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Abstract

This thesis investigates the reliability of state-of-the-art InGaN LEDs for lighting applications
and the impact of the diffusion-related mechanisms on optoelectronic GaN-based wafers, with
the aim to identify the physical mechanisms responsible for the premature degradation of those
devices. By means of custom experimental setups, developed during the triennial research
activity, it is possible to identify the dominant failure modes and degradation mechanisms of
GaN LEDs subjected to electrical over-stress (EOS), both in forward and reverse bias, and
to correlate specific failures with the epitaxy related weaknesses of state-of-the-art LEDs. In
particular, to understand the role of defects in the device degradation, advanced techniques
such as Deep-Level Transient Spectroscopy (DLTS) and Deep-Level Optical Spectroscopy
(DLOS) are employed.

An extensive analysis aimed to correlate the epitaxial growth parameters (indicated with
letters from A to E due to confidentiality agreements) and LEDs electro-static discharge (ESD)
robustness in reverse bias is presented. The analysis investigates separately the roles of the
epitaxial features on the n- and p-side by means of DC and pulsed characterizations. The
results suggest: i) on the n-side, the value of the parameter A is critical in the robustness to
ESD events; ii) on the p-side, C is the critical parameter; iii) leakage paths in the structure
can act as radiative recombination centers in reverse bias conditions and can be responsible
for the failure via junction shorting; iv) nitrogen vacancies may be the physical origin of those
defects. The information about the physical mechanisms responsible for degradation are used

as a feedback for devices manufacturers, for the improvement of the technological processes.

The analysis of the failure modes trigged by EOS events in forward bias describes the
power dissipation as the main cause of damage: according to the amount of power delivered
to the chip, due to the strong self-heating, the failure can interest the chip (leading to a short-
like failure) or the whole package (inducing an open-like failure). Further experiments allow
to identify four different regions before the failure of the device: i) radiative recombination
is the dominant recombination process and non-uniform band-filling can be detected, ii) by
increasing the current density, strong self-heating can be noticed, and then iii) the saturation
of the quantum wells (QWs) induces a strong overflow and may lead to additional power
dissipation. Finally, (iv) the extreme high current density induces the current crowding effect,

leading to a progressive decay of the optical properties of the device and to the device failure.

Avalanche generation in state-of-the-art high power InGaN LEDs is detected: the ex-
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tremely high electric field generated by strong reverse biases triggers band-to-band tunneling,
leading to impact ionization. Current-voltage characterizations at cryogenic temperatures
detect the shift of IV curves with increasing temperatures, confirming the role of avalanche
generation. Further analysis of the electro-luminescence spectral distribution, in this extreme
bias conditions, shows that (i) hole and electron pairs generated by the avalanche process
recombine radiatively, generating photons, (ii) which are partially re-absorbed in the In-
containing layers and n-GaN side and then (iii) re-emitted as internal photoluminescence of
the yellow-emitting defects in the n-GaN layer.

Experiments on color coded structures with different QW order and electron blocking
layer (EBL) Al content show that i) leakage current increase in reverse and low forward bias
conditions is related to diffusion, ii) the optical degradation is not dominated by diffusion but
is related to the defects propagation triggered by the energy released by SRH recombination,
iii) the optical degradation starts from the p-side and iv) the physical origin of those defects

are impurities on the Al1GaN/GaN interface or nitrogen vacancies.
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Sommario

Questo lavoro di tesi ¢ focalizzato sullo studio dell’affidabilita di dispositivi LED allo stato
dell’arte per applicazioni di illuminotecnica e sull’impatto dei meccanismi di diffusione in wafer
optoelettronici in nitruro di gallio, con 'obiettivo di identificare i meccanismi fisici respons-
abili per il degrado prematuro di tali dispositivi. Mediante 1'utilizzo di setup sperimentali,
sviluppati durante i tre anni di attivita di ricerca, é stato possibile identificare i meccanismi
di failure e di degrado dominanti in dispositivi LED basati su GaN sottoposti a condizioni di
over-stress elettrico (EOS), sia in polarizzazione diretta che inversa, e correlare le specifiche
modalita di fallimento con le difettosita epitassiali di LED allo stato dell’arte. In particolare,
al fine di appurare il ruolo dei difetti cristallini nel degrado del dispositivo, sono state utiliz-
zate tecniche di caratterizzazione avanzate: il Deep-Level Transient Spectroscopy (DLTS) e

il Deep-Level Optical Spectroscopy.

In questa tesi é presentata un’analisi approfondita finalizzata alla correlazione dei parametri
di crescita epitassiale (nominati con lettere dalla A alla E poiché coperti da un accordo di
non divulgazione) con la robustezza dei dispositivi LED alle scariche elettrostatiche. La trat-
tazione analizza separatamente i ruoli dei parametri epitassiali di lato p ed n, attraverso
caratterizzazioni DC e impulsate. I risultati suggeriscono che: i) sul lato n, A ¢ il parametro
critico per la robustezza alle scariche elettrostatiche; ii) mentre sul lato p, il parametro critico
¢ C; iil) i percorsi di leakage nella struttura possono fungere da centri di ricombinazione ra-
diativa quando il dispositivo € polarizzato inversamente e possono favorire il fallimento previa
corto-circuitazione della giunzione; iv) le vacanze di azoto possono essere la causa fisica delle
difettosita epitassiali. Le informazioni relative ai meccanismi fisici di degrado sono state con-
divise con il produttore dei dispositivi, al fine di promuovere il miglioramento della tecnologia

di processo.

L’analisi dei meccanismi di fallimento indotti da EOS in condizioni di polarizzazione di-
retta indica la dissipazione di potenza come la principale causa di degrado: in base al livello
di potenza dissipata nel dispositivo e al conseguente auto-riscaldamento, il fallimento puo in-
teressare il chip (portando ad un fallimento come corto-circuito) o 'intero package (portando
ad un fallimento di tipo circuito-aperto). Ulteriori esperimenti hanno permesso di identificare
quattro regioni di funzionamento, prima del fallimento del dispositivo: i) la ricombinazione
di tipo radiativo ¢ dominante ed il riempimento delle buche quantiche non ¢ uniforme, ii)

I'incremento della densita di corrente induce un forte auto-riscaldamento, iii) e porta alla

vii
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saturazione delle buche quantiche e all’overflow dei portatori. Infine, iv) 'estrema densita di
corrente induce l'effetto di current crowding, portando ad un progressivo decadimento delle
proprieta ottiche del dispositivo e al successivo fallimento.

La generazione del processo avalanche é identificata in dispositivi LED di potenza: a
causa del forte campo elettrico indotto nel dispositivo, sottoposto a polarizzazione inversa, si
instaura il processo di tunneling banda a banda dei portatori e la conseguente ionizzazione
da impatto. La caratterizzazione elettrica effettuata a temperature criogeniche evidenzia lo
spostamento delle curve IV all’incremento della temperatura, confermando la presenza della
generazione avalanche. Ulteriori analisi dell’elettroluminescenza e dei suoi diversi contributi
spettrali mostrano che: i) le coppie elettrone-lacuna generate dal processo di avalanche ricom-
binano radiativamente, generando fotoni, ii) i quali sono parzialmente riassorbiti nel lato n
della struttura e successivamente iii) riemessi come fotoluminescenza nelle lunghezze d’onda
del giallo dai difetti presenti nel cristallo.

Esperimenti su strutture color coded con buche quantiche disposte con diverso ordine nello
stack epitassiale e diversa concentrazione di Al all’interno dell’electron blocking layer (EBL)
mostrano che i) l'incremento della corrente di leakage in condizioni di polarizzazione inversa
e debolmente diretta sono correlate alla diffusione, ii) il degrado ottico non é dominato da
tale processo di diffusione, ma ¢é collegato alla propagazione di difetti indotta dall’energia
termica rilasciata da ricombinazione di tipo SRH, iii) il degrado ottico ha inizio dal lato p
della giunzione e iv) l'origine fisica di tali difetti & rappresentata da impurezze all’interfaccia
AlGaN/GaN o vacanze di azoto.
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Introduction

During the last two decades, the development of optoelectronic devices based on gallium
nitride showed a fast evolution. In fact, GaN-based opto-electronics is widely exploited
in the modern technology, such as Blu-ray readers, projectors, automotive headlamps and
rear-lamps, optical telecommunications, displays, general lighting, biomedical devices for skin

treatments and UV-C devices for the water sanitation.

Thanks to the scientific research, light emitting diodes have achieved impressive improve-
ments in quantum efficiency, optical power and reliability. Late 90’s devices had a very low
quantum efficiency (below 1%), low optical power (42uW at 20mA) [1] and a limited lifetime
[2]. Nowadays, external quantum efficiency of blue light emitting diodes (LEDs), needed for
white light generation, exceeds 75% |3|. The expected lifetime of modern GaN LEDs exceeds
50000 hours [4, 5| at junction temperatures up to 150°C, allowing solid-state lighting to over-
come the traditional light sources, like incandescent and neon lamps, not only in terms of
reliability, but also in optical power and energy efficiency. In fact, modern GaN based white
LEDs can achieve energy efficiencies higher than 300lm/W [6], widely overcoming incandes-
cent lamps (about 10lm/W) and fluorescent lamps (about 90lm/W) |7]. Moreover, due to its
impressive useful lifetime, solid state lighting can be successfully exploited in all the specific

environments where maintenance costs and difficulties have a strong impact.

To achieve such high reliability standards, the scientific research played a central role not
only in the improvement of the device performance, but also in limiting the impact of those
degradation processes that reduce the device useful lifetime. In fact, when a device is working
in nominal operating conditions, it can be submitted to current densities above 100A /cm?
and junction temperature that can exceed 150°C. These extreme conditions may trigger and
accelerate several degradation mechanisms that lead to the worsening of the semiconductor
chip [8, 19} |10 11] and, eventually, of the device package |12].

Despite the good properties of these devices, several extrinsic events, like electrical over-
stress (EOS), can induce permanent damages and, eventually, lead to the catastrophic failure
of the device |13]. EOS refers to a condition whereby the device is biased above the absolute
maximum electrical value specified by the manufacturer and is commonly characterized by
voltages not above several tens of volts and time duration of more than tens of microseconds.
Since the EOS is a very broad concept, many are the possible sources, including power-on and

power-off transients, inrush and hot plugging currents, latch-up conditions and device over-

plal
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driving [14]. The high current/power densities reached during an EOS event may accelerate
several degradation mechanisms, thus leading to a premature degradation of the semiconduc-
tor material |15 |16], of the ohmic contact [16, 17} |10], of the packaging materials |18 [19] and,
in general, to a premature decrease in the optical power of the device over time |18 (19} 9].
For these reasons, it is very important to investigate the degradation processes induced by
EOS, which is considered as one of the leading failure mechanisms for LEDs, responsible for
more than 40% of the failure events |20 [21].

A particular category of EOS is the electro-static discharge (ESD), which are characterized
by voltage pulses of tens of KV that can last tens of nanoseconds [22]. ESD events are typically
related to the accumulation of electrostatic charge which can be generated during the processes
of manufacturing and packaging and during the handling by operators and machinery [14].

Typically, it is not possible to predict when a device will be submitted to an ESD or EOS
event. Then, the understanding of short-term and long-term impacts of those events on the
electro-optical performance of LEDs is fundamental to improve the robustness of optoelec-
tronic structures. Several papers [23, 24, 25| revealed the correlation between the semicon-
ductor defect concentration and the ESD robustness. Moreover, some external solutions, such
as protection diodes and clamping circuits, have been presented to limit the impact of those
events on optoelectronic devices. Despite this, solutions that can be directly implemented
inside the semiconductor are missing, especially to limit the impact of EOS events.

Because of the aforementioned motivations, the aim of this work is to investigate the
degradation mechanisms that lead to the premature decay of the electro-optical performance
of GaN-based LEDs, by means of specific tests and procedures. In particular, this work is

structured as follows:

o Chapter 1: Principles of Light Emitting Diodes In the first chapter, the theoretical
basis and the working principles of light emitting diodes will be presented. Some detail
on electrical and optical characteristics of LED structure will be given. The chapter
will close with an overview on the main degradation mechanisms that limit the LEDs

lifetime.

e Chapter 2: Advanced characterization techniques The principles of the most advanced
characterization techniques exploited in this work will be presented, like the Deep Level

Transient Spectroscopy (DLTS) and Deep Level Optical Spectroscopy (DLOS).

o Chapter 3: Effects of growth parameters of GaN-based LEDs on the ESD robustness
In this part, a comparison among growth parameters, DC and pulsed characterization
results and ESD stability will be presented. The aim of this work is to analyze the
degradation processes responsible for the LEDs failure and identify how the different

growth parameters impact on the ESD robustness.

o Chapter 4: Failure limits and electro-optical characteristics of GaN-based LEDs under

electrical overstress This chapter will present the analysis of the degradation mechanisms

xii
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and of the electro-optical characteristics of light emitting diodes (LEDs) submitted to
electrical overstress in forward bias, published on the scientific journal Microelectron-
ics Reliability (|26]). The research will be focused on: a) the dependence of failure
current /power on pulse duration, b) the dependence of the electrical characteristics on

temperature, and c) the optical characteristics of the devices under overstress conditions.

Chapter 5: Ewvidence for avalanche generation in reverse-biased InGaN LEDs In this
part will be presented the experimental evidence that avalanche generation can take
place in state-of-the-art InGaN-based blue LEDs. The current-voltage and electro-
luminescence curves of the devices in extreme reverse bias conditions will be shown.
Numerical simulations will show that in this bias condition the band-to-band tunneling
barrier thickness is low, leading to the possible injection of highly-energetic electrons
from the p-side to the n-side that can start the avalanche process. The relevant outcomes
of this work were presented to the conference Photonics West 2019 and included in the

conference proceedings [27].

Chapter 6: Gradual degradation of color coded test structures In this part, color coded
test structures will be exploited to investigate the role of p-side and n-side in the gradual
degradation of optical properties. Several structures with different QWs order and Al

content in EBL will be compared.

Chapter 7: Conclusions The last chapter will summarize the main outcomes of this

three years research activity.
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Chapter 1

Principles of Light Emitting Diodes

The recombination is a process in which an electron in excited state, such as an electron
in the conduction band, releases part of the excess energy, going into a free state at lower
energy in the valence band (hole). In a semiconductor, according to the process used by the
recombining electron to release its energy, it is possible to define two types of recombination
processes: the radiative and non-radiative one. Being only the radiative recombination able to
emit photons, the LED design is focused on the maximization of the radiative recombination

and the minimization of the non-radiative one.

1.1 Radiative recombination

Under equilibrium conditions, i.e. without external stimuli such as light or current, the law

of mass action teaches that the product of the electron and hole concentrations is constant
_ .2
nopo = Nj (1.1)

where ng and pg are the electron and hole concentrations at equilibrium and n; is the intrinsic
carrier concentration. An excess of carrier can be generated either by absorption of light or
by a current injection. In non-equilibrium conditions, the total carrier concentration can be

calculated as the sum of the equilibrium and the excess carrier ones
n=no+An p=py+Ap (1.2)

where An and Ap are the excess electron and hole concentrations, respectively.

Considering a free electron in the conduction band, the probability that such electron
recombines with a hole is proportional to the hole concentration, that is, R o p. The number
of recombination events will also be proportional to the concentration of electrons. Thus the
recombination rate is proportional to the product of electron and hole concentrations, that is,

R x np. Using a proportionality constant, the bimolecular recombination rate per unit time
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per unit volume can be defined as

dn dp
- —— = - = B 1 .
R==a a0 (1.3)

where B is the bimolecular recombination coefficient. It has typical values of 10711 —10=%cm? /s
for direct III-V semiconductors.

Considering now the recombination dynamics in function of time, since electrons and holes
are generated and annihilated in pairs, we can assume that in steady-state conditions their
concentrations are equal, then

An(t) = Ap(t). (1.4)

Employing the [T.2] and the recombination rate becomes

R = Blno + An(t)][po + Ap(t)] (1.5)

1.1.1 Radiative recombination for low-level excitation

In case of low-level excitation, the photo-generated carrier concentration is much smaller than
the majority carrier concentration, i.e. An < (ng+pg). Using the the can be rewritten

as

R = Bn? + B(ng + po)An(t)

(1.6)
= RO + Rexcess

where the first summand can be identified as the equilibrium recombination rate (Rp) and
the second one as the excess recombination rate (Regzcess). Then, the time-dependent carrier

concentration can be calculated from the rate equation

dn(t)
dt

= G - R - (GO + Gemcess) - (RO + Rexcess) (17)

where Gy and Rg are the equilibrium generation and recombination rates, respectively.

Assuming that the semiconductor has been illuminated with light and at time ¢t = 0 the
illumination is switched off, since that instant the generation of excess carriers is stopped
(Gexcess = 0). The recombination rate can be calculated by insertion of the into and
imposing Gg = Ry, obtaining

%An(t) — —B(no + po)An(t) . (1.8)

The solution of the differential equation gives

An(t) = AngeBMotPt — Apge=/T  where Ang = An(t =0). (1.9)
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Figure 1.1: Carrier concentration as a function of time before, during, and after an optical
excitation pulse. The semiconductor is assumed to be p-type and thus it is pg > ng. Electrons
and holes are generated in pairs, thus Ap = An. Under low-level excitation as shown here, it
is An < po [28].

The carrier lifetime can be identified as

1

T= m. (1.10)
Being in low-level excitation condition, for a semiconductor with a specific doping type (i.e.
p-type), the minority carrier lifetime calculated with the can be reduced to the contribute
of the majority carrier concentration only (7, = 1/Bpg in p-type). The figure shows the
majority and minority carrier concentrations in a p-type semiconductor as a function of time
in the case of low-level excitation: photo-generated carrier concentration is much smaller than
the majority carrier concentration. At the end of the photo-excitation, the minority carriers
concentration decays exponentially with a time constant 7, which is the mean time between
generation and recombination events for a minority carrier. Also the majority carriers decay
with the same time constant, but only a small fraction of them disappear by recombination.
In fact, for low-level excitation, the average time it takes for a majority carrier to recombine
is much longer than the minority carrier lifetime. For many practical purposes, the majority

carrier lifetime can be assumed to be infinitely long.

1.1.2 Radiative recombination for high-level excitation

In case of high-level excitation, the photo-generated carrier concentration is larger than the
equilibrium carrier concentration, i.e. An > (ng + po). The bimolecular rate equation

can be rewritten as

_ dAn(t)
o dt

R = —BAn?. (1.11)
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Figure 1.2: Luminescence decay for low and high excitation densities. [28|

Solving this differential equation, using An(0) = Anyg, gives

1

An(t) = ———. 1.12

() Bt + Ang? (1.12)
In this case, the solution presents a non-exponential decay. For this reason, the time constant
7 for the carries concentration decay is calculated as the slope of the decay by using the

following equation

An(t
T(t) = — dAn((t3 (1.13)
dt
which yields to
1
T(t)=t+ BAng (1.14)

Thus, for non-exponential decays, the time constant depends on time. Equation shows
that the minority carrier lifetime increases with time. For sufficiently long times, low-level

excitation conditions will be reached and 7 will approach the low-level value.

1.1.3 Luminescence decay

Since the luminescence intensity is proportional to the recombination rate, the carrier decay
in semiconductors can be measured by the decay of the luminescence after a short optical
excitation pulse. Calculating the recombination rate for the low and high excitation cases,

one obtains
R= fdni(t) _ %64/7

o = for low excitation (1.15)
and Inlt B
_dn(®) = for high excitation. (1.16)

R—
dt (Bt + Angt)2

In the latter case, the decay is non-exponential. All non-exponential decay functions can be ex-
pressed by an exponential function with a time-dependent time constant, i.e. exp[—t/7(t)]. In
most cases, the time constant 7 increases with time. This type of decay function is frequently
called a stretched exponential decay function which describes a slower-than-exponential decay.

A graphical description of the optical decay can be observed in figure [1.2
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Figure 1.3: Band diagram illustrating recombination: (a) non-radiative recombination via
deep level, (b) non-radiative recombination via Auger process and (c) radiative. |28|

1.2 Non-radiative recombination

During non-radiative recombination, the electron energy is converted to vibrational energy of
lattice atoms, i.e. phonons. Thus, the electron energy is converted to heat. There are several
physical mechanisms by which non-radiative recombination can occur. Defects in the crystal
structure are the most common cause for non-radiative recombination. These defects include
unwanted foreign atoms, native defects, dislocations, and any complexes of defects, foreign
atoms, or dislocations [29]. All such defects have energy level structures that are different
from substitutional semiconductor atoms. It is quite common for such defects to form one
or several energy levels within the forbidden gap of the semiconductor. Energy levels within
the gap of the semiconductor are efficient recombination centers; in particular, if the energy
level is close to the middle of the gap. The recombination of carriers via a trap level is shown
schematically in figure [1.3

A first study on recombination of free carriers via deep levels was performed by Shockley,
Read and Hall in 1952 [30, [31]. The non-radiative recombination rate via deep levels with

energy level Er and concentration Np is given by

PoAn + ngAp + AnlAp
Nrvpop) =t ng +n1 + An) 4 (Nrvyon) = (po + p1 + Ap)

Rspp = ( (1.17)

where An = Ap; v, and v, are the electron and hole thermal velocities, respectively, and o,
and o0, are capture cross section of the traps. Parameters n; and p; are electron and hole

concentrations in case the Fermi level is located at the trap level; these two are:

Er — Ep; FEp; — FE
nlzniexp<TkTFZ) and plzniexp<FZkTT> (1.18)

where Ep; is the Fermi level in the intrinsic semiconductor. The non-radiative lifetime of
excess electrons can be deduced from the equation knowing that Rspy = An/7. As a
consequence, the life-time is given by:

po +no+ An

1
i 1.19
T (Nrvpop)~t(ng +n1 + An) + (Npvnoyn) = Hpo + p1 + Ap) (1.19)
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Assuming that the semiconductor is p-type, majority carriers will be holes, i.e. pg > ng and
po > p1, and a small deviation from equilibrium, i.e. An < pg, the minority carrier lifetime

1S

1 1
g = Npvpon (1.20)
u

Tno
Instead, if electrons were majority carriers, that means the semiconductor is n-type, then

we would obtain:
1

1
S 1.21
T T TVpTp (1.21)

From the previous equations, we can deduce that the SRH recombination rate is limited
by the minority carrier capture rate; in fact, the capture of majority carriers is a more likely
event with respect to the capture of minority carriers. Equation becomes:

Po +no + An

1
- = 1.22
= mo(mo £+ An) + 7oy (50 + PL + BD) (1.22)

Assuming that v, 0, = vp0p, Ty, = Tp, and remembering that An < pg, we obtain:

po+ 11
= 14+ — 1.2
7 Tn0< +P0+n0> (123)

Considering a further simplification, that is the case of an intrinsic material ng = pg = n,,

equation [I.23] simplifies to:

Er — Epi
i = Ty <1 + M) = g [1 + cosh(TkTF>] (1.24)

21’Li

From equation we can deduce that, since the cosh function has a minimum when its
argument is equal to zero, that in our case is when Er = Ep;, the non-radiative lifetime is
minimized when the trap level is near the center of the band gap, and in this case the lifetime
is given by 7 = 27,,.

