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Prefazione

I sistemi di comunicazione di ultima generazione, basati su amplificatori che
operano a frequenze tra gli 1 ed i 40 GHz, necessitano di prestazioni rf sempre piu
spinte per quel che riguarda la potenza, l'efficienza, la linearita ed il basso costo. I
semiconduttori basati sul Silicio (Si) o sull” Arseniuro di Gallio (GaAs) che sono
abitualmente utilizzati per la costruzione di sistemi di comunicazione non sono in
grado di soddisfare la domanda continua e crescente di prestazioni di potenza alle
microonde. Questo tipo di dispositivi sono vicini al limite delle proprie prestazioni,
lavorano con bassa efficienza e richiedono sistemi di raffreddamento di grandi
dimensioni. I dispositivi basati su Nitruro di Gallio stanno quindi diventando
interessanti per un gran numero di applicazioni: dalla optoelettronica all’ elettronica
di potenza. In particolare i transistor ad alta mobilita elettronica (HEMT) si sono
rivelati promettenti per gli amplificatori a microonde ma la loro stabilita e
affidabilita sono ancora uno dei problemi da risolvere per ottenere un prodotto
commercializzabile e pronto per il mercato.

All'inizio di questa tesi saranno discusse le qualita dei dispositivi basati su GaN e
verra introdotto il progetto europeo Korrigan.

Il capitolo 2 trattera di diversi test per valutare |'affidabilita a breve e lungo termine
di dispositivi HEMT.

Nel capitolo 3 verra discusso uno storage termico alla temperature di 300°C della
durata di 2000 ore. Sara identificato un nuovo meccanismo di guasto proprio dei
GaN HEMT e verra proposta una soluzione per prevenire problemi e rotture della
passivazione.

Il capitolo 4 trattera di esperimenti effettuati tramite stress inversi. I risultati
ottenuti mostreranno che la scarsa qualita del materiale epitassiale pud contribuire
al degrado delle proprieta di un GaN HEMT.

Nel capitolo 5 verranno alla fine analizzate le proprieta di breakdown di dispositivi
basati su Nitruro di Gallio. Sono stati svolti esperimenti a due e tre terminali,
misure TLP e con il modello HBM.



Abstract

Defence radar and wireless communication systems have a drastic need for
increased rf performance for high power, high efficiency, high linearity and low-cost
monolithic amplifiers operating in the 1-40 GHz frequency range. Semiconductor
devices based on Silicon (Si) or Gallium Arsenide (GaAs) are currently used for the
fabrication of communication systems but they are not able to deal with the
continuous increase in demand for microwave power performances: those devices
are very close to their limit, working with a poor efficiency and requiring large
cooling systems. Therefore Gallium nitride-based devices are becoming extremely
attractive for a wide range of applications, from optoelectronics to power
electronics. In particular, High Electron Mobility Transistors (HEMT) are emerging as
a key technology for rf and microwave amplifiers, but their stability and reliability is
still one of the main issue that has to be solved in order to achieve production level
quality devices.

In the beginning the advantages of GaN-based devices will be briefly discussed and
the European project Korrigan will be introduced.

Chapter 2 will deal with short and long term reliability tests performed on different
wafers to study the influence of different bias point on HEMT degradation.

In Chapter 3 a thermal storage performed for 2000 hours at 300°C will be
discussed. A new failure mechanism on GaN HEMTs will be identified and an
improved passivation deposition process will be developed to prevent problem with
passivation.

Chapter 4 will be focused on reverse-bias step stress experiments. Results obtained
show that the epitaxial material contributes to enhance reverse-bias degradation of
GaN HEMTs.

In Chapter 5 the characterization of the breakdown properties of the GaN-based
devices has eventually been analyzed. We have performed two terminal and three
terminal breakdown, TLP and the HBM model measurements.

Chapter 6 will summarize the results obtained.
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1. Gallium Nitride devices

1.1 Introduction

Defence radar and communication systems as well as wireless communication
systems have a drastic need for increased rf performance and particularly for high
power, high efficiency, high linearity and low-cost monolithic amplifiers operating in
the 1-40 GHz frequency range. Mainstream III-V solid-state technology, mainly
GaAs and more recently SiGe devices, and alternative solutions such as vacuum
tubes, fall short of satisfying these requirements simultaneously. Therefore there is
an increased interest in newer wide band-gap materials, which can potentially fulfil
these requirements thanks to superior inherent material properties including high
breakdown electric field, high electron mobility and saturation carrier velocity, and
high thermal conductivity. The higher breakdown electric field allows operation at

higher voltages, which means that for the same power level, much higher matching



impedances, lower power recombination losses in multi-transistor amplifiers and
better energy efficiencies at lower circuit complexity will be possible. The intrinsic
high thermal stability of the material should allow operation at higher
temperatures, requiring less stringent (and less expensive) thermal management
solutions for the packaging of high power amplifiers. Also thanks to the very high
power-density of GaN devices, there is a real necessity to evaluate the technology
reliability and to explore packaging and heat sink solutions, which will provide
optimum thermal management. During the past decade, GaN HEMT technology has
attracted considerable interest and rapid and impressive progress has been made
mainly in the US and Japan in the development of GaN materials and GaN-based
processes and devices [1-3]. The GaN semiconductor materials show a large
potential for high power amplification at microwave and millimetre-wave
frequencies [4-6]. Adequate MMIC integration technologies are now available on
different types on substrates [7-9]. Also, GaN power HEMTs should ultimately show
very high reliability due to the chemical inertness of the material and very high
robustness and low sensitivity to space radiation, due to the large breakdown field

and temperature stability.

1.2 GaN HEMT reliability issues

In the last years, GaN HEMTs have been subject to various optimization processes,
starting from the material properties, to the control of surface and buffer properties
aimed at reducing transient phenomena, the “current collapse” problems and
electrical degradation. A better control of short-channel effects, gate current, and
degradation phenomena at high electric fields, together with the development of
suitable structures for the menagement of the electric field (using T-shaped and I'-
shaped gates and field-plates) have lead to the progressive increase of the
operation drain voltage from 12 to 24 and 48 V even if many issues remain open
for there devices. Parametric and gradual degradation (decrease in Ipss and g,
increase in gate-lag effects) are not accelerated by the electric field only; in fact the
most dangerous conditions for device reliability occur when both channel current
and a fairly high electric field are present in the device, i.e., it is required the

presence of hot electrons.
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Figure 1.1 GaN HEMT problems

Hot electrons may be trapped on the device surface, in the AlGaN or in the buffer,
giving rise to reversible degradation of Ipss and g.,; they can also generate traps,
thus promoting further charge trapping, see Fig. 1.1. Several authors have reported
their results in the literature; main features can be summarized as follows.

The degradation involves the surface of the AlGaN: Kelvin probe experiments show
changes in the surface potential of the gate-drain region, with accumulation of
negative charge [11]. Passivation of the device surface with SiN has a healthy
effect on hot-electron degradation; it is not clear, however, whether this beneficial
effect is due to reduction of surface deep levels or to the passivation of traps
induced by hydrogen indiffusion, associated with PECVD SiN deposition [11], [12];
reliability is improved if a low-power NH; plasma treatment is adopted before
depositing the SIiN passivation layer [13]. The authors in [14] speculate that the
NH; treatment may either improve the resistance to hot-electron damage through
the strengthening of bonds in the material or reduce the effects of hot-electron
damage through the incorporation of hydrogen which would passivate traps.

Jha et al. [15] have studied the influence of gate recess depth, formed by reactive
ion etching, on hot-electron degradation in GaN HEMTs; they concluded that a
drastic increase in the interface trap density at the AlGaN/GaN heterointerface
resulted from the hot-electron stressing experiment. Another mechanism induces
an early degradation of Ipss: the larger the recess, the faster the degradation.

Noise measurements were adopted by Valizadeh and Pavlidis [16] in order to study
the effect of DC and rf stress on AlGaN/GaN HEMTs: They concluded that hot-
electron trapping is responsible for the observed degradation in both DC and rf
tests. Coffie et al. [17] observed a negative activation energy for the degradation of

output power in the junction temperature range —55 -C to 205 -C and concluded
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that hot carrier induced degradation is the dominant degradation mechanism. It
should be stressed, however, that there is no agreement on this topic in the
literature, and that many authors have reported thermally activated degradation of
GaN HEMTs, with positive activation energies =#1.05-2.0 eV [10], [18]-[22].

Due to the differences in the device’s structure and technologies, as well as in
accelerated testing conditions and failure criteria, a comparison of the results of the
experiments reported in literature is extremely difficult. Most of the above quoted
papers, however, report gradual degradation of Ipss and g., generation of deep
levels and increase in gate-lag or current collapse phenomena compatible with the
hot-electron failure mechanism.

In addition to the experiments described above, there are several works which
describe failure modes which cannot be explained in the framework of hot electron-
induced degradation, at least if only channel electrons are considered. Since
significant changes in device electrical parameters and increase in transient effects
have been observed after OFF-state accelerated tests with negligible channel
current, many authors have proposed the existence of a failure mechanism
accelerated by the electric field only, resulting in trap generation and charge
trapping, with consequent decrease in Ipss, gm, and increase in the drain resistance
Rp, and in the gate leakage current. A specific hypothesis has been recently
formulated by Joh and del Alamo [23], [24]; according to the proposed mechanism,
the electric field in the gate-drain region would increase the strain in the
AlGaN/GaN heterojunction (“inverse piezoelectric effect”) eventually resulting in
strain relaxation and crystallographic defect formation. This would compromise
carrier transport properties and electron concentration in the access region, thus
increasing RD and reducing gm; gate leakage current would then increase due to
the enhanced trap-assisted tunneling and hopping phenomena in the AlGaN. The
increase in strain has been experimentally evaluated by means of micro-Raman
spectroscopy by Sarua et al. [25]. Moreover, several authors have suggested that
reduced strain in the AlGaN barrier leads to improved device reliability [26]-[28],
while other authors have found a dependence of the time to failure on the substrate
and epitaxial material quality [10]. Finally, this failure mechanism would be
thermally activated with a positive activation energy (which is inconsistent with the
channel hot-electron degradation mechanism), which has been actually observed by
many authors. Joh and del Alamo [24] have found that there is a critical gate-drain
voltage which triggers this effect, around Vgp = 20—-30 V for the tested devices. The
inverse piezoelectric effect and the preexisting strain of the AlGaN/GaN structure
certainly have a negative influence on device reliability. This is one of the reasons

motivating research on InAIN as barrier layer, where piezoelectric effect is not



present. InAIN/GaN HEMTs have already demonstrated high breakdown voltage,
low leakage current, and high-temperature operation [29]. Other mechanisms may
contribute to compromise the reliability of GaN devices biased in OFF-state at very
high drain-gate voltages: 1) Electrons, injected from the gate electrode into the
GaN due to trap assisted tunneling, can reach very high energies, damage the
semiconductor surface and interfaces and induce traps [30]; 2) as the electric field
is increased, vertical breakdown of the AlGaN layer can occur, as in the dielectric of
a MOSFET structure, thus creating a damaged path between the gate and the GaN.
EL microscopy can be very useful in detecting localized breakdown effects and
evaluating degradation mechanisms in OFF-state. We carried out several step-
stress experiments by reverse biasing the gate Schottky junction with drain and
source contacts short circuited (VDS = 0 V) [24]. Gate voltage was decreased from
—10 to —40 V in =5 V steps, with a duration of 2 min each. Since the gate-source
distance is usually shorter than the gate-drain one, a larger stress is imposed on
the gate-source junction with respect to the gate-drain one. As a consequence,
breakdown (or localized strain-relaxation) occurs at the source edge. Localized
damage points are created, inducing sudden “jumps” in the source current; each
“jump” corresponds to the creation of a new breakdown point and is followed by a
subsequent decrease in the source current, possibly due to trapping in the
generated deep levels, which decreases locally the electric field and/or reduces the
number of available traps for tunneling. Another remarkable feature is that the
degradation does not proceed by enlarging the already damaged points, but by
creating new ones. Very similar results have been shown by Inoue et al. [22], who
suggested that sudden degradationoccurs due to preexisting current paths which
fail under reverse bias test. Devices selected between samples that initially have a
low current show indeed a longer lifetime with respect to high leakage HEMTs.

Excellent reliability values (MTTF = 106 h at 7j = 180 -C,[4]) have been recently
announced for high-power devices operating at the low-frequency end of
AlGaN/GaN HEMTs applications (f < 3.5 GHz). Devices operating at higher
frequencies still suffer from reliability problems and require further improvements.
In general, a better understanding of failure mechanisms of GaN HEMTs is urgently
needed for the full exploitation of the capabilities of these devices. Results
presented here have demonstrated that at moderate VDS bias, a parametric
degradation occurs, due to the generation of deep levels in the gate-drain access
region, with features similar to those attributed to hot-electron degradation in GaAs
FETs. At high Vgp, in particular in pinch-off conditions, new failure mechanisms are
triggered, leading to an increase in gate leakage current, and correlated with

localized defect creation.



1.3 Korrigan project

KORRIGAN project, launched in 2005 to accelerate the development of independent
GaN HEMT foundries in Europe, addresses several key research areas such as
materials, processing, reliability, thermal management and advanced packaging
solutions. The benefits of GaN technology will be evaluated at system level with the
fabrication of circuit, MMIC and module demonstrators. The project is supported by
the MOD of seven nations and is primarily dedicated to defence applications. The
KORRIGAN consortium consists of major European system houses and research
laboratories, under the lead of Thales Airborne Systems, providing all the necessary
competence for the establishment of the future GaN HEMT supply chain.

KORRIGAN is a large-scale European joint Research and Technology Project aiming
at the development of microelectronics components. Seven nations are contributing
to KORRIGAN: France also acting as the MOD management group, Italy, The
Netherlands, Germany, Spain, Sweden and the United Kingdom. The KORRIGAN
consortium, placed under the lead of Thales Airborne Systems (France), consists of
29 partners from the 7 contributing nations providing all the necessary competence
in all key areas dedicated to semiconductor technologies such as substrate growth,
device processing, circuit design and modelling, circuit packaging and integration.
Also, in order to increase the project efficiency, the KORRIGAN consortium will
share a very large number of test equipment, as well as characterisation and
evaluation means. The main objective of KORRIGAN is to develop a stand alone
European supply chain and capability for GaN HEMT technology which will provide
all major European defence industries with reliable state-of-the-art GaN foundries

services.
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Figure 1.2 Supply chain for GaN HEMT process



For that purpose, there are four major technical objectives:

« To establish a European supply chain for the manufacture of GaN HEMT
devices and MMICs.

« To assess the reliability and reproducibility of existing GaN device
technologies within Europe in order to identify preferred processing options.

+ To demonstrate the technology and the supply chain through the fabrication
and testing of selected demonstrators for key S-band, X-band and wide-
band applications.

+ To evaluate the benefit of the technology at system level.

EPITAXY

2005
SUBSTRATES

Figure 1.3 GaN HEMT technology development roadmap.

