description of the modifications induced by stress on the
electrical behavior of the samples with passivation, according to the simplified model
in the inset of Figure 4.11, we estimated the series resistance Rg and the ideality factor
n by fitting the I-V curves by means of

a(V—RgI)

I x IO € nkT (43)

We carried out this analysis in the range between 10 pA and 20 mA (see the
semi-logarithmic I-V plots in Figure 4.12). Figure 4.14 shows the series resistance and
ideality factor modifications (normalized to initial value) measured for the passivated
samples during stress: as a consequence of thermal treatment, the ideality factor was
evaluated to increase from 3.48 to 3.97, while the series resistance grew from 22 to
25€2. The modifications of Rg were relatively small, and the slope of the I-V curves
did not vary significantly after stress: for this reason it is reasonable to think that the
stress-induced shift of the I-V curves towards higher voltages is mainly related to the

variations of the ideality factor.

Ideality factor n

—o— Series resistance 122
—=— |deality factor

Series resistance Rs (Q)

T T T T T 21
0 20 40 60 80 100

Stress time (min)

Figure 4.14: series resistance and ideality factor variation during the 250 °C stress

(passivated samples)

As can be noticed, the ideality factor is much higher than the expected value of
1.0: these results are consistent with the data reported in literature. However, there is

no agreement about the physical cause of such high values:

e Cao, Dmitriev and Eliseev attributed this behavior to tunneling ([96, 97, 98]);
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e Franssen observed that while in simple pn junctions recombination occurs in the
neutral regions (Shockley model), in MQW structures radiative recombination
takes place mostly in the middle of the depletion layer, and this is expected to

give rise to an increase of the ideality factor in the I-V characteristics ([99));

e Shah attributed this behavior to the influence of the rectifying heterojunctions

and metal-semiconductor junctions present in heterostructure diodes ([100]).

For what concerns the devices described within this work, tunneling is an important
transport mechanism in the analyzed current range ([127, 128]), and can have an
important role in increasing ideality factor value, as well as the efficient recombination
processes taking place inside the QW region. On the other hand we cannot exclude
a contribution of rectifying heterojunctions and metal-semiconductor junctions to this

increase.

4.4 Discussion

With this work we have analyzed the high-temperature stability of GaN-based
LEDs by means of combined electrical and optical characterization. In particular, we
have analyzed the impact of the presence of the PECVD passivation layer on devices
stability. Passivated and un-passivated LEDs have been therefore submitted to high
temperature storage. As a consequence of stress, the passivated samples showed a
significan efficiency loss, more prominent for high current values, together with emission
crowding. On the other hand, the un-passivated diodes showed a reduced OP decrease,
without emission crowding. The OP degradation was found to be thermally activated,
with activation energy equal to 1.31 4 0.03 eV .The current-voltage measurements
indicated that stress induced a series resistance and ideality factor increase only for the
samples with the passivation layer. In summary, it was found that the presence of the
PECVD SiN passivation layer can have an important role in limiting high temperature
stability of GaN LEDs.

An hypothesis about the physical mechanism determining the degradation processes
described above can be the following. During the PECVD passivation deposition

process, the dissociation of precursors (SiH4 and N Hj) can induce the incorporation
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of hydrogen inside the passivation layer and/or at the interface between the passivation
and p-GaN. Heating at 250°C' can allow this hydrogen to interact with LEDs surface,
possibly binding with magnesium and generating Mg — H complexes [71, 76, 11, 9]
and /or inducing the degradation of the ohmic contact at the p-side.

The ohmic contacts on p-GaN are usually obtained with high acceptor
concentrations. A reduction of the active acceptor concentration, due to the interaction
between hydrogen and magnesium, can worsen the properties of the anode contact,
changing its transport characteristics, and vary the resistivity and injection properties
of the p-layer, thus leading to the measured I-V modifications. It is worth noticing
that also the anode metal layer can play a role in the measured degradation process:
as described in Chapter 5, measurements carried out on ohmic contacts on p-GaN
showed that stress can induce modifications of the characteristics of the contacts (i.e.
rectifying behavior after stress), and slight modifications in the sheet resistance of
the semiconductor. The results of this set of measurements indicate that important
modifications take place near the metal /semiconductor interface, suggesting a possible
role of the metal layer in the degradation process.

In the bondpad region, the presence of the thick metal layer obstructs hydrogen
diffusion towards p-GaN (see Figure 4.15): for this reason, the degradation process
is thought to take place mainly out of the pad region (see Figure 4.3(a)). Therefore,
after stress, current should have a preferential path under the pad, and emission should
be mostly concentrated in this region. This may be the mechanism concentrating the
emission near the contact, and reducing the overall output power.

In order to clarify the role of hydrogen in the degradation process, we have
submitted LEDs without passivation to thermal storage in different atmospheres, air
and forming gas (hydrogen concentration = 5 %). As a result, we found that storage
carried out in air did not induce significant degradation, while annealing in forming
gas atmosphere induced optical and electrical degradation as observed on the LEDs
with PECVD passivation: this is shown in Figure 4.16 which reports the output power
vs input current curves measured on a LED without passivation before and after a 16
hours annealing carried out in forming gas atmosphere at 250 °C. This result confirms
the important role of hydrogen in determining high temperature degradation of LEDs.

We think that passivation-related surface strain does not play an important role in
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Figure 4.15: Top: SEM image of the top side of one of the analyzed LEDs. Bottom:
schematic section of the surface region of the analyzed LEDs. It is worth noticing that the

passivation layer does not cover the central pad.
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Figure 4.16: Output power vs Input current curves measured on an LED without

passivation layer before and after a 10 h annealing at 250 °C in forming gas atmosphere
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the described degradation process: a proof in this direction has been obtained removing
the passivation layer from a set of aged devices. After the removal of the SiN layer
(and of the related strain), the electrical and optical behavior of the degraded devices
did not show any change, indicating that passivation removal is not sufficient to obtain

an efficiency recovery, which was observed only after a further annealing.

4.5 Capacitive analysis of LEDs degradation

In the previous sections, we have indicated that a source of hydrogen responsible for
this degradation process is represented by the passivation layer, usually deposited by
Plasma Enhanced Chemical Vapour Deposition (PECVD) on LEDs surface, for chip
encapsulation and surface leakage current reduction. The modifications of the optical
power, emission profile and current-voltage characteristics have been interpreted in
terms of degradation of the properties of the ohmic contact and semiconductor at the
surface of the p-side of the diodes.

The properties and degradation of semiconductor and contact layers can be
efficiently studied by means of capacitive and spectroscopic techniques ([108, 109,
118, 119, 20]. Therefore, in order to better understand the modifications taking
place as a consequence of stress at contact/semiconductor level, we have carried out a
detailed analysis of the characteristics of aged LEDs by means of capacitance-voltage,
capacitance-frequency, Thermal Admittance Spectroscopy (TAS) and Deep Level
Transient Spectroscopy. The analysis has been carried out on passivated samples,
since high-temperature degradation effects have been detected only in presence of the
PECVD passivation layer.

Figure 4.17 shows the C-V curves measured at 1 MHz before and during stress at 250
°C on one analyzed device. From these characteristics it is possible to calculate the
activated donor density in the bulk, which was found to be N; = 4 — 5 - 107em =3
(see Section 3.3.4 and 2). As can be noticed, stress determined a capacitance
decrease, mostly localized in the positive bias region. The time dependence of the
capacitance decrease and of the optical power decay were found to be similar (see the
inset of Figure 4.17), thus indicating a correlation between the electrical and optical

degradation of the devices. These results suggest that information on the mechanism
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responsible for the degradation can be extracted by means of a detailed analysis of the
capacitive properties of the samples: therefore we have carried out a complete study
of the properties of the deep levels in the semiconductor layer by means of DLTS and

TAS, with the aim of identifying the changes arising as a consequence of stress.
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Figure 4.17: capacitance-voltage curves measured during stress at 250 °C at 1 MHz. Solid
line = before stress, Dashed line = After 20 min at 250 °C, Dotted line = After 90 min at

250 °C. Inset: optical power (at 10 mA) and capacitance (at 0 V, 1 MHz) decrease measured

during stress on one aged device

4.5.1 DLTS analysis

DLTS measurements (Figure 4.18) refer to the temperature interval 100 — 400 K,
except for the measurement performed after the last stress stage, for which the
temperature interval was 100 — 500 K; the spectra were collected with values of
reverse bias V4 and filling pulse V};; such to probe the bulk region of the n-side of the
junction excluding the quantum well active region. However, very similar spectra with
a similar degradation behavior were found also in regions closer to the multi-quantum
well system. During the DLTS run, the capacitance level C(V;,) was simultaneously
measured at a meter frequency f.,, = 1 M Hz over the whole temperature interval. We
refer to this measurement as to the characteristics of capacitance versus temperature
C(T), omitting the dependence on the bias level V.

DLTS analysis of the samples subjected to thermal stress evidences (Figure 4.18)
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Figure 4.18: DLT-spectra and C(T") characteristics measured at increasing stress stages.
DLT-spectra refer to the emission rate e,, = 46.55~!, and are collected at a reverse bias level

V, = —3 V and at a filling pulse level V fill = -2 V.

the presence of two deep levels, here labeled as A (E; = 0.15 V) and C' (E; = 0.25 eV).
The signatures of these levels are reported with squares in the Arrhenius plot in
Figure 4.19. Both levels found are majority carrier levels, despite the positive sign
of the peak related to A; this is due to the fact that at the detection temperature
< 100 K the DL transient can be inverted due to the significant increase in the series
resistance caused by the poor ionization of Mg dopants [20]. For this reason, it was not
possible to estimate the concentration of A, while the concentration of deep level C' was
found to be N; = 9-10%¢m™3. The shape and the amplitude of the signal AC/C from
these levels is constant at different stress times, showing that they do not change their
concentration with stress. Thus, no introduction of new deep levels or modification of
pre-existing deep levels takes place, at least in the considered temperature range. The
DLTS analysis was performed up to 500 K in the sample after the last stress stage,
yielding an upper bound of 0.8 eV for the possibility of a deep level with a typical
cross section of about 10~ em? to be detected. Therefore, no modification to the deep

levels with energy between 0.15 eV and 0.8 eV occurs.

The characteristics of the capacitance as a function of temperature C(7") evidence
a gradual decrease of C' with increasing stress time. This observation, keeping into

account the capacitance meter frequency f.,, = 1 M Hz, is consistent with the results
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Figure 4.19: The Arrhenius plot of one analyzed sample, in which the signatures of levels
A (empty squares and triangles) and C' (full squares and triangles) are reported, measured
by both DLTS (squares) and admittance spectroscopy (triangles). The signature of level B is
reported as measured by admittance spectroscopy (empty circles). The dotted curve on the
plot identifies the region for which the emission rate of the deep levels is in resonance with
a capacitance frequency equal to 1 M Hz. The dashed lines are an extrapolation of the deep

level signatures.
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of the C-V characterization shown in Figure 4.17. As represented in Figure 4.18, the
decrease of the capacitance is distributed on a wide temperature interval, and therefore

it is not correlated with the introduction of new deep levels.

4.5.2 Thermal Admittance Spectroscopy

As described above, DLTS measurements do not give detail on the phenomenon
responsible for the modification of the C-V curves indicated in Figure 4.17, since they
do not indicate modification in the capacitance transient arising as a consequence
of stress. We have therefore analyzed the capacitive properties of the devices using
also TAS measurements. This technique consists in a set of capacitance-frequency
(C-f) and conductance/frequency vs frequency (G/f vs f) measurements carried out at
different temperature levels [118]. The presence of a deep level (DL) in the analyzed
semiconductor determines a flex in the C-f curves, and a peak of the G/f curves, at
a frequency level which is related to the emission rate of the deep level itself. Device
heating (cooling) determines the increase (decrease) of DL emission rate, and therefore
the shift of the C-f and G/f curves towards higher (lower) frequencies. Therefore,
by means of repeated G/f measurements at different temperature levels, it is possible
to evaluate the dependence of the emission rate on temperature, and therefore to
extrapolate the characteristics (activation energy and capture section) of the analyzed
levels. Due to the intrinsic differences of DLTS and TAS, by means of the two
techniques it is possible to probe different regions of the emission rate/temperature
space, obtaining a more complete Arrhenius plot describing the modification of DLs
properties during stress.

Before stress, TAS revealed the presence of the two levels A and C already detected
by means of DLTS (peaks shown in Figure 4.18). The signature of these levels are
reported in the Arrhenius plot in Figure 4.19 by means of triangles, and are well
superimposed to the squares representing the results obtained with DLTS. It is apparent
that both experimental techniques, operating in two different frequency/emission rate
regimes, yield matching signatures for both levels.

The Arrhenius Plot also reports the curve (dotted line on the lower part) identifying

the points at which, for each T', the emission rate is in resonance with a capacitance
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meter frequency equal to 1 MHz. The diagonal dashed lines represent the extrapolation
of the deep levels signature to higher emission rate/temperature levels, which could be
measured neither by DLTS nor by admittance spectroscopy. The point where the
extrapolation of the deep level signatures intersects this curve yields an estimate of
the temperature interval at which a step in the C(T) characteristics is expected. In
the present case, deep level A yields a step in the C(T') curve at T~ 200 K, while
deep level C' at T' =~ 450 K; both steps are clearly visible in the plot of Figure 4.18.
Moreover, there was no deep level detected which could explain the variation in the
C(T) characteristics, which occur on the whole temperature interval considered in the
measurement.

While on one hand DLTS spectra did not indicate significant changes as a
consequence of stress, on the other hand thermal treatment was found to induce
modification of the G/f behavior of the devices, and therefore changes of their TAS
spectrum (see Figure 4.20). The most significant changes were detected in the
temperature range between 240 and 290 K. Before treatment, the G/f curves of the
LEDs showed only one peak in this region, corresponding to level C' in Figure 4.18
and Figure 4.19, with activation energy equal to 0.33 eV. This activation energy is
slightly higher than the value 0.25 eV found by fitting the Arrhenius signature of the
DLTS peak, and this is most likely due to a dependence of the capture cross section on
temperature. After stress, a new peak was detected, centered around 100 kH z (peak
B in Figure 4.20): comparison between G/f and capacitance-voltage characterization
carried out at each stress step showed that the growth of the G/f peak took place
together with the gradual decrease of the junction capacitance described in Figure 4.17,
well related to the degradation of the optical properties of the devices.

The thermal analysis of peak B showed that a variation of device temperature did
not correspond to a significant movement of the frequency position of the peak itself
(see Figure 4.20), indicating that peak B can be related (i) to the generation of a very
shallow level or (i) to a non-thermally activated process that can modify the small
signal capacitance/conductance of the devices.

In order to understand which is the origin of peak B we have plotted its signature in
the Arrhenius plot in Figure 4.19. As a result, we have found that the T?/e, ratio for

this level is substantially independent on temperature, as suggested by the small shift
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of the G/f curves with increasing temperature. Therefore the new peak detected after
stress in the G/f characteristics of the devices cannot be ascribed to the generation of
a defect state in the semiconductor material, but is related to a degradation process
that has a nearly temperature-independent impact on the characteristics of the device.

As described in the previous sections, the degradation of the electrical properties of
the devices is related to the interaction between hydrogen and the magnesium dopant,
implying the generation of Mg-H bonds and the subsequent decrease of active acceptor
concentration ([14]). Therefore devices degradation can be ascribed to the worsening
of the properties of the metal-(p-GaN) contact. Analysis described in this section
indicate that this process implies the modification of the capacitive characteristics of

the devices. In particular:

e (C-V analysis indicates that stress induces a decrease of junction capacitance,

related to the optical power degradation (see inset of Figure 4.17)

e DLTS and TAS measurements indicate that these modifications are not related
to the generation of defect states in the p-GaN region probed by means of these

techniques, i.e. close to the active layer

e TAS analysis indicates the presence of a non-thermally activated mechanism,

related to the capacitance decrease detected after stress.

Since this last mechanism is not related to the generation/modification of DLs close to
the junction, it can be related to the degradation of the p-GaN layer at the surface of
the devices, close to the passivation layer.

This hypothesis can be verified by analyzing the degradation of ohmic contacts on
p-GaN during high temperature storage. A detailed analysis of this process is described
in Chapter 5. We briefly anticipate a few results obtained in the framework of that
analysis, because they can be used to explain the modifications we have detected on
the capacitive measurements.

As described in Chapter 5, in order to obtain a better undestanding of the
degradation of the p-GaN layer and contacts and semiconductor detected on the LEDs,
we have analyzed the behavior of ohmic contacts on p-GaN during thermal stress.

Analysis has been carried out by means of the Transmission Line Method (TLM)
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[119]. Circular-TLM structures were submitted to thermal storage at 250 °C, and a
complete current-voltage characterization of the pads has been carried out at each step
of the thermal treatment.

Before stress, the I-V characterization revealed linear behavior of the contacts
(Figure 4.21). Sheet resistance and contact resistivity were estimated to be equal
to 79 kQ/square and 6.7 mSQ - em? respectively by means of the technique described

in [119] . Stress was found to induce

e the non-linearity of the characteristics of the contacts, corresponding to a

variation of the slope of the I-V curves around zero

e a slight increase of sheet and contact parasitic resistivity, corresponding to a
slight variation of the slope of the I-V curves of the TLMs in the high current
region (Figure 4.21)

The fact that after stress there is a strong degradation of the linearity of
the contacts without significant changes in contacts and semiconductor parasitic
resistance, indicates that the generation of Mg — H bonds and the subsequent
acceptor dopant compensation takes place mostly at the surface of the devices, close
to the metal/semiconductor contact, rather than in the region near the junction.
Since degradation mostly interests device surface, stress did not induce changes of
DLs distribution in the space charge region, and this explains the fact that no
significant variation of the DLTS spectra has been detected as a consequence of stress

(Figure 4.18).

4.5.3 Interpretation of the results

As described above, as a consequence of thermal storage the properties of the p-side
ohmic contacts of the LEDs are degraded, due to the interaction between devices
surface and the passivation layer with subsequent rectifying behaviour of the contact.
The p-GaN layer is covered by a semitransparent metallization. At the center of the
top-side of the LED, there is a further thick metal pad, used for the bonding of the
devices, that occupies the 20 % of the overall LED area (see the schematic of the
top side of the devices in Figure 4.3(a)). The passivation layer is deposited on the
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Figure 4.21: I-V curves measured on TLM structures before and after stress at 250 °C

semitransparent metal layer, while it is not present on the central pad due to the need
of obtaining a good wire bonding (see Figure 4.15). Therefore, interaction between
passivation layer and the metal/semiconductor junction takes place only in the area
surrounding the central contact, i.e. on the 80 % of the surface of the LEDs. The
remaining area is thought to be not affected by thermal treatment described in this
work: as a proof it must be considered that after stress the region under the central
pad keeps its efficiency unchanged, while the remaining area is affected by a strong
efficiency loss (see Figure 4.8(b)) [14].

