CERN-THESIS-2024-267

06/12/2024

@)

Acknowledgments

I want to express my heartfelt gratitude to everyone who has supported me over
the years in achieving this goal-—sometimes, it truly does take a village!

First and foremost, I would like to thank my supervisor at CERN, Giulio
Borghello, for his unwavering support and guidance throughout the years. 1
couldn’t have asked for a better mentor on this journey. A huge thank you also
goes to my professors, Jean-Michel Sallese and Adil Koukab, who have consistently
been there to help me in every possible way, ensuring I could work under the best
conditions and supporting me at every stage of my research.

I must also mention the incredible group of people from the Microelectronics
section, with whom I had the pleasure of working. They weren’t just colleagues
but friends who made coming to the office (almost) a joy: Giacomo, Stefano C.,
Gianmario, Alessandro C., Davide, Jash, Marco, Anvesh, Francesco, Simone E.,
Simone S., Pablo, Alessandra F., Nils, Sokratis, and Andrea P.

I am deeply grateful to my parents, Emiddio and Carmela, and my brother
Domenico, who supported my every decision and encouraged me to pursue my
goals. A special thanks goes to Annamaria, a second mother to me, who sadly
cannot be here to witness this success. I will never forget the time I spent studying
in your home, which undoubtedly played a crucial role in shaping my career.

To my other family away from home—all the friends I made along the way
and those I brought with me from Naples: Adnan, Antonio C., Fulvio, Derya,
Salvatore, Fabio L., Camille, Leandro, Michela, Samuele, Luca P., Giorgia, Bacco,
Bianca, Venne, Giulia B., Isabella, Carlo Alberto, Dora, Fabio A., Sara, Theo,
Luca I., Valeria, Alessandro Z., and Valentina—thank you! A special shoutout
goes to my roommate Antonio P.; I've lost count of how many mental breakdowns
we shared in that house, always ending with me cooking endless batches of pizza
dough. Thanks for your support—and sorry for sabotaging your diet attempts!

To Andrea, Emidio, Lorenzo, and Roberto, with whom I've shared so much of
my life: this achievement is also yours—you cheered me on from afar. I'm also
deeply grateful to my friends from Naples: Maurizio C., Daniela, Veronika, Elisa,
Giovanni, Angelo, Umberto, Claus, Ilaria, Mary P. .

Finally, to my girlfriend, Chiara—my rock—for believing in me even when I
doubted myself: from the bottom of my heart, thank you.



Abstract

Les rayonnements ionisants et non ionisants sont connus pour causer des dom-
mages aux composants électroniques, entrainant une réduction des performances
et un éventuel disfonctionnement. Cela pose un probléme majeur pour les ap-
plications ou ’électronique opére dans un environnement radioactif. Un exemple
extréme est le futur projet du Grand Collisionneur de Hadrons & Haute Luminosité
(HL-LHC) du CERN, ou des doses totales d’ionisation (TID) de 1 Grad(SiOs) et
des flux de 10 particles/cm? seront atteints dans les détecteurs de particules aprés
10 ans d’exploitation.

Ces niveaux de radiation excédent de plusieurs ordres de grandeur ceux rencon-
trés dans les applications spatiales, nécessitant une investigation approfondie des
effets déléteres des radiations sur les technologies CMOS utilisées dans les ASIC
pour les détecteurs de particules. A cet effet, cette thése explore plusieurs sujets
qui se rapportent a la qualification des technologies utilisées dans 1’électronique
des détecteurs du CERN.

Nous présentons les résultats sans précédent de l'inspection systématique de
dizaines de puces en technologie CMOS 130-65 nm qui sont habituellement utilisées
dans les ASIC développés pour les détecteurs HL-LHC. Cette étude a révélé une
variabilité extréme entre les fabricants et les lots pour ce qui est de I'impact de
la Dose Totale d’Ionisation (TID). Cette recherche démontre que la variabilité
induite par la TID doit étre prise en compte dés les phases de conceptions et de
qualifications.

Les effets des dommages générés par déplacement ont été étudiés sur deux pro-
cessus CMOS de 28 nm au moyen d’irradiations par protons et neutrons, jusqu’aux
niveaux de flux rencontrés en physique des hautes énergies. L’étude a révélé que
la dégradation induite par les radiations étaient liées a la dose totale d’ionisation
plutét que qu’aux dommages induits par déplacement, soutenant que la technolo-
gie CMOS de 28 nm est adaptée aux détecteurs de particules.

La sensibilité de cette technologie vis a vis des effets induits par la dose de
radiations est également a évaluer. Les preuves d’une Sensibilité Améliorée aux
Faibles Dose (ELDRS) basées sur une augmentation du courant de fuite induite
par la TID ont été observées dans des oscillateurs a anneau et des SRAMSs en tech-
nologie CMOS 28 nm. L’irradiation a haute température (ETI) sur des dispositifs
isolés permet d’estimer la dépendance de 'ELDRS aux conditions de polarisations
et a la taille des dispositifs. Les résultats montrent que 'irradiation & haute tem-
pérature peut s’apparenter a la dégradation induite par une faible dose, offrant
ainsi une solution pour réaliser des tests de radiation accélérés.
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La réponse aux radiations des transistors MOS en Silicium sur Isolant (FD-
SOI) de 22 nm exposés a une TID ultra-élevée a également fait 'objet d’une étude.
Celle-ci révele que les performances sont manifestement affectées par la TID, dom-
inées par la charge piégée dans 'oxyde enterré. Malgré des techniques pour at-
ténuer ces effets indésirables, le FDSOI de 22nm s’est avéré ne pas étre adapté
aux applications internes des détecteurs, mais pourrait convenir pour des niveaux
de TID plus faibles.

MOTS-CLES: CERN, HL-LHC, ASIC, technologie CMOS, radiation ion-
isante, radiation non ionisante, effets de radiation, variabilité de radiation, sensi-
bilité améliorée aux faibles taux de dose (ELDRS), dose totale d’ionisation (TID),
dommages par déplacement (DD), applications en physique des hautes énergies,
Silicium entiérement épuisé sur isolant (FDSOI).



Abstract

Ionizing and non-ionizing radiation is known to cause damages in electronic com-
ponents, resulting in reduced performance and possible failure. This is a major
issue for any application where electronics operate in a radioactive environment.
An extreme example is the future High-Luminosity Large Hadron Collider (HL-
LHC) at CERN, where Total Ionizing Dose (TID) of 1 Grad(SiO) and fluences of
10 particles/cm? will be reached in the inner layers of particle detectors after 10
years of operation. The radiation levels in question are orders of magnitude higher
than those typically encountered in space applications and require a careful and
dedicated investigation of radiation effects in the Complementary Metal-Oxide-
Semiconductor (CMOS) technologies used in the Application Specific Integrated
Circuits (ASICs) designed for particle detectors. This thesis explores several top-
ics related to the qualification of technologies for use in CERN particle detector
electronics.

The results of an unprecedented monitoring effort on dozens of chips in the 130-
65 nm CMOS technologies used for ASICs developed for the HL-LHC detectors
are discussed. This study revealed extreme fab-to-fab and lot-to-lot variability in
the TID response of the technologies used. This investigation demonstrated that
TID-induced variability must be taken into account in the design and qualification
phases of developments.

Displacement damage effects on two 28 nm CMOS technology processes were
investigated through proton and neutron irradiation up to the fluences of inter-
est for high energy physics applications. The study revealed that the observed
radiation-induced degradation was caused by the amount of total ionizing dose de-
posited during neutron and proton exposure, rather than by displacement damage.
These results support that 28 nm CMOS technology is suitable for applications in
CERN particle detectors.

The potential susceptibility of this technology to dose-rate effects is another
aspect to be evaluated. Evidence of Enhanced Low Dose-Rate Sensitivity (EL-
DRS) in TID-induced leakage current increase was observed in ring-oscillators and
SRAMs in 28 nm CMOS technology exposed to ultra-high doses. Elevated Tem-
perature Irradiation (ETT) on isolated devices is used to evaluate the dependence
of ELDRS on bias conditions and devices size and threshold voltage. The results
obtained show that irradiation at high temperature can represent reasonably well
the enhanced degradation induced by low-dose-rate, providing a viable solution
for accelerated radiation tests.

The radiation response of MOS transistors in a 22 nm Fully Depleted Silicon-
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on-Insulator (FDSOI) technology exposed to ultra-high TID was investigated. The
investigation revealed that the performance is significantly affected by TID, with
the radiation response being dominated by the charge trapped in the buried oxide.
Despite the techniques used to mitigate TID effects, the 22nm FDSOI did not
prove suitable for application in the inner parts of detectors. However, it could be
suitable for applications with lower TID levels.

KEYWORDS: CERN, HL-LHC, ASIC, CMOS technology, Radiation Ef-
fects, Radiation Variability, Enhanced Low Dose Rate Sensitivity (ELDRS), Total
Ionizing Dose (TID), High Energy Physics Applications, Fully Depleted Silicon
On Insulator (FDSOI)
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Chapter 1

Introduction

Particle detectors are at the heart of high-energy physics experiments at the Eu-
ropean Organization for Nuclear Research (CERN), allowing scientists to probe
the fundamental particles and forces that govern our universe. The detectors,
employed at Large Hadron Collider (LHC), operate in some of the most extreme
conditions found in any scientific environment. Furthermore, the upcoming HL-
LHC will push the boundaries of particle detection, significantly increasing the
luminosity [16]. This increase in collision events comes with a proportional rise in
the radiation environment within the detectors as indicated in FiglT.1]
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Figure 1.1: Projected LHC performance from 2010 to 2038. Highlighted also the
Long Shutdowns [I].

The innermost layers of these detectors, closest to the particles collision point,
are subjected to extremely high levels of radiation. The radiation environment in
the LHC detectors is complex, dominated by neutrons, charged hadrons (mainly
pions, protons, and kaons), and photons, with lesser contributions from electrons,
positrons, and muons. Neutrons are the most abundant, with fluences reaching up
to 10'® particles/cm” and energies from thermal levels (~ 0.0256V) to hundreds
of MeV. Charged hadrons follow, with fluences of up to 10 particles/ cm® and
energy ranges typically from hundreds of MeV to a few GeV. Photons, spanning
from keV to several GeV, reach similar fluences and contribute significantly to the



total ionizing dose. Electrons and positrons (keV to hundreds of MeV) and muons
(hundreds of MeV to several GeV) are also present, though in lower fluences, with
muons notable in outer detectors due to their long-range penetration |17, [18].
Over 10 years of operations of the HL-LHC, an increase of one order of magnitude
for the particle fluences and TID of up to 1Grad(SiO,) are expected [19]. Such
extreme condition will be exacerbated with the upgrades beyond HL-LHC after
the Long Shutdown 4 (LS4) [20].

These levels of radiation are orders of magnitude higher than those typically
found in space or medical applications, rendering the use of Commercial-Off-The-
Shelf (COTS) components impractical. Therefore, ASICs represent the only viable
solution in order to use complex electronics in particle detectors. ASICs are crit-
ical to the operation of particle detectors, performing vital tasks such as data
acquisition, signal processing and communication. The ASICs for the detectors of
the LHC are designed using a commercial 250 nm CMOS process. However, for the
HL-LHC, they are expected to transition to a 130-65nm process. In anticipation
of the forthcoming upgrades, the new ASICs will utilize a 28 nm technology [21].

The harsh radiation present in the detector environment poses a serious threat
to the reliable operation of these electronics. Radiation can induce various effects
that degrade the performance of Metal-Oxide-Semiconductor (MOS) transistors
eventually leading to failures. Therefore, the qualification of radiation-hardened
ASICs is essential to ensure long-term performance and reliability of detector sys-
tems. As a result, it is essential to know the radiation response of CMOS technolo-
gies in order to be able to design electronic components capable of withstanding
such extreme radiation environments.

Radiation can be broadly classified into three categories: cumulative ionizing
radiation (i.e., TID), cumulative non-ionizing radiation(i.e., Displacement Dam-
age (DD)), and stochastic ionizing radiation (i.e., Single Event Effects (SEEs)).
Each type of radiation introduces unique challenges to the performance of elec-
tronic components. Total ionizing dose, primarily impacts the dielectric layers
in CMOS transistors. Charge generated by ionizing particles can accumulate in
the oxide of the device, resulting in performance degradation such as threshold
voltage shifts. Non-ionizing radiation particles, such as neutrons, displace atoms
in the semiconductor lattice, leading to displacement damage causing changes in
the physical properties of materials and affect performance of transistors. Single
FEvent Effects SEEs occur when highly-ionizing individual particles, as heavy ions,
strike sensitive regions of a device, causing transient or permanent errors.

While non-ionizing and SEEs are important to the overall performance of elec-
tronics, this thesis will primarily focus on the effects of ionizing radiation therefore
TID. However, the other effects will be briefly discussed and more details will be
added when needed.

According to the International System of Units the TID is measured in gray
(Gy) where 1Gy = 1Jkg ™', however the rad is still widely used and 1rad =
100 ergs/g = 0.01 Gy.

This thesis explores the radiation hardness of advanced CMOS technologies
used in ASICs for CERN'’s particle detectors, focusing on the TID effects. The goal
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is to evaluate the performance and reliability of various CMOS technology nodes
under extreme ionizing radiation and provide insights for future improvements in
radiation-hardened design.

In Chapter 2 the basic mechanisms of radiation defects formation in Metal-
Oxide-Semiconductor Field-Effect-Transistors (MOSFETSs) will be discussed fo-
cusing aiming to summarize the main mechanisms of generation and transport of
charge in silicon dioxide.

Chapter [3| gives an overview of the experimental setup used in almost all of
the experiments reported in this thesis and reports the definition of the several
parameters that will be used to quantify the performance of transistors exposed
to radiation.

Chapter [d] summarizes the current understanding of the main phenomena asso-
ciated with TID exposure in MOS transistors. Attention will be given to the phe-
nomena related to charge trapping in Shallow-Trench-Insulator (STT) and spacer
oxides in advanced CMOS technology nodes.

In Chapter [ the extreme TID-induced fab-to-fab variability observed in the
130-65 nm CMOS technologies for the ASICs of the HL-LHC upgrade is presented.
Its impact on circuit level examples and qualification procedure is discussed.

In Chapter [0}, the presence of displacement damage effects in the 28 nm CMOS
technology is investigated through neutron and proton irradiation at extremely
high fluences. Aiming to distinguish between DD and TID effects, X-ray irradia-
tion were also employed.

In Chapter [7] the true dose-rate dependence observed in the TID response of
isolated transistors, Static Random-Access Memories (SRAMs) and Ring Oscil-
lators (ROs) in 28 nm is discussed. The possibility of using irradiation at high
temperature to avoid time-consuming low Dose-Rate (DR) testing is also investi-
gated.

In Chapter [§] the TID response of a commercial 22nm FDSOI CMOS tech-
nology is evaluated for the first time at ultra-high dose.

Eventually, Chapter [ summarized the key findings of this thesis.



Chapter 2

Basic Mechanisms of Radiation
Defects Formation in MOSFETSs

Exposure to ionizing radiation significantly impacts the behavior of MOS tran-
sistors, leading to performance degradation. The primary concern lies in the
radiation-induced charges that become trapped within the oxides forming the
MOSFETs structure and at their interfaces with silicon.

In this chapter, we delve into a thorough examination of the current knowl-
edge surrounding the creation and development of radiation-induced defects and
trapped charges in MOS transistors. While much of the existing literature fo-
cuses on studying radiation effects specifically in the gate oxide, it is essential to
recognize that the significance of this oxide’s radiation response has diminished
in contemporary technologies. Nevertheless, the underlying physical mechanisms
governing charge generation and transport remain consistent across other oxides
within the MOS structure. Such effects have been thoroughly investigated in the
literature, both in books (|22, 23]) and articles (such as |45, 24, 25]). This chapter
summarizes the key phenomena associated with radiation-induced alterations in
MOS devices.

2.1 Photon-Matter interaction

The interaction between photons and matter is based on three fundamental mech-
anisms: photoelectric effect, Compton scattering, and pair production [26], 3], 27].
As summarized in Fig. 2.1] the occurrence of one or more of these mechanisms is
dependent on both the energy of the incident photons and the atomic number of
the target material. In almost all the experiments conducted in this thesis, the
target material is silicon (Zs; = 14) and silicon dioxide (Zo = 8), with the radia-
tion source being X-rays peaking at 10 keV. Therefore, the photoelectric effect is
the primary interaction mechanism.

Such effect, consists in the complete absorption of an incident photon, resulting
in the emission of an electron. If the energy of the incident photon is sufficient
to excite an electron from the innermost shell (K-shell) then approximately 80%
of interactions will involve electrons from the K-shell [26] 27, 28|. For silicon, the
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Figure 2.2: Illustration of the photoelectric effect.

energy of the K-shell is measured to be 1.8389keV [29]. Following the release
of the electron, another electron from an outer orbit (such as the L orbit if the
electron comes from the K-shell) will pass to occupy the vacated state, causing

the emission of a low-energy photon as schematically represented in Fig. 2.2 In
turn, the generated electron can ionize other atoms in its path.

2.2 e-h Generation, Transport and Trapping in SiO»

This section provides an overview of the current understanding of the mechanisms
that cause charge trapping in MOS oxides after exposure to an ionizing source.
These mechanisms can be summarized as follows:

1. production of electron-hole (e-h) pairs;
2. initial recombination of e-h pairs;

3. h transport in the oxide;



2.2. E-H GENERATION, TRANSPORT AND TRAPPING IN SiO, 7

e-h pairs N,: interface trap

created «Q formation (P,) si
by ionizing — A Sio, :

radiation S ++ 4
% N, deep hole
N trapping (E’) At 7

near interface +

|

>l

proton

transpoﬁ
proton . ,./—ri_'/‘
relea:sg/zfv;}"z_(}:'/

hopping transport of
holes through localized
states in bulk Si02

=
-

Figure 2.3: Graphic representation of TID-induced oxide traps (green) and inter-
face traps (red) formation in the gate oxide of an nMOS with Vi; > 0V bias (|4]).

4. formation of hydrogen ions (HT);
5. holes trapping near Si/SiO, interface;

6. hydrogen ions drift and formation of interface traps;

The discussion will be conducted with reference to an nMOS device with a
positive bias applied to the gate, as described in Fig. [2.3]

2.2.1 Electron-Holes Pairs Production

Secondary electrons (or more generally electrons in the environment) produced
by the interaction of photons with silicon dioxide can ionize atoms, creating an
e-h pair. This process can continue for as long as the energies of the secondary
electrons exceed the threshold energy for the creation of e-h pairs. Therefore,
a single high-energy photon can effectively create many e-h pairs. In SiO,, the
energy required to create an e-h pair is 17eV [30] and the pair density generated
per rad is 8.1 x 102 pairs/cm? [26].

2.2.2 e-h Pairs Recombination

Following their creation, electrons and holes begin to move in opposite directions in
the oxide if an electric field is applied, as is usually the case in MOS. Electrons have
a relatively high mobility in SiO,, about 20 cm?V~!s~! at room temperature and
increases to 40 cm?V~1s7! at temperatures below —100°C, reaching a saturation
velocity of about 1 x 107 cms™! for electric fields exceeding 5 x 10° Vem ™! [31], 32,
33]. In contrast, the mobility of holes can vary considerably with temperature and
electric field, yet remains several orders of magnitude lower than that of electrons



2.2. E-H GENERATION, TRANSPORT AND TRAPPING IN SiO, 8

-0/ 12.MeV ELECTRONS & Co5?

- -
e
)’/’/
rd
,”/w«ev X-RAYS

z
e 5-keV ELECTRONS
/ 700-keV PROTONS

=
™

FRACTIONAL YIELD
o
o

0.4
.—-’
/ o B=
[ -
0.2fr, -
A 7 ———POSITIVE BIAS
‘/,/’,—- — "2-MeV « PARTICLES
0 —— 1 | 1
0 1 2 3 4 5

ELECTRIC FIELD (MV/cm)

Figure 2.4: Fraction of charge yield in the oxide, after ([5]). The yield is strongly
dependent on the type of incident particle as well as the electric field in the oxide.

[34, B35, B6]. This difference in mobility implies that while electrons can rapidly
escape from the oxide, holes can be considered immobile.

Despite the very high mobility, a fraction of electrons can still recombine with
holes in the very first moments after e-h pairs generation. This process is usually
referred to as initial recombination. The amount of holes that escape this initial
recombination represent the charge yield.

Both initial recombination and charge yield depend on the source type and
energy of the incident particle as well as the electric field in the oxide [22]. An
empirical conclusion is that strongly ionizing particles form dense columns of pairs
whereas weakly ionizing sources create isolated pairs [22]. The closer together are
the e-h pairs the higher is the probability they will recombine [5]

Depending on the proximity of different e-h pairs, two recombination models
are adopted in literature: the columnar model for the case where e-h pairs are
very close together [37]; the geminate model for the case where pairs are far from
each other [5]. In the columnar model, e-h pairs are positioned closer to each
other compared to the geminate model, resulting in a higher recombination rate.
Note, however, that in most applications the actual recombination model is a
combination of the two [5]. Fig. 2.4] illustrates the charge yield for different
radiation sources in SiOs; the charge yield is inversely proportional to the ionizing
power of the radiation source. Notably, ®°Co and 10keV X-ray produce the same
charge yield for electric fields greater than 3 MVem™1.

At this point the total number of holes generated that escaped the initial
recombination (Nj) an be calculated as |27, 26]:

Nh - f(on)gthox (21)

where f(E,,;) is the holes yield as a function of the field in the oxide, D is the
dose, t,, is the oxide thickness and gq is a parameter specific of the material. In
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SiO,, Eq. 2.1] becomes [26]:

Ny = 8.1 x 10" f(E,,) Dty (2.2)

2.2.3 Transport of Holes in the Oxide

When an electric field is applied, the holes escaped from the initial recombina-
tion can move in the oxide depending on the direction of the electric field; in the
case considered (positive gate bias), the holes move toward the Si/SiOs interface.
Several studies have been conducted over the years, such as [35, 38| 39, 23], and
the description that best fits the experimental data is "polaron hopping", a com-
plex and highly time-dispersive mechanism [40, 41]. As a h traverses the oxide,
it alters the spatial arrangement of neighboring atoms through electrostatic inter-
actions, resulting in a localized distortion of the material structure. The system
hole + distortion is a Polaron, a quasi-particle with mass larger that the hole
and smaller mobility. Within the oxide, polarons traverse by "hopping" through
shallow, dispersed states, although with an approximate separation of 1nm [5].
Temperature, electric field and oxide thickness influence holes transport in the
oxide as illustrated in Fig.[2.5] The data were obtained after pulsed 12 MeV elec-
tron irradiation of MOS capacitors and normalized to the flatband voltage shift
immediately after the pulse, i.e. before any transport occurs [22].

Notice how, in Fig. and Fig. 2.5p, the flat band voltage nearly returns
entirely to its pre-irradiation level under conditions of elevated temperature and /or
strong electric fields. This suggests that only a minimal quantity of holes becomes
confined in trapping sites within these oxides. Furthermore, research has indicated
that the transit time of holes varies proportionally to t#,y. This can be seen in
Fig. where a reduction of the oxide thickness of a factor 2.4 (from 98.7 nm to
41.3 nm) results in a reduction in the transit time by a factor of ~ 33. This implies
that in contemporary technologies, characterized by gate oxide thicknesses of a few
nanometers (tpx << 10nm) and electric fields Epx > 2MeV, any unhindered
holes can be expelled from the gate oxide within moments after the generation
of electron-hole pairs even at room temperature. Another piece of information
that can be deduced from Fig. is that changes in external parameters do not
appear to have a great effect on the shape of the recovery curves when plotted
against logarithmic time. In fact, changing any of these parameters only results
in a rigid translation of the curves along the time axes, i.e. only the time scale of
the transport is affected [3, [6].

Several studies (see [22] and the references cited in Section III.C) have shown
that hole transport can be effectively characterized using the Continous Time
Random Walk (CTRW) framework. This approach proves valuable for modeling
hopping transport phenomena, as illustrated by the solid line in Fig. [2.6]

This model led to a description of hole transport represented by the functional
form F(a;t/ts) [36], where only the time scale factor ts varies with temperature,
electric field and gate oxide properties, while a remains unaffected by these pa-
rameters, consistent with the expected universality of behaviour.
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2.2.4 Formation of Hydrogen Ions

Hydrogen is widely employed in CMOS technology for passivating dangling bonds
at the silicon/gate oxide interface [45] [46]. Holes (h) passing through the SiOs can
react with hydrogen, releasing hydrogen ions (H*) in the reaction:

h+H— H (2.3)

These ions play a crucial role in the formation of interface traps, which will be
discussed later in this chapter.

2.2.5 Oxide Trapping

As holes travel through the oxide, they may become trapped in oxide traps, which
are mainly associated with vacancies within the oxygen structure of SiO,. Amor-
phous silicon dioxide has a structure in which each silicon atom is bonded to
four oxygen atoms, and each of these oxygen atoms is shared between two silicon
atoms. The absence of an oxygen atom weakens the bond between the two Si
atom facilitating the rupture of the bond by a hole. This hole can then readily
combine with one of the two electrons within the Si — Si bond, forming a struc-
ture commonly referred to as an E’ center. At this point there are two different
possible types of defects: E'5 center and E’, center. In an E5 center the remaining
electron in the Si-Si bond is equally shared between the two silicon atoms [47]. In
an E', center, instead, the remaining electron is primarily bound with one of the
two silicon forming an asymmetrical structure with positive charge [48].