In order to successfully achieve the project goals and enable the development of
leading GaN technology at the horizon of 2009, an integrated methodology has
been setup and the project has been organised into 4 subprojects dedicated to
materials, device and circuit processing technologies, reliability evaluation, thermal
management and packaging solutions. Several demonstrators will be designed to
validate GaN technology for various applications: S-band HPA, X-band and
wideband HPA, LNA and switches. Materials Wideband gap semiconductor
substrates will provide the foundation for the GaN HEMT technology. Silicon Carbide
(SiC), Sapphire and Silicon materials will be considered, with a stronger focus on
the growth of bulk crystal of SiC subtrates using HTCVD techniques. Substrate
diameter expansion will be a key issue to ensure the economic maturation and to
guarantee cost-effective industrial access to the technology. Also for each material,
several types of epitaxial growth using both MBE and MOCVD techniques will be
studied and characterised using a common approach.

The development activities will aim at establishing the access to a global

manufacturing process of GaN HEMT devices and MMICs on SiC, Silicon and
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Sapphire substrates. The work packages will cover the development of main
technological aspects of circuit manufacturing including: generic technologies for
active devices and passive circuits; design and manufacturing of devices; design
and manufacturing of MMICs; and extraction of models from DC-RF

characterisation. A common PCM will be exploited.

YERSION 1_93_.8G - 78_04_2005

Figure 1.4 Korrigan PCM

The work is focused on the assessment of GaN technology regarding reliability
aspects. Work packages will include: the study of parasitic effects, such as current
collapse, which result from trapping effects occuring in the substrate; the
systematic evaluation of the long-term reliability of GaN HEMT devices and
passives; the identification and understanding of failure mechanisms based of the
analysis of failed devices; and the evaluation of device robustness to extreme
operating regime.

The objective of this subproject is to develop the suitable thermal environment for
the use and integration of GaN power devices if current systems. The work will
address the following issues: the design of optimised thermal cells and the
improvement of heat sinking efficiency by reducing the device thermal resistance;
the study of advanced assembly solutions and power packages; the simulation of
the thermal environment of devices and circuits.

The KORRIGAN consortium is the largest organisation ever established in Europe
for research in the field of microelectronics. The success of the project will be
guaranteed by a very high degree of cooperation between partners relying on the

use of common test plans, PCM and design strategies, and on the sharing of



characterisation equipment. Such a large-scale project anticipates the future EDA

organisation of research in Europe.
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2. DC life test

2.1 Introduction

Material quality and reliability issues are the key points for the industrial application
of GaN-HEMTs that have demonstrated superb rf power performances [1-3], but
are still subject to various degradation mechanisms when they operate at high
electric fields and/or high channel temperatures [4-5]. Degradation induced by hot
carriers and strain enhancement due to piezoelectric effect at high electric field,
followed by relaxation consequent to defect creation, are two important
mechanisms resulting in the generation of deep levels. In this chapter are
presented the results of several accelerated tests carried out on various GaN-HEMT
technologies. Main findings can be summarized as follows: at low Vps values (~ 20
V), moderate degradation occurs, and a remarkable correlation exists between life
tests bias points and the failure modes, possibly related to the different location of
the damage along the channel, as shown by 2D device simulations; for Vps > 20 V,
even in pinch-off conditions, damage of the metal/semiconductor interface occurs
at the drain edge in localized points corresponding to defects or strained areas,

where gate current density is enhanced due to localized injection.
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2.2 Long term DC life test in AEC1148

2.2.1 Test description

24 transistors from wafer AEC1148 with Wg = 8x75um, Lg=0.25um were selected
to be put under DC test by 3-5Labs. The devices have been characterized before
and after the stress in DC, frequency and transient regime. During the accelerated
test 7 bias points (see Figure 2.1 and Table 2.1) were used. These bias points were
chosen to study the ageing of the devices under classical bias conditions i.e. on-
state, off-state and class A. We also aimed at enhancing possible hot carrier
degradation that is why 3 different levels of drain current (OmA, 30mA and 250mA)
were used at the same drain voltage (25V), corresponding respectively to the bias
points C, D and E on

Figure 2.1.

The junction temperature was kept constant at 175°C and targeted to remain
constant whatever the bias conditions. The test was performed in 9 steps with
durations 2h, 4h, 8h, 24h, 43h, 159h, 180h, 590h and finally 1072h, leading to a
cumulated time of 2082 hours. The test was concluded without catastrophic failure
observed out of the 24 devices under test.

The bias points were presented on

Figure 2.1. The following test conditions have been applied:

= For bias points A and F, Vps is adjusted to keep the dissipated power
constant at the targeted value with Vgs=0V; the gate current is close to 0
MA.

« For bias points B, D and E, Vps is set at the targeted value and the drain
current is kept constant by an automatic control of the gate voltage in order
to keep the dissipated power constant.

« Finally in the pinch-off mode, points C and G, Vps and Vgs are constant

The test results can be summarized by rating bias point in order of severity as

follows:

« it appears that the most stressful conditions (with up to 50% decrease in
Ipss) are those close to “class A” (bias point B and E) where there is a
rather high electric field and a high density of current.

e The on-state conditions A and F, highest current density and lower electric
field look the less stressful. The Ipss decreases of less than 10% with almost

no variation of the transconductance.
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e Bias conditions with higher electric fields with no or little current, pinch-off
conditions, are somewhere in between with about 15% decrease of the Ipss

and gm peak.

Ids
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Figure 2.1 : Sketch of the output characteristics with the seven bias conditions

Condition A B C D E F G
Vps (V) 6 15.5 25 25 25 10.4 32
Io,s (mA) 600 300 0 30 250 600
Pp (W/mm) 6 7.75 0 1.25 10.4 10.4 0
Vgs (V) 0 -3 -8 -5.5 -3.8 0 -9
Tj (°C) 175 175 175 175 175 175 175

Table 2.1 Detailed initial bias conditions of the AEC1148 DC life test

2.1.1. Failure analysis: DC degradation

Following the results previously reported we focussed our detailed analysis on the
comparison of the main DC characteristics of the three main degradation points: A,
B, C. In the following figures : Figure 2.2, Figure 2.3 and Figure 2.4, the I-V curves
(diode, Id vs Vds output characteristics, trancharacteristics gm, and sub-threshold

current characteristics), before and after stress, in the A, B, and C points
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respectively are reported for some representative samples. The following

consideration can be drawn by comparing the degradation modes:

1.

Bias point A: devices stressed in the A bias point show a large degradation
of the output I-V characteristics (Figure 2.2 A) which is not reflected in other
curves (Figure 2.2 C, D), since no significant degradation of g, Vw4 and
diode characteristics are observed. This anomalous phenomenon will be

explained later (see Paragraph. 0 and

Figure 2.1). It looks like the stress point A does not present any significant
degradation (not considering Figure 2.2 A) both in the Schottky gate leakage
current (see Figure 2.2 B) or in the drain current (see Figure 2.2 C and D)
or in the sub-threshold current (see Figure 2.2 E). Finally no significant
increase in dispersion phenomena is observed using gate-lag measurements
(Figure 2.2 F).

Bias point B: shows a strong degradation of the output I-V characteristics
(see Figure 2.3 A) that is correlated with the other curves (Figure 2.3 C, D).
This stress point B presents large degradation of the Schottky gate contact
that becomes almost ohmic (see Figure 2.3 B), large degradation of the
drain current (see Figure 2.3 A, C and D) and in the sub-threshold current
(see Figure 2.3 E). The decrease of the drain current is mainly correlated
with a decrease of the g, peak rather than with a threshold voltage shift.
Finally the gate-lag curve shows a large decrease of the drain current (in
line with is Figure 2.3 A) but no large transient are observed. These results
indicate that generation of new traps is not the main degradation
mechanisms. Charge trapping in the access regions and/or of degradation of
electron mobility (due to charge trapping in the channel nearby) can better

explain the observed degradation modes.

Bias Point C: shows a degradation that in general is intermediate between
the one observed in the bias point A and B. In this condition, large electric
field is applied to the device, but almost zero current is present. The
Schottky diode is largely degraded (Figure 2.4 B). Differently from the stress
bias point B the drain current reduction observed in Figure 2.4 A is mainly
related to a threshold voltage shift (see Figure 2.4 C, D) rather than to a
transconductance reduction. Similarly to the bias point B, the gate-lag curve
shows a decrease of the drain current (in line with Figure 2.4 A) but no slow
transients are observed. In this type of stress we have observed the larger
shift of the threshold voltage, possibly due to the large reverse bias of the

gate Schottky diode of this bias point.
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Figure 2.2. Ip vs Vpg output characteristics (A), diode (B), trans-characteristic g, (C & D),
sub-threshold current characteristics (E) and gate-lag measurements before (black lines)
and after (red lines) the long term stress (2082 hrs) of device #27 stressed in the A bias
point (see

Figure 2.1 and
Condition A B C D E F G
Vps (V) 6 15.5 25 25 25 10.4 32
Ips (MA) 600 300 0 30 250 600
Pp (W/mm) 6 7.75 0 1.25 10.4 10.4 0
Ves (V) 0 -3 -8 -5.5 -3.8 0 -9
Tj (°C) 175 175 175 175 175 175 175
Table 2.1)
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Figure 2.3 Ip vs Vps output characteristics (A), diode (B), trans-characteristic g, (C & D), sub-
threshold current characteristics (E) and gate-lag measurements before (black lines) and after
(red lines) the long term stress (2082 hrs) of device #29 stressed in the B bias point (see

and

Figure 2.1
Condition A B C D E F G
Vps (V) 6 15.5 25 25 25 10.4 32
Ips (MA) 600 300 30 250 600
Pp (W/mm) 6 7.75 0 1.25 10.4 10.4 0
Ves (V) 0 -3 -8 -5.5 -3.8 0 -9
Tj (°C) 175 175 175 175 175 175 175
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Figure 2.4 Ip vs Vps output characteristics (A), diode (B), trans-characteristic g,, (C & D), sub-
threshold current characteristics (E) and gate-lag measurements before (black lines) and after
(red lines) the long term stress (2082 hrs) of device #16 stressed in the C bias point (see

Figure 2.1 and
Condition A B C D E F G
Vps (V) 6 15.5 25 25 25 10.4 32
Ips (MmA) 600 300 0 30 250 600
P, (W/mm) 6 7.75 0 1.25 10.4 10.4
Ves (V) 0 -3 -8 -5.5 -3.8 0 -9
Tj (°C) 175 175 175 175 175 175 175
Table 2.1)
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Figure 2.5 Summary of the variations of the main parameters ( Ips at Vps=10V, gmpeak
at Vps=10V and V4 at Vps=10V) observed after the 2080 hour stress test for all

bias points.

2.1.2. Failure analysis: trapping phenomena

The characteristics of device 27, stressed in bias point A, before and after stress
(presented in Figure 2.2) and reported again in Figure 2.6 A for a better readability,
present an unclear situation as already highlighted. In this paragraph we clearly

explain the origin of this anomalous behaviour.

In Figure 2.6 B we report the results of two measurements made in succession
(just two repeated measurements in the same conditions, Vgs=0V and Vps
sweeping from Vps = 0 V to Vps = 20V). Clearly the second measurement is
remarkably collapsed due to the first measurements. we can attribute this
phenomena to negative charge trapping which generates a large reduction of the
drain current at low Vps. It is also speculated that during the first measurements
the trapping starts roughly beyond the Vps = 10 V where an anomalous drop is

observed (see Figure 2.6 B, first measurement).

In order to better understand this trapping phenomena, we have carried out a
number of repeated measurements as reported in the following lines. These

experiments were carried out in order to identify at which voltage the trapping take

Device 27 After stress in bias point A

place.
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Figure 2.6 (A) Ips VS Vps curves before and after stress of device #27. (B) Two repeated Ips vd

Vps curves (at Vgs=0V) of device #27, black: first measurement, and blue: second measurement

To this aim, we carried out repeated measurements (at fixed Vgs=0V) sweeping the
Vps values from 0V to different final values (5V, 10 V, 15V and 20V), see Figure 2.7
and Figure 2.8.

Repeated measurements (at Vgs=0V) up to 5V do not present any collapse (see
Figure 2.7 A); while repeated measurements up to 10V start to show a small
collapse (see Figure 2.7 B), repeated measurements up to 15V show a large collapse
(see Figure 2.7 C). Repeated measurements up to 20 V shows the largest current
collapse, see Figure 2.8. Finally the drain current slowly recovers to a value close
to its initial value if the device is kept unbiased for a sufficiently long time (180

minutes), see Figure 2.9.
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Figure 2.7 Repeated measurements with different final Vps values in dev.27 stressed in

bias point A.
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Figure 2.8 Succession of the curves shown in

previous figures.
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Figure 2.9 Two repeated measurements at

20

Vgs =0V, with Vps sweeping from 0 to V to 20

V. The other measurements at Vgs =0V, with

Vps sweeping from 0V to 5 V (to avoid further

trapping) show Ips recovery with time (device

is kept unbiased at room temperature).
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To try to localize where the trapping takes place, we have carried out the following

experiment:

a) we chose the device 27 which was stressed at the bias point A. Then we
stored it at room temperature without bias for a long time (more than one
day) in order to be sure that the complete detrapping is achieved;

b) we measured the transconductance (Ip and g, vs Vgs) at low Vps values (1 V
and 4.5 V) in order to avoid trapping during the measurements itself (as
demonstrated in Figure 2.7 A);

c) We carried out two output I-V curves at Vgs =0V, Vps sweeping from 0 V to
20 V reaching a trapped situation (see Figure 2.6 B);

d) we have re-measured the transconductance (Ip and g, vs Vgs) at low Vps
values (1 V and 4.5 V)

250 400 300 1000
— before out — before out 900

— after out - 350 | — after out
r 800

r 700
r 600
r 500
r 400
r 300
r 200
100

200 -

Ip (A/mm)

(A) (B)

Figure 2.10 I and g, vs Vgs transconductance curves measure at Vps = 1 V (A) and at Vps =
4.5 V (B) before (black lines) and after (red curves) two repeated measurements at Vgs=0V,

with Vds sweeping from 0 to V to 20 V (same curves as in Figure 2.6B).

The results of this experiment is shown in Figure 2.10. As it can be seen, at low Vds
values (Vds = 1V, see Figure 2.10 A) the Id decrease is correlated with a
decreasing of the transconductance in all the Vgs range, possibly due to a carrier
mobility degradation in the channel. At Vds values of 4.5 V (just below the
saturation region, see Figure 2.10 B) a large drop of the Current and
transconductance is observed ONLY in open channel condition. In general this
degradation mode can be attributed to an increase of the parasitic drain resistance
of the gate-to-drain access region; in particular the parasitic resistance increase
should mainly take place close to the drain contact (far away from the gate
contact). This degradation mechanism is consistent with the fact that the trapping
takes place at Vds values larger that 10 V, when the saturation region is reached

and high gate-to drain Electric Field are present, suggesting injection of hot
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electrons in the gate-to-drain access region that will be trapped. This trap
localization is confirmed by the fact that at high Vds values, no large collapse is
observed (see Figure 2.6 B), since the channel (longitudinal) electric field is large
and it masks the effects of the parasitic (vertical) electric field induced by the

trapped charge.

To fully understand the “strange” measurements of devices stressed in “A” and “F”
conditions it is also necessary to know the measurements orders; in fact the

measurements are carried out with the following order:

1) Diode

2) gm: (transconductance characteristics with Vds from 0.2 to 1.0 V)

3) gm2 (transconductance characteristics with Vds from 1.0 to .4.5 V)

4) gms (transconductance characteristics with Vds from 8 to 20 V)

5) Output characteristics (Vds from 0 to 20V and Vgs varying from -6V to OV by 1V
step).