As suggested by Figure 4.21 and explained in detail in Chapter 5, after stress
a rectifying barrier is generated at the metal/semiconductor interface of the devices:
therefore, the impedance model of devices structure is changed, because a new parasitic
impedance is placed in series with the intrinsic impedance (Cp — Rp) in the device
portion outside the contact pad. The small-signal equivalent circuit describing these
changes is reported in Figure 4.22. C; and (G; are the capacitance and conductance
associated with the portion of the p-n junction under the contact pad (20 % of devices
area), while Cy and G refer to the portion of the p-n junction outside the pad (80 %
of devices area).

These quantities are related by

Ci+Cy = Cp (4'4)
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Figure 4.22: Small-signal equivalent circuit for the analyzed device: (a) before stress
treatment; (b) after stress treatment. Part (c) is a 3D sketch of the device evidencing that
subscripts 1 and 2 refer to the portion of the junction under the pad and outside the pad,

respectively, while subscript s refers to the device (p-GaN)-metal interface outside the pad.

G+ Gy =G, (4.5)
Cl - ka, CQ - (1 - k?)Cp (46)
G1 = kGp, Go = (1- k)G, (4.7)

k = 0.2 being the geometric ratio between the area of the pad and the total device
area. C, and (), are the quantities measured before stress, when we suppose that the
block Cy — G, representing the parasitic impedance, is negligible in the calculation
of the total admittance. This is equivalent with supposing a sufficiently high value
for G5 before stress, consistently with the hypothesis that charge transport at the
metal-(p-GaN) interface occurs by tunnelling. The quantities Cs and Gy play a role
only after stress, assuming the values Cs = 220 20 pF and G, = (3.44+0.3) 107* S.
These values are found by a fitting procedure and are assumed as independent of
temperature and frequency, consistently with the experimental results of TAS and
C(T) characterization. The admittance of the portion of the device outside the pad is

thus

_ AC+w?BD + jw(BC — AD)

Y;
M C? + w2D?

(4.8)

with
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A = GGy — W*Cy0, (4.9)
B = CyG, — G50, (4.10)
C =Gy + G, (4.11)
D=Cy+C, (4.12)

which yields the total device admittance as

Yiot = Yu + G1 + jwC (4.13)

w = 27 f being the measurement frequency. The results of the fitting procedure are
visible in Figure 4.23. In the graphs, the experimental data showing the dependence of
C and G/ f on frequency are reported for a device before and after stress, moderately
reverse-biased at V, = —0.6 V. This example shows the validity of the assumed
model for the explanation of the modifications occurring upon stress. In particular, it
visualizes how the C vs. f and G/f vs. f characteristics before stress go over to those
after stress provided Cy and G, assume the values given by the best fit.

The physical explanation for the occurrence of these changes is the following.
Hydrogen impurities diffuse to the semiconductor from the passivation layer deposited
on the metal contact outside the pad.  The diffusion of H may have two
main consequences: (i) the reaction between H and Mg impurities in the p-GaN
layer passivating the Mg dopants, (i) an increase in concentration of H at the
metal-semiconductor interface modifying the barrier height [129]. The strong changes
detected by C-f and G/f-f characterization can be attributed to an increase in the
resistive component of the admittance Y; rather than to modifications of the capacitive
component. In fact, the value Cy = 220 4+ 20 pF' of the capacitance associated to
the Schottky metal-(p-GaN) contact after stress corresponds to an effective ionized
acceptor density N, = 5—6-10'8cm =2, which is about the 10 % of the overall acceptor
concentration. This fact indicates that after stress the active acceptor concentration
can be significantly passivated only in the immediate proximity of the metal-(p-GaN)
interface, i.e. at a distance scale smaller than the width of the depletion region at

the Schottky contact (calculated from the capacitance Cs as x, = 18 £ 1 nm). The
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measurements performed on TLM structures confirm this hypothesis, showing that

thermal treatment implies a strong increase in the contact resistivity and a minor

increase in the bulk resistance.
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Figure 4.23: Evolution of capacitance (a) and conductance over frequency (b) with stress.

Squares are the measured C and G/f before stress, while circles refer to the same quantities

measured after 90 min stress at 7' = 250°C. The line is a fit which takes into account the

small-signal equivalent circuit of Figure 4.22 with C), = C1 4+ C3 and G, = G + G2 keeping

the same values measured before the stress, Cy = 220 pF and G, = 3.4 - 1074S. The device

is biased at V, = —0.6 V.
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4.5.4 Capacitive analysis: summary

In summary, we have analyzed the degradation behavior of nitride-based
multi-quantum well LEDs with hydrogen-rich passivation layer subjected to thermal
stress by means of capacitive and spectroscopic techniques. Stress was found to induce
a decrease in the measured capacitance of the device, which was found to be well related
to the optical power decrease. By means of DLTS and TAS spectroscopies we excluded
that this capacitance decrease is related to the introduction of deep levels compensating
the doping density in the junction region. We also found that stress induces the growth
of a peak in the G/f curves, which corresponds to a non thermally activated mechanism.
TLM measurements on specific structures on p-GaN showed that the -V characteristics
assume a progressively non-ohmic behavior, with an increase of the contact resistance.
We interpreted these observations as due to the diffusion of H from the passivation layer
to the metal -(p-GaN) contact, with the subsequent passivation of p-type Mg doping
in the immediate proximity of the interface. This modifies the contact resistivity by
partially suppressing tunneling through the Schottky contact. A small signal model
taking into account the increase in the resistance of the contact layer outside the pad
could well reproduce the modifications occurring in the TAS spectra upon stress, and
allowed us for the calculation of the effective concentration of M g activated impurities
after stress, which was found to be N, = 5 — 6 - 108¢m =3, the same that would be

expected before stress.

4.6 Recovery tests

The degradation of both the electrical and optical properties of the devices detected
as a consequence of high temperature stress was found to be reversible. After the end
of the ageing tests described above, the PECVD passivation layer has been removed
from the LEDs (using an N HyF'— H F solution), and the behavior of the devices during
subsequent annealing at 250 °C' has been analyzed.

Results described in this section refer to samples with PECVD passivation with
lower hydrogen content with respect to the ones analyzed in the previous sections: these

devices showed the same degradation processes described in the previous sections, but
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slower stress and recovery kinetics (this can be understood comparing Figure 4.4 to
Figure 4.24(a)). For this reason, we have chosen to analyze recovery process on samples

with slower kinetics, in order to achieve a better description of the phenomenon.!
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Figure 4.24: (a) Optical power decay measured (at 10 mA) on one LED with PECVD
passivation during storage at 270 °C; (b) optical power recovery observed on an aged LED
after passivation removal and subsequent thermal treatment at 250 °C. The values in this

diagram are normalized to the ones of the untreated device.

During the thermal treatment following passivation removal, the optical
characteristics of the LEDs showed an almost complete recovery (Figure 4.24(b)): the
recovery process was found to be faster than the degradation process (degradation
kinetic for this LED is shown in Figure 4.24(a)).

The electrical measurements showed also the recovery of the electrical properties of
the LEDs. This is described by Figure 4.25(a) and 4.25(b), that show the I-V curves
measured during the recovery experiment. The fact that the degradation process is

reversible after passivation removal can be related to the fact that
e the hydrogen source (passivation layer) has been removed

e after passivation removal the hydrogen entrapped at LEDs surface can escape

from the devices

!Note that the OP degradation kinetics shown in Figure 4.4 are almost finished after 90 minutes
of treatment. For these LEDs, almost complete recovery is obtained after a 10 minutes annealing at

250 °C (after passivation removal). This time interval is too short to obtain a description of recovery

kinetics.
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Figure 4.25: (a) Current-Voltage curves measured before and during stress at 270 °C
on the LEDs with PECVD passivation layer; (b) Current-Voltage curves measured during
recovery test on one aged LED at 250 °C. The I-V curve measured before stress is plotted

for comparison

4.7 Proposal of a stable passivation layer

The data described above confirm that the PECVD passivation layer can play a role
in limiting devices stability at high temperature levels, possibly due to the interaction
between hydrogen and LEDs surface at the p-side [71, 74, 75, 8]: the comparison
between the behavior of devices with and without passivation [130, 14] strengthens

this result.

Therefore, the use of an hydrogen free passivation layer is expected to improve
devices stability at high temperatures. In order to confirm this hypothesis and to
indicate a stable passivation layer for LEDs, we have compared the behavior of a set
of LEDs with PECVD and sputtered SiN passivation layer during thermal storage.
All the LEDs analyzed within this comparison had identical epitaxial structure: the
differences of their behavior during stress are then ascribable to the different layers

used for the passivation of the devices.

As summarized by the optical power degradation curves in Figure 4.26(a)
and 4.26(b) and by the emission profiles in Figure 4.27(a) and 4.27(b), thermal storage
induced only a slight degradation on the devices with sputtered passivation, with
respect to what detected on the samples with PECVD passivation. Furthermore, the
I-V curves (Figure 4.28(a) and 4.28(b)) of these samples did not show the significant
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shift towards higher voltages detected on the corresponding LEDs with PECVD
passivation, and only a slight increase of the series resistance and of the ideality factor
was observed after stress (Figure 4.29(a) and 4.29(b)): this demonstrates that the
use of sputtered passivation guarantees the preservation of the electrical properties of
the devices even after several hundreds hours of thermal storage, and that suputtered

passivation can be an efficient alternative to PECVD passivation for the realization of

highly reliable LEDs.
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Figure 4.26: Optical power decrease measured (at 10 mA) during stress at 250 °C on the
LEDs with (a) PECVD passivation layer and (b) sputter passivation.
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Figure 4.27: Linear emission profiles measured (at 10 mA) during stress at 250 °C on the
LEDs with (a) PECVD passivation layer and (b) sputter passivation. Inset: schematic top

view of the LEDs, showing the line on which the linear intensity profiles have been measured
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Figure 4.28: Current-Voltage curves measured during stress at 250 °C on the LEDs with
(a) PECVD passivation layer and (b) sputter passivation.
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Figure 4.29: Series resistance and ideality factor increase measured during stress at 250 °C

on the LEDs with (a) PECVD passivation layer and (b) sputter passivation.
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4.8 Summary

In this chapter we have described an analysis of the high temperature reliability of
GaN LEDs with SiN passivation layer. Ageing tests carried out on LEDs have shown
that PECVD passivation can play an important role in limiting devices stability at
high temperature levels. Degradation of the electrical and optical characteristics of
the devices has been attributed to the worsening of the properties of the electrical
contact at the p-side of the diodes, due to the interaction between the hydrogen in
the passivation layer and LEDs surface and the subsequent lowering of active acceptor
concentration. Stress was found to induce also modifications of the LEDs capacitance:
by means of a DLTS and TAS analysis, we could exclude that these modifications
are related to the generation of new trap states inside the junction. A small-signal
model taking into account the increase of the resistivity of the metal/semiconductor
contact has been developed to explain the modifications detected in the capacitance
measurements. The model was found to have good agreement with experimental data.

The degradation process was found to be reversible, after passivation removal and
subsequent annealing. This is due to the fact that after passivation removal (i) the
hydrogen source has been removed from the LEDs and (i) hydrogen entrapped at
LEDs surface can escape from the devices. A proof of the role of hydrogen in the
degradation process has been given by storage tests carried out in different atmospheres:
in particular, annealing in forming gas was found to induce the same degradation of
the electrical and optical parameters detected during stress of samples with PECVD
passivation.

Finally, relevant data indicating that a sputtered SiN passivation layer can be
an effective alternative to PECVD passivation in terms of devices high-temperature
reliability have been presented. Measurements results indicate that sputter passivation
deposition can preserve both the optical and electrical performance of the devices over

several hundreds of hours of high temperature storage.
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Chapter 5

Analysis of contacts degradation

This chapter analyzes the high temperature long-term stability of ohmic contacts
on p-type gallium nitride to be used for GaN-based LEDs. The contributions of the
ohmic contacts and semiconductor material degradation are separated by means of
suitable test structures adopting the Transmission Line Method (TLM). Before stress,
the current vs voltage curves measured at the pads of the TLMs showed linear shape,
indicating good ohmic behaviour of the contacts. Thermal treatment at 250 °C was
found to induce the worsening of the electrical characteristics of the contacts: identified
degradation modes consist in a shift of the I-V curves towards higher voltages, and

strong non-linearity of the characteristics around zero.

This chapter shows that the high temperature instabilities of ohmic contacts on
p-GaN are related to the interaction between device surface and the PECVD SiN
passivation layer, usually used for chip encapsulation and for reducing the device
leakage current. Hydrogen contained in the passivation layer is supposed to play an
important role in the degradation process: the interaction with the acceptor dopant
at the metal/semiconductor interface induces a decrease in the effective acceptor
concentration. As a consequence, both the ohmic contact characteristics and the
semiconductor sheet resistance are worsened. The I-V characteristics of the degraded
TLM structures deviate from the ideal behaviour and become non-linear. The role of
hydrogen is confirmed by several evidences: (a) stress of TLMs without passivation
carried out in forming gas atmosphere induces the same degradation process detected

on passivated samples aged at high temperatures; (b) degradation process was found

135
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to be reversible, after passivation removal and subsequent annealing; (c¢) finally, the
use of sputtered SiN passivation layers (with low hydrogen content) can guarantee the
stability of the properties of the ohmic contacts during several tens of hours of stress
at 250 °C, thus providing a suitable technique for the deposition of passivation layers,

alternative to the usually adopted PECVD and stable at high temperature levels.

5.1 Motivation

In the previous chapter we have demonstrated that a source of the hydrogen limiting
devices stability at high temperature levels is represented by the passivation layer,
usually deposited by PECVD on the LEDs for chip encapsulation and surface leakage
current reduction [130, 14]. Failure modes induced by the high temperature interaction
between LEDs surface and passivation layer include optical power decrease, emission
crowing and operating voltage increase. This process has been attributed to the
degradation of the p-type region of the diodes, due to hydrogen-induced compensation
of the acceptor dopant.

The analysis quoted above have been carried out on completed LEDs: those
experiments have allowed us to identify the strong correlation between electrical and
optical degradation of the devices during thermal treatment, but did not provide a
quantitative understanding of the impact of thermal stress on the physics of degradation
of electrical characteristics of the ohmic contacts and p-type semiconductor. A more
detailed analysis requires the use of specific test structures for the study of contacts,
such as those based on the Transmission Line Method (TLM), which can provide
accurate information on the characteristics of ohmic contacts and semiconductor layers
before and during stress.

Therefore, the aim of this chapter is to describe a detailed analysis of the
degradation of p-type GalN contacts consequent to high temperature storage. TLM
structures have been submitted to high temperature storage tests, and their electrical
characteristics have been monitored during stress time in order to achieve a complete
description of contacts degradation.

We demonstrate that:

e the worsening of the ohmic properties of the metal /semiconductor interface at the
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p-side of the diodes (resulting in non-linear characteristics of the contacts and in
a slight increase of the semiconductor sheet resistance) significantly contributes

to the electrical degradation already noticed in LEDs
e degradation is reversible after passivation removal and subsequent annealing

e sputtered passivation can be used as an alternative to the conventionally adopted
PECVD passivation, resulting in an improvement of the high temperature

stability of ohmic contacts on p-type GaN, due to its low hydrogen content

5.2 Analyzed devices and stress conditions

The analysis has been carried out by means of the Transmission Line (TLM)
method [131, 67, 119]. Test structures were grown on SiC substrates by MOVPE.
For contact metalization, a platinum layer was deposited by vacuum evaporation (see
[67] for details). Circular TLM-patterns were then defined by means of back sputtering
(see Figure 5.1 and 5.2 for a schematic and micrograph of the used patterns).

The following dimensions were chosen for the TLM-patterns: inner radius equal to
50 and 100 pm; spacing equal to 2, 4, 8, 16, 32 and 64 pum. The TLMs were covered
with an hydrogen rich PECVD passivation layer: characteristics of p-type layer, ohmic
contacts and passivation layers were the same of previous studies on LEDs degradation
(see Chapter 4), in order to achieve consistent comparison between LED and TLM
degradation data.

After an initial characterization of TLM patterns, the structures were submitted
to thermal storage at 250 °C', for 160 hours. Characterization of TLM structures
was carried out by means of 4-wires current-voltage measurements, in order to reduce
parasitic effects. An HP4155A Semiconductor Parameter Analyzer was used for the
measurements. Data were analyzed by means of the method described in [119]. During
stress, behaviour of TLMs was compared to the electrical degradation of LEDs with
the same p-side and ohmic contact structure: this comparison allowed us to state that
the high temperature degradation of the ohmic contacts detected in the TLMs (i.e. the
degradation of the ohmic properties of the metal /semiconductor junction at the p-GaN

surface) is the main responsible for the degradation of the electrical properties of LEDs
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under high temperature stress reported in Chapter 4 and in [11, 9, 14]. After stress
tests, passivation layer was removed from the TLMs, using an N H4F — HF' solution,
and the devices were submitted to further thermal treatment at 250 °C'. During this
second annealing phase, the devices were characterized by means of [-V measurements

in order to detect possible recovery of their electrical and optical characteristics.

5.3 Results of the I-V measurements

Figure 5.3 shows the I-V curves measured before stress between each of the pads
of one TLM (see Figure 5.2) and the common pad. As can be noticed, all the pads
showed linear behaviour: the resistance values extrapolated from these measurements

are listed in Table 5.1.
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Figure 5.3: I-V curves measured between each of the pads and the common pad (PECVD
H-rich passivation). Inset: schematic of the 4-terminals configuration: terminal 1 and 3 were

used for the current source, while terminals 2 and 4 were used for voltage measurements.

