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Abstract

Total ionizing radiation compromises electrical characteristics of microelectronic devices
and even causes functional failures of integrated circuits. It has been identified as a potential
threat to electronic components, especially those in high-energy physics experiments, space
and avionic systems, and nuclear power plants. Among all harsh radiation environments, the
future High Luminosity Large Hadron Collider (HL-LHC) at European Organization for Nuclear
Research (CERN), is expected to have by far the highest levels of total ionizing dose (TID)
with a peak of 1 Grad(SiO;) in the innermost electronics. Also, the number of pileup events
per bunch crossing can reach up to 200, challenging trigger and data acquisition systems
of its particle experiments. To reach long-term reliable operation, the HL-LHC will require
innovative detecting and tracking systems with a higher level of granularity and bandwidth as
well as robust radiation-tolerant front-end electronics.

Complementary metal-oxide-semiconductor (CMOS) scaling allows extended circuit function-
ality and enhanced computing power. It also improves the TID tolerance of MOS field-effect
transistors (MOSFETs) with relieved charge trapping related to ultrascaled gate dielectrics. To
evaluate the potential use of highly scaled devices in the HL-LHC and eventually support cir-
cuit design for radiation-tolerant applications, this thesis characterizes and models the effects
of TID up to 1 Grad(SiO») on a commercial 28-nm bulk CMOS process. The characterization
part focuses on evaluating measurable radiation effects and identifying dominant physical
mechanisms. The modeling part aims at improving the understanding of the observed radia-
tion effects and developing a design-oriented compact model for comprehensively accounting
for them.

Under various bias and temperature conditions, devices are irradiated, annealed, and tested
after each irradiation and annealing step. Most of them demonstrate slight parametric shifts,
confirming the very high TID tolerance of ultrathin gate dielectrics. TID-induced degradation
in this technology primarily depends on charge trapping related to thick shallow trench
isolation (STI) oxides. STI-trapped positive charges in nMOSFETs open parasitic channels
along STI sidewalls and cause a significant increase in the drain leakage current, which
however almost disappears after high-temperature annealing. STI-related charge trapping can
even be strong enough to influence the central part of a narrow channel and is seen seriously
degrading the performance of narrow-channel MOSFETs, which however can be relieved by
shortening the channel.
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Abstract

The TID-induced parasitic leakage current of nMOSFETSs is modeled via a gateless charge-
controlled transistor. To model the effects of TID on inversion operation, a generalized
Enz-Krummenacher-Vittoz (EKV) charge-based MOSFET model is developed through the
incorporation of radiation-induced trapped charges into the original EKV MOSFET model.
Despite a small number of parameters, this model demonstrates an excellent match with
measurement results over a wide range of device operation. The effects of TID on MOSFET
characteristics are efficiently described by those few model parameters. This newly-developed
radiation-aware EKV MOSFET model also demonstrates a width dependence of TID effects
on 28-nm bulk MOSFETs, which can be explored for the model extension to a broad range of
device dimensions even for a continuous range of TID levels.

Keywords

Charge trapping, compact modeling, EKV charge-based MOSFET model, gate oxide, HL-
LHC, interface-trapped charges, nanoscale bulk CMOS, 1 Grad(SiO»), oxide-trapped charges,
parameter extraction, parasitic drain-to-source leakage current, radiation effects, radiation-
induced narrow-channel effects, RINCE, radiation-induced short-channel effects, RISCE,
shallow trench isolation, STI, total ionizing dose, TID.
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Résumé

Les rayonnements ionisants compromettent les caractéristiques électriques des composants
micro-électroniques et peuvent provoquer des dysfonctionnements des circuits intégrés. Ils
ont été identifiés comme une menace pour les composants électroniques, en particulier dans
les domaines de la physique des hautes énergies, I’aérospatial, et les centrales nucléaires. Parmi
les environnements sujets a de séveres rayonnements, 1’électronique du Grand Collisionneur
de Hadrons a Haute Luminosité (HL-LHC de I'anglais High Luminosity Large Hadron Collider),
qui sera prochainement mis en place par le CERN (Conseil Européen pour la Recherche
Nucléaire), devra faire face aux niveaux les plus élevés de radiations, avec une dose ionisante
cumulée (TID de I'anglais Total Ionizing Dose) de I'ordre de 1 Grad(SiO,). Egalement, il pourra
y avoir jusqu’a 200 évenements par collision, ce qui rendra tres difficile le déclenchement et
I'acquisition des données lors d’expérimentations. Pour atteindre un fonctionnement fiable a
long terme, le HL-LHC nécessitera donc des détecteurs innovants dotés d'une granularité et
d’'une bande passante plus élevées, ainsi que des systémes électroniques robustes et résistants
aux rayonnements.

La réduction de la taille des technologies "complementary metal-oxide-semiconductor"
(CMOS) permet d’augmenter |'efficacité et la puissance de calcul des circuits intégrés. Elle
s’accompagne aussi d'une amélioration de la résistance des transistors a effet de champ a
grille métal-oxyde (MOSFET de I'anglais Metal-oxide-semiconductor Field-effect Transistor)
grace a une diminution des charges piégées dans un diélectrique de grille de plus en plus fin.
Afin d’évaluer le potentiel d'utilisation de technologies plus récentes dans le HL-LHC ainsi que
d’aider la conception de circuits pour des applications soumises a de hauts rayonnements, la
présente these caractérise et modélise les effets du TID jusqu’a 1 Grad(SiO») sur une techno-
logie CMOS 28 nm bulk. La premiére partie de ce travail se concentre sur la caractérisation
des effets des rayonnements ionisants et 'identification de leurs principaux mécanismes
physiques. La deuxiéme partie vise a améliorer la compréhension des effets des rayonnements
observés au travers du développement d'un modele compact décrivant de maniére exhaustive
les effets des TID et pouvant étre utilisé pour la conception de circuits intégrés.

De multiples composants intégrés ont été irradiés, recuits, et testés aprés chaque étape d’ir-
radiation et de recuit sous différentes températures et tensions de polarisation. La plupart
d’entre eux ne montrent que de légeres variations de leurs parametres principaux, confirmant
la haute tolérance aux rayonnements des diélectriques de grille ultra-minces. Pour cette tech-



Résumé

nologie CMOS 28 nm bulk, la dégradation induite par les rayonnements ionisants dépend
principalement du piégeage de charges lié aI'épaisseur des oxydes d’isolation "shallow trench"
(STD). Les charges positives piégées dans les oxydes STI des transistors MOSFET a canal n
induisent un courant de fuite parasite le long des flancs du STI. Ceci conduit a une augmenta-
tion du courant de fuite du drain qui disparait néanmoins apres un recuit a haute température.
La charge piégée peut étre suffisamment grande pour influencer la partie centrale des canaux
étroits et sérieusement dégrader le comportement des transistors MOSFET a canaux étroits,
anomalie qui se résout en raccourcissant le canal.

Le courant de fuite parasite des transistors MOSFET a canal n a été modélisé par un transis-
tor sans grille mais a contréle par la charge. Pour modéliser les effets des rayonnements en
situation d’inversion, un modele du transistor MOSFET généralisé s’appuyant sur le modele
Enz-Krummenacher-Vittoz (EKV) a été développé, en injectant dans le modele EKV origi-
nal des charges piégées dans I'oxyde et dans l'interface du transistor MOSFET. Ce modéle
montre une excellente capacité a prédire avec précision les résultats mesurés sur une large
zone d’inversion malgré un nombre de parametres tres réduits. Ces derniers permettent une
reproduction fidele des effets des rayonnements sur les caractéristiques des composants
intégrés. Ce nouveau modele incorporant I'effet des rayonnements ionisants démontre aussi
leur relation a la largeur du composant sur cette technologie CMOS 28 nm bulk. Enfin, ce
modele peut étre généralisé a une large gamme de dimensions de composants et de niveaux
de radiation.

Mots clés

Charges piégées, modélisation compacte, un modele du transistor MOSFET s’appuyant sur
le modele EKV, oxyde de grille, HL-LHC, charges piégées dans l'interface, CMOS en masse a
I'échelle nanométrique, 1 Grad(SiO,), charges piégées dans |'oxyde, extraction de parametres,
courant de fuite parasite drain-source, effets des radiations, effets de canal étroit induits par
les rayonnements, RINCE, effets de canal court induits par les rayonnements, RISCE, isolation
de tranchée peu profonde, STI, dose ionisante totale, TID.
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|§ Introduction

1.1 Background and motivation

The Large Hadron Collider (LHC) at European Organization for Nuclear Research (CERN), as
illustrated by the schematic layout in Fig. 1.1, is the world’s largest and most powerful particle
accelerator ever designed and built for scientific research [1, 2]. It consists of a 27-km ring of
superconducting magnets together with several accelerating structures to boost the energy of
two beams of particles injected by the Super Proton Synchrotron (SPS). These two particle
beams can be accelerated up to a center-of-mass energy of 6.5 TeV in opposite directions
and then collide with a total energy of 13 TeV at four interaction points (IP1, IP2, IP5, and
IP8). These points locate important particle detectors, called particle experiments in physics,

Figure 1.1 — Schematic layout of the Large Hadron Collider (LHC) with the Super Proton
Synchrotron (SPS) providing two beams of particles and four interaction points (IP1, IP2, IP5,
and IP8) locating four main particle detectors. These four particle experiments refer to A
Toroidal LHC Apparatu$ (ATLAS), A Large Ion Collider Experiment (ALICE), Compact Muon
Solenoid (CMS), and Large Hadron Collider beauty (LHCb). (After O. Briining, et al. [1].)
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Figure 1.2 — Upgrade plan from the LHC to the High Luminosity LHC (HL-LHC). (After
CERN [3].)

including A Toroidal LHC ApparatuS (ATLAS), A Large Ion Collider Experiment (ALICE), Com-
pact Muon Solenoid (CMS), and Large Hadron Collider beauty (LHCb), for detecting and
reconstructing collision processes. This powerful machine, attracting a global user commu-
nity of more than 7,000 scientists spanning more than 60 countries, has been exploring the
high-energy frontier since 2010, as summarized along its historical path in Fig. 1.2 [3]. After
around one year of operation in July 2012, the ATLAS and CMS experiments had announced
the first major discovery: the long-sought Higgs boson, the cornerstone of the Standard Model
of particle physics [4]. This announcement heralded a giant leap in understanding our world
and the origin of the universe.

To maintain the discovery potential of the LHC and explore its full capacity in high-energy
physics (HEP) research, the LHC will receive a significant upgrade in the 2020s for an almost
tenfold increase in the integrated luminosity from the first 10-year accumulation of 350 fb~!*
to an astonishing threshold of 3000fb™! and even 4000 fb™! over 10-12 years of extended
operation [3, 5, 6]. This groundbreaking machine would provide more accurate measurements
of new particles and enable observation of rare events that occur below the current sensitivity
level. It would allow scientists to explore a new energy frontier, pushing the limit of human
knowledge. To produce more than 250 fb™! of data per year, the peak instantaneous luminosity
needs to be increased from 2 x 103* cm~2s~!, which has been realized during the second run,
to 5x 103 cm™2s7! and even 7.5 x 1034 cm™2s~! [6, 7]. Such a high luminosity will rely on
many innovative technologies, including cutting-edge superconducting magnets for beam
concentration, compact and ultra-precise superconducting radio-frequency (RF) crab cavities
for beam rotation, new technology and physical processes for beam collimation, and 300-m
superconducting links with zero energy dissipation [8,9]. Based on the new schedule in Fig. 1.2,
some components have started to be installed during the second long shutdown (LS2) between

*The inverse femtobarn fb~! is the conventional unit of the integrated luminosity (1fb = 1073 m?), measuring
the number of particle collision events per target cross-section over a given period.
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Figure 1.3 - Simulated total dose distribution over the cross section of the CMS experiment at
an integrated luminosity of 3000 ~!, where R is the transverse distance from the beamline in
the center of the experiment and Z is the distance along the beamline from the collision point.
(After Schmidt [8].)

2019 and 2021, while most of the required equipment and major experiment upgrades will be
installed during the third long shutdown (LS3) between 2025 and mid-2027.

The new machine, named High Luminosity LHC (HL-LHC), will generate many more colli-
sions and accumulate ten times more data than the LHC. Meanwhile, the number of pileup

03* cm~2s7! is expected to

events per bunch crossing at an instantaneous luminosity of 5 x 1
be around 150 and up to 200 [6-8]. This will result in a ten times higher average detector
occupancy, which falls beyond the design parameters of the present detectors and trackers and
is a challenge for their trigger and data acquisition systems. Also, energetic particles emerging
from the huge amount of collisions can interact with electronic materials they pass through
and even induce nuclear interactions that add cascades of energetic particles to the radiation
load, damaging onboard electronics. The forthcoming HL-LHC is anticipated to experience
unprecedented radiation levels up to 1 Grad” of total ionizing dose (TID) with an average dose
rate of ~0.3Mrad/d (12.5krad/h = 208.3rad/s) and 10'® neutrons/cm? of hadron fluence in
the MeV range of energy. As simulated for the CMS experiment in Fig. 1.3, the total dose at an
integrated luminosity of 3000 fb™! ranges from 100 Mrad at a certain distance away from the
collision point to 1 Grad in the innermost electronics [8]. Such high TID levels can seriously
deteriorate the functionality of these electronics, including analog amplifiers, filters, analog-
to-digital converters, and application-specific integrated circuits (ASICs). To fully exploit the
increased amount of data under such a harsh radiation environment, the HL-LHC will require
brand new high-performance radiation-tolerant detectors and trackers.

*The unit rad in the centimeter-gram-second (CGS) system of units measures the absorbed total dose with
1rad = 100erg/g = 6.24 x 1013 eV/g, where erg is a unit of energy with 1 erg=100n]J and eV is the electronvolt with
1eV=1.602 x 10~197. Since the absorbed total dose depends on solid targets and silicon dioxide (SiO2) has been
widely used as an important isolation material, the unit in this dissertation, rad, is an equivalent dose referred to
SiOy, unless indicated otherwise. The unit gray (Gy) is a derived unit of the absorbed total dose in the International
System (SI) of Units. One gray is defined as the absorption of one joule of radiation energy per kilogram of matter
(1Gy =1J/kg = 10* erg/g). The units rad and Gy are linked through 1rad = 0.01 Gy.
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The higher detector occupancy and the harsher radiation environment imply major changes
to today’s particle detecting and tracking systems in the LHC. The present read-out chan-
nels (ROCs) were designed to perform at a spatial resolution of ~10 um with hit rates up to
200 MHz/cm? and the current inner detectors were made to sustain radiation levels up to
100 Mrad of TID and 10'* neutrons/cm? of hadron fluence. These specifications are much
more stringent than those for any other applications, such as space facilities and nuclear reac-
tors, but still cannot meet the crucial requirements of the future HL-LHC. Moreover, today’s
silicon detectors and trackers in the LHC, especially their sensors and front-end (FE) electron-
ics, would undergo serious performance degradation by the scheduled upgrade. Because of
all these factors, CERN has decided to replace the entire detecting and tracking systems with
new alternatives for an extended detecting capacity and an enhanced radiation tolerance. The
future ROCs should perform at a much smaller spatial resolution down to ~1 pm with hit rates
up to 2 GHz/cm?. The upgraded inner detectors should be able to withstand much higher
radiation levels up to 1 Grad of TID and 10'® neutrons/cm? of hadron fluence.

For long-term reliable operation, the future upgrade of the HL-LHC experiments will therefore
require the development of innovative detectors and trackers with a higher level of granularity
and bandwidth as well as robust radiation-tolerant FE electronics [6-9]. To achieve such
stringent goals, it is of utmost importance to select the most appropriate complementary
metal-oxide-semiconductor (CMOS) technologies because both device performance and
radiation hardness are strongly process dependent. Fig. 1.4 summarizes the evolution of the
minimum feature size of CMOS technologies since 1997 and the activities of radiation toler-
ance evaluation for CERN’s particle experiments [10]. CMOS technologies have entered the
nanoscale regime with the incorporation of new electronic materials and device structures,
allowing extended circuit functionality with a higher chip density and enhanced computing
power with a higher operation speed [10-13]. This can be seen in Fig. 1.5 from the increas-
ing transistor density and the growing microprocessor clock frequency [13]. Moreover, the
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Figure 1.4 — (a) Radiation tolerance evaluation for CERN’s particle experiments along with
(c) the minimum feature size scaling of complementary metal-oxide-semiconductor (CMOS)
technologies over (b) years. Transmission Electron Microscopy (TEM) pictures are from [10].



1.2. State of the art

= 1000 £ 10000

e 3 o8 °
E 100 £ ~ S S AR
@ L 1000 — 2

S 10 & = w4

= 9 X

= 11 S 100 / o

.2‘ = ° °

D g /

GC.) 0.1 % = 10

© X 3

— (]

S 001% o /

2 o 1 4

[2]

% 0.001 ® — Logic transistors === EST. logic density from pitch

": 0.0001 o .SRAM traf\sistors ) ] Transistors./area perlchip o T T R TR TP

(a) 1985 1990 1995 2000 2005 2010 2015 2020 (b) 1970 1980 1990 2000 2010 2020

Figure 1.5 - Evolution of (a) the transistor density and (b) the microprocessor clock frequency
over years. (After Rieger [13].)

continuous downscaling of CMOS technologies generally goes in the direction of improving
the total dose tolerance with thinner dielectric materials [14, 15]. Therefore, CERN has been
applying advanced commercial CMOS technologies with dedicated design techniques for its
microelectronic components.

The majority of current electronics in the LHC experiments were designed with a commercial
250-nm bulk CMOS process using sophisticated techniques at design and layout levels [16,17].
Aiming at guiding circuit designers to make optimal choices for the future upgrade of the
LHC, CERN has intensively evaluated the radiation tolerance of commercial 130-nm and
65-nm bulk CMOS processes [18-21]. With the perspective of evaluating the potential use
of further downscaled devices in particle experiments and providing predictable models for
radiation-tolerant circuit design, this thesis investigates the effects of TID up to 1 Grad on
a commercial 28-nm bulk CMOS process. When launching this research, it was the most
advanced commercial CMOS process available at Europractice, i.e., a consortium of five
renowned European research organizations, and expected to be more radiation tolerant. It
should also be able to provide a higher bandwidth that can be exploited for the upgrade of
CERN'’s particle experiments.

1.2 State of the art

1.2.1 Overview of radiation effects on solid-state electronics

Solid-state electronics operating under radiation environments are exposed to energetic
particles. When such irradiating particles strike the electronics, they can modify the properties
of electronic materials, alter the nominal response of microelectronic devices, and even
induce circuit failures. The investigation of radiation effects on microelectronic devices and
ICs has been widely carried out since the 1960s [22-26], mostly following the catastrophic
loss of seven satellites after the high-altitude nuclear weapon tests of the USSR and the
USA in 1962 [27]. Among those seven satellites, the communication satellite Telstar I was
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launched one day after the explosion of the Starfish Prime device by the USA and failed after
a few months of operation [28,29]. One of its redundant command decoders first operated
intermittently and then a malfunction occurred to its control system. It is believed to be a
result of ionizing radiation damage of Starfish-generated excessive electrons to certain bipolar
junction transistors (BJTs). Since then, energetic particles have often been seen temporarily
or permanently compromising the normal operation of devices, circuits, and systems under
harsh radiation environments [30]. Radiation effects have been identified as serious threats
to electronic components, especially those working in HEP experiments [8, 9], space and
avionic systems [31,32], nuclear power plants [33, 34], and medical diagnostic imaging and
radiation therapy equipment [35]. Even electronics in our daily life may not be exempt from the
effects of energetic particles at ground level and radioactive contaminants in chip packaging
materials [36-38].

To better understand radiation damage mechanisms and further support relevant radia-
tion hardening, researchers have been continuously making efforts to characterize all kinds
of devices, especially MOS field-effect transistors (MOSFETs) that have become the most
common electronic components in solid-state electronics, under specific radiation environ-
ments [25,39-46]. There are a variety of radiation sources, such as solar activities, nuclear
explosions, fission reactions, microelectronic processes, and particle collisions [30]. These
radiation sources give rise to three major groups of irradiating particles: photons (X-rays and
y-rays), charged particles (electrons, protons, alpha particles, and heavy ions), and neutrons.
Depending on the properties of incident particles, the radiation energy can be partly or fully
transferred to solid targets through ionizing or non-ionizing interactions [47]. Non-ionizing
processes dislodge atoms, causing total displacement damage (TDD), while ionizing processes
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Figure 1.6 — Illustration of charge collection  Figure 1.7 — Displacement cascade damage
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generate excessive carriers, inducing single event effects (SEEs) or total ionizing dose (TID)
effects. The historically foundational work has uncovered three types of radiation effects:

» SEEs, which involve a single energetic particle striking a sensitive node and as exhibited

in Fig. 1.6, generation of excessive charges along the particle penetration track [25].
These excessive charges can induce non-destructive effects (i.e., soft errors, such as
single-event upsets, single-event interrupt, and single-event transients) [38, 48,49] and
even destructive effects (i.e., hard errors, such as single-event latch-up, single-event
burnout, and single-event dielectric/gate rupture) [50-52]. As the technology node
scales down, the area of a MOSFET sensitive to an energetic particle hit decreases
while the critical charge required for single-event upsets to occur gets smaller [53].
Investigating the result of this completing effect and new important single-event players
like multiple-bit upsets is getting important in advanced CMOS technologies but beyond
the scope of this thesis.

TDD effects, which belong to total non-ionizing dose (TNID) effects. They involve
displacement of atoms from their lattice positions and as presented in Fig. 1.7, genera-
tion of isolated defects or defect clusters in bulk semiconductors [39, 54, 55]. The most
sensitive semiconductor parameter to TDD is the minority carrier lifetime. It is critical
for devices relying on volume carrier conduction, such as PN diodes, PIN diodes, B]Ts,
solar cells, active pixel sensors, charge-coupled devices (CCDs), and many other types
of optoelectronic devices. CMOS technologies are largely immune to TDD since the
conduction of MOSFETs occurs only at a tiny region close to the surface of the channel.

» TID effects, which involve radiation-induced charge generation, recombination, trans-

port, and trapping over time. They lead to fully or partly recoverable device degradation
and even circuit failures [40-46]. Telstar I's failures actually launched decades of studies

5 | F —
. - =)
o) ol 1 K- ’
: -' : S
= SS1 ‘ ‘s post-irra.
[a] . [m]

— | post-irra. -
IDIeakT )/
= ~Ipjeak ]
U= // i ! R i_- E s
(@) 0 pre-ira. AV; Vs (b) 0 Vg

Figure 1.8 — Basic total ionizing dose (TID) effects on transfer characteristics (| Ip| — |Vg!) of
n- and p-types of MOS field-effect transistors (MOSFETs), including variations of the drain
leakage current Ipjeqk, the threshold voltage Vr, the subthreshold swing SS, the low-field
channel mobility g, and the drive current I,p.



Chapter 1. Introduction

on TID effects. Hughes and Giroux initially investigated TID effects on MOS structures
in 1964 [23]. Together with the work of Hughes and Kooi in [56, 57], key underlying
physical mechanisms of TID effects have been uncovered: charge buildup in dielectrics
and activation of hydrogen (H)-passivated interface traps. Oxide- and interface-charge
trapping generally influences DC characteristics of a MOSFET through modifying crit-
ical device parameters, such as the drive current, the threshold voltage, the low-field
channel mobility, the subthreshold swing, and the drain leakage current, as illustrated
in Fig. 1.8. It has always been crucial to study the effects of TID on microelectronic
devices, which is the focus of this thesis.

1.2.2 Overview of TID effects on nanoscale MOSFETs

The effects of TID on MOSFETs have been under investigation in parallel with the minimum
feature size scaling of CMOS technologies to submicron during the 1980s-1990s [59, 60], deep-
submicron during the 1990s-2000s [17,18,61], and nanometer nowadays [20,62-66]. A large
body of previous work has uncovered that TID-induced charge trapping is related to dielec-
tric materials, such as the gate oxide, spacers, and isolation dielectrics, and their interfaces
with the semiconductor body [41, 43], as shown in Fig. 1.9 for a generic deep-submicron
bulk CMOS process [58]. In addition, there is also the buried oxide in silicon-on-insulator
(SOI) MOSFETs, especially fully-depleted SOI (FDSOI) MOSFETs, contributing additional TID
susceptibility [66, 67]. Bulk MOSFETs have been found more tolerant to TID than their SOI
counterparts [68]. Among all dielectrics and their interfaces with the semiconductor body, the
dominant contributors demonstrate a strong dependence on fabrication processes, device
dimensions, and radiation levels.

The evolution of gate-oxide-related TID effects along with Moore’s law scaling is summarized
in Fig. 1.10 [45]. In addition to the increased computing power and the extended circuit
functionality, CMOS scaling also reduces the gate-oxide thickness and increases the channel
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Figure 1.9 — Cross section of an nMOSFET and a pMOSFET from a generic deep-submicron
bulk CMOS process, highlighting the gate oxide, spacers, and shallow trench isolation (STI)
oxides. (After Taur and Ning [58].)
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Figure 1.10 — Schematic illustration of the effects of Moore’s law scaling on ionizing radiation
response of MOSFETs. (After Fleetwood [45].)

doping concentration. Both factors potentially improve the inherent TID tolerance of ad-
vanced CMOS technologies. Especially, thanks to the first-order effect of gate-oxide-thickness
scaling [14, 15], highly scaled CMOS technologies may inherently get rid of gate-oxide-related
TID effects [18-21]. TID effects have become much less problematic for high-performance
CMOS technologies at dose levels typical of space applications (<1 Mrad), as compared in Ta-
ble1.1[8,16,29,30,69]. However, high-«k dielectrics, i.e., materials with high dielectric constants
and often referring to hafnium dioxide (HfO,), have been introduced into MOSFETs since
the 45-nm technology node, as depicted in Fig. 1.4, to resolve the gate leakage issue of ultra-
thin SiO,-based gate dielectrics [70-72]. This can make the radiation response of nanoscale
MOSFETs less predictable. The effects of TID on advanced high-k metal-gate (HKMG) stacks
remain to be further investigated [64, 65,73, 74]. Besides, CERN'’s studies on 65-nm bulk CMOS
processes demonstrate unexpected interferences of spacer-related charge trapping with the
normal operation of short-channel MOSFETs [20, 21, 75]. Efforts should also be made to
assess if similar phenomena occur to even further downscaled MOSFETs with new dielectric
materials.

Recently published work on CMOS technologies from 180 nm to 65 nm has presented a con-
siderable influence of TID-induced charge trapping related to thick shallow trench isolation
(STD) oxides [19,20,61]. The dominant effects of STI-related charge trapping are the generation
of a parasitic drain-to-source leakage current through opening parasitic conduction paths
along channel edges [19,59] and the performance degradation of narrow-channel MOSFETs
through new narrow-channel effects [19, 20, 61]. Total ionizing radiation damage to thick
dielectrics of two commercial 180-nm bulk CMOS technologies have been systematically
investigated in [76] using dedicated test structures. It highlights that STI and pre-metal di-
electrics trap radiation-induced charges quite differently from the thermally-grown gate oxide
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Table 1.1 - Ionizing radiation levels for harsh radiation environments [8, 16, 29, 30, 69]

Radiation environments | Ground level | Satellites LHC HL-LHC
TID levels (rad) - 103-10° | 80x103-30x10° | 10%-10°
Dose rate (rad/d) <1073 1073-10° ~9x10° ~0.3 x 108

and STI oxides from two processes have large variations in TID-induced charge trapping.
This evidences the strong influence of semiconductor material processing on the radiation
response of MOSFETs. In addition to the way of fabricating STI structures, substrate doping
profile has also proved to be a crucial factor for STI-related TID effects [77-79]. This strong
dependence on CMOS processes increases the importance of investigating STI-related TID
effects continuously from foundry to foundry and from technology to technology.

The total amount of radiation that an electronic component encounters during its life-cycle
strongly depends on its electronic materials and working conditions. Among all harsh radia-
tion environments, as partly summarized in Table 1.1, the LHC at CERN, and its future upgrade,
the HL-LHC that should be operational in 2027, are expected to face by far the highest levels of
TID. The extremely high TID levels foreseen for the future HL-LHC may seriously compromise
device performance and even cause function failures by different degradation mechanisms,
some of which may only appear at ultrahigh TID levels. However, most qualification processes,
which have been designed for electronics working under much lower TID levels such as in
space missions and nuclear facilities, may not suit the assessment of long-term degradation
of HEP experiments. Only a few papers have been dedicated to the effects of ultrahigh TID
levels, typically up to a few hundred Mrad [19, 66, 80]. Since 2012, quite some tests have been
carried out at CERN on 65-nm bulk MOSFETs until 1 Grad of TID [20, 21, 75, 81]. Results of
65-nm bulk MOSFETSs can serve as favorable references for the qualification of the 28-nm bulk
CMOS process and the experimental analysis of measurement results.

1.2.3 Modeling of TID effects on nanoscale MOSFETs

Even though the intrinsic TID tolerance of nanoscale CMOS technologies can be high enough
to meet the radiation requirements of most applications without any hardening effort, HEP
experiments that usually experience much higher TID levels still require a careful design
of their detecting and tracking systems. In general, radiation hardness assurance (RHA)
involves 1) assessing radiation threats and their severity for the mission, 2) evaluating the
radiation influence on targeted CMOS technologies, and 3) developing mitigation strategies
to meet particular radiation requirements. This is compatible with the RHA approach of NASA
presented in [82] for space missions. Since the radiation environment for HEP experiments
has been well understood and defined, most RHA efforts will be made during step 2 and 3. Step
2 uncovers fundamental damage mechanisms of the radiation levels of interest for solid-state
electronics. For components at risks of failing the specific radiation requirements, designers
can harden them in step 3 by following two primary methods:

10
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* Radiation-hardness-by-process (RHBP) using specialized manufacturing techniques,
with which foundries have successfully supplied radiation-hardened components for
space applications. RHBP has potential issues with product availability, process stability,
and chip yield [84-86];

* Radiation-hardness-by-design (RHBD) using specialized layout (edgeless transistors,
guard rings, etc.) and/or circuital techniques (triple modular redundancy, error-correcting
code memory, etc.) to mitigate radiation effects on a commercial CMOS technology
with a sacrifice of the chip area [16,86-90]. However, due to the constraints of stringent
design rules, some popular RHBD techniques, such as edgeless transistors, known also
as enclosed-layout transistors (ELTs), have been rendered infeasible in some ultrascaled
CMOS technology nodes [91].

Since commercial CMOS technologies generally aim at a broad range of applications at ground
level, CMOS associated models, parameter extraction methodologies, and circuit design
techniques are typically customized for normal working environments. This is perhaps the
reason why, even though a lot of efforts have been invested in understanding the underlying
physics of radiation effects, relatively little has been done in incorporating them into computer-
aided design (CAD) frameworks. The effects of incident radiation are still absent from the
industry-standard process design kits (PDKs), such as the traditional Berkeley Short-channel
Insulated-gate FET (IGFET) Model 4 (BSIM4) that has been used for technology nodes down
to 28nm and its latest successor, the BSIM6 compact model [83, 92] that is fully scalable
with geometry, bias, and temperature [93-95]. BSIM6, which has been developed especially
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Figure 1.11 — Berkeley Short-channel Insulated-gate FET (IGFET) Model 6 (BSIM6) bulk MOS-
FET compact model composed of a charge-based core model and models of non-ideal effects.
(After Chauhan, et al. [83].)
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for analog and RF IC design, employs the Enz-Krummenacher-Vittoz (EKV) charge-based
MOSFET model [96] as its core long-channel part, while models of non-ideal effects are taken
from BSIM4. From Fig. 1.11, which summarizes all device effects that have been built into
BSIMS, it is clear to see that radiation effects have not yet been implemented [83]. Design
tools without accounting for radiation effects cannot help designers well predict the radiation
response of their design ahead of time. To ensure the required radiation tolerance, an iterative
process of step 2 and 3 usually takes place, which demands repetitive and expensive testing,
analysis, and mitigation through trial and error [82,97].

Implementing radiation effects into design environments enables designers to predict the
radiation response of their design before fabrication. This can be helpful for reducing the
number of iterations between step 2 and 3, alleviating the cost of time and expense for
radiation-tolerant circuit design. To do so, highly accurate models should first be developed
to account for the observed radiation effects. One option is treating critical radiation effects
as additional circuit elements [98, 100, 101]. For example, Huang et al. [98] have proposed a
TID-controlled variable resistor, which also performs as a gate-controlled switch, to repre-
sent the TID-induced parasitic drain-to-source leakage current in parallel with the original
MOSFET model, as shown in Fig. 1.12. However, to be more intuitively predictive, models
should better reflect the underlying physical mechanisms. It is then of great interest to develop
physics-based models that can be implemented into commercial design environments or
a simple physics-based compact model that can be used for circuit simulations indepen-
dently [102]. The physics-based modeling approach is also advantageous from the perspective
of circuit design since it provides better control over essential design parameters and does not
require the modification of circuit schematics. Moreover, once radiation-aware physics-based
models are obtained and implemented, parameter extraction methodologies and MOSFET
characteristic calibrations can be defined and even extended for new CMOS technologies
simply by updating model cards.

Nowadays, the radiation-enhanced modeling work is still in the phase of model development
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Figure 1.12 - Circuit schematic of a MOSFET  Figure 1.13 — Circuit schematic of a MOSFET
with a TID-controlled variable resistor repre-  with a voltage-controlled voltage source mod-
senting the TID-induced drain leakage cur- eling the TID-induced voltage shift. (After
rent. (After Huang, et al. [98].) Esqueda and Barnaby [99].)
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and most publications focus on older CMOS technologies as well as much lower TID levels [103,
104]. Esqueda et al. have proposed a physics-based compact model in [103] that incorporates
TID-induced charge contribution into the surface-potential equation [99] and links the solved
surface potential to the drain current through a charge-sheet model [105,106]. As depicted
in Fig. 1.13, the derived TID-induced voltage shift is implemented as a voltage-controlled
voltage source, which is compatible with standard design tools and existing MOSFET compact
models [99]. To simplify the surface-potential calculation, this model uses the technique of the
surface-potential-based (PSP) MOSFET compact model [107]. However, the model calculation
still involves intensive computations and the model validation stops at 1 Mrad with a 90-nm
bulk CMOS process.

Despite the high TID tolerance with the shrunken gate oxide and the tremendously fast speed
along with the channel length reduction, as seen in Fig. 1.14, CMOS scaling compromises
the intrinsic gain, particularly for devices with the minimum length, and results in much
lower voltage parameters, with the purpose of avoiding high-electric-field effects [11,12,96].
Most analog FE electronics include a charge amplifier in the first stage, converting the signal
from charge to voltage for further processing [108]. A very low intrinsic gain of the amplifier
together with increased parasitic capacitances limits the charge-to-voltage gain, making the
gain conversion less accurate and poorly controlled. Considering the sufficiently high transit
frequency, this drawback can probably be circumvented by not necessarily using the minimum
channel length for keeping the intrinsic gain at a reasonable level.

The continuous drop in the nominal power supply resulting from CMOS scaling, which in turn
leads to a much lower overdrive voltage, has progressively pushed the operating point of highly
scaled MOSFETs from strong inversion towards moderate and even weak inversion [109].
This brings new challenges to circuit designers for making optimal trade-offs among design
parameters and makes the simple threshold-voltage-based quadratic model, which has been
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Figure 1.14 — Key device parameters, including the nominal supply voltage Vpp, the threshold
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ft, versus CMOS generations. (After Ellinger, et al. [12].)
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in use since the development of the MOSFET in the 1960s, no more valid [110-112]. The EKV
MOSFET model, which is based on the inversion charge that is directly related to the gate
transconductance and the drain current and describes device characteristics intuitively and
physically [96]. This charge-based MOSFET model and the concept of inversion coefficient
have demonstrated their effectiveness in describing large- and small-signal characteristics of
nanoscale MOSFETs in all inversion conditions [110,111,113-115].

Except for the charge-related basis, the EKV MOSFET model has two other important features:
simplicity and universality. The EKV MOSFET model employs only a few parameters and
much simpler formulas [96, 114, 115]. This simplicity makes it advantageous for designers to
explore the design space and identify the optimal operation before running more accurate
simulations with the full PDKs. The EKV MOSFET model can also be fully normalized with its
model parameters, which carry important technological information. Thus, the dependence
on voltage, temperature, and technology can be stripped off from the model, making it suitable
as a benchmark for CMOS technologies. These two features can be attractive for radiation-
tolerant circuit design with nanoscale CMOS technologies. Some publications have made use
of the existing BSIM or EKV compact model for investigating TID effects on 180-nm and 65-nm
CMOS processes [104,116,117]. To better pinpoint crucial radiation damage mechanisms
for nanoscale MOSFETs and finally support radiation-tolerant circuit design with nanoscale
CMOS technologies, the modeling part of this thesis introduces the effects of TID on the
28-nm bulk CMOS process into the EKV MOSFET model.

The model development with the EKV MOSFET model could be done by adjusting the values of
existing model parameters without changing the model equations, as previous work has done
in [104,116,117]. However, it would probably be burdensome to extend the experimentally
validated model to device sizes and TID steps that are not involved. In this case, circuit design
would probably be limited to a certain range of devices for specific TID levels. Alternatively,
the model development could rely on the introduction of radiation-related parameters directly
into the model equations and the automatically generated link between radiation-related
parameters and existing device parameters. The model extension would then simply be done
through modeling radiation-related parameters as a function of device sizes and TID levels.
Thus, the final model would allow designers to predict the radiation response of their design
with a broad range of devices for the TID levels of interest. As the first step of characterizing
TID effects on design parameters, this thesis applies the first option. Through the second
approach, this thesis brings the eventual design-oriented compact model for supporting
radiation-tolerant circuit design. Specific radiation requirements could finally be satisfied
with dedicated design techniques using the radiation-aware EKV MOSFET model.