Following all these consideration, now it becomes clear what happens during the

measurements of devices stressed in A and F conditions:
i. Measurements of the gate Schottky diode do not generate any trapping;

ii. during “gm:” and “gm,,” measurements devices will not reach bias values

which lead to trapping, and hence they will not undergo any degradation

iii. during the Id vs Vds output measurements (which are carried out by
stepping Vgs from closed channel to open channel conditions) trapping
occurs during the measurement itself as Vds is swept beyond 10 V (with
Vgs = -4V).

The complete comparison between the behaviours of virgin and aged devices is
summarized in Figure 2.11 where the pre_stress (virgin) curve and the two curves
made after the stress are compared. Finally in Figure 2.12 we report the effect of
light, having photon energy lower than the GaN energy gap, on the collapsed
devices. As expected, light causes charge detrapping leading to a current recovery

(green curve). This trapping mechanism was not observed in untreated devices.

A new failure mechanism has therefore been identified consisting in the generation
of extremely slow traps, possibly located in the device access regions. The
consequent decrease in drain current is significant only when the device is biased at
Vds > 10V with Vgs > -4V. The devices which have been tested in points A and F
are most affected by this failure mode possibly due to the simultaneous application
of high current (1000 mA/mm) and high temperature. Nevertheless the other

tested devices are also slightly affected, as shown in Figure 2.13 .
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Figure 2.11 Id vs Vda curved (at Vgs=0V) Figure 2.12 Same curves as Figure 2.11, with a
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Figure 2.13 Three repeated Ids vd Vds curves (at Vgs=0V) of device #28 after the stress in
the B bias point.

We have reported on Table 2.2 the main parameters degradations observed during
the stress. It must be noted that for bias points A and F we have decided to use the
“gm2” curves and NOT the OUT curves to calculate the Id degradation. We must
hence keep in mind that even if devices biased in Point A are not reported in Table
2.2 as presenting significant degradation, they are affected by the
trapping/detrapping phenomena previously described. We will continue to

investigate this phenomenon in the next period.
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cor?cil?;on (A;o") ?3/:‘; (?T\I’VT) Subthreshold | Trapping
A 5+10% | 2+3 % | +150 no change STRONG
B 25+30%]| 30% 200 worse Present
C 15% |5+10%]| 250 worse Present
D 15% 15% 350 worse Present
E 50% 60% ?7? worse Present
F 10% 3+5% | 100 no change STRONG
G 20% 10% | +250 worse Present

Table 2.2 Main variations observed after the 2080 hour stress test.

Looking at the data reported on Table 2.2 we can draw the following

considerations:

1) Point B and E are the most stressful conditions, followed by points in the
close channel conditions (C, D and G) and those in open channel conditions
are the less severe (again, apart the trapping phenomenon already

discussed)

2) The open channel stress bias point leads to a trap-formation in the gate-to
drain access region (close to the drain contact) that causes large reversible
charge trapping. Trap formation in the gate-to-drain access region,
promoted by the simultaneous presence of high temperature and high

current is the possible explanation.

3) The largest Id decrease and degradation are observed in devices stressed in
Points B and E. The devices tested in those conditions are mainly affected by
a reduction of the transconductance peak (gm peak), due to trap formation
and charges trapped permanently in the gate-to-drain access region,. Some
devices tested in E conditions actually show an increase of gate-lag

dispersion effects.

4) The Id decrease observed in the devices stressed in the close channel
conditions (points C, D and G) is mainly due to a degradation of the gate

Schottky barrier demonstrated by a threshold voltage shift.
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The degradation modes and mechanisms can be grouped according to the various
bias points chosen for the accelerated tests:

« The open channel stress bias points (A, F) are characterised by a low Ips, gn
and V4 degradation, and by the occurrence of remarkable trapping effects
which are reversible.

¢ Maximum degradation occurs at the bias points B and E. The major part of
the degradation is permanent and due to possible trap formation and
charge trapping at the gate edge towards the drain contact.

« Finally, the degradation observed in the devices stressed in close channel
conditions (points C,D and G) is mainly related to a degradation of the gate

Schottky barrier.

remarkable trap generation
T T ~ LN T T T T
e o B % ﬁ‘%\ Empeak decrease
\ L -_—_‘\-—_.__
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\
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Figure 2.14 Sketch of the main degradation modes observed in devices stressed at the

different bias points.

2.3 Short term DC stress on AMS04

Devices from wafer Selex AMS04 with Lg=0.5pm and Wg=200um (gate without
field-plate) have been tested at Vps=20 V for different Vgs for 10 hours. These
stress have induced a severe degradations on all tested transistors.

In "ON-state" (Vps=20 V, Vgs = 0V) the drain current decrease varies from 17%,
Figure 2.15, to 46%, the transconductance decrease in linear region reached 90%,
Figure 2.16, and 25% in saturation region. Sub-threshold characteristics and sub-

threshold slope were also affected, see Figure 2.18.
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All devices tested in "ON-state" developed gate-lag transient effects to various

extents, Figure 2.19 and a relatively moderate increase in gate forward and reverse

current was observed only in 2 (out of 8) devices.

Selex AMS_04_1111 C1_b2
1400 + - - - - before
__ after "ON state" stress

Ip (MA/mm)

Vs (V)

2.15: Drain current
characteristics of the AMS_04_1111 sample
C1b2 before and after a 10 hours "ON-state"

stress at Vps = 20V, Vgs= 0 V.
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Figure 2.17: I-V characteristics of the gate-
source Schottky diode of the AMS_04_1111
sample C1b2 before and after a 10 hours
"ON-state" stress at Vps = 20V, Vgs= 0 V.
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Figure 2.16: Transconductance g, as a
function of Vgs at increasing Vps from 0.1 to
0.9 V of the AMS_04_1111 sample C1b2
before and after a 10 hours "ON-state" stress
atVps =20V, Vgs=0V.
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Figure 2.18: Sub-threshold drain current
characteristics log(Ip) vs Vgs at increasing
Vps from 100 mV to 900 mV of the
AMS_04_1111 sample C1b2 before and after
a 10 hours "ON-state" stress at Vps = 20 V,

VG5= oV.

Figure 2.19: Drain current transient during a
gate-lag experiment (Vpp=10 V, Vgserr = - 9
V) of the AMS_04_1111 sample C1b2 before
and after a 10 hours "ON-state" stress at Vps
=20V, Vgs=0V.
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On the contrary, "SEMI-ON" tests caused a radical change in the I-V
characteristics of the gate Schottky diode in all the tested devices, Figure 2.21.
Transconductance dropped significantly, Figure 2.20. Rather surprisingly, no

increase in gate-lag effects was found,

Figure 2.22.
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Figure 2.20: Transconductance g, as a Figure 2.21: I-V characteristics of the gate-
function of Vgg at increasing Vps from 0.1 to source Schottky diode of the AMS_04_1111
0.9 V of the AMS_04_1111 sample D2b2 sample D2b2 before and after a 10 hours
before and after a 10 hours "SEMI-ON" "SEMI-ON" stress at Vps = 20 V, Vgs = -5.5

stress at Vps = 20V, Vgs = -5.5 V. V.
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% 400 Selex AMS_04_1111 D2_b2 V) of the AMS_04_1111 sample D2b2 before
300 ---- Def n _ n
200 | e SEMILON State” stress and after a 10 hours "SEMI-ON" stress at
100 ‘J VDS =20 V, VGS =-5.5V.
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Finally, "OFF-state" tests induced catastrophic changes in the gate I-V
characteristics of all the tested devices, Figure 2.23. Transconductance decreases
were observed in all devices. Only one device showed a remarkable increase in
|Vtu|, Figure 2.24. The decrease in transconductance is sometimes accompanied by

a slow drain current response, Figure 2.25 and Figure 2.26, but there is no
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correlation between the two effects, since transconductance degradation is present

also in devices completely free from gate-lag effects, Figure 2.27 and Figure 2.28.

10E-3
Selex AMS_04_1111 C2_b2
1E-3 7 ---- before
100E-6 4 —— after "OFF state" stress

Figure 2.23: I-V characteristics of the gate-
source Schottky diode of the AMS_04_1111
sample C2b2 before and after a 10 hours
"OFF-state" stress at Vps =20V, Vgs=-7.5 V.

260
240 4 Selex AMS_04_1111 B2_bl
220 - ---- before
200 1 — after "OFF state" stress
180 - e
= 1\
£ 160 - 2%
3 1407 oy
£120 1 RN
= 100 - i\
80 AR
60 1
40 1/
20 - /
0
8 6 -4 2 0
Ves (V)
Figure 2.25: Transconductance g,, as a

function of Vgs at increasing Vps from 0.1 to
0.9 V of the AMS_04_1111 sample B2bl
before and after a 10 hours "OFF-state"

stress at Vps =20 V, Vgs=-7.5 V.
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Figure 2.24: Transconductance g, as a
function of Vgs at increasing Vps from 0.1 to
0.9 V of the AMS_04_1111 sample C2b2
before and after a 10 hours "OFF-state"
stress at Vps =20 V, Vgs=-7.5 V.
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Figure 2.26: Drain current transient during a
gate-lag experiment (Vpp=10 V, Vgsorf = - 9
V) of the AMS_04_1111 sample B2b1 before
and after a 10 hours "OFF-state" stress at
Vps =20V, Vgs=-7.5 V.
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Figure 2.27: Transconductance g,, as a Figure 2.28: Drain current transient during a
function of Vgs at increasing Vps from 0.1 to gate-lag experiment (Vpp=10 V, Vgsorf = - 9
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0.9 V of the AMS_04_1111 sample F2b2 V) of the AMS_04_1111 sample F2b2 before

before and after a 10 hours "OFF-state" and after a 10 hours "OFF-state" stress at

stress at Vps =20 V, Vgs=-7.5 V. Vps =20V, Vgs=-7.5 V.

Ipss degradation is more pronounced for the "ON-state" and "SEMI-ON" stress,
Figure 2.29; gm-peak is more affected by "ON-state" stress, with an average decrease
of more than 80% in 10 hours, Figure 2.30. |Vy| sharply increases during "ON-
state" tests only, Figure 2.33. Finally, both "OFF-state" and "SEMI-ON" tests
strongly increase the gate leakage current, with an increase in Ig.on Of five order of

magnitude and a x1000 increase in Ig.orr, Figure 2.31 and Figure 2.32 respectively.
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Figure 2.29: Graphics of Ipss measured
during “"ON-state”, “"OFF-state” and “SEMI-
ON state” stress. Error bars represent the

related mean error.
related mean error.

1E+6 1E+3 5
100E+ ]
= 3 ’; ]
3 S 100E+ |
~— 10E+3 x 0 E|
k] 4 ]
o 3
E 1E+3 E
N N
T 100E+ S 10E+0 Selex AMS_04_1111
E 0 Selex AMS_04_1111 g E
S e ] 4 ON state (9 dev.) Vps=20V Ve=0V , 10h
S 10E+0 4 ON state (9 dev.) Vps=20V V=0V, 10h m SEMI-ON state (5 dev.) Vps=20V Vg=-5.5V , 10h
m SEMI-ON state (5 dev.) Vps=20V Ve=-5.5V, 10h A OFF state (7 dev.) Vps=20V Vg=-7.5V, 10h
A OFF state (7 dev.) Vps=20V Vg=-7.5V, 10h 1E+0
1E+0 T T T T T T T T T ' i i i i i i i i i
0 1 2 3 4 5 6 7 8 9 10 0O 1 2 3 4 5 6 7 8 9 10 11

Time (h)
Figure 2.31: Graphics of Igeak-on, Measured
during “ON-state”, “OFF-state” and "“SEMI-
ON state” stress. Error bars represent the

related mean error.

Time (h)

Figure 2.32: Graphics of Igeakoff Measured
during “ON-state”, “OFF-state” and “SEMI-
ON state” stress. Error bars represent the

related mean error.
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During "ON-state" tests of AMS04 devices, threshold voltage shifts (decreasing
|[Vth|) are observed, to various extent, in all tested devices. This failure mode can
not be due to surface effect, but should involve the device volume under the gate;
it is not due to changes in the barrier height of the gate Schottky diode, since the I-
V characteristics of that diode remain unchanged or suggest a decrease in barrier
height, rather than a decrease. Negative charge trapping at the AlGaN/GaN
interface, or within the AlGaN, or in the buffer itself may be responsible for this
failure mode. Trapping would in this case take place at new deep levels, since
generation of defects or traps seems to be involved, as shown by the increase of
gate-lag effects in degraded devices, see Figure 2.19: Drain current transient during a
gate-lag experiment (Vpp=10 V, Vgsorr = - 9 V) of the AMS_04_1111 sample C1b2 before and
after a 10 hours "ON-state" stress at Vps = 20V, Vgs= 0 V.

The dominant failure mode consequent to "SEMI-ON" and "OFF-state" tests was the
decrease in the maximum of transconductance, see Figure 2.24 and Figure 2.25.
Threshold voltage is generally unchanged with a slight tendency to |Vt4| increase in
"OFF-state" samples. Development of drain current transient effects during gate-lag
experiments is frequently observed, but is not always directly correlated with the
Ipss and g, decrease. This failure mode suggests an increase in parasitic series
resistances in the HEMT structure, consequent to negative charge accumulation in
the gate-to-drain access region over or below the device channel. At the same
time, generation of new deep levels may be involved, as demonstrated by gate-lag
experiments, Figure 2.26, possibly consequent to hot-electron injection, or strain
relaxation of the AlGaN layer (consequent to piezo-electric effects related with
electric field, maximum during "OFF-state" tests). Ipss and g, degradation is faster
during "SEMI-ON" accelerated tests; however, it is almost impossible to distinguish
between the two mechanisms (or to rule out the presence of alternative
mechanisms) in consequence of the reduced number of tested samples available.
One should be aware, for instance, that testing in "OFF-state” conditions at high Vpg

(> 20 V) often induces carrier injection at hot spots or preferential breakdown
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points, which then become a source of high energetic carriers, thus explaining the

early degradation.

2.4 Conclusion

For ACE1148 devices we can draw the following considerations: Point B and E are
the most stressful conditions, followed by points in the close channel conditions (C,
D and G) and those in open channel conditions. Open channel stress bias point
leads to a trap-formation in the gate-to drain access region (close to the drain
contact) that causes large reversible charge trapping. The degradation modes and
mechanisms can be grouped according to the various bias points chosen for the
accelerated tests: the open channel stress bias points (A, F) are characterised by a
low Ips, gm and Vqy degradation, and by the occurrence of remarkable trapping
effects which are reversible; maximum degradation occurs at the bias points B and
E. The major part of the degradation is permanent and due to possible trap
formation and charge trapping at the gate edge towards the drain contact. The
degradation observed in the devices stressed in close channel conditions (points

C,D and G) is mainly related to a degradation of the gate Schottky barrier.