As described in [119], the total resistance between the internal and the external

contacts can be approximated by:

R 1 1 o
Rp==2 [LT ( + ) +in <T>] (5.1)
27 ri  To T
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Pad  Resistance (2) Error (2)

A 2301 0.94
B 930 3.40
C 10947 51.37
D 7324 14.87
B 4959 8.00
F 3019 7.86
G 2043 7.65
H 1623 8.12
I 2556 3.07
J 4154 2.93
K 6768 5.24
L 945 1.07
M 1665 3.34
N 1209 3.61

Table 5.1: resistance measured between each pad and the common pad on one untreated

TLM
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where r; and r, are respectively the inner and outer radius of each pad, while
L represents the ”1/e” distance of the curve expressing the voltage drop under the
contact. This last parameter can be thought of as the averaged portion of the contact
width which is really crossed by current, and is related to the sheet resistance (Rg)

and to the contact resistivity (p.) by the relation

Ly = \/p./R, (5.2)

For r; > ry — r; Equation 5.1 simplifies to:

R
Rp = %

= Gy (’I"O —T; + QLT) C (53)

Where C is the correction factor

c=—"1 (r) (5.4)

To — T; r;

Figure 5.4 shows the variation of the total resistance with the gap (r, —r;) between
the inner and the outer contact, as measured on the pads with r; = 50 pum for all the
pads of one of the TLMs. The values of Rg, Ly and p. an be obtained fitting this
curve by means of Equation 5.3. Average values measured for the analyzed devices
were Rg = 52913 + 387 Q/square, Ly = 2.3 + 0.8um, p. = 2.7+ 0.2 m§ - cm?.

Figure 5.5 shows the I-V curves measured before and during stress on one of the
aged TLMs with hydrogen rich passivation in the range —3 — 1 mA (measurements
carried out on pad H in Fig. 1). Before stress the measured [-V curves were roughly
linear, indicating a good electrical behaviour of the ohmic contacts on p-type GaN. On
the other hand, thermal treatments induced a voltage increase and the non-linearity
of the electrical characteristics around zero.

The behaviour of the resistance values determined by the slopes of the I -V curves
in Figure 5.5 depends on the applied current: for currents greater than 1 mA extracted
resistance values show only a slight increase during treatment (reaching the 140 %
of initial value after stress), while the resistance values determined at currents close
to 0 mA show a stronger increase with increasing storage times (reaching the 440 %
of initial value after stress). While the resistances determined at the higher voltage

regions reflect the spreading sheet resistances of the p-GaN epilayers, the increase of the
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Figure 5.4: total resistance vs contact spacing curve measured on a TLM test structure.

Curves have been corrected by factor C as indicated in Equation 5.3

differential resistance around zero indicates the deterioration of the electrical properties

of the contact at the GaN/metal interface [132].
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Figure 5.5: I-V curves measured on a TLM test structure with H-rich PECVD passivation
layer during stress (PAD H in Figure 5.1 and 5.2, stress at 250 °C')
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5.4 TLM parameters extrapolation

A quantitative description of the variation of the sheet resistance and of the contact
resistivity during stress is given in Figure 5.6: the parameters were estimated using
Equation 5.1- 5.4. As can be noticed, after stress the sheet resistance increase was
limited to the 5%, while on the other hand, the contact resistivity was found to be
strongly affected by the thermal treatment (x 4.8 after stress). This diagram confirms
that the most important effect of stress consists in a worsening of the properties of
the metal/semiconductor interface, while p-type GaN layer is only slightly affected by

thermal treatment.
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Figure 5.6: sheet resistance and contact resistivity variation estimated using

Equation 5.1-Equation 5.4 before and during stress at 250 °C for one TLM with SiN PECVD

passivation layer

Thermal storage tests carried out on GaN LEDs with the same p-layer composition
and passivation showed that high temperature treatment can induce a shift of the LED
[-V curves towards higher currents, without strong changes of their slope (Figure 5.7):
logarithmic fitting of the I-V curves indicated that after stress the most important
change in the electrical characteristics of the LEDs is the increase of the ideality factor
of the diode equation, without strong modification of the series resistance of the p-GaN

layer (see Chapter 4 and in particular Figure 4.14 and Figure 4.29(a)) [14, 133].
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Since the characteristics of the ohmic contacts can influence the overall ideality
factor of the devices [100], this results suggests that stress of the LEDs induces the
degradation of the properties of the ohmic contacts, rather than a worsening of the
characteristics of the p-type material. The data collected within this work confirm
this hypothesis, giving a quantitative description of the amount of the sheet and
contact resistance increase at the contacts (see Figure 5.6). The comparison between
the electrical degradation of the TLMs and of the LEDs indicates that in both cases
the most important degradation process is the worsening of the metal /semiconductor
interface: on the other hand, the sheet resistance of the p-GaN layers is thought to be

affected by stress test only in a minor way.
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Figure 5.7: I-V curves measured on a LED test structure with H-rich PECVD passivation

layer during stress (stress at 250 °C)

5.5 Discussion of the results

An interpretation for the detected degradation process is given in this section. On
the basis of the results obtained Chapter 4, the degradation of the properties of the
p-side ohmic contact and semiconductor layer can be attributed to the interaction
between the passivation layer and TLMs surface [14]. As a consequence of passivation

deposition process, hydrogen is incorporated at the interface between passivation and
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p-GaN layer, due to the use of SiH, and N Hj as precursors. During heating at 250
°C, hydrogen can interact with LEDs surface, generating bonds with the magnesium
acceptor dopant, and reducing effective acceptor concentration under the contact
[8, 134]. Before stress, the behaviour of the TLM contacts on p-GaN is ohmic, and
their characteristic are linear. This ohmic behaviour is usually obtained by means
of a tunnelling metal-semiconductor junction, with an high acceptor concentration in
p-type GaN (> 10%m=3). A reduction of the acceptor concentration or an interaction
between hydrogen and the metal contact (due to the interaction with the passivation
layer) can induce a variation of the Schottky barrier at the metal/GaN interface, with
subsequent rectifying behaviour. The fact that after stress the contact resistivity shows
important degradation while p-type GaN resistance demonstrates only a slight increase
(Figure 5.6) indicates that the degradation process mostly interests the surface of the
LEDs (i.e. the region immediately under the metal contact) rather than the deep p-type
material: it is worth mentioning that the interaction between hydrogen and TLM
surface could be facilitated by the metal material, as reported for other semiconductors
in previous works [135].

In order to clarify the role of hydrogen in the degradation process, we have
submitted TLMs without passivation to thermal storage in different atmospheres,
air and forming gas (hydrogen concentration = 5 %). As a result, we found that
storage carried out in air did not induce significant degradation, while annealing in
forming gas atmosphere induced the same electrical degradation process observed
on the TLM with PECVD passivation (with a different kinetic due to the different
hydrogen concentration in the passivation and in the forming gas): this is shown in
Figure 5.8 that reports the I-V curves measured on a TLM without passivation before
and after a 3 hour annealing carried out in forming gas atmosphere at 250 °C'. This
result confirms the role of hydrogen in the degradation process analyzed within this

work, as already reported for LEDs in Chapter 4.

5.6 Recovery tests

After the end of the ageing tests described above, we have verified that the detected

degradation process is reversible. We have therefore removed the passivation layer from
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Figure 5.8: I-V curves measured on one of the TLMs without passivation during annealing

at 250 °C' in forming gas atmosphere (PAD H in Figure 5.1)

the aged TLMs, and analyzed the recovery of the electrical properties during further
storage at 250 °C.

After the removal of the passivation layer, the I-V curves of the pads constituting
the TLMs did not show significant changes. Figure 5.9 shows the I-V curves measured
on one aged TLM (PAD H in Figure 5.1) before and after passivation removal. These
curves indicate that the removal of the passivation layer was not sufficient for the

recovery of the electrical properties degraded as a consequence of stress.

The de-passivated TLMs were therefore submitted to a further thermal storage at
250 °C', and the I-V curves of the pads were measured at each recovery step. During
this treatment, the electrical characteristics of the TLMs showed a partial recovery, as
demonstrated in Figure 5.10. In this figure the -V curve measured before stress has

been plotted for comparison.

As described above, the most important modifications of the I-V measurements
detected after stress were localized in the region around zero. The reciprocal of the
slope of the I-V curves in this region (R in the following) can therefore be used as
a parameter to describe the kinetic of the degradation of the metal/semiconductor
system. Ry was evaluated by carrying out a linear fitting of the I-V curves in the

region between —0.05 and 0.05 mA.
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Figure 5.9: I-V curves measured on one aged TLM before and after passivation removal

(PAD H in Figure 5.1)
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Figure 5.10: I-V curves measured on one aged TLM before and during the recovery test.

The I-V curve measured on this device before stress is plotted for comparison (PAD H in

Figure 5.1)
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5.6. Recovery tests

The kinetic of the stress and recovery processes is described in Figure 5.11, which

shows the variation of the parameter Ry during thermal treatment. As can be noticed,

the recovery process was found to be faster than the degradation process (the ratio

between the time constants of the two processes was about 6 for the analyzed samples).
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Figure 5.11: R, variation measured on one TLM during stress and recovery. Dashed lines

are guides to the eyes. Measurements are referred to PAD H in Figure 5.1

Figure 5.10 shows that even when the recovery transient is completed, Ry is not

recovered to its initial value. This indicates that a second mechanism (besides the

recoverable one described in this work and due to passivation) induces a permanent

degradation of the ohmic contacts for long storage times [86].

This can be due to

e increased resistivity of the semiconductor material at the interface due to

permanent lattice degradation

e formation of reactions with the GaN resulting in a modification of the doping

profile

e generation of interface states and defects that can alter the tunnelling conduction

processes

Further analysis is in progress to distinguish between these hypothesis.

As

indicated above, the degradation of the passivated TLMs could be ascribed to
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the interaction between the hydrogen present in the passivation layer and the
metal/semiconductor interface. The fact that this degradation process is reversible
after devices de-passivation can be related to the fact that (i) the hydrogen source
(passivation layer) has been removed and (7i) that after passivation removal hydrogen

can outgas from TLMs surface.

5.7 Tests on TLMs with sputter passivation

The data described above confirm that the PECVD passivation layer can limit
the stability of the ohmic contacts at high temperatures, due to the interaction
between hydrogen and p-type material surface. Therefore, the use of an hydrogen
free passivation layer is expected to improve TLMs and LEDs stability at high
temperatures. In order to confirm this hypothesis and to propose a stable passivation
layer to be used for LEDs, we have analyzed the behaviour of a set of TLMs with
sputtered Si/N passivation layer during thermal storage.

By means of sputtering it is possible to deposit passivation layers with low hydrogen
content. However, sputtering process could imply damage of the surface of the
contacts, thus determining poor contact properties with respect to PECVD passivation
deposition. Therefore, before carrying out the ageing tests, we have verified whether
the use of sputtered passivation is equivalent to the use of PECVD in terms of
characteristics of the contacts and devices, comparing the performance of LEDs and
TLMs with PECVD and sputter passivation. As a result, we have found that there
is no significant difference in the electrical and optical characteristics of TLM and
LEDs with the two passivation layers (not shown here). Adopted sputtering process
is therefore thought to not significantly worsen contacts properties with respect to
PECVD deposition.

TLMs with sputtered passivation showed minor degradation than the PECVD
ones. After stress the I-V curves measured between the pads showed only a slight
non-linearity, indicating good stability of the electrical contacts (see the I-V curves
measured on samples with PECVD and sputtered passivation in Figure 5.12(a)
and 5.12(b)).

As can be noticed in Figure 5.13 for the TLMs with sputtered passivation also
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Figure 5.12: I-V curves measured on one TLM with (a) PECVD and (b) sputter passivation
during stress st 250 °C

the variation of Ry (x 2) during stress was less significant with respect to PECVD
passivation (x 4.2). This result can be interpreted considering that the sputtered
passivation has a minor hydrogen content with respect to PECVD one, because no
H-containing precursor is used during sputtering. High temperature treatment has
therefore a minor impact on degradation of the contacts of sputtered devices: sputtered
passivation is an efficient alternative to PECVD in terms of devices stability at high

temperature levels.
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Figure 5.13: Ry variation measured on the TLM structures with PECVD and sputtered
passivation during stress at 250 °C' (PAD H in Figure 5.1)
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5.8 Conclusions

This chapter provided a description of the high temperature degradation of ohmic
contacts on p-type gallium nitride related to passivation. The analysis has been
carried out by studying the behaviour of TLM structures with PECVD passivation
during high temperature treatment. It is shown that thermal storage can induce
strong modifications of the I-V characteristics of the TLMs: in particular a rectifying
behaviour and a slight series resistance increase were detected as a consequence of
storage.

Degradation has been attributed to the interaction between p-type semiconductor
material and the hydrogen in the PECVD passivation: we have shown that the most
important result of this interaction is a worsening of the ohmic properties at the
metal/GaN interface, while only a slight increase of semiconductor sheet resistance
is detected after stress. Results are consistent with previous findings about LED
degradation at high temperatures described in Chapter 4.

Degradation process was found to be reversible, after passivation removal and
subsequent annealing. Finally, the use of sputtered passivation layers has been
proposed as a more stable alternative to the conventionally adopted PECVD

passivation for devices to be used in high temperature environment.
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Chapter 6

Degradation of high power LEDs

This chapter presents an experimental analysis of high brightness light emitting
diodes (HBLEDs) performance and high temperature stability. Three different families
of HBLEDs from three leading manufacturers have been considered. The analysis
has been carried out by means of current-voltage, integrated optical power and
electroluminescence measurements, and failure analysis.

After an initial characterization of the electrical, optical and thermal behavior of the
devices, a set of ageing tests was carried out under high temperature stress conditions.
Identified degradation modes were efficiency decrease, series resistance increase, and
modifications of the emitted spectrum.

Characterization of devices behavior during thermal stress indicated that the
reliability of white LEDs can be strongly limited by the degradation of the
package/phosphors system, determining the worsening of the chromatic properties
of the devices. Analysis carried out at different temperature levels showed that the
described degradation process is thermally activated, with an high activation energy

equal to 1.5 eV for the analyzed devices.

6.1 Motivation

Gallium nitride based LEDs have recently shown to be excellent candidates for
the next generation of light sources. The industrial relevance of these devices is
increasing for various types of products or components: automotive applications,

medical applications, indoor and outdoor lighting, decorative lighting, signals, display

153
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backlighting. High efficiency, good robustness to ESD events and shocks, fast response,
expected long lifetime (50-100,000 h) are the most important features of GaN LEDs,
that have attracted the lightning community towards this kind of devices.

During the last years, many efforts have been done in order to improve
devices performance: as a results, LEDs with output power of several watt are
now commercially available. The development of high power LEDs strengthens
the importance of devices thermal management: package thermal resistance and
capacity must be optimized in order to avoid devices thermal degradation, and
temperature-activated degradation processes must be carefully analyzed.

Furthermore, the ever increasing adoption of LEDs for the realization of solid-state
based light sources implies a certain interest in optimizing the driving conditions for
these devices in order to achieve an improvement in devices performance and reliability.
In particular, two schemes are widely used in the industry for LED dimming: decreasing
the forward current (continuous current reduction, CCR), or changing the duty cycle
by pulse-width modulation (PWM). In general, PWM is more popular in the industry
for dimming LEDs, because of its wide dimming range and the linear relationship
between the light output and the duty cycle [136]. These two dimming methods imply
different bias strategies: CCR is obtained using dc bias, while PWM is realized by
means of square-wave current driving. Although implying a higher current stress for
the device, the latter strategy is capable of offering advantages to the power supply
designer. The most important fact is that the amount of passive filters required by
the power supply can be considerably reduced. It is therefore important to evaluate in
detail how the adoption of these two driving strategies can influence the performance
and the reliability of the devices. Therefore, the first part of this chapter will report a
detailed analysis of the performance of high-power LEDs submitted to dc and pulsed
bias driving.

The second part of the chapter will focus on the impact of high temperature
stress conditions on the reliability of high power white LEDs. During the last
period, many works on LEDs degradation have been published, see for example
(11, 23, 24, 30, 9, 137, 14, 16]: in most of the cases, these papers described the
behaviour of power LEDs submitted to high current stress. In these cases it is difficult

to distinguish whether detected degradation effects are ascribable to carrier flow or
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to high temperatures reached by the junction during stress, and a model for thermal
degradation of the devices can not be efficiently derived.

Therefore, the aim of the second part of this chapter is

e to study the degradation kinetics of high-power white LEDs submitted to pure
temperature storage: during stress, no bias has been applied to the junction,
in order to avoid carrier flow related degradation, finally describing only the

degradation processes depending on temperature;

e to describe the optical and electrical degradation modes detected as a consequence

of stress;

e to show that high-temperature degradation kinetics have an Arrhenius
dependence on temperature, and to extrapolate the activation energy of the

degradation process.

6.2 Analysis of LEDs performance under dc and

pulsed bias

6.2.1 Analyzed devices and tested driving conditions

For this work we analyzed three different families (A, B, C) of commercially available
white LEDs, from three leading manufacturers. The devices of family A and B are
rated for a maximum electrical power of about 2 W, while devices of family C can
reach higher power levels (5 W). All the devices have a similar structure: a protection
diode is connected in parallel to the blue InGaN/GaN chip, and the blue-to-white light
conversion is achieved by means of the deposition of a phosphorous layer on the LED
chip.

If mounted on a properly sized heat sink, the devices can guarantee a low thermal
resistance (8 —9 K/W): in these conditions the operating temperature can be well
below the maximum recommended value of 100 —125°C', and the devices are capable to
show good electro-optical stability even during several thousands of hours of operation.

The basic characteristics of the devices under test are summarized in Table 6.1. It is
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worth mentioning that the structure of the highest power devices (Family C, 5 W) is
constituted by the series/parallel connection of a set of LEDs: this is the reason why
the typical forward voltage is higher with respect to the devices of family A and B, as

well as the dissipated electrical power for the same current level.

Device Family Rated Power [W] Rated Forward Current [mAd] Typical Forward Voltage [V]

A 2.1 500 4.2
2.3 500 4.6
C 5 700 6.8

Table 6.1: Basic characteristics of the analyzed devices

A characterization of a wide set of samples was carried out by means of
current-voltage (I-V), optical power (OP) and electroluminescence (EL) measurements:
the devices of the three families showed uniform characteristics, demonstrating the
high quality of the production process. After this preliminar characterization, we
have evaluated the impact of different driving strategies on devices performance.
In particular, we have compared dc and square-wave current driving in term of
devices emitted power, devices efficiency and junction temperature. All the tested
driving waveforms had the same average current level, in order to achieve consistent
comparison. Pulsed waveforms had frequency in the range 100 Hz-700 kHz, and duty
cycles in the range 10-100 % (see Figure 6.1 for a graphical representation of the
concept of duty cycle): peak current was varied accordingly to keep the average current

unchanged, according to

[peak = Iavg/D (61)

The results of the thermal and optical analysis did not show significant dependence
on the frequency of the driving waveform: in the following sections we report the results
obtained driving the devices with square-wave bias, with frequency equal to 200 kHz.
The thermal resistance of the devices was evaluated by means of the method described
by Xi and Schubert [111, 112], as explained in Section 6.2.2 (see also Section 3.3.1 for

comparison). Results are explained in the following sections.
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Figure 6.1: Representation of the concept of duty-cycle

6.2.2 Thermal characterization

As described above, it is important to evaluate the thermal behavior of high power
LEDs to be used for lightning applications. In this section, we describe a thermal
analysis of LEDs submitted to dc and pulsed bias driving. In order to better understand
the effects of temperature on devices efficiency, we used a simple heat sink, consisting
in a copper frame. For this reason, the thermal resistance and temperature values
extrapolated by means of the measurements are higher than the ones reccomended for
operation.