1.3 Goals and approach

The goals of this thesis are to evaluate the radiation tolerance of a commercial 28-nm bulk
CMOS process for its potential use in the future HL-LHC and to develop radiation-aware
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physics-based models of the observed radiation effects for supporting radiation-tolerant
circuit design. One main focus is pinpointing important underlying physical processes that
influence the normal device operation. This relies on performing and analyzing a comprehen-
sive set of electrical measurements. The other is incorporating TID effects into the original EKV
charge-based MOSFET model and extending the proposed model to a broad range of device
dimensions for the TID levels of interest. The ultimate goal is to provide a radiation-aware
design-oriented compact model so that circuit designers can predict the radiation response of
their design before fabrication and explore the robustness of their design up to ultrahigh TID
levels. The outcome aims at supporting but not limited to the future upgrade of the HL-LHC
at CERN.

To better interpret experimental results, Chapter 2 presents a brief description of basic phys-
ical processes of TID effects on MOS structures, including ionizing interaction of incident
energetic particles with electronic materials, radiation-induced electron-hole pair generation,
hopping transport of remaining holes in the oxide bulk, deep hole trapping and annealing,
and radiation-induced activation of H-passivated interface traps. Extending from gate-oxide-
related physical processes, this chapter then summarizes the effects of CMOS scaling on the
radiation response of MOSFETs together with a brief overview of STI- and spacer-related TID
effects.

Chapter 3 enters the important characterization part of this thesis. It first introduces exper-
imental details that relate the majority of measurement results, including test structures,
experimental setup, and measurement protocol. The radiation response of 28-nm bulk MOS-
FETs are then intensively studied through an investigation of altered device parameters and
post-irradiation annealing effects under various bias and temperature conditions. Finally,
main experimental observations, including the TID-induced drain leakage current and the ge-
ometry dependence of TID effects, are addressed. This chapter mainly covers results published
in [118-121].

Chapter 4 focuses on investigating the effects of TID on design parameters of 28-nm bulk
MOSFETs and introducing the first attempt of modeling the observed radiation effects. The
simplified EKV MOSFET model is first employed to study the effects of TID on analog parame-
ters and to model the effects of TID on static characteristics. The effects of TID on the effective
channel mobility is then investigated using the Y-function-based mobility extraction method.
One of the primary TID effects on 28-nm bulk MOSFETs, the TID-induced drain leakage cur-
rent, is finally investigated in detail through a comprehensive study of measurement results,
semi-empirically modeling of the drain leakage current versus TID levels, and charge-based
modeling of the parasitic drain-to-source leakage current via a gateless charge-controlled
device. This chapter mainly covers results published in [122-124].

Chapter 5 summarizes main activities on charge-based physical modeling of TID effects on
28-nm bulk MOSFETs. The key idea is to introduce oxide- and interface-trapped charges
into the original EKV MOSFET model. The crucial step is validating the inversion charge
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linearization in the presence of oxide and interface traps for a generalized EKV MOSFET
model. Following model validation with radiation measurements on 28-nm bulk MOSFETs, the
effects of TID on the channel mobility and the effective channel width are further considered,
leading to a design-oriented compact model that comprehensively accounts for the observed
radiation effects. The newly-developed radiation-aware compact model demonstrates a
width-dependence feature of TID effects on this 28-nm bulk CMOS process. It allows the
modeling work to be extended to a broad range of devices even for a continuous range of TID
levels. This chapter covers results published in [125, 126] and recent results for one future
publication [127].

Chapter 6 summaries the results of this thesis about the radiation tolerance of this specific
28-nm bulk CMOS process and the modeling progress of TID effects on nanoscale MOSFETs.
It also presents general remarks about this work and provides suggestions for future work.

The work in this thesis has been carried out within the GigaradMOST project funded by the
Swiss National Science Foundation (SNSF) under grant number 200021 _160185, in collabora-
tion with the Electronics Systems for Experiments (ESE) Group of the Experimental Physics
(EP) Department (EP-ESE group) at CERN and the ScalTech28 project funded by the Istituto
Nazionale di Fisica Nucleare (INFN) involving University of Padova and University of Milano-
Bicocca. Most results and discussions have been published in journals and conferences and
recent results are in preparation for one future publication, as summarized in the list of
publications.

16



Y4 Basic mechanisms of TID effects on

MOS devices

When irradiating particles strike solid-state electronics, they can partly or fully transfer their
energy to the target materials [30]. Non-ionizing processes dislodge atoms from their original
lattice sites, causing TDD effects, while ionizing processes produce excessive electron-hole
pairs in semiconductors and dielectrics, inducing SEEs and TID effects, respectively [24]. Both
ionizing and non-ionizing processes can modify the properties of electronic materials, alter the
nominal response of microelectronic devices, and induce functional failures of ICs. TID effects
on MOS devices are associated with the ionization of dielectrics at sensitive device regions
(such as the gate oxide, spacers, and isolation materials) and the subsequent charge evolution
in dielectrics and at their interfaces with the semiconductor body. In the form of charge
trapping in oxide traps and at radiation-activated interface traps, TID eventually influences
DC characteristics of a MOSFET mainly through altering its crucial device parameters.

According to gate-oxide-related charge trapping, this chapter first summarizes main concepts
about basic underlying physical processes of TID effects on MOS devices. As reviewed in
several books [24, 26, 40] and papers [41-46], most of previous publications have focused
on gate-oxide-related TID effects, since the gate oxide has been one of the most vulnerable
factors. However, the continuous scaling of CMOS technologies can improve the inherent TID
tolerance of nanoscale MOSFETs with ultrathin gate dielectrics while making the effects of TID
related to STI oxides and spacers more crucial. Based on basic principles of gate-oxide-related
TID effects, this chapter then addresses the influence of Moore’s law scaling on radiation-
induced charge trapping related to different dielectric components. Unless stated otherwise
in this thesis, the semiconductor and the gate oxide refer to silicon (Si) and silicon dioxide
(§i0y), respectively.

2.1 Photon interactions with solid targets

Radiation sources, such as solar activities, nuclear explosions, fission reactions, microelec-
tronic processes, and particle collisions [30], give rise to three main categories of irradiating
particles: photons (X-rays and y-rays), charged particles (electrons, protons, alpha particles,
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Figure 2.1 — Photon-matter interactions versus the atomic number and the photon energy.
Solid lines correspond to equal cross sections for neighboring effects and dashed lines indicate
three kinds of involved atoms. (After Evans [128].)

and heavy ions), and neutrons. High-energy radiation exposure primarily induces atomic
displacement damage to electronic materials. Photons and low-energy charged particles
passing energize valence electrons of electronic materials to the conduction band and leave
their paired holes in the valence band, ionizing the solid targets and generating excessive
electron-hole pairs.

Ionizing processes in electronic materials depend on many factors, such as 1) the mass, the
charge state, and the kinetic energy of incident particles, and 2) the atomic mass, the atomic
number, and the atomic density of solid targets [47]. As illustrated in Fig. 2.1, a photon can
interact with a target atom through three possible processes: photoelectric effect, Compton
scattering, and pair production, whose probabilities to occur are a function of the energy of
incident photons and the atomic number of solid targets [24, 26, 128]. For hafnium (Zy¢ = 72),
silicon (Zg; = 14), and oxygen (Zp = 8), the photoelectric effect dominates at energies below
300keV, 50keV, and 30keV, respectively, and the pair production gets critical at energies
above 5MeV, 20 MeV, and 30 MeV, respectively. Compton scattering plays a key role in the
broad intervening energy region.

The most common radiation sources for laboratory radiation testing are low-energy X-rays at
the peak of the spectrum density (10 keV) typically from an X-ray tube with a tungsten target
and high-energy y-rays typically at 1.25 MeV from cobalt-60 (°°Co) radioactive decay. Such
low-energy X-rays interact with Hf, Si, and O atoms primarily through the photoelectric effect,
as depicted in Fig. 2.2a [24, 26, 128]. In this case, the incident photon energy is completely
absorbed by the target atom, which in turn releases a valence electron, called photoelectron,
producing an electron-hole pair. If the incident photon energy is high enough to excite an
electron from the K shell, i.e., the closest shell to the nucleus, most collisions would then
happen with electrons there. Once a K-shell electron is liberated, an L-shell electron, which is
from the external orbit of the K shell, will fall into the lower empty state either by emitting a
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Figure 2.2 — Schematic representation of (a) the photoelectric effect and (b) Compton scatter-
ing.

characteristic photon or a low-energy Auger electron. In contrast, %°Co y-rays, which is the
conventional standard radiation source for laboratory radiation testing, interact with Hf, Si,
and O atoms predominantly through Compton scattering, as portrayed in Fig. 2.2b [24,26,128].
In this case, the photon energy is much greater than the binding energy of the valence electrons
of these atoms and the incident photon does not lose its full energy within one strike. Along
with the generation of the first Compton electron, the scattered low-energy photon continues
to travel across the atomic neighborhood and generates more Compton electrons.

For both X-rays and y-rays, the essential result of photon-matter interactions is a production of
energetic secondary electrons. These electrons can be active enough to stimulate many other
valence electrons and ionize many other atoms along their energy-losing paths, generating
more electron-hole pairs than the direct interaction of the incident photons with the target
atoms. Most of the final ionization occurs through a single type of intermediate processes
involving collective movements of many valence electrons in a simple oscillatory motion
against ionized atoms. These plasma vibrations or plasmons are correlated with the long-
range nature of Coulomb interaction, which extends over adjacent regions through many
atoms. For a Si atom, the binding energy of its K-shell electrons is around 1838.9 eV [129].
Once getting the full energy of 10-keV X-rays, these valence electrons can turn into secondary
electrons. However, neither such low-energy X-rays nor the generated secondary electrons
are energetic enough to significantly trigger non-ionizing processes. Displacement damage
induced by such low-energy X-rays can therefore be considered negligible. However, 5°Co
y-rays are typically at the order of 1 MeV and this range of ionizing radiation can generate
point or isolated defects, contributing to atomic displacement damage [55].

The total amount of radiation that dielectrics of an electronic component receive during its
life-cycle is measured by total ionizing dose (TID). As explained in Section 1.1, both gray and
rad are units of the absorbed total dose and the conversion of relevant units is summarized as
Irad = 0.01Gy = 100erg/g = 10*nJ/g = 0.01]/kg = 6.24 x 10'3eV/g. Although the unit gray is
one of the SI derived units, its equivalent unit rad from the CGS unit system is more often used
in the space and particle physics communities. Therefore, the unit rad is used throughout the
thesis for describing the total ionizing radiation level.
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2.2 Basic physical processes of TID effects on MOS structures

Total ionizing radiation influences MOS devices through the following major physical pro-
cesses:

* Electron-hole pair generation through the interaction of incident energetic particles
with dielectrics and immediate recombination;

¢ Hopping transport of remaining holes through localized shallow trap states in dielectrics;

* Deep hole trapping in oxygen vacancies as well as reversible and permanent trapped-
hole annealing;

¢ Radiation-induced activation of H-passivated interface traps.

Radiation-generated holes initially generate a maximum negative threshold voltage shift,
which may shortly get relieved by hole hopping transport and gradually recovered by post-
irradiation annealing. The long-term recovery of the threshold voltage shift usually happens
with charge buildup at radiation-activated interface traps, which causes a positive threshold
voltage shift for tMOSFETs and a negative threshold voltage shift for pMOSFETs. The band
diagram of a p-substrate MOS capacitor under a positive gate bias in Fig. 2.3a and the time-
dependent threshold voltage evolution of an #MOS device in Fig. 2.3b summarize these basic
physical processes and relevant device behaviors [41]. Through the introduction of gate-oxide-
related damage mechanisms, main concepts about TID effects on MOS devices are given in
detail in the following subsections.
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(a) Energy-band diagram of a p-substrate MOS capacitor (b) lllustration of the threshold voltage evolution of an
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Figure 2.3 — Basic physical processes of TID effects on MOS structures, including radiation-
induced charge generation, recombination, transport, and trapping. An nMOS device is taken
as an example. (After Oldham and McLean [41].)
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2.2.1 Electron-hole pair generation and recombination

Electron-hole pair generation and recombination are described together with their influence
on device behaviors as step (1) in Fig. 2.3. When a MOS device is exposed to ionizing radiation,
electron-hole pairs can be rapidly generated in the oxide bulk by the absorbed radiation energy.
The average energy for creating an electron-hole pair E, in SiO, has been determined to be
(18+3)eV [130] and (17 +1) eV [131]. As introduced in Section 2.1, one single particle may
produce a shower of electron-hole pairs through its direct interaction with the target atom and
the continuous energy transfer from secondary electrons to other atoms. The electron-hole
pair density per unit volume per rad

100erg ( g )

g-rad cm3

8= (2.1)

107erg 1.6 x 10']
v Ep(eV)
is around 8.1 x 10'? pairs/[cm?-rad] [24, 26,132], where p is the density of the dielectric, i.e.,

SiO», here.

Since electrons are much more mobile than holes in SiO, [133-135], radiation-generated
electrons will quickly drift away from generation points towards the gate electrode within
picoseconds under a positive gate bias. The electron mobility in SiO» is around 20 cm?/(V-s) at
room temperature (300 K) and 40 cm?/ (V-s) at a low temperature (200 K) [133]. In contrast, the
hole mobility is much lower, around 1078 cm?/(V-s) at 300K and less than 10710 cm?/(V-s) at
200K [135]. Therefore, holes can be considered immobile and remain close to their generation
points, at least during the first picoseconds. Before radiation-generated electrons manage to
leave the oxide bulk, the initial electron-hole pair density can be promptly reduced through
immediate recombination. Two models have been proposed in the literature to interpret
the recombination processes: the germinate recombination, which models electron-hole
pairs with an average distance longer than the thermalization distance between two types of
charges in the same pairs [136], and the columnar recombination, which involves electron-
hole pairs with an average distance shorter than the thermalization distance of electrons
and their partners [130]. In the latter model, several electrons can be around any given hole,
resulting in a higher probability of recombination. In general, the actual recombination is a
combination of both processes.

Holes that escape the initial recombination determine the maximum negative threshold
voltage shift and are important for the final device behavior. Taking into account the electron-
hole pair generation and recombination, the total number of remaining holes per unit area
N can be roughly given by

Nh = goDtox f (Eox), 2.2)

where D is the total dose, fy is the physical gate-oxide thickness, Eq is the oxide electric
field, and f(Eyx) is the remaining fraction of electron-hole pairs. The charge yield strongly
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Figure 2.4 — Charge yield of various radiation sources in silicon dioxide (SiO,) samples as a
function of the electric field. (After Oldham and McGarrity [137].)

depends on the physical gate-oxide thickness, the magnitude of the oxide electric field, and the
properties of incident particles [14,137-139]. Fig. 2.4 summarizes the charge yield of various
radiation sources in SiO», including alpha particles, low-energy protons, electrons, low-energy
X-rays, and high-energy y-rays [137]. The properties of incident particles determine the
ionizing power and limit the pair line density. Incident particles with a higher ionizing power,
such as 2-MeV alpha particles, tend to generate dense columns of excessive charges and
consequently promote the initial recombination. Since the electric field separates electrons
and holes, the charge yield increases with it for all radiation sources. At a sufficiently high
electric field (Eox > 3.5MV/cm), the charge yield of low-energy X-rays is on a par with that of
high-energy y-rays, indicating their comparable influence on MOS devices.

2.2.2 Hole transport in the oxide bulk

Hopping transport of remaining holes and the concomitant short-term recovery of the thresh-
old voltage are described as step (2) in Fig. 2.3. In the presence of an electric field, holes
escaping the initial recombination move from their generation points through the oxide bulk
towards the negative electrode (i.e., the semiconductor/oxide interface under a positive gate
bias and the gate/oxide interface under a negative gate bias). Hole transport following a short-
pulse sample radiation is a rather complex phenomenon with special features: 1) It spreads
over many orders of magnitude in time due to its highly dispersive behavior; 2) It is sensitive
to many variables including the electric field, the operating temperature, the gate-oxide thick-
ness, and even the oxide processing history; 3) It is universal with a characteristic dispersion
of the recovery curves versus the scaled time under any bias or temperature conditions [41].
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Figure 2.5 — Schematic illustration of polaron hopping between two nearby shallow trap states.
(After McLean, et al. [140].)

Holes seem to move through amorphous dielectrics by continuous-time random walk (CTRW)-
based stochastic hopping [141-145]. The specific transport mechanism is probably the
polaron-like hopping between localized shallow trap states, having a random spatial dis-
tribution with an average distance of ~1 nm. The term polaron refers to a situation where a
charge carrier, i.e., a hole in this case, strongly interacts with its surrounding medium and
induces a significant local distortion of the lattice at its nearby region. This distortion of the
local potential increases the trap depth and tends to confine the hopping hole in its immediate
vicinity, as illustrated in Fig. 2.5 [140]. As a hole transports through the oxide bulk, it carries
the local distortion with it. The features of hole transport, such as dispersion, universality, and
sensitivity, can be attributed to a wide distribution of hole hopping times.

Fig. 2.6 shows the normalized flatband voltage shift AVgg(£)/AVeg(0) at various temperature
and field conditions [146]. The experiments correspond to a 40-us fast pulse of radiation for
minimizing the time between charge generation and electrical measurements. The horizontal
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Figure 2.6 — Flatband voltage evolution of MOS capacitors at various (a) temperature and (b)
field conditions, highlighting a strong dependence of hole hopping transport on the operating
temperature and the applied field. (After Boesch, et al. [146].)
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at various temperature conditions, presenting the universal and dispersive features of hole
hopping transport. (After McLean, et al. [140].)

axis indicates the required time for a certain percentage of the recovery. The flatband voltage
shift evolves through many orders of magnitude of the time and its recovery highlights the
strong influence of the operating temperature and the applied electric field on hole trans-
port [146]. The flatband voltage shift is almost completely removed at a high temperature
and/or a high electric field, leaving quite a small number of holes eventually trapped in the
gate oxide. Moreover, the hole transit time follows a power law of £4, [41]. This oxide thickness
dependence implies that the farther a hole transports, the more likely for it to get trapped
in a state where the next hop is more difficult and takes more time. Since modern CMOS
technologies have a gate-oxide thickness less than 10 nm and an oxide electric field more than
2MeV/cm, a large number of remaining holes can be swept out of the gate oxide, bringing a
significant short-term recovery in the radiation-induced flatband voltage shift.

The universal and dispersive features of hole hopping transport are demonstrated in Fig. 2.7,
which plots all the recovery curves of Fig. 2.6a in log-time scale as a function of the scaled time
(t/t1/2) [140]. The symbol t;,» defines the time when the flatband voltage shift recovers by
50%. The solid line is an analytical fit with the CTRW model, which describes hole transport
in the functional form F(a; t/ts) with a being an independent parameter around 0.25 for
SiO; and t; depending on the temperature, the electric field, and the gate-oxide thickness.
As seen in Fig. 2.7, the entire process of hole transport extends over 14 orders of magnitude
of the time and all the recovery curves almost overlap with each other versus the scaled-
time. The influential variables do not influence the overall characteristic dispersion of the
time-dependent flatband voltage shift.

2.2.3 Deep hole trapping and annealing

Deep hole trapping and long-term post-irradiation annealing are described as step (3) in
Fig. 2.3. Under a positive gate bias, holes drift through the oxide bulk towards the semi-
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conductor/oxide interface and can get trapped there in relatively long-lived deep hole traps.
Close to the interface in the transition region from the crystalline silicon to the amorphous
oxide, there are numerous defects as a result of lattice mismatch, incomplete oxidation,
and oxygen out-diffusion [147]. In particular, oxygen vacancies, which are the dominant
type of intrinsic defects in amorphous SiO, can act as hole trapping centers [147-151]. In
SiO,, each Si atom is bonded with four O atoms and each O atom is shared by two Si atoms
(03=Si—0—-Si=03). When one O atom is missing, two neighboring Si atoms are weakly bonded
together (O3=Si—Si=03), as shown in Fig. 2.8a [150].

A radiation-generated hole approaching the defect-rich area may get trapped on one Si atom
adjacent to an oxygen vacancy, recombine with one common electron between two bonded Si
atoms, and break the strained Si-Si bond asymmetrically. This results in an E’ center featuring
an unpaired electron on a neutral Si atom (05=Si*) and a positively charged Si atom (*Si=0s).
If the unpaired electron is fully associated with the neutral Si atom, this hole trapping generates
an E{, center [148-150] at an energy level around 3.5 eV above the oxide valence band [151].
As shown in Fig. 2.8b [150], the neutral Si atom stays in a tetrahedral structure, while the
positively charged Si atom relaxes back into a planar configuration. If the remaining electron
is shared by two Si atoms, an E(’S center is generated [147,150, 151] with energy levels between
0.5eVand 1 eV and sometimes around (2.0 +£0.1) eV above the oxide valence band [151].

Both EY - and Ej-related traps play a role in radiation-induced hole trapping in the oxide bulk.
E é centers correspond to localized shallow trap states, which represent an important medium
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Figure 2.9 — Correlation between the density of E’ centers obtained from electron-spin-
resonance (ESR) measurements and the oxide-trapped charge density extracted from
capacitance-voltage (CV) measurements: (a) density of E’ centers and oxide-trapped holes as
a function of the total dose; (b) remaining fraction of E’ centers and oxide-trapped holes as a
function of the annealing temperature. (After Lenahan and Dressendorfer [149].)

for hole hopping transport (Fig. 2.5). Some transporting holes eventually generate E,, centers
when getting trapped in relatively long-lived deep hole traps near the semiconductor/oxide
interface. The literature has recognized the close correlation between radiation-induced E’
centers and the concomitant hole trapping in SiO,. Fig. 2.9 plots the density of E’ centers
obtained from electron-spin-resonance (ESR) measurements and the oxide-trapped hole
density extracted from capacitance-voltage (CV) measurements [149]. As discussed in Sec-
tion 2.2.4, interface traps are neural when the Fermi level is at the mid-gap. Therefore, the
mid-gap CV shift AV relates oxide-trapped charges through AVing = —gANoi/ Cox, where g
is the elementary charge, Ny is the oxide-trap density per unit area, and Cy is the gate-oxide
capacitance per unit area. Fig. 2.9a demonstrates that the density of E’ centers follows the
oxide-trapped charge density at various TID levels. Furthermore, isochronal annealing results
in Fig. 2.9b present an identical post-irradiation evolution of E’ centers and oxide-trapped
holes.

Oxide-trapped charges along with the concomitant voltage shift are relatively stable, but
they do undergo long-term annealing with a complex dependence on the time, the electric
field, and the operating temperature. In general, oxide-trapped charges anneal with either
1) charge neutralization of electron tunneling from the substrate to the oxide bulk (b—c
in Fig. 2.8) or 2) true reformation of the broken Si-Si bonds through thermal excitation (c—a
in Fig. 2.8) [147,149-151].

Fig. 2.10a shows possible energy levels of oxide traps with shallow and deep hole traps cor-
responding to Ej- and E, centers, respectively [151]. Charge compensation occurs through
electron tunneling from the substrate to electron traps associated with trapped holes, restoring
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Figure 2.10 — (a) Energy level distribution of oxide traps (after Nicklaw, et al. [151]) and (b)
bias-polarity dependence of trapped-hole annealing (after Schwank, et al. [152]).

the net electrical neutrality without reforming the microstructure (b—c in Fig. 2.8). An E’
center may be located at one of those two energy levels that an electron can tunnel to [150]: 1)
ground state close to the silicon valence band related to the neutral Si atom, where electron
tunneling leads to the strongly suggested dipole structure having two electrons with anti-
parallel spins in the same orbital; 2) excited state close to the silicon conduction band related
to the positively charged Si atom, where electron tunneling results in two unpaired spins in a
parallel alignment. Electron trapping in the excited state is unstable and soon decays to the
ground state, generally within one second.

If a negative gate bias is applied before the broken Si-Si bond reforms, the compensating
electron can tunnel back to the substrate, leaving a trapped hole again [147, 150, 152]. The
annealing stage B in Fig. 2.10b confirms the reversible charge compensation with a change of
the gate-bias polarity (b=-c in Fig. 2.8) and the partial annihilation of oxide-trapped charges
(c—ain Fig. 2.8) [150, 152]. Generally, reversible annealing through electron tunneling shows
a weak temperature dependence and dominates at a low temperature (< 125°C). This is
because the probability of an electron tunneling through an energy barrier over a given
period, to a first-order approximation, is a weak function of the temperature. At an elevated
temperature, permanent annealing can happen with bond reformation either following an
electron tunneling from the substrate to the oxide or a hole detrapping from the charged E’
center to the oxide valence band.

Besides, there are quite some publications about border traps, i.e., oxide traps that exchange
charges with the substrate [147, 153-155]. Fig. 2.11 distinguishes the physical location of
oxide traps from their electrical properties [153]. The probability of charge neutralization
through electron tunneling strongly depends on the relative distance of E’ centers to the
semiconductor/oxide interface. It is difficult for electrons from the silicon bulk to reach E’
centers relatively far away from the interface. These E’ centers, referring to oxide bulk traps,
only get annealed over a long period. E’ centers close to the semiconductor/oxide interface
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Figure 2.11 — Schematic diagram that distinguishes (a) the physical location of defects from (b)
their electrical properties. (After Fleetwood, et al. [153].)

have proved to exchange charges with the substrate through electron tunneling [147, 150-155].
The corresponding oxide traps, generally within 3 nm from the semiconductor/oxide interface
with the emission and capture time in the range of 0.01s to 0.1 s, are defined as switching
oxide traps or border traps [147, 153, 154]. The line between oxide bulk traps and border
traps in Fig. 2.11a may vary with the annealing time and bias conditions [153, 155]. There
are also traps exactly located at the semiconductor/oxide interface, called interface traps, as
discussed in Section 2.2.4. As illustrated in Fig. 2.11b, fixed states refer to oxide bulk traps that
do not communicate with the substrate, while switching states correspond to border traps
and interface traps that exchange charges with the substrate. For MOS devices, fixed states
only influence static characteristics through a negative threshold voltage shift, while switching
states additionally affect low-frequency noise characteristics [46, 156].

2.2.4 Interface-trap formation

Step (4) in Fig. 2.3 describes interface-trap formation along with the long-term recovery and
even the rebound of the threshold voltage. The most convincing precursors for radiation-
induced interface traps are H-passivated Py, centers at the semiconductor/oxide interface [149,
157, 158]. Due to lattice mismatch, incomplete oxidation, and oxygen out-diffusion, the
semiconductor/oxide interface in a MOS system is intrinsically imperfect with a large number
of unpaired dangling bonds (~10'3 cm™2) from trivalent Si atoms (Si;=Si¢). A Py, center is
microscopically characterized by a trivalent Si atom back bonded to three other Si atoms at
the semiconductor/oxide interface, with a dangling bond extending into the oxide bulk [159-
161]. A low-temperature post-oxidation treatment (~400 °C) has been adopted in commercial
semiconductor processes to passivate these bonds through the formation of Si-H bonds
(Siz=Si—H) in forming gas (H, : N, = 1:9). This can potentially reduce the density of P}, centers
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Figure 2.12 - Correlation between the density of Py, centers obtained from ESR measurements
and the interface-trap density (Dj;) extracted from CV measurements: densities of (a, c) Py,
centers and (b, d) interface traps as a function of (a, b) the energy level (after Lenahan and
Dressendorfer [157]) and (c, d) the total dose (after Lenahan and Dressendorfer [149]).

by one to two orders of magnitude [162,163]. However, total ionizing radiation or long-term
stress can break the Si-H bonds, making H-passivated P}, centers active again [159,164-167]. A
radiation-activated P}, center refers to an unpaired electron, allowing this paramagnetic defect
to be detected through ESR measurements. A radiation-activated interface trap is positively
charged below the mid-gap, neutral near to it, and negatively charged above it, enabling this
amphoteric defect to be studied through CV measurements. The identical evolution of the
density of Py, centers and interface traps in Fig. 2.12 demonstrates their close relation [149,157].

The magnetic state of Py, centers is coherent with the charging state of interface traps, as seen
from their corresponding response versus the energy level in Fig. 2.12a and Fig. 2.12b. In the
lower part of the bandgap, the Py, center is a donor-like interface trap, contributing an electron
and getting positively charged when the Fermi level is close to the valence band (P, —

Py," + e or P, + h* — Py"), asillustrated in Fig. 2.12I. As the Fermi level moves toward the
mid-gap, the positively charged Py, center accepts an electron and becomes neutral (P," +

e —> Py), asindicated in Fig. 2.12I1. As the Fermi level gets close to the conduction band, the
Py center picks up another electron and gets negatively charged (P, + e~ — P},7), as depicted
in Fig. 2.12I1I. In the upper part of the bandgap, the Py, center is an acceptor-like interface trap
(P, +e — Py or P, — P~ + h"). Overall, the Py, center is paramagnetic, converting to a
diamagnetic state by accepting or donating an electron. The Py, population is thus maximized
near the mid-gap when most interface traps are neutral and minimized around the band edges
when most interface traps are charged. The energy-density distribution of Py, centers is also
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consistent with the typical U-shape distribution of interface traps, having two characteristic
peaks about 0.25 eV and 0.85 eV above the silicon valence band [149, 158,163, 168]. With an
average calculation over the energy range, the densities of Py, centers and interface traps can
be evaluated as a function of the total dose. As observed from Fig. 2.12c and Fig. 2.12d, they
are proportional to each other at various TID levels, evidencing that H-passivated Py, centers
are indeed a major source of radiation-induced interface traps.

There is quite some work in the literature describing the radiation-induced activation of
interface traps as the removal of H atoms from H-passivated P, centers [159, 164, 166, 167,
169-171]. Even though this H-removal process is explained differently in the literature, a
consensus has been reached on the dominant mechanism: a two-stage process with proton
transport [164,166,169,171]. In the first stage, positive protons are formed through the reaction
of radiation-generated holes with H-contained oxide defects (h* + H — H*) and transport to
the semiconductor/oxide interface. More recent studies [171] believe that the second stage is
a direct reaction of positive protons with H-passivated P}, centers through

Si;=Si—H + H* — Si;=Si* + H,. 2.3)

Hydrogen molecules transport away from the silicon/oxide interface and leave behind posi-
tively charged dangling bonds Si;=Si". The final charge state of TID-activated interface traps
depends on the gate-to-bulk bias or the surface potential.

Field switching measurements have uncovered a strong dependence of the interface-trap
generation on the gate-bias polarity [164, 166, 169]. Fig. 2.13a reveals the inhibiting effect of a
negative gate bias on the interface-trap formation through five recovery curves with different
bias conditions [169]. Curve A and E refer to positive and negative gate biases throughout the
experiment, respectively. Curve B, C, and D correspond to a positive gate bias until 0.8s, a
negative gate bias until various moments (20 s, 200 s, and 2000 s), and a positive gate bias again
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Figure 2.13 — Field and temperature dependence of interface-trap formation, confirming the
two-stage process with proton transport.
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until the end of the experiment. As long as the gate bias is positive during the interface-trap
buildup process (A), protons would drift towards the semiconductor/oxide interface, followed
by the subsequent activation of interface traps. Once the gate bias is reversed (B, C, and D),
protons would transport back to the oxide bulk and even to the gate terminal, prohibiting the
interface-trap generation. Even the bias is switched positive again, the final interface-trap
density may not reach the level corresponding to a constantly positive gate bias. If the gate
bias is kept negative, the activation of interface traps can even be completely suppressed (E).

This two-stage proton transport model is robust but does not explain everything. Alternative
models, such as the conversion of oxide traps to interface traps [167], the reaction of transport-
ing holes with H-passivated Py, centers [170], and the reaction of neutral H atoms (H®) with
H-passivated Py, centers [165], have been proposed for explaining individual cases. Fig. 2.13b
presents results of isochronal annealing with a field switch at 180K [166]. The interface-trap
buildup between 120K and 150 K is almost independent of the gate-bias polarity, indicating
the dominant effect of the H'-related process. In contrast, the interface-trap generation above
200 K displays a strong dependence on the gate-bias polarity, implying the dominant influence
of the H-related depassivation. Since the plot is in log scale, the H%-related process only
accounts for a low percentage of the total interface-trap buildup, evidencing the essential role
of proton transport on the interface-trap formation.

Radiation-activated interface traps degrade device performance, basically through modifying
the threshold voltage, degrading the subthreshold swing, and reducing the low-field channel
mobility [172-175]. For nMOSFETs, negative interface-trapped charges cause a positive
threshold voltage shift, compensating the negative threshold voltage shift induced by positive
oxide-trapped charges. Hence, the buildup of radiation-induced interface traps (Fig. 2.3a)
may lead to an ultimately positive threshold voltage shift (Fig. 2.3b). This is similar to the
situation where the oxide-trapped hole annealing reduces the negative threshold voltage
shift and eventually results in a rebound of the threshold voltage [152]. For pMOSFETs,
positive interface-trapped charges simply add a negative threshold voltage shift to the negative
threshold voltage shift induced by positive oxide-trapped charges. In addition to influencing
static characteristics, radiation-activated interface traps, as part of switching states, also
degrade low-frequency noise characteristics of MOS devices [46, 156, 156].

2.3 TID effects versus CMOS scaling

Section 2.2 has detailed fundamental physical processes of TID effects on MOS devices. Over-
all, through the ionization of dielectrics and the subsequent charge evolution, total ionizing
radiation results in charge trapping in the oxide bulk and the activation of H-passivated
interface traps. From a circuit design perspective, oxide- and interface-charge trapping influ-
ences MOSFET characteristics generally through modifying critical device parameters and
degrading low-frequency noise characteristics. CMOS scaling has aggressively shrunk the
gate oxide, relieving gate-oxide-related charge trapping [18-21]. However, STI oxides and
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spacers have not scaled proportionally and relevant charge trapping has become influential in
advanced CMOS technologies [19, 20,61, 77]. Therefore, the following subsections discuss how
CMOS scaling influences radiation-induced charge trapping related to the gate oxide and how
STI- and spacer-related charge trapping impacts device behaviors through new TID-induced
phenomena [20,21,75].

2.3.1 Gate-oxide-related TID effects

Gate-oxide-related charge trapping typically causes parametric shifts, such as a threshold
voltage shift, a subthreshold swing degradation, and a low-field channel mobility reduction.
Along with the continuous scaling of CMOS technologies, the gate-oxide thickness has entered
the nanoscale regime and is getting close to 1 nm. This greatly relieves gate-oxide-related
charge trapping and makes relevant parametric shifts much less problematic [41-45].

This radiation tolerance improvement along with CMOS scaling can be partly explained
through a first-order estimation of the flatband voltage shift induced by gate-oxide-trapped
positive charges AQq [14,138,176,177]. Assuming a uniform distribution of oxide-trapped
charges throughout the gate oxide, the oxide-trapped charge density per unit area Q¢ can
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Figure 2.14 — Effects of gate-oxide-thickness scaling on radiation-induced charge trapping in
MOS capacitors irradiated with ®°Co y-rays.
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therefore be expressed as Qo = gpox fox, Where pox is the oxide-trap density per unit volume.
The gate-oxide capacitance per unit area Cyy is determined by Cox = €ox/ fox, Where €y is
the permittivity of the gate oxide. Introducing these two expressions into the approximate
calculation of relevant flatband voltage shift leads to the well-known oxide-thickness-squared
scaling law:

AQOt - _ qAPOX tgx
Cox €ox

AV = — (2.4)

This simple formula addresses explicitly how oxide-trapped charges and relevant flabband
voltage shift scale quadratically with the gate-oxide thickness. At a very low temperature,
radiation-generated holes are essentially frozen near their generation points [141], preventing
the activation of H-passivated interface traps. Experimental results in Fig. 2.14a therefore refer
only to radiation-induced hole trapping in the gate oxide [14]. This 2, scaling law has been
confirmed for the gate oxide thicker than 20 nm [138, 176]. For an even more scaled gate oxide,
the flatband voltage shift gets much smaller than the 2, anticipation. This further reduction
is largely due to the strengthened hole removal through enhanced tunneling [14,177].

This radiation tolerance improvement along with CMOS scaling is also a result of the reduction
of radiation-activated interface traps [15,178]. As presented in Fig. 2.14b, radiation-activated
interface traps also scale with the gate-oxide thickness [15]. A power scaling law of the interface-
trap density has been confirmed for the gate oxide thicker than ~12 nm with the power relying
on the gate-bias polarity. A positive gate bias leads to a higher density of radiation-activated
interface traps than a negative gate bias, as referred to the respective power of 1.55 and 1.01.
This dependence on the gate-bias polarity is associated with the formation and the transport
of positive protons. The abrupt drop in the interface-trap density for thinner gate dielectrics
appears to result from charge compensation through electron tunneling to trapped holes,
which prevents the formation of positive protons needed for activating H-passivated interface
traps [15, 164, 166, 169].