Inspection of equation [1.24] also reveals a temperature T' dependence of the non-radiative
recombination lifetime, more precisely as 1" increases the non-radiative recombination lifetime
decreases. This implies that, at higher temperature the radiative band-to-band recombination

efficiency decreases.

1.2.1  Auger recombination

Another important non-radiative recombination mechanism is Auger recombination. In this
type of process, the excess energy due to the electron-hole pair recombination is dissipated
through the excitation of a free electron in the conduction band, or a hole in the valence band.
This process is reported in Figure [1.3b. The excited carrier will lose its energy by multiple

phonon emission, until it will reach the edge of the band. The recombination rates associated

6
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to the Auger process are:

Rauger = Cynp? (1.25)

in the case of energy given to a hole in valence band (this process is more likely to happen

in p-type semiconductors), while:

RAuger = Cnn2p (126)

in the case of energy given to an electron in the conduction band (process more likely
to happen in n-type semiconductors). From these two equation we can evince that Auger
recombination is proportional to the square of the carrier concentration, since we need two
carriers of the same type during the process. In general, coefficients C,, and C), are different
due to the different structure of the conduction band and of the valence band.

In high-excitation condition, where the photogenerated carrier concentration is higher

than the one of carriers at equilibrium, the two previous equations reduce to:

Rauger = (Cp + Cp)n® = Cn? (1.27)

where C is defined as Auger coefficient, and presents typical values around 10728 - 10729 ¢cm5 /s
for III-V semiconductors.

Auger recombination reduces the luminescence efficiency in semiconductor only at high
excitation intensity or at high injection currents, thus for high carrier concentrations, due
to the cubic carrier concentration dependence. At lower carrier concentrations, the Auger

recombination rate can be neglected.

1.2.2 Non-radiative recombination at surfaces

Non-radiative recombination can occur also at semiconductor surfaces, that introduce strong
perturbation in the periodicity of a crystal lattice. Since the band diagram model is based
on the latter, it will need to be modified at the semiconductor surface. This modification
includes the addition of electronic states within the band gap of the semiconductor. From
a chemical point of view, atoms at the surface cannot have the same bonding structure like
the atoms in the bulk due to the lack of neighboring atoms. For this reason, some of the
valence orbitals do not form chemical bonds, giving origin to the so-called dangling bonds,
partially filled electron orbitals that introduce electronic states within the band gap and act
as recombination centers. These states can be as acceptor-like or donor-like states, depending
on the charge state of these valence orbitals. It is possible that some of these dangling bonds
rearrange themselves and form bonds between neighboring atoms in the same surface plane
and cause the formation of new atomic structures with different energy states with respect to

those in the bulk. It is difficult to predict the energetic localization of surface states, even with

7
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powerful theoretical models, thus usually phenomenological models of surface recombination
are used.

Considering a p-type semiconductor subjected to illumination, it is possible to calculate
the effect of surface recombination on the carrier distribution. Assuming a uniform generation
rate GG, the continuity equation for electrons is given by:

on(z,t) 10J,

o —G@-R+ -2 1.2
5 G R+q8x (1.28)

where J, is the current density due to the electrons flowing to the surface. In the bulk there

is no dependence on space, thus the continuity equation reduces to G = R under steady-state

conditions. Since the semiconductor is p-type, the recombination rate is given by:

_ dAn(t) _ An(z,t)

k= dt Tn

(1.29)

The excess carrier concentration in the bulk is given by An, = G7,. Moreover, assuming

that the current density J, is a diffusion current density with this form:

OAn(x,t
and using this in equation [I.28] the continuity equation becomes:

0An(x,t) An(x,t) 0?An(x,t)
—_— =G —"+Dy—= 1.31
ot " 02 (1.31)

At the semiconductor surface, the boundary condition is given by:
OAn(x,t
Tl = a0 220D s, (132
€T =0

where S is the surface recombination velocity (cm/s). This equation shows that carriers
recombine rapidly at the surface with velocity equal to S. Finally, assuming a time constant
generation rate GG, thus the minority carrier concentration has no time dependence, we can

find the steady state solution to the continuity equation:

7 — NSexp(—x/Ly,)

n(x) =ng + An(z) =no+ Anee |1 — I 47§

(1.33)

where L,, = \/D,,7, is the diffusion length of the minority carriers in the semiconductor, that
in our case are electrons. Figure [I.4] shows the band diagram and the majority and minority
carrier concentrations next to the surface for a p-type semiconductor. For S — 0, the minority
carrier concentration at the surface is equal to the bulk value, i.e. n(0) = ng + Anyo, while
for S — oo the minority carrier concentration at the surface tends to decrease, approaching
the value at equilibrium, n(0) — ng. Typical value for S in GaN is 5 - 10* cm/s.

Surface recombination causes undesired effects, like the luminescence efficiency reduction

and the surface heating. In order to have this process, both carriers are needed. In the realiza-

8
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Figure 1.4: Band diagram (top) and minority and majority carrier concentrations near the
surface (bottom) assuming uniform carrier generation due to illumination. The excess carrier
concentrations are An and Ap. [2§]

tion of these devices, it is important that the active region, where both carriers are present,
be far removed from any surface. Different passivation techniques have been developed in
order to reduce this non-radiative recombination mechanism, like treatments with sulfur and

other chemicals.

1.3 Internal quantum efficiency

In the previous sections, different non-radiative recombination mechanisms have been pre-
sented; though this process can be reduced with different techniques, it is not possible to
completely eliminate it. We can define internal quantum efficiency (IQE) the ratio between
the number of emitted photons inside the semiconductor and the number of carriers undergo-
ing recombination, that means the probability to have radiative recombination; this efficiency
allows us to evaluate the impact of the non-radiative recombination on the radiative one. In
order to calculate it, we define 7, as the radiative lifetime, and 7, as the non-radiative lifetime.
Thus, the total probability of recombination is given by the sum of these two probabilities:

R T (1.34)

T
The internal quantum efficiency is given by:

7_—1

-
-1 —1
Tr  + +Tnr

Not all photons emitted internally are able to escape from the semiconductor due to

nIQE = (135)

reflection problems and re-absorption mechanisms in the substrate.

In the next section, the electrical properties of LEDs will be presented, in order to better

9
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understand the mechanisms that cause the reduction of the efficiency in these devices.

1.4 Electrical properties of LEDs

The basic structure of an LED is the p-n junction. In this section we will explain the principal
optical properties of a diode, analyzing the structure and the current-voltage (IV) character-

istic, considering also the non ideal case.

1.4.1 p-n junction

The p-n junction is one of the most important junctions in solid state electronic. It is made by
two semiconductors, one of p-type and the other one of n-type, put together. Then, a metal
contact is put on both the two semiconductors in order to have the anode and the cathode.

Let’s consider an abrupt p-n junction, that means the transition from the n-type material
to the p-type material is abrupt, obtained by a step variation in the doping at the junction
sides. The donor concentration is Np and the acceptor concentration is V4. All dopants are
assumed to be fully ionized, thus the free electron concentration is n = Np, while the free
hole concentration is p = N 4. Finally, is assumed that no compensation of the dopants occurs
by unintentional impurities and defects.

The big difference in the electron concentration in the two materials causes the electrons
diffusion from the n-side to the p-side and the holes diffusion from the p-side to the n-side.
Moving to the material with the opposite doping, carriers leave behind them doping atoms
that are not compensated, near the junction, giving birth to the depletion of electrons in this
region. This last region is called depletion region. Without electrons in the depletion region,
the only present charge is given by ionized acceptor and donor. In this region it is assumed
that the semiconductor can be divided in two distinct zone, one on the n-side where donors
dispose, the other one on the p-side, where acceptor dispose, like Figure |1.5| reports.

An electric field is associated to the depletion region, called built-in, that creates a po-
tential barrier between the two materials. At equilibrium, the electric field amplitude is such
that the electrons trend to diffuse from the n-side to the p-side is balanced from the drift
trend of the electrons in the opposite direction under the electric field influence. The built-in
electric field generates a voltage defined as built-in voltage, that is given by:

kT  NaNp

Ver=—1In
q 2

g

(1.36)

This voltage represents the barrier that the free carriers need to pass in order to reach the
neutral region with the opposite conductivity. Figure (a) reports the band diagram of a
p-n junction under zero bias and shows the built-in voltage.

From the built-in voltage, it is possible to extrapolate the width of the depletion region:
in fact, these two quantities, together with the charge in the depletion region, are bound

together by the Poisson equation. The width of the depletion region is:

10
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Figure 1.5: p-n junction, where the depletion region is shown. \\

(a) p-n junction under zero bias
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Figure 1.6: Band diagram of a p-n junction under zero bias (a) and under forward bias (b).
Under forward bias conditions, minority carriers diffuse into the neutral regions where they
recombine. [28]
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2¢ (1 1
WD = \/q <]VA + -ND> (VBI - V) (1-37)

where € = €,¢¢ is the dielectric permittivity of the semiconductor and V is the diode polar-
ization voltage.

In general, two types of currents flow through the diode and these are the drift current
and the diffusion current of the electrons and holes. When no voltage is applied, these two

currents eliminate each other. In fact, considering as an example the hole current density:

Jp(x) = q|ppp(x) E(x) — Dy d@f)

=0 (1.38)

where the first term represents the hole drift current, J,, = qupp(x)E(x), due to the electric

dp(x
giff = qud(a?)’ due to the hole

concentration gradient in the p-type region. Similar considerations can be done for electrons.

drift

field, instead the second term is the diffusion current, J,

If a voltage is applied to the p-n junction, it is possible to observe a potential drop on
the depletion region. This region is highly resistive, since it is depleted of free carriers, and
for this reason the voltage drop will be entirely on this region. If an external reverse bias
voltage is applied, this will cause an increase in the potential barrier, blocking the carrier
injection. Instead, applying an external forward voltage (Figure[L.6|b)), the potential barrier
will decrease, promoting the carrier injection and causing an increase in the total current.
Carriers diffusing in region with opposite type of conductivity will recombine giving place to

a photon emission.

1.4.2 |-V characteristic

The first who studied I-V characteristic of a p-n junction was Shockley, from which it derives

the equation that describes the diode I-V curve, that is the Shockley equation:

I = Ig(e?/FT _ 1) (1.39)

where Ig is defined as saturation current

D, n? D,, n?
I:A,/—p L — 1.4
s q( TpND+ TnNA> ( 0>

A is the diode area, while D, , and 7,, are the diffusion constants and minority carrier

lifetimes of electrons and holes, respectively. Equation [I.39] can be rewritten:

D, n? D, n?
I=qA( =222 ) (edVIRT g 1.41
oA ({22 5 2R Y@ -y (141)

Under typical forward bias conditions, where the applied voltage is V' > kT'/q in order to
have [exp(qV/kT) — 1] = exp(qV/kT), equation becomes:

12
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I= qA<1 /%NA + 4 /l:"ND>eq(V—VBI>/’fT (1.42)
[ n

From equation we can notice that current increases significantly when the diode

voltage is close to the value of the diffusion current, and for this reason it is defined as
threshold voltage Vi, =~ VpI.

Considering the band diagram of the p-n junction under forward bias (Figure [L.[b)), it
is evident the separation of the Fermi level from the conduction and valence band. For this

reason, the following sum of energies is zero:

qVBI*Eg+(EF*Ev)+(EC*EF) =0 (1.43)
In heavily doped semiconductor this separation is very small with respect to the energy
gap and for this reason equation becomes:

Ly

Vin =~ Vi ~ (1.44)

that is an approximate value of the threshold voltage.

Figure reports the forward voltage at a current of 20 mA as function of the energy
gap for LEDs with different emission wavelength, in the range from the ultraviolet to the
infrared. The solid line represents the expected forward diode voltage. Analyzing the figure,
it is possible to observe that LEDs based on I1I-V nitrides do not follow the line. This is caused
by different factors: (i) nitride material system presents large band gap discontinuities, which
causes an additional voltage drop; (ii) the contact technology is not yet completely mature in
nitride-based structures, which causes an additional voltage drop at the ohmic contacts; (iii)
the low p-type conductivity in bulk GaN; (iv) it is possible that a negative parasitic voltage

drop occurs in the n-type buffer layer.

1.4.3 Non ideality in the |-V characteristic

The Shockley equation gives us the first theoretical I-V characteristic for a p-n junction, but

in order to describe the experimentally measured characteristics, the equation becomes:

I = Iseqv/(nidealkT) (145)

where 7);4¢q; 18 the ideality factor of the diode. For an ideal diode this factor is equal to 1, but
for a real diode 7);4¢q; can assume values between 1.1 - 1.5, though higher values have been
found for ITI-V arsenide and phosphide diodes (2.0) and for GaN/InGaN diodes (7.0).
Another unwanted effect in a real diode is the presence of parasitic resistances, in particular
the series resistance and the parallel resistance. The first one could be ascribed to an excessive
contact resistance or the resistance of the neutral regions, instead, the second one can be

caused by any parasitic channel through the p-n junction. This last condition can be ascribed
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Figure 1.7: Diode forward voltage as function of energy gap for LEDs made by different
materials. [28§]

to the degradation of the p-n junction or to the generation of surface defects. Figure
reports the effects on the I-V characteristic due to these parasitic resistances. In order to take
in account these, it is necessary to modify the Shockley equation.

Assuming to have a shunt resistance Rp, parallel to the ideal diode, and a series resistance
Rg, in series with the ideal diode and Rp, the relation between the current and the voltage

becomes:

-1
I— (VRPRS) _ ISQQ(V*IRS)/(mdeasz) (1.46)

There are further deviations of the I-V curve from the ideal conditions, that are not taken
into account in equation [I.46] One of this is the abrupt turn-on of the diode, referred as
sub-threshold turn-on or premature turn-on: in some conditions, the diode turn-on voltage is
distributed over a voltage range instead of having a precise value. In this way, a sub-threshold
current is observed before the hypothetic turn-on voltage. This current can be caused by car-
rier transport through surface states or deep levels in the bulk of the semiconductor.

Carrier generation and recombination in the depletion region are two other important
events that can occur in real diodes, due to the presence of trap levels in this region (Fig-
ure . This implies an increase in the current when a forward and a reversed voltage is
applied. The recombination current dominates at low voltages and an ideality factor of 2.0
is associated to this current, instead the diffusion current dominates at high voltages and
presents an ideality factor equal to 1.0. From Figure we can distinguish three main
region in the I-V characteristic, from these the two regions related to the generation and
recombination current.

When a reverse bias is applied, current is dominated by carrier generation in the depletion

region; this current increases if a higher reverse voltage is applied, due to the increase in the
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Figure 1.11: Carrier distribution in a p-n homojunction under zero bias (a) and forward bias
(b). [28]

depletion region width.
I-V measurements are carried out in the dark, since light may generate photo-current in
the diode. There should be no photo-current in dark conditions, but a very small value is

always measured (such 10712 A), due to the limited accuracy of the instruments.

1.4.4  Carrier distribution in homojunction and heterojunction

Until now, p-n homojunction were considered, that means p-n junctions consisting of a single
material. In this p-n junctions, the carrier distribution depends on the diffusion constant of
carriers, that can be inferred from the mobility thanks to the Einstein relation, which, for a

non-degenerate semiconductor is given by:
D, = g,un and D, = k—Tup (1.47)

q q

Carriers injected into a semiconductor, with no external electric field applied, propagate
by diffusion. Carriers will pass through the depletion region and will reach the region with
opposite conductivity where they will eventually recombine. The mean distance a minority
carrier diffuses before recombination is the diffusion length. Diffusion lengths for electrons

and holes are

L, =+/Dpr, and L,=/Dp7p (1.48)

where 7, and 7, are the electron and hole lifetimes, respectively. In typical semiconductors,
the diffusion length is in the order of several micrometers, since the minority carriers are
distributed in a region several micrometers thick. In Figure the carrier distribution in
a p-n junction under zero bias and forward bias is shown. Minority carriers
are distributed over a large distance, thus recombination occurs over a large region and this
is not beneficial for an efficient recombination.

The typical structure used in order to realized high-intensity LEDs is the heterojunction.
In these devices two type of semiconductor are used, one with a small bandgap, that will

be the active region, and another one with a large bandgap, that will be the barrier region.
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Figure 1.13: Quantized energy level in a quantum well, where the carrier wave functions are
shown. |28]

It is possible to realize a structure with two barriers, i.e. an active region enclosed between
two large-bandgap semiconductors: in this case the structure is called double heterojunction.
Figure [I.12] reports the band diagram of a double heterojunction and its carrier distribution:
in this case, the injected carriers are confined within the active region by the barriers. The
active region will define the thickness of the region in which carriers recombine, rather than the
diffusion length. Usually the length of the active region is smaller than the diffusion length,
and this allows an increase in the carrier concentration with respect to the homojunction case.
Moreover, since the radiative recombination rate is given by R = Bnp, having a high carrier

concentration in the active region allows an increase in the radiative recombination rate.

1.4.5 Heterojunctions characteristics

Using heterojunction in order to realize LEDs allows to better improve the performances
of these devices, thanks to the carrier confinement in the active region and avoiding the
minority carrier diffusion on long distances. The double heterojunction introduces a potential
well where carriers are trapped and, if the well is narrow, the allowed energy levels within it
are quantized. The structure is called quantum well (QW) (Figure |1.13)).

Carriers behavior in QWs is described by Schrédinger equation, whose solution allows to
evaluate the energy levels and the sub-bands, giving the potential profile of the well. Despite

the heterostructures contribute to the improvement of the LEDs efficiency, however, there
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Figure 1.14: Band diagram of an abrupt heterojunction (a) and a graded one (b) of two n-type
semiconductors with different bandgap energy. 28|

are still several problems. In the following sections, the main mechanisms that contribute to
reducing efficiency and the possible structure optimizations to limit these loss mechanisms

are reported.

Effect of heterojunctions on device resistance

As already mentioned before, the employment of heterostructures allows to improve the effi-
ciency of LEDs by confining carriers to the active region. On the other hand, heterojunctions
introduce series resistance at the heterostructure interface. In fact, considering a heterostruc-
ture made by two semiconductors with different band-gap and assuming both of type n, there
will be the diffusion of carriers from the large-bandgap material to the small-bandgap mate-
rial. As a result of this transfer, an electrostatic dipole will be formed, followed by a band
bending, as Figure [1.14|a) shows. Carriers transferring from one semiconductor to the other
must overcome this barrier by either tunneling or by thermal emission over the barrier. The
thermal power generated from this resistance leads to a reduction in the radiative efficiency,

since it causes the heating of the active region.

This kind of issue is obtained when the passage from a material to another is abrupt.
To mitigate this effect, graded heterojunctons were introduced, changing the chemical com-
position of the semiconductor in the proximity of the interface, as shown in Figure M(b)
It has been shown that, the shape of the graded region should be parabolic: in this way,
the large-bandgap material will be depleted of free carriers due to electron transfer to the
small-bandgap material, for this reason the carrier concentration in the first material will
be equal to the donor concentration Np. Assuming that this concentration is constant, the

electrostatic potential is:
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N
o = YD DxQ
2e

The equation shows that the potential depends on the position x with a parabolic shape. In

(1.49)

order to compensate for the parabolic shape of the depletion potential, the composition of the
semiconductor is varied parabolically as well, so that an overall flat potential results, assuming
that the bandgap energy depends linearly on the chemical composition. An approximate

design rule for the grading of a heterostructure is given by:

[2e AEx
=, == 1.50
Xd quD ( )

where x4 is the depletion region thickness in the large-bandgap semiconductor and AFE¢ is
the discontinuity of the conduction band of the abrupt heterojunction. The heterostructure
interface should be graded over the distance x4 in order to minimize the resistance at the

interface.

Carrier escape

In an ideal LED, the injected carriers should be confined within the active region thanks to
the presence of the lateral barriers. The energy barriers are usually in the order of several
hundred meV, i.e. much larger than k7. Despite this, some carriers will be able to escape
from the QW, moving in the barrier regions. In fact, free carriers in the active region are
distributed according to the Fermi-Dirac distribution, thus some carriers could have higher
energy than the height of the confining barrier. This mechanism is shown in Figure [1.15]
This carrier escape causes the recombination in the barrier regions, reducing the radiative
recombination. The concentration of electrons with energy higher than the barriers is given
by:

ng = /Oo pposfrp(E)dE (1.51)

Ep
where ppog is the state density, frp is the Fermi-Dirac distribution function, and Ep is the
height of the barrier.
The electron loss over the barrier generates a leakage current that depends on the car-
rier concentration at the edge of the barrier. This leakage increases exponentially with the

temperature, causing a decrease of the radiative efficiency.

Carrier overflow

Carrier overflow is another loss mechanism, that occurs at high injection current densities.
In this way, the carrier concentration in the active region increses followed by an increase in
the Fermi level; the latter will rise to the top of the barrier and when it will be within the
conduction band, the semiconductor will be in degeneration condition (Figure [L.16]). At this
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Figure 1.15: Capture and escape of one carrier in a double heterojunction. The figure shows
also the carrier distribution in the active region. [28|
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Figure 1.16: Fermi level in a double heterostructure. |28|

point the active region is flooded with carriers, causing a saturation of the optical intensity,
since a further increase in injection current density will not increase the concentration in the
active region. Carriers are now able to overcome the quantum well.