In AMS04 the main degradation mechanisms in the "ON-state" stress are drain
current and transconductance decrease and threshold voltage shifts, this phenomea
can not be due to surface effect, but should involve the device volume under the
gate. The dominant failure mode consequent to "SEMI-ON " and "OFF-state" tests
was the decrease in the maximum of transconductance, whereas the threshold
voltage is generally unchanged. Development of drain current transient effects
during gate-lag experiments is frequently observed, but is not always directly

correlated with the Ipss and g, decrease.
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3.Thermal Storage

3.1 Introduction

Great efforts are being dedicated to understand long-term degradation effects and
failure mechanisms to improve GaN HEMT device reliability [1]. Device aging may
enhance trapping effects by generating new defects through several physical
mechanisms [2], [3], and [4]. Trapping phenomena may induce the current-
collapse effect [5], which consists in a decrease of drain current measured in pulsed
conditions with respect to the DC value. The current collapse related to surface
traps can be solved by adopting suitable surface passivations [6, 7]. The long-term
passivation reliability has became a really important issue.

In the following pages a detailed characterization of GaN/AlGaN/GaN HEMT grown
on SiC and Sapphire submitted to 2,000 hours test at 300 °C without bias is
presented. After thermal storage, devices belonging to SiC wafers present a
dramatic enhancement of the current collapse effect due to surface trapping. The
current collapse is not evident when the devices are measured in DC conditions.
The observed degradation mode has been attributed to a passivation delamination
with a consequent generation of surface traps. This reliability problem has been

solved by adopting an adequate modification of the passivation_technology. The
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effects of the thermal storage on the devices belonging to the Sapphire wafer were
studied in relation of the form of the gate. Mainly no difference has been found for

I-gate or I'-gate with two different field-plate lengths.

3.2 Device description

SLX19 has been grown by MBE on a 2-inch SiC substrate. A 1.7 um GaN buffer
layer has been grown on this substrate followed by an AlGaN barrier (21 nm) and a
GaN cap (1 nm) layer. GaN HEMT fabrication has been completed by Ohmic contact
(Ti/Al/Ni/Au) and Schottky gate electrode formation (Ni/Au) on the semiconductor
surface. The gate electrode fabrication has been optimized to provide both high rf
gain and high breakdown voltage, through the Field-plate effect provided by the “I'”
shape section of the gate metallization, having a footprint length of Lg = 0.25 pym
and a 0.2 um head overhang toward the drain contact [8]. Devices have been
passivated with 400 nm SiN deposition on the wafer surface, by using Plasma
Enhanced Chemical Vapor Deposition (PECVD). Total SiN 400 nm thickness has
been deposited in different phases: one 70 nm thick layer before Gate definition,
further 80 nm before Ti/Pt/Au metallization and the rest before thick Au layer
definition.

SLX25 has been grown by MOCVD on a 2-inch SiC substrate, the contact definition
and the passivation deposition were the same as SLX19. This wafer presents a 1.9
um Fe doped GaN buffer and an AlGaN barrier of 25 nm.

SLX15 has been grown by MOCVD on a 2-inch Sapphire substrate, the gate were
fabricated using Stepper I-Gate technology for Lg=0.5um and EBL T-Gate
technology for Lg=0.25um, two different lengths of drain overhang (field plate) for
M-Gate are present: Lpp=0.2um and Lrp=0.4um. Devices have been passivated with
400 nm SiN deposition as SLX19 and SLX25. This wafer presents a 1.2 pm GaN
buffer and an AlGaN barrier of 26 nm with Al fraction of 0.26.

The characteristics of the three tested wafers are summarized in Tab 1. The wafers
were cut in several parts: for each wafer one was submitted to the thermal storage,
whereas another part was kept untreated for reference. The devices were
characterized with different techniques before and after the storage. First of all, a
complete DC electrical characterization has been carried out using an HP 4142

parameter analyzer under dark-light condition.
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SLX19 SLX25 SLX15
material SiN SiN SiN
- - thickness/type | 150nm/type "A] 150nm/type "A] 150nm/type "A
Passivation thickness/type | 250nm/type"B"| 250nm/type"B"| 250nm/type"B"
total thick. 400 nm 400 nm 400 nm
Gan (cap) 1 nm no no
thickness 21 nm 25 nm 26 nm
AlGaN Si-doped no no no
Al % 23% 28% 26%
thickness 1700 nm 1900 nm 1200 nm
GaN
Fe no yes no
Epi supplyer Picogiga QinetiQ QinetiQ
Substrate SiC (Norstel) | SiC (Norstel) Sapphire
Lg 0.25 0.25 0.5, 0.25
Gate gate r r rand I
Lep 0.2 0.2 0.2,0.4

Tab 1 : Wafer structure for the wafers submitted to thermal storage stress

Trapping effects and current collapse phenomena , that strongly impact on the
reliability of HEMT devices [9], have been characterized either by means of a DIVA-
like double-pulser setup (controlling voltage pulses applied to both the gate and to
the drain, i.e. allowing one to pulse the devices starting from an arbitrary Vgs, Vps
baseline) and by a “gate-single-pulser” setup where the gate is pulsed while the
drain is connected through a drain resistance to the supply voltage Vpp.

When the devices where measured by means of the double-pulser setup two
baseline bias conditions (Vgg,,VpsL) have been adopted:

(i), (Vee, VoeL) = (0 V, 0 V) - This is considered the reference baseling, since this
bias condition do not induce charge trapping during the biasing itself, and hence no
current collapse is observed on the I-V curves;

(i) (VeeL, VoeL) = (-8 V, 20 V) - This is considered the most critical bias point for
charge trapping, since the negative gate bias and at the same time high drain
voltage highly enhance the charge injection.

When the “gate-single-pulser” setup was adopted, the Vpp was fixed at 20 V and
the gate was pulsed from -8 V to 0 V, reproducing a situation very closed to the (ii)
(VeeL, VoeL) = (-8 V, 20 V) of the Diva-like measurements.

For wafer SLX19 we have also adopted a 100 ns Transmission Line Pulser (TLP-
TDR) measurement [10], in order to study the breakdown behaviour of the
transistors at high voltage and high current regimes limiting the self heating effects

as much as possible.
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3.3 DC measurements

For SLX19 wafer the complete DC characterization performed before and after the
thermal storage (2,000 hours, 300 °C) shows a moderate degradation of the main
parameters all over the wafer of the devices after the storage. Over fifty devices of
the thermally treated wafer portion, and about twenty of the untreated part were
measured. The mean value of the drain current measured either in linear (Vps = 2
V) or in saturation region (Vps = 10 V) shows a decrease of about the 20 % (see
Figure 3.1 as an example of the output characteristics), whereas the mean value of
the transconductance peak measured in linear region (Vps = 0.1 - 1 V) is reduced
by 25 %, see Figure 3.2. Gate leakage current decreases fairly (not shown), and the
threshold voltage seems to be unaffected by the storage, as can be seen in Figure
3.2.
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Figure 3.1 Typical output DC characteristics Figure 3.2 Typical transconductance before
before and after the thermal storage for Vgs and after the thermal storage for Vps from
from -6 Vto 0V, step 1 V for SLX19 wafer 0.1 Vto1Vstep 0.3 for SLX19 wafer

Differently from what observed in the SLX19, in the SLX25 wafer the significant
decrease of the drain current devices channel resistances, associated to a
significant shift of the threshold voltages to positive values suggests that the
observed problem is not related exclusively to the processing technology (virtually
the same for both the wafers) but to the material properties (coming from two
different epitaxial sources) and/or the combination of the fabrication with the
substrate. Wafer SLX15 presents a moderate degradation of DC parameters and no
threshold voltage shift. The gate current leakage decrease present in all wafers can
be associated to a stabilization of the Metal-Semiconductor Schottky junction
induced by the thermal storage. This suggests that an additional thermal treatment

after the gate metal deposition could improve the stabilization of the device
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characteristics. DC characteristics for all tested wafers are summarized in figures

from Figure 3.3 to Figure 3.8, for a better readability the data are normalized to the
value before the storage.
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Figure 3.7 Normalized leakage current at Figure 3.8 Normalized leakage current at
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The differences between different gate topology devices on SLX15 wafer after the
thermal storage shows that the different technologies have a comparable reliability

(see figures from Figure 3.9 to Figure 3.14) excluding the gate leakage current.
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devices without and with different Lgp devices without and with different Lgp

The IG current in the I-gate structure seems to decrease more than in the other

structures, see Figure 3.13 and Figure 3.14.

3.4 Double-Pulse measurements

The slump ratio (S.R.), measured through DIVA-like measurements, defined as the

ratio between the IDSS measured at Vg = 0 V and Vp = 10 V of curves with the
baseline (-Vp, 20 V) and those with the baseline (0 V, 0 V), is recognized in
literature as a good indicator of trapping phenomena [11], [12]: the higher the S.R.
value (with 1 as the maximum value) the lower the trapping phenomena. For
SLX19 the S.R. measurement highlights a strong difference between fresh and
thermally treated device as it can be seen in Figure 3.15 and Figure 3.16. Clearly, the
curves corresponding to the (0 V, 0 V) baseline condition (black diamonds in Figure
3.15 and Figure 3.16) are not affected by trapping effects either in fresh or treated
device, i.e. the transistor reaches the same value of drain current before and after
the stress. The situation is completely different when the measurements are carried
out with (-8 V, 20 V) baseline condition (open squares). Regarding fresh devices,
only a slight current collapse is observed, leading to a S.R. value of about 0.8,
whereas stressed devices show strong trapping phenomena (see open square in

Figure 3.16), leading to a S.R. value lower than 0.1.
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Figure 3.15 Typical DIVA-like Ip - Vp Figure 3.16 Typical DIVA-like Ip - Vp
measurement for a fresh device for two measurement for a storage device for two
different base-line, namely (0 V, 0 V) and (- different base-line, namely (0 V, 0 V) and (-
8V, 20 V) for SLX19 wafer 8V, 20 V) for SLX19 wafer

43



The DIVA-like drain current (Ip) curves as a function of the gate voltage (Vgs)
measured in untreated and treated devices are presented in Figure 3.17 and Figure
3.18 respectively. In Figure 3.18 we compare the curve at baseline (0 V, 0 V), with
the one at baseline (-8 V, 20 V), the latter being magnified by a factor of ten.
Again, we can observe a large collapse on the devices after storage when measured
with the (-8 V, 20 V) baseline.
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Figure 3.17 DIVA-like Ip - Vg measurement
for a fresh device for two different base-line,
namely (0V, 0V) and (-8V, 20V) for SLX19

wafer

Figure 3.18 DIVA-like Ip - Vg measurement for
a storage device for two different base-line,
namely (0 V, 0 V) and (-8 V, 20 V) for SLX19
wafer. The baseline (-8 V, 20 V) is magnified
by ten times

From this comparison, it is possible to notice that the current collapse in SLX19 is
not due to a threshold voltage shift, but only to a decrease of the transconductance

peak. This result suggests that the current collapse is correlated with an increase of

the series resistance possibly induced by surface trapping.
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Figure 3.19 Typical DIVA-like I, - Vp

measurement for a fresh device for two
different base-line, namely (0 V, 0 V) and (-
8 V, 20 V) for SLX25 wafer
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Figure 3.20 Typical DIVA-like Ip - Vp

measurement for a storage device for two
different base-line, namely (0 V, 0 V) and (-
8V, 20 V) for SLX25 wafer
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For SLX25 wafer the current collapse before the stress was 0.75 whereas after the

thermal storage is nearly zero (see Figure 3.19 and Figure 3.20). In these devices, on

the contrary of SLX19, a strong threshold voltage shift of about 2V after the

thermal storage is present, as can be seen from Figure 3.21 and Figure 3.22.
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Figure 3.21 DIVA-like I, - Vg measurement
for a fresh device for two different base-line,
namely (0OV, 0V) and (-8V, 20V) for SLX25
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Figure 3.23 Typical DIVA-like Ip - Vp

measurement for a fresh device for two
different base-line, namely (0 V, 0 V) and (-
8 V, 20 V) for a SLX15 device with

Lrp=0.2um
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Figure 3.22 DIVA-like Ip - Vg measurement
for a storage device for two different base-
line, namely (0 V, 0 V) and (-8 V, 20 V) for
SLX25 wafer. The baseline (-8 V, 20 V) is

magnified by ten times
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Figure 3.24 Typical DIVA-like Ip - Vp

measurement for a storage device for two
different base-line, namely (0 V, 0 V) and (-
8 V, 20 V) for a SLX15 device with
Lrp=0.2um

Figure 3.25 summarize the S.R. for the three fresh wafers and the three wafers

submitted to the thermal storage.
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Figure 3.25 S.R. for the three fresh wafers and the

three wafers submitted to the thermal storage

3.5 Breakdown characterization for SLX19

Breakdown measurements, by means of the TLP tester, have been carried out on
fresh and treated devices, in order to study the effect of the high temperature
storage stress on the device breakdown properties. Figure 8 shows the breakdown
characteristics of devices with three different gate width (100 pm, 300 pym, and
2400 pm) before and after the thermal storage at 300 °C. TLP curves of Figure 3.26
were obtained keeping the gate and drain voltage constant to 0 V (similar to the a
quiescent bias point (0 V, 0 V) of the DIVA-like setup) and then pulsing the drain to
the final value. It can be seen that no trapping effects, and no difference between
treated or untreated devices (for all the gate width) are evident, in good agreement
with the DIVA-like measurements (see Figure 3.15 and Figure 3.16with the (0 V,0 V)
baseline). We have also carried out breakdown measurements varying the gate
voltage (starting from Vgs = -5 V, up to Vgs = 0 V), see Figure 3.27, on a device
after the thermal storage with a gate width of 1200 pm.

As it can be seen, a breakdown voltage value of about 150 V is present in OFF-
State condition (Vgs = -5 V) while this value decreases to about 100 V in ON-state
condition (Vgs = 0 V). This result addresses that the breakdown condition is not

driven by the electric field (that is higher in OFF-state condition).
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Figure 3.26 TLP measurements for both fresh Figure 3.27 TLP measurements for thermally
and thermal treated devices. The pulse is treated devices with W = 1200 Om for Vgs
applied between drain and source, with gate from-5Vto0V

grounded

From this result one could consider that the breakdown condition is reached by the
combination of high current density (leading to a high power dissipation), and the
high electric field between gate and drain. However, another possible
interpretation could be that the breakdown voltage increases when the gate is more
negative biased because the charge trapping is present. In fact, when the gate is
negatively biased, charge trapping in the access regions is strongly enhanced
leading to a large reduction of the electric field and hence to the breakdown

walkout effect.

3.6 Failure mechanism

Pulsed measurements have highlighted a strong enhancement of trapping effects,
suggesting that the damage could be located at the device surface. We suppose
that these superficial traps are neutral if the devices are kept at (Vpg,, Vgel) = (0 V,
0 V) in both DIVA-like and TLP measurements. On the contrary, under (Vge,, VpsL)
= (-8 V, 20 V) bias condition, a large amount of charge is trapped on the surface,
and this dramatically affects transistor performances, with a heavy decrease of the
GaN HEMT current. It is believed that traps are only located at the surface access
region, since no threshold voltage shift was observed in the collapsed devices.

In order to obtain some physical degradation mechanisms, we have carried out an
optical inspection. Thanks to this we have noticed the presence of a severe
passivation damages, in the wafer portion submitted to the thermal storage. All

over the wafer submitted to the storage, cracks and loss of adhesion were
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observed. Figure 3.28 and Figure 3.29 show these cracks near the active region of

transistors.

A a.';-' ("lx'*)’; @.