The continuous scaling of CMOS technologies does have the potential to enhance the TID
tolerance of MOS devices, which is favorable for radiation-hardness applications. The gate-
oxide thickness of commercial CMOS technologies has reached around 1 nm, which may allow
nanoscale MOS devices to inherently get rid of most gate-oxide-related TID effects [18-21].
However, the particle physics community has gained interests in moving radiation tolerance
evaluation to further scaled CMOS technologies, which use HKMG stacks to resolve the gate-
leakage issue. High-k dielectrics can make the effects of TID on nanoscale MOSFETs less
predictable, which remains to be carefully studied [64, 65,73, 74].

2.3.2 STI-related TID effects

Field isolation oxides, which have not been scaled proportionally and are typically in the range
of 100 nm to 1000 nm, are much thicker than gate dielectrics. Field isolation structures with

33



Chapter 2. Basic mechanisms of TID effects on MOS devices

allow trench
isolation oxide

(a)
\M q
Sh

102
108
104
105
106

COMBINED

POSTRAD
(field or edge)

(gate)

POSTRAD

Positive PRERAD PRERAD
trapped polysilicon 2 07 (gate)  (field or edge)
charge v o
p+ < 108 [ |
b pt
(b) g |- |
n+ ‘ N-well o
. n+ 1010 —
1 % 1011 |- -
pepi {012 L1
-6 -4 -2 0 2 4 6 8 10 12 14
© Vs (V)

Figure 2.15 — Investigation of the TID-induced parasitic leakage current related to STI oxides:
(a) cross section of a shallow-trench-isolated #MOSFET; (b) cross section of an nMOSFET and
a pMOSFET isolated by a field oxide; (c) transfer characteristics of a gate-oxide transistor and
a field-oxide transistor before and after irradiation. (After Shaneyfelt, et al. [59].)

the thermally local oxidation of silicon (LOCOS) are soft to total ionizing radiation mainly
due to the positive charge buildup in thick field oxides and/or at the bird’s beak regions [179].
High-density plasma chemical vapor deposition (HDP-CVD) STI oxides have been introduced
into sub-0.5-pum technology nodes to eliminate the bird’s beak problem of the LOCOS isolation
and to serve for a higher integrated density of electronic components [180]. STI structures are
planar with the silicon surface, free from lateral encroachment, and not affected by field oxide
thinning. However, as depicted in Fig. 2.15a and Fig. 2.15b, STI structures also undergo the
positive charge buildup in thick field isolation oxides [59]. These trapped positive charges can
open corner/sidewall leakage paths in parallel with the main channel of an nMOSFET (path 1)
and parasitic leakage paths underneath the trench from the n+ active region of an nMOSFET
to the n-well substrate of a pMOSFET (path 2).

The TID-induced parasitic drain-to-source leakage current of nMOSFET can be investigated
through the comparison of a gate-oxide transistor and a field-oxide transistor, as illustrated
in Fig. 2.15c [59]. The irradiated gate-oxide transistor exhibits a slight threshold voltage
shift thanks to relieved gate-oxide-related charge trapping. The field-oxide transistor uses a
relatively thick field oxide as its gate dielectric and has a very high threshold voltage. Before
irradiation, it is almost fully switched off with its IV curve far to the right of the range of the gate
bias. Due to the oxide-thickness-squared scaling law, as expressed in Eq. (2.4), its threshold
voltage shift is so large that its IV curve eventually passes that of the irradiated gate-oxide
transistor to the left. As displayed by the broken line labeled as "COMBINED", a hump can
appear at a certain range of the total drain current and the drain leakage current at a zero gate
bias can increase by several orders of magnitude [19, 59, 60, 77].
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Figure 2.16 — Illustration of STI-related radiation-induced narrow-channel effects (RINCE)
through an analysis of the threshold voltage shift versus TID up to 136 Mrad: (a) Threshold
voltage shift of I/O nMOSFETs and an enclosed-layout transistor (ELT) from a 130-nm bulk
CMOS process; (b) top-view of an ELT; (c) STI-related charge trapping. (After Faccio, et al. [19].)

In addition to inducing a parasitic drain-to-source leakage current, STI-related charge trapping
can also be strong enough to influence the central part of a narrow channel. This seriously
degrades the performance of narrow-channel MOSFETs, which is described as radiation-
induced narrow-channel effects (RINCE) [19, 20, 61, 77]. For narrow-channel nMOSFETs,
STI-trapped positive charges increase the channel potential and induce a negative threshold
voltage shift, as shown in Fig. 2.16a. It is worth mentioning ELTs, which have the source or
the drain fully enclosed by the gate, as illustrated in Fig. 2.16b. Due to the absence of STI
edges between source and drain regions and the inherent immunity to STI-related charge
trapping, the ELT in Fig. 2.16a undergoes a smaller threshold voltage shift. For a pMOSFET,
STI-trapped positive charges attract electrons towards the sidewalls of STI oxides and prevent
the formation of the local p-type channel. This leads to a significant negative threshold voltage
shift and even reduces the effective channel width. When the channel gets narrower, the
effective channel width reduction becomes even more significant and causes a substantial
drive current loss.

Overall, STI-related charge trapping can be a very influential cause for ionizing radiation dam-
age to nanoscale MOSFETs. It can lead to an increased drain leakage current for ntMOSFETs
and significant parametric shifts for narrow-channel MOSFETs. Besides, its impact strongly
depends on semiconductor manufacturing processes [76,179, 181]. Since CMOS processing
varies so widely, it is impossible to make general statements about the radiation response
of such dielectric materials. From this aspect, ionizing radiation effects on field oxides of
each specific CMOS process would require a careful investigation. Bear in mind that due
to stringent design rules, ELTs have become unavailable in commercial 28-nm bulk CMOS
processes [16,17,91].
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2.3.3 Spacer-related TID effects

Spacers are patterned after the formation of lightly-doped source and drain (LDD) regions
along the edges of gate stacks. They serve as masks for the ion implantation of source and
drain regions. Depending on CMOS processes, spacers may be fabricated with a combination
of underlying SiO, and capping Si3N, [182], as illustrated in Fig. 2.17a. As depicted in Fig. 2.17b,
total ionizing radiation can produce electron-hole pairs in relatively thick spacers and result
in buildup of oxide-trapped charges and interface traps above the LDD regions, impacting the
radiation response of nanoscale MOSFETs. It is worth noting that the history of the study of
TID effects on spacers is quite short. The first main discovery of spacer-related TID effects has
only recently been made with 65-nm bulk MOSFETs at relatively high TID levels [20]. Faccio et
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Figure 2.17 — Spacer-related TID effects on the on-current and the series resistance of diode-
biased 65-nm bulk MOSFETs: (a) TEM image of a 65-nm transistor, highlighting the significant
volume of spacer materials; (b) spacer-related charge trapping above a lightly-doped source
or drain (LDD) extension; (c) on-current evolution of 65-nm MOS ELTs in linear operation
at room temperature; (d) series resistance extracted from arrays of MOSFETs with a width of
20 um. (After Faccio, et al. [21].)
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al. have concluded spacer-related TID effects to be radiation-induced short-channel effects
(RISCE) with a theory of charge generation in spacers and the subsequent evolution to the
gate oxide [21, 69].

Spacer-related charge trapping has a strong channel length dependence and influences the
series resistance of short-channel MOSFETs. As shown in Fig. 2.17c, the on-current loss of
65-nm MOS ELTs in linear operation gets higher when the channel becomes shorter. Since the
enclosed layout of ELTs has eliminated STI-related TID effects and thin gate dielectrics relieve
gate-oxide-related charge trapping, the observed on-current loss is mainly a result of ionizing
radiation damage to spacers. Moreover, spacer-related charge trapping can influence the
effective doping concentration in the LDD regions and thus modifies the series resistance of a
MOSFET. As indicated in Fig. 2.17d, the series resistance of 65-nm bulk MOSFETs increases
with TID levels, aligning with the substantial on-current loss of short-channel MOSFETs.

Spacer-trapped positive charges may further form positive protons with H-contained oxide
defects. When the horizontal electric field and the ambient temperature are high enough,
positive protons can transport to the semiconductor/gate-oxide interface and activate H-
passivated interface traps at the side with a higher longitudinal bias. This results in a higher
density of interface-trapped charges at the drain side of tMOSFETs and the source side of
pMOSFETs. As seen in Fig. 2.18, the shortest-channel 65-nm pMOS ELT has a slight threshold
voltage shift after 400 Mrad at room temperature and a significant negative threshold voltage
shift during high-temperature annealing [69]. This worsened device behavior due to high-
temperature annealing is believed to be a result of a higher interface-trap density from the
aforementioned charge evolution. As observed from Fig. 2.18, high-temperature annealing
also leads to asymmetric measurement results [69]. Normal measurements in saturation
indicate a severer threshold voltage shift than their reverse counterparts with the source and
the drain interchanged, while two sets of measurements in linear overlap each other. This
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Figure 2.19 — Schematic representation of spacer-related TID effects: (a) radiation-induced
charge trapping in spacers, which affects LDD regions and increases the series resistance;
(b) proton transport from spacers to the gate oxide, which strongly depends on the ambient
temperature and the electric field; (c) reaction between positive protons and H-passivated
interface traps, causing the latent interface-trap formation. (After Borghello [69].)

asymmetry is believed to originate from the nonuniform distribution of radiation-induced
interface traps. The substantial threshold voltage shift and the asymmetric device behavior
can also occur during irradiation if the temperature is high enough.

The complex radiation response related to spacer materials is summarized with the proposed
mechanism in Fig. 2.19 [69]:

* Fig. 2.19a. Total ionizing radiation generates an accumulation of oxide-trapped charges
and releases hydrogen ions (H") in spacer materials. Spacer-trapped positive charges
influence the underlying LDD extensions, increasing the series resistance.

* Fig. 2.19b. When the horizontal electric field and the ambient temperature are high
enough, positive protons (H") drift from spacer materials to the gate oxide. This charge
transport is promoted at the side with a higher longitudinal bias: the source side for
pMOSFETs and the drain side for tIMOSFETs.

* Fig. 2.19c. Once arriving in the gate oxide, positive protons react with H-passivated inter-
face traps and result in active interface traps at the corner of the channel, contributing
to the measurable threshold voltage shift and inducing asymmetric device behaviors.

Since their spacer widths are more comparable with their channel lengths, short-channel
MOSFETs are more vulnerable to spacer-related TID effects. Due to the superposed effect
of spacer-related oxide- and interface-trapped charges, pMOSFETs undergo more serious
performance degradation, including a higher series resistance increase, a severer threshold
voltage shift, and a more significant drive current loss, than nMOSFETs.
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2.4 Summary

Basic mechanisms of TID effects on MOSFETs have been explained in detail. Briefly speaking,
when a MOSFET is exposed to cumulative ionizing radiation, the absorbed radiation energy
produces electron-hole pairs in dielectrics at sensitive device regions, such as the gate oxide,
thick spacers, and thick STI oxides. Depending on the magnitude of the electric field and the
energy of incident particles, some electron-hole pairs undergo immediate recombination. The
remaining mobile electrons then drift away from the dielectric bulk toward the corresponding
electrode within picoseconds or so. Some remaining holes hop through localized shallow trap
sites arising from lattice disorder and a fraction of them get trapped into relatively long-lived
deep hole traps. Some remaining holes form protons via the reaction with H-contained oxide
defects. These positive protons move to the semiconductor/oxide interface under a positive
gate bias, breaking H-passivated dangling bonds and generating electrically active interface
traps.

This time-dependent charge generation and evolution are very sensitive to the operating tem-
perature, the electric field, the gate-oxide thickness, and the oxide processing history. Despite
complex physical processes, total ionizing radiation eventually influences device behaviors
and circuit functions simply in the form of oxide- and interface-trapped charges. Following
Moore’s law scaling, CMOS technologies have entered the nanoscale regime, which greatly
relieves gate-oxide-related charge trapping. However, high-k dielectrics have been introduced
into MOSFETs since the 45-nm technology node to resolve the gate leakage issue of ultrathin
Si0,-based gate dielectrics, which may introduce uncertainties in the radiation response of
nanoscale MOSFETs. Besides, STI oxides and spacers have not scaled proportionally and
relevant charge trapping has become influential in advanced CMOS technologies. Therefore,
when coming to nanoscale MOSFETS;, it is of importance to carefully evaluate the effects of
radiation-induced charge trapping related to different dielectric components.
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8] Experimental details and results

This chapter first introduces general experimental elements, aiming at a better understanding
of measurement results. In particular, it details information about test structures, experimental
setup, and measurement protocol that have been used to obtain the majority of experimental
results. Total ionizing radiation and post-irradiation annealing influence static characteristics
of MOSFETs through several types of parametric shifts. MOSFETs irradiated under different
bias and temperature conditions may also respond differently as a result of the bias- and
temperature-dependent charge generation and evolution. This chapter then summarizes TID
effects on DC characteristics of 28-nm bulk MOSFETs through a comprehensive analysis of
MOSFET transfer characteristics and various parametric shifts under different irradiation and
annealing conditions. Finally, TID effects that have been seen crucial in advanced CMOS
technologies, including the radiation-induced drain leakage current, RINCE, and RISCE, are
briefly addressed in the context of the targeted 28-nm bulk CMOS process. This chapter mainly
covers results published in [118-121].

3.1 Experimental details

For total dose radiation testing at ultrahigh levels, irradiation duration is one of the most
important parameters. This thesis aims at exploring the effects of extremely high TID levels
up to 1 Grad that is foreseen for the innermost detectors of the future HL-LHC experiments.
For this purpose, it is of importance to maintain the duration of irradiation tests at a proper
time span with a high enough dose rate. The most common laboratory radiation sources
for total dose radiation testing are low-energy X-rays at the peak of the spectrum density
(10keV) generally from an X-ray tube with a tungsten target and high-energy y-rays typically
at 1.25 MeV from cobalt-60 (°°Co) radioactive decay. Low-energy X-rays can operate at higher
dose rates thanks to a much more efficient energy transfer coefficient and can irradiate
individual dies at the wafer level, allowing X-ray irradiation experiments to be done at a
relatively low cost of time and expense [137, 139]. Using CERN’s X-ray radiation system,
irradiation measurements for this thesis have been carried out on commercial 28-nm bulk
MOSFETs up to 1 Grad of TID.
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Chapter 3. Experimental details and results

3.1.1 Test structures

This thesis involves various sizes of MOSFETs fabricated with the HPL (high-performance
low-power) flavor of a commercial 28-nm bulk CMOS process. This HPL process may use a
dielectric bilayer, which is composed of ~2 nm of underlying SiO, and ~1.3 nm of overlying
HfO,, as its gate oxide. Fig. 3.1 summarizes the geometry information and the pad distribution
of test structures [118]. Test chips are from two tape-outs of the Scaltech28 project and most
experiments have been done on samples from the second one. As listed in Fig. 3.1a for the
second tape-out, each chip contains three clusters of test structures (row 1-2, 3-4, and 5-6),
including 14 single-finger and 8 multi-finger MOSFETs for each n- and p-type, together with
a few other special devices such as low-threshold MOSFETs, MOS capacitors, and discrete
diodes. The pads of these test structures are carefully arranged in 6 rows (row 1-6) of 24
columns (column 1-24) over an area of 3mm x 1 mm, as pictured in Fig. 3.1b.

Main research objects in this thesis are 14 core MOSFETs from the second tape-out, as framed
with the blue lines in Fig. 3.1a. These 14 core test structures, which are composed of 4 MOSFET
arrays and 4 corner MOSFETs, have the channel width W from 3 yum to 100 nm and the channel
length L from 1 um to 30 nm, as depicted by the rectangular width-length plane in Fig. 3.1c. In
addition to the extensive experimental campaign with the second tape-out, some preliminary
tests have been originally performed on 10 core MOSFETs from the first tape-out, for which
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Figure 3.1 — Pad distribution and geometry information of test structures from a commercial
28-nm bulk CMOS process: (a) device matrix of the second tape-out; (b) a picture of a chip
contacted by probe needles; (c) most investigated devices from the second tape-out; (d) most
investigated devices from the first tape-out. (After Zhang, et al. [118].)
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Figure 3.2 — Cross sections of 28-nm bulk MOSFETs from the second tape-out with two electro-
static discharge (ESD) protection diodes (top diode-DT and bottom diode-DB) implemented
at each gate terminal. (After Zhang, et al. [120].)

the geometry information is described through Fig. 3.1d.

The orange-filled cells in Fig. 3.1a mark the existence of two electrostatic discharge (ESD)
protection diodes implemented at the gate terminal of some devices. The connection of these
ESD protection diodes with the gate terminal is illustrated through the cross-sectional views
of an nMOSFET and a pMOSFET in Fig. 3.2 [120]. To maximize the number of test structures
on a limited area of the chip, ESD protection diodes in the same cluster are connected to the
common power supply (Vpp) and the common substrate-shorted ground (Vg,q = Vsyg) and
MOSFETs in the same cluster share the pads for the source (Vs), the substrate (Vsyg), and the
n-well (Vow). These common pads pose a challenge in isolating intrinsic current components
flowing through the gate, the source, and the bulk of each MOSFET. Special measurement
configurations are required when analyzing various current components.

3.1.2 Experimental setup

AsteriX, as presented in Fig. 3.3, is an X-ray irradiation facility of CERN’s EP-ESE group [183]. It
has been used to irradiate 28-nm bulk MOSFETSs up to 1 Grad for evaluating the potential use
in the upcoming HL-LHC. This irradiation system is equipped with a 10-keV X-ray machine
(Seifert RP149) with a 50-kV 60-mA 3-kW X-ray generator using a tungsten target. The dose
rate is defined as the absorbed total dose divided by irradiation duration and is measured
in Mrad/h for the convenience of this work. By adjusting the supplied power to the X-ray
tube and changing the tube-target distance, it is possible to select an appropriate dose rate
for specialized irradiation tests. Shortening the tube-target distance to the greatest extent
at 2 cm and setting the input voltage and the tube current respectively to 40 kV and 50 mA,
this X-ray machine can reach very high dose-rate levels up to ~10 Mrad/h, with which it takes
approximately 100 hours or around 4 days to reach 1 Grad.

This irradiation system is equipped with a semi-automatic probe station (Karl SUSS PA200)
mounting an externally controlled 8-inch thermal chuck, a cooling element to set and main-
tain the temperature of the thermal chuck, a probe card with 2 rows of 16 needles connected
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(a) Irradiation cabinet and measurement instruments. (b) Probe card inside the irradiation cabinet.

Figure 3.3 — CERN’s X-ray machine and associated measurement instruments. (After
CERN [183].)

through triaxial cables to a switching matrix (Keithley 707A), a microscope with a CCD camera
for verifying the distance between probe needles and test chips, an advanced semiconductor
parameter analyzer (Keithley 4200A-SCS) for characterizing test structures, and a LabVIEW
software for automating the experiment, as pictured in Fig. 3.3 [183]. The prompt commu-
nication between the LabVIEW interface and the whole experimental setup enables chip
irradiation and electrical measurements to be performed in a completely automated manner.
The temperature-controlling elements allow irradiation tests and post-irradiation annealing to
be carried out at a temperature between —50 °C and 200 °C. Test structures have been mainly
irradiated at room temperature (25 °C) and annealed at a high temperature (100 °C).

To explore this powerful facility to a large extent and investigate as many devices as possible
within one experiment, the pad distribution in Fig. 3.1a and Fig. 3.1b has been customized ac-
cording to the tailored probe card. Each array of MOSFETs consists of 2 rows of pads and each
pad is connected to one MOSFET terminal. The contact between probe needles and test chips
is manually conducted, thanks to the CCD camera for prompt and safe alignment. Fig. 3.1b
is a picture of the screen showing 2 rows of 16 needles approaching the first cluster of test
structures in Fig. 3.1a. The switching matrix linking the probe card and the semiconductor
parameter analyzer hosts 3 7072 matrix cards with 12 outputs for each and a total of 36 outputs,
as illustrated in Fig. 3.4 [69]. It essentially routes electrical signals from test structures to 6

% 7072
- Matrix card
[T
6 SMUs D 707A 7072
4200A-SCS L— o i i Probe card
4210-CVU — E | Switching matrix | Matrix card
— F
G 7072
| Matrix card
*| H

Figure 3.4 — Switching matrix and its connection with the probe card and the semiconductor
parameter analyzer. (After Borghello [69].)
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Source Measure Units (SMUs) of the semiconductor parameter analyzer. Each of these SMUs
allows both sourcing and measuring a device at the same time. In the case of this thesis, they
have been mostly applied for sweeping a voltage and measuring the relevant current.

As depicted in Fig. 3.4, the switching matrix has 2 more input channels, sometimes con-
nected to the capacitance-voltage unit (CVU) of the semiconductor parameter analyzer for
CV measurements, but more often connected to a voltage generator to bias test chips [69].
During irradiation and annealing, test structures in the same cluster have been biased alto-
gether through the switching matrix under the diode condition (|Vgg| = [Vps| = 1.1V), the
switched-on condition (|Vgg| = 1.1V and Vpg = 0V), or the switched-off condition (Vgg =0V
and |Vpg| = 1.1V) with common biases for the power supply and the bulk (Vpp = Vaw =1.1V
and VSUB = Vgnd =0V).

3.1.3 Measurement protocol

A systematic experiment generally includes sequential steps of irradiation and annealing
together with associated measurements. Thanks to the customized LabVIEW software and its
prompt talk with the experimental setup, it becomes possible to set up the whole experiment
systematically and run it continuously until the last measurement step. Fig. 3.5 describes
the typical procedure that has been applied to obtain the majority of measurement results.
Irradiation measurements mainly correspond to the highest dose rate of 10 Mrad/h to reach a
proper time span. The radiation exposure stops temporarily and test structures are measured
individually when the absorbed total dose reaches certain levels (0-, 0.5-, 1-, 5-, 10-, 50-,
100-, 200-, 400-, 600-, 800-, and 1000 Mrad). To measure the post-irradiation evolution of
device behaviors, irradiated chips are removed from the probe card inside the irradiation
cabinet after the last TID step and placed into the external setup for annealing with steps of 2
hours. The external setup is very similar to the X-ray irradiation system but with an HP-4155B
semiconductor parameter analyzer.

Corresponding to the pad distribution in Fig. 3.1a and Fig. 3.1b, Fig. 3.6 illustrates measure-
ment configurations of n- and pMOSFET arrays from the second tape-out [127]. Immediately

Irra. temp.: 25 °C; dose rate: 10 Mrad Anneal. temp.: 100 °C
TID steps: 0, 0.5, 1, 5, 10, 50, 100, 200, 400, 600, 800, 1000 Mrad | Annealing steps: every 2 hours

irra. and anneal.

Pre-irradiation Irradiation (TID) Annealing (time)

Figure 3.5 — Typical procedure for obtaining test results, including sequential steps of irradia-
tion at room temperature and annealing at a high temperature with associated static electrical
measurements.

45



Chapter 3. Experimental details and results

VDDT() ()T Vo VDDT() VSTC) VanC) C)T Vaex
DT2-14 DT15 DT16-17 - DT16-17
20T = 1= & n16 -
) P nt on2-14 Jns T Jhy7 & DT 7:5”1 &2DT15
fe ¢ ¢ e ~ -

“Ve & DBI A DB = xLl =l 4Em T 4 o214 T Bpts [ pte

2-14 DB15 Vs 4 DBt 7 N = p17

DB16-17
DB2-14 DB15 DB16-17
Var)D  DJvs Dlveer Ve Pvo
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Figure 3.6 — Circuit schematics of both (a) n- and (b) pMOSFET arrays under test, highlighting
common pads between test structures. These circuit schematics correspond to the first and
second clusters of devices in Fig. 3.1a and Fig. 3.1b from the second tape-out. (Zhang, et
al. [127].)

after each step of irradiation and annealing, a large amount of static electrical measure-
ments have been conducted for investigating TID effects on all regions of device operation.
Transfer characteristics Ip(Vgg) have been measured from linear (|Vpg| = 0.01V) to saturation
(IVpsl = 1.1V) by sweeping the gate voltage from the switched-off state to strong inversion
(IVgel = —0.2V-1.1V). Output characteristics Ip(Vps) have been tested from the depletion
region (|Vgg| = 0.1V) to strong inversion (|Vgg| = 1.1V) by sweeping the drain voltage from
linear to saturation (| Vpg| = 0V-1.1V). To better understand the radiation damage phenomena,
source and drain terminals have been interchanged for checking the device asymmetry and
shortened for identifying the external leakage contribution.

As oxide-trapped charges may anneal with time [184], a voltage step of 25 mV has been
chosen as a suitable compromise between limiting the measurement duration and pro-
viding a sufficient measurement resolution. In addition, while measuring one device (nl
or pl), all the others (n2-14 or p2-14) have been held under the switched-off condition
with four terminals biased at the same potential (Vg = Vp = Vs = Vgyg = 0V for nMOSFETs
and Vg = Vp = Vg = Vw = 1.1V for pMOSFETs) to limit post-irradiation annealing. Circuit
schematics in Fig. 3.6 also highlight common pads of test structures in the same cluster and
imply the difficulty in isolating certain intrinsic current components. Floating terminals of test
structures out of the range of the probe card make the current isolation even more challenging.
Even with special measurement configurations, a complete analysis of all current components
requires careful data processing.

3.2 Overview of TID effects on 28-nm bulk MOSFETs

Despite complex physical processes of charge generation and evolution, the eventual conse-
quence of total ionizing radiation can be simply summarized as charge trapping related to
dielectrics at sensitive device regions, including the gate oxide, spacers, and STI oxides, as
explained in Chapter 2. Fig. 3.7a illustrates the top view of a general bulk MOSFET, Fig. 3.7b
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shows the cross section along its length and illustrates charge trapping related to the gate
oxide and spacers, and Fig. 3.7c shows the cross section along its width and presents charge
trapping related to STI oxides [120]. Oxide-trapped charges Qqy, as labeled by the red symbol
“+” in Fig. 3.7, are positive for both n- and pMOSFETs. Depending on the energy difference
between the mid-gap energy level and the Fermi level, interface traps are negatively charged
in inverted nMOSFETs and positively charged in inverted pMOSFETs, as indicated in Fig. 3.7

by the red symbol “x” for interface-trapped charges Qj;.

In the form of oxide- and interface-trapped charges, total ionizing radiation may cause sev-
eral types of parametric shifts of MOSFET characteristics, including a drain leakage current
increase, a threshold voltage shift, a low-field channel mobility reduction, an effective channel
width reduction, a drive current loss, a radiation-enhanced drain-induced barrier lowering
(DIBL) effect, and a subthreshold swing degradation. The main effect of positive oxide-trapped
charges is reducing the threshold voltage. Negative interface-trapped charges in nMOSFETs
cause a positive threshold voltage shift, while positive interface-trapped charges in pMOSFETs
add up a negative threshold voltage shift. Interface-trapped charges can also degrade the low-
field channel mobility through Coulomb scattering and influence the switching performance
by degrading the subthreshold swing. The effects of TID on the drain leakage current, the DIBL
parameter, and the effective channel width are more complex, involving radiation-induced
charge contribution at specific dielectric regions.
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Figure 3.7 — Schematic illustration of TID-induced charge trapping in the oxide bulk and at
the silicon/oxide interface of a bulk MOSFET: (a) top view of a general bulk MOSFET; (b)
cross-section along the length (b—b’); (c) cross-section along the width (c—c’). (After Zhang, et
al. [120].)
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Based on this background, the following subsections are devoted to a comprehensive in-
vestigation of experimental results of 28-nm bulk MOSFETs. The following analysis mainly
focuses on four corner MOSFETSs with Winax/ Lmax, Wmax/ Lminy Wmin/ Lmax, and Winin/ Lmin,
where Wiy is the maximum channel width, Wiy, is the minimum channel width, L, ax is the
maximum channel length, and Ly, is the minimum channel length. Due to limited access
to CERN’s irradiation system, MOSFETs of each dimension were only tested once for each
experimental condition. There is no data for a direct comparison to statistically verify each set
of measurement results. However, through a comparison among MOSFETs of the same cluster,
it is still possible to identify unrepresentative jumping behaviors and conclude reasonable
trends of the parametric evolution. In addition, MOSFETs are biased in saturation with a
nonzero Vps in most analog circuits and particularly analog FE electronics. Therefore, unless
noted otherwise, the experimental analysis uses measurement results of two chips irradiated
up to 1 Grad under the diode condition (| Vgg| = |Vps| = 1.1V) at room temperature (25 °C) and
then annealed with the same bias condition at a high temperature (100 °C). The chips for n-
and pMOSFETs have been annealed for 100 hours and 38 hours, respectively.

3.2.1 TID effects on transfer characteristics

Fig. 3.8a-d report the measured Ip — Vgp curves in saturation operation (Vpg = 1.1V) of four
corner nMOSFETs irradiated up to 1 Grad under the diode condition (Vgg = Vps =1.1V) at
room temperature (25°C). Total ionizing radiation increases the drain leakage current of
nMOSFETs by a maximum of more than three orders of magnitude. Except for the significant
drain leakage current increase, the wide/long-channel nMOSFET (Fig. 3.8a) remains almost
unaffected. The wide/short-channel nMOSFET (Fig. 3.8b) present a negative threshold voltage
shift and an improved drive current. Narrow-channel nMOSFETs (Fig. 3.8c and Fig. 3.8d) go
through a rebound of the threshold voltage and display worse performance at high TID levels.

Similarly to Fig. 3.8a-d, Fig. 3.8e-h report the measured transfer characteristics in saturation
operation (Vpg = —1.1V) of four corner pMOSFETs irradiated up to 1 Grad under the diode
condition (Vgg = Vps = —1.1V) at room temperature (25°C). The drain leakage current of
pMOSFETs increases slightly by a maximum of tenfold. Despite the slight drain leakage
current increase, all pMOSFETs are more sensitive to total ionizing radiation than their n-type
counterparts. Compared with wide-channel pMOSFETs (Fig. 3.8e and Fig. 3.8f), narrow-
channel ones (Fig. 3.8g and Fig. 3.8h) suffer much more serious performance degradation
with a significant threshold voltage shift and a dramatic drive current loss. Short-channel
pMOSFETs (Fig. 3.8f and Fig. 3.8h) demonstrate a higher radiation tolerance than their long-
channel counterparts (Fig. 3.8e and Fig. 3.8g).

Once the threshold voltage Vi is extracted from the linear interpolation of v/[Ip| — | Vgl
curves (Section 3.2.2), measurement results are plotted as a function of the overdrive volt-
age |Vgp — V| in Fig. 3.9 for distinguishing the influence of the threshold voltage shift from
other parametric evolution. The |Ip|— |Vgp — V| curves in the switched-on operation of
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Figure 3.8 — Measured drain current |Ip| versus the gate-to-bulk voltage |Vgg| in saturation
operation (|Vpg| = 1.1V) of four corner (a-d) n- and (e-h) pMOSFETs irradiated at room
temperature (25°C) and annealed at a high temperature (100°C) under the diode condi-
tion (|Vggl = |Vpsl = 1.1V): (@, e) W =2.75um,L = 1um; (b, f) W = 3um, L = 30nm; (c, g
W =100nm, L =1pum; (d, h) W =100nm, L =30nm.

wide-channel MOSFETs (Fig. 3.9a, Fig. 3.9b, Fig. 3.9¢, and Fig. 3.9f) remain almost unaffected,
indicating the sole influence of the slight threshold voltage shift. Narrow-channel MOSFETs
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Figure 3.9 — Measured drain current |Ip| versus the overdrive voltage |Vgg — Vr| in satura-
tion operation (|Vps| = 1.1V) of four corner (a-d) n- and (e-h) pMOSFETs irradiated at room
temperature (25°C) and annealed at a high temperature (100 °C) under the diode condi-
tion (|Vggl = |Vpsl = 1.1V): (@, e) W =2.75um,L = lum; (b, f) W = 3um, L = 30nm; (c, g)
W =100nm, L =1um; (d, h) W =100nm, L = 30nm.

(Fig. 3.9¢, Fig. 3.9d, Fig. 3.9g, and Fig. 3.9h) still suffer an on-current loss as a result of a reduc-
tion in the low-field channel mobility and/or the effective channel width. The |Ip| - |Vgp — Vi

50



3.2. Overview of TID effects on 28-nm bulk MOSFETs

curves of narrow/long-channel MOSFETs (Fig. 3.9c and Fig. 3.9g) stretch out in the subthresh-
old region, indicating an increased subthreshold swing and a worsened switching capability.

Overall, test structures of this 28-nm bulk CMOS process are radiation tolerant except for the
significant drain leakage current increase of nMOSFETs and the considerable performance
degradation of narrow-channel MOSFETs. Besides, various sizes of MOSFETs respond to
total ionizing radiation differently, suggesting their different levels of sensitivity to STI-related
charge trapping. To better understand how ultrahigh TID levels influence 28-nm bulk MOS-
FETs and pinpoint the dominant damage mechanisms, crucial device parameters are extracted
and analyzed in Section 3.2.2 together with an experimental investigation of post-irradiation
annealing effects in Section 3.2.3 and bias dependence of TID effects in Section 3.2.4.

3.2.2 TID effects on device parameters

Parameter extraction

Crucial device parameters, including the on-current Iy, the off-current I ¢, the DIBL parame-
ter aqipy, the threshold voltage Vr, the low-field channel mobility pp, the subthreshold swing SS,
and the maximum transconductance Gp, max, are defined and extracted, as shown in Fig. 3.10,
using DC measurements of an nMOSFET [185, 186]. Here, the transconductance factor or the
transfer parameter 8 = pCox W/ L reflects information about the low-field channel mobility
Uo. As briefly mentioned in Section 3.2.1, these parameters are sensitive to TID and their
evolution with TID is useful for the understanding of radiation damage mechanisms. Extracted
parameters are generally compared with their pre-irradiation references by difference, such as
the threshold voltage shift

AVt (TID) = V¢ (TID) — Vy(pre-irra.), (3.1

or by percentage, such as the on-current variation

Ion (TID)

Ion.var(TID) =100 _—
Ion(pre-irra.)

1/, (3.2)

for assessing the effects of TID on them and overall DC characteristics.

Specifically, the on-current I, and the off-current I are defined and extracted at a zero volt
(Vge = 0V) and the maximum value (Vg = 1.1V) of the gate-to-bulk voltage Vg, respectively,
as labeled in Fig. 3.10a for both linear and saturation. The DIBL parameter refers to a short-
channel effect, indicating a threshold voltage reduction at a high drain-to-source voltage, as
shown in Fig. 3.10a. Here, it is approximated through two different values of Vg corresponding
to a constant Ip in linear (Vps = 0.01V) and saturation (Vps = 1.1V) and is measured in mV/V:

adibl _ _ Vrsae—Vrain _ _ VB(Vbs.sat) — V6B (Vs tin)
1000 Vps.sat— Vpsilin Vbs.sat = Vbs.lin

(3.3)
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Figure 3.10 — Definitions and extractions of crucial device parameters for investigating the
radiation response of test structures: (a) Ip — Vgp curves in linear and saturation for extract-
ing the on-current Iy, the off-current I¢, and the drain-induced barrier lowering (DIBL)
parameter agip;; (b) v/Ip — Vg curve in saturation for extracting the threshold voltage Vr ot
and the mobility-related parameter Bgqt; (€) Ip — (Vg — V1) curve in saturation for extracting
the subthreshold swing SS as well as the on-current I, and the drain leakage current Ipjeqx at
a constant Vg — V; (c) Ip — Vg curve in linear for extracting the maximum transconductance
Gm.max, the threshold voltage V7 i, and the mobility-related parameter By, .

Together with the mobility-related parameter S, the threshold voltage in saturation Vr gat
is extracted using the linear extrapolation of the square root of the drain current /I at the
steepest point, as depicted in Fig. 3.10b. This method originates from the simple threshold-
voltage-based quadratic model in strong inversion of saturation operation:

Ip sat = %(VGB - VT.sat)Z- (3.4)
This linear fit of v/ Ip intercepts the Vg axis (Ip = 0A) at the threshold voltage in saturation

VT sat, while its slope /Bsat/2 is related to the low-field channel mobility in saturation.

The subthreshold swing SS is another important device parameter, defining how much Vg
should be increased to get a decade increase of Ip, as indicated in Fig. 3.10c. Here, it is
approximated as the inverse of the maximum slope of the lg Ip — Vg curve and measured in
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mV/dec:
1000 0l
_ ax( gID)' (3.5)
SS 0Vis

From the Ip — (Vgg — V1) curve, the on-current I,, can be extracted at the same channel
inversion condition at a constant Vgg — Vr, distinguishing the influence of the threshold
voltage shift from the low-field channel mobility degradation and/or the effective channel
width reduction. Besides, the drain leakage current Ipjeqi is extracted at a constant Vgg — Vr to
isolate the influence of the threshold voltage shift from the parasitic drain-to-source leakage
current Ipjeak par-

Together with the mobility-related parameter fj;,, the threshold voltage in linear Vg, is
extracted using the linear extrapolation of Ip at the maximum value of the transconductance
Gm.max. as illustrated in Fig. 3.10d. This method originates from the simple threshold-voltage-
based quadratic model in strong inversion of linear operation:

Ipin = Piin | VGB — V1idin — % Vps. (3.6)
This linear fit of Ip intercepts the Vg axis (Ip = 0A) at Vi + Vps/2, which can be approxi-
mated as Vp i, at a small value of Vpg. Ideally, the transconductance Gy, in strong inversion of
linear operation is constant and can be expressed as G, = 0Ip 1in/0ViB = Biin Vbs- In reality, it
is degraded by parasitic series resistances and mobility degradation effects at high Vg values.
Still, G max is useful for the evaluation of TID effects on the low-field channel mobility.

