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Abstract

The research in optoelectronics has recently shown impressive advancements, thanks to
the development of disruptive technologies, such as Gallium Nitride LEDs and lasers
- that are enabling novel lighting devices - and Silicon photonics - that will change
the paradigm in broadband data transmission. Industrial laboratories and academic
researchers are working towards the improvement of device performance and reliability.
This goal is complicated by the complex nature of optoelectronic devices and systems: a
deep knowledge on material properties, device characteristics and system optimization
is needed to identify the physical mechanisms that limit the lifetime of the devices,
and to address possible solutions. The aim of this thesis is to report on a detailed
study of the physical factors that limit the performance and reliability of innovative
optoelectronic technologies based on nitrides and arsenides. The investigation was con-
ducted by means of purposely planned Accelerated Life Test (ALT) experiments and
short-term stress tests on selected state-of-the-art devices, which let us identify the
main physical processes responsible for the long-term degradation of the devices, and
pinpointed the weaknesses of modern LEDs when temporary operated outside their
Safe Operating Area (SOA) as a consequence of Electrical Over-Stress (EOS) events.

With regard to Gallium Nitride (GaN)-based white and visible monochromatic
LEDs, we found that under constant near-breakdown reverse bias the devices exhibit a
time-dependent degradation phenomenon, which promotes the increase of the leakage
current of the device, eventually leading to its catastrophic failure. The peculiar failure
statistics, as well as the electro-luminescence and leakage-current data acquired during
stress, could be interpreted by considering that highly-depleted GaN under reverse bias
may behave like a partially-leaking dielectric that degrades over time due to a defect
percolation process, similar to the dielectric degradation-driven breakdown process af-
fecting Silicon MOS devices.

On the other hand, high forward-current short-term step-stress on high-power LEDs
revealed that sustained operation at driving currents above the maximum rating of the

devices can rapidly induce failure in correspondence of a major current injection point,
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Abstract

dependent on the specific chip structure, as a consequence of the localized power dis-
sipation and temperature reached due to extreme current crowding effects and to the
degradation of the conductivity of extended device regions.

A clear dependence of the failure mode on the chip structure and device layout
could also be found during the investigation on the effects of single short EOS events
of increasing amplitude on high-power white LEDs. The experimental data helped
identifying the best LED design to be employed in an electrically critical environment,
also showing that EOS-related reliability issues tend to arise more from extrinsic ele-
ments of the LED system rather than from the semiconductor chip.

Unlike High-Brightness (HB) state-of-the-art LEDs, whose main reliability concern
is represented by EOS events, cost-effective mid-power LEDs for lighting applications
were found to suffer from gradual degradation processes impacting in the long term
on both the electrical an optical characteristics of the device. Moreover, the results of
the ALTs highlighted the role of the plastic package in the degradation of the optical
properties of the emitted light.

The long-term reliability of mid-power LEDs was further investigated at system
level by performing a lifetime analysis of commercial LED bulbs employing these de-
vices as primary light sources. The increased complexity of the system under stress
negatively impacted on the stability over time of the luminous performances of the
luminaries, which was severely affected by the degradation of extrinsic elements like
the diffusing dome or the current driver.

In Part II of this work, our system-level analysis continued with an extensive in-
vestigation on the reliability of blue-emitting phosphors for near-UV laser excitation,
as part of a research project performed in collaboration with the New Energy and In-
dustrial Technology Development Organization (NEDO), Japan. By means of a series
of pure thermal stress experiments and stress under high levels of optical excitation,
we have been able to identify the physical process responsible for the degradation of
the phosphors under extreme and more conservative operating conditions. In partic-
ular, while the phosphors demonstrated good stability during pure thermal treatment
in air up to 300°C, for temperatures equal to or greater than 450°C the material
exhibited a time-dependent drop in the photo-luminescence, which was attributed to
the thermally-induced autoionization of the Eu?* optically active centers. By means of
different material characterization techniques, evidence of this degradation process was
also found on samples stressed under moderate 3 W/mm? - 405 nm optical excitation.
This indicated that the optically (and thermally) induced ionization of the optically-

active species is the most critical degradation process for this family of phosphorescent
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material.

The operating limits of an improved second generation luminescent material were
also investigated by means of short term stress under 405 nm optical excitation. The
experimental data showed that, for a given deposition condition, a threshold excitation
intensity for continuous pumping exists. Above this threshold, decay of the steady-
state photo-luminescence performances and degradation of the material were found to
take place, which suggested that the material was being operated in an unuseful ex-
citation regime, mainly limited by the thermal management capabilities of the carrier
substrate employed for our experimental purposes rather than from intrinsic properties
of the phosphor.

Part III of this thesis is devoted to the analysis of the degradation processes of het-
erogeneous I1I-V/Silicon infrared (IR) laser diodes designed for integrated telecommu-
nications and interconnects. By submitting the devices to a series of constant current
stress tests, a gradual degradation of the main device parameters was observed. In
particular, in every stress scenario the devices under test showed (i) an increase in the
threshold current, (ii) a decrease in the turn-on voltage, and (i) an increase in the
apparent carrier concentration within the space charge region. The variation of the
electrical parameters was found to be significantly correlated to the optical degrada-
tion for long stress times; the results support the hypothesis that degradation originates
from an increase in the non-radiative recombination rate, possibly due to the diffusion
of defects towards the active region of the devices.

In order to further investigate the physical origin of the diffusing defects, capac-
itance Deep-Level Transient Spectroscopy (C-DLTS) analysis was performed. The
results indicate the presence of several deep levels, with a main trap located around
0.43 eV above the valence band energy. This trap was found to be compatible with an
interface defect characteristic of the quaternary material employed to grow the active

region of the device.

The above-mentioned experimental results represent the most relevant and original
outcomes of the three-years research activity of the Ph.D student. The following section

lists the scientific contributions co-authored by the candidate based on those results.
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Sommario

L’ultimo decennio di ricerca nell’ambito dei dispositivi optoelettronici ha contribuito
allo sviluppo e alla successiva introduzione sul mercato di rivoluzionarie tecnologie,
sia in ambito illuminotecnico, grazie agli innovativi sistemi di illuminazione basati su
LED e laser in Nitruro di Gallio, che in ambito telecomunicazioni, dove la Silicon
photonics promette di stravolgere 1’odierno approccio alla trasmissione a larga banda.
Innumerevoli laboratori di ricerca universitari e privati concorrono nell’incrementare
le performance e D'affidabilitd dei dispositivi. Tale obbiettivo, tuttavia, & ostaco-
lato dalla complessa natura dei dispositivi optoelettronici e, ancor pit, dei sistemi
su di essi basati. Una conoscenza approfondita dei materiali, delle proprieta dei dis-
positivi e dell’ottimizzazione a livello di sistema risultano essere indispensabili per
Iidentificazione dei meccanismi fisici che limitano il tempo di vita utile dei dispositivi,
e per lo sviluppo di possibili soluzioni. Scopo di questa tesi ¢ descrive i risultati di
un’estesa analisi finalizzata ad identificare i processi fisici che limitano 'affidabilita e
le prestazioni degli innovativi sistemi optoelettronici basati su semiconduttori III-V.
Per tale scopo sono stati realizzati specifici esperimenti di degrado accelerato e stress
a breve termine su dispositivi allo stato dell’arte, che hanno permesso di individuare
i processi fisici responsabili del degrado, graduale o catastrofico, cui possono essere
soggetti i moderni dispositivi optoelettronici durante la propria vita operativa.

Nello specifico, le analisi condotte su LED ad emissione nel visibile basati su Ni-
truro di Gallio (GaN) hanno innanzitutto rivelato che la prolungata polarizzazione del
dispositivo con tensioni inverse vicine al valore critico di breakdown ¢ accompagnata
dall’instaurarsi di un processo di degrado tempo-dipendente che induce I'aumento della
corrente di leakage del LED, portandolo eventualmente alla failure catastrofica. La pe-
culiare distribuzione statistica del tempo di failure, unita all’andamento temporale di
corrente e segnale di elettro-luminescenza durante lo stress in inversa, sono stati in-
terpretati supponendo che il Nitruro di Gallio, portato in svuotamento spinto dalle
elevate tensioni inverse, possa comportarsi come un dielettrico con perdite che degrada

nel tempo a causa della percolazione di difetti, con un processo del tutto simile al
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Sommario

breakdown tempo-dipendente del dielettrico presente nei MOS in Silicio.

Lo studio sugli effetti a breve termine di elevate correnti di polarizzazione su LED
in GaN ad alta potenza ha invece evidenziato una localizzazione della failure dei dis-
positivi in prossimita dei principali punti di iniezione di corrente, specificatamente
associabili alla particolare struttura del dispositivo in analisi. Tale tipologia di stress
si € inoltre rivelata altamente dannosa anche per la struttura epitassiale del disposi-
tivo, che, a causa delle elevate temperature e densita di corrente in gioco, ha mostrato
incrementi di resistivita localizzati.

Una pit marcata dipendenza delle modalita e delle condizioni di failure dalla strut-
tura e dal layout superficiale & emersa dall’analisi degli effetti di eventi di overstress di
breve durata su LED bianchi ad alta potenza. I risultati sperimentali hanno portato
all’identificazione della tipologia di LED pit adeguata da adottare in ambienti soggetti
a disturbi elettrici, mostrando inoltre come le problematiche relative ad eventi di over-
stress elettrico siano determinate piu dalle debolezze di elementi estrinseci del LED che
dal chip di semiconduttore.

L’attivita di ricerca ha poi evidenziato come per LED bianchi a media potenza in
condizioni operative limite i processi di degrado graduale delle caratteristiche ottiche
ed elettriche del dispositivo, ed in particolar modo relativi al package plastico, possano
risultare deleteri per ’affidabilita a lungo termine della sorgente allo stato solido.

L’analisi affidabilistica su tale tipologia di LED é stata poi estesa a livello di sistema,
andando ad investigare i meccanismi di degrado che interessano le comuni lampadine a
bulbo basate per I'appunto su LED bianchi a media potenza. La maggiore complessita
del sistema illuminante sotto stress ha impattato negativamente sulle performance a
lungo termine del bulbo, la cui affidabilita é risultata essere per lo piu limitata da
elementi estrinseci al LED, quali la cupola diffusiva oppure il driver di corrente.

Nella seconda parte di questa tesi sono state analizzate le proprieta affidabilistiche
di uno di questi elementi estrinseci: i fosfori. In collaborazione con 'organizzazione per
lo sviluppo delle nuove energie e delle tecnologie industriali del Giappone (NEDO), ¢
stata condotta un’estesa ricerca sull’affidabilita di fosfori ad emissione nel blu per ecc-
itazione nel vicino UV tramite sorgenti a stato solido, in particolare laser. Attraverso
una serie di stress termici e/o sotto fascio ottico ad elevate intensita, é stato possibile
identificare il principale meccanismo fisico responsabile del degrado delle performance
di fotoluminescenza del materiale fosforescente in esame. Nello specifico, correlando
quest’ultimo fenomeno con le variazioni delle proprieta chimico-fisiche del materiale, &
stato possibile identificare nell’autoionizzazione otticamente e/o termicamente indotta

dei centri otticamente attivi di Eu?" la principale causa di degrado del fosforo.
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La stress ottico a breve termine su pigmento luminescente di seconda generazione
ha poi permesso di identificare un valore limite di intensita per il pompaggio ottico
continuo. Oltre tale soglia, le performance del materiale luminescente calano per ef-
fetto congiunto della perdita di efficienza dovuta alle alte temperature di esercizio e al
degrado non reversibile del materiale stesso.

Nella terza parte di questa tesi vengono analizzati i meccanismi di degrado di diodi
laser IR ibridi basati su semiconduttori III-V e Silicio progettati per sistemi di teleco-
municazione e di interconnessione integrati. Esperimenti di degrado accelerato condotti
a corrente costante hanno permesso l'identificazione di diversi processi di degrado grad-
uale, tra i quali: (7) Paumento della corrente di soglia, (iz) la decrescita della tensione
di turn-on del diodo (#4) e I'incremento della concentrazione di carica apparente in
prossimita della regione attiva. Sulla base della correlazione tra tali processi, ¢ stata
formulata l'ipotesi secondo la quale 1'origine del degrado ottico del dispositivo risieda
nell’aumento del rate di ricombinazione non radiativa, possibilmente dovuto alla diffu-
sione di difetti verso la regione attiva.

Al fine di investigare 'origine della specie diffondente sono state impiegate tecniche
di analisi spettroscopica che hanno permesso l'identificazione di diversi livelli trappola
all’'interno del dispositivo, il principale dei quali, localizzato 0.43 eV al di sopra della
banda di valenza, é risultato essere compatibile con un difetto d’interfaccia caratter-
istico del materiale semiconduttore utilizzato per la crescita della regione attiva dei

dispositivi in esame.

Quanto sopra esposto € rappresentativo dei risultati sperimentali originali pitt importati
conseguiti dallo studente di dottorato durante la propria attivita di ricerca. Nella
sezione seguente viene riportata una lista dei contributi scientifici basati su tali risultati

di cui il canditato & co-autore.
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Introduction

Direct-gap semiconductor alloys based on group III and group V elements of the peri-
odic table are the most widely employed materials for the fabrication of optoeletronic
devices, such as Laser Diodes (LD), Light-Emitting Diodes (LEDs), solar cells and
photodectors. Thanks to the availability of mature I1I-V hetero-epitaxy growing tech-
niques and to the possibility of tuning the alloy properties with an appropriate bandgap
engineering, efficient optoelectronic devices with emission and absoprtion wavelengths
ranging from the UV-C to the medium infrared spectrum can be obtained [I]. In par-
ticular, wide-bandgap short emission wavelength devices are based on the Gallium Ni-
tride (GaN) - Aluminum Nitride (AIN) - Indium Nitride (InN) material system. White
light-emitting diodes based on the phosphor-conversion of the blue light emitted by
InGaN/GaN semiconductor chips have revolutionized the lighting industry, introduc-
ing a more efficient and durable alternative to the conventional light sources [2]. More
than two decades of scientific and industrial research efforts have greatly improved
the reliability of those devices [3], making it possible for state-of-the art LEDs to be
now rated for useful lifetimes in excess of 50 kh to 70 kh at junction temperatures up
to 150°C [4]. However, while gradual current-driven and/or temperature-accelerated
degradation mechanisms have been mostly mitigated, the performance and the relia-
bility of LEDs can still be affected by unpredictable events of Electrical Over-Stress
(EOS) [5], which are not so uncommon once the solid-state luminaire has been deployed
on the field. Thus, one of the goals of this thesis is to investigate the robustness of
modern GaN LEDs towards EOS events, focusing on the failure modes, conditions and
mechanisms that are peculiar for each specific device structure.

Of course, gradual degradation processes may still be an issues when lower-tiered
devices are operated at the limits of their Safe Operating Area [6]. However, the re-
liability of modern solid-state luminaries becomes more affected by extrinsic elements
rather than by the primary emitters as the complexity of lighting system is increased.
As shown in chapter [0 this is the case of the retrofit LED light bulbs commonly

employed for home lighting, whose emission intensity and color point showed strong
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Introduction

dependence on the degradation of the optics and the electronics of the bulb system.

The improvements in the III-N semiconductors growing techniques and the opti-
mization of the device structures also contributed to the fabrication of green, blue and
near-UV highly efficient and reliable laser diodes. Such devices found their way on
several market segments, ranging from media projection to laser cutting. However, the
most promising application for blue and UV-A emitters is laser-based lighting [7]. Due
to the lower efficiency droop at high current density regimes of laser diodes with respect
to LEDs []], and to the simplified optical design of lighting systems based on small
emitting area sources, Laser Activated Remote Phosphors (LARP) systems are set to
replace LED-based lighting sources in medium /long distance white light projection ap-
plications, such as car headlights and street lamps. For those systems, the reliability of
the phosphorescent material, rather than the robustness of the source, is the key factor
in determining the long-term lifetime. High optical excitation densities and operating
temperature can induce permanent worsening of the photo-luminescence efficiency of
the material [9] [10], thus lowering the optical performance of the LARP system even
if the emission of the solid-state source remains stable. For this reason, in Part II of
this thesis the robustness and the degradation mechanisms affecting the reliability of
blue-emitting phosphors for near-UV excitation have been investigated. The results
of the experimental activity, carried out as part of a research project in collaboration
with the New Energy and Industrial Technology Development Organization of Japan
(NEDO), are discussed in Chapter[g]

Within the III-V based phosphides (III-P), arsenides (II1I-As) and atimonides (III-
Sb) semiconductor material systems, opto-electronic devices with emission wavelengths
ranging from green to the mid-infrared can be designed and manufactured. Semicon-
ductor lasers emitting in the 1.31 ypm and 1.55 ym windows are of primary interest for
telecommunication applications, since those wavelength ranges represent the so-called
absorption windows where the IR light attenuation due to the materials typically em-
ployed for optical fibers is minimum [I1]. In particular, in the 1.55 um optical window
absorption losses are minimized, and chromatic dispersion has only a minor influence
on the transmission bandwidth. Devices tuned for this particular emission wavelength
usually employ active regions based on quaternary InGaAsP or InAlGaAs alloys, grown
in lattice-matching conditions on Indium Phosphide (InP) substrates. Those families of
devices have been studied for decades, both in terms of performance optimization and
reliability. However, in a recent push towards the integration and efficiency increase
of telecommunications systems, AllnGaAs-based I1I-V emitters are now being directly

integrated on a Silicon-On-Insulator (SOI) substrate, which serves as a platform for sig-
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nal routing, filtering and conditioning through passive elements [12]. To this aim, the
semiconductor epitaxy, separately grown on a specific I1I-V growth process, is first re-
moved from its substrate and then bonded onto the SOI wafer by means of appropriate
wafer bonding techniques. Former studies have demonstrated that this added process-
ing step does not induce the formation of extended defects within the semiconductor
region [I3]. However, the impact of the generation/propagation of point defects on the
long-term reliability of such devices has not been investigated, yet. With this goal,
in Part III we describe the results of an investigation on heterogeneous III-V /Silicon
1.55 um experimental laser diodes, aimed at understanding the gradual degradation

mechanisms affecting this novel class of opto-electronic devices.

Xvil






Part 1

Long-term aging and catastrophic
failure of GaN-based LEDs submitted

to electrical overstress






Introduction to Part I

Thanks to the technological improvements in the epitaxial growing techniques and to
years of reliability-oriented research studies, the lifetime of solid-state sources for light-
ing applications has greatly improved since their introduction to the market. Nowadays,
state-of-the-art high-power GaN LEDs rated for more than 50 kh of useful lifetime at
a junction temperature of up to 150°C can be commonly found. Moreover, since the
gradual degradation of LEDs is typically accelerated by current (linear or superlinear
dependence on current) and temperature (Arrhenius-like dependence), the effects of
gradual degradation processes on both the semiconductor chip and the device pack-
age can be further mitigated by tuning the driving conditions and by improving the
thermal management capabilities of the illuminator. For this reasons, the main reli-
ability concern for those modern light sources is the effect of unpredictable electrical
overdrive events, such as EOS or ESDs, that can induce sudden failure of the devices
during normal operation. While several reports exist on the effects of ESD events on
the performance and reliability of GaN LEDs [14] [15, [16], the literature on the effects
of EOS events is very restricted. In light of these considerations, in part I of this
thesis we investigated the effects of various electrical over-stress regimes on the electro-
optical characteristics and on the reliability of GaN LEDs. As will be described in the
following chapters, by submitting different kinds of LEDs to transient or continuous
electrical overstress, we have been able to relate the specific failure modes of the LEDs
under test to device structure-related failure conditions, which helped identifying the
weaknesses of modern solid state sources towards electrically critical environment and
unwanted out-of-specs operation.

While for state-of-the-art high-power devices the gradual degradation processes
play a minor role in determining the robustness of the solid-state luminaire on the
field, lower-tiered devices can still be affected by such problems. For instance, mid-
power LEDs generally offer a good trade-off between lumen output and cost, but at the
price of a reduced thermal and optical design of the package and a less evolved semi-

conductor chip structure. Those features not only impact on the performance of this
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class of LEDs, but can also increase the sensitivity towards high operating temperature.
Thus, with the aim of analyzing the degradation mechanism that limit the reliability
of mid-power LEDs subjected to a high-temperature operation, we performed a series
of accelerated ageing experiments, whose outcomes are reported in chapter o]

Due to their high lumen-to-cost ratio, mid-power white LEDs are usually employed
in retrofit LED light bulbs. While the integration of those devices into the commonly
adopted light bulb represents the best way to push towards the domestic adoption
of SSL solutions, the added optical, mechanical and electrical components in a space
and thermally-limited system can negatively impact on the lifetime of the solid-state
luminaire if a proper thermal design is not implemented. Since this would reduce, if
not neglect, the return on investment for a lighting product that costs considerably
more with respect to conventional light sources, an analysis of the possible degradation
processes that can reduce the lifetime of the LED bulb is needed. To this aim, a 20 kh
long lifetime experiment on four different commercial LED bulbs was carried out. The

results of this system-level reliability investigation are reported in chapter [0



Chapter 1
Working principles of LEDs

The physical process exploited by LEDs in order to generate light is the spontaneous
emission. Through this process, an electron in an excited state loses its excess energy
by emitting it as photon. Peculiar semiconductor structures based on pn junctions are
employed in order to maximize the number of electrons (and holes) the undergo this
process, thus maximizing the light output and efficiency of the device. This chapter
provides a brief overview of the basic working principles of LEDs, their typical structure,
and the basic electrical and optical properties, whose variation during aging provides
fundamental information for the identification of the physical mechanisms responsible

for the degradation of the devices.

1.1 Recombination processes

From a macroscopic point of view, the interaction between electro-magnetic radiation
and matter is ruled by the Maxwell equations, which must be solved by imposing
specific boundary conditions for the propagation inside a medium characterized by its
conductibility, its dielectric permittivity and the magnetic permeability. On the other
hand, the EM interaction with a semiconductor material is determined by the band-
to-band processes that, depending on the energy difference between the interacting

photon (E,, = hf) and the energy-gap of the material (E;), may occur. In particular:

o [1, < E,: weak interaction, no band-to-band processes, only the “dielectric”
response of the material is interested (intraband transitions). Examples: RF,

microwaves and long IR radiation.

o Iy, = E, e L, > E,: strong interaction through band-to-band processes that

induce the generation/recombination of (e — h) pairs, typically due to the inter-

5



Chapter 1. Working principles of LEDs

action with UV, visible and near-IR light.

e [V, > E,: high-energy ionizing radiation, like X-rays.

From a microscopic point of view, three main (optical) band-to-band processes,

involving at least one electron-hole pair and a photon, can be identified [I.1}

e Absorption The energy of a photon is transferred to an electron which is pro-

moted to the conduction band, generating a hole in the valence band.

e Stimulated emission A photon stimulates the recombination of an (e —h) pair.
This process generates a second photon, having the same frequency and wave-
vector k of the incident photon. Since the second photon is coherent with the

incident EM radiation, its amplitude is increased.

e Spontaneous emission A photon is spontaneously emitted as a consequence of
an (e — h) recombination. Since the emission is incoherent, a new EM field with

a (relatively) large spectrum is generated.

i e-h pair P e-h pair
. .I recombination . '. recombination
E,: E,: Er Er Er A
hf hf hf
A - | “/:M-. Wﬂf;f;gﬁi
hf=E.-E, | —~ 4
oA M
photon stimulated photon spontaneous
emission emission
5 b=y E, E, E,—p E,
® ¢ o ® ® o
Before During After Before During

e-h pair generation

E. E. E. !
hf ht hf
L 4 ioEE
| photon absorption |
E, 1om E,
C] ! @
Before Durinlb;g After

Figure 1.1: Simple view of stimulated emission, spontaneous emission and
(spontaneous) absorption

The rules for the photon-electron interaction are defined by quantum-mechanical
principles based on the theory of perturbations. Those restrictions, paired with the
density of available states, define the absorption/emission profile of a specific semicon-

ductor material.



1.1. Recombination processes

1.1.1 Radiative recombination

In a non-degenerately doped semiconductor material at thermal equilibrium, the carrier
concentrations n (electrons) and p (holes) are determined by the so-called mass-action

law:

ngpo = n2 (1.1)

where ng and pg are the carrier concentrations at equilibrium, while n; is the intrinsic
carrier concentration. In order for an (e — h) recombination event to take place, two
conditions must be met: the presence of an excited electron in the conduction band,
and an available empty energy state must exist in the valence band (hole). Hence, the
carrier recombination rate per unit volume R must be proportional to the concentration

of both carriers:
=——=——=DBnp (1.2)

where B is called molecular recombination coefficient. Typical values of B for I1I-V
direct-gap semiconductors of interest for opto-electronic devices range from 107! to
107 ecm?/s.

At equilibrium, the recombination rate Ry = Bn? equals generation Gy, hence the
net recombination rate R,.; = R — G = Ry — Gy is zero. In order to have a non-zero
net recombination and attain spontaneous emission, the device must be brought out
of equilibrium by the injection of free carriers into the quantum wells active region. In

this condition, the concentration of carriers become:
p=po+ Ap n=mn,+ An (1.3)

where Ap(t) = An(t), since also in high-injection condition carries are generate and
annihilated in pairs. Employing (1.3]) in (1.2 the recombination rate becomes

R = Bln, + An][po + Ap) (1.4)

To further interpret this equation, assumption must be made regarding the effective

amount of the excess free carriers injected.

In low excitation condition, An < ng + po, Eq. (1.4]) becomes:

R = Bn} + Bln, + po]An(t) = Ry + Rexe (1.5)

7



Chapter 1. Working principles of LEDs

thus, the time-dependent concentration of electrons is given by

dn(t)
dt

=G—-R= (GO + Ge:pc) - (RO + Remc) = Gexc - Rexc (16)

If the excitation/injection process is turned-off at ¢ = 0, then (G.,. = 0). By employing
in ((1.6) the value for R.,. found in (1.5)) we obtain the following differential equation:

dn(t)
dt

= —Bln, + po]An(t) (1.7)

whose exact analytical solution is given by

1

An(t) = Ange Blretpolt — Apoe 7 with 7= ————
(t) 0 0 Bl

(1.8)
The time constant 7, also called carrier lifetime, is a characteristic parameter of the
semiconductor material, which determines its radiative efficiency.

If we consider the trend over time of the concentration of carriers for a p-type semi-
conductor under moderate excitation (Fig., we can see that at ¢ = 0 both species
of carriers start decaying with the same time constant 7, equal to 1/BN4. However,
only a small amount of majority carriers recombine, since their lifetime is much longer
compared to the minority carrier lifetime, which is the limiting factor for the dynamic
performance of the device. The reduction of the lifetime can be achieved by increasing
the doping level in the active region, the injection level or by increasing the carrier
confinement through the band-structure engineering by means of quantum-well struc-

tures.

In case of high injection, An > ny+ pg, the bimolecular rate equation ((1.2)) becomes

d
R= —d—? — _BAR? (1.9)

whose exact analytic solutions and (pseudo) time constant are given by:

B 1 _ —An(t) 1
An(t) = W T(t) = M =t + BATZO (].].0)
dt

which shows that the carrier decay rate after the injection pulse slows down with time,
reaching an exponential trend only once the excess carrier population has reached the

low-excitation condition 1/B(ng + po) (see Fig.[1.2h)).

8



1.1. Recombination processes
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Figure 1.2: Time-dependent concentration of carriers in a p-type (n, < pgy) semicon-
ductor under low excitation @ Trend over time of luminescence and of the time
constant for a semiconductor under high optical excitation levels @

1.1.2 Non-radiative recombination mechanisms

Within optoelectronic semiconductor devices, several physical process may concur to
the non-radiative recombination of the free carriers contained in the active region, thus
reducing the spontaneous recombination rate and the luminous efficiency of the device.
Due to these processes, the excess energy of a charge carrier in a excited states is not
emitted as photon, but is rather transferred to the crystal lattice as a quantum of
vibrational energy, called (phonon), i.e. as heat (Fig.[1.3)).

The most relevant non-radiative recombination mechanism is the recombination

Fiii slesitoii Vibrating atoms (phonons)

Hole

Figure 1.3: Schematic view of radiative (left) e non-radiative (right) recombination
processes inside the crystal lattice.



Chapter 1. Working principles of LEDs

through deep-levels, which are available energy states within the energy gap of the
material whose origin is related to the atomic-level imperfections of the crystal lattice
structure.

The recombination through deep-levels was first theorized by Shocley, Read [17] and
Hall [18] in 1952. They showed that the rate of non-radiative recombination through

a deep-level with (energy) depth Er and concentration N7 is equal to

poAn + noAp + AnAp
(Nrvypo,)~Hno + ny + An) + (Npvypo,)~Hpo + p1 + Ap)

Ry, = (1.11)
where v, and v, are electrons and holes thermal velocities, while ¢, and o, are the ef-
fective capture cross sections of the traps. Parameters n; and p; represent the electrons
and holes concentration assuming a Fermi level equal to Ep. Those can be expressed
as

Er— Eri EF) (1.12)

Epi — Er
kT

P1 = n; exXp ( LT

ny = n; exp (

where Fr; indicates the position of the intrinsic Fermi level.
Considering that Ry, = An/7, the non-radiative lifetime due to excess electrons is

given by

1_ Po + no + An (1.13)
T (NTVpUp)fl(no +ny + An) + (NTVnOH)fl(pO —I—pl + Ap) '

In order to clarify the interpretation of the former equation, let us consider the case
of p-doped semiconductor, (pg > ng, p1), whit a minimal deviation from the equilibrium
condition (n — n, < pg): the minority-carrier lifetime and the related recombination

rate, in low-excitation condition, can written as

1 1 —
— = — = Nyv,o, R, = n” o (1.14)
-

Tno Tno

whereas for an n-type semiconductor, (ng > po,n1), we have that

11 -
S =~ = Nywo, R, =210 (1.15)

T Tpo Tpo

The former set of equations reveals that the SHR recombination rate is limited by the
minority-carrier capture rate from the deep-levels. Assuming v, = v, = v, 0, = 0,

and low-injection, the average minority carrier lifetime can be expressed as

10



1.1. Recombination processes

Ep — Ep;
no + po -+ n; cosh (%)
Tp = To (1.16)
no + Po

Equation highlights two important properties of the recombination through deep-

levels:

— The efficiency of deep-levels as non-radiative recombination centers increases as
the trap level gets closer to mid-gap (the hyperbolic cosine function at the de-

nominator has a minimum for Er = Ep;).

— The rate of SHR recombination increases as temperature increases.

The recombination through deep-levels is not strictly a non-radiative recombination
process. Depending on the specific defect, a small probability exists that a photon can
be generated as a consequence of the electronic transitions associated with the related
deep-level. That is the case of the so-called yellow luminescence of Gallium Nitrides,
whose energy level is assocaited with the formation of complexes between Galium va-

cancies and impurities like O or Si [19)].

A second important non-radiative recombination mechanism is the Auger recom-
bination. Due to this process, the excess energy released after an (e—h) recombination
event contributes to the promotion of another electron (hole) deeper into the conduc-
tion (valence) band. The excited carriers then lose their energy through subsequent
emission of phonons, until the energy level of the band-edge is reached. The Auger

recombination rate is given by
Raug = (nC + pCy) (np — n7) (1.17)

where (), and C, are the electrons and holes Auger recombination coefficient, whose
typical value for III-V semiconductor ranges between 1072 — 1072®¢m5/s. The tem-

perature dependence of those coefficients is given by

—E,
Chp(T) = Cye kT (1.18)

where F, is an activation energy. Since two carriers of one type, plus one of the other,
are needed for an Auger recombination process to occur, a quadratic dependence on
the concentration of a specific carrier exists. This means that while in low-excitation

condition the probability of Auger recombination is low, in high injection condition,

11



Chapter 1. Working principles of LEDs

where the dependence on carrier density expressed in ([1.17)) becomes cubic, this added
non-radiative recombination process can severely impact the radiative efficiency of

opto-electronic devices.

1.1.3 The internal quantum efficiency

In the previous section we showed how several non-radiative recombination processes
can impact the luminous efficiency of opto-electronic devices by reducing the effec-
tive amount of injected carrier that undergo spontaneous recombination. This effect
can be quantitatively evaluated by introducing the concept of Internal Quantum Ef-
ficiency (IQE). This parameter represent the ratio between the number of radiative
recombination events and the total number of recombination events within the active
region of the semiconductor device (per unit time). The partial contribution of each
non-radiative recombination process can be expressed in terms of a characteristic re-
combination lifetime 7;, associated with the specific mechanism. Following Matthiessen
rule, the process-related lifetimes can be combined, thus attaining the average lifetime
of carrier subjected to recombination. For the non-radiative recombination processes,

1 1 1 1
= = Z ~ = + (1.19)
Tnr — T

Tshr Taug

we have that:

2

which takes into account both the Auger and the SHR recombination. Thus, the

internal quantum efficiency can be calculated as

-1
Tr

nIQE = (120)

L+ 71
where 7, is the average carrier lifetime for spontaneous emission. The carrier to photons
conversion ratio is not the only limiting factor for the efficiency of an LED. Not only
carrier transport and injection-related issues exist, but also the extraction of photons
from the semiconductor chip and from the device package can limit the amount of light

emitted by the device.