Figure 3.28 Photo of passivation layer Figure 3.29 Photo of passivation layer

damage in the wafer area between four damage in a HEMT device without air-bridge

different devices structure

3.7 Solution

In order to solve this problem, different passivation processes have been studied,
and an in situ NH3/N, mixture (1:50) surface plasma exposure before passivation
deposition has then been identified as the best cleaning procedure solution to
improve its adhesion. A new wafer has then been processed by using the identical
epitaxial structure of the previous one, and thin film processing adding plasma
clean procedure before each SiN deposition was used to fix the observed issues. Up
to now, a 500 hours thermal storage at 300 °C has been carried out, and no
degradation neither on DC nor on rf performances have been identified, see Figure
3.30.
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Figure 3.30 DIVA measurement for a device with pre-passivation clean procedure for
two different baseline values, namely (0 V, 0 V) and (-5V, 20 V)

3.8 Conclusion

We have identified a new failure mechanism on GaN HEMTs, observed after long
thermal storage tests at high temperature (300 °C). DC measurements have shown
a slight degradation of the devices current value, no threshold voltage shift, but a
severe degradation was identified in pulsed and low-frequency measurements. The
main failure mode was an enhancement of trapping effects that took place on the
device surface access regions, more precisely at the interface between the AlGaN
layer and the SiN passivation.

Failure analysis demonstrated that a loss of adhesion of the passivating layers was
responsible for the observed trap reactivation. An improved passivation deposition
process was then developed, including a surface cleaning procedure aimed to
preventing passivation detaching. Devices fabricated using this new procedure have

not shown any enhancement of trapping effects up to 500 hours of stress at 300°C.
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4.Reverse bias step stress

4.1 Introduction

Degradation induced by high electric field can significantly affect the reliability of
GaN-based HEMT's [1-5]. One of the key issue is the correlation of substrate and
epitaxial material quality with GaN HEMT failure mechanisms, and the identification
of the role of intrinsic (hot electrons, reverse piezoelectric effect) and extrinsic

(defects-related) mechanisms in determining time to failure.

In several works are described failure modes which cannot be explained with hot
electron-induced degradation, at least if only channel electrons are considered.
Since significant changes in device electrical parameters and increase in transient
effects have been observed after OFF-state accelerated tests with negligible
channel current, many authors have proposed the existence of a failure mechanism
accelerated by the electric field only, resulting in charge trapping and traps
creation. A specific hypothesis has been recently formulated by Joh and del Alamo
[4], [5]; according to the proposed mechanism, the electric field in the gate-drain
region would increase the strain in the AlIGaN/GaN heterojunction resulting in strain

relaxation and crystallographic defect formation. The inverse piezoelectric effect
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and the preexisting strain of the AlGaN/GaN structure certainly have a negative
influence on device reliability. Other mechanisms may contribute to compromise
the reliability of GaN devices biased in OFF-state at very high drain-gate voltages:
1) Electrons, injected from the gate electrode into the GaN due to trap assisted
tunneling, can reach very high energies, damage the semiconductor surface and
interfaces and induce traps [7]; 2) as the electric field is increased, vertical
breakdown of the AlGaN layer can occur creating a damaged path between the
gate and the GaN. EL microscopy can be very useful in detecting localized

breakdown effects and evaluating degradation mechanisms in OFF-state.

In this chapter we present the results of an experiment carried out on HEMT test
structures, which were submitted to a reverse-bias step stress up to -100 V. We
show clear evidence of a dependence of reverse bias degradation on material
quality, together with the first observation of breakdown walkout effects in GaN
HEMTs.

4.2 Measurements

A set of AlGaN/GaN HEMT wafers was manufactured using a common fabrication
process and device layout, and similar epitaxial structures were studied. Different
suppliers for substrate and epitaxial layers were adopted, in order to compare the
influence of material quality on device degradation (see Table 4.1 Tested wafers

with Selex processing.and Table 4.2).

Wafer SLX14 | SLX15 ]| SLX19 | SLX34 | SLX39 | SLX46 | SLX57 | SLXOP
Gan cap no no 1 nm no no yes 1 nm
AlGaN thickness 25 nm 26 nm 21 nm 22 nm 25 nm 22 nm 20 nm
Al % 23% 26% 23% 26% 28% 28% 23%
GaN thickness | 2000 nm | 1200 nm 1700 nm 1500 nm 1900 nm 2000 nm
a Fe no no no no yes yes
Epi supplyer Lecce QinetiQ Picogiga Tiger QinetiQ Picogiga Lecce Cree
Substrate Sapphire | Sapphire SiC SiC SiC siC SiC SiC
Substrate supplier |[CommerciallCommercial] Norstel Cree Cree Cree Norstel Cree

Table 4.1 Tested wafers with Selex processing.

Wafer Tinkerbell | Peterpan| Beast | AEC1303
Gan cap no no no no
thickness 28 28 nm 27 nm 22 nm
AlGaN Al % 25% 25% 30% 27%
thickness 1500 nm
GaN Fe yes yes no no
Epi supplyer QinetiQ QinetiQ Tiger Tiger
Substrate SiC siC sic sic
Substrate supplier Norstel Cree Cree Cree
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Table 4.2 Tested wafers with QinetiQ and TRT (only AEC1303) processing.

Eight different HEMT structures with Selex processing, three with QinetiQ
processing and one with TRT processing have been tested; wafers epitaxial
structures are described in Table 4.1 Tested wafers with Selex processing.and Table
4.2. All layers were grown by MOCVD, with the exception of SLX19 and SLX46, who
adopted MBE; the AlGaN layer was undoped for all suppliers.

For devices in Table 4.1 (Selex processing) GaN HEMT fabrication has been completed
by ohmic contact formation trough Ti/Al/Ni/Au deposition and subsequent rapid
thermal processing, Schottky gate electrode formation using Ni/Au deposition,
active device isolation by Fluorine ion implantation. Devices have been passivated

with 400 nm SiN, deposited by Plasma Enhanced Chemical Vapor Deposition.
For devices in Table 4.2. (QinetiQ processing) Ti/Al/Pt/Au ohmic contact and Ni/Au

Schottky gate electrode have been deposited. Devices have been passivated with
SiN/SiO,/SiN, deposited by PECVD. For TRT processing (see Table 4.2.wafer
AEC1303) ohmic contact are made of Ti/Al/Ni/Au, Schottky of Mo/Au and the

passivation is composed of SiO, and SiN.

Test structures having Lg = 5 um, LDS = 15 pym, W =100um were submitted to a
reverse bias step stress test, keeping source and drain grounded and applying a
negative bias to the gate, from -15 V to - 50 V in -5 V steps (120 s each); and then
from -50 V to -100 V in -5 V steps. At the end of each step, device electrical

characteristics and EL images of the devices were measured.

Reverse bias testing induces an increase in Iz which is correlated with the
appearance of "hot spots" in the EL micrographs obtained by reverse biasing the
gate Schottky junction with source and drain grounded. This behaviour was
common to all wafers, but the increase took place at different reverse bias voltages
for the various wafers. Double-pulse gate-lag measurements were carried out, and
an increase in the current slump (demonstrating an increase in trap density) was
verified. Despite the large increase in Ig, degradation of ID and gm is less than

10% and occurs gradually for all devices.

In the following pages the correlation between Iz and emission spots presence
(emission measured each time at Vg=-10V, Vs=Vp=0V) during the stress are

presented. First results to be presented are for Selex processing.
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Figure 4.1 On the left Gate current VS Gate voltage bias during the stress. On the right

emission images at different step of the stress.

SLX14 wafer show no increase of the Gate leakage current and no emission spots in
the emission images. As can be seen from Figure 4.9 to Figure 4.18 Drain current
and transconductance peak slightly decrease; the Source resistance increase at
Vastress = -30V.
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Figure 4.2 On the left Gate current VS Gate voltage bias during the stress. On the right
emission images at different step of the stress.

SLX15 wafer show an increase of the Gate leakage current of more than one order
of magnitude, emission spots appears in the emission images as the leakage
current increases. The threshold for this device is Vgsiress = -20V, in fact after 120s
at Vgstress = -20V a tiny spot appears, after Vgsress = -35V  Gate current becames
constant and no more degradation in the emission image is found. As can be seen
from Figure 4.9 to Figure 4.18 Drain current and transconductance decrease very
slightly during the stress; Drain and Source resistance increase after the Vgstress = -

20V step of stress.
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Figure 4.3 On the left Gate current VS Gate voltage bias during the stress. On the right

emission images at different step of the stress.

SLX19 wafer show a strong increase of the Gate leakage current and emission
spots appears as the leakage current increases.. The device presents a sudden Ig
degradation (the threshold for this device is Vgstress = -15V) that increase during the
stress: Ig at the end of the stress is three order of magnitude in respect to the IG
of the fresh device. As can be seen from Figure 4.9 to Figure 4.18 Drain current
and transconductance decrease very slightly during the stress; Drain resistance

increase but at the end decrease whereas Source resistance is strongly increased.
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Figure 4.4 On the left Gate current VS Gate voltage bias during the stress. On the right

emission images at different step of the stress.

SLX34 wafer show an increase of the Gate leakage current of two order of
magnitude, emission spots appears in the emission images as the leakage current
increases. The threshold for this device is Vgstress = -25V as can be seen comparing
the emission after Vggress = -20V and the one of the following step. From Figure 4.9
to Figure 4.18 Drain current, transconductance and Drain and Source resistance do

not show any changes during the stress.
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Figure 4.5 On the left Gate current VS Gate voltage bias during the stress. On the right

emission images at different step of the stress.

SLX39 wafer show a slight decrease of the Gate leakage current and no emission
spots appears. As can be seen from Figure 4.9 to Figure 4.18 Drain current and
transconductance have little decrease and increase; Drain resistance increase

whereas Source resistance is quite constant.
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Figure 4.6 On the left Gate current VS Gate voltage bias during the stress. On the right

emission images at different step of the stress.

SLX46 wafer show the strongest increase of the Gate leakage current in all Selex
wafers. Emission spots clearly appears as the leakage current increases. The device
presents a “soft” and not sudden Is degradation (the threshold for this device is
Vastress = -35V); at the end of the stress Ig is four order of magnitude in respect to
the Is of the fresh device. As can be seen from Figure 4.9 to Figure 4.18 Drain
current and transconductance increase during the stress; Drain resistance strongly

decrease whereas Source resistance is increases.
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Figure 4.7 On the left Gate current VS Gate voltage bias during the stress. On the right

emission images at different step of the stress.

SLX57 wafer show a slight decrease of the Gate leakage current up to Vgetress = -
40V and no emission spots appears. As can be seen from Figure 4.9 to Figure 4.18
Drain current and transconductance have little increase; Drain and Source

resistance are quite constant.
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Figure 4.8 On the left Gate current VS Gate voltage bias during the stress. On the right

emission images at different step of the stress.

SLX57 wafer show a slight increase of the Gate leakage current and no emission
spots appears. As can be seen from Figure 4.9 to Figure 4.18 Drain current and
transconductance have a strong increase due to a strong threshold voltage shift;

Drain and Source resistance are quite constant.
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Main results are:

(a) all devices show common failure modes, consisting in an increase of the

reverse gate current, Ig, a (slight) decrease of drain saturation current,

IDSS, and transconductance, gm

(b) as already observed in [1],[2], a "threshold" reverse voltage value for

degradation exists; this threshold (as well as the amount of gate current

increase) remarkably depends on the wafer quality, ranging from ~15 V to

more than 100 V: devices belonging to the same wafer show similar

threshold values;

(c) during tests, the increase in gate current occurs suddenly, and is correlated

in all wafers with the growth of localized "hot spots"”, which can be detected

by electroluminescence, EL, microscopy;

The parametric degradation of all the wafers with Selex processing are summarized

from Figure 4.9 to Figure 4.12.
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Figure 4.17 Drain resistance VS Vgstress fOr all

tested wafers
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Figure 4.14 Normalized Transconductance
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Figure 4.16 Normalized Gate leakage current
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Figure 4.18 Normalized Drain resistance VS

Vgstress fOr all tested wafers
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Figure 4.19 Source resistance VS Vgstress fOr Figure 4.20 Normalized Source resistance VS

all tested wafers Vgstress fOr all tested wafers

In the following pages the correlation between Iz and emission spots presence for
QinetiQ (Beast, PeretPan, Tinkerbell) and TRT (AEC1303) wafers during the stress

are presented.
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Figure 4.21 On the left Gate current VS Gate voltage bias during the stress. On the right

emission images at different step of the stress.

Beast wafer show an increase of the Gate leakage current of one order of
magnitude. Emission spots clearly appears as the leakage current increases and
disappear as the Iz decrease. The device presents a "“soft” degradation (the
threshold for this device is Vgeress = -30V). As can be seen from Figure 4.25 to
Figure 4.36 Drain current and transconductance decrease during the stress; Drain

resistance decrease whereas Source resistance increases.
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Figure 4.22 On the left Gate current VS Gate voltage bias during the stress. On the right

emission images at different step of the stress.

PeterPan wafer show the strongest degradation of DC parameters all wafers. No
emission spots appear and the leakage current is constant. As can be seen from
Figure 4.25 to Figure 4.36 Drain current and transconductance decrease of about
80% during the stress; Drain and Source resistance increase of more than three

times their initial values.
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Figure 4.23 On the left Gate current VS Gate voltage bias during the stress. On the right
emission images at different step of the stress.

Tinkerbell wafer show the strongest increase of the Gate leakage current in all
QinetiQ wafers. Emission spots clearly appears as the leakage current increases.
The device presents a sudden Ig degradation (the threshold is Vgstress = -15V); at
the end of the stress I is three order of magnitude in respect to the I of the fresh
device. As can be seen from Figure 4.25 to Figure 4.36 Drain current,
transconductance ,Drain resistance and Source resistance do not change during the

stress.
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Figure 4.24 On the left Gate current VS Gate voltage bias during the stress. On the right
emission images at different step of the stress.

In AEC1303 wafer the initial values of the gate leakage current was very high (from
Figure 4.25 to Figure 4.36), all the gated-TLM tested present the same problem.
This is due to the presence of a leakage path visible with emission in the fresh
devices. During the stress only tiny spots appear and disappear. Drain current and
transconductance decrease slightly whereas Drain resistance and Source resistance

do not change during the stress.
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Main results are:

(a) these group of devices show different failure modes: the first is like the one
for Selex process devices, the other consists in a strong decrease of drain
saturation current, Ipss, and transconductance, gm whereas the reverse
gate current, Ig, stays unchanged.

(b) In wafer AEC1303 no correlation between the growth of localized "hot
spots”, and increase of IG can be detected due to the already damaged
fresh device.

The parametric degradation of all the wafers with QinetiQ and TRT processing are

summarized from Figure 4.25 to Figure 4.36.
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4.3 Double Pulse measurements

Double-pulse measurements are being carried out, and an increase in the current
slump (demonstrating an increase in trap density) was verified, Figure 4.37. The
amount of current collapse (or trap density) is correlated with the increase of gate

leakage current observed in the five tested wafers.

3 1

L ¢ oP

= 14 :

g 15

2 34

& o8- .

5

Q

5 19
b .
S 0.6 ‘ ‘

§ 100E-3 10E+0 1E+3 100E+3

IGstresslleresh (a-u )

Figure 4.37 Double-pulse measurements on several Selex wafers

4.4 EBIC and SEM

On a device of wafer SLX34 submitted to reverse stress have been performed both
EBIC and SEM analysis.
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As can be seen from Figure 4.40 there is a correspondence between emission and
EBIC measurement. The section indicated by the arrow is the one studied by SEM

imaging.