The current density at which the active region overflows can be obtained as follows. Con-
sider a double heterostructure LED with an active region of thickness Wpp, the equation
that describes the variation of the electron concentration in the active region is:

dn J

- - B 1.52
i~ avon 2P (1.52)

This equation is given by two terms, one is due to the electron injection in the active region,
the other one is given by the recombination. Solving the equation in steady state conditions,

i.e. dn/dt =0, and in high injection conditions, i.e. n = p, we obtain:

/ J

In high-density approximation, the Fermi energy is given by:

By =B _ (3y7 n \"" (154)
KT 1 Ng '
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When the Fermi level reaches the top of the barrier, no more carriers will be confined. At
that point Er — Ec = AFE¢. Using this value, the current density at which the active region

overflows is:

2 3
J = qWpgBn? = (gi;) <A£C> ¢BWpy (1.55)

In general this problem is more severe in structures with a small active region volume,
like single quantum well structures and quantum dot active regions. A possible solution is
the realization of structures with multiple quantum wells (MQWs). In fact, as reported in
Figure[1.17] as the number of quantum well is increased, the current level at which saturation
occurs is increased, like also the optical saturation intensity.

Another possibility is to increase the height barrier AE¢, but this requires the employment
of material with appropriate band gap. It is also possible to realized a quantum well with a

larger thickness, but this solution is rare.

Electron blocking layer

The carrier escape from the active region has a strong impact in double heterostructures with
low barrier height. Moreover, since the diffusion constant of electrons in semiconductor III-
V is higher than the one of holes, the electron leakage current will be higher then the hole
leakage current. To reduce carrier leakage, carrier-blocking layers are used: these structures
are called electron blocking layer (EBL). These layers present a high band gap energy and are
located at the confinement-active interface, i.e. at the interface between the active region and
the barrier region on the p-side. In order to not obstruct the passage of holes coming from
the p-type region, the EBL will be doped. Figure shows an example of band diagram of
a InGaN-based LED with an AlGaN-based EBL and an active region made by InGaN/GaN
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Figure 1.18: Band diagram of an LED with a MQWs structure, with (a) and without (b)
doping. [28|

MQWs. The insert shows the presence of a potential spike (hole depletion layer in the electron
blocker) and notch (hole accumulation layer in the p-type confinement layer), forcing holes
to tunnel through the potential spike in order to reach the active layer. The valence band
edge can be completely smoothed out by compositional grading at the interface between the
EBL and the barrier layer so that the EBL does not impede the hole flow. The total band

discontinuity is located in the conduction band, that means

AE = EC'7confinement - EC,zzctive + AE‘g (156)

where AE is the barrier height for electrons and AFE, is the difference in band gap energy
between the barrier layer and the EBL.

Diode voltage

When an electron is injected, its energy is converted into optical energy upon electron-hole
recombination. The drive voltage or forward voltage is given by the ratio between the band

gap energy and the elementary charge

V=hv=Ey/q (1.57)

There are some mechanisms that can cause a voltage variation. A first mechanism is the
presence of a series resistance: this can be caused by contact resistance, by abrupt heterostruc-

tures and by bulk resistance, occurring particularly in materials with low carrier concentration
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Figure 1.19: Chemical composition and band diagram of a quantum well structure. The figure
shows the energy loss of carriers as they are captured into the quantum well. [28|

or low carrier mobilities. A second mechanism is related to the energy loss of carriers due to
non-adiabatic injection, as shown in Figure [[.I9] An electron injected in the quantum well
can lose an energy equal to AE~ — Ey, where AEq is the band discontinuity and Ej is the
energy of the lowest quantized state in the conduction band. Similar consideration can be
made for holes.

The total voltage drop across the LED is:

AFq— By | ABy - By
q

(1.58)

E
V=="+IRs+
q

where E,/q is the theoretical voltage minimum, IRg is the contribution due to the series
resistance and (AEc—FEy)/q+(AEy —Ey/q) is the contribution due to the adiabatic injection.

1.5 Optical properties of LEDs

In this section, the optical properties of LEDs will be discussed. In particular, the emission
spectrum, the optical power-current characteristic and different ways in order to improve the

light extraction will be discussed. First, it is important to define the efficiencies in a LED.

1.5.1 LED efficiency

The internal quantum efficiency is defined as the ratio between the number of photons emitted
from the active region per second and the number of injected electrons per second, that means:
Pint/hV
NIQE = —F (1.59)
¢ I/q
where P;,; is the optical power emitted from the active region and I is the injected current.
An ideal LED has unity internal quantum efficiency, since each injected electron produces a

photon. In a real LED, this is not possible, due to the presence of non-radiative recombination

processes, already explained.
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The extraction efficiency is defined as the ratio between the number of photons emitted
outside the LED per second and the number of photons emitted from the active region per

second:

P/(hv)

Next = W (1.60)

where P is the optical power emitted into free space. In an ideal LED, all the photons
emitted from the active region are able to escape from the LED die, having an unity extraction
efficiency. In a real LED not all the power emitted from the active region is emitted in the
free space: in fact, some photons may not escape from the semiconductor due to several
loss mechanisms, that will be discussed in the next paragraphs. In general, the extraction
efficiency can strongly limit the LED performances.

The external quantum efficiency (EQE) is defined as the ration between the number of
photons emitted outside the LED per second and the number of electrons injected into the

LED per second:

P/(hv)

NEQE = Ijq NIQE - Neat (1.61)
The power efficiency is defined as:
_r (1.62)
Tpower = v .

where I'V is the electrical power provided to the LED.

1.5.2 Emission spectrum

The spontaneous recombination of electron-hole pairs is the physical mechanism responsible
for the light emission from the LED. The energy obtained from this process is transfered
to a photon. The optical properties of LEDs are determined by the physical mechanism of
spontaneous emission. Figure[I.20]reports a schematic of the electron-hole pair recombination
process. The electron and hole energy distributions are defined by the Fermi statistic: at a
temperature above the absolute zero, electrons and hole will occupy a certain number of
energy state higher than the minimum value. Electrons and holes are assumed to have a

parabolic dispersion relation:

h2k?
E=F 1.63
c+ o (1.63)
for electrons, instead
h2k?
E=Fy— 1.64
¢ (1.64)

for holes. m; and m; are defined as the effective masses of electron and hole, respectively,
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Figure 1.20: Parabolic dispersion relation for electrons and holes: figure shows the vertical
recombination between an electron and a hole with the emission of a photon.|28§]

h is the Planck constant divided by 27, k is the carrier wave number, and E¢ and Ey are,
respectively, the conduction and valence band edges.

Energy conservation is required and for this reason the photon energy will be given by
the difference between the electron energy E. and the hole energy Fj. Electrons and holes
present an average kinetic energy equal to k7" and since kT' < Ej, the photon energy will be
approximately equal to the bandgap energy E,:

hv = E. — E, = E, (1.65)

For this reason, the emission wavelength of a LED is determined by choosing a semicon-
ductor material with an appropriate band gap energy.

Together with energy conservation, momentum conservation is required. Comparing the
momentum of a photon, p = hk = hv/c = Ey/c, with the average carrier momentum,
p = V2m*kT, yields that the carrier momentum is orders of magnitude larger than the pho-
ton momentum. In this way, during a transition from the conduction to the valence band, the
electron momentum does not change significantly. The transitions are therefore "verticals",
i.e. electrons will recombine only with holes that have the same value of k. Assuming that

electrons and holes momentum are equal, the photon energy can be rewritten as:

h2k? h2k? h?k?
hv=FE ) —=F 1.66
v o 2m} V+2m;‘L 9 2m (1.66)
where m} is the reduced mass given by:
1 1 1
— = — 4 — (1.67)

* *
my omi  my

Equation is defined as joint dispersion relation and using it, the joint density of states

can be calculated:

o(B) = — (M)W E—E, (1.68)
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The Boltzmann distribution is used to determine the distribution of carriers in the allowed
bands:

fp(E) = e E/KD) (1.69)

The emission intensity of an LED as function of the energy (Figure |1.21)) is proportional
to the product of equations and

I(E) x \/E — Ege E/(KT) (1.70)

From Figure it is possible to observe that the maximum emission intensity occurs at:

1
E = Ey+ kT (1.71)

and the full-width at half maximum (FWHM) of the emission is:

AFE = 1.8kT (1.72)
or, in terms of wavelength:
1.8KT)\?
A= —— 1.
e (1.73)

The line width of an LED is relatively narrow compared with the range of the entire visible
spectrum, even narrower than the spectral width of a single color as perceived by the human

eye. For this reason, the LED emission is perceived by the human eye as monochromatic.

1.5.3 L-I characteristic

The optical power-current characteristic will be analyzed. Knowing the connection between

this two magnitudes is useful in order to obtain information regarding recombination mecha-
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nisms at a certain current level. Using the ABC model, where

e B is the bimolecular recombination coefficient;
e A is the non radiative recombination coefficient due to SRH processes;

e C is the Auger recombination coefficient;

under steady state conditions, the rate equation for the LED is:

C;—Ttl = q{i — (Bnp+ ANrn) =0 (1.74)
where J is the current density through the active region, d is the active region width, Np
is the density of non-radiative recombination centers, and p and n are the electron and hole
concentrations in the active region, respectively.

Under high injection conditions, where n > N,, Ny, the previous equation becomes:

&f+ANW%~£:O 1.75
qd

In case the radiative recombination dominates on the non-radiative recombination pro-

cesses, i.e. ANpn < Bn?, we get

J
L=DBn2~">1 1.76
s (1.76)

where L is the light intensity, since Bn? is related to the radiative recombination. In the
other case, where the non-radiative recombination processes dominates on the radiative re-

combination, i.e. AN7n > Bn?, we get

J
ANpn = — 1.
™ o (1.77)

In this case, since n is proportional to the injected current, the light intensity (Bn?) is
proportional to the square of the injected current (L ~ J2).

Figure [[.22] reports the L-I characteristic, where we can distinguish two regions:

e in the first region, the non-radiative recombination dominates; the light intensity has a

square dependence on current, but since the latter is very low, the emitted light is low;

e in the second region, the radiative recombination dominates, and the relation between

the optical power and the current is linear.

For very high current levels, the relation between the light intensity and the current will

result in a sub-linear trend, since the Auger recombination will start to partecipate.
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Figure 1.22: L-I characteristic of an LED. [28§]

1.5.4 Light extraction

As already explained, the photon extraction can be a limiting factor for LEDs performances,
if no good encapsulations are realized. Considering an LED with a simple planar heterostruc-
ture, photons are emitted from the active region with different angles of incidence. If the angle
of incidence is close to normal incidence, light can escape from the semiconductor. However,
if a photon arrives at the semiconductor-air interface with oblique or grazing-angle incidence,
total internal reflection can occur, which reduces significantly the external efficiency, in par-
ticular for LED made with high-refractive-index materials.

Defining ¢ the angle of incidence in the semiconductor at the semiconductor-air interface,

by means of the Snell law, the angle of incidence of the refracted ray ® can be inferred:

Tlg SIN ¢ = gy sin (1.78)

where ns and ng;,. are the refractive indexes of the semiconductor and air, respectively. The
critical angle for total internal reflection is defined as the angle beyond which the photons are
completely reflected, as shown in Figure M(a). In order to calculate it, we set ® = 90° in
the Snell law

. Nair . Nair
sin ¢, = — s8in90° = — (1.79)
Ns ns
from which we obtain:
ﬁair ﬁair

¢ = arcsin

(1.80)
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Figure 1.23: Definition of the critical angle (a), area element dA (b), and area of calotte-
shaped section of the sphere (c). [28]
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where this last approximation is valid since the refractive indexes of semiconductors are quite
high (for example GaAs has a refractive index of 3.4).

The angle of total internal reflection defines the light escape cone: light emitted into the
cone can escape from the semiconductor, whereas light emitted outside the cone is subject
to total internal reflection. It is possible to calculate the number of photons that are able to
escape from the semiconductor, that means the total fraction of light emitted into the light
escape cone. The escape cone is projected in three dimensions: the spatial distribution of
photons can be represented by means of a semi-spherical surface with amplitude lower than
the critical angle. Figure M(c) shows the surface area of the semi-spherical surface, defined

as:

/dA / 2 sin(@)rdg = 212 (1 — cos ¢) (1.81)
o=

In order to calculate the emission efficiency, it will be necessary to calculate the ration
between the area of the semi-spherical section of the sphere and the total area of the sphere.
Assuming that light is emitted from a point-like source in the semiconductor with a total

power of Psoyuree, then the power that can escape from the semiconductor is given by:

27172 (1 — cos d.)

Pescape - PSOUTCG 47‘(”]“2 (182)
where 4772 is the entire area of the sphere with radius 7.
The fraction of light emitted that can escape from the semiconductor is:
P, 1
EAPE — (1 — cos ¢e) (1.83)

PSOUT‘CG 2
The cosine term can be expanded into a power series, since the critical angle of total internal
reflection for high-index materials is relatively small. Neglecting higher-than-second-order

terms we obtain:

Pescape ~ % |:1 _ < _ ¢C>:| 7¢2 1 n‘“r (184)

Psource

In many semiconductors, the refractive index is > 2.5, thus it is high enough so that only

a small percentage of the light generated by the semiconductor manage to get out.
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Figure 1.24: (a) reverse and (b) forward IV characterizations of LEDs submitted to constant
reverse bias stress [34].

1.6 Reverse bias conduction mechanisms

The understanding of the conduction mechanisms in reverse bias is fundamental to analyze the
degradation mechanisms of LEDs. In fact, the conduction in such bias condition is strongly

correlated with the degradation of those devices.

When a light-emitting-diode is polarized in reverse bias conditions, a non-negligible leakage
current can be detected. The intensity of such current suggests that the conduction cannot
be related to the classic carriers diffusion mechanism into the semiconductors or to generation
and recombination processes [33|. The conduction of leakage current in reverse bias condition
is strongly correlated to the presence of leakage paths generated by the defects in the lattice,

which can be emit light when the device is reversely polarized [16].

The defects that are already present in the lattice are able to propagate, giving birth to a
threading dislocation: in the neighborhood of a dislocation, with the aim of reduce the me-
chanical strains, the lattice bonds gradually break, generating further defects. If a threading
dislocation is close to the active region, it could act as efficient non-radiative recombination
center: in fact, carriers can bypass the junction without recombine in the quantum wells, re-
ducing the quantum efficiency and eventually inducing the failure of the device. The leakage
conduction increase can be observed in the evolution of the IV characterization during a con-
stant reverse bias stress: in figure can be observed as the constant stress influences the
conduction mechanisms at low forward bias conditions, inducing the leakage current increase.
Being that increase proportional with the stress-time, the generation of defects in the lattice
is a gradual mechanisms. At higher forward bias conditions, the IV characteristics do not
show significant variations, suggesting that the deep levels assisted conduction saturates and

the diffusion becomes the dominant conduction mechanism. The same leakage increase can
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Figure 1.25: (a) Schematic diagram of hopping conduction and thermally assisted multi-step
tunneling [37]. (b)Arrhenius plot of the reverse leakage current at -5V of a GaInN LED. A
VRH conduction model is used to fit the experimental data in the range of 80-250 K. The
thermal activation energy is extracted from data in the temperature range 300450 K .

be observed in the reverse IV characterization, reported in figure [1.24h.
Generally, the conduction in reverse bias conditions is related to the Mott’s hopping model
[35] and tunneling, but the specific type of conduction is strongly related to the operating

conditions of the device:

e at low temperatures (below 250K) the conduction in reverse bias is described by the
variable range hopping (VRH) [36], in which the conduction through the depleted region
is assisted by deep levels, see figure

e at high temperature the thermally assisted multi-step tunneling become the dominant
conduction mechanism , in which the carrier pass through the potential barrier by

a series of tunneling events, assisted by deep levels.

Variable range hopping According to he Mott model, in amorphous materials the VRH con-
duction is described by

I(T) o e~ (%) (1.85)
where Ty is the characteristic temperature of the material. The model can be extended to semi-
insulator crystalline materials , like the GaN at low temperatures: the p-n junction in reverse
bias conditions can be assumed as an insulator submitted to a strong electric field. In this

condition, at low temperatures, the VRH is the dominant conduction mechanism: considering

the electric-field-enhanced hopping conduction model, the current can be expressed as

1= e -c(2) " (1= £)] (150
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of the Poole-Frenkel effect. [37].

where C' and C” are constants and F' is the electric field [37]. The temperature dependence is
limited then, if the applied voltage is constant, the model can be ascribed to the Mott model.
The comparison of the model with experimental data can be observed in figure [[:25p., where
a InGaN LED is biased at -5V at low temperatures.

Thermally assisted multi-step tunneling From the Arrhenius graph in figure can be ob-
tained the activation energy of the reverse bias (-5V) conduction mechanism in a InGaN LED,
which is equal to 135meV. The activation energy related to the common drift and diffusion
transport mechanisms and related to the generation and recombination of carriers into the
depleted region are usually higher, several eV, comparable to the energy gap of the mate-
rial. Thus, the conduction mechanism observed at temperatures higher than 250K, which is
thermally activated, can be ascribed to the thermal excitation of the electrons through deep
centers or from deep centers to the conduction band in the reverse-bias depletion region (or
the corresponding process in the valence band) [37]. Then, the leakage current in the high
temperature range can be explained by the thermally assisted multi-step tunneling. In this
model, electrons transition from the valence band of p-type GaN to the conduction band of
n-type GaN by multi-step tunneling and thermal activation, as reported in figure [[.25h. The
deep centers enabling the reverse leakage current could be due to diffused Mg, dangling bonds,

or Ga-Ga bonds occurring at dislocations [37].

Poole-Frenkel effect The aforementioned mechanisms are influenced by the electric field within
the active region of the material. In fact, the band bending induced by the electric field may

encourage the overcome of the potential barriers, as can be observed in the inset of the figure
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This effect, called Poole-Frenkel, induces the actual reduction of the activation energy

of a deep level |38]. The impact of this reduction can be expressed as

3 2
AEazﬁppF“/?):( ‘ ) F3 (1.87)

TEQE,

where Bpr is the Poole-Frenkel coefficient and F' the applied electric-field, defined as

_VB]—V

F
Wy

(1.88)

where Vp; is the built-in potential and Wy the length of the depleted region measured at 0V

(can be measured with a capacitance measurement, being C' = ¢/Wy).

Direct tunneling In case of high intensity fields (above 8 - 107V /cm for the devices measured
by Kim et al. in [38]) the direct tunneling prevails on the other conduction mechanisms. In
this case, the electron does not need energy to overcome the potential barrier, but it moves

through it. The current density related to this effect can be written as
J = /f(E)g(E)T(E)dE (1.89)

where f(FE) is the Fermi-Dirac distribution, g(E) the density of states and T'(E) the tunneling
probability.

1.7 Degradation mechanisms

The improvement of the substrates and the evolution of the epitaxial growth techniques, in
which the fundamental contribute of Akasaki, Amano and Nakamura must be highlighted,
allowed to achieve better GaN with lower defect density. These improvements allowed to
reduce the impact of the gradual degradation mechanisms, bringing to the development of
novel high power LEDs with operation junction temperatures above 150°C and lifetimes
beyond the 40000 hours. Despite this, LEDs still show vulnerability to extrinsic phenomena,

like electrical over stresses, which are able to induce the sudden failure of the device.

1.7.1 Gradual degradation mechanisms

Gradual degradation means the worsening of the electo-optical performance of the device
triggered by specific physical mechanisms that can be enhanced by the device temperature
and the bias condition and that can be, eventually, lead to the catastrophic failure of the

device. The main gradual degradation mechanisms are usually related to
e generation of defects within the active region

e passivation of the acceptor dopants
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Figure 1.27: (a) Optical power decrease measured (at three different current density levels)
during stress of one of the analyzed samples. (b) Efficiency versus injected current character-
istics measured during stress of one of the analyzed samples (all the curves were normalized
to the peak efficiency measured before stress). Stress conditions are 85 A /cm?, RT. |11].

e ohmic contact degradation

e package-related worsening of the optical properties

Generation of non-radiative recombination centers The increase of the defect density in the
active region is related to the worsening of the internal quantum efficiency, with the related
decrease of the optical power. In fact, defects locally perturb the lattice periodicity, inducing
the creation of allowed states inside the energy gap: those allowed states, if electrically active,
may become non-radiative recombination centers. This effect is evident for low injection
levels.

in figure are reported the evolution of the optical power and the external quantum
efficiency at different injection levels during a constant current stress [11]: a stronger decrease
of the quantum efficiency at low current densities can be noticed. This effect can be ascribed to
the generation of non-radiative recombination centers into the active region: at low injection
levels, those centers can capture the carriers and induce the non-radiative recombination; at
high injection levels, those centers are saturated due to the high density of carriers and they
cannot reduce significantly the external efficiency of the device. Other physical mechanisms
related to the efficiency drop at high injection levels can play a role.

Some of the main physical origin of non-radiative recombination centers are the propa-
gation of threading dislocations, the diffusion of Mg atoms and the generation of nitrogen

vacancies.

Degradation induced by reverse bias The main effect induced by the reverse bias conditions is
the increase of the leakage current. As mentioned above, the defects already present within
the lattice induce the generation of leakage paths across the junction: the gradual increase

of the leakage current during a reverse bias constant stress is related to the generation of
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Figure 1.28: Graphical description of the hard and soft breakdown.

nano-metrical conductive paths, which expansion can be ascribed to two main mechanisms:

e impact tonization carriers are accelerated by the high electric field within the depleted
region and acquire enough energy to induce a further lattice deformation during the
impact with an atom

e self-heating the conduction across submicro-metrical paths induce the local increase of
the lattice temperature, enhancing the degradation kinetics and lead, eventually, to the

melting of the material.

The gradual increase of the leakage current leads to a soft-breakdown (see figure of the
junction: during this phase, the spatially-resolved analysis of the electro-luminescence of the
device allows to detect bright spots, generated by the recombination within the leakage paths.
The expansion of those paths is related also to the increase of their optical emission, due to
the increase of the localized carriers density. If the reverse bias condition is maintained for a
long time, the breakdown may become a hard one: the expansion of the leakage paths induces
the shorting of the junction and, then, the catastrophic failure of the device.

In the last moments before the failure, a sudden increase of the optical power from a single
spot is typically be observed. The power dissipation across that path lead to the localized

melting of the semiconductor, which could observed after the failure.

