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Abstract

This thesis studies the effects of radiation in nanoscale CMOS technologies ex-
posed to ultra-high total ionizing doses (TID), up to 1 Grad(SiO2). These extreme
radiation levels are orders of magnitude higher that those typically experienced
by space applications (where radiation effects in electronic are of concern). How-
ever, they can be found in some specific applications like the large-hadron-collider
(LHC) of CERN, and, in particular, in its future upgrade, the high-luminosity
LHC (HL-LHC). The study at such high doses has both revealed new phenom-
ena, and has contributed to a better understanding of some of the already known
radiation-induced effects.

The radiation response of four different CMOS technology nodes, i.e., 130,
65, 40 and 28 nm, coming from different manufacturers, has been investigated in
different conditions of temperature, bias, dose-rate and for different transistor’s
sizes, providing an unique and comprehensive set of data about the ultra-high
TID-induced phenomena in modern CMOS technologies.

This study has confirmed that the thin gate oxide of nanoscale technologies
is extremely robust to radiation, even at ultra-high doses. The main cause of
performance degradation has been identified in the presence of auxiliary oxides
such as shallow trench insulation oxides (STI) and spacers.

Both radiation-induced drain-to-source leakage current increase and radiation-
induced narrow channel effect (RINCE) are caused by positive charge trapped
in the STI. In this work, thanks to exposures to very high TID levels and to
measurements performed in different conditions of temperature and bias, we show
that the two effects are provoked by charge trapped in different locations along the
trench oxide. Moreover, a new unexpected ultra-high-dose drain current increase
(UCLI) effect, affecting narrow and long nMOS transistors, has been observed.

In-depth studies of the radiation-induced short channel effect (RISCE), re-
lated to the presence of the spacers, have shown that, at ultra-high doses, the
degradation mechanism consists of two phases. A first increase of the series resis-
tance, caused by the radiation-induced charge trapping in the spacers, is followed
by a threshold voltage shift provoked by the transport of hydrogen ions from
the spacers to the gate oxide. This model has been validated by several static
measurements, TCAD simulations and charge pumping measurements. The de-
pendencies of these effects on bias, temperature and size of the transistors have
also been studied in detail.

Moreover, an unexpected true dose-rate sensitivity has been measured in both
nMOS and pMOS transistors in 65 and 130 nm technologies, although the radi-
ation response of MOS devices is considered insensitive to true dose-rate effects.
The current degradation in samples irradiated at a dose-rate comparable to that
expected in the HL-LHC is larger by a factor of ~ 2 than that measured in
the typical qualification test, usually carried out with a much higher dose-rate.
This is clearly of serious concern for the qualification of circuits designed for the
particle detectors of the HL-LHC.
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Chapter 1

Introduction

Over the years, radiation-induced effects have been identified as a possible
serious threat to electronic components, capable of temporarily or permanently
compromising the normal operation of circuits, applications and systems [1H7].
A famous example of how radiation can strongly affect electronics is the failure
of the communications satellite Telstar 1 in 1962. The cause of the failure was a
malfunction of the control system caused by degradation in the performance of
some BJT transistors after an increase in the radiation level in Van Allen’s belt
due to high altitude nuclear tests from both the USA and the USSR [8-10]. More
recent examples are the robots that, over a period of more than six years, have
failed in their attempt to locate and verify the condition of the melted fuel in the
Fukushima power plant, due to the very high radiation levels reached after the
accident in 2011 [11-13].

Radiation effects in electronics can be defined as any interaction between a
particle and an electronic device that can perceptibly influence the expected be-
haviour of the device itself. These radiation-induced effects can be more or less
relevant depending on both the type of the device (e.g. MOSFETs, BJTs, diodes,
etc.) and the energy and type of the incident particle (e.g. electrons, protons,
neutrons, photons, heavy ions, etc.) |14} |15]. However, for the purpose of this
thesis, we are interested in those interactions that lead to an ionization of the
material constituting the electronic component, in particular MOS transistorsﬂ
The ionization process generates electron-hole (e-h) pairs and when this occurs
in parts of the device capable of retaining the generated charge (e.g. isolation
material such as SiOs), the effects produced by multiple interactions can accu-
mulate over time. Therefore, although the impact of the charge generated by the
interaction with a single particle may be completely negligibldﬂ it is important to
assess the effect of prolonged exposure of the device to a particle stream. In fact,

Non-ionizing processes can lead to the displacement of atoms from their position in the
lattice, an effect called displacement damage (DD) [16-35|, which however is generally of little
concern for MOS transistors.

2When, however, the quantity of charge induced by a single radiation event, i.e. a single
particle strike, is high enough to, for instance, corrupt the data stored in a register, we talk
about single event effects (SEEs) [36-43]. It is important to notice that SEEs happen when
e-h pairs are generated in the silicon rather than in the oxides.
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as we will see, electronic devices operating in radiation environments are subject
to numerous interactions with particles.

The number of the generated e-h pairs depends on the amount of energy per
unit of mass released during the interaction between the particle and the mate-
rial which is called total-ionizing-dose (TID). The TID-induced effects in CMOS
technologies are the main topic of this thesis. Contributions to the deposited
dose can come from both charged (heavy ions, protons, electrons, etc.) and neu-
tral (neutrons, photons, etc.) particles. Although the unit of measure in the SI
for the absorbed total dose is the gray (Gy) where 1Gy = 1Jkg™!, it is still
widely used the rad where 1rad = 100ergs/g = 0.01 Gy. The value of the total
dose deposited in a material depends on the material itself, therefore for both
Gy and rad it should be referenced (e.g. Gy(GaAs), rad(SiOz), etc.). Due to
the presence of the gate oxide and other isolation oxides, CMOS technology is
intrinsically sensitive to TID effects and this has led, over the years, to a large
number of publications in the form of journal articles [see e.g., 44-47, and ref-
erences therein|, short courses (e.g., [48, 49]) and books (e.g., [50, [51]). Since
the silicon dioxide SiO, is still widely used as main isolation material in CMOS
technology,the TID levels in this thesis will be referred to this material. In fact,
despite more advanced technology, as the 28 nm, have a gate oxide made in high-K
material, the parasitic oxides, that are the main cause of degradation in modern
MOS transistors, are still produced using SiOs.