On-current, threshold voltage, carrier mobility, peak transconductance

Fig. 3.11 reports the TID-induced evolution of (a) the maximum drive current extracted
at Vg = Vps = 1.1V, (b) the threshold voltage extracted in saturation, (c) the on-current
extracted at a constant Vgg — Vr, and (d) the peak transconductance extracted in linear for
four corner ntMOSFETs. The maximum drive current depends on both the threshold voltage
and the low-field channel mobility, while the on-current extracted at a constant Vgg — Vr
depends only on the low-field channel mobility. The Vr-shift-isolated on-current and the peak
transconductance carry information about the low-field channel mobility and their values are
consistent with each other.

Wide-channel #nMOSFETs maintain all these four parameters close to their pre-irradiation
references up to 100 Mrad, confirming the strong radiation tolerance of ultrascaled gate di-
electrics. For narrow-channel nMOSFETs, TID levels up to 100 Mrad reduce the threshold
voltage and slightly increase the low-field channel mobility, leading to an on-current improve-
ment. The narrow/long-channel nMOSFET is sensitive to total ionizing radiation, showing a
most negative threshold voltage shift of —~40mV, a maximum mobility increment of 5%, and
a maximum on-current increase of 15%. This suggests the influence of STI-related positive
charge buildup close to the surface channel.
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Figure 3.11 - TID effects on extracted parameters of four corner tMOSFETSs, including (a) the
on-current Iy, (b) the threshold voltage Vr, (c) the Vr-shift-isolated on-current I, (Vg — V1),
and (d) the peak transconductance G, max-

When TID is more than 100 Mrad, most nMOSFETs show a positive threshold voltage shift,
a degraded low-field channel mobility, and a drive current loss. The slight change in the
threshold voltage and the low-field channel mobility of the wide/long-channel nMOSFET
suggests interface-charge trapping along the gate oxide. The narrow/long-channel nMOSFET
suffers a maximum on-current loss of 17%. Considering its ultimately negligible threshold
voltage shift, this on-current loss is mainly a result of the radiation-induced mobility reduction.
The rebound of the threshold voltage and the concomitant mobility reduction of narrow-
channel nMOSFETs reveal the buildup of negative interface-trapped charges near the surface
channel along STI-sidewalls. The wide/short-channel nMOSFET behaves quite differently
from the others eventually with a negative threshold voltage shift of -60mV and an on-current
increase up to 10%. This is correlated with a radiation-enhanced DIBL effect induced by
STI-trapped positive charges, as discussed later in this subsection.

Overall, 28-nm bulk nMOSFETs are radiation tolerant at the switched-on region with a maxi-
mum on-current variation of 15% for narrow-channel ones. This highlights the strong radia-
tion tolerance of ultrathin gate dielectrics and indicates the dominant influence of STI-related
charge trapping. It is worth noting that despite the presence of STI-related trapped charges,
the compensation of negative interface-trapped charges and positive oxide-trapped charges in
nMOSFETs eventually leads to a slight threshold voltage shift and a low on-current variation.

54



3.2. Overview of TID effects on 28-nm bulk MOSFETs

Fig. 3.12 reports the TID-induced evolution of those parameters of four corner pMOSFETs.
Compared with nMOSFETs, pMOSFETs are much more sensitive to total ionizing radiation.
This is because both oxide- and interface-trapped charges are positive for pMOSFETs, inducing
a more negative threshold voltage shift. Even with the combined effect of oxide- and interface-
trapped charges, wide-channel pMOSFETs are still relatively radiation tolerant, showing an
on-current loss of 20%, a negative threshold voltage shift of —-50mV, and a peak transconduc-
tancedegradation of 10%. The slight performance degradation of wide-channel pMOSFETs
refers to charge trapping related to ultrascaled gate dielectrics.

Both narrow-channel pMOSFETs demonstrate serious performance degradation and even-
tually lose more than 50% of their drive current. This is partly due to a significant threshold
voltage shift, i.e., —260mV and —100mV for long- and short-channel pMOSFETs, respectively.
The Vr-shift-isolated on-current evolves as the peak transconductance. However, these two
parameters are subject to both the low-field channel mobility degradation and the effective
channel width reduction. The effects of TID on the effective channel width are related to
RINCE and discussed in detail in Section 3.3.2. Short-channel pMOSFETs are more radiation
tolerant than their long-channel counterparts. Compared with the narrow/long-channel
pMOSFET, the narrow/short-channel one presents a 30% less on-current loss, a 160 mV less
threshold voltage shift, and a 20% less reduction in the effective channel width and/or the
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Figure 3.12 — TID effects on extracted parameters of four corner pMOSFETs, including (a) the
on-current Iy, (b) the threshold voltage Vr, (c) the Vr-shift-isolated on-current I, (Vg — V1),
and (d) the peak transconductance G max.
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low-field channel mobility. This improvement of the radiation tolerance with a short channel
is related to reverse RISCE and is discussed in Section 3.3.2.

Off-current, subthreshold swing, DIBL, and on-to-off current ratio

Fig. 3.13 reports the TID-induced evolution of (a) the off-current extracted at a zero volt of
Vs, (b) the DIBL parameter, (c) the subthreshold swing, and (d) the on-to-off current ratio in
saturation for four corner ntMOSFETs. TID influences significantly the drain leakage current
and the subthreshold region of the narrow/short-channel nMOSFET (Fig. 3.8d and Fig. 3.9d).
This compromises the accuracy of the extraction of the DIBL parameter and the subthreshold
swing, which are not included for the discussion of the smallest tIMOSFET.

Four corner tMOSFETs undergo an off-current increase by a maximum of more than three
orders of magnitude. The off-current is width independent and length dependent at high
TID levels roughly from 10 Mrad for short-channel nMOSFETs and 50 Mrad for long-channel
nMOSFETs. The width independence and the length dependence indicate the dominant
contribution of the parasitic drain-to-source leakage current. The concept of the parasitic
transistor induced by STI-trapped positive charges is elaborated in Section 3.3.1. The off-
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Figure 3.13 - TID effects on extracted parameters of four corner tMOSFETs, including (a)
the off-current I, (b) the DIBL parameter agjp, (c) the subthreshold swing SS, and (d) the
on-to-off current ratio Iy / Iogt-
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before and (II, IV) after irradiation. (After Liu, et al. [187].) atroom temperature. (After Zhang, et al. [121].)

Figure 3.14 — (a) Dipole theory illustrating the increased drain-to-source coupling and the
more compact electric field pattern as a result of STI-trapped positive charges; (b) measured
Ip — Vg curves of the wide/short-channel nMOSFET, highlighting the radiation-enhanced
DIBL effect.

current of nMOSFETs increases slightly at low TID levels. This may be because STI-trapped
positive charges are not yet strong enough to turn on the parasitic channels. The off-current
atlow TID levels is therefore likely to be mainly from the main channel.

DIBL is one of the most fundamental short-channel effects in nanoscale MOSFETs. The
observed radiation-enhanced DIBL effect of nMOSFETs can be explained through an STI-
related dipole theory proposed by Troutman [188] and an analysis of electrostatics near STI
sidewalls [189]. As illustrated in Fig. 3.14a [187], positive charges trapped in STI oxides cut off
the drain-to-gate fringing field and the weakened drain-to-gate coupling in turn enhances
the drain-to-source coupling. Besides, these positive charges enhance electric field lines in
the channel region near STI sidewalls and make the electric field lines near the center of the
channel more compact. This may explain the radiation-enhanced DIBL effect in general cases.

Narrower- and shorter-channel nMOSFETs undergo an even higher increase in the DIBL
parameter. For narrow-channel nMOSFETs, STI-trapped positive charges may be strong
enough to lower down the nearby potential, significantly reducing the carrier barriers and
further enhancing the DIBL effect. For short-channel nMOSFETs, STI-induced parasitic de-
pletion regions may merge source and drain depletion regions, compromising short-channel
engineering [185, 190] and increasing the DIBL parameter. Fig. 3.14b presents a negligible
threshold voltage shift in linear and a continuously shifted threshold voltage in saturation for
the wide/short-channel nMOSFET, suggesting the radiation-enhanced DIBL effect [121].

The subthreshold swing of iMOSFETs remains almost constant below 100 Mrad and eventually
increases by a maximum of 25 mV/dec. This behavior of the subthreshold swing is consistent
with the concomitant evolution of the threshold voltage, the low-field channel mobility, and
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the drive current, corresponding to the buildup of negative interface-trapped charges along
the gate oxide and STI-sidewalls. The significant drain leakage current increase reduces the
on-to-off current ratio of the narrow/short-channel nMOSFET to less than three orders of
magnitude, challenging its logic functions. Except the narrow/short-channel nMOSFET, all
other nMOSFETs still have an on-to-off current ratio of more than three orders of magnitude,
which can be sufficient for circuit design.

Fig. 3.15 reports the TID-induced evolution of those parameters of four corner pMOSFETs.
Some measurement points in the switched-off state of the narrow/long-channel pMOSFET
are not representative (Fig. 3.8g and Fig. 3.9g), making the extraction of its off-current at low
TID levels inaccurate. Other pMOSFETs present a slight off-current increase by a maximum
of tenfold. The off-current of pMOSFETs is neither width nor length dependent. As briefly
explained in Section 3.3.1, the off-current increase of pMOSFETs is mainly attributed to a
peripheral substrate-to-drain junction leakage current. In terms of the DIBL effect, STI-
trapped positive charges influence n- and pMOSFETs oppositely. For pMOSFETs, both STI-
trapped charges and image charges at the gate are positive, weakening the drain-to-source
coupling and suppressing the DIBL effect. Especially, short-channel pMOSFETs display a
reduced DIBL parameter. The subthreshold swing of short-channel pMOSFETs remains
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Figure 3.15 — TID effects on extracted parameters of four corner pMOSFETs, including (a)

the off-current I, (b) the DIBL parameter agjp, (c) the subthreshold swing SS, and (d) the
on-to-off current ratio Iy / Iogt-
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almost unaffected, indicating the strong radiation tolerance of highly scaled gate stacks. Long-
channel pMOSFETs, especially the narrow/long-channel one, exhibit a slight subthreshold
swing degradation at high TID levels, suggesting the buildup of positive interface-trapped
charges near the surface channel along STI-sidewalls. Even though pMOSFETs suffer a high
drive current loss, the on-to-off current ratio is still more than three orders of magnitude,
leaving a sufficient margin for circuit design.

3.2.3 Post-irradiation annealing effects

Post-irradiation annealing is believed to annihilate oxide-trapped charges through bond
reformation or neutralize them through electron tunneling [150, 152]. This annealing process
can be accelerated by a positive gate-to-bulk bias and a high temperature [150, 152]. In some
cases, interface-trap annealing happens below 100 °C [191]. However, a higher temperature
is generally required to anneal interface traps efficiently [192]. The annealing of trapped
charges in 28-nm bulk MOSFETs is seen relatively slow at room temperature in [120]. This
allows us to neglect the annealing effect that may happen during less than one hour of
measurements. Fig. 3.8 and Fig. 3.9 include results of the last room-temperature test after high-
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Figure 3.16 — Post-irradiation annealing effects on (a, ¢) the on-current I,, and (b, d) the
off-current I¢ of diode-biased (a, b) n- and (c, d) pMOSFETs at a high temperature (100 °C).
Room-temperature (RT) results before and after annealing are included for a convenient
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temperature annealing. The annealing almost completely recovers the radiation response of
nMOSFETs and partly restores the electrical characteristics of pMOSFETs. This corresponds to
the slight differences between pre-irradiation references and post-annealing values of crucial
device parameters, as presented in Fig. 3.11, Fig. 3.12, Fig. 3.13, and Fig. 3.15. The less efficient
annealing of the radiation response of pMOSFETs may be due to the negative gate-to-bulk
bias, which is generally unfavorable for electrons to tunnel from the substrate to the gate oxide
or STI oxides near the surface channel.

Fig. 3.16 summarizes the annealing-induced evolution of the on-current and the off-current
of n- and pMOSFETs. The off-current of the pMOSFET with W,/ L, = 500nm/1 um is plot-
ted, since the narrow/long-channel one does not have a pre-irradiation reference for the
off-current. Room-temperature results before and after annealing are included to identify
the effectiveness of high-temperature annealing. Unlike causing a more negative threshold
voltage shift for 65-nm bulk MOSFETs [20, 21,69, 75], high-temperature annealing recovers
the performance of 28-nm bulk MOSFETs. In addition, the on-current and the off-current
evolve very fast during the first hours of high-temperature annealing. For example, 8 hours of
annealing has almost made long-channel nMOSFETs reach the final condition: an on-current
loss of 5% and a negligible off-current increase. In contrast, short-channel tMOSFETs require
100 hours of annealing to reach a negligible on-current loss and an off-current increase by
a maximum of 20 times. For pMOSFETs, 38 hours of high-temperature annealing recovers
the on-current loss roughly by 50%. Especially, the on-current of the narrow/long-channel
PMOSFET is recovered from 20% to 55% of the original level. High-temperature annealing
also brings the off-current of pMOSFETs almost back to pre-irradiation references. However,
narrow/long-channel pMOSFETs still demonstrate a slight off-current increase after high-
temperature annealing. Overall, the performance recovery of 28-nm bulk MOSFETs can be
explained by the annealing of STI-trapped positive charges.

3.2.4 Bias dependence of TID effects

In most analog circuits and particularly analog FE electronics, MOSFETs are biased in satura-
tion with anonzero Vps. Therefore, irradiation experiments have been conducted first with the
diode condition (Vgg = Vps = Vpp for tMOSFETs and Vgg = Vps = —Vpp for pMOSFETs). This
bias condition applies a maximum electric field in both longitudinal and vertical directions,
which can probably lead to a higher charge yield. It actually causes more damage to 65-nm
bulk MOSFETs than other bias conditions [20] and is different from the historically worst bias
case (VgB = Vpp, Vps = 0V for tMOSFETs and Vg = Vps = 0V for pMOSFETs) [193].

MOSFETs conduct a high drain current under the diode condition. To differentiate the effects
from radiation and stress, control tests have been done under the same bias for a comparable
period without irradiation. As presented in Fig. 3.17, non-irradiation stress barely damages the
wide/short-channel nMOSFET or the narrow/long-channel pMOSFET [121]. The observed
performance degradation is therefore attributed only to TID effects.
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Figure 3.17 — Measured |Ip| — |Vggl| curves in saturation operation (|Vps| = 1.1V) of (a) the
wide/short-channel nMOSFET and (b) the narrow/long-channel pMOSFET at room tem-
perature (25 °C), indicating negligible non-irradiation stress-induced effect under the diode
condition (|Vggl = |Vpsl = 1.1V). (After Zhang, et al. [121]).

Except for the diode condition, irradiation tests have also been done under other bias con-
ditions, targeting the worse bias scenario for this 28-nm bulk CMOS process. The other two
bias conditions are the switched-on condition (|Vgg| = 1.1V and Vpg = 0V) with a maximum
vertical electric field and the switched-off condition (Vgg =0V and |Vpg| = 1.1 V) with a maxi-
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Figure 3.18 — Measured |Ip| — |Vgg| curves in saturation operation (|Vpg| = 1.1V) of (a, c)
wide/short- and (b, d) narrow/long-channel (a, b) n- and (c, d) pMOSFETs irradiated at
room temperature (25°C) under various bias conditions: diode (|Vgg| = |Vps| = 1.1V), on
(IVgel =1.1Vand Vpg =0V), and off (Vgg =0V and | Vps| = 1.1V). (After Zhang, et al. [121]).
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Figure 3.19 — Bias dependence of TID effects on parameters of (a-d) wide/short- and (e-h)
narrow/long-channel nMOSFETSs, including (a, e) the threshold voltage Vr, (b, f) the peak
transconductance Gy max, (C, 8) the subthreshold swing SS, and (d, h) the drain leakage current
Ipleak- (After Zhang, et al. [121].)

mum longitudinal electric field. Bear in mind that the initial chip-to-chip variability is around
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Figure 3.20 — Bias dependence of TID effects on parameters of wide/short- and narrow/long-
channel pMOSFETs, including (a) the on-current Iy, (b) the threshold voltage Vr, (c) the
subthreshold swing SS, and (d) the peak transconductance Gp max- (After Zhang, et al. [121].)

6%. Fig. 3.18 reports the measured |Ip| — | Vgg| curves in saturation operation (|Vpg| = 1.1V)
of wide/short- and narrow/long-channel n- and pMOSFETs irradiated under different bias
conditions [121]. Experimental results of these bias conditions display slight differences for
both geometries of n- and pMOSFETs except for a more stretched-out subthreshold region of
nMOSFETs irradiated under the switched-off condition.

Fig. 3.19 summarizes the extracted device parameters, including the threshold voltage, the
peak transconductance, the subthreshold swing, and the drain leakage current, of wide/short-
and narrow/long-channel nMOSFETs irradiated under three bias conditions [121]. Fig. 3.20
reports the TID-induced evolution of the on-current, the threshold voltage, the peak transcon-
ductance, and the subthreshold swing of the same sizes of pMOSFETs irradiated under the
diode and switched-on conditions [121]. In general, a longitudinal electric field affects the
distribution of radiation-induced charge buildup along the channel length. However, the
results of the diode and switched-on conditions present slight differences within the chip-to-
chip variability. In contrast, the switched-off condition induces a more negative threshold
voltage shift (Fig. 3.19e) and a more serious subthreshold swing degradation (Fig. 3.19f) for
the narrow/long-channel nMOSFET. The switched-off condition can therefore be considered
as the worst bias case for 28-nm bulk 7MOSFETs.
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This is probably because under a zero gate bias, radiation-generated holes in STI oxides tend
to get trapped near the surface channel along STI sidewalls. Positive charges trapped in this
region can be more effective in impacting the surface potential and thus reduce the threshold
voltage more significantly. Moreover, together with moderate values of the gate bias, these
positive charges can activate the parasitic channels close to the surface, adding a significant
drain-to-source leakage to the subthreshold region. Considering the negligible difference in
the peak transconductance variation under three bias conditions (Fig. 3.19h), the more serious
subthreshold swing degradation under the switched-off condition (Fig. 3.19g) is attributed to
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Figure 3.21 — TID effects on parameters of four corner ntMOSFETs irradiated under the diode
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(b) the threshold voltage V7, (c) the peak transconductance Gy max, (d) the subthreshold swing
SS, (e) the drain leakage current Ipjeax, and (f) the on-to-off current ratio Iy / Iog.

64



3.2. Overview of TID effects on 28-nm bulk MOSFETs

STI-trapped positive charges near the surface channel instead of STI-related interface-charge
trapping.

3.2.5 Temperature dependence of TID effects

Some components of CERN’s experiments, especially the innermost detectors closest to
collision points, operate at low temperatures between —30 °C and -20 °C. Therefore, another
two irradiation experiments have been performed at —30 °C to examine the radiation response
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Figure 3.22 — TID effects on parameters of four corner pMOSFETs irradiated under the diode
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of 28-nm bulk MOSFETs under operation conditions close to the real situation. Fig. 3.21
and Fig. 3.22 summarize crucial device parameters of n- and pMOSFETs extracted from low-
temperature irradiation tests with the first and last points corresponding to room temperature.
The differences between room- and low-temperature results originate from the temperature
parameter itself, which will not be discussed here. Extracted results are referred to pre-
irradiation low-temperature values.

When TID levels are below 100 Mrad, 28-nm bulk nMOSFETs demonstrate similar parametric
shifts at two temperatures, indicating the common influence of STI-trapped positive charges.
However, narrow-channel nMOSFETs irradiated at —30 °C for ultrahigh TID levels still have a
negative threshold voltage shift and present a better current condition, implying less effective
STI-related interface-charge trapping. In contrast, wide-channel pMOSFETs behave similarly
at two temperatures, while narrow-channel pMOSFETs irradiated at -30 °C undergo smaller
parametric shifts, indicating relieved STI-related interface-charge trapping. This is probably
because radiation-generated holes tend to get trapped near their generation points at —30 °C,
limiting the subsequent hole transport to the sensitive surface area and eventually the acti-
vation of H-passivated interface traps. Overall, both n- and pMOSFETs demonstrate a weak
temperature dependence of TID effects and low-temperature ionizing irradiation generates a
minor influence on 28-nm bulk MOSFETs.

3.3 Main experimental phenomena

28-nm bulk MOSFETs are seen radiation tolerant up to 1 Grad, except for some narrow-channel
MOSFETs that go through considerable performance degradation and some nMOSFETs that
suffer an undesirably high drain leakage. Since STI-related charge trapping is the dominant
cause for ionizing radiation damage to 28-nm bulk MOSFETs, the observed radiation effects
exhibit a strong channel width dependence. Even though measurement results do not reveal
spacer-related TID effects that have been discovered for 65-nm bulk MOSFETs [20, 21,69, 75],
short-channel engineering results in a channel length dependence of TID effects. This section
elaborates on major experimental observations, including the TID-induced drain leakage
current and geometry dependence of TID effects.

3.3.1 TID-induced drain leakage current

28-nm bulk pMOSFETs present a slight off-current increase. As shown by the |Ip s| — | Vgl
curves of the wide/short-channel pMOSFET in Fig. 3.23a, the source current and the drain cur-
rent are unequal at the switched-off state. Fig. 3.23b illustrates the detailed bias condition and
possible leakage components at a maximum of Vgg (Vg = 0.2V) in saturation (Vpg = —1.1V).
The drain leakage current increase of pMOSFETs is believed to come from the peripheral
substrate-drain junction leakage current. This current is associated with the surface genera-
tion at the intersection of the substrate-drain depletion region and STI sidewalls [194, 195],
which is quantitatively discussed in Section 4.3.1.
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Figure 3.23 — Measurement results and schematic illustration of the TID-induced drain leakage
current of 28-nm bulk MOSFETs: measured |Ip s|—|Vgg| curves in saturation operation (| Vpg| =
1.1V) of (a) the wide/short-channel pMOSFET and (c) the narrow/long-channel nMOSFET;
cross sections of (b) p- and (d) nMOSFETs, illustrating the possible origins of the drain leakage
current. In (d), the front face of the STI structure is represented by the light-green frame for
making the channel doping profile and the distribution of STI-trapped positive charges (+
markers) visible. (After Zhang, et al. [120, 127].)

The off-current of nMOSFETs increases by a maximum of more than three orders of magnitude.
As shown by the Ip s — Vigp curves of the narrow/long-channel #MOSFET in Fig. 3.23c, the
drain current is equal to the source current, confirming the dominant drain-to-source leakage
path. The width independence and the length dependence of the off-current at high TID levels,
as indicated in Fig. 3.13a, suggest the dominant parasitic drain-to-source leakage current from
both sides of the main channel. As illustrated in Fig. 3.23d, radiation-generated holes can get
trapped in STI oxides, increasing the nearby surface potential and even inverting the channel
edges. This forms a parasitic channel on each side of an nMOSFET, allowing two parasitic
leakage currents to flow from the drain to the source along STI sidewalls [19, 59, 77, 78]. At
low TID levels, STI-trapped positive charges may not be strong enough to generate parasitic
channels.

The formation of TID-induced parasitic channels strongly depends on substrate doping profile
and STI-trapped charge distribution [62, 196, 197]. Substrate doping profile is nonuniform
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Figure 3.24 — Extracted drain leakage current of 1MOSFETs as a function of TID, indicating
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(After Zhang, et al. [124].)

in both longitudinal and vertical directions in advanced CMOS technologies. The lower the
doping concentration, the easier for STI-trapped positive charges to invert the adjacent semi-
conductor body. Therefore, special doping steps in advanced CMOS technologies, including
the surface channel implantation for adjusting the threshold voltage and short-channel engi-
neering with retrograde wells and halo implants, can be advantageous for inhibiting the drain
leakage current increase of tMOSFETs. But clearly, these special doping techniques are still
insufficient to prevent the STI-induced parasitic leakage. STI-trapped charge distribution is
nonuniform as a result of the bias condition during irradiation. Moreover, the higher the gate
bias, the more deeply radiation-generated holes may transport. This can explain the more
stretched-out subthreshold region of narrow-channel “MOSFETs under the switched-off con-
dition, as displayed by Fig. 3.18b. With a zero gate bias during irradiation, radiation-generated
holes tend to be trapped near the surface channel. Parasitic channels at this location can
then be activated together with the gate bias, adding a substantial leakage current to the
subthreshold region and inducing a serious subthreshold swing degradation.

To better understand the leakage components, the drain leakage current of nMOSFETs is
extracted at a constant Vg — V1 and plotted versus TID in log-log scale (Fig. 3.24a) and log-lin
scale (Fig. 3.24b) [124]. Fig. 3.24a demonstrates a channel-width-dependent leakage at low
TID levels, which flows through the main channel, and a channel-length-dependent leakage
at high TID levels, which comes from the parasitic channels. In addition, the drain leakage
current of nMOSFETs tends to saturate at certain TID levels, as presented in Fig. 3.24b. This
saturation of the drain leakage current indicates the nearly complete filling of oxide traps in
STI oxides and/or the compensation of STI-related negative interface-charge trapping.

3.3.2 Geometry dependence of TID effects

The radiation response of 28-nm bulk MOSFETs demonstrates a strong geometry dependence.
The channel width dependence refers to STI-related charge trapping along channel edges,
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while the channel length dependence can be explained by the influence of short-channel
engineering [198, 199].

Channel width dependence

Fig. 3.25 reports the channel width dependence of the on-current variation versus TID in
saturation operation (| Vpg| = 1.1V) of long-channel MOSFETs. For long-channel nMOSFETs
(Fig. 3.25a), it firstincreases and then decreases, corresponding to STI-trapped positive charges
and negative interface-charge trapping along the gate oxide and STI sidewalls, respectively.
As the channel narrows, nMOSFETs become more sensitive to STI-related charge trapping.
The worst scenario is the narrowest/longest-channel nMOSFET with an on-current variation
of 15%. In contract to nMOSFETSs, the on-current of long-channel pMOSFETs (Fig. 3.25b)
degrades continuously with TID. When the channel gets narrower, pMOSFETs go through
a dramatic on-current loss due to STI-related charge trapping. The worst case is also the
narrowest/longest-channel pMOSFET with an on-current loss of 15%. This substantial on-
current loss is believed to be mainly a result of an effective channel width reduction.

The channel width dependence of TID effects is closely related to the dominant influence of
STI-related charge trapping. Moreover, high total doses severely degrade the performance of
narrow-channel MOSFETs through impacting the center of the channel. This is consistent
with RINCE reported for 130-nm and 65-nm bulk CMOS technologies [18-21]. RINCE induced
by STI-related charge trapping is illustrated in Fig. 3.26. In addition to contributing parasitic
leakage currents to nMOSFETSs, STI-trapped positive charges near the surface channel at
the early radiation stage also interact with the region towards the center of the channel
through depletion (Fig. 3.26a and Fig. 3.26e). When the channel gets narrower (Fig. 3.26c
and Fig. 3.26g), an even larger portion of the channel is influenced. For narrow-channel
nMOSFETs (Fig. 3.26¢), RINCE makes the inversion of the corresponding channel region
easier with a negative threshold voltage shift and contribute a considerable leakage to the
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Figure 3.25 — TID-induced on-current variation in saturation operation (|Vps| = 1.1V) of long-
channel (a) n- and (b) pMOSFETs, indicating the channel width dependence of TID effects
and RINCE.
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Figure 3.26 — Top views of (a, b, e, f) wide- and (c, d, g, h) narrow-channel (a-d) n- and (e-h)
pMOSFETs along a longitudinal cut-plane right below the gate oxide, illustrating RINCE at
(a, ¢, e, g) high and (b, d, {, h) ultrahigh TID levels. Blue arrowed lines represent the flowing
current density. Curved areas identify inverted or non-inverted channel regions sensitive
to STI-related charge trapping. Red symbols represent STI-trapped positive charges. Green
symbols stand for interface-trapped charges, which are negative for tMOSFETs and positive
for pMOSFETs.

subthreshold region. For narrow-channel pMOSFETs (Fig. 3.26g), RINCE makes the inversion
of the corresponding channel region more difficult with a negative threshold voltage shift and
possibly reduces the effective channel width. As depicted in Fig. 3.26b, Fig. 3.26d, Fig. 3.26f,
and Fig. 3.26h for the later radiation stage, STI-related interface-charge trapping starts to
influence MOSFET characteristics and makes the channel inversion more difficult. Since
both oxide- and interface-trapped charges tend to cause a negative threshold voltage shift
and reduce the effective channel width, narrow-channel pMOSFETs suffer a dramatic drive
current loss. This explains the serious performance degradation of the narrowest/longest-
channel pMOSFET. The effective channel width of pMOSFETs is quantitatively evaluated
in Section 5.1.5.

Channel length dependence

Fig. 3.27 reports the channel length dependence of the on-current variation versus TID in satu-
ration operation (|Vps| = 1.1V) of narrow-channel MOSFETs. For narrow-channel nMOSFETs
(Fig. 3.27a), it first increases and then decreases, corresponding to STI-trapped positive charges
at the early radiation stage and STI-related negative interface-charge trapping at the later radia-
tion stage. As the channel shortens, nIMOSFETs get less sensitive to STI-related charge trapping.
The narrowest/shortest-channel ntMOSFET exhibits the strongest radiation tolerance with an
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Figure 3.27 — TID-induced on-current variation in saturation operation (|Vpg| = 1.1V) of
narrow-channel (a) n- and (b) pMOSFETs, indicating the channel length dependence of TID
effects and reverse radiation-induced short-channel effects (RISCE).

on-current loss of 9%. The on-current of narrow-channel pMOSFETs (Fig. 3.27b) degrades
continuously with TID. When the channel gets short enough (L < 100nm), pMOSFETs present
a smaller on-current loss at high TID levels [D >1 Mrad]. The narrowest/shortest-channel
pMOSFET demonstrates the strongest radiation tolerance with an on-current loss of 50%.

Faccio et al. have discovered new RISCE related to spacers and explained these effects with a
theory of charge generation in spacers and the subsequent evolution from spacers to the gate
oxide [21,69]. The longitudinal bias during high-temperature annealing is believed to facilitate
interface-charge trapping at one side of a MOSFET and lead to nonuniform interface-trapped
charge distribution. This further degrades device performance through a more negative
threshold voltage shift and results in asymmetric device behaviors. To examine if 28-nm
bulk MOSFETs undergo the same effects, additional measurements have been carried out
and analyzed under the diode condition. As shown in Fig. 3.16, neither types of 28-nm bulk
MOSFETs present worse performance after high-temperature annealing. Forward (NOM)
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Figure 3.28 — Forward (NOM) and reverse (REV) transfer characteristics in saturation operation
(1Vpsl = 1.1V) of the wide/short-channel MOSFET of both (a) n- and (b) n-types, indicating no
significant asymmetric behavior. Reverse measurements have the roles of the source and the
drain interchanged. (After Zhang, et al. [121].)
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Figure 3.29 — Threshold voltage Vt versus the channel length L of fresh (a) n- and (b) pMOSFETs,
indicating the halo-induced V7 roll-off. The Vt extraction uses measurements in saturation
operation (| Vps| = 1.1V) of MOSFETs at room temperature.

and reverse (REV) measurements of 28-nm bulk MOSFETs almost overlap each other, except
for the asymmetric leakage current found at the switched-off state, as seen in Fig. 3.28. This
asymmetry is probably related to the nonuniform distribution of STI-trapped positive charges
under the longitudinal electric field. RISCE that occurs to 65-nm bulk MOSFETs does not
notably influence 28-nm bulk MOSFETs. This may be due to improved spacer fabrication
processes or a higher energy barrier between spacer materials and gate dielectrics. Since the
fabrication information is absent, it is difficult to conclude this aspect.

Since device behaviors strongly depend on channel doping profile, a full understanding of
the observed channel length dependence would require knowledge of the channel doping
engineering adopted by a specific CMOS technology. In advanced CMOS technologies, special
doping steps have been adopted for improving the performance of highly scaled MOSFETs.
This channel doping engineering sometimes generates unexpected impacts on electrical
behaviors of MOSFETs of typical sizes. For example, halo implants have been included
in semiconductor processes to suppress the punchthrough of source and drain depletion
regions [185, 190]. In the meantime, they induce the Vr roll-off, which is evident among
short-channel MOSFETs [72]. Fig. 3.29 reports the threshold voltage of fresh wide- and narrow-
channel 28-nm MOSFETs versus the channel length. These MOSFET arrays exhibit a higher
|Vr| when the channel gets short enough. This confirms the occurrence of the Vr roll-off in this
28-nm bulk CMOS process and suggests a higher average channel doping for short-channel
MOSFETs.

Bonaldo et al. has proposed to explain the observed channel length dependence, which is par-
ticularly evident for pMOSFETs, through the halo-increased channel doping [198,199]. Fig. 3.30
illustrates the underlying mechanisms of the halo-induced reverse RISCE. For narrow-channel
nMOSFETs, STI-trapped positive charges near the surface channel at the early radiation stage
can be strong enough to interact with the region towards the center of the channel (Fig. 3.30a),
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Figure 3.30 — Top views of (a, b, e, f) long- and (c, d, g, h) short-channel (a-d) n- and (e-h)
pMOSFETs along a longitudinal cut-plane right below the gate oxide, illustrating the reverse
RISCE at (a, c, e, g) high and (b, d, {, h) ultrahigh TID levels. Blue arrowed lines represent
the flowing current density. Curved areas identify inverted or non-inverted channel regions
sensitive to STI-related charge trapping. Red symbols represent STI-trapped positive charges.
Green symbols stand for interface-trapped charges, which are negative for ntMOSFETs and
positive for pMOSFETs.

inducing a negative threshold voltage shift and a subthreshold current stretch-out. However,
STI-trapped positive charges may not be strong enough to substantially influence the sur-
face potential of short-channel nMOSFETs that have a halo-induced higher channel doping
(Fig. 3.30c). Thus, short-channel nMOSFETSs go through smaller parametric variations than
their long-channel counterparts. Compared with long-channel pMOSFETs (Fig. 3.30e), the
halo-increased channel doping of short-channel pMOSFETs (Fig. 3.30g) reduces the depleted
lateral region induced by STI-trapped positive charges, suppressing RINCE. Halo implants
also relieve the sensitivity of both n- and pMOSFETs to STI-related interface-charge trapping
at the later radiation stage, as illustrated in Fig. 3.30b, Fig. 3.30d, Fig. 3.30f, and Fig. 3.30h.

3.4 Summary

Test structures, experimental setup, and measurement protocol have been detailed. Using
CERN’s X-ray irradiation system, test structures from a commercial 28-nm bulk CMOS pro-
cess have been irradiated, annealed, and tested after each step of irradiation and annealing.
Important experimental information is summarized here:

¢ Common pads between test structures in the same cluster make the isolation of intrin-
sic current components challenging. A complete analysis of all current components
requires special measurement configurations and careful data processing.

e Test structures have been irradiated at room temperature (25 °C) and a low temperature
(-30°C) mainly at a dose rate of 10 Mrad/h for 4 days to reach 1 Grad and annealed at a
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high temperature (100 °C) for at least 38 hours.

During irradiation and annealing, test structures have been biased under the diode
condition (|Vggl = |Vps| = 1.1V), the switched-on condition (|Vgg| = 1.1V and Vpg = 0V),
or the switched-off condition (Vgg =0V and | Vpg| = 1.1V).

DC measurements have been conducted after TID steps of 0-, 0.5-, 1-, 5-, 10-, 50-,
100-, 200-, 400-, 600-, 800-, and 1000 Mrad and every 2 hours during high-temperature
annealing. For each measurement, a large amount of IV curves have been collected
for investigating TID effects on all regions of device operation, including transfer char-
acteristics Ip(Vgp) from linear (| Vps| = 0.01V) to saturation (|Vps| = 1.1V) and output
characteristics Ip (Vps) from depletion (|Vggl = 0.1V) to strong inversion (| Vgg| = 1.1V).

The TID tolerance of this 28-nm bulk CMOS process has been studied through an investigation

of the radiation response of MOSFETs of various sizes under different experimental conditions.

Following the grasp of dominant damage mechanisms, main experimental observations,

including the TID-induced drain leakage current, RINCE, and RISCE, are discussed. Important

experimental results are summarized here:
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¢ This 28-nm bulk CMOS process is quite tolerant to TID up to 1 Grad, except for the

significant drain leakage current of nMOSFETs and the serious performance degradation
of narrow-channel pMOSFETs. Wide-channel MOSFETs present slight parametric shifts
at the switched-on region, suggesting insignificant charge trapping related to ultrathin
gate dielectrics. Spacer-related charge trapping does not show an obvious influence
on 28-nm bulk MOSFETs probably due to improved spacer fabrication processes or
high energy barriers between spacer materials and gate dielectrics. STI-related charge
trapping mainly explains ionizing radiation damage to 28-nm bulk MOSFETs.

TID effects on 28-nm bulk MOSFETs demonstrate a strong geometry dependence, which
is particularly evident for pMOSFETs. Due to the dominant influence of STI-related
charge trapping, the radiation response of 28-nm bulk MOSFETs presents a channel
width dependence and narrow-channel MOSFETs degrade more as a result of RINCE.
The overlapped halo implants in short-channel MOSFETs lead to reverse RISCE, making
short-channel MOSFETs more radiation tolerant than their long-channel counterparts.