Figure 4.38 Emission image for Vs = Vp = 0V, Vg = -10V, t = 100 s after the step at Vg = -
50V for a SLX34 device.

Figure 4.39 EBIC image image for Vs = Vp = 0V, Vg = -4V, t = 180 s after the step at Vg =
50V for the same SLX34 device of Figure 4.38.
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Figure 4.40 Correspondence between emission and EBIC spots.

Figure 4.41 SEM section of the device in Figure 4.38. A damage in the AlGaN layer in the

gate to drain region seems to be present, defects in GaN are also evident [9].
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Figure 4.42 Magnification of the gate to drain side. It is possible to see a “V” shape defect

that can be responsible of the emission and EBIC spot [9].

4.5 Breakdown walkout effect

On a wafer with no detectable degradation (SLX14) we performed at each step of
stress not only the emission in OFF condition (Vs = Vp = 0V and Vg = -10V) but
also in ON condition (Vs = 0V Vp = 20V and Vg = 0V). The gate voltage bias
during the stress was from Vg = -15 V up to Vg = -100V. As can be seen in Figure
4.43 fresh devices had a stronger emission than the one after the stress up to Vg =
-40V (Figure 4.44). The decrease of emission is confirmed also by Figure 4.45 and
Figure 4.46, respectively the emissions after Vg = -60V and after Vg = -100V. The
total photon count during the stress is summarized in Figure 4.47. We performed
also TLP-TDR breakdown measurements (see Figure 4.48). The measurements
show that the breakdown voltage of the fresh device is 170 V whereas the bd
voltage of the one after the stress up to Vg = -100 V is 320V. This effect can

possibly be attributed to the breakdown walkout effect.

AR A T T T |

Figure 4.43 EMMI images obtained at Figure 4.44 EMMI images obtained at Vs =
Vs =0V Vp = 20V and Vg = 0 V for the 0OV Vp = 20V and Vg = 0 V after the stress
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fresh device fresh on wafer SLX_14.
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Figure 4.45 EMMI images obtained at
Vs = 0V Vp = 20V and Vg = 0 V after
the stress up to Vg = -60V on wafer
SLX_14.
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Figure 4.46 EMMI images obtained at Vs =
0V Vp = 20V and Vg = 0 V after the stress
up to Vg = -100V on wafer SLX_14.
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Figure 4.47 Total Photon Count obtained for Vs =0V, Vp =20VandVg =0V

conditions during the stress with Vg from -15 V to -100 V
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Figure 4.48 TLP-TDR measurement of a fresh device and of a stressed (up to Vg = -

100V) device.
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4.6 Conclusion

In the "on-state" EL images (VDS=20 V, VGS=0 V) of untreated and stressed
devices, an evenly distributed emission is observed, without "hot spots", thus
suggesting that localized defects have a limited influence on carrier transport in the
device channel. A gradual decrease in the EL total photon count is measured.
Following the model which attributes light emission to intraband transitions of
highly energetic channel electrons [8], this corresponds to a decrease in the
population and/or energy of hot carriers. This is confirmed by breakdown voltage
(BV) measurements: untreated devices have a source-drain (gate floating) BV =180
V (measured using 100 ns pulses, Figure 4.48). After stress, BV increases up to
300 V due to the breakdown walkout effect: electrons trapped at the surface of the
gate-drain region induce a change in the electric field profile and a decrease of the

maximum electric field, thus increasing BV.

Experiments strongly suggest that the defectivity of the epitaxial material
contributes to enhance reverse-bias degradation of GaN HEMTs; when a certain
reverse voltage is reached, depending on defect density and energy position of
deep levels, trap-assisted tunneling occurs, focusing the current into specific areas,
eventually resulting in permanent localized degradation, with further generation of
deep levels. A different (and gradual) mechanism consists in the trapping of
electrons at the surface of the gate-drain region, which increases parasitic
resistances, reduces Ip and g, and induces breakdown walkout. The latter is a well-
known failure mechanism of GaAs HEMT's, but has not been observed previously in

GaN devices.
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5.ESD characterization

5.1 Introduction

In GaAs based devices, hot carrier effects are usually evaluated by measuring the
gate current due to collection of holes generated by impact-ionization [1]. The gate
current Ig has also been used to derive field-acceleration laws for the failure time of
AlGaAs/GaAs HEMTs submitted to hot electron tests at constant Ig [2]. According to
Chynoweth's law [3], in an n-channel GaAs FET, the |Ig|/Ip ratio is proportional to
the al.s product, where a is the electron impact-ionization coefficient of the channel
material, while L is the extension of the channel region where impact ionization
takes place [4]:
|I1/Ip O aLes

OLesr exp (-1/2)

OLesr €Xp (- Lerr/(Vbs - Vbsar))
Here ¢ is the longitudinal electric field in the Le region and Vpsat is the drain
saturation voltage. According to this equation, by plotting In(]|Ig|/Ip) vs 1/(Vps -
VpsaT), @ straight line is obtained.
Furthermore, in GaAs and InP HEMTs, a significant portion of the holes generated

by impact ionization at the drain side travel towards the source, where they
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accumulate and recombine with electrons, giving rise to the typical band-to-band
emission at the source side of the HEMTs [5].

In wide bandgap semiconductor GaN HEMTSs, the impact ionization is extremely low
and hardly detectable. In fact, it has never been reported so far in literature either
an evident “bell shaped” gate current (the “best” bell-shape reported can be seen in
[6] and the leakage current is not negligible) as well as the band-to-band emission
at the gate-to-source side of a GaN HEMT. Moreover, many parasitic effects
contribute to Ig in these devices: for instance surface conductive paths between
Gate and Drain. For these reasons, Is is not a reliable predictor for hot carrier
effects in GaN- HEMTs.

To overcome this problem, we used electroluminescence (EL) measurements as an
alternative method to evaluate hot-carrier effects and their dependence on bias
conditions. Electroluminescence in GaN HEMTs has been reported by various
authors. Nakao [7] and Shigekawa [8], [9] showed that light emitted by GaN
HEMTs can be due to intraband transitions of highly energetic electrons that acquire
kinetic energy in the high field region of the channel.

In Figure 5-1(a) false colour image of the light emitted from a GaN HEMT (Lg=1
pum) biased at Vgs=0 V and Vps=16 V is shown. An Hamamatsu PHEMOS-200 light
emission microscope (EMMI) was used. Photons are homogeneously emitted
without hot spots and, moreover, no emission is revealed on the gate-source side.
In Figure 5-2 the total photon emission is presented for the same device together
with the corresponding Is. Vps was kept varied from 8 V to 18 V, whereas Vgs was
varied from pinch-off to open channel conditions. The “bell-shaped” behaviour is
present only in the light emission but not in the Ig.

The “bell-shaped” behaviour can be explained as follow. When Vgs is smaller than
the pinch-off value, the gate-drain voltage Vgp and the electric field are maximum,
but there are no carriers in the channel, so that no light is emitted. When Vgs is
increased over the pinch-off value, carriers start flowing in the channel and are
"heated" by the high electric field in the gate-drain region. Correspondingly, light
emission is detected and its intensity increases as Vgs is increased due to the larger
primary electrons population in the channel, see Figure 5-2. At the same time,
however, the Gate-Drain voltage and, consequently, the electric field, decrease as
far as the Vgs is increased. Beyond a certain value of Vgs, therefore, electrons are
less energetic, and the emitted light starts to decrease.

It is therefore clear that should be considered the correlation between hot carriers
and light emission rather than any gate leakage current. Relying on this, instead of
plotting the |Ig|/Ip ratio (as in [10]) we substituted the EL intensity for |Ig| and
plotted the EL/Ip ratio as a function of 1/(Vps-Vps sat) (b€ing Vps sat=Ves-Vu). As can
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be seen in Figure 5-3, a straight line is obtained, thus confirming that the EL
intensity is a good indicator of the presence of hot-electrons in the channel.

Figure 5-4(a) shows the electroluminescence image of a QinetiQ device biased at
Vps = 20 V, Vgs = 0 V, in on-state conditions. The emission is evenly distributed
along the channel, without hot spots or current crowding effects and is due to
channel hot electrons. Figure 5-4(b) shows the corresponding image close to pinch-
off conditions, i.e. with Vgs = -6 V. In the latter case the presence of preferential
emission sites is observed, possibly due to the contribution to electroluminescence
of electrons injected from the gate into the channel. Due to the band discontinuities
and to the large band bending corresponding to Vgp = -26 V, these electrons can
acquire a large energy and give rise to photon emission.

Figure 5-5 shows the electroluminescence spectra respectively of a Thales device,
a), and of a QinetiQ device, b), both in “on-state” conditions. When biased at high
Vps, devices have been found to emit light characterized by a continuous spectrum
without remarkable features, which, for the tested devices in the 20 V - 30 V Vps
range, can be fitted by a Maxwellian distribution with equivalent temperatures in
the 1500 - 3000 K range. No evidence of e/h recombination is found in these
spectra (there is no band-to-band recombination peak corresponding to the energy
gap of GaN or AlGaN); the EL intensity is generally small when compared to the
corresponding signal of GaAs-based devices.

For what concerns hot-electron-induced degradation, therefore, the most
dangerous bias conditions should therefore correspond, for a given Vps, to "semi-

on" conditions, close to the maximum of the EL vs. Vgs curve.
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Figure 5-1 EL intensity at Vgs=0V, Vps= 16 V.  Figure 5-2 EL and Ig vs. Vgs at high Vps (8
- 18 V).
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Figure 5-3 EL/Ip vs. 1/(Vps - Vps,sat) for different Vpg values.

Figure 5-4a) electroluminescence micrograph of a QuinetiQ-Gibson device (EL intensity in

false colours) in open channel conditions at Vps = 20 V, Vgs = 0 V; b) EL micrograph of the

same device close to pinch-off conditions, Vps = 20V, Vgs = -6 V.
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Figure 5-5a) electroluminescence spectrum of a ThalesAEC1024 device biased in open

channel conditions at Vps=20 V, Vgs =+0.5V. An equivalent temperature T=1700 K is

derived by fitting the spectrum with Maxwellian distribution; b) EL
device at Vps = 20 V and 24 V, Vgs = -2.5 V. Equivalent temperature T

spectrum of a HEMT
= 2600 K.
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Electrostatic discharge (ESD) and electrical overstress (EOS) events are an
important issue also for GaN-based HEMT devices and very few data have been
presented in literature regarding this aspect. J. Kuzmik et al. have demonstrated
the capability of AlGaN/GaN HEMT devices to work in snapback regime, at low
current level, without any degradation of the electrical characteristics [11-12] up to
the failure point, a catastrophic failure was then observed, accompanied by filament
formation. ESD events may change electrical characteristics (on-current,
transconductance, and leakage current), and the reliability can be impaired by the
migration of metals caused by the high electric field and high temperature under
ESD stress.

In this chapter we report on the characterization of the breakdown properties of the
GaN-based devices. We have carried out the analysis of two terminal breakdown
properties of devices; Gate-to-Drain and Gate-to-Source breakdown values from 45
to 150 V has been found.

A three terminal breakdown evaluation has been carried out in pulsed condition (by
means of a 100 ns pulser system developed ad hoc for this kind of investigation).
Breakdown voltages in some devices are strongly dependent on gate bias (the more
negative is the gate bias (lower current level) the higher is the breakdown voltage),
while in other devices the breakdown is almost independent from the gate bias.
Failure analysis revealed that two main failure mechanisms following the
destructive breakdown characterization are present: GaN-lattice degradation
(possibly related to a pre-existing crystal defect) and metal filamentation due to
metal fusion.

Eventually we have also submitted the devices to Electrostatic Discharge evaluation
using TLP (Gate-Source TLP stress and Gate-Drain TLP stress have been performed)
and the HBM model. During Gate-Drain TLP stress (pulse applied between Drain
and Source, Gate floating) we have monitored the Vgs waveforms and the Igs
current, in DC regime, after each TLP pulses. An important thing to be noticed is
that a strong capacitive coupling between the Drain, Gate, and Source terminals is
present, impairing the reliability of the Gate-Source Schottky diode. We also found
out that the electrical parameter that can predict the device failure is the Igs. Thus,
we demonstrate that the traditional “leakage current” measurement, typical of a
TLP system, is insufficient to reveal device degradation. The scaling of the failure
current with the device width, both for Drain and Gate stresses, has been also
investigated. We observed a completely different failure mode in Gate-Source TLP

stress involving Gate metal line fusion.
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5.2 Device description

In Table 5-1 the wafers on which breakdown and the ESD sensitivity have been

studied are summarized.

Fab Wafer Sub. |Sub.Suppl.| Epitaxy|Al (nm)]| Al (%)
Selex AMS04 SiC Cree QinetiQ 25 26
Selex AMSO09 Sapphire| Commercial QinetiQ 25 26
Selex SLX15 Sapphire| Commercial QinetiQ 26 26
Selex SLX19 SiC Norstel Picogiga 23 28
Selex SLX02 SiC Cree TRT 25 28
Selex SLX25 SiC Norstel QinetiQ 25 28

QinetiQ ATACAMA SiC Cree QinetiQ 30 28
QinetiQ GIBSON SiC Cree QinetiQ 30 28
QinetiQ RHODES SiC Cree QinetiQ 27 28
QinetiQ | PETER PAN SiC Cree QinetiQ 28 25
QinetiQ | TINKERBELL SiC Norstel QinetiQ 28 25
QinetiQ BEAST SiC Cree TRT 275 30

Table 5-1 Devices submitted to Breakdown characterization.

5.3 Two terminal DC breakdown

In order to identify specific properties of the different epi-layers and mask
processing and to characterize the breakdown behaviour of GaN-HEMT devices of
Table 5-1 we have carried out a two-terminal DC breakdown, i.e. Gate-to-Drain and
Gate-to-Source breakdown. Through some simple optical images, we have
identified location and possible explanation of the observed breakdown.

Two terminal breakdown characterization is carried out biasing the Gate vs the
Drain, keeping the source floating (GD) or biasing Gate vs the Source, keeping the
drain floating (GS).

In Figure 5-6 we report the two terminal breakdown characterization of a
representative sample of the SLX25 devices. More specifically, we report the G-S
breakdown (a), and the G-D breakdown (b). Tested devices have Wg = 1 mm. The
larger breakdown of the GD junction can clearly be attributed to the GD distance
(2.05 um) that is larger than the GS distance (1.15 um).
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Figure 5-6(a) Gate to source and (b) Gate to Drain breakdown measurement in SLX25

device. Bottom figures refer to a fresh device (c), and to device after breakdown

measurements (d,e)

In Figure 5-6 (a), (b) and (c) we report the optical images of the device area that is

subjected to catastrophic failure after the breakdown measurement itself: (a)the

device before the breakdown measurement, (b) the image after the GS breakdown

measurement and finally (c) the image after the GD breakdown measurement. It

can be observed that the device failure consists in the fusion (burning) of the Gate

metal. We believe that GaN semiconductor is not subjected to degradation.

Figure 5-7 reports the same characterization for QinetiQ PeterPan devices.