Among all the environments in which radiation is a major threat to complex
electronic systems, the large hadron collider (LHC) running at CERN [52], and in
particular its future upgrade, the High Luminosity-LHC (HL-LHC) that should
be operational in 2025 [53|, is by far the one where the highest levels of TID are
expected to be reached. Figure shows a comparison of the estimated total
dose levels for different applications while Table [I.1 summarizes the dose-rate,
i.e., the amount of TID per unit of time, for different environments |3}, 6}, 41}, 54~
64]. These comparisons, although approximate, clearly show that the HL-LHC is
undoubtedly the harsher environment in terms of ionizing dose.

With its circumference of 27 km, the LHC is the largest and most powerful
particle accelerator in the world. This machine is mainly used to accelerate two
beams of protons in opposite directions to a energy of 7TeV each and make
them collide in 4 specific points along the ring. The set of electronic sensors
and particle detectors placed in the collision points is called experiment and the
main experiments along the ring are ATLAS (A Toroidal LHC ApparatuS), CMS
(Compact Muon Solenoid), LHCb (Large Hadron Collider beauty) and ALICE
(A Large Ion Collider Experiment). ATLAS and CMS, which measured the Higgs
boson in 2012, have to withstand the highest radiation level.

Table 1.1: Order of magnitude of the maximum dose rates in different environments
(approximately).

Ground level Low Orbit LHC HL-LHC
rads/day <1073 ~ 107310 ~10% ~ 10°




TID [Gy]
10! 102 103 10% 10° 108 107

DEEP SPACE
PROBES

103 10* 10° 108 107 108 10°
TID [rad]

Figure 1.1: Approximate radiation levels in different applications. The maximum level
of TID expected in the HL-LHC is more than one order of magnitude higher
than that reached in the LHC and more than two orders of magnitude
higher than that experienced by deep-space probes.

Since the LHC radiation environment is produced by the proton-proton in-
elastic interactions, an important parameter related to the TID is the number of
interaction per unit of time, ¢.e., the luminosity £ . The HL-LHC will reach
a luminosity up to 5 x 103 ecm~2s7!, against the peak of 2.06 x 10%* cm=2s~!
reached in the LHC in 2017 [66], and an integrated luminosity of ~3000fb~!
after 10years of operations [67] where 1barn = 107*3 m2  During this time
the accumulation of ionizing dose will reach unprecedented levels, with peaks of
1 Grad(SiOs) in the inner layer of particle detectors and an average dose rate of
~ 0.3 Mrad(SiO,)/day 69], as shown, for CMS, in Figure In particular,
Figure reproduce the internal part of CMS while Figure [1.2b| reports the
simulated dose after 10 years of operation, where it can be noticed that the inner
layer of detectors is expected to be exposed to a TID ranging from 100 Mrad(SiO3)
to 1Grad(SiOy) |70]. For the purpose of this thesis we define TID levels from
10 Mrad(SiOq) as ultra-high doses.

It is important to know that the devices installed in the areas of the experi-
ments where the highest levels of radiation are reached (i.e., those closest to the
collision point), are kept at a temperature between ~ —30 and ~ —20°C. As
we will see, this has some important consequences in the study of their radiation

response.

As in all modern digital and analog electronics, the use of CMOS technology
is pervasive also in devices designed for high-energy physics. Because the devel-
opment of a radiation-hard state-of-the-art semiconductor technology requires an
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investment in multi-billion-dollar range, CERN relies on the use of commercial
CMOS technologies for the design of the application-specific-integrated-circuits
(ASICs) for particle detectors. However, since the market is largely dominated
by applications where the radiation levels are low and the devices are expected
to quickly become obsolete and often replaced, the semiconductor manufacturer
companies give little or no importance to the radiation effects and, in general,
they do not provide any information about the maximum total dose that a tech-
nology can withstand, leaving the task of qualifying the technology to the end
user.

The present LHC detectors use the 250 nm CMOS technology, while the next
generation of ASICs for the HL-LHC will be designed in 130 and 65nm tech-
nologies. It was decided to move to more advanced nodes both because this
allows greater computational power and increased functionality and because the
technology scaling goes in the direction of improving the radiation hardness of
MOS transistors. However, as it will be detailed throughout this thesis, MOS
transistors exposed at the extreme HL-LHC TID levels show a severe reduction
in their performance, due to various degradation phenomena, some of which only
evident at ultra-high doses. The chips designed for the particle detectors have
therefore to be made radiation-hard in the design phase. Hence, it is essential
to understand the fundamental mechanisms of radiation-induced degradation in
CMOS technology, in order to find some strategies to be adopted by the chip
designers to prevent or reduce TID-induced failures in the detectors. This task
is complicated by the extremely elaborate production process of modern CMOS
technologies, the technical details of which are often confidential and therefore
little known. Moreover, since the uniquely high TID levels in the LHC brought
to light new degradation phenomena, qualification processes for electronic com-
ponents designed to work in environments with lower levels of radiation, such
as space missions, may not be suitable for assessing the real long-term degrada-
tion of components intended to be installed inside the particle accelerator. It is
therefore necessary to define a dedicated qualification procedure to ensure that
the produced devices can actually withstand the levels of TID expected in the
HL-LHC.

This thesis studies the radiation response of nanoscale CMOS technologies
exposed to ultra-high TID, as those that will be reached in the HL-LHC, focusing
on both the understanding of the basic radiation-induced phenomena and how to
ensure the radiation hardness of the integrated circuits designed for the particle
detectors. This is in an attempt to present in an organic way the results of
measurements made over several years at the CERN X-ray irradiation facility,
which have produced a large amount of data in different technologies and for
different irradiation conditions.

In particular, in Chapter 2] we will describe the basic of the TID-induced degra-
dation mechanisms in MOS transistors, focusing on the generation and transport
of the generated charge in SiO,. This chapter summarizes the current under-
standing of the basic phenomena and is essential to introduce several concept
that will be used throughout the thesis.
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Chapter [3| details the experimental setup that has been used to obtain most
of the results reported in this thesis and it describes some general aspects of the
radiation response of modern CMOS technologies.

Chapter [4] introduces the effects related to the presence of the shallow-trench-
isolation oxides. In particular, we will study the radiation-induced drain-to-source
leakage current and the radiation-induced narrow channel effects, investigating
the influence of size, bias and temperature for 4 different technology nodes, i.e.,
130, 65, 40 and 28 nm.

In Chapter [5 we analyse the impact of the spacers in transistor exposed to
ultra-high doses. Particular emphasis will be placed on the description of a model
capable of explaining both the behaviour of the MOS transistor during exposure
and its post-irradiation evolution. This model will also be useful for explaining
the radiation-induced short channels effects. As for the STI, the study will be
conducted on four different technological nodes and for different condition of bias
and temperature.