1.2 Electrical properties of LEDs

The p-n junction is the basic semiconductor building-block on which almost every
kind of otpo-electronic device is based. Thanks to the very-high electrons and holes

concentrations that can be simultaneously injected near the junction, p-n diode-based

12



1.2. Electrical properties of LEDs

semiconductor devices have a clear advantages as soon as a high radiative emission rate

is to be attained.

1.2.1 The p-n junction

An homo-junction p-n diode is a peculiar semiconductor system formed by two differ-
ently doped semiconductor layers brought in contact. In order to simplify its descrip-

tion, the following assumptions must be made:

— Abrupt junction: step variation in the dopant concentrations.

— Complete dopant ionization: the carrier concentrations at the p and n side are
respectively p = Ny e n = Np, where Ny and Np are the acceptor and donor

dopant concentrations.

— No dopant compensation due to impurities.

Due to the gradient of carriers concentrations in proximity of the boundary of the
two semiconductor layers, diffusion of majority carriers towards the region of opposite
polarity occurs. As the diffused carriers recombine, the fixed charge of the ionized
doping atoms is not compensated anymore. As a consequence, a built-in electric field
that opposes to the flux of free carriers builds up. Once the magnitude of the electric
field completely compensates the diffusion process, equilibrium is reached. In this
situation the semiconductor region closer to the junction is completely emptied of free
carriers, and the fixed charge defines the so-called space-charge region (SCR), on which
a potential drop ¢; exists (Fig.[L.4D)).
The built-in potential value is given by
kKT ~ NaNp

|
g

(1.21)

and represent the potential barrier that the carrier have to overcome in order to reach
the semiconductor region of opposite polarity. The width of the SCR can be easily

calculated by solving the Poisson equation:

Wy = \/%(@- _v) (NLA + NLD) (1.22)

where € = g, is the specific dielectric permittivity of the semiconductor material,
while V' is the external potential applied between the two sides of the junction. Due

to the high-resistivity of the SCR, whose free carriers concentration is very low, such

13



Chapter 1. Working principles of LEDs

space
. charge
reutral region region neutral regian

—
r

p-doped

[log scale]

carrier concentration

o
-
. — !
E-field

1 1
“Diffusion force” on holes —:—h- -1—:— “Diffusion force” on electrons

I !
E-field force on holes -— — E-field force on electrons
I I
(a)

p-n junction under zero bias

t :\ IeVl)
p-type !
i ‘ Ec
, :
|

Ey

Figure 1.4: Distribution of free and fixed charge in an abrupt p-n junction at equilib-
rium @ Band-diagram at 0V (¢Vp corresponds to ¢;) @

potential falls entirely on this region, inducing a change ¢; — ¢; — V' in the effective
potential barrier seen by the diffusing carriers. If a forward bias is applied, V' > 0V,
a reduction of the potential barriers occurs, thus promoting the diffusion of carriers
towards the neutral region of opposite polarity, where they recombine, eventually emit-
ting a photon. The current-voltage characteristic of a p-n diode is described by the

Shockley equation:

D, n? D, n?
Ip = Ig (e?/FT 1 ith Ig=qA —r —n 1.23
p=1Is(e ) wi s=q . + N, (1.23)

where A is the junction area, D, , is the diffusion constant for electrons and holes, 7,

is the average minority-carrier lifetime and the pre-factor Is ([1.23)) is the reverse-bias
saturation current.

For forward-bias polarization values V' > kT'/q (=~ 25mV at room temperature)

14



1.2. Electrical properties of LEDs

the I-V characteristic is exponential. The voltage value discriminating the high cur-

rent conduction regime, named threshold or turn-on voltage, can be determined by

substituting (|1.21)) into (1.23)):

/D D, .
Ip=qA ( LN, + ,/—ND> (e?V=o/RT 1) (1.24)
Tp Tn

Equation (|1.24)) shows that for applied voltages close to the built-in junction potential
current rapidly increases. In particular, for highly doped junction where the Fermi level
in the quasi-neutral p and n regions lies right below (above) the conduction (valence)
band, the threshold voltage Vi, &~ ¢; ~ Eg/q depends directly on the energy-gap of the
materials. As a consequence, the turn-on voltage of a diode inherits the (quite high)
temperature dependence of the energy-gap of the semiconductor, that can be described

by the experimental relation given by Varshni’s law:

(1.25)

where « e [ are appropriate fitting parameters. Equation ((1.25) shows that as tem-
peratures increases, the energy-gap of the material, and thus the turn-on voltage of
the diode, decreases. The intrinsic dependence of the I-V characteristic of a diode on
temperature, and the direct proportionality of the Output Power (OP) of an LED on
its driving current, implicates that a constant-current bias scheme is mandatory for

those kind of devices.

1.2.2 Heterojunction diodes

In the previous paragraphs we saw how the built-in potential barrier can be lowered
by applying an external bias, thus increasing the amount of diffusing carrier. Once
they reach the quasi-neutral regions of opposite polarity, where they act as minority
carriers, the average distance covered prior recombination, called diffusion length, can

be quantitatively estimated to be

L, =+/D,T, and L,=+/D,7, (1.26)

where 7,,, is the average minority carrier lifetime. Since this length is in the order
of microns, the diffused minority carrier are spread over a wide region, in decreasing
concentration with increasing distance (see Fig.|1.5al).

Since the radiative recombination strictly depends on the simultaneous presence of
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Figure 1.5: Carrier distribution in proximity of a forward-biased p-n junction for a
homojunction @ and a double heterostructure diode @

a high concentration of both electrons and holes, homojunction diodes are far from op-
timal structures to be employed for the realization of efficient LEDs. Instead, modern
light-emitting diodes employ heterostructures in order to attain strong spatial confine-
ment of both electrons and holes. In particular, alternating semiconductor layers with
high (barriers) and low (wells) energy gap are employed in order to create potential
wells both in valence and conduction bands, as shown in [1.5b] The strong localization
of both species of carriers dramatically increases the radiative recombination rate in
terms of number of (useful) recombination events per second and per unit volume, thus

increasing the efficiency and the luminous output of the device.

Quantum Wells

In a semiconductor material, the carrier density n(E) is proportional to the product
of the density of states g(E) and the probability of occupation given by the Fermi-
Dirac distribution f,(F): while the latter is a well-defined function, depending only
on the absolute temperature, the former parameter can be exploited in order to design
innovative and more efficient micro-electronic devices.

The density of states function g(FE) for a specific charge carrier can be shaped by
confining with potential barriers the carrier itself. While energetic confinement always
leads to the quantization of the available energy states, the shape of the g(F) functions
strictly depends on the kind of carrier confinement that is being employed, as shown
in Fig.|[1.6]

Among these reduced dimensionality structures, the Quantum Wells (QWs) are the
most commonly employed. With regard to LEDs, the carrier are trapped in the poten-
tial well that is formed in the band-diagram due to presence of the double heterostruc-
ture (Fig., which limits the movement of carriers in the direction perpendicular

to it. For sufficiently narrow QWs, quantization of the energy levels within the wells
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Figure 1.6: Degrees of freedom for an electron subjected to four different kinds of
confinement (top), and related density of states function (bottom).

occurs, thus generating new sub-bands with parabolic dispersion relation (Fig. [1.7b)).
In particular, for a QW defined in the Cartesian space, the wave function of a parti-

cle can be expressed within the effective mass approximations as the product of three

factors:

(.Y, 2) = o(x) exp(—jkyy) exp(—jk.2) (1.27)

For a particle in steady-state (k, = 0, k, = 0) the wave function reduces to ¢(z,y, 2),
the envelope function, that derived from the solution of the uni-dimensional Shrodinger
equation inside a potential well (Fig.[L.7a)). Since |1(z,y, z|> = |¢(z)|?, the probability
density associated to the particle only depends on the envelope function, and in par-
ticular on its functional dependence on the x coordinate, which determines the energy
distribution of the particle within the well. If we consider FE; as the available energy
states in this peculiar potential, the total energy of the particle can be expressed as
72

E=E, + E; :Ei+2—W(k;§+k:§) (1.28)
where Ej is the kinetic energy and m* is the effective mass of the particle. Since this
relation holds for every energy state 7, the potential well modifies the conduction and
valence band structure by introducing a series of sub-bands, whose dispersion relation,
as previously stated, is approximately parabolic, as for a free particle (Fig.. Since
the motion of the particles is limited in the z direction while being free in the (z,y)

plane, particles contained within a (2D) potential well are referred to as 2D gas.
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Figure 1.7: Wave function of a particle confined in a symmetric potential well with
finite barriers @ Approximate dispersion relation for the sub-bands of a QW @

1.2.3 I-V characteristic of an LED: non idealities

Temperature is not the only factor influencing the current-voltage characteristic of a
diode, which can be affected by several non-idealities. Firstly, the Shockley equation
(1.23)) describes the theoretical behavior of an ideal diode. In order to better interpret

real experimental data, the following equation is usually employed:

Ip =Is exp (1.29)

NigkT
where n;q is the ideality factor of the diode, that is equal to 1 for an ideal homojunction
diode. In real diodes, the value of this parameter ranges from 1.1 to 2, whereas for
heterojunction diodes values even greater than 4 can be reached. Generally speaking,
an higher value of the (bias-dependent) ideality factor implies a less steeper I-V char-
acteristic, which identifies a less efficient conduction mechanism. High values of n;4

can also be interpreted by considering other factors:

e The SRH recombination within the space charge region of the diode (Fig.|1.8al).

This conduction mechanism is characterized by an ideality factor equal to 2.
e Tunneling-assisted conduction mechanisms.

e The contribution of the several heterojunctions forming the device: the total ide-
ality factor is the sum of all the ideality factors related to the rectifying junctions

present within the epitaxial structure (Fig.[1.8b)), [20].

A real diode is also affected by parasitic resistive paths, either in series or in parallel

with the junction, that can be modeled as resistor properly connected to the ideal
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Figure 1.8: Conduction mechanisms in an ideal homojunction diode . Hetero-
junction diode seen as the composition of several diodes, each one identifying e specific
heterointerface @

diode. In particular, factors like the resistivity of the quasi-neutral regions, of the
heterointerfaces and of the ohmic contacts contribute to the series resistance of the
diode, whereas parasitic conduction paths bypassing the junction contribute to the
so-called parallel resistance. An increased series resistance component leads to an
higher operating voltage of the device and increased losses due to Joule effect. On
the other hand, parallel conduction paths are symptom of an increased conduction
through the surface of the device or of defect-assisted conduction through the active
region. Figure[l.9] shows the impact of those parasitic components on the ideal I-V

characteristic of a diode.

TT T T [T T T T [T T T T[T I T [ T T AT [T T
8.0 k| (@) GaAs diode i £ |
|| T=300K | / el
i /a;:/ characteristic
o 6.0 — Ry Ra:l;; I ; i .i'l T
& - P I / |
= 4.0 Effect of shunt T !
5 ect of shun ST f':‘/E/‘E{-‘f‘cct.of
5 — W I series resistance
8] l [ o .I\M_H_Q
- R { L
2.0 p raF Rg
il
B -—.-“".’ J‘f
0.0 — e
A ‘ P T N T T N TN T T S S A S
-05 0 0.5 1.0 1.5 2.0 2.5

Diode voltage V (V)

Figure 1.9: Effect of the parasitic series and parallel resistances on the I-V
characteristic of a diode.
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In order to take into account those parasitic resistances, the Shockley equation ({1.29))

must be properly modified, thus obtaining

V-RI q(V — R,I)

I .y
Rp § P kT

(1.30)

1.2.4 I-V characteristic of an LED: electron transport mecha-

nisms

The variation of the I-V characteristic during stress/operation can provide fundamental
information regarding the degradation mechanisms affecting the lifetime of the device.
Since for each bias regime of the diode the electronic conduction is dominated by a
specific conduction mechanism, the analysis of the evolution of the I-V characteristics

over time can help interpreting the physical origin of the ongoing degradation process.

Forward-bias regime

Let us now consider the I-V characteristic of a generic GaN-based LED in forward
bias reported in Fig.[L.10| (from Ref. |2I], chapter 8). Depending on temperature and

applied bias, several conduction mechanisms can be identified.
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Figure 1.10: Current-voltage characteristic of a GaN LED based on a multi-QW
structure measured at different temperatures.

e Region A In the low forward-bias regime the current-voltage relation can be
approximated by I =~ Rg,./V, where Ry, is a parallel resistance taking into
account the leakage current due to surface recombination. For low temperatures

the conduction is dominated by hopping between localized nearby states, and
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becomes influenced by the field-dependent Poole-Frenkel effect (see section m
in chapter [9)) for higher temperatures. This phenomenon also affects the reverse-

bias [-V characteristics in the low voltage region.

Region B For moderate bias, in our example between 1.5 and 2.5V, tunneling

components starts prevailing. In this condition the I-V relation can be expresses

I = Iyexp (%) (1.31)

where F is a fitting parameter that takes into account the transparency of the bar-

as

riers towards carrier flow, featuring a very low temperature dependence. Among
the several tunneling mechanism that can affect conduction in GaN-based LEDs
we can find tunneling of holes towards the active region, electron tunneling as-
sisted by localized states within the barriers or diagonal tunneling. Since tunnel-
ing processes are largely field-dependent and weakly dependent on temperature,

the slope of the I-V curve in region B is not affected by temperature variations.

Region C With increasing bias, 2.5 < V < 3, the electron transport gets pro-
gressively dominated by the generation/recombination currents within the active
region of the device first, and then by diffusion of carriers over the potential

barrier offered by the junction. In this situation the I-V characteristic, already

expresses in ([1.29)), is given by

V
I =I5 exp (nik:T) (1.32)

Region D In high injection condition the voltage drop across the quasi-neutral
regions increases, thus the I-V characteristic becomes dominated by the series

resistance of the device.

1.2.5 1I-V characteristic in reverse-bias

The Shockley equation of an ideal diode (|1.23]) shows that for high reverse-bias values
the current of the device saturates at the value Ig, previously defined. However, real
devices deviate from this ideal blocking behavior, showing both exponential ([1.31))

and n-th power dependency of reverse-current on voltage (I o« V™). For low values

of reverse voltage the leakage current is dominated by the surface conduction, as for

the low forward-bias region. Moreover, the influence of tunneling mechanisms on the

reverse-bias conduction is usually testified by temperature independence of the slope of
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Figure 1.11: I-V characteristic in semi-log scale of a single QW InGaN LED measured
at different temperatures [22].

the I-V curve, as shown in Fig.[[.11] In that operating condition, for GaN and InGaN-
based diodes, conduction is usually assisted by the defects related to dislocations,
which are linear (1D) defects propagating through the epitaxial structure. This topic
will be further explored in the next chapter, where the behavior and the degradation

mechanisms of GaN LEDs submitted to reverse-bias stress will be explored.

1.3 Optical properties of LEDs

This section will focus on the description of the main optical properties of LEDs, in-
cluding the standard emission spectrum, the L-I characteristic and the chip geometries

aimed at maximizing the extraction of photons emitted within the active layer.

1.3.1 Emission spectrum

The spontaneous emission process relies on the recombination between an electron

in the conduction band and a hole in the valence band. Carriers are energetically

distributed following an approximately parabolic dispersion relation E(k) given by
h2k? h2k?

d  E,=B -
omr 0 hE YT o

e

E.=Ec+ (1.33)

and showed in Figure[l.12al
Considering the emission process, the momentum p = hk ~ E,/c of the emit-
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Figure 1.12: Dispersion relation for electrons and holes in a bulk semiconductor .
Theoretical emission spectrum of an homo-junction LED [(b)]

ted photon is much lower (several orders of magnitude) respect to the momentum of
the particles undergoing recombination, which is equal to v2m*kT. Hence, since the
quantum-mechanical transition rules require the conservation of the momentum, in
LEDs based on direct-gap semiconductor material “vertical” transitions are much more
likely to occur. Following that assumption, the energy of the emitted photon can be

calculated as

h2k?
Eph = hy = Ee - Eh = Eg + Qmi (134)
where m; is the reduced effective mass defined as m* = = m? =1 +m; .

By employing the joint dispersion relation (|1.34)), the joint density of states for a

bulk semiconductor can be computed as

1 /2m=\*?

A

which can be multiplied by the occupation probability given by Boltzmann statistics,
fB(E) = exp (—FE/kT), attaining an approximate relation for the intensity Vs. energy

of the emitted photons from the semiconductor:

I(E) < \/E — E, exp (—%) (1.36)

which is plotted in Figure[l.12b. This maximum emission intensity is attained for
a photon energy equal to E, + kT'/2, with a FWHM of 1.8 kT, corresponding to a
AN = 1.8 kTX?/(hc). Since the emitted light has a relatively narrow spectral band-

width, around 28 nm for a GaAs-based device with emission at 870 nm at room tem-
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perature, the emission of an LED is perceived by the human eye as monochromatic.
From an experimental point of view, fluctuations in the composition of the semi-
conductor are found to induce a broadening of the theoretical shape of the emission
spectrum described by which can be better approximated by a Gaussian distri-
bution. Moreover, since radiative recombination takes place within the quantum wells
rather than in the bulk semiconductor, the former relation must be adapted to take
into account the electronic transition between the sub-bands of the conduction and

valence bands wells.

1.3.2 Extraction of photons

Within the active region of the device photons are isotropically emitted. Due to the high
mismatch between the refraction indexes of the semiconductor material and air, part
of the emitted radiation is trapped within the crystal by total reflection (Fig..
In particular, Snell’s law let us numerically determine the critical incidence angle ¢,

above which this phenomenon occurs:

Nair Nair
~

b = arcsin (1.37)

N ~ Ns
where n.;,. and ng are the refractive indexes of air, or more generally of the material sur-
rounding the chip, and of the semiconductor material. The second inequality in (|1.37])
derives from the high (> 2.5) refractive index usually employed for opto-electronic

devices. Assuming a point-like light source within the semiconductor material and

N ) Light source
High-index semiconductor il

(a) (b)

Figure 1.13: Total reflection in a semiconductor chip @ Representation of the critical
angle and of the escape cone of light @

computing the portion of spherical surface covered by the escape cone (Fig.|1.13b)), it
is possible to estimate the relative amount of outgoing optical power. In particular,

considering a total emitted power P,.., the amount of light escaping from the chip is
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equal to
2mr%(1 — coso.)
Pesc = Psrc 1.38
4mr? (1.38)
which can be related to the total emitted power obtaining
Fese L1~ cosg,) ~ e (1.39)
= Newtr = = (1 — cosP,) ~ — .
Py, et T3 1 n2

Equation ([1.39) shows that the extraction efficiency of planar LED based on high

refractive index semiconductors is rather low. Thus, in order the increase the global

efficiency of the device, tweaks to the geometry and to the composition of both the

package and the chip must be implemented:

e Shaping of the encapsulant material Shaping of the Lambertian emission

pattern can be easily attained by employing a dome-shaped encapsulation layer
with high refraction index. This solution not only reduces the losses related to
total reflection at the semiconductor-encapsulant interface, bu also provides a

primary optics to the lighting source.

Shaping of the semiconductor Due to its reduced cost, the most commonly
employed semiconductor chips feature a planar rectangular geometry (Figure
1.14a). For this particular structure, six light escape cones can be identified.
However, five of those cones partially or totally interact with the susbstrate,
which may absorb part of the radiation. Moreover, the cone on the top sur-
face suffers from shadowing from the surface contact. In order to overcome the
intrinsically low extraction efficiency of this kind of structure, several chips ge-
ometries have been studied and developed, like the truncated inverted-pyramid
shape reported in Fig.[I.14b] Thanks to the reduced internal reflections, and to
the reduced light re-absorption due to the decreased average free photons path
in the semiconductor, an increase of a factor of two in 7.,; can be achieved with

respect to the standard rectangular geometry.

Texturing of the semiconductor surface Within the device, the semiconduc-
tor/encapsulant and the semiconductor/substrate interfaces act as a waveguide
which reduces the amount of photons emitted from the active region. This ef-
fect can be mitigated by texturing the surface of the semiconductor material,
thus making it more diffusive. With regards to Gallium-Nitride, specific chem-
ical processes have been developed in order to etch the material from different
crystallographic planes and obtain a surface texture based on micro-pyramids,

able to increase the extraction efficiency up to 50%.
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Figure 1.14: Semiconductor chip with rectangular |(a)| and pedestal-like |(b)[ geometry.

e Patterning of the Sapphire substrate A similar approach can be employed
in order to reduce reflections and increase photons scattering at the semiconduc-
tor/substrate interface. Firstly proposed by Tadatomo in 2001 [23], GaN growth
on PSS (Patterned Sapphire Substrate) can provide up to 70% increase in the
extraction efficiency. Since the semiconductor is epitaxially grown on a highly
irregular surface, Selective Area Growth (SAG) growth techniques need to be

employed in order to reduced the density of dislocation in the epitaxial layer.

1.3.3 Evolution of the LED structure

The improvements in the chip/packages geometry described in the former section all
refer to the Conventional Chip (CC) LED structure, whose functionality for a single
QW apporach was firstly demostrated by Nakamura in 1993 [24]. In this kind of
structure both ohmic contacts face upwards and the n-type material is accessed by

means of selective etching of the epitaxial layers.

p-GaN + EBL

N-GaN -~
AIN Buffer Layer -

Sapphire —

Figure 1.15: Structure of a Convetional-Chip LED.

Since the p-contact covers part of the exposed semiconductor surface, a trade-off
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between this shadowing effect and the reduced current spread due to the reduction in
the dimensions of the metal lines exists. Since this approach leads to the increase of
the current crowding effect, which limits the efficiency and increases the self-heating
of the device, current-spreading is usually achieved by means of a low-resistivity semi-
transparent current spreading layer made of NiAu or ITO. However, even with those

tweaks, the geometry of CC-LEDs limits the extraction efficiency to a mere 7.4, ~ 30%.

Flip-Chip LEDs In order to overcome the trade-off between current distribu-
tion and photon extraction, the Flip-Chip (FC) LED structure was developed. In this
case, the epi stack (and the sapphire substrate) are first flipped and then properly at-
tached to a secondary support structure (Fig.. This baseplate is usually made of

sapphire substrate
e ———— AN & o
= buffer
n-Gai
emitting layers _|n-
p-GaN electrode

reflective p-electrode

B—— N7
i A A AT A (i A A A A A B CREEe\\-—/\i

bump pase material
(a) (b)
Figure 1.16: Structure of a FC-LED Chip-on-board LED |(b)

Silicon, which greatly improves the thermal management capabilities of the FC struc-
ture, limited in CC-LEDs by the low thermal conductivity of the Sapphire substrate
(= 0.3W/em K). Since no bonding wires are required, FC LEDs have a lower produc-
tion cost and can be easily arranged in matrix in order to obtain integrated multi-chip
single-package high-intensity sources, like the Chip On Board (COB) LED shown in
figure By properly calibrating the distance between the active region and the
(highly-reflective) p-contact, also 7., can be greatly improved with respect to the
conventional rectangular structure. However, since a high step between the refractive
indexes of the semiconductor material and of the substrate exists, the losses due to

internal reflection still represent a limiting factor for this kind of configuration.

Vertical Thin-Film LEDs In Vertical Thin Film (VTF) LEDs, Total Internal
Reflection (TIR) losses related to the semiconductor-substrate interface are avoided
by completely removing the substrate through laser lift-off techniques. The epitax-

ial structure is then transferred and bonded at the p-side to a thermally conductive
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carrier substrate featuring a highly reflecting metallization. TIR losses are then fur-
ther reduced by roughening of the exposed n-type semiconductor. With this improved
LED structure, reported in Figure[l.17al, extraction efficiencies as high as 75% can be

attained.

n-pad Roughened n-GaN
Ag-based ™ ; i MQW active
reflector it active region AAAAAAAAAAAAAAAAN
n-GaN
%\ p-GaN Metal anode/cathode

contacts
solder

Ceramic Submount

(a) (b)
Figure 1.17: Structure of VIF and a TFFC LED |(b)|

Thin-Film Flip-Chip LEDs As suggested by the name, this kind of approach
combines the thermal performances of FC-LEDs with the high extraction efficiency
and homogeneity in the current distribution attainable with VTF-LEDs. This kind of
LEDs, whose structure is reported in Fig.[[.I7D] are manufactured as follows: once the
hetero-epitaxy and the ohmic contacts are formed, the semiconductor chip is bonded
to the support baseplate and the Sapphire substrate is removed. Bonding wires-free
electrical contacts to the n-GaN are then formed by means of laterally insulated vias.
Finally, TIR losses are reduced by texturing of the exposed n-type semiconductor.
LEDs based on the TFFC structure can benefit from an extraction efficiency as high as
80 % [25], thus making it the most commonly adopted design for single-chip high-power
LEDs.

1.3.4 Interpretation of the L-I characteristic of an LED

The analysis of the optical power Vs. current characteristic of a ligth-emitting diode
provides useful information regarding the dominant recombination mechanisms at a
specific injection density value. In the former sections, we showed that the main re-
combination mechanisms in LEDs are radiative recombination, SHR and Auger re-
combination, whose recombination rate is respectively proportional to Bn?, An e Cn?,
where n is the carrier density. If we apply the principle of charge neutrality when a

current density J is flowing through the active region of the device, and consider the
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presence of a leakage current .Jy, the equation of the recombination rate becomes

dn J Jr

=2 _ AnN, — Bnp — Cn® — 22 1.40

dt gl naT "p " qL,, ( )
where [, L,,, Ny are the thickness of the active region, the diffusion length of the

minority carriers and the trap states density, respectively. In steady-state conditions,
with dn/dt = 0, Eq. (1.40]) becomes

J AnNrp + Bnp + Cn® + i/ (1.41)
ql qLy,
N P

R ( e B

Thon-rad Thon-rad

Photon

Figure 1.18: Dynamic balance of the charge within the active region of the device.

conceptually represented in Figure [1.18] For lightly-doped semiconductor, n = p >
N4, Np, with negligible contribution of the Auger recombination (which is actually
smaller for large-gap materials) and of the leakage current, Equation can be
rewritten as

il ~ AnNr + Bn? (1.42)
q

In high-injection condition, where n ~ p > N4, Np, we have that AnNy < Bn?,

meaning that the radiative recombination is prevailing on the non radiative recombi-
nation. Hence, equation (|1.42)) becomes

Z ~ Bn? 1.4
o~ Bn (1.43)

Since the luminous intensity L is proportional to the sole radiative recombination,
L o Bn? Eq. (1.43) shows that in that bias condition a liner dependence of emitted

OP on injected current exists.
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On the other hand, in low-injection regime, the non-radiative SHR recombination
processes prevail (AnNy > Bn?). Thus, equation (1.42)) becomes

2

% ~ AnNr meaning that L o Bn? = % <é> (1.44)

where a quadratic dependence of the luminous output on the injection current is high-

lighted. The threshold between bias regimes dominated by non-radiative and radiative

recombination processes can be experimentally observed by evaluating the slope on the

L-I curve plotted in log-log scale: as the saturation of the non-radiative recombination

paths is reached, the slope of the L-I plot approaches the value of one. For higher

current densities the L-I characteristic shows a sub-linear trend, mainly limited by the
self-heating of the device (see Fig.[1.19)).
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Figure 1.19: Example of an experimental L-I curve where the functional dependencies
between emitted optical power and current have been highlighted.

30



Chapter 2

Experimental observation of
TDDB-like behavior in reverse-biased
green InGaN LEDs

The investigation on the impact of electrical overstress on the reliability of modern
GaN LEDs begins with a comprehensive analysis of the failure mode of commercial
green LEDs submitted to prolonged reverse-bias stress. In particular, the outcome
of the experiments described in this chapter showed that green LEDs submitted to
reverse bias i) show a time-dependent failure when they are submitted to constant
(reverse) voltage stress, at a bias point smaller than the Breakdown Voltage (BDV);
ii) experience an increase in the reverse-bias electro-luminescence signal, well-correlated
with the increase of the reverse leakage current; i) the TTF (Time-To-Failure) related
to the time-dependent breakdown process has an exponential dependence on stress
voltage; iv) the TTF is Weibull distributed. These results provide the experimental

demonstration of time-dependent failure of GaN LEDs.
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InGaN LEDs

2.1 Introduction and motivation

Time-Dependent Dielectric Breakdown (TDDB) is a well-known statistical phenomenon
that affects the reliability of dielectrics in semiconductor devices exposed to high in-
ternal electric fields. While extensive studies have proven the physical models and
mechanisms involved in the breakdown of Silicon MOS devices [26], more recent ob-
servations of time-dependent breakdown in GaN-based devices have not been clarified
yet. The classic dielectric breakdown model explains the failure of GaN-based devices
with a dielectric, e.g. MIS HEMTs [27]; on the other hand, it does not fit with the
Weibull-distributed TTF found for dielectric-free forward-biased p-GaN gate transis-
tors [28] or for reverse-biased Schottky junctions [29)].

Since such a TTF distribution is typical for a dielectric degradation-driven break-
down process, the above observations suggest that the failure is rather due to the
highly-depleted GaN, which — when submitted to high voltages - may behave like a
leaky dielectric.

The aim of this experimental activity is to demonstrate the existence of a time-
dependent breakdown process in GaN-based LEDs submitted to reverse bias stress.
The observed TTF of the devices was found to be Weibull-distributed, indicating that
also in those dielectric-free structures the semiconductor, when exposed to high electric-
fields, experiences a time-dependent (dielectric-like) degradation process.

This work also gives a first insight into the reliability issues that LEDs directly
driven by AC in driverless lighting solutions may face during their lifetime [30]. This
family of inexpensive light engines features two LEDs stripes connected in an anti-
parallel configuration. Depending on the polarity of the supply voltage wave, only one
of the two stripes is alternatively forward biased during each semi-period of the power
line. Since the devices belonging to the reverse-biased stripe may be exposed to high
levels of reverse voltage, the effects of such a bias condition need to be investigated.
In particular, while it is a well known fact that reverse-bias stress may have a negative
impact on the optical performance of the device and on its long-term reliability [31],
the bias and time dependencies of this kind of degradation phenomenon have not been

deeply analyzed, yet.

2.2 Experimental details

For the experiments described in the following paragraphs, low-power commercial green

LEDs based on InGaN quantum well structures were analyzed. Three sets of samples
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— referred to as Al, A2 and B - were employed. All the devices have a square GaN
chip design with a 240 ym — 250 um junction-area side, a vertical epitaxial structure
with p-GaN on top and an emission wavelength in the range of 520nm — 530 nm.
While groups Al and A2 consisted of fully-packaged LED devices, samples of group
B included bare semiconductor chips: as will be shown in the next paragraph, the
absence of the encapsulant material let us perform more in-depth investigations on the
effects of prolonged reverse-bias stress.

Electrical characterization and stress tests were performed by employing either an
Agilent E5263 parameter analyzer or a Keithley 2612 source-meter. In the worst-
case, the leakage-current noise floor introduced by the experimental setup was in the
order of 5nA: since it was only related to our constant reverse-bias stress setup, the
magnitude of this unwanted current fell well-below the minimum 10 A LED leakage
current measured during this kind of stress. Temperature control was obtained by
means of a Voetsch climate chamber. Finally, an Andor EMCCD camera was used to

carry out spatially and time-resolved reverse-bias electroluminescence measurements.

2.3 Failure characterization
2.3.1 Reverse-voltage stress
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Figure 2.1: Reverse-bias I-V measurements on an untreated sample of each group.
The observed breakdown voltage was in the order of —56.4V, —53.3V and —42V for
groups Al, A2 and B, respectively.

As a preliminary characterization, we carried out an I-V measurement in reverse
bias until the catastrophic failure condition, typically a short-like state, was reached
(Fig.[2.1)). The DC breakdown characteristics revealed a “soft” breakdown behaviour, as

well as a sharp increase of the reverse leakage current once the breakdown phenomenon
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takes place. The inconsistency of BDVs between different device groups visible in
Fig.[2.1]is probably due to the different distribution of the electric field inside the active
region of devices grown with dissimilar epitaxial structures and crystalline quality.
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Figure 2.2: Reverse leakage current recorded during the step-stress experiment on an
LED of group Al. Inset graph shows the current variation during a single bias step,
whose period was set to 120 s.

Once we found the typical BDV of the samples under test, we executed a step-
stress experiment aimed at finding the short-term impact of reverse-bias stress on the
electrical performance of the device. The results reported in Fig.[2.2] revealed that the
continuous exposure to bias levels close to the BDV induces a non-instantaneous time
and bias-dependent leakage current increase, which eventually leads to the catastrophic
failure of the device. Moreover, the measured leakage current was found to be quite
noisy, especially for high bias levels. This is a common behavior for defect-assisted
conduction, since the continuous generation/annihilation of leakage paths directly in-
fluences the magnitude of the reverse current of the light-emitting diode. In fact,
recent reports indicated that for operating temperatures typically greater than 250 K,
the reverse-leakage current of a GaN LED is driven either by thermally-assisted multi-
step tunnelling (for low to medium bias) or by direct band-to-band tunnelling (for
higher bias) [32, 33, 34, 35]. In a highly defective material, like the active region of an
heavily stressed GaN LED, the first of the two phenomena may prevail [32], thus the
leakage current strictly depends on the density of defects, i.e. deep-levels, involved in
the tunnelling process. In GaN, leakage paths may be related to dislocations threading
through the epitaxial structure [36]. Those line-defects, which depending on their struc-
tural nature may or may not be electrically or optically active [33]37] are also known to
be a preferential site for the propagation/generation of defects of lower dimensionality,

like vacancies and anti-site defects. Since this phenomenon can be accelerated by tem-
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perature and current flow, while being reversible on a small scale (lattice re-absorption
of point defects may also occur), a noisy current trend in moderate to high reverse bias

regimes is to be expected.