000.0E+0

-500.0E-6 -
-1.0E-3 4
-1.5E-3 4

les (A)

-2.5E-3
-3.0E-3 4
-3.5E-3 1

-4.0E-3

-180 -160 -140 -120 -100 -80

-2.0E-3 4

(a)

Ves (V)

-60 -40 -20

0

000.0E+0

-500.0E-6 -

lep (A)

-4.0E-3 T T T T T T T
-180 -160 -140 -120 -100 -80 -60 -40 -20

-1.0E-3 4
-1.5E-3 4
-2.0E-3 4
-2.5E-3 1
-3.0E-3 1
-3.5E-3 1

Voo (V)

(b)

85



Chapter 5 — ESD on HEMT

==}

(c) Before Breakdown (d) After GS-Breakdown (e) After GD-
Breakdown

Figure 5-7(a) Gate to source and (b) Gate to Drain breakdown measurement in PeterPan
devices. Bottom figures refer to a virgin device (c), and to device after breakdown

measurements (d,e).

In Figure 5-8 Selex SLX19 devices have been characterized in terms of breakdown
after a thermal storage stress (300°C for 2000h).
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Figure 5-8(a) Gate to source and (b) Gate to Drain breakdown measurement in SLX19
storage devices. Bottom figures refer to a virgin device (c), and to device after breakdown
measurements (d,e).
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1. Finally figures from Figure 5-9 to Figure 5-12 are reported the GD breakdown
characterization for four different QinetiQ devices: Tinkerbell, Beast, PeterPan and

Rhodes.
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Figure 5-9 Gate-to-Drain two terminal Figure 5-10 Gate-to-Drain two terminal
Breakdown characterization for Tinkerbell Breakdown characterization for Beast

devices. devices.
000.0E+0 000.0E+0 T
-500.0E-6 - -500.0E-6 | .
-1.0E-3 -1.0E-3 4
-1.5E-3 -1.5E-3 4
< i < o0es3 |
5 -2.0E-3 5
~  -25E-34 - -25E-34
-3.0E-3 1 -3.0E-3 7
3563 -3.5E-3 -
40E-3 -4.0E-3 —_— ‘

-180 -160 -140 -120 -100 -80 -60 -40 -20 0O
Vep (V)

-180 -160 -140 -120 -100 -80 -60 -40 -20 O
Vep (V)

Figure 5-11 Gate-to-Drain two terminal Figure 5-12 Gate-to-Drain two terminal
Breakdown characterization for PeterPan Breakdown characterization for Rhodes

devices. devices.

Table 5-2 summarize the GD and GS two terminal breakdown measurements in all

the tested devices.

Wafer | Sub. |Sub.Suppl.| Epitaxy|W (um)[L (um){Lgp (um)|Las (UM)| Veoss | Veoeo
RHODES SiC Cree QinetiQ 1000 - - - -60 -55
PETER PAN SiC Cree QinetiQ 1000 0.2 2.525 1.275 -100 -150
TINKERBELL SiC Norstel QinetiQ 1000 0.2 2.525 1.275 -80 -80
BEAST SiC Cree TRT 1000 0.2 2.525 1.275 -90 -110
SLX 25 SiC Norstel QinetiQ 1000 0.25 2.05 115 -45 -75
SLX 19storage | SiC Norstel Picogiga | 1000 0.25 2.05 1.15 -110 -110

Table 5-2 Two terminal GD and GS Breakdown values on the tested devices.
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The following consideration can be drawn:
« SLX25 present a very low breakdown value if compared to Tinkerbell devices
that have the same substrate and epilayers.
+ Peterpan has twice the breakdown voltage value of Tinkerbell. Both
substrate and passivation layer can be responsible. The more “leaky” curves
of the PeterPan devices, could suggest a strong influence of the passivation

layer.

5.4 Pulsed breakdown characterization

5.4.1 Transmission Line Pulse set-up

Device behavior in high-voltage and high-current regimes was analyzed by means
of a 100 ns Transmission Line Pulser. This is a common method used to generate
square pulses of selectable duration and amplitude, based on the charging and
discharging of the distributed capacitance of a transmission line. A schematic of the

TLP system used is depicted in Figure 5-13.
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Figure 5-13 Schematic of the Time Domain Transmission TLP (overlapping waveforms).

For TLP-testing of integrated structures a high-voltage source is used to charge the
distributed capacitance of the transmission line TL1 via a high-ohmic resistor, while

the coaxial switch S1 is in open state. After the switch closes, the discharge of such
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transmission line (TL1) into a resistive load (through TL2) produces a square pulse.
The duration of the square pulse is equal to the length of the charged line divided
by the velocity the signal propagates from the switch to the high-ohmic end of this
line and back to the switch. As an example, 10m of the typical RG58 transmission
line with a propagation velocity of 20 cm/ns generate a 100ns wide pulse. The
amplitude of the voltage pulse V is determined by the pre-charge voltage V, and
the voltage divider given by the impedances of the source Z, and the load Zs.

Based on the same philosophy, several kind of TLP systems can be made. Our
setup is based on the Time Domain Reflectometer technique (TLP-TDR), with
overlapping voltage and current waveforms. It is based on the fact that if an
incident square pulse reaches the DUT at the end of a transmission line, it will be
reflected depending on the impedance Zpyr(t) of the DUT relative to the impedance

Z, of the transmission line:

. Zpur(t — taeiay) — Zo
L?’efiected(t) — = . )
Zpur(t — taelay) + Zo

ra
Yincident (t - tde!’.ay )

This setup maintains the 50 Qimpedance from the generator to the device with
minimum parasitic elements and pulse distortion. Figure 5-14 shows a detail of the

behavior of the waveforms incident to and reflected from the DUT.

DSO
t__'_l“ v+ Incident
o pulse
| Ll e
Generated A= -
pulse ey Reflected

pulse

Figure 5-14 Detail of the behaviour of the waveforms incident to and reflected from the DUT

(overlapping waveforms).

An example of the voltage waveforms at increasing pre-charge voltage values
obtained with the TLP-TDR (overlapping) is reported in Figure 5-15.
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Figure 5-15 Voltage waveforms obtained with our setup at increasing pre-charge voltage

values.

Increasing step by step the pre-charge voltage of the high voltage supply, it is
possible to investigate the full I-V behavior of the DUT in a semi-static way.

In order to better investigate the behaviour of HEMT devices during the TLP tests,
we have improved our traditional setup. The TLP system has been equipped with
“ad-hoc” developed relays, in order to carry out a complete electrical DC
characterization, and in particular the I-V measurement of the Gate-Source diode
after each TLP pulse. In this way, by changing the circuit topology, the DC
parameter analyzer is isolated from the TLP system and vice versa. These relays
have been developed with a 50 Q-matched layout on a PCB and characterized by
means of a Vector Network Analyzer; optimum RF performances (very low insertion

loss) have been achieved up to 3 GHz. The schematic of the modified TLP system

and a photo of the developed relays mounted on the rf-tips is shown in Figure 5-16.
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Figure 5-16 Schematic of the modified TLP system (left), and photo of the developed relays
mounted on the rf-tips (right).
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5.4.2 Three terminal pulsed breakdown

characterization

The three terminal breakdown measurements have been carried out by biasing the
Gate at a fixed voltage and pulsing the drain with with increasing amplitude. Drain
current and voltage waveforms are then recorded at each pulse (as previously
described) creating in this way the I-V curve. The pulses applied to the Drain have
been increased up to the device breakdown. In Figure 5-17 we report the complete
I-V characteristic (up to the breakdown) for a QinetiQ PeterPan device. It must be
noted that eight devices were required for this measurement, since at the
breakdown the device present a catastrophic failure (Drain-to-Source short circuit).
An important feature of this breakdown characterization is related to the
dependence of the breakdown voltage as a function of the Gate voltage: the
breakdown voltage increases as far as the Gate voltage decreases. As shown in
Figure 5-17, the breakdown voltages change from about Vps = 80 V in open-
channel condition (Vgs = 0 V, -1 V) increasing up to 260 V near to the pinch-off
(Ves = -7 V). This trend can suggest that power dissipation and/or current density
is playing an important role in determining the breakdown voltage. Iso-power
curves are also depicted on Figure 5-17 and it can be observed however that the
breakdown is not determined only by power dissipation.

This result clearly suggests that the observed device breakdown is not driven by
the Gate-to-Drain electric field, since, in this case, a decreasing of the breakdown
voltage should be observed at decreasing of the Gate voltage (Gate-to-Drain
voltage increases at decreasing of Vgs). A combined mechanisms involving power
dissipation, current density and electric field could be responsible of the observed
results.

In Figure 5-18 we report the same three terminal breakdown measurements in a
QinetiQ Rhodes device. The two following main observation can be drawn:

a) The breakdown value is much lower that the PeterPan devices, in line with
the two terminal breakdown characterization;

b) Again the breakdown value increase at decreasing the gate voltage.
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Figure 5-17 Three terminal pulsed (TLP) characterization in a QinetiQ PeterPan device.
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Figure 5-18 Three terminal pulsed (TLP) characterization in a QinetiQ Rhodes device.

Three terminal breakdown measurements have been carried out also on Selex-SI
devices. In Figure 5-19 and Figure 5-20 we report the breakdown characterization

in a Selex SLX25 device respectively for a 1.2 mm and a 1.0 mm periphery device.
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The Main difference observed in these devices is the dependence of the breakdown
voltage as a function of the Gate voltage. On these we did not observe a clear trend
of the breakdown voltage with the Gate bias. The different breakdown values
observed can be due to device variability.

However, it could be speculated that in these devices the breakdown decrease at
decreasing the Gate voltage (consider Vgs = 0, -1, -3 and -5 V in Figure 5-19, and
Ves= 0, -1, -2, -6, and -8 V in Figure 5-20). In this case the breakdown could be
related to the Gate-to-Drain electric field and not to any phenomena related to

power dissipation and or current density.
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Figure 5-19 Three terminal pulsed (TLP) characterization in a SELEX-SI SLX25 device
(W=1.2 mm).
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Figure 5-20 Three terminal pulsed (TLP) characterization in a SELEX-SI SLX25 device (W=1.0
mm).
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5.4.3 Failure analysis after breakdown

Devices after breakdown characterization present a catastrophic damage that is
generally represented by a Drain-to-Source short circuit. We have continuously
monitored a SLX15 devices submitted to the breakdown characterization by means
of optical and emission microscopy investigation.

It has been observed that the catastrophic failure of the GaN HEMT is mainly
related to a Drain-to-Source filamentation formation due to metal fusion (see
Figure 5-21). This failure mechanism is the most common event observed in the
studied devices during the breakdown characterization. This metal fusion
phenomena is strongly related to the metallization, geometry of the access region
and to the device surface properties (passivation, recess profile, ...).

Another important feature often observed in the studied devices is the appearance
of a more limited (in area) damage of the Gate area of the devices, preceding the
catastrophic failure (see damaged area at the centre of the bottom figure). This
failure mechanisms is different frm the previous one and it can be possibly related

to the damage of the crystal lattice of the GaN and / or AlGaN layers. This damage

is likely to appear in correspondence of a previously present defect (dislocation).
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Figure 5-21 Optical and Emission Microscopy investigation after breakdown characterization in a
SLX15 SELEX-SI device.

5.5 ESD sensitivity characterization

We have used a 100ns TDR-TLP system in order to test the ESD robustness of
HEMT devices in two different configurations:

(a) positive voltage pulses applied to the Drain, with Source grounded, and Gate
floating;

(b) positive voltage pulses applied to the Gate, with Source grounded, and Drain
floating.

In this paper we will focus mainly on the study of the first configuration. Complete
DC electrical characterization has been carried out with an HP 4142 parameter
analyzer in order to investigate the DUT degradation, if any, at selected step during
TLP stress.

During Drain to Source stress Drain current and voltage were monitored during the
TLP stress; a 10MQ probe, with low parasitic capacitance, was used to measure the
Gate voltage waveform. We verified that the presence of the relays and the voltage
probe do not affect the behaviour of the device submitted to test, nor alter results.
Emission based failure analysis has been carried out using a Hamamatsu PHEMOS-
200 light emission microscope, equipped with a water-cooled CCD camera, in order

to make measurements at -50°C to reduce the noise.

5.5.1 ESD Drain to Source TLP stress

The first configuration we have studied has been the TLP stress applied to the
Drain, with Source grounded, and Gate floating. We think this case could be the
most critical for the device, because it affects the whole device structure, and it
could be a typical ESD event during device manufacturing or manipulation.

Figure 5-22 shows the IV-TLP curve of a HEMT device (W = 1mm) stressed in this

configuration. Being the conductive channel already formed (the Gate is floating),
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the device exhibits a typical Ips(Vps) transistor curve, until it reaches the snapback
point (Vps suddenly decreases with the increase of the Ips at around 85V, 1.2A). In
the first stage, we tried to use the traditional leakage current measurement used in
TLP systems as failure criterion [13]. The leakage current measurement consists in
the measure of the current flowing between the two tested pads (Drain vs. Source
in this case) at a fixed voltage after each TLP pulse. Since the studied devices are
normally on, a large current flows from the Drain to Source in this configuration.
Hence, we measured the standard Drain to Source TLP leakage current at a low Vps
value (10mV), as reported in Figure 5-22. As it is possible to see in the Figure, this
criterion (open diamonds) doesn’t reveal any device degradation. In fact, the Ips
current remains practically unchanged even after the device failure.

In order to study which electrical parameters (if any) degrade during TLP stress, we
have then made a complete DC electrical characterization at selected TLP steps. We
have carried out the following measurements: the Gate-Source diode
characterization, Output characteristics in on-state and in sub-threshold regime,

trans-conductance, and trans-characteristics curves.
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Figure 5-22 IV-TLP curve of a W=1mm HEMT stressed between Drain and Source, Gate
floating. Ids measurements are reported with open diamonds, but they don’t give any
indication on the device degradation.

In Figure 5-23a), b), and 3) we report the comparison between the Output

characteristics (Ips-Vps), the trans-conductance measurements (g.,), and the sub-
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threshold current curves (Ip.syg) of the W=1mm HEMT device previously reported in
Figure 5-22, in its untreated device, and just before the failure. As shown in Figure
5-23a), b), characteristics exhibit practically no variation. In fact, we don’t observe
any threshold voltage shift, or significant series resistance increase, or decrease of
the gain factor. On the contrary, as depicted in Figure 5-23 c), the Ip.syg exhibits an
appreciable change at Vgs lower than -6V. This behaviour is typically symptomatic

of the degradation of the Gate-Source and Gate-Drain Schottky diodes.
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Figure 5-23 DC electrical characterizations of a HEMT device with Wg=1mm, Lg=0.5mm before
and after a TLP stress. a) Output characteristics (Gate bias: -8V < Vgs < 0V, step 1V); b)
Transconductance curves (Drain bias: 0.1V < VDS < 0.9V, step 0.2V); c¢) Subthreshold Ip, Ip sus,
(Drain bias: 0.1V < VDS < 0.9V, step 0.2V).
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In Figure 5-24 the evolutions of selected electrical parameters of the same W=1mm
HEMT device (IV-TLP reported in Figure 5-22) during the TLP stress are shown.
Parameters are: Ipsat (Vgs=0V, Vps=10V), Ipsus (Ves=-8V, Vps=0.1V), and g, peak
(Vps=0.1V), extracted at Vps.tp=0V (untreated), 30V, 50V, 80V, and after the
failure. As it can be seen, all the investigated parameters remain practically
unchanged, up to the Vps value which induces the device failure.