Ohmic contact and p-type region degradation Extremely high current densities and the re-
lated increase of the junction temperature may lead to the increase of the operating voltage,
typically related to the optical power drop and the current crowding effect (CCE) [11], which
consists in a non-uniform optical emission due to the concentration of the carriers in the
region close to the metal contacts. The current spreading across the area of the device is a
crucial factor for the optical performance of the device, because several works demonstrated
the correlation between CCE and the efficiency drop . The onset of this phenomenon
is related to the shape of the metal contacts and to their chemical composition and could be
enhanced by high current densities, which may induce the worsening of the current spreading

layer (layers with low resistivity) that has the aim to optimize the distribution of carriers.
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Figure 1.29: Waveforms comparison of different ESD models and EOS [41].

This kind of degradation process is manly related to the interaction between magnesium

(acceptor dopant) and hydrogen in the p-type. The formation of Mg-H complexes induces
e the decrease of the active dopant density
e the resistivity increase of the metal-semiconductor contact and the p-type region

e the non-uniform distribution of carriers into the active region (CCE).

1.7.2  Catastrophic degradation

When an optoelectronic device is submitted to extrinsic events like electro-static discharges
(ESD) or electrical over stresses (EOS), the failure of the device can happen immediately
(catastrophic damage) [13]. In case of a general EOS, the device is submitted to a bias
condition that excesses the nominal values of voltage and current that such device is able to
sustain. A particular category of EOS are the ESD, which are characterized by voltage pulses
of tens of KV that can last tens of nanoseconds [22]. On the other hand, a EOS (properly so
called) is commonly characterized by voltages not above several tens of volts and last more
than tens of microseconds. The differences between these categories are mainly related to
the physical origin of those events: EOS events are generally caused by switch on and off
transients of power supplies and by power lines instabilities, whereas ESD events are related
to the accumulation of electrostatic charge which can be generated during the processes of
manufacturing and packaging and during the handling by operators and machinery [14].

Depending on the physical origin, different models are described to simulate the ESD
waveforms: human body model, machine model, charge device model. Despite this, ESD
events are considered aperiodic and non repeatable. On the other hand, EOS events do not
have a specific waveform but, due to their physical origin, they can be repeatable and periodic
(see figure [1.29)). The main physical origins of EOS events are:
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prs———— |

Figure 1.30: SEM images of catastrophic failures induced by EOS events on GaN based high
power LEDs: (a) bonding wire detachment, (b) melting of the bonding wire. [42]

e in rush current: current overshot that may happen during the turn-on transient
e hot-plugging: connection of the device to a driver already biased
e pulsed over-current and overdrive DC of the device.

The electrical over-stress can be divided in two families [20]:

e clectrical over-current can induce self-heating due to power dissipation (Joule effect),

worsening of the material properties and lead to the melting

o clectrical over-voltage can induce the breakdown of the semiconductor, dielectric and /or

metal layers.

The impact of the EOS events are typically related to the power dissipation level on the

device, like:
e bonding wire detachment (see figure [1.30R)
e melting of the bonding wire (see figure )
e bonding pad delamination
e electro-migration
e chip cracking

e via failure (in case of flip-chip devices)
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Chapter 2
Advanced characterization techniques

In this chapter, some of the advanced characterization techniques exploited in this paper
will be presented. Mainly, the discussion will focus on the methods that are useful to iden-
tify the defect density in the lattice and their physical origin. The first technique is the
Capacitance-Deep Level Transient Spectroscopy (DLTS) technique, that allows to measure
the concentration of defects in a pn junction and to extract the signature of these defects,
namely their activation energy and capture cross-section. It consists in applying a voltage
pulse to the device under test and measure the associated capacitance transients over time,
iterating the procedure at different temperatures. The second technique is the Deep Level
Optical Spectroscopy (DLOS) technique, that allows to excite carriers, with a monochromatic
light, trapped in deep levels in the bandgap, and detect the capacitance transient on the device

electrodes.

2.1 Deep Level Transient Spectroscopy (DLTS)

The DLTS techniques was developed in 1974 by D.V. Lang |43] and allows to study the deep
energy levels in semiconductors. In the following section, we will analyze this measurement
technique, starting from the basic theoretical principles and then describing the experimental

procedure.

2.1.1 Capacitance Transient

For simplicity, we will consider a p'n-junction; the results are the same for the case of a
nTp-junction, with only trivial changes in the notation. For this reason, in our discussion we
will consider only those traps in the low-doped n-side of the junction.

Figure[2.1]is a schematic summary of the emission and capture processes which characterize
a particular trap. The capture and thermal emission rates for minority carriers, that in our

case are holes, are ¢, and e,, respectively. Instead, for the majority carriers, in our case
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Figure 2.1: Capacitance transients in a p™n junction in case of (a) minority-carrier traps and
(b) majority-carrier traps. The larger arrows indicate that emission is the dominant process
during the transient.

electrons, are ¢, and e,, respectively. The occupation state of a deep level can be described

by a differential equation that takes into account the capture/emission processes:

Onz
ot

where np and pr indicate the concentration of traps filled with an electron and a hole,

= (cpnpr — ennT) — (CppnT — €ppr) (2.1)

respectively, n and p are the electrons and holes density. By defining the total concentration
of traps at the considered energy level Np = np + pr, the previous equation can be rewritten

as:

Ong
ot

which is a first-order differential equation on np. Under quasi-equilibrium conditions the

= (epn + ep)(Nr — nr) — (cpp + en)nr (2.2)

carriers density is constant and one can obtain:

(cnn 4 ep) N7
Cnn + €p + Cpp + ey

np(t) = np(0)e™"7 + (1—e"T) (2:3)

where n7(0) is the initial density of occupied trap states and 7 is defined as:

1
T = (2.4)
N+ €y + Cpp + €y

The density of states filled with an electron in steady-state is:

np(t = 00) = ‘e N, (2.5)
cpn +ep +cpp +en

The latter expression can be further simplified by considering than in a reverse biased p-n
junction, the carrier concentration is low, therefore capture events are unlikely. This allows
to rewrite the previous equation in a more usable form:

e

nT(t = OO) = o fe NT (26)
P n
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2.1. Deep Level Transient Spectroscopy (DLTS)

We define an electron trap as one which tends to be empty (np = 0) of electrons and thus
capable to capture them. Likewise, a hole trap is one which tends to be full (np = Np) of
electrons and thus capable of having a trapped electron recombine with a hole, i.e. capture
a hole. The emission rates of electrons and holes are proportional to the Boltzmann factor,
which is defined as the ratio of probabilities of the two states involved in the carrier emission

and depends on the states’ energy difference:
1 €2 —¢&1

— =exp

D2 kT

(2.7)

where p is the probability of the state and ¢ is its energy. Thus, the emission rates strongly
depend on the position of trap level with respect to the conduction and valence band. In case of
an electron trap at energy E7p located in the upper half of the bandwidth, |E,— E¢| < |Ey— Ey|
and therefore e, < e,. Instead, for a hole trap e,, < e,. If the initial density of traps occupied
by electrons is ny(0), the under reverse bias conditions becomes:

d
% = —epnr (2.8)
which has solution
nr(t) = np(0)e ot (2.9)

Once electrons are emitted from the deep level, the strong electric field inside the space
charge region (SCR) pushes them towards the n-side of the junction. Each electron emission,
therefore, corresponds to a net increase of the total store charge. To maintain the total charge
constant (the external bias is constant), the SCR shrinks and this results in an increase in the
capacitance. The relationship between the junction capacitance and the density of occupied

traps in the case of an ideal junction can be written as:

q(Np — nr) ] 12 (2.10)

=t

where A is the junction area, V4; and Vg the built-in and bias voltage, respectively, Np the
n-type dopant concentration and the e the dielectric constant. The previous equation can be

rewritten as:

B TLT(t) 1/2 B qND 1/2
0_000<1 ND> » O = Al gyl (2.11)

where steady-state capacitance C, i.e. the capacitance value after any detrapping process
occurred, is decoupled. This expression can be further simplified by considering that the
defect density is much lower than the dopant concentration, i.e. np < Ny <« Np. Under this

condition, using the approximation (1 + x)™ ~ 1 + na which is valid for = < 0.1, one obtains:
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C(t) = Cue (1 - 7;?&2) yon <1 - T;?\(;g) exp (—:Tl)) (2.12)

where 7, = 1/e, is the trap’s emission time constant of electrons. This formula shows that

the capacitance transient due to the emission of trapped electrons is an exponential function
with a time constant equal to the inverse of the emission rate. Similar considerations can be
used to analyze the case of hole traps, obtaining an exponential capacitance transient having
time constant 7, = 1/e,,.

The sign of the capacitance change depends on whether the electron occupation of the
trap had been increased or decreased by the bias pulse given in order to cause the capacitance
change. An increase in trapped minority carriers, that in our case means holes, causes an
increase in the junction capacitance (the total charge in the SCR decreases). As shown in
Figure the shape of the capacitance transient is an indicator of the type of traps under
investigation: capacitance transient due to a minority carrier trap is always positive, whereas
the transient due to a majority-carrier trap (electrons) is always negative.

The concentration of the trap can be obtained directly from the capacitance change.
Assuming nr(0) = Ny and ny(co) = 0, one obtains:

Coo —C(0) _nr(0) —np(0)  Nr _AC (2.13)
Coo 2Np 2Np C

where AC is the capacitance change at t = 0. Therefore, the concentration of defects is:

Ny~ 2= Np (2.14)

This estimation of the defect density could lead to inaccurate results for small values of the
reverse bias Vg, as will be discussed later in this section. However, in practical applications,
this approach is often preferred over more accurate methods whose application is not trivial.
Moreover, most of the times the effective dopant concentration Np is not precisely known,

thus further justifying a simpler approach for the defect density estimation.

2.1.2 Bias Voltage Pulses

By applying the adequate filling voltage pulses it will allow the traps to capture carriers. There
are two main types of filling pulses, namely, a minority-carrier pulse, which momentarily drives
the diode into forward bias and injects minority carriers into the region of observation, and a
majority-carrier filling pulse, which momentarily reduces the diode bias and introduces only
majority carriers into the region of observation. As Figure shows, we start applying a re-
verse bias voltage Vg at the beginning; after that, the majority-carrier filling pulse Vy, where
\Vr| < |VRr], is applied for a certain time tpp. After the filling pulse, the voltage returns to Vg
in order to observe the capacitance transient. As a result, the SCR shrinks and some of the

traps previously located inside of it are now in the quasi-neutral region, where the free-carrier
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Figure 2.2: Evolution of band diagram during the capacitance transient measurement for a
pTn junction characterized by the presence of a majority-carrier trap localized at the energy
level E7 in the bandgap. The figure shows only the band diagram of the n-side.

concentration n is high. As a consequence, the capture process dominates and the traps can
be filled with electrons. The total amount of captured carriers depends on the duration of
the filling pulse tpp: a longer pulse will result in a higher number of filled traps. As already
mentioned before, after the filling pulse, the voltage returns to Vi and the SCR width in-
creases. However, due to the presence of trapped carriers, the initial width of the SCR will be
different from its steady-state value and this difference corresponds to the initial capacitance
peak AC introduced in the previous paragraph. The subsequent emission of trapped carriers
gives rise to the capacitance transient previously discussed.

In order to study a minority-carrier defects, it is necessary to previously fill it with carriers
and this is achieved by applying a positive filling pulse. However, during such pulse, both mi-
nority and majority carriers are flowing through the junction, therefore the initial occupation

state of the traps will be a function of both the capture rates ¢, and c,.

2.1.3 DLTS measurement procedure

The DLTS measurement apparatus consists in a temperature-controlled cryostat, where the
The
latter applies the reverse bias Vz and the filling pulse V; for a certain period, while the

sample is mounted, connected to a capacitance monitor and a waveform generator.

capacitance meter records the capacitance transient. The measurement is then repeated for
several times by changing the temperature. One important feature of the DLTS technique

is the ability to set an emission rate window such that the measurement apparatus only
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responds when it sees a transient with a rate within this window. Thus, if the emission rate
of a trap is varied by varying the sample temperature, the instrument will show a response
peak at the temperature where the trap emission rate is within the window. These emission
rates are thermally activated and, considering an electron emitted by a deep level located at

(Ec — Et) eV below the conduction band, the emission probability is given by:

(2.15)

E, — Fo
kT

en = UVthonNo exp [
where vy, is the thermal velocity, o, is the capture cross section of the deep level, N¢ is the
effective density of states, k is the Boltzmann constant, T is the temperature, F; and E¢
are the energies of the deep level and the conduction band, respectively. An exactly similar
equation holds for e,,. Neglecting the capture of a hole from the valence band, which is unlikely
inside the SCR, the emission time constant 7,, = 1/e,, is therefore an exponential function of

temperature. Thermal velocity and density of states are also temperature-dependent and for
this reason the [2.15] can be rewritten as:

2 exp[(FEc — Ey) /KT e N¢
Wl = Yo Y=\ iz )\ 32 (2.16)

Applying the logarithm, the previous equation becomes:

In(7T?) = (o ~ B) 7~ (o) (2.17)

A standard means of characterizing the depth of a trap is to construct a plot In(7,7?)
vs 1/kT, that means the emission time constant of each recorded transient, along with the
corresponding temperature, represents a data point of an Arrhenius plot. The slope of the
resulting linear fit represents the distant between the conduction band and the deep level,
called activation energy, while the capture cross section can be extracted from the intercept

value b, that is:

YOn e

The very same arguments still apply in case of a hole trap, but the activation energy indicates

1 1
bzln() y On=—3 (2.18)

the distance F; — Fy and v parameter needs to be recalculated properly.

2.1.4  The dual-gate integrator (double boxcar)

The DLTS apparatus presented here makes use of a dual-gate integrated method, also called
double boxcar, to determine the emission rate window and to provide signal averaging capa-
bility to enhance the signal-to-noise ratio for the detection of low-concentration traps. The
use of a double boxcar to select the rate window is illustrated in Figure 2.3] According to this

method, each capacitance transient is sampled at two times t; and to after the filling pulse.
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Figure 2.3: Ilustration of how a dual-gate integrator (or double-boxcar integrator) is used
to define the rate window. The left-hand side shows the capacitance transients at different
temperatures, and the right-hand side shows the corresponding DLTS signal resulting from
using the double boxcar to display the difference between the capacitance at t; and the
capacitance at to as function of temperature.

The difference between the capacitance values at these two times, C(t1) — C(t2), gives the
so-called DLTS signal. This quantity goes through a maximum when the time constant of
the transients becomes comparable with the time interval t5 — ¢;. Instead, the signal will be
negligible for both very fast and slow transients, corresponding to high and low temperatures,
respectively, as shown in Figure 2.3

It is possible to derive the relationship between 7,,4., the value of 7 at the maximum
of the DLTS signal for a particular trap, and the position of the two times ¢; and t5. The
parameter that we called rate window is now defined to be 7,,.,. Let’s define the normalized
DLTS signal S(T") as:

S(T) = [C(t) — C(t2))/AC (2.19)

where AC is the capacitance change due to the pulse at ¢ = 0, already introduced in

paragraph Assuming exponential capacitance transients:

S(T) = exp(—t1/7) — exp(—ta/T) = exp(—t1/7)[1 — exp(—At/T)] (2.20)

where At = ty — t1. The relationship between 7,4, and t; and t5 is simply determined by
differentiating S(T") with respect to 7 and setting the result equal to zero. The final result is:
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Tmaz = (t1 — t2)[In(17 /t2)] ™ (2.21)

Thus, the temperature that corresponds to the peak in the DLTS signal together with the
corresponding time constant 7,,,, may be used in constructing the semilog activation energy
plot as expressed by equation [2.17] Other data points can similarly be obtained from other
scans made by varying the sampling instants ¢; and t2 and finding the temperatures that

maximize the corresponding DLTS signals.

2.1.5 Trap concentration profile

Another important information that we can obtain from the capacitance transient is the trap
concentration as function of the position inside the SCR. We suppose that in an asymmetric
pTn junction the space-charge region has width W when all traps are empty. Consider an
interval between x and z+Ax having n(x) electrons trapped in a deep level, where 0 < z < W.
Assuming that Ax is small, the trapped negative charge will cause an increase in the space-
charge width AW and a consequent variation in the electric field AE. The latter consists in
two terms, one related to the new ionized donors AE’ and one related to the trapped electrons

AE":

AE = INpAW | AE" = —p()Ax (2.22)
€

€

From the Poisson equation, each contributions leads to a voltage drop variation equal to:

AV = INpAW W + AW) ~ INpWAW |, AV = ~Ln@)aAz  (2.23)
€ € €
The total voltage variation is expressed as:
AV = LNy WAW — n(z)zAz] (2.24)
€

Since we are interested in capacitance changes at constant bias, we set AV = 0 and thus:

AW n(z)rAz

= 2.25
w NpW?2 ( )
Knowing the expression of the junction capacitance under reverse bias, C' = eA/W, we finally
obtain:
AC AW n(x)
— | |- =- A 2.2
T~ 220

It is interesting to observe that the sensitivity of the junction to trapped charge varies linearly
from zero at the junction (z = 0) to a maximum at the edge of the depletion region (z = W).

This means that capacitance measurements are very insensitive to traps located at the junction
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W

Figure 2.4: Band diagram of a p™n junction showing the parameter \.

or at the surface of the semiconductor for the Schottky barrier diode.

In order to calculate the capacitance transient amplitude AC, we must integrate equation
[2:26] over the region of the space-charge layer where emission takes place, that is the region
where the traps are filled during the filling pulse. Figure shows the band diagram for a
pTn junction having a uniformly doped n region with a deep level located at Ep. The space
charge region can be divided into two sections: the central region closest to the junction,
where both the shallow donors and the deep levels lies above the Fermi level, that is depleted;
the second region, defined from the point where the Fermi level crosses the trap energy level
to the edge of the depletion region, where all the traps are filled with electrons. The width of

this region, called "edge region", is defined as:

QG(EF - ET)

\ =
¢*>Np

(2.27)
which does not depend on the polarization voltage, but on the energy difference between the
Fermi level Er and the trap level Ep. Although there are sufficient carriers in the edge region
to affect the trap occupation and so the capacitance transient amplitude, there are not enough
to affect the band bending and they can be ignored in the calculation of the depletion width.
This approach can be justified since the error in the depletion width W is negligible [43]. The
total signal AC/C produced by a filling voltage pulse Vrp long enough to fill all the traps is
obtained integrating between W (Vrp — \) and W (Vg) — A:

If the edge region is neglected (A = 0), like also the quadratic term, this equation simplifies

m:
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AC Np
—_— - 2.2
C 2Np (2.29)
and therefore we can obtain the usual equation for the defect concentration:
AC

This equation is the same obtained in [2.14] which was calculated neglecting the edge region.
We still have to neglect the quadratic term in order to obtain the same result, since equation
assumes that the filled traps are distributed along the whole extension of the SCR, which
corresponds to perform the integration from 0 instead of W (Vpp). Applying this, at W =0
the capacitance will be C' = oo, the quadratic term is zero and we obtain again [2.14] However,
neglecting the edge region may cause significant underestimation of the trap concentration,
especially at low reverse bias voltages.

Knowing the variation of the depletion width with applied bias, we are able to estimate
the deep level concentration profile. Basically, the concentration profile of a trap can be
determined by using the difference in transients that result from two slightly different filling
pulses. The difference between the transient amplitude measured at two filling pulse voltages is
a measure of the trap concentration from the region corresponding to the deep level depletion
at each of the filling pulses. We assume that during the filling pulse all traps get filled.
Starting from the equation [2.26] the total capacitance variation can be written as:

AC W Np(2)
—_— = - d 2.31
C / “Npw2®* (2:31)
where z, is the width of the SCR during the filling pulse Vpp. Differentiating the latter

equation leads to:

AC _NT(zn)
5< 8 > = Ny Z2n02n (2.32)

with 6z, defined as the variation of the SCR edge induced by a variation of the filling pulse

0Vpp. Using the relation C'(z,) = €A/z, and taking into account the definition of capacitance:

dq

B _ qAND(zn)dz,
~ dVpp N

W (Vi p)=2n dVrp

C(zn) (2.33)

we obtain that the incremental change in the relative capacitance signal, due to the traps

filled by the small change in voltage dVpp is:

5<ACC> = ]]\\;Z((Z; (qN;W2>5VFp (2.34)

where W is the depletion width where V' = Vi, Np(z,) is the dopant concentration at posi-

tion z, and Np is the average dopant concentration. Np(z,) is typically measured using C-V

profiling methods, that means measuring the capacitance-voltage characteristics and then
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2.1. Deep Level Transient Spectroscopy (DLTS)

extracting the apparent charge profile along the depletion width, assuming an asymmetric
junction.

Basically, during this measurement a reverse bias voltage Vy is applied in order to deter-
mine the steady-state depletion width W. After that, the filling pulse voltage Vgp is varied of
an amount equal to dVpp, starting from a minimum value grater or at least equal to Vg, and a
measurement of AC/C' is performed. Usually, 6Vpp is kept constant between measurements.

Finally, the defect concentration profile can be estimated as:

(2.35)

qNDW2> S(AC/C)

Nrp(zn) = Np(zn) ( Vor

2.1.6 Capture process characterization

There are different types of defects in semiconductor. We can divide these in two principal
categories: point-defects and extended defects. Studying the capture kinetic behavior allows
one to distinguish what kind of defect is under investigation

Comparison of the pulse width dependence of the capacitance transient amplitude to
the expected behavior for various capture mechanisms will show what the closest match
is for the trapping process. In other words, the analysis consists in measuring the initial
AC capacitance peak at varying filling pulse duration tgp, while keeping the sample at the
temperature corresponding to the peak in the DLTS signal associated to the deep level that
we want to study. A capture process at a simple point defect is described by the following

equation:

AC(tp) = ACmaz(1 — exp(—no,vtpp)) (2.36)

where AC),q, is the amplitude of the transient, n is the shallow carrier concentration, v is
the thermal velocity, o, is the capture cross section and tgp is the filling pulse width.
Capture by a point defect with a fixed capture barrier modifies the capture process by

introducing an exponential term to the capture cross section according to:

(2.37)

AC(tpp) = ACmaz(1 — exp(—cntpp)) , ¢ =vno, exp(_?TEb>

where the terms are the same as before, except o;° is the high temperature capture cross
section, and AFEj is the capture barrier energy. A capture barrier is shown schematically in
Figure [2.5], where the red line represents the capture barrier.