2.3.2 Reverse-bias luminescence

In order to better clarify this behaviour, and to characterize the time-dependent defect-
generation phenomenon observed, the reverse-bias experiments were further improved
by employing spatially-resolved electro-luminesce (EL) measurements. With the for-
merly described EMCCD camera we have been able to acquire a reasonable EL. map
of the reverse-bias luminescence starting from —15 V', assuming a maximum exposure
time of 120 s. By dynamically adjusting this parameter, and normalizing the per-pixel
photon count to the effective value employed, the complete time and bias dependent

EL characteristic was measured.

Reverse Bias (V)

5 10 15 20 25 30 35 40 ..
~~ IME T T T T T T T T T P
< 100kf  {100p
~ : : : " i —~
o 10k F ; ; ; [ KT s
SR A B ; ;
S E v H i d10n <
g wop g
S 10f | ~ 4wo0n 5
£ : : : O
E e
= 100m}! e
S 3 g~ I FTTR
g omp Loy L <
@ 1m l‘ H ;5/\/7 | — 4100p S
W joouty — —————d1m

0 150 300 450 600 750 900

Time (s)

Figure 2.3: Variation of leakage-current and integrated EL signal during the step-stress
on group B LED.

EL monitoring during a step-stress experiment (Fig revealed that there is a strict
correlation between the reverse-leakage current and the EL signal (Fig. This corre-
lation is maintained either between different bias conditions and during a single stress
step. Thus, despite the physical origin of the reverse-bias luminescence is still unclear,
this experimental result shows that while this radiative phenomenon seems to be quite
insensitive on the energy of the charged carrier(s) involved in the process, it is strictly
dependent on the magnitude of the absolute current flow. Fig.[2.4] also reports the
[-V measurements carried out after each stress step: for stress voltages higher than
—20V, a monotonic increase of the leakage current (measured for example at —15V)
is observed. This behavior further confirms the role of high internal electric fields in

the generation of leakage paths [3§].
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Figure 2.4: Correlation between reverse-leakage current and EL signal during the entire

stress reported in Fig.[2.3|(left). I-V curves carried-out after each stress step (right). In

order not to induce further degradation, a maximum reverse voltage 5V smaller than
the actual stress step bias was employed during the electrical characterization.
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Figure 2.5: Group B device stressed at a constant bias of —35V: correlation between
EL signal and leakage current. On the right, reverse-bias luminescence map acquired
at the beginning of the stress and right before the device failure.

Correlation between leakage current and reverse-bias luminescence could also be
clearly identified during constant reverse-bias stress (Fig.[2.5). Moreover, the evolu-
tion of the EL maps reveals that a sustained reverse polarization condition induces
an increase in the number and intensity of luminescence spots, i.e, of leakage paths.
Eventually, if the stress is continued for a sufficient amount of time, localized failure of
the device, usually in correspondence of one of the dominant emission spots, occurs.
As can be seen in Fig.[2.6] for the previously analyzed sample of group B submitted to
step-stress (Fig. and , the failure spot visually appears as a melted surface area

36



2.3. Failure characterization

Figure 2.6: Superposition of the last emission image taken before failure (a) on the
micrograph of untreated sample (b). ESEM (back-scattered electrons) image of the
failed LED chip (c) with magnification of the failure spot (d).

(Fig.[2.6(d)). This outcome suggests that during the final stages of the degradation the
high temperature reached due to current flow through nanometer-sized leakage paths

is the main driving force of the failure process.

Figure 2.7: Transmission electron microscopy image of a lamella extracted in corre-
spondence of a device region showing localized RBL signal (“hot-spots”) on a stressed
LED.

In devices stressed for a sufficient amount of time to increase the number and intensity
of RBL spots without inducing catastrophic failure, transmission electron microscopy
analysis of a region corresponding to an emission spot shows the presence of a V-pit
(Fig.. While this result suggests that a correlation between certain dislocations-
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related defects and the RBL in GaN may exist, their origin and their role in the
degradation of GaN LEDs submitted to reverse-bias need to be further investigated.

2.4 Statistical analysis
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Figure 2.8: Trend over time of the leakage current of group Al samples submitted to
constant reverse-bias stress.

A set of constant voltage stress experiments was carried out in order to perform
a statistical analysis of the distribution of the TTF and to look for possible correla-
tions between the TTF and the stress condition. The results of the constant-voltage
stress tests on group Al, summarized in Fig.[2.9] demonstrate that the devices under
analysis show a time-dependent breakdown process, even when they are stressed be-
low the breakdown voltage identified by DC measurements. Neither the initial or the
pre-failure leakage current were found to be correlated with the recorded TTEF: this
behavior can be explained by considering that the magnitude of reverse current is not
a suitable parameter to globally describe defect-related spot-like conduction. Indeed,
as suggested in the previous paragraph, it is the density of the current flowing through
localized leakage paths that mainly determines the onset of catastrophic failure of the
device. Thus, leakage-current measurements cannot be effectively used to predict the
lifetime of GaN LEDs submitted to reverse-bias operation. Nevertheless, it remains a
good figure of merit as soon as structural lattice quality and robustness towards ESD
events are concerned [39].

As can be seen from Fig.2.9] TTF has an exponential dependence on the applied
reverse bias. Given the good linearity of the mean log(TTF) to applied reverse-voltage
relation, the extrapolation of the TTF at reduced stress voltages appears to be math-
ematically feasible. However, although this may be very important for the lifetime

estimation of devices employed in driverless AC-driven LED luminaires, it may not be
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Figure 2.9: Dependence of the TTF on the stress voltage. Box graph shows minimum
and maximum values (whiskers), mean (dot) and 25-75 percentiles (edges of the inner
box).

a formally correct procedure since different degradation mechanisms may dominate in
the low bias regime.

In addition to this bias dependence, the recorded time-to-failure was found to be
Weibull distributed, with extrapolated shape factors 8 relative to a 99% confidence
interval in the range of 0.9 — 2.34 (Fig.[2.10)).
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Figure 2.10: Weibull plot of the recorded TTF for group Al samples stressed at 25°C.

The extrapolated shape parameters (§ relative to 50% and 99% confidence intervals,
the latter within brackets, are reported in the lower left corner.

Considering the intrinsic variability of commercial devices, and considering that
the failure is strictly correlated with the generation of leakage paths, this range of
values is consistent with a wear-out induced failure [40]. The same statistical analysis
was performed on a different set of samples (group A2) to ensure the consistency of
our experimental results: indeed, we were able to observe again a Weibull distributed

TTEF. This particular failure time distribution is a core characteristic predicted by the
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percolation model usually employed to describe the breakdown behavior of thin oxide

layers submitted to high electric fields.
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Figure 2.11: Classic percolation model: (a) initial condition, isolated defects; (b) clus-
tering of defects; (c) creation of a percolation path.

If we adapt this model to our specific case of study, the time-dependent failure is
therefore explained by considering that when the devices are exposed to high reverse
bias, the GaN layer reaches a deep depletion; once depleted, it behaves as a leaky di-
electric, thus showing a time-dependent failure similar to that observed in dielectrics.
In particular, the defect generation process, initially aided by the electric-field, tends
to increase the concentration of defects in proximity of pre-existing disordered crys-
tal regions, mainly dislocations. Once the accumulation of defects creates a sufficient
amount of deep-levels spread inside the energy-gap, a reverse leakage path is created
(Fig.[2.11). Degradation of those preferential leakage spots is then progressively in-
creased by current-flow and temperature, which eventually leads to the shortening of

the device.

2.5 Conclusions

Within this chapter the behavior of green GaN-based LEDs subjected to near-breakdown
reverse-bias levels was analyzed. Constant voltage stress tests revealed the presence of
a time-dependent degradation phenomenon, which promotes the increase of the leakage
current of the device and eventually leads to a catastrophic failure. The Weibull-like
distribution of the TTF, and its exponential dependence on the stress voltage, closely
resembled the statistics of a TDDB process, which suggests that highly-depleted GaN
under reverse bias may behave like a partially-leaking dielectric that degrades over time

due to a defect percolation process.
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Chapter 3

Failure of High Power LEDs
Submitted to EOS: Dependence on

Device Layout and Pulse Properties

This chapter extends the analysis of the degradation processes induced on GaN LEDs
by electrical overstress (EOS) events by considering the effects of short high forward-
current pulses on the reliability of modern high-power LEDs. By employing a custom
EOS simulator, capable of generating current pulses up to 40 A with duration between
50 s and 5ms, four different kinds of power LEDs having different layouts were char-
acterized: horizontal structure with bonding wires, vertical structure with via-holes
through the insulating substrate, and flip chip-structure with isolated vias. The results
described in this chapter demonstrate that: (i) state-of-the-art LEDs rated for a maxi-
mum current of 1—1.5 A can withstand EOS current levels in excess of 35 A, correspond-
ing to power densities of 350 W/mm?. (ii) dependently on the layout of the devices,
the failure mechanisms include: fusion of the bonding wires, migration/degradation
of the metal lines, failure of the insulated vias, cracking the semiconductor material.
(#i) the EOS failure level strongly depends on the pulse duration and on the layout of
the package/chip. The devices with flip-chip structure showed the highest robustness,

while the use of bonding wires was found to severely limit the stability of the devices.
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3.1 introduction and motivation

Over the last few years, the reliability of GaN-based LEDs has shown impressive im-
provements; thanks to the optimization of the growth, processing and packaging tech-
nology it is now possible to fabricate LEDs with expected lifetime in excess of 30—50 kh
[41]. In several cases [3] 42| [43], LEDs submitted to constant current stress show a
gradual degradation of the optical power (OP), that can be associated to changes in
the spectral properties (in the case of phosphor-converted white LEDs) and in modi-
fications of the electrical characteristics (increase in reverse leakage, increase in series
resistance) [44]. The decrease in optical power is typically ascribed to the generation of
non-radiative defects within the active region [45], 46|, while the changes in the spectral
properties are associated to the degradation of the phosphors, of the silicone matrix
and of the package material [47), 48| [49]. The gradual degradation of LEDs is typically
accelerated by current (linear or superlinear dependence on current |50, 51]) and tem-
perature (Arrhenius-like dependence) [52].

In most of the cases, the effects of gradual degradation can be reduced by optimizing
the driving conditions and the thermal management at system level. For this reason,
the general understanding is that LED-based lamps can be considered highly-reliable
light sources. However, besides gradual degradation, in the final application the de-
vices can show a catastrophic (sudden) failure, whenever they are exposed to extrinsic
factors, such as electrostatic discharges (ESD) and electrical overstress (EOS) [53), 54].
In several cases, it is difficult to predict how and when the devices will be subject to
ESD and EOS during operation; for this reason, it is of fundamental importance to
study the impact of ESD/EOS on the electro-optical performance of the devices, and
to understand how the robustness depends on the structure of the devices. Several
papers have recently investigated the effect of ESD on the performance and reliability
of LEDs [14 [15] [16]; on the other hand, to date only few papers on the effects of EOS
have been published in the literature, mostly white papers and application notes from
device manufacturers [55] 56], 57, 5]

The aim of experimental activity described in this chapter is to contribute to the
understanding of the impact of EOS on the reliability of white light-emitting diodes
for power application. This was achieved by submitting different groups of commercial
HB-LEDs to a series of voltage/current pulses of increasing magnitude, until the catas-
trophic failure of the device was reached. The results of the investigation, reported in
the following paragraphs, highlighted the various failure mechanisms that can affect
LEDs submitted to this kind of electrical overstress, and the dependence of the failure

current on the specific structure of the devices.
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3.2 Experimental details

3.2.1 Devices under test

The analysis focused on four different kinds of commercial High-Power white LEDs,
fabricated by four different industry-leading manufacturers. All the families of LEDs,
which will be referred to as groups A, B, C and D, have absolute maximum current
rating ranging from 1000 mA (groups B, C, D) to 1500 mA (group A), as well as the
same 3535 ceramic package (3.5 mm x 3.5 mm). Three of the four families were found

to differ both in terms of chip layout and current spreading structures.
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Figure 3.1: Images of the semiconductor chips of untreated LEDs after the de-

processing procedure (left) and approximate drawing of the chip section (right). De-

vices from A, B and C+D families respectively showed a vertical structure with via-

holes through insulating substrate (a), a flip-chip structure with isolated vias (b) and
an horizontal structure with bonding wires and surface metallization grid (c).

The devices of group A have a vertical structure, whose top ohmic contact has been
fabricated with via-holes through an insulating substrate (see Fig.[3.1|(a)). The ab-
sence of a surface metallization helps those kind of devices to increase their extraction
efficiency, thus improving the current-spreading uniformity as-well. Despite no metal
lines are present on the surface of the semiconductor, the devices of this group employ
bonding wires in order to contact the metal pads on the upper surface of the package
substrate: as we will see in the next section, this layout decreases the stability against
EOS, since every metal structure is prone to undergo catastrophic failure when high
currents are reached or slow events are triggered. Conversely, the LEDs of group B are
characterized by the complete absence of bonding wires and metallization (Fig.[3.1{(b)).
Those state-of-the-art flip-chip LEDs [59] have both electrodes on the back, from where
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contacts are routed to the pads through metallizations directly deposited on the top
of the package. On the contrary, the last two groups of devices employ a horizon-

tal structure where both bonding wires and current-spreading metal grid are present

(Fig.B1)(c)).
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Figure 3.2: Scaled sketches of the layouts of the four different groups of devices under

test. Main LED layout parameters extrapolated from optical and SEM-based imaging,

including a) chip size (side length), b) via diameter, c¢) pad size and d) metal lines
length, are reported in Table.

a b C d . Approx.
Group Chi(p )size Via d(iaineter Pa((:l iize Meta(l llngth Metal width active area
() (um) (um) () () (pm2)
A 1405 78 117 - - 1.57
B 993 53 - - - 0.96
C 1380 - 137 1070 20 1.74
D 936 - 144 675 7.5 0.95

Table 3.1: Main layout parameters, referred to Figure.

Optical and ESEM-based inspection of de-processed samples was employed in order
to estimate the main layout parameters, here reported in Table[3.1| with reference to
the scaled sketches of the layouts depicted in Fig.[3.2] All the DUTs shared a squared

2. The number of

GaN chip with active areas ranging from about 1mm? to 1.74mm
vias and the area coverage of the surface metallizations scales with the total size of the
chip. The relatively high mismatch in the metal lines width observed between group

C and group D samples may be detrimental for high current pulses related reliability
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issues, unfortunately no data regarding the height, hence the total section of the metal

lines, could be obtained.

3.2.2 Experimental setup

An electrical overstress event consists of a temporary bias condition during which
the maximum (electrical) ratings of the device are exceeded. Since a common wave-
form /pulse generator is not able to source the amount of current that a forward-biased
high-power LED is able to sustain, a custom EOS simulator, based on the concept

preliminary proposed by Tuttle et al. in [19], was designed.
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Figure 3.3: Functional electrical scheme of the custom EOS simulator employed for the
testing purposes of this work.

As depicted in Fig.[3.3] the setup employs a charged capacitor to apply a duration
and amplitude-variable voltage pulse to the LED under test. Voltage control is imple-
mented by varying the charge voltage of the capacitors connected to the power supply
(an Agilent 3649A): since the electrical behavior of a light-emitting diode is dominated
by the series resistance, the pulse current changes almost linearly with the applied volt-
age. Moreover, this current has a strong dependence on the effective series resistance
of the discharge branch of the circuit: given the limited supply voltage and the need to
generate EOS events with (relatively) small current steps, this observation let us obtain
the desired range of stress conditions just by adding and trimming a power resistance,
named Rg in Fig.[3.3] in series to the DUT. The EOS event was triggered by turning on
the nMOS placed in series to discharge circuit. An arbitrary waveform generator was
used to drive the solid-state switch, which let us obtain pulse widths ranging from 50 s
to 5ms. While the lower bound was set by the transient response of the overall circuit,

the maximum pulse duration was limited by the discharge time constant of the overall
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RC circuit. Nevertheless, the maximum attainable pulse width is well representative
of the most common EOS-induced LED failures in field conditions. Inrush current,
for instance, which is the over-current event that may occur when the LED driver is
switched on, can be as high as three times the steady-state (set-point) value, and last
several milliseconds, if a proper soft-start algorithm is not implemented by the driver

manufacturer [21].
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Figure 3.4: Examples of LED current and voltage waveforms acquired during subse-

quent EOS events applied to the same device. Failure occurred for a pulse power of

around 110 W, and induced a sudden decrease of the LED equivalent series resistance.

The visible positive current spikes are probably originated from the recirculating cur-

rent in the upper loop of the circuit at the beginning of the off-phase, whereas negative

voltage undershoots are generated from a capacitive coupling phenomenon related to
the large power n-MOS employed for our experimental purposes.

The waveform generator was synced wih a Tektronix TDS5052B oscilloscope, equipped
with a current probe and a differential high-bandwidth voltage probe, in order to be
able to record the complete evolution of voltage and current during the stress pulse
(Fig.: since non-completely matched transmission lines have been employed, partial
waveforms distortion has been experienced. Pulsed I-V characteristics have then been
extrapolated by averaging the acquired waveforms within the 45% - 55% pulse interval:
as previously mentioned, for very high forward bias the pulsed I-V characteristic is es-
sentially linear (see Fig.. After each pulse, the current-voltage characteristics were
measured by means of a source-meter, in order to quantitatively describe the impact of
EOS events on the electrical performance of the devices. In order not to interfere with
the discharge circuit and to perform a correct measurement of the DUT, its electrical
connection to the source-meter was interrupted after every pulse by means of a relay
(not shown in the Figure [3.3). The connection was then automatically re-established

after carrying out the I-V curve.
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Figure 3.5: Examples of pulsed I-V curves extrapolated from the 45% to 55% averaging
of the current and voltage waveforms acquired during subsequent 50 us pulses.

3.2.3 Methodology

The formerly described experimental setup was employed to perform two different sets
of measurements. Firstly, a statistical analysis on the failure conditions was carried
out. This first activity was targeted at finding how the magnitude and duration of the
simulated EOS events affect the failure of the device, and whether there is correlation
among equally-stressed samples of the same group or not. Once we could verify how
a specific overstress condition affects the reliability of the device, i.e. the maximum
duration and magnitude of the pulse sustainable by a specific group of devices, a more
in-depth investigation on the failure mechanisms was started. To this aim, microscope-
based visual inspection on de-processed samples was employed: as explained in the
next section, the de-processing of the semiconductor chip (and surrounding structures)
let us identify the specific weaknesses of each LED group and chip topology towards
EOS events. In the end, the same damaged structures were analyzed through an ESEM
(Environmental Scanning-Electron Microscope), which provided further proofs about

the physical processes responsible for the failure of the devices.

3.3 Experimental results

Each device under test was submitted to a series of voltage pulses of increasing am-
plitude, until the catastrophic failure condition was reached. The starting line voltage
(i.e. capacitor charge voltage) was set at 4V, which on average led to a starting pulse
current in the order of 1 — 2 A, depending of the specific equivalent “on-state” series
resistance of the device under test. Several failure mechanisms were identified, which
were found to be heavily dependent on both the duration of the EOS event and the
structure of the LEDs.
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Figure 3.6: Effect of low-amplitude long (1ms) EOS events on group D LEDs. Pro-
longed high power dissipation causes the fusion of the bonding wires, as well as the
partial melting of the bonding pads.

As shown in Figure[3.6] the most common failure mechanism for relatively long
(> 1ms) pulses at medium to high currents (> 3 — 7 A) was the fusion of the bonding
wires. The open circuit-like failure can be clearly recognized as a sudden drop in the
discharge current of the waveforms acquired during the EOS simulation, here reported
in Fig.[3.6] for a sample of group D submitted to 1ms pulses. The figure also reports
the micrographs of the LEDs before and after the EOS event that led to the failure. It
is worth noticing that also group A LEDs, that employ bonding wires in combination
with a via-based structure, experienced the same kind of failure when submitted to
equivalent stress conditions. Since the failure happened for the same magnitude of
current pulse (3 to 7A for a 1 — 5ms long pulse), we can state that for longer EOS
events the main weakness of the devices under test lies in the power handling capability
of the gold-made bonding wires. Higher tolerance towards that class of EOS can be
attained by increasing the section of the wires (and thus the related shadowing effect).

A second degradation mechanism, which affects the metal-lines used for current
spreading, was identified by submitting the devices to EOS pulses with short duration
(50 — 300 ps). More specifically, for sub 300 pus pulse periods the experiment revealed
that the main elements to be affected by the over-stress event are surface metal lines
and bonding pads, as depicted in Fig.[3.7 The I-V curves reported, together with the
sequence of optical images of the sample taken after every pulse, provided a hint on
the physical origin of failure. The images show a partial degradation of the metal lines
near the bonding pads after the Viing=12 V pulse. The reduced current spreading

capability of the device probably triggered a current crowding phenomenon under the
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Figure 3.7: Group C device submitted to 50 us pulses. From left to right: detailed view
of the bonding pad and the surface metallizations; evolution of the I-V characteristic;
ESEM image of the failures of metal grid and bonding pad. .
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bonding pad, which caused the shortening of the device during the Vping =13 V pulse.
This short-like state was then maintained until the Viing =16 V pulse, which caused
the total detachment of the boding pad from the semiconductor surface, leading the

device to the high impedance condition testified by the -V curves and the ESEM image

in Fig.[3.7
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Figure 3.8: Effects of 1 ms repeated EOS pulses on a flip-chip LED of group B. High-
power dissipation, and currents in excess of 20 A/mm?, produced a localized failure
near a central via. The liquid drop visible on the right side of the semiconductor chip
is a leftover of the de-polymerizing agent employed to remove the encapsulant material.
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So far only bonding and metallization-related issues have been analyzed. However,
the analyses carried out on group B LEDs, whose flip-chip structure and package are
free from any kind of metal-based current distribution lines (see type (b) in Fig.[3.1)),
permitted to identify further degradation mechanisms. In particular, long (> 1ms)
EOS pulses revealed that devices of this kind are able to withstand currents and power
dissipation levels more than double with respect to the other groups of devices. As
reported in Fig.[3.8, the failure is now localized in proximity of a central via, whose
thermally induced degradation first causes the shortening of the devices, and then,
as the overstress is carried on, the cracking of the semiconductor chip itself. Even
in this scenario, it is an extrinsic structure that undergoes failure rather than the

semiconductor itself.

Figure 3.9: Effect of high-energy (high-power, short width) pulses on the semiconductor
chip of group B LEDs. The liquid drop visible on the center of the device is a leftover
of the de-polymerizing agent employed to remove the encapsulant material.

The outcome of the experiments performed on group B samples changes when
shorter pulses are employed. As we can see from Figure[3.9) which shows the damage
caused by 350 W and 50 us long pulses on the aforementioned LEDs, the EOS was
found to induce degradation of the upper edges of the semiconductor chip. Since this
phenomenon was observed only for very high current and voltage levels (=~ 37 A and
10 V for Vping = 22 V), and since it was limited to the corners of the device, we may
assume that this specific failure process was driven by the strong electric field located
near those spots. Nonetheless, chip corners are also a preferential site for surface
leakage current conduction. So, despite the passivation and the electrical isolation of

the edges, also the progressive increase of current density through the surface may have
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3.3. Experimental results

led the device to the short-circuit condition.

High DUT voltages, like the ones reached in this last particular experiment, may
be detrimental for a correct interpretation of the failure data, since such bias levels
can trigger the ESD protection structures embedded in the LED package. While the
maximum forward voltage reached by our samples (=~ 10V') should not carry typical
protection devices into breakdown state, the aim of this work is to test the robustness
against EOS events of the whole LED system, including the integrated ESD protection
structures: for this reason, the results provided are well representative of the robustness

of state-of-the-art commercial LEDs.
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Figure 3.10: Pulse power-to-failure @ and pulse power density-to-failure @ in func-
tion of the pulse width measured for all the 140 samples put-through the EOS simula-
tion experiment.

All the above observations are summarized in the graph of Fig.[3.10a] which shows
the failure condition for each of the 140 stressed devices (5 samples for 7 different pulse
widths were analyzed from the four families of LEDs under test). The EOS robust-
ness of devices without metal lines (group B) is higher for every pulse duration, with
current handling capabilities for 5 ms pulses more than doubled with respect to the
other families of devices. The devices of groups A, C and D not only suffer from the
same bonding wires melting-related issue, but they also share the same pulse power-to-
fail trend. For shorter pulses group A increases its EOS handling capability, probably
thanks to the absence of the surface current spreading metallization grid, which proved
to be another source of potential failure for LEDs.

It is also worth noticing that families sharing the same package/device layout

(groups C and D) have different behaviors towards EOS events of the same duration,
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with the devices of group D performing noticeably worse than all the other DUTs. This
may suggest that even the epitaxy or the geometry of the current distribution system
has a consistent impact when electrical overstress is concerned. By looking at the power
density-to-failure trend reported in Figure[3.10D] we can see a reduction in the spread
of the failure threshold for shorter pulse widths between devices of groups A, C and D.
In particular, since only group A and C LEDs share the same failure mode for short
EOS events, i.e. metallization or bonding pad degradation, this behavior may indicate
that the robustness of those structures is probably limited by the power (or current)
density handling capability of the ohmic contacts or of the metal-lines employed in
modern GaN-based HB-LEDs.

3.4 Conclusions

In summary, within this chapter the robustness of state-of-the-art high-power LEDs
towards EOS events was investigated. A custom-made EOS simulator was used to
generate 50 us to 5ms long pulses, with magnitudes in excess of 350 W — 35 A for the
shorter ones. More than 140 different samples from four different manufactures were
submitted to EOS of increasing magnitude, until the failure condition was reached.
The good statistics of the pulse current /power-to-fail revealed a clear dependence of the
EOS handling capability of the devices on their specific structures and on the duration
of the overstress event. Flip-chip LEDs without metal lines showed the best robustness
among the devices under test; this is the best choice whenever a high level of immunity
towards electrically critical environment is required. The remaining three groups of
LEDs, which shared common elements like bonding wires or current-spreading contact
grids, faced similar failure modes, both for long and for short pulse widths (fusion of the
bonding wires, melting of the bonding pads, degradation of the surface metallization
lines).

The registered behavior of the tested samples showed that EOS-related reliability
issues tend to arise more from extrinsic elements of the LED system rather than from
the GaN chip, which was found to be capable of withstanding for brief periods power

densities in excess of 350 W/mm?.
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Chapter 4

Catastrophic failure of high-power
blue GaN LEDs submitted to high

temperature and current stress

This chapter reports an extensive analysis of the short-term effects of high driving
current and self-heating on the performance and reliability of commercial high-power
blue LEDs. To this aim, five different groups of devices, having different structures and
chip areas, were submitted to increasing levels of bias current, until catastrophic failure
was reached. The experimental results showed that device failure usually occurred in
correspondence of a major current injection point, as a consequence of the localized
power dissipation and temperature reached due to extreme current crowding effects

and to the degradation of the conductivity of extended device regions.

4.1 Introduction and motivation

With the increasing demand for high power and efficient optical sources by the general
lighting market, novel generations of High-Brightness GaN Light-Emitting Diodes (HB-
LEDs) have been introduced. The improvements in the growth techniques and the years
of reliability-oriented scientific research led to the development of devices capable of
withstanding junction-temperatures in excess of 150 °C and current densities of more
than 1.5 A/mm?. Since high current operation is desirable to drive down the cost of
LED luminaires while maintaining high the luminous output, the effects of extreme
operating conditions on the reliability of modern HB solid-state sources needs to be
evaluated.

The aim of the work described in this chapter is to analyze the physical limits
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of modern high-power LEDs when submitted to excessive temperature and driving
current levels, and to study the dependence on device structure and layout of the
failure modes. By means of a series of current step-stresses performed on different
device structures and with varying ambient temperature, both the limiting factors and
the LED performances under high driving current levels were explored. This chapter is
outlined as follows: after a brief description of the employed experimental setup and of
the results of the thermal characterization of the samples, the outcomes of the current
step-stress at 25 °C will be reported. Attention will then be focused on the analysis of
the failed devices, carried out by means of optical and electron microscopy. After that,
the changes induced by short-term high-current stress on the emission pattern of the
LED chip will be thoroughly examined and correlated with the observed degradation
kinetics and failure modes. Finally, the role of temperature in the degradation process

will be evaluated.

4.2 Experimental details

GROUP Device ;Area LED Structure SOO A
(mm?) (°C)
Al 1.76 Flip-chip (25x vias) 150
A2 0.88 Flip-chip (16x vias) 135
B1 0.89 Horlzontal Stru?ture 135
(single metal line)
B2 0.89 Horizontal structure 150

(single metal line)

o 0.89 Horizontal stfucture 150
(metal grid)

Table 4.1: Relevant properties of the five different groups of devices under analysis.
Group A LEDs differ in term of total device area and vias number. Group B LEDs
share the same semiconductor die while differing in packaging.

Five different groups of state-of-the-art commercially-available High-Brightness (HB)
LEDs were analyzed for this experimental activity. All the Devices Under Test (DUTs)
have a nominal emission wavelength of around 455 nm (at T;=25°C) and are rated for a
maximum DC current of 1 A. The devices differ in terms of device area, chip structure,
metallization geometry /vias number and packaging (see Table. In particular, group
A devices exhibit a flip-chip structure with isolated vias, whereas group B and group

C LEDs employ a conventional horizontal structure with bonding wires and surface
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4.3. Results of current step-stress

metallizations. For our experimental purposes, the devices were soldered to Metal-
Core PCB substrates, which were attached to a TEC-controlled copper baseplate.
This assembly was then put inside a 65” wide integrating sphere (model LMS-650 from
LabSphere), where the LEDs were submitted to the stress procedure and to periodic

electrical (I-V) and optical (absolute irradiance) characterizations.

4.3 Results of current step-stress

In order to estimate the junction temperature of the devices during stress, a preliminary
thermal characterization was carried out by means of the forward voltage method
proposed by Xi and Schubert in [60]. As expected, devices employing a more advanced
ceramic substrate, with larger footprint and a dedicated thermal pad (A1, B1 and C)
exhibited a lower thermal resistance (Ry,) with respect to smaller-sized LEDs lacking

a proper thermal pad (A2) or to devices featuring a less thermally-conducting plastic
package (B2) (Fig. {4.1]).
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Figure 4.1: Typical thermal resistance (junction to cold-plate) plot for the five
different groups of devices under test. On the right, detailed view of the three
different chip layouts.

With the aim of evaluating the short-term impact of high driving current and high
temperature on the reliability of HB-LEDs, a current step-stress was performed on
different devices of each group. With a fixed baseplate temperature ranging from 25°C
to 125°C, the LEDs were submitted to 120 s long stress steps. The in-situ stressing
procedure let us constantly monitor the optical parameters of the devices (absolute
irradiance spectrum), the forward voltage and thermals, as reported in Fig. for a
group Al sample.
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Figure 4.2: Detailed evolution of @ junction temperature and optical power, @

LED voltage and peak emission wavelength of group Al device submitted to a current

step-stress experiment at Tayp = 25°C. OP is normalized to the total LED emission
measured at the beginning of the first stress step (Igjas = 100mA).

The slight decrease in the emission wavelength observed up to bias levels of 1 A is
ascribed to the QWs band-filling phenomenon and to the screening of the Quantum-
Confined Stark Effect (QCSE) by injected carriers [61]. Above this current threshold,
the emission wavelength starts to increase due to the increased self-heating of the
device. This is testified by the simultaneous drop in the LED voltage, OP and by
the emission wavelength increase measured after the beginning of each step. With
regard to the trend of the optical power, all the DUTs stressed at a baseplate tem-
perature of 25 °C experienced a characteristic behavior. Above a specific injection
current level, around 2.75 A for the group Al sample analyzed in Fig.[4.2] the slope of
the L-I curve extrapolated from the first measurement of each stress step decreases,
revealing a noticeable drop in the LED efficiency. This behavior can be explained
by considering the concurrent action of two physical processes: a) at high injection
currents, fewer empty carrier states are available inside the QWs due to band filling.
Therefore, the number of carrier escaping from inside the QWs prior to recombination
increases due to the reduced effective barrier height. b) At higher stress current levels
a stronger non-radiative recombination is present, due to the enhanced Shockley-Read-
Hall (SRH) recombination, and this reduces the quantum efficiency of the devices. At
very high driving currents and junction temperatures, above 3.75 A and T; = 150 °C for
the group A1l sample in Fig. [£.2] a noticeable increase in the operating voltage, due
to degradation of the LED series resistance, occurs during each constant bias stress
step. This phenomenon may originate from the increase in the resistivity of the ohmic

contacts or of the (p-type) semiconductor areas subjected to extreme current crowding
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4.4. Failure analysis

levels. A localized increase in current density lowers the LED emission efficiency, by
locally increasing the device temperature and thus the resistivity of the semiconduc-
tor, increasing even more the current-crowding effect and the degradation rate. Once a
specific power dissipation level is reached, the degradation process/self-heating of the

device enters a positive feedback loop, that ultimately leads to the catastrophic failure
of the LED.
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Figure 4.3: Optical power (left) and Wall-Plug Efficiency (right) in function of the
current density registered during the current step-stress for one sample of each group.