The Gate-Source Schottky diode exhibits a heavy degradation during the TLP
stress. Thank to this result, we have then decided to monitor the behaviour of the
Igs-Vgs curve (with Vgs varying from -2V up to 2V, limiting the current at 100maA, in
order to not overstress the devices during the DC measurement) at each TLP
stress.

Figure 5-25 the IV-TLP characteristic of a W=400mm device, using the Igs current
(measured at Vgs = -2V) as a failure criterion, is reported. As it is possible to
notice, the Igs indicates the device degradation during the TLP stress even before

the snapback condition.
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Figure 5-24 IDSAT (VGS=0VI VDS=1OV), ID-SUB
(Vgs=-8V,  Vps=0.1V),

(Vbs=0.1V) measured at selected step during

and g, peak
the TLP stress. Measurements refer to the
W=1mm HEMT device reported in Figure 5-22
and Figure 5-23. Electrical parameters exhibit
substantial changes only after the failure has
occurred. Ip.gyg Measurements have been

multiplied by a factor of 100.

Vps [V]

Figure 5-25 IV-TLP curve of a W=400mm
HEMT stressed between Drain and Source,
Gate floating. The Igs measurement (at Vgs
= -2V) each TLP

diamonds) gives indication on the device

after stress (open
degradation even before the snapback point.
The insert shows the evolution of the IGS

current up to the snapback points.

The full evolution of the Gate-Source Schottky diode Igs-Vgs is reported in Figure

5-26. Below 75V it doesn’t exhibit any change, while after TLP stress larger than
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75V at Vps, the Igs current starts to degrade. After the failure, in fact, the Gate-
Source diode behaves like an ohmic contact.

The impact of the device width (W) on the ESD robustness was studied using
devices with different dimension: W=100mm, 400mm, 1mm, 1.2mm, and 2.4mm.
Figure 5-27 reports the comparison of the IV-TLP curves of devices with different
width. All devices presents the failure between 80V to 110V.

As depicted in Figure 5-28, a very good scaling of the failure current has been
observed with the device width.

The robustness scaling is not so obvious in GaN based devices. In fact, despite the
already formed conducting channel, the presence of defects and dislocations in the
material, as asserted in the introduction, could affect the uniform current
distribution along the device width. This, in turn, could not give any scaling of the
failure current.

In Figure 5-29 we report typical TDR-TLP voltage and current waveforms in the
instant in which the failure occurs (see the point A in Figure 5-27). All tested
devices have exhibited abrupt failures, with only a small deviation from the

rectangular shape, caused by self-heating effects, before the failure.
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Figure 5-26 Evolution of the Gate-Source Schottky diode degradation during the TLP stress
of the W=400um depicted in Figure 5-25. Igs has been measured at -2V < Vgs < 2V, with a
100pA compliance level. The arrow indicates the TLP evolution.

99



6 --W =100um
A -o-W =400um 4
5 =W =1000um
»W =1200um
—-W = 2400um

Ios [A]
w

Ifail [A]

0 20 40 60 80 100 120 0 500 1000 1500 2000 2500
VDS [V] w [um]

Figure 5-27 Ips vs Vps pulsed curves obtained Figure 5-28 Optimum linear scaling of the
pulsing the Drain vs. the Source (keeping the failure current as a function of the device width

Gate floating) with the TLP pulser. Devices have of HEMT devices stressed between Drain and

widths starting from 100um up to 2400um. Source, Gate floating.
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Figure 5-29: Typical abrupt impedance change shown by the voltage and current waveforms
of the TLP when the failure point is reached (point A of Figure 5-27). The figure refers to the

failure of the W=2.4mm device.
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5.5.2 ESD Gate to Source TLP stress

Results from the TLP stress at the Gate with the Source grounded, and the Drain
floating are reported in Figure 5-30. The inset demonstrates that even in this case a
good scaling of the ESD robustness with the device width is observed up to a
W=1.2mm. All 2.4mm tested devices deviate in the same way from the linear
trend, sustaining a current of around 2A, suggesting that a Gate-metal fusion could
be a possible explanation. In fact, it is possible to notice that the I-V curves exhibit
the typical behaviour of a diode, biased in a very high forward current regime. The
series resistance depends, as expected, on the width of the stressed devices. For
high current values, the I-V curves tend to saturate, indicating the inability of the

metal lines to bring the current.
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Figure 5-30 Gate vs Source (Drain floating) IV-TLP comparison of devices, with a width
starting from 100um up to 2400um. The inset shows the optimum scaling with the device

width of the failure current, with the exception of all 2.4mm tested devices.
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5.5.3 ESD failure analysis

We have shown that applying the TLP stress to the Drain, with Source grounded,
and Gate floating, a critical degradation of the Gate Schottky diode is observed, as
previously reported in Figure 5-26. In order to explain this result we have studied
the capacitive coupling between the Drain, Gate, and Source contacts during the
TLP events.

Figure 5-31 shows a schematic representation of the parasitic capacitors between
Gate and Drain (Cgp), and between Gate and Source (Cgs), and the intrinsic Gate-
Drain and Gate-Source Schottky diodes. Using our extended TLP system,
monitoring the Gate voltage during the TLP stress applied to the Drain, with the
Gate floating, we have measured (relatively) high voltage values at the Gate
contact. In fact, due to the fast rise time of the TLP system (below 1ns), the
floating Gate can easily follow the Drain voltage, reaching high voltage values.
Figure 5-32 shows the increase of the floating Gate voltage with the increase of the
Vps applied by the TLP stress. Each point has been extracted making an average of

the end part of the Vgs waveform, like traditional voltage and current values

extraction.
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Figure 5-31 Schematic representation  Figure 5-32 Coupled Gate voltage

of the capacitive coupling between
Drain-Gate-Source contacts and the
intrinsic Gate-Drain and Gate-Source
Schottky diodes.

evolution as a function of the Vps applied
with the TLP system (TLP stress between
Drain and Source, Gate floating). In the
inset a typical IV characteristic of the
Gate-Source diode is reported,
exhibiting a V4 voltage of around 1V.

Device width W=1mm.
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As shown in Figure 5-32, the behavior of the Gate voltage coupling can be divided
in three different zones (indicated by A, B, and C). In the first zone, the Vgs
increases practically in a linear way with the increase of the Vps applied by the TLP
system. When the Vgs reaches about 1V, the Gate-Source diode turns on (see the
inset in Figure 5-32), draining a part of the current used to charge the capacitor
divider Cgp-Cgs, and then reducing the voltage reached by the Gate. This condition
is indicated by the change of slope in the zone B of Figure 5-32. In the zone (C)
another failure occurs. Region (C) can possibly correspond to the formation of
filaments between the Gate and Drain regions, bringing to an abrupt increase of the
Gate voltage at every TLP pulse.

The main effect of the Gate-Source diode degradation is the Gate inability to pinch-
off the channel, as reported in Figure 5-33. In fact, beyond some differences in the
I-V curves for -2V £ Vgs < 0V, all other curves are overlapped but very different
from before the stress, meaning that the device is no more able to sustain an
electric field sufficient to deplete the active region and pinch-off the channel. Other
defects created along the TLP stress, either superficial or in the interface
AlGaN/GaN, could also explain the change of the series resistance in the IV curves.
The filament formation can be confirmed by different optical and emission-based
measurements. In Figure 5-34, emission images of a W=100mm device during the
Drain vs Source, Gate floating, TLP stress is reported. The emission images are
obtained biasing in DC regime the device, at Vgp = -6V, leaving the Source floating,
and with an integration time of 30s. In the same Figure it is possible to see the
formation and the evolution of light-spots on the edge of the Gate on the Drain
side. The device didn't show any emission when untreated and biased in the same
conditions. Spot emissions start to appear when Vps is greater than 60V, increasing
their size and number during the TLP stress up to the failure. The spatial position of
emission spots remains quite unchanged.

Another confirmation is given by the emission images taken during the TLP stress.
In fact, we have acquired an emission image at each TLP pulse, and no emission
was seen just before the failure point. On the contrary, as shown in Figure 5-35,
when the IV curve exhibits the transition to low impedance, a big spot appears
where eventually a filament is found. The last confirm is simply given by the photo,
taken with a 1000X magnification factor, shown in Figure 5-36. The highlighted
region actually shows the filament between the Drain and the Gate region.
Furthermore, successive TLP-emission measurements carried out after the failure

haven’t exhibited any light emission, because of the filament was already formed.
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Chapter 5 — ESD on HEMT

The same Figure also shows a burn of the Gate finger. This was due to successive
DC measurements performed to study the electrical behavior of the tested device,

but wasn’t caused by the TLP stress.

30

==Fresh
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Figure 5-33 Comparison of the Ips-Vps characteristics between a fresh and a TLP stressed
devices. Gate bias: -6V =< Vgs < 0V, step 1V. The stressed device is no more able to pinch-
off the channel (highlighted by the dotted oval).
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Figure 5-34 Emission images of the HEMT stressed device obtained by DC step biasing after

selected TLP stress. Bias conditions: Vgp=-6V, Source floating, Integration time = 30s.
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Chapter 5 — ESD on HEMT

Figure 5-35. Sparkling emission during Figure 5-36: Typical filament, created

the destructive TLP pulse. between Drain and Gate regions, is
highlighted in the circled zone. The burn of
the gate finger was caused by successive
DC measurements.

Regarding the Gate to Source TLP configuration (previously shown in Figure 5-30),
we observed a completely different failure mode, due to the high-current condition
reached by the Gate metal line during the TLP stress. IV curves and optical
inspections suggest that a Gate metal-line fusion could be a possible explanation.
In Figure 5-37 we report a photo taken with a metallographic microscope exhibiting

the complete destruction of the Gate finger after the TLP stress.

el o P e L

Figure 5-37: Metallographic microscope picture of a
W=1mm HEMT stressed between the Gate and the
Source. A complete destruction of the Gate finger is
occurred, and also the Source bridge appears

damaged.
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5.5.4 Human Body Model characterization

We have started the investigation of the sensitivity of GaN HEMT devices in
according to the Human Body Model (HBM). The HBM is the traditional ESD testing
standard, originally defined in the MILSTD-883x method 3015.7. This standard
defines the current waveform for the discharge of a 100 pF capacitor through a 1.5
kQ resistor and a 0Q load for different discharge voltages. In Figure 5-38 the

schematic of the HBM test circuit is reported.
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Figure 5-38: Human Body Model test circuit.

We have developed a HBM-like tester on wafer level, with the ability of recording
both voltage and current waveforms. Preliminary results on the HBM stress
performed at pre-charging voltage of 600, 800, 1000, and 1100V on a SLX15
Gated-TLM with Lg=20um are shown in Figure 5-39 (voltage waveforms on right,
current waveforms on left). It is possible to notice that the device fails at a pre-

charge voltage of 1100V.
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Figure 5-39: Voltage and current waveforms of the SLX15 Gated-TLM with Lg=20pm device

stressed in according with the Human Body Model.

Preliminary failure analysis investigations have been performed by means of E-SEM
technique. Like during TLP stress, filaments formation, fusion of metallization, and
explosion of the passivation layer have been the most evident effects of the HBM

stress. E-SEM photos of the damaged device are shown in Figure 5-40.
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Figure 5-40: E-SEM images of the HBM stressed device.

5.6 Conclusion

ESD and EOS events are very important for GaN HEMT devices. ESD events have a
strong influence on electrical characteristics and impair the reliability of the devices
by high electric field and high temperature. Breakdown voltages in some devices
are strongly dependent on gate bias, while in other devices the breakdown is
almost independent from the gate bias. Failure analysis revealed that two main

failure mechanisms following the destructive breakdown characterization are
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present: GaN-lattice degradation (possibly related to a pre-existing crystal defect)
and metal filamentation due to metal fusion.

Eventually we have also submitted the devices to Electrostatic Discharge
evaluation using TLP and the HBM model. A strong capacitive coupling between the
Drain, Gate, and Source terminals is present, impairing the reliability of the Gate-
Source Schottky diode. The electrical parameter that can predict the device failure
was found to be the Igs. We observed a completely different failure mode in Gate-

Source TLP stress involving Gate metal line fusion.
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6. Conclusion

A study of long term reliability has been performed on AEC1148 wafer in order to
study the influence of different bias point on HEMT degradation. Devices stressed in
“ON-state” show a large degradation of the output I-V characteristics which is not
reflected in other curves; we can attribute this phenomena to negative charge
trapping generating a large reduction of the drain current at low Vps, Devices tested
in "SEMI_ON state” show a strong degradation of the output I-V characteristics:
large degradation of the Schottky gate contact, of the drain current and in the
sub-threshold current. In this case generation of new traps is not the main
degradation mechanisms. In “OFF-state” devices show a degradation that in
general is intermediate between the one observed in the other two bias point. Short
term stresses on AMS04 wafer show that in "ON-state" a dramatic decrease of drain
current and transconductance is present. All devices developed gate-lag transient
effects to various extents and a moderate increase in gate forward and reverse
current was observed only in some devices. In "SEMI-ON " and "OFF-state" tests is
always present a decrease in the maximum of transconductance; development of
drain current transient effects during gate-lag experiments is frequently observed.
Devices long and short term reliability is actually still an important issue to be
solved.

After a thermal storage performed for 2000 hours at 300°C a new failure
mechanism on GaN HEMTs has been identified. DC measurements have shown a
slight degradation of the devices current value, no threshold voltage shift, but a
severe degradation was identified in pulsed and low-frequency measurements. The
main failure mode was an enhancement of trapping effects that took place on the
device surface access regions, more precisely at the interface between the AlGaN
layer and the SiN passivation. Failure analysis demonstrated that a loss of adhesion
of the passivating layers was responsible for the observed trap reactivation. An
improved passivation deposition process was then developed, including a surface
cleaning procedure aimed to preventing passivation detaching. Devices fabricated
using this new procedure have not shown any enhancement of trapping effects up
to 500 hours of stress at 300°C.

The reverse-bias step stress experiments strongly suggest that the defectivity of
the epitaxial material contributes to enhance reverse-bias degradation of GaN
HEMTs; when a certain reverse voltage is reached, depending on defect density and
energy position of deep levels, trap-assisted tunneling occurs, focusing the current

into specific areas, eventually resulting in permanent localized degradation, with
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further generation of deep levels. A different and gradual mechanism consists in the
trapping of electrons at the surface of the gate-drain region, which increases

parasitic resistances, reduces Ip and g,, and induces breakdown walkout.

The characterization of the breakdown properties of the GaN-based devices
has eventually been analyzed. We have carried out the analysis of two terminal and
three terminal breakdown properties. Breakdown voltages in some devices are
strongly dependent on gate bias , whereas in other devices the breakdown is
almost independent from the gate bias. Failure analysis revealed that two main
failure mechanisms following the destructive breakdown characterization are
present: GaN-lattice degradation (possibly related to a pre-existing crystal defect)
and metal filamentation due to metal fusion. We have submitted the devices to
Electrostatic Discharge evaluation using TLP and the HBM model. A strong
capacitive coupling between the Drain, Gate, and Source terminals has been found
to be responsible of the impaired reliability of the Gate-Source Schottky diode in
the Drain-Source TLP stress. The scaling of the failure current with the device
width, both for Drain and Gate stresses, has been also investigated. We observed a
completely different failure mode in Gate-Source TLP stress involving Gate metal

line fusion.
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