The E', center is illustrated in the top part of Fig. where the strained Si-Si
bond (a) and the trapping of a hole (b) are reported [7]. Fig.[2.7]illustrates also the
annealing processes that neutralize trapped positive charge, depicted as reversible
or permanent. Permanent annealing occurs when an electron tunnels from the sub-
strate and recombine with the positively charged silicon atom (Fig. 2.7(c)—(a)).
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Conversely, an electron can tunnel towards the neutral silicon atom, in this case
the charge will be compensated but the silicon bond will not reform and the pro-
cess can be reversed by applying a negative bias to the gate (Fig. [2.7(b)). The
farther the charge trapped in the oxide is from the interface, the less likely it is to
be neutralized by tunneling electrons. As a consequence, the probability that traps
located far from the interface can be reached by electrons from the substrate is low.
This results in prolonged annealing times for charges trapped in these defects. The
oxide traps instead located near the interface, can easily interact with electrons
coming from the silicon substrate. This allows it to quickly respond to changes
in polarization and switch from a positive to a neutral configuration. These traps
are commonly referred to as "border traps" [49, 50]. As a general guideline, any
E’ center located within 3nm from the Si/SiO, interface are classified as border
traps [51].
The charge build-up process can be described mathematically as:

Anth (X7 AD) =

Fo ()0 (Box () Nug () — 13 (0] — Fu(0)on(Eon (e ()

Where, Fy(x) and Fo(x) are the local fluences per unit of dose for radiation-
generated holes and electrons; ny(x) is the local density of trapped holes; Ny (x) is
the local density of hole traps; oy is the local oxide filed-dependent cross-section
for recombination of an electron with a trapped hole and o, is the local oxide field-
dependent cross-section for recombination of an electron with a trapped hole. The
first part takes into account that, starting from initial fluences per unit of dose of
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generated holes, some of them will be captured, hence the presence of the cross
section term. The difference [Ny, (x) — ny(x)] represents the empty traps state,
so the ones that are actually participating in the charge build-up process. The
second operand of the equation refers to electrons and since they have a negative
impact (due to the recombination process) in charge accumulation, this term must
be subtracted from the first. At this point, the areal charge density referred to
the SiO4/Si interface is given by:

tox
1
ANy = t—/nht(x)x dx (2.5)
oxX 0

The threshold voltage shift that results from the trapped holes (AVy) is [23]:

Avot == —itOXANOt (26)

6OX

The flatband voltage shift is quadratically dependent on the oxide thickness,
since the term AN, is proportional to t,.. The continuous thinning of the gate
oxide thickness with technology scaling is therefore enhancing the radiation hard-
ness of gate oxides. While this behavior holds for ¢,, > 20nm, below 20 nm the
dependence is even more pronounced as it can be observed in Fig. 2.8 In Fig2.8]
the flatband voltage shift in MOS capacitors has been measured at T = 80K
[52, B3] so that holes cannot promptly move from their generation point therefore
preventing the formation of interface traps (as it will be shown in the next section)
[54].

The greater reduction in AVgg for thinner oxides has been attributed to the
enhanced possibility of charge compensation by the electrons tunneling from the
silicon substrate [52], 53].

2.2.6 Interface Trapping

The production of hydrogen ions H™ due to the reaction of holes with hydrogen
(subsection 2.2.4) in SiOj is the primary precursor to interface trap formation. In
the presence of a positive bias applied to the gate, H is directed to the SiO,/Si
interface where it can depassivate a Si — H bond. The depassivation ends with a Hy
and a Si dangling bond, i.e., a Si atom bonded with other three Si atoms and with
an unpaired electron, a defect named P, center [55, 56] 57]. Temperature and/or
electric field can strongly affect the development of interface traps as depicted
in Fig. 2.90 The creation of interface traps is a much slower process than the
trapping/annealing of oxide traps. In fact, at room temperature, saturation is
reached in 1000s, whereas it is ~ 10s for oxide traps.

Interface traps annealing is also slower and might be evident only at high
temperatures [59, [60].

As with the oxide traps, the density of the interface traps is also lower for
thinner oxides, thus confirming that technology scaling improves the radiation
response of MOSFETs devices. [61], 62]. Py, centers are amphoteric, i.e., they can
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Figure 2.8: Flatband threshold voltage shift for different oxide thicknesses (tox)
measured at 7' = 80K. For tox > 20nm, the shift is o t3y as described in [2.6]
For tox < 20nm, the dependence is even steeper than the expected quadratic
dependence.
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(b) Electric field dependence of interface traps in Al-gate MOS
capacitors irradiated with electrons at room temperature. The
capacitors were irradiated to 800 krad(SiO,) with a 4ps 13MeV
pulse [57].

Figure 2.9: Influence of temperature and electric field on interface traps buildup.
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Figure 2.10: Energy band diagram of MOS devices: The net trapped charge
at the interface is determined by the position of the Fermi level at the channel
surface. (top) Off-state, where the channel is in accumulation, and (bottom) On-
state, where the channel is in inversion. Here, EC represents the conduction band
energy level, E); is the midgap, Fr is the Fermi level, and Fy denotes the valence
band energy level.

be positively charged (donor) or negatively charged (acceptor) depending on their
energy level with respect to the midgap (Ey) and Fermi level (Ep). Generally,
traps in the lower portion of the band gap are predominantly donors, i.e., they are
likely to "donate" an electron when above Ep becoming positive and are neutral
when below. Contrary, defects in the upper portion of the band gap are for
the majority acceptors, meaning that they tend to "accept" an electron from
the silicon becoming negatively charge when below Ep and neutral above [63,
57]. Consequently, while the oxide charge is always positive, the charge of an
interface trap can be readily altered by applying an external bias. In an n-type
device, where a positive gate bias is typically employed, the interface traps will
predominantly be negatively charged, whereas in p-type devices they are positively
charged. Consequently, since the oxide charge is positive for n/p MOSFETS,
the oxide charge and interface charge tend to compensate for nMOS and add up
for pMOS, resulting in a significant difference in the radiation response of these
two devices. Fig. [2.10] schematically summarizes the process of interface charge
trapping in MOS capacitor.



Chapter 3

General Elements

This chapter presents an overview of the experimental setup used in all X-ray
irradiation tests discussed in this thesis, along with a discussion of key parameters
that will be employed to evaluate the behavior of MOS transistors.

3.1 Experimental Setup

3.1.1 X-ray Machine Details

%0Co is the reference radiation source for TID tests specified in many standards,
such as ESA ECSS. However, %°Co sources are generally characterized by a rela-
tively low DR. As the electronics of the HL-LHC upgrade will have to withstand
extremely high radiation levels, ®Co tests would not be feasible due to the time
required for each test. In recent years, X-ray machines have become a popular
alternative for TID testing because they are easy to manipulate (less restrictive
safety protocol), provide results comparable to ®°Co, and offer a very high dose-
rate. For this reason, the Microelectronics (ME) section of the Electronics Systems
for Experiments (ESE) at CERN operates two Seifert RP149 X-ray machines with
a 10keV irradiation source. The irradiation setup is similar to the one developed
by in 1982 by Palkuti and LePage [64]. These machines can deliver a very high
DR with a maximum of about 10 Mrad(SiO,)/h, which means that it takes about
5 days to perform an irradiation to 1 Grad(SiO2).

In the Seifert RP149, X-rays are generated from electrons at 40keV hitting
a Tungsten target. The tube is sealed using a Beryllium window of 250 pm and
an Aluminium filter of 150 pm is used to filter low-energy photons, eventually
generating an X-ray spectrum with a peak around 10keV [64]. The X-ray spectrum
is reported in Fig. 3.1} The three peaks around 8, 10, 11keV correspond to
specific L-lines of tungsten, i.e., transition that involve electron from the L-shell
respectively Lq,,Lg,,L.,. The part of the spectrum with energies above 11keV is
instead due to Bremsstrahlung interaction with the tungsten where the electrons
are slowed down by nuclear interaction with tungsten resulting in photon emission
[65]. To prevent the X-rays from reaching the external environment, the machine
is enclosed within a protective cabinet.

17
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Figure 3.1: X-ray spectrum generated by the irradiation system. The beam inten-
sity is normalized to that at 10keV.

The dose-rate mapping of the beam of the Experimental Physics - Electronics
Systems for Experiments (EP-ESE) irradiation setup is done using a pre-calibrated
Positive Intrinsic Negative (PIN) diode [64, [66]. In a reverse-biased PIN diode, the
depletion region invests the entire intrinsic region, and the current is proportional
to the electron-hole pairs produced by the incident photons. Consequently, it is
possible to measure the DR by subtracting the current before exposure (Igax)
from the measured current (lexposure) i order to obtain the photo-current, and
then multiplying the result by a given coefficient as:

DR = ﬁ : ([exposm"e - ]da'rk> = ﬁ : Iphoto—current (31)

In order to obtain the spatial distribution of the dose-rate, the diode is moved
to different positions relative to the tube. An example of the calibration map is
reported in Fig. for a distance between the tube and the diode of 2cm and
with input voltage 40 keV and current 50 mA.

3.1.2 DUT and Measurement Setup

In all the experiments reported in this thesis, the Device Under Test (DUT) is a
silicon die fabricated as an ASIC containing MOS transistors divided into several
arrays, each array being designed specifically to study a particular aspect of ra-
diation response. Two pad columns constitute an array, as shown in Fig. [3.3] To
maximize the number of transistors on a single ASIC, in most cases the devices
in an array share gate, source and bulk terminals. The transistors are protected
with customized Electrostatic Discharge (ESD) protection circuits.

A custom-designed probe card with needles of a few um is then used to mea-
sure these ASICs. The probe card’s needles are manually connected to the DUT
assisted by a Charged-Coupled Device (CCD) camera. The mechanical friction
caused by the needles removes the thin oxide layer covering the pads, exposing



3.1. EXPERIMENTAL SETUP 19

DR [Mrad/h]

y [mm] 5 -8 x [mm]

Figure 3.2: Dose-rate map measured at 2cm from the diode with X-ray tube set
at V =40kV and I = 50mA.

Figure 3.3: Custom designed ASIC for radiation studies.
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Figure 3.4: EP-ESE-ME setup.

the metal layer and thus creating the electrical connection. Before the DUT is
positioned in the machine, it is attached to a copper plate and placed on a ther-
mal chuck whose positioning is controlled by a customized external system. The
electrical isolation and a good thermal exchange are ensured by using a thermal
pad between the chip and the block and between the block and the thermal chuck.

The transistors can be heated or cooled via the thermal chuck which can
provide temperatures in the range —50°C to 100°C. For irradiation at T <
0°C, the cabinet is filled with dry air to prevent ice formation. The irradia-
tion/measurement setup is illustrated in Fig. [3.4h, where all the instruments are
highlighted.

Fig. illustrates the inside of the cabinet of the X-ray irradiation system.
Each needle is connected via Lemo triaxial cables to a Keythley 707A switching
matrix that houses 3 7072 matrix cards with 12 outputs each and is responsible
for routing signals from the devices to a Keythley 4200A-SCS semiconductor an-
alyzer. The Keythley 4200A analyser is equipped with 6 Source Metering Units
(SMUs) that allow simultaneous sourcing and measurement to perform DC char-
acterization.

The switching matrix can also connect two more input signals in addition to
the 6 channels connected to the semiconductor analyzer, these two channels are
usually connected to a voltage generator to provide a bias to the DUT during
irradiation and/or annealing. Typically, an irradiation test consists of several
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irradiation steps, each followed by measurements. After a measurement step, the
bias is applied again and the DUT is irradiated at a target dose before being
measured again. Every aspect of the test, apart from connecting the chip, is
automated using customized LabVIEW software. Post-irradiation annealing is
usually performed in the same setup, but sometimes the ASIC is removed from
the X-ray machine and connected to another setup with the same characteristics
of the one described in this chapter apart for the semiconductor analyzer which
in this case is an HP-4155B.

3.2 MOS Transistor Parameters

In the course of this thesis, we will repeatedly use different parameters extracted
from the Ip—V curves of the measured transistors. Since each of these parameters
can be extracted in different ways, it is good to define what these parameters are
and how they were extracted. Fig.[3.5h, reports the Ip — Vi of an n-type transistor
in 65 nm CMOS technology measured in linear region, Vpg = 20 mV sweeping the
gate voltage from —0.2V to 1.2V while Vs = Vg = 0V. We define as I3 the
maximum drain current reached at Vi = Vpp. The threshold voltage in hnear
region, V& which indicates the minimum gate voltage to pass from the OFF
state to the ON state of a transistors, is extracted with the linear extrapolation
method [67, 68]. This method is based on the definition of the drain current in
the ON region as:

Vis

: (3.2)

- w
Iy = I,LLCOX (Vas — Vi) Vps —

where width (W) and length (L) are the channel width and length, respectively,
1 is the mobility measured in m? /V and Cpx is the oxide capacitance, measured
in F/m?2. The peak of the transconductance g = 91 /0Vgs (red dashed lines)
is used to determine the region where the drain current is best described with [3.2]
The V2 is defined as the intersection between the Ipg = 0 A and the linear linear
fit of the characteristic (black dotted line) minus Vpg/2. Both the ¢g* and the
mobility p are on their own two important benchmarks used to investigate the
response of MOS transistors to radiation.

From the Ip — Vi in saturation region (Fig. [3.5p), are highlighted three other
key parameters: on current (I&%), the leakage current(Ippr) and the subthreshold
swing (S%%). Asin linear region, the I3 is the drain current at the maximum gate
voltage whereas the Ippp is the Ip at VGS =0V, i.e. the current that flows into
the channel when the transistor is supposedly off. The subthreshold swing, S,
is the reciprocal of the slope of the Ip — Vi curve in logarithmic scale below the
threshold voltage, typically measured in mV /dec. The linear extrapolation method
in saturation region is employed to extract the threshold voltage in saturation
region, V3¢ [69, 68, [70]. The method is based on the description of the drain
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current in saturation region as:

%%
Ifs = EMCOX(VGS — Vi)? (3.3)

As illustrated in Fig. , the V79t can be extracted as the intersection between
the linear fit of the square root of Eq. [3.3| and the /Ipg = 0 AY2.



Chapter 4

Radiation-Induced Effects in
Advanced CMOS Nodes

In Chapter[2] the charge build-up processes that occurs in oxides following expo-
sure to ionizing dose were discussed. It is now well established that gate oxides are
almost immune to ionizing radiation [71], 24], as their thickness is less than 3 nm,
increasing the possibility of tunneling and thus making charge trapping highly un-
likely. Studies conducted by Faccio and co-workers in [72] on the 130 nm CMOS
technology node, which gate oxide is around 3 nm, demonstrated the immunity of
TID for thin gate oxides up to ultra-high doses.

However, the STI and the spacers oxide are two additional oxides present in
a typical MOS structure. The STI is used to isolate adjacent MOSFETs [73]
whereas the spacer oxides are positioned alongside the polysilicon gate to allow
the implantation of Lightly Doped Drain (LDD) extensions [74]. Contrary to the
gate oxides, STI and spacers are much thicker and richer in defects therefore more
prone to trap charge.

This chapter will provide an overview of the main TID-induced effects observed
in nanoscale CMOS technology nodes. An in-depth discussion of these effects was
provided by Borghello in [8]. As will be discussed further in Chapter, radiation
significantly increases device-to-device variability [75]. Therefore, rather than fo-
cusing on the absolute value of each parameter after irradiation, it is more relevant
to asses the general trend of its response to radiation.

The discussion will focus mainly on the 65 nm CMOS technology node, and
many of these results have also been reported in:

[9] Borghello, G., Lerario, E., Faccio, F., Koch, H. D., Termo, G., Michelis,
S., Marquez, F. J., Palomo, F. R., Munoz, F. (2021). "lonizing radiation damage
in 65 nm CMOS technology: Influence of geometry, bias and temperature at ultra-
high doses". Microelectronics Reliability, 116, 114016.

24
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Source

Figure 4.1: Visual representation of the parasitic channels created by the charge
trapped in the STI in an nMOS transistor. After [§].

4.1 Effects Induced by Charge Trapping in STI

Ionizing radiation effects related to the presence of STI are a well known prob-
lem for the radiation hardness of CMOS technology. Many studies have been
conducted on these oxides, especially for TID < 1Mrad(SiO,) [76, [77, 24], level
of dose compatible with space missions. Irradiation to ultra-high doses, has re-
vealed additional details about the physical mechanisms influencing these effects
[78, [79]. In the following, two main phenomena are discussed: the radiation-
induced drain-to-source leakage current and the Radiation Induced Narrow Chan-

nel Effect (RINCE).

4.1.1 Radiation-Induced Drain-to-Source Leakage Current

The radiation-induced increase in leakage current is one of the most relevant prob-
lems in CMOS technologies, since it has a direct impact on power consumption
[80]. It is an effect common to all CMOS technology, from older nodes [81] to more
advanced ones [82] or non-planar technology such as Fin Field-Effect-Transitors
(FInFETs) [83) [79]. The increase in leakage current is mainly attributed to the
radiation-induced charge trapping in the STI |78, 84 [72]. For an nMOS, trapped
holes in the STT can invert the p-type substrate along the STI sidewalls and open
two parasitic leakage paths parallel to the main channel as shown in Fig. 18]
This allows the current to flow from drain to source even if the main transistor
is turned off. In contrast, in pMOS the positive charge repels the holes near
the STI/n-substrate interface, preventing the formation of such parasitic channels
22, 182].

The effects of the activation of the parasitic channels on the drain current
are illustrated in Fig. 4.2l Three n-type transistors in 65 nm with same channel
length L = 0.06 pm and different width from 0.06 to 1.2 pm were irradiated to
1 Grad(SiO,) with Vgg = Vps = Vpp = 1.2V during irradiation at room temper-
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Figure 4.2: Ip — Vi curve of nMOS with W = 0.12,0.24,0.6 pm and L = 0.06 pm
in 65 nm before irradiation (solid curves) and after 1 Grad(SiO,). The irradiation
provoked an increase of leakage current of ~ 2 orders of magnitude.

ature. The opening of the parasitic channels caused an increase of the off-current
of about 2 orders of magnitude.

A proof that the increase in leakage is caused by the parasitic channels and not
the main channel comes from the observation that for Vg < 0V the drain current
is independent of the gate voltage. This also indicates that the charge responsible
for this effect may be located in the lower part of the STI where the influence of
the gate voltage is lower [84] [85].

The length of the parasitic path is comparable to the length of the main transis-
tor (the leakage current flows from source to drain), whereas the width is defined
by the spatial distribution of trapped charge along the trench. Therefore, the
Iopr follows a 1/L trend as it can be deducted from Fig. 4.3 The I&%, of nMOS
transistors with different aspect ratio in 65 nm node is reported before and after ir-
radiation to 500 Mrad(SiO,). Before irradiation, the leakage current is dependent
on the W/L ratio of the devices, i.e., the larger the ratio the higher the current.
At ultra-high doses the current flowing in the parasitic channels overcomes the
current flowing in the main channel, i.e., the pre-rad value. As a result, the cur-
rent is dependent only on the length of the transistor, in fact, it is comparable in
devices with the same length and different width. For devices with higher initial
I ., the effects of the radiation-induced leakage current starts to become evident
at higher levels of TID, since more charge is needed to induce enough parasitic
current to overcome the leakage of the channel. As a consequence, for a given
channel length, wider transistors have a smaller difference between pre- and post-
irradiation I&% (e.g., comparing 0.12 x 0.06 and 1 x 0.06 in Fig. [9].

It is known that the off-current increase in older CMOS technology nodes,
as 130nm, is sensitive to the bias during irradiation, with greater degradation
occurring when a gate voltage is applied [86] [87]. Given that the polysilicon/metal
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Figure 4.3: TID-induced off current increase of nMOS in 65nm with different
aspect ratio. Devices with different width and same length show the same I&} .,
indicating that the parasitic current is dominating over the main channel leakage.

gate typically spans the STI, gate bias should have an impact on the electric field
in the trench which in turn will affect the charge distribution [85, [88]. However in
more advanced CMOS node, it was not possible to define a real worst case bias
for this effect. Results in both 65 nm [9] and 28 nm CMOS nodes [89} [82], showed
that the bias during irradiation has a marginal influence on the radiation-induced
leakage current increase. This can be seen in Fig. for a minimum size nMOS
in 65 nm. The device was irradiated to 1 Grad(SiO,) in diode (Vgs = Vps = Vpp)
and onlyVps (Vgs = 0V,Vps = Vpp) bias configuration.

Despite the radiation response for Vi; > 0V is dependent on the applied bias,
at Vo < 0V the parasitic current is the same for the two bias configuration, prov-
ing that in this technology, the radiation-induced leakage is negligibly influenced
by gate bias during exposure. However, as it will be discussed in Chapter [ the
radiation response is strongly dependent on the manufacturing process, and there-
fore the bias independence of the off current increase should not be considered a
general behaviour for all CMOS technologies.

Generally, the parasitic current anneals quickly, indicating that the opening of
the parasitic path is due to positive charge captured in low-energy defects within
the trench [8, 9]. A few hours at 7' = 100°C are usually enough to restore the
current to its pre-irradiation value.

One solution to suppress the radiation-induced leakage current available in
CMOS technologies from 250 to 40 nm was the introduction of Enclosed Layout
Transistor (ELT) (Fig. [90, 91), 92}, 21]. In an ELT transistor, the STI oxides
are not in direct contact with the channel, making it impossible for the charge
trapped within them to create leakage paths. However, the aspect ratio of an ELT
is invariably greater than that of a standard transistor with an equivalent channel
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Figure 4.4: Influence of bias during irradiation of minimum size nMOS transis-
tors. The device was irradiated in "diode" (Vgs = Vps = Vpp) and "onlyVpg"
Vas = 0V, Vps = Vpp configuration. The off-current increase (Vg < 0V) is not
dependent on the applied bias.

length, limiting its use in very high power designs. Furthermore, ELTSs are no
longer available in modern CMOS technology such as 28 nm.

4.1.2 Radiation Induced Narrow Channel Effects

The charge trapped in the STT is also responsible for the dependence of the radi-
ation response on the width of the transistor [87]. The electric field generated by
the trapped positive charge influences the electric field in the main channel, caus-
ing variations in threshold voltage and transconductance. In narrower devices, a
larger portion of the channel is affected by this lateral electric field, resulting in
greater sensitivity to TID as illustrated in Fig. [4.6] This phenomenon is therefore
known as Radiation Induced Narrow Channel Effects [72], [§].

The effects of RINCE on transistors in 65nm are illustrated in Fig. 4.7 The
devices were irradiated to 400 Mrad(SiO,) with bias Vs = Vps = 1.2V. The
choice of long transistors is to reduce the contribution of radiation-induced short
channel effects which will be discussed in the next section.

The IE% is decreasing as the TID increases and the degradation is more se-
vere in narrower transistors for transistors of both polarity. In nMOS for TID <
2 Mrad(Si0,), there is an increase of the on-current caused by the positive charge
trapped in STT which lowers the threshold voltage. After 2 Mrad(SiO,), the build-
up of negative interface starts to compensate for the effects of the positive charge
eventually decreasing the current. In pMOS since the charge in the oxides and
at the interface has the same sign (positive) the two effects combine, leading to
a grater degradation. This is observed in all CMOS nodes as it was explained
in Chapter 2] The TID-response of the on-current is caused by the effects of
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Figure 4.6: Schematic representation of charge accumulation provoking RINCE
for wide (top row) and narrow (bottom row) nMOS transistors. The narrower the
transistors the larger is the portion of the channel (orange area) affected by the
electric field generated by the charge in the STT [§].
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Figure 4.7: Percentage variation of the IZ% of long channel MOS transistors irra-
diated to 400 Mrad(SiO,) in diode configuration. The degradation is more evident
on narrower devices.

the charge in the STI on both the V33 and ¢** as illustrated in Fig. for the
narrowest and widest devices of Fig. [4.7]

Although the increase in leakage and RINCE are both caused by the charge
trapped in the STI, they seem to behave differently. The leakage current increases
monotonically, for example in 65-28 nm [9], 82], while the RINCE exhibits a re-
bound. Their different behavior is also evident from the bias dependence of the
RINCE shown in Fig. 1.9

Bias during irradiation has an influence on RINCE with nMOS devices being
more sensitive to the applied bias. After the peak, a Vzg > 0V tends to decrease
the current while applying a Vpg > 0V provokes a second increase of the current
which does not saturate even at 700 Mrad(SiO,). Such effect is called Ultra-
high dose Drain Current Increase (UDCI) and was briefly studied in [8]. P-type
transistors, instead, exhibit a mild dependence on bias only at ultra-high doses
where applying a negative bias to the gate provokes the largest degradation.

The reason for the difference between off-current increase and RINCE could
be related to the location of the charge in the STI. As suggested by Bonaldo and
co-author for the 28 nm node [93], RINCE might be caused by the charges trapped
in the corner of the STT near the channel whereas the leakage increase could be
caused by the charges located deeper in the trench where it is easier to open the
parasitic path.

4.2 Radiation-Induced Short Channel Effects

Spacers are insulating layers used during the manufacturing process in advanced
CMOS technologies to enable the implantation of LDD needed to reduce effects
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Figure 4.9: Influence of bias during irradiation on the radiation response of narrow
and long transistors. For TID<10 Mrad(SiO,) only nMOS exhibit a slight depen-
dence on bias. For higher doses, the influence of bias becomes evident with the
"onlyVes" (Vs = +£1.2V,Vps = 0V) configuration inducing the largest degrada-
tion of the IZ%,.
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Figure 4.10: Percentage variation of the I&% of wide channel MOS transistors
irradiated to 400 Mrad(SiO,). The degradation is more evident in shorter devices.

such as hot carriers [94]. The spacers usually consist of an approximately 10-20 nm
layer of SiO, topped by a thick layer of SigNy [95]. These oxides are generally made
by a Chemical Vapor Deposition (CVD) technique, so they have lower quality than
thermally grown gate oxides. The thickness and poor manufacturing quality make
the spacers susceptible to charge trapping. Spacer-related effects are evident only
for doses above 1 Mrad(SiO,), doses much higher than those of interest for space
applications. Studies on these effects have been conducted only in recent years
and particularly on the 130 nm [72] and 65 nm nodes [8, @, 96, 15].

The term Radiation-Induced Short Channel Effects (RISCE) indicates the de-
pendence of radiation response on transistor length, with shorter devices exhibit-
ing greater degradation, hence the name. Since these effects have been extensively
treated for the 65 nm CMOS node, RISCE will be discussed with reference to
transistors of this technology.

Fig. [4.10] shows the radiation response of wide nMOS and pMOS exposed to
400 Mrad(SiO,), ELTs and wide transistors are particularly useful for studying
spacer-related effects because of their lower sensitivity to accumulated charge in
the STI, as previously discussed.

There is a relevant %, decrease during irradiation for transistors of both
polarities. The magnitude of the degradation is dependent on channel length,
with the minimum length devices exhibiting the largest degradation.