In figure the trends of the optical power and of the Wall-Plug Efficiency (WPE)
in function of the current density of the five different groups of LEDs are compared.
As expected, the highest optical emission is reached by group Al LEDs, which fea-
tures an active area doubled with respect to the other devices. On the other hand,
group A2 LED shows the worst OP, probably due to the poor thermal performances
of the smaller sized package, lacking a proper thermal pad, employed by those devices.
Interestingly, both group A flip-chip LEDs experienced catastrophic failure around
3 A/mm?, which probably suggests that a critical current density exists for this spe-
cific device structure. With regard to the trend of the wall-plug efficiency during stress,
the horizontal structure devices of group C show significant advantage over the entire
range of current (densities) scanned by this experiment, despite group Al devices em-
ploy a more optically-advanced advanced flip-chip structure and feature an extended

ceramic package.

4.4 Failure analysis

The specific failure modes of the DUTs have been analyzed by means of optical and
electron microscopy. Samples of groups Al and A2, Fig.[1.4 and [£.5] which share the
same chip structure but differ in device areas and packaging, were both found to be

affected by strong degradation of (i) the semiconductor material near the upper chip
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Figure 4.4: Optical inspection and ESEM back-scattered electrons analysis of group
Al de-packaged device failed during current step-stress. Red markings indicate the
degraded parts of the device analyzed with high-resolution electron microscopy.

i v s S

Figure 4.5: Optical inspection and ESEM back-scattered electrons analysis of group
A2 de-packaged device failed during current step-stress. Red markings indicate the
degraded parts of the device analyzed with high-resolution electron microscopy.

edge, testified by the localized darkening of the surface, (i) of the insulated vias,
which visually appear darker in the aged device, (iz) and of the vertical conduction
paths along the mesa border, whose melting ultimately led to the shorting and to the
catastrophic failure of the light-emitting diode. ESEM imaging revealed that cracking
of semiconductor chip occurred in correspondence of the highly degraded upper and
left chip sides. In particular, with respected to a non critically-damaged device area,
EDX analysis showed the presence of conglomerates with very-high content of Si or
Au near the failure point marked in Fig.[.4 meaning that the strong localized power
dissipation induced melting and migration of both the semiconductor passivating layer
and of the metal lines underneath the semiconductor chip.

With regard to the other sets of LEDs under analysis, optical inspection revealed
that both group B2 and group C devices experienced a severe deterioration of the met-
allization near the bonding bad, possibly due to the high temperature and the high
current densities reached in proximity of the main carrier injection point. In partic-

ular, group B2 devices experienced fusion of the surface metal line, which led to the
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Figure 4.6: Optical inspection and ESEM back-scattered electrons analysis of group
B2 de-packaged device failed during current step-stress. Red markings indicate the
degraded parts of the device analyzed with high resolution electron microscopy.

Figure 4.7: Optical inspection and ESEM back-scattered electrons analysis of group
C de-packaged devices failed during current step-stress. Red markings indicate the
degraded parts of the device analyzed with high resolution electron microscopy.

exposure of the epitaxial layers underneath forming the ohmic contact and the current
spreading layer, as testified by the presence on Ni an Ti in the EDX spectra measured
in correspondence of the area previously covered by the gold line. For group C devices,
on the other hand, the failure is localized in the bonding pad area, as testified by the
optical and ESEM images reported in Figure [4.7] and highlighting the melting of the
surface metal layer.

Interestingly, group B1 devices failed due to fusion of the bonding wire (Fig. ,
whereas devices of group B2, apparently sharing the same kind of semiconductor die
and of bonding wires, failed around the same current injection level of 3.7 A due to
degradation of the metal lines. This behavior indicates that also the thermal manage-
ment properties of the encapsulant material, as well as of the rest of the LED package,
may limit the expected lifetime of HB-LEDs submitted to sustained high temperature

and high current operating conditions.
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Figure 4.8: Optical inspection of group Bl de-packaged device failed during current
step-stress.

4.5 Spatially-resolved EL analysis

Flip-chip LEDs

In order to investigate the dynamics of the failure mechanism, spatially resolved EL
imaging was performed during current step-stress. Figure [1.9shows the normalized EL
maps acquired during each stress step on a group Al sample, whose lens/encapsulating
material was removed in order to gain optical access to the (planar) chip surface. The
reported evolution of the emission pattern of the device under increasing bias highlights
the progressive crowding of the electro-luminescence, and thus of the current, around
the electrically-conductive edges of the device and in correspondence of the vias. For
bias currents higher than 3.6 A, the relative EL signal around the upper three rows of
vias starts increasing, probably due to a temperature-enhanced crowding effect close
to the anode pad, which is located exactly underneath the upper portion of the LED
chip. Around 4.6 A the crowding process is inverted, and the average EL emission
moves towards the lower part of the LED, as testified by the trend during stress time
of the upper-to-lower LED chip emission reported in Figure [4.10 For stress currents
higher than 4.8 A, the darkening of the chip edges and of the areas surrounding the vias
that previously affected the upper portion of the light-emitting diode starts to impact
on the emission pattern at the lower side as well. Finally, at 4.9 A the high driving
current and the extremely-high temperatures reached by the device induce an extreme
localization of the optical emission (frame (h)) and the rapid short-like failure of the
LED.

In order to discriminate between the permanent effects of the ongoing degradation
process from temporary worsening of the emission characteristics of the device due to
the high current densities and operating temperatures, EL mapping at a (moderate)

fixed bias current of 1 A was performed after each stress step (Fig.[4.11)). The EL maps
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Figure 4.9: Spatially-resolved Electro-Luminescence images taken during the step-

stress experiment on a group Al sample (Tayp = 25°C). The EL maps are normalized

to the respective maxima in order to highlight the stress-induced changes in the emis-
sion pattern of the device.

reveal that up to a stress current of 1.9 A, the LED emission pattern remains stable,
showing the expected current crowding effect around the vias and the vertically con-
ducting mesa edges. Then, after the stress step at 4.3 A, the emission crowding starts
to increase around the upper three rows of vias (closer to the anode), while decreas-
ing near the upper edges of the device. This effect is correlated with the increase in
the LED series resistance. Severe degradation of the vias and/or of the surrounding
p-type semiconductor material occurs after 120 s of stress at 4.6 A. As a consequence
of the reduced current spreading capability of the upper part of the device, injected
carrier become more prone to reach the lower region. The reduction in the effective
injection area, in conjunction with the increase in the stress current and device temper-

ature, accelerated the degradation of the lower vias and/or the surrounding material,
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Figure 4.10: Trend during stress time of the upper-to-lower LED chip emission for a
group Al sample submitted to current step-stress (Tayp = 25°C).

After lgress = 1.9 A After lgrress = 3.6 A After lgress = 4.3 A

After lgrress = 4.6 A After lgrress = 4.7 A After lgress = 4.8 A

Figure 4.11: Spatially-resolved Electro-Luminescence imaging of the reference EL-I

measurement taken at Igjag = 1 A after every stress cycle on a group Al sample (Tanp

= 25°C). The EL maps are normalized to the respective maxima in order to highlight
the stress-induced changes in the emission pattern of the device.

as previously observed for the upper three rows of vias. Finally, due to the highly
degraded conductivity of the entire semiconductor chip, current injected from the an-
ode pad starts to flow almost entirely through the lower resistance path offered by
the conducting mesa edges. At this point, the vertical conducting paths on the left
side of the device melted, due to the high localized dissipated power (see first frame
in Fig. ; this led to the shorting and catastrophic failure of the light-emitting diode.
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Horizontal structure LEDs

The effects of short-term high-current stress on the EL pattern were also evaluated for

the horizontal structure LEDs of group C.

During stress at 0.1 A (a) During stress at 1 A (b) During stress at 2 A (c)

During stress at 2.5 A (d) During stress at 2.7 A (e)

During stress at 2.9 A During stress at 2.9 A During stress at 3 A
t=3470s (g) t=3560s (h) t=3613s(f)

Figure 4.12: Spatially-resolved Electro-Luminescence images taken during the step-

stress experiment on group C sample (Tayp = 25°C). The EL maps are normalized to

the respective maxima in order to highlight the stress-induced changes in the emission
pattern of the device.

Figure [£.12) shows trend during stress time of the normalized emission map. Up to
a stress current of 2 A, the experimental data reveal a progressive emission crowding
around the bonding pad areas, which are the main current injection point for this
specific device structure. Above 2.5 A, the emission around the bonding pad weakens
and starts spreading along the surface metallization lines. During the stress step at
2.9 A, the emission undergoes a rapid relocalization towards the bottom side of the

LED chip, whereas the upper part of the device shows a rapid decrease of its brightness.

63



Chapter 4. Catastrophic failure of high-power blue GaN LEDs submitted to high
temperature and current stress

Finally, at 3 A the luminescence originates mostly from the bottom portion of the GaN
chip and catastrophic failure of the device occurs due to the melting of a portion
of right-side bonding pad, which probably was not designed to sustain for prolonged
intervals high current densities at the very high temperatures (T; > 200 °C) reached by

the device during the final stages of the step-stress experiment.

Untrated sample (a) After lgpess= 2 A (b) After lgrpess = 2.4 A (c)

After lgrpess = 2.6 A (d) After lgrpess = 2.7 A (e) After lgpess = 2.9 A (f)

Figure 4.13: Spatially-resolved Electro-Luminescence imaging of the reference EL-I

measurement taken at Igjag = 1 A after every stress cycle on a group C sample (Tanp

= 25°C). The EL maps are normalized to the respective maxima in order to highlight
the stress-induced changes in the emission pattern of the device.

This characteristic degradation of the high driving current EL maps can be in-
terpreted by looking at the EL-I maps acquired after each stress cycle and reported
in Figure [{.13] The correlation between the progressive darkening of the upper por-
tion of the EL-I maps at 1 A and the previously observed relocalization of the peak
chip emission during high-temperature high-current operation suggests that this latter
phenomenon is mostly related to a permanent, and localized, degradation of extended
portions the semiconductor chip rather than to a temporary and spatially-defined loss
in the radiative efficiency. The minor differences in the (relative) emission patterns
registered during and after high current stress can be explained by considering that
high temperatures increase the crowding effect, thus increasing the current density in

device regions closer to the current injection point, i.e. the bonding pads (see frame

(e) of Figures4.12{ and [4.13)).

64



4.6. Role of temperature and positive aging

4.6 Role of temperature and positive aging

As pointed out in the former paragraphs, temperature played a major role in the final
stages of degradation during prolonged high-current operation. To further evaluate the
effect of temperature on the reliability of HB-LEDs operated at high current densities,
the step stress experiment was repeated increasing the baseplate temperature up to
75°C and 125°C.
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Figure 4.14: Trend of the optical power @ and of the LED voltage @ of three group

A1 devices submitted to current step-stress at baseplate temperatures equal to 25°C,

75°C and 125°C. The two bottom graphs show respectively the degradation kinetics

of the OP (at 1 A) and of the series resistance [(d)] extracted from the I-V and L-I
characterizations performed after each stress step.

The results, reported in Figure show that temperature is an accelerating
factor for the observed RS increase degradation phenomenon, whose root causes may
be found in the degradation of the p-type GaN or of the ohmic contacts [52]. On the

other hand, the failure modes of the devices were note affected by temperature. High
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temperature (Tayp = 125°C) and current stress was also found to accelerate the OP
increase observed on every device under analysis during high driving current stress (see
Fig. and the OP trend during stress in Fig. [4.2] for stress currents greater than
4 A). This “positive ageing” effect, often observed in the early stages of operation of
GaN LEDs, may be due to the annealing of defects, to the activation of the p-dopant
[62] or to the improvement of the electrical properties of the ohmic contacts. It is worth
noticing that since the current-driven temperature-activated OP increase was found to
be more prominent ad high injection currents, where the non-radiative recombination
paths are saturated, the decrease in the number of deep-levels inside the active region
of the device does not appear to be the driving force of the observed positive ageing
process.

To further investigate this positive aging process, a series of constant current stresses
at baseplate temperatures of 25°C, 50°C and 75°C were carried out on group Al
LEDs. The bias point of 3.9 A was chosen considering that during the previously
reported current step-stress at room temperature (Fig. this was the smallest driving
current which induced significant increase in the emitted OP, both during stress and L-I
characterization, without triggering the rapid degradation process observed for higher
currents. The stress experiment was regularly interrupted in order to measure the
electrical (I-V) and optical (L-I) characteristics of the devices (at 25°C).
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Figure 4.15: Trend of the peak emission wavelength measured at 1 A - 25°C of the Al
LEDs stressed at a constant current of 3.9 A at different base-plate temperatures.

Interestingly, the adopted stress condition was found to induce a slight (max 0.2nm
) stress temperature-dependent decrease of the peak emission wavelength at 1A, as
shown in Figure[.15] This minor increase in the energy of the emitted photons suggest
that the short-term high-current stress induced a variation in the concentration and/or

distribution of carriers which undergo radiative recombination within the active layer.
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Conclusions

Within this chapter, the failure modes of high-power blue GaN LEDs submitted to very
high current and temperature stress were investigated. The three different families of
devices submitted to current step-stress showed different kinds of structure/layout-
related failures, and a common set of epitaxy-related degradation processes. In par-
ticular, short-term high temperature and current stress induced the worsening of the
conductivity of large portions of the semiconductor, by increasing the current crowd-
ing effect, and consequently power dissipation, in correspondence of the major current
transport elements (vias, bonding pads and metal lines). Due to excessive levels of
temperature reached during stress, those structures melted, causing the shorting and
the catastrophic failure of the LED.

67



Chapter 4. Catastrophic failure of high-power blue GaN LEDs submitted to high
temperature and current stress

68



Chapter 5

Long-term degradation mechanisms of
mid-power LEDs for lighting

applications

The EOS-related device failures described in the previous chapters have become the
major reliability issue for modern state-of-the-art LEDs. However, with regard to
lower-tier less-engineered devices like the 0.3 W mid-power LEDs designed for lighting
and back-lighting applications, the gradual degradation processes affecting both the
semiconductor chip and the package are still of main concern for the long-term opera-
tion of those light sources. This chapter reports the results of a reliability investigation
performed on four different groups of commercially-available mid-power white LEDs.
In order to determine the robustness of this continuously growing class of lighting de-
vices we arranged an experiment of accelerated ageing: the four groups of LEDs (from
different manufacturers) were submitted to a series of stress tests in environmental
chambers with set-point temperatures ranging from 45°C to 105°C, in accordance to
the IES LM-80-08 lumen maintenance measurement standard. The experimental data
gathered all along the 4000 hours of total stress time suggest the presence of multiple
degradation mechanisms that may limit the useful lifespan of the light-emitting diodes
under test. In particular we observed the following phenomena: i) a decay of the lumi-
nous flux; i7) an increase in the reverse and forward leakage current; 4ii) the worsening
of the chromatic properties of the emitted light; iv) the presence of a thermally acti-
vated degradation mechanism. The results provide a first insight into the reliability of
those widely used LEDs; the results on the temperature-dependence of the degradation
kinetics can be used as a guideline for the thermal design of modern distributed-light

lamps.
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5.1 Introduction and motivation

Over the last years, Solid State Lighting (SSL) gained a considerable market share
over conventional light sources like halogen, incandescent or Cold-Cathode Fluorescent
(CCF) lamps. Thanks to the superior lifetime, efficiency and color rendering capabil-
ities of GaN-based white Light-Emitting Diodes (LEDs), this lighting approach is set
to be the reference standard for the nearest future.

A modern LED lamp designed for general lighting purposes usually features a small
number of High-Brightness devices (HB-LED) located in an appropriate frame, whose
structure and material composition is the result of rigorous thermal and optical anal-
yses finalized to maximize both the heat and light extraction from the source devices.
Typically, these are state-of-the-art LEDs, supported by a solid background of relia-
bility studies and equipped with a thermally advanced (ceramic) package. In the last
few years, however, the need for costs reduction and for a simpler design of distributed
light systems pushed towards the implementation of the so-called mid-power LEDs in
place of the less cost-effective HB devices.

Those mid-power LEDs, whose (electrical) power rating ranges from 0.2 to 0.5 W,
generally offer a good trade-off between lumen output and cost. This comes at the
price of a reduced thermal and optical design of the package, which usually features
a plastic housing that lacks of an optical element and, in some cases, of a dedicated
thermal pad. Thus, despite the lower power dissipation, the increased sensitivity of
this class of LEDs towards environmental temperature may turn out to be a major
reliability issue.

The aim of this paper is to analyze the degradation mechanism that limit the re-
liability of mid-power LEDs subjected to a high-temperature operating regime. To
this aim, we arranged an accelerated ageing experiment which revealed the following
phenomena: 1) a strong and generalized decay of the luminous flux for junction tem-
peratures above 120°C; 2) an increase in the reverse and forward leakage current; 3)
the worsening of the chromatic properties of the emitted light; 4) the presence of a

thermally activated degradation mechanism.

5.2 Experimental details

The mid-power LEDs analyzed within this work have been selected based on the fol-
lowing criteria: a color temperature of 3000 K, a nominal current of 100 + 20 mA and
a Color Rendering Index (CRI) > 80. Four families of LEDs (which from now on will
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be referred to as groups A, B, C and D) fabricated by four different leading manufac-
turers were chosen. Three of the four groups (namely A,B and C) were selected within
the highly popular 5630 (5.6x3.0 mm) class of mid-power LEDs, while the fourth one,
group D, presents a smaller-sized package (2.0x0.8 mm) inherited from the typical
devices designed for backlighting purposes. Four single devices of each group were
connected in series on a MCPCB (Metal-Core PCB) which was tightly anchored to an
aluminium heatsink; a thin graphite layer served as thermal interface material. The
peculiar series connection was adopted to provide a good signal-to-noise ratio during
L-I measurements performed with our optical characterization setup, which will be
described later on. The electro-optical characterizations were carried out on the whole
series, therefore only one effective sample per group and per stress condition was anal-

ysed.

Nominal/stress current Mean Ry, T; Max SOA

GROUP ; - A
(mA) (°C/W)  (°C) (°C)

A 100 0.7 119.9 125

B 100 14.2 126.5 115

C 120 19 138.7 110

D 80 39 151.8 120

Table 5.1: Main properties of the four different families of devices under analysis. Tj;
Max is the maximum junction-temperature reached during stress by a specific group.
The last column reports the maximum T; suggested on the datasheets.

5.3 Thermal characterization and stress conditions

In order to define the thermal behaviour of the four different LEDs’ families under
analysis, we carried out a complete thermal characterization on untreated samples. The
junction-temperatures were estimated following the diode “forward voltage method”
proposed by Xi et Schubert [60]. The results, summarized in Fig.[5.1] show the following
facts: a) a quite good thermal resistance for the 5630 package-based samples (specific
values range from about 9 to 20°C/W; b) a thermal disadvantage of D group’s LEDs,
due to the absence of a dedicated thermal pad and the reduced thermal design of
the device; ¢) an almost linear relationship between environmental stress temperature

and junction-temperature, whose maximum value of 152°C is reached from group D
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Figure 5.1: Results of the thermal characterization performed on the four families of

mid-power LEDs under analysis. On the left side: junction-temperature vs. thermal

dissipation curves at room temperature (25°C) obtained through the diode “forward

voltage method” for one sample of each. On the right side: experimentally acquired

values of the junction-temperature reached by the devices during the stress tests (max-
imum Tj is reported in Table [5.1)).

samples stressed at Ty =105°C. For this stress temperature, the four families of
devices were operating outside the SOA (Safe-Operating Area) for T advised from the
manufacturers (see Table [5.1)).

The elevated temperatures reached by modern GaN-based light-emitting diodes
during operation are still one of the major limiting factor for their long-term reliability
[63, 64], both at chip or at package level. With the aim of testing the robustness of
the mid-power LEDs under analysis against thermally activated and/or current driven
degradation mechanisms, the devices were actively stressed at nominal current inside
climatic chambers whose temperatures were set at 45, 65, 85 and 105°C. The stress
cycles were regularly interrupted in order to perform a complete electrical and optical
characterization. For the latter we exploited a fully power and wavelength-calibrated
setup constituted of a 65” large integrating sphere (model LMS-650 from LabSphere)
fiber-coupled to an OceanOptics USB2000+ spectrometer. A Keithley 2614B source-
meter provided the polarization for the samples. On the other hand, the voltage-
current characteristics were measured through an HP4155A parameter analyzer, whose
accuracy, even if affected by the non-ideal connection system used, let us spot current
variations down to the pA range (see Fig. .

The measurement and stress methodologies described above fulfil the common TES

LM-80-08 lumen maintenance measurement standard.
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5.4 Results of the accelerated ageing experiment
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Figure 5.2: Luminous flux trend registered during the active stress at the highest
temperature (Tayp = 105°C) of all the four families of devices @ and relative to the
smaller-sized LEDs belonging to group D @ .

The degradation kinetics of the analyzed LEDs are reported in Figure [5.2] Linear
lifetime extrapolation for a 10 % decrease of the output flux produced expected values
of useful device life between 2500 and 5000 hours: considering that a common market
requirement for a TTFry¢ (usually referred to as L70) stands around 40.000h, we can
state that our samples, probably, are not suited to be operated at junction tempera-
tures above-120°C, which, as already pointed out, is the average upper bound of the
SOA for the LEDs under test. The aforementioned lifetime values are intended to be
used only for the evaluation of activation energies, not for an accurate estimation of
the expected lifetime of the device: not only this would require more data points, i.e.
more hours of stress, but also a more sophisticated extrapolation algorithm, like the
widely adopted IESNA TM-21.

As we can see from Fig.[5.2D] the kinetics of flux decay are highly temperature de-
pendent, which suggest the presence of a temperature activated degradation process.
Nonetheless, the luminous flux trends provide a useful guideline for an appropriate de-
sign of the lamp thermal management, which should guarantee a maximum junction-
temperature below the extrapolated critical level.

In order to identify the physical mechanisms responsible for the flux decay, a deep
investigation about the degradation of the chromatic and electrical characteristics was
carried out. For the LEDs of group A, the increase in forward leakage current shows
an approximately linear correlation with the flux decay, as reported in semi-log scale

in Fig. [5.3D] Since one the main electronic transport processes in the low forward bias
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Figure 5.3: Plot @: degradation of the electrical characteristic of the A group devices
stressed at the highest ambient temperature (105°C). On the left, in a semi-log scale,
an increase in the forward leakage current is clearly visible, while its temperature
dependent kinetics (measured at 4 V') are reported in the graph on the right hand.
The measurements were carried out on a series of four identical samples. Plot @:
normalized luminous flux plotted against normalized forward leakage current (measured
at 4 V') for the samples of group A stressed at Tayp = 105°C. The red line represents
the linear fits of the experimental data.

region is trap-assisted tunneling [65], and since the rate of non-radiative recombination
is directly proportional to the concentration of defect-related deep-levels inside the en-
ergy gap, the experimental data suggest the presence of an ongoing process of crystal
defect generation inside the active region of the device. The observed phenomenon
showed a remarkable temperature dependence.

Another relevant variation of the current-voltage characteristic was exhibited by
D group LEDs (Fig. |5.4). The reverse leakage current of those devices experienced a
temperature-dependent increase over time. Since leakage current strongly depends on
the density of defects, a gradual worsening of crystal quality is to be expected [35, [66].
Moreover, in the forward conduction region, those LEDs registered a maximum increase
of the forward voltage of about 63 mV, well above the average 30 mV gained from the
other samples under analysis. The forward voltage increase was found to be temper-
ature dependent and well correlated with the gradual rise of the series resistance, as
shown in Fig. 5.5

This suggests a partial degradation of the ohmic contacts and/or a resistivity in-
crease of the quasi-neutral regions due to the high current density [67] and temperature
of the operating regime. Such behavior, which may be the result of a “current-crowding”

phenomenon [3], is critical when LEDs are employed in modules, where the voltage in-
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Figure 5.5: Relative Ron and voltage increase for D group samples aged at 105°C.

crease Vy of a single device lowers the limited voltage headroom of the current driver
by an amount nVg, where n is the number of devices in series.

Group D LEDs suffered from a noticeable chromaticity shift, which, for instance,
led to a maximum 55 K increase of the CCT point within the whole 4000 h period of
ageing. The chromatic degradation process takes place mostly during the first stress
hours, after which the yellow to blue emission peak ratio suddenly slows its decay.
This phenomenon is clearly visible in Fig.[5.6al A similar behavior, but with differ-
ent time constants, was experienced from the samples stressed at lower temperatures
(Fig.: the strict correlation between stress temperature and the kinetics of the
observed chromatic shift suggest the presence of a thermally activated degradation
process, which probably involves the plastic package [68], the yellow phosphors [69] or

the encapsulating material [47].
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Figure 5.6: Evolution of the chromatic characteristics of D group devices stressed

at Tayvp =105°C: @ relative emission intensities registered for the blue and yellow

spectral peaks; PSD (Power Spectra Density) trend at 530 nm and yellow to blue ratio

are included as well. Plot @: EL spectra at nominal current; inset graphs provide a

more accurate vision of the specific degradation of the phosphor’s (yellow peak) and
GaN chip’s (blue peak) emissions during the stress.

The simultaneous presence of a high-temperature environment (> 100°C) and of a
low-wavelength optical radiation is a well-known condition that triggers both the de-
cay of the phosphor conversion efficiency and the worsening of the optical properties
of the polymeric encapsulants. As a matter of fact, those materials tend to assume an
amorphous phase above their “glass-transition” temperature (T¢), which not only pro-
motes the discoloring by VOCs (Volatile Organic Compounds) but also reduces their
optical transmissivity in the low-wavelength range. Since our samples did not seem to
suffer from this “red shift”, and since the power-normalized spectra of untreated sam-

ples showed a remarkably different phosphor composition for D group LEDs, the “blue
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Figure 5.7: Relative yellow to blue peak emission ratio for the D group samples stressed
in all the four environmental conditions.
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shift” of the chromaticity point, which affected in a relevant way only the aforemen-
tioned devices, is probably due to a conversion efficiency loss of the phosphor species.

One last package-related degradation mechanism, which was not considered so far,
is the tarnishing of the Ag reflective coating. This metallic layer, covering the lead
frame and/or the plastic housing, is usually employed in mid-power LEDs in order to
increase the overall light extraction efficiency. However, sulphur and chlorine-rich pol-
lutants, released from different sources, may diffuse through the silicone encapsulant
and react with the Ag atoms, forming AgS and AgCl complexes [70]. This may lead
to an unrecoverable chromaticity shift and/or a decay of the emitted optical power. In
order to evaluate this hypothesis, we de-processed the stressed samples with a depoly-
merizer agent and compared them with untreated samples. Visual inspection did not
reveal any particular sign of sulfurization, though in-depth analyses, like EDS, may

provide us more accurate results.

Figure 5.8: De-processed samples of group A: untreated sample (left) and device
stressed at 105°C for 2500 hours (right). Left and right chips are respectively shown.

Inspection of the de-processed devices belonging to the other three groups did not
reveal proofs of degradation either, except for the samples of group A. As we can
see in Fig.[5.8, those two-dice based LEDs showed a little darkening of the chip area
near the lower surface contact. While this may be an evidence of an ongoing current
crowding process, no correlation with the (slight) forward-voltage increase was found.

As an additional analysis, the activation energies of the registered lumen decay
processes was estimated. From the L90 lifetime data, energy values of the degradation
process ranging from 0.38 to 0.6 eV were extrapolated, indicating the presence of a
temperature-activated process. The Arrhenius plots, reported in Fig.[5.9 for group C
devices, did not show any bending for high temperature values, which suggests that no

new processes were activated for junction-temperatures above 120°C.
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Figure 5.9: Arrhenius plot of the 90 % TTF (Time To Failure) for C group LEDs. The

failure criterion, which corresponds to a 10 % decrease of the luminous flux at nominal

current, has been chosen in order to guarantee the best possible coherence between the

(linearly) extrapolated lifetime and the experimental data acquired so far, whose linear
fit is represented by the red line showed above.

5.5 Conclusions

In summary, within this chapter a comprehensive study on the typical degradation
mechanisms that may limit the long-term reliability of mid-power white LEDs was
presented. The experimental data gathered during the accelerated aging experiments
allowed to identify several degradation mechanisms, related both to the semiconductor
chip (generation of defects within the active region of the devices, degradation of the
electrical characteristics) and to the package/phosphors system (worsening of the chro-
matic properties of the emitted light). Despite those reliability issues, the LEDs under
test showed a good robustness for junction temperatures belonging to the advised Safe
Operating Area (SOA). Within these operating bounds, the analyzed devices are ex-

pected to have a useful lifetime, relative to a TTF;¢ flux decay process, adequate

enough to fulfil nowadays market requirements.
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Chapter 6

Failure causes and mechanisms of
retrofit LED lamps

Years of reliability-oriented research and the technological improvements in the epitax-
ial growth techniques have greatly improved the lifetime of light-emitting diodes for
general lighting applications. However, the stability and the performance of the solid-
state light source are not the only factors impacting on the reliability of the whole
LED-based lamp, since extrinsic elements like the current driver, the optics and the
heat management system may degrade over time as well. In order to understand the
limiting factors for the reliability of LED-based lighting systems, this chapter focuses
on the analysis of the long-term degradation of retrofit light bulbs based on white
GaN mid-power LEDs. The results of the long-term aging experiment performed on
commercially-available bulbs from four different manufacturers showed that (i) long-
term stress causes a change in the chromatic properties of the lamps, which is ascribed
to the degradation of the phosphors or to the inner LED reflector; (ii) gradual and/or
catastrophic failure of the LED driver may occur; (iii) a proper thermal design reduces
the degradation rate; (iv) worsening of the transmissivity of diffusive optical element
may occur, probably due to the combined effect of short wavelength radiation and
high environmental temperature. These outcomes indicate that the lifetime of these
LED-based luminaries relies mostly on the stability of the driver and optical elements,
rather than on the robustness of the LED chips.
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6.1 Introduction and motivation

Modern solid-state lighting solutions are based on white LEDs, which exploit the yellow
conversion of the blue light emitted by GaN chips through appropriate phosphorescent
materials. The reliability and stability of those devices has been proved up to tens of
thousands hours |71}, [64]. Thanks to their greater efficiency and longer lifetime, SSL
solutions are being adopted in every segment of the general lighting market. In partic-
ular, with regard to the home lighting, several countries and associations are promoting
the production of LED retrofit light bulbs, able to fit in a common Edison screw socket.
This push towards home adoption is testified by several government funding projects,
like the “L Prize” competition run in 2008 by the United States Department of Energy
with a 10 million USdoll prize fund [72].

Nowdays, retrofit light bulbs can be easily found in common retail stores. How-
ever, since the customers need to face an higher retail price compared to conventional
lighting solutins like fluorescent lamps, the return-on-investment must be granted by
taking advantage of the reduced power consumption and longer lifetimes of LED-based
luminaries, thus ensuring that the intensity and chromatic properties remain stable
over the usable lifetime [73].

The aim of this chapter is to analyze the degradation mechanisms that may af-
fect the long-term reliability of commercially-available lamps; the experimental results
highlighted the critical parts of the overall system, whose failure modes were correlated
with specific failure mechanisms. In particular, (i) operating temperature was found
to be an accelerating factor for the degradation processes, that are related to (ii) the
darkening of the plastic diffusive bulb, to (iii) the change in the chromatic properties
of the inner phosphor and/or reflector and to (iv) the degradation of the LED driver.

6.2 Experimental details

Four different groups of commercially-available retrofit light bulbs from four different
manufacturers, named A to D in the following, were submitted to lifetime tests at room
temperature (RT) and accelerated tests at higher temperature (HT). The bulbs under
investigation have a luminous flux between 765 lm and 810[/m, and a correlated color
temperature of 2700 - 3000 K. The actual stress temperature varies due to the different
driving and heat dissipation strategies adopted by the manufacturers: on average, the
temperature of the HT lamps is 15°C higher than the RT lamps (see Table[6.1] for

a comparison of the average temperatures in different regions of the light bulb for
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each manufacturer and test temperature; these temperatures were measured by using
a FLIR Systems i50 infrared thermal camera). During the stress the lamps were biased
in their normal operating condition, i.e. screwed in a socket and connected to a mains
wall plug. Characterization was performed in a repeatable way right after each stress
cycle, in order to avoid the unpredictable warm-up times of the driving electronics and
to reduce the time interval needed to reach thermal equilibrium during the absolute

irradiance measurements.

RT HT
Bulb T Heatsink T | Bulb T Heatsink T
(°C) (°C) (°C) (°C)
A 38.1 82.6 42.6 98.5
B 35.2 75.3 38.1 89.1
C 39.2 64.4 42 80.7
D 36 88.1 38.4 99.8

Table 6.1: Operating temperatures of different lamp regions for each manufacturer
during stress at room temperature (RT) or high temperature (HT).

After each stress step a complete optical and spectral characterization was carried
out in a 1.5 m diameter Labsphere LMS-650 integrating sphere by using a Ocean Optics
USB2000 spectrometer. A radiometric calibration of the whole setup was performed
in order to obtain an accurate estimation of the optical power at different wavelengths
and the correct power spectral density in W /nm. Moreover, after every stress period
the electrical power consumption of the complete system, i.e. the power absorbed by
the LED driver from the electrical distribution network in order to operate the LEDs,
was measured by means of a Rohde& Schwarz HAMEG HM8115-2 power meter.