A third possibility is that the trap is related to a dislocation. Charge build-up along a
dislocation line produces a Coulombic repulsion, resisting capture of further charges, described
by:

tFP+7->

- (2.38)

np(tpp) = opuTnNy In (
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Figure 2.5: Energy pit due to a point defect (black line) with the presence of the capture
barrier (red line).

where Np is the trap concentration, 7 is the inverse of the capture rate (no,v) scaled by he
ratio of the equilibrium trap occupation to the barrier energy, where the barrier energy is
proportional to the trap occupation.

Plotting the transient amplitude AC' as function of the natural log of the filling pulse
width will show that, in case of linearly arranged extended defect, the dependence will be
linear: this means that we have a slow increase in occupied traps with increase in filling pulse,

consistent with trapping along a dislocation.

2.2 Deep Level Optical Spectroscopy

The main limitation of the DLTS technique is that only deep levels with activation energy
lower than 1 - 1.5 eV can be effectively detected. In order to thermally activate traps with
higher activation energy, the devices should be heated up to temperature levels that would
likely damage them. Deep level optical spectroscopy (DLOS) is a technique that overcome
this limits, allowing the detection of traps across the whole bandgap. The main drawbacks
of this method, compared to the standard DLTS, are its increased complexity and the much
longer time required for the measurement.

The DLOS techniques was developed in 1980 by A. Chantre, G. Vincent and D. Bois
[44] and this also allows to study the deep energy levels in semiconductors in a similar way
the DLTS does. In particular, the DLOS techniques exploits a monochromatic excitation to
induce the detrapping of carriers in the depleted region. In the following section, we will
analyze this measurement technique, starting from the basic theoretical principles and then

describing the experimental procedure.

2.2.1 The working principle

When photons are sent into the depletion region of a junction, the deep-level occupancy can be
changed by the optically induced emission of carriers, leading to a change of the capacitance

of the junction. This is the basic idea of either steady-state or transient photo-capacitance
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2.2. Deep Level Optical Spectroscopy

measurements. If temperature is low enough so that thermal release of trapped carriers can
be neglected, the evolution of the occupancy of the level under illumination is given by the
classical differential equation

d?’Lt

= = —00®n,; + ng)pt (2.39)
where n; and p; = Ny — n; are the concentrations of electrons and holes trapped on the level,
0¥ and 02 the optical cross sections for the emission of electrons in the conduction band and
holes in the valence band, respectively, and ® is the intensity of the incident light. At time
t = 0, equation [2.39] can be simplified by choosing an initial condition such that only one of

the two terms remains.

(i) If, at time ¢ = 0, all the centers are filled with electrons, n;(0) = N, and p;(0) = 0,
2.39 becomes

<%>0 = —Ug‘I)Nt (2-40)

N; being a constant and ®(hv) given by a previous calibration of the monochromator output;
the of(hv) spectrum can be obtained by measuring the initial derivative of the capacitance
transient [(dAC/dt)y o (dni/dt)o] just after the beginning of the illumination.

(ii) On the other hand if, at time ¢ = 0, all the centers are filled with holes, p:(0) = N;
and n¢(0) = 0, then the same measurement will lead to the op(hv) spectrum, according to

the relation

(%)0 = —qu)Nt. (2.41)

Taking into account this so-called "transition" region, [2.39] must be rewritten, in each point

x of the depletion region, as (n-type material)

%(fn,t} = —qu)nt(:z:,t) + [ng) + Cpn(x)]pe(x, t) (2.42)
where C), is the electron capture rate of the level and n(x) represents the free-carrier tail
in the depletion region. Equation shows that, in the case of initial condition (i) (all
centers filled with electrons), this transition region has no influence, since p;(z,0) = 0 for
whatever values of z. The situation is different in the case of conditions (ii), because within
the transition region, the centers cannot be filled with holes, due to the presence of the free-
carrier tail [ng(x,0) # 0 in this region], so that some contribution of ¢ might be expected
in the derivative of the photo-capacitance transient. In fact, such a perturbation arises only
at the edge of the transition region, i.e., next to that point where the Fermi level crosses the
level; deeper in the material, where Cy,n(x) is much larger as compared to the optical emission
rates, the occupancy of the level remains unchanged under illumination. This "edge" region
thus concerns only a limited number of trap centers and its effect can be neglected as soon as

a large enough (a few volts) reverse bias and not too high a photon flux are used.
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Figure 2.6: Schematic representation of a DLOS measurement.

2.2.2 The experimental procedure

The device under test is biased with a reverse voltage Vi, whose magnitude is chosen depend-
ing on which region of the junction has to be observed. At a certain instant ¢ the LED surface
is illuminated with a monochromatic light: as a consequence, electrons or holes trapped in
a deep level will be excited in the conduction or valence band by the absorption of photons,
resulting in a variation in the junction capacitance. As in a DLTS measurement, the capaci-
tance will increase or decrease depending on the type of the trap. A positive variation of the
capacitance corresponds to the emission of majority carriers from trap levels, while a nega-
tive variation corresponds to the emission of minority carriers. After the capacitance under
illumination reaches the steady-stave value, the light source is turned of and the capacitance
starts to return to its initial value. A schematic representation of the temporal evolution of a
DLOS measurement is shown in figure 2.6] In the following treatment, we will refer to a p+n
junction with a majority carrier trap localized in the n-side. Like for DLTS, the results can be
easily extended to a minority carrier trap or to a p-type semiconductor with minor notation
adjustments. Figure describes how the band diagram of the n-side of the junction changes
during the several steps of a DLOS measurement. With reference to the figure, Fp represents
the energy of a donor level, E the energy of a majority carrier trap level within the bandgap
and Ep, is the quasi- Fermi level on the n-side. The trap is supposed to be neutral when
occupied by electrons, positively charged when empty and located below the Fermi level far

from the junction. With these assumptions, the band diagram evolves as follows:

e At the beginning, in figure 2.7k, the light is of and the capacitance is at its steady state
value. Both the donors and the trap states located above Ep, are empty, as indicated

with the “+” symbols, and the depletion region edge is at the edge of the empty donors.

e At a certain instant the light is turned on, figure 2.7p. The incident light is absorbed
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Figure 2.7: Band diagram of a p+n junction during the various steps of a DLOS measurement.
A majority carrier trap is supposed to be localized Er eV below the conduction band. Only
the n-side of the junction is shown.
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Chapter 2. Advanced characterization techniques

by the semiconductor causing the photo-excitation of some of the trapped electrons,
which are then excited in the donor level or in the conduction band. Assuming that the
optical emission rate of electrons from trap states is much larger than the capture rate,
to maintain the charge neutrality the quasi-Fermi level increases and the space-charge

region shrinks. As a consequence, the capacitance increases.

e After a certain period, the system reaches the steady-state condition under illumination

and the capacitance stops increasing (figure 2.7k).

e When light is turned of, figure [2.7d, the system is in a non-equilibrium condition: some
of the empty trap states starts to capture electrons and, correspondingly, more donors
are going to be ionized to maintain the charge neutrality. As a consequence, the ca-
pacitance decreases. However, being the trap levels located deeply inside the band gap,
this capture process requires a certain amount of time, which results in a capacitance

transient that depends on the trapping kinetics of the defects.

e Eventually, the initial steady-state conditions are restored and the capacitance stops
decreasing, figure 2.7p.

In all DLOS measurements presented in this thesis, the monochromatic light was generated
by means of a 50 W quartz-halogen lamp, providing an illumination range spanning from
the near- IR to visible, connected to a monochromator. Higher order modes were cut out by
means of an automated optical filter wheel, to avoid possible further excitation of electrons
from the trap states that could influence the measurements. Finally, a lens system focused the
light on the sample. The latter was mounted on a thermally controlled stage. This allowed
us to simultaneously avoid measurement errors due to temperature fluctuations and to speed
up the recovering capacitance transients, thus reducing the overall measurement time (higher
temperatures corresponds to faster capture kinetics). The excitation period (i.e. when the
light is turned on) and the recovering period (i.e. light is turned of ) duration were dynamically
adjusted based on the incident wavelength, in order to always allow the capacitance to reach
the steady-state value under illumination and to fully recover to its initial value after that.
The correct amount of time required was determined manually by observing the transients at

some representative wavelengths.

2.2.3 Steady-State Photo-Capacitance

The more straightforward analysis that can be performed with a DLOS setup is the spectral
dependence of the Steady-State Photocapacitance (SSPC), which allows to estimate the trap
density Ny . To obtain the SSPC spectrum, the capacitance variation AC' (or alternatively
the normalized value AC/C) due to the optical excitation (see figure 2.8p) is measured for
each wavelength. Then, these values are plotted versus their respective wavelength, obtaining
a chart similar to that in figure 2.8b. With varying incident light energy, several changes in

the slope of the SSPC can be observed. Each of them corresponds to the onset of emission
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Figure 2.8: (a) Typical capacitance transient obtained using a given wavelength of monochro-
matic incident light during a DLOS measurement. (b)Typical steady-state photo-capacitance
spectrum.

of carriers from a deep level. However, these onsets are not located at the optical ionization
energy FEjy of the deep level, but in proximity of the energy hv = Ey — drc, where the latter
term dpc is called Franck-Condon energy [45|. Ep is the minimum energy required for a
photon to promote an electron or hole from a localized bandgap state to a delocalized state
upon absorption. Very deep traps, on the other hand, may strongly couple to the lattice and
relax to a new atomic configuration upon carrier capture or emission. The Franck-Condon
term dpc represents the energy released in the form of multi-phonon excitation as the local
bonding configuration relaxes around a defect center immediately after a photoabsorption
or photoemission event. As a consequence, it is not possible to determine the position of
deep levels from the SSPC spectrum only, without the prior knowledge of the Franck-Condon
energy. Figure[2:8p also shows a rapid decrease in the SSPC signal for high incident energies.
Such behavior can be explained by considering the absorption of light from the GaN material,
preventing the photons from reaching the active region of the LED. The concentration of trap

states Np for a n-type semiconductor can be expressed by [45]

AC  Npr o,
C " 2Npo, +o0,

(2.43)

where AC/C can be extracted from the SSPC data, Np is the donor concentration, and
on (0p) is the capture-cross section for electrons (holes). This expression is evaluated for
the value of hv that yields the largest photocapacitance response, and its applicability is
limited to the case where AC <« C, corresponding to a moderate defect concentration. The
optical ionization and the Franck-Condon energies of a deep level can be determined using a
theoretical model that requires the knowledge of the spectral dependence of its photoionization

optical cross-section (PCS) og. The latter can be expressed as

1

oo(hv) = D) (2.44)
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Figure 2.9: Example of optical photoionization cross-section (empty dots). Each transition in
the PCS curve corresponds to the presence of a deep level and has been fitted with the Passler
model (solid lines). Only the optical ionization energy of the identified levels is shown.

where ®(hv) is the photon flux emitted by the lamp, expressed as photons/cm?-s and 7(hv)
is the carrier lifetime of the deep level. The photon flux can be easily measured by placing
a calibrated photodetector at the output of the monochromator. To determine the carrier
lifetime the optical transients, such that in figure 2.8k, have to be fitted at the beginning of

the excitation phase with a first order exponential function [46):

AC(t) = ACy <1 - et/T)> : (2.45)

The above equation describes the capacitance change induced by a single deep level under
optical excitation. If more than one deep level contribute to the transients, a deviation from
this ideal behavior may occur. Fitting the transients at the very beginning of the illumination
period minimizes the contribution of multiple deep levels. The estimation of Ey and dp¢c can
be obtained by fitting the PCS curve with a theoretical model proposed by Passler in [47].
A typical PCS plot looks like the one in figure [2.9] and is characterized by several different
regions, having a parabolic-like behavior. Each of these regions corresponds to a deep level
and shall therefore be fitted with the Passler model, using Ey and dp¢ as fitting parameters.
The empty dots in figure are the experimental PCS data, indicating the presence of three
different deep levels. The solid lines are the obtained fittings evaluated with the Passler
model, along with the estimated optical ionization energy. Generally, the thresholds in the
PCS and SSPC spectra exhibit close agreement. However, phonon-assisted photoionization
from lattice-coupled deep levels may result in a temperature dependent broadening of the
PCS characteristic, leading to absorption thresholds for hv < Ey and larger dp¢ energies [45].

In such cases, sensible differences between the PCS and the SSPC thresholds can occur.
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Chapter 3

Effects of growth parameters of GaN-based
LEDs on the ESD robustness

Electrical Over-Stress (EOS) refers to a condition whereby the device is biased above the
absolute maximum electrical value specified by the manufacturer. Since the EOS is a very
broad concept, many are the possible sources, including power-on and power-off transients,
inrush and hot plugging currents, latch-up conditions and device overdriving [14]. A specific
group of EOS events can be defined as Electro-Static Discharges (ESD). An ESD and a generic
EOS mainly differ for the time duration: the very ESD has a duration that spreads from ns
to the pus whereas an EOS can reach the order of seconds [20].

In this part, a comparison among growth parameters, DC and pulsed characterization
results and ESD stability will be presented. The aim of this work is to analyze the degradation
processes responsible for the LEDs failure and identify which growth parameters are giving
the most robust samples. This activity was carried out in collaboration with an industrial
partner: due to the confidentiality of the presented data, the nature of the growth parameters

and their actual values will be not specified.

3.1 Variations on n-side

The samples analyzed in this work are state-of-art high power blue GaN-based LEDs with a

2 circa. The epitaxial parameters will be mentioned as parameters “A”

surface area of 1x1 mm
and “B” and they refer to thickness of layers on the n-side. Their numerical values are only a
relative reference to the aim of the comparison.

All the samples were submitted to capacitance-voltage (C-V), DC and pulsed current-
voltage (I-V) and electro-luminescence (L-I) characterizations performed with experimental
setups. The pulsed characterization was carried out with a custom high power pulser based
on a capacitor and high power MOSFET. In this setup, the capacitor is pre-charged by a
power supply, then a micro-controller enables the MOSFET, allowing the discharge of the

capacitance through the device under test. The voltage and current waveforms are recorded

57
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by two differential voltage probes, connected to a 500 MHz 2-channel oscilloscope. To measure
the current waveform, a small resistor was placed in series to the device under test: measuring
the voltage drop across the resistor we were able to calculate the amount of current that
was flowing through the sample. As result, the waveform data were collected with a 4-wire
configuration. The ESD tests were performed with a commercial setup able to generate

discharges with a duration of 50ns.

3.1.1 DC and pulsed characterization

In order to understand the effects of the different parameters on the device characteristics, the

different families of samples are shown gathered together when only one parameter is varying.

Sample Par. A Par. B

J 0 0
H 0 0.5
F 0

D 0 2

in figure [3.1] are reported the relevant correlations obtained from the measurements on the
analyzed families of samples. The increase of the parameters B is related to a worsening
of the ESD robustness, leading to a decrease of the average current required to reach the
failure of the device. in figure [3.Ih is shown the correlation between the depletion charge of
the device, calculated as the integral of the capacitance within the voltage range of the CV
characterization, and the average failure current: the least robust devices are the ones with
a higher level for the B parameter and higher depletion charge. The high depletion charge is
also related to a leakage current measured at -50V and -60V (figure and -e) in pulsed
conditions. Pulsed IV characterization are shown also at -50V due to the impossibility to
reach the -60V with the D sample. By the way, the correlation at -50V are showing weaker
correlations than the -60V ones, due to competing conduction mechanisms which gives noisy
IV curves and a lower SNR. Leakage current and reverse bias electro-luminescence measured
at such high reverse voltages are compared with average breakdown current in figure [3.Ip, d
and f: data suggest that weaker devices, with higher B parameter, have higher leakage current
and, therefore, higher electro-luminescence in reverse bias. The higher leakage current could
be ascribed to a higher concentration of defects in the structure and the related weakness to
reverse ESD discharges.

A second set of families was gathered with the aim of the comparison. Here is reported

the list of the different parameters.

Sample Par. A Par. B

J 0 0
S 1 0
A 4 0
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Figure 3.1: Correlations among device characteristics carried out with DC and pulsed mea-
surements: families J, H, F and D.
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Figure 3.2: Correlations among device characteristics carried out with DC and pulsed mea-
surements: families J, S and A.
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3.1. Variations on n-side

in figure 3.2 are reported the relevant correlations obtained from the measurements on the
analyzed families of samples. No apparent correlations are observed between leakage current
and depletion charge (figure , b and d). Samples of all these three families are able to
sustain high reverse TLP currents, reaching -70V during pulsed IVs. From the data reported
in figure 3.2, e and f, a higher parameter A is related to higher robustness to TLP discharges
but also to higher leakage current and optical power. In the first set of families, where B
parameter is increasing and A one is fixed at 0, J sample is the most robust, whereas here J
is the weakest. This suggests that the impact of the parameter B on the ESD robustness is

weaker than the parameter A one.
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Figure 3.3: Comparison among devices that differs in the value of B parameter.

3.1.2 Capacitance DLTS measurements

In order to achieve a deeper understanding of the physical cause of the different ESD robust-
ness of devices belonging to different families, capacitance DLTS measurements were carried
out. As preliminary characterization, capacitance-voltage (CV) measurements at the fre-
quency of 50kHz were performed. The results are reported in figure [3.3h: the increase of the
B parameter results in a shift of the bending point in the CV. Apparent charge profiles were
calculated (figure ) starting from the CV characterization data: the modification into the
epitaxial structure related to the variation of the B parameter is more evident.

Starting from the data reported in figure[3.3p, the different samples were analyzed with an
extensive C-DLTS characterization. Some relevant C-DLTS characterizations are presented
in figure [3:4] Since the doping level of the p-side is, in general, significantly higher than the
n-side one, the depleted region is assumed to be the n one. Starting from this assumption,
in figure a trap for holes (minority carrier) can be identified in the F7 sample. The
trap is active at low temperatures with low re-emission time constant. About the D7 sample,
two electron-related traps can be identified (majority carrier) in figures and d. On the
4 analyzed groups, only D and F samples (samples with higher B) describe useful data, and
DLTS peak (even if noisy) decreases in magnitude from D to F, therefore with lower values of
B. For this reason, only from D and F data is possible to obtain the Arrhenius plot: activation
energies of analyzed deep levels are distributed into a range between 140m and 390meV. Such
values of activation energy in the InSL region are compatible with the AE,; on the conduction
band, assuming an In concentration of 5 : 10% in the In-containing superlattice. For this
reason, C-DLTS characterization are might be measuring a shallow trap related to SL, rather
than a defect.
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Figure 3.5: O-DLTS results: applied voltage is different among different samples in order to
fix the scanned region.

3.1.3 Optical DLTS measurements

In order to detect defects located at deeper energies, Optical-DLTS measurements were carried
out. The measure voltage is now variable among the different families, with the aim to
investigate the very same region close to the QWs in the different samples. Starting from the
data extrapolated by the CV measurements in figures and [3.4h, the voltage setpoints were
chosen to deplete the structures till the peak in the apparent charge profile located around
the 40nm.

The results of the O-DLTS characterization are reported in figure the B increase is
related to defect density decrease. Despite this, the most robust devices are the ones with
the smaller B. For higher B values, the defect density in the region close to the QWs is lower.
But defect density in the QWs region is not critical for the robustness of those devices to ESD
discharges.

The deep levels detected with DLTS measurement were analyzed with Arrhenius analysis,
detecting activation energy of traps and comparing them with the data available in the scien-

tific literature. The comparison is visible in figure[3.6]and the results are summarized in the fol-
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Figure 3.6: Arrhenius analysis on the defects detected with DLTS characterization.

lowing table: according to the literature, the defects seem correlated mainly to nitrogen vacan-

cles.

Legend Paper Physical origin

Fang (9) 48]  Unknown

Arehart (1) 19]  Unknown

Arehart (15) 50| Vacant nitrogen sites

Hogsed (17) 51]  Unknown

Shmidt (36) 52]  Unknown

Osaka (72) 53] N-related point defects or antisite N
Kamyczek (71) 54 Gallium vacancy related defect
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3.2 Variations on p-side

The samples analyzed in this work are state-of-art high power blue GaN-based LEDs with a
surface area of 0.5 mm? circa. The epitaxial parameters will be mentioned as parameters “C”,
“D” and “E” and they refer to thickness and doping of layers on the p-side. Their numerical
values are only a relative reference to the aim of the comparison.

As already presented for the study on the effect of n-side parameters, all the samples were
submitted to capacitance-voltage (C-V), DC and pulsed current-voltage (I-V) and electro-

luminescence (L-I) characterizations performed with experimental setups.

3.2.1 DC and pulsed characterization

The analysis of the role of the different parameters will be analyzed separately, in order to

focus the attention on a single parameter at time.

Parameter C

The role of the C parameter will be analyzed with 2 series of families which have common D
and E parameters. The first series is represented by the families H, I and J, which values of

D and E are common and equal to 2 and 2.8, respectively, as reported in the following table.

Sample Par. C Par. D Par. E

H 2.4 2 2.8
I 2.8 2 2.8
J 4 2 2.8

In this first set of samples, the higher values of C are related to more robust devices, with
higher average breakdown current and lower leakage current in pulsed condition, as shown in
figure The lower leakage is also related to a lower electro-luminescence in pulsed reverse
conditions. No other relevant correlations were detected.

Being the only comparison with more than two families, also the spatially resolved electro-
luminescence in reverse bias is here analyzed. In figure [3.8] the false-color maps reveal the
quantity of electro-luminescence signal, mapping the higher signal locations with red and the
lower ones with blue: the sample with the highest C parameter (J) shows the most resistive
behavior and the most uniform electro-luminescence pattern. This suggests that a lower C
parameter may influence the density of conductive path into the device, promoting the leakage
throughout the junction, the presence of bright emitting spots in reverse bias conditions and,

then, the failure of the device via shorting of such leakage paths.
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Figure 3.7: Correlations among device characteristics carried out with DC and pulsed mea-

surements: families H, I and J.
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-100pA DC

-36V Same scale

80.09mA 43.81mA 17.73mA

Figure 3.8: Spatially resolved electro-luminescence in reverse bias conditions: images are
taken at fixed DC current (-1004A) and fixed pulsed reverse voltage (-36V). The values of
current in the bottom refer to the fixed voltage condition. The amount of signal coming from
bright spot in the bottom-left corner of the H sample is enough to induce the saturation of
the EMCCD detector. For this reason, in the -36V image, the same spot appears as a dark

spot.
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Figure 3.9: Correlations among device characteristics carried out with DC and pulsed mea-
surements: families D and E.