In Chapter [5| we show an unexpected dose-rate dependence of the radiation
response in 65 and 130 nm CMOS technology. As we shall see, this phenomenon
is a serious concern for the designers of the HL-LHC particle detectors.

In Chapter [7] we directly compare the radiation response of 3 different man-
ufacturer in 65 nm CMOS technology and 4 different technology nodes. This
comparison is extremely useful for assessing which CMOS process can be used in
the design of the detectors and which could be a good candidate to replace the
65 nm technology.

Finally, Chapter [§ summarises the results obtained.



Chapter 2

Basic TID-Induced Mechanisms in
MOS Devices

MOS transistors exposed to ionizing dose can show a strong variation in their
nominal behaviour and, under certain conditions, a severe reduction of their per-
formance. As far as TID effects are concerned, the main issues are caused by
radiation-induced charge trapped both in the oxides present in the MOSFET
structure and at the interface between these oxides and the silicon. This section
will show in detail the current understanding in the formation and evolution of
radiation-induced defects and trapped charge in MOS transistors. It is worth to
be noted that the vast majority of articles published on the subject focus mainly
on the study of radiation effects in the gate oxide. Although, as we will see, the
radiation response of this oxide has become less critical in modern technologies,
the basic principles set out in the continuation of this chapter remain valid for
all the oxides in the MOS transistor. These basic effects have been extensively
studied and several excellent books (e.g. [50, 51]), articles (e.g. [44} 46, 47]) and
short courses summarize the main results obtained over the years.

2.1 How Photons Interact With Solid Materials

Photons interact with matter in essentially three ways, namely the Compton
effect, the photoelectric effect, and pair production [48, |71, [72]. The probability of
either of these effects to occur depends on the incident photon energy and on the
target material. At 10keV, which is the energy where the spectrum of the X-ray
source used in the majority of the experiments reported in this thesis reaches its
maximum intensity, photons interact with silicon (Zs; = 14) and silicon dioxide
(Zo = 8) mainly through photoelectric effect, as shown in Figure [2.1]

In the photoelectric effect the incident photon is completely absorbed by the
target atom, which in turn releases an electron. If the incident photons have
enough energy to excite an electron in the K-shell, i.e. the closest shell to the
nucleus, then 80% circa of the interactions will occur with electrons from the
K-shell [48, [72, [73]. For Si, the energy of the K-Shell is 1838.9¢V [74]. Once
the electron is released, an other electron coming from an external orbit (L-orbit
if the electron belonged the K-shell) will drop in the vacated state, causing a

7
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Figure 2.1: Relative weight of the main three photon-matter interaction processes at
different energies and for several materials. At 10keV photons interact
with silicon (Z = 14) mainly through photoelectric effect (After [71]).

low-energy photon to be emitted. The process therefore ends with the formation
of an electron-hole pair. Figure shows a schematic representation of the
photoelectric effect.

The electron emitted in the photoelectric process can in turn directly ionize
many other atoms along its path. Therefore, the largest part of the ionization is
due to electrons generated by the interaction between photons and atoms rather
than the photon itself.

2.2 Trapping and Transport of Charge in Oxides

As we saw in the previous section, the ionizing radiation generates electron-
hole pairs (e-h pairs) in the oxides present in the MOS structures. This charge
can move through the oxide, where it can react with H atoms realising H" ions
(protons), and be trapped in oxide traps. If this charge does not get trapped, it
will eventually reach the oxide-silicon interface where it can be swept away from
the oxide. When the released protons reach the interface, they react with Si-H,

EMITTED ELECTRON
INCOMING P“OTgE‘blET%LRONIC
PHOTON
aWa g

Figure 2.2: Schematic representation of the photoelectric effect.
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forming interface traps.

Figure shows a schematic representation of the band digram of a nMOS
with positive voltage applied at the gate where the main phenomena that occur
after the radiation-induced generation of e-h pairs in the gate oxide [46]| are
highlighted. Those phenomena are:

a) Radiation-induced electron-hole pairs creation

b) Recombination of a fraction of e-h pairs

d) Release of hydrogen ions (H™)

)
)
c¢) Transport of holes in the oxide
)
e) Trapping of holes close to the Si/SiO, interface
)

f) Transport of H" and formation of interface traps

In the continuation of this chapter we will analyse in detail each of these points,
providing a vision of the current understanding of the various phenomena.

2.2.1 Radiation-Induced Electron-Hole Pairs Creation

As reported in section [2.1] the electron emitted from an atom after the in-
teraction between a photon and the material can, in turn, ionize other atoms,
generating electron-hole pairs. In SiO, the pair density generated per rad is
equal to 8.1 x 10'? pairs/cm?® |48], with an e-h pair creation energy of 17eV |75].
Part of this charge is however promptly recombined, as explained in the next
subsection.

2.2.2 Electron-Hole Pairs Recombination

As soon as the electron-hole pairs are produced, a fraction of them will re-
combine. The fraction of holes that escape this recombination is called charge
yield. Recombination occurs only in the very first moments after the genera-
tion of the e-h pairs, due to the relatively high mobility of electrons in silicon
dioxide and hence their tendency to quickly move away from the pair generation
point. The mobility of electrons in the SiO, is approximately 20 cm?V~!s™! at
room temperature and 40 cm?V~—!s™! at temperatures lower than —100 °C, with
a saturation level of velocity around 1 x 107 cms™ for electric fields higher than
5 x 10°Vem™ [76-79]. Therefore, even in an oxide with a thickness of 100 nm,
electrons will exit from the SiO, in picoseconds, if the polarization voltage is high
enough (> 5V in this example) to let them reach the saturation velocity. Holes
mobility significantly varies with temperature and the electric field in the oxide,
Eox, but it is in any case several orders of magnitude lower than the electron
mobility [80-82] and therefore, with respect to electrons, they can be considered
immobile, at least in the very first instants after the pairs’ generation. For these
reasons, after the initial recombination, the effects due to electrons are definitely
negligible compared to those caused by holes.
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Figure 2.3: Schematic representation of the main TID-induced processes in the gate
oxide of a nMOS transistors polarized with a positive gate bias, where the
phenomena related to the formation of oxide-traps are reported in red while
those related to the formation of traps at the interface are shown in green.

(after [46]).