We evaluated the average temperature of the devices during bias using the thermal
resistance value estimated by means of the method described in [111, 112]. A
set of voltage measurements was carried out at different current (between 100 and
300 mA) and temperature (between 35 and 90 ° ') levels in a thermal chamber. The
measurements were carried out using short current pulses, in order to avoid devices
self heating.

Figure 6.2 (referred to the devices of family A) shows that for each measuring
current (I,,) level the relation between the corresponding voltage and temperature is
roughly linear: the slopes of the curves in Figure 6.2 were therefore evaluated by means
of linear fittings, and used as coefficients for junction temperature evaluation in the
following analysis.

The chamber temperature was subsequently fixed at 35 ° C, and the devices were

biased for a fixed period (120 seconds) at each of the measuring current levels used
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before: the voltage reached by the LEDs at the end of this period was then measured.
This voltage value corresponds to the temperature reached by the junction after the
self heating transient. By means of the coefficients calculated before we extrapolated
the junction temperature (7}) at each measuring current level, and the temperature
vs electrical power diagram reported in Figure 6.3 (family A). The same analysis was
carried out for the other families of devices: thermal resistance values of 74, 63 and
67 were extrapolated for the devices of family A, B and C respectively. These values
are well above the ones obtained with a properly sized heat sink, and imply a more
significant self heating of the LEDs during bias.

It is worth noticing that the thermal resistance values listed above possibly slightly
underestimate the actual value, due to the fact that the calibration measurements
have been carried out assuming the junction temperature to be exactly equal to the
temperature set in the thermal chamber, but a slight self heating can take place even
during the short current pulses used for the characterization. A further approximation
is related to the fact that not all the electrical power injected in the devices is converted
into heat: a small portion (5 — 15 % depending on device) is converted into light.
Therefore, in order to obtain a more accurate estimation of junction temperature, it
would necessary to estimate the optical power emitted by the devices at the different
current levels. However, our laboratories are not equipped with a calibrated optical
power measurement system, and therefore this analysis is impossible. This fact implies
a slight overstimation of the junction temperature values. The next generation of LEDs
is expected to reach very high efficiency levels (close to 150 Im/W). It is expected that
these devices will have a 50 % wall plug efficiency [138]: in the case of these devices
the approximation of considerig the power level contributing to junction heating equal
to the injected electrical power will no longer hold.

As explained above, the aim of this section is to describe the thermal and optical
behavior of high-power LEDs under different bias conditions, i.e. dc and pulsed current
driving. The LEDs have been therefore driven with dc and pulsed current bias, using
different duty cycles (d) and the same average current value. For each used bias
condition, the average junction temperature (7;) was estimated by multiplying the
extrapolated thermal resistance value for the average electrical power injected in the

devices: the results are described by Figure 6.4, which shows the variation of 7} with
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duty cycle during pulsed bias at an average current of 400 mA (results referred to
family A). As can be noticed, decreasing the duty cycle (and therefore increasing the
peak current value in order to keep the average current unchanged) implies an increase
of the average junction temperature. The same behavior was observed for the two
other families of devices: for family B (C) junction temperature was found to increase
from 105 (153) to 137 (170) varying the duty cycle from 100 % (dc) to 30 %. The
temperature values reported in Figure 6.4 represent the mean values reached by the
junction after several periods of operation under pulsed bias: it is worth noticing
that the peak temperature values reached by the junction during the on-phase of the
driving pulses are higher than these average values, and temperature is expected to

show a ripple when the LEDs are submitted to square-wave bias.
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Figure 6.4: average junction temperature of an LED of family A driven using dc and square

wave bias with a 400 mA average current (f = 200 kH z, different duty cycles)

6.2.3 Optical characterization

This section describes the the impact of duty cycle variations on LEDs efficiency:
this analysis has been done by driving the samples with square-wave bias at a fixed
average current level, and measuring the EL spectra for different duty cycles varying

the peak current of the waveform accordingly.
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Figure 6.5 shows the electroluminescence spectra of samples of Family A measured
at 400 mA average current, with duty cycle varying in the range 20 — 100%. The EL
spectra of all the analyzed samples showed two peaks centred near 460 nm (quantum
well-related emission) and 565 nm (yellow phosphorous emission). As can be noticed,
the decrease of the duty cycle of the driving waveform (and the corresponding increase
of the peak current level in order to keep the average current equal to 400 mA) implies
the decrease of devices efficiency. The blue emission peak showed a 50 % decrease as
a consequence of a reduction of the duty cycle of the driving waveform from 100 % to
12 % (see Figure 6.6): also the intensity of the yellow peak decreased (see Figure 6.7)

as a consequence of the reduction of the duty cycle of the driving waveform.
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Figure 6.5: Electroluminescence spectra of one LED of family A driven using dc and square

wave bias with a 400 mA average current (f = 200 kH z, different duty cycles)

Furthermore, the reduction of the duty cycle of the driving waveform implied a
slight shift of the chromatic properties of the devices, corresponding to an increase of
the efficiency of the blue-to-yellow conversion process. This effect can be analyzed by
estimating the ratio between the integral of the yellow emission (part of the EL spectra
comprised between 500 and 780 nm) and the integral of the blue emission (part of the
EL spectra comprised between 380 and 500 nm) by means of

Yellow emission oS TdX

T =

(6.2)

Blue emission 3555) Id\
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as proposed in [139] (see also Figure 6.8).

In Figure 6.9 it is shown the variation of the ratio r between the intensity of the
yellow and blue emission corresponding to a reduction of the duty cycle of the driving
waveform, for the same average current level. As can be noticed, decreasing the duty
cycle from 90 % to 12 % implies a 4 % increase of the yellow/blue ratio. This effect
can be understood by considering that the wavelength of the blue peak varies with
decreasing duty cycle, for the same average current level (as shown in Figure 6.10). As
can be noticed, a decrease of duty cycle implies the shift of the blue radiation towards
shorter wavelengths. This phenomenon is due to band-filling effect and to the screening
of the Quantum Confined Stark Effect (QCSE) [140, 36, 141, 142], taking place as the
peak current of the driving waveform is increased. The efficiency of the phosphors
strongly depends on the characteristics of the exciting radiation [143]: a blue shift of
the QW-related emission peak can vary the conversion efficiency of the phosphors, and

then imply a variation of the ratio r as reported in Figure 6.9.
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Figure 6.8: Electroluminescence spectra selection for analysis of yellow and blue emission

intensity: (a) ideal case, (b) practical case

Figure 6.11 shows the variation of LED integrated output power with duty cycle,
for the same average current level (400 mA). It is clearly noticeable that a decrease of
the duty cycle implies a decrease of LEDs efficiency, even for the same average current
value. This decrease is obviously related to the decrease of the blue emission peak

shown in Figure 6.6. This effect is related to the fact that

e optical power is a non liner function of the bias current, so that positive

increments of the bias current imply less than proportional increments of the



164 6.2. Analysis of LEDs performance under dc and pulsed bias

215 1 0.5
1Ob T T T T T T T T
1 n
104 -
S ]
2 103 \.
8] \
=) ] [ |
o B 102 \
T 2
— _O 7
Q 9 101- T
> = —
a 1 L
€ 100 -
(@]
2 ]
99 |
T T T T T T T T T
20 40 60 80 100

Duty cycle (%)

Figure 6.9: Ratio between the intensity of the the yellow and blue emission of one LED
of family A driven using square wave bias with a 400 mA average current (f = 200 kH z,
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emitted power (due to carrier overflow, saturation of radiative paths, different

influence of trap states, Auger recombination, ...)

e higher peak currents imply stronger self heating (see Figure 6.4 for comparison)

and then a decrease of LEDs efficiency

These results suggest that driving the devices at a fixed average current with low
duty cycles (e.g. lower than 40 % in this case) can imply a significant efficiency
reduction (about the 30 % for d=40 %) with respect to the dc case. Therefore, pulsed
bias can be a good alternative to dc bias for the same average current level, but only
if duty cycle is not reduced below a certain limit (in this case 40 %) depending on the

properties of the analyzed devices.
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Figure 6.11: Variation of the efficiency of one LED of Family A with decreasing duty cycle
measured driving the device using dc and square wave bias with a 400 mA average current

(f =200 kHz, different duty cycles)

6.2.4 Summary

In summary, in this section we have analyzed the dependence of the thermal and
optical properties of GaN-based power LEDs on the bias conditions. In particular, we
have studied the behavior of the samples under dc and square-wave current bias. All

the tested driving waveforms had the same average current level, in order to obtain
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consistent data comparison, but different duty cycle and peak current values. Thermal
analysis showed that a reduction of the duty cycle of the driving waveform implies
an increase of average junction temperature. Therefore, biasing the devices under
pulsed bias implies a stronger self-heating of the devices, even for the same average
current level. Furthermore, optical analysis showed that a decrease of the duty cycle
of the driving waveform implies a decrease of devices efficiency, for the same average
current levels. This effect has been attributed to the stronger self heating, and/or
to the saturation of the radiative channels at high peak current levels. The results
of these measurements show that driving power LEDs under pulsed current bias in
general implies a reduction of devices efficiency with respect to dc case, even for the
same average current level. Therefore, pulsed bias is a good alternative to dc bias, but
duty cycle of the driving waveform must be kept high, in order to optimize devices

performance.

6.3 Analysis of high temperature reliability of
power LEDs

6.3.1 Analyzed devices and stress conditions

In this section we describe the effect of high temperature storage on the electrical
and optical characteristics of GaN-based high power LEDs. The analysis has been
carried out on two families of commercially available devices, grown by two leading
manufacturers (Family A and B, see Table 6.1 for details on analyzed devices). The
two families of devices showed similar behaviour as a consequence of thermal storage:
for clarity, we describe in this work the results obtained on devices of Family A, which
are representative also of devices of Family B. After an initial characterization of a wide
number of samples, a set of devices with average characteristics has been selected for
ageing tests. Devices have been stressed at temperatures ranging between 180 and 230
°C, with the aim of studying the degradation processes activated at high temperature
levels. A number (3-8) of identical devices were aged at each temperature level, in
order to have statistically relevant results. In this section we describe the results

obtained ageing the samples at 200 °C; the devices aged at the other temperature
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levels showed the same degradation mechanisms, taking place with different kinetics.
Stress temperatures were significantly higher than the maximum operating temperature
recommended by the manufacturer (125 and 105 °C for devices of Family A and B
respectively), in order to accelerate stress kinetics. No bias has been applied to the
devices during stress, in order to detect pure thermal effects, avoiding carrier flow
related degradation. At each step of the storage tests, devices electrical and optical
characteristics were measured, by means of current-voltage (I-V), optical power vs

input current (L-I) and stress time (L-t), electroluminescence (EL) characterization.

6.3.2 Optical power measurements

Optical power was measured by means of a Newport 1830C Optical Power Meter,
equipped with a 818-UV Photodiode and an integrating sphere. After each step of
stress, devices were removed from the thermal chamber, placed at 25 °C and submitted
to OP measurement. During L-I measurements, devices were biased by means of a
Keithley 6221 Current Source. Stress was found to induce an optical power (OP)
decrease on all the analyzed samples (Figure 6.12): devices lost the 40-60 % of their
initial OP after stress, and degradation was found to be mostly concentrated in the

initial part of the stress test (initial 15 hours).

6.3.3 Electrical measurements

Current vs voltage measurements were carried out by means of an E5263A
Parameter Analyzer, using short voltage pulses, in order to avoid that self heating
effects could affect measurements results. Current compliance was set to 500 mA,
which is the maximum rated current for the two families of devices we have analyzed,
in order to avoid electrical overstress during measurements. As shown by Figure 6.13
and 6.14, stress at 200 °C induced modifications in the I-V curves: operating voltage
was found to increase during stress (nearly exponential time dependence Figure 6.15),
indicating the degradation of semiconductor and/or contact properties [14]. The
electrical degradation seems to be at an early stage, and is mostly explained by some
fair increase (up to some 15 %) of the series resistance R,. Nevertheless, the residual

part of the observed electrical degradation, that cannot be related to the pure variation
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Figure 6.12: Optical power decrease measured (at 100 mA) during stress at 200 °C on the

devices of Family A (this curve represents the average of the OP decrease measured on 4
samples aged at 200 °C)

of R, seem to prelude to other more relevant effects that have been also highlighted

by means of preliminary tests at very high forward current.

0.5- Before stress ,
----After 2 h at 200°C ’
044 ------ After 10 h at 200°C
o After 100 h at 200°C ’
— 0.3 7
[
o
5 0.2
0.1
0.0
2.0 25 3.0 35
Voltage (V)

Figure 6.13: Current vs voltage curves measured during stress at 200 °C on one of the
devices of Family A (linear current scale)

In Figure 6.16 the dc current has been (logarithmically) plotted versus the reduced
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Figure 6.14: Current vs voltage curves measured during stress at 200 °C on one of the

devices of Family A (semi-logarithmic current scale)
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Figure 6.15: Forward voltage measured at 400 mA for one LED aged at 200 °C (dashed

line is an exponential fitting of the data)
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voltage V' — R,I [144] for the initial and final states of two devices, one tested under
pure thermal stress test (200 °C, no bias) and the other under high current test (400
mA dc, no heat sink). A common value of Ry = 1.05 allowed the two reference curves
to completely overlap and jointly to display a nearly ideal exponential behaviour. The
curves of the stressed samples, also drawn after removing the contribution of R, show
a similar trend at the end of the two quite different tests. In both cases, nor a simple
ohmic degradation (involving materials or interfaces, or both), nor a pure variation
of the height of the contact barrier can give complete account for the observed slope
variation in the electrical dc curves [14]. It is worth noticing that during the initial
part of the stress (¢ < 15 hours), Vp (and the I-V curves) was found to be nearly stable,
while in the same period a strong optical power decrease was detected (see Figure 6.12).
This fact suggests that the important OP decrease detected during the initial part of

the stress and the worsening of chip electrical properties are not directly related.
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Figure 6.16: -V characteristics, drawn vs. the reduced voltage V — RsI, of two devices

after the pure thermal test and a preliminary high current test.

6.3.4 Electroluminescence measurements

Results decribed in the previous section indicate that the degradation of the
electrical and optical properties of the devices are not direcly related. On the other

hand, optical power loss could be ascribed to modifications of the optical properties
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of the devices (i.e. modification in transmissive and reflective properties of package,
phosphorous layer conversion efficiency, lens, ...). In order to explore this hypothesis,
and to state if modifications of the optical properties of the devices take place after
stress, we have carried out measurements of the emitted spectra before and during
ageing tests. In Figure 6.17 are shown the electroluminescence spectra measured during
stress for one of the aged LEDs. The blue QW emission (centred around 460 nm)
and the broad yellow band (centred around 560 nm) related to the phosphorous layer

emission can be clearly noticed.
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Figure 6.17: output spectra measured at 250 mA before and during stress at 200°C on one

of the devices of Family A

The spectral data in Figure 6.17 have been normalized to the intensity of the QW
peak for each stress step. Stress induced a decrease of the yellow emission, with
respect to the main blue peak: the ratio r between the intensity of the yellow and
blue band (Y/B ratio, see 6.2) decreased from 0.45 to 0.25 as a consequence of stress
(Figure 6.18). The OP decrease and the Y /B ratio variation have similar kinetics (see
Figure 6.18), and this suggests that the degradation of the integrated OP of the LEDs
is strongly determined by the reduction of the yellow emission: a degradation of the
chromatic properties of the reflectors and lens and/or the worsening of the efficiency of
the wavelength conversion process are supposed to take place as a consequence of stress,

and to be strongly related to devices degradation. We have verified this hypothesis by
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means of optical microscopy: results are described in the following.
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Figure 6.18: Y /B ratio variation measured during stress at 200°C on one of the devices of

Family A. In figure is also reported the integrated OP loss kinetic shown in Figure 6.12

6.3.5 Analysis of package degradation

We have carried out the study of the degradation of the optical properties of
the package and phosphors by means of electroluminescence and microscopy analysis.
Figure 6.19 compares the Electroluminescence (EL) maps of a reference and a thermally
stressed device (Family A), and refers the visible features to the cross-sectional view of
the stressed device itself. The most important result is the evidence for carbonization
of the white package parts. The effect of carbonization is to cancel any light reflection
from the plastic ring that covers the outer edge of the copper cup that hosts the chip.
A similar effect has been detected also for the devices of Family B (see Figure 6.20).
However, no noticeable degradation of the epoxy lens has been detected after stress:
therefore we think that the browning of the lens contributes to overall OP decrease
only in a minor way.

Figure 6.21 also reveals that a third mechanism, beyond the loss of the light
conversion capability and the carbonization of the white plastics, contributes to

optically reduce the emitted power: the transparent thin metal layer that covers the
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outward emitting surface darkens, so building an attenuating filter in front of the main

emission surface of the chip.
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Figure 6.19: Comparative Electroluminescence for a reference and a stressed device of

Family A, and correlation with the cross-section of the stressed specimen
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Figure 6.20: cross section of a stressed device of Family B, highlighting the carbonization

of package surface
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Figure 6.21: Comparative EL of a reference and a thermally stressed device. The thin

contact layer darkens on the outward emitting surface of the stressed LED.

6.3.6 Activation energy of the degradation process

We have determined the dependence of degradation kinetics on stress temperature,
carrying out stress tests at different temperature levels in the range 180-230 °C. The
degradation of the optical properties was found to be thermally activated: an increase
in stress temperature implies a decrease of the time to failure (TTF), as shown in
Figure 6.22. By plotting the value of the TT Fryy (time necessary for a 30 % optical
power decrease) vs q/kT we obtained the Arrhenius plot shown in Figure 6.23, and
estimated an activation energy of 1.5 eV for the thermally activated degradation
process. It is worth noticing that we have analyzed a reduced number of devices for
each stress temperature level: analyzed devices showed similar degradation kinetics,
and the standard deviation of the analyzed parameters were small with respect to the
corresponding average values. So we think that, even if the number of analyzed devices
was low, measured degradation data can be representative of the statistical behavior

of the devices.