The causes of degradation have been studied in the literature [95, 8] and two
mechanisms were identified as the underlying causes:

e build-up of charge in the spacers which increases the source-drain resistance
which reduces the effective Vgs,Vps,Vrm;

e temperature activated transport of HT into the gate oxide where they form
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interface traps causing significant threshold voltage shift;

In pMOS, the transport of charge appears only at high temperature making it
possible to study the two effects separately therefore the discussion will focus on
these devices [95].

The decrease in on current (Fig. ) during irradiation is caused by the
charge trapped in the spacer, which locally reduces carrier concentration increasing
the series resistance (Rgsp). While the Rgp is more or less the same regardless
of transistor size, the current through it is greater in shorter transistors and thus
the effects are more pronounced [72]. The variation of Vry during irradiation is
almost negligible (excluding the minimum length) and therefore could not explain
the observed current decrease as shown in Fig. 4.11p. During high temperature
annealing, the transport of HT from the spacers to the gate oxide is activated and a
significant shift of the threshold voltage occurs, which causes a further decrease of
the current, as shown in the right side of Fig.[4.11] The RISCE is influenced by the
bias applied during the exposure and the diode configuration (Vgs = Vps = Vpp)
is the bias that causes the maximum degradation [72, [05]. The effects of RISCE
are instead milder at lower temperature [95].

Theoretically in MOSFETs, source and drain should be symmetric, i.e., no
difference should appear in the device characteristics when switching their role.

However, post-irradiation annealing at high temperature makes the transistor
highly asymmetrical. Fig. shows the V3! extraction of pMOS ELTSs of three
different lengths after irradiation and after high temperature annealing. The de-
vices were measured in nominal nominal (NOM) and reverse (REV) configuration,
i.e. with the source and drain terminals reversed with respect to their roles during
irradiation and annealing. After irradiation, the threshold voltage shift is negligi-
ble and almost identical in NOM and REV. After annealing, a strong shift of the
threshold voltage as a function of channel length is observed, which is more severe
in NOM [9]. This asymmetry only appears when a drain bias is applied. Applying
a Vps < 0V bias, inhibits the transport of H" on the drain side and facilitates it
on the source side in pMOS devices, whereas the dual happens for nMOS.

RISCE is an effect observed in the 130-65 nm CMOS technology nodes. How-
ever, it should be noted that in the more advanced 28 nm node this effect was not
observed. The figure shows the radiation response of transistors of different lengths
in the 28 nm CMOS technology. A different dependence of the radiation response
on the channel length can be observed. In this node, the use of short-channel
transistors results in better radiation hardness as illustrated in Fig. [4.13]

This Reverse Radiation Induced Short Channel Effect was explained by Bonaldo
and co-authors in [11]. The decreased sensitivity of short channel devices was ex-
plained as induced by the overlap of halo implants in short channel transistors as
it will be discussed in the next section. Halo implants are very often employed
in modern CMOS technology to reduce the impact of short channel effects [97].
Moreover, in the 28 nm we do not observe the temperature-activated transport of
hydrogen and the consequent asymmetry, confirming that down-scaling improves
the radiation response of CMOS technology.
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Figure 4.11: %I%% (top) and AV (bottom) of wide channel pMOS devices irra-
diated at room temperature and then annealed at 1" = 100 °C. High temperature
provokes an additional decrease of the Ipy.
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Figure 4.13: Percentage variation of the on-current of short channel n-type transis-
tors in 28 nm CMOS technology. Shorter devices exhibit a less severe degradation
as a consequence of the overlapping of halo implants.
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long channel (right) nMOS. In core transistors usually anti-punchthrough and halo
implanations are employed (bottom). After [10].

4.3 Halo Implants Influence

The continued scaling of technology nodes has highlighted the limitations of tra-
ditional CMOS fabrication techniques, necessitating the development of new so-
lutions. One such problem is the punch-through effect, which results from the
short channel length in smaller devices [98, 99]. As the channel length (L) ap-
proaches the depletion width of the source/drain junction, there is an increase in
leakage currents, a degradation of the subthreshold oscillation, and a reduction
in the threshold voltage. In addition, very short channel lengths increase the risk
of transistor response collapse due to very high leakage currents and loss of gate
control over the channel [100] [I0I]. To overcome these limitations two different
solutions are employed in modern MOS transistors: anti-punchthrough implan-
tation and halo implantation. Punchthrough implantation are a highly doped
bulk-region implanted a few nanometers under the gate oxide, whereas halos are
implanted close to source and drain implants deeper in the bulk, as summarized
in Fig. [10]. Halos prevent the loss of L.¢y by limiting the expansion of the
source/drain depletion region into the channel area [102], T03]. Consequently, the
bulk doping is no longer uniform.

Over the years, different studies proved that increasing the doping of the bulk
doping along the STT sidewalls reduces the radiation-induced leakage current [104]
84, 85]. Therefore, since the halo implants affect the doping in channel area along
the STI sidewall they can influence the radiation response of MOS transistors.

The overlapping of halo implants in short channel transistors can result in an
improved radiation-response with respect to longer channel transistors, an effect
called Reverse Short Channel Effect (RSCE) [11), 10, T05]. This effect is visible
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Figure 4.15: A top view of pMOS transistors is shown along a horizontal cut-
plane just below the gate oxide in both long and short channel devices. This
schematic illustrates theTID mechanism associated with STT (Shallow Trench Iso-
lation) charge buildup, as well as the effect of halo implantation in narrow MOS-
FETs biased in strong inversion and the linear region (low Vpg). Red arrows
represent the current flow in the channel, while yellow areas denote the surface
regions that, due to the trapped charge in the STI, are not in inversion. The
shaded green areas indicate the bulk doping level, with the dark green regions
highlighting the halo implantation areas. After [11].

only in narrow channel transistors where the radiation response is dominated by
charge trapped in STI. Bonaldo and co-authors explained RSCE as a result of the
threshold voltage increase caused by the overlapping of halos in short channel.
Such increase is also responsible of the improved radiation response of short chan-
nel transistors compared to longer channel devices, contrary of what observed in
previous CMOS nodes (RISCE). In particular, in short-channel devices, the over-
all increase of the bulk doping caused by the halo reduce the extension of the
lateral not-inverted regions responsible for RINCE as depicted in Fig. This
was proved by Bonaldo and co-authors via TCAD simulations in [11].

The improved radiation response of short-channel devices is a common feature
of aggressively scaled CMOS technology as observed also in the 28 nm CMOS tech-
nology treated in this thesis (Fig. and in more advanced FinFET technology

|83, 106].

4.4 Enhanced Low Dose-Rate Sensitivity

ELDRS describes the more severe degradation that devices exhibit when exposed
with low dose-rates compared to that measured at high dose-rates. In some cases,
this difference can be several orders of magnitude and is a major problem in ra-
diation hardness assurance. The problem is caused by the fact that, generally,
radiation qualification tests are performed at high rates and thus may underes-
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Figure 4.16: Evidence of ELDRS of the leakage current of MOS transistors in
180 nm technology. After [12]

timate the damage in low rates radiation environments. Although ELDRS is a
known problem in Bipolar Junction Transistor (BJT) devices, MOSFETs are gen-
erally considered immune to dose-rate effects. However, in the 2000s it was shown
that MOS transistors in 350 nm, 250 nm and 180nm also suffer from ELDRS.
Fig. reports a representative example of the ELDRS of the leakage current
of devices in 180 nm suggesting that in these technologies STI mechanisms were
influenced by DR. It is evident that for any combination of irradiation + anneal-
ing time, the leakage current is higher in devices irradiated at lower dose-rate.
However, in the same study, devices from two other CMOS technology processes,
500 nm and 350 nm, did not exhibit any dependence on DR. This results highlights
that ELDRS depends strongly on the manufacturing process. More recently, it
has been shown that the effects related to spacer oxides in 130 nm and 65 nm are
susceptible to true dose-rate sensitivity. In this section, ELDRS will be discussed
focusing on this latest node. The following discussion is based on:

[15] Borghello, G., Faccio, F.,Termo, G., Michelis, S., Costanzo, S., Koch, H.
D., Fleetwood, D. M. (2021). "Effects of bias and temperature on the dose-rate
sensitivity of 65-nm CMOS transistors". IEEE Transactions on Nuclear Science,
68(5), 573-580.

4.4.1 ELDRS in 65nm CMOS technology

The dose-rate dependence of the damage in pMOS transistors is shown in Fig.
for a standard 1.32 pum x 0.06 pm irradiated in diode configuration (Vg = Vpg =
Vpp) up to 50 Mrad(SiO,). The device was irradiated at different dose rates
ranging from 30 krad(SiO,)/h to 10 Mrad(SiO,)/h at T' = 25°C. It is evident that
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Figure 4.17: %I, degradation for standard 1.32 pum x 0.06 pm pMOS transistor
irradiated to TID = 50 Mrad(SiOy) with different DRs. Lower DRs cause more
degradation.

devices irradiated at a lower dose rate show greater degradation, which almost
doubles in the case of the highest dose rate compared to the lowest dose rate. It
is important to note that the “enhanced” degradation appears to saturate around
100 krad(SiO,)/h, which means that, at least for this technology, it is possible to
test directly under this worst-case scenario while saving a great deal of time and
funds.

To understand whether dose-rate sensitivity is caused by effects occurring in
the STT and/or spacer oxides, irradiation campaigns were carried out using ELTs
and narrow and long (NAL) transistors. As highlighted in the previous sections,
ELTs allow the study of spacer-related effects, while NAL allow the study of STI-
related effects. The results of this investigation are reported in Fig.

The time scale in the two experiments considered is significantly different, with
the High Dose-Rate (HDR) test being 100 times faster than the Low Dose-Rate
(LDR) one. To rule out time-dependent effects, and to make sure that what it is
observed is a true dose-rate dependence, the devices irradiated at HDR have been
kept under bias at T" = 25°C for the time required by the LDR experiment to
reach the same dose. This ensures that the larger degradation in the LDR test is
caused by a true enhanced dose-rate sensitivity.

The narrow /long device is more damaged by TID but its degradation is almost
the same for the two different DRs, indicating that the mechanisms taking place
in the STT are mildly influenced by dose-rate. In the ELT device, the damage at
the end of irradiation is almost double in the LDR experiment compared to the
HDR one. Since ELT devices are immune from STI-related effects, it is safe to say
that the different degradation must be due to radiation effects taking place in the
spacers. The same conclusion is true also for nMOS as indicated by the results in

Fig. 1.19
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Figure 4.19: Percentage variation of the I&% for ELT and 0.12 pm x 10 ym (NAL)
nMOS irradiated to TID = 50Mrad(SiO2) with 10 and 0.1 Mrad(SiO3)/h DRs. As
for pMOS, the x-axis reports time to allow a direct comparison between HDR and
LDR irradiation. The dotted line indicates the end of high dose-rate irradiation.
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Figure 4.20: The dose-rate dependence saturates at both high and low dose rates,
resulting in a characteristic inverted S-shaped curve. Fig. [£.20h illustrates this
behavior for bipolar devices ([13, [14]), while Fig. presents the results for
MOS transistors in 65 nm CMOS technology (|15]).
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The physical mechanisms driving ELDRS in CMOS devices appear to be well
described by the models originally developed for bipolar transistors. The increase
in leakage current observed at low dose rates in [12] is attributed to the modu-
lating effect of space charge on the trapping and annealing dynamics within the
STI. Measurements at various temperatures and dose-rates were performed on the
65 nm CMOS node. The results showed that, for a given TID, current degradation
saturates at both high and low DR, forming the characteristic inverted S-shaped
curve measured in BJT devices sensitive to ELDRS [25, 107, 108, 109], 110} 14].
The comparison between the S-shaped plot in BJT and the results obtain in MOS
transistors is reported in Fig. which confirms the similarity between the two
physical mechanisms. It is important to note that, at low temperatures, the en-
tire S-curve shifts towards lower dose rates. A similar shift in the S-curve was
predicted for bipolar devices in [110].



Chapter 5

Enhanced Process Variability of
CMOS Technology at Ultra-High
Doses

As semiconductor technologies continue to shrink, achieving higher integration
density and improved chip performances, the effects of process variations have
become one of the main issues in modern CMOS technology [ITI]. Process vari-
ations refer to all those fluctuations of the fabrication process that directly affect
the electrical characteristics of interconnections and transistors, with the latest
being the focus in this chapter. Such process variations can be either systematic,
and therefore predictable, like variations due to lithography or doping profiles,
or non-systematic variations which are less predictable and exhibit randomness.
Process variations have a direct impact on the functionality of any chip since they
increase mismatch and impacts the long-term reliability as it affects aging and
wear-out mechanisms.

In recent years, many works focused on device-to-device variability showing
how these variations in the manufacturing process could cause significant effects
on the performance of virtually identical transistors [112], [113]. In the case of MOS
transistors, the increase in variability in as-processed devices is primarly caused
by minor variations in the production process, such as random dopant fluctuations
[114], oxide thickness variations [113] and hydrogen concentration variations [I15].
Several studies showed that the random statistical fluctuations in manufacturing
process impact the radiation response of a given technology [116, 117, [75], 118, 1T9].
The production of radiation defects involves quantities such as dopants, hydrogen
contents (see Chapter[2)) therefore radiation can exacerbate the differences between
theoretically identical devices which might not be as visible before irradiation. As
a result, variability increases the costs and complexity of the radiation qualification
process [120].

An extreme fab-to-fab variability was observed also in the 130 nm and 65 nm
CMOS technology used for the ASICs developed for the upgraded High Luminosity
LHC (HL-LHC) physics experiments. This mandated constant monitoring of the
TID response of such technology to verify the consistency of the manufacturing
process over time. To that end, technology monitoring chips have been added to

43
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each production run of ASICs for particle detectors designed in the EP-ESE-ME
section at CERN.

As of 2014, 22 chips from 3 different fabs in 130nm and 10 chips from 2
different fabs in 65nm were measured, some of them in different conditions of
temperature and bias. The chips were irradiated to ultra-high doses, ranging from
100 Mrad(SiO,) to 1 Grad(SiO,). For purposes of non-disclosure, in the following,
the three different factories will be referred to as Fab A, B, C.

Although the radiation-induced mechanisms in these technologies will be dis-
cussed to some extent, they are not the focus of the reported study. Extensive
studies on the TID response of the 130 nm and 65nm technologies have already
been conducted in previous works and discussed in Chapter {4 and further details
can be found in 87, 86, [72] 06, 121), @, 15]. In this chapter, it will be shown the
results of this unprecedented monitoring effort as well as its impact on the relia-
bility of the radiation models of MOS developed in 65 nm to enable the simulation
of ASICs including the degradation introduced by TID.

The discussion will be based on the results published in:

[122] Termo, Gennaro, et al. "Fab-to-fab and run-to-run variability in 130 nm
and 65 nm CMOS technologies exposed to ultra-high TID." Journal of Instrumen-
tation 18.01 (2023): C01061.

DOI 10.1088/1748-0221/18/01/C01061 available at:
https:/ /iopscience.iop.org/article/10.1088 /1748-0221/18 /01 /C01061 /meta

All reported measurements and irradiations were performed with the setup
described in Chapter 3| to avoid introducing systematic errors due to the measure-
ment setup.

5.1 Off-Current Variability

In Chapter [ the mechanism of radiation-induced increase in leakage current was
explained. In nMOS devices, the charge accumulated in the STT causes the opening
of parasitic paths between source and drain, resulting in a significant increase in
leakage current and, consequently, in the power consumption of ASICs.

The most striking variability observed was the fab-to-fab difference in TID-
induced leakage current in nMOS transistors in 130 nm. In Fig[5.1]are reported the
off current increase measured in 22 runs (13 from Fab.A, 5 from Fab.B and 4 from
Fab.C) of minimum size 0.15 pm x 0.13 pm nMOS standard threshold voltage flavor
(svt). The irradiation were performed with X-ray to 1 Grad(SiO,) and the devices
were biased in diode configuration. The devices from Fab.C exhibit a significant
I3 . increase which peaks around 1Mrad(SiO,) and then decrease eventually
becoming comparable to the leakage measured in the devices from the two other
fabs. This behavior can be explained by the different buildup time between the
quick formation of oxide charge and the late buildup of interface traps which
happen around 1 — 2Mrad(SiO,) in this technology [87]. After their formation,
the negative charge at the interface start to compensate for the threshold voltage
reduction induced by the charge in the oxide and the typical "bump" behavior is
observed. It should be noted that the observed differences are actually caused by
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Figure 5.1: Mean I&} of minimum size nMOS in 130 nm. The bars indicate the
standard deviation. The leakage current peak at about 1Mrad(SiO,) only, but
consistently, in samples from Fab. C.

irradiation; in fact, devices from different fabs had similar leakage current before
exposure.

Despite the large number of devices measured from Fab.B and C, no peak in
leakage current was observed and the lot-to-lot variability (standard deviation bar
in Fig5.1)) was practically negligible.

An important consequence of these observations is that the systematic use of
ELT transistors can be avoided, provided that production in Fab.C is avoided,
improving the performance of ASICs [91].

The same study was conducted also in the 65 nm CMOS technology node and
the results are reported in Fig[5.2] In this technology only two fabs were available,
therefore only the devices from Fabs B and C were investigated: 4 runs from Fab.B
and 7 from Fab.C.

An important difference with the 130 nm is that in this technology none of the
fabs exhibit a peak in the leakage current which indicates that leakage increase
observed in Fab.C is specifically related to the manufacturing process of devices
in 130 nm. An interesting observation is that although the mechanism underlying
the Ippp current increase is the same in both technologies, in the 65nm node
the current increases monotonically and does not saturate even at 1 Grad(SiO,).
Despite these differences, the lot-to-lot and fab-to-fab differences were not as severe
as in the previous node and their impact on the design approach is practically
negligible.

The on-current fab-to-fab and lot-to-lot variability observed in nMOS was small
and not practically significant therefore it will be discussed in the next section in
the case of pMOS transistors.
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Figure 5.2: Mean [&%, of minimum size nMOS in 65nm. The bars indicate the
standard deviation. The leakage current monotonically increases and is similar in
both fabs.

5.2 On-current

In pMOS devices, the charge trapped in the STI increases the threshold voltage of
the lateral parasitic transistors, so the off-current is not an appropriate parameter
to study radiation-induced variability. However, considerable fab-to-fab variability
was observed in the on-current of pMOS transistors in both 130-65nm CMOS
nodes reported in Fig/5.3

P-type transistors were irradiated up to 700 Mrad(SiO,) for the 130nm and
to 1 Grad(SiO,) for 65 nm node. Transistor sizes were chosen to be representa-
tive of the radiation response in these technologies. In minimum size transistors,
the radiation response is a combination of STI and spacer oxide effects, in wide
and long transistors it is mainly dominated by RISCE, and in narrow and long
transistors it is instead influenced by RINCE, as discussed in Chapter [l In both
technologies, the minimum size devices exhibit the largest fab-to-fab variability.
In 130 nm, at ultra high doses, the degradation in devices from Fab.B is twofold
the degradation induced in devices from Fab.C, the same fab that in the case of
nMOS transistors offered the poorest performance instead (Fig[5.1)).

Transistor size dependence was also observed with respect to run-to-run vari-
ability. Figl5.4] shows the average percentage degradation of the on-current of
0.15 pm x 0.13 pum and 4 pm x 0.13 pm pMOS transistors in all runs of the 130 nm
node from Fab.A. Both the TID-induced degradation and its variability are con-
siderably smaller for the wide/short transistor.

In nMOS transistors, the observed fab-to-fab or lot-to-lot variability was sig-
nificantly smaller than that of pMOS and was practically not significant.
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Figure 5.3: Mean %1%} as a function of TID of minimum size (circles), wide/short
(triangles), narrow/long (squares) pMOS transistors in 130 nm (a) and 65nm (b)

CMOS technology. Fab-to-fab variability is larger in minimum size devices.
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Figure 5.5: Comparison of the mean I, — V; characteristics over all the available
runs and simulation of minimum size nMOS transistors in 65 nm CMOS technol-

ogy.

5.3 Variability and SPICE-level Radiation Models

Compact MOSFET models, such as Berkeley Short-channel IGFET Model (BSIM)
[123] or Enz-Krummenaker-Vittoz (EKV) [124], do not take TID effects into ac-
count. Therefore, when designing ASICs for the HL-LHC particle detector, CERN
designers developed 65nm CMOS transistor models based on BSIM4. The goal
was to adapt the process design kit provided by the foundry to include TID ef-
fects at very high levels. The result of this effort, provided transistor models that
reasonably predicted the behavior of MOSFETSs in 65nm up to 500 Mrad(SiO,)).
Details on the models and their performance are available in [125], 126], 127, 128].
However, these models use data gathered on samples from one single run, since
the wide dataset provided in this thesis was not available at the time.

Comparison of the prediction from the models with measured variable degra-
dation is a thus useful exercise providing ASIC designers with a benchmark for
their post-rad circuit simulations.

Figl5.5, shows the comparison between the mean Ip — Vi measured in all the
runs of 0.12 um x 0.06 um nMOS minimum size transistors and the simulations
before and after exposure to 500 Mrad(SiO,). The models accurately predict the
behavior of pristine devices and the irradiation-induced threshold voltage shift.
However, the increase in leakage current is underestimated by an order of magni-
tude in samples from both fabs.

P-type transistors are generally modeled reasonably well, with the exception
of Fab.B minimum-size transistors, whose post-rad degradation is strongly under-
estimated, as shown in Fig[5.6] This again evidences the greater variability of the
smaller transistors.
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5.4 Circuit-Level examples

This section reports two examples of TID-induced degradation variability on small
circuit blocks in 65 nm to evidence how the variability discussed thus far on tran-
sistors can impact real ASICs. Fig[5.7] concerns the behavior with TID of a 5-bits
Digital to Analog Converter (DAC) embedded in the Silicon Strip ASIC (SSA) for
the Pixel Strip (PS) module of the Compact Muon Solenoid (CMS) experiment
Outer Tracker detector upgrade [129].

The DAC from Fab.C exhibits stable output current for each of the input codes
even at 180 Mrad(SiO,). In Fab.B, instead, there is an increase in the output
current for increasing levels of TID. However the available data is insufficient to
conclude whether these differences are due to a lot-to-lot or fab-to-fab variability.

Figl5.8| shows the TID-induced degradation in the oscillation frequency of ROs
consisting of a chain of 25 inverters and representative of the change in speed of
standard cells in the 65 nanom technology. The TID-induced degradation of the
oscillation frequency is more severe in the ROs of Fab.C. At 180 megarad(SiO,),
the ROs of Fab.C show almost twice as much degradation as those of Fab.B. Once
more, only a single run was available per fab, thus precluding any determination
of whether the observed discrepancies are attributable to variations between fabs
or between runs.

5.5 Conclusions on Variability

It was demonstrated that the TID-induced degradation in both the 130 nm and
65 nm technologies used for the HL-LHC ASICs is affected by fab-to-fab and run-
to-run variability, the impact of which depends on transistors type and size. This
variability must be taken into account when using the SPICE-level radiation mod-
els developed at CERN. It was presented evidence of variability in the radiation
response of both individual transistors and circuit blocks, eloquently demonstrat-
ing that this variability can and most likely will affect more complex ASICs and
that it should be accounted for in the design as well as qualification phases of the
developments.
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Figure 5.7: Output current of a 5-bits DAC from two prototype runs exposed to
TID up to 180 Mrad(SiO,). Only DACs from one run showed a stable output

current with TID.
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Chapter 6

Neutron- and Proton- Induced
Degradation in 28nm CMOS
Technology

The 28 nm CMOS technology has been chosen as the next node for the upgrade
of detector’s electronics beyond the HL-LHC upgrade [I30]. The response to
ultra-high levels of TID of this technology has been thoroughly characterized in
recent years [82), 131, [1T], 93], 132 89, [133]. As for other CMOS technologies,
TID-induced degradation in this node is mainly caused by charge buildup in STI
oxides and at their interface with the channel. The main phenomena observed were
increased leakage current in n-type devices along with parametric shifts in both
n- and p-type transistors with narrower devices more affected by TID (RINCE)
[82, 131, [1T], 93, 132 89 133]. One of the key advantages of 28 nm technology with
respect to older nodes is the absence of RISCE [72, 05]. The reduced degradation
in short-channel devices provides clear advantages for digital applications, where
minimum or near-minimum channel length transistors are typically used. The
mechanism of such effects were described in Chapter [4]

The response to Displacement Damage (DD) of 28 nm is instead unknown. DD
effects are a well-known problem in bipolar transistors, where radiation-induced
recombination centers reduce the recombination lifetime of minority carriers, con-
sequently causing gain degradation [134) [135, 136], 137]. Because the electrical
properties of MOS transistors are not significantly affected by the lifetime of mi-
nority carriers, they are generally very robust against displacement damage and
thus have been less studied in the literature [22]. However, the introduction of
new materials, increasing levels of silicon doping, and the use of new manufactur-
ing techniques in more advanced CMOS technologies require evaluation of their
response to high fluences. Moreover, with technology scaling, new materials and
channel/diffusion engineering techniques have become necessary such as introduc-
tion of Lightly Doped Drain (LDD) and halo implants to handle short channel
effects. Nowadays, transistor length is shrinking to the point where the active
channel region is comparable to the size of displacement damage clusters [135] [138].

Effects attributable to displacement damage have been observed in CMOS
technologies at 180nm [I39] or even in the more advanced FinFETs [140]. ASICs

o4
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for the HL-LHC upgrade are required to withstand 10! neq/cm? fluences in 10
years and upcoming upgrade of the HL-LHC may require even greater radiation
hardness [141]. Considering that these fluences are several orders of magnitude
higher than in typical tests or application [142, 143], [144] [145], it is necessary to
assess whether there is evidence of displacement damage in 28 nm CMOS technol-
ogy and if observed, the severity of it. Eventually, to identify whether the cause
of the observed degradation is TID or DD, an X-ray campaign was performed.
X-rays only cause TID, so they are a valuable tool for comparison.