The charge yield is also affected by the average distance between the gener-
ated pairs, which is dependent on both the incident particle and the material,
with an higher recombination probability for neighbouring pairs . Two mod-
els of recombination have been analytically solved: the geminate recombination
model, where the distance between different e-h pairs is supposed to be much
larger than the distance between the electron and the hole of the same pair [44]
and the columnar model, where the electron-hole pairs are generated in a dense
column . Since in the columnar model the e-h pairs are closer to each other
than in the geminate model, the recombination rate is higher. Obviously, the
actual recombination process for most of the materials and particles of interest is
a combination of both the geminate and columnar model .

In Figure the charge yield for different incident particles versus the electric
field is reported. Note that for sufficiently large electric fields (£ >~ 3MV cm™)
the charge yield values of °Co and 10 keV X-rayare very close. Therefore, if the
electric field in the oxide is high enough, this two sources are definitely compara-
ble.

2.2.3 Transport of Holes in the Oxide

In the presence of an electric field, the holes having escaped the initial recom-
bination move from the generation point to the negative electrode, i.e, toward
the Si/SiO, interface in the case of a MOS transistor polarized with a positive
gate voltage or toward the Si/gate interface if the gate is biases with a negative
voltage. Holes transport in the SiO5 through “polaron hopping”, a rather complex
phenomenon strongly dispersive [84] in time. A polaron is a quasi-particle that
describes the interaction between the carrier and the surrounding atoms, leading
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Figure 2.4: Charge yield for different incident particles (after [44]).

to a localized distortion of the structure of the material. Polarons move into the
oxide “hopping” through localized shallow (i.e. close to the oxide valence band)
states, randomly distributed but with an average distance of 1nm [44]. Those
states can be identified with the Ej centers |46, 85, [86] (see subsection .

It has been shown that the hole transport is strongly dependent on temper-
ature [87] (Figure [2.54)), electric field [88] (Figure and oxide thickness [89].
Figures [2.5a] and report in fact the time needed to remove the effect of the
radiation-induced trapped charge after an irradiation pulse, in different condi-
tions of temperature and bias. In this kind of experiments, the gate oxide is
irradiated with a relatively fast (4ps) 12MeV electron pulse [82], in order to
minimize the time between the end of the generation/recombination process and
the measurements. Note how, in Figure [2.5a] and [2.5b] the flat band voltage
is almost completely recovered to its pre-irradiation value for high temperature
and/or high electric fields (AVy,(t = 10% 8)/AV,(0%) ~ 0). This means that,
in these oxides, little amount of holes are trapped in trapping centers (see Sub-
section . Moreover, it has been shown that the hole transit time varies as
~ t4y |[44]. This means that in modern technologies, with a gate oxide thickness
of few nanometers (tpx < 10nm) and electric field Eox > 2MeV, all the not-
trapped holes can, at room temperature, be swept out from the gate oxide few
instances after the e-h pairs generation.

Despite the dependence of the hole transport on temperature, electric field
and oxide thickness, these parameters only change the time scale of the process
and not its behaviour, that is therefore universal in nature [44, 90]. This can
be seen in Figure 2.0, where the evolution in time of the flatband voltage shift
AVp,(t) is almost identical for different temperatures once plotted in the same
scaled time t/t;/5, where t;/5 is the time at which AV}, (t)/AVy,(07) = 0.5 82].

Several works (see |44] and the references within its III.C paragraph) have
proved that the hole transport can be well described with the continuous time
random walk (CTRW) formalism, useful to model hopping transport processes,
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response. The solid line shows the fitting obtained with the CTRW model
(after [90]).



2.2 Trapping and Transport of Charge in Oxides 13

as shown by the solid line in Figure 2.6 This model leads to describe the hole
transport in the functional form F («;t/ts) [82], where only the time scale factor ¢,
is dependent on temperature, electric field and gate oxide, while « is independent

on these parameters, as expected from the universality of the behaviour. For the
gate oxide reported in Figure 2.0 o = 0.25.

2.2.4 Release of Hydrogen Ions

Since hydrogen is heavily used in the fabrication process of CMOS technology
(see e.g. |91]), the holes moving into the oxide can react with the H present in
the oxide, releasing hydrogen ions (H™) [92]:

h* + H (in oxide) — H*

Where h' is the hole. As we will see soon, the protons released in this process
have a key role in the formation of interface traps.

2.2.5 Trapping of Holes Close to the Interface

Along their path from the bulk oxide to the interface, holes can be trapped
in oxide traps, which can be mostly identified with oxygen vacancies in the SiOq
structure. In amorphous silicon dioxide the Si atom is bound with four O atoms.
Each of this four atoms is shared between two Si atoms, so the final structure
can be described with this diagram:

O 9
O*S‘i*O-S‘i*O
O O

or, in a more compact way:
=Si-0-Si=

where =Si indicates the silicon atom bounded with three oxygen atoms. When an
oxygen atom is missing, the two silicon atoms are weakly bonded together and a
hole can easily break the bond and recombine with one of the two electrons of the
Si-Si bond, a structure generally called E' center. When the remaining electron
of the Si-Si bond is shared between the two silicon atoms, we refer to it as an Ej
center, with an energy level between 0.5 and 1eV above the valence band [85]. As
said in subsection these traps have an important role in the hole transport.
On the other hand, when the remaining electron is mainly associated with one
of the two silicon, we obtain an asymmetrical positively charged structures [93]:
a configuration called E/ cen with an energy level >~ 3eV [85]. This last
process is depicted in Figure [2.7(a) and (b), where are respectively reported the
Si-Si bond and the subsequent hole trapping [94].

1Since the Efy center, studied in amorphous SiOs, have properties completely similar to those
of the E}, studied instead in a-quartz, the two nomenclatures are sometimes used interchange-
ably. However, when referring to the oxides present in the MOS transistor, the first is the
correct one.
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Figure 2.7: Generation and annealing of oxide trapped charge (after [94]).

Figure also shows the annealing processes, reversible or permanent, that
can neutralize the positive trapped charge. When an electron tunnelling from the
silicon substrate recombines with the positively charged silicon atom in the oxide,
the Si-Si bond is reformed and the annealing is permanent (Figure [2.7(c)—(a)).
On the other hand, an electron can also tunnel to the neutral silicon atom [94], a
process that can be reversed applying a negative bias (Figure 2.7[(b)) to the gate.