6.3.7 Discussion and summary

With this work we have analyzed the effects of high temperature storage on the
optical properties of GaN power LEDs. Stress was found to induce an optical power
decrease, and an operating voltage increase. The degradation of the electrical and of

the optical parameters were found to have different kinetics, suggesting that the output
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Figure 6.22: output power decay as measured (at 100 mA) during stress tests at different

temperature levels ranging from 180 to 220 °C.
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to the TT Frgy, measured on one device aged at a specific temperature level
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power decrease is not strongly related to the modification of the electrical properties of
the LED chip. Spectral measurements indicated that thermal treatment can induce a
worsening of the chromatic properties of the devices: a decrease of the yellow emission
intensity was detected after stress, with subsequent shift of devices output towards
bluish light.

Microscopic analysis of aged devices showed that stress induces: (i) the
carbonization of the white plastics implying a reduction of package reflective properties;
(ii) the darkening of the top-side contact layer. OP loss is therefore thought to be
related to this set of physical degradation processes, that have a relevant impact
on extraction efficiency and on LEDs spectral properties. The darkening of the
plastic reflector reduces the overall phosphors volume which effectively plays a role
in wavelength conversion (see Figure 6.19), thus implying the changes of the spectral
properties of the LEDs: it is not excluded that stress can induce also a worsening of
the conversion efficiency of the phosphorous material. On the other hand, this study
did not give any information on the role of blue chip degradation on overall efficiency
decrease: further work is in progress to verify whether thermal treatment determines
also the degradation of the properties of the blue LED chip, and to state which is the
impact of high temperature stress on the internal efficiency of the devices. Degradation
process was found to be thermally activated: an activation energy equal to 1.5 eV was
extrapolated for the TT Fryy parameter, by means of thermal stress carried out at
different temperature levels. This activation energy is thought to be mainly related
to the degradation of the plastic package and phosphorous material. Further tests are
in progress in order to state if the Arrhenius plot in Figure 6.23 can be extended to
lower temperature levels, i.e. below the maximum temperature recommended by the

manufacturer (105-125 °C).

6.4 Conclusions

In this chapter we have presented an analysis of the performance and reliability
of high-power LEDs based on gallium nitride. This work has been carried out on
commercial devices produced by three leading manufacturers. In the first part of the

chapter we have described the thermal and optical behavior of the devices and the
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dependence of the main parameters on the driving strategy. In particular, we have
compared the use of dc and pulsed driving: all the used driving waveforms had the
same average current level, in order to obtain consistent comparison. It has been shown
that the use of pulsed waveforms implies a stronger self-heating of the devices, with
respect to dc driving. Furthermore, we have shown that the use of square-wave driving
implies a lower devices efficiency with respect to dc case, even for the same average
current value. For this reason, we state here that driving power LEDs with pulsed
waveforms can be an alternative to dc bias, provided that low duty cycle values are
avoided, because they can imply a strong reduction of devices efficiency with respect
to dc case (even for the same average current level).

In the second part of the chapter, we have analyzed the high temperature reliability
of high power LEDs. We have shown that thermal treatment can induce optical power
decrease, modifications of the electrical properties of the LEDs and changes in the
emitted spectra. By means of combined optical and microscopical analysis we have
demonstrated that the decrease of devices efficiency is strongly related to the darkening
of the package of the devices, due to the high temperatures reached during stress. On
the other hand, we have shown that the high temperature degradation of power LEDs
is not strongly related to the worsening of the properties of the contacts and of the blue
semiconductor chip. Furthermore, we have shown that degradation process described
in this work is thermally activated: by means of ageing tests carried out at different
temperature levels, we have demonstrated that the activation energy of the degradation

process is equal to 1.5 eV for the analyzed devices.
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Chapter 7

Degradation of Laser Diodes

This chapter describes an analysis of the reliability of GaN-based laser diodes: in
particular, we have analyzed the the dependence of the degradation kinetics on devices
operating conditions (current, optical power and temperature), by means of a wide set
of ageing tests.

We demonstrate here that constant current and constant optical power stress induce
the increase of the threshold current of the devices, that varies according to the
square-root of time. The threshold current increase is found to be strongly correlated
to the decrease of the sub-threshold emission of the devices, thus suggesting that stress
determines the increase of the non-radiative recombination rate in the active layer.

Degradation rate is found to depend on stress temperature and current level, while
it does not significantly depend on the optical field in the cavity. On the basis of these
evidences and of previous literature results, we attribute devices degradation to the
diffusion of impurity species towards the active layer, with subsequent increase of the
non-radiative recombination rate. The identified degradation process is supposed to

be electro-thermally activated.

7.1 Motivation

Blue and violet InGaN-based laser diodes (LDs) play a very important role in the
new generation of optical storage systems. The properties of III-V nitrides and related
alloys allow for production of high quality blue LDs, to be used in the new generation

blue-ray disk systems.

179
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Despite a rapid increase in the market for nitride based optical devices, the
knowledge about physical processes occurring during operation is rather poor compared
to the case of conventional GaAs-based devices. In particular, little is known about
degradation mechanisms in nitride LDs. In comparison with the conventional III-V
devices based on GaAs, nitride LDs are very robust in terms of cohesion and defect
formation energy. Therefore, dislocation generation and propagation are not expected
to be the main contributions to the device aging processes like it is in GaAs laser diodes
[7].

In the first devices fabricated on GaN grown on sapphire substrates, the main
cause of degradation were defects originating from the lattice mismatch between
epitaxial layers and insulating substrate. Typical dislocation densities were of the order
10® — 10" em™2 [6] and the reported lifetimes of these LDs were between one second
and hundred hours [43]. Indeed, since the early days of the development of nitride laser
diodes, the use of dislocation filtering by lateral epitaxial overgrowth (ELOG) method,
enabled the realization of more reliable devices, by lowering the density of down to the
106 — 107cm =2 range [43, 145, 146, 4].

However, the identification of the physical mechanisms responsible for lasers
degradation is difficult, due to the several factors that can contribute in limiting LDs
lifetime.

Thanks to the effort of a number of groups working on LDs reliability, a few
information on laser diodes degradation mechanism have been recently obtained, as

summarized in the following:

e Degradation is manifested by the increase of threshold current density and the
decrease of the laser gain as a consequence of Automatic Power Controlled (APC)

or Automatic Current Controlled (ACC) stress [147]

e The degradation process was initially thought to be photo-activated [148], while
Kummler et al. suggested that degradation can be related to current density

[149]

e Tomiya et al. [7] demonstrated a very important feature of the nitride devices
degradation, i.e. the lack of dislocation multiplication and dark line formation,

which is characteristic for GaAs based devices
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e Schoedl et al. [17] indicated the importance of the facet degradation for devices

reliability, describing the important chemical activity of exposed GaN facets

e Takeya et al. [150] suggested that diffusion (probably Mg) may be responsible
for the degradation, demonstrating a square root dependence with time of the

degradation of laser devices

e Finally the measurements carried out by Marona et al. [151] indicated that
the degradation of laser diodes occurs mostly by the increase of the threshold
current due to creation of new non-radiative recombination centers and that
the degradation follows a square-root law indicating the importance of diffusion

processes.

Despite the important efforts that have been done to understand the mechanisms
that limit LDs lifetime, from literature data it is not clear how the diffusion-related
degradation process described in [7, 4, 151] depends on LDs operating conditions
(operating temperature, optical field and injected current). In other words, it is not
clear if this diffusion process is a purely thermal effect, or if operating current and /or the
high photon density in the cavity can play a significant role in determining degradation
kinetics.

Therefore, the aim of this chapter is to describe a complete analysis of the optical
degradation of GaN-based LDs. By means of a wide set of stress tests carried out
under different temperature, optical power and stress conditions, it is confirmed that
degradation of LDs properties can be ascribed to a diffusion process. Furthermore it

is demonstrated that

e degradation of the threshold current and of the sub-threshold optical power have
similar kinetics, indicating that an increase of the non-radiative recombination

rate is responsible for the degradation

e increasing stress temperature implies an increase of the degradation rate (even

for the same optical power or current level)

e optical power (OP) level does not have a significant impact on degradation

kinetics
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e pure thermal stress (no bias applied to the junction) has only a minor impact on

devices characteristics

e degradation rate has a nearly linear dependence on injected current

Degradation has been then attributed to an Electro-Thermally activated diffusion of
impurities towards the active layer of the devices. This diffusion implies the generation

of non-radiative paths, with subsequent decrease of the efficiency of the devices.

7.2 Analyzed devices and stress conditions

The analysis has been carried out on multi-quantum well laser diodes grown on
GaN substrate by means of MOCVD. Devices vertical structure consists in a GaN
buffer layer, an AlGaN cladding layer, an n-GaN guiding layer, a triple InGaN/GaN
quantum-well structure, a p-AlGaN electron blocking layer, and a p-GaN contact layer.
Average threshold current density and slope efficiency of the LDs were measured to
be 3.2 kA/em? (corresponding to an injected current of about 29 mA) and 1.6 W/A
respectively. A set of devices coming from the same wafer have been submitted to
stress under different driving and temperature conditions.

In particular, we have aged the devices at

e fixed optical power level (65 mW CW), different temperatures (in the range 50-80
OC)

e fixed temperature level (70 °C), different optical powers (in the range 55-75 mW
CW)

e fixed temperature level (180 °C), no bias,

e fixed temperature level (70 °C), different current levels (in the range 20-80 mA
de)

During stress, the case temperature of the LDs was kept constant by means of a
Peltier-based temperature controlled holder: the used system has a 0.01 °C' resolution
and a £0.1 °C' accuracy, thus allowing for accurate control of LDs temperature.

The junction-to-case thermal resistance was measured to be equal to 40 K/W: this
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means that under typical adopted stress conditions (70 mA stress current, 70 °C
case temperature), junction self heating was limited to 15 °C with respect to case
temperature. For all the analyzed devices, stress duration was equal to 100 h.

During stress, at defined time intervals, we have measured the RT output power vs
input current (L-I) characteristics of the devices, thus evaluating the degradation of the
optical properties of the samples. Devices threshold current (I;,) has been evaluated
by means of linear fitting of the L-I curves in the OP range 1-4 mW

For all the devices stress duration was equal to 100 h.

7.3 Results

7.3.1 Stress at fixed current level

Figure 7.1 shows the linear optical power vs injected current (L-I) curves measured
(at 25 °C) before and after stress carried out at 70 mA, 70 °C on one LD. As can be
noticed, stress induced the shift of the threshold current (I;;) toward higher values,
without strong modifications of the slope efficiency of the devices. Furthermore, the
semi-logarithmic L-I plots in Figure 7.2 show that stress induced the decrease of the
emitted power of the devices also in the sub-threshold region (sub-threshold emission
OP,u).

Figure 7.3 shows the threshold current variation

I (t)
11, (0)

as measured during stress at 70 mA dc, 70 °C on one aged LD. During stress the

threshold current increased according to the square-root of stress time: the solid line

represents a fit of the experimental data according to

Aly, = Iy + OVt (7.2)

where I is close to zero, and C' is a pre-factor that defines the degradation rate.
As described in previous studies [145, 4, 151], this kind of dependence indicates that
degradation is related to an impurity diffusion process. In Figure 7.3 we also plot the

variation of the sub-threshold optical power (OPy,;) measured at 28 mA (3.1 kA/cm?),
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Figure 7.1: L-I Characteristics measured (at 25 °C) before and after stress at 70 mA CW,

70 °C (linear scale)
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Figure 7.2: L-I Characteristics measured (at 25 °C) before and after stress at 70 mA CW,

70 °C (semi-logarithmic scale)
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i.e. just below lasing threshold (that is about 29 mA for the untreated device), during

stress time: this parameter is plotted as

OP,(t)

AOPyy, =1 — ==
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Figure 7.3: Threshold current increase and sub-threshold emission decrease measured on

one LD during stress at 70 mA, 70 °C

As can be noticed, the threshold current increase and the sub-threshold emission
decrease have similar kinetics, indicating a correlation.

A few consideration can be given considering the curves in Figure 7.3 and the basic
Equations 7.4 and 7.5 that define LDs behavior at lasing threshold. Equation 7.4
indicates that the carriers recombination lifetime 7 is determined by the balance
between the non-radiative and radiative recombination rates (A and B respectively, see
also [94]). In this equation, N represents the carrier density in the active region. On
the other hand, Equation 7.5 indicates that the threshold current Iy, is proportional to
the ratio between threshold carrier density (n¢,) and the carriers recombination lifetime

[152].

L_aiBN (7.4)

\]
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I o % = ngn (A + Bng,) (7.5)

Considering that:

e as described in [94, 152] both the sub-threshold optical power OPy, and the
threshold current I;;, depend on the balance between radiative and non-radiative
recombination events, and are therefore related to the carriers recombination

lifetime;

e the non-radiative recombination coefficient A is related to the defectivity of the
active layer [94], that is supposed to increase during stress due to an impurity

diffusion process [7, 4, 151]

e no change is expected after stress in the radiative recombination rate B

our results support the hypothesis that both I;;, and OP,,, variation can be
attributed to an impurity diffusion process [7, 4, 151], that implies the increase of
the non-radiative recombination rate A, with corresponding decrease of the radiative

efficiency of the devices and increase of their threshold current.

7.3.2 Stress at fixed OP levels, different temperatures

In order to better characterize the properties of this diffusion process, we have
analyzed the dependence of stress kinetics on the operating conditions (temperature,
output power and current). Stress tests carried out at fixed OP level (65 mW CW)
and different temperatures indicate that degradation rate increases with increasing
temperature, as highlighted by the [;, curves reported in Figure 7.4. In Figure 7.6
and in Table 7.1 we report the variation of degradation rate C' (see Equation 7.2)
with increasing stress temperature, for stress at constant OP level. Increasing stress
temperature from 50 °C to 80 °C implies an increase of the degradation rate of
a factor 2. Therefore, temperature has a significant role in defining degradation
kinetics: for this, a strong increase of stress temperature is expected to speed up
degradation kinetics. The log-log I;;, degradation curves of the devices aged at different

temperatures have similar slopes, close to 0.5 (Figure 7.5), i.e. I, increases with the
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square-root of stress time at all the analyzed stress temperatures. As mentioned before,
this kind of kinetic is typical for diffusion-related degradation processes: this result
supports the hypothesis that degradation is ascribable to the diffusion of an impurity
that can generate non-radiative paths, thus changing the sub-threshold emission and
Iy, value [7, 4, 151].

As a result of this set of tests we can state that temperature has a significant role
in defining degradation kinetics: for this, a strong increase of stress temperature is

expected to speed up degradation kinetics.

—~ 6_ .
E’\i ] Increasing T o
2 5- R R
) ] g K
s \

£ 4 .
o v-- ,--A\(
8 3 L i N\ e A
= | \ A A 2 ).\ w---uW
5 S AT
qt') 24 ,':,"' ——:’ --------- " \
3 .1 2.9 e .
5 11 i: n m  Stress at 65 mW OP, 50 °C
S o e Stress at 65 mW OP, 60 °C
5 0+ i‘ A Stress at 65 mW OP, 70 °C
Q 1 4 v Stress at 65 mW OP, 80 °C
'E _1 II T T T T T T T T T T

0 20 40 60 80 100

Stress time (hours)

Figure 7.4: Threshold current increase measured on the samples aged at fixed optical
power level (65 mW APC) and different temperatures in the range 50-80 °C. Dashed lines

are square-root fitting curves.

7.3.3 Stress at high temperature levels

In order to understand if the diffusion process responsible for degradation is
activated only by temperature, we have carried out stress tests at 180 °C, with no
bias applied to the junction. Results indicate that temperature alone (even if high)
does not induce significant degradation of LDs devices characteristics: stress at 180 °C
for 100 h was found to induce only a 1.2 % I, increase (see Figure 7.7), that is small

compared to the [y, increase detected during stress at 65 mW, 70 °C.
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Stress temperature  Prefactor C (h™%°)  CW OP level (T=70 °C) Prefactor C (h™"?)
(OP=65 mW CW)

50 °C 2.92.107% 55 mW 4.81-107%

60 °C 4.05-107° 65 mW 4.87-107°

70 °C 4.87-107% h mW 5.05 - 1073

80 °C 5.95-1073 - -

Table 7.1: Variation of the pre-factor C with increasing optical power level (for stress at

constant temperature=70 °C) and with increasing temperature (for stress at constant OP=

65 mW)

o
04

A
/A—_—A
/A
/
A/
"

—A— Stress at 65 mW OP, 70 °C
—o— Stress at 180 °C, no bias

Threshold current increment (%)

'
[aEy

20 40 60
Stress time (hours)

80

100

Figure 7.7: Threshold current increase measured on one sample aged at 65 mW, 70 °C and

on one sample aged at 180 °C, no bias
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7.3.4 Stress at different OP levels, fixed temperature

Therefore, the diffusion process responsible for LDs degradation is not purely
thermally activated. Transport of carriers and/or high optical field are expected to
play a significant role in degradation process. For this reason, we have analyzed the
impact of stress at different optical power and different current levels on degradation
kinetics, at fixed temperature (70 °C).

Results (Figure 7.8) showed that a variation of the stress OP level in the range
55-75 mW does not imply a significant change of the degradation rate, for the same
stress temperature level (70 °C). The fact that the intensity of the optical field does not
strongly influence degradation kinetics is expressed also by Figure 7.6 and Table 7.1,
that reports the variation of the degradation rate C' with increasing stress OP level:
as can be noticed, increasing optical power from 55 mW to 75 mW implied only a 5 %
increase of the degradation rate.

Results showed that increasing stress OP level did not imply a significant increase
of the degradation rate. The variation of C' due to an increase of optical power from
55 to 75 mW (45 %) was significantly lower than what determined by an increase
of operating temperature from 50 to 80 °C (x 2 for stress at 65 mW APC). This is

described by Figure 7.8, that reports the threshold current increase measured

e on the samples aged at constant OP level (65 mW), different temperatures (50-80
OC)

e on the samples aged at fixed temperature (70 °C), different OP levels (55-75 mW)

As stated above, the square-root dependence of I, increase support the hypothesis
that devices degradation is related to a diffusion process [7, 4, 151]. This process is not
purely thermally-activated, since it is necessary to apply bias to the devices to have
a significant degradation. Furthermore, we have shown here that increasing junction
temperature is an effective way to accelerate LDs degradation, even for the same optical
power level. On the other hand, pure thermal stress (high temperatures, no bias
applied to the lasers) was found to induce only a slight increase of threshold current.
Therefore, optical degradation of the LDs can be attributed to an electro-thermally

activated diffusion process.
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Figure 7.8: Solid lines: threshold current increase measured on samples aged at different OP
levels (in the range 55-75 mW) and 70 °C. Dashed lines: threshold current increase measured

on samples aged at different temperature levels (50-80 °C), at 65 mW OP.