6.3 Degradation kinetics

In Figures and the degradation kinetics of the output optical power for all
the samples under test at room temperature and at high temperature are reported.
In figures and each line represents the average trend of all the lamps from
the same manufacturer stressed at the same external temperature. The reliability
of groups A and B devices under nominal operating conditions at room temperature
is good, showing a maximum 18% drop after approximately 20 kh (19400) with no

catastrophic failures registered. Degradation rate was found to be correlated with the
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Figure 6.1: Stress at room temperature: OP reduction of the light bulbs over time @
and total (average) OP reduction Vs. bulb temperature @

(heat-sink) operating temperature, i.e. the lower the temperature the lesser is the

flux drop registered during the aging experiment. These figures highlight a general

improvement of the systems if compared to preliminary reports on the degradation

of retrofit bulbs produced during previous iterations of the technological process [74].

Nevertheless, the outcome of the RT lifetime test changes when considering group C

and group D devices. In particular, all the bulbs of group C failed after a maximum

of 11 kh (see Fig.|6.1b]), whereas only one out of three group D samples managed to

survive up to 20 kh, with a consistent 52 % drop in the emitted luminous flux.

Akl
95 *E-l\:‘{'m*u"-‘.x-r._ o
920 .\I"‘ A -0y o o
85 wE—ma e,
v‘. \.‘I\
' .\.’.\
V‘Y .‘\.\I
. V.
v "»v\
.
.
50 K Manufacturer: A B c D -

Average luminous flux (%
~
o

Room temperature
45 0

High temperature
T T

—E— - 0 A oy v
I

0 5000

10000 15000 20000
Stress time (h)

(a)

Heatsink temperature (°C)

80

]
o
T

(o2}
o

HT  213FaiLures

3/3 FAILURES
(max 8 kh)

Manufacturer

(b)

150%

140%

130%

120%

110%

60%

0%

Optical power reduction, 20kh
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82



6.4. Diffusive bulb darkening

High operating temperature was found to negatively affect the lifetime of the devices
from all the manufacturers under analysis. This highlights the importance of temper-
ature as a degradation accelerating factor, which was reported for all the components
of the LED systems, namely the GaN chip [75], the phosphors [76] and reflector [77].
In order to gain further information regarding the operating temperature of the bulb
system, the temperature distribution in the luminaries was measured by means of IR

thermography.

Figure 6.3: IR thermography of a group B sample taken during room-temperature
stress.

The results, here presented in Figurel6.3| alongside an optical photography for a group
B sample, show that even if the diffusive bulb temperature differs lightly from room
temperature, the heat-sink of the device can reach very high temperatures (75°C or
more). Therefore, a junction temperature for the LEDs higher than this value is to
be expected: this can pose serious reliability issues to the whole system, since the
mid-power LEDs typically employed in these systems are usually rated for maximum
T; values up to 125°C [6], and state-of-the-art HB LEDs should not be operated at
junction temperatures higher than 150-170°C [78].

6.4 Diffusive bulb darkening

A progressive darkening of the diffusive bulb over stress time for lamps of manufacturer
D was detected. In Figure an untreated bulb is compared to a dome belonging
to a failed device stressed for 2500 hours. A non-uniform variation in the color of
the dome surface is clearly visible. The effect was found to be stronger at the center
and weaker at the borders: this suggests that degradation is probably related to the
short-wavelength radiation shone onto the diffusive bulb, whose intensity is higher in

the direction normal to the surface of the LED due to its typical lambertian emission
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(a)

Figure 6.4: Comparison between an unaged and a 2500h aged diffusive dome of two

group D samples. In a diffused darkening of the surface is clearly visible. In figure

an uneven amount of darkening is pointed out by the green oval (low darkening)

and by the red oval (high darkening). Both bulbs belong to the same lamp set: in the

figure the aged one looks smaller because it was cut from the main body in order to
expose the underlying LEDs for visual inspection.

profile. The role of temperature as the sole cause of degradation can be excluded, since
the hotter areas of the dome are found in correspondence of the edges of the dome (see
Figure, where the darkening was found to be lower Figure(6.4b|
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Figure 6.5: Transmissivity measurements on aged Vs. unaged group D samples. Trans-
missivity curves @ and @ variation in the relative transmissivities.

Figure[6.5a] shows the results of a transmissivity measurement performed on both
a darkened (red region in Figure[6.4b) and a clear (green region in Figure|6.4b)) part

of the same aged bulb. The analysis was carried out by illuminating the sample with
an external Ocean Optics LS-1-CAL radiometric calibration lamp, which prevented

any effect related to the LEDs or to their driver from influencing the validity of the
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6.5. Chromatic variations

acquired data. The darkening was found to effectively reduce the transmissivity of the
dome and is therefore a major responsible in the decrease of the luminous flux.

In order to estimate the effect of the darkening on the chromatic properties of the
lamp, the curves of Figure[6.5a] and the lamp spectrum provided by the manufacturer
were normalized at their highest value. By dividing the curves of the two dome parts
by the curve of the lamp the percentage variation of the transmissivity, relative to its
maximum value, was obtained. Then, by subtracting the two relative transmissivities
the spectral distortion induced by the darkening process, reported in Figure[6.5b, was
obtained. The experimental data show that the degradation of the dome causes not
only a reduction of the absolute transmissivity but also a distortion of the transmitted

spectrum, leading to a change in the chromatic properties of the lamp.

6.5 Chromatic variations
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Figure 6.6: Variation in the chromatic properties of the light of a group A bulb submit-
ted to HT stress: emission spectra @ and trend of the peak magnitude during stress

time @

For lamps of group A, the most relevant degradation mechanism is the variation of
the relative contributions in the output spectra, reported for a representative sample
in Figure[6.6al By looking at the trend of the yellow and blue peaks and of their ratio
in Figure[6.6b], it is clearly visible how the stress induced a variation in the chromatic
properties of the emitted light, due to an uneven decay of the yellow and blue peaks
during the first 5000 A of high-temperature aging. The worsening of the yellow emission
may originate from three different mechanisms: a change in the spectral response of
the diffusive bulb (see section, the decrease in the phosphor conversion efficiency or

the oxidation/darkening of the inner reflector. From the experimental results presented
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Figure 6.7: Variation of the CCT of group A samples during stress time.

in the former paragraph, the hypothesis regarding the diffusive bulb may probably be
ruled out: as a matter of fact, no relevant darkening is detected in lamps of group A,
contrary to the case of group D devices. In addition, the dome darkening was found
to impact more at shorter wavelengths (see Figure, whereas in Figure the
spectral decay was found to be more prominent at the low energy side. In the long
term, also the LED emission at 455 nm varies with the same trend of the phosphor
emission, suggesting that the GaN chip is probably undergoing degradation due to the
high-temperature operation.

The strong decrease of the yellow luminescence during the first 5000 hours of stress
is also testified by the trend of the Correlated Color Temperature (CCT) reported in
Figure[6.7] The experimental data show that the decrease in the yellow contribution
is correlated with a gradual increase of the CCT towards more hot, i.e. bluish, equiv-
alent black body temperatures. This CCT increase process, which was found to be
accelerated by temperature, can be a problem for the end user since even though the
bulb is still functional, the shift towards a colder perceived light may induce the early
substitution of the LED light source.

6.6 Driver performance

There is one more light bulb subsystem which was found to affect the lamp performance:
the LED driver. This apparatus includes all the additional circuitry required in order
to convert the electrical power drawn at high voltage (230 Vzys) from the mains to
a lower level, compatible with the limited operating voltage and current of the white
LED matrix.

For lamps of manufacturer D, the trend of the output optical power during the
first 3000 to 5000 hours of HT stress was found to be well correlated with the decrease
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6.6. Driver performance
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Figure 6.8: Correlation between the decrease of the luminous flux and the reduction in
the electrical power consumption in one of the group D light-bulbs under investigation.

of the electrical power consumption, as reported in Figure[6.8. This effect suggests
that the reduced optical emission is probably related to a decrease in the electrical
power provided to the LEDs rather than to the degradation of the optical source or of
the diffusive dome. A linear decrease with time of the absorbed electrical power was
experienced by all the devices of group D submitted to high temperature stress. Since
previous reports suggest that this kind of behavior may be related to the worsening of
the electrolytic input capacitor [79], we decided to investigate this degradation mode
by analyzing a failed device belonging to group D, whose OP Vs. power draw trend is
the one reported in Fig.[6.8]

Figure 6.9: Photo of a disassembled group D bulb which failed after 2500 h of HT
stress.

The visual inspection of the interior of the bulb highlighted the driver as the failed
part (see Figure. In particular, the electrolytic capacitor, highlighted with red oval
circles, shows a visible crack in the outer insulating layer. This is the typical damage
signature which results as a consequence of the electrolyte evaporation, probably caused

by power line surges or electrical and/or temperature-related overstress. The capacitor
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Chapter 6. Failure causes and mechanisms of retrofit LED lamps

burst was so intense to cause the burn of the encasing material, which appears darkened
(red arrow) rather than white as in the other regions (the blue arrow highlights the
expected color of the filling material when the burned region is removed). These
experimental results confirm that a proper design of the LED driver is needed not
only to ensure high electrical conversion efficiency in a small form factor, but also to

guarantee a long lifetime to the entire lighting source.

6.7 Conclusions

Within this chapter the degradation mechanisms that may affect the long-term re-
liability of commercially-available lamps have been evaluated. By means of lifetime
tests carried out on four different groups of retrofit LED light bulbs, the importance
of temperature as an accelerating factor for the degradation processes was confirmed.
The main mechanisms which can lead to the decrease of the performance of the bulb
were found to be following: (i) the darkening of the diffusive bulb, that impacts on the
overall transmissivity of the dome and produces a distortion of the emitted spectrum,
thus altering the perceived chromaticity of the emitted light; (4i) the variation of the
chromatic properties of the phosphors and/or of the reflector, which reduces the effi-
ciency of the lamp and also causes a strong change in the CCT; (i) the worsening of
the performance of the LED driver, which can lead to early failures of the entire system.
All these effects concur in limiting the overall reliability of the system, whose expected

lifetime is in the range of tens of thousands hours in nominal operating conditions.
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Part 11

Reliability of phosphorescent materials

for laser-lighting applications
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Introduction to Part 11

The generation of white light by means of Phosphor-Converted LEDs based on a blue-
emitting Gallium Nitride chip is the common approach adopted by modern SSL solu-
tions in order to achieve reliable and efficient light sources for all kind of applications.
However, alternative solid-state lighting solutions based on laser diodes instead of LEDs
are starting to emerge. Compared to LEDs, lasers offer two main advantages: an in-
creased efficiency at high driving current-densities, i.e. for high optical power single
source operation, and a simplified and more effective design of the optical system. The
first point is related to a reduced effect of the so-called efficiency droop phenomenon in
LDs. The term efficiency droop describes the set of physical mechanisms responsible
for the decrease in internal quantum efficiency of the device as the injected current
increases: this phenomenon, typical for LEDs, is usually ascribed to Auger recom-
bination [80] or carrier spill-over [8I]. In laser diodes operated above threshold, the
emission of coherent light is associated with the stimulated recombination of carriers,
that, compared to the spontaneous emission process responsible for photon emission
in LEDs, is a much faster process, less affected by the formerly cited loss mechanisms.

Efficiency droop limits the amount of optical power attainable from an LED for
a given chip area, meaning that if high-brightness high-efficiency operation is to be
reached, the area of the semiconductor chip needs to be increased. However, not only
this approach would increase the manufacturing costs, but it would also worsen the
optical performance of the lighting system in terms of light collimation. Since in an
optical system the product of a source emitting area and the solid angle of the emitted
beam does not decrease if the optical power is conserved, this means that the collima-
tion of a (relatively) large area source (up to 4mm?) as an High-Power LED, featuring
a large-aperture Lambertian emission pattern, would require an increase in the dimen-
sions of the optical elements, thus increasing the complexity and the cost of the final
illuminator. On the other hand, laser diodes feature a very small emitting area, in the
orders of tens of square microns, which allows for the design of cheaper low-divergence

LD-based light sources, like the ones employed in digital laser projectors.
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Introduction to part II

When it comes to Laser-Activated Remote Phosphors (LARP) lighting systems,
two main white-light generation approaches can be identified. These are either based
on the partial conversion of blue light (450 — 460nm) through a yellow phosphor blend,
or on the total phosphor conversion of near-UV light (380 — 410nm) into blue light,
which is then partially converted to longer wavelengths in order to attain the desired
chromaticity point. In principle, assuming phosphors and LDs with comparable ef-
ficiencies, the first approach shows an intrinsic advantage due to the reduced energy
loss in the conversion process (=~ 12.5%, considering excitation wavelengths of 400
and 450 nm). However, for high-power operation, the efficiency of the light source at
high current densities is the dominant factor in determining the global efficiency of the
LARP system. With regard to LEDs, this translates into a clear supremacy of NUV
sources over convential blue emitters [82], determined by the higher efficiency droop of
the latter at high injection currents. For laser diodes operating in stimulated emission
regime, however, the intrinsic inefficiency of blue emitters is less pronounced, and the
choice for a specific lighting approach becomes more bound to the technological lim-
itations of state-of-the art devices and to the optical design of the illuminator rather
than to the physical principles ruling the emission processes.

This work focuses on the reliability of blue-emitting phosphors for NUV (405 nm)
laser excitation. Devices featuring such emission wavelength have already proved their
reliability and the capability for DC operation at output power in excess of 7 W [83].
The high light intensity generated by those devices requires phosphor morphologies
with high thermal conductivity in order to face the self-heating due to Stokes loss and
to the non unitary quantum efficiency, as well as an elevated chemical stability under
high optical intensity/high temperature operating conditions. Aim of this work is to
analyze the variation in the luminescence and of the chemical and morphological prop-
erties of blue phosphors under such operating conditions, in order to pinpoint the root
cause of degradation and to determine a safe operating area for the material under
analysis. The results of the investigation are reported in chapter [§] following a brief

introduction on the fundamental properties of phosphorescent materials.
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Chapter 7

Luminescent properties of phosphors
for SSL

This chapter deals with the fundamental properties of luminescent material fol Solid-
State Lighting (SSL) applications. Luminescent materials, also called phosphors, are
typically inorganic crystalline materials, referred to as host lattices, that are inten-
tionally doped with a small amount of impurities (activators), like rare earth ions or
transition metal ions, usually responsible for the optical emission. Since the lumines-
cence process involves both the host-lattice and the activators, the electronic transitions
properties of those two components must be evaluated in order to fully understand the
dynamics of luminescence for a specific phosphor. Aim of this chapter is to describe the
physical fundamentals of luminescence in those materials, and to analyze the factors

that can impact on their optical properties.

7.1 Fundamentals of luminescence

The term luminescence defines the physical process for which a medium, after it is
excited by a specific type of external energy (EM radiation, electric field, e-beam,. . .),
releases its excess energy in the form of electromagnetic radiation either immediately or
over a long period. Like in semiconductor crystals, the luminescence process involves
the excitation, energy transfer, and subsequent relaxation of the valence electrons from

their excited states.
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7.1.1 Excitation process

In a luminescent material composed of an host lattice and activators, two kinds of
excitation processes mainly exist: direct and indirect excitation. In the case of direct
excitation, the activators directly absorb the excitation energy, promoting atoms to
the excited state of the activator ions. On the other hand, with indirect excitation the
host lattice first absorbs the excitation energy, which is then transferred to the excited
state of the activator ions. Since the energy levels of activator ions are usually located
between the conduction and valence bands of the host material, the energy required for
direct excitation is typically smaller. Thus, direct excitation processes are of primary
importance for SSL applications, since the wavelength range for efficient laser or LED
emission ranges from the near UV (390 nm) to the blue (460 nm), with corresponding
photon energies much lower with respect to other excitation sources like then ones
employed in fluorescence lamps or in cathode-ray tubes.

In order to interpret the excitation spectrum of a phosphor, the concept of config-

urational coordinate diagram must first be introduced.

The configurational coordinate diagram

The configurational coordinate diagram is usually employed to explain optical proper-
ties of a localized center in relation to electronic transitions, with particular focus on

the effect of lattice vibrations.

Figure 7.1: Example of configurational coordinate diagram, where U represents the
ground state and U “ the excited state.
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7.1. Fundamentals of luminescence

In this model, shown in Figure[/.1, an absorbing center and the ions at its nearest
neighbor sites are represented by plotting the total energy of the center in function
of metal-lingand distance R, or, more generally, in function of a generic coordinate
Q, called configuration coordinate, which represents an overall measure of the spatial
configuration of the absorbing center and of its neighbor. The (vibrational) energy
levels for the harmonic oscillator representing the activator-ion molecule are quantized.
Those levels are reported in the diagram of Figure[7.1] as vy, vy vs...15, for the ground
state U, where we can also see that for the lowest vibration level vy the system has the
highest probability of being located in the center on the parabola, at Ry. The same
considerations are also valid for the excited state U; whose minimum at Ry is shifted
by a value AR due to differences in the chemical bond of the excited state with respect
to the ground state.

The absorption of energy induces the transition from the lowest vibrational level 1
of the ground state U to some vibrational level v/, in the excited energy state U’. Due
to the Frank-Condon principle, electronic transitions are most likely to occur without
changes in the positions of the nuclei in the molecular entity and its environment
(vertical transitions), or, from a quantum mechanical point of view, the intensity of
a vibronic transition is proportional to the square of the overlap integral between the
vibrational wavefunctions of the two states that are involved in the transition. This
means that the probability of the process is greatest for transitions starting from R,
where the vibrational wave function has its maximum, and terminating at one of the
edges of the excited state parabola, as shown by the solid arrow. That transition
corresponds to the maximum of the absorption band of the phosphor.

With a reduced probability, transitions initiating from an R value different from R,
can also occur. Since the energy required for the transition to occur depends on the
relative position of Ry and Ry, and in particular on the relative position of the maxima
of the vibrational wave-functions of the excited state with respect to Ry, the shape of
the vibrational wave-function directly defines the excitation spectrum of a phosphor.

Thus, in general, the larger the value of AR, the broader the excitation spectrum is.

Selection Rules The previously cited overlap between the wave-functions of ground
and excited states is not the only factor determining the intensity of the absorption
process. In fact, the transition probability is also governed by the so-called selection
rules, derived from quantum mechanical principles. The two most important selection
rules controlling the probability of electronic transitions, and their feasibility, are the

following:
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e The spin selection rule. Only electronic transitions between states of the same
spin are allowed, meaning that the number of unpaired electrons in the external

orbitals must be conserved.

e The orbital selection rule. Transitions involving only a redistribution of electrons
within the same set of atomic orbitals are forbidden, that is Al = &1, where [ is

the orbital angular momentum quantum number.

7.1.2 The emission process
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Figure 7.2: Configurational coordinate diagram describing the phases of the absorp-
tion/emission process.

After an electron is promoted to an excited vibronic state, the excited ion thermally
releases (relaxation) some of its energy returning to the lowest vibrational level of the
excited state, 1), thus reaching an equilibrium state where the inter-atomic distances
correspond to an equilibrium position. From this state, the excited ions can return to
the ground state U by spontaneous emission of photons, reaching the vibrational state
at the corresponding coordinate R{,. Finally, with a second (non radiative) relaxation
process, the ion reaches the lowest vibrational levels of the ground state.

As for the absorption process, a distribution of probabilities for the starting points
of the emission transition exists, with a maximum in correspondence of Rj,. Since some
energy is non-radiatively dissipated prior to the emission, the emitting photons have
always a lower energy compared to the energy of the absorption process, which leads

to an energy difference between the positions of the band maxima of the excitation
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7.1. Fundamentals of luminescence

and emission spectra (Stoke’s shift). In the case of equally-shaped parabolas for the
excited and ground states, the energy loss due to relaxation can be estimated to be
equal to Shv for each parabola, where S is the Huang-Rhys coupling factor measuring
the strength of the electron-lattice coupling (S oc (AR)?) [84]. Hence, the Stokes shift

(SS) can be expressed as:
SS =2Shv (7.1)

where hv is the energy difference between two vibrational levels. Equation shows
that a small value of AR is desirable in order to attain a smaller Stokes shift, thus
increasing the luminous efficiency of the material for a given excitation wavelength. On
the other hand, a non excessively small SS value is needed in order to avoid photon

re-absorption and to reduce thermal quenching, as described in the following paragraph.

Temperature dependence of the emission process

Temperature affects the emission spectra both in terms of spectrum broadening and

intensity (thermal quenching).

Spectrum broadening. An increase in the phosphor temperature generally leads
to the broadening of the absorption and/or emission bands. By looking at Figure ,
we can see how the vibrational levels of both the ground and the excited stated are
increasingly populated with increasing temperature, which means the a larger overlap
factor between the vibrational wavefunctions of the electronic states can be attained.
The effect of temperature on the spectral broadening AFE can be approximated by the

following equation:
AE(T) =~ AE(0)y/coth(hv/2kT) (7.2)

where AF(0) is the bandwidth at 0 K, and hv is the energy of the coupling phonon.

Thermal quenching. Thermal quenching of emission is the phenomenon deter-
mining the decrease in emission efficiency with increasing temperature. Experimentally,
the luminescence intensity at temperature 7', I(T'), can be related to temperature ac-

cording to
1(0)

1—‘0 th
14 -9 _ Tt
Tr, o < kT)

where I', is the probability of radiative transition, I'y is a pre-exponential constant

I(T) =

(7.3)

and Ey, is the energy barrier for thermal quenching. From equation [7.3], assuming that
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ET > E,,, the temperature dependence of the emission efficiency can be expressed as

th
~ ce E— .
n cexp ( 2 ) (Z 4)

where c is a constant. For specific electronic configurations, thermal quenching of emis-
sion is mainly related to the thermally activated non-radiative de-excitation process,

schematically represented in Figure|7.3

Figure 7.3: Configurational coordinate diagram representing a thermally-activated non-
radiative transition.

The non-radiative transition can be explained by considering the existence of a crossing
point X between the ground and excited states which is at higher energy level with
respect to point O. In this situation, after the promotion to the excited state corre-
sponding to point O, the luminescent center is relaxed non-radiatively to the lowest
vibrational level corresponding to point B, as previously described. However, as tem-
perature increases, the center can be thermally activated from point B to the crossover
point X, from which it can reach the ground state and undergo thermal relaxation by
multiphonon emission along the X — C' curve. This mechanism reduces the probability
of emission due to direct transition from point B to point C, thus reducing the lumi-

nous efficiency of the phosphor.

Luminescent centers concentration dependence of the emission process

In principle, the emission intensity of a phosphor should increases with an increase
in the concentration of a luminescent center in a given host lattice. This behavior,

however, can be observed only up to a critical value for the concentration of the lu-
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minescent center: above this threshold value the luminescence intensity drops with

increasing concentration (see Fig.[7.4)).
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Figure 7.4: Emission intensity (left) and emission spectra (right) of Th3"-doped Ca-a-
sialon in function of Th3" concentration.

The origin of this phenomenon, called concentration quenching of luminescence, is
strictly related to the energy transfer between the luminescence centers: at the criti-
cal concentration, the distance between luminescent centers becomes so short that the
efficiency of the energy transfer process starts decaying. The two main mechanisms re-

sponsible for that decay are the donor-killer energy migration and the cross-relaxation.

Donor-killer energy migration. In specific cases, the excess energy gained by
the ion after excitation can be consecutively transferred to several centers before be-
ing radiatively released thanks to efficient energy transfer processes. However, energy
transfer may also occurs towards acceptor/trap states originating from impurities or
defects within the phosphor material. Since these acceptors then emit the absorbed
excitation energy through non-radiative thermal relaxation processes, they eventually

act as luminescence “killers”.

Cross-relaxation mechanism. This process describes the loss in energy trans-
fer among luminescent centers due to resonant energy transfer between two identical
adjacent centers with appropriate energy-level structure. This mechanism is responsi-
ble for the experimentally-observed concentration quenching of Th3" doped phosphors
(Fig.[7.4]), schematically reported in Figure

The quenching process can be interpreted as follows: for low concentration values
of Th3", the radiative emissions due to the °D; — "Fj transition dominates. With

increasing concentration, a resonant interaction between two neighboring Th3* ions
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Figure 7.5: Quenching of the "D, — “Fj emission due to cross-relaxation mechanism
in Th3*-doped phosphors.

may take place, thus inducing the transfer of part of the energy of the °Ds, °D, levels
of the excited (donor) ions to the “F,, "F levels of (acceptor) ions in the ground state.
As a result of cross relaxation, the donor ions will be in the °D, energy level, while
the acceptor ions will be promoted to the "F,, level. Correspondingly, the luminescence
due to the "D, — Fj transition is quenched, whereas the emission originating from
the °D, — "Fj transition is enhanced, as reported in the right plot of Figure.
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Chapter 8

Reliability of blue phosphors for

near-UV excitation

Within this chapter the operating limits of blue-emitting phosphors for 405nm ex-
citation are investigated. To this aim, several samples of Eu?"-doped commercial
phosphorescent material were first prepared by low-rpm spin coating and then sub-
mitted to thermal and/or optical stresses. The variation in the luminescence spectra
and in the chemico-physical properties of the phosphors were evaluated by means of
photo-luminescence measurements and advanced material analysis techniques. The ex-
perimental results, reported in the following sections, showed that both stress under
high optical excitation and high-temperature (>400°C) pure thermal stress can induce
the oxidation of the the Eu?" centers into Eu" ions, thus reducing the optical effi-

ciency at the emission wavelength of interest.
The work presented in this chapter is partially supported by the New Energy and

Industrial Technology Development Organization (NEDO), Japan, under the Strategic

Innovation Program for Energy Conservation Technologies.
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Chapter 8. Reliability of blue phosphors for near-UV excitation

8.1 Characterization of blue-emitting phosphor

8.1.1 Chemico-physical analysis

The phosphorescent pigment under analysis is the SAB-L pigment, by Nemoto Indus-
tries. This material has been developed in order to attain a peak emission wavelength
of 448nm (blue), whereas the excitation range, tuned for UV light sources, ranges from
200nm to 400nm (see Fig. [8.1]).
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Figure 8.1: SAB-L pigment characteristics. On the left: emission and excitation
spectra. On the right: particle size distribution. Data provided by the manufacturer.

From a physical point of view, the phosphorescent material is a white looking pow-
der, whose typical grain size ranges from 5 um to 40 um, with an average of about
16 ym. For experimental purposes, the powder was deposited onto a thermally con-
ductive sapphire substrate by a low rpm spin-coating technique. To be more specific,
the powder was mixed in a 50:50 ratio with benzyl alcohol (employed as solvent /carrier
fluid). A fixed amount of that mixture was then taken with a pipette and placed on top
of the sapphire substrate, previously arranged in the spin-coater. After the spin-coating
step, the phosphor-covered substrate was placed inside a thermal chamber at 250 °C
for 7 minutes, in order to let the solvent evaporate. After this deposition procedure, the
phosphor powder is spread in a solid phase across the surface of the substrate. Since
after the evaporation of the alcohol no foreign materials are present in the sample, this
procedure ensures that only the phosphor particles will be stressed and characterized.
Despite the absence of an encapsulant material may increase the risk of contamination
and degradation by external agents (moisture, oxygen, dust, etc...), the possibility of

analyzing only the bare material offers far more advantages.
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The quality of the deposition was evaluated by means of a profilometer with scan-

ning red laser interferometer (model MSA-500 from Polytec).
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Figure 8.2: SAB-L Profiling of a 0.5 mm by 0.5 mm portion of the phosphor-coated
surface. All units are in mm.

As can be seen from figure the variation in the height of the deposition, which
shows a peak to peak distance of 70um with a variance of 5.3um, is compatible with the
dimensions of the phosphor grains: this suggests that a very good level of deposition
quality could be achieved with the adopted technique. That conclusion was further
demonstrated by the ESEM images taken on an untreated sample, here reported in
Fig. [8.3} the detected variations are mostly related to the different particles dimensions

rather than to an improper deposition.

Figure 8.3: Backscattered electroncs ESEM images of the phosphor surface taken at
50x @ and 500x @ magnification.

The same ESEM apparatus, equipped with an EDX (Energy Dispersive X-Ray) anal-
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ysis module, was employed to retrieve some basic information regarding the chemical
composition of the luminescent material. The EDX spectrum, reported in Fig.[<8.4]

reveals the presence of O, Sr, P, Ca, Cl and Ba.
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Figure 8.4: EDX spectrum of an untreated sample of SAB-L phosphor.

Considering that the optically active element within the phosphor structure is Eu®", the
chemical analysis suggested that the composition of the phosphor under investigation,

not disclosed by the manufacturer, should not be dissimilar to
(St, Ba, Ca);(PO,);Cl : Eu*" (8.1)

which identifies a large family of Eu?"-activated alkaline-earth halophosphates usually
employed in the past as luminescence materials for fluorescence lamps, and, more
recently, for solid-state lghting [85]. By adjusting the relative concentration of the Sr,
Ba, Ca and Eu species it is possible to tune, within specific limits, both the emission and
excitation spectra, as well as to optimize the conversion efficiency of the material and
its reliability. For this specific case of study, chemical analysis suggests the following
concentration ranges: 0.66 < Sr < 0.83, 0.1 < Ba < 0.2, 0.05 < Ca < 0.1 and 0.02 <
Eu <0.04.

8.1.2 Optical properties

In order to characterize the emission properties of the luminescence material under
investigation, a custom setup for PL (Photo-Luminescence) measurement was arranged.
As visible in Fig.[8.5] the phosphor-coated sapphire substrate was placed on top of a
temperature controlled chuck. Above the sample, a collimated 375nm power-controlled
laser source was placed in orthogonal position (model LBX-375 from Oxxius, 16mW
maximum power). For power density evaluation, the shape and dimensions of the laser

beam were evaluated by direct imaging of the PL spot on the phosphor surface by

104



8.1. Characterization of blue-emitting phosphor
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Figure 8.5: Experimental setup for the characterization of SAB-L phosphors.

means of a digital microscope. Finally, the PL spectra were collected with a Labview-

controlled miniature spectrometer (model STS-VIS from Ocean Optics).
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Figure 8.6: PL spectra acquired under different 375 nm excitation densities at room
temperature (25 ° C) @ PL intensity in function of the laser excitation power for
three different samples and two different spot sizes @

With regard to the dependence on excitation intensity, the material under analysis
showed a good linearity over a wide excitation power density range (Fig. , which
testified than no saturation of the emission or thermal quenching were taking place.
Interestingly, the PL spectra showed a broad shoulder around 500 nm, probably due
to the specific tuning of the phosphor blend aimed at increasing the CRI and attaining
a specific green-shifted color point of the emitted light. This can be achieved by
increasing the ratio of the Cas(PO,);Cl : Eu®t to Srs(PO,);Cl : Eu*" species, which

feature a typical emission peak of 460 nm and 445 nm, respectively.
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The behavior of the PL emission in function of temperature is reported in Fig. [8.7]

Excitation wavelength and spot size employed are respectively 375 nm and 0.33 mm?.
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Figure 8.7: Temperature dependence of PL emission: PL spectra@ total emission in-
tensity (integrated counts per second) @, peak intensity |(c¢) and spectrum broadening
at 10% maximum @

Under constant excitation intensity, the spectra exhibited the expected reduction in
the peak intensity and the broadening of the spectral tails with increasing temperature
(Fig[8.7a]). The less than 4% peak intensity drop at 200°C for low excitation densities
reveals a very good thermal quenching behavior. Similar thermal droop was exhibited
at various excitation power densities, though the reduction in the total luminescence
was found to be more intense at higher excitation levels, but still within an acceptable
maximum 11 % drop with respect to the emission at 30°C (Fig,[8.7b)).

The observed spectrum broadening is a minor effect compared to the measured
spectral width of 150 nm (Fig,, nonetheless the uneven decrease in PL signal
across the whole range of emission caused the peak intensity, reported in Figure [8.7¢|,

to follow a linear trend with temperature, whereas the integrated emission from 400 nm
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8.2. Effect of thermal stress

to 650 nm followed a milder linear decay trend. The good consistency of the experi-
mental data retrieved from the three different samples further validates the employed

deposition method.

8.2 Effect of thermal stress

Due to the Stokes shift, and to the non unitary quantum yield, during high power
density operation the luminescent material can reach very high temperatures that
can negatively affect both the optical performance of the material and its long term

reliability.
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Figure 8.8: Thermography of the luminescent spot during 405 nm excitation at
3.2W/mm? and Tamp=25° C, with a spot size of 716 um by 567um.

For instance, the IR imaging of the stress spot during a 405 nm - 3.2 W/mm? excitation
experiment reported in Figure[8.§| shows a peak phosphor temperature well in excess
of 300° C. While the previously reported measurements showed that the luminescent
material under analysis should not be operated in such a temperature regime, since the
overall efficiency becomes limited by the thermal droop, a comprehensive analysis on
the effects of thermal aging is due, in order to identify the limiting operating conditions
in LARP luminaires with reduced thermal management capabilities.