The probability that a charge trapped in the oxide can be neutralized by an
electron coming from the silicon bulk is clearly dependent on the distance between
the oxide trap and the interface. Oxide traps relatively far from the interface
have a very small probability to be reached by an electron coming from the Si
and therefore the charge trapped in these defects is annealed only in relatively
long times. On the other hand, if an oxide trap is close to the interface, it can
easily exchange electrons with the silicon substrate, so it can quickly react to
any change of bias, switching back and forth from the positive charged to the
neutral configuration. This kind of oxide traps are called border traps [95] |96],
as formalized by Fleetwood in [97], where, as a rule of thumb, all the E centers
within 3nm from the Si/SiO, interface are considered as border traps.

The main effect related to the presence of charge trapped in the oxide is a
negative threshold voltage shift, both for nMOS, where positive charges attract
electrons from the silicon bulk to the Si/SiOq interface and therefore to the chan-
nel, and pMOS transistors, where the holes in the channel are repelled by the
holes trapped in the oxide. The same effect can also be seen as a variation of the
flat band voltage Vrg, i.e. the voltage needed to be applied to the gate in order
to flat the energy band diagram of the semiconductor. The variation of the flat
band voltage can be expressed as [50} 75, 98-102]:

1 tox o 1 tox

AVpp = —— —pox(r)dr = ——— zpox(x) dz (2.1)
C(OX 0 tox €ox Jo
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where tox is the oxide thickness, Cox = €ox/tox is the oxide capacitance per
unit area, pox is the density of the charge trapped in the oxide and the reference
point (z = 0) is taken at the gate/SiOy interface. An increase in the amount
of charge trapped in the gate oxide produces a decrease in the flat band voltage
and, hence, a decrease in the threshold voltage since (see e.g. [103]):

2q N 4€ i
Vi = Vg + 205 + Yl A4St gOA St /265 (2.2)
X

where

Ny
¢f = VinIn ( ) (2.3)
(2
and N, is the doping density in the semiconductor, n; is the intrinsic carrier
concentration and V;, = kT'/q is the thermal voltage, where k is the Boltzmann’s
constant and T is the temperature in kelvin.
If we consider a constant concentration pox(z) = pox, Eq. 2.1 can be ex-

pressed as:
lox

AVpg = _Pox z(z)dr = — pox 2y (2.4)
cox Jo 2e0x

From Eq. we can see how the shift in flat band voltage, and in the thresh-
old voltage, is quadratically dependent on the oxide thickness tpx. The extreme
scaling of CMOS technology goes therefore in the direction of a constant increase
in the radiation hardness of the gate oxide, at least for the effects related to the
charge trapped in the oxide. This behaviour has been confirmed for gate oxides
thicker than 20 nm, while for thinner gate oxides the dependence becomes even
steeper, as reported in Figure 2.8, where the flat band voltage shift in MOS capac-
itors [104] and the threshold voltage shift in MOSFETs [105] have been measured
at T~ 80K. In fact, as reported in [106], at very low temperatures holes are
“frozen” in the generation point, preventing the formation of interface traps (see
subsection . In this condition the only contribution to the radiation-induced
flat band and threshold voltage shift comes from the charge trapped in the oxide.
In [104] and [105] the further reduction in the flat band and voltage shift is
explained by the increasing probability of neutralization of holes trapped in the

oxides by electrons tunnelling from both the silicon substrate and the gatdﬂ

2.2.6 Transport of Hydrogen Ions and Formation of Inter-
face Traps

As said in subsection [2.2.4] holes moving into the SiOy can react with Si-H
bonds in the bulk of the oxide, releasing hydrogen ions H". Under a positive
electric field, these ions will eventually reach the Si/SiOq interfaceﬂ where they
react with Si-H bonds, forming a H? and leaving a silicon dangling bond, i.e. a

2Note that the tunnelling of electrons from the gate or the silicon substrate to the gate oxide
is equivalent to the tunnelling of holes from the gate oxide to the the gate or to the silicon
substrate.

3Under negative bias the H'ions will reach the Si/gate interface, where they are less critical.
This is the reason way pMOS were, in old technologies, much more robust than nMOS.
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Figure 2.8: Flat band voltage shift per Mrad(SiOz) in MOS capacitors (a) [104] and
threshold voltage shift per Mrad(SiO2) in MOSFETs (b) [105] measured
for several gate oxide thickness and with T = 80 K. For gate oxide thicker
than ~ 20nm the behaviour is well described by Eq[2.4] while for thinner
oxides the voltage shift is significantly smaller than the one expected from
the t2 y dependency.

silicon atom bonded with three silicon atoms and with an unparied electron at the
Si/SiO, interface, as reported in Figure This defect is called P, center [107-
112].

The transport and the formation of interface traps is strongly dependent on
both temperature and electric field, as can be seen in Figure [2.10a] and [2.10b]
respectively, where the density of interface states Dy in states/cm?eV and Ny in
states/cm? is reported. These figures clearly show that the formation of interface
traps takes much more time than the trapping/annealing of oxide-trapped charge.
At room temperature the process needs more than ~ 1000 s to reach a saturation
value. Moreover, the annealing of interface traps can be extremely slow, and
evident only at relatively high temperatures [113] 114].

As for the oxide-trapped charge, the density of interface traps is strongly
dependent on the oxide thickness, with thin oxides having a better response in
terms of radiation hardness [116, 117].

P, centers can either accept or donate an electron depending on their position
with respect to both the midgap F); and the Fermi Er level. As schematically
reported in Figure 2.11] the defects in the bottom part of the band are mostly
donor-like, i.e. they tend to give an electron when above the Fermi level, becoming
positive, while are neutral below Er. On the other hand the B, centers above the
midgap are acceptor-like, going from negative to neutral respectively below and
above the Fermi level |[111} [112]|. Therefore, while the charge trapped in the oxide
is always positive, the sign of the charge trapped at the interface is dependent
on the bias applied at the gate (and at the other terminals). This means that in
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Figure 2.9: Schematic representation of P, centers at the (111) (a) and (100) (b)
Si/SiOq interface [107] and their formation (c) [47, 108]. In (c) it is also
reported the electron density, where darker regions correspond to an higher
electron density.
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nMOS transistors, which typically have a gate voltage > 0, the interface traps
are mostly negatively charged, while in pMOS they are predominantly positive.
The different sign in the trapped charge provokes a substantial difference in the
overall radiation response of nMOS and pMOS transistors, with the latter usually
more damaged by the TID. In fact, in pMOS transistors both the oxide- and the
interface-trapped charge are positive and therefore their effects accumulate. On
the other hand, in nMOS the charge trapped in the oxide and at the interface at
least partially compensate.
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Chapter 3

(General Elements

In this chapter we will introduce some general elements that will help us to
better understand the results shown in the following chapters. In particular, we
will detail the setup used to perform most of the experiments reported in this
thesis, we will introduce the main parameters that describe the radiation response
of MOS transistors and we will highlight what are the elements that make modern
CMOS technologies sensitive to ionizing radiation.