In this chapter, the results of the investigation of DD effects through proton
and neutron irradiation in 28 nm technology will be discussed. The discussion will
be based on the results published in:

[146] Termo, G., Borghello, G., Faccio, F., Michelis, S., Koukab, A., Sallese, J.
M. (2024). "Radiation response of 28 nm CMOS transistors at high proton and
neutron fluences for high energy physics applications". Nuclear Instruments and
Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors
and Associated Equipment, 169497.

Available at: https://www.sciencedirect.com /science/article/pii/S0168900224004236

6.1 Irradiation Details

Radiation source, temperature and bias all play a role in the radiation response
of MOS transistors. Therefore, this section will describe some details of the ir-
radiation facilities used as well as the devices conditions during exposure. In all
irradiation, the samples were unpackaged, i.e. bare silicon, custom structure (de-
scribed in Chapter[3)) containing several isolated n- and p-channel transistors. The
test structures were designed in the EP-ESE-ME section at CERN and fabricated
in commercial-grade bulk 28 nm CMOS technology from two different manufac-
turers that, for non-disclosure reasons, we will name hereafter M1 and M2. Fig6.1]
shows the widths (W) and lengths (L) of the implemented transistors for core and
I/O devices for both manufacturers. The measurement of one chip takes about 6
hours and a total of 20 chips and almost 2000 transistors were measured before
and after irradiation. All irradiation reported in this Chapter were performed
with devices in floating configuration, i.e., with no bias applied to any of the ter-
minals. This choice was forced by the difficulties in providing a continuous bias
to the devices during proton and neutron irradiation in the facilities used. How-
ever, the lack of biasing during proton and neutron irradiation is not a concern
since displacement damage is known to be insensitive to the bias applied during
exposure [147]. Although TID damage is strongly dependent on the bias applied
during irradiation and generally shows greater degradation when bias is applied
[148, 82] [I1], to provide a valid comparison with proton and neutron results, X-
ray irradiation were performed under the same bias and temperature conditions.
Since the goal is to compare the results between TID and DD tests rather than to
induce the greatest degradation, the floating bias is a valid choice.
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Figure 6.1: Size of the studied transistors. For each dimension, both nMOS and
pMOS devices were included. Some devices (e.g. minimum size devices) were
duplicated many times. For some dimensions of core devices, also high-vth and
low-vth transistors were implemented.

6.1.1 Proton Irradiation

Proton irradiation was performed at the MC40 cyclotron facility in Birmingham,
England [149]. Proton energy at MC40 is 27 MeV, with a flux of about 6 x
10" pem™2s™! [I50] which are representative of the detectors environments. At
this energy, protons have a penetration range of about 4.1 mm and 4 mm in Si
and SiOs respectively. 3 chips from M1 and 2 chips from M2 were exposed to a
fluence of 1 x 10'® 1 MeV neq/cm?, which corresponds to a TID ~1.3 Grad(SiO,).
During irradiation, the samples were kept at 7' = —30°C and with all terminal
floating. Exposure to such large particle fluence induces relevant radioactivity,
preventing measurements to be performed for a long period of time. The chips
were thus measured at CERN ~2 months after the irradiation, during which period
they were constantly kept at T" = —30°C, including during the transport back
from Birmingham. The samples were brought to room temperature only for the
measurements.

6.1.2 Neutron Irradiation

Neutron irradiation was carried out at the TRIGA Mark II research reactor in
Ljubljana, Slovenia [I51]. The chips have been exposed with all terminals floating
to 1,2 and 3 x 10'n/cm?. For each fluence, 3 chips from M1 and 2 chips from M2
were irradiated. Neutron spectrum at TRIGA presents two energy peaks at about
0.05eV and 2MeV [152] [153]. Neutrons deposit roughly 10 Mrad(SiOy) every
1 x 10 n/cm?, meaning that the samples received a TID of ~10 — 30 Mrad(SiOy)
due to mostly secondary gamma in TRIGA reactor. TID calculations were pro-
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vided by the facility, where they were estimated with a RADFET device [154].
Note that the temperature of the sample during the irradiation depends on the
flux of neutrons. The chips exposed to 1 and 2 x 10 n/cm? were irradiated with
1.62 x 102 neqem 257! flux and reached a temperature of 40°C. A higher flux
channel with 6.25 x 10" neqcm—2?s™! was used to reach 3 x 10’ n/cm?, and the
samples were then heated to ~90°C [152] 153]. The measurement, performed at
room temperature, started ~3 months after the irradiation during which time they

were stored at T'= —30°C.

6.1.3 X-ray

X-ray irradiation were carried out at CERN at CERN using the irradiation setup
described in Chapter [3| The devices were irradiated up to 1.3 Grad(SiO,) with a
dose-rate of 6 Mrad(SiO,)/h, with all terminals floating, at 7' = —30°C, 25°C, 90 °C.
At the end of irradiation, the devices were measured at room temperature.

6.2 Results of Proton Investigation

The blue lines in Figl6.2] show the mean Ip — Vi; measured in saturation region for
6 minimum size 100 nm x 30 nm pMOS devices from M1 irradiated with protons.
Protons induce a threshold voltage shift of A[V;3¢| = 45.7mV +£12.7mV and a de-
crease in the transconductance (g,,) of 8.01%42.5%. To verify if the degradation is
caused by DD or by TID, an irradiation with X-ray to TID = 1.3 Grad(SiO,) was
performed on chips floating and kept at 7" = —30 °C, the same dose deposited dur-
ing 1 x 10'%1 MeV neq/cm? proton irradiation. The black lines show the results
of the test. X-ray induce threshold voltage shift of A|V3%| = 66.1mV + 13.3mV
and a decrease in the transconductance (g,,) of 5.20% =+ 4.67%. Pre- and post-
irradiation Ip — Vz curves are very similar for both TID- and proton-irradiated
transistors, suggesting that the degradation is caused by ionizing effects rather
than DD.

Another strong indication that the degradation observed in transistors exposed
to protons is caused by TID comes from the size dependence of the radiation
response. Figl6.3] reports the percentage variation of the drain current in pMOS
transistors measured at maximum Vgg and Vpg (IZ%;) as a function of 1/W. The
degradation caused by 1 x 10 neq/cm? at T'= —30°C is indicated by light-blue
markers. The degradation is clearly dependent on the channel width, with narrow
devices being more affected by protons in both technology processes.

The same behavior is often observed in devices exposed to TID, known as
radiation-induced narrow channel effects (RINCE) [72]. This is evident when
comparing the results of proton and X-ray exposure at TID = 1.26 Grad(SiOs)
(black markers) in Fig.[6.3] The difference in degradation between the two sources
in narrower devices is likely due to the difference in temperature during exposure:
X-rays at T = 25°C and protons at T' = —30°C. Zhang previously observed
milder degradation during cold exposure for the same technology node [I55]. De-
spite differences in the absolute value of degradation, the dependence on W is
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Figure 6.2: Comparison of the mean Ip — Vi curves in linear (solid lines) and
logarithmic (dotted lines) scale of minimum-size pMOS transistors irradiated with
protons (light blue triangles) and X-ray (black stars). Numbers in parentheses
indicate the amount of devices measured. The degradation caused by the two
irradiation runs is very similar.
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Figure 6.3: Mean %I%% deviation induced by proton irradiation (blue) in pMOS
core transistor from M1 (circles) with L = 1 pm and W = 0.1 pm—3 pum. Note that
the x-axis shows the reciprocal of the transistor width (1/W). X-ray irradiation
(black lines) of a chip from M1 to 1.26 Grad(SiO2) at T = 25°C is added for

comparison.
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Figure 6.4: Comparison of the mean I — Vi curves of minimum-size pMOS 1/0
transistors from M1 irradiated with protons (light blue) and TID (black). There
is a good agreement in the degradation caused by the two irradiation.

clearly the same. Since the degradation mechanisms due to DD have a completely
different origin from those due to TID, they are unlikely to show the same depen-
dence on transistor size. DD degradation mechanisms arise from defects in the Si
substrate where the channel is formed, which should be independent of transistor
size. In contrast, TID degradation results from charge accumulation in the oxides
near the channel region, meaning device size influences the portion of the channel
affected by this charge. Devices from M2 (not shown) exhibit a similar trend, with
greater degradation observed in short channel devices.

The same correlation between proton- and X-ray-irradiation was observed also
in I/O devices as reported in Fig.[6.4] for 270 nm x 150 nm pMOS I/O from M1.
During X-ray irradiation to 1.3 Grad(SiO2) the devices were kept floating at T =
—-30°C.

In both proton and X-ray irradiation, an increase in leakage current of about
an order of magnitude is observed. The same increase was already observed in
previous work on pMOS transistors in 28 nm technology irradiated at high doses
[93]. Bonaldo and coworkers explained this increase as a result of the buildup of
interface traps at the channel/oxide interface and/or at the drain/body interface
[156]. The high density of interface traps generated at the intersection of the
depletion region and STT sidewalls may actually increase the leakage current of
the drain to substrate junction [157], [156] 15§].

A clear agreement between proton-irradiated and X-ray-exposed devices has
also been measured in transistors of different size and threshold voltage. Fig.
reports the results of nMOS transistors 100 nm x 30 nm from M1 exposed to
1 x 10 neq/cm? and the last measurement at T' = 25°C of fresh chips irradiated
with X-ray to 1.3 Grad(SiOz). During irradiation the devices were kept floating
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Figure 6.5: Mean Ip — Vi in saturation region measured at 7' = 25 °C of 100 nm x
30nm nMOS exposed to protons and X-ray. During X-ray irradiation the devices
were at T' = —30°C with all terminals floating.

at T'= —30°C, conditions used during proton exposure.

The near-complete overlap between the proton- and X-ray-irradiation results
suggests that, even for n-type transistors, the primary cause of degradation is the
TID deposited during proton or X-ray exposure. This is strongly supported by
the increase in I .= Ip(Vg =0V, Vp = 0.9V) observed in the V; < 0V region,
a characteristic effect of TID in nMOS transistors caused by the formation of
source-to-drain parasitic channels |76, [87].

Comparing the results of nMOS and pMOS transistors reveals that pMOS
devices exhibit more severe degradation. This common phenomenon in transistors
exposed to high doses of ionizing radiation is explained by the fact that in pMOS
transistors, both the charge trapped in the oxides and at the interface are positive,
leading to a compounding effect. In contrast, in nMOS transistors, the positive
charge in the oxides and the negative charge at the interface partially compensate
each other [22 [131] [93].

Figure depicts the evolution of the on-current Iy, normalized to its pre-
irradiation value, for two 100nm x 30nm pMOS devices. These devices were
irradiated with X-rays to a dose of 1.3 Grad(SiOs) at 7' = —30°C and exposed
to a fluence of 1 x 10'®, neq/cm?, followed by annealing for approximately 2 days
at T' = 60°C and roughly 1 day at 7" = 100°C. During both irradiation and
annealing, the devices remained floating. After irradiation, both protons and X-
rays cause similar levels of degradation, which is not mitigated even after annealing
at T'= 100°C. The comparable behavior of the two curves implies that the defect
responsible for the degradation is of the same nature.
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Figure 6.6: Annealing at different temperature of the on-current of two 100 nm x
30nm pMOS core transistors after exposure to 1.3 Grad(SiO,) (blue) at 7' =
—30°C and 1 x 10' neq/cm? proton (red). The oy was normalized to its value
before irradiation. The data reported were measured at T" = 25 °C after each step
of annealing at a given temperature.

6.3 Results of Neutron Investigation

Thicker oxides, lower doping, and higher operating voltages (resulting in a higher
electric field in the oxides) increase the susceptibility of I/O transistors to charge
accumulation, making these devices significantly less robust against TID degra-
dation [10]. Figl6.7 compares the degradation of core and I/O devices from M1
exposed to a neutron fluence of 3 x 10'®, n/cm?. The top plot shows the increase
in leakage current of nMOS transistors measured in the saturation region (I3%..).
Due to the leakage increasing by several orders of magnitude, the variation of the
log,, of IZ%. - has been reported. The bottom plot shows the degradation of %I&%
for pMOS devices. When comparing devices with similar channel widths, 1/0
transistors exhibit more severe degradation than core devices. This is even more
pronounced in p-type transistors, where the degradation can be as much as double
in I/0O devices compared to their core counterparts. Since the degradation of core
devices is relatively low at these fluences, this section will focus on the results for
I/O transistors, though similar conclusions can be drawn for core transistors.

Fig. displays the average Ip — Vi; characteristics of 270 nm x 150 nm pMOS
I/O transistors that were exposed to 1 — 3 x 10'®, n/cm?. This includes the final
measurement taken at 7' = 25°C following X-ray irradiation at 30 Mrad(SiOs).
During the X-ray irradiation, the devices were kept floating at 7" = 90 °C, which
is the highest temperature reached during neutron irradiation.

Neutron exposure within the range of 2 — 3 x 10, n/cm? leads to a degra-
dation closely resembling that observed following 30 Mrad(SiOy) X-ray exposure.
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Figure 6.7: Comparison of core (blue) and I/O (red) devices from M1 as a func-
tion of the channel width. Top: increase in orders of magnitude of the leakage
current of nMOS transistors measured in saturation region (I ). Bottom: %I%g
degradation of pMOS devices. Different markers identify different Ls, as reported
in the legend. For the same channel width, I/O transistors exhibit more severe

degradation.
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Figure 6.8: Mean Ip — Vi in linear (solid lines) and logarithmic (dashed lines)
scale of 270 nm x 150nm pMOS I/O transistors exposed to neutrons and X-ray.
Numbers in parentheses indicate how many devices were measured. The degra-
dation observed in neutron-irradiated devices is in agreement with the amount of
TID deposited during exposure.
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Figure 6.9: Contribution of oxide- and interface-trapped charge to the total AV},
for 270 nm x 150 nm pMOS (top) and nMOS (bottom) I/O devices from M1. The
green, orange and blue dashed lines report the results of neutron irradiation while
the purple markers show the effect of X-ray exposure.

The discrepancy in post-radiation leakage current between neutron and X-ray irra-
diation is attributed to the formation of bulk defects within the depletion region of
the drain-substrate junction subsequent to neutron irradiation [159, 160} 161 162].
A similar mechanism may also be at play in proton-irradiated devices. Nonethe-
less, due to the substantial dose received, this current is primarily influenced by
the leakage current resulting from total ionizing dose (TID)-induced traps at the
STI/drain interface. Another distinction lies in the modest reduction observed in
the curve slopes at 2 — 3 x 10'®, n/cm? compared to X-ray irradiation.

For pMOS devices, the total shift in threshold voltage (V;,) at the highest
fluence closely mirrors that observed after an exposure of 30 Mrad(SiO,). However,
the proportionate impact of charge trapping at the interface and within the oxide
layer differs. In devices subjected to neutron exposure, the V;;, shift is primarily
influenced by charge trapping at the interface. The minor negative shift in V,, at
the lowest fluence appears to be an anomaly. Conversely, pMOS devices exposed to
X-rays exhibit a comparable contribution from both oxide- and interface-trapped
charge. This pattern was consistent across all sizes of pMOS 1/0O devices.

Additional inquiries are necessary to confirm whether this variation suggests
a distinct neutron-induced impairment not replicable with X-rays. It’s worth
highlighting that this phenomenon was solely noted in the pMOS I/O transistors
subjected to neutron exposure. Specifically, core pMOS transistors irradiated with
neutrons, along with all nMOS irradiated with neutrons and devices exposed to
protons, did not exhibit this characteristic.

Fig. illustrates the Ip — Vi characteristics of nMOS I/O transistors ir-
radiated with neutron and X-ray. The overall shift in V};, is nearly negligible for
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Figure 6.10: Mean Ip — Vi in linear (solid lines) and logarithmic (dashed lines)
scale of 270 nm x 150 nm nMOS I/O transistors exposed to neutrons and X-ray.

the X-ray-exposed device, whereas there is a more noticeable negative shift in Vj,
for the samples irradiated with neutrons. This dissimilarity primarily stems from
a lower accumulation of charge trapped in the oxide compared to the accumula-
tion of charge trapped at the interface during neutron irradiation (see Fig. .
Despite this distinction, the measurements exhibit reasonable concurrence, even
considering the limited statistical data on X-ray-irradiated devices.

The most notable effect of TID on nMOS transistors is the rise in leakage
current, denoted as I&t, = Ip(Vg = 0V,Vp = 1.8V). This increase becomes
apparent in the region where Vi < 0.1V, as depicted in Fig. [6.10] Notably, the
increase in IZ%.. in devices irradiated with neutrons and X-rays is nearly identical.

Similar to the correlation observed with proton irradiation, the consistency
between devices exposed to neutrons and X-rays was also noted across various
sizes, threshold voltages (V};), and manufacturers. This observation supports the
notion that the degradation is predominantly induced by TID.

Further insights into the nature of defects caused by radiation can be gained
by performing annealing at different temperatures. Fig. illustrates the change
in off-current Iprr normalized to its post-irradiation level for a 270 nm x 150 nm
nMOS I/O transistor, which was exposed to 30 Mrad(SiO,) radiation (solid line)
at T = 90°C and 3 x 10' neq/cm? (dashed line). Each data point represents
a measurement taken at room temperature after several days of annealing at the
temperatures specified in the legend. The transistor remained floating during both
irradiation and annealing processes. For each annealing step at a fixed tempera-
ture of comparable duration, the behavior of Iprpr appears consistent across both
transistors. Specifically, both exhibit a slight increase in Iopp after approximately
4 days at 40°C, followed by a decrease at 60°C and a more rapid reduction at
100°C. Given the improbability of different radiation-induced defects exhibiting
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Figure 6.11: Annealing at different temperature of the off-current of one 270 nm x
150 nm nMOS I/O after exposure to 30 Mrad(SiO,) (blue) and 3 x 10'® neq/cm?
(red). The Iprr was normalized to its value after irradiation. The data reported
were measured at T = 25°C after each step of annealing at a given temperature.

identical temperature-dependent trends, these findings strongly suggest a common
underlying nature of the defects.

6.4 Conclusions on DD in 28nm CMOS Technol-
ogy

A comprehensive irradiation campaign was carried out on ASICs in 28 nm CMOS
technology, exposing them to extremely high levels of proton and neutron fluences.
The radiation response of this technology is primarily affected by TID-induced
degradation. Potential signs of displacement damage were detected in the leak-
age current of neutron-irradiated pMOS transistors and the subthreshold slope
of neutron-irradiated pMOS 1/O transistors. These findings confirm the overall
resilience of CMOS technologies to displacement damage and are crucial in prov-
ing that 28 nm CMOS technology can endure the harsh environments of CERN
particle detectors.



Chapter 7

Low Dose-Rate Sensitivity of 28nm
CMOS technology

7.1 Introduction

This chapter investigates the Enhanced Low-Dose-Rate Sensitivity (ELDRS) of
a 28 nm commercial CMOS technology exposed to ultra-high doses. The 28 nm
node has been selected as the CMOS technology for the the development of the
next generation of Application-Specific Integrated Circuits (ASICs) for particle
detectors in the High Luminosity Large Hadron Collider (HL-LHC) at CERN,
where total-ionizing-dose (TID) levels of several hundred Mrad(SiO,) are expected
in the inner layers of particle detectors over a 10-year operational period [1]. This
process exhibits excellent radiation hardness compared to older nodes, even at
ultra-high doses [148] 82] 111, 93| 132]. However, studies investigating the TID
response of this process have only been conducted at very high dose-rates (HDRs).

Although ELDRS is a significant concern for the radiation hardness assurance
of linear bipolar transistors [108], MOSFETs are generally considered to be im-
mune to true Dose-Rate (DR) effects and only be sensitive to Time-Dependent Ef-
fects (TDEs) [163]. However, Witczak and co-workers demonstrated the presence
of ELDRS in MOS transistors in 350nm, 250nm, and 180nm CMOS nodes [12].
The source-to-drain leakage current caused by TID-induced charge trapped in the
Shallow Trench Isolation (STI) oxides in nMOSFETSs was found to increase more
in devices irradiated at Low-Dose Rate (LDR) [12} [164], [165]. More recently, radia-
tion effects related to the presence of spacer oxides have been found to be sensitive
to true DR effects in 130 nm and 65 nm CMOS technologies [166, [15]. These results
indicate that the ELDRS must also be evaluated in CMOS technologies.

SRAMs and ROs designed in 28 nm CMOS technology have been exposed to a
TID of 200 Mrad(SiO,) at either a High-Dose-Rate typical of qualification proce-
dures (HDR ~ 5.91 Mrad/h = 1.64 krad/s) or at a considerably Lower-Dose-Rate
(LDR ~ 0.10Mrad/h = 27.8rad/s) to observe possible ELDRS of this technol-
ogy. Both SRAMs and ROs exhibit higher power consumption when irradiated
at LDR, indicating that HDR qualification procedures may underestimate the ac-
tual degradation of ASICs in the 28 nm technology. Measurements on isolated

66
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transistors irradiated at different temperatures and biases indicate that the pa-
rameter responsible for this ELDRS is the source-to-drain leakage current caused
by charge trapped in the STI oxide. Other TID-induced effects, such as threshold
voltage shift and ON-current degradation, may be sensitive to DR depending on
the applied bias.

The results discussed in this Chapter have been presented in the "Basic Mech-
anisms of Radiation Effects" at the IEEE RADiation Effects on Components and
Systems (RADECS) 2024 conference and will be published in IEEE Transaction
on Nuclear Science:

Borghello G., Termo G., Faccio F., Ceresa D., Pejasinovic R., Bergamin G.,
Piernas Diaz F., Kloukinas K. "ELDRS in a commercial 28nm CMOS technology"
https:/ /radecs2024.org/program /technical-sessions/

7.2 Experimental Details

The CMOS process studied is a commercial 28 nm technology with a nominal sup-
ply voltage of 0.9 V. Two custom test structures, hereafter identified as EXP28:TID
and TESTCHIP28, were designed and manufactured for this study:

7.2.1 EXP28:TID

This test chip contains 4 foundry SRAMs and 368 ring-oscillators (ROs). A more
detailed description of the chip can be found in [I32]. The measurement of all the
structures integrated in the chip takes approximately 15 minutes.

SRAMs

Foundry SRAMs are compact and efficient SRAMs designed by the technology
manufacturer. EXP28:TID contains 4 SRAMs, called Single Port (SP), Single Port
Ultra-High Density (SPUHD), Dual Port (DP), and Dual Port Ultra-High Density
(DPUHD). Table summarizes their characteristics. SP, SPUHD, and DPUHD
are based on 6-transistors cells (6T), while DP is designed with 8-transistors cells
(8T). The table reports the channel width W and length L of the pull-up nMOS
(nPU) transistors, pull-down pMOS (pPD), and pass-gate nMOS (nPG)).

The functionality of the SRAMs is observed using voltages from 0.5V to 1.0V
with a step of 10mV and reading/writing frequencies form 20 MHz to 1.97 GHz
with a step of 50 MHz. For each combination of frequency fsgam and volt-
age Vsram, the functionality of the SRAMs is tested by a Built-in Self-Test
(BIST) [167, 168]. The BIST verifies the whole content of the SRAMs, counting
the corrupted bits. In the event that even a single bit is identified as corrupted,
the corresponding frequency /voltage combination is then excluded from the Oper-
ational Area (OA). The final output is an OA defined by voltages and frequencies
at which the SRAMs work properly. This can be represented by a Shmoo plot, as
reported in Fig. for the four SRAMs before irradiation.
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Table 7.1: SRAMs number of bits and transistors size.

SRAM

W [nm] x L [nm]

SIZE |bit]
name type nPD pPU nPG
SP 6T 4096 x 32 95 x35 40x 35 65 x 35
SPUHD 6T 2048 x32 95x35 40x35 65x35
DP 8T 4096 x 32 195 x 35 50 x 35 140 x 35
DPUHD 6T 4096 x 32 95 x35 40x35 65 x 35

fSR AM [GHZ]

Figure 7.1: BIST output for the 4 SRAMs before irradiation. For sufficiently
high frequencies and low voltages the BIST reports an error in every SRAM. At

Vsram = Vop = 0.9V, the maximum frequencies inside the operating area are
Shx = 1.62 GHz, fSPUHD = 1.87GHz, fihx = 1.12GHz, fORYHP = 0.87 GHz.

68
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Figure 7.2: Pre-rad static (left) and run (right) current consumption. The black
line in the run current plot identifies the limit of the operational area shown in
Fig. [T 1

In addition to functionality, the power consumption of the SRAMs is also mea-
sured at various voltages and frequencies, with either the BIST running (run cur-
rent I§R\ ) or stopped (static current I35 ). The SP, SPUHD, and DP SRAMs
share the same power terminal, meaning that only their combined power consump-
tion can be measured. For this reason, this work focuses mainly on the DPUHD
SRAM. Fig. shows the pre-rad measurement for both the static and run cur-
rent for DPUHD. As expected, I,y increases with voltage and exhibits minimal
dependence on frequency due to the absence of operational activity. Ig§gyy in-
creases with voltage and frequency within the Operational Area (OA) identified
by the BIST. Outside the specified operational area, the relationship between volt-
age, frequency, and current becomes more complex. This is due to the fact that
BIST automatically stops when a predetermined number of errors per second are
detected, whereas I{g's\ 1s @ value averaged over a fixed period of time. This time
is equal to the time it takes BIST to complete its normal operation. Therefore,
if BIST stops early, a portion of the run current is measured while BIST is not
operating. Moreover, for sufficiently high frequencies and low voltages, the time
needed to charge/discharge a bit line in reading/writing operations becomes larger
than the reading/writing time tsgap = 1/ fsram. For this reasons, the rest of this
chapter will focus only on the frequencies and voltages in the OA identified by
BIST.

The run current I§i', is the sum of the static current Igg§,,; and the dynamic
current [ g{&M. As displayed in Fig SRan increases linearly with frequency
inside the OA and is dominated by I}y Only at very low frequencies the static
power consumption, reported in the plot at fsganm = 0Hz, starts to be relevant

and comparable to 50y



7.2. EXPERIMENTAL DETAILS 70

12IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIE]II
10 & |—@— Vsram = 700 mV o _i—*
3 E |-A-Vsgan = 800mV my A

g Viray = 900mV A

I§Ran [mA]

0 0.1 02 03 04 05 06 07 08
fsram [GHZ]

Figure 7.3: Total current in DPUHD SRAM at increasing frequency and three
different voltages. The current increases linearly with frequency except at very
low f, where the static current compares with the dynamic one. Outside the OA
the linear relationship is lost.
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Figure 7.4: Ring oscillator (RO) simplified schematic. in_ro = 0 for all the
tests reported in this chapter.