7.3.5 Stress at different current levels, fixed temperature

In order to understand which is the role of carrier flow in determining degradation
kinetics, and which is the relation between stress current and degradation rate, we have
carried out stress tests at fixed temperature level (70 °C) and several input current
levels.

In particular, Figure 7.9 shows the threshold current increase measured on the
devices aged at different current levels, for the same temperature (70 °C). The
increase of stress current implies the increase of the degradation rate, as shown also in
Figure 7.10. In the same figure, we also show the optical power vs input current (L-I)
curve measured on one untreated sample at the stress temperature (70 °C). It is easily
recognizable that at 70 °C (stress temperature) the lasing threshold current is 40 mA.

The degradation rate vs stress current curve in Figure 7.10 shows that

e degradation takes place also below lasing threshold, i.e. without the influence of

a strong optical field;

e current plays a significant role in devices degradation, since an increase of stress

current (from 20 to 80 mA) implies a significant increase of the degradation rate
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(+250 %).

The slope of the degradation rate C' vs stress current curve slightly decreases
as stress current is increased above 40 mA, i.e. above the lasing threshold. This
effect can be related to the fact that (i) above threshold, an important fraction of
the total dissipated power is converted into light, and therefore self heating (and the
corresponding impact on degradation) is reduced; (i) above threshold, degradation
rate can be reduced due to the saturation of the carriers density; (i) degradation is
activated by native defects and therefore, at high current levels, degradation saturates
due to the limited concentration of already existing defect. Further investigation is in

progress to distinguish between these hypothesis.
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Figure 7.9: Threshold current increase measured on samples aged at different current levels

(in the range 20-80 mA) at 70 °C

7.4 Discussion and conclusions

In this chapter, we have described an extensive analysis of the degradation of
InGaN-based laser diodes under different operating conditions. We have shown that
constant current and constant optical power stress determine the increase of the

threshold current and the decrease of the sub-threshold emission of the devices. Since
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Figure 7.10: Scatter: Dependence of degradation rate on stress current. Dotted curve: L-I

curve measured on one untreated LD at the stress temperature (70 °C)

e the sub-threshold emission decrease can be due to the increase of the non-radiative

recombination rate in the active layer [94]
e the variation of these two parameters have similar kinetics (see Figure 7.3)

e both the parameters depend on the balance between radiative and non-radiative

recombination events [94, 152]

we attribute also the threshold current increase to the generation of non-radiative
paths in the active layer of the devices.

The fact that the threshold current and the sub-threshold emission vary with
the square-root of stress time support the hypothesis that the degradation is related
to a diffusion process, as previously reported. Furthermore, we have analyzed the
dependence of the degradation kinetics on the LDs operating conditions: we have
found that increasing stress temperature implies an increase of the degradation rate,
while variations of the stress optical power level do not significantly affect degradation
kinetics (for a given operating temperature). Furthermore, pure thermal stress (no
bias applied to the junction) has been found to have only a minor impact on devices

characteristics. Tests carried out at different stress current levels and same temperature
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showed that (i) degradation takes place also under lasing threshold and (i) degradation
rate has a significant dependence on stress current.

Therefore, as a result of this work, we can state that the mechanism responsible for
the degradation is an Electro-Thermally activated diffusion of impurities towards the
active layer of the devices. This diffusion can increase the non-radiative recombination
rate, thus decreasing the optical efficiency of the devices. Further analysis is in progress,
in order to identify which is the impurity involved in diffusion process, and provide a

technological feedback to improve the properties of the devices.
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Conclusions

With this work we have presented a detailed analysis of the reliability of GaN-based
optoelectronic devices. The analysis has been carried out in cooperation with devices
manufacturers, and has been aimed at identifying the physical mechanisms and the
failure modes related with the degradation of the different parts of the devices structure.
In particular, by means of specific stress tests, we have analyzed (i) the degradation
of the heterostructure and active layer properties, (ii) the degradation of the p-side
contact and semiconductor layer, (iii) the role of passivation in determining devices
degradation, (iv) the degradation of the package and phosphorous layer, and (v) the
degradation of the optical properties of the active region of InGaN-based laser diodes.
The information on the physical mechanisms responsible for degradation have been
used as a feedback for devices manufacturers, for the improvement of the technological
processes. Furthermore, we have analyzed the important role of temperature in limiting
devices reliability. The extrapolation of the Arrhenius plots under accelerated stress
conditions provided important information for the estimation of devices useful lifetime
at nominal temperature levels.

The most important achievements are summarized in this section.

Degradation of the heterostructure properties

Low current density stress can induce the degradation of the properties of
the active layer of the LEDs, mostly due to the increase of the non-radiative

recombination rate. This effect has been studied by analyzing the behavior of
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LED devices with multi-quantum well structure submitted to dc bias stress. Stress
current level was limited, in order to avoid that self-heating effects could corrupt the
results: in this way we have analyzed the only degradation effects related to carriers
flowing across the heterostructure. Results have shown that low current density stress
can induce the decrease of the efficiency of the devices, and that this effect is more
prominent for low measuring current levels. This fact indicates that for this kind of
stress, degradation is mostly related to the generation of non-radiative recombination
centers, with subsequent decrease of the radiative efficiency. At high measuring current
levels, these centres are saturated, and their effect on overall LEDs efficiency is limited.
The analysis of the current-voltage curves showed that the forward-bias characteristics
of the devices do not significantly degrade as a consequence of stress, thus indicating
that contact and semiconductor resistivity are not altered by the flow of carriers across
the device. On the other hand, constant current stress was found to induce the increase
of the reverse current of the devices, whose magnitude slightly differed for each of the
analyzed LEDs: this fact suggests that this process is due to mechanisms depending on
samples quality, such as generation/propagation of threading dislocations in the active
region and/or modifications of the surface states at the mesa sidewalls.

Capacitance-voltage characterization was found to be an excellent tool for the
analysis of the degradation of the devices. In particular, we have demonstrated that
current stress can induce an increase of the ACD profiles, strongly related to the
efficiency decrease. This effect was found to be mostly localized in the region close to
the active layer of the LEDs, thus indicating that stress at low current levels induced
charge instabilities in the MQW region, possibly related to the generation/modification
of defect-related levels.

This hypothesis has been explored by means of DLTS characterization, that
confirmed that low-current stress can induce strong variations of the properties of levels
close to the active layer. Degradation was found to be mostly related to the modification
of the properties of one level with activation energy in the range 170-180 meV. The
detected modifications are supposed to be related to the generation of non-radiative
defects, responsible for the efficiency loss detected after stress.

At high measuring current levels, these paths can be saturated by the important

flow of carriers injected in the heterojunction. For this reason, at high current levels
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the effect of stress are less marked, as indicated by EL and CL characterization. The
fact that no-significant spectral modification has been detected as a consequence of dc
current stress confirms the non-radiative nature of the physical degradation process.
The fact that degradation mostly interested the active layer has been confirmed by
the photocurrent measurements carried out during stress: we have demonstrated that
stress had a stronger impact on the properties of the QW-related PC band with respect
to NBE emission, providing a further evidence of the fact that carrier flow can strongly

limit the properties of the active layer in the MQW region.

Role of passivation in limiting LEDs reliability

The presence of a PECVD-SiN passivation layer can strongly limit
the high-temperature reliability of GalN-based LEDs. This fact has been
demonstrated by means of a detailed characterization of the electro-optical behavior of
GaN LEDs submitted to high temperature storage. LEDs with and without passivation
have been used for this analysis. We have shown that the high temperature stress of
LEDs with PECVD passivation can induce a nearly-exponential optical power decrease,
well related to the degradation of the series resistance and ideality factor of the samples.
On the other hand, the samples without passivation did not show any significant
degradation after high temperature treatment.

Degradation process has been found to be thermally activated: a detailed analysis
of the stress kinetics at several temperature levels indicated that the activation energy
of the stress process is 1.3 eV. This information constitutes the starting point for the
extrapolation of the acceleration factors and for forcasting devices lifetime.

Degradation has been attributed to the interaction between the passivation layer
and the p-side surface of the LEDs. It has been supposed that at high temperature
levels the hydrogen contained in the PECVD passivation can interact with the acceptor
dopant, thus reducing the overall effective acceptor concentration. This implies the
worsening of the properties of the semiconductor and contact at the p-side of the diodes,
thus inducing the worsening of current and emission spreading at devices surface, and
the subsequent optical power decrease.

This degradation process has been found to be reversible, after passivation removal
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and subsequent annealing. A proof of the role of hydrogen in the degradation process
has been given by storage tests carried out in different atmospheres: in particular,
annealing in forming gas was found to induce the same degradation of the electrical
and optical parameters detected during stress of samples with PECVD passivation.
Finally, relevant data indicating that a sputtered SiN passivation layer can be
an effective alternative to PECVD passivation in terms of devices high-temperature
reliability have been presented. Measurements results indicate that sputter passivation
deposition can preserve both the optical and electrical performance of the devices over

several hundreds of hours of high temperature storage.

Analysis of the degradation of ohmic contacts on

p-GalN

High temperature stress can determine the degradation of ohmic
contacts on p-GalN, with subsequent increase of operating voltage and
worsening of the current and emission spreading. The degradation of contact
layers on p-GaN has been analyzed in detail by means of the TLM method. We
have demonstrated that thermal storage can induce strong modifications of the I-V
characteristics of the TLMs: in particular a rectifying behaviour and a slight series
resistance increase were detected as a consequence of storage. Degradation process
was found to be reversible, after passivation removal and subsequent annealing.

Degradation has been attributed to the interaction between p-type semiconductor
material and the PECVD passivation: we have shown that the most important result
of this interaction is a worsening of the ohmic properties of the metal /semiconductor
contact, while only a slight increase of semiconductor sheet resistance has been detected
after stress.

The comparison between the data on TLMs and LEDs degradation has provided
important information on the localization of the damage introduced by thermal storage
on the characteristics of LEDs, indicating that two critical parts of LED structure
must be improved to obtain reliable behavior at high temperature levels: (i) the

metal /semiconductor contact and (7i) the passivation layer. In particular, the analysis
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carried out within this work has demonstrated that the use of an hydrogen-free
passivation layer can significantly improve LEDs reliability at high temperature levels.
We have therefore proposed and demonstrated sputtered passivation as a more stable
alternative to the conventionally adopted PECVD passivation for devices to be used

in high temperature environment.

Reliability of high power LEDs: role of package

degradation

The performance and the reliability of high power LEDs are significantly
affected by the high temperatures reached by the devices during operation.
For this reason, a detailed thermal characterization and reliability
analysis are necessary for the understanding and the improvement of the

high-temperature stability of GalN-based power LEDs.

With this aim, we have described the thermal and optical behavior of high power
LEDs and the dependence of the main parameters on the driving strategy. In particular,
we have compared the use of dc and pulsed driving: all the used driving waveforms had
the same average current level, in order to obtain consistent comparison. It has been
shown that the use of pulsed waveforms implies a stronger self-heating of the devices,
with respect to dc driving. Furthermore, we have shown that the use of square-wave
driving implies a lower devices efficiency with respect to dc case, even for the same
average current value. For this reason, we state here that driving power LEDs with
pulsed waveforms can be an alternative to dc bias, but only if low duty cycle values are
avoided, because they can imply a strong reduction of devices efficiency with respect
to dc case (for the same average current level).

High-temperature stress of high power LEDs has been also carried out, with the aim
of evaluating the role of temperature in determining devices degradation, as well as the
technological weaknesses that limit the reliability of the LEDs at high temperatures. By
means of a combined optical and microscopical analysis we have demonstrated that the
thermal degradation of the analyzed power LEDs is strongly related to the darkening
of the package of the devices, due to the high temperatures reached during stress. This
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mechanism reduces the reflectivity of the package, thus implying (i) the decrease of
the optical power emitted by the devices and (ii) the decrease of the blue-to-yellow
conversion efficiency with subsequent degradation of the chromatic properties of the
LEDs. On the other hand, we have shown that the high temperature degradation of
power LEDs is not strongly related to the worsening of the properties of the contacts

and of the blue semiconductor chip.

Degradation of InGalN-based laser diodes

Constant current and constant OP stress can induce the increase of the
threshold current of InGalN-based laser diodes, that varies according to the

square-root of stress time.

Furthermore, threshold current increase and sub-threshold emission decrease were
found to have similar kinetics: these two facts indicate that both mechanisms are
related to the increase of the non-radiative recombination rate, caused by the diffusion

of one impurity towards the MQW region.

Stress tests carried out at different temperature levels (same stress OP level)
indicated that temperature can accelerate degradation kinetics. However, pure thermal
storage tests (high temperature, no applied bias) implied only a slight degradation.
The two last results indicate that the diffusion process responsible for degradation
is activated by both temperature and carrier flow: furthermore, the entity of the
optical field was found to have only a slight impact on degradation kinetics. Therefore,
degradation has been attributed to an electro-thermally activated impurity diffusion
process. A confirmation of this interpretation has been given by the results of stress
tests carried out at different driving current levels: it has been shown that degradation
rate has a significant dependence on driving current, and that degradation takes place
also below lasing threshold, therefore confirming the important role of carriers flow in

determining devices degradation.
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Final summary

The results summarized above indicate that by means of specific experiments on
suitable test structures it is possible to separately analyze different physical mechanisms
that limit the reliability of GaN-based optoelectronic devices.

In particular.

e [t has been demonstrated that low current density stress can affect the properties
of the active layer, without significantly degrading the characteristics of the
contacts and devices package. A combined electrical and optical characterization
of the devices has been demonstrated to be an important tool for the analysis of
the degradation of the heterostructure and active region properties taking place

as a consequence of stress.

e High temperature storage tests can significantly affect the stability of contact
layers, as well as the properties of p-type gallium nitride layers. The use of
specific test structures (e.g. TLMs, passivated and un-passivated LEDs) provides
important information on the worsening of the properties of the semiconductor
and contact layers during thermal treatment, and on the localization of the

degraded regions.

e Combined electrical, optical and microscopical analysis can be used for the
evaluation of the different processes determining the degradation of high power
LEDs. In particular, information on the degradation of the semiconductor
chip, the contact layers, and the package/phosphors system have been obtained
by means of this set of techniques. An extensive characterization of the
degradation kinetics under different stress temperature levels finally provided
important information on the activation energy of the degradation process. These
information can be used for the estimation of devices lifetime under nominal

operating conditions.

e By means of a specific set of ageing tests it is possible to evaluate the dependence
of InGaN-LDs degradation kinetics on the operating conditions. In particular, we
have shown that constant current and constant optical power stress can induce the

increase of the threshold current of the laser diodes, according to the square-root
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of time. Devices degradation has been attributed to the diffusion of one impurity
towards the active layer of the devices, with subsequent decrease of the radiative
efficiency and increase of the threshold current. Degradation rate was found
to significantly depend on current and temperature level, and not on optical
field. Devices degradation has been therefore attributed to an Electro-Thermally

activated impurity diffusion process.

The results on technological weaknesses obtained within this work have been used
as a feedback to the manufacturers, for the development of LEDs and lasers with
improved reliability. Further work is in progress, in order to analyze with more detail
the dependence of degradation rate on the different degradation driving forces, and to

develop models for lifetime prediction.



Bibliography

1]

V. Adivarahan, W. H. Sun, A. Chitnis, M. Shatalov, S. Wu, H. P. Maruska, and
M. A. Khan, “250 nm AlGaN light-emitting diodes,” Applied Physics Letters,
vol. 85, no. 12, pp. 21752177, 2004.

M. Khizar, Z. Y. Fan, K. H. Kim, J. Y. Lin, and H. X. Jiang, “Nitride
deep-ultraviolet light-emitting diodes with microlens array,” Applied Physics
Letters, vol. 86, pp. 173 504-1-173 504-3, 2005.

X. A. Cao, S. F. LeBoeuf, and T. E. Stecher, “Temperature-dependent
electroluminescence of AlGaN-based UV LEDs,” IEEFE Electron Device Letters,
vol. 27, no. 5, pp. 329-331, 2005.

M. Furitsch, et al., “Comparison of degradation mechanisms of blue-violet laser
diodes grown on SiC and GaN substrates,” Phys.Stat.Sol. (a), vol. 203, pp.
1797-1801, 2006.

C. Xiong, F. Jiang, W. Fang, L.. Wang, C. Mo, and H. Liu, “The characteristics
of GaN-based blue LED on Si substrate,” Journal of Luminescence, vol. 122-123,
pp. 185-187, 2007.

S. D. Lester, F. A. Ponce, M. G. Craford, and D. A. Steigerwald, “High
dislocation densities in high efficiency GaN-based light-emitting diodes,” Applied
Physics Letters, vol. 66, no. 10, pp. 1249-1251, 1995.

S. Tomiya, T. Hino, S. Goto, M. Takeya, and M. Ikeda, “Dislocation related
issues in the degradation of GaN-based laser diodes,” IFEFE Journal of Selected
Topics in Quantum Electronics, vol. 10, no. 6, pp. 1277-1286, 2004.

203



204

BIBLIOGRAPHY

8]

[10]

[11]

[12]

[13]

[15]

[16]

C. H. Seager, S. M. Myers, A. F. Wright, D. D. Koleske, and A. A. Allerman,
“Drift, diffusion, and trapping of hydrogen in p type GaN,” J. Appl. Phys.,
vol. 92, no. 12, pp. 7246-7252, 2002.

S. Bychikhin, D. PoGaNy, L. K. J. Vandamme, G. Meneghesso, and E. Zanoni,
“Low-frequency noise sources in as-prepared and aged GaN based light emitting

diodes,” J. Appl. Phys., vol. 97, pp. 123 714-1-123 714-7, 2005.

X. A. Cao and S. D. Arthur, “High-power and reliable operation of vertical
light-emitting diodes on bulk GaN,” Applied Physics Letters, vol. 85, no. 18, pp.
3971-3973, 2004.

G. Meneghesso, S. Levada, R. Pierobon, F. Rampazzo, E. Zanoni, A. Cavallini,
A. Castaldini, G. Scamarcio, S. Du, and I. E. and, “Degradation mechanisms
of GaN-based LEDs after accelerated DC current aging,” in IEEFE International
Electron Devices Meeting, 2002.

F. Bernardini, V. Fiorentini, and D. Vanderbilt, “Spontaneous polarization and
piezoelectric constants of III-V nitrides,” Phys. Rev. B, vol. 56, no. 16, pp.
R10-024-R10-027, 2004.