3.1 Experimental Setup

The extremely high levels of TID required for HL-LHC applications com-
bined with the need to maintain the duration of irradiation test within a reason-
able time span require the use of a radiation source capable of providing very
high dose-rates. Despite radiation sources based on %Co are still a reference
and some of the experiments reported in this thesis were performed with a %Co
source, the maximum dose-rate reached is, in general, too low for our purposes.
Therefore, the irradiation facility of the Electronics Systems for Experiments
(ESE) group at CERN uses two Seifert RP149 systems with a 10-keV X-ray ir-
radiation source, that allows to reach very high dose-rates (in our case up to
10 Mrad(SiOg)/h) [118]. This irradiation system has very similar characteristic
to that developed in 1982 by Palkuti and LePage [119].

Each of the two systems hosted in the X-ray CERN facility consists of:

e an X-ray tube using a Tungsten target with a Beryllium window of 250 pm
to seal the tube and an Aluminium filter of 150 pm, generating an X-rays
spectrum with a peak at 10keV, as reported in Figure [120]. Details
on the tube operation can be found in [119].

e a cabinet to shield the external environment from the scattered X-rays.

Changing the tube-target distance and the power at which the tube is sup-
plied, regulated by both the input voltage V. and the current Iy, it is possible
to select the dose-rate at which to irradiate the device-under-test DUT. The dose-
rate DR is defined as DR = TID/time and, for our purposes, is often measured
in Mrad(SiOs) /h.
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Figure 3.1: Spectrum and dose rate of the X-ray irradiation system.

In order to measure the dose-rate of the beam, a pre-calibrated positive in-
trinsic negative (PIN) photo-diode is used [119} [121]. Its current, when reversely
biased, depends on the electron-hole pairs generated in the depletion region and,
in turn, on the energy of the incident photons. The dose-rate DR is obtained
subtracting from the measured current /eyposea the background value Zgak currents
measured when the PIN diode is not exposed and multiplying the results by a
provided coefficient 3, as shown in Equation |3.1

DR = 6 : (]exposed - Idark current) = 6 ' Iphoto—current (31)

Changing the relative position between the tube and the calibration diode
it is possible to obtain a map of the spatial distribution of the dose-rate inside
the cabinet. Figure [3.Ib] shows the dose-rate map obtained with a distance be-
tween the beam and the photo-diode of 2c¢m and an input voltage and current
respectively equal to 40kV and 50 mA. Note that the peak of the dose-rate used
to irradiate the transistors is ~10Mrad(SiO2)/h, a value that allows to reach
1 Grad(SiOs) in just ~ 4days. The dose-rate provided by the X-ray tube is 3
orders of magnitude higher than the 0.01 Mrad(SiO3)/h expected in the HL-LHC
(see Chapter . Despite the radiation response of CMOS technology is known
to be independent of dose-rate , in Section |§| we will show recent and
surprising results suggesting a dose-rate sensitivity in MOS transistors exposed
at ultra-high doses.

This irradiation system is used to expose electronic devices, in our case mainly
MOS transistors, to total ionizing dose. The transistors to be measured are on
a silicon die fabricated as an ASIC and are usually arranged in arrays properly
designed to study a particular aspect of the radiation response. Figures
shows the 3 arrays belonging to one of these ASICs. Each array consists in two
columns of pads and each pad is connected to one of the terminals of the device,
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as described in the captions on the sides of the arrays. To maximize the number
of MOSFETs contained in an array, several devices belonging on the same array
often share the source, gate and bulk terminal. Custom electrostatic-discharge
(ESD) protection circuits have been designed and implemented to protect the de-
vices, except in the case of arrays designed to perform specific measure (e.g.charge
pumping), that can be done only in structures without ESD protections.

In order to measure these ASICs, a probe card provided with needles of few
pm of diameter is used. The contact between the needles and the ASIC is made
manually, thanks to a microscope and CCD camera connected to a screen placed
outside the cabinet. Figure [3.2b| reports a picture of the screen showing the
needles approaching the ASIC, where 6 columns of pads can be observed, corre-
sponding to the 3 arrays of Figure [3.2a] When the needles touch the surface of
the pads, they remove the thin layer of oxide placed on top of the pads and reach
the underlying metal, providing the electrical contact, as shown in Figures |3.2c|

In order to contact the pad with the needles, the ASIC is placed on a copper
block which is in turn placed on a thermal chuck whose position is manually
adjusted in the three directions thanks to an external controller. Good thermal
exchange and electrical isolation between the chip/block and block /thermal chuck
surfaces is ensured by a thermal pad, i.e., a layer of a material that ensures both
good thermal conductivity and electric isolation. As said before, the position of
the DUT with respect to the position of the needles is verified with a microscope
connected to a CCD camera. The thermal chuck can also regulate the temper-
ature of the DUT, ranging from —50°C to 200°C. To perform measurements
at T" < 0°C the cabinet is saturated of dry air, decreasing the dew point and
therefore avoiding the formation of ice.

Figure shows a picture taken inside the cabinet of the X-ray irradiation
system, where the main elements are highlighted.

The needles are connected inside the probe card to triaxial Lemo connectors,
which are in turn connected through triaxial Lemo cables to a switching matrix
Keithley 707A hosting 3 7072 Matrix cards with 12 outputs each, providing a
total of 36 outputs (see Figure . The switching matrix has the essential role
to route the signals coming from the devices to the 6 source-measure units (SMU)
of the Keithley 4200A-SCS semiconductor analyzer, a powerful instrument for the
characterization of electronic devices. Each of these SMUs allows to both sourcing
and measuring at the same time a device. In our case they are used to sweep
a voltage and to measure the relative current (for instance to perform Ip (Vi)
and Ip (Vp) measurements). Figure schematically displays the connection
between the SMUs and the DUT obtained through the switching matrix. In this
case 3 SMUs are used to measure the second device, as indicated by the coloured
dots.

As shown in Figure[3.4b] in addition to the 6 inputs used to connect the SMUs,
the switching matrix has 2 more input channels, sometimes used to perform CV
measurements thanks to the capacitance-voltage unit (CVU) of the 4200A but
more often connected to a voltage generator in order to bias the DUT between
measurements, i.e.,during the irradiation or annealing steps.