Ring-Oscillators

Fig. illustrates the basic circuit for the ROs included in the chip. A non-
inverting chain of cells is made to oscillate by an inverter placed in the feed-
back ring. The delay_mode signal controls the behavior of the RO. With
delay_mode = 0, the RO behaves as a regular ring-oscillator. With delay_mode
= 1 the feedback loop is cut off, and the RO stops oscillating. in_ro provides
additional control over the behavior of the ring oscillator, but for the tests reported
in this chapter it was always set to 0.

The technology offers digital libraries with various combinations of threshold
voltage flavor VT (ultra-low-VT, low-VT, standard-VT, high-VT, ultra-high-V'T,
and extra-high-VT), channel length L (30 nm, 35nm, and 40 nm), and number of
tracks T (7T, 9T, and 12T'). The number of tracks is proportional to the physical
height of the digital cell. Cells with higher T tend to have transistors with larger
channel width. The test chip contains structures using 23 different libraries. For
each library, 16 ROs designed with different digital cells (e.g., inverters, NAND,
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Table 7.2: Available and used libraries

7T ULVT LVT SVT HVT UHVT EHVT

30 nm @) X (@) X (@)
35nm (@) X (@) X X
40 nm @) (@) X (@) X

9T ULVT LVT SVT HVT UHVT EHVT

30 nm (@) X (@) X (@)
35nm O X (@) X X
40 nm @) (@) X (@) X

12T ULVT LVvT SVT HVT UHVT EHVT

30 nm @) X (@) X
35nm @) X (@) X X
40 nm (@) (@) X O X

Table 7.3: ROs cells

name name N name N name

N
INVDO 5 ND2D1 9 NR2D1 13  CKBDO
INVD1 6 ND4D1 10 NR4D1 14  CKBDI1
7
8

ND2DO0 NR2D0O 11 XOR2D0 15 DFCNQD1
ND4DO0 NR4DO 12 XOR2D1 16 LHCNQD1

U e

NOR, etc.) are included, resulting in a total of 368 ROs [132]. Table [7.2] reports
the available and used libraries, where O indicates a used library and X indicates
an available but unused library. The 16 cells used to design the ROs are indicated
in Table [7.3. The digit after the D at the end of the cell name indicates the
driving strength of the cell (0 or 1). Cells with higher driving strength have
output transistors with a larger channel width. The digit before D indicates the
number of inputs of the cell if larger than 1.

The number of stages in the ROs has been chosen to achieve an oscillation
frequency fro =~ 100 MHz before irradiation. The chip enables measurement of the
oscillation frequency of each RO and the power consumption of each library (i.e.,
16 ROs combined). The current can be measured with either the ROs oscillating
(I%5), or stopped (static current I5g). During exposure the ROs are oscillating
and are stopped only to measure the static power consumption. When the ROs
are not oscillating, the irradiation is stopped.

7.2.2 TESTCHIP28

TESTCHIP28 was designed to study the radiation response of isolated MOS
transistors, i.e., transistors with all terminals accessible and measurable. The
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chip includes a structure with 4 nMOS and 4 pMOS minimum size transistors
(W/L = 0.1pnm/0.03um). Devices of the same polarity (i.e., nMOS or pMOS) are
separated in 4 groups, similarly to what described in [I5]. Different groups can be
biased with different voltages, allowing to investigate the effect of the bias on the
radiation response in a single exposure. Notice that the smaller sizes used in the
SRAMs are forbidden by the design rules and cannot be manufactured outside the
dedicated SRAM structure.

Measurement and irradiation of TESTCHIP28 were performed with the setup
described in Chapter [3|

7.2.3 X-ray irradiation

High-dose-rate tests were carried at ~ 6 Mrad(SiO,)/h while LDR irradiation were
performed at ~ 0.1 Mrad(SiO,)/h. This DR is one order of magnitude lower than
typical dose-rates used in qualification procedures for ultra-high doses, but is still
at least ten times faster than what expected in the most exposed regions of HL-
LHC particle detectors (1 Grad/10 years ~ 0.01 Mrad/h). After exposure, the chip
irradiated at HDR was annealed under the same temperature and bias conditions
as during irradiation. For all tests, the irradiation is stopped during measures.

7.3 Results

7.3.1 Dose-rate effects
SRAMs

Fig. shows the time evolution of the static current IE5,,, for DPUHD SRAMs
irradiated to 200 Mrad(SiO,) at either high or lower dose-rate. The current was
measured at fsgam = 0.82GHz, Vsram = 0.9V, and has been normalized to
its pre-radiation value. A fsgram = 0.82 GHz was chosen because it is close to
the maximum value inside the OA at Vsgam = 0.9V. Following exposure, the
HDR-irradiated chip was kept under identical temperature and bias conditions to
those applied during irradiation for a period equivalent to that required for LDR
irradiation to be completed.

Compared to the end of the HDR irradiation (without annealing), the increase
in I35\ at 200 Mrad(SiO,) is more than 2 times larger in the LDR test. This
larger increase is not explainable by the difference in time between the end of
irradiation at HDR and LDR, as I,y steadily decreases after the end of the
HDR exposure. The larger increase of leakage current at LDR is measured also
at other voltage/frequencies points and other SRAMs, as indicated in Table [7.4
The parameter K&,y is equal to the ratio of I,y at the end of the test, i.e.,
for 200 Mrad(SiO,) and ¢ = 2000 h, and before irradiation:

soste T8 (TID = 200 Mrad, £ = 2000 h)
SRAM It (TID = Orad)

(7.1)
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Figure 7.5: Static current in DPUHD SRAMs irradiated to 200 Mrad(SiO,) at
different DRs. The red lines with circular markers indicate the results for the
HDR test wile the blue line with triangular markers show the LDR test. The blue
vertical dashed line indicates the end of HDR irradiation. Solid lines are used
for measures taken during irradiation, while dotted lines indicate measures taken

during annealing.

Table 7.4: DR effects on IE§ s

HDR

LDR

stc

type Vsram  fsram K, KSe Rigam
900mV 0.82GHz 321 2318  7.21
DPUHD 900mV 0.02GHz 323 2287  7.09
600mV 0.02GHz 471 3319  7.05
SP . 900mV 0.82GHz 3.62 2741 761
SPUHD 900mV 0.02GHz 3.37 2661  7.90
+DP  600mV 0.02GHz 5.38 3698  6.87
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Figure 7.6: TID-induced variation of dynamic current in DPUHD SRAM irradi-
ated at different DRs.

while the dose-rate coefficient RES,,, defined as

Rigam = Kggam(LDR) /K an (HDR) (7.2)

quantifies the relative increase of g,y at the lower dose-rate. While KE5,4,,
changes depending on the voltage, Rf ,,, is comparable between different volt-
ages, and always higher than 1, meaning that I ,,, increases more at LDR then
at HDR. A similar result is measured in all available SRAMs (not shown).

While the static current increases significantly with TID and is dependent on
the dose-rate, the dynamic current I§3y = 580 — T8 oy is much less sensitive
to TID and only slightly dependent to dose-rate, as shown in Fig. [7.6 for DPUHD.

Ring-Oscillators

ROs have comparable behavior to SRAMs in terms of dose-rate dependence.
Fig. reports the static current (I5g) for 9T, L = 35nm, standard-VTH ROs
libraries.

The sudden change in current after the end of HDR irradiation is caused by
a problem in the measurement setup that happens between the first and second
measurement whenever the test is stopped and restarted. A similar “jump” can
be observed in both LDR and HDR between the first and second measurement
during irradiation. Despite the undesired behavior, the conclusion remains the
same: ROs irradiated with LDR experience a larger increase in static current
compared to those irradiated with high-dose-rates. This larger increase cannot be
explained by TDEs, as I5ig decreases when irradiation is stopped. Note that, while
the difference between I5j§ increase at the end of the HDR exposure and at the end
of the LDR test might seem marginal, the LDR irradiation is still at least ten times
faster than what expected in particle detectors (1 Grad/10 years ~ 0.01 Mrad/h).
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Figure 7.7: Static current in L = 35nm, standard-VTH, 9 tracks ROs libraries
irradiated to 200 Mrad(SiO,) at different DRs.

Similar to SRAMs, both the TID- and dose-rate-sensitivity of the dynamic
current IS5 = 195 — I3g are reduced compared to the static current, as illustrated

in Fig. [7.§

1.2 ——rrrrrry . e —
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s
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Figure 7.8: Dynamic current (I = IS5 —I3) variation in L = 35nm, standard-

VTH, 9 tracks ROs libraries irradiated to 200 Mrad(SiO,) at different DRs. The
sudden increase in the second measure at both high and low dose-rate is caused
by a problem in the measurement system and it is not a TID-induced effect. From
the second measure, the dynamic current tends to decrease with TID.

This result is consistent among all libraries, as specified by the dose-rate coef-
ficient Rgro reported in Fig. 7.9, For the static current, Rig > 1 for all libraries,
indicating that I3 increases more at LDR. On the other hand, a RdRyC;‘ ~ 1 evi-
dences a negligible dependence of I dRyCr)l to dose-rate.

Although the increase in static current consumption is sensitive to true dose-
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Figure 7.9: Static (top row) and dynamic (bottom row) dose-rate coefficient for
all RO libraries. The average among all libraries is identified by a dashed black
line and its value is reported in the bottom-right of the plot.

rate effects, the radiation-induced variation of the oscillating frequency fro ap-
pears to be independent of DR. Fig. shows the percentage variation of fro for
4-input-NOR (NR4) ROs in 7-tracks, L = 40 nm libraries, for 3 threshold voltages
(LVT, SVT, UHVT).
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Figure 7.10: Percentage variation of oscillation frequency for NR4D0-based RO in
7-tracks, L = 40nm libraries, for 3 threshold voltages (LVT, SVT, UHVT). The
results for the HDR test are reported by solid lines, while the LDR test results
are shown by dotted lines.
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The DO suffix in the cell name indicates the driving strength of the cell. NR4D0
ROs are particularly sensitive to TID due to the 4 pMOS transistors connected
in series in the pull-up network and the relatively small channel width W of the
transistors in driving strength 0 cells [132].

The percentage degradation of fro at 200 Mrad(SiO,) is independent of dose-
rate and fro shows minimal evolution after the end of the HDR exposure, with a
total variation comparable to that of LDR-irradiated devices. A similar behaviour
is measured in all 368 ROs. As discussed later, the difference between the dose-
rate sensitivity of static current and oscillation frequency is related to the different
sensitivity of TID-induced degradation mechanisms happening at transistor level.

7.3.2 Temperature effects
Isolated MOS transistors

The probe card system used to measure TESTCHIP28 makes long-term LDR tests
on isolated devices nearly impossible. The isolated transistors were instead irradi-
ated at different temperatures and biases. Elevated Temperature Irradiation (ETI)
is a technique used to evaluate the presence of ELDRS in electronic components
through high dose-rate tests [109, [169]. The purpose of these tests is therefore
to evaluate if and how high-temperature irradiation affects the radiation response
of isolated devices and to correlate the results with the DR-sensitivity of SRAMs
and ring-oscillators. The variation of static power dissipation in SRAMs and ROs

nMOS 0.1 x 0.04; bias: diode

104 f/—————— IR AR R T
o ULVT : : :
10—5 % e B T g
1076 : ; ; : i i
I B R Y S 4 e
10_ o ............ * ............. ............ ............... ............... ...... .
= 10°8[. fPAR..L AN 7 VOSSN OSOON NOTR SO
2 10 e == o T o ]
10—1(} ................................................................. ]
LD IR - SR : 5 5
10_1 ] solid lines: pre-rad
107t R Idashed lines: 100 Mrad|?
1013 ; ; i i i i
-0.4 -0.2 0 02 04 06 0.8
Ve [V]

Figure 7.11: Ip — Vi characteristics of W/L = 0.1 um/0.04 pm ULVT and UHVT
nMOS transistors irradiated to 100 Mrad(SiO,). The increase in Iopp in the ULVT
device is mainly caused by a negative Vg shift, while variation of Iopp in the
UHVT transistor is primarily caused by the current flowing in the parasitic chan-
nels. Note that Ipar is almost independent on the VT flavor of the transistors.
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is related to the variation of the leakage current Iopr = Ip(Vgs = 0V, Vps = Vpp)
in nMOS transistors. Iopp can increase due to a negative Viy shift [87] and/or
the opening of source-to-drain parasitic paths at the two edges of the chan-
nel |76, 170, 87, 82]. This difference is better explained with the support of
Fig. where the Ip — Vi characteristics of W/L = 0.1 pm/0.04 pum nMOS
transistors with different VT are reported. The increase in Iopr in UHVT devices
is mainly due to the negative Vg shift, while the Iopp in ULVT nMOS is dom-
inated by the parasitic current Ipag. To decouple the two effects, the parasitic
leakage current Ippar was measured at Vgg = —0.4V, where the post-rad drain-to-
source current Ip is dominated by the parasitic channels and the variation in Viryg
has a negligible effect.

To understand if the LDR sensitivity of I§ s\, and I35 is related to the increase
in parasitic current or to a negative threshold voltage shift, Fig.[7.12]shows the vari-
ation in Ipar (top row) and Vry (second row) for minimum size nMOS transistors
irradiated at —30°C, 25°C, 100°C, and 120°C. The left column reports devices
biased in onlyVDS configuration (Vgs = 0V, Vps = 0.9V) | while the right col-
umn displays results for nMOS biased in diode configuration (Vgg = Vps = 0.9V)
during exposure.

The increase in Ipagr is more pronounced in devices irradiated at high temper-
ature (HT), regardless of the applied bias. This result strongly suggests that the
TID-induced parasitic current is sensitive to true DR effects. Time-dependent ef-
fects, in fact, tend to reduce Ipag, as evidenced by the decrease in leakage current
during post-irradiation annealing observed in 28 nm [11], 132], other nodes [I71],
172], and highlighted by the results in Figs. and . Since HT accelerates
time-dependent effects (i.e., accelerates annealing), a smaller increase in Ipagr dur-
ing HT irradiation would be expected if TDEs dominated the radiation response.
As a consequence, the dose-rate sensitivity of I, and I5g is likely related to a
ELDRS in source-to-drain leakage current of the nMOS transistors.

To further support the relationship between Ipar and I3, it is interesting to
note that the RO libraries that experience the greater increase in I at LDR are
those that have a small pre-rad static current (e.g. UHVT and/or 7T libraries in
Fig. . Since Ipar is independent on the W of the channel and only moderately
dependent on the threshold voltage flavor, devices with a small pre-rad Iopp are
the ones that experience the largest variations after TID. This also explains why
the relative increase in power consumption is higher in SRAMs than in ROs (~ x7
in SRAM and ~ x2 in ROs). As reported in Table [7.1, MOS devices in SRAMs
have a W smaller that the minimum used in standard cells (100nm). Moreover,
many cells in the ROs have transistors with W larger than the minimum (e.g., the
nMOS in a DO inverter in the 9T library has a W = 140 nm).

While Ipar increases more at high temperature independently on the voltage
applied, the radiation response of AVry at different temperatures changes with
bias. The variation of Vg is almost independent on temperature when Vg = 0V,
while devices biased in diode configuration show a larger positive AVry when
irradiated at high temperature. Note that a positive AVry goes in the direction
of reducing the Iopr and therefore cannot explain the larger power consumption
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Figure 7.12: Ipar increase, Vry shift, and percentage variation of ¢, . and
Iox in W/L = 0.1 pm/0.03 pm nMOSFETSs irradiated at different temperatures in
onlyVDS (left) and diode (right) bias configuration. These results are a collection
of data from many tests. For —30°C and 120°C data, only one nMOS per TID
is reported. For 100°C, 2 nMOS are reported for diode bias and 1 for onlyVDS
bias. For 25°C test, a minimum of 4 devices per TID for diode configuration and
2 devices for onlyVDS bias are reported. Given the relatively low sensitivity of
the TID response of 28 nm CMOS node to Vpg [89], these two bias configurations
offer a comprehensive overview of the dependency of the radiation response on
temperature and bias.

in SRAMs and ROs irradiated at LDR. Similar to Ipar, post-irradiation annealing
tends to reduce the Vg shift [11], meaning that time-dependent effects go in the
direction of limiting the variation of Vry. This result suggests that AVry might
be sensitive to true DR effects when a Vgg > 0V is applied, but does not explain
the larger increase in I in SRAMs and ROs at LDR.

The last two rows of Fig. show percentage variation of the maximum of
the transconductance g, and the maximum of the drain current Ion = Ip(Vgs =
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Figure 7.13: Vrpy shift and percentage variation of gy max and Ion in W/L =
0.1pm/0.03 pm pMOSFETSs irradiated at different temperatures in only VDS (left)
and diode (right) bias configuration.

Vbs = 0.9V). The TID sensitivity of both parameters is larger in samples biased in
diode conditions. However, while the TID-induced variation of g, is only slightly
dependent on temperature, oy in diode-biased devices degrades more at HT. This
behaviour is caused by the Viy increase reported in the second row of Fig. [7.12]

A similar relation between temperature and bias was measured in pMOSFETs,
as reported in Fig. [7.13] The percentage degradation of Ion depends on temper-
ature when the devices are biased in diode configuration (Vgg = Vps = —0.9V),
while it is only slightly dependent on temperature when Vigg = 0V. Similar to
nMOS, the temperature-sensitivity of Ioy is caused by a temperature-dependent
VTH shift.

Since the oscillation frequency of ROs can be expressed as fro ~ %,
where N is the number of stages in the RO, Cf, is the load capacitance, and [Ip
is the current flowing in transistors [I73], the minor temperature dependence of
Ion in nMOS and pMOS transistors biased in onlyVDS configuration correlates
well with the small dose-rate sensitivity of the TID response of fro reported in

Fig. [7.10
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Figure 7.14: TID-induced increase of Igg,, in DPUHD SRAM exposed to
200 Mrad(SiO,) at different temperatures and dose-rates. The measurements were
taken at T,c.s = 25 °C.

Table 7.5: IS, ratio VS temperature

DR HDR LDR
T 25°C 60°C  100°C 25°C
I (TID) /IS, (0)  1.07  1.14  0.60  1.08

SRAM

The enhanced high-temperature sensitivity of leakage current measured in nMOS
transistor causes I35y to increase more when SRAMs are irradiated at high
temperature. Fig. [7.14] shows the relative increase of I,y for devices exposed
to 200 Mrad(SiO,) at different temperatures. The measurements were taken at
the Theas = 25°C. The last bar on the right reports the result measured at
LDR. On the other hand, the increase in dynamic current is not very sensitive to
temperature, as reported in Table [7.5]

RO

A larger increase in static current is measured also in ROs when irradiated at
high temperature. Fig. shows the relative increase of 5§ for 9 RO libraries
exposed to 200 Mrad(SiO,) at different temperatures and dose-rates. Also in this
case, I5¢ increases significantly more in devices exposed at high temperatures. As
expected from dose-rate tests on ROs and temperature tests on single devices, in-
stead, the TID-induced fro degradation is only slightly dependent on temperature
(Fig. [7.16]).
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Figure 7.15: TID-induced increase of I3g in 9 RO libraries exposed to

200 Mrad(SiO,) at different temperatures and dose-rates. The measurements were

taken at Tieas = 25°C.
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Figure 7.16: TID-induced degradation of fro in 9TSVT35 ND4D0 RO exposed
to 200 Mrad(SiO,) at different temperatures and dose-rates. The measurements

were taken at the Tje.s = 25 °C.
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Figure 7.17: Illustration of the typical dose-rate dependence of ELDRS, where Kpg
represents the LDR degradation factor. The enhanced degradation saturates for
sufficiently low dose-rates. The cross marks the DR value at which the enhanced
degradation starts to saturate.

7.4 Conclusions on ELDRS in 28nm CMOS Tech-
nology

The results presented in this chapter on SRAMs and ring-oscillators demonstrate
for the first time the presence of ELDRS in a 28 nm CMOS technology. Tests at
different temperatures on isolated MOS transistors, SRAMs, and ROs correlate
well with the radiation response measured in ROs and SRAMs at low-dose-rate.
The greater increase in power consumption at LDR in SRAMs and ROs appears
to originate from the DR-sensitivity of parasitic leakage current caused by charge
trapped in the STI.

These results also suggest that circuits where MOSFETs are permanently bi-
ased with high Vg may suffer from DR effects in the Vg shift and Ioy degrada-
tion.

These results can represent a first step in defining a qualification procedure
for chips designed in 28 nm CMOS technology operating in extreme TID en-
vironments. Testing ASICs at ultra-high TID with the dose-rates expected in
the particle detectors of HL-LHC is a challenging task due to the long time re-
quired to reach such doses. Results on single devices, SRAMs, and ROs show
that high-temperature irradiation under bias might be a viable solution for ac-
celerated tests. Determining a quantitative correlation between the effects of
temperature and those of DR is beyond the scope of this work. Nevertheless,
we can attempt a qualitative analysis of the results. It is known that, in dose-
rate-sensitive devices, TID-induced degradation saturates for sufficiently low dose-
rates [110, 12, 14, 108, 164, 107, 174, 25, 15], as schematically illustrated in
Fig[7.17l The low-dose-rate tests reported in this chapter were performed with
a DR ~ 0.1 Mrad(SiO,)/h, which is at least ten times higher than the maximum
DR expected in the detectors of the HL-LHC (1 Grad/10 years ~ 0.01 Mrad/h).
The vast majority of the ASICs installed in the particle detectors will be exposed
to much lower DRs. The results in Figs. and indicate that a temper-
ature of 100°C causes a significantly larger degradation compared to the LDR
test of this work, suggesting that a DR = 0.1 Mrad(SiO,)/h is still far from the
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saturation point. On the other hand, the results in Fig. suggest that the
radiation-induced parasitic drain-source current Ipyr does not further increase
with temperature beyond about 100°C. This result may indicate that this tem-
perature is close to the one needed to reach the degradation that would be reached
with DRs below the saturation point. Future studies will concentrate on assess-
ing the impact of device size and threshold voltage flavor on dose rate sensitivity
and on establishing a quantitative correlation between dose rate and temperature
effects.



Chapter 8

22nm Fully Depleted
Silicon-On-Insulator

8.1 Introduction

Single Event Effects (SEEs) are a major cause of failure for Application-Specific
Integrated Circuits (ASICs) operating in harsh radiation environments, such as
space or particle accelerators [I75]. SEE is a general term that identifies several
effects caused by ionizing radiation. The common element between these effects is
that they are caused by a single particle with high Linear Energy Transfer (LET),
like an energetic ion, generating an ionization tail of electron-hole pairs as it passes
through the substrate of a semiconductor device. In a bulk technology, this charge
can be collected relatively deep in the substrate and is responsible for current
pulses at active nodes of the circuit, giving origin to SEE [176] 177, [I78]. SEE
are usually categorized in non-destructive or destructive events. Non-destructive
events, also called soft-errors, are identified as those for which it is possible to
return to pre-irradiation conditions without the need to turn the chip off. Two
common examples of soft-errors are Single Bit Upset (SBU) and Multi Bit Upset
(MBU), a radiation-induced flip of one or more bit [179, [180, 18], and Single
Event Transient (SET) [182] 183], 184, [I85], a current or voltage spike traveling
in the circuit [I83]. Destructive events may result in the destruction of the chip
or, if it is possible to return to pre-radiation conditions, require the interruption
of the power supply and temporary shutdown of the chip. Single Event Latch-up
(SEL) [186, [187] and Single Event Burnout (SEB) [188, [189] are two examples of
destructive SEE.

In Fully Depleted Silicon-On-Insulator (FDSOI) technologies, the thin (< 7nm)
silicon channel layer overlays a thick Buried OXide (BOX) (~ 20nm) that isolates
the channel from the bulk substrate [190]. The presence of the BOX limits the
extension of the charge collection region, making these technologies intrinsically
more tolerant to SEE than classic bulk devices [191],[192]. Furthermore, the electri-
cal coupling between the front and back channel interfaces in an FDSOI transistor
enables the tuning of its electrical characteristics via back-gate biasing [193]. In
other words, it is possible to tune the threshold voltage of a device by applying a

85
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voltage on the back gate. Despite the advantages in terms of SEE reliability and
tunability, the presence of a tens of nanometers thick BOX makes these technolo-
gies intrinsically sensitive to Total Tonizing Dose (TID) effects [194]. Moreover,
the high temperature annealing required in the Smart Cut Technique process, a
technique typically used in the manufacturing of SOI devices, cause oxygen to
out-diffuse from the BOX, leaving behind a number of defects [195], [196]. The
TID susceptibility of FDSOI devices results mainly from the coupling between the
back gate and the front gate, meaning that charges trapped in the BOX mod-
ify the electrical characteristics of the transistor [197, 198 199} 200} 201]. Thus,
although SOI technologies are appealing in reducing SEE, they may exhibit a
greater sensitivity to TID compared to bulk technologies. In view of possible ap-
plication in High Energy Physics (HEP), where doses can be orders of magnitude
higher than those typically reached in space applications [202], it is interesting
to study the TID response of commercial SOI technologies and if/how it can be
improved by dedicated biasing techniques. In this chapter, the characteristics of
n- and p-channel transistors with different sizes and threshold voltages in a 22 nm
FDSOI technology were evaluated before irradiation and after exposure to X-rays
up to a TID of 100 Mrad(SiO,). High-temperature annealing and compensation
of TID-induced effects using back-biasing were also studied.

The results discussed in this chapter extend the study published in:

[203] Termo, G., Borghello, G., Faccio, F., Kloukinas, K., Caselle, M., Elsehans
A. F., Ulusoy, A. C., Koukab, A., Sallese, J.M. "Characteristics and ultra-high
total ionizing dose response of 22 nm fully depleted silicon-on-insulator." Journal
of Instrumentation 19.03 (2024): C03039.