To this aim, three sets of long-term degradation experiments have been arranged: (a)
a pure thermal stress under moderate temperatures (110°C to 300°C); (b) a pure ther-
mal stress at high temperature (450 °C to 500°C) and (c¢) a low temperature stress in
a moist environment (85°C, 80% humidity). This latter stress was aimed at finding
whether the oxidation processes that is typically responsible for the thermally-induced
degradation of Eu-doped phosphors could be accelerated by humidity or not [86], thus

proving the need for a proper phosphor encapsulant material.
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In the aforementioned experiments different phosphor samples were submitted to ex-
tended thermal cycles in climate chambers or muffie ovens. The characterization of the
samples, performed at regular intervals, was carried out by means of transmission PL
measurements. The experimental setup for PL analysis was arranged as follows: the
sample substrate was held vertically and placed in front of the spectrometer with the
phosphor coated surface pointing towards a 405 nm high-power LED, which was chosen
for this suite of tests as excitation source. In order to guarantee a constant excitation
power density on the sample, a feedback photodiode, shielded from the PL radiation
emitted by the phosphors, was employed in order to measure the LED intensity and
implement the current-control loop of the LED. The results of the long-term aging

experiments at constant (moderate) temperatures are summarized in figure 8.9
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Figure 8.9: Lorng-term aging at moderate temperatures: normalized trend over stress
time of the (transmitted) PL signal in @ linear and @ semi-logarithmic scale.

The degradation kinetics show no tangible worsening of the PL emission across all the
stress scenarios. By contrast, the material under investigation exhibited a noticeable
increase in luminescence. This process was not found to be thermally activated, and
did not induce significant changes in the spectral shape, aside from a minor decrease
in the relative PL emission in the long wavelength region between 475 nm and 500 nm
(see Fig.[8.10)).

On the other hand, the degradation kinetics at high stress temperature reported in Fig.
show remarkable (and reproducible among different samples) PL signal degrada-
tion, even during the first 50 - 100 hours of stress. In this case, the degradation process
was found to be thermally activated, with an activation energy for the TTF75¢, the
time required by the sample to lose 25% of its original PL signal strength, around

1.6 eV (preliminary estimation). As will be shown in the following sections, this be-
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havior may be explained by the thermally-induced ionization of Eu?" centers due to

high temperature baking in air environment.

110%

—

stress = 450 °C
=500 °C

TSTRESS

100% |

90% -

80% -

70% -

60% -

PL (integrated 450-460nm)
(405nm excitation)

50% 1 1 1 1 1
0 100 200 300 400

Stress time (h)

Figure 8.11: Lorng-term aging at high temperatures: normalized trend over stress

time of the (transmitted) PL signal.

8.3 Stress under optical excitation

8.3.1 Stress under 375 nm excitation

Temperature is not the only accelerating factor for the degradation processes of Eu-

doped luminescent materials. As testified by several reports, the prolonged exposure

to high-intensity and high-energy radiation can promote multiple degradation mecha-

nisms, including the photoinization of the Eu?" centers [87], the creation of optically

and electrically active traps [88] or the migration of Eu?* centers toward different crys-

talline sites [89]. In order to explore the reliability of the phosphor under investigation
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Chapter 8. Reliability of blue phosphors for near-UV excitation

towards high optical density operating conditions, we employed the same experimental
setup formerly described in section [8.1.2] In this case the laser source was kept on at
a fixed power (density) level for the entire course of the stress, while the PL spectra
were regularly sampled by the spectrometer. The results of the short-term aging at
very high excitation intensity, namely 25 W/mm?, and substrate temperatures ranging
from 30°C to 230°C are reported in figure 8.12
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Figure 8.12: Stress under optical excitation at 375nm - 25 W/mm?. @ PL trend
during stress at different substrate temperatures. Wavelength-dependent PL trend
during the stress experiments at 200 °C @ and 230°C .

The PL kinetics in plot show that up to a substrate temperature of 200°C the
degradation process was positively affected by temperature. Moreover, plot re-
veals a less prominent effect on the high-energy side of the spectra: since this peculiar
trend in the short-wavelength range could also be observed as a consequence of pure
thermal stress, we can conclude that probably the same temperature-driven degrada-
tion process was active during both stress experiments. Interestingly, above the 200°C

threshold, a competing mechanism responsible for the increase of the emission at the
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8.3. Stress under optical excitation

high-energy end of the spectra becomes visible (see Fig.[8.12¢). Due to the presence of
an antagonist degradation process, an to the fact that the actual stress temperature
of the heavily excited phosphor spot is unknown, the positive aging trend registered
during high-temperature and high optical excitation stress cannot be directly related
to the annealing phenomenon showed by thermally treated samples. Nonetheless, ad-
ditional information regarding the wavelength-dependent degradation process could be
obtained by further analysis of the PL data reported in Figure[.I3] which revealed
a strong correlation between the trends of the PL signal at high-energy and of the

reflected laser signal.
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Figure 8.13: PL signal and reflected laser signal trends during stress at 375 nm
excitation.

This correlation suggests that the PL trend, at least at the high-energy side of the
spectra, can possibly be related to a process responsible for the variation of the layer
reflectivity. This kind of degradation may be either due to the stress-induced opa-
cization or oxidation of the surface, or to the spatial redistribution of the phosphor
particles. In order to pinpoint the root cause for this change in reflectivity, spatially

and wavelength-resolved photo-luminescence maps of the stress spot were taken.

Figure reports the micrography of the stressed area, which clearly shows a redis-
tribution of the phosphor particles around a hole, visually appearing as a dark spot. As
shown by the PL map in Fig.[8.14bB] the dark spot has a highly reduced luminescence
at 453 nm, which correlates with the reduction in the global PL emission registered
during aging at 200°C and 25 W/mm?. This variation in the (wavelegnth-dependent)
optical properties of the stressed area, and of the sorrounding material, may be related
to a decrease in the photon absorption and/or escape probability due to stress-induced
changes in the refractive index or in the absorption coefficient of the material, as sug-

gested by Klaassen in [90].
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Figure 8.14: Morphological changes induced by high temperature and high optical
excitation stress on the phosphor deposition: micrography @ and false color 375 nm
excitation PL map selectively filtered at 453 nm @

8.3.2 Stress under 405 nm excitation

For the second series of degradation experiments under optical excitation, a 405nm
high-power laser diode was employed as optical source. Due the high availability and
the high efficiency of modern 405nm solid state sources, this excitation condition
represents the sweet spot from an engineering point of view [82]. However, the reduced
conversion efficiency of the phosphorescent material at this lower energy wavelength
may pose different reliability issues, especially related to the increased self-heating of

the material.
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Figure 8.15: Experimental setup for stress and characterization of blue-emitting
phosphors under high levels of optical excitation at 405 nm.

The characterization of the effects of prolonged exposure to 405 nm high-intensity radi-

ation was carried out by means of the experimental setup reported in figure [8.15] The
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8.3. Stress under optical excitation

optical source, a high-power 405nm LD capable of emitting up to 2.4W at 1.5 A, was
placed inside a thermo-controlled fixture and properly collimated. Optical feedback
for constant-power operation was achieved by means of a monitoring photodiode and
a beam-sampler, from which the outgoing excitation beam was redirected towards the
horizontally-placed sample with a common 45°mirror, and focused onto the phosphor
surface with a properly positioned lens. Finally, in order to attain complete power-
calibration of the setup, the readings of a power meter (model S142C from Thorlabs)
placed below the focusing lens were compared with the readings of the photodiode,
which were then employed as actual set-points in the control loop. With this experi-
mental apparatus we were able to replicate the same aging conditions employed for the
stress tests at 375 nm excitation.
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Figure 8.16: Stress under optical excitation at 405nm - 22.5 W/mm? - 200°C. @
trend during stress of PL signal. Optical image and secondary electrons
ESEM image of the excitation spot after stress.

Figure [8.16| summarizes the results of the long-term stress performed under optical
excitation at 22.5 W/mm? and 200 °C. The sample experienced a strong 55 % PL decay
during the first 20 minutes of stress. As visibile from figures [8.16b| and [8.16d, the
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extreme stress conditions induced a morphological degradation of the phosphorescent

layer, which underwent a phase-change into a glass/ceramic-like material.
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Figure 8.17: Stress under optical excitation at 405nm - 3.2W/mm? - 25°C. Trend
during stress of PL signal@and backscattered electrons ESEM image of the excitation
spot after stress @

For the following stress experiment, a milder 3.2 W/mm? excitation intensity and a
substrate temperature of 25°C were employed. In this case the PL trend exhibited a
10 % increase over stress time (Fig . In contrast to that, optical inspection of
the excitation spot revealed minor signs of morphological degradation of the phosphor
layer, including small cracks and a slight browning of the grains around the stress spot.
Degradation of the luminescent material was further confirmed by several other anal-
ysis. First, ESEM backscattered electrons imaging showed a variation in the chemical
composition of the optically excited area and of its surroundings . Secondly,
very low intensity LED excitation of the phosphor coated substrate revealed a dark
spot in correspondence of the stressed area (Fig.[8.18al).

Interestingly, the non-emissive spot could only be observed by direct excitation of
the phosphor surface, whereas upward illumination induced a uniform photo-emission:
considering that no complete absorption of the excitation radiation was taking place,
and thus the upper portion of the material could still be pumped from the back,
this behavior may suggest that only the upper layers of the phosphor were affected by
degradation. Lastly, a reddish PL signal, absent in untreated areas of the sample, could
be detected by low-intensity (0.21 W/mm?) 405 nm laser excitation of the stressed spot
(Fig.. As reported in Figure the spurious red luminescence was found to
have an emission linewidth ranging from about 609 nm to 624 nm, compatible with an

increased presence of Eu®" centers [91].
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Figure 8.18: Stress under optical excitation at 405nm - 3.2 W/mm? - 25°C. @ Com-
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In order to investigate step-by-step the spectral changes in the red spectral region
and to acquire further details on the kinetics of this degradation phenomenon, the same

stress experiment was repeated in a second spot of the same phosphor deposition.
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Figure 8.19: Stress under optical excitation at 405nm - 3.2W/mm? - 25°C (second

sample). Stress-induced variation of the PL spectra measured at 0.21 W/mm? in the

low energy region, with inset image showing the red emission of the aged phosphor

discernible by naked eye@ Spatially and wavelength resolved PL map of the stressed
spot (low-intensity excitation at 405 nm) @

Spectrum Intensity (a.u.)

As reported in figure the intensity of the red luminescence peak was found to
gradually increase with stress time, in an almost linear fashion. The extension of the

degraded red-emitting area was then evaluated by means of spatially and wavelength
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Chapter 8. Reliability of blue phosphors for near-UV excitation

resolved PL measurements (Fig.[8.19b)). The comparison between the monochromatic
emission maps at 452nm and 614 nm, respectively the peak emission wavelengths of
the phosphors and of the red luminescence, showed no peculiar differences. Assuming
from optical images that the red emission originates from the center of stress spot,
this may indicate that under the very low (LED) excitation condition employed for the
measurement, the process responsible for the observed spurious emission is relatively
weak. This reduced emission rate may either be due to a reduced concentration in
the chemical species which serves as optically active element, previously assumed to
be Eu?', or to an inherently low efficiency of the process itself, probably related to
a non-optimized chemical configuration of the host lattice or the the increased Stokes

shift related to the spurious emission process.

8.4 Advanced characterization of thermally and opti-

cally treated samples

The experimental results reported in the previous section showed that aging of the
phosphorescent material under moderate power densities can induce a catastrophic
degradation of its luminescence properties. Since the drop in the PL signal could be
related to an increase in a characteristic red emission around 613 nm, the degrada-
tion mechanism was preliminarily ascribed to the photo- and/or thermally-induced
auto-ionization of the Eu?* centers into Eu®" ions. In order to prove this hypothesis,
several samples of thermally and optically stressed phosphors were analyzed by means

of advanced characterization techniques, described in the following paragraphs.

8.4.1 High-sensitivity luminescence spectroscopy

By means of a high sensitivity spectrometer, model CAS 140CT by Instrument Systems,
the emission spectrum of the luminescent material was further investigated.

The results of the analysis, reported in Figure [8.20] show that as a consequence of the
thermal and/or optical stress, characteristic spectral lines become visible or disappear,
depending on the wavelength region. In Region I, UV treatment and annealing at
650° C induced the increase in the emission centered around 615 nm, which is commonly
ascribed to the "D, — “F, Eu®" transition [91, ©2]. Similarly, in region II stress
generated a spurious emission peak around 695 nm and 705 nm, which can be related
to the Eu®* °D, — "F, transitions [91, 93]. Finally, while the luminescence peaks of

region I1I can be associated with the °D, — "F transition of the Eu*" compounds,
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Figure 8.20: Low intensity normalized PL spectra in the long wavelength region ac-

quired by the CAS 140CT spectrometer. The UV treatment referred to in the plot

legend corresponds to the 405nm - 3.2 W/mm? - 25°C - 44 hours stress described in
Fig.[8.19
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Chapter 8. Reliability of blue phosphors for near-UV excitation

no reference was found for the 870 nm peak located in region IV. These experimental
results support the hypothesis that high-temperature or high optical excitation stress
may induce degradation of the material due to the ionization of the optically active

Eu?T centers into Eu?t ions.

8.4.2 Electron Paramagnetic Resonance(EPR)

PERPENDICULAR DETECTION

cr* standard
/ :
650° untreated
——650°1h

r)r— 700° untreated
—700°1h

750° untreated
——750°1h
1 " 1

2000 4000 6000 8000
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EPR Signal (T)
§ E%

o

Figure 8.21: EPR analysis of three different phosphor samples thermally treated for 1
hour at 650 °C, 700 ° C and 750 ° C.

Electron Paramagnetic Resonance (EPR) spectroscopy is a material analysis technique
aimed at finding and identifying atoms, ions or molecules with unpaired valence elec-
trons (free radicals). This technique leverages an external magnetic field to characterize
the nature of the bond between those electrons and the chemical species those belong
to. Since the optically active Eu?" centers in the material feature an electronic struc-
ture with unpaired valence electrons in the 4 orbital, this technique proved to be
suitable for our investigation. Although EPR is not a proper quantitative characteri-
zation technique, to ensure the highest possible repeatability the material was stressed
and measured in-situ inside the EPR tube, which is a quartz-made tube-shaped holder
that is inserted inside the resonant EPR cavity in order to probe solid and liquid-phase
samples with high intensity magnetic field. Moreover, reference and post-stress mea-
surements were both performed during the same day, with the EPR apparatus kept
switched on and in the same configuration. To this aim, the degradation process was
accelerated by performing 1 h long thermal stresses at the temperatures of 650 ° C,
700 ° and 750 ° C. Finally, unavoidable fluctuations of the EPR signal were taken into

account by normalizing the spectra to the value of a reference (solid) Cr¥" standard
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8.4. Advanced characterization of thermally and optically treated samples

introduced inside the tube prior to each measurement, then removed. The results of
the EPR analyses are reported in Figure [8.21}

As a consequence to the thermal stress, the (Eu?") EPR signal within the 0 — 3000
Gauss region experienced a decrease in intensity. The relative decrease was greater
for higher stress-temperatures. Thus, the analysis suggests that very high temperature
short-term stress can induce a significant decrease in the concentration of the Eu?"
species of the phosphor. The thermally-induced decrease was also found to be com-
patible with previous reports on the degradation of Eu-doped phosphors submitted to
high-temperature thermal aging [94].

8.4.3 X-Ray Photoelectron Spectroscopy(XPS)

In section we showed how moderate optical stress only degraded the surface layers
of the phosphorescent material. In order to further understand the effects of this lo-
calized degradation on the chemical composition of the material, XPS characterization
of both treated and untreated samples was performed. XPS, or X-Ray Photoelectron
Spectroscopy, is a surface analysis technique capable of quantitatively evaluate the
chemical composition and the electronic state of the elements within the first 10 nm
layer of a specific material. This is achieved by irradiating the surface of the sample
with X-rays and by measuring both the number and the kinetic energies of the elec-
trons emitted from the material. An XPS spectrum is then obtained by plotting the
number of detected electrons versus their binding energy. The number of electrons is
proportional to the amount of a specific element inside the probing volume, whereas
peaks in correspondence of specific binding energies identify the electrons configuration
within the atoms, and thus the material under investigation.

The XPS characterization of the blue-emitting phosphors was performed in col-
laboration with an external laboratory. The measurement parameters employed are
the following: Alk-a X-Ray source, 50eV pass energy, Cls reference signal and an
approximate scan depth of 1nm to 5nm. The results are reported in Fig.

Being the XPS a quantitative analysis technique, typically to the parts per thousand
range, the experimental data suggest that thermal stress induced a variation in the
amount of Eu centers near the surface of the material. In particular, thermal aging
at 500 °C showed a comparable increase of the both the Eu?" and Eu" XPS peaks,
suggesting a thermally-driven diffusion of the two chemical species towards the surface.
On the other hand, stress at 650 °C induced an increase in the relative amount of Eu®"
with respect to the concentration of Eu?": this observation is compatible with the

oxidation of Eu?", assisted by high temperature and by the oxygen-rich environment
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Figure 8.22: Variation of the phosphor XPS signature induced by thermal annealing

near the surface of the sample [92]. The same relative increase in Eu®" was previously

observed in literature by means of XPS on both thermally and UV-treated phosphors,

as reported in Figure [8.23
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Figure 8.23: Literature reports of @ thermally and @ UV-induced Eu®" oxidation
investigated by means of XPS analysis on Eu-doped blue phosphors (from references

[94] and [10]).

As suggested in [92], the degradation process may originate from the following reaction:
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where O,(g) is a gaseous oxygen molecule, V_ an oxygen vacancy and O, *" is an oxygen

ion in the lattice.

adsorbed in an oxygen vacancy inside the phosphor lattice near the surface. Since the
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8.5. Fast optically-induced phosphor degradation

adsorbed oxygen has a different valence with respect to oxygen ions in the phosphor,
the adsorbed oxygen atoms tend to reach a more stable electronic configuration by
capturing electrons from the diffused Eu?" ions near the surface, thus increasing the

number of Eu3™ centers.

8.5 Fast optically-induced phosphor degradation

In section the long-term stability of the luminescent material under moderate to
high optical excitation was investigated. Interestingly, what we found is that despite
the stressed phosphor in correspondence of the excitation spot exhibited severe PL
degradation and a spurious red luminescence (Fig., the trend over stress time of
the PL signal registered by the spectrometer showed an increase of the blue emission
(Fig.[8.174). In order to understand whether this behavior could have arisen from a
very fast degradation process, undetectable with the relatively slow spectral acquisition
system so far employed, the experiment was repeated with a slightly different setup. In
order to attain an higher temporal resolution during the acquisition of the PL signal,
the spectrometer was replaced with an amplified photodiode (model PDA36A-EC from
Thorlabs), carefully shielded from the 405 nm laser light reflected from the sample and
connected to an oscilloscope. Moreover, in order to discriminate between thermal
quenching-induced PL decay and non-recoverable phosphor degradation, a reference
PL measure at a safe 0.5 W/mm? excitation level was performed before and after each
stress. The results of the 21 i long stresses at 1.5 W /mm? and 3 W/mm? carried out
with the improved setup are reported in Figure |8.24]

NOTE: The experimental data reported in this section refer to a different second-
generation sample of luminescent material, which shares with the previously investi-
gated one the (general) composition and the behavior under optical excitation.

With regard to the stress under 1.5W/mm? excitation, the waveform of the PL
signal during stress in Fig.[8.24a] shows a 10.5 % difference between the peak and the
steady-state value. Interestingly, only a < 0.75% decay in the reference PL measure-
ment was registered (Fig.. This suggests that the PL decay experienced by the
sample is mostly related to a thermal quenching phenomenon and that 1.5 W/mm? is
a safe pumping intensity for the given deposition conditions and the thermal manage-
ment capabilities of the system. On the other hand, stress under 3 W/mm? excitation
induced a 71.8% decay in the steady-state PL with respect to peak value (Fig.[8.24d),
as well as a (non-recoverable) 54.56 % decrease of the reference PL signal (Fig.[8.24d)).

By comparing the experimental data of the two experiments, the following statements
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Figure 8.24: Short-term stress under 405nm optical excitation at 1.5 W/mm? and
3W/mm? . Reference measurements taken before and after stress at 0.5 W/mm?

are also reported in figures and @

can be made: (i) the degradation process is very fast, most of the PL decay occurs
during the first seconds of stress; (77) a recoverable PL decay is present and can be as-
cribed to the thermal quenching experienced by the luminescence material; (744) stress
at 3W/mm?, with a relatively small 0.1mm? spot size, induces severe damage to the

phosphorescent material.

Optical step-stress: 0.5 — 3.5 W/mm? (single spot)

The outcomes of the experiments described in the former section suggest that the
phosphorescent material under investigation is not suitable for continuous operation
at an excitation intensity of 3 W /mm?, thus actual excitation intensity limits must be
explored. To this aim, an optical step-sress experiment was arranged. A specific stress

spot was submitted to 12 s long stress steps under increasing 405 nm optical excita-
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8.5. Fast optically-induced phosphor degradation

tion, from 0.5W/mm? to 3.5W/mm?2. A reference measurement at 0.5 W /mm? was
taken before and after each stress step. A cool-down period of 300 s was employed
before low-intensity characterization in order to let the sapphire substrate and the
phosphors dissipate the heat accumulated during the stress. The results are reported
in Figure [8.25] Plot [8.250 shows that a sudden PL decay occurred after 400 ms stress
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Figure 8.25: Short-term optical step-stress under increasing 405 nm optical excitation.
PL transient in linear @ and semilog scale reference measurements waveforms
taken at 0.5 W/mm? after stress[(c)|and magnitude after each stress step of the relevant

PL signals @

at 2.25 W /mm?2. Above this excitation intensity the regime PL signal, i.e. the photo-
luminescence at the end of the 12 s stress step, drops to a fixed value corresponding
roughly to the emission during 0.5 W/mm? stress, whereas the reference PL measure-
ments starts decreasing in amplitude, meaning that stress above 2.25 W/mm? induced
permanent degradation to the phoshor (Fig.|8.25d)). The PL transients of the reference
measurements reported in Figure also show an increase of the initial PL decay
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Chapter 8. Reliability of blue phosphors for near-UV excitation

rate at 0.5 W/mm?, which suggests that permanent PL degradation was followed by an
increase in the non-radiative phenomena, possibly a stronger thermal quenching or an
increase in the concentration of traps inside the phosphor lattice, or by the worsening

of the heat-conduction properties of the material.

Optical step-stress: 0.5 — 18 W/mm? (multiple spots)

In order to evaluate the effects of a specific excitation intensity, and to understand what
is the variability introduced by the uneven morphology of the phosphor surface, the
experiment described in the former paragraph was repeated by changing the excitation
spot after each 12 s stress step. This was accomplished by moving the substrate and
adjusting the LD power to spot-size ratio. A second deposition, labeled sample 2 in
Fig., was employed for excitation intensities greater than 5 W/mm?.
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Figure 8.26: Normalized PL transients registered during short-term optical step-stress
under increasing 405 nm optical excitation.

Figure [8.26] shows the PL transients, normalized to their peak value, registered dur-
ing each stress step (normalization was performed in order to compare the optical
responses of different surface spots). For excitation intensities up to 2.25 W/mm? only
a slight drop in the PL signal at 12 s can be observed. As testified by the trend of the
reference PL signal reported in Fig.[8.27a] this decay is mostly related to recoverable
thermal quenching, despite some permanent material degradation is induced for optical
intensities greater than 1.75 W/mm?2. Above 2.25 W/mm?, a very fast decay of the PL
signal occurs; in particular, the delay between the beginning of the stress and the peak
PL decreases with increasing light intensity. This behavior can be explained consider-

ing that above a certain (power-dissipation) threshold, the self-heating of the material
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8.5. Fast optically-induced phosphor degradation

reduces the rate of optical emission, increasing even more the quantity of dissipated

power. This positive feedback rapidly increases the temperature of the stress spot, thus

annihilating the emission from this area and inducing permanent degradation of the

phosphor particles located nearby. This hypothesis is further confirmed by the com-
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Figure 8.27: Short-term optical step-stress under increasing 405 nm optical excitation:

reference PL signal trend at 0.5 W/mm?.

parison between the trend of the reference PL. measurement and the peak-to-regime
PL (Fig.|8.27b)), which shows that correlation between the two quantities is maintained

for non-critical excitation intensities (up to 1.7 W/mm?). When this critical stress

intensity is reached, the PL becomes more dependent on the phosphorescent mate-

rial surrounding the excitation spot, rather than on the severely heated (and partially

degraded) excitation spot itself.
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The severe degradation of the phosphors in correspondence of the excitation spot
was also confirmed by ESEM analysis, shown in Figure [8.28 For excitation intensities
greater than 10 W/mm?, fusion of the material and transition to a glass-like phase

could be clearly observed. Aside from this morphological change, a reduction in the

concentration of Chlorine for the stressed material was also found (Fig. [8.28h|i8.28¢]).

8.6 Conclusions

In this chapter the robustness and the degradation mechanisms of blue-emitting phos-
phors for near-UV laser pumping were investigated. By means of a series of long-term
aging and short-term stress experiments under optical excitation and/or high tempera-
ture environment, the limits for continuous operation of the luminescent material were
found. In particular, the phosphors demonstrated good stability during pure ther-
mal treatment in air up to 300°C. For temperatures equal to or greater than 450°C
the material exhibited a time-dependent drop in the PL, which was attributed to the
thermally-induced autoionization of the Eu?' optically active centers. By means of
different material characterization techniques, such as EPR, XPS and high-sensitivity
optical spectroscopy, evidence of this degradation process were also found on samples
stressed under moderate 3 W/mm? optical excitation. This indicated that the optically
(and thermally) induced ionization of the Eu?" species is the most critical degradation
process for this family of phosphorescent material.

In addition to that, short term stress under 405 nm optical excitation revealed that
a threshold excitation intensity Ity for continuous pumping of the 2°¢ generation lu-
minescent pigment exists. The threshold value Ity was found to be in the 1.5 W/ mm?
to 2W/mm? range for the given deposition condition: this threshold excitation may
depend on the specific morphology of the area under analysis, as well as on the thick-
ness of the deposition and on the type of substrate employed. Above Ity, decay of
the steady-state PL intensity and/or degradation of the material occur with respect
to lower excitation intensity, which suggests that the material is being operated in an

unuseful excitation regime.
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Degradation mechanisms of

heterogeneous ITI-V /Silicon laser
diodes
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Introduction to Part III

Photonic Integrated Circuits (PICs) represent an excellent solution for improving the
performance and reducing the cost of telecommunication and optical interconnection
technologies in the 1.31 um and 1.55 um spectral ranges. The on-chip integration of
both active (laser diodes, photodiodes) and passive (couplers, modulators, filters, mul-
tiplexers ...) photonic elements offers many advantages. The reduction in the size of
the devices and in the number of optical and electrical interfaces allows for a decrease
in the total system cost, also paving the way for large-scale manufacturing.

To this aim, the SOT (Silicon-On-Insulator) technology has been heavily explored
by PICs researchers over the last decade [95] [96] [97]. Due to its maturity, this technol-
ogy offers high yields and low manufacturing costs, while being fully compatible with
standard CMOS processes. Owing to its indirect bandgap, silicon is not suitable for the
fabrication of efficient optical sources. Despite numerous attempts made in this direc-
tion [98] 99, 100], many researchers and industries have now focused their attention on
the heterogeneous integration of I1I-V based sources (lasers diodes (LDs) or light emit-
ting diodes (LEDs)) on the SOI platform [101], 102, 103]. With this kind of approach
the optical source can be separately grown through a III-V specific process, and then
transferred to the SOI wafer by means of a wafer bonding process [104] [105] [106]. This
procedure is performed at relatively low temperatures, usually below 350 °C, in order
to minimize the issues related to the large mismatch between the thermal expansion
coefficient of III-V semiconductors and silicon [107]. However, while these optimized
wafer-bonding techniques and the introduction of Super-Lattice Structures (SLS) have
greatly improved device reliability [108, [13], an in-depth investigation on the degrada-
tion mechanisms of such novel heterogeneous devices has not been presented to date
in the literature.

The aim of the work reported in the following chapters is to improve the understand-
ing of the degradation mechanisms that limit the reliability of future heterogeneous III-
V/silicon laser diodes. For this purpose, a series of accelerated aging tests have been

performed on experimental heterogeneous DBR LDs emitting at 1.55 um, provided by
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Introduction to part II1

the optoelectronics research group of the University of Santa Barbara (UCSB). An
extensive characterization based on electro-optical measurements, capacitance-voltage
(C-V) characterization, and Deep Level Transient Spectroscopy (DLTS) was carried
out to identify the root cause of degradation.

The results of this analysis are described in Chapter [I0] after a brief introduction
on the fundamental properties of semiconductor lasers and on the working principles

of the capacitance-DLTS technique.
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Chapter 9

Laser diodes: working principles and

advanced analysis techniques

This chapter briefly describes the fundamental properties of laser-diodes. By consid-
ering the separate contributions of the different recombination mechanisms inside a
semiconductor device, and by taking into account the electro-magnetic amplification
effect produced by stimulated recombination within a gain medium in an optical cavity,
the basic output-power versus injection current relation of a Fabry-Perot laser diode
is derived. The parametric dependencies highlighted by this equation, either above or
below threshold, are of primary importance in addressing the degradation mechanisms
responsible for the worsening of the optical performances of semiconductor lasers.
The second section of this chapter introduces the concept of deep-level transient
spectroscopy as an experimental approach for the characterization of deep-levels within
a semiconductor device, with particular emphasis on the working principles of the

commonly-employed capacitance-DLTS technique.
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9.1 Working principles of laser diodes

Efficient optoelectronic devices employ double-heterostrutures in order to spatially lo-
calize the carriers inside the active region, thus maximizing the rate of radiative recom-
bination processes. If [ is the current injected at the terminals of the device, and V is
the volume of the active region, then 1;1/qV electrons per second per volume unit are
injected into the active region. The prefactor n;, also called injection efficiency, takes
into account the possible leakage and recombination paths that may operate in shunt
with the active region, thus effectively reducing the population of injected carrier that
could contribute to the generation of photons. Within the active region, the carrier
density (V) is governed by a dynamic process. From a mathematical standpoint, the
variation in the population of carrier can be expressed by the so-called rate equation,

given by
dN

dt

where Gy, is the rate of injected electrons and R, is the rate of recombining electrons

= Ggen — Ryee (9.1)

per unit volume. From what previously found, the term 7,I/qV represents the genera-
tion rate Gy, whereas the recombination rate R,.. takes into account all the possible
radiative and non radiative recombination processes that contribute to consume the
population of carrier injected within the active region.

Several mechanisms participate to the recombination process. Aside from the con-
tribution of the spontaneous emission (R,,), and of the non-radiative recombination
processes (R,,), a carrier leakage rate (R;) that takes into account the fraction on in-
jected carrier that escape from the active region due to poor lateral confinement must
be taken into account. Finally, by also considering the net stimulated recombination,
including both stimulated emission and absorption, the recombination rate R,.. can be
written as

Rrec = Rsp + Rnr + Rl + Rst (92)

where the first three terms describe the unstimulated recombination process, while
the fourth one requires the presence of photons. With regard to the unstimulated
recombination, a carrier lifetime 7 related to a natural decay process can be defined
considering that dN/dt = N/7, where N/ = R,, + R,, + R;. Thus, the fundamental
rate equation can be rewritten as

dN  nmI N
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9.1.1 Stimulated recombination in semiconductor lasers

Above threshold, the main photon generation process in the device is the stimulated
emission (Rs). Due to this process, when an electron-hole pair is stimulated to recom-
bine, another photon is generated. Since the cavity volume occupied by photons (V)
is usually larger than the volume of the active region populated by free electrons (V),
the photon density generation rate will be reduced by factor of [V/V] with respect
to Rg. The aforementioned electron-photon overlap factor is generally referred to as
the confinement factor T'. For this reason, it is convenient to model the dimensions
of the cavity by means of effective thickness (desy), width (weyys), and length (L) that
define the region where photons are propagating. Hence, if the active region populated
by free carriers has dimensions d, w and L,, the confinement factor can be expressed
as I' = I,I',I",, where I';, = d/dcss, I'y = w/wesp and I', = L,/L. This concept is
reported in Figure[9.1]

Light

Active: N, Np,V
out

e E e ommomom o= oA om

Mirror 2
In-plane laser

Figure 9.1: Schematic view of an in-plane laser cavity illustrating the active layer
(cross-hatched) and the photon cavity (dashed lines) volumes. The reference coordinate
system is reported as well (image taken from [109]).

Like injected carriers, also photons propagating inside the optical cavity are subjected
to several loss mechanisms. Mainly, photons can be lost due to optical absorption and
out of mode scattering, as well as due to the output coupling mirror, where a portion of
the resonant mode is coupled to an output medium (air, fiber, waveguide,. .. ). The net
loss of photons can be characterized by a photon (cavity) lifetime 7,, hence, similarly to
the rate equation for carriers defined in[9.3] a rate equation for photons can be written
considering the related generation and the loss terms:
dN, N,

. = FRst + FﬁspRsp -

94
dt Tp (9-4)

where N, is the number of photons per unit volume and [, is the spontaneous emission
factor, that for uniform coupling to all modes is the reciprocal of the number of optical

modes in the bandwidth of the spontaneous emission process. Equations [0.3] and [9.4]
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can be solved to evaluate the steady-state and dynamic responses of a laser diode. To

this aim, the dependence of the various terms on N and N, must first be made explicit.

Figure 9.2: Photon gain per unit length for photons of density N traveling through a
small portion of gain material AZ (from [109]).