The rebound behavior of narrow-channel nMOSFETs suggests the dominant influence
of STI-trapped positive charges below 100 Mrad and negative interface-trapped charges
along the gate oxide and STI sidewalls at ultrahigh TID levels. The compensation
of oxide- and interface-trapped charges at ultrahigh TID levels enables nMOSFETs
to function well up to 1 Grad. In contrast, STI-related charge trapping contributes a
significant parasitic drain-to-source leakage current to the drain leakage current of
nMOSFETs, which however can be efficiently removed by high-temperature annealing.

Both oxide- and interface-trapped charges are positive for pMOSFETs, making them
more sensitive to total ionizing radiation. Due to RINCE, narrow-channel pMOSFETs



3.4. Summary

undergo the severest performance degradation with a drive current loss by more than
50%, which however can be partly recovered by high-temperature annealing. Besides,
STI-related RINCE can be relieved by shortening the channel thanks to the halo-induced
reverse RISCE.

The switched-off condition (Vg = 0V and Vps = 1.1V), inducing a more negative thresh-
old voltage shift and a considerable subthreshold current, may be the worst bias case for
nMOSFETs. However, it is not straightforward to tell which bias condition is the worst
for pMOSFETs. Besides, irradiation tests at —30 °C, which is close to the real working
temperature of the innermost electronics in the HL-LHC experiments, show an overall
minor influence of TID on 28-nm bulk MOSFETs.

The geometry dependence of TID effects on 28-nm bulk MOSFETs provides useful
information for designers to choose appropriate devices for their design. For both n-
and pMOSFETs, it is suggested to avoid using the narrowest channel (Wp,i, = 100nm).
If the narrowest channel is necessary, the width-to-length ratio should be over one
(W/L>1) to take advantage of the halo-induced higher channel doping.

75






Investigation of TID effects on design
parameters

Previous studies have shown the effects of ultrahigh TID levels on crucial device parameters
of 28-nm bulk MOSFETs. These parametric shifts are attributed to radiation-induced charge
trapping particularly related to the gate oxide and thick STI oxides. This chapter investigates
the effects of TID on design parameters of 28-nm bulk MOSFETs and introduces the first
attempt of modeling the observed radiation effects. The simplified EKV MOSFET model is
employed to study the effects of TID on analog parameters and to evaluate the influence
of TID on static characteristics. The effects of TID on the effective channel mobility is then
investigated using Y-function. Total ionizing radiation increases the drain leakage current of
both n- and pMOSFETs, whose origins are identified through an experimental investigation
of MOSFETs of various sizes. The parasitic drain-to-source leakage current may be the most
serious problem when it comes to the use of 28-nm bulk #MOSFETs in radiation-tolerant
circuits. To better account for its influence on power consumption, a semi-empirical physics-
based model is proposed to simulate the leakage level as a function of TID. The parasitic
drain-to-source leakage current is also investigated through a gateless charge-controlled
model. This chapter is mainly based on results published in [122-124].

4.1 Investigation of TID effects on inversion operation

Since the experimental characterization focuses on parametric variations, device parameters
have been extracted individually without considering the practical aspect of circuit design.
Extracted parameters do not necessarily complete the calculation of the drain current. As
a first step towards the characterization of design parameters and static characteristics in
the radiation scenario, this section utilizes the simplified EKV MOSFET model for describing
the large- and small-signal characteristics of 28-nm bulk MOSFETs over the whole inversion
region [122]. This section first describes the main features of the simplified EKV MOSFET
model and explains the associated parameter extraction methodology. It then illustrates the
TID-induced evolution of model parameters, intrinsic gain, and transconductance efficiency.
This section exploits measurements on two chips from the first tape-out irradiated under the
diode condition (| Vgg| = |Vps| = 1.1V) at room temperature (25 °C).
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4.1.1 The simplified EKV MOSFET model

In saturation, which is the most exploited region for analog circuits, the EKV charge-based
MOSFET model can be simplified for helping designers explore the design space and make
optimal trade-offs [110,111, 114, 115]. The simplified EKV MOSFET model uses only four
parameters and is expressed with very simple formulas. It introduces the inversion coefficient
IC as an essential design parameter that spans the entire range of operating points from weak
to strong inversion. As opposed to the conventional degrees of freedom in circuit design-the
overdrive voltage Vg — Vr, the channel width W, and the channel length L, the inversion
coefficient IC provides a direct measure of the channel inversion level and offers an efficient
way to evaluate the transconductance efficiency, allowing circuit design to be freely done
in any inversion region [112]. Some design work in the literature has been conducted for
low-power analog and RF circuits using this concept [200-202].

Definition of the inversion coefficient

The inversion coefficient IC is defined as the normalized drain current in saturation at a high
drain bias [114]:

ICéi A ID|saturation @.1)

)

Ispec
based on which the saturation operation of a MOSFET is classified as
IC <0.1 weak inversion (WI)

0.1<IC<10 moderate inversion (MI)

IC >10 stronginversion (SI).

In Eq. (4.1), the normalizing factor Ispec, called the specific current, is one of the most impor-
tant model parameters. It is defined as

w .
Ispec = 2n,3U% = Ispecy T with (4.2a)
w
p=HoCox—  and (4.2b)
Ispec £ ZnHOCoxU%; (4.2¢)

where Ispec is defined as the specific current per square, 7 is the slope factor linking to the
subthreshold swing by SS = nUrIn 10, Ut = kT/ q is the thermal voltage, k is the Boltzmann
constant, and T is the operating temperature. The specific current per square Ispec is referred
to as the technology current since it is a constant for a given technology, a certain temperature,
and any device dimensions. Therefore, The normalized drain current iy, i.e., the inversion
coefficient IC, is stripped off any geometry, temperature, and technology dependence.
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Current-charge relation

One of the most important model equations in the EKV charge-based MOSFET model is the
current-charge relation. In the EKV MOSFET model, the derivation of the drain current relies
on the classical drift-diffusion transport model. One key step is to linearize the inversion
charge density Q; as a function of the surface potential ¥ [96]:

—£ = n(¥p- W), (43)

where Wp is the pinch-off potential at which the inversion charge density Q; becomes zero. This
is an approximate expression of the solution solved from boundary conditions. Substituting
the surface potential with the linearized inversion charge density in the normalized drift-
diffusion transport expression and integrating the normalized drain current from the source
to the drain in the charge domain give the expression of the net normalized drain current [96]:

ia S if—ir=qs+g. —(qa+q3), (4.4)

where it = gsq + qs2 4 corresponds to the normalized forward or reverse component of the

drain current, g g £ Qis,in/ Qspec is the normalized inversion charge density at the source or
drain end of the channel, and Qgpec is the specific charge

Qspec £ -2n Ut Cox. (4.5)

The square term, i.e., g2 — q(zi, corresponds to strong inversion and the linear term, i.e., gs — qq,
refers to weak inversion.

This full current-charge equation can be simplified in saturation, where the drain side of a
long channel is depleted of carriers and the carrier velocity saturates close to the drain side
of a short channel. More specifically, the inversion charge density at the drain side of a long
channel is pinched-off to zero (g4 = 0) and the drain current only relies on the inversion
charge density at the source end of the channel (ig = g2 + gs). When the channel shortens, the
carrier velocity saturates at a particular value vsy; and the inversion charge density at the drain
approaches a saturated value ggqs,:- In a velocity saturated device, the channel current at the
drain saturates at i4sat, limiting the current in the entire channel to be igg,¢ due to the current
continuity and degrading the transconductance in strong inversion of saturation operation.
The "sat" subscript of ggsat and iggat is only for emphasizing the situation of velocity saturation
(VS), which are interchangeable with g4 and i, respectively.

The effect of VS is certainly one of the most important short-channel effects. It has been
included in the simplified EKV MOSFET model via the VS parameter and is defined as [113,203]

L
A2 %‘t (4.6)

which scales with the inverse of the channel length. Here, Lgy: represents the portion of the
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channel where the drift velocity of the inversion charge fully saturates and is defined as

2uoU-
Lo 2 07T @.7)

Usat

Introducing the simple piecewise mobility model into the classical drift-diffusion transport
model and repeating the derivation for Eq. (4.4) yield the expressions of the saturated inversion
charge at the drain side of the channel gqs5: and the saturated drain current igg,¢ [113,203]:

2A¢(qs + g2
Gasat = c(4:+ 4) -, (4.82)
24 Ac+ \/4(1+)LC)+/1§(1 +24s)
4(gs+ q?
Idsat = (qs qS) . (4.8b)
24 A+ \/4(1 + Ao+ A2 (1+245)°
Two asymptotes of i4so¢ can be obtained from Eq. (4.8b) in weak and strong inversion:
. . . qs
k 1): ) 4.
weak inversion (gs < 1) fdsat = 77 2 (4.9a)
) i . 24
strong inversion (A¢qs > 1) : fdsar = =~ (4.9b)

C

When accounting for the effect of VS, the saturated drain current in strong inversion becomes
proportional to gs instead of g>.

Charge-voltage relation

The EKV charge-based MOSFET model has another important equation that links the inversion
charge density to the applied voltages. It is solved from 1-D Poisson’s equation with the
approximate solution to boundary conditions [96]. The normalized form of the charge-voltage
relation is given by

2¢i+Ingi=vp—v, (4.10)

where gj 2/ Qspec is the normalized inversion charge density, vy £ Vp/ Uy is the normalized
pinch-off voltage with

~ Ves—Vr
on

b (4.11)
approximating the pinch-off voltage, Vr is the equilibrium threshold voltage at a zero volt
of the channel voltage (V, = 0V), and v = V,;,/ Ut is the normalized channel voltage. The
channel voltage V¢, expresses the split of quasi-Fermi levels with Vi, = (Epn — Epp)/q. It is
equal to the source-to-bulk voltage Vsp at the source and the drain-to-bulk voltage Vpp at the
drain. The linear term, i.e., 2¢;, corresponds to strong inversion and the logarithmic term, i.e.,
In g;, refers to weak inversion.
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In saturation, gq = 0 for a long-channel device and ggqs, is expressed as a function of g
through Eq. (4.8a) for a short-channel device. Therefore, the drain current can be solved
through the inversion charge density at the source side of the channel gs, which links to the
external voltages by

2¢gs+Ings=vp—vs (4.12)

with vs £ Vsg/Ur as the normalized source-to-bulk voltage. However, Eq. (4.12) cannot be
inverted to express ¢s as a function of vs and vg, where vg £ Vgp/ Uy is the normalized gate-to-
bulk voltage.

Current-voltage relation

To obtain an expression of the drain current versus the external voltages from Eq. (4.4)
or Eq. (4.8b), an expression of the inversion charge density versus the external voltages is
needed, which however cannot be obtained analytically from Eq. (4.12). The current-voltage
relation is therefore obtained reversely from Eq. (4.4) or Eq. (4.8b) to Eq. (4.12).

Reverting Eq. (4.8b) gives an expression of the inversion charge density at the source end of
the channel g versus the saturated drain current igg,¢ [113,203]:

\/4 idsat +(1+ /1c idsat)z -1
= 5 .

qs (4.13)

The combination of Eq. (4.12) and Eq. (4.13) generates the current-voltage expression that
accounts for the effect of VS:

\/4idsat+ (1+ Acigsa)® = 1| — (1 +1n2). (4.14)

Up— Us = \/4idsat + (1 + Acigsa)® +1n

Setting A = 0 in Eq. (4.14) brings Eq. (4.14) back to its long-channel counterpart, which can be
obtained by solving Eq. (4.4) and Eq. (4.12). Hence, the drain current in saturation is modeled
through the simple equation Eq. (4.14) with only four model parameters, i.e., the slope factor
n, the specific current per square Ispec, the threshold voltage Vr, and the VS parameter A..

Small-signal characteristics

Small-signal characteristics of a MOSFET have been well considered in the EKV charge-based
MOSFET model. Small-signal parameters and related figures-of-merit (FOMs) together with
their asymptotes provide an efficient approach for the extraction of model parameters. To
make the parameter extraction methodology in Section 4.1.2 more comprehensible, important
steps of the small-signal model derivation are summarized here.

The most important small-signal parameter is the gate transconductance Gy, = 0Ip/0Vgs.
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Chapter 4. Investigation of TID effects on design parameters

Since the terminal voltages in the EKV MOSFET model are all referred to the bulk, two other
transconductances are defined, i.e., the source transconductance Gy,s = 0Ip/0Vsg and the
drain transconductance Gpq = 0Ip/dVpp. Taking into account the first-order derivative
of Eq. (4.10), the normalized form of these transconductances is defined as [96]

A Gms %: 0iq 0qs

=— - 4.15

s = Gopec | Ovs  0qs Ovg (4.152)

s Gma _0ig  0iq 0qq

= =—=——, 4.15b
§imd Gspec 0 Ud aqd 0 Vd ( )
gm2 Gm :%:%%:% %%4_%% :M’ (4.15¢)

where Ggpec is the specific transconductance and defined as
A Ispec

Gspec = 2 =2npBUr. (4.16)

In saturation, gmg =0 and gms = ngm-. In the case of VS, the normalized source transconduc-
tance gns is solved as a function of g5 by introducing the first-order derivative of Eq. (4.8b)
and Eq. (4.12) into Eq. (4.15a) [113,203]:

2
8ms = s : (4.17)
\/4(1 +10) + A2 (1+2g5)°
Two asymptotes of gms can be obtained from Eq. (4.17) in weak and strong inversion:

weak inversion (gs < 1) : Sms & L, (4.18a)
1+A./2
1

strong inversion (A¢gs > 1) : Bims = 7 (4.18b)

C

where the weak inversion asymptote of gn is equal to that of i, in Eq. (4.9), leading to
8ms/ idsat = 1 in weak inversion.

The transconductance efficiency is one of the most important FoMs for low-power analog
and RF IC design. It is a direct measure of how much transconductance is produced for a
given drain current. The normalized transconductance efficiency is defined as the actual
transconductance Gy, or the normalized source transconductance g with respect to the
corresponding maximum reached in weak inversion, i.e., In/(nUr) or igg,t, respectively.

Before deriving the normalized transconductance efficiency, the source transconductance
gms is first expressed as a function of i4g,¢ by introducing Eq. (4.13) into Eq. (4.17):

\/4idsat +(1+ Acidsat)z -1
Bms = T A1+ Aciasad)

(4.19)
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4.1. Investigation of TID effects on inversion operation

Hence, the normalized transconductance efficiency can be expressed as a function of the
normalized drain current [113,203]:

8ms _ GmnUr _ \/4idsat +(1+ Acidsat)z -1

: - - ) (4.20)
ldsat Ip 2+ Ac(1 + Acidsat)] idsat
which corresponds to the following asymptotes in weak and strong inversion:

. . . 8ms
weak inversion (iggy; << 1) : - ~1, (4.21a)

ldsat

. . . 8ms 1

strong inversion (A¢iggae > 1) : = (4.21b)

idsat /10 idsat

Setting A = 0 in Eq. (4.19) and Eq. (4.20) yields model expressions for a long-channel device:

V1+4ig-1

8ms = 5 , (4.22a)
GnmnU- 1+4ig—1
gms _ ZmUT T (4.22b)
4 Ip Zld
Their asymptotoes can be obtained from Eq. (4.22) in weak and strong inversion as
. . . . 8ms
weak inversion (ig < 1) : gms = i4, — =1, (4.23a)
id
. . . - 8ms 1
strong inversion (ig > 1) : Sms =V id, o (4.23b)

fa Vi

The weak and strong inversion asymptotes in Eq. (4.21) and Eq. (4.23) are important from the
perspectives of both circuit design and parameter extraction. The normalized transconduc-
tance efficiency of long- and short-channel MOSFETs is plotted in Fig. 4.1 with the correspond-
ing asymptotoes. In weak inversion, the normalized transconductance efficiency remains
invariant. However, in strong inversion, it takes on a 1/(A¢iqsyt) dependence for a velocity
saturated device, which is different from the 1/,/iq dependence for a long-channel device.

As also illustrated in Fig. 4.1, two strong inversion asymptotes intersect at igsy = 1/A2 which
marks the onset of VS. This corresponds to the critical inversion coefficient parameter ICcj; of
the empirical inversion coefficient model proposed by Binkley [112]:

(4.24)

IC
ICBinkley =IC(1+

41Ccrit

However, two additional intersection points might be of higher interest for semiconductor
device modeling. Two asymptotes in Eq. (4.21) intersect at a point where the normalized drain
current is equal to 1/A¢ (IC = Ip/ Ispec = 1/A¢), while two asymptotes in Eq. (4.23) intersect
at a point where the normalized drain current is equal to 1 (IC = Ip/Ispec = 1). These two
intersection points provide an efficient approach of extracting the specific current Ispec and
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Figure 4.1 — Description of the asymptotoes of the normalized transconductance efficiency
GmnUrt/ Ip with respect to the inversion coefficient IC.

the VS parameter A. from the normalized transconductance efficiency (gms/iq = GmnUrt/Ip).

4.1.2 Parameter extraction

The experimental characterization has shown that TID influences the radiation response of
28-nm bulk MOSFETs by causing a drain leakage current increase, a slope factor degradation,
a threshold voltage shift, a low-field channel mobility reduction, an effective channel width
reduction, and a radiation-enhanced DIBL effect. The effective channel width reduction and
the radiation-enhanced DIBL effect are not included in this first attempt of the modeling
work are considered in detail in Chapter 5. The drain leakage current of 28-nm bulk MOSFETs
is approximated as a constant current, which constitutes an additional parameter Ipjeqi to
the simplified EKV MOSFET model. These five EKV model parameters, including the drain
leakage current Ipjea, the slope factor n, the pg-included specific current per square Ispecy,
the VS parameter A, and the threshold voltage Vr, are extracted at the TID levels of interest,
following the parameter extraction procedure in Fig. 4.2 [122].

The process begins with the extraction of the slope factor n and the specific current Ispec
from measurement results of a wide/long-channel device, as described in Fig. 4.2a. After
calculating the transconductance Gy, the slope factor 7 is extracted from the plateau of the
Ip/ (G Ur) — Ip curve in weak inversion. The specific current Ispec is then obtained from the
intersection of the strong inversion asymptote (x /Ip) and the slope factor horizontal line.
Having I extracted from this wide/long-channel device, the technology-dependent specific
current per square Ispec can be derived through dividing Ispec by the aspect ratio W/L.

For a short-channel device, the slope factor 7 is usually affected by short-channel effects and
needs to be extracted accurately. Due to a slightly different low-field channel mobility, the
specific current per square Ispec extracted from a wide/long-channel device also needs adjust-
ment. Having n and Ispec extracted, the normalized transconductance efficiency Gy nUr/ Ip
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4.1. Investigation of TID effects on inversion operation

and the inversion coefficient IC = Ip/ Ispec of a short-channel device is calculated and plotted
for extracting the VS parameter A.. As shown in Fig. 4.2b, the strong inversion asymptote of
GmnUr/Ip, i.e., being proportional to 1/(A.IC), intersects with the weak inversion asymptote,
i.e., the unity horizontal line, at IC = 1/ A, from which the VS parameter A. is extracted.
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Figure 4.2 — Extraction of EKV model parameters: (a) the slope factor n and the specific current
Ispec; (b) the velocity saturation parameter A¢; (c) the threshold voltage Vr and the drain
leakage current Ipjeax. (After Zhang, et al. [122].)
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Chapter 4. Investigation of TID effects on design parameters

Having now extracted 7, Ispec, and A¢, the threshold voltage V7 is extracted by fitting the EKV
MOSFET model with measured data, as depicted in Fig. 4.2c. To help understand the V¢
extraction, Eq. (4.14) is rewritten as a function of the drain current with model parameters:

Ip Ip \*
4 +[1+ A —1| - (1 +1n2).
]épec lépec

(4.25)

+

I 2
1+ A D ) +1n

spec

Veg — V1 — nVsp _ .4 Ip
Illlr

spec

The last parameter is the drain leakage current Ijeqk, Which can be easily extracted from the
plateau of the Ip — Vg curve at the switched-off state, as indicated in Fig. 4.2c.

With accurately extracted parameters, it is expected that all EKV model equations can be
properly normalized. The normalization should allow the simplified EKV MOSFET model
to be independent of technology, temperature, geometry, and TID, while leaving five model
parameters (71, Ispec, Ac, V1, and Ipjear) to carry the stripped-off dependencies.

4.1.3 TID effects on large-signal characteristics
TID effects on transfer characteristics

Fig. 4.3 compares the simplified EKV MOSFET model to the measured transfer characteristics
of four corner n- and pMOSFETs before irradiation and after an ultrahigh TID. The simplified
EKV MOSFET model matches pre-irradiation measurements very well in all regions of device
operation, demonstrating its capability of fully capturing this 28-nm bulk CMOS technology
with only five model parameters. The excellent agreement extends to all levels of TID up to
1 Grad, as presented by the results corresponding to the highest TID level in Fig. 4.3. This
confirms the promising use of this simplified EKV MOSFET model in radiation-tolerant circuit
design with nanoscale CMOS processes.

TID effects on EKV model parameters

The comparison of measurements before irradiation and at an ultrahigh TID in Fig. 4.3 indi-
cates the significant drain leakage current increase of ntMOSFETs and the substantial drive
current loss of pMOSFETs, as well as the threshold voltage shift and the slope factor in-
crease [122]. Extracted EKV model parameters are summarized in Fig. 4.4 as a function of TID.
Unlike in Chapter 3 with results of n- and pMOSFETs plotted separately, the corresponding
values of EKV model parameters are now plotted in the same figures with the same scales,
making the comparison between n- and pMOSFETs straightforward and efficient. Besides,
TID is shown in linear scale, making data points at ultrahigh TID levels more visible. The VS
parameter A. remains almost constant with respect to TID, which is not shown here.

Fig. 4.4a presents the significant drain leakage current increase of nMOSFETs and the slight
drain leakage current increase of pMOSFETs. The smallest tMOSFET has the highest drain

86



4.1. Investigation of TID effects on inversion operation

leakage current increase by four orders of magnitude. The drain leakage current of nMOSFETs
increases fast at TID levels below 200 Mrad as a result of the activation of parasitic channels
along STI sidewalls and tends to saturate at ultrahigh TID levels due to the almost complete
filling of oxide traps or the compensation of interface-trapped charges [19,59, 77].

Fig. 4.4b shows the threshold voltage shift in absolute values with respect to TID. Due to
the superposed effect of oxide- and interface-trapped charges, pMOSFETs undergo a higher
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Figure 4.3 — The simplified EKV MOSFET model versus the measured |Ip| — | Vgg| curves of
four corner (a-c) n- and (d-f) pMOSFETs with respect to pre-irradiation (solid markers) and an

ultrahigh TID (open markers). (After Zhang, et al. [122].)
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Figure 4.4 — TID effects on (a) the drain leakage current Ipjeak, (b) the threshold voltage Vr, (c)
the slope factor n, and (d) the specific current per square Ispec of four corner 28-nm bulk 7-
and pMOSFETs. (After Zhang, et al. [122].)

threshold voltage shift than nMOSFETs. The superposed effect of oxide- and interface-trapped
charges in pMOSFETs also induces severe RINCE, making the narrow/long-channel pMOSFET
suffer a dramatic threshold voltage shift (-350 mV). In contrast, due to the compensated effect
of oxide- and interface-trapped charges, nMOSFETs present a moderate threshold voltage
shift and narrow-channel nMOSFETs go through a V rebound.

As observed from Fig. 4.4c, pMOSFETs, except the narrow/long-channel one, have a negligible
slope factor increase, while the slope factor of nMOSFETs, especially two narrow-channel
ones, is generally sensitive to TID. The smaller slope factor change of pMOSFETs is probably
due to the negative gate bias during irradiation, which is unfavorable for proton transport
to the semiconductor/oxide interface. For narrow-channel MOSFETs, the slope factor in-
crease mainly results from STI-related interface-charge trapping. Note that the drain leakage
current increase of narrow-channel MOSFETs compromises the accuracy of the slope factor
extraction, which may overestimate the contribution of STI-related interface-trapped charges.
The influence of the drain leakage current on the slope factor extraction is therefore carefully
considered in Chapter 5.

Fig. 4.4d plots the specific current per square of n- and pMOSFETs. For most MOSFETs,
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4.1. Investigation of TID effects on inversion operation

this parameter follows the increasing trend of the slope factor. However, this parameter of
pPMOSFETs starts to decrease at certain TID levels, indicating the low-field channel mobility
degradation and/or the effective channel width reduction.

As observed from the measured transfer characteristics and the extracted EKV model pa-
rameters, the simplified EKV MOSFET model and measurement results demonstrate a high
TID tolerance for 28-nm bulk MOSFETs, except for some narrow-channel MOSFETs. De-
signers should therefore take special care when using narrow-channel MOSFETs for their
radiation-tolerant circuit design.

4.1.4 TID effects on small-signal characteristics
TID effects on intrinsic gain

The correct operation of many analog circuits relies on a sufficient intrinsic gain of MOSFETs.
Therefore, it is crucial to investigate the effects of TID on this FoM. Fig. 4.5 reports (a) the
transconductance Gy, (c) the output conductance Ggs, and (d) the intrinsic gain Ay = G,/ Gy
at the same operating point (|Vps| = 1.1V and | Vgg| = 0.7V) of four corner n- and pMOSFETs
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Figure 4.5 - TID effects on (a, b) the transconductance Gy, (c) the output conductance Ggs,
and (d) the intrinsic gain Ay of four corner n- and pMOSFETs. (After Zhang, et al. [122].)
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Figure 4.6 — Output characteristics of the wide/short-channel MOSFET of both types with
respect to pre-irradiation (solid markers) and an ultrahigh TID (open markers). (After Zhang,
etal. [122].)

as a function of TID [122]. The transconductance in Fig. 4.5a basically follows the TID-induced
evolution of the threshold voltage shift. It continuously increases for the wide/short-channel
nMOSFET, whereas it first increases then decreases for other tMOSFETs. Due to the significant
threshold voltage shift, pPMOSFETs present a substantial transconductance loss. To eliminate
the influence of the threshold voltage shift, the transconductance is also extracted at a constant
overdrive voltage (|Vgg — V1| = 0.5V). As shown in Fig. 4.5b, these MOSFETs are still having a
transconductance loss. The remaining transconductance loss can be attributed to a radiation-
induced mobility reduction and/or an effective channel width reduction.

As shown in Fig. 4.5c, the output conductance increases for nlMOSFETs and decreases for
pMOSFETs with respect to TID. This behavior can be seen from Fig. 4.6, which plots the output
characteristics of a wide/short-channel MOSFET of both types [122]. After an ultrahigh TID,
the wide/short-channel nMOSFET shows a lower Early voltage and hence a higher output
conductance, whereas the wide/short-channel pMOSFET presents a higher Early voltage
and a lower output conductance. This observation of the output conductance is consistent
with the radiation-enhanced DIBL effect for rIMOSFETs and the radiation-suppressed DIBL
effect for pMOSFETSs, as discussed in Section 3.2.2. The transconductance loss and the output
conductance increase eventually result in a degraded intrinsic gain for rMOSFETs, while
pMOSFETs obtain a slightly improved intrinsic gain due to the reduced output conductance,
as shown in Fig. 4.5d.

TID effects on transconductance efficiency

The normalized form of the transconductance efficiency G,/ Ip is expressed as a function
of the normalized drain current in Eq. (4.20) and is rewritten as a function of the inversion
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coefficient IC:

gms _GmnUr _ \/4IC+(1+/1CIC)2—1

. 4.26
iq Ip 2+A.(Q+AJC)]IC ( )

Fig. 4.7 presents the normalized transconductance efficiency of wide/long- and wide/short-
channel MOSFETSs, highlighting the VS-induced degradation in strong inversion. The Gy, nUr/ Ip
versus IC characteristics of short-channel MOSFETs degrade faster as 1/(A.IC) than that of
long-channel MOSFETSs with a 1/v/IC dependence. This behavior is well modeled by the VS
parameter A over a large range of operating points in strong inversion.

Moreover, after a proper normalization with extracted parameters, all the measured points
before irradiation and after a high TID level nicely fall on the curves of the simplified EKV
MOSFET model. This demonstrates the negligible effects of TID on the normalized transcon-
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Figure 4.7 — Normalized transconductance efficiency Gy, nUt/ Ip of wide/long- and wide/short-
channel (a) n- and (b) pMOSFETSs with respect to pre-irradiation and an ultrahigh TID. (After
Zhang, et al. [122].)
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ductance efficiency while confirming the efficiency of five EKV model parameters in capturing
the effects of TID on this 28-nm bulk CMOS technology. Although total ionizing radiation
affects analog parameters of 28-nm bulk MOSFETs, the normalization strips off the effects of
TID from the normalized transconductance efficiency. This IC-based simplified EKV MOSFET
model can therefore be promising for radiation-tolerant circuit design.

4.2 Investigation of TID-induced mobility degradation

The effective channel mobility is among the most important parameters for characterizing
device behaviors and evaluating circuit performance. Under harsh radiation environments,
oxide- and interface-charge trapping may strongly affect the carrier transport in the inversion
layer, compromising the drive capability and the switching speed of MOSFETs. Previous results
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Figure 4.8 — Measured |Ips| and calculated Gy, versus |Vgg| curves in linear operation (| Vpg| =
0.01V) of (a, c¢) wide/short- and (b, d) narrow/long-channel (a, b) n- and (c, d) pMOSFETs
irradiated under the diode condition (| Vgg| = |Vps| = 1.1V) at room temperature (25 °C). (After
Zhang, et al. [123].)

92



4.2. Investigation of TID-induced mobility degradation

have shown a drive current variation in saturation operation of 28-nm bulk MOSFETs, which
is believed to be a result of a threshold voltage shift, a low-field channel mobility reduction,
and in some cases an effective channel width reduction [122].

Fig. 4.8 presents the measured | Ips| and the calculated Gy, versus |Vgg| curves in linear op-
eration of wide/short- and narrow/long-channel MOSFETs up to 1 Grad of TID [123]. These
irradiated MOSFETs, including the wide/short-channel nMOSFET that has a drive current
improvement in saturation, demonstrate an on-current loss in linear. The on-current loss
is partly attributed to the threshold voltage shift, as observed from the shifted |Ips| and Gp,
versus |Vgg| curves. It is also correlated with the radiation-induced mobility degradation,
as inferred from the degraded peak transconductance. To investigate the TID-induced mo-
bility degradation of 28-nm bulk MOSFETs, this section uses a very simple model, i.e., the
Ghibaudo’s Y-function, to extract the effective channel mobility and related device parameters
from the linear transfer characteristics [204].

4.2.1 Y-function-based mobility extraction

The Y-function-based mobility extraction method requires measurement results in strong
inversion region of linear operation of a MOSFET at a very small drain voltage [204]. Relying
on the drift-diffusion transport model Ips = pestCox W (Vs — V) Vbs/ L and considering the
first-order mobility degradation model pef = o/ [1 +0(Vgs — V1), the drain-to-source current
in linear is expressed as

w Ho

=————Coxx(Ves — V1) Vs, 4.27
L 1+0(Vap— V1) ox(VGe — V1) Vs (4.27)

Ips
where ¢ is the effective channel mobility with the mobility reduction due to the vertical
electric field, 8 is the effective mobility degradation coefficient, and V7 is the charge threshold
voltage that is generally larger than the extrapolated threshold voltage.

Once Gy, is derived from Eq. (4.27), the well-known Y-function Ips/v/ G, can be obtained
as [204]

Ips =/ 1o C. W (Vag = Vi) (4.28)
m— lJ‘OOXL DS(VGB T), .

which is independent of 6 and linearly dependent on Vg in strong inversion. This is evidenced
by the |Ips|/v/Gm versus |Vgg| curves of wide-channel nMOSFETs in Fig. 4.9a and narrow-
channel pMOSFETs in Fig. 4.9c [123]. The linear extrapolation of Ips/+/Gp, in strong inversion
intercepts the Vg axis at the charge threshold voltage Vr and its slope \/m pro-
vides information about the low-field channel mobility yy. This Y-function-based mobility

extraction allows us to decouple the effects of TID on the threshold voltage and the low-field
channel mobility.

For a correct extraction of Vr and py, this linear extrapolation has to be applied at high gate
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Figure 4.9 - (a, ¢) Y-function |Ips|/v/Gn, and (b, d) mobility degradation coefficient 6 of (a,
b) wide-channel nMOSFETs and (c, d) narrow-channel pMOSFETs as a function of | Vgl
with respect to pre-irradiation and 1 Grad of TID. The thick horizontal lines in (b) and (d)
correspond to the values of  in the region of | Vgg| where it can be approximated as a constant.
(After Zhang, et al. [123].)

voltages in sufficiently strong inversion to avoid the proximity effect of the moderate inversion
region [204]. This can be checked by the occurrence of a plateau in the 6(Vgg) characteristics.
Combining the derived G, with Eq. (4.27) yields the 0(Vig) expression:

Ips 1

0= -1 .
Gm(Vge — V1) Ve — Vr

(4.29)

Fig. 4.9b and Fig. 4.9d [123] present that before radiation, 6 is indeed independent of Vg
between 0.9V and 1.1 V. However, after irradiation, narrow/long-channel pMOSFETs have a
significant threshold voltage shift and a smaller strong inversion region, reducing the valid Vgp
range and resulting in an almost zero 6. The ultimate zero of  of narrow-channel pMOSFETs
also implies that the effective gate bias is not strong enough to set them in strong inversion or
significantly degrade their channel mobility. Hence, the drain current Ips becomes linear and
the transconductance G, tends to be constant, as indicated by Ips = 1o Cox W (Vg — V) Vps/ L
and evidenced by the red curves in Fig. 4.8d.
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4.2. Investigation of TID-induced mobility degradation

4.2.2 TID effects on effective channel mobility

The effective channel mobility pe¢ can be now calculated with the first-order mobility degrada-
tion model using Vr, o, and 6 extracted in strong inversion region of linear operation. Fig. 4.10
reports the effective channel mobility pes of four corner n- and pMOSFETs versus the overdrive
voltage | Vg — V1| [123]. Except for narrow-channel pMOSFETs, all other MOSFETSs present the
Vge-induced mobility degradation. Besides, the effective channel mobility of narrow-channel
MOSFETs degrades more than their long-channel counterparts. It is worth noting that the
low-field channel mobility py corresponds to the effective channel mobility pe¢ at a zero
Vs — Vr. As expected, the low-field electron mobility is around three times the low-field hole
mobility.

The variation of the low-field channel mobility p and the effective mobility degradation
coefficient 6 is plotted as a function of TID in Fig. 4.11 [123]. The effective mobility degrada-
tion coefficient is actually related to the low-field channel mobility by a linear relationship
0 =0y + CoxRspio W/ L [205], where 0y is the intrinsic mobility degradation coefficient and
Rgp is the source/drain series resistance. Assuming that Rgp is constant throughout all TID
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Figure 4.10 — Effective channel mobility p.¢ of four corner (a, b) n- and (c, d) pMOSFETs versus
the overdrive voltage | Vg — Vr| with respect to pre-irradiation and 1 Grad of TID. (After Zhang,
et al. [123].)
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Figure 4.11 - TID-induced evolution of (a, b) the low-field channel mobility iy and (c, d) the
effective mobility degradation coefficient 8 of four corner (a, ¢) n- and (b, d) pMOSFETs. (After
Zhang, et al. [123].)

levels, 8 becomes linear with respect to g, as evidenced from their concomitant evolution
in Fig. 4.11 [123].

The low-field channel mobility reduction demonstrates a channel width dependence. It is
believed that interfacial charges, including charges trapped in oxide traps close to the surface
channel and at the semiconductor/oxide interface, act as Coulomb scattering centers and
degrade the low-field channel mobility [153,206]. The low-field channel mobility of wide-
channel MOSFETs degrades slightly with respect to TID, indicating the improved radiation
tolerance of advanced gate stacks. However, narrow-channel MOSFETs undergo a signifi-
cant low-field channel mobility reduction up to 36% for nMOSFETs (Fig. 4.11a) and 73% for
pMOSFETs (Fig. 4.11c¢). This channel width dependence indicates the dominant influence of
STI-related charge trapping near the surface channel.

In addition, the low-field channel mobility of pMOSFETs degrades more than that of nMOSFETs.
This may lead to the conclusion that TID generates more interfacial charges in pMOSFETs.
However, a higher density of interfacial charges generally refers to a more serious subthreshold
swing degradation, which is inconsistent with the slightly influenced subthreshold swing of
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4.3. Investigation of TID effects on drain leakage current

pMOSFETs, as shown in Fig. 3.15. The observed low-field channel mobility reduction probably
reflects the effective channel width reduction, as further discussed in Section 5.1.5.

4.3 Investigation of TID effects on drain leakage current

28-nm bulk MOSFETs are radiation tolerant at the switched-on region with slight parametric
shifts. However, TID induces a drain leakage current increase in both n- and pMOSFETs. The
drain leakage current of pMOSFETs increases slightly, by a maximum of tenfold. However,
that of nMOSFETs increases significantly by a maximum of more than three orders of magni-
tude. Section 3.3.1 discusses briefly the drain leakage current of n- and pMOSFETs. The drain
leakage current increase of pMOSFETs is unequal to the evolution of the source leakage current
and is believed to originate from the gate or the n-well [194, 195]. The drain leakage current
increase of nMOSFETs is generally a result of the STI-induced parasitic channels [19,59,77,78].
Most of other TID effects such as the threshold voltage shift can be compensated by proper
circuit biasing techniques, leaving the drain leakage current increase of nMOSFETs to be one
of the most serious problems in terms of radiation-tolerant applications.