Available with open access at: https://iopscience.iop.org/article/10.1088 /1748~
0221/19/03/C03039/meta

8.2 Test structures

The irradiated samples were custom test structures containing several isolated n-
and p-channel transistors as schematically depicted in Fig. Note that both

P-well N-well
contact contact

3 isolation

P-well S N-well

Figure 8.1: Schematic of the irradiated transistors in 22nm FDSOI. The p-well
and n-well contact are used to tune the threshold voltage of the device.

pMOS and nMOS devices can be built on top of a p- or n-well doped substrate
region, and that p-wells have to be biased at voltages lower than n-wells. The
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chips were designed at Karlsruhe Institute of Technology (KIT) and fabricated in
a commercial-grade 22 nm FDSOI technology. In the technology studied, the thin
silicon film that forms the channel is undoped and the devices are equipped with
an external pad to provide back-gate biasing via p-well /n-well contacts in order to
tune the threshold voltage (Vrg) of the device. While the supply voltage in this
technology is 0.8 V, the voltage that can be applied to the back-gate can exceed
this value and is limited only by the breakdown of the p-well/n-well diode. The
majority of documentation indicates that the maximum value that can be applied
to the back-gate is 22 V. However, this is merely a limitation imposed by the
models that have been simulated up to 2V, rather than a physical limitation
inherent to the technology itself. Applying a negative bias to the p-well reduces
the Vry of the pMOS (Forward Body Biasing (FBB)) and increases it for the
nMOS (Reverse Body Biasing (RBB)). Similarly, applying a positive bias to the
n-well increases the Vg of the pMOS and reduces it for the nMOS.

8.3 Results

8.3.1 TID response

In this section, the radiation response of 22nm FDSOI technology is discussed
referring only to the devices that are in the p-well, i.e., FBB pMOS and RBB
NMOS (left structure in Fig. [8.1). The same phenomena were observed in the
devices in the n-well.

In a fully depleted SOI technology, the silicon film of the SOI structure is thin
enough that completely depletion can occur, thereby coupling the Front Gate (FG)
with the Back Gate (BG). The coupling of the gates makes the threshold voltage
of each gate dependent on the conditions of the other [197], meaning that once
the two gates are coupled, applying a bias to the BG influences the front channel
threshold voltage Vry. Low, high, and standard threshold voltage transistors were
investigated, hereafter denoted as Ivt, hvt and, svt, respectively.

Fig. shows the AVE® of the FG induced by changing the BG bias from
—8V to 7V in pMOS and nMOS transistors built on p-well, with W = 3nm and
L ranging from 20nm to 360 nm. As the bias applied to the BG decreases, Vg
linearly decreases for p-type transistors whereas it linearly increases for n-type
devices. For a very high FBB, the threshold voltage decreases significantly to the
point that the device is on even at very low Vi, so a true threshold voltage cannot
be extracted, which explains the missing data in Fig. 8.2l At very high RBB,
however, the coupling between the two gates is lost, and Vg no longer changes as
the BG changes. This effect seems to depend on the channel length, with shorter
transistors showing better coupling, as can be seen for minimum length nMOS.
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Figure 8.2: Front-gate threshold voltage as a function of back-gate bias of pristine
W = 3pum and L ranging from 20 nm to 360 nm pMOS (top) and nMOS (bottom)

built on p-well.
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Figure 8.3: Ip — Viz at Vg = 0V of lvt p- and svt n- type transistors with
W =3um and L = 20 nm exposed up to 100 Mrad(SiOs,).

Fig. 8.3 shows the I — V& curve measured at Vg = 0V of minimum length
p- and n-type transistors with W = 3 pm irradiated up to 100 Mrad(SiO,) with
X-ray at T = 25°C. During exposure, the devices were biased with Vpg = 0.8V,
Ve =Vp =0V, Vgg = —2V. Both types of transistors are severely affected by
TID. The relatively small dose of 2 Mrad(SiOs) is sufficient to cause a significant
shift in the threshold voltage. At 2Mrad(SiOz), the positive charge accumulated
in the BOX reduces the Vg in the nMOS, thus increasing the current. For higher
doses, the accumulation of negative charge at the interface compensates for the
positive charge in the oxide, resulting in a reduction in the threshold voltage and
a decrease in the subthreshold slope. This is a characteristic behavior of nMOS
exposed to TID, observed in all CMOS technologies studied [87]. In contrast, in
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pMOS, both the charge trapped in the oxide and the charge at the interface are
positive, leading to more significant degradation at the same dose. The observed
increase in off current in nMOS transistors is attributed to a reduction in threshold
voltage, rather than the opening of parasitic channels from source to drain, as
commonly observed in bulk technologies. This may be attributed to the enhanced
electrostatic control exerted on the channel in the SOI structure. In previous
nodes, the opening of parasitic paths occurred in the lower part of the STT/channel
interface, where gate control is weaker [84] 85 [79], and could be observed in the
Ve < 0V region of the Ip — V; as a flat current independent of V.
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Figure 8.4: AV3(TID) of p- and n- type transistors with W = 3pum and L
ranging from 20 nm to 360 nm exposed to 100 Mrad(SiOs,).

The dominant TID effect in the 22 nm FDSOI technology is the AVyy caused
by the charge in the buried oxide which being coupled to the front-gate causes a
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change in the threshold voltage of the front channel [197, 198 199, 200, 20T], as
shown in Fig. [8.4] for devices with same width and different lengths. As previously
mentioned, after 2 Mrad(SiO2), nMOS transistors show a rebound caused by the
different build-up time of positive charge in the oxides and negative charge at the
interface [72], 87, 03, O] whereas pMOS exhibit a monotonic behavior.

The observed response depends on transistor length, with shorter devices ex-
hibiting a greater variation. This can be better observed in Fig. where the
AV as a function of channel length is reported. The TID response of some bulk
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Figure 8.5: AV (TID) of p- and n- type transistors with W = 3um and L
ranging from 20 nm to 360 nm exposed to 100 Mrad(SiOs).

technologies depends on L due to the presence of the Lightly Doped Drain (LDD)
[72, 5] or the presence of halo implants in the channel [I1] (as described in the
Chapter [4]). However, in the 22nm FDSOI neither LDD nor halo implants are



8.3. RESULTS 92

used. In this technology, the length dependence also appears in the AVEE(Vpa)
curve of pristine devices when a high RBB is applied (Fig.|8.2)), which suggest that
this effect is enhanced rather than caused by the irradiation. A possible explana-
tion is that the buildup of interface charge during irradiation act as an additional
Ve which makes the saturation of the AV (Vpa), i.e., the loss of coupling be-
tween FG and BG, appear at lower |Vpg| compared to before irradiation, as shown
in Fig. 8.6 As a consequence, the shortest transistor, which loses the coupling
the latest, is the one more affected by the charge in the BOX. On the contrary,
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Figure 8.6: Front-gate threshold voltage as a function of back-gate bias of pristine
W = 3pm and L ranging from 20nm to 360 nm nMOS before irradiation (top)
and at 100 Mrad(SiO2) (bottom).

no width dependence (RINCE described in Chapter {f) of the TID response was
observed (not shown). The absence of RINCE and off-current increase, suggest
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nMOS irradiated to 100 Mrad(SiO2) and annealed at different temperatures T =
25 — 100°C. The last measurement after annealing was performed at room tem-
perature.

that the double gate control over the channel strongly limits the influence of the
charge trapped in the STI.

Fig. shows the percentage degradation of the on current of [80,300] x
20nm lvt pMOS and [80,300] x 20nm hvt nMOS transistors measured at room
temperature with Vpe = 0V after irradiation to 100 Mrad(SiO2) and then an-
nealed at different temperature up to T = 100°C. During irradiation, the devices
were biased at Vgg = £0.8V and Vpg = Vpg = 0V. The same bias was kept
during annealing with exception of the back-gate where Vpg was set to = —4 V.
In the last ~ 50h of annealing, Vg was set to = —8V to enhance the recovery
of the devices. The performance of both types of transistors is severely degraded
by TID, with pMOS devices most affected (Fig. [8.7] left). In pMOS, a total dose
of 1Mrad(SiOsy) results in ~ 50% degradation of the turn-on current. Unlike
what observed in bulk technology [72], the radiation response is independent of
the transistor width. The performance of the devices did not recover after several
hours of annealing at T = 25,40, 60, 100°C, indicating that the irradiation pro-
duced deep-level defects whose removal process requires more energy than that
provided during annealing at this temperature. Switching to Vzg = —8 V did not
significantly enhance recovery.

8.3.2 Compensation of TID effects

The most significant effect induced by TID in 22 nm FDSOI is the threshold voltage
shift (Fig. . Since the back-bias provides designer with an additional degree
of freedom for tuning the threshold voltage, it might be possible to compensate
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for TID induced threshold voltage shift by varying the back-gate bias accordingly.
Fig. 8.8 shows the BG voltage that should be applied in order to compensate for
the Vrpy shift induced by different levels of TID as a function of the length of the
transistor for both pMOS and nMOS devices. To obtain compensation voltage
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Figure 8.8: Compensation of the threshold voltage shift caused by different levels

of TID by applying a different back-gate bias in pMOS (top) and nMOS (bottom)
with same width and different lengths.

values, the Ip(Vg) characteristics of the devices were measured at varying back-
gate voltages. The Vpg used ranged from —8V to 1V with a step size of 1 V. The
compensation value was then obtained by finding the intersection point between
the AVry(Vpg) curve and 0V. It is possible to compensate for the shift caused
by a certain level of TID, up to 100 Mrad(SiO,), by applying a specific BG bias.
Note that the required back bias depends on the size of the transistors. This is
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most evident in nMOS transistors, where there is a difference of approximately
1V between the shortest and longest transistor at 100 Mrad(SiO,). The bias to be
applied to an specific device also depends on the received dose. In order to apply
the appropriate bias in a practical application, it would be necessary to actively
monitor the dose during operation and to apply different voltages to devices with
different sizes. It should also be noted that the Vg to be applied to devices of
the same size but different polarity is different for a certain level of TID. This
difference could be as small as ~ 0.5V at 0.1 Mrad(SiO,) and increase to several
volts for higher doses.

8.4 Conclusions on 22nm FDSOI

The radiation response of 22 nm FDSOI transistors was evaluated by X-ray irradi-
ation at ultra-high levels of TID. The study revealed that the main TID-induced
effect observed in this technology is the coupling between the front and back gates,
that allows the charge trapped in the buried oxide to severely shift the front gate
threshold voltage. The absence of TID-induced effects typical of bulk technologies
such as RINCE and RISCE also confirms that the charge trapped in the BOX
dominates the radiation response of this technology. The observed degradation
is not recovered when the devices are annealed at high temperature. The possi-
bility to compensate TID-induced effects by varying the back-gate bias has been
explored, showing that the Vzg needed to compensate for the TID-induced Vg
shift depends on the channel length and polarity of the device. From a practi-
cal standpoint, this study underscores two noteworthy issues in implementing a
compensation method in a real chip where hundreds of thousands of n- and p-
type transistors with different sizes are involved. Firstly, it is necessary to actively
monitor the degradation of the device to apply the appropriate bias. Secondly, the
bias to be applied at each TID level is different for devices of different sizes and po-
larity, posing a significant challenge in the actual application of the compensation
method.
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Conclusions

This thesis has explored several aspects of radiation-induced degradation mech-
anisms at very high doses and fluences in several CMOS technologies, providing
guidelines for the radiation hardness assurance of ASICs for high-energy physics
applications. Through comprehensive studies of 130 nm, 65 nm, 28 nm, and 22 nm
CMOS technologies it has been demonstrated how factors such as manufacturing
process variability, dose-rate, device size, transistor polarity, and operating condi-
tions are critical to account in the design, testing and qualification of radiation-
hardened ASICs.

First, it was shown that the TID-induced degradation in both 130nm and
65 nm technologies is significantly affected by fab-to-fab and run-to-run variability.
This variability is transistor polarity- and size-dependent, making it a critical
factor in the design and qualification phases of complex ASICs. The variability in
radiation response not only impacts individual transistors but also cascades into
larger circuit blocks. These results highlighted the need for a constant monitoring
of the manufacturing process of the technologies involved in radiation-hardened
designs as well as the limits of simulation models and methodologies which do not
take variability into account. Therefore, CERN’s EP-ESE-ME group continues to
include dedicated monitoring ASICs in each set of ASICs to verify manufacturing
process consistency. In addition, this work has helped identify fabrication facilities
that employ processes that offer superior radiation response, guiding the selection
of foundries for future projects.

In the study of 28nm CMOS technology, high-fluence irradiation campaigns
were carried out, revealing that TID-induced degradation remains the primary
concern for this technology, with limited evidence of displacement damage. The
results underscore the resilience of 28 nm CMOS transistors, confirming their suit-
ability for use in the high-radiation environments expected at the HL-LHC. This
study was a key step in the official adoption of this technology for future upgrades
of CERN'’s particle detector electronics, demonstrating that it can withstand the
unprecedented stress of 109 p/cm? fluence expected in upcoming CERN experi-
ments.”

This thesis also reports the first evidence of Enhanced Low Dose Rate Sen-
sitivity (ELDRS) in SRAMs and ring oscillators 28 nm CMOS technology. This
phenomenon, which manifests through increased power consumption at low-dose-
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rate due to parasitic leakage currents in shallow trench isolation (STI) regions,
is critical for the qualification of circuits for particle detectors. The findings also
suggest that circuits with MOSFETs permanently biased at high Vs may suffer
from dose-rate effects in the threshold voltage (Viry) and on-current (Ioy) degra-
dation. This introduces new challenges in testing and qualification, especially
for ultra-high TID, as the typical high-dose-rate tests currently used to qualify
chips may underestimate the degradation in the final application. The potential
of high-temperature irradiation as an accelerated qualification method has been
investigated and appears to show promise. However, further research is required
to establish a quantitative correlation between temperature effects and dose degra-
dation. The results of this work therefore show that tests conducted exclusively
at high dose rate are insufficient to qualify CMOS technologies for applications
where the dose rate in the real environment is much lower, such as in CERN
detectors. As consequence, designers, based on these results, adopt a margin of
safety by designing a TID tolerance 2-3 times higher than expected to account for
dose rate effects. Although low-dose testing at the very high TID levels expected
in CERN applications is not feasible because of the time required for each test,
this study has shown that high-temperature irradiation could be a viable alter-
native for irradiation testing of 28 nm CMOS technology and possibly in future
nodes. However, this method must be carefully evaluated according to the CMOS
technology node considered, since high-temperature irradiation was found to be
unsuitable for the 130 nm and 65 nm nodes because of the specific effects triggered
at high temperatures.

Lastly, the investigation into 22 nm FDSOI transistors highlighted severe degra-
dation mechanisms due to the coupling between the front and back gates, with
the charge trapped in the buried oxide being the primary driver of TID-induced
threshold voltage shifts. This front-to-back gate coupling creates challenges not
encountered in bulk technologies, underscoring the growing complexity of the ra-
diation qualification of advanced nodes. While attempts to mitigate these effects
using back-gate biasing showed potential, practical implementation on a large scale
remains challenging due to the variability in required compensation across differ-
ent transistor sizes and polarities. Therefore, this technology is not suitable for
applications in the inner parts of detectors at CERN because of its higher sensi-
tivity to TID. However, it could find use in other applications where the expected
TID levels are much less severe.



Bibliography

1]

2|

13l

4]

[5]

6]

17l

8]

9]

[10]

B. Schmidt, “The high-luminosity upgrade of the lhc: Physics
and technology challenges for the accelerator and the experiments,”
JPCS, vol. 706, no. 2, p. 022002, Apr. 2016. [Online|. Available:
https://dx.doi.org/10.1088/1742-6596 /706 /2 /022002

T. Sakuma and T. McCauley, “Detector and event visualization with
sketchup at the cms experiment,” in Journal of Physics: Conference Series,
vol. 513, no. 2. IOP Publishing, 2014, p. 022032.

R. D. Evans and R. Evans, The atomic nucleus. McGraw-Hill New York,
1955, vol. 582.

J. R. Schwank, M. R. Shaneyfelt, D. M. Fleetwood, J. A. Felix, P. E. Dodd,
P. Paillet, and V. Ferlet-Cavrois, “Radiation effects in mos oxides,” IFEFE
Transactions on Nuclear Science, vol. 55, no. 4, pp. 18331853, 2008.

T. R. Oldham and F. McLean, “Total ionizing dose effects in mos oxides and

devices,” IEEFE transactions on nuclear science, vol. 50, no. 3, pp. 483499,
2003.

F. McLean, H. Boesch Jr, and J. M. McGarrity, “Dispersive hole transport
in sio2,” Harry Diamond Laboratories Adelphi, MD1987, 1987.

A. Lelis, T. Oldham, H. Boesch, and F. McLean, “The nature of the trapped
hole annealing process,” IEEE Transactions on Nuclear Science, vol. 36,
no. 6, pp. 1808-1815, 1989.

G. Borghello et al., “lonizing radiation effects in nanoscale cmos technologies
exposed to ultra-high doses,” 2019.

G. Borghello, E. Lerario, F. Faccio, H. Koch, G. Termo, S. Michelis, F. Mar-
quez, F. Palomo, and F. Munoz, “lonizing radiation damage in 65 nm
cmos technology: Influence of geometry, bias and temperature at ultra-high
doses,” Microelectronics Reliability, vol. 116, p. 114016, 2021.

S. Bonaldo, S. Mattiazzo, M. Bagatin, A. Paccagnella, G. Margutti, and
S. Gerardin, “Influence of bulk doping and halos on the tid response of
i/o and core 150 nm nmosfets,” Electronics, vol. 12, no. 3, 2023. [Online].

Available: https://www.mdpi.com/2079-9292/12/3 /543

98


https://dx.doi.org/10.1088/1742-6596/706/2/022002
https://www.mdpi.com/2079-9292/12/3/543

BIBLIOGRAPHY 99

[11]

[12]

[13]

[14]

[15]

[16]
[17]

18]

[19]

[20]

21

[22]

23]

S. Bonaldo, S. Mattiazzo, C. Enz, A. Baschirotto, A. Paccagnella, X. Jin,
and S. Gerardin, “Influence of halo implantations on the total ionizing dose
response of 28-nm pmosfets irradiated to ultrahigh doses,” IEEE Transac-
tions on Nuclear Science, vol. 66, no. 1, pp. 82-90, 2018.

S. Witczak, R. Lacoe, J. Osborn, J. Hutson, and S. Moss, “Dose-rate sen-
sitivity of modern nmosfets,” IEEE Trans. Nucl. Sci., vol. 52, no. 6, pp.
26022608, 2005.

J. Boch, F. Saigné, A. Touboul, S. Ducret, J.-F. Carlotti, M. Bernard,
R. Schrimpf, F. Wrobel, and G. Sarrabayrouse, “Dose rate effects in bipo-
lar oxides: Competition between trap filling and recombination,” Applied
physics letters, vol. 88, no. 23, 2006.

J. Boch, F. Saigne, R. D. Schrimpf, J.-R. Vaille, L. Dusseau, and E. Lorfevre,
“Physical model for the low-dose-rate effect in bipolar devices,” IEEE Trans.
Nucl. Sci., vol. 53, no. 6, pp. 3655-3660, 2006.

G. Borghello, F. Faccio, G. Termo, S. Michelis, S. Costanzo, H. D. Koch,
and D. M. Fleetwood, “Effects of bias and temperature on the dose-rate sen-

sitivity of 65-nm cmos transistors,” IEEE Transactions on Nuclear Science,
vol. 68, no. 5, pp. 573-580, 2021.

W. Herr and B. Muratori, “Concept of luminosity,” 2006.

A. collaboration et al., “Atlas inner detector tdr,” CERN/LHCC/97-16,
Tech. Rep., 1997.

G. L. e. a. Bayatian, CMS Physics: Technical Design Report Volume 1:
Detector Performance and Software, ser. Technical design report. CMS.
Geneva: CERN, 2006, there is an error on cover due to a technical problem
for some items. [Online|. Available: https://cds.cern.ch/record /922757

O. e. a. Aberle, High-Luminosity Large Hadron Collider (HL-LHC):
Technical design report, ser. CERN Yellow Reports: Monographs. Geneva:
CERN, 2020. [Online|. Available: https://cds.cern.ch/record /2749422

CERN. (2024) Longer term lhc schedule. [Online|. Available: https:
/ /lhc-commissioning.web.cern.ch /schedule/ LHC-long-term.htm

F. Faccio, “Asic survival in the radiation environment of the lhc experiments:
30 years of struggle and still tantalizing,” Nuclear Instruments and Methods
in Physics Research Section A: Accelerators, Spectrometers, Detectors and
Associated Equipment, vol. 1045, p. 167569, 2023.

T.-P. Ma and P. V. Dressendorfer, lonizing radiation effects in MOS devices
and circuits. John Wiley & Sons, 1989.

T. R. Oldham, lonizing radiation effects in MOS oxides. World Scientific,
1999, vol. 3.


https://cds.cern.ch/record/922757
https://cds.cern.ch/record/2749422
https://lhc-commissioning.web.cern.ch/schedule/LHC-long-term.htm
https://lhc-commissioning.web.cern.ch/schedule/LHC-long-term.htm

BIBLIOGRAPHY 100

[24]

[25]

[26]

27]

28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

1371

[38]

H. Barnaby, “Total-ionizing-dose effects in modern cmos technologies,” IEEFE
transactions on nuclear science, vol. 53, no. 6, pp. 3103-3121, 2006.

D. M. Fleetwood, “Total ionizing dose effects in mos and low-dose-rate-
sensitive linear-bipolar devices,” IFEFE Transactions on Nuclear Science,
vol. 60, no. 3, pp. 1706-1730, 2013.

J. R. Schwank, “Basic mechanisms of radiation effects in the natural space
radiation environment,” Sandia National Labs., Albuquerque, NM (United
States), Tech. Rep., 1994.

F. B. McLean and T. R. Oldham, “Basic mechanisms of radiation effects
in electronic materials and devices,” Harry Diamond Laboratories Technical
Report, vol. 2129, 1987.

J. R. Srour, “Basic mechanism of radiation effects on electronic material de-
vices, and integrated circuits,” Tutorial Short Course, IEEFE NSREC, 1983.

P. R. Jemian, Characterization of steels by anomalous small-angle X-ray
scattering. Northwestern University, 1990.

J. M. Benedetto and H. Boesch, “The relationship between 60co and 10-
kev x-ray damage in mos devices,” IEEE Transactions on Nuclear Science,
vol. 33, no. 6, pp. 1317-1323, 1986.

R. Hughes, “High field electronic properties of sio2,” Solid-State Electronics,
vol. 21, no. 1, pp. 251-258, 1978.

D. Ferry, “Electron transport and breakdown in sio2,” Journal of Applied
Physics, vol. 50, no. 3, pp. 1422-1427, 1979.

M. V. Fischetti, D. J. DiMaria, S. D. Brorson, T. N. Theis, and J. R. Kirtley,
“Theory of high-field electron transport in silicon dioxide,” Physical Review
B, vol. 31, no. 12, p. 8124, 1985.

R. Hughes, “Time-resolved hole transport in a- s i 0 2,” Physical Review B,
vol. 15, no. 4, p. 2012, 1977.

O. Curtis Jr and J. Srour, “The multiple-trapping model and hole transport
in sio2,” Journal of Applied Physics, vol. 48, no. 9, pp. 3819-3828, 1977.

F. McLean, H. Boesch Jr, and T. Oldham, “Electron-hole generation, trans-
port and trapping in sio 2,” in lonizing radiation effects in MOS devices and
cirrcuits, 1989.

T. R. Oldham, “Recombination along the tracks of heavy charged particles
in sio2 films,” Journal of applied physics, vol. 57, no. 8, pp. 2695-2702, 1985.

H. Boesch Jr and F. McLean, “Interface state generation associated with
hole transport in metal-oxide-semiconductor structures,” Journal of applied
physics, vol. 60, no. 1, pp. 448-449, 1986.



BIBLIOGRAPHY 101

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

48]

[49]

[50]

[51]

C. M. Svensson, “The defect structure of the si-sio2 interface, a model based
on trivalent silicon and its hydrogen “compounds”,” in The physics of SiO2
and its interfaces. Elsevier, 1978, pp. 328-332.

G. Pfister and H. Scher, “Dispersive (non-gaussian) transient transport in
disordered solids,” Advances in Physics, vol. 27, no. 5, pp. 747-798, 1978.

F. B. McLean, H. E. Boesch, and J. M. McGarrity, “Hole transport and re-
covery characteristics of sio2 gate insulators,” IEEE Transactions on Nuclear
Science, vol. 23, no. 6, pp. 1506-1512, 1976.

H. Boesch, J. McGarrity, and F. McLean, “Temperature-and field-dependent
charge relaxation in sio2 gate insulators,” IEFE Transactions on Nuclear
Science, vol. 25, no. 3, pp. 1012-1016, 1978.

F. McLean, H. Boesch Jr, and J. McGarrity, “Field-dependent hole transport
in amorphous sio2,” in The Physics of SiO2 and Its Interfaces. Elsevier,
1978, pp. 19-23.

H. E. Boesch, F. B. McLean, J. M. McGarrity, and P. S. Winokur, “En-
hanced flatband voltage recovery in hardened thin mos capacitors,” IFEFE
Transactions on Nuclear Science, vol. 25, no. 6, pp. 1239-1245, 1978.

L. Tsetseris, D. Fleetwood, R. Schrimpf, X. Zhou, I. Batyrev, and S. Pan-
telides, “Hydrogen effects in mos devices,” Microelectronic engineering,
vol. 84, no. 9-10, pp. 2344-2349, 2007.

D. M. Fleetwood, “Effects of hydrogen transport and reactions on micro-
electronics radiation response and reliability,” Microelectronics Reliability,
vol. 42, no. 4-5, pp. 523-541, 2002.

C. Nicklaw, Z.-Y. Lu, D. Fleetwood, R. Schrimpf, and S. Pantelides, “The
structure, properties, and dynamics of oxygen vacancies in amorphous
sio/sub 2, IEEE Transactions on Nuclear Science, vol. 49, no. 6, pp. 2667
2673, 2002.

F. J. Feigl, W. B. Fowler, and K. L. Yip, “Oxygen vacancy model for the
el' center in sio2,” Solid State Communications, vol. 14, no. 3, pp. 225-229,
1974.