The term Ry, is a generation term for photons, since it represents the net photon-
stimulated e —h recombination which generates photons. The growth in photon density
from an incoming value N, to an exiting value of N, + A, as it propagates through
a small length AZ of active region, schematically represented in Figurel9.2| can be

described in terms of gain per unit length g, by considering that:
N, + AN, = N,e?* ~ N,gv,At (9.5)

where we assumed that for small values of Az exp(gAz) ~ 1+ gAz, and we employed
the relation Az = v,At, with v, being the group velocity. Thus, assuming a unitary

confinement factor, the generation term form the photon rate equation becomes

dN, AN,
—r =Ry = PN 9.6
( dt )gen ! dt 9% (9:6)

where the dependency of the term ¢ on photon and carrier density is not explicated.
This quantity can be evaluated by means of Einstein’s approach to the description of
the interaction between EM radiation and electronic states, as shown in the following

paragraph.
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Einstein’s A and B coefficients and optical gain

The rate of absorption ed emission of photons between two generic energy levels in
an atom can be described in terms of the rate equations based on Einstein’s A and B
coefficients. This approach consists in applying rate constants to the three radiative
processes appearing in Eq.[9.4] assuming that these rates must be proportional to

the carrier density. In this context, an A coefficient is associated with spontaneous

2—1
sp

level), whereas the B constants are associated with stimulated processes (stimulated

1—2
Ssp

physical point of view as transition probabilities (per unit time): that is, if Ny is the

processes (spontaneous emission R2*' from the higher (2) to the lower (1) energy

emission R?%! and absorption R!’?). Einstein’s constants can be interpreted from a
number of excited electrons in level (2), the rate of spontaneous emission, which is the

number of transitions per unit time, is given by
R?;l = A21N2 (97)

On the other hand, since stimulated processes have to take into account the density
of available photons at the energy of interest, B rates are weighted by the radiation
spectral density p,. At thermal equilibrium, this spectral density corresponds to the
black-body radiation defined by Plank’s law:

8thy? 1
Pv= "3 gkl _q

(9.8)

where ¢ is the light speed in vacuum, h is Plank’s constant and v is the frequency of
the EM radiation. Thus, the rates of absorption and of stimulated emission can be

written as:
R = Baup,Ny Ry = Biap, Ny (9.9)

where By, and Bjs are constants that represent the probability per unit time and unit
frequency of stimulated emission and absorption, respectively.

At thermal equilibrium, the number of upwards transitions must equal the number
of downwards transitions. By imposing By + As; = Bio, and solving for p,,,, we obtain

that
Ay /By

= (Bi2/Ba1)(Ni/Ng) — 1

(9.10)

Since the population of the energy levels is dictated by the Boltzmann statistics, that

—E;/kT

means that the occupation of the j-th level is proportional to N; o< gje , where g;

is the degeneracy of the specific level, defining the number of electronic configurations
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associated with the same energy. From that observation, we can write that

M _ 91 mmpr _ 91 kT (9.11)
Ny go 92

If the quantity found in equation is inserted into equation [0.10] and compared to
, we can write that:

. A21/B21 i A21/321 . 87ThV3 1 (9 12)
pl/ - (312/821)(N1/N2) — 1 - BlQQl ehll/kT . 1 - 03 ehl//kT _ 1 .
Bs1g2

where the last identity is true for all temperatures only if the the following two equation

hold:
A21 . 87Thl/3

B21 03

While the second term establishes a fundamental link between stimulated and sponta-

Biagr = Bnga (9.13)

neous emission processes, strictly dependent on the photon density, the first equation
shows that if the degeneracy of the levels is equal, the probabilities of stimulated ab-
sorption and emission are equal, that is B1s = By;. Hence, the ratio of the stimulated

to spontaneous emission rates can written as

R?fl _ BleVNQ _ &
R;t_ﬂ Biap, Ny M

(9.14)

This is a fundamental outcome, since it revels that in order for stimulated emission to
prevail on absorption, and thus attain Light Amplification by Stimulated Emission of
Radiation (the LASER effect), a condition of inversion of population, Ny > N, must
be first reached.

At this point, a general form for the optical gain ¢ in a two-levels system can be
derived by considering from equation that:

1 aN,
N, dt

g (9.15)
If we consider only the coherent photons emitted through the stimulated recombination

process, then

dN,
N, dt

p

= R?t_ﬂ - R;t_ﬂ = By1py Ny — Biapy N1 = (Ny — N1)Baipy (9.16)
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where we assumed By, = By;. Hence, if we approximate the group velocity v, with the
speed of light in the medium ¢/n, and the photon density p, with the photon density
around a central frequency vy with band Av given by p(vy) = N,hvy/Av, we obtain
that:

hvgn

Ny — N{)B = (N, — N{)Byy—— 9.17
o, p( 2 1) 210(7/0) ( 2 1) 21Auc ( )

Q(Vo) =

In semiconductor lasers, the population inversion is related the concentration of excess
carriers N injected into the active region. Thus, equation can be re-written in

function of the carrier density, obtaining
g=g3gn~ CL(N — NtT‘) (918)

where «a is the differential gain coefficient and N, is the transparency carrier density.
The linear relation presented in [0.18] approximates the logarithmic dependence of ¢
on the carrier density that derives from a proper material-related quantum-mechanical

extrapolation of the gain factor.

9.1.2 Threshold gain in lasers

Equation shows that once a sufficient amount of population inversion is reached,
the density of photons traveling through the gain medium, the active region of the
semiconductor device, is progressively increased by the stimulated emission process.
However, as summarized by equation [0.4 photons loss mechanisms within the cavity
can reduce the optical field density, thus reducing the ratio of stimulated to spontaneous

emission given by:
R _ Bap, Ny lep
Rz Ag1 Ny An""

(9.19)

which is directly proportional to the photon density term p,. In order to evaluate the
internal (photon) losses of a laser, we can consider the schematic view of an optical
cavity with gain medium reported in Figure[9.3]
The amplitude of an electric field that propagates longitudinally along the y-axis can
be written as

E = é,E,Ul(x, e)ed @52 (9.20)

where U(z,y) is the transverse field profile. In particular, the spatial dependence of
the amplitude derives from the term e 7%, where B is the propagation constant of the
mode. This complex propagation constant includes both the incremental transverse

modal gain g,, = gI';, (assuming g(z,y) to be constant in the active region) and the
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Figure 9.3: Simplified view of an EM mode longitudinally propagating in a laser cavity
[109].

internal modal loss «;. Hence,the progation constant can be written as:

B=pB+jBi=p+ %(gxy — ;) (9.21)

where 8 = 2mn/\, g, and «; are found from weighted averages of the gain and loss
across the transverse mode shape, and the 1/2 factor takes into account the dependence
on power, rather than on amplitude, of these two coeflicients.

From a simplified point of view, most laser cavities can be divided into two sections:
an active (g # 0, ay, # 0) section of length L,, and a passive (¢ = 0, a;, # 0) section of
length L,. The propagating mode is reflected by the end mirrors, which have reflection
coefficients 71 and r, respectively. The amount of transmitted power (non reflected
and non absorbed) is potentially useful output. In order for a specific mode of the
laser to reach threshold, the gain in the active section must be increased so that all the
formerly mentioned propagation losses are compensated: in this condition the electric
field exactly replicates itself after one round-trip in the cavity. From a mathematical
perspective, this condition imposes the equality of the electric field at z = 0 and z = 2L,
considering the reflection term due to the mirrors at z = 0 and z = L. By employing
those boundary conditions in Equation[9.20] the following relation, valid at threshold,
can be obtained:

riroe20ala =20 Ly — (9.22)

If we consider the magnitude terms of equation [9.22] and solve for I'y,gs, Lo, We obtain

1
Fa:ygthLa = Qo Lq + aipr +in <_) (923)
172

By defining the average internal loss () as (aLa + upLy)/L, and by dividing the

former equation for the total cavity length, we obtain that the average threshold gain
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is equal to

(gtn) = Dgen = (ou) + %ln (%) = (o) + am (9.24)

where we also considered that, for L, > X\, I';,L,/L ~ I';,I', = I'. Equation m
provides the cavity loss parameters necessary to calculate the threshold gain for an
in-plane cavity laser.

On the other hand, the phase term of equation [9.22|imposes the oscillating condition
of the mode to be exp(2j5,L,) exp(2j5.L,) = 1, that is, 5, L.0pL, = mm, with m being

an integer number. In other terms:

2
)‘th = E[’I’LaLa + ’I'Lpr] (925)

If we assume equal refractive indexes n, and n,, which is generally not true since n
depends on both carrier density and wavelength, equation [9.25| gives

At
2n

L=m (9.26)

which specifies the modal oscillating condition inside a generic Fabry-Perot optical

cavity.

Y

Y

(b)

Figure 9.4: Approximate gain-carrier density relation (a) and carrier density Vs. cur-
rent relation (b) in a laser diode (from [109]).

An important observation must be made on the behavior of the LD steady-state gain
above threshold. In fact, once all the internal and mirrors losses are overcome, the gain
value must remain fixed at the threshold value gy, defined in equation otherwise
the optical field would increase without any bound, which is a condition the cannot be
physically sustained. Moreover, since the gain is monotonically related to the carrier
density (see Eq., this requires that also the carrier density must clamp at its
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threshold value. From these observations, the two following relations hold for above-

threshold steady-state operation:
g(I > 1) =g,  N(I>1Iy) =Ny, (9.27)

as reported from the graphs of Figure[0.4. From a physical standpoint, the clamping
of the threshold gain can be explained considering that as current density is increased
above I, an initial increase of N and g occurs. However, since also the stimulated re-
combination rate is increased, the excess amount of carriers is rapidly (in the ns range)
decreased by the recombination process, to the point where the conditions defined in
[0.27] are again satisfied.

9.1.3 Output characteristic of a laser diode

In order to derive the output characteristic of the laser diode we should start by evalu-
ating the rate equation given in[0.3]in steady-state (dN/dt = 0) at threshold (N = Ny,
I = I, Ry = 0), thus obtaining:

e
qV

Ny

= (Rsp + R, + Rl)th = (928)

Since the middle term depends monotonically on NV, also its value clamps above thresh-
old; hence by substituting Eq.[9.28into the rate equation[0.3] and considering that from
Eq.[9.6] we have that Ry, = Npgv,, we obtain the above-threshold carrier rate equation
and steady-state photon density, given by

dN I— 1y I — Iy,
; — N,qgv N, =n———
p9Ug p =1 quggth

E_m qV

(9.29)

The value of NV, in can be used to calculate the optical output power by multiplying
the energy stored inside the optical cavity, given by E, = N,hvV,, times the energy

loss rate through the mirrors, equal to 1/7,,, = vya,,, thus obtaining
P, = vy, N,hv'V, (9.30)

By substitution of[9.29 and [9.24] into [9.30] and considering that V,, = Vi, we obtain the

fundamental equation defining the L-I characteristic of a laser diode above threshold:

P =, (@a_m> AT (9.31)

D+ am) q
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which dictates that for I > I, the output optical power (from both mirrors) linearly
depends on the injection current (Fig.[9.5)). This linearity holds as soon as the gain-
current relation, the internal efficiency, the confinement factor, and the cavity losses

remain constant with increasing current above threshold.

Stimulated
emission

Figure 9.5: Output power characteristic of a laser diode.

LD slope efficiency In equation [9.31] the factor

hw _mam v (9.32)
q () +am q
represents the slope of the L-I curve of the laser diode above threshold, also called
Slope Efficiency (SE). This quantity can be interpreted as the efficiency of the injected
carrier to coherent photons conversion process operated by stimulated emission, and
is measured in W/A. Dividing the SE by the term hv/q we obtain the number of
photons exiting the laser per number of injected electrons, which is the differential
quantum efficiency nq.
The slope of the L-I curve below threshold has different dependencies. If we don’t
consider the stimulated emission term and solve the photon rate equation for N,

under steady-state conditions, we can find that
N, =TI'Bs,Rsp7p (9.33)

By combining the former equation with the relations found in [9.3] [0.30] and [0.24] the

spontaneous emission into the lasing mode can be written as:

e hv
Py sy =1 | ———— | —Bspd 9.34
b nn(<&l>+am) qﬁp ( )
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where 7, is the radiative efficiency of the spontaneous (LED-like) emission, defined
as Rsp/(Rsp + Rnr + R;). Above threshold the sub-threshold emission clamps at the

value determined by Eq.[9.34 with I = I;,, while the spontaneous emission increases as
described by Eq.[9.31]
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9.2 Deep-level transient spectroscopy (DLTS)

In a semiconductor crystal, a defect represents a (more or less) localized interruption
of the periodic lattice structure. The loss in periodicity of the atomic structure, i.e. of
the atomic potential, induces the formation of allowed energy states, called deep-levels,
within the forbidden energy gap separating valence and conduction bands. According
to the Shockley-Read-Hall (SRH) model [I7, [I8], the rate of non-radiative recombi-
nation through those deep-levels is strictly dependent of the characteristics on those
energy levels, as well as on other extrinsic factors like the temperature and the carriers
concentration. Since recombination trough deep levels, also called traps, reduces the
amount of free carriers that can potentially participate to radiative (emission) pro-
cesses, thus lowering the optical efficiency of the device, the identification and the
reduction in the amount of traps within an opto-electronic (and electronic) device is
of primary importance. To this aim, several analysis methods have been developed
in the past. Among the non-destructive techniques, capacitance DLTS, or Deep-Level
Transient Spectroscopy, is the most effective when dealing with defects in semiconduc-
tor structures featuring a depletion region. The working principle of this technique,
which has been employed to characterize the IR lasers analyzed in chapter[10] will be

presented in the following sections.

9.2.1 Capture and emission properties of deep-levels

In order to define a characterization technique capable of detecting and identifying
deep-levels in semiconductor devices, the recombination dynamics that involve capture
and emission of carriers through these states must first be explored. Generally speaking,
a deep-level can interact with charge carries through four different processes, which

involve the capture or the emission either of an electron or of a hole (see Fig.[9.6).

electron electron
capture emission
T i1 -
{i electron trap
T‘:i hole trap
— ———VB
hole hole
capture emission

Figure 9.6: Possible interactions between localized energy states within the energy gap
(traps) and free carriers.
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Considering that at thermal equilibrium the rates of capture (c,,c,) and emission

(én, epn) of carriers must be equal, the following relations can be found [110]:

Vo Ne exp (_EC - ET) (9.35)

VthUpNv e ET - EV
n — = ————€X e —
KT P

N kT

and

Cpn = VipOnN Ch = VinOpp (9.36)

where vy, is the electron (hole) thermal velocity, proportional to \/W (m* being
the electron (hole) effective mass), o, is the electron/hole capture cross section of the
defect, n and p are the electron and hole concentrations, No and Ny are the effective
densities of states in the conduction and valence bands, g is the degeneracy of the
deep level, k is the Boltzmann constant, EFr,E- and Ey are the energies of the deep
level, the conduction and the valence bands, and T is the absolute temperature. The
value AFE represented by Er — Ey and by Ec — Ep corresponds to the depth of the
trap, or its free energy, from the band-edge to which the trapped carrier is emitted. In
particular, equation shows that the emission rates are proportional to a Boltzmann
factor exp (—AFE/kT), and thus depend exponentially on the value of AFE, also called
activation energy of the deep-level (E,). Considering that an electron trap is a trap
that tends to be empty, and thus able to capture electrons, whereas an hole trap is a
trap that tends to be full, thus able to capture holes, and assuming the capture rates to
be zero, the former observations suggest that an electron trap is more likely to be found
in the upper part of the energy gap, where the electron emission process proportional
to
x exp (—AE/KT) with AE=Ec—Epr < E,;/2

is much faster than the hole emission process
x exp (—AE/KT) with AE=Er—Ey > E,;/2

A corresponding inverted relation is valid for hole traps, which are more likely to be
found in the lower part of the energy gap.

Capture cross-section ¢ and activation energy F, are peculiar characteristics of a
specific defect that define its emission properties. Equation [9.35] suggests that those
two parameters can be measured by evaluating the temperature dependence of the

emission rate of the deep-level. Once those experimental data have been acquired, the
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temperature dependencies in equation [9.35| can be explicitated by considering that

2

omme kT\?
B =

Vg, X Tz and Ny = 2(

hence the quantity N., vy, o T2. Then, by dividing both terms for 72 and by taking

the natural logarithm, the following equation can be written:

T? Er
n(T?/enp) =In | —— | + — 9.37
( / 7h) (Un,hytth,v> kT ( )
Equation shows that by plotting the emission rate-temperature relation as In(7T?/e,, )
versus 1/kT (Arrhenius plot), the activation energy of the trap corresponds exactly to
the slope of the (ideally linear) resulting curve, whereas the capture cross-section is
determined by the intercept with the y-axis. An example of an Arrhenius plot extrap-

olated from DLTS measurements on an AllnGaAs-based heterostructure is reported in

Figure[0.7 from [111].
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Figure 9.7: Example of an Arrhenius plot related to an electron trap in a quaternary
AllnGaAs alloy.

With regard to the temperature dependencies of equation two further con-
siderations should be made. First, the electrons and holes capture cross-section are
in general temperature-dependent. Even though some defects may not explicitly show
this dependence, phenomena like carrier capture by multiphonon emission via lattice

relaxation may occur [112]. In this case the capture cross-section has the form:
0 =0 exp(—E,/kT) (9.38)

where E, is the (thermal) activation energy of the cross section. Thus, the rate of
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emission of electrons to the conduction band can be re-written as follows:

Vin O oo N, ( AE + EU)

o (9.39)

en =
which highlights the two different components for the activation energy of the emission
process.

The second observation regards the physical meaning of the parameter AE. What
was previously referred to as the thermal activation energy of the emission process,
from a thermodynamical standpoint is the Gibbs free energy of the ionization reaction,
defined as

Ec—Er=AE=AH—-TAS (9.40)

where AH and AS are, respectively, the changes in enthalpy and entropy due to
change in the charge state of the deep-level. By explicating these two quantities, the
Boltzmann factor in equation becomes

exp (—AE/KT) = exp (—AH/KT) exp (AS/k) (9.41)

which shows the only the enthalpy of the deep-level can be extrapolated from the slope
of the Arrhenius plot, not its free energy. Actually, the slope extrapolated from the
Arrhenius plot represents the free energy at T' = 0K, which differs from the free energy
at the measuring temperature due to the (non-linear) temperature dependence of the
energy-gap value. Therefore, the accurate estimation of the depth in energy of a trap
requires the knowledge of the E4-T relation for the specific semiconductor material
under investigation. Moreover, since the entropy changes for ionization reactions in
semiconductors is within 0 < S < 6k, the added exponential prefactor may be as high
as 400, thus leading to large errors in determining the capture cross-section of the

Arrhenius plot.

9.2.2 Capacitance-DLTS

In the previous paragraph an analytic relation between the emission rate of a deep-
level and temperature was presented. As this relation can be exploited to extrapolate
important features of a deep-level, i.e. its capture cross-section and activation energy,
a technique able to measure the (e, T’) relation is needed. To this aim, several methods
based on the measurement of the (small-signal) C-V characteristic were introduced in
the past. These techniques track the variation induced by the presence of defects to

the capacitance associated with the depletion region of a p-n junction or of a Schottky
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diode biased at a specific voltage. In particular, transient spectroscopy techniques
evaluate the capacitance transient induced by varying the extension of the depletion

region, thus inducing the capture/emission of carriers within the region on interest.
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Figure 9.8: Filling pulse sequence adopted by capacitance DLTS in order to induce
a capacitance transient related to a majority carrier trap. Electrons and holes are
represented by black and white circles, respectively (from [113]).

For instance, we will now consider the case of a reverse-biased n'p junction where a
deep acceptor level exists at the p-side of the material, as reported in the first frame
of Figure 9.8 Under reverse bias, the depletion region extends more towards the
lightly doped p-side of the material. Within this region, the aforementioned acceptor
(majority-carrier) traps are emptied of holes, due to relative position of the Fermi
level with respect to the trap level. By rapidly reducing the applied reverse bias, the
extensions of the depletion region is reduced, thus varying the electric field, and the
Fermi level, in the device region that in the former bias condition was at the edge
of the depleted semiconductor layer. The new relative position of the trap level with
respect to the Fermi level induces the capture of holes. This time-dependent process

is governed by the relation:
N(t) = Ny (1 — exp™ ™) (9.42)
where Nr is the trap concentration and ¢, is the hole capture rate, previously defined in
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equation After a sufficient amount of time, which may vary due to the measuring
condition (temperature, voltage) and to the intrinsic properties of the deep-level under
investigation, all the traps contained within the region of interest can be considered
filled (frame two of Fig.. At this point, if the applied bias is brought back to the
original quiescent value, emission of (majority) carriers from the recently filled traps
occurs. Despite the change in the absolute energy level of the trap is immediate, the
emission process may be a (relatively) slow phenomenon. In this case, the variation
with time of the density of occupied trap states, and thus of the capacitance value, is
given by

N(t) = Npexp (9.43)

where e, is the hole emission rate defined in equation [9.36] Due to the high electric
field inside the depletion region, the carriers emitted to the valence band are rapidly
swept away in a time frame the typically ranges from 1072 s to 1071%s: this avoids
the re-trapping of emitted carriers, thus ensuring an easier interpretation of the capac-
itance transient and an easier extrapolation of the emission rate. In equation [9.43 Nr
represents the the total trap concentration only if the filling phase was long enough to
permit the occupation of all the empty trap states. This topic will be further discussed
in section [9.2.2]

The sign of the capacitance transient provides direct information on the type of carri-
ers that are being emitted at a specific sample temperature. As reported in Figure [9.9]
an increase in the diode capacitance after the filling phase is associated with the emis-
sion of majority carriers, whereas the emission of minority carriers induces a negative
transient. Filling of minority carrier traps can be achieved by employing a forward-bias
pulse during the filling phase, thus forcing the injection of minority carriers from the
junction. This forces both majority and minority carriers traps to be filled, hence the

observed capacitance transient is the net result of the emission of both types of carriers.

Deep-level profiling profiling

So far, the DLTS technique was showed to be capable of identifying the type (acceptor
Vs. donor) and the intrinsic properties (activation energy and capture cross-section)
of deep-levels within the (variable) depletion region of a semiconductor device. Since
the magnitude of the capacitance transient during the emission process is proportional
to the concentration of trapped carriers within the region of interest, the C-DLTS can
be also employed to evaluate the concentration of the traps involved in the emission
process. First, we must consider that the magnitude of the capacitance transients

depends on the relative position of the trap with respect to the edges of the space
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Figure 9.9: Effect of majority and minority carriers emission processes on the diode
capacitance after the filling pulse. A forward bias filling pulse is employed in order to
inject minority carriers from the junction to fill the minority carriers traps [113].

charge region, even for uniformly distributed traps and uniformly doped samples. If
we consider a space charge layer which extends from 0 to W within a Schottky barrier
or a p™n junction, from Poisson’s equation we can evaluate that the voltage change

induced by trapping n(x) electrons at position x in the interval Az is given by:
AV = g [N, WAW — n(z)zAz] (9.44)

where ¢ is dielectric constant of the semiconductor, and N, is the positive space-
charge concentration at W. Since we are dealing with relative capacitance variation at

constant bias, this quantity can be easily evaluated by setting AV to zero in equation

9.44] thus obtaining
ACY  n(x)

Since the sensitivity of the junction capacitance to trapped charge reported in equation
varies linearly from zero a the junction (r = 0) to a maximum a the boundary
of the SCR, this means that the for inhomogeneously distributed traps, capacitance-
based deep-level profiling techniques are very insensitive for traps located closer to the
junction.

In order to evaluate the magnitude of the total capacitance variation, equation [0.45]
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Chapter 9. Laser diodes: working principles and advanced analysis techniques

must be integrated over the entire region of the space-charge layer where the emission
is taking place. If we consider the band-diagram of the asymmetric junction reported

in figure [9.10] two different regions of interest can actually be identified. In particular,

r
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Figure 9.10: Band diagram of an n-type (asymmetric) Schottky-like junction at 0V
(top) and under reverse bias (bottom) [114].

at the outer edge of the depletion layer there is a transition region between the free
carrier-rich bulk material and the depleted semiconductor near the junction. This trap-
specific region corresponds to the so-called edge region (or Debye tail), whose extension
A from the SCR boundary defines the point where the trap level E7 crosses the Fermi
level Ep. If we consider a uniform carrier concentration in the bulk material (N.),
then it can be proved that

2¢ (Er — Er)

A =
€2NT

(9.46)

Within the edge region, at thermal equilibrium the trap level is below the Fermi level,
and thus is filled with electrons: there are enough free carrier so that the capture rate
is greater than the emission rate. In the remaining part of the depletion region the

trap level falls above the Fermi level, and the trap occupancy after the filling pulse

150
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is defined by the thermal emission process described by equation [0.43] Although the
concentration of free carriers has an impact on the trap occupancy, band bending is
not affected, thus this region can be neglected for the calculation of the depletion width
W. Given those assumptions, the total capacitance variation induced by a (majority-
carrier) pulse, which brings the bias from the quiescent value V' to zero bias in order
to fill a trap whose concentration is Nz, can be evaluated by integrating equation
from W(0) — A to W (V) — A, thus obtaining

T [1 -z (1~ o) - (5).

If the edge region is neglected, equation turns into the widely-known relation

(9.47)

]]z—i =S 2% (9.48)
which may lead to a significant underestimation of the trap concentration if low reverse-
bias voltages are employed.

The variation in extension of the depletion layer with the applied bias can be
exploited in order to measure the trap concentration within the semiconductor. Once
the shallow concentration profile is known, the trap profile can be measured by applying
a series of (majority-carrier) filling pulse of increasing amplitude. With this method,
the deep-level concentration is probed inwards from W as the deep level concentration is
increased from zero. If we consider the case of an asymmetric junction, the incremental
change in the junction capacitance due to the traps filled by the small change 6 V' in

the filling pulse voltage of amplitude V is given by:

()Gl e

where z is the width of the space-charge layer during the pulse and C';, W and N, are

referred to the steady-state bias between the pulses. The former equation shows that
a linear plot of AC Vs. V implies that the deep level and the shallow level have the

same profile.

The rate-window concept

The rate-window concept was first introduced by Lang in [I13]| in order to evalu-
ate the experimental data provided by the instrumentation employed to probe the

thermally-stimulated deep-level related capacitance transients after the filling phase.
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Older detection schemes were usually based on dual-gated signal averager (boxcar),
that measured the capacitance transient at two different time ¢; and ty: the time
frame between t; and ¢, is called rate window. By applying a constant train pulse of
Virax = Veror and Viny = Vigpas (the quiescent reverse bias we previously referred
to), it is possible to measure the difference in capacitance between t; and ¢, for a given
sample temperature. By increasing this latter parameter, the emission rate from the

deep-level increases, thus increasing the registered AC' value. This concept is depicted
in Figure[.11}

Temperature

Capacitance transients at various temperatures

0ty t T Clty) - Clty)

Figure 9.11: Graphic interpretation of the rate window concept [114].

The variation in capacitance is maximized once the the time constant of the emission
process approaches the value of the adopted time window. Thus, a single point of the
(e, T) relation can be extrapolated by plotting the AC' Vs. T values, the so-called DLTS
spectrum, and by evaluating the temperature for which the maximum AC' is reached.
If we assume a pure exponential dependence on time of the capacitance transient, the

normalized DLTS signal in function of temperature is given by:

S(T) = %&“2) — exp (%) {1 — exp (%)} (9.50)

where AC(0) is the magnitude of the capacitance transient at ¢t = 0 and At = ¢, — to.
By setting the derivative of Eq.[9.50| with respect to 7 to zero, the maximum of the
DLTS signal is obtained as

t1 — 1o

Tmaz = m (9.51)
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9.2. Deep-level transient spectroscopy (DLTS)

By changing the values of t; and ¢ the DLTS peak shifts in temperature, hence the
(e,T) relation in an extended temperature range can be extrapolated by performing
several thermal scans at different rate windows. This produces a series of DLTS spectra,
each one reporting a shifted (deep-level related) peak with respect to a longer (shift
towards lower temperatures) or a shorter (shift towards higher temperatures) rate
window. The position of the maxima and the current rate window value, i.e. the
dominant emission rate, are then employed to build the Arrhenius plot of each deep-
level, which shows up in the rate-window plot as a peak. An example of DLTS analysis

performed at different rate windows is reported in Figure[9.12
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Figure 9.12: DLT'S spectra showing two hole traps in n-GaAs [113].

Non-exponential transients and field-dependent emission

Under the low trap density approximation adopted so far, capacitance transients in-
duced by the thermally stimulated emission of trapped carriers are assumed to be
purely exponential. However, when dealing with large (3Ny > N, ) concentration of
traps, comparable with the density of the shallow levels, the capacitance transients un-
der constant voltage become nonexponetial. In this case, it can be demonstrated that
by recording the voltage transient needed to maintain a constant capacitance rather
than evaluating the capacitance transient at constant bias, exponential signal propor-
tional to the trapped charge concentration can be obtained as well [IT5].
Nonexponential transient may also occur for a different set of reasons. For instance,
the presence of multiple deep-levels responding in the same temperature range with

similar emission rates. In this case, the resulting DLTS peak in the rate window plot
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is the result of the Gaussian convolution of the separate (theoretical) DLTS signal
generated by each deep-level. By proper de-convolution methods it is possible to sep-
arate the two contributing signals, and proceed with the Arhhenius analysis of each
deep-level. Alternatively, if the entire capacitance transient is recorded, fitting with
multiple exponentials may be employed to separately extract the time constants of
each contributing emission process.

Also deep-levels at the edges of the space-charge region may influence the shape of
the capacitance transient: as previously stated, in the edge region the non-negligible
free carrier concentration may induce the re-trapping of a small amount of the emitted
carriers, thus slowing down and altering the capacitance transient.

Finally, nonexponetial transients may be detected when the emission rate of the
specific defect under investigation has a strong field dependence, and thus varies de-
pending on the position within the space-charge layer. A field dependent emission
energy indicates that the carrier is trapped by a Coulombic potential well. According
to the Poole-Frenkel effect [116], applying an electric field superimposes a linear poten-
tial onto the Coulombic potential, which reduces the effective potential barrier seen by
the trapped carrier, thus reducing the amount of energy that needs to be (thermally)
provided to the carrier in order to promote its emission. This effect is pictured in
Figure[9.13

The field dependence of the emission process can be easily evaluated by means pf
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Figure 9.13: Influence of the Poole-Frenkel effect on the effective potential barrier seen
by an electron trapped by a donor level. The reduction in the potential barrier is
proportional to the square root of the local electric field (AU o VE).

the Double-Pulse DLTS (DDLTS technique), which employs a fixed pair of filling pulse
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9.2. Deep-level transient spectroscopy (DLTS)

voltages while sweeping through a range of measurement voltages. For filling pulses
sufficiently close together, the difference in emission transients that result from the
two filling pulses is from a volume of the depletion region where the spread in electric
field is limited. Thus, the dependence of the emission rate on the electric field can
be determined by changing the measurement voltage and by evaluating the changes
induced to the time constant (emission rate) extrapolated from the transient obtained

by subtracting the two transient registered at two different filling pulses.

Capture kinetics

In the previous paragraphs the attention was focused on the dynamics of the emission
process, and to the information that its temperature dependence provides regarding
the defect-related deep level that is participating to the emission process. In partic-
ular, a relation was found between the variation in the normalized DLTS signal and
the (relative) concentration of the deep-level generating the signal (see equation [9.48)).
This mathematical relation was derived assuming the all the traps contained in the
depletion layer swept by the filling pulse are filled, i.e. that the duration of the filling
pulse was long enough to saturate the capture process. For this reason, in order to
quantitatively investigate the concentration of a specific trap, the duration of the filling
phase must be tuned in order to ensure the complete filling of deep states. This can
be easily achieved by evaluating the amplitude of the emission transient in function of
the filling pulse amplitude, while keeping the sample at a reasonable fixed temperature
for which the emission transient can be evaluated by the experimental apparatus. A
threshold value for the duration of the filling pulse is then found, above which any in-
crease in the duration of the filling phase does not further promote the filling of traps.

The dependence of the DLTS signal amplitude on the filling time, i.e. the time de-
pendence of the capture process, also provides useful information regarding the physical
nature of the defect. During a filling pulse, the capture rate is much greater than the
emission rate. In terms of the filling time ¢,, the time-dependent concentration of

occupied defect states ny(t,) by electrons in an n-type material can be expressed as:
nr(ty) = Nr + [nr(0) — Np|exp(—cpt,) (9.52)

where N7 is the total concentration of defects, and ¢, is the capture rate defined in
equation [9.36] valid only for a non interacting point defect. This translates into the

following equation, which describes the variation in the capacitance at the end of the
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filling phase:
AC(t,) = AChax (1 — exp(—cpty)) (9.53)

where AC),q, is the amplitude of the transient. Since the DLT'S signal is proportional
to the initial concentration of occupied defect states, an exponential dependence of the
normalized DLTS signal AC/C on the filling pulse width exists.

This theoretical trend of the of amplitude of the DLT'S versus the filling pulse width
can be altered by several factors. Firstly, capture of carriers may occur also at the edge

region of the depletion layer, as depicted in Figure[0.14]
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Figure 9.14: Effect of the Debye tail on the capture kinetics.