M. C. Schmidt, K. C. Kim, R. M. Farrell, D. F. Feezeel, D. A. Cohen, K. F.
M. Saito, J. S. Speck, S. P. D. Baars, and S. Nakamura, “Demonstration

7

of nonpolar m-plane InGaN/GaN laser diodes,” Japanese Journal of Applied

Physics, vol. 46, no. 9, pp. L190-L191, 2007.

M. Meneghini, L. Trevisanello, U. Zehnder, T. Zahner, U. Strauss,
G. Meneghesso, and E. Zanoni, “High-temperature degradation of GaN LEDs
related to passivation,” IEEFE Transactions on Electron Devices, vol. 53, no. 12,

pp. 2981-2987, 2006.

D. L. Barton, M. Osinski, P. Perlin, C. J. Helms, and N. H. Berg, “Life tests
and failure mechanisms of GaN-AlGaN-InGaN light emitting diodes,” in Proc.
IEEE-IRPS, 1997.

M. Meneghini, L. R. Trevisanello, S. Podda, S. Buso, G. Spiazzi, G. Meneghesso,

M. Vanzi, and E. Zanoni, “Stability and performance evaluation of high



BIBLIOGRAPHY

[17]

[18]

[19]

[20]

[21]

[22]

23]

[24]

brightness light emitting diodes under dc and pulsed bias conditions,” in

Proceedings of SPIE 6337, 63370.

T. Schoedl, U. T. Schwarz, V. Kiimmler, M. Furitsch, A. Leber, A. Miler, A. Lell,
and V. Haerle, “Facet degradation of GaN heterostructure laser diodes,” Applied
Physics Letters, vol. 97, pp. 123 102-1-123 1023, 2005.

M. Osinski, J. Zeller, P.-C. Chiu, B. S. Phillips, and D. B. Barton,
“AlGaN/InGaN/GaN blue light emitting diode degradation under pulsed current
stress,” Appl. Phys. Lett., vol. 69, no. 7, pp. 898-900, 1996.

A. Castaldini, A. Cavallini, L. Rigutti, M. Meneghini, S. Levada, G. Meneghesso,
E. Zanoni, V. Haerle, T. Zahner, and U. Zehnder, “Short term instabilities
of InGaN-GaN light emitting diodes by capacitance-voltage characteristics and
junction spectroscopy,” Phys.Stat.Sol. (c), vol. 7, pp. 2862-2865, 2005.

F. Rossi, et al., “Influence of shortterm lowcurrent dcaging on the electrical and
optical properties of AlGaN blue Light-Emitting Diodes ,” J. Appl. Phys., vol. 99,
pp. 053 104-1-053 104-7, 2006.

D. L. Barton, M. Osinski, P. Perlin, P. G. Eliseev, and J. Lee, “Single-quantum
well AlGaN green light emitting diode degradation under high electrical stress,”
Microel. Reliab., vol. 39, pp. 1219-1227, 1999.

G. Meneghesso, A. Chini, A. Maschietto, E. Zanoni, P. Malberti, and M. Ciappa,
“Electrostatic discharge and electrical overstress on GaN/InGaN light emitting
diodes,” in Proceedings of the 25th Electrical Overstress/Electrostatic Discharge
Symposium Proc., EOS/ESD 2001, 2001.

X. Cao, P. Sandvik, S. LeBoeuf, and S. Arthur, “Defect generation in
InGaN/GaN light-emitting diodes under forward and reverse electrical stresses,”

Microel. Reliab., vol. 43, pp. 1987-1991, 2003.

T. Yanagisawa and T. Kojima, “Degradation of AlGaN blue light-emitting diodes
under continuous and low-speed pulse operations,” Microel. Reliab., vol. 43, pp.

977-980, 2003.

205



206

BIBLIOGRAPHY

[25]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

F. Rossi, N. Armani, G. Salviati, M. Pavesi, G. Meneghesso, S. Levada, and
E. Zanoni, “The role of Mg complexes in the degradation of AlGaN-based LEDs,”
Superlattices and Microstructures, vol. 36, no. 4-6, pp. 859-868, 2004.

C. Chuo, C. Lee, and J. I. Chyi, “Interdiffusion of In and Ga in InGaN/GaN
multiple quantum wells,” Appl. Phys. Lett., vol. 78, pp. 314-316, 2001.

C. Youna, T. Jeonga, M. Hana, J. Yanga, K. Lima, and H. Yu, “Influence
of various activation temperatures on the optical degradation of Mg doped

InGaN/GaN MQW blue LEDs,” J. Cryst. Growth, vol. 250, pp. 331-338, 2003.

T. Egawa, T. Jimbo, and M. Umeno, “Characteristics of InGaN/AlGaN
light-emitting diodes on sapphire substrates,” J. Appl. Phys., vol. 82, pp.
5816-5H821, 1997.

A. Polyakov, et al., “Enhanced tunneling in GaN/InGaN multi-quantum-well
heterojunction diodes after short-term injection annealing,” J. Appl. Phys.,

vol. 91, pp. 5203-5207, 2002.

M. Pavesi, G. Salviati, N. Armani, F. Rossi, M. Manfredi, G. Meneghesso,
S. Levada, E. Zanoni, S. Du, and I. Eliashevich, “Optical evidence of

an electrothermal degradation of InGaN-based light-emitting diodes during
electrical stress,” Appl. Phys. Lett., vol. 84, pp. 3403-3405, 2004.

G. D. Chen, M. Smith, J. Y. Lin, H. X. Jiang, S. H. Wei, M. A. Khan, and C. J.
Sun, “Fundamental optical transitions in GaN,” Appl. Phys. Lett., vol. 68, pp.
2784-2786, 1996.

S. C. Jain, M. Willander, J. Narayan, and R. V. Overstraeteten, “IIl-nitrides:
Growth, characterization, and properties,” J. Appl. Phys., vol. 87, no. 3, pp.
965-1006, 2000.

L. Liu and J. Edgar, “Substrates for gallium nitride epitaxy,” Materials Science
and Engineering, vol. R37, pp. 61-127, 2002.

O. Ambacher, “Growth and applications of Group III nitrides,” J. Phys. D: Appl.
Phys., vol. 31, pp. 2653-2710, 1998.



BIBLIOGRAPHY 207

[35] D. Jho, J. S. Yahng, E. Oh, and D. S. Kim, “Measurement of piezoelectric field
and tunneling times in strongly biased AlIGaN/GaN quantum wells,” Appl. Phys.
Lett., vol. 79, pp. 1130-1132, 2005.

[36] A. Hangleiter, “Optical properties of nitride heterostructures,” phys. stat. sol.
(c), vol. 0, no. 6, pp. 1816-1834, 2003.

[37] A. Hangleiter, J. S. Im, H. Kollmer, S. Heppel, J. Off, and F. Scholz, “The role
of piezoelectric fields in GaN-based quantum wells,” MRS Internet J. Nitride
Semicond. Res., vol. 3, no. 15, pp. 1-8, 1998.

[38] K. L. Bunker, R. Garcia, and P. E. Russella, “Scanning electron microscopy
cathodoluminescence studies of piezoelectric fields in an AlGaN-GaN quantum
well light emitting diode,” Appl. Phys. Lett., vol. 86, pp. 082 108-1-082 108-3,
2005.

[39] W. C. Johnson and J. B. Parson, “Nitrogen compounds of gallium,” J. Phys.
Chem., vol. 36, pp. 2588-2594, 1932.

[40] H. P. Maruska and J. J. Tietjen, “The preparation and properties of
vapor-deposited single-crystal-line GaN,” Applied Physics Letters, vol. 15, no. 10,
pp- 327-329, 1969.

[41] H. Amano, N. Sawaki, I. Akasaki, and Y. Toyoda, “Metalorganic vapor phase
epitaxial growth of a high quality GaN film using an AIN buffer layer,” Appl.
Pyhs. Lett., vol. 48, pp. 353355, 1986.

[42] I. Akasaki and H. Amano, “Crystal Structure, Mechanical Properties and
Thermal Properties of GaN,” in IEEFE International Electron Devices Meeting,
vol. 96, 1996, p. 231.

[43] S. Nakamura, S. Pearton, and G. Fasol, The blue laser diode: the complete history,
2nd ed. Springer, 2000.

[44] S. Strite and H. Morkog, “GaN, AIN and InN: A review,” J. Vac. Sci. Technol.
B., vol. 10, no. 4, p. 1237, 1992.



208

BIBLIOGRAPHY

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

S. N. Mohammad and H. Morkog, “Progress and Prospects of group-III Nitride
Semiconductors,” Progr. Quant. Electr., vol. 20, no. 5/6, pp. 361-525, 1996.

W. Qian, M. Skowronski, M. D. Graef, K. Doverspike, L. B. Rowland, and D. K.
Gaskill, “Microstructural characterization of alpha-GaN films grown on sapphire
by organometallic vapor phase epitaxy,” Applied Physics Letters, vol. 66, no. 10,
pp. 1252-1254, 1995.

J. E. V. Nostrand, J. Solomon, A. Saxler, Q.-H. Xie, D. C. Reynolds, and D. C.
Look, “Dissociation of al[sub 2]Jo[sub 3](0001) substrates and the roles of silicon

and oxygen in n-type GaN thin solid films grown by gas-source molecular beam

epitaxy,” Journal of Applied Physics, vol. 87, no. 12, pp. 8766-8772, 2000.

F. A. Ponce, B. S. Krusor, J. J. S. Major, W. E. Plano, and D. F. Welch,
“Microstructure of GaN epitaxy on SiC using AIN buffer layers,” Applied Physics
Letters, vol. 67, no. 3, pp. 410-412, 1995.

E. Martinez-Guerrero, et al., “Structural properties of undoped and doped
cubic GaN grown on sic(001),” Journal of Applied Physics, vol. 91, no. 8, pp.
4983-4987, 2002.

M. A. Sanchez-Garcia, F. B. Naranjo, J. L. Pau, A. Jiménez, E. Calleja, and
E. M. noz, “Ultraviolet electroluminescence in GaN/AlGaN single-heterojunction
light-emitting diodes grown on si(111),” Journal of Applied Physics, vol. 87, no. 3,
pp. 1569-1571, 2000.

X. Xu, R. P. Vaudo, C. Loria, A. Salant, G. R. Brandes, and J. Chaudhuri,
“Growth and characterization of low defect GaN by hydride vapor phase epitaxy,”
Journal of Crystal Growth, vol. 246, no. 3-4, pp. 223-229, 2002.

M. Hermann, D. Gogova, D. Siche, M. Schmidbauer, B. Monemar, M. Stutzmann,
and M. Eickhoff, “Nearly stress free substrates for GaN homoepitaxy,” Journal
of Crystal Growth, vol. 293, no. 2, pp. 462—468, 2006.

X. Cao, H. Lu, E. Kaminsky, S. Arthur, J. Grandusky, and F. S. Sandvik,

“Homoepitaxial growth and electrical characterization of GaN-based schottky



BIBLIOGRAPHY

[57]

[61]

[62]

and light emitting diodes,” Journal of Crystal Growth, vol. 300, pp. 382-386,
200.

H. Morkog, S. Strite, G. B. Gao, M. E. Lin, B. Sverdlov, and M. Burns,
“Large-band-gap SiC, III-V nitride, and II-VI ZnSe-based semiconductor device
technologies,” Journal of Applied Physics, vol. 76, no. 3, pp. 1363-1398, 1994.

C. G. Van de Walle, C. Stampfl, and J. Neugebauer, “Theory of doping and
defects in III-V nitrides,” J. Cryst. Growth, vol. 505, 1998.

C. G. V. de Walle and J. Neugebauer, “First-principles calculations for defects
and impurities: Applications to III-nitrides,” Journal of Applied Physics, vol. 95,
no. 8, pp. 3851-3879, 2004.

W. Gotz, R. S. Kern, C. H. Chen, H. Liu, D. A. Steigerwald, and R. M. Fletcher,
“Hall-effect characterization of III-V nitride semiconductors for high efficiency

light emitting diodes,” Materials Science and Engineering B, vol. 59, no. 1-3, pp.
211-217, 1999.

M. E. Levinshtein, S. L. Rumyantsev, and M. S. Shur, Properties of Advanced
Semiconductor Materials. New York: John Wiley and Sons, 2001.

J. Neugebauer and C. G. V. de Walle, “Chemical trends for acceptor impurities
in GaN,” Journal of Applied Physics, vol. 85, no. 5, pp. 3003-3005, 1999.

H. Amano, M. Kito, K. Hiramatsu, and I. Akasaki, “P-type conduction in
Mg-Doped GaN treated with low-energy electron beam irradiation (LEEBI),”
Jpn. J. Appl. Phys., vol. 28, pp. L2112-1.2114, 1989.

D. H. Youn, M. Lachab, M. Hao, T. Sugahara, H. Takenaka, Y. Naoi, and
S. Sakai, “Investigation on the p-type activation mechanism in Mg-doped GaN
films grown by metalorganic chemical vapor deposition,” Jpn. J. Appl. Phys.,
vol. 38, pp. 631-634, 1999.

W. Goétz, N. M. Johnson, J. Walker, D. P. Bour, and R. A. Street, “Activation of
acceptors in mg-doped GaN grown by metalorganic chemical vapor deposition,”

Applied Physics Letters, vol. 68, no. 5, pp. 667-669, 1996.

209



210

BIBLIOGRAPHY

[63]

[64]

[65]

[68]

[69]

[70]

[71]

[72]

[73]

M. Miyachi, T. Tanaka, Y. Kimura, and H. Ota, “The activation of Mg in GaN
by annealing with minority-carrier injection,” Appl. Phys. Lett., vol. 72, no. 9,

pp. 1101-1104, 1998.

D. W. Jenkins and J. D. Dow, “Electronic structures and doping of InN,
In,Ga;_,N, and In,Al;_,N,” Phys. Rev. B, vol. 39, no. 5, pp. 3317-3329, 1989.

S.-W. Kim, J.-M. Lee, C. Huh, N.-M. Park, H.-S. Kim, [.-H. Lee, and S.-J. Park,
“Reactivation of Mg acceptor in Mg-doped GaN by nitrogen plasma treatment,”
Applied Physics Letters, vol. 76, no. 21, pp. 3079-3081, 2000.

J. Hwang and G. Yang, “Activation of Mg-doped p-GaN by using two-step
annealing,” Applied Surface Science, vol. 253, no. 10, pp. 4694-4697, 2007.

A. Weimar, A. Lell, G. Bruderl, S. Bader, and V. Harle, “Investigation of
low-resistance metal contacts on p-type GaN using the linear and circular

transmission line method,” Phys. Stat. Sol. (a), vol. 183, pp. 169-175, 2001.

U. Kaufmann, M. Kunzer, H. Obloh, M. Maier, C. Manz, A. Ramakrishnan,
and B. Santic, “Origin of defect-related photoluminescence bands in doped and

nominally undoped GaN,” Phys. Rev. B, vol. 59, no. 8, pp. 5561-5567, 1999.

S. J. Pearton, J. C. Zolper, R. J. Shul, and F. Ren, “GaN: Processing, defects
and devices,” J. Appl. Phys., vol. 86, no. 1, pp. 1-78, 1999.

C. G. V. de Walle, “Theory of hydrogen related levels in semiconductors and
oxides,” in IFEFE International Electron Devices Meeting, 2005.

S. J. Pearton and J. W. Lee, “Hydrogen in wide bandgap semiconductors,” in

Advanced Electronic and Photonic Materials and Devices, vol. 1.

S. M. Myers and C. H. Seager, “Hydrogen isotope exchange and the surface
barrier in p-type gallium nitride,” Journal of Applied Physics, vol. 95, no. 2, pp.
520-527, 2004.

S. J. Pearton, J. W. Lee, and C. Yuan, “Minority-carrier-enhanced reactivation
of hydrogen-passivated Mg in GaN,” Appl. Phys. Lett., vol. 69, no. 19, pp.
2690-2692, 1996.



BIBLIOGRAPHY 211

[74]

[75]

78]

[79]

[80]

[81]

[82]

S. M. Myers and A. F. Wright, “Theoretical description of H behaviour in GaN
p-n junctions,” J. Appl. Phys., vol. 90, no. 11, pp. 5612-5622, 2001.

S. M. Myers, A. F. Wright, G. A. Petersen, W. R. Wampler, C. H. Seager,
M. H. Crawford, and J. Han, “Diffusion, release, and uptake of hydrogen in
magnesium-doped gallium nitride: Theory and experiment,” J. Appl. Phys.,
vol. 89, no. 6, pp. 3195-3202, 2001.

S. M. Myers, S. H. Seager, A. F. Wright, and B. L. Vaandrager, “Electron-beam
dissociation of the MgH complex in p type GaN,” J. Appl. Phys., vol. 92, no. 11,
pp. 6630-6635, 2002.

S. N. Mohammad, “Contact mechanisms and design principles for alloyed ohmic
contacts to n-GaN,” Journal of Applied Physics, vol. 95, no. 12, pp. 7940-7953,
2004.

C. Lu, H. Chen, X. Lv, X. Xie, and S. N. Mohammad, “Temperature and
doping-dependent resistivity of Ti/Au/Pd/Au multilayer ohmic contact to
n-GaN,” Journal of Applied Physics, vol. 91, no. 11, pp. 9218-9224, 2002.

A. Motayed, R. Bathe, M. C. Wood, O. S. Diouf, R. D. Vispute, and
S. N. Mohammad, “Electrical, thermal, and microstructural characteristics of
Ti/Al/Ti/Au multilayer ohmic contacts to n-type GaN,” Journal of Applied
Physics, vol. 93, no. 2, pp. 1087-1094, 2003.

S. Ruvimov, Z. Liliental-Weber, J. Washburn, D. Qiao, S. S. Lau, and P. K. Chu,
“Microstructure of ti/al ohmic contacts for n-algan,” Applied Physics Letters,

vol. 73, no. 18, pp. 2582-2584, 1998.

M. W. Fay, G. Moldovan, P. D. Brown, I. Harrison, J. C. Birbeck, B. T.
Hughes, M. J. Uren, and T. Martin, “Structural and electrical characterization
of AuTiAlTi/AlGaN/GaN ohmic contacts,” Journal of Applied Physics, vol. 92,
no. 1, pp. 94-100, 2002.

F. M. Mohammed, L. Wang, I. Adesida, and E. Piner, “The role of barrier layer
on ohmic performance of Ti/Al-based contact metallizations on AlGaN/GaN

heterostructures,” Journal of Applied Physics, vol. 100, no. 2, p. 023708, 2006.