W. Warren, M. Shaneyfelt, D. Fleetwood, J. Schwank, P. Winokur, and
R. Devine, “Microscopic nature of border traps in mos oxides,” IEEE Trans-
actions on Nuclear Science, vol. 41, no. 6, pp. 1817-1827, 1994.

D. M. Fleetwood, “Border traps and bias-temperature instabilities in mos
devices,” Microelectronics Reliability, vol. 80, pp. 266277, 2018.

——, “’border traps’ in mos devices,” IEEFE transactions on nuclear science,
vol. 39, no. 2, pp. 269-271, 1992.



BIBLIOGRAPHY 102

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

|60]

[61]

[62]

[63]

N. Saks, M. Ancona, and J. Modolo, “Radiation effects in mos capacitors
with very thin oxides at 80 k,” IEEFE Transactions on Nuclear Science,
vol. 31, no. 6, pp. 1249-1255, 1984.

J. Benedetto, H. Boesch, F. McLean, and J. Mize, “Hole removal in thin-
gate mosfets by tunneling,” IEEE Transactions on Nuclear Science, vol. 32,
no. 6, pp. 3916-3920, 1985.

F. McLean, G. Ausman Jr, H. Boesch Jr, and J. McGarrity, “Application of
stochastic hopping transport to hole conduction in amorphous sio2,” Journal
of Applied Physics, vol. 47, no. 4, pp. 1529-1532, 1976.

S. Rashkeev, D. Fleetwood, R. Schrimpf, and S. Pantelides, “Proton-induced
defect generation at the si-sio/sub 2/interface,” IEEE transactions on Nu-
clear Science, vol. 48, no. 6, pp. 2086-2092, 2001.

F. McLean, “A framework for understanding radiation-induced interface
states in sio2 mos structures,” IEEF transactions on Nuclear Science, vol. 27,
no. 6, pp. 1651-1657, 1980.

P. S. Winokur, “Radiation-induced interface traps,” in lonizing radiation
effects in MOS devices and circuits, 1989.

N. Saks, C. Dozier, and D. Brown, “Time dependence of interface trap forma-
tion in mosfets following pulsed irradiation,” IEEFE Transactions on Nuclear
Science, vol. 35, no. 6, pp. 1168-1177, 1988.

D. Fleetwood, F. Thome, S. Tsao, P. Dressendorfer, V. Dandini, and
J. Schwank, “High-temperature silicon-on-insulator electronics for space nu-
clear power systems: requirements and feasibility,” IEEE Transactions on
Nuclear Science, vol. 35, no. 5, pp. 1099-1112, 1988.

A. Lelis, T. Oldham, and W. DeLancey, “Response of interface traps during
high-temperature anneals (mosfets),” IEEE Transactions on nuclear Sci-
ence, vol. 38, no. 6, pp. 1590-1597, 1991.

N. S. Saks, M. G. Ancona, and J. A. Modolo, “Generation of interface states
by ionizing radiation in very thin mos oxides,” IEEE Transactions on Nuclear
Science, vol. 33, no. 6, pp. 1185-1190, 1986.

D. Brown and N. Saks, “Time dependence of radiation-induced interface
trap formation in metal-oxide-semiconductor devices as a function of oxide
thickness and applied field,” Journal of applied physics, vol. 70, no. 7, pp.
3734-3747, 1991.

P. M. Lenahan and P. Dressendorfer, “Hole traps and trivalent silicon centers
in metal/oxide/silicon devices,” Journal of Applied Physics, vol. 55, no. 10,
pp. 3495-3499, 1984.



BIBLIOGRAPHY 103

[64]

|65]

|66]

[67]

|68

[69]

[70]

[71]

[72]

73]

[74]

[75]

L. J. Palkuti and J. J. LePage, “X-ray wafer probe for total dose testing,”
IEEE Transactions on Nuclear Science, vol. 29, no. 6, pp. 1832-1837, 1982.

P. D. Group, R. Workman, V. Burkert, V. Crede, E. Klempt, U. Thoma,
L. Tiator, K. Agashe, G. Aielli, B. Allanach et al., “Review of particle

physics,” Progress of theoretical and experimental physics, vol. 2022, no. 8,
p. 083C01, 2022.

M. Guthoff, O. Brovchenko, W. De Boer, A. Dierlamm, T. Miiller, A. Rit-
ter, M. Schmanau, and H.-J. Simonis, “Geant4 simulation of a filtered x-ray
source for radiation damage studies,” Nuclear Instruments and Methods in

Physics Research Section A: Accelerators, Spectrometers, Detectors and As-
sociated Equipment, vol. 675, pp. 118-122, 2012.

A. Ortiz-Conde, F. J. Garcia-Sanchez, J. Muci, A. T. Barrios, J. J. Liou,
and C.-S. Ho, “Revisiting mosfet threshold voltage extraction methods,” Mi-
croelectronics Reliability, vol. 53, no. 1, pp. 90-104, 2013.

L. Dobrescu, M. Petrov, D. Dobrescu, and C. Ravariu, “Threshold voltage
extraction methods for mos transistors,” in 2000 International Semiconduc-
tor Conference. 23rd Edition. CAS 2000 Proceedings (Cat. No. 00TH8486),
vol. 1. IEEE, 2000, pp. 371-374.

K. Terada, K. Nishiyama, and K.-I. Hatanaka, “Comparison of mosfet-
threshold-voltage extraction methods,” Solid-state electronics, vol. 45, no. 1,
pp- 3540, 2001.

A. Ortiz-Conde, F. G. Sanchez, J. J. Liou, A. Cerdeira, M. Estrada, and
Y. Yue, “A review of recent mosfet threshold voltage extraction methods,”
Microelectronics reliability, vol. 42, no. 4-5, pp. 583-596, 2002.

D. M. Fleetwood, “Evolution of total ionizing dose effects in mos devices
with moore’s law scaling,” IEEE Transactions on Nuclear Science, vol. 65,
no. 8, pp. 1465-1481, 2017.

F. Faccio, S. Michelis, D. Cornale, A. Paccagnella, and S. Gerardin,
“Radiation-induced short channel (risce) and narrow channel (rince) effects
in 65 and 130 nm mosfets,” IEEE Transactions on Nuclear Science, vol. 62,
no. 6, pp. 2933-2940, 2015.

G. Hong, “Method for manufacturing shallow trench isolation structure in-
cluding a dual trench,” May 15 2001, uS Patent 6,232,202.

H. Tseng, K.-C. Chen, and H.-S. Huang, “Mosfet device with two spacers,”
Mar. 28 2000, uS Patent 6,043,545.

S. Gerardin, M. Bagatin, D. Cornale, L. Ding, S. Mattiazzo, A. Paccagnella,
F. Faccio, and S. Michelis, “Enhancement of transistor-to-transistor vari-
ability due to total dose effects in 65-nm mosfets,” IEEE Transactions on
Nuclear Science, vol. 62, no. 6, pp. 2398-2403, 2015.



BIBLIOGRAPHY 104

[76]

[77]

78]

[79]

[30]

[81]

[82]

[83]

[84]

[85]

M. Shaneyfelt, P. Dodd, B. Draper, and R. Flores, “Challenges in hardening
technologies using shallow-trench isolation,” IEEFE Transactions on Nuclear
Science, vol. 45, no. 6, pp. 2584-2592, 1998.

R. Lacoe, J. Osborn, D. Mayer, S. Brown, and D. Hunt, “Total-dose ra-
diation tolerance of a commercial 0.35/spl mu/m cmos process,” in 1998
IEEFE Radiation Effects Data Workshop. NSREC' 98. Workshop Record. Held
in conjunction with IEEE Nuclear and Space Radiation Effects Conference
(Cat. No. 98TH8585). 1EEE, 1998, pp. 104-110.

F. Faccio, H. J. Barnaby, X. J. Chen, D. M. Fleetwood, L. Gonella,
M. McLain, and R. D. Schrimpf, “Total ionizing dose effects in shallow trench
isolation oxides,” Microelectronics Reliability, vol. 48, no. 7, pp. 1000-1007,
2008.

S. Bonaldo, T. Wallance, H. Barnaby, G. Borghello, G. Termo, F. Fac-
cio, D. M. Fleetwood, S. Mattiazzo, M. Bagatin, A. Paccagnella et al.,
“Radiation-induced charge trapping in shallow trench isolations of finfets,”
IEEE Transactions on Nuclear Science, 2023.

W. K. Henson, N. Yang, S. Kubicek, E. M. Vogel, J. J. Wortman,
K. De Meyer, and A. Naem, “Analysis of leakage currents and impact on
off-state power consumption for cmos technology in the 100-nm regime,”

IEEE Transactions on Electron Devices, vol. 47, no. 7, pp. 1393—-1400, 2000.

G. Youk, P. Khare, R. Schrimpf, L. Massengill, and K. Galloway, “Radiation-
enhanced short channel effects due to multi-dimensional influence from

charge at trench isolation oxides,” IEEFE Transactions on Nuclear Science,
vol. 46, no. 6, pp. 1830-1835, 1999.

C.-M. Zhang, F. Jazaeri, G. Borghello, F. Faccio, S. Mattiazzo, A. Baschi-
rotto, and C. Enz, “Characterization and modeling of gigarad-tid-induced
drain leakage current of 28-nm bulk mosfets,” IEEE Transactions on Nu-
clear Science, vol. 66, no. 1, pp. 3847, 2018.

T. Ma, S. Bonaldo, S. Mattiazzo, A. Baschirotto, C. Enz, A. Paccagnella,
and S. Gerardin, “Tid degradation mechanisms in 16-nm bulk finfets irra-
diated to ultrahigh doses,” IEEE Transactions on Nuclear Science, vol. 68,
no. 8, pp. 1571-1578, 2021.

N. Rezzak, M. L. Alles, R. D. Schrimpf, S. Kalemeris, L. W. Massengill,
J. Sochacki, and H. J. Barnaby, “The sensitivity of radiation-induced leakage

to sti topology and sidewall doping,” Microelectronics Reliability, vol. 51,
no. 5, pp. 889-894, 2011.

M. Turowski, A. Raman, and R. Schrimpf, “Nonuniform total-dose-induced
charge distribution in shallow-trench isolation oxides,” IEEE transactions
on nuclear science, vol. 51, no. 6, pp. 3166-3171, 2004.



BIBLIOGRAPHY 105

[36]

[87]

38

[89]

[90]

191

[92]

(93]

194]

L. Gonella, F. Faccio, M. Silvestri, S. Gerardin, D. Pantano, V. Re,
M. Manghisoni, L. Ratti, and A. Ranieri, “Total ionizing dose effects in
130-nm commercial cmos technologies for hep experiments,” Nuclear Instru-
ments and Methods in Physics Research Section A: Accelerators, Spectrom-
eters, Detectors and Associated Equipment, vol. 582, no. 3, pp. 750-754,
2007.

F. Faccio and G. Cervelli, “Radiation-induced edge effects in deep submicron
cmos transistors,” IEEE Transactions on Nuclear Science, vol. 52, no. 6, pp.
2413-2420, 2005.

A. Johnston, R. Swimm, G. Allen, and T. Miyahira, “Total dose effects
in cmos trench isolation regions,” IEEE Transactions on Nuclear Science,
vol. 56, no. 4, pp. 1941-1949, 2009.

C.-M. Zhang, F. Jazaeri, G. Borghello, S. Mattiazzo, A. Baschirotto, and
C. Enz, “Bias dependence of total ionizing dose effects on 28-nm bulk mos-

fets,” in 2018 IEEE Nuclear Science Symposium and Medical Imaging Con-
ference Proceedings (NSS/MIC). 1EEE, 2018, pp. 1-3.

G. Anelli, M. Campbell, M. Delmastro, F. Faccio, S. Floria, A. Giraldo,
E. Heijne, P. Jarron, K. Kloukinas, A. Marchioro et al., “Radiation tolerant
vlsi circuits in standard deep submicron cmos technologies for the lhc exper-

iments: practical design aspects,” IEEE Transactions on Nuclear Science,
vol. 46, no. 6, pp. 1690-1696, 1999.

W. Snoeys, F. Faccio, M. Burns, M. Campbell, E. Cantatore, N. Carrer,
L. Casagrande, A. Cavagnoli, C. Dachs, S. Di Liberto et al., “Layout tech-
niques to enhance the radiation tolerance of standard cmos technologies
demonstrated on a pixel detector readout chip,” Nuclear Instruments and
Methods in Physics Research Section A: accelerators, spectrometers, detec-
tors and associated equipment, vol. 439, no. 2-3, pp. 349-360, 2000.

W. J. Snoeys, T. P. Gutierrez, and G. Anelli, “A new nmos layout structure

for radiation tolerance,” in 2001 IEEE Nuclear Science Symposium Confer-
ence Record (Cat. No. 01CHS37310), vol. 2. IEEE, 2001, pp. 822-826.

S. Bonaldo, S. Mattiazzo, C. Enz, A. Baschirotto, D. M. Fleetwood,
A. Paccagnella, and S. Gerardin, “lonizing-radiation response and low-
frequency noise of 28-nm mosfets at ultrahigh doses,” IEEE Transactions
on Nuclear Science, vol. 67, no. 7, pp. 1302-1311, 2020.

S. Ogura, P. J. Tsang, W. W. Walker, D. L. Critchlow, and J. F. Shepard,
“Design and characteristics of the lightly doped drain-source (1dd) insulated
gate field-effect transistor,” IEEE Journal of Solid-State Clircuits, vol. 15,
no. 4, pp. 424-432, 1980.



BIBLIOGRAPHY 106

[95]

[96]

197]

98]

[99]

[100]

[101]

[102]

103

[104]

[105]

[106]

F. Faccio, G. Borghello, E. Lerario, D. M. Fleetwood, R. D. Schrimpf,
H. Gong, E. X. Zhang, P. Wang, S. Michelis, S. Gerardin et al., “Influ-
ence of 1dd spacers and h+ transport on the total-ionizing-dose response of

65-nm mosfets irradiated to ultrahigh doses,” IEEE Transactions on Nuclear
Science, vol. 65, no. 1, pp. 164-174, 2017.

G. Borghello, F. Faccio, E. Lerario, S. Michelis, S. Kulis, D. M. Fleetwood,
R. D. Schrimpf, S. Gerardin, A. Paccagnella, and S. Bonaldo, “Dose-rate
sensitivity of 65-nm mosfets exposed to ultrahigh doses,” IEEE Transactions
on Nuclear Science, vol. 65, no. 8, pp. 1482-1487, 2018.

D. Borse, M. R. Kn, N. K. Jha, A. Chandorkar, J. Vasi, V. R. Rao, B. Cheng,
and J. Woo, “Optimization and realization of sub-100-nm channel length
single halo p-mosfets,” IEEE Transactions on Electron Devices, vol. 49, no. 6,
pp. 1077-1079, 2002.

N. Kotani and S. Kawazu, “Computer analysis of punch-through in mosfets,”
Solid-State FElectronics, vol. 22, no. 1, pp. 63-70, 1979.

K.-Y. Fuand Y. L. Tsang, “On the punchthrough phenomenon in submicron
mos transistors,” IEEFE Transactions on Electron Devices, vol. 44, no. 5, pp.
847-855, 1997.

S. Veeraraghavan and J. G. Fossum, “Short-channel effects in soi mosfets,”
IEEE Transactions on Electron Devices, vol. 36, no. 3, pp. 522-528, 1989.

A. Chaudhry and M. J. Kumar, “Controlling short-channel effects in deep-
submicron soi mosfets for improved reliability: a review,” IEEE Transactions
on Device and Materials Reliability, vol. 4, no. 1, pp. 99-109, 2004.

S. Ogura, C. F. Codella, N. Rovedo, J. F. Shepard, and J. Riseman, “A half
micron mosfet using double implanted 1dd,” in 1982 international electron
devices meeting. IEEE, 1982, pp. 718-721.

S. Rathnam, H. Bahramian, D. Laurent, and Y.-P. Han, “An optimized
0.5 micron ldd transistors,” in 1983 International Electron Devices Meeting.
[EEE, 1983, pp. 237-241.

M. L. McLain, H. J. Barnaby, and G. Schlenvogt, “Effects of channel implant
variation on radiation-induced edge leakage currents in n-channel mosfets,”
IEEE Transactions on Nuclear Science, vol. 64, no. 8, pp. 22352241, 2017.

T. Kunikiyo, K. Mitsui, M. Fujinaga, T. Uchida, and N. Kotani, “Re-
verse short-channel effect due to lateral diffusion of point-defect induced
by source/drain ion implantation,” IEEE transactions on computer-aided
design of integrated circuits and systems, vol. 13, no. 4, pp. 507-514, 1994.

S. Bonaldo, T. Ma, S. Mattiazzo, A. Baschirotto, C. Enz, D. M. Fleet-
wood, A. Paccagnella, and S. Gerardin, “Dc response, low-frequency noise,



BIBLIOGRAPHY 107

[107]

[108]

109

[110]

[111]

[112]

[113]

[114]

[115]

and tid-induced mechanisms in 16-nm finfets for high-energy physics exper-
iments,” Nuclear Instruments and Methods in Physics Research Section A:

Accelerators, Spectrometers, Detectors and Associated Equipment, vol. 1033,
p. 166727, 2022.

N. L. Rowsey, M. E. Law, R. D. Schrimpf, D. M. Fleetwood, B. R. Tuttle, and
S. T. Pantelides, “A quantitative model for eldrs and hy degradation effects in
irradiated oxides based on first principles calculations,” IEEE Trans. Nucl.
Sci., vol. 58, no. 6, pp. 2937-2944, 2011.

R. L. Pease, R. D. Schrimpf, and D. M. Fleetwood, “ELDRS in bipolar linear
circuits: A review,” IEEE Trans. Nucl. Sci., vol. 56, no. 4, pp. 1894-1908,
Aug. 2009.

D. Fleetwood, S. Kosier, R. Nowlin, R. Schrimpf, R. Reber, M. DeLaus,
P. Winokur, A. Wei, W. Combs, and R. Pease, “Physical mechanisms con-
tributing to enhanced bipolar gain degradation at low dose rates,” IFEE
Transactions on Nuclear Science, vol. 41, no. 6, pp. 1871-1883, 1994.

R. Graves, C. Cirba, R. Schrimpf, R. Milanowski, A. Michez, D. Fleetwood,
S. Witczak, and F. Saigne, “Modeling low-dose-rate effects in irradiated
bipolar-base oxides,” IEEFE Trans. Nucl. Sci., vol. 45, no. 6, pp. 2352-2360,
1998.

C. M. Mezzomo, A. Bajolet, A. Cathignol, R. Di Frenza, and G. Ghibaudo,
“Characterization and modeling of transistor variability in advanced cmos
technologies,” IEEE Transactions on FElectron Devices, vol. 58, no. 8, pp.
22352248, 2011.

S. Nassif, K. Bernstein, D. J. Frank, A. Gattiker, W. Haensch, B. L. Ji,
E. Nowak, D. Pearson, and N. J. Rohrer, “High performance cmos variabil-
ity in the 65nm regime and beyond,” in 2007 IEEE International Electron
Devices Meeting. TEEE, 2007, pp. 569-571.

Y. Li, N. Rezzak, E. X. Zhang, R. D. Schrimpf, D. M. Fleetwood, J. Wang,
D. Wang, Y. Wu, and S. Cai, “Including the effects of process-related vari-
ability on radiation response in advanced foundry process design kits,” IEEFE
Transactions on Nuclear Science, vol. 57, no. 6, pp. 3570-3574, 2010.

G. Leung and C. O. Chui, “Variability impact of random dopant fluctuation
on nanoscale junctionless finfets,” IEEE FElectron Deuvice Letters, vol. 33,
no. 6, pp. 767-769, 2012.

M. Reaz, A. M. Tonigan, K. Li, M. B. Smith, M. W. Rony, M. Gorchichko,
A. O’Hara, D. Linten, J. Mitard, J. Fang et al., “3-d full-band monte carlo
simulation of hot-electron energy distributions in gate-all-around si nanowire

mosfets,” IEEE Transactions on FElectron Devices, vol. 68, no. 5, pp. 2556—
2563, 2021.



BIBLIOGRAPHY 108

[116] M. Shaneyfelt, P. Winokur, T. Meisenheimer, F. Sexton, S. Roeske, and
M. Knoll, “Hardness variability in commercial technologies,” IEEFE Transac-
tions on Nuclear Science, vol. 41, no. 6, pp. 25362543, 1994.

[117] N. Rezzak, P. Maillard, R. D. Schrimpf, M. L. Alles, D. M. Fleetwood, and
Y. A. Li, “The impact of device width on the variability of post-irradiation
leakage currents in 90 and 65 nm cmos technologies,” Microelectronics Reli-
ability, vol. 52, no. 11, pp. 2521-2526, 2012.

[118] S. Gerardin, M. Bagatin, A. Bertoldo, A. Paccagnella, and V. Ferlet-Cavrois,
“Sample-to-sample variability of floating gate errors due to total ionizing
dose,” IEEFE Transactions on Nuclear Science, vol. 62, no. 6, pp. 2511-2516,
2015.

[119] Z. Hu, Z. Liu, H. Shao, Z. Zhang, B. Ning, M. Chen, D. Bi, and S. Zou,
“Impact of within-wafer process variability on radiation response,” Micro-
electronics journal, vol. 42, no. 6, pp. 883-888, 2011.

[120] D. Fleetwood and H. Eisen, “Total-dose radiation hardness assurance,” I[EEE
Transactions on Nuclear Science, vol. 50, no. 3, pp. 552-564, 2003.

[121] S. Bonaldo, S. Gerardin, X. Jin, A. Paccagnella, F. Faccio, G. Borghello,
and D. M. Fleetwood, “Charge buildup and spatial distribution of interface
traps in 65-nm pmosfets irradiated to ultrahigh doses,” IEFEE Transactions
on Nuclear Science, vol. 66, no. 7, pp. 1574-1583, 2019.

[122] G. Termo, G. Borghello, F. Faccio, S. Michelis, A. Koukab, and J.-M. Sallese,
“Fab-to-fab and run-to-run variability in 130 nm and 65 nm cmos technolo-

gies exposed to ultra-high tid,” Journal of Instrumentation, vol. 18, no. 01,
p. C01061, 2023.

[123] B. J. Sheu, D. L. Scharfetter, P.-K. Ko, and M.-C. Jeng, “Bsim: Berkeley
short-channel igfet model for mos transistors,” IEEE Journal of Solid-State
Circuits, vol. 22, no. 4, pp. 558-566, 1987.

[124] C. C. Enz and E. A. Vittoz, Charge-based MOS transistor modeling: the
EKYV model for low-power and RF IC design. John Wiley & Sons, 2006.

[125] A. Nikolaou, M. Bucher, N. Makris, A. Papadopoulou, L. Chevas,
G. Borghello, H. D. Koch, K. Kloukinas, T. S. Poikela, and F. Faccio, “Ex-
tending a 65nm cmos process design kit for high total ionizing dose effects,”

in 2018 7th International Conference on Modern Circuits and Systems Tech-
nologies (MOCAST). 1EEE, 2018, pp. 1-4.

[126] L. Chevas, A. Nikolaou, M. Bucher, N. Makris, A. Papadopoulou, A. Zo-
grafos, G. Borghello, H. D. Koch, and F. Faccio, “Investigation of scaling
and temperature effects in total ionizing dose (tid) experiments in 65 nm
cmos,” in 2018 25th International Conference” Mixed Design of Integrated
Circuits and System"(MIXDES). TEEE, 2018, pp. 313-318.



BIBLIOGRAPHY 109

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134)

[135]

[136]

M. Bucher, A. Nikolaou, A. Papadopoulou, N. Makris, L. Chevas,
G. Borghello, H. D. Koch, and F. Faccio, “Total ionizing dose effects on
analog performance of 65 nm bulk cmos with enclosed-gate and standard

layout,” in 2018 IEEE International Conference on Microelectronic Test
Structures (ICMTS). TEEE, 2018, pp. 166-170.

A. Nikolaou, M. Bucher, N. Makris, A. Papadopoulou, L. Chevas,
G. Borghello, H. D. Koch, and F. Faccio, “Modeling of high total ioniz-
ing dose (tid) effects for enclosed layout transistors in 65 nm bulk cmos,”
in 2018 International Semiconductor Conference (CAS). ITEEE, 2018, pp.
133-136.

A. Caratelli, Y. Leblebici, J. Kaplon, D. Ceresa, J. Murdzek, K. Kloukinas,
and S. Scarfi, “Short-strip asic (ssa): A 65nm silicon-strip readout asic for

the pixel-strip (ps) module of the cms outer tracker detector upgrade at
hl-The,” PoS, p. 031, 2018.

G. Aglieri, P. V. Leitao, J. Hahnfeld, P. Collins, D. Janssens, L. Marti-
nazzoli, M. Van Stenis, A. Klekotko, M. Gose, M. Wiehe et al., “Strategic

r&d programme on technologies for future experiments-annual report 2020,”
CERN, Tech. Rep., 2020.

S. Mattiazzo, M. Bagatin, D. Bisello, S. Gerardin, A. Marchioro,
A. Paccagnella, D. Pantano, A. Pezzotta, C. Zhang, and A. Baschirotto,
“Total ionizing dose effects on a 28 nm hi-k metal-gate cmos technology up
to 1 grad,” Journal of Instrumentation, vol. 12, no. 02, p. C02003, 2017.

G. Borghello, G. Bergamin, D. Ceresa, R. Pejasinovi¢, F. Diaz, K. Kloukinas,
A. Pulli, G. Ripamonti, A. Caratelli, and M. Andorno, “Total ionizing dose
effects on ring-oscillators and srams in a commercial 28 nm cmos technology,”
Journal of Instrumentation, vol. 18, no. 02, p. C02003, 2023.

C.-M. Zhang, F. Jazaeri, G. Borghello, F. Faccio, S. Mattiazzo, A. Baschi-
rotto, and C. Enz, “Characterization and modeling of gigarad-tid-induced
drain leakage current of 28-nm bulk mosfets,” IEEFE Transactions on Nu-
clear Science, vol. 66, no. 1, pp. 3847, 2018.

G. Messenger and J. Spratt, “The effects of neutron irradiation on germa-
nium and silicon,” Proceedings of the IRE, vol. 46, no. 6, pp. 1038-1044,
1958.