This section focuses on characterizing the radiation-induced drain leakage current and de-
veloping predictive models for evaluating radiation-induced static power consumption. The
origins of the drain leakage current of both n- and pMOSFETs are first quantitatively identi-
fied with various sizes of MOSFETs. Based on the main experimental observations and the
known dominant physical mechanisms, a semi-empirical physics-based model with only
three parameters is proposed to describe the drain leakage current of nMOSFETs as a function
of TID. The lateral parasitic transistor has been investigated in the literature using TCAD
device simulations [60, 196, 197], compact models [207], or a combination of these two ap-
proaches [78,208]. However, these models involve complex device structures and intensive
analytical computations. Aiming at a simpler approach, the parasitic transistor is modeled
as a gateless charge-controlled device and the parasitic drain-to-source leakage current is
calculated through an adapted simplified EKV MOSFET model.

4.3.1 Experimental analysis

This part of experimental investigation exploits single-finger and multi-finger 28-nm bulk
MOSFETs irradiated under the diode condition (|Vgg| = |Vps| = 1.1V) at room temperature
(25°C). The involved dose rates, i.e., 8.82 Mrad and 10 Mrad, are quite close and make no big
difference in the radiation response of 28-nm bulk MOSFETs.

Drain leakage current of pMOSFETs

For a pMOSFET, STI-trapped positive charges tend to accumulate electrons near the surface
body and prevent the formation of the conductive channel along STI sidewalls. This is opposite
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to the formation of the parallel parasitic leakage paths in an nMOSFET. In addition, the drain
leakage current of pMOSFETs is unequal to the source leakage current and may come from the
gate or the n-well (Fig. 3.23). A comparison between different leakage components can help
us trace the origin of the drain leakage current. However, shared pads between test structures
in the same cluster make isolating intrinsic current components a challenge. To compare the
drain leakage current with other leakage components and identify the dominant contribution,
pMOSFETs are investigated through a customized measurement configuration.

As shown in Fig. 3.6b, when measuring p1, four terminals of those unmeasured test structures
(p2-14) have been held at the same potential except those out of the range of the probe card
(p15-17). This allows us to simplify the normal measurement configuration in Fig. 4.12a
to Fig. 4.12b [127]. To obtain the intrinsic currents of p1, additional current components
have to be deducted, such as Ipt15-17 and Ipgi5-17 flowing through all top and bottom ESD
protection diodes, respectively, Inwg15-17 representing the substrate-to-gate tunneling current,
and Isg5 referring to the source-to-gate tunneling current. Fig. 4.12c illustrates the schematic
of a customized measurement configuration with the source of each pMOSFET shorted to the
drain [127]. It can be simplified to Fig. 4.12d, in which all SMUs are measuring the leakage
components that are not fully under control [127].

Fig. 4.13 presents the TID-induced evolution of these leakage components by a series of colors
and the evolution with respect to TID by the numeration of 14 MOSFETs. The current flowing
through two groups of ESD protection diodes increases significantly. Without evaluating them
carefully, it is impossible to get reliable information about the gate leakage current. For test
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Figure 4.12 - Circuit schematics of pMOSFETs in the same cluster for extracting intrinsic
leakage components: (a) normal measurement configuration and (c) its equivalent circuit; (b)
measurement configuration with the drain of each pMOSFET shorted to the source and (d) its
equivalent circuit. (Zhang, et al. [127].)
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Figure 4.13 — Extracted additional leakage components versus TID for identifying the intrinsic
leakage components of each pMOSFET.

structures out of the range of probe needles, total ionizing radiation increases their substrate-
to-gate tunneling current but does not influence their source-to-gate tunneling current. For
each TID step, these four components remain almost constant when the measurements go
from p1 to p14, indicating no dependence on individual MOSFETs and negligible annealing
effects during one hour of measurements.
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Figure 4.14 - (a) Drain current Ip and n-well current I,w of pMOSFETs extracted at Vgg =0V
as well as (b) their net increase as a function of TID, suggesting the dominant contribution of
the n-well leakage to the off-current. (Zhang, et al. [127].)
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Figure 4.15 — Schematic illustration of the origin of the drain leakage current of an irradiated
pMOSFET: (a) top view of a pMOSFET; (b) charge trapping that enhances the gate-induced
drain leakage (GIDL) and the peripheral substrate-drain junction leakage; (c) energy band
diagram that explains the radiation-enhanced GIDL. (Zhang, et al. [127].)

Deducting these additional leakage components from the normal measurement results pro-
vides information about the intrinsic leakages flowing through the gate and the n-well of each
MOSFET. As displayed in Fig. 4.14, the drain leakage current increases with the n-well leakage
up to 1 nAin (a) and their relative increase in (b) is almost equal for all TID levels [127]. This
confirms the dominant contribution of the n-well leakage to the total drain leakage current.

As illustrated in Fig. 4.15a and Fig. 4.15b, both the gate-induced drain leakage (GIDL) and
the peripheral substrate-drain junction leakage flow from the n-well to the drain and can be
influenced by radiation-induced charge trapping. As shown in Fig. 4.15c, charge trapping
related to the gate oxide increases the electric field above the LDD region and makes the
corresponding energy bands bend more. This facilitates the band-to-band tunneling at the
LDD region and increases the GIDL current. The peripheral substrate-drain junction leakage
surrounds the drain active region, as presented in Fig. 4.15a, and is related to interface-trapped
charges at the intersection of the substrate-drain depletion region and STI sidewalls [194, 195].
Since STI-related charge trapping dominates the effects of TID on 28-nm bulk MOSFETs, the
peripheral substrate-drain junction leakage current is probably the main contributor to the
drain leakage current increase of pMOSFETs.

Drain leakage current of "tMOSFETs

For an nMOSFET, STI-trapped positive charges invert the p-type substrate along STI side-
walls and open two parallel parasitic leakage paths [19, 59, 77, 78]. As shown in Fig. 4.16a
and Fig. 4.16c [124], this contributes two parallel leakage components to the total drain leak-
age current even when the main nMOSFET is switched off [19,59,77,78]. The situation worsens
for a multi-finger nMOSFET, since the number of parasitic channels scales with the number of
fingers [156], as illustrated in Fig. 4.16b and Fig. 4.16d [124].
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Figure 4.16 — (a, b) Layouts and (c, d) schematics of irradiated single-finger (a, ¢) and multi-
finger (b, d) nMOSFETs, illustrating the scaling property of the parasitic drain-to-source
leakage current with the number of fingers. The total width of a multi-finger tIMOSFET W, is
the width per finger Wr times the number of fingers Ng. (After Zhang, et al. [124].)

Fig. 4.17 plots the measured Ip — (Vgg — V) curves in saturation operation (Vps = 1.1V) of
single-finger and multi-finger ntMOSFETs with respect to TID up to 1 Grad [124]. Both single-
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Figure 4.17 — Measured Ip — (Vgg — V1) curves in saturation operation (Vpg = 1.1V) of (a-c)
single-finger and (d-f) multi-finger nMOSFETs. The threshold voltage Vr is extracted from the
linear extrapolation of /Ip at the steepest point. The vertical arrow lines indicate the location
where the drain leakage current Ipjeqy is extracted. (After Zhang, et al. [124].)
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finger and multi-finger tMOSFETs demonstrate a substantial increase in the drain leakage
current. Even though the drain leakage current increase slows down at ultrahigh TID levels,
the rebound effect of interface-trapped charges does not appear [19, 152], suggesting the
dominant influence of STI-trapped positive charges on the drain leakage current of 28-nm
bulk nMOSFETs.

Additionally, the drain leakage current of single-finger ntMOSFETs presents a width indepen-
dence and a length dependence at high TID levels. The drain leakage current of single-finger
nMOSFETs of the same length is similar (Fig. 4.17a and Fig. 4.17b), while that of single-finger
MOSFETs of the same width is quite different (Fig. 4.17a and Fig. 4.17c). This width inde-
pendence and length dependence jointly indicate the dominant contribution of the lateral
parasitic devices.

The drain leakage current is also proportional to the number of fingers. At high TID levels,
multi-finger nMOSFETs of the same gate length and the same number of fingers present
almost the same amount of drain leakage current (Fig. 4.17d and Fig. 4.17e). However, those of
the same device geometry have a drain leakage current proportional to the number of fingers
(Fig. 4.17d and Fig. 4.17f). This scalability also suggests the primary contribution of the lateral
parasitic devices.

4.3.2 Semi-empirical modeling of drain leakage current

As shown in Fig. 4.18, this modeling work mainly studies single-finger nMOSFETs at four
corners of the W, — L, plane, a multi-finger nMOSFET with W, = 3um and Ng = 4, and
multi-finger ntMOSFETs with W, = 12um and Nr = [4,6,8,12], where Ng is the number of
fingers [124]. Fig. 3.8a and Fig. 3.8c show that when the total dose is low, a zero Vg still biases
short-channel nMOSFETs in the Vr-sensitive subthreshold region. To avoid the influence of
the subthreshold leakage on the following analysis, the total drain leakage current Ipjeqi is
extracted from the Ip — (Vg — V1) curves at a constant Vgg — V.

Fig. 4.18a and Fig. 4.18e respectively plot the extracted Ipjeax Of single-finger and multi-finger
nMOSFETs as closed markers. They demonstrate a width dependence of the drain leakage
current at low TID levels. In addition to the parasitic drain-to-source leakage current, the drain
leakage current of an nMOSFET also consists of the subthreshold current, the drain-to-gate
tunneling current, the GIDL, and the drain-to-substrate junction leakage [185]. These leakage
components of the same length of tIMOSFETs in general scale with the channel width. The
observed width dependence suggests the dominant leakage contribution of the main channel
atlow TID levels.

Despite the width dependence at low TID levels, the drain leakage current of “MOSFETs with
the same gate length and the same number of fingers is quite close at high TID levels. This
confirms the width independence and the dependence on the gate length and the number of
fingers, demonstrating the main contribution of the parasitic drain-to-source leakage current.
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Figure 4.18 — Validation of the models for the drain leakage current Ipjeqi Of (a, b) single-finger
and (e, f) multi-finger ntMOSFETs in (a, e) log-log scale and (b, d) log-lin scale as a function of
TID; (c, g) Validation of the models for the parasitic drain-to-source leakage current Ipjeak par
as a function of TID; (d) Extracted Ipjeak par at 1 Grad of TID as a function of the channel length
Ly; (h) total parasitic drain-to-source leakage current Ipjeax — Ipleako Of multi-finger nMOSFETs
of the same size versus the number of fingers Ng. (After Zhang, et al. [124].)

103



Chapter 4. Investigation of TID effects on design parameters

The log-lin plots with closed markers in Fig. 4.18b and Fig. 4.18f indicate the fast drain leakage
current increase before 200 Mrad and the saturating tendency of the drain leakage current at
higher TID levels [124].

These experimental observations uncover the contribution of both the main channel (Ipjeak main)
and the parasitic channels (2N Ipjeak par) to the drain leakage current of an nMOSFET:

Ipleak = IDleak.main + 2VF IDleak.par; (4.30)

as illustrated in Fig. 4.16. The drain leakage current of the main #MOSFET dominates at
low TID levels. In addition to the subthreshold leakage, the drain-to-gate tunneling current
and the GIDL are also linked to the threshold voltage, which is sensitive to TID. However,
extracting Ipjeqx at a constant Vgg — V1 has eliminated the influence of the TID-induced Vr
shift. The drain leakage current flowing through the main channel can therefore be assumed
constant, corresponding to the plateau at low TID levels in Fig. 4.18a and Fig. 4.18e. Besides,
the parasitic drain-to-source leakage current before irradiation is neglected, since neither the
oxide-trapped charge density from the semiconductor processing nor the fringing field from
the gate bias is strong enough to activate the parasitic channels [106].

Hence, the pre-irradiation drain leakage current Ipje,o measures the drain leakage current
of the main channel Ipjeax main- Solving Eq. (4.30) gives the average parasitic drain-to-source
leakage current Ipjeak.par:

IDleak - IDleakO

4.31
2N (4.31)

IDleak.par =
Closed markers in Fig. 4.18c and Fig. 4.18g exhibit a significant Ipjeak par increase and nMOSFETs
of the same gate length reach the same level of Ipjeak par- As shown in Fig. 4.18d, the parasitic
drain-to-source leakage current is linearly dependent on 1/L,, when having L, > 30nm. The
parasitic drain-to-source leakage current of the shortest gate length (L, = 30nm) falls beyond
the linear fit due to short-channel effects. The linearity in Fig. 4.18h demonstrates the scaling
property of the total parasitic drain-to-source leakage current with the number of fingers.

Considering a constant Ipjeak main at all TID levels and a linear relation between Ipjeax and TID
inlog-log scale at high TID levels, as shown in Fig. 4.18a and Fig. 4.18e, a simple semi-empirical
physics-based model is proposed to model the drain leakage current:

Ipieak = IDleako

D 1
1+ ( ) , (4.32)
Dcrit

where D refers to critical total doses at which the lateral parasitic devices contribute the
same amount of current as the main channel and ! is the slope of the log-log plot at relatively
high TID levels. The slope [ is calculated by (log;, Ipieak2.par — 10819 Ipleak.par)/ (1081 D2 —
log;, D1) with two sets of measured data Ipjeak1.par(P1) and Ipjeak2.par(D2). Solving Eq. (4.31)
and Eq. (4.32) finally leads to a semi-empirical physics-based model for the parasitic drain-to-

104



4.3. Investigation of TID effects on drain leakage current

Table 4.1 — Parameters of the semi-empirical physical model for the drain-to-source leakage
current (After Zhang, et al. [124])

Wh/Ly Nr Ipicako(A) l Dyrit (Mrad)

3um/1um 1 [134x10719 | 0.8 58.6
100nm/Ipym | 1 | 847x107'2 | 0.8 1.78

3um/30nm 1 |217x10719 | 1.4 7.35
100nm/30nm | 1 | 1.90x107' | 1.4 1.24
3um/100nm | 4 | 1.65x107' | 0.9 4.10
12um/100nm | 4 | 7.84x1071% | 0.9 22.4
12um/100nm | 6 | 7.37x1071° [ 0.9 12.3
12um/100nm | 8 | 6.37x1071Y | 0.9 8.95
12um/100nm | 12 | 6.42x10719 | 0.9 5.29

source leakage current:

(4.33)

l
_ Ipjeako [ D
IDleak.par = .

2N F Dcrit

Fitting Eq. (4.32) with measurements determines the values of Dt and [. Together with
Ipleako, three model parameters are listed in Table 4.1. The power [ shows a width dependence,
whereas the pre-irradiation drain leakage current Ipjeaxo and the critical total dose Deri; depend
on the device geometry and the number of fingers. Model results are plotted as solid lines
in Fig. 4.18. Using only three parameters, the proposed semi-empirical physics-based model
matches measurements very well. This efficiency makes it a practical method for evaluating
the parasitic drain-to-source leakage current and the total drain leakage current with respect
to TID. The parameter D¢ indicates a specific TID level above which the total parasitic
drain-to-source leakage current dominates over the drain leakage current of the main channel.

Measurement results under various bias conditions present similar levels of the drain leakage
current, as observed from Fig. 3.19d and Fig. 3.19h. This demonstrates the promising use of this
simple model in accurately predicting the drain leakage current of itMOSFETs working across
the whole range of Vs and Vg from zero volt to Vpp. By extracting the corresponding values
of three model parameters, this model can be easily adapted to simulate the TID-induced
parasitic drain-to-source leakage current of alternative CMOS technologies.

4.3.3 Modeling of a gateless charge-controlled device
Concept of a gateless charge-controlled device

At high TID levels, the drain current at low values of the overdrive voltage is almost independent
of the gate bias, as shown in Fig. 4.17. This weak or even negligible gate control is one
distinctive feature of the lateral parasitic leakage path. It motivates us to model the parallel
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parasitic transistor as a gateless charge-controlled device, as shown by the equivalent circuit
in Fig. 4.19a [124]. Since this lateral parasitic device is assumed to be fully controlled by
STI-related trapped charges, it is named nQFET.

The applied bias condition and the dynamic charge evolution during irradiation make the
electrostatics inside the device complex. This results in a nonuniform charge buildup along
STI sidewalls [60, 196], as shown in Fig. 3.23d. Moreover, complex channel doping engineer-
ing has been widely used in modern CMOS technologies, including the retrograde well for
preventing the latch-up effect, the threshold voltage adjustment by ion implantation at the
surface channel, the LDD region for suppressing the hot-carrier degradation, and the halo
implantation for inhibiting the punchthrough effect [185,190]. This leads to a nonuniform
substrate doping profile [78,196], as also illustrated in Fig. 3.23d. Both aspects influence the
electrical characteristics of the lateral parasitic nQFET.

To simplify the modeling task, an equivalent structure is introduced for the lateral parasitic
nQFET, as illustrated by the 3D schematic in Fig. 4.19b [124]. It has a uniform channel doping
concentration N, that is the same as the main channel. It also has an equivalent STI-related
trapped-charge density Qg = g Ngi that models the complex charge distribution:

fSNsti j‘OLsti Q(x, y) dXdy
Wn.paan.par

Qsii = ) (4.34)
where Ny is the equivalent STI-related trap density per unit area, Q(x, y) is the local STI-
related trapped-charge density per unit area, Wy, is the local width, Ly is the local length,
Wh.par is the equivalent channel width, and Ly par is the equivalent channel length. The
equivalent STI-related trapped-charge density per unit area Qg is uniform over a certain
width Wy par and length Ly par. The parasitic drain-to-source leakage current Ipjeak par 18
assumed to spread across the whole depth of source and drain extensions. Here, Ly par is

i 1 II IDleak.par
_u'_r" Ip.main

T Wbt 4
G N REE T iW, car
Fhb bt v STI

| Y I ¢ IDleak.par X N XIDIeak.par
pr— St LDD

[} [o] Q .

B S D p-Si
(a) (b)

Figure 4.19 - (a) Equivalent circuit of an irradiated nMOSFET with two gate-independent
parallel parasitic devices; (b) schematic illustration of the irradiated nMOSFET with two
parasitic leakage paths formed by uniformly distributed STI-trapped positive charges. (After
Zhang, et al. [124].)
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assumed equal to the gate length of the main channel L, and W}, pa, is assumed equal to the
junction depth of source and drain extensions Xj.

Utilization of the simplified EKV MOSFET model

The simplified EKV MOSFET model has been seen capable of fully describing large- and small-
signal characteristics over a wide range of inversion operation with only four parameters,
i.e., the slope factor n, the specific current per square Ispec, the VS parameter A, and the
threshold voltage Vr [114, 122]. Since the gateless charge-controlled concept involves no gate
voltage or gate-oxide capacitance, the simplified EKV MOSFET model needs to be adapted for
the lateral parasitic nQFET.

Solving Gauss’s law and 1-D Poisson’s equation gives the relation between the local silicon
charge density Qg and the surface potential Ws:

Yy —2Pp -V, Y
Qsi = _rb.par V UT exp S—FCh + _s’ (4.35)
Ut Ut

where I'p par = \/quTNb is defined as the substrate modulation factor, € is the silicon per-
mittivity, ®r = UrIn(N,/n;) is the Fermi potential, and #; is the intrinsic carrier concentration.
The original substrate modulation factor is defined as I', = \/2qesi Ny / Cox [96] that links I', par
by 1—‘b.par =TI Cox-

The charge neutrality condition provides the key bridge between the STI-related trapped-
charge density Qg and the total silicon charge density Qs;:

Qsti = —Qsi- (4.36)

Solving Eq. (4.35) and Eq. (4.36) gives the link between Qg and Ws. Fig. 4.20a shows that for

1.2 10 72 1.4
Qg for Ng; = 7x10 ~ cm
10F psfpmeee=mmm - - - - oo N I ——1"2
B3 Q=-Qui~Q I =10 b
0.8 _{ 2¢'F2 a -—C ("P Y ) " oo
- r-71-- -~"-"-"-"=-"=-"=-"="="="="==== oD, e 6 = d p.par " =
= T~ 183 i 2 i e an 1082
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Figure 4.20 — (a) Surface potential ¥ versus the equivalent STI-related trap density per unit
area Ngg; (b) linearization of the inversion charge density Q; with respect to the surface
potential Ws. (After Zhang, et al. [124].)
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a higher channel doping concentration NV, a higher Qg is needed to switch on the lateral
parasitic nQFET [124]. Since 28-nm bulk nMOSFETs may have N, = 3.7 x 10'¥cm™ and
®p = 0.5V, Ny needs to be higher than 4.94 x 10'2 cm™2 for biasing the lateral parasitic nQFET
in weak inversion (®p < ¥, < 2®p) and 7.06 x 1012 cm ™2 in strong inversion (Vg = 20r). The
channel doping concentration increases along with CMOS scaling, which can be helpful for
MOSFETs from advanced CMOS technologies to withstand high TID levels before having a
significant parasitic drain-to-source leakage current.

Using the charge-sheet approximation, the depletion charge density can be expressed as
Qp = —Fb.par\/‘l’_s . The differentiation of Qy versus ¥ gives the expression of the depletion
capacitance Cq = I'y par/ (2 v'WPs). As shown in Fig. 4.20b, the depletion capacitance Cq slightly
depends on the surface potential ¥ in inversion region [124]. This enables us to linearize the
depletion charge density Qy,, as shown by the approximated red dashed line. The length of
the vertical arrowed line represents the inversion charge density Q; = — Qs — Qp that can be
linearized as well in inversion region

Qi=-Cq (“PP.par -Y¥s), (4.37)

where Wp pa is the pinch-off potential. Once W reaches Wp par, Q becomes 0 and Qy, is equal
to —Qs, allowing us to express the pinch-off potential Wp par as ¥p par = Q2 /T %.par' In [96],
the slope factor n is defined as n =1+ I',/(24/¥;) that links the depletion capacitance Cq by

Cq=(n—-1)Co.

Subtracting the depletion charge density Q, from the total silicon charge density Q; gives the
expression of the inversion charge density Q;:

—20Qp -V, W W Yy
exp————|exp——-1|+——/—
Ur Ur Ur U

When an nQFET is at the flatband, the surface potential ¥¢ and the inversion charge density

Qi= _Fb.par vV Ut

. (4.38)

Q; become zero. Combining Eq. (4.37) and Eq. (4.38) and following the same derivation from
(3.40) to (3.48) in [96] yield the revised expression of the charge-voltage relation

2¢;+1Ing; = vp par — v, (4.39)

where g; 2/ Qspec.par 18 the normalized inversion charge density, Qspec.par £ _2C4Ur is the

specific charge, and vp par £ Vp par/ Ur is the normalized pinch-off voltage

Q%
VP.par £ > su_ _ 20 — Urln2. (4.40)

b.par

Relying on the classical drift-diffusion transport model, the charge-current formula can still
be derived as Eq. (4.4) but with a redefined specific current Ispec par = 210 CaWh par U% ! Ly par,
where the low-field channel mobility y is assumed equal to that of the main channel. Combin-
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ing Eq. (4.4) with Eq. (4.39) in saturation operation and introducing the effect of VS eventually
result in the expression of the current-voltage relation for the lateral parasitic nQFET:

. . 2
Up.par — Us = \/4 ldleak.par T (1 +Ac ldleak.par)

(4.41)

. . 2
+In \/4ldleak.par + (1 +Ac ldleak.par) -1/-(1+In2),

where igieak par = Ipleak par/ Ispec.par i the normalized parasitic leakage current and the VS
parameter A is assumed equal to that of the main channel.

The proposed charge-controlled concept is similar to the work of Zebrev et al. in [209]. Zebrev
et al. focus on modeling the inter-device parasitic leakage current underneath the STI oxide
between the n-well of a pMOSFET and the n+ active region of the nearby nMOSFET, whereas
this work is devoted to the parasitic drain-to-source leakage current in parallel with the main
channel. Moreover, the work of Zebrev et al. is limited to linear operation and validated at low
TID levels, whereas this work addresses the parasitic drain-to-source leakage current from
linear to saturation and extends to high TID levels up to 1 Grad.

Weak inversion approximation

Solving Eq. (4.31) and Eq. (4.41) allows us to extract Ng; from measurements. Combin-
ing Eq. (4.33) with Eq. (4.41) enables us to model Ng;; as a function of TID. Fig. 4.21a and Fig. 4.21b
plot the square of the STI-related trap density stti obtained from the extraction and the
model [124]. Extracted and modeled results demonstrate a good agreement. The lateral para-
sitic nQFET of the same length have almost the same amount of STI-related trapped charges

and the parasitic drain-to-source leakage current.

To have the surface potential ¥ higher than 2@ and to bias the parasitic nQFET in strong
inversion, the equivalent STI-related trap density Ny needs to be higher than 7.06 x 10'2 cm™
for this 28-nm bulk CMOS technology. However, as shown in Fig. 4.21a and Fig. 4.21b, the
highest value of Ny is around 6.95 x 10'2 cm™2 [124]. It indicates that even after 1 Grad of TID,
the lateral parasitic nQFET works in weak inversion and might eventually enter the moderate
inversion. Therefore, the weak inversion operation is considered for an approximated solution

to the equivalent STI-related trap density.

In weak inversion, Eq. (4.39) is simplified to Ing; = vppar — vs. Substituting the normal-
ized terms with the corresponding parameters brings the original charge-voltage expression:
Qi/ (=2C4qUr) = expl(Vp.par — Ven)/ Utl. Introducing it into the drift-diffusion transport model
and performing the integration over the range of V, result in the expression of the parasitic
drain-to-source leakage current in weak inversion:

Vp par — Vs W par — Vi
P —exp ZPpar 7 7D . (4.42)

IDleak.par = Ispec.par exp Ur Ur

109



Chapter 4. Investigation of TID effects on design parameters

50x10°* 50x10°"
agl = e Measurements asl = e Measurements
— — Full simplified EKV model — — Full simplified EKV model
46 461 W,/L, =12 um/100 nm
__ 44f __ 44f
< <
‘e 42f Ly=1pm e 42t
o L] o
v 40 3 um/1 um ~ 40r
Z 38 100 nm/1 pm Z 38
3 ~ ® —3um/30 nm 36 4F 6F
L,=30nm e — 100 nm/30 nm T m — 8F e — 12F
34I N PR | N PR | N P 34 N PR | N PR | N M
62 46872 46882 4689 62 46872 46882 4689
10 10 10 10 10 10 10 10
(a) Total dose, D (rad) (b) Total dose, D (rad)
24 24
50x10 o o Measurements 50x10 o o Measurements
48 = - - - - Weak inversion model 48 - - - - Weak inversion model
46 - o _8—65 46F W,/L, = 12 um/100 nm
44 g 44} u__g_aa"’
ﬁ'A ‘—'8 ¥ ‘g,—'
£ 42 —Ly=1um __.g § 42f JUPET o
S w0 i 3um/A um D L
Z 138 ‘_.B' 100 nm/1 um Z agle=""
.’ o --3um/30 nm 4F 6F
36 "NL=300m o -~ 160 nm/30 nm 36T 0--8F o-- 12F
34| 1 1 IIIIIII 1 1 IIIIIII 1 L1 11111 34 " Ll " Ll " P AN
62 46872 46882 4689 62 46872 46882 4689
10 10 10 10 10 10 10 10
c otal dose, D (ra d otal dose, D (ra
Total dose, D (rad (d) Total dose, D (rad

Figure 4.21 — The square of the STI-related trap density per unit area thi obtained from

measurements (markers) and the models (lines) as a function of total dose D corresponding
to (a, ¢) single-finger and (b, d) multi-finger tIMOSFETs. (a) and (b) rely on the full simplified
EKV MOSFET model, while (c) and (d) correspond to weak inversion approximation. (After
Zhang, et al. [124].)

Now the approximated solution to the STI-related trapped-charge density Qfﬁ can be obtained
by combining Eq. (4.33) and Eq. (4.42), introducing the saturation bias condition (Vp > Vp par
and Vs = 0V), replacing Vp par with its full expression, and incorporating the effect of VS
through the VS parameter:

2+ A1 D
ln(( ) DleakO) " lln(
2Ispec.par crit

205
+—+1In2{. (4.43)
Ut

Q% =T?2

sti b.par Ur

The square of the STI-related trap density stti obtained from the weak inversion approximation
is plotted in Fig. 4.21c and Fig. 4.21d [124]. The weak inversion approximation almost leads
to the same results as the full simplified EKV MOSFET model, except for the slight mismatch
at ultrahigh TID levels where the lateral parasitic QFETs approach the moderate inversion.
In addition, the straight lines fit the relation of Qgﬁ ox IIn(D/Dgit) in Eq. (4.43). The weak
inversion model therefore provides a very good approximation for the parasitic drain-to-source
leakage current.

Replacing the defined terms in Eq. (4.42) with their full expressions provides a direct link
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Figure 4.22 — Extracted and modeled parasitic drain-to-source leakage current Ipjeak par as
a function of the square of the equivalent STI-related trap density stti corresponding to (a)
single-finger and (b) multi-finger ntMOSFETs. (After Zhang, et al. [124].)

between the parasitic drain-to-source leakage current Ipjeak par and the channel doping con-
centration Ny:

2
sti

_ (4.44)
2qesiNp Ut

IDleak.par X €xp

Here, Ipjeak par is an exponential function of Qg .» as shown by the straight lines in the log-lin
plots in Fig. 4.22. For a higher channel doping concentration M,, the lateral parasitic nQFET
needs a higher Qg for reaching the same amount of Ipjeak par- Advanced CMOS technologies
with a higher channel doping concentration can therefore be advantageous to suppress
radiation-induced static power consumption to a certain extent.

4.4 Summary

This chapter has presented a modeling-based investigation of the observed radiation effects
on 28-nm bulk MOSFETs.

The simplified EKV MOSFET model is applied in saturation operation of 28-nm bulk MOSFETs
to investigate the effects of TID up to 1 Grad on their analog parameters. Both large- and
small-signal models demonstrate an excellent match with measurement results over the
whole range of device operation. Five model parameters, including the slope factor, the
threshold voltage, the specific current per square, the VS parameter, and the drain leakage
current, efficiently capture the effects of TID on 28-nm bulk MOSFETs. The normalized
transconductance efficiency calculated from pre- and post-irradiation measurements nicely
falls on the same curves of the simplified EKV MOSFET model. Although TID affects design
parameters of 28-nm bulk MOSFETs, the normalization strips off the effects of TID from the
transconductance efficiency. This study shows that overall, this 28 nm bulk CMOS process
is radiation tolerant at the switched-off region and it is promising to use the simplified EKV
MOSFET model for radiation-tolerant circuit design.
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The influence of TID on the effective channel mobility, which is one of the most important
parameters for evaluating device performance, is investigated in strong inversion of linear
operation using the Y-function approach. The majority of 28-nm bulk MOSFETs demonstrate
a moderate degradation in the effective channel mobility. The low-field channel mobility
reduction of wide-channel MOSFETs mostly originates from Coulomb scattering of interfacial
charges related to the gate oxide. The low-field channel mobility of narrow-channel nMOSFETs
degrades even more, indicating the additional influence of STI-related interface-trapped
charges near the surface channel. Extracted results demonstrate a dramatic mobility reduction
for narrow-channel pMOSFETs, which can actually be a result of the effective channel width
reduction.

This chapter also experimentally and analytically investigates the TID-induced drain leakage
current increase of 28-nm bulk MOSFETs. Through an experimental investigation of various
sizes of MOSFETSs, the slight drain leakage current increase of pMOSFETSs is attributed to the
peripheral substrate-drain junction leakage. This leakage is sensitive to STI-related interface-
trapped charges surrounding the drain active region. At high TID levels, the drain leakage
current of ntMOSFETs is independent of the channel width but dependent on the gate length
and the number of fingers. It indicates the dominant contribution of the parasitic channels
induced by STI-trapped positive charges. To better account for the radiation-induced static
power consumption, a semi-empirical physics-based model with only three parameters is
proposed to simulate the leakage level as a function of TID. Considering the independence
of the drain leakage current on the gate bias, the lateral parasitic transistor is modeled as a
gateless charge-controlled device using a revised EKV MOSFET model. The weak inversion
model provides a direct link between the STI-related trapped-charge density and the parasitic
drain-to-source leakage current, indicating the suppressing effect of a higher channel doping
concentration on radiation-induced static power consumption.
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5] Charge-based physical modeling of
TID effects

With adjusted values of existing parameters, the simplified EKV MOSFET model has demon-
strated an excellent match with measurement results of 28-nm bulk MOSFETs, indicating its
capability of characterizing nanoscale CMOS technologies and its promising use in simulating
TID effects. This chapter focuses on modeling the observed radiation effects through the
incorporation of TID-induced charge contribution into this simplified EKV MOSFET model.
Further consideration of the low-field channel mobility degradation and the effective channel
width reduction leads to a design-oriented compact model, which comprehensively accounts
for TID effects on this 28-nm bulk CMOS process. The observed width dependence of TID
effects is finally investigated for the introduction of device scalability into this radiation-aware
physics-based model. This chapter exploits measurement results of two chips from the second
tape-out irradiated under the diode condition (|Vgg| = |Vps| = 1.1V) at room temperature
(25°C). It covers results published in [125] and recent results for one future publication [127].

5.1 A generalized EKV MOSFET model including traps

Despite complex physical processes of charge generation and evolution, TID eventually leads
to charge trapping in critical dielectrics [130, 149] and active interface traps [166, 171]. Oxide-
and interface-trapped charges can seriously degrade MOSFET characteristics and even cause
circuit failures [45, 86]. Irradiation measurements have demonstrated several types of para-
metric shifts of 28-nm bulk MOSFETs and serious performance degradation of MOSFETs of
typical dimensions in Section 3.2. To gain deeper insights about how charge trapping influ-
ences device performance and ultimately provide a predictive model for radiation-tolerant
circuit design, this section focuses on modeling TID effects through the incorporation of
radiation-induced charge trapping into the simplified EKV MOSFET model.

The benefits of using the simplified EKV MOSFET model has been addressed in Section 1.2.3.
The simplified EKV MOSFET model with only a few parameters has demonstrated its capability
of fully capturing electrical characteristics of 28-nm bulk MOSFETs in Section 4.1, motivating
us to explore its further use in the comprehensive simulation of the observed radiation effects.
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Chapter 5. Charge-based physical modeling of TID effects

Introducing oxide- and interface-trapped charges into it extends its simple and efficient
assets to defect-related device modeling. Its simplicity strongly relies on the inversion charge
linearization with respect to the surface potential. It is truly this crucial step that enables
a simple formulation of the current as a function of the inversion charge densities at the
source and drain ends of the channel. These charge densities are directly proportional to the
transconductance, which is among the most important parameters for circuit design. It is
therefore key to find out how to include the effects of oxide- and interface-trapped charges
while still being able to perform inversion charge linearization.

This section starts with a short review of oxide- and interface-charge trapping and their various
effects on MOSFET electrostatics. It is then followed by the central part of this modeling
work, where the inversion charge linearization is validated in the presence of oxide- and
interface-trapped charges. While accounting for radiation-induced charge trapping, EKV
MOSFET model equations, including 1) the equation relating the inversion charge density
to the terminal voltages, 2) the equation expressing the drain current versus the inversion
charge densities at the source and drain ends of the channel, and 3) the velocity saturation
(VS)-related expressions, are revised accordingly. The developed model is finally validated
with irradiation measurements of 28-nm bulk MOSFETs and utilized for investigating TID
effects on crucial model parameters.

5.1.1 Incorporation of oxide- and interface-trapped charges
General remarks on charge trapping

Unlike in Section 2.2.4, where interface-charge trapping is described through the conversion
of a Py, center between paramagnetic and diamagnetic states, it is here explained through
charging and discharging an interface trap located within the forbidden band. Interface traps
above the neutral trap energy level Ej are of acceptor type and below it are of donor type [210].
Depending on the trap energy level E; with respect to the Fermi level Ef, interface traps can
be positively or negatively charged or remain neutral. Assuming Ej to be at the intrinsic Fermi
level E;, interface traps above it are acceptors (green circles in Fig. 5.1) and those below it are
donors (blue circles in Fig. 5.1) [126]. Acceptor-like interface traps are negatively charged when
accepting an electron if below the electron quasi-Fermi level Ep;, and electrically neutral when
being empty if above it. Donor-like interface traps are positively charged when emitting an
electron if above the hole quasi-Fermi level Egp, and electrically neutral when being occupied
if below it. In inversion operation, interface-trapped charges are negative for an nMOSFET
and positive for a pMOSFET, as shown in Fig. 5.1 [126].

Integrating the interface-trap density per unit area per unit energy Dj; and its corresponding
Fermi-Dirac occupation probability f(E;) = 1/{1+g;expl(E;—Er)/kT]} over the whole bandgap
gives the interface-trapped charge density per unit area Qji;, where g; is the ground-state
degeneracy factor [125]. Under the non-equilibrium condition, Er corresponds to the quasi-
Fermi level. Unfortunately, neither this integral nor a discretized summation of single-trap
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Figure 5.1 — Energy band diagrams illustrating interface-charge trapping in (a) an nMOSFET
and (b) a pMOSFET in inversion. The quasi-Fermi level of the minority carriers, Epy or Ep, is
split from that of the majority carriers Er by the channel voltage V.. (After Zhang, et al. [126].)

energy levels can lead to a closed-form analytical solution [125]. To obtain a simple model
for supporting circuit design while accounting for the effects of interface-trapped charges,
interface traps are assumed uniform across the bandgap and their occupation probability is
assumed to be unity. These assumptions provide a direct link between defects and key device
parameters while showing representative device behaviors of double-gate MOSFETs in [125].
They can also yield sufficiently accurate expressions for describing defect-related effects and
supporting circuit-level simulations [103]. Under these assumptions, Qj; can be expressed
as [103,125,210]

Qit = —~qDit(Er — qVen — Eis) = —q* Dit(¥s — @ — Vp), (5.1

where ¥ = (Ejp, — Eis)/ q is the surface potential, Ej, is the bulk intrinsic Fermi level, Ejs is the
surface intrinsic Fermi level, and ®r = (Ej, — Er)/ g is the Fermi potential.