The typical irradiation stress test consists in a series of subsequent steps of
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Figure 3.4: Switching matrix and its connection between the probe card and the semi-
conductor analyzer.

irradiation and measurements, as illustrated in Figure [3.5] At the end of each
measurement step, in which all the devices of interest are characterized, the de-
sired polarization is applied to the DUT and the chip is irradiated up to a certain
total dose and then measured again. The TID steps are defined before starting
the test, which is carried out in a completely automated manner thanks to a
custom LabVIEW software developed in the EP-ESE-ME section of CERN.

In order to measure the post-exposure evolution of the DUT, at the end of
all the irradiation/measurement steps the ASIC is removed from the probe card
inside the X-ray machine and connected to an external setup, very similar to the
one depicted in Figure but with a HP-4155B semiconductor analyzer.

The experimental setups described in this chapter have been exploited to
study the details of the radiation response of CMOS technologies in different
conditions of bias, temperature and dose rate, providing a unique set of results
in several CMOS technologies produced by different manufacturers.

3.2 Main Parameters and Extraction Methods

To describe the radiation response of MOS transistors we will use a series of
parameters extracted from Ip (Vi;) measurements performed on the devices under
test. Since for some of these parameters there are different extraction methods,
it is important to describe how they are obtained.
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Figure 3.5: Typical measurement procedure. Pre-exposure measurements are per-
formed at 25°C and at the temperature at witch the irradiation will be
performed.

Figure shows the drain current Ipg (solid line) of an nMOS transistor in
65nm CMOS technology, measured in linear region (Vpg = 20mV) sweeping the
gate voltage Vi from —0.2 to 1.2V while Vg = Vi = 0V. The maximum level of
current, reached at Vg = Vpp = 1.2V, is called Igr}v, as indicated in the figure.
Another important parameter is the threshold voltage, which ideally defines the
transition point between the OFF and ON regions of the Ip (V) characteristic.
To extract the threshold voltage in linear region, indicated as VI, we use the
linear extrapolation method [see e.g., 124, and references therein| that relies
on the simple description of the drain current in the ON region:

2

[1539 = %NCOX (VGS - V:,lﬂlﬁl) VDS - % (32)
where W and L are, respectively, the channel width and the length of the tran-
sistor, 1 is the mobility measured in m?/Vs and Cpy is the intrinsic capacity
(F/m?). According to this equation, I = 0 when Vgg = V4% + Vpg/2. The
peak of the transconductance gm'(Vgs) = OIL/0Vgg, reported as a dashed
line in Figure [3.6al, is used to find the region of the I (V) characteristic that is
better described by the linear relation reported in Equation The intersection
between the linear fit (dash-dot line) of the characteristic and the Ipg = 0 A axis
minus Vpg/2 defines the threshold voltage V.

The maximum value of the transconductance gmil, is an important pa-
rameter itself and will be used throughout this thesis to evaluate the radiation
response. As can be infer form Equation it is related to the mobility pu, a
parameter strongly affected by radiation. Moreover, as we will see, a variation in
the transconductance can indicate a change in the source-drain series resistance.

Figure shows an Ip (Vi) in saturation region, reported in logarithmic
scale. As for the linear region, we define I}, the maximum level of the current,
reached at Vg = Vpp = 1.2V, while the Ip measured at Vgg = 0V (leakage
current) is called Ippp.

The subthreshold swing S5, is the inverse of the slope, in logarithmic scale,
of the Ip (Viz) characteristic in the OFF region, i.e., below the threshold voltage,
and it is measured in mV /dec.
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Figure 3.6: Definition and extraction methods of the main parameters used to study
the radiation response of MOS transistor.
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The threshold voltage in saturation region V34 is extracted using the liner

extrapolation method in saturation region [124,126] [127], that uses, as reported in
Figure [3.6d], the intersection between the linear fit of the square root of equation

185 = 2 uCox (Vs — Vi)’ (3.3)
and the v/Ipg = 0A'? axis to extract the threshold voltage. The solid line
shows the square root of the current and the dashed line its derivative that is
used, similarly to what was done for the current in linear region, to find the point
where to perform the linear fit (dash-dot line).

As we will see, all these parameters can be strongly affected by radiation, and
will be extremely useful to understand the physicals mechanisms underling the
radiation response of MOS transistors.

3.3 Overview of TID effects in Modern Technolo-
gies

As said in Chapter [I} 130nm and 65nm CMOS technologies have been cho-
sen for the design of ASICs to be used in the detectors of the HL-LHC’s experi-
ments. The gate oxide thickness of the CMOS technologies studied in this thesis
is < 4nm |128-131], and therefore extremely robust to TID-related effects (see
Chapter [2] and, in particular, Figure 2.8). However, as depicted in Figure [3.7]
the radiation-induced transistor’s performance degradation can still be large, es-
pecially at very high doses. Figure shows in fact the percentage variation of
the I%Y
5% (TID) — IE% (Pre-rad)

1z (Pre-rad)

measured at different total dose levels up to 1 Grad(SiOs), the maximum dose
expected to be reached in the HL-LHC detectors. Each measure is indicated in
figure with a circle. Both nMOS and pMOS transistors in this 65nm CMOS
technology show an extreme current degradation at the end of exposure, to levels
that make the devices no longer usable for any practical application. Note that
the same measurement performed without irradiation (triangles) does not affect
the performance of the devices, proving that the IZy degradation is actually
provoked by the exposure to X-ray and not to other phenomena such as, e.g.,
negative bias temperature instability |132] or hot carrier effects [133].

The significant reduction in performance of MOS transistors, which cannot
be explained by charge being trapped in gate oxide, is caused by the presence of
other oxides, in particular the shallow trench isolation STT oxides and the spacers,
which are, in general, much thicker and richer in defects than the gate oxide and
therefore prone to trap a relatively large amount of charge. Figure [3.8 shows a
schematic representation of a nMOS transistor with both these oxides included.
In the next chapters we will describe the main STI- and spacers-related effects
in nanoscale CMOS technology, whit a special focus on the 65nm technology.
We will also report results in 130, 40 and 28 nm technologies, giving therefore a

%I (TID) = 100 x

(3.4)
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are much thicker and richer in defects than the gate oxide.
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comprehensive picture of the radiation response in nanoscale devices exposed to
high and ultra-high doses (to 1 Grad(SiOs)). We will try to both focus on the
physical mechanisms underlying the radiation response of nanoscale devices and
to provide some indication for the qualification of the ASICs for the ultra-high
level of TID expected to be reached in inner layers of particle detectors of the
HL-LHC.