A second set of samples, D and E, is useful for the study of the effects of the parameter
C.

Sample Par. C Par. D Par. E
D 4 1 2
E 2.8 1 2

Correlations among DC and pulsed measurements are shown in figure higher values of
C parameter are still resulting in more robust devices and lower leakage, possibly ascribed
to the lower density of defects. On the other hand, the most robust device is now emitting
less light than the other one: non-radiative recombination in leakage paths may play a role.
Higher values of parameter C is also related to a higher capacitance of the device and a higher

depletion charge.
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Figure 3.10: Correlations among device characteristics carried out with DC and pulsed mea-
surements: families F and 1.

Parameter D

The interesting samples for the study of the effect of the parameter D belong to the F and I

families. The values of the analyzed parameters are reported in the following table.

Sample Par. C Par. D Par. E
F 2.8 1 2.8
I 2.8 2 2.8

In this case, the role of the D parameter is to improve the robustness to ESD discharges when
its value is higher (figure [3.9). Moreover, the device with the lowest value of D demonstrate
a lower leakage current and lower electro-luminescence when submitted to reverse bias, which

is possibly ascribed to the role of the D parameter in the limitation of the defect density.

70



3.2. Variations on p-side

N
o
=)
3
T

V (a.u.
N

. Increasing E
Increasing E 9

6
B
Current @ -36V (A)

=
o
3
T
m

OP @ -3
oON MO

1f6 1f8 2?0 2?2 1t6 1:8 2:0 2?2
TLP AVG Current TLP AVG Current
(a) (b)

N

N

m

N

N
T

N
o
T
g
o
T

Increasing E

=
©
T

Increasing E

B
(0]
TLP AVG Current

TLP AVG Current

=

[y
(o]
Ll
=
()]

41I5p 42I0p 42I5p 430p 6.2n 6..4n 6..6n 6.én 7.bn 7..2n 7.4n
C@OoV(F) Depletion Charge (C)
(c) (d)

Figure 3.11: Correlations among device characteristics carried out with DC and pulsed mea-
surements: families F' and E.

Parameter E

Two sets of samples are interesting for the study of the effects of the parameter E. The first set
includes samples E and F, which correlations are reported in figure [3.11} a higher parameter
E is related to less ESD robust device, less leakage current and less electro-luminescence in
reverse bias conditions. The reduction of reverse leakage current and electro-luminescence
signal could be ascribed to the reduction of the defect density, related to the increase of the
analyzed parameter. The increase of the same growth parameter is also related to a depletion

charge and device capacitance increase.

Sample Par. C Par. D Par. E
F 2.8 1 2.8
E 2.8 1 2

71



Chapter 3. Effects of growth parameters of GaN-based LEDs on the ESD robustness

1.8 T
- A12m o Gl
Sie} <
\(9; g 10m F
> 14l Increasing E @ )
8 : ® Increasing E
i - 8mtf
®1.2} 5
3 S
O D o
1.0 . 6mf D .
0 5 10 15 0 5 10 15
TLP AVG Current TLP AVG Current
(a) (b)
15 r r 15
= D c D
g 10 Gt-) 10+
S =1
©) ®)
o ; )
Increasing E .
> 5t S 5t
e ” Increasing E
o o
= : =
0 G 0r
415p 420p 425p 6.8n 7.0n 7.2n
C@OoVv(F) Depletion Charge (C)

(c) (d)

Figure 3.12: Correlations among device characteristics carried out with DC and pulsed mea-
surements: families D and G.

Also the samples D and G are useful for the analysis of this growth parameter, which
characteristics are summarized in figure Contrary to the previous case (when D=2.8),
parameter E increase is correlated to ESD robustness and leakier and emitting samples in
reverse bias conditions. This suggests that also the other parameters impact on the measured
characteristics. The increase of this parameter is also related to a depletion charge increase
(like in the D=2.8 case).

Sample Par. C Par. D Par. E
D 4 1 2
G 4 1 0.8
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Figure 3.13: (a) Apparent charge profiles of the analyzed samples. The grayed region highlight
the DLTS investigated region expressed in nanometers. (b) Defect density over the analyzed
time range of the different families.

3.2.2 Capacitance DLTS characterization

Capacitance DLTS characterizations were carried out on the devices belonging to the families
compared in the previous section to analyze the role of the defects present in the semiconductor
material. In order to achieve a higher statistical significance, three samples for every family
were analyzed. Then, the DLTS data was post-elaborated to show in a quicker way the results:
the peak corresponding to each emission rate (i.e. the amount of defects which de-traps with
that emission rate) is averaged with the same peaks of the other samples of the same family.
Different families were tested keeping constant the depleted region explored (looking to the

N-xd profile), by varying the applied voltages.

Parameter C

The first C-varying set of samples analyzed in this section are the families H, I and J, which
have the C parameter equal to 2.4, 2.8 and 4, respectively. The results of the analysis are
reported in figure all the samples were investigated in the very same region, according to
data reported in [3.I3h. Defect density significantly decreases with the increase of parameter
C: J sample is noticeably detached by the H and I samples and close to the detection limit of
the DLTS system (figure ) Lower DLTS signal confirms the lower defect concentration,

related to a lower reverse leakage current and to a higher ESD robustness.
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Figure 3.14: (a) Apparent charge profiles of the analyzed samples. The different investigated
DLTS region are highlight with different colors. (b) Vi = —1.5V. (c) Vi = —3.3V. (c)
Viin = —6.44V.

Similar results can be noticed in the comparison of families D and E, in which the param-
eter C is varying: higher values of this growth parameter are related to a lower DLTS signal,
suggesting the lower presence of defects in the epitaxial structure, a lower reverse current
leakage and a higher robustness to ESD events. Such conclusions are confirmed in all the

three investigated regions reported in figure [3.14]
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Figure 3.15: (a) Apparent charge profiles of the analyzed samples. The grayed region highlight
the DLTS investigated region expressed in nanometers. (b) Defect density over the analyzed
time range of the different families.

Parameter D

The only families useful for the study of the impact of the D parameter are F and I, where that
parameter values 1 and 2, respectively. Results from the DLTS characterization are reported
in figure|3.15} in this case, the impact of a higher growth parameter is still related to a higher
robustness to ESD events, but the defect density is now enhanced by that.

Parameter E

The third growth parameter analyzed in this work is the E: families D and G have values
of 2 and 0.8, respectively. DLTS results are reported in figure [3.16} in this case, the role of
the E parameter is to reduce the defect density when it is higher, resulting also in a stronger
robustness to ESD events.

Also the families E and F are useful for the investigation of the impact of parameter E
on the epitaxial structure. The value of the growth parameter is 2 for E and 2.8 for F series.
Results are reported in figure [3.17F in this case, the lowest is the E parameter and higher is
the robustness to ESD events.

This opposite behavior can be ascribed the different impact of the parameter C on those
families. In fact, among the families (D, G) and (E, F) the value of C is not constant.
According to the value of C, the E increase induces opposite impacts on the robustness of the
device. Moreover, the difference in ESD robustness in the C=2.8 case is less pronounced than
the C=4 case.
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Figure 3.16: (a) Apparent charge profiles of the analyzed samples. The grayed region highlight
the DLTS investigated region expressed in nanometers. (b) Defect density over the analyzed

time range of the different families.
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Figure 3.17: (a) Apparent charge profiles of the analyzed samples. The grayed region highlight
the DLTS investigated region expressed in nanometers. (b) Defect density over the analyzed
time range of the different families.
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3.2.3 Global comparison

All the results about leakage current, defect density and ESD robustness are here grouped in

the following table.

Parameter defect density Leakage current ESD robustness
Higher C Less Less More
Higher D More Less More
Higher E (C=2.8) More More Less
Higher E (C=4) Less Less More

The differences among the roles of the analyzed parameters is here more evident: in general,
the increase of the growth parameters within the analyzed range is related to more robust
LEDs and less leakage current in reverse bias. Less evident is the correlation with the defect
density, which could be ascribed to the fact that defects identified by DLTS characterization
are not the only ones responsible for the leakage conduction in reverse bias nor for the ESD

robustness.

3.2.4 Arrhenius analysis of identified defects

The deep levels detected with DLTS measurement were analyzed with Arrhenius analysis,
detecting activation energies of traps and comparing them with the data available in the
scientific literature. The results are summarized in the following table: according to the

literature, the defects seem correlated mainly to nitrogen atoms.

Paper author Paper Physical origin

Kindl [55]  Point defects

Shmidt [52]  Unknown

Osaka [53]  N-related point defects or antisite N
Zhang [56]  Unclear

Arehart [50]  Impurities or dislocation-point defects
Johnstone [57]  Unknown

Hacke [58]  N-related defects

Arehart [59]  Intrinsic N-related defects

Wang [60]  Native defect in GaN
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3.3 Closing remarks

In this chapter, an extensive analysis aimed to correlate the epitaxial growth parameters and
LEDs ESD robustness was presented. The analysis investigated separately the roles of the
epitaxial features on the n- and p-side by means of DC and pulsed characterizations and Deep
Level Transient Spectroscopy technique. Due to the confidentiality of the presented data, the

nature of the growth parameters and their actual values were not specified.

The results about the investigation on the n-side suggest the strong importance of the
parameter A (when B=0) in the robustness to ESD events, as reported in figures and -f,
where the sample with the highest value of this growth parameter is the most robust among
all the devices tested (with n-side variations). The very same sample is also the one with the
highest reverse leakage current, suggesting that the defects involved in the reverse conduction

are not critical for the robustness to ESD events.

On the other hand, the parameter B increase is related to less robust and leakier devices,
as demonstrated by the pulsed IV reported in figure [3.1p. This behavior could be ascribed
to the higher concentration of defects in the structure and to the related weakness to reverse
ESD discharges. In order to clarify the role of these defects, capacitance DLTS measurements
were carried out on the B-varying samples: deep levels were detected only on the samples
with higher B (see figure . Arrhenius analysis suggested that C-DLTS is might detecting
shallow traps related to In-containing superlattice, rather than a defect. Then, optical DLTS
measurements were carried out to identify defects located at deeper energies: as reported
in the strongest sample (with the lowest B) is also the sample with the highest traps
density, suggesting that defect density in the QWs region is not critical for the robustness of
those devices to ESD discharges. In figure [3.6] the comparison of those defects with the data

available in the literature suggests the role of nitrogen vacancies as physical cause of them.

The investigation on the p-side suggests the strong importance of the parameter C in the
improvement of the robustness to ESD events, as reported by the correlations in figures [3.7]
and -b. Spatially resolved electro-luminescence measurements on these samples reveal that
leakage paths in the epitaxial structure could limit the robustness to ESD events. In figure
3-8 the most uniform and the least bright sample is the one with the highest C parameter:
the leakage paths that act as radiative recombination sites in reverse bias conditions could
be responsible for the failure of the device, via shorting of the junction. The same behavior
can be identified in the second set of C-varying samples (see figure , in which leakage
paths may act also as non-radiative recombination sites. C-DLTS characterizations on those
samples in figures and confirm the impact of C parameter in the reduction of defect
density in the epitaxial structure.

Also the parameter D has a significant impact on the robustness to ESD events, but limited
if compared to the C one. The increase of D parameter is still related to the improvement of
the LED robustness, as displayed by the pulsed characterization in figures but according
to the C-DLTS results in figure it is also related to a higher density of defects, which are
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possibly not critical for the global structure robustness.

The last analyzed parameter, E one, has a limited impact on the ESD robustness of
devices and its role is strongly related to the value of parameter C. The very same pulsed
characterizations reported in figures and show different results, according to the
value of C: in the first case, when C = 2.8, higher E is related to less ESD robustness, whereas
in the second one, when C = 4, the opposite. The same happens looking at the C-DLTS data
in figures and [3.I7 according to the value of C, the defect density is different, but the
most robust devices still remain the ones with a lower defect density.

The comparison with literature of C-DLTS identified traps suggest that nitrogen atoms
may play a role as physical cause of those defects.

In the following table are reported the significance of the impact of the different growth
parameters on the robustness to ESD events and which value, within the analyzed range, is

the best one to ensure device robustness.

Region Parameter Significance Best Value

n-side A High High
n-side B Medium Low
p-side C High High
p-side D Medium High
p-side E Low High
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Chapter 4

Failure limits and electro-optical
characteristics of GaN-based LEDs under

electrical overstress

This work presents the analysis of the degradation mechanisms and of the electro-optical
characteristics of light emitting diodes (LEDs) submitted to electrical overstress. The anal-
ysis was carried out by a custom-setup, that allows us to measure the current-voltage (I-V)
and electro-luminescence curves of the devices while pulsing the devices with increasing volt-
ages, up to failure. The aim of this work is to analyze and characterize the degradation
mechanisms induced by the extremely high current densities reached during the EOS events,
through specific experimental setups and procedures. We investigate a) the dependence of
failure current/power on pulse duration, b) the dependence of the electrical characteristics on
temperature, and c¢) the optical characteristics of the devices under overstress conditions, by
presenting original data on the topic.

The results provide information on (i) the dependence of failure voltage/power level on
pulse duration; (ii) on the temperature-dependence of the pulsed I-V characteristics; and (iii)
on the changes in electrical and optical properties reached at extremely high current densities.
The results presented within this work provide relevant information on the characteristics of
the devices in this extremely high stress regime.

The relevant outcomes of this work were published in the paper “Failure limits and electro-
optical characteristics of GaN-based LEDs under electrical overstress” on the scientific journal

Microelectronics Reliability in 2018, reference [26].

4.1 Experimental details

The devices studied in this work are commercial low-power blue surface mount device (SMD)
LEDs: the LED structure consists of a vertical epitaxial structure, with InGaN quantum wells

and dominant wavelength at 470 nm. In order to achieve the best statistical significance, all
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the devices analyzed in this work belong to the same production lot.

The devices, which have a nominal operating current of 30 mA and a chip-area of 2.3x10-4
cm2, were submitted to a pulsed forward I-V characterization until failure is reached. The
experiment was performed by using a custom setup capable of generating pulses up to 2 A.
The setup is based on a commercial high power pulser (HP8114A) as power source, and on a
500 MHz 2-channel oscilloscope to record the voltage and current waveforms. To measure the
current waveform, a small resistor was placed in series to the device under test: measuring
the voltage drop across the resistor we were able to calculate the amount of current that
was flowing through the sample. As result, the waveform data were collected with a 4-wire
configuration. Different pulse widths were exploited to carry out the pulsed current voltage
(I-V) characterizations, while keeping constant the duty cycle, fixed at 0.5%. For the 10 s
pulse, a DC source-meter was used. The electrical characteristics were measured at room
temperature (RT), of 25 °C.

To achieve a deeper understanding of the degradation mechanisms, further experiments
were carried out. Several pulsed I-V characterizations were performed by varying the sample
temperature, using a Peltier cell and a temperature controller. Moreover, a camera equipped
with a cooled charge-coupled device (CCD) sensor was used to carry out spatially resolved
electroluminescence analysis. Optical spectroscopy measurements were performed with a com-

pact array spectrometer.

4.2 Failure modes analysis

The graph in shows the results of pulsed I-V characterization, performed at five different
pulse widths, from 1 ms to 10 s. The electrical quantities are extrapolated from the current
and voltage waveforms acquired during the pulse. The values reported into the graphs are
calculated as average of the current and voltage values into the measurement window (M.W.).
In order to avoid the possible ringing and achieve a strong repeatability, the measurement
windows are placed over the last portion of each pulse, in which the waveform is in the most
stable condition (see . As result, voltage and current readings are influenced by device
self-heating during the pulse. As shown in the voltage waveforms of the three shortest
pulse widths overlap, confirming that the LED voltage drop during the pulse is related to the
lattice temperature increase. Therefore, due to the strong self-heating, the LED operating
and failure voltages drops at the longest pulse widths, inducing the leftwards shift of the IV
curves and a decrease in the failure voltage.

To support this hypothesis, the displays the pulsed IVs obtained by the same device,
but placing the measurement window at the beginning of the waveform. In this case, the
measure is not influenced by the device self-heating and, as result, the IV curves are over-
lapped. Moreover, in absence of significant thermal effects, the behavior of the pulsed IV is
almost linear. Therefore, for high but non-destructive current densities the sample acts as an

equivalent resistor: this is in agreement with diode theory, where conduction is dominated
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Figure 4.1: Pulsed current-voltage characteristics of GaN based LEDs in forward bias condi-

tion and statistical description of the failure points. .
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by resistive effects for extremely high current levels (these devices are rated for 30 mA max,
therefore currents above 50-100 mA are extremely high).

The statistical description of the failure events is reported in the Five samples
for every pulse width were characterized, maintaining constant the duty cycle at 0.5%. As
predicted by the comparison in by increasing pulse width from 1 ms to 10 s a significant
drop in the power to failure value is observed. This suggests that the failure event is enhanced
by the temperature of the sample: due to the strong self-heating, the power dissipation
required to reach the failure condition is less if the biasing time is longer. Moreover, the
pulse width increase is also related to different failure modes: for longer pulse width, a higher
number of devices showed an open-like failure (see for instance the 10s IV in the . This
can be ascribed to the amount of energy delivered to the sample, which is able to induce
damages to the package, such as the melting of the bonding wire and of the encapsulant. On
the other hand, for shorter pulse widths, a short-like failure was found to dominate, indicating

a damage of the chip.

4.3 Temperature varying and spectral analysis

To achieve a deeper understanding, further experiments were performed, in which the pulse
width was fixed at 1 ms. Consecutive non-destructive pulsed I-V characterizations, carried out
on the same device, showed that no significant degradation is detected below the 1.2 A limit.
For this reason, the temperature analysis reported in [{.2a] was stopped before reaching that
current value. By increasing temperature, the pulsed IV showed a leftwards shift , that
can be ascribed to the energy gap shrinking due to the temperature, because the Varshni’s
law, or to the temperature-related change of the diode saturation current. On the other hand,
the slight slope change in the region below 4.2 V can be ascribed to a thermally-assisted
conduction mechanism, which saturates at higher current densities. In fact, the slope in the
region around 4.2V is the similar for all temperatures. The different behavior for voltages
higher than 4.2 V can be noticed also in which describes the pseudo external quantum
efficiency (EQE), calculated as optical power-current ratio. The change of slope suggests the
onset of a dominant process at the higher current densities. Moreover, a global decrease of
the pseudo EQE is detected as temperature increases. In agreement with the diode theory,
this behavior can be ascribed to the enhancing of the non-radiative recombination promoted
by the higher junction temperature.

In we report the correlation between peak wavelength and pulsed IV and, in addition,
the behavior of the peak optical power. The analysis of those curves allow us to define four
different regions. In region A, self-heating is not dominant, as suggested by the fact that
peak wavelength drops with increasing voltage. This phenomenon can be ascribed to the
non-uniform band-filling and to the screening of the QCSE induced by the carrier density
increase. Moreover, OP increases monotonically with current and voltage, suggesting that

radiative recombination is dominating. For higher voltages (>4 V), also Auger recombination
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Figure 4.2: Results of the electrical and optical characterizations carried out at different
temperatures and interpretation of the degradation mechanisms that are taking place in the

device. )
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Chapter 4. Failure limits of GaN-based LEDs under EOS

may play a role. In region B, the sudden decrease of the optical power suggests that the
power dissipation starts to induce a strong self-heating. This hypothesis can be confirmed by
the peak wavelength increase. In region C, an increase in the slopes of (increasing) current
density and (decreasing) optical power is observed. Considering the very high current density,
the behavior can be ascribed to the saturation of the QWs, which induces a strong overflow
(see . In this sense, a non-negligible portion of the injected electrons would be able
to reach the electron blocking layer and, eventually, the space charge region on the p side.
This further lowers the efficiency of the devices (OP decreases in region C), and may lead
to additional power dissipation. In the last region D, the very high current density induces
the current crowding effect (see . The current crowding effect is related to the localized
power dissipation around the injection point, which leads to a progressive decay of the optical
properties of the device, especially to the global optical power and the carrier distribution. The
uniformity drop displayed in the [£.3a] can be ascribed to the formation of leakage paths, which
act like non-radiative recombination centers, under the anode pad . This is compatible
with the resistance decrease detected in the last pulses. Finally, the catastrophic failure of
the device is reached. An additional consideration can be deduced by the spectra in the
another source of emission can be noticed around the 400 nm. This emission, taking place
only at extremely high current densities, can be ascribed to electrons overflowing the electron

blocking layer, reaching the p-side of the junction, and recombining at donor-acceptor pairs

in the p-type layer , .
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Figure 4.3: Results of the spatially resolved and spectrally resolved optical characterizations.

[26].
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4.4 Conclusions

In this work, the degradation mechanisms induced by extremely high current densities on
GaN based LEDs were analyzed. By using a custom setup, we were able to investigate the
dependence of failure power level on pulse width, the impact of temperature on the pulsed
characteristics of the devices, and the correlation between electrical and optical parameters
with increasing current level until failure.

The statistical description of the failure events suggest that they are enhanced by the
temperature of the sample: due to the strong self-heating, the power dissipation required to
reach the failure condition is less if the biasing time is longer, leading to open-like failures
(package-related) for the longest pulse width. Further experiments at high current densities
identified a thermally-assisted conduction mechanism and, by the estimation of the external
quantum efficiency, the enhancing of the non-radiative recombination promoted by the high
junction temperature.

The comparison of electrical and optical characteristics during the EOS stress tests allow

us to define four different regions:

e region A radiative recombination is dominating and non-uniform band-filling can be

detected
e region B strong self-heating can be noticed due to the peak wavelength increase

e region C the saturation of the QWs induces a strong overflow and may lead to additional

power dissipation

e region D the very high current density induces the current crowding effect, leading to
a progressive decay of the optical properties of the device due to to the formation of

leakage paths under the anode pad.