Oxygen vacancies from incomplete oxidation can trap holes generated by ionizing radiation or
tunneling from the channel [149, 150]. Deep oxide-trapping centers generally do not interfere
with the bias condition. Their slow charge-state transitions result in a fixed oxide-trapped
charge density per unit area Qo = gNot, Wwhere Ny, is the oxide-trap density per unit area.
Oxide-trapping centers near the silicon/oxide interface with trap energy levels close to the
intrinsic Fermi level (i.e., border traps or switching oxide traps [46]) may respond promptly to
external bias changes and therefore are included into interface traps. It should be mentioned
that interface traps respond much faster to changes in the surface potential than border traps.
Lumping border traps into interface traps can compromise the model accuracy for frequency-
dependent characteristics. This thesis focuses on the investigation of DC characteristics, for
which this simplification should not be a concern. However, special care should always be
taken for the modeling work on frequency-dependent characteristics.
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Chapter 5. Charge-based physical modeling of TID effects

Impact of trapped charges on MOS electrostatics

The model development begins with a long-channel nMOSFET, for which the gradual channel
approximation remains valid [96]. Trapped charges are assumed to be in a charge sheet of
negligible thickness at the oxide side of the silicon/oxide interface and hence, do not need
to be included in Poisson’s equation [105,211]. Solving 1-D Poisson’s equation for the total
silicon charge density Qs; = Q;+ Qy, subtracting the depletion charge density Qp, = —T', Coxv/'¥s
solved from the charge-sheet approximation, and neglecting the hole contribution gives the
inversion charge density per unit area Q;, as (3.38) in [96]:

ox \Ps_zq)F_Vch_’_E_ W
P Ur o U

Here, neglecting holes makes this charge-based model invalid in accumulation region of a
MOSFET.

. (5.2)

Qi Ty T
Cox

The equivalent scheme of a MOSFET in Fig. 5.2 can be referred to during the following steps
of solving boundary conditions. Introducing oxide- and interface-trapped charges into the
charge balance equation yields

Qg + Qr+ Qsi = —(Qot + Qi) (5.3)

where Qg = Cox Vox is the gate charge density per unit area, Vox = Vg — P — Vs is the voltage
drop across the gate oxide, @ is the metal-silicon work function difference, and Qg is the
fixed oxide-charge density per unit area. Substituting each charge contribution with its full
expression and solving for the inversion charge density per unit area leads to
Qi

~ o = Vas = Vew + cuWs = Vo) + Ws + Ty /s, (5.4)
where cj; = Cji/Cox is defined as the normalized interface-charge capacitance with Cj; = quit
being the interface-charge capacitance. The importance of c¢;; becomes clearer through the
investigation of the influence of interface-trapped charges on crucial device parameters. Here,
Vs is the flatband voltage defined under the equilibrium condition (V. = 0V) as the particular

AQg [ [
Cox—— AV,

G Cp Cit AW, AVgp
AQi| AQu[ AQu| | ]

Figure 5.2 — Equivalent scheme of a MOSFET for CV characteristics.
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value of the gate-to-bulk voltage at which the silicon energy band is flat (¥ = 0V) [99]:

Qr N,
VFB £ q)ms - _C - qC o
ox ox

+ q@p) . (5.5)

Unfortunately, Eq. (5.2) and Eq. (5.4) cannot be reversed, making it impossible to solve the
surface potential and the inversion charge density directly from the terminal voltages in a
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Figure 5.3 — (a) Surface potential ¥ and (b) inversion-charge-density-related potential
—Qi/Cox versus the gate-to-bulk voltage Vgp at different values of the oxide-trap density
Ny and the interface-trap density Dy for an nMOSFET, illustrating the impact of oxide- and
interface-trapped charges on MOS electrostatics. Case I: Nyt = Dj; = 0, Vgg = —0.7V; case
II: Not = 1x 102 cm™2, Dy = 0, Vg = —0.77V; case III: Nyt = 0, Dj; = 3x 102 cm™2%eV™!, Vg =
—0.81V; case IV: Ny = 1 x 10'2cm™2, Dj; = 3 x 102 cm™2eV~!, Vgg = —0.88V. Solid lines plot
the exact results solved from Eq. (5.2) and Eq. (5.4). Dashed lines plot the strong and weak
inversion asymptotes of the surface potential in (a) and the results of the charge-voltage
formula Eq. (5.20) in (b). (After Zhang, et al. [126].)
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closed-form expression. The surface potential is therefore set in Eq. (5.2) to solve for the
inversion charge density. The corresponding values of the surface potential and the inversion
charge density are then put into Eq. (5.4) to solve for the gate-to-bulk voltage. The surface
potential and the inversion charge density are now plotted with respect to the gate-to-bulk
voltage in Fig. 5.3 as solid lines for four typical cases: case I, no charge trapping; case II,
oxide-charge trapping only; case III, interface-charge trapping only; case IV, both oxide- and
interface-charge trapping [126].

One important defect-related effect is the subthreshold swing degradation due to interface-
trapped charges [210]. This is usually observed from MOSFET transfer characteristics. It can
also be perceived from the relation of the surface potential and the inversion charge density
versus the gate-to-bulk voltage. Another important defect-related effect is the threshold
voltage shift. For an nMOSFET, positive oxide-trapped charges shift the curves to the left and
negative interface-trapped charges move the curves to the right. However, two types of charges
tend to counterbalance each other and eventually result in a moderate threshold voltage shift.
For a pMOSFET, both types of charges are positive, leading to a significant threshold voltage
shift. The discrepancy between the exact results and the model calculation at low values of
Vs refers to the invalidity of this model in the accumulation region.

5.1.2 Inversion charge linearization

Eq. (56.2) and Eq. (5.4) have been solved from 1-D Poisson’s equation and boundary conditions,
respectively. The inversion-charge-density-related potential —Q;/Cyx can be solved individu-
ally from these two equations as a function of the surface potential ¥ and the channel voltage
Veh at a given gate-to-bulk voltage Vg and a given interface-trap density Dy, corresponding
to those two surfaces in Fig. 5.4. The intersection of these two surfaces demonstrates the final
solution to the inversion charge density under a certain bias condition. However, solving
Eq. (5.2) and Eq. (5.4) does not yield an analytical expression of the inversion charge density
versus the external biases. To reach a closed-form expression including interface traps, we
propose to first find an approximate expression of Eq. (5.4) through inversion charge lineariza-
tion and then introduce it into Eq. (5.2) for eventually deriving an approximate solution, as
done for the original EKV MOSFET model [96].

Linearizing the inversion charge density versus the surface potential is a fundamental step
towards the development of the original EKV MOSFET model, which however does not include
defect-related effects [96,212]. In this part of the modeling work, it is demonstrated that in
the presence of oxide- and interface-trapped charges, the inversion charge density can still be
linearized. This enables us to obtain explicit model equations similar to those of the original
EKV MOSFET model but with an additional scaling factor and revised device parameters. Since
oxide-trapped charges simply reduce the flatband voltage without influencing the linear be-
havior of the inversion charge density, the following discussion will focus on the incorporation
of interface-trapped charges into the inversion charge linearization using Fig. 5.5 [126].
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Figure 5.4 — Inversion-charge-density-related potential —Q;/Cyx versus the surface potential
W, and the channel voltage V., solved from (a) 1-D Poisson’s equation and (b) boundary
conditions at a given gate-to-bulk voltage (Vg = 1.1V) and a given interface-trap density
(Djt =3 x 102cm~2ev ).
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Figure 5.5 — Inversion-charge-density-related potential —Q;/Cyx versus the surface potential
VW, and the channel voltage V., at a given gate-to-bulk voltage (Vgg = 1.1V) for an nMOSFET,
illustrating the validation of inversion charge linearization. S1 and S2 refer to a zero value and
3 x 102cm™2eV~! of the interface-trap density Dy, respectively. (After Zhang, et al. [126].)
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In the absence of interface-charge trapping and at a given gate-to-bulk voltage, the inversion
charge density given by Eq. (5.4) is independent of the channel voltage, as shown by the surface
S1 in Fig. 5.5. The surface potential at which the inversion charge density becomes zero is
defined as the pinch-off potential Wp [96]. It is also independent of the channel voltage, as
illustrated in Fig. 5.5 by the blue dashed line, which is the intersection of the surface S1 and
the floor plane at a zero Q;. Furthermore, the inversion charge density is almost linear with
respect to the surface potential [96], as evidenced by the blue solid line in Fig. 5.5, which is the
intersection of the surface S1 and the vertical plane at a zero V. This is consistent with the
weak dependence of the slope factor n(¥s) = d(—Qi/Cox)/d¥s = 1 + '/ (2y/¥s) on the surface
potential in inversion, as demonstrated by the blue line in Fig. 5.6 for a zero Dy [126].

Except for the dependence on the surface potential, interface-charge trapping makes the
inversion charge density also depend on the channel voltage. Hence, the pinch-off potential
becomes also a function of the channel voltage, as illustrated in Fig. 5.5 by the red dashed
line, which is the intersection of the surface S2 and the floor plane. This red dashed line
corresponds to a function that relates the pinch-off potential to the gate-to-bulk voltage:

VGB = Vip + ¢ic(¥p — Ven) + Pp + Tp/Pp. (5.6)

The pinch-off potential can be solved from Eq. (5.6) as

V*
G, 1 L )] (5.7)

oT2 (202 20

where Vi, £ Vg — Vig + ¢it Ven and 6 = 1 + ¢. Setting ;¢ = 0 or equivalently 6 = 1 in Eq. (5.7)
brings the original pinch-off potential Wp, i.e., (3.37) in [96]. Setting a zero V,, or equivalently

V*

¢g = Vo — VeB in Eq. (5.7) gives the pinch-off potential under the equilibrium condition Wpy.

Since the surface S2 in Fig. 5.5 remains "flat" in the regions of interest, the inversion charge
density in Eq. (5.4) can be linearized but with respect to both the surface potential ¥ and
the channel voltage V. Linearizing Eq. (5.4) versus ¥ and V., around the point (Vs = Wpo,
Ven =0, and Q; = 0) results in

S = -n(¥s—W¥po) + cit Ven, (5.8)
COX
where
né_w 14 T + i (5.9)

0¥ W, =W po, Ven =0 2v/¥po

is the slope factor n(¥s) = 1+ I'y/(2v/¥s) + ¢ including the influence of interface-trapped
charges and evaluated at the pinch-off potential under the equilibrium condition. The slope
factor n(¥s) corresponding to a high density of interface traps is plotted versus the surface
potential W as the red line in Fig. 5.6 [126]. In inversion, it is still a weak function of the surface
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Figure 5.6 — Slope n(¥;) of the inversion-charge-density-related potential —Q;/Cyx versus
the surface potential W at a given gate-to-bulk voltage (Vgg = 1.1V) and different values of
the interface-trap density Dj for an nMOSFET, illustrating the validation of inversion charge
linearization. (After Zhang, et al. [126].)

potential and can therefore be approximated as a constant:

G* Dyt

’
Cox

~

Iy
n=1+ + it = ng +

2v¥y

where ng =1+1'y/(2v/W¥y) is the slope factor in the absence of interface-charge trapping and
Wy =20f + mUr is a constant slightly larger than 2®p (m is typically between 2 and 4) [96].

(5.10)

Setting a zero Q; in Eq. (5.8) and solving for the surface potential leads to an approximation of
the pinch-off potential:

~ Cit
Wp =Wpg + ;Vch, (5.11)

which corresponds to the intersection of the approximated surface of S2 and the floor plane,
as plotted by the red dashed line in Fig. 5.5. Introducing it into Eq. (5.8) yields

Q. —n(¥s—¥p), (5.12)

Cox

which is identical to the original expression, i.e., (3.39) in [96], except that the pinch-off
potential now depends on the channel voltage, according to Eq. (5.7) or Eq. (5.11).

In weak inversion, the inversion charge density remains negligible compared to the depletion
charge density. Combining Eq. (5.2) and Eq. (5.4) and neglecting the exponential term leads to
an approximate expression of the gate-to-bulk voltage versus the surface potential [190]:

VB = VB + Cit(Wslwi — Ven) + Wslwi + T'p v/ Wslwi, (5.13)
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which is identical to Eq. (5.6). Solving it for Wy gives the weak inversion asymptote of the
¥, versus Vgp curves, as plotted by the colored dashed lines in Fig. 5.3a. By definition, the
pinch-off potential solved from Eq. (5.6) actually falls on this weak inversion asymptote. The
inserted figure in Fig. 5.3a presents the dependence of the pinch-off potential on the channel
voltage in the presence of interface-charge trapping.

5.1.3 Revised EKV MOSFET model equations

Inversion charge linearization has proved to be valid in the presence of oxide- and interface-
trapped charges. Implementing it in the derivation of the charge-voltage relation, the current-
charge relation, and the VS model leads to the generalized EKV MOSFET model that accounts
for defect-related effects.

Charge-voltage relation

An explicit expression of the surface potential can be obtained in the form of the inversion
charge density and the channel voltage from Eq. (5.8) and introduced into Eq. (5.2) for deriving
an explicit expression of the charge-voltage relation. To do this, it is convenient to first rewrite
Eq. (5.2) in its normalized form:

Ys—2¢s—v=In

.Zn( .2n+2 W)] (5.14)
ql’}/b qub S ’ .

where gj £ Qi Qspec With Qgpec £ _2nUrCy still defined as the specific charge, ¥ LY /Uy,
¢¢ = ®p/Ur, and yp, 2 T, //Ur. The surface potential solved from Eq. (5.8) is normalized as

Cit
Ws=Wpo+ ;U -24q; (5.15)

with o = Wpo/ Ur as the normalized pinch-off potential.
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Figure 5.7 - Normalized threshold shift vg, as a function of (a) the normalized inversion charge
density gj, (b) the normalized channel voltage v, and (c) the normalized gate-to-bulk voltage
vg at different values of the oxide-trap density Ny and the interface-trap density Dj;.
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Substituting the normalized surface potential in Eq. (5.14) with Eq. (5.15) and rearranging the

mathematical terms results in
zn(q2n+2,/u/ LY Zq)] (5.16)
il it o+ —v—2all, )
Yb le P n '

J

no
2qi+1Inq; = ypo — 2 - 7v—ln

-~

Ush

where vgy, is the threshold shift. Due to the simplifications for Eq. (5.2), this expression is valid
only when v, = 2q; (Y = 24g; corresponds to ¥ = 0). Fig. 5.7a shows the vy, variation with
respect to g;. The vgy, variation never exceeds unity, allowing us to neglect the g; term:

v ~ln(4n\/ +Citv) (5.17)
sh ~ '}/b WpO n ) .

which is seen almost independent of v in Fig. 5.7b, enabling us to further neglect the v term:

Vg = mzln(%,/wpo). (5.18)

Fig. 5.7c plots Eq. (5.18) as a function of vz and demonstrates a weak function of ypo(vg).
Eventually, the threshold shift vy, is approximated as a constant at 2.8 for this 28-nm bulk
CMOS process.

The normalized pinch-off voltage is defined as the particular value of the normalized channel
voltage at which the left hand side of Eq. (5.16) is equal to zero:

n
Up = — (Wpo — 2¢bf — Ugp). (5.19)
no
Introducing Eq. (5.19) into Eq. (5.16) eventually leads to the explicit charge-voltage equation
no
2gi+Ing; = g(vp —-0). (5.20)

Compared to the original equation, i.e., Eq. (4.10) [96], Eq. (5.20) includes a scaling factor
no/n=1/(1+ cit/ np) to account for the effects of interface-trapped charges. Solving Eq. (5.20)
with v equal to v £ Veg/Ur or vg £ Vpp/Ur gives the normalized inversion charge density at

the source or the drain end of the channel (gs or gq).

To further simplify Eq. (5.20), an approximate expression of the pinch-off voltage is obtained
using the strong inversion approximation. The pinch-off voltage in strong inversion is defined
as the particular value of the channel voltage at which the inversion charge density becomes
zero. With oxide- and interface-charge trapping, the surface potential still tends to saturate
around Yl = Vo + Vi, as shown by the horizontal dashed line in Fig. 5.3a. Introducing this
strong inversion approximation into Eq. (5.4) and solving it with a zero Q; leads to a function
relating the gate-to-bulk voltage to the pinch-off voltage:

Vs = Vig + (1+ ¢i)Wo + Vp + Tpv/Wo + Vp. (5.21)
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This equation is plotted in Fig. 5.8, which demonstrates an almost linear relation between
the gate-to-bulk voltage and the pinch-off voltage for any of those four typical cases inves-
tigated in Fig. 5.3 [126]. This is consistent with the almost constant first-order derivative of
Eq. (5.21) versus the pinch-off voltage dVgg/dVp = 1+ T,/ (2v/Wo + Vp) = 1+ T,/ (2y/Wy), which
corresponds to the slope factor in the absence of interface-charge trapping ny.

The threshold voltage is now defined under the equilibrium condition as the particular value
of the gate-to-bulk voltage when the inversion charge density becomes zero:

N,
VTchms—%+\Po+rb\/\yo+cﬁ(\yo—%)— qNot (5.22)

[0):¢€ (0):¢
)

~ s\

Vio AVy
where V7 is the threshold voltage in the absence of oxide and interface traps and AVr is the
threshold voltage shift induced by the compensated effect of oxide- and interface-trapped

charges. Unlike for an nMOSFET, both types of trapped charges are positive for a pMOSFET
and influence its threshold voltage in the same direction.

The pinch-off voltage can now be approximated as

~Ves—VWr

Vp (5.23)

no
which demonstrates a linear relation with the gate-to-bulk voltage. This approximate pinch-
off voltage is influenced by oxide- and interface-charge trapping only through the threshold
voltage. Its constant slope versus the gate-to-bulk voltage is consistent with the derivatives
of Eq. (5.6) and Eq. (5.19): dVge/dVp = (ng/n)(dVge/d¥pg) = (ng/n)(dVge/d¥p) = ng. The
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Figure 5.8 — Gate-to-bulk voltage Vg versus the pinch-off voltage V5 at different values of

the oxide-trap density Ny and the interface-trap density Dj; for an nMOSFET, illustrating the

influence of oxide- and interface-trapped charges on the threshold voltage. (After Zhang, et
al. [126].)
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dashed lines in Fig. 5.3b plot the approximate solution of the inversion charge density solved
from Eq. (5.20) and Eq. (5.23). The approximate solution demonstrates a slight variation with
respect to its exact counterpart at low values of Vg for all of those four cases, which can be a
result of approximating vgy, to be a constant, as derived from Fig. 5.7. Except for this region,
the approximate solution matches very well with its exact counterpart, demonstrating the
sufficient accuracy of this explicit expression for a simple model that accounts for the effects
of oxide- and interface-trapped charges.

Current-charge relation

The drain-to-source current still relies on the classical drift-diffusion transport model [96]

dvy do;
Ip= ,UOW(_Qi_S +Ur Ql),

5.24

dx dx ( )
where p is the low-field channel mobility that is assumed constant along the channel and x is
the position along the channel from the source to the drain. Solving Eq. (5.8) for the surface
potential and introducing it into Eq. (5.24) yields

Qi ) dQ;i ¢ dVip
Ip=uyW||Up - — | — - —0Q;——|, 5.25
D= Ho ( T nCox) dx n Y dx ( )
which can be written in its normalized form
. » Ip dgi ¢ dv
ld Ispec ( 6/1) df 7 qi df ( )

with ¢ £ x/L describing the relative position along the channel from the source. In the
presence of oxide- and interface-charge trapping, Ispec £ Ispecy W/ L is still defined as the
specific current with Igpecn £ ZnuOCOXU% defined as the specific current per square. Eq. (5.26)
is almost identical to the original expression, i.e., Eq. (4.21) in [96], except for the additional
last term representing the effect of interface-charge trapping.

To obtain a full charge expression of the current that can then be integrated in the charge
domain as in the original EKV MOSFET model, a charge expression of the last term in Eq. (5.26)
needs to be found. This can be done by differentiating Eq. (5.20) with respect to ¢:

dv_ n(2+1)%

v__n(,, 1)da (5.27)
d¢ no qi) d¢

Introducing Eq. (5.27) into Eq. (5.26) results in a fully charge-based expression of the drain
current that includes the effects of oxide- and interface-trapped charges

ig= —— (1+2q;) —=. (5.28)
The drain current is then simply obtained as in the original EKV MOSFET model by integrating
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Eq. (5.28) from the source to the drain in the charge domain:
. _n 2 2
fa= [+ ds ~ (da+ qg)]- (5.29)

This equation is almost identical to the original expression, i.e., Eq. (4.4) [96], except for the
additional scaling factor n/ng that accounts for the effects of interface-trapped charges. Here,
gs and qq are linked to the terminal voltages through Eq. (5.20) by replacing g; and v with g5
and vs at the source and ¢gq and v4 at the drain. Thus, solving the corresponding expressions
with Eq. (5.29) relates the drain current to the terminal voltages for a long-channel MOSFET.

Velocity saturation effect

The effect of VS is among the most important short-channel effects and has been included
in the original EKV MOSFET model via the VS parameter A, as explained in Section 4.1.1. In
the absence of oxide and interface traps, Mangla has detailed the derivation of the VS model
in [203] with both the drift and diffusion terms. The same derivation procedure is now carried
out for incorporating defect-related effects into the original model equations.

The effective mobility e, which relates the drift velocity of free carriers vgyif; to the combined
effect of the longitudinal and vertical electric field Ey, is defined as

2 Udrift (Ex)

ff = ) (5.30)
¢ | Exl

as shown in Fig. 5.9a [96]. When the electrical field Ey reaches a critical value E, the carrier
velocity vqrif Saturates to a particular value vgqt, corresponding to

A Usat

a e (5.31)

Uz
Normalizing the carrier velocity vq.ig and the electric field Ex respectively to vgae and E, yields

1 fore<1

v(e

togy 2 Eett = Ve _ : (5.32)
Hz e l/e fore=1

where e = |Ex|/ E. is the normalized electric field and v(e) = vgrift/ Vsat iS the normalized carrier
velocity. This modeling work uses the piecewise linear velocity-field model, which is illustrated
by the blue lines in Fig. 5.9a [96]. Unlike the low-field channel mobility pg, y, increases with
the vertical electrical field E,, as seen in Fig. 5.9b from three solid lines corresponding to
different values of E, [96].

Since |Ex| = d¥/dx, the drift-diffusion transport expression Eq. (5.24) can be written as

i

dx’

Ip = perQil Ex| + tet Ut (5.33)
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Figure 5.9 - (a) Definitions of the carrier mobility; (b) dependence of the carrier mobility u, on
the vertical field E, at a low longitudinal field. (After Enz [96].)

whose normalized form is given by

ia=2q, 28—, 3 (5.34)
d— ql . df . .
Here, the term u refers to the effective mobility normalized to the low-field channel mobility

as

et _ et fr
Ho Hz Mo

LA (5.35)
Since the mobility reduction due to the vertical electric field is not considered at this stage of
the modeling work, u, = o and u = u.g. In a velocity saturated device, the condition at the
drain end of the channel can now be described as

qdi = qdsat (5.36a)
v=ue=1, (5.36b)
0qi

— =0, 5.36
3¢ ( c)

with which Eq. (5.34) can be simplified to
2
fgeqr = ldsat (5.37)
Ac

This equation is the same as the original expression that does not account for defect-related
effects [113,203].

Linking the 2e/A. term in Eq. (5.34) to dys/d¢ through

2¢ ELI|El L d¥s d¥/Ur dys

Ac Ur E. Up dx  dx/L  dé’

(5.38)
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solving the first-order derivative on both sides of Eq. (5.19) as

dys crdv _dg
— -2 , 5.39
dé ~ ndé T dé¢ -39)

and repeating the same procedure for Eq. (5.28) leads to an expression of the drain current
flowing through the channel region where the carrier velocity does not saturate:

. n dgi

lg=-—u—\1+2¢q;) —. 5.40

d 1o ( ql) df ( )
Assuming that the longitudinal electric field remains smaller than the critical value at each
point along the channel and the carrier velocity saturates right at the drain side, thereis u =1
throughout the channel from the source to the drain. Solving Eq. (5.40) as Eq. (5.28) and
considering Eq. (5.36) leads to

. n
fdsat = .- [Gs + G2 — (Gasat + G5ar) ] - (5.41)

The saturated inversion charge density at the drain end of the channel and the accordingly
saturated drain current can now be solved in the normalized form from Eq. (5.37) and Eq. (5.41)

as
255 e (g5 +42)
(dsat = , (5.42a)
2+ 2L Ac+ \/4 (1 + nﬂoac) + (222 (1+245)°
4L (gs+q5
idsat = 2 ( i S) ’ (5.42b)

2+ Ao+ \/4(1 FEA)+ (R0 (1+245)°

in which the scaling factor n/ny in front of the VS parameter and the inversion charge density
at the source end of the channel represents the effects of interface-charge trapping.

Reverting Eq. (5.42b) gives an expression of the inversion charge density at the source end of
the channel as a function of the saturated drain current:

\/4%idsat +(1+Ac idsat)z -1
= 5 .

qs (5.43)

To derive the current-voltage expression, it can be introduced into Eq. (5.20) for the source
end of the channel:

n
\/470idsat +(1+ Acidsat)z -1/ -(1+In2),
(5.44)

o no .
z(vp —Ug) = \/471018at +(1+ /lczdsat)z +In

which accounts for the effect of VS for a short-channel MOSFET.
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5.1. A generalized EKV MOSFET model including traps

Hence, the drain current in inversion region of saturation operation is modeled through
the simple equation Eq. (5.44) with only five model parameters, i.e., the slope factor ng in
the absence of interface-trapped charges, the slope factor n that accounts for the effect of
interface-trapped charges, the specific current per square Ispec, the threshold voltage Vr, and
the VS parameter A.. Setting A, = 0 in Eq. (5.44) brings back the long-channel model, which is
obtained through solving Eq. (5.20) and Eq. (5.29) at the source end of the channel.

Compared to the original expression, i.e., Eq. (4.14) [96], interface-charge trapping introduces
ascaling factor ng/n = 1/(1 +cit/ np) in front of the normalized current igs,: and the normalized
saturation voltage vp — vs, in addition to the shifted threshold voltage and the degraded slope
factor. Newly developed explicit expressions in the presence of oxide and interface traps are
quite similar to their original counterparts and therefore maintain many properties of the
original EKV MOSFET model.

Small-signal characteristics

The derivation of small-signal model equations has been partly presented in Section 4.1.1.
Following the same procedure, the corresponding expressions that account for the effects of
oxide- and interface-trapped charges are given below:

. . no .
; . weak inversion : ~ —ldsat
Guns VA% g + (4 Aciasa)” — 1 Bms =7 sat 545
—— = 8ms = ; i .
Gspec 2+ ;- Ac(1+ Acigsar) strong inversion: gms ~ %.
s
no ; 2 weak inversion : GmnUr ~1

GmnUr 3 \/4701dsat + (1 + Acigsa)” — 1 : Ip o 546

I 225 A(+ Acigead] i  Gguup 1 49

n e ctdsat’] tdsat | gtrong inversion : ~—
In Acldsat
. . no

G 1 +ali, 1 weak inversion:  gmg = ;1(1,
_ms _ Sms = vy - (5.47)
Gspec 2 . . no ,

P strong inversion: gms =1/ —Iiq.

n
. . GmnUr
o weak inversion : =1,
GmnUr \/1+471d_1 Ip
= g : . . GmnUt 1 (5.48)
Ip 25 1d strong inversion : ~ .
ID Ny »

7l

Eq. (5.45) and Eq. (5.46) account for the effect of VS on small-signal characteristics of short-
channel MOSFETs, while Eq. (5.47) and Eq. (5.48) are the corresponding long-channel model
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equations. Both sets of equations include the effects of oxide- and interface-charge trapping
through the scaling factor ng/n and the normalizing factor Ispec. Their strong and weak
inversion asymptotes are also summarized here and should be updated accordingly when
performing parameter extraction.

5.1.4 Model validation with wide-channel MOSFETs

The experimental investigation in Section 3.2 demonstrates that total ionizing radiation influ-
ences 28-nm bulk MOSFETs through radiation-induced oxide- and interface-charge trapping.
Irradiation measurements can therefore be used for validating the newly developed gener-
alized EKV MOSFET model, which in turn serves for a better understanding of the main
experimental phenomena. To avoid the interfered effects of charge trapping related to differ-
ent dielectric components, this step of model validation is conducted against wide-channel
MOSFETs, whose degradation is mainly attributed to gate-oxide-related charge trapping.

Model parameters are extracted from measurements using an approach similar to that in
Section 4.1.2 with updated asymptotes summarized in Section 5.1.3. The drain leakage current
of 28-nm bulk "MOSFETs is a weak function of the gate-to-bulk voltage and modeled as
a constant current flowing through a gateless charge-controlled device. For 28-nm bulk
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Figure 5.10 — Validation of the generalized EKV MOSFET model with the measured | Ip| — | Vsl
curves in saturation operation (|Vpsg| = 1.1V) of (a, c) long- and (b, d) short-channel (a, b)
n- and (c, d) pMOSFETs corresponding to pre-radiation and 1 Grad of TID. (After Zhang, et
al. [126].)
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Table 5.1 — Parameters of the generalized EKV MOSFET model for wide-channel MOSFETs [126]

Devicetype | W (um) | L(um) | An | AVqp | Noc (cm™2) | Dy (cm™2eV™})
n 2.75 1 0.1 2 7.8x 101 1.4x 10"
n 3 0.03 0.11 | -56 | 9.1x10'"! 1.6 x 10'?
p 2.75 1 0.045 | -48 | 3.2x10% 6.3 x 1011
p 3 003 | 002 | -39 | 3.9x10! 2.8x 10

PMOSFETs, the drain leakage current is believed to originate from the peripheral substrate-
drain junction leakage and also weakly depends on the gate-to-bulk voltage. Therefore, for
both n- and pMOSFETSs, a constant leakage is added to the generalized EKV MOSFET model at
each TID step for considering the effects of TID on the switched-off state.

With properly extracted parameters, the generalized EKV MOSFET model is compared to
pre- and post-irradiation measurements of long- and short-channel n- and pMOSFETs in
Fig. 5.10 [126]. Despite a small number of parameters, this newly developed model demon-
strates an excellent agreement with measurement points in a broad range of device operation.
The effects of TID are efficiently captured by Alpje,k for the drain leakage current increase,
An = ¢i; for the subthreshold swing degradation, AVt for the threshold voltage shift, and
(Ispecy / M)/ specry / m)o 0T Ac/ Ao for the low-field channel mobility reduction, whose values
are partly listed in Table 5.1 [126].

Explicit expressions of model parameters provide an efficient approach for the extraction of
the densities of oxide- and interface-trapped charges at each TID step, which serve for the
modeling work of introducing device scalability in Section 5.3. Oxide and interface-trapped
charges are assumed negligible in fresh 28-nm bulk MOSFETs. According to the definition of
the slope factor in Eq. (5.10), the interface-trap density can be extracted from the slope factor
increase as

¢itC AncC,
Dy=—"=—2=% (5.49)
q q

Since ¥ = 2®g + 2.8Ur for this 28-nm CMOS process, the threshold voltage shift defined in
Eq. (5.22) can be expressed as

2
D; N,
AV, = T2 @op 4+ 2,80 - 122, (5.50a)
ox , COX
AV AV
2
Dy N,
AVrp = — qc t(@®p +2.8Ur) — qc ot (5.50b)
[0):€ B ox

Avit Avot

Eqg. (5.50a) and Eq. (5.50b) correspond to n- and pMOSFETs, respectively. The slope factor
increase An or the interface-trap density Dj; enables us to calculate the threshold voltage
shift due to interface-trapped charges AVj.. Deducting it from the total threshold voltage shift
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Figure 5.11 — Threshold voltage shift AV (on the left axis) and slope factor increase An (on
the right axis) with respect to TID for a long-channel MOSFET of (a) n- and (b) p-types. (After
Zhang, et al. [126].)

AVr gives the contribution of oxide-trapped charges AV, from which the oxide-trap density
Nyt can be extracted. The oxide- and interface-trap densities extracted from long-channel
MOSFETs, as shown in Table 5.1, are within the range reported in the literature [209, 213].
For short-channel nMOSFETs, the oxide-trapped charge density should be extracted after
removing the influence of the radiation-enhanced DIBL effect. This will be accounted for
later in this section when using this generalized EKV MOSFET model for a comprehensive
discussion of the observed radiation effects.

Fig. 5.11 plots the slope factor increase An and the threshold voltage shift AVt with respect
to TID for long-channel MOSFETs, indicating radiation-induced oxide- and interface-charge
trapping [126]. For the long-channel nMOSFET, the threshold voltage first decreases and then
increases, suggesting the counterbalancing effect of oxide- and interface-trapped charges.
Even though the ultimate threshold voltage shift is small, the extracted oxide- (7.8 x 101 ecm™2)
and interface-trap densities (1.4 x 1022 cm—2eV1) still imply the effects of TID-induced charge

V=0V Dy interface-trap
formation N~
» = E-h pair_
Ve=1.1V B 8 Vom0V ge”era“o%@q
g GOX o [ b
Source LbD oo Drain N
One E.
(p++) HaloRetrogradev'—\::Illo (p++) K“\ S~— ‘
N E,
n-well |
. 3
(a) Vow=1.1V Vgp=-1.1V HfO, Si0, ¢ Si (b)

Figure 5.12 — (a) Cross section of a high-x pMOSFET along the channel width and (b) its
schematic illustration of TID-induced charge trapping under the diode condition. (Zhang, et
al. [127].)
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trapping. The long-channel pMOSFET has a smaller oxide-trap density (3.2 x 10'! cm™2) and
a moderate interface-trap density (6.3 x 10! cm=2eV~!). However, due to the accumulated
effect of oxide- and interface-trapped charges, its threshold voltage shift is still high.

Both Table 5.1 and Fig. 5.11 present a smaller slope factor increase for pMOSFETs. This is
probably a result of the negative gate bias during irradiation. According to the basic processes
explained in Section 2.2, Fig. 5.12 illustrates TID-induced charge generation and evolution
in a 28-nm bulk high-x pMOSFET under the diode condition (Vg = Vp =0V and Vg = Vw =
1.1V) [127]. When Vg = —1.1V, positive protons in both SiO, and HfO, transport away from
the semiconductor/oxide interface towards the gate electrode. Their chance to react with H-
passivated interface traps close to the surface channel is very low, leading to a slight influence
on the subthreshold swing. Though positive protons may get trapped at the interface of SiO»
and HfO,, influencing device behaviors to a certain extent.

5.1.5 Main observations about model parameters

This generalized EKV MOSFET model including defect-related effects has demonstrated its
capability of capturing the effects of TID up to 1 Grad on wide-channel 28-nm bulk MOSFETs.
It is now applied to investigate TID effects on various sizes of 28-nm bulk MOSFETs and to
provide insights into where to improve for a comprehensive radiation-aware compact model.

Parameter extraction

Based on previous observations, such as 1) the considerable influence in the subthreshold
region or reduced bias points in inversion due to the TID-induced drain leakage current in-
crease and 2) the correlation of the VS parameter and the specific current through the low-field
channel mobility, special care is taken for extracting model parameters more precisely and
efficiently. The parameter extraction relies on fitting Eq. (5.44) with measured data using
a nonlinear least-squares solver in Matlab. Fig. 5.14 summarizes the extraction procedure,
including pre-processing of raw data, optimization of initial guesses, curve fitting with the non-
linear least-squares solver, and extraction finalization with the normalized transconductance
efficiency [127]. Each step with the corresponding purpose is explained as follows.

The TID-induced drain leakage current increase Alpjeqi of 28-nm bulk MOSFETs is domi-
nated by external leakage components and is modeled as a Vgg-independent constant. For
a switched-on device, this leakage is considered negligible compared to the main channel
current Ipmain. However, for some MOSFETs, such as the smallest tMOSFET (Fig. 3.8d) and
the narrow/long-channel pMOSFET (Fig. 3.8g), the significant drain leakage current increase
interferes device operation in weak inversion and covers the real evolution of some parameters.
To ensure a higher extraction accuracy and obtain information close to the real case, the drain
leakage current Ipjeq is first carefully extracted and its increase AIpjeak is then removed from
all measurement points, as illustrated in Fig. 5.13a. Since AIpjeqax comes from the parasitic
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Figure 5.13 — Parameter extraction with the generalized EKV MOSFET model using an
nMOSFET as an example. (Zhang, et al. [127].)
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Figure 5.14 — Measured |Ip| and calculated | Ip — A Ipjeax| versus |Vgg| curves of (a) an nMOSFET
and (b) a pMOSFET, showing the influence of the drain leakage current increase on device
performance.

channels or the reversely biased drain-substrate junction, removing A Ipjeqi from Ip brings
the switched-off region almost back to the pre-irradiation condition, as shown in Fig. 5.14.
The remaining Vgg-dependent leakage of some nMOSFETs is due to the crude assumption of
the Visg-independent parasitic leakage current, despite that the parasitic channel may spread
across the whole depth of the STI sidewall with a gradually fading gate control from the surface
channel to the bottom of the STT oxide.
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Curve fitting with the nonlinear least-squares solver requires appropriate initial guesses and
bound limits for all parameters. The extraction of EKV model parameters starts with pre-
irradiation measurement results. Once the initial guess of the pre-irradiation slope factor
is obtained from the In/(GnUt) — Ip curve in weak inversion (Fig. 5.13b), the measured
data is then fed into the nonlinear least-squares solver for extracting no, Ispec0, Aco, and
V1o (Fig. 5.13c). The drain leakage current increase Alpjeaxg is added back after extracting
all other parameters. Extracted parameters are eventually evaluated with the normalized
transconductance efficiency using those updated asymptotes in Fig. 5.13d. From now on,
each irradiation step takes the extracted values from the previous step as initial guesses and
bound limits are set carefully for model parameters to evolve in a reasonable direction.