212

BIBLIOGRAPHY

[83]

[84]

[85]

[36]

[39]

[90]

S. Fernandez, R. P. na, M. T. Rodrigo, J. Plaza, M. Verdd, F. J. Sanchez, and
M. T. Montojo, “Low resistance Ti/Al/Ti-W/Au ohmic contact to n-GaN for

high temperature applications,” Applied Physics Letters, vol. 90, no. 8, p. 083504,
2007.

Y. C. Lin, et al., “Nitride-based light-emitting diodes with Ni/ITO p-type ohmic
contacts,” Photonics Technology Letters, IEEE, vol. 14, no. 12, pp. 1668-1670,
2002.

A. P. Zhang, B. Luo, J. W. Johnson, F. Ren, J. Han, and S. J. Pearton, “Role
of annealing conditions and surface treatment on ohmic contacts to p-GaN and
p-Al[sub 0.1]Galsub 0.9]N/GaN superlattices,” Applied Physics Letters, vol. 79,
no. 22, pp. 3636-3638, 2001.

L. Stafford, L. F. Voss, S. J. Pearton, H. T. Wang, and F. Ren, “Improved
long-term thermal stability of InGaN/GaN multiple quantum well light-emitting
diodes using TiB- and Ir-based p-ohmic contacts,” Applied Physics Letters,
vol. 90, no. 24, p. 242103, 2007.

H. Omiya, F. A. Ponce, H. Marui, S. Tanaka, and T. Mukai, “Atomic
arrangement at the au/p-gan interface in low-resistance contacts,” Applied

Physics Letters, vol. 85, no. 25, pp. 6143-6145, 2004.

R.-H. Horng, D.-S. Wuu, Y.-C. Lien, and W.-H. Lan, “Low-resistance and
high-transparency Ni/indium tin oxide ohmic contacts to p-type GaN,” Applied
Physics Letters, vol. 79, no. 18, pp. 2925-2927, 2001.

H. Hong, S. Kim, D. Kim, T. Lee, J. Song, J. H. Cho, C. Sone, Y. Park,
and T. Seong, “Enhancement of the light output of GaN-based ultraviolet
light-emitting diodes by a one-dimensional nanopatterning process,” Applied

Physics Letters, vol. 88, no. 10, p. 103505, 2006.

J.-O. Song, J. S. Kwak, and T.-Y. Seong, “Cu-doped indium oxide/Ag ohmic
contacts for high-power flip-chip light-emitting diodes,” Applied Physics Letters,
vol. 86, no. 6, p. 062103, 2005.



BIBLIOGRAPHY

[91]

[94]

[95]

[96]

[99]

[100]

D. L. Hibbard, S. P. Jung, C. Wang, D. Ullery, Y. S. Zhao, H. P. Lee, W. So,
and H. Liu, “Low resistance high reflectance contacts to p-GaN using oxidized

Ni/Au and Al or Ag,” Applied Physics Letters, vol. 83, no. 2, pp. 311-313, 2003.

S. Y. Kim and J.-L. Lee, “Highly reflective and low-resistant Ni/Au/ITO/Ag
ohmic contact on p-type GaN,” Flectrochemical and Solid-State Letters, vol. 7,
no. 5, pp. G102-G104, 2004.

J.-O. Song, D.-S. Leem, J. S. Kwak, O. H. Nam, Y. Park, and T.-Y. Seong,
“Low-resistance and highly-reflective Zn-Ni solid solution/Ag ohmic contacts
for flip-chip light-emitting diodes,” Applied Physics Letters, vol. 83, no. 24, pp.
4990-4992, 2003.

E. F. Schubert, Light Emitting Diodes. Cambridge University Press, 2003.

J. Piprek, Semiconductor optoelectronic devices: introduction to physics and

simulation. Academic press, 2003.

X. A. Cao, J. M. Teetsov, M. P. DEvelyn, D. W. Merfeld, and C. H. Yan,
“Electrical characteristics of AlGaN/GaN lightemitting diodes grown on GaN
and sapphire substrates,” Appl. Phys. Lett., vol. 85, pp. 7-9, 2004.

V. Dmitriev, “GaN based p-n structures grown on SiC substrates,” MRS Internet
J. Nitride Semicond. Res., vol. 1, pp. 29-33, 1996.

P. G. Eliseev, P. Perlin, J. Furioli, P. Sartori, J. Mu, and M. Osinski,
“Tunneling current and electroluminescence in AlGaN:Zn, Si/AlGaN/GaN blue
light emitting diodes,” J. Electron. Mater., vol. 26, pp. 311-319, 1997.

G. Franssen, E. Litwin-Staszewska, R. Piotrzkowski, T. Suski, and P. Perlin,
“OPtical and electrical properties of homoepitaxially grown multiquantum well
AlGaN/GaN light-emitting diodes,” J. Appl. Phys., vol. 94, no. 9, pp. 6122-6128,
2003.

J. M. Shah, Y.-L. Li, T. Gessmann, and E. F. Schubert, “Experimental analysis
and theoretical model for anomalously high ideality factors in AlGaN/GaN pn
junction diodes,” J. Appl. Phys., vol. 94, pp. 2627-2630, Ago. 2003.

213



214

BIBLIOGRAPHY

[101]

102]

103]

[104]

105

[106]

107]

108

109]

L. Hirsch and A. S. Barriere, “Electrical caracterization of InGaN/GaN light
emitting diodes by molecular beal epitaxy,” J. Appl. Phys., vol. 94, no. 8, pp.
5014-5020, 2003.

X. A. Cao, E. B. Stokes, P. M. Sandvik, s. F. LeBoeuf, J. Kretchmer, and
D. Walker, “Diffusion and tunneling currents in GaN/InGaN multiple quantum

well light-emitting diodes,” IEFE Electron. Dev. Lett., vol. 23, pp. 535-537, 2002.

X. A. Cao, J. A. Teetsov, F. Shahedipuor-Sandvik, and S. D. Arthur,
“Microstructural origin of leakage current in GaNAlGaN lightemitting diodes,”
J. of Cryst. Gr., vol. 264, pp. 172-177, 2004.

D. S. Li, H. Chen, H. B. Yu, H. Q. Jia, Q. Huang, and J. M. Zhou, “Dependence
of leakage current on dislocations in GaN-based light-emitting diodes,” J. Appl.
Phys., vol. 96, pp. 1111-1114, 2004.

H. Kroemer, W.-Y. Chien, J. J. S. Harris, and D. D. Edwall, “Measurement

b

of isotype heterojunction barriers by C-V profiling,” Applied Physics Letters,

vol. 36, no. 4, pp. 295-297, 1980.

Y.-H. Cho, B.-D. Choe, and H. Lim, “Band offset transitivity in
AlGaAs/InGaP/InGaAsP heterostructures on a GaAs substrate,” Applied
Physics Letters, vol. 69, no. 24, 1996.

M. Ershov, B. Yaldiz, A. G. U. Perera, S. G. Matsik, H. C. Liu, M. Buchanan,
7. R. Wasilewski, and M. D. Williams, “Space charge spectroscopy of integrated

quantum well infrared photodetectorlight emitting diode,” Infrared Phys.
Technol, vol. 49, pp. 259-265, 2001.

C. R. Moon, B. D. Choe, S. D. Kwon, H. K. Shin, and H. J. Lim, “Electron
distribution and capacitance-voltage characteristics of n-doped quantum wells,”

J. Appl. Phys., vol. 84, no. 5, pp. 2673-2683, 1998.

C. R. Moon and H. J. Lim, “Influence of quantum well structural parameters
on capacitance-voltage characteristics,” Appl. Phys. Lett., vol. 74, no. 20, pp.
2987-2989, 1999.



BIBLIOGRAPHY 215

[110] Y. Xia, E. Williams, Y. Park, I. Yilmaz, J. Shah, E. Schubert, and C. Wetzel,
“Discrete steps in the capacitance-voltage characteristics of GalnN/GaN light

emitting diode structures,” in Mater. Res. Soc. Symp. Proc. Vol. 8§31, 2005.

[111] Y. Xiand E. F. Schubert, “Junction temperature measurement in GaN ultraviolet
light emitting diodes using diode forward voltage method,” Appl. Phys. Lett.,
vol. 86, no. 12, pp. 2163-2165, 2004.

[112] Y. Xi, J.-Q. Xi, T. Gessmann, J. M. Shah, J. K. Kim, E. F. Schubert, A. J.
Fischer, M. H. Crawford, K. H. A. Bogart, and A. A. Allerman, “Junction and
carrier temperature measurements in deep ultraviolet light emitting diodes using
three different methods,” Appl. Phys. Lett., vol. 86, pp. 031907-1-031907-3,
2005.

[113] S. Ishizaki, H. Kimura, and M. Sugimoto, “Lifetime estimation of high power
LEDs,” J. Light ¢ Vis. Env., vol. 31, no. 1, pp. 11-18, 2007.

[114] O. Pursiainen, N. Linder, A. Jeager, and R. Oberschmid, “Identification of aging
mechanism in the optical and electrical characteristics of light emitting diodes,”

Appl. Phys. Lett., vol. 79, no. 18, pp. 2895-2897, 2001.

[115] A. Uddin, A. Weia, and T. Andersson, “Study of degradation mechanism of blue
light emitting diodes,” Thin Solid Films, vol. 483, pp. 378-381, 2005.

[116] P. N. Grillot, M. R. Krames, H. Zhao, and S. H. Teoh, “Sixty Thousand Hour
Light Output Reliability of AlGalnP Light Emitting Diodes,” IEEFE Transactions
on Devices and Materials Reliability, vol. 6, no. 4, pp. 564-574, 2006.

[117] Z. Fang, D. C. Reynolds, and D. C. Look, “Changes in electrical characteristics
associated with degradation on AlGaN blue light emitting diodes,” J. of FElect.
Mat., pp. 448-451, 2000.

[118] J. Barbolla, S. Duenas, and L. Bailon, “Admittance spectroscopy in junctions,”

Sol. State Electr., vol. 35, no. 3, pp. 285-297, 1991.

[119] D. Schroder, Semiconductor Material and Device Characterization, 3rd ed. New

York: Wiley-Interscience/IEEE, 2006.



216

BIBLIOGRAPHY

[120]

[121]

122]

[123]

124]

[125]

[126]

127]

128]

M. L. Lucia, J. L. Hernandez-Rojas, C. Leon, and I. Martil, “Capacitance
measurements of p-n junctions: depletion layer and diffusion capacitance

contributions,” Eur. J. Phys., vol. 14, pp. 86—-89, 1993.

H. Cho, C. Kim, and C. H. Hong, “Electron capture behaviors of deep level traps
in unintentionally doped and intentionally doped n-type GaN,” J. Appl. Phys.,
vol. 94, pp. 1485-1489, 2003.

C. Soh, S. Chua, H. Lim, D. Chi, W. Liu, and S. Tripathy, “Identification of
deep levels in GaN associated with dislocations,” J. Phys. Cond. Mat., vol. 16,
pp. 6305-6315, 2004.

E. Yunovich, V. Kudryashov, S. Mamakin, A. Turkin, A. Kovalev, and
F. Manyakhin, “Spectra and Quantum Efficiency of LightEmitting Diodes Based
on GaN Heterostructures with Quantum Wells,” Phys.Stat.Sol. (a), vol. 176, pp.
125-130, 1999.

I. Martil, E. Redondo, and A. Ojeda, “Influence of defects on the electrical and
optical characteristics of blue light emitting diodes based on III-V nitrides ,” J.
Appl. Phys., vol. 81, no. 5, pp. 2442-2444, 1997.

M. Craford and F. Steranka, Encyclopedia of Applied Physics, 1st ed. New York:
VCH, 1994.

F. Manyakhin, A. Kovalev, and A. E. Yunovich, “Aging mechanisms of
AlGaN/AlGaN/GaN light-emitting diodes operating at high currents,” MRS
Internet J. Nitride Semicond. Res., vol. 53, no. 3, pp. 1-6, 1998.

G. Meneghesso, M. Meneghini, S. Levada, E. Zanoni, A. Cavallini, A. Castaldini,
V. Harle, T. Zahner, and U. Zehnder, “Study of short-term instabilities
of AlGaN/GaN light-emitting diodes by means of capacitance-voltage

measurements and deep level transient spectroscopy,” in SPIFE, 2004.

M. Pavesi, M. Manfredi, F. Rossi, , M. Meneghini, E. Zanoni, U. Zehnder,
and U. Strauss, “Temperature dependence of the electrical activity of localized
defects in AlGaN-based light emitting diodes ,” Appl. Phys. Lett., vol. 89, pp.
041917-1-041917-3, 2006.



BIBLIOGRAPHY

[129]

[130]

[131]

[132]

[133]

134]

[135]

[136]

[137]

K. Matsuo, N. Negoro, J. Kotani, T. Hashizume, and H. Hasegawa, “Pt schottky
diode gas sensors formed on GaN and AlGaN/GaN heterostructure,” Applied
Surface Science, vol. 244, pp. 273-276, 2005.

M. Meneghini, L. R. Trevisanello, S. Levada, G. Meneghesso, G. Tamiazzo,
E. Zanoni, T. Zahner, U. Zehnder, V. Harle, and U. Strauss, “Failure mechanisms

of gallium nitride LEDs related with passivation,” in Tech. Digest IEDM, 2005.

G. S. Marlow and M. B. Das, “The effects of contact size and non-zero
metal resistance on the determination of specific contact resistance,” Sol. State.

Electron., vol. 25, pp. 91-94, 1982.

T. Arai, H. Sueyoshi, Y. Koide, M. Moriyama, and M. Murakami, “Development
of Pt-based ohmic contact materials for p-type GaN,” J. Appl. Phys., vol. 89,
pp. 2826-2831, 2001.

M. Meneghini, L. R. Trevisanello, R. Penzo, M. Benedetti, U. Zehnder,
U. Strauss, G. Meneghesso, and E. Zanoni, “Reversible degradation of GaN
LEDs related to passivation,” in [FEE Proc. International Reliability Physics
Symposium, 2007.

A. Y. Polyakov, N. B. Smirnov, A. V. Govorkov, K. H. Baik, S. J. Pearton,
B. Luo, F. Ren, and J. M. Zavada, “Hydrogen plasma passivation effects on
properties of p-GaN,” J. Appl. Phys., vol. 94, pp. 3960-3965, 2003.

P. C. Chao, W. Hu, H. DeOrio, A. W. Swanson, W. Hoffman, and W. Taft,
“Ti-gate metal induced degradation in hydrogen,” IEEFE El. Dev. Lett., vol. 18,
no. 9, pp. 441-443, 1997.

Y. Gu, N. Narendran, T. Dong, and H. Wu, “Spectral and luminous efficacy
change of high power LEDs under different dimming methods,” in Proceedings of
SPIE 6337, 6337J.

M. Meneghini, S. Podda, A. Morelli, R. Pintus, L. Trevisanello, G. Meneghesso,
M. Vanzi, and E. Zanoni, “High brightness GaN LEDs degradation during dc and

pulsed stress,” Microelectronics and Reliability, vol. 46, no. 9-11, pp. 1720-1724,
2006.

217



218

BIBLIOGRAPHY

[138)]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147)

[148]

B. Hahn, “Recent advances in GalInN LEDs,” in Proceedings of 31st WOCSDICE,
Venice, Italy, 2007.

Y. Gu and N. Narendran, “A non-contact method for determining junction

temperature of phosphor-converted white LEDs,” in Proceedings of SPIE 5187.

C. Huang, C. Chen, C. Lu, and C. C. Yanga, “Reduced injection current induced
blueshift in an AlGaN/GaN quantumwell light-emitting diode of prestrained
growth,” Appl. Phys. Lett., vol. 91, pp. 051 121-1-051 121-3, 2007.

S. F. Chichibu, et al., “Effective band gap inhomogeneity and piezoelectric field
in AlGaN/GaN multiquantum well structures,” Appl. Phys. Lett., vol. 73, pp.
20062008, 1998.

P. Riblet, H. Hirayama, A. Kinoshita, A. Hirata, T. SuGaNo, and Y. Aoyagi,
“Determination of photoluminescence mechanism in AlGaN quantum wells,”

Appl. Phys. Lett., vol. 75, pp. 2241-2243, 1998.
R. Mueller-Mach, G. O. Mueller, M. R. Krames, and T. Trottier.

J. Park and C. Lee, “An Electrical Model With Junction Temperature for
Light-Emitting Diodes and the Impact on Conversion Efficiency,” IEEE Electron
Dev. Lett., vol. 26, no. 5, pp. 308-310, 2005.

O. H. Nam, et al., “Recent progress of high power GaN-based violet laser diodes,”
Phys.Stat.Sol. (c), vol. 7, pp. 2278-2282, 2003.

O. H. Nam, “Characteristics of GaN-based laser diodes for post-DVD
applications,” Phys.Stat.Sol. (a), vol. 12, pp. 2717-2720, 2004.

L. L. Goddard, M. Kneissl, D. P. Bour, and N. M. Johnson, “Gain characteristic
of continuous-wave InGaN multiple quantum well laser diodes during life testing,”

Journal of Applied Physics, vol. 88, no. 7, pp. 3820-3823, 2000.

M. Kneissl, D. Bour, L. Romano, C. V. de Walle, J. Northrup, W. Wong,
D. Treat, M. Teepe, T. Schmidt, and N. Johnson, “Performance and degradation

of continuous-wave InGaN multiple-quantum-well laser diodes on epitaxially



BIBLIOGRAPHY 219

[149]

[150]

[151]

152]

laterally overgrown GaN substrates,” Appl. Phys. Lett., vol. 77, pp. 1931-1933,
2000.

V. Kummler, G. Bruderl, S. Bader, S. Miller, A. Weimar, A. Lell, V. Harle,
U. Schwartz, N. Gmeinwieser, and W. Wegscheider, “Degradation analysis of

InGaN laser diodes,” Phys. Stat. Sol. (a), vol. 194, pp. 419-422, 2002.

M. Takeya, T. Mizuno, T. S. S. Ikeda, T. Fujimoto, Y. Ohfuji, K. Oikawa,
Y. Yabuki, S. Uchida, and M. Ikeda, “Degradation in AlGalnN lasers,” Phys.
Stat. Sol. (c), vol. 7, pp. 2292-2295, 2003.

L. Marona, P. Wisniewski, P. Prystawko, 1. Grzegory, T. Suski, S. Porowski,
P. Perlin, R. Czernecki, and M. Leszczynski, “Degradation mechanisms in InGaN
laser diodes grown on bulk gan crystals,” Applied Physics Letters, vol. 88, no. 20,
p. 201111, 2006.

L. A. Coldren and S. W. Corzine, Diode Lasers and Photonic Integrated Circuits.
John Wiley & Sons, 1995.