The detection of optical emission around the 400 nm can be ascribed to electrons overflowing

the electron blocking layer, reaching the p-side of the junction.
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Chapter 5

Evidence for avalanche generation in
reverse-biased InGaN LEDs

Avalanche generation is a physical mechanism responsible for the breakdown at extremely
high field, such as in the reverse bias conditions typical of ESD discharges. In this part is
presented the experimental evidence that avalanche generation can take place in state-of-
the-art InGaN-based blue LEDs. We measured the current-voltage and electro-luminescence
curves of the devices while pulsing them with increasing reverse voltages. We investigated a
wide span of temperatures (from cryogenic to room temperature) in order to verify that the
increase in leakage current detected below -80 V is related to avalanche generation (positive
temperature-coefficient). Numerical simulations show that in this bias condition the band-to-
band tunneling barrier thickness is low, leading to the possible injection of highly-energetic
electrons from the p-side to the n-side that can start the avalanche process.

The relevant outcomes of this work were presented to the conference Photonics West 2019
and included in the conference proceedings with the title “Evidence for avalanche generation

in reverse-biased InGaN LEDs”, reference [27].

5.1 Introduction

Impact-ionization is a three-particle generation process in which carriers gain high energies,
while traveling through high field regions, and undergo scattering events with bonded electrons
in the valence band. The excess energy is transferred to this electron, which is lifted into the
conduction band creating a new electron-hole pair. This secondary electron-hole pair can also
have a rather high energy. In this case the avalanche effect can be triggered and the carrier
density increases heavily.

This process is exploited in avalanche p-i-n diodes, by which a small optical signal (an
absorbed photon) is amplified before entering an external electronic circuit. In fact, before
the signal is given to the receiver circuitry, the photon is multiplied with the photocurrent,

increasing the sensitivity of the receiver. In this way, photocurrent is multiplied before en-
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countering of the thermal noise associated with the receiver circuit.

In a simple p-n junction, like a Schottky diode, impact ionization can be obtained under
strong reverse-bias conditions: in this case high-energy carriers impact-ionize atoms of the
semiconductor, possibly triggering the avalanche generation. In this process, holes are cre-
ated in the valence band as well as electrons in the conduction band, which will eventually
recombine thereby creating light.

In this work, the aforementioned phenomenon is observed and analyzed, for the first time,
in an high-power state-of-the-art GaN-based LED by means of a custom experimental setup

able to emulate ESD events.

5.2 Experimental details

The devices studied in this work are state of the art high power blue LEDs: the device struc-
ture consists in a vertical epitaxial structure, with InGaN quantum wells. The devices were
submitted to pulsed reverse bias, in order to detect the conduction mechanisms responsible
for the leakage in high reverse bias conditions.

The electrical characterization was carried out with a custom high power pulser based
on a capacitor and high power MOSFET. In this setup, the capacitor is pre-charged by a
power supply, then a micro-controller enables the MOSFET, allowing the discharge of the
capacitance through the device under test. The voltage and current waveforms are recorded
by two differential voltage probes, connected to a 500 MHz 2-channel oscilloscope. To measure
the current waveform, a small resistor was placed in series to the device under test: measuring
the voltage drop across the resistor we were able to calculate the amount of current that
was flowing through the sample. As result, the waveform data were collected with a 4-wire
configuration.

For the optical characterization, a high sensitivity optical spectrometer (model CAS140
— Instrument Systems) was used. In order to obtain a better comparison among different
electro-luminescence spectra, a current pulser (model 6221 — Keithley) was used.

All the measurements were performed at controlled temperature, into an open-loop cryo-
stat.

5.3 Electrical characterization

The graphs in [5.1a] and show the results of the pulsed current-voltage characterization
(IV), performed with 1us pulse width. The electrical quantities are extrapolated from the
current and voltage waveforms acquired during the pulse. The values reported into the graphs
are calculated as average of the current and voltage values into a specific portion of the
waveform, defined as measurement window (MW). In order to avoid the possible ringing and
achieve a strong repeatability, the measurement windows are placed over the last portion of

each pulse, in which the waveform is in the most stable condition.
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Figure 5.1: Pulsed current-voltage characteristic of a GaN based blue LED in reverse bias
condition. (a) The leakage current increases dramatically below -80V: the right-shift in the IV
suggests the impact of avalanche generation. (b) The overlap in the curves between 200 and
300K suggests the presence of a competing conduction mechanism, which limits the impact
of the avalanche generation [64].

The magnitude of the leakage current until -80V is below the noise floor. For stronger
reverse bias conditions, leakage current increases significantly. This behavior can be ascribed
to band to band tunneling which is triggered by the extremely high electric field, becoming
the dominant conduction mechanisms at such reverse voltages [65]. Moreover, the rightward
shift in the IV curves below -80V with the increasing temperature suggests that also avalanche
generation plays a role [28]: being the impact ionization strongly dependent on the mean free
path, a higher temperature of the device is able to limit it, inducing the right-shift in the
IV. In fact, in the drift-diffusion model, the impact-ionization rate is usually expressed using
the impact-ionization coefficients o, and «;, . These two coefficients describe the number of
electron-hole pairs generated per unit distance traveled [66] by a solitary carrier between two

collisions. Considering only electrons generated by electrons, one can write

1 dn

Lo 1
 nd(tvy,)

Ny dt

Qp

(5.1)

where v, is the carrier velocity, n is the electron concentration and dn/d(tvy,) is the generated

carriers per distance. According to the work of Chynoweth [67], the same coefficient can be

By,
an = Ay exp <_E>

where A,, and B,, are parameters. The temperature dependence of the impact ionization can

written as

(5.2)

found with the latter parameter (see [68|), because B,, can be rewritten as

Bn(T) = Cp + D,T. (5.3)
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Figure 5.2: Simplified structure of a GaN-based LED. The epitaxial stack is not identical to
the real device but it’s used here for the purpose of simulation.

In this way, an increase of temperature induces the B,, parameter increase, limiting the effect
of the electric field on the impact ionization.

In[5.TH] the overlap of the curves above 200K suggests that another conduction mechanism
may play a role, limiting the impact of avalanche generation.

A T-CAD simulation of the band diagram at -80V is reported in the 5.3} the simulated
structure (reported in is a simplified structure, not identical to real devices but used here
for the purpose of simulation. The simulated structure is a vertical epitaxy, with n-GaN/QW
region/p-GaN stack. The results suggest that, in such strong reverse bias condition, the esti-
mated thickness for band-to-band tunneling is 6 nm. This result supports the interpretation
mentioned above, about the band-to-band tunneling being triggered by extremely high electric
field.

5.4 Optical characterization

The graph in shows the electro-luminescence (EL) spectra of the device submitted at cur-
rent pulses in reverse bias condition, at room temperature (25°C). The spectra are acquired
over a wide range of currents and all of them are related to the avalanche region (voltage
below -80V). The spectra overlap suggests that the physical origin of such photons is com-
mon to all the explored current levels. The graph in show a comparison between the
electro-luminescence of the device at -1mA and the emission of a Maxwellian source at 4000K,
corrected with the absorption profiles of GaN. This comparison suggests that, on the high
energy side (above 2.8 €V), the LED emission in reverse bias is compatible with a source that

follows the Maxwell-Boltzmann statistics. The graph in [5.5b] is focused instead, on the low
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Figure 5.3: T-CAD simulation of a vertical epitaxial structure based on 4 InGaN/GaN quan-

tum wells.
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Figure 5.4: Electro-luminescence (EL) in pulsed reverse bias condition at various current
levels taken at room temperature (25°C) [64].
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Figure 5.5: Modeling of the electro-luminescence LED spectrum [64].

energy side (below the 2.5 eV): this region is not compatible with Maxwellian emitter, but the
spectral shape follows the photo-luminescence of the LED exposed to a 450nm source. The
lack of low-energy emission from the Maxwellian distribution could be tentatively explained
as follows: since we are in avalanche condition, we have a hole density equal to the electron
density. As a consequence, the dominant process leading to the excitation of the deep levels
could no longer be the relaxation of the highly-energetic electron to the edge of the conduc-
tion band, but the recombination of that electron with an hole in the valence band. Further
analysis is needed to explain the region between 2.5 and 2.8 eV.

The interpretation of the experimental data can be seen in 5.6}

e hole and electron pairs generated by the avalanche process recombine radiatively, gen-
erating photons

e these photons are partially re-absorbed in the In-containing layers and n-GaN side, as

confirmed by the red-shift at higher temperature (see the high energy side on the |5.4)

e that energy is re-emitted as internal photoluminescence of the yellow-emitting defects

in the n-GaN layer, as suggested by PL measurements with external excitation.

5.5 Conclusion

In this work, the physical conduction mechanisms that occur in state-of-art GaN based LEDs
submitted to extremely high reverse bias were analyzed. By using custom setups, we were
able to investigate the temperature dependence of the current-voltage characteristics in pulsed
reverse bias conditions, detecting a positive temperature coefficient, indicative of avalanche

generation. A numerical simulation was proposed to support the presence of band-to-band
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Extremely high electric field

(a) Phase I: Avalanche generation, due to extremely high electric
field, generates hole-electron pairs.

(b) Phase II and III: Band-to-band radiative recombination of the hole-
electron pairs, generated by avalanche generation, emits UV photons. Such
photons are partially re-absorbed by QWs and deep levels and re-emitted with
longer wavelengths.

Figure 5.6: Interpretation of the observed phenomenon.
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tunneling and the related impact ionization. By the spectral analysis of the electro- and

photo-luminescence of the devices under test, an interpretation of the experimental data was

proposed.
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Chapter 6

Gradual degradation of color coded test

structures

Commercially available GaN-based devices are typically designed to have from 3 to 5 quantum
wells in their active region, because this amount of QWs allow to maximize the internal
quantum efficiency. Moreover, all the QWs have the same energy gap and then emit photons
with the same wavelength. Instead, the color coded devices are epitaxial vertical structures
where the quantum wells are designed to have different energy gaps. In this way, the QW in
which a particular photon was generated can be detected by analyzing the wavelength of that
photon.

This type of structures, not commercially exploited, are very useful in research applica-
tions, because the contribution of every single QW can be analyzed performing a spectrally

resolved optical characterization.

6.1 Experimental details

The epitaxial structure of the three different test devices are reported in figure [6.1} all the
structures have two quantum wells, emitting at different wavelengths and a surface area of
500x500um. The QW emitting at 495 nm is referred to as reference quantum well, since this
is the one whose degradation is monitored during stress time. The QW emitting at 405 nm
is referred to as secondary quantum well, and is used as a “placeholder” to ensure that the all
the structures are fabricated in similar conditions (e.g. similar growth temperatures, similar
indium contents). We chose not to use simple GaN in place of the secondary QW, since GaN
and InGaN are grown at different temperatures, and it is known that growth temperature
can significantly impact on radiative efficiency [69]. By doing so, we ensured the maximum
similarity between the first two structures. In the structure A, the reference QW is located
closer to the p-side, while in the structure B it is located closer to the n-side. Structure C
is a variation of the A one, in which the Al density into the electron blocking layer (EBL) is

lower compared to the A version, resulting in to a lower energy barrier defined by the EBL.
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Figure 6.1: Epitaxial structure of the tested samples.
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Figure 6.2: IV characteristics measured during the constant current stress at 200mA.

The devices were submitted to constant current stress at 200 mA (80 A/cm?), at room
temperature. During stress, the electrical characteristics of the devices were monitored by
means of high-sensitivity current-voltage (I-V) measurements, while the optical and spectral
characteristics were analyzed by means of a compact array spectrometer (CAS). The effects
of the gradual degradation will be analyzed separately, comparing samples A and B (different
QW order) and then samples A and C (different EBL).

6.2 Structures A and B: different QWs order

The first comparison is related to the samples A and B, which differ in the order of the QWs.
Figure [6.2) reports the current-voltage characteristics of the stressed devices collected before
and during stress at 200 mA. As can be noticed, stress induced a significant increase in both
reverse current and sub turn-on forward leakage (in the voltage range between 1 and 2.5 V).

In both voltage ranges, conduction is mainly dominated by defect-assisted mechanisms.
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Figure 6.3: Change in the reverse leakage over time at -4V.

In the reverse-bias regime, hopping (either variable-range hopping, VRH, or nearest-
neighbor hopping, NNH) typically dominates |70, [37, |71, [72|; the contribution of thermally-
assisted multistep tunneling has also been proposed to contribute [37]. As a consequence,
reverse conduction is strongly dependent on the density of defects within the depleted region
or, equivalently, on the distance between neighboring traps. An analytical model was recently

proposed in |71], according to which reverse leakage due to VRH and NNH can be expressed

)

where D, is the volume density of unoccupied states at point x, F is the maximum electric

as:

(6.1)

4v/2m*e3/?
J/F,T D, -
JF,T) ea:p( 30FTh exr

field in the depletion region and Ty is the characteristic temperature. In the low forward
bias regime (here between 1 and 2.5 V), conduction is mostly dominated by trap-assisted
tunneling, as demonstrated by recent papers [73]. Also in this regime, the defect-mediated
current is proportional to the density of defects, see for instance |74], where the following

formula is proposed:
qN
o G (6.2)

where f(¢) is a function describing the shape and properties of the tunneling barrier. More-

over, a lower series resistance can be noticed in the sample A in the high forward bias region.

As shown in figure during stress the reverse leakage of the devices showed a monotonic
increase, indicating a gradual increase in the density of defects within the active region.
Remarkably, reverse leakage increased with the square-root of stress time. Here the hypothesis
is that the leakage increase is due to the increase in the defect density in the depleted region
due to a diffusion process, in agreement with previous papers on laser diodes |75, |76, [77]. We
suppose the existence of a defect concentration gradient from one of the doped layers (either

n-type or p-type) to the intrinsic quantum well region: the high stress current densities may
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promote the propagation of defects, from the region with high concentration towards the
quantum wells. Once defects are generated, they can propagate according to the known

diffusion equation:

N(z) = Noerfc< (6.3)

z
)
where N(z) is the defect density at position z (with respect to the concentration gradient), and
D is the diffusion coefficient of the defect involved in the degradation process |75]. Possible
diffusing defects may be hydrogen |78, 79, [80], hydrogen/oxygen vacancy complexes [81] [82],

magnesium |83, |75, |84], or intrinsic defects as vacancy complexes |81}, |85, 86].

Once they reach the quantum wells, the diffusing defects may act as SRH recombination
centers, thus lowering the quantum efficiency of the devices. The non-radiative nature of the
degradation process was confirmed by the optical measurements [6.4} optical power degrada-
tion was found to be present only in the low current regime (below 1 mA), i.e. in the current

range where recombination efficiency is limited by SRH losses [87].

To understand if the diffusion process responsible for the degradation is initiated at the
p-side or at the n-side of the diode, we analyzed the spectral and EL characteristics of the two
sets of LEDs, those with the reference QW closer to the p-side and those with the reference
QW closer to the n-side. The results are shown in figures[6.4 and [6.5] It is worth noticing that
for the structure with the reference (495 nm) QW close to the p-side, emission from the 405
nm QW is not detected at RT, due to the higher hole capture efficiency of the 495 nm QW.
In fact, as can be noticed by the band diagram simulated by Lorenzo Avataneo and Michele
Goano of PoliTO reported in figure [6.6] almost all holes are captured by the 495 nm QW in
the structure C. Both QWs showed a decrease in luminescence intensity during stress time;
remarkably, the EL drop was found to be much stronger when the reference QW is closer to
the p-side. Despite this, the analysis of the OP drop kinetics indicates that it does not follow
a square-root dependence on time, suggesting that the diffusion process responsible for the
changes in the electrical characteristics is not the dominant cause for the degradation of the

optical performance.

To investigate the physical origin of optical degradation, we analyzed the correlation be-
tween the spectral data and the degradation rate for the 405 nm and 495 nm. The results
indicated a correlation between the initial luminescence of a given well, and its degradation
rate: this is summarized by figure that reports the OP drop (measured at 100 pA, after
1000 min of stress) as a function of the initial QW luminescence. As can be noticed, QWs
with higher initial luminescence show the strongest degradation rate. It is worth noticing
that on the horizontal axis of figure [6.7a) we put the square root of electro-luminescence, that
is proportional to carrier density because the radiative recombination rate is proportional to
the square of the carrier density. Thus, the log-log diagram demonstrates that degradation

rate has a power-law dependence on carrier density (n ~ 1.6).

The physical origin of the optical properties degradation could be related to two dominant

non-radiative processes: SRH recombination, which depends linearly on the carrier density,
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Figure 6.4: Spectra of electro-luminescence measured at different driving current during the
constant step-stress at 200mA. All the spectra are taken at room temperature.
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Figure 6.5: Degradation kinetics of electro-luminescence of samples A and B: the measured
optical power is related to the reference QW only (495 nm).
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Figure 6.6: Numerical simulations of the energy bands at 4V of the structures A and B.
Courtesy of Lorenzo Avataneo and Michele Goano of the Department of Electronics and
Telecommunications of PoliTO.
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Figure 6.7: (a) Power-law dependence between the initial luminescence of a given well and
tis degradation rate. (b) Statistical distribution of the OP drop after 1000 min of constant
current stress at different current densities. The characterization current is 100uA.

and Auger recombination, which scales with n3. Both the processes release the recombination
energy as heat in the QWs region, which may be sufficient to break defect-impurity bonds
in GaN [81} [88] and promote the defects propagation. Due to the power-law dependence
of 1.3, the observed phenomenon is not compatible with Auger nor with standard SHR re-
combination. However, recent papers demonstrate the existence of superlinear defect-related
recombination process, whose exponent may be higher than 1 (in [89], n ~ 1.38). That su-
perlinear behavior may be due to the presence of Urbach-like tails |[89] on the conduction and
valence bands. In this scenario, the SRH mechanism gains strength with injection because
more defect levels become available as the quasi-Fermi energies move toward the band edges.
Alternatively, the superlinearity may arise from density-driven delocalization, which permits
carriers to be captured by non-radiative centers further from localization sites [89]. Based on
this, we suggest that the defect generation process is initiated by SRH recombination and the
process is accelerated by carrier density. In fact, by stressing devices at various current levels,
we further confirmed the role of carrier density in the degradation process: degradation rate
(OP drop after 1000 min of stress) was found to have a linear dependence on stress current
level (see figure slope = 1.37), in agreement with previous reports on the topic.

The electrical and optical characteristics at the stress current value were measured during
the constant stress by means of a sourcemeter and a photodiode. in figure is reported the
signal detected by the photodiode: sample A emits more light that the B variant, revealing
the lower efficiency of the sample B. The latter is also the only sample that shows a OP
drop at the stress current level. About the electrical characteristics, the device voltage drop
measured at the stress current is reported in figure[6.9} the lower energy efficiency of sample B
is confirmed, being the electrical power higher than the sample A one. The gradual decrease
of the voltage drop may be ascribed to the gradual annealing of Mg due to the high power

dissipation within the device, which may improve the electric contact. Differences in the
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Figure 6.8: Degradation kinetics of electro-luminescence of samples A and B evaluated at the
stress current (200mA). The signal is the panchromatic integral of the electro-luminescence
of the analyzed devices.
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Figure 6.9: Voltage drop on analyzed devices during the constant current stress. The higher
voltage of the sample B may be related to a worst contact on the p-side.

electric contact are in agreement with what can be noticed in the IV characterization in figure
sample A shows a lower series resistance in the high forward bias region, if compared

with the other variant.

To be more specific on the properties of the defects involved in the degradation process,
we carried out DLOS measurements with increasing stress times. The results are reported in
figure [6.10; one needs to consider the spectral range below 2.5-2.7 eV, since above this energy
generation in the QWSs becomes relevant, thus covering defect-generated signal. As can be
noticed, stress induced an increase in the density of deep levels within the active region of the
devices; such increase is particularly noticeable for energies lower than 2.3 eV (corresponding
to defects located between midgap and E¢-2.3 €V). Albeit the measurement sensitivity was

not enough for clearly estimating the energy position of such levels, the results support the
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Figure 6.10: Deep Level Optical Spectroscopy measurements on sample A during constant
current stress at 200mA: the increase of DLOS signal confirms defect density increase.

hypothesis that stress induced an increase in the density of deep traps. Such defects are
supposed to be located near midgap, since they act as efficient SRH centers, and they impact

on the sub-threshold forward leakage (as predicted theoretically in |90} |91]).

6.3 Structures A and C: different Al concentration in EBL

The second comparison is related to the samples A and C, which differ in the aluminum doping
in the electron blocking layer, resulting in a different height of the energy barrier of that region.
Figure [6.11] reports the current-voltage characteristics of the stressed devices collected before
and during stress at 200 mA. Similarly to what was observed for the first comparison, stress
induced a significant increase in both reverse current and sub turn-on forward leakage (in the
voltage range between 1 and 2.5 V). In both voltage ranges, conduction is mainly dominated
by defect-assisted mechanisms. The behavior of the two structures is more similar than the
two compared in figure [6.2] being here the EBL the only difference into the epitaxial stack.
Namely, this stronger similarity can be noticed in the comparison draw in figure [6.12]

Also in this case, the reverse-bias regime is typically dominated by hopping transport
mechanism (either variable-range hopping, VRH, or nearest-neighbor hopping, NNH) |70} |37,
71}, [72| and partly helped by the contribution of thermally-assisted multistep tunneling [37].
As a consequence, reverse conduction is strongly dependent on the density of defects within
the depleted region or, equivalently, on the distance between neighboring traps. In the low
forward bias regime (still between 1 and 2.5 V), conduction is mostly dominated by trap-
assisted tunneling [73]: the defect-mediated current is proportional to the density of defects
[74].

As shown in figure[6.12] during stress the reverse leakage of the devices showed a monotonic
increase, indicating a gradual increase in the density of defects within the active region.

Remarkably, reverse leakage increased with the square-root of stress time. Here the hypothesis
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Figure 6.11: IV characteristics measured during the constant current stress at 200mA.
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is that the leakage increase is due to the increase in the defect density in the depleted region
due to a diffusion process |75, |76}, [77]. The interpretation of those experimental data follows
the aforementioned hypothesis: a defect concentration gradient from one of the doped layers
to the intrinsic quantum well region is present. Due to the high stress current densities,
the energy released by non-radiative recombination may promote the propagation of defects,
from the region with high concentration towards the quantum wells. Once they reach the
quantum wells, the diffusing defects may further increase the impact of SRH recombination,
by acting as non-radiative recombination centers, thus lowering the quantum efficiency of the
devices. The non-radiative nature of the degradation process was confirmed by the optical
measurements[6.13} optical power degradation was found to be present only in the low current
regime (below 1 mA), i.e. in the current range where recombination efficiency is limited by
SRH losses [87].