Intercorrelations among some parameters are also considered when setting initial guesses
and bound limits. For example, instead of using Ispec that is a function of both 7 and uo, the
parameter extraction applies

I
PO 219 Cox U2 (5.51)
n

for separately guiding their evolution. Since both Ispec /7 and A, are related to the low-field
channel mobility, their ratio

IspecD

nic

= CoxUtVsatL (5.52)

is maintained constant at the pre-irradiation value. Thus, all yy-related parameters can be
extracted through the extraction of the low-field channel mobility at the same time.

TID effects on trap-linked parameters

The slope factor increase and the threshold voltage shift allow us to extract the oxide- and
interface-trapped charge densities, which in turn help us comprehend the observed radiation
effects and facilitate the future model extension to more device dimensions. To serve for
the next step of the modeling work, it is important to ensure the extraction accuracy of the
slope factor and the threshold voltage. Fig. 5.15 summarizes the shift of these two parameters
for four corner n- and pMOSFETs with respect to TID up to 1 Grad [127]. As compared to
Fig. 3.13c, Fig. 3.11b, Fig. 3.15¢, and Fig. 3.12b correspondingly, both parameters evolve as the
individually extracted subthreshold swing and threshold voltage but showing slightly different
values. From Fig. 5.15¢, it is clearer to see the negligible slope factor increase of short-channel
PMOSFETs, as explained through Fig. 5.12.

TID-induced low-field channel mobility reduction

Radiation-induced interfacial charges can act as Coulomb scattering centers and affect the
motion of carriers in the conductive channel [153, 206], degrading the low-field channel
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Figure 5.15 — Extracted (a, c) slope factor increase An and (b, d) threshold voltage shift AVt of
four corner (a, b) n- and (c, d) pMOSFETs using the generalized EKV MOSFET model. (Zhang,
etal. [127].)

mobility. Oxide bulk traps lie further away from the inversion layer, whose influence on the
low-field channel mobility is considered negligible compared to that of interfacial traps.
As explained in Section 5.1.1, border traps have been lumped into interface traps when
deriving the generalized EKV MOSFET model. Following the Sun-Plummer mobility reduction
model [214], the effective low-field channel mobility g is simply related to the buildup of
interface-trapped charges through the equation

A Hoo
Lo = m, (5.53)
where g is the low-field channel mobility without the influence of interface-trapped charges
and aj; is the radiation-induced mobility reduction parameter. This simple mobility model
has also been applied by Fleetwood et al. to develop a dual-transistor model, which features
midgap and mobility charge-separation analysis of identically processed n- and pMOSFETs,
for evaluating the radiation response of MOSFETs.

For each MOSFET, this newly introduced parameter a;; should be constant throughout all TID
levels. Based on the parameter definition, Dj; and gy can be extracted from each set of n and
Ispecy - These two parameters can be then introduced into Eq. (5.53) for calculating ai;. The
calculated aj; demonstrates a TID independence in Fig. 5.16a, as expected. Its constant value
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Figure 5.16 — TID-induced evolution of mobility-related parameters of 28-nm bulk MOSFETs:
(a) calculated radiation-induced mobility reduction parameter a;; (b) @i extraction through
fitting the mobility reduction model with the extracted o; (c) calculated Ispec/(nAc); (d)
extracted Ispec. (Zhang, et al. [127].)

for narrow-channel nMOSFETs at high TID levels is ~1 x 10713 cm2eV, which falls within the
range reported in the literature [173,215]. Its much lower value for narrow-channel nMOSFETs
at low TID levels and wide-channel nMOSFETs throughout all TID levels is probably due to
the less accurate extraction from the slight mobility variation. To obtain a constant a;; for each
MOSFET, Eq. (5.53) is applied to fit the extracted py, as illustrated in Fig. 5.16b. The mobility
reduction model with the obtained aj; can be then introduced back to model the specific
current per square Ispec and the VS parameter Ac.

When not fixing Ispecy / (nAc) across different TID levels, this term can be calculated from
extracted values of two ug-related parameters, i.e., Ispec /7 and Ac. As shown in Fig. 5.16c¢, it
is almost constant for each nMOSFET with slight fluctuations, indicating the proportional
relation of these two parameters and confirming our procedure of setting it to be constant.
Since interface-trapped charges increase the slope factor and degrade the low-field channel
mobility, the specific current per square Ispec falls around average values and does not show
a unidirectional variation, as observed from Fig. 5.16d. This behavior of Isyec is implemented
later directly into the parameter extraction procedure for linking different parameters, as
explained in Section 5.2.
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Chapter 5. Charge-based physical modeling of TID effects

TID-induced effective channel width reduction

Narrow-channel pMOSFETs demonstrate a dramatic drive current loss (Fig. 3.12a) partly due
to a significant threshold voltage shift (Fig. 3.12b). They also present a significant reduction in
the peak transconductance (Fig. 3.12d), which however does not necessarily link to a low-field
channel mobility reduction in consideration of the slight subthreshold swing degradation.
As described qualitatively in Section 3.3.2, this serious performance degradation is mainly a
result of an effective channel width reduction in addition to the considerable threshold voltage
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Figure 5.17 — TID-induced evolution of geometry-related model parameters: (a) Ispec/n vari-
ation; (b) extraction of the reduced channel width AW, by a linear fit of Ispec/n versus the
channel width W;,; (c) extracted AW, versus TID; (d) AW, extraction by a linear fit of Ispec/n
versus the channel width Wy; (e, f) extraction of the reduced channel length AL by a linear fit
of n/ Ispec versus the channel length L. (Zhang, et al. [127].)
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shift. From the design perspective, the following analysis aims at a quantitative evaluation of
the effective channel width reduction in pMOSFETs, as summarized in Fig. 5.17 [127].

Instead of using the dimensionless term Ispec / 11, the following analysis involves a geometry-
dependent term Ispec/ 1. This term of narrow-channel pMOSFETs displays a significant varia-
tion by more than 50% in Fig. 5.17a, which is consistent with the considerable drive current
loss. To gain insights about the relative contribution of the effective channel width reduction,
we first consider the Ispec/ n term of long-channel pMOSFETSs, for which we can neglect possi-
ble effects on the channel length. Introducing a new parameter for the reduced channel width
AW, the Ispec/ n term can be expressed as

Ispec eff

, W, - AW
=2H0COXUT I .

, W
= 2410 Cox Ut ———

(5.54)

When plotting it versus the channel width W, its intersection on the horizontal axis represents
the reduced channel width AW and its slope provides insights about the low-field channel
mobility yg, as illustrated in Fig. 5.17b. To extract AW, this equation is applied to fit the
extracted Ispec/n of long-channel pMOSFETs versus the channel width W. As shown in
Fig. 5.17¢, the reduced channel width AW eventually goes up to 60 nm for long-channel
pMOSFETs. This is more than half of the total channel width of the narrowest-channel
pPMOSFETSs, explaining their dramatic Ispec/n variation. To better simulate the radiation
response of narrow-channel pMOSFETs, it is therefore of great interest to introduce this effect
into the generalized EKV MOSFET model.

The same approach can be applied to evaluate the effective channel width of nMOSFETs.
As observed from Fig. 5.17d, the Ispec/n— Wy curves do not show an obvious change in the
horizontal intersection. The effective channel width of nMOSFETs is believed to remain
constant at the nominal value. Inverting the term Ispec/ 7 gives an expression of n/ Ispec:

n 1 Lett 1 L-AL
Ispec ZMOCOXU% w ZNOCOXU% w

) (5.55)

which can be used similarly for evaluating the effective channel length of irradiated MOS-
FETs. The n/Ispec-related analysis with wide-channel MOSFETs is illustrated in Fig. 5.17e
and Fig. 5.17f. Total ionizing radiation does not influence the effective channel length of
28-nm bulk MOSFETs as 65-nm bulk MOSFETs, suggesting again the insignificant influence of
spacer-related charge trapping.

5.2 Design-oriented compact modeling of TID effects

5.2.1 Aradiation-aware design-oriented compact model

The generalized EKV MOSFET model captures the slope factor increase An through Qi and
the threshold voltage shift AVt via Qq¢ and Qjt. Both the specific current per square divided
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Chapter 5. Charge-based physical modeling of TID effects

by the slope factor Ispec/n and the VS parameter A are related to the low-field channel
mobility . TID-induced mobility degradation is modeled through an additional curve fitting
with already extracted parameters, which introduces discrepancies between model results
and measurements of MOSFETs of typical dimensions. Besides, the Ispec/n term provides a
quantitative method of extracting the effective channel width. However, this approach relies
on an assumption of the same low-field channel mobility and provides an average channel
width reduction for MOSFETs of the same length. Due to the channel-width-dependent effects,
MOSFETs of the same length but different widths may have different values of the low-field
channel mobility and the reduced channel width. To comprehensively model the effects of
TID on 28-nm bulk MOSFETSs, it is proposed to account for these two additional effects directly
during parameter extraction.

The effective channel width reduction is simply modeled through an additional parameter
AW that characterizes the portion of the reduced channel width. Introducing the effective
channel width

Wegg 2 W — AW, (5.56)

directly into the parameter extractor allows us to extract AW together with all other parameters.
This parameter is only added for pMOSFETs, which suffer the significant effect of the radiation-
induced effective channel width reduction.

We now model the TID-induced mobility reduction. Introducing Eq. (5.10) and Eq. (5.53) into
the definition of the specific current per square leads to

2 1

1+ a’itDjt )

2

q Hoo
Ispect, = 2| ng + — Dy | ————
speco ( 0 Cox lt)1"'0-’itDit

CoxUz = Ispecy0 (1 + Dit (5.57)

1 Cox

Since Ispec remains almost constant throughout all TID levels, as shown in Fig. 5.16, it is
worth setting

(5.58)

Thus, TID-induced mobility degradation is simply modeled with Eq. (5.53) through relating
the mobility reduction parameter a;; to the pre-irradiation slope factor ny, extracting the
low-field channel mobility pgo from the pre-irradiation specific current per square Ispeco, and
obtaining the interface-trap density Dj; from the slope factor increase An. When Eq. (5.53)
is complete with the extraction of these three parameters, all y-related parameters can be
modeled accordingly.

By now, all crucial effects of TID on 28-nm bulk MOSFETs have been considered, including 1)
the drain leakage current increase AIpjeqak, 2) the radiation-enhanced DIBL effect Aagjpy, 3) the
effective channel width reduction AW, 4) the subthreshold swing degradation AnUtIn(10),
5) the threshold voltage shift AVt, and 6) the low-field channel mobility reduction through
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5.2. Design-oriented compact modeling of TID effects

Eq. (5.53). Except for Alpjeax, Aagin;, AW, the effects of TID on all other parameters can
be modeled as a function of Dj; and N,;. With five more parameters than the original EKV
MOSFET model, this design-oriented compact model comprehensively accounts for the
effects of TID on 28-nm bulk MOSFETs and provides an efficient approach for predicting their
radiation response.

With proper initial guesses and bound limits, all model parameters can be extracted together
through the parameter extractor programmed in the Matlab environment. To complete the
analysis of TID effects on design parameters, Fig. 5.18 summarizes the extraction of parameters
related to newly introduced models for the low-field channel mobility and the effective channel
width [127]. The reduced channel width of four corner pMOSFETs plotted in Fig. 5.18a is
consistent with their initial threshold voltage or equivalently their average channel doping
concentration, as compared to Fig. 3.29. Narrow- or short-channel pMOSFETs have a smaller
channel width reduction than wide- or long-channel ones. However, due to RINCE, narrow-
channel pMOSFETs demonstrate a higher percentage of channel width reduction, as shown in
Fig. 5.18b, corresponding to their dramatic drive current loss. Fig. 5.18c and Fig. 5.18d present
the TID-induced evolution of the low-field channel mobility. The modeled and extracted
values of the low-field channel mobility are equal since the parameter extraction is forced to
respect the mobility reduction model.
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Figure 5.18 — Extraction of (a, b) the reduced channel width AW}, of pMOSFETs and (c, d) the
low-field channel mobility o of both - and pMOSFETs using the design-oriented compact
model. (Zhang, et al. [127].)
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Figure 5.19 — Validation of the design-oriented compact model with the measured |Ip| — | Vgg|
curves of two corner (a, b) n- and (c, d) pMOSFETs with respect to TID up to 1 Grad. (Zhang,
etal. [127].)

5.2.2 TID effects on large-signal characteristics

This radiation-aware design-oriented compact model is compared to the measured transfer
characteristics of 28-nm bulk MOSFETs. Fig. 5.19 demonstrates an excellent match between
the model and measurement results for TID levels up to 1 Grad in the whole operation range of
wide/short- and narrow/long-channel n- and pMOSFETs [127]. With five more parameters that
are introduced for modeling the observed radiation effects, the proposed model demonstrates
its capability of fully capturing this 28-nm bulk CMOS process and predicting the radiation
response of 28-nm bulk MOSFETs. This simple compact model can be promising for radiation-
tolerant circuit design with this low-power high-performance CMOS process.

5.2.3 TID effects on small-signal characteristics

The transconductance and the transconductance efficiency are two important parameters
for low-power analog and RF IC design and have been well considered in EKV charge-based
MOSFET models. In the presence of oxide- and interface-trapped charges, their expressions
in the normalized form have been derived using an approach similar to that for the original
EKV MOSFET model and summarized in Section 5.1.3 with their updated asymptotes. The
newly developed small-signal model includes an additional scaling factor that represents the
influence of interface-trapped charges and appears in some asymptotes.
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Figure 5.20 — Modeled and measured results of (a, ¢, e, g) the normalized transconductance
Gm/Gspec and (b, d, f, h) the normalized transconductance efficiency Gy, nUr/ Ip of narrow-
channel (a-d) n- and (e-h) pMOSFETs with respect to pre-irradiation and 1 Grad of TID. (Zhang,
etal. [127].)
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Since wide-channel MOSFETs show a slight slope factor increase, their small-signal charac-
teristics in the normalized form remain almost unchanged after irradiation. Whether or not
accounting for the influence of interface-trapped charges will not make a big difference in
the normalized form of the smalls-signal model. Therefore, Fig. 4.5 that corresponds to the
original EKV MOSFET model can still be referred to for evaluating TID effects on small-signal
characteristics of wide-channel MOSFETs.

The validation of the newly developed small-signal model is therefore conducted only with
measurement results of narrow-channel MOSFETs that have a higher slope factor increase.
As shown in Fig. 5.20, model results match the measurements very well in the operation
region of interest [127]. The shifting behavior of asymptotes and intercepts corresponds to
the Qjt-induced scaling factor. As a result of the TID-induced drain leakage current increase,
most narrow-channel MOSFETs demonstrate a serious degradation in weak inversion of their
small-signal characteristics. When performing circuit design using this 28-nm bulk CMOS
process, the influence of the drain leakage current increase should be carefully evaluated.

5.3 Scalability of the radiation-aware MOSFET model

Through the slope factor increase and the threshold voltage shift, the densities of oxide-
and interface-trapped charges can be extracted for each MOSFET at each TID step. Some
nMOSFETs demonstrate a radiation-enhanced DIBL effect, as shown in Fig. 3.13d, which is
removed before the extraction of the oxide-trapped charge density. Fig. 5.21a and Fig. 5.21b
respectively plot the TID-induced evolution of the interface- and oxide-trap densities extracted
from wide- and narrow-channel nMOSFETs [127]. This design-oriented compact model
demonstrates a width dependence of TID-induced trapped charges in 28-nm bulk MOSFETs,
indicating the dominant influence of STI-related charge trapping and the unproblematic
impact of gate-related charge buildup. MOSFETs of the same width have their charge-radiation
curves almost overlapping each other, suggesting the possibility of finding an average charge-
radiation curve for the same width of MOSFETs.

The total number of interface and oxide traps over the gate area, i.e., DjyWL and NoWL, is
now investigated as a function of the channel width. This brings interesting information
about TID-induced charge contribution of different dielectric components. Assuming that
radiation-induced oxide- and interface-trapped charges uniformly spread across the gate area
and STI sidewalls, Dyt W L, Dy, Not W L, and Ny can be expressed as

DitWL = Ditsti TstiL + Dit.gox W L, (5.59a)
Dj; = Dit.sti% + Dit.gox; (5.59b)
NotWL = Notsti TstiL + Not.gox WL, (5.59¢)
Nyt = Not.sti% + Not.gox, (5.59d)
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Figure 5.21 — Width dependence of TID-induced trapped charges and trapped-charge scaling
over device dimensions: (a) Dj; and (b) N,; of wide- and narrow-channel #nMOSFETs versus
TID; linear fitting of the total number of (c) oxide and (d) interface traps versus the channel
width; (e) Dij and (f) Ny related to the gate oxide and STI oxides versus TID. (Zhang, et
al. [127].)

where Ty is the equivalent depth of STI sidewalls, Dj; s and Djt gox are the equivalent interface-
trap densities related to STI oxides and the gate oxide, respectively, and No st and No¢ gox are
the equivalent oxide-trap densities related to STI oxides and the gate oxide, respectively.
When plotting the total number of oxide or interface traps versus the channel width, their
intersection points on the vertical axis correspond to the total number of oxide or interface
traps related to STT oxides (Djtsti TstiL 0r Notsti TstiL) and their slopes refer to the oxide- or
interface-trap density per channel width (Djt gox L 01 Not.goxL). Imagining that we shrink the
channel width to zero, the only charge contribution will be from the vertical STI sidewalls
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Chapter 5. Charge-based physical modeling of TID effects

along the channel. Widening the channel then will increase linearly the charge contribution
of the gate oxide.

Fig. 5.21c and Fig. 5.21d respectively plot the total number of interface and oxide traps ex-
tracted from measurement results of long-channel nMOSFETs as a function of the channel
width [127]. Both the intersection points and the slopes of the trap-width curves are increasing
with TID, indicating the increasing charge contribution related to both STI oxides and the gate
oxide. These curves are quite linear with respect to the channel width, allowing us to fit the
extracted values with Eq. (5.59a) and Eq. (5.59c). By performing this curve fitting, Dj; sti Tt
(cm™eV™), Nogsii Tsti (cm™1), Dig gox(cm™2eV 1), and Nog gox (cm™2), which correspond to the
interface- and oxide-trapped charge contribution related to STI oxides and the gate oxide, can
be extracted for each TID step, as shown in Fig. 5.21e and Fig. 5.21f [127].

When the channel continuously narrows, the relative charge contribution related to STI oxides
increases and eventually exceeds that of the gate oxide, resulting in influential RINCE. To
ensure device performance and circuit function, it is suggested not to enter this critical range
of device dimension. By evaluating the difference of charge contribution related to STI oxides
and the gate oxide, it is possible to define a critical channel width Wyj;. It is around 250 nm
for both 28-nm bulk 7- and pMOSFETs, as illustrated in Fig. 5.21e and Fig. 5.21f [127].

The equivalent interface- and oxide-trap densities are dependent on the width and indepen-
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curves of two corner (a, b) n- and (c, d) pMOSFETs using approximated oxide- and interface-
trapped charge densities. (Zhang, et al. [127].)
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dent of the length, as observed from Eq. (5.59b) and Eq. (5.59d). Using the extracted values
of Ditsti Tsti» Not.sti Tsti» Dit.gox, and Not.gox, these two equations can be utilized for evaluating
the TID-induced charge trapping in 28-nm bulk MOSFETs of any dimension for these 12 TID
steps. The black lines in Fig. 5.21a and Fig. 5.21b plot the approximate values of the interface-
and oxide-trap densities for wide- and narrow-channel nMOSFETs. They represent a good
approximation for MOSFETs of the same channel width. Building up an empirical model for
Dit sti Tsti» Not.sti Tsti» Dit.gox» and Noggox as a function of TID allows us to further predict the
radiation response of 28-nm bulk MOSFETs for any TID level.

Fig. 5.22 compares the design-oriented compact model using the oxide- and interface-trap
densities calculated from Eq. (5.59b) and Eq. (5.59d) to measurement results of wide/short-
and narrow/long-channel n- and pMOSFETs [127]. Approximate values of the oxide- and
interface-trap densities still lead to a good agreement between model results and measurement
points for the majority of the tested 28-nm bulk MOSFETs, except for short-channel pMOSFETs
that undergo reverse RISCE and narrow-channel MOSFETs that suffer RINCE. This step of the
modeling work on introducing device scalability is still at the preliminary stage and requires
more efforts to reach a more accurate scalable model.

5.4 Summary

This chapter presents a generalized EKV charge-based MOSFET model that includes the
effects of oxide- and interface-trapped charges. Oxide-charge trapping simply reduces the
effective gate-to-bulk voltage without influencing the linear behavior of the inversion charge
density with the surface potential. Interface-charge trapping introduces a dependence of
the pinch-off potential on the channel voltage. Using a two-dimensional approximation, the
inversion charge density at a given gate-to-bulk voltage is linearized versus both the surface
potential and the channel voltage, in the presence of oxide- and interface-trapped charges.
This allows the derivation of closed-form expressions for the charge-voltage relation and
the current-charge relation. Finally, the effect of velocity saturation is included to model
short-channel devices. The newly derived expressions are similar to those of the original EKV
MOSFET model, with an additional scaling factor and revised device parameters representing
the effects of oxide- and interface-trapped charges. The influence of oxide-trapped charges
is captured by a threshold voltage shift, while the effects of interface-trapped charges are
manifested as a slope factor increase and a threshold voltage shift. Through the slope factor
increase and the threshold voltage shift, the oxide- and interface-trapped charge densities
can be extracted at each TID step for providing deeper insights about the observed radiation
effects and facilitating the model extension to a broad range of devices.

Targeting a more comprehensive model for radiation-tolerant circuit design, further efforts
are made to introduce the effects of TID on the low-field channel mobility and the effective
channel width into the proposed model. The mobility reduction model makes use of available
parameters, including the pre-irradiation slope factor, the pre-irradiation low-field channel

147



Chapter 5. Charge-based physical modeling of TID effects

mobility, and the extracted interface-trapped charge density. Linking all mobility-related
parameters allows us to obtain them together through the extraction of the low-field channel
mobility. The effective channel width reduction is simply modeled through a newly introduced
channel width reduction parameter. This completes the development of a design-oriented
compact model for simulating all crucial effects of TID on this 28-nm bulk CMOS process.
With five more parameters than the original EKV MOSFET model, including the drain leakage
current increase, the radiation-enhanced DIBL parameter, the reduced channel width, the
oxide-trap density, and the interface-trap density, the proposed model presents an excellent
fit with measurement results over a very wide range of device operation up to 1 Grad of
TID, demonstrating its capability of efficiently simulating the effects of TID on 28-nm bulk
MOSFETs. Besides, the extracted trapped-charge densities demonstrate a width dependence,
implying the dominant influence of STI-related charge trapping. Investigating them as a
function of the channel width allows us to isolate the charge contribution of the gate oxide and
STI oxides, which in turn enables us to evaluate TID-induced charge contribution in MOSFETs
of any device dimension. TID-induced Charge contribution related to different dielectric
components can also be semi-empirically modeled as a function of TID, which eventually
extends the proposed model for a broad range of devices to a continuous range of TID levels.
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With the perspective of evaluating its potential use in the HL-LHC experiments, this thesis
has characterized the radiation response of MOSFETs from a commercial 28-nm bulk CMOS
process up to 1 Grad of TID. Overall, this 28-nm bulk CMOS process is very radiation tolerant,
indicating its promising use for radiation-tolerant circuits. Since CMOS scaling improves
the TID tolerance of highly scaled MOSFETs, radiation-hardness-by-design, which relies on
standard CMOS processes and uses innovative design techniques, has become more popular
in hardening integrated circuits. CERN has been applying this approach in designing micro-
electronic components for its particle experiments. The premise for using design techniques
is being aware of the radiation effects on targeted commercial CMOS processes against which
electronic components have to be hardened. Therefore, what has been tested, summarized,
and concluded can convert into guiding information for the future radiation-tolerant circuit
design.

In addition to an extensive understanding of radiation effects on targeted CMOS technologies,
a combination of sophisticated design techniques and radiation-aware compact models
can make radiation-tolerant circuit design more efficient. With a compact model of the
observed radiation effects, circuit designers can predict the radiation response of their design
and harden their circuits in the meantime before fabrication. This reduces the iteration of
designing, testing, and analyzing, alleviating the repetitive cost of time and expense. For
supporting their potential use in particle experiments, this thesis has modeled the observed
radiation effects on 28-nm bulk MOSFETs through the incorporation of TID-induced charge
contribution into the original EKV charge-based MOSFET model. Introducing the observed
typical features eventually leads to a radiation-aware design-oriented compact model that
comprehensively accounts for TID effects on this 28-nm bulk CMOS process.

6.1 Conclusions of this work

The conclusions of this work have been documented in the main body of this thesis and the
most important points are summarized here.
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6.1.1 TID tolerance of 28-nm bulk MOSFETs

The characterization part of this thesis focuses on evaluating measurable radiation effects and
identifying dominant damage mechanisms. The radiation tolerance of this 28-nm bulk CMOS
process has been studied through an investigation of the radiation response of MOSFETs
of various sizes under different experimental conditions. Overall, this 28-nm bulk CMOS
process is very tolerant to TID up to 1 Grad, indicating its promising use for radiation-tolerant
applications. Wide-channel MOSFETs present slight parametric shifts at the switched-on
region, suggesting insignificant charge trapping related to ultrathin gate dielectrics. Spacer-
related charge trapping does not show an obvious influence on 28-nm bulk MOSFETSs probably
due to improved spacer fabrication processes or high energy barriers between spacer materials
and gate dielectrics. STI-related charge trapping primarily explains ionizing radiation damage
to 28-nm bulk MOSFETs, such as the significant drain leakage current increase of "MOSFETs
and the serious performance degradation of narrow-channel pMOSFETs.

Narrow-channel nMOSFETs demonstrate the dominant influence of STI-trapped positive
charges below 100 Mrad and negative interface-trapped charges along the gate oxide and
STI sidewalls at ultrahigh TID levels. The compensation of oxide- and interface-trapped
charges enables nMOSFETs to function well even after 1 Grad of TID. However, STI-related
charge trapping in nMOSFETs contributes a significant parasitic drain-to-source leakage
current and results in a considerable drain leakage current increase. Even though the drain
leakage increase is tenfold lower at —30 °C, which is close to the real operating condition for
the innermost electronics of the HL-LHC experiments, that of narrow-channel nMOSFETs is
still around two orders of magnitude. High-temperature annealing has been seen efficiently
removing the parasitic drain-to-source leakage current. How the latter will evolve over a long
period at —30°C is however unclear. From the power consumption perspective, the drain
leakage current increase of ntMOSFETs should be carefully considered.

In pMOSFETs, both oxide- and interface-trapped charges are positive, making pMOSFETs more
sensitive to TID. Moreover, STI-related charge trapping induces radiation-induced narrow-
channel effects (RINCE), which further degrade the performance of narrow-channel MOSFETs.
Therefore, narrow-channel pMOSFETs undergo the severest performance degradation with a
drive current loss by more than 50%, a threshold voltage shift up to —260mV, and an effective
channel width reduction by more than half of their channel width, which however can be
partly recovered by high-temperature annealing. Owing to a halo-induced higher average
channel doping, short-channel pMOSFETs demonstrate a higher TID tolerance than their
long-channel counterparts. From the design perspective, it is strongly suggested to avoid
using the narrowest-channel pMOSFETs with a relatively long channel.

6.1.2 Physics-based modeling of TID effects

The modeling part of this thesis aims at improving the comprehension of the observed radia-
tion effects and developing a design-oriented compact model for radiation-tolerant circuit
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design. The modeling work starts with a combination of the original simplified EKV MOSFET
model and a newly developed drain leakage current model for simulating the effects of TID on
the whole operation range of 28-nm bulk MOSFETs. Following this first attempt of modeling
TID effects, a generalized EKV MOSFET model is obtained through the incorporation of oxide-
and interface-trapped charges into the original simplified EKV MOSFET model and extended
through an investigation of typical damage features of 28-nm bulk MOSFETs.

The simplified EKV MOSFET model is first employed to simulate the inversion operation
of 28-nm bulk MOSFETs. With a proper parameter extraction, both of its large- and small-
signal models demonstrate an excellent match with measurement results. Those four model
parameters efficiently capture the effects of TID on 28-nm bulk MOSFETs. When it comes
to radiation-tolerant applications, one of the most serious problems is the significant drain
leakage current increase. To better account for its influence on power consumption, a semi-
empirical physics-based model with only three parameters is proposed to predict the drain
leakage level versus TID. Considering its independence on the gate bias, the parasitic transistor
is modeled through a gateless charge-controlled device using a revised EKV MOSFET model.
Combing the drain leakage current model with the simplified EKV MOSFET model enables us
to predict the effects of TID on the whole operation range of 28-nm bulk MOSFETs.

Targeting a radiation-aware design-oriented compact model for radiation-tolerant circuit
design, a generalized EKV charge-based MOSFET model is then derived through the incorpo-
ration of oxide- and interface-trapped charges into the original simplified EKV MOSFET model.
In the presence of oxide- and interface-trapped charges, the inversion charge density at a
given gate-to-bulk voltage can still be linearized but with respect to both the surface potential
and the channel voltage. This allows us to derive closed-form expressions for the inversion
charge density and the drain current, even in the condition of velocity saturation. These
simple formulations demonstrate the effects of TID-induced charge trapping on MOSFET
characteristics and crucial parameters. Despite a small number of parameters, the proposed
model is capable of matching measurement results over a wide range of device operation.
Explicit expressions of device parameters allow us to extract the oxide- and interface-trapped
charge densities at each TID step, which provide deeper insights about the observed radiation
effects and facilitating the model extension to a broad range of devices.

The generalized EKV MOSFET model captures the impact of oxide-trapped charges by a thresh-
old voltage shift and the effects of interface-trapped charges via a threshold voltage shift and a
subthreshold swing degradation. To obtain a more comprehensive model, additional efforts
are made to account for the TID-induced reduction in the low-field channel mobility and
the effective channel width. The proposed mobility reduction model makes use of available
parameters and allows us to extract all mobility-related parameters at the same time. The
effective channel width reduction is simply modeled through a newly introduced channel
width reduction parameter. This brings us the design-oriented compact model that accounts
for all crucial effects of TID on this 28-nm bulk CMOS process with only five radiation-related
parameters. With a proper parameter extraction, the proposed model presents an excellent
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fit with measurement results over a very wide range of device operation up to 1 Grad of TID,
demonstrating its capability of efficiently characterizing and modeling the effects of TID on
28-nm bulk MOSFETs.

This model also demonstrates a width dependence of the extracted oxide- and interface-
trapped charge densities, which is consistent with the dominant influence of STI-related
charge trapping. Studying the total number of oxide and interface traps as a function of the
channel width enables us to isolate the charge contribution of the gate oxide and STI oxides,
which in turn provides us with a straightforward way for evaluating TID-induced charge
contribution in MOSFETs of any device dimension. The extracted charge contribution of the
gate oxide and STI oxides can also be semi-empirically modeled as a function of TID. The
introduction of this scalability allows the radiation-aware design-oriented compact model to
predict the radiation response of a broad range of devices for a continuous range of TID levels.

6.1.3 General remarks

Investigating this 28-nm bulk CMOS process for its future use in the HL-LHC experiments
is beneficial to the whole particle physics community. Targeting the HL-LHC experiments
means in fact setting the most stringent specifications, particularly in terms of integration
density, circuit functionality, power consumption, and radiation hardness, and hence serves
the purpose of setting benchmarks for many others applications. Synchrotron light facilities,
nuclear reactors, space applications, and many other applied experiments are looking forward
to lower-power ultrahigh-performance radiation-tolerant electronics.

This 28-nm bulk CMOS process allows significant advancements in power consumption and
chip integration, which is a must for multi-frame embedded memory, in-pixel data storage,
and stronger trigger and data acquisition systems. The radiation tolerance evaluation up to
such high TID levels uncovers the knowledge of underlying physical damage mechanisms and
provides a sound reference for its application in any conceivable experimental environment.
The outcome of the modeling work based on this 28-nm bulk CMOS process can also be
implemented into design environments, allowing designers to perform their tasks accounting
for the worst case of TID.

Through an extensive experimental investigation, this thesis has demonstrated the high TID
tolerance of this 28-nm bulk CMOS process, although the drain leakage current increase of
nMOSFETs should be carefully accounted for and pMOSFETs with the narrowest channel
should be avoided for extremely harsh radiation conditions. This nanoscale CMOS process
has the same RINCE mechanism with 130-nm and 65-nm CMOS technologies. This may not
be a big concern since narrow-channel MOSFETs are not often used in integrated circuits.
Short-channel MOSFETs are more radiation tolerant than long-channel ones, allowing digital
designers to freely use them for high-performance circuit design. This is opposite with 130-nm
and 65-nm CMOS technologies, for which short-channel MOSFETs demonstrate a worse
radiation tolerance. This thesis also presents a newly developed design-oriented compact
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model that includes all critical effects of TID on this 28-nm bulk CMOS process, which can
be used to predict the radiation response of MOSFETs of various sizes. Even though CERN
has decided to design radiation-tolerant electronics for this upgrade of the LHC with 130-
nm and 65-nm bulk CMOS technologies, this 28-nm bulk CMOS process is still an excellent
candidate for the next generation of the HL-LHC experiments and many other radiation-
tolerant applications.

6.2 Suggestions for future work

When CMOS technologies continuously scale for reducing cost and improving performance,
mismatch in device parameters and variability in transistor performance grow significantly
and can play an important role in analog circuits. Unfortunately, due to the lack of samples
and limited access to CERN's irradiation systems, this thesis could not cover statistical analysis
for evaluating or modeling them. Total ionizing radiation may influence 28-nm MOSFETs of
the same size similarly, in consideration of the slight parametric shifts and the insignificant
bias dependence. For example, two matched MOSFETs may go through the same value of
threshold voltage shift and remain matched under harsh radiation environments. However,
studies should still be conducted to investigate the mismatch and variability of this 28-nm
bulk CMOS process at least prior to irradiation.

The dose rate used for irradiation measurements is set high, i.e., 10 Mrad/h, to reach a proper
time span. It is almost three orders of magnitude higher than the expected level in the future
HL-LHC. Such a high dose rate in irradiation tests may underestimate the performance degra-
dation in real applications, which have been well known as dose-rate effects for lowly-biased
BJTs with defect-rich thick oxides [44, 45, 184]. The radiation response of CMOS technologies
has usually been considered to be dose-rate independent. However, dose-rate effects have un-
expectedly appeared in 350-, 250-, 180-, 130-, and 65-nm bulk CMOS processes probably due
to charge trapping related to thick STI oxides and spacers [69, 81, 216]. Studies are suggested
to estimate low-dose-rate effects of 28-nm bulk MOSFETs.

Until now, experimental investigations and modeling efforts have been devoted to TID ef-
fects on DC characteristics of 28-nm bulk MOSFETs. TID-induced gate-oxide-related charge
trapping affects low-frequency noise characteristics and compromises analog performance
of microelectronic components. Low-frequency noise measurements should therefore be
carried out to access the effects of TID on low-frequency noise performance. Bonaldo et
al. have published some results of low-frequency noise measurements on the same 28-nm
bulk samples in [199], providing the first insight into the low-frequency noise performance
and relevant gate-oxide-related charge trapping. Further efforts can be made to evaluate
the low-frequency noise performance of more MOSFETs and investigating the trap-energy
distribution.

Total displacement damage (TDD) effects involving non-ionizing processes in semiconduc-
tors are of the main concern for devices relying on volume carrier conduction. MOSFETs
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conducting only at a tiny region near the surface channel are believed to be immune to TDD
effects. However, single event effects such as single-event upsets and single-event transient
can still play an important role in degrading electronics fabricated with nanoscale CMOS
technologies [53] and should be carefully evaluated for digital cells in the context of this 28-nm
bulk CMOS process.

This thesis has presented a radiation-aware design-oriented compact model that considers all
kinds of TID effects on this 28-nm bulk CMOS process. For designers to run circuit simulations
while accounting for TID effects, this newly developed model should be properly implemented
into design environments. This modeling work aims at simulating the effects of TID, but the
outcome is not limited to the radiation world. General reliability issues that challenge highly
scaled MOSFETSs, such as bias-temperature instability (BTT) and hot-carrier injection (HCI),
also involve oxide- and interface-trapped charges. This defect-included EKV-based MOSFET
model may also be adapted for the investigation of BTT and HCI effects.
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