Since the capture rate is proportional to the concentration of free carriers n (9.306))
within the Debye tail, where n is much lower with respect to bulk concentration, a
slower trapping phenomenon takes place. As shown in the second plot of Figure|9.14]
this effect can increase the filling time needed to reach complete trap saturation by
several orders of magnitude (the variation in trap occupancy for an isolated point
defect usually spans in a time interval which covers two to three orders of magnitude
maximum).

For closely spaced defects, trapped electrons affect the electron capture process
at neighboring defects by providing a repulsive time-dependent potential ®(¢) against
electron capture (Fig.. In this situation, the electron capture rate equation can

be re-written as:

dny
dt

= ¢(Ny — np(t)) exp (_Z(I;(t)) (9.54)

where we are assuming a linear spacing of defects, and ¢, > 7.
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Figure 9.15: Band-diagram model for an electron capture by a point defect located

around a dislocation, in low (a) and high (b) trap occupancy condition [117]. The

first case resembles the capture process by an isolated point defect, whereas for high
nr(t)/Nr values a repulsive time-dependent potential ®(t) rises.

From equation the trap occupancy at time ¢, can be written as:
nr(ty) = co,TNpln(t,/T) (9.55)

where 7 represents a characteristic time required for charge capture to begin influencing
®(t). Equation shows that trap occupancy for a linear arrangement of interacting
defects depends logarithmically on fill pulse time, as depicted in Figure [9.16]
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Figure 9.16: Dependence of the amplitude of the DLTS signal on the filling pulse
duration for a linear arrangement of point defects @ in GaAs crystals [118], and @
in MBE-grown n-GaN [I19].

Linear arrangement of point defects can be further differentiated between (i) point
defects arranged along a Threading Dislocation (TD) and (#) TD cores. In the first

case, a localized state within the energy gap exists, and the DLTS peak temperature
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is independent on t,, since the trap occupancy dose not influence the trap level (see
Fig.. On the other hand, a band of states corresponds to defects related to TD
cores (Fig.. Since the lowest energy states are preferentially filled with electrons
for short ¢, values, the effective energy required to de-trap the carrier is reduced with
increasing filling pulse width. This translates into a shift of the DLTS peak towards
higher temperatures with decreasing t,, as reported in Fig.[9.17h]
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Figure 9.17: @ Electron capture and emission from a band of states related to an

extended defect. R., R. and R; are respectively the emission, capture and the internal

equilibrium rates: if R; > R., R. the defect can be classified as bandlike. @ Effect

of the filling pulse width on the DLTS signal of Nichel-related dislocation cores in n-Si
[120].

Finally, if a (fixed) capture barrier exists for the capture of electrons by a point defect,
the capture process can be modeled by introducing an exponential term to the capture

cross section according to:

Aa) (9.56)

AC(ty) = ACax (1 — exp(—caty)) Cp = Vno exp <__kT

where AFE) is the capture barrier energy, and o2° is the high-temperature electron cap-

ture cross section. The presence of a potential barrier slows down the capture process,

introducing an additional temperature dependence to the kinetic of the process.
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Chapter 10

Degradation Mechanisms of

Heterogeneous II1-V /Silicon 1.55 um
DBR Laser Diodes

This chapter reports an extensive analysis of the degradation processes of heterogeneous
ITI-V /Silicon infrared (IR) laser diodes designed for integrated telecommunications and
interconnects. By submitting the devices to a series of constant current stress tests,
a gradual degradation of the main device parameters was observed. In particular, in
every stress scenario the devices under test showed (i) an increase in the threshold
current, (i) a decrease of the turn-on voltage, and (1) an increase in the apparent
carrier concentration within the space charge region. The variation of the electrical
parameters (turn-on voltage and apparent charge concentration) was found to be sig-
nificantly correlated to the optical degradation for long stress times; the results support
the hypothesis that degradation originates from an increase in the non-radiative recom-
bination rate, possibly due to the diffusion of defects towards the active region of the
devices. In order to investigate the physical origin of those defects, a capacitance DLTS
analysis was performed. The results indicate the presence of five different deep levels,
with a main trap located around 0.43 eV above the valence band energy. This trap is
compatible with an interface defect located between the Ing 53Al,Gag 47..As SCH region

and the InP layer.
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10.1 Devices and experimental details

The devices under analysis are heterogeneous I11-V/Silicon Distributed Bragg Reflector
(DBR) laser diodes with an emission wavelength of 1.55 um. Typically, in heteroge-
neous photonics the IIT V region incorporates the light source, while the SOI region
contains all the passives and wave guiding-related components, as well as some active
silicon-based photonic devices [121]. For the samples under investigation, the integra-
tion of the two technologies was performed by means of low temperature molecular

wafer bonding technique [122]. A cross-section of the whole structure is reported in

Figure[10.1]
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Figure 10.1: Cross section of the heterogeneous LDs under analysis. The red-shaded
area highlights the preferential propagation region of the optical mode.

The red shading highlights the regions where the propagation of the optical mode takes
place. The mode is longitudinally coupled to the silicon waveguide through a tapered
mode converter [123] which ensures a low-loss and adiabatic (i.e. with no excitation
of higher order transverse modes) optical field transfer. Optical feedback is granted
by a DBR mirror, which also provides the high wavelength selectivity required by
telecommunication channels [124].

As pictured in Fig.[10.2] the active layer of the devices is composed of seven InAlGaAs-
based Multi Quantum Wells (MQWs) enclosed by two Graded Index Separate Confine-
ment Heterostructure (GRIN-SCH) layers [125 [126]. These are employed to obtain
high optical confinement while maintaining good overlap between the optical mode
and the population of free carriers within the active region of the devices. Lattice
matching between In; y(Al,Gajy)yAs confinement layers and InP was maintained by
keeping the y mole fraction at a constant value of 0.47 [125]. An InGaAsP/InP super-

lattice structure was grown between the n-InP layer and n-contact in order to minimize
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Figure 10.2: Detailed epitaxial structure of the ITI-V region reported in Figure[10.1}

the propagation of dislocations and defects through the active region of the devices.
Finally, proton bombardment was employed in order to ensure lateral current confine-
ment [109], thus reducing the effective carrier-injection area to about 8.16 - 107> cm?.
Device length (Lq), mesa width (W,,) and current channel width (W) are respectively
Lg = 2040 pum, Wy, = 26 um, and W, = 4 um.

For testing purposes, several identical slices of heterogeneous wafer were stressed
and measured at a constant ambient temperature of 45°C. The electrical characteris-
tics were measured by a 4-wire configuration, in order to minimize the effects of series
resistance. The C-V measurements were carried out with an HP 4284A LCR-meter.
The light output signal was collected with an amplified Ge-based photodiode placed in

front of the angled facet of the silicon waveguide.

10.2 Experimental results

10.2.1 Preliminary step-stress experiment

In order to rapidly evaluate the impact of DC aging on the electrical and optical perfor-
mance of the devices, a current step-stress was performed at an ambient temperature
of 45°C. Each stage of the step-stress had a duration of 1 hour, with drive current in-
creasing from 200 mA up to 950 mA, in 50 mA increments. A cool-down period of 120 s
was introduced before each characterization step to let the device junction settle at the
imposed cold-plate temperature, thus ensuring the repeatability and consistency of the
measurements. The joint effect of current and temperature on the L-1 characteristics
of the devices is visible in Fig.[10.3a] A noticeable shift in the threshold current of the
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device is observed after each stage of the stress experiment. Interestingly, as shown in

Fig.[10.3D], the threshold current increase has a quasi-linear dependence on stress time

and current.
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Figure 10.3: Results of the optical characterization performed during the step-stress
experiment. @ Complete and near threshold L-I curves registered during the current
step-stress performed at Tayp = 45°C. The 950 mA stress step was interrupted after
10 min due to the worsening of the mechanical contact between the sample and the
tips. @ Trend over time of the threshold current measured at the end of each 1h
stress cycle. The “out-of-trend” threshold currents measured after the 400 mA and
450 mA steps are a consequence of the stress-induced instability of the position of a
near-threshold optical kink experienced by the device.

10.2.2 Constant-current stress tests

Another outcome of this first stress test was the identification of the bias conditions
to be used during long-term DC aging tests. With the aim of inducing a significant
amount of degradation in a relatively short period, three current levels were chosen for
the constant current experiments: 400mA, 550 mA and 700 mA, respectively equal to
a current density flow through the active area of the device of 4.9 kA/cm?, 6.74 kA /cm?
and 8.59 kA/cm?. The samples were aged for up to 500 hours. An ambient temperature
Finally, the

measurement intervals were logarithmically-spaced, in order to properly monitor the

of 45°C was employed to slightly accelerate the degradation process.

evolution of the electrical (I-V, C-V) and optical (L-I) characteristics of the devices.
Since the samples submitted to constant DC stresses behaved in a similar way, showing
a common set of degradation processes but with different degradation rates, only the
detailed evolution of the characteristics of the LD stressed at 550 mA are reported in

the following.
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Figure 10.4: Threshold current degradation kinetics registered during the three differ-

ent constant-current stresses performed at Ty = 45°C. Inset: correlation between

the increase in threshold current and the decrease in sub-threshold emission, for the
device stressed at 550 mA.

The degradation kinetics of the threshold current registered in the three different
stress scenarios (Fig.[10.4) reveal a strong dependence of the degradation rate on the
stress current level. Since the DUTs have a relatively low thermal resistance (Rry
~ 12 K/W), which produces a junction temperature shift between the stronger and
the weaker stress conditions of about 7.4 °C, current flow appears to be the main driv-
ing force of the Iy, increase.

A deeper investigation of the L-I curves revealed that no apparent variation of
the Slope Efficiency (SE) was shown by the DUTs. For a laser diode the SE can be
expressed as

am

SE = njin,j (10.1)

Ay + O
where 7);,,; is the carrier injection efficiency and a,,, and «; are respectively the mirrors
and the modal (cavity) losses [109]. The stability of SE demonstrates that the adopted
aging conditions did not affect any of these parameters. In addition, the fact that SE
is stable also indicates that the efficiency of the coupling between the III-V active layer
and the SOI waveguide does not degrade significantly after stress.
On the other hand, the threshold current is proportional to
1 Ny o (A4 BNy, + CNp®) Ny,

Ly, o = (10.2)
Ning T Ning

where Ny, 7, A,B and C are respectively the threshold carrier density, the car-

rier lifetime, the SRH recombination coefficient, the bimolecular recombination co-
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efficient and C the Auger recombination coefficient. Finally, the increase in I, was
also found to be correlated with the decrease in the sub-threshold emission (defined
as OPyy o< N/T = (A+ BN + CN?)N, see the inset of Figure[10.4). Since both
parameters (threshold current and sub-threshold emission) depend on the balance be-
tween radiative and non-radiative recombination, the results support the hypothesis
that degradation is due to an increase in the concentration of non-radiative recombi-
nation centers inside the active region of the devices, with subsequent increase in the
“A” coefficient (under the hypothesis that the “B” and “C” coefficients are stable under

stress).

Variation of the electrical parameters

In order to prove the hypothesis above, by demonstrating that defects are effectively
generated during long-term stress, we analyzed the degradation of the electrical pa-
rameters of the devices. As shown in Fig.[10.5] stress induced an exponential decrease
of the turn-on voltage of the laser diodes. This process was found to be well corre-

lated with the increase in the threshold current for aging times longer than 50 min (see

Figure[10.5 (b)).
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Figure 10.5: On the left: forward I-V characteristic measured during the constant

current stress (Istrpss = 550mA) performed at an ambient temperature of 45°C. On

the right: trend over-time of the LD turn-on voltage (Von was extrapolated as the LD
voltage at 1 mA current).

By considering that in the low forward-bias regime the I-V curves are dominated by
defect-assisted conduction (i.e. by the trap-density in the p-n junction), Fukuda et
al. [127] concluded that for their InGaAsP/InP laser diodes aged at constant current,
this kind of correlation was compatible with a reduction of the lifetime of the injected

carriers. This observation may further confirm what is suggested by the trend of the
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optical characteristics, i.e. that degradation is due to the generation of defects within
the active layers.
Further evidence was collected by analyzing the ideality factor of the junction, as

a function of the applied bias (Fig.|10.6]).

[ —15°C——55°C ---Curent@45°C __--, 0.01 —
——25°C——65°C T <
r 35°C——75°C 1E-3 2
L {1E4 §
C J{1E5 £
C S
- UNTREATED SAMPLE {1E-6 O

r 1 1 1 1 1 1 1 1 1E_7

[ Stress time (min):  Defect-assisted
0 conduction

T 30
F— 500

- 3000
t —— 30000

Classic diode
conduction

INCREASING
L STRESS TIME
1 1 N 1

Ideality Factor (n)
PN WpHd oo PN WPdOOo N

1 1 1 1 0'01
Stress time (min):
0 —~
30
— 500 Jie3 <
3000 INCREASING e
——30000 STRESS TIME o
41E4 =
3 lrress = 550 MA S
e T, = 45°C &)
1 1 1 1 1 1 1E_5
01 02 03 04 05 06 07 08 09 10
Voltage (V)

Figure 10.6: Bias-dependent diode ideality factor: temperature dependence measured
for a generic untreated sample (top graph) and trend over time registered during the
stress performed at 45°C and at a bias current of 550 mA (middle graph). Bottom
graph shows the variation of the semi-log I-V plot in the region of interest. Shaded
areas highlight the dominant conduction mechanisms in the bias regimes of interest.

Interestingly, untreated samples exhibit a characteristic decrease in the ideality factor
for voltages higher than 0.55 V (at 45°C). Generally speaking, the reduction of the
ideality factor indicates the turn-on of a new current conduction mechanism. Above a
certain bias level (0.6 V at 45°C in our case) the classic diode conduction, limited by
the diffusion of carriers over the built-in potential barrier (and described by a ideality
factor theoretically equal to 1), starts to prevail. At lower voltages, current conduction
is dominated by defect-assisted tunneling [128, [129], leading to higher values of the
ideality factor. This is also shown by the temperature-dependent curves in Figure[10.6
(a): as temperature increases, the turn-on voltage of the different conduction mecha-
nisms decreases, leading to a left-wards shift of the n-V curves.

Device aging induced an increase in the slope of the I-V curves for voltages around
0.65 V (see Figure[l0.6] (c)), possibly related to the creation of an additional set of
defects or to an increase in the number of deep levels. This effect is consistent with the

decrease in the ideality factor in the 0.45 V — 0.65 V voltage range experienced by the
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DUTs. When the defect density increases, the corresponding tunneling current con-
duction mechanism becomes more efficient, leading to a higher current and to a lower
value of the ideality factor. Those experimental observations suggest that the degrada-
tion of the electrical characteristics of the LDs is mainly driven by the increase in the
concentration of deep-levels, i.e. of defects, within the active region, confirming what
was previously suggested by the analysis of the optical characteristics during stress.
This interpretation of the decrease in the ideality factor experienced by the DUTs is
also supported by the degradation kinetics of the capacitance-voltage characteristics,
that will be discussed in section [0.2.21

Investigation of the origin of degradation: C-V analysis

In order to achieve a better description of the degradation process, we investigated
the characteristics of the devices by means of capacitance-voltage measurements. The
measurements were carried out in-situ, i.e. during the execution of the stress tests,
in order to be able to correlate the variation of the optical parameters (Ii,, SE) to
the changes in junction capacitance. During constant-current aging, the small signal
junction impedance, modeled as a capacitance in parallel with a conductance (C, —

G), was monitored by means of an LCR meter.
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Figure 10.7: Evolution of the 1 MHz C-V measurements performed on the LD stressed
at 550 mA with Tayp = 45 °C. Dashed line shows the apparent Space Charge Region
extension, i.e. junction depth, in function of the LD voltage, for the unaged LD.

The evolution over time of the C-V characteristics, reported in Fig.[10.7] showed an
increase of the junction capacitance for bias voltages between -1 V and 0 V. Since
the value of C, strictly depends on the concentration of free carriers within the Space
Charge Region (SCR), C-V based carrier density profiling has been employed [110].
The results are plotted in Figure[10.§|
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Figure 10.8: Apparent charge profile extrapolated from the C-V measurements reported
in Fig.[10.7, performed during the 550 mA constant-current stress.

Considering that the doping concentrations of the InP layers closer to the active region
are respectively p = 5- 1017 em™ and n = 10® em™3 (Fig.|10.2), we may treat the
laser diodes under analysis as (weakly) n¥p junctions. In such devices, the depletion
region extends mostly towards the p-side, which corresponds in Fig.[I0.8] to greater
SCR extensions. By changing the bias level, the edges of the space-charge region are

swept through different layers, whose apparent free charge concentration profiles can

be estimated from the C-V curves.
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Figure 10.9: Relative variation of the apparent charge profiles reported in Fig.[10.8|
All variations are referred to t=0 (flat line).

The interpretation of the apparent charge profiles reported in Fig.[10.8 can be simplified
by looking at the overall variation of the apparent carrier density increase (plotted
in Fig.[10.9). To be more specific, Figure clearly shows a time-dependent and
stress-induced re-localization of charge carriers towards the junction, which is located
on the left-hand side. After redistribution, charge piles up in specific regions (z, ~

22nm and 26 nm), possibly due to the presence of physical barriers to the observed
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diffusion-like process. In agreement with the epitaxial structure of our DUTs, those
regions of preferential charge accumulation may be identified with the hetero-interfaces
located within the active region of the LD, such as the QW /barrier or the QW /SCH
interfaces, or at its edges, like the SCH/cladding border. As reported in Fig. the
increase in the junction charge was found to be well correlated with the increase in the
threshold current for long stress times; this result confirms that the optical degradation

is correlated to the redistribution of charge in the active region.
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Figure 10.10: Correlation between the threshold current increase and the SCR free
charge increase observed during the constant-current stress at 550 mA.

The results in Figure[10.9)are consistent with the diffusion of defects towards the active
layer. Since some time is needed for the defects to reach this region (as testified by
trend of the apparent charge increase for lower SCR extension), the reduction in the
non-radiative lifetime due to defect-assisted recombination becomes relevant only after
an initial period of stress, during which no apparent correlation between the variation
of the threshold current and the increased free charge exists (see Figure. In par-
ticular, the peak carrier density in proximity of the active layer, i.e. for an apparent
depth closer to 20 nm (Fig., starts to increase only after about 100 min to 300 min
of stress. After such amount of time, part of the diffused defects have relocated inside
the active region of the device, where they start acting as non-radiative recombination
centers. For longer stress times, the concentration of defects within the optically ac-
tive layers of the device rapidly increases, thus reducing the non-radiative lifetime and
increasing the amount of free charge inside the SCR.

With regard to the physical origin of those defects, we may consider that since the
increase of the apparent free charge is in the order of 107 em =3 (Fig., the diffusing

species must be present inside the semiconductor device at least in this concentration.
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Therefore, one hypothesis is that one of the dopants (Zn is more likely due to its high
diffusivity [130, 131]), or native shallow defects, are moving towards the u.i.d. active
region, thus increasing the density of free carriers and of non-radiative recombination
centers [132], 133]. On the other hand, the source of those apparently diffusing defects
may be located at one of the many hetero-interfaces present in proximity of the optically
active layers. An imperfect control of the epitaxial growth may have led to a localized
inclusion of impurities in the semiconductor crystal, or to the generation of extended
defects. However, since with the exception of the MQW region the entire stack of the
ITI-V epitaxy is lattice-matched, and since former studies on similar devices did not
show any sign of the presence of misfit-related defects or of threading dislocations [13],
the propagation of native or impurity-related point defects is more likely. Previous
papers indicated that also extended Dark Line Defects (DLDs) may be generated after
stress [134], leading to an increase in the losses and/or to the catastrophic failure of
the devices. We suggest that DLD generation is not dominant in our devices, since the
slope efficiency is stable during stress, and no catastrophic failure has been observed
under the adopted aging conditions.

From the previous observations, we can conclude that the observed threshold cur-
rent degradation process is driven by the diffusion of non-radiative defects towards the
active region. Due to the quasi-symmetrical doping profile of the DUTs, the set of
experimental data collected in our work is not sufficient to let us discriminate with a
high degree of confidence the specific semiconductor layers which are undergoing degra-
dation. Nonetheless, some insights into the physical origin of the diffusing species can
be obtained by characterizing the defects present within the space-charge region of the
devices. This goal has been achieved by means of a capacitance transient spectroscopy

technique, as described in the following paragraph.

10.3 Deep-level transient spectroscopy

To further investigate the role of deep levels in the degradation of the devices under
test, Capacitance Deep Level Transient Spectroscopy (C-DLTS) measurements were
carried out. To this aim, thermal scans of capacitance transients in the range of 120 K
— 350 K were measured with a DLTS apparatus built by SULA Technologies. As we are
dealing with narrow-gap semiconductor materials, the selected thermal range allowed
to identify the signatures of five different deep levels, reported in Figure[10.11] along
with the specific quiescent and fill voltages employed for the measurements.

Following the assumption of a n*p junction, and considering that a negative DLTS
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Figure 10.11: Overview of the deep levels observed by DLTS characterization at dif-

ferent bias conditions on an untreated sample. The figure shows the DLTS signal

registered by the 5 ms correlator (time window), which corresponds to a carrier emis-

sion rate of approximately 47.6 Hz. The filling pulse voltage was limited to 0.1 V to
avoid excessive levels of current injection.

peak corresponds to a majority-carrier trap [I13|, our characterization showed four
hole traps (hg,hi,ho,h3) and one electron trap (e;). Figure[10.12)reports the Arrhenius
plot of the identified deep levels (due to the mutual influence of the DLTS signals of
multiple deep levels, the activation energies of traps h; and hy could not be identified

with accuracy and are not reported here).
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Figure 10.12: Arrhenius plot obtained by DLTS characterization on an untreated sam-
ple. The trap-specific measuring conditions, quiescent voltage (Vorr) and fill voltage
(VriLL), are reported in the legend.

Further information could be obtained from the bias dependence of the peaks of the
DLTS signal (Figure[10.11]). The value of the quiescent voltage employed is proportional
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to the extension of the space-charge region under investigation, while the magnitude of
those peaks is proportional to the concentration of the related defects [I13]. The plot
of Figure[10.11] shows that the maximum DLTS response is reached for Vopp = 0.25 V
by trap hy, whereas trap h; responds more for lower quiescent voltages (Vorr =-0.5
V), i.e. for greater SCR widths. This behavior suggests that the defect(s) associated
with hlis probably located further from the active region with respect to trap hs.

The Arrhenius plot of Fig.[10.12] shows that the main hole trap hy has an activation
energy of 0.43 eV, and this value is constant across the entire quiescent voltage range
adopted for our measurements. The Arrhenius signature of this trap is highly com-
patible with the E2 electron trap found by Schramm in Si-doped InAlGaAs Schottky
contacts [I35]. Considering that the devices grown with lower Al content exhibited a
lower trap concentration, the authors suggested that the observed deep-level could be
related to a native defect or an impurity related to Al incorporation. Thus, assuming
trap hg to actually be an electron trap located on the p-side, the data reported by
Schramm would suggest that the defect related to hy is located in the InAlGaAs SCH
region closer to the InP cladding layer, where the Al content is maximum (x = 0.34).
The presence of an intrinsic defect in high Al content Ing 53Al,Gag 47.<As grown on InP
has been documented by several other authors [136] 137, 138]. These papers report
that the quaternary material exhibits a characteristic vacancy-related deep level whose
activation energy linearly increases with Al content in the range 0.3eV — 0.8eV. In
particular, 0.43 eV represents the activation energy commonly found for an aluminum
concentration x = 0.34, which exactly matches the composition of the SCH graded
layers at the InAlGaAs/InP interfaces of our DUTs.

Moving our attention on traps e; and hs, we can notice from Fig.[10.12] that the two
deep levels respond in the same temperature range, with slightly different activation
energies and cross sections. Moreover, from FiglI0.11] we can see that while trap e; be-
haves as a (electron) minority carrier trap for lower quiescent voltages (hence for larger
extensions of the SCR), in device regions closer to the active layer (Vopr = -0.1 V, 0
V) the DLTS signal is inverted, revealing a dominant presence of the majority carrier
(hole) trap hs. If we also consider that a minor influence of hy on the DLT'S signal of hj
exists, and that the emission properties of the traps can vary due to the local electric
field [116], we suggest that the DLTS signatures of e; and hj are actually signatures
of the same defect, but located at the two sides of the junction. To be more specific,
under this assumption, trap e; signal originates from the probing this unknown defect
at the n-side, whereas it responds with the hs signature at the p-side of the junction.

Finally, in-situ monitoring of the electrical characteristics of the devices inside
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Figure 10.13: Full DLTS spectra of an LD sample measured before and after short-term
aging and repeated optical (L-I) and electrical (I-V) characterization on the device.

the temperature-controlled sample holder employed for DLTS characterization let us
identify another short-term aging-induced degradation process. In particular, after
a preliminary characterization of the device performed at an ambient temperature of
45 °C with a maximum drive current of 250 mA, a noticeable variation in the magnitude
of the DLTS peaks was observed. Since the magnitude of those peaks is proportional
to the concentration of deep-levels, the experimental data show that stress induced
the generation/propagation of defects inside the SCR of the LD. This phenomenon is
visible in Fig.[10.13] which reports the DLTS spectra obtained for Vopr = -0.5 V and
VrL= 0.1 V. The relevant increase of hy signal suggests that, as a consequence of
the short-term stress, an average increase of the defect concentration related to this

deep-level is to be expected within the device.

10.4 Conclusions

In conclusion, with this work a preliminary analysis on the degradation mechanisms
that may influence the lifetime of heterogeneous I11-V /Silicon lasers was presented. To
this aim, a series of accelerated aging experiments have been carried out on experi-
mental 1.55 pm heterogeneous laser diodes. Long-term constant-current stress tests
revealed the presence of several degradation processes, affecting both the optical and
the electrical performance of the devices. In particular, the laser diodes showed an
increase in the threshold current, compatible with the decrease of carrier lifetime, well
correlated with the decrease in the operating voltage and the increase in the junc-
tion charge. These results support the hypothesis that degradation occurs through

the diffusion of non-radiative defects towards the active region of the devices. The
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physical origin of those deep levels is most likely to be attributed to interface defects
located at the AllnGaAs/InP interfaces or, less probably, to point defects generated as

a consequence of the diffusion of the p-dopant Zn.
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Chapter 11

Conclusions

The aim of this thesis was to identify and analyze the physical factors that limit the
performance and reliability of innovative optoelectronic technologies based on nitrides
and arsenides. More specifically, with this work we have extensively investigated the
reliability of III-V lasers and LEDs for telecommunication and lighting applications,
as well as the degradation mechanisms and operating limits of blue-emitting phospho-
rescent materials for near-UV excitation through solid-state II1I-N devices. By means
of short-term stress tests it was possible to identify the dominant failure modes and
mechanisms of GaN LEDs subjected to electrical over-stress, both in forward and re-
verse bias, and to correlate specific failures with the structure-related weaknesses of
state-of-the-art LEDs. A series of accelerated life tests on mid-power GaN LEDs and
on commercial retrofit bulbs employing this class of devices as emitters highlighted the
presence of several gradual degradation mechanisms, either device or system-related,
that were found to severely impact on the lifetime of the light sources when oper-
ated at the boundaries of their safe-operating area. Accelerated life test experiments
have also been employed in order to pinpoint the root cause of optical degradation of
III-V /Silicon heterogeneous laser diodes for integrated telecommunication applications
and interconnects. Finally, the reliability investigation on blue-emitting phosphors
successfully led to the identification of the dominant degradation mechanism under
excessive optical excitation and operating temperature, whose non-reversible effect on
the photo-luminescence efficiency can be avoided by pumping the material within an
experimentally determinable excitation range.

The main outcomes of the research activity are briefly summarized in the following

paragraphs.
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Degradation of GaN LEDs

Visible Gallium Nitride LEDs temporary or continuously submitted to electrical over-
stress showed peculiar failure modes and mechanisms, related to the specific polariza-

tion regime and device structure.

e Under constant reverse bias, GaN LEDs exhibit a time-dependent degradation
phenomenon, which promotes the increase of the leakage current of the device,
eventually leading to the catastrophic failure. The Weibull-like distribution of
the time-to-failure, and its exponential dependence on the stress voltage, closely
resembles the statistics of a TDDB process, which suggests that highly-depleted
GaN under reverse bias may behave like a partially-leaking dielectric that de-

grades over time due to a defect percolation process.

e Single high forward-current EOS events can induce the catastrophic failure of
the device, with threshold overstress conditions that depend of the specific de-
vice structure and on the duration of the overstress event. In particular, flip-chip
LEDs without metal lines showed the highest robustness among all devices, re-
sulting the best choice whenever a high level of immunity towards electrically
critical environment is required. Other families of LEDs, which shared common
metal elements like bonding wires or current-spreading contact grids, faced fail-
ure at lower pulse current/power levels, due to the fusion of the bonding wires,
the melting of the bonding pads or to the degradation of the surface metalliza-
tion lines. This behavior suggests that EOS-related reliability issues tend to arise

more from extrinsic elements of the LED system rather than from the GaN chip.

e The continuous exposure of high-power LEDs to bias currents greater that the
absolute maximum rating induced different kinds of structure/layout-related fail-
ures, and the activation of a common set of epitaxy-related degradation processes.
In particular, short-term high temperature and current stress induced the wors-
ening of the conductivity of large portions of the semiconductor, by increasing the
current crowding effect, and consequently power dissipation, in correspondence
of the major current transport elements (vias, bonding pads and metal lines). As
a consequence of the excessive levels of temperature reached during stress, those

structures melted, causing the shorting and the catastrophic failure of the LED.

Due to the employed plastic package and non state-of-the-art semiconductor chips,
mid-power white LEDs for lighting applications can be affected by several degrada-

tion mechanisms which may limit their long-term reliability. The experimental data
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gathered during a series of accelerated aging experiments allowed to identify degra-
dation processes related both to the semiconductor chip (generation of defects within
the active region of the devices, degradation of the electrical characteristics) and to
the package/phosphors system (worsening of the chromatic properties of the emitted
light). Despite those reliability issues, the LEDs under test showed a good robustness
for junction temperatures belonging to the advised Safe Operating Area (SOA). Within
these operating bounds, the analyzed devices are expected to have a useful lifetime ad-
equate enough to fulfill nowadays market requirements.

The long-term reliability of mid-power LEDs was further investigated at system level
by performing a lifetime analysis on commercial LED bulbs employing these devices
as primary light sources. By means of long-term stress tests carried out on different
groups of retrofit LED light bulbs, the importance of temperature as an accelerating
factor for the degradation processes was confirmed. The main mechanisms that can
lead to the decrease of the performance of the bulb were found to be (i) the darkening
of the diffusive bulb, (ii) the variation of the chromatic properties of the phosphors
and/or of the reflector, and (4ii) the worsening of the performance of the LED driver,
which can lead to early failures of the entire system. All these effects, mainly related
to components of the bulb rather than to the LEDs, concur in limiting the overall
reliability of the system, whose expected lifetime is in the range of tens of thousands

hours in nominal operating conditions.

Reliability of blue-emitting phosphors for near-UV excitation

The investigation on the robustness and the degradation mechanisms of blue-emitting
phosphors for near-UV laser pumping, performed by means of a series of stress experi-
ments under optical excitation and/or high temperature environment, helped us iden-
tify the limits for continuous operation of the luminescent material. For pure thermal
treatment temperatures greater than 450 °C the material exhibited a time-dependent
drop in the PL, which was attributed to the thermally-induced autoionization of the
Eu?" optically active centers. By means of different material characterization tech-
niques, evidences of this degradation process were also found on samples stressed under
high levels of optical excitation, down to a moderate 3 W/mm? intensity. This indi-
cated that the optically (and thermally) induced ionization of the Eu?" species is the
most critical degradation process for this family of phosphorescent material.

With regard to the actual operating limits of the luminescent material, the exper-
imental data gathered on a second-generation improved phosphor showed that, for a

given deposition condition, a threshold excitation intensity for continuous pumping ex-
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ists. Above this threshold, decay of the steady-state photo-luminescence performance
and irreversible degradation of the material were found to take place, which suggested
that the material was being operated in an unuseful excitation regime, mainly lim-
ited by the thermal management capabilities of the carrier substrate rather than from

intrinsic properties of the phosphor.

Gradual degradation mechanisms of ITI-V /Silicon heterogeneous

lasers

A series of accelerated aging experiments on heterogeneous I11-V /Silicon experimental
lasers showed the presence of different gradual degradation processes, affecting both
the optical and the electrical parameters of the devices. In particular, the worsening
of the optical performances, compatible with the decrease in the non-radiative carrier
lifetime, was found to be well correlated with the decrease in the operating voltage
and the increase in the junction charge. These results support the hypothesis that
the observed optical degradation occurs through the diffusion of non-radiative defects
towards the active region of the devices.

With the aim of identifying the physical origin of the diffusing species, an extensive
capacitance DLTS characterization was carried out. The results indicate the presence
of several deep levels, with a main trap located around 0.43 eV above the valence band
energy. This trap was found to be compatible with an interface defect characteristic of
the quaternary material employed to grow the active region of the device. Due to the
lack of literature reports on defects related to AllnGaAs alloys, whose rate of adoption
for the manufacturing of I1I-V emitters at 1.3 um and 1.55 um is currently growing, a

clear identification of the deep-levels found within the device has yet to be achieved.
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