The graphs in figure show the spectra of the devices during the constant current
stress, measured at bias levels below the nominal current of the device. As can be noticed,
the optical emission of both the quantum wells is present in both the samples, being the QW
order the same. The emission of the reference QW (495 nm) is still higher than the 405nm
one, due to higher capture efficiency of the first QW. In low injection conditions (for current
levels below 1mA) the behavior of the samples is very similar. Increasing the current level
of the optical characterization, few differences can be identified: as reported in figure [6.14p,
the 405 nm QW (close to p-side) improves its optical performance when the current level is
higher than 1mA. Moreover, a 20% improvement can be noticed in the sample C at the end of
the experiment. Focusing on the 495 nm QW (close to n-side) the stronger degradation can
be noticed in the sample A, the one with the higher EBL, but only at low injection densities.

The optical power comparison in th figure [6.15| reveals the higher efficiency of the sample
C, if compared with the other one. Both the samples does not show any optical degradation
at the stress current level, but sample A shows that OP decreases with stress time (figure
. Namely, sample C has also a higher power efficiency, being the voltage at 200mA lower
than the A variant.

The experimental data can be interpreted as follows:

e as mentioned for the comparison between samples A and B, the increase of the leakage
current in reverse and low forward bias regions could be ascribed to the propagation of
defects towards the QWs region.

e the generation of non-radiative recombination centers is related to the OP drop detected

at low injection levels, where the impact of SRH recombination is stronger.

e the absence of significant OP degradation at high injection levels is in agreement with

the defect-propagation hypothesis, being the reference QW far from the p-side.

e the OP improvement of the 405 nm QW may be correlated to a better injection of holes
due to the high power dissipation: i) the high temperature reached in the QW region

107



Chapter 6. Gradual degradation of color coded test structures

10°% —

107} Sample A

1=100pA
10°F
oy
S5k
< 10
N—r
o 10°F OP decrease

f——10min
f——20min
f——50min
f——100min
1000min
[=——2000min
5000min
{——8000min

E

400 500 550 600
Wavelength (nm)
(a) Sample A
108 — T T T
——10min
107 f — Somin
Sample A — 100min
- |+ 1000min
wef FIMA e
— {=——28000min
S 05
10
d
Nt
o 10*
@)
10°
102 j
10t L l'j.\ . .
400 450 500 550 600
Wavelength (nm)
(c) Sample A
108 p— T T T
[~ 10min
107 F [—Somn
Sample A [— 100min
_ |- 1000min
e R OMA =
’\_ 4 [=——28000min
S 05
? 10
a
Nt
o 10*
N No significant
10 ‘ OP drop
10%
101 1 1 1
400 450 500

550 600

Wavelength (nm)
(e) Sample A

10°% —

107} Sample C

f—— 10min
f——20min

[=——"50min
1=100pA [ 1000min
0°f -
- {—— 8000min
c:;- 105k ]
= OP decrease
o 10
o
10°
10?
10t B — .
400 450 500 550 600
Wavelength (nm)
(b) Sample C
108 p— T T
Sample C — 1omin
107 F gl I=1mA —Somn
Slight OP [ somin.
. [ increase (405nm) | tocomin
w0y Sivom,
- {——8000min
S 405
1 1
L
Nt
Qo 10*
]
10%
10%
10t . . L
400 450 500 550 600
Wavelength (nm)
(d) Sample C
108 F— T T T T
Slight OP Sample C
10" Fincrease (405nm) 1=10mA 3
10° ) ]
-
S
« 0°F No significant
~ . OP drop
Q. 10 (495nm)
10°
10?
101 1 1 1
400 450 500

séo
Wavelength (nm)

600

(f) Sample C

Figure 6.13: Spectra of electro-luminescence measured at different driving current during the
constant step-stress at 200mA. All the spectra are taken at room temperature.

108




6.3. Structures A and C: different Al concentration in EBL

13
12
11
S
« 1.0
N—
n 09

=07

=

© 06

(o)

o 05
0.4
0.3

13

1.2
11
< 1.0
-

a 09

Oos

[4)

=07

=

© 06

(o)

Y 05
0.4
0.3

Figure 6.14: Degradation kinetics of electro-luminescence of samples A and C.

[ Sample A
F 405nm QW
L . /.<-,-.n'
i:/'\-—- —0
L ~——
[ LLED driving \\'"
I current (A) \"-_
[ —=—100p "
im
[ F=—10m
10 100 1000 10000
Time (min)
(a) Sample A, 405nm QW
[ Sample A
+ 495nm QW
L 'i:(:i:——f -,,1,177”.7%.7 )
[ ILED driving \\
current (A)
[ —=—100n \\_\.
+ im .
[ f=—10m e
1‘0 160 1oloo 10600

Time (min)
(c) Sample A, 495nm QW

13
12
11
S
« 1.0
N—
n 09

=07

=

© 06

()

o 05
0.4
0.3

13

1.2
11
< 1.0
-

a 09

Oos

)

=07

=

© 06

(o)

Y 05
0.4
0.3

r Sample C i
L 405nm QW 5. "
I ./:i:/'él\\
I n
[ .
[ LED driving

current (A)
[ —=—100p
F im
| —=—10m

10 100 1000 10000

Time (min)

(b) Sample C, 405nm QW

Sample C
495nm QW

— l'\”: ——g—— i — " —p—E-Eggg

10 100 1000 10000
Time (min)

(d) Sample C, 495nm QW

109



Chapter 6. Gradual degradation of color coded test structures

o
(i

Stress time ' ' St',ess time :
~39¢t ——10min  —— 20min —~5.0 10min  ——20min | |
S Sample A |——50min  —— 100min =5 Sample C —ig%n ) —igggnin_

] 1000min 2000min min min
& 5000min ——— 8000min \m—/4.9 5000 min_—— 8000 min|
5 38 : 5
= =48
o o
o o
= 3.7 = 4.7
2 2
a 46}

O O
3.6 S
4.5
0 100k 200k 300k 400k 0 100k 200k 300k 400k 500k
Time (s) Time (s)
(a) Sample A (b) Sample C

Figure 6.15: Degradation kinetics of electro-luminescence of samples A and C evaluated at the
stress current (200mA). The signal is the panchromatic integral of the electro-luminescence
of the analyzed devices.

may trigger the annealing of Mg and other dopants or ii) holes could be able to reach
the QW region through the defects that are moving towards the QWs.

the higher quantum efficiency of the sample C can be related to the lower height of the
EBL: according to the literature, a higher EBL should improve the quantum efficiency,
due to a better electron confinement; by contrary, not having any grading in the EBL Al
doping, these samples may suffer of a poor hole injection due to a spike into the energy
barrier, which could limit the injection into the active region. Therefore, a lower Al
content (sample C) reduces the resistance to the hole injection, improving the internal
quantum efficiency. This hypothesis can be confirmed by the simulated band diagram
performed by Lorenzo Avataneo and Michele Goano of the Department of Electronics

and Telecommunications of PoliTO, reported in figure [6.1

the lower voltage drop detected on the sample C is in agreement to the hole injection

hypothesis mentioned above.
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6.3. Structures A and C: different Al concentration in EBL
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Figure 6.16: Voltage drop on analyzed devices during the constant current stress.
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Figure 6.18: Electrical characterization of sample B at different temperatures.

6.4 DLTS on Wafer B

Deep Level Transient Spectroscopy (DLTS) analysis was carried out on a sample of Wafer B,
with the aim to identify the physical origin of the lattice defects. To this aim, a sample was
submitted to a constant current stress at 150mA (room temperature) and characterized dur-
ing the stress test. Being the sample into the DLTS cryostat, also IV and LI in temperature
were performed, by means of a semiconductor parameter analyzer and a compact array spec-
trometer (CAS) with low noise cooled-detector. in figure are reported the current-voltage
characterization in temperature (IVT) of the tested sample during the stress experiment. The
comparison of the two analyzed temperatures (120K and 320K) shows the strong differences
in leakage current in reverse and low forward bias in the two conditions, for all the duration of
the constant stress. Being the conduction in this bias conditions normally related to variable
hopping mechanisms, here the strong role of a thermally assisted conduction mechanism can
be noticed [37,92|. The leakage current increase in the reverse bias conditions (in the -4/-6V
range) is about three orders of magnitude during the stress experiment, in both the showed
temperatures. This suggests as, the defects which contribute to the leakage conduction are
active in the whole temperature range.

The temperature influence can be noticed also in the spectrally resolved optical charac-
terization displayed in figure [6.19} the spectral shape significantly changes between the two
temperatures. In fact, at cryogenic temperatures, luminescence from the 405 nm QW and a
peak at 366 nm can be detected. The latter suggests band-to-band recombination in GaN:
being visible only at the highest current level, band-to-band recombination could take place
in the p-side region, thanks to electrons which are able to overcome the EBL, or in the GaN
spacer between the EBL and the QWs.

The data in figure can be interpreted as follows:

e The role of the non-radiative recombination is clear in the narrowing of the electro-

luminescence spectra by increasing the temperature (6.19p and -b), which limits the

112



6.4. DLTS on Wafer B

10° 10°
T =120K :100mm T = 320K :loumm
10°F I S00omin 10°F I S00omin
2000min 2000min
103 F 3000min 10°% 3000min
4000rn:r\ loomA 4000m:r\
102} | Zo00min T [— o0omin
S .
. = 13000min| . e N = 13000min|
8 10t 8 10t T
o o
O 10° O 10°
10* 10*
102 102 |y
10 | . . . 107 |l|l‘\i . . .
300 400 500 600 700 800 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)
(a) Spectra at T = 120K (b) Spectra at T = 320K
,\_1.6 ,\_1,5
o} o}
Y 1.4 - 1.4F T=320K
S S
o l2r
@)
< 10F
© 0.8
o
- 0.6
)
No4
[
£02
S
S 00

1000 10000 1000 10000
Stress time (min) Stress time (min)
(¢) Normalized peak emission of 495nm QW at T (d) Normalized peak emission of 495nm QW at T
= 120K = 320K

Figure 6.19: Spectrally resolved optical characterization of sample B at different temperatures
and normalized peak emission at 495 nm over time.

yellow-band emission at 320K. SHR recombination can also be related to the OP drop

detected at low injection levels.

e The emission from the 405nm QW, detected at cryogenic conditions, could be related
to the limited impact of SHR and to limited lattice scattering at such low temperature,

which improve the holes injection into that QW.

e The drop in the OP of the 405 nm QW is probably related to the holes density decrease.
This behavior could be ascribed to the improvement of the capture rate of the reference
QW, as suggested by the OP increase detected in [6.19 for high injection levels.

e The OP drop at 320K for low injection levels is in agreement with the aforementioned

experimental data of the constant current stress performed at room temperature.

Focusing on the DLTS characterization results, reported in figure [6.20} two different epitaxial

regions were analyzed: the first one (a) is defined by the measure voltage -2V and filling
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Figure 6.20: DLTS characterization of sample B during the constant current stress.

voltage 0V, the second one (b) is defined by the measure voltage -5V and filling voltage -2V.
Due to the selected voltage ranges, the (a) region is closer to the QWs than the region (b).
Being the signal amplitude AC/C proportional to the defect density, two different behaviors
can be noticed: in the region (a) there is a first increase and then a decrease of the defect
density during the constant current stress but the defect density is always lower (3 times
roughly) than the (b) one during the experiment; this behavior is compatible with migration
of defects within the analyzed region; the region (b) shows a decrease of the defect density
with the stress time increase.

The further analysis of the DLTS data, by means of the Arrhenius activation energy
analysis, suggest that the physical origin of those defects could be related to impurities on the
AlGaN/GaN interface [93, 94] or to nitrogen vacancies into the lattice [95]. Moreover, further
tests varying the filling time conditions suggest that the identified defects are probably point

defects distributed along threading dislocations.

6.5 Closing remarks

In this chapter, the investigation on three different color coded test structures were presented.
The structures have two quantum wells, emitting at different wavelengths: the 495nm QW is
referred to as reference quantum well, whereas the QW emitting at 405 nm is referred to as
secondary quantum well and is used as a “placeholder” to ensure that the all the structures
are fabricated in similar growth conditions.

In the structure A, the reference QW is located closer to the p-side, whereas in the structure
B it is located closer to the n-side. Structure C is a variation of the A one, in which the Al
density (15%) into the electron blocking layer (EBL) is lower compared to the A version
(20%), resulting in to a lower energy barrier defined by the EBL. The devices were submitted
to constant current stress at 200 mA (80 A/cm?) at room temperature and, during the stress,

electrical and optical characteristics were monitored.
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The analysis of the first two structures, which differ in the order of the QWs, reveals
that the increase of leakage current in reverse and low forward bias regions is triggered by
a diffusion process, due to their kinetics that scale with the square-root of time. In fact,
in this bias range the typical dominant conduction mechanisms are variable-range hopping
and nearest-neighbor hopping. Thus, the increase of the defect density strongly enhance the
impact of such trap-assisted transport mechanisms.

Focusing on the optical characterization, the decrease of OP power over time is stronger
on the structure where the reference QW is close to the p-side and has a higher impact at low
injection levels: this suggests the possible propagation of defects from the p-side, which may
act as non-radiative recombination centers and worse the optical performance of the device.
Despite this, the evolution of the OP drop does not follow the square-root of time, indicating
that the diffusion is not the dominant cause for the optical degradation. Then, the energy
released (as heat) by non-radiative recombination in the QWs region may be the physical
cause of the degradation, by triggering the propagation of defects and further enhancing the
non-radiative recombination. According to recent papers (|89]), the non-radiative process
responsible for the defects propagation could be SHR (rather than Auger) due to the power-
law dependence on carried density of the degradation rate.

DLOS characterization confirms the increase of defect concentration, consisting in deep
levels in the region between midgap and Ec-2.3 e€V: due to their position, they act as efficient
SRH centers and impact on the sub-threshold forward leakage.

The comparison between the structures with different EBL confirms the aforementioned
hypothesis about the defects propagation and suggest the presence of spikes in the energy
barrier of the EBL. Those spikes are related to the lack of grading in the Al doping con-
centration and generate a barrier on the valence band, limiting the injection of holes from
the p-side. This reduces the quantum efficiency of the structure with the highest Al content
(higher EBL) and increases the power dissipation on that structure. These hypothesis are in
agreement with the simulation carried out the PoliTO on the same test structures.

DLTS characterizations on the sample with the reference QW on the n-side suggest the
role impurities on the AlGaN/GaN interface or nitrogen vacancies into the lattice as physical

origin of the defects that limit the device performance.
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Chapter 7

Conclusions

This thesis investigated the reliability of state-of-the-art InGaN LEDs for lighting applica-
tions and the impact of the diffusion-related mechanisms on optoelectronic GaN-based wafers
by means of specific tests and procedures, with the aim to identify the physical mechanisms
responsible for the degradation of those devices. By means of custom experimental setups,
developed during the research activity, it was possible to identify the dominant failure modes
and degradation mechanisms of GaN LEDs subjected to electrical over-stress, both in forward
and reverse bias, and to correlate specific failures with the epitaxy related weaknesses of state-
of-the-art LEDs. In particular, to understand the role of defects in the device degradation,
advanced techniques such as Deep-Level Transient Spectroscopy (DLTS) and Deep-Level Op-
tical Spectroscopy (DLOS) were employed. Moreover, by means of thermal storage at high
temperature and low energy electron beam irradiation (LEEBI) tests it was possible to in-
vestigate the role of the different epitaxial layers in the diffusion-related mechanisms. The
information about the physical mechanisms responsible for degradation have been used as a
feedback for devices manufacturers, for the improvement of the technological processes.

The most important achievements of the research activity are summarized in the next

paragraphs.

Impact of growth parameters on the ESD robustness

An extensive analysis aimed to correlate the epitaxial growth parameters and LEDs ESD
robustness in reverse bias was presented. The analysis investigated separately the roles of the
epitaxial features on the n- and p-side by means of DC and pulsed characterizations and Deep
Level Transient Spectroscopy technique. Due to the confidentiality of the presented data, the
nature of the growth parameters and their actual values were not specified.

The results about the investigation on the n-side suggested the strong importance of the
parameter A in the robustness to ESD events and the fact that defects involved in the reverse
conduction are not critical for the robustness to this kind of extrinsic events. Optical DLTS
characterizations revealed that the physical origin of those defects can be ascribed to nitrogen

vacancies in the lattice.
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The investigation on the p-side, instead, suggested the strong importance of the parameter
C: spatially resolved electro-luminescence measurements revealed that leakage paths in the
epitaxial structure could limit the robustness to ESD events. In fact, the most uniform and the
least bright sample was the one with the highest C parameter: the leakage paths that acted as
radiative recombination sites in reverse bias conditions could be responsible for the failure of
the device, via shorting of the junction. These leakage paths might act also as non-radiative
recombination sites. C-DLTS characterizations on those samples confirmed the impact of C
parameter in the reduction of defect density in the epitaxial structure and suggested that

nitrogen atoms may play a role as physical cause of those defects.

Failure limits of GaN-based LEDs under EQOS

The analysis was carried out by a custom-setup, that allowed us to measure the current-
voltage (I-V) and electro-luminescence curves of the devices while pulsing them with increasing
voltages in forward bias, up to failure. The aim of this work was to analyze and characterize
the degradation mechanisms induced by the extremely high current densities reached during
the EOS events. In this work were investigated (i) the dependence of failure current/power on
pulse duration, (ii) the dependence of the electrical characteristics on temperature and (iii)
the optical characteristics of the devices under over-stress conditions.

The statistical description of the failure events suggested that they were enhanced by the
temperature of the sample: due to the strong self-heating, the power dissipation required to
reach the failure condition is less if the biasing time is longer, leading to open-like failures
(package-related) for the longest pulse width. Further experiments at high current densities
identified a thermally-assisted conduction mechanism and the enhancing of the non-radiative
recombination promoted by the high junction temperature.

The comparison of electrical and optical characteristics during the EOS stress tests al-
lowed us to identify four different regions: (i) region A, in which radiative recombination was
dominating and non-uniform band-filling could be detected; (ii) region B, in which strong self-
heating could be noticed; (iii) region C, where the saturation of the QWs induced a strong
overflow and might lead to additional power dissipation; (iv) region D, in which the very
high current density induced the current crowding effect, leading to a progressive decay of
the optical properties of the device due to to the formation of leakage paths under the anode
pad. The detection of optical emission around the 400 nm could be ascribed to electrons
overflowing the electron blocking layer, reaching the p-side of the junction. The results of this

work were published on the scientific journal Microelectronics Reliability (]26]).

Evidence for avalanche generation in reverse-biased InGaN LEDs

Avalanche generation is a physical mechanism responsible for the breakdown at extremely
high field, such as in the reverse bias conditions typical of ESD discharges. In this part was

presented the experimental evidence that avalanche generation can take place in state-of-
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the-art InGaN-based blue LEDs.

The significant increase of leakage current at reverse bias voltages below -80V suggested
that the extremely high electric field triggered band to band tunneling, becoming the dom-
inant conduction mechanisms at such reverse voltages. Moreover, the rightward shift in the
IV curves below -80V with increasing temperature suggested that also avalanche generation
played a role: being the impact ionization strongly dependent on the mean free path, a
higher temperature of the device is able to limit it, inducing the right-shift in the IV. TCAD
simulations on a simplified epitaxial structure suggested that the estimated thickness for a
band-to-band tunneling is 6 nm when the device is biased in such strong reverse bias condi-
tions.

Further analysis of the electro-luminescence spectral distribution, in this extreme bias con-
ditions, showed that (i) hole and electron pairs generated by the avalanche process recombine
radiatively, generating photons, (ii) which are partially re-absorbed in the In-containing layers
and n-GaN side and then (iii) re-emitted as internal photoluminescence of the yellow-emitting
defects in the n-GaN layer.

The relevant outcomes of this work were presented to the conference Photonics West 2019

and included in the conference proceedings [27].

Gradual degradation of color coded test structures

In this chapter, the investigation on three different color coded test structures were presented.
The structures had two quantum wells, emitting at different wavelengths.

In the structure A, the reference QW was located closer to the p-side, whereas in the
structure B it was located closer to the n-side. Structure C was a variation of the A one, in
which the Al density (15%) into the electron blocking layer (EBL) was lower compared to the
A version (20%), resulting in to a lower energy barrier defined by the EBL. The devices were
submitted to constant current stress at 200 mA (80 A /cm?) at room temperature and, during
the stress, electrical and optical characteristics were monitored.

The analysis of the first two structures, which differ in the order of the QWs, revealed
that the increase of leakage current in reverse and low forward bias regions was triggered by a
diffusion process, due to their kinetics that scaled with the square-root of time. Focusing on
the optical characterization, the decrease of OP power over time was stronger on the structure
where the reference QW was close to the p-side and had a higher impact at low injection levels:
this suggested the possible propagation of defects from the p-side, which might act as non-
radiative recombination centers and worsen the optical performance of the device. The optical
degradation was not dominated by the diffusion process, but the energy released (as heat)
by non-radiative recombination in the QWs region might be its physical cause. According to
recent papers ([89]), the non-radiative process responsible for the defects propagation could
be SHR recombination.

The comparison between the structures with different EBL confirmed the aforementioned

hypothesis about the defects propagation and suggested the presence of spikes in the energy
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barrier of the EBL. Those spikes were related to the lack of grading in the Al doping concen-
tration and generated a barrier on the valence band, limiting the injection of holes from the
p-side. These hypothesis are in agreement with the simulation carried out the PoliTO on the
same test structures.

DLOS and DLTS characterizations confirmed the increase of defect concentration, con-
sisting in deep levels in the region between midgap and Eco-2.3 €V, and suggested the role
impurities at the AlGaN/GaN interface or of nitrogen vacancies into the lattice as physical

origin of these defects.
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List of Abbreviations

DLOS
DLTS
EBL
EOS
ESD
LED
LEEBI
QW
SRH

Deep Level Optical Spectroscopy

Deep Level Transient Spectroscopy
Electron Blocking Layer

Electrical Over Stress

Electro-Static Discharge

Light Emitting Diode

Low Energy Electron Beam Irradiation
Quantum Well

Shockley—-Read—Hall
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