J. Srour, C. J. Marshall, and P. W. Marshall, “Review of displacement dam-
age effects in silicon devices,” IEEFE transactions on nuclear science, vol. 50,

no. 3, pp. 653-670, 2003.

K. Galloway, R. Pease, R. Schrimpf, and D. Emily, “From displacement
damage to eldrs: Fifty years of bipolar transistor radiation effects at the
nsrec,” IEEE Transactions on Nuclear Science, vol. 60, no. 3, pp. 1731-
1739, 2013.



BIBLIOGRAPHY 110

[137]

[138]

[139]

[140]

141

[142]

[143]

[144)

[145]

H. J. Barnaby, R. D. Schrimpf, K. F. Galloway, X. Li, J. Yang, and C. Liu,
“Displacement damage in bipolar junction transistors: Beyond messenger-
spratt,” IEEFE Transactions on Nuclear Science, vol. 64, no. 1, pp. 149-155,
2016.

G. Mueller, N. Wilsey, and M. Rosen, “The structure of displacement cas-
cades in silicon,” IEEE Transactions on Nuclear Science, vol. 29, no. 6, pp.
14931497, 1982.

S.-B. Xue, R. Huang, D.-T. Huang, S.-H. Wang, F. Tan, J. Wang, X. An, and
X. Zhang, “Impact of the displacement damage in channel and source/drain
regions on the dc characteristics degradation in deep-submicron mosfets after
heavy ion irradiation,” Chinese Physics B, vol. 19, no. 11, p. 117307, 2010.

M. G. Esposito, J. E. Manuel, A. Privat, T. P. Xiao, D. Garland, E. Bielejec,
G. Vizkelethy, J. Dickerson, J. Brunhaver, A. A. Talin et al., “Investigating
heavy-ion effects on 14-nm process finfets: Displacement damage versus total

ionizing dose,” IEEE Transactions on Nuclear Science, vol. 68, no. 5, pp.
724-732, 2021.

E. R. Rodriguez, L. Collaboration et al., “Silicon vertex detector with timing
for the upgrade ii of lhch,” Nuclear Instruments and Methods in Physics
Research Section A: Accelerators, Spectrometers, Detectors and Associated
Equipment, vol. 1048, p. 167965, 2023.

S. Gerardin, A. Gasperin, A. Cester, A. Paccagnella, G. Ghidini, A. Can-
delori, N. Bacchetta, D. Bisello, and M. Glaser, “Impact of 24-gev proton
irradiation on 0.13-pum cmos devices,” in 2005 8th European Conference on
Radiation and Its Effects on Components and Systems. ITEEE, 2005, pp.
F3-1.

C. Virmontois, V. Goiffon, P. Magnan, S. Girard, C. Inguimbert, S. Petit,
G. Rolland, and O. Saint-Pé, “Displacement damage effects due to neutron
and proton irradiations on cmos image sensors manufactured in deep sub-

micron technology,” IEEE Transactions on Nuclear Science, vol. 57, no. 6,
pp. 3101-3108, 2010.

R. Arinero, E. Zhang, N. Rezzak, R. D. Schrimpf, D. M. Fleetwood, B. Chof,
A. Hmelo, J. Mekki, A. D. Touboul, and F. Saigné, “High fluence 1.8 mev

proton irradiation effects on n-type mos capacitors,” Microelectronics Reli-
ability, vol. 51, no. 12, pp. 2093-2096, 2011.

L. Ding, S. Gerardin, M. Bagatin, D. Bisello, S. Mattiazzo, and
A. Paccagnella, “Investigation of total ionizing dose effect and displacement
damage in 65 nm cmos transistors exposed to 3 mev protons,” Nuclear In-
struments and Methods in Physics Research Section A: Accelerators, Spec-
trometers, Detectors and Associated Equipment, vol. 796, pp. 104-107, 2015.



BIBLIOGRAPHY 111

[146]

[147]

(148

[149]

[150]

[151]

152]

[153]

[154]

[155]

[156]

G. Termo, G. Borghello, F. Faccio, S. Michelis, A. Koukab, and J. Sallese,
“Radiation response of 28 nm cmos transistors at high proton and neu-
tron fluences for high energy physics applications,” Nuclear Instruments and
Methods in Physics Research Section A: Accelerators, Spectrometers, Detec-
tors and Associated Equipment, p. 169497, 2024.

C. J. Marshall and P. W. Marshall, “Proton effects and test issues for satellite
designers,” in IEEE/NSREC, 1999.

C.-M. Zhang, F. Jazaeri, A. Pezzotta, C. Bruschini, G. Borghello, F. Faccio,
S. Mattiazzo, A. Baschirotto, and C. Enz, “Characterization of gigarad total
ionizing dose and annealing effects on 28-nm bulk mosfets,” IEEE Transac-
tions on Nuclear Science, vol. 64, no. 10, pp. 2639-2647, 2017.

P. Dervan, R. French, P. Hodgson, H. Marin-Reyes, and J. Wilson, “The
birmingham irradiation facility,” Nucl. Instrum. Methods Phys. Res. A, vol.
730, pp. 101-104, 2013.

P. Allport, M. Baca, D. Briglin, J. Broughton, R. Canavan, A. Chisholm,
L. Gonella, P. Knights, K. Nikolopoulos, D. Parker et al., “Recent results

and experience with the birmingham mc40 irradiation facility,” Journal of
Instrumentation, vol. 12, no. 03, p. C03075, 2017.

A. Kolgek, V. Radulovi¢, A. Trkov, and L. Snoj, “Using triga mark ii research
reactor for irradiation with thermal neutrons,” Nucl. Eng. Des, vol. 283, pp.
155-161, 2015.

L. Snoj, G. Zerovnik, and A. Trkov, “Computational analysis of irradiation
facilities at the jsi triga reactor,” Applied Radiation and Isotopes, vol. 70,
no. 3, pp. 483488, 2012.

K. Ambrozi¢, G. Zerovnik, and L. Snoj, “Computational analysis of the
dose rates at jsi triga reactor irradiation facilities,” Applied Radiation and
Isotopes, vol. 130, pp. 140-152, 2017.

A. Holmes-Siedle and L. Adams, “Radfet: A review of the use of metal-oxide-
silicon devices as integrating dosimeters,” International Journal of Radiation

Applications and Instrumentation. Part C. Radiation Physics and Chem-
istry, vol. 28, no. 2, pp. 235-244, 1986.

C. Zhang, “Characterization and modeling of total ionizing dose effects on
nanoscale mosfets for particle physics experiments,” EPFL, Tech. Rep., 2021.

L. Wang, E. X. Zhang, R. D. Schrimpf, D. M. Fleetwood, G. X. Duan,
J. A. Hachtel, C. X. Zhang, R. A. Reed, I. K. Samsel, M. L. Alles et al.,
“Total ionizing dose effects on Ge channel pFETs with raised Sigs5Geg.4s
source/drain,” IEEE Transactions on Nuclear Science, vol. 62, no. 6, pp.

2412-2416, 2015.



BIBLIOGRAPHY 112

[157]

[158]

[159]

[160)

[161]

1162]

[163]

[164]

[165]

[166]

[167]

A. Czerwinski, “Defect-related local-electric-field impact on p—n junction
parameters,” Applied Physics Letters, vol. 75, no. 25, pp. 3971-3973, 1999.

H. Dewitte, P. Paillet, A. Le Roch, S. Rizzolo, C. Marcandella, and V. Goif-
fon, “Hours-long transient leakage current in mos structures induced by high

total-ionizing-dose,” IEEFE Transactions on Nuclear Science, vol. 69, no. 7,
pp. 1428-1436, 2022.

A. Le Roch, C. Virmontois, P. Paillet, J.-M. Belloir, S. Rizzolo, F. Pace,
C. Durnez, P. Magnan, and V. Goiffon, “Radiation-induced leakage current
and electric field enhancement in cmos image sensor sense node floating

diffusions,” IEEFE Transactions on Nuclear Science, vol. 66, no. 3, pp. 616—
624, 2019.

V. Goiffon, T. Bilba, T. Deladerriere, G. Beaugendre, A. Le Roch, A. Dion,
C. Virmontois, J.-M. Belloir, M. Gaillardin, A. Jay et al., “Radiation-induced
variable retention time in dynamic random access memories,” IEEE Trans-
actions on Nuclear Science, vol. 67, no. 1, pp. 234-244, 2019.

C. Virmontois, V. Goiffon, F. Corbiere, P. Magnan, S. Girard, and A. Bar-
doux, “Displacement damage effects in pinned photodiode cmos image sen-
sors,” IEEE Transactions on Nuclear Science, vol. 59, no. 6, pp. 28722877,
2012.

H. Dewitte, V. Goiffon, A. Le Roch, S. Rizzolo, C. Virmontois, C. Marcan-
della, and P. Paillet, “Radiation-induced junction-leakage random-telegraph-
signal,” IEEE Transactions on Nuclear Science, vol. 69, no. 3, pp. 290-298,
2021.

D. Fleetwood, P. Winokur, and J. Schwank, “Using laboratory x-ray and
cobalt-60 irradiations to predict cmos device response in strategic and space
environments,” IEFE Trans. Nucl. Sci., vol. 35, no. 6, pp. 1497-1505, 1988.

A. H. Johnston, R. T. Swimm, and T. F. Miyahira, “Low dose rate effects
in shallow trench isolation regions,” IEEE Trans. Nucl. Sci., vol. 57, no. 6,
pp. 3279-3287, 2010.

[. S. Esqueda, H. J. Barnaby, P. C. Adell, B. G. Rax, H. P. Hjalmarson, M. L.
McLain, and R. L. Pease, “Modeling low dose rate effects in shallow trench
isolation oxides,” IEFE Trans. Nucl. Sci., vol. 58, no. 6, pp. 2945-2952,
2011.

G. Borghello, F. Faccio, E. Lerario, S. Michelis, S. Kulis, D. M. Fleetwood,
R. D. Schrimpf, S. Gerardin, A. Paccagnella, and S. Bonaldo, “Dose-rate
sensitivity of 65-nm mosfets exposed to ultrahigh doses,” IEEFE Trans. Nucl.
Sci., vol. 65, no. 8, pp. 1482-1487, 2018.

A. van de Goor and I. Tlili, “March tests for word-oriented memories,” in
Proceedings DATE, 1998, pp. 501-508.



BIBLIOGRAPHY 113

[168]

[169)

[170]

171]

172]

[173]

[174]

[175]

[176]

[177]

178

S. Hamdioui, M. Rodgers, A. Van de Goor, and D. Eastwick, “March tests
for realistic faults in two-port memories,” in Records of MTDT, 2000, pp.
73-78.

S. Witczak, R. Schrimpf, D. Fleetwood, K. Galloway, R. Lacoe, D. Mayer,
J. Puhl, R. Pease, and J. Suehle, “Hardness assurance testing of bipolar junc-
tion transistors at elevated irradiation temperatures,” IEEE Trans. Nucl.
Sci., vol. 44, no. 6, pp. 1989-2000, 1997.

G. Niu, S. J. Mathew, G. Banerjee, J. Cressler, S. Clark, M. Palmer, and
S. Subbanna, “Total dose effects on the shallow-trench isolation leakage
current characteristics in a 0.35/spl mu/m sige bicmos technology,” IEEE
Transactions on Nuclear Science, vol. 46, no. 6, pp. 1841-1847, 1999.

R. Lacoe, J. Osborn, D. Mayer, S. Witczak, S. Brown, R. Robertson, and
D. Hunt, “Total-dose tolerance of a chartered semiconductor 0.35-/spl mu/m
cmos process,” in NSREC, 1999, pp. 82-86.

T. Ma, S. Bonaldo, S. Mattiazzo, A. Baschirotto, C. Enz, A. Paccagnella,
and S. Gerardin, “Tid degradation mechanisms in 16-nm bulk finfets ir-
radiated to ultrahigh doses,” IEEE Trans. Nucl. Sci., vol. 68, no. 8, pp.
1571-1578, 2021.

A. Feeley, Y. Xiong, N. Guruswamy, and B. .. Bhuva, “Effect of frequency on
total ionizing dose response of ring oscillator circuits at the 7-nm bulk finfet
node,” IEEFE Transactions on Nuclear Science, vol. 69, no. 3, pp. 327-332,
2022.

N. L. Rowsey, M. E. Law, R. D. Schrimpf, D. M. Fleetwood, B. R. Tuttle,
and S. T. Pantelides, “Mechanisms separating time-dependent and true dose-
rate effects in irradiated bipolar oxides,” IEFE Trans. Nucl. Sci., vol. 59,
no. 6, pp. 3069-3076, Dec. 2012.

R. G. Alia, M. Brugger, S. Danzeca, F. Cerutti, J. P. de Carvalho Saraiva,
R. Denz, A. Ferrari, L. L. Foro, P. Peronnard, K. Rged et al., “Single event
effects in high-energy accelerators,” Semiconductor Science and Technology,
vol. 32, no. 3, p. 034003, 2017.

F. W. Sexton, “Destructive single-event effects in semiconductor devices and
ics,” IEEE Transactions on Nuclear Science, vol. 50, no. 3, pp. 603-621,
2003.

A. Taber and E. Normand, “Single event upset in avionics,” IEEE Transac-
tions on Nuclear Science, vol. 40, no. 2, pp. 120-126, 1993.

T. Karnik and P. Hazucha, “Characterization of soft errors caused by sin-
gle event upsets in cmos processes,” IEEE Transactions on Dependable and
secure Computing, vol. 1, no. 2, pp. 128-143, 2004.



BIBLIOGRAPHY 114

[179)

[180]

[181]

[182]

[183]

[184]

(185

[186]

187]

188

[189)

F. Sexton, J. Fu, R. Kohler, and R. Koga, “Seu characterization of a hardened
cmos 64k and 256k sram,” IEEE Transactions on Nuclear Science, vol. 36,
no. 6, pp. 23112317, 1989.

A. D. Tipton, J. A. Pellish, R. A. Reed, R. D. Schrimpf, R. A. Weller, M. H.
Mendenhall, B. Sierawski, A. K. Sutton, R. M. Diestelhorst, G. Espinel
et al., “Multiple-bit upset in 130 nm cmos technology,” IEEE Transactions
on Nuclear Science, vol. 53, no. 6, pp. 3259-3264, 2006.

D. F. Heidel, P. W. Marshall, J. A. Pellish, K. P. Rodbell, K. A. LaBel,
J. R. Schwank, S. E. Rauch, M. C. Hakey, M. D. Berg, C. M. Castaneda

et al., “Single-event upsets and multiple-bit upsets on a 45 nm soi sram,”
IEEE Transactions on Nuclear Science, vol. 56, no. 6, pp. 3499-3504, 2009.

V. Ferlet-Cavrois, P. Paillet, D. McMorrow, N. Fel, J. Baggio, S. Girard,
O. Duhamel, J. Melinger, M. Gaillardin, J. Schwank et al., “New insights
into single event transient propagation in chains of inverters—evidence for
propagation-induced pulse broadening,” IEEE Transactions on Nuclear Sci-
ence, vol. 54, no. 6, pp. 2338-2346, 2007.

V. Ferlet-Cavrois, L. W. Massengill, and P. Gouker, “Single event transients
in digital cmos—a review,” IEEE Transactions on Nuclear Science, vol. 60,
no. 3, pp. 1767-1790, 2013.

H.-B. Wang, N. Mahatme, L. Chen, M. Newton, Y.-Q. Li, R. Liu, M. Chen,
B. Bhuva, K. Lilja, S.-J. Wen et al., “Single-event transient sensitivity eval-
uation of clock networks at 28-nm cmos technology,” IEEFE Transactions on
Nuclear Science, vol. 63, no. 1, pp. 385-391, 2016.

M. Glorieux, A. Evans, V. Ferlet-Cavrois, C. Boatella-Polo, D. Alexan-
drescu, S. Clerc, G. Gasiot, and P. Roche, “Detailed set measurement and

characterization of a 65 nm bulk technology,” IEEE Transactions on Nuclear
Science, vol. 64, no. 1, pp. 81-88, 2016.

G. Bruguier and J.-M. Palau, “Single particle-induced latchup,” IEEFE trans-
actions on nuclear science, vol. 43, no. 2, pp. 522-532, 1996.

J. Karp, M. J. Hart, P. Maillard, G. Hellings, and D. Linten, “Single-event
latch-up: Increased sensitivity from planar to finfet,” IEEFE Transactions on
Nuclear Science, vol. 65, no. 1, pp. 217-222, 2017.

S. Kuboyama, S. Matsuda, T. Kanno, and T. Ishii, “Mechanism for single-
event burnout of power mosfets and its characterization technique,” IEEE
Transactions on Nuclear Science, vol. 39, no. 6, pp. 1698-1703, 1992.

A. F. Witulski, D. R. Ball, K. F. Galloway, A. Javanainen, J.-M. Lauenstein,
A. L. Sternberg, and R. D. Schrimpf, “Single-event burnout mechanisms in
sic power mosfets,” IEEE Transactions on Nuclear Science, vol. 65, no. 8§,
pp. 1951-1955, 2018.



BIBLIOGRAPHY 115

[190]

191]

192]

193]

[194]

[195]

[196]

[197]

[198]

[199]

200]

R. Carter, J. Mazurier, L. Pirro, J. Sachse, P. Baars, J. Faul, C. Grass,
G. Grasshoff, P. Javorka, T. Kammler et al., “22nm fdsoi technology for
emerging mobile, internet-of-things, and rf applications,” in 2016 IEEFE In-
ternational Electron Devices Meeting (IEDM). 1EEE, 2016, pp. 2-2.

O. Musseau, “Single-event effects in soi technologies and devices,” IEEE
Transactions on Nuclear Science, vol. 43, no. 2, pp. 603-613, 1996.

V. Ferlet-Cavrois, P. Paillet, M. Gaillardin, D. Lambert, J. Baggio,
J. Schwank, G. Vizkelethy, M. Shaneyfelt, K. Hirose, E. Blackmore et al.,
“Statistical analysis of the charge collected in soi and bulk devices under
heavy lon and proton irradiation—implications for digital sets,” IEEE Trans-
actions on Nuclear Science, vol. 53, no. 6, pp. 3242-3252, 2006.

M. Gaillardin, M. Martinez, P. Paillet, M. Raine, F. Andrieu, O. Faynot, and
O. Thomas, “Total ionizing dose effects mitigation strategy for nanoscaled
fdsoi technologies,” IEEE Transactions on Nuclear Science, vol. 61, no. 6,
pp. 3023-3029, 2014.

J. Schwank, “Advantages and limitations of silicon-on-insulator technology

in radiation environments,” Microelectronic engineering, vol. 36, no. 1-4, pp.
335-342, 1997.

J. Schwank, V. Ferlet-Cavrois, M. Shaneyfelt, P. Paillet, and P. Dodd, “Ra-
diation effects in soi technologies,” IEEE Transactions on nuclear Science,
vol. 50, no. 3, pp. 522-538, 2003.

R. Devine, W. Warren, J. Xu, [. Wilson, P. Paillet, and J.-L. Leray, “Oxygen
gettering and oxide degradation during annealing of si/sio2/si structures,”
Journal of applied physics, vol. 77, no. 1, pp. 175-186, 1995.

H.-K. Lim and J. G. Fossum, “Threshold voltage of thin-film silicon-on-
insulator (soi) mosfet’s,” IEEE Transactions on electron devices, vol. 30,
no. 10, pp. 1244-1251, 1983.

W. Jenkins and S. Liu, “Radiation response of fully-depleted mos transistors

fabricated in simox,” IEEE transactions on nuclear science, vol. 41, no. 6,
pp. 2317-2321, 1994.

O. Flament, A. Torres, and V. Ferlet-Cavrois, “Bias dependence of fd tran-
sistor response to total dose irradiation,” IEEE Transactions on Nuclear
Science, vol. 50, no. 6, pp. 2316-2321, 2003.

M. Gaillardin, M. Martinez, P. Paillet, F. Andrieu, S. Girard, M. Raine,
C. Marcandella, O. Duhamel, N. Richard, and O. Faynot, “Impact of soi
substrate on the radiation response of ultrathin transistors down to the 20
nm node,” IEEFE Transactions on Nuclear Science, vol. 60, no. 4, pp. 2583—
2589, 2013.



BIBLIOGRAPHY 116

[201] M. Spear, H. J. Barnaby, T. Wallace, J. Solano, O. Forman, D. Wilson,
I. S. Esqueda, A. Privat, M. Turowski, R. VonNiederhausern et al., “Non-

linear coupling effects in fully depleted soi transistors,” IEEE Transactions
on Nuclear Science, vol. 70, no. 4, pp. 434-441, 2023.

[202] D. Contardo, M. Klute, J. Mans, L. Silvestris, and J. Butler, “Technical
proposal for the phase-ii upgrade of the cms detector,” CERN-LHCC-2015-
010, Tech. Rep., 2015.

[203] G. Termo, G. Borghello, F. Faccio, K. Kloukinas, M. Caselle, A. F. Elsen-
hans, A. C. Ulusoy, A. Koukab, and J.-M. Sallese, “Characteristics and
ultra-high total ionizing dose response of 22 nm fully depleted silicon-on-
insulator,” Journal of Instrumentation, vol. 19, no. 03, p. C03039, 2024.



Gennaro Termo, PhD

Electronics Engineer — PhD in Microelectronics
oJ 03314499966 — & gennarotermo@libero.it — M Linkedin — @ ORCID Profile

Professional Summary —

Experienced radiation effects engineer with 5 years of expertise in semiconductor technology and electronics, specializing in
the impact of radiation on CMOS technology for advanced applications. Proven ability to manage and run complex laboratory
setups, including leading tests and experiments with X-ray equipment and qualifying semiconductor devices. Strong technical
background in semiconductor physics, MOS transistors, and p-n junctions, complemented by proficiency in data analysis tools
like MATLAB. Skilled in problem-solving through hands-on testing, simulation (TCAD, Monte Carlo methods), and data
interpretation, with a focus on improving the reliability of electronic systems in extreme environments. Adept at collaborating
with cross-functional teams, delivering presentations, and communicating complex technical information to diverse audiences.
Published author and experienced presenter at international conferences. Seeking to leverage advanced research skills and
technical expertise in semiconductor technology to drive innovation in industries such as aerospace, automotive, or medical
devices.

Skills

Technical Skills: CMOS technology, Electronic Circuit Testing, Semiconductor Physics, TCAD Simulations, Monte Carlo
simulations, Radiation Effects on Electronics

Software/Tools: C, MATLAB, LabVIEW, TCAD Tools, GEANT4, X-ray Equipment Operation
Analytical Skills: Data Analysis and Interpretation, Simulation and Modeling, Troubleshooting and Problem-Solving
Soft Skills: Technical Communication, Project Management, Collaboration with Cross-Functional Teams

Experience

European Organization for Nuclear Research (CERN) 2021 - 2024
PhD Researcher - Radiation Effects Engineer

— Advanced the research on radiation effects in CMOS technology, focusing on Total Ionizing Dose (TID) and displacement
damage effects in ASICs for LHC particle detectors

— Managed an X-ray laboratory, conducting extensive chip qualification and testing, and training external users in
radiation testing procedures

— Led TCAD simulations and performed Monte Carlo simulations (GEANT4) to analyze the effects of radiation on
semiconductor devices

— Published multiple scientific papers and presented research findings at international conferences, contributing to CERN’s
radiation-hardened design initiatives

— Collaborated with cross-functional teams to design, test, and qualify electronics for use in extreme radiation
environments, ensuring the reliability of detectors in LHC experiments.

European Organization for Nuclear Research (CERN) 2019 - 2020
Technical Student

Conducted initial research on radiation effects in CMOS technology for the development of radiation-hardened ASICs
used in the particle accelerator experiments

X-ray lab operations, performing radiation test automated using LabVIEW and analyzing experimental data using
MATLAB

Collaborated with senior engineers on TCAD simulations of MOS transistors and gained foundational knowledge in
semiconductor physics

Delivered a strong performance, resulting in an extended contract and progression into a PhD role

Education

PhD in Microelectronics: Ecole polytechnique fédérale de Lausanne (EPFL), Lausanne, Switzerland | 2021 - 2024
MSc in Electronics Engineering: Universita degli Studi di Napoli Federico II, Naples, Italy
BSc in Electronics Engineering: Universita degli Studi di Napoli Federico II, Naples, Italy



	Acknowledgments
	Abstract
	Abstract
	List of Acronyms
	Introduction
	Basic Mechanisms of Radiation Defects Formation in MOSFETs
	Photon-Matter interaction
	e-h Generation, Transport and Trapping in SiO2
	Electron-Holes Pairs Production
	e-h Pairs Recombination
	Transport of Holes in the Oxide
	Formation of Hydrogen Ions
	Oxide Trapping
	Interface Trapping


	General Elements
	Experimental Setup
	X-ray Machine Details
	DUT and Measurement Setup

	MOS Transistor Parameters

	Radiation-Induced Effects in Advanced CMOS Nodes
	Effects Induced by Charge Trapping in STI
	Radiation-Induced Drain-to-Source Leakage Current
	Radiation Induced Narrow Channel Effects 

	Radiation-Induced Short Channel Effects
	Halo Implants Influence
	Enhanced Low Dose-Rate Sensitivity
	ELDRS in 65nm CMOS technology


	Enhanced Process Variability of CMOS Technology at Ultra-High Doses 
	Off-Current Variability
	On-current
	Variability and SPICE-level Radiation Models
	Circuit-Level examples
	Conclusions on Variability

	Neutron- and Proton- Induced Degradation in 28nm CMOS Technology
	Irradiation Details
	Proton Irradiation
	Neutron Irradiation
	X-ray

	Results of Proton Investigation
	Results of Neutron Investigation
	Conclusions on DD in 28nm CMOS Technology

	Low Dose-Rate Sensitivity of 28nm CMOS technology
	Introduction
	Experimental Details
	EXP28:TID
	TESTCHIP28
	X-ray irradiation

	Results
	Dose-rate effects
	Temperature effects

	Conclusions on ELDRS in 28nm CMOS Technology

	22nm Fully Depleted Silicon-On-Insulator
	Introduction
	Test structures
	Results
	TID response
	Compensation of TID effects

	Conclusions on 22nm FDSOI

	Conclusions
	Curriculum Vitae