Before proceeding, it is important to know that radiation significantly in-
creases the device-to-device variability [134]. Therefore, rather than focusing on
the specific value reached by a certain parameter after irradiation, we are inter-
ested in evaluating the general trend of its radiation response as the TID varies.



Chapter 4

STI-Related Effects

Ionizing radiation effects related to the presence of STI oxides (introduced
at the 250 nm technology to replace their predecessors LOCOS) are a well know
problem for the radiation hardness of CMOS technology. In fact, while the gate
oxide is extremely thin and robust to TID [45, 123], the STI can have a thickness
of several hundreds of nanometers [135, 136|, making this oxide prone to trap
radiation-induced charge.

Although the effects of the presence of STT have been studied for more than 20
years, exposure to very high doses has provided further information on the phys-
ical mechanisms underlying some of these effects. In particular, we will describe
in details two phenomena that can significantly affect the radiation hardness of
a nano-scale CMOS technology: the radiation-induced drain-to-source leakage
currentf]] and the radiation-induced narrow channel effects (RINCE).

4.1 Radiation-Induced Drain to Source Leakage
Current

The radiation-induced drain to source leakage current increase is a well known
phenomenon (see e.g. [140, [141]), and it is one of the major problems in CMOS
technology exposed to ionizing radiation as it can cause a considerable increase
in static power dissipation [142]. We will begin this section studying the 130 nm
CMOS technology, which shows several features already widely known in the
literature but will nevertheless help us to introduce the phenomenon and to show
how it depends on various parameters such as bias and temperature. Later in
this section, results will also be shown in 65, 40 and 28 nm CMOS technologies.
As explained below, the parasitic leakage current is only of concern in nMOS
transistors.

I'During this thesis we will often shorten the term “drainage leakage current at the radiation-
induced source” to the simpler “radiation-induced leakage current”. However, this should not
be confused with RILC [137H139|, which instead identifies the dependence of the gate current
on radiation. Since in the technologies studied in this thesis we have not measured significant
increases in gate current, this phenomenon will not be discussed and therefore the term “leakage
current” will be used exclusively for the Ippp current.

31
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4.1.1 Leakage Current in 130 nm CMOS Technology

Figure show the evolution of the leakage current (/prr) measured at differ-
ent TID levels for two nMOS transistors in 130 nm technology with W = 150 nm
and L = 130nm. The solid lines report the response of transistors biased, during
irradiation, with Vgs = 1.2V and Vpg = 0V. All transistors are produced by the
same manufacturer and present the same pre-rad electric performance but they
came from two different fabs, namely “Fab. A” and “Fab. B”. We will come back
later on the results depicted by the dashed line.

While the transistor from Fab. A shows, at TID = 2 Mrad (SiO-), an increase
in the leakage current of more than 4 orders of magnitude, the Ippp of the nMOS
from Fab. B has an almost negligible evolution. This figure clearly illustrates
the extreme process-dependency of the radiation-induced effects in the isolation
oxides, which makes it very difficult to develop a model capable to predict the
radiation response without knowing the details, often confidential, of a given
technology. This variability is in fact most likely caused by small differences in
the STI fabrication process, as also reported by Brady and co-workers in |143].
In [144] the within-wafer variability of the radiation response is studied, with
a detailed review of the possible sources of this variability in the fabrication
process of the STI. Note that the pre-exposure value shown in Figure4.1}is almost
the same for both fabs, proving that these process variations do not change the
performance of a not-irradiated transistor.

Figure shows the Ip (Viz) characteristics of the nMOS transistor from the
Fab. A reported in Figure measured before irradiation, after a total dose
of 2Mrad(SiO;y) and at the end of exposure, when the sample reached a TID
of 200 Mrad(SiO2). The increase in the drain-to-source leakage current can be
clearly noticed in the curve plotted in logarithmic scale (dashed line, left axis)
at 2Mrad(SiO2) while at 200 Mrad(SiO2) the characteristic is close to the pre-
irradiation value, with a slight increase in the subthreshold swing, i.e., the inverse
of the slope of the linear portion, in logarithmic scale, of the I (Vi) below the
threshold voltage (see Figure [3.6b).

The main cause of the increase in the leakage current is the activation of
parasitic transistors along the STI, as schematically reported in Figure The
positive charge trapped in the STI can in fact attract enough electrons from the
silicon bulk to invert the parasitic lateral drain-to-source channels. It is clear
that this does not happen in pMOS transistors because both the charge trapped
in the oxide and the charge trapped at the interface are positive, and therefore
tend to repel the holes of the doped silicon, with a consequent increase in the
threshold voltage of the parasitic transistors.

Note that the Ip (Vi) characteristic shown in Figure is almost flat in
the range —0.2V < Vgg < 0.1V at TID = 2 Mrad (SiOs), therefore the current
flowing in these parasitic transistors is beyond the control of the gate voltage. This
suggests that the charge responsible for the inversion of the parasitic channels is
trapped relatively far from the STI-gate corner (also called trench corner) [146],
147, {150} [151]. When, on the other hand, the leakage current is due to charge
trapped closer to the channel, it changes significantly with the gate voltage and is
strongly dependent on the STI topology, and in particular on the corner between
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Figure 4.1: Solid lines: Leakage current versus total dose for two nMOS transistors
in 130 nm technology irradiated up to TID > 100 Mrad(SiO2) with Vg =
1.2V and Vpg = 0V. Small variations in the manufacturing process can
result in a completely different radiation response. Dashed lines: Applying
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gate oxide

(a) Parasitic paths due the charge trapped in the STI. (b) Cross section an MOS transis-

LDD and Halo implants, as well as the retrograde tor in the source-drain direction.
well are depicted [145]. Note that the channel length The doping profile changes with
of the parasitic transistor is roughly equal to that of detpth, as indicated by the dif-
the main MOS. ferent coulours in the Si bulk.

Figure 4.3: Schematic representation of the leakage path opened by the positive charge
trapped in the STI. Doping density of the channel and the silicon substrate
is highly engineered, and the distribution of charge in the STI is not uni-
form [146-{151]. Note also that the gate overlaps the STI.

the STI and the channel [135] 152).

To further confirm our hypothesis on the location of the charge responsible
for the increase of the leakage current, we show in Figure [1.1]the Iopr of a nMOS
transistor irradiated with Vgg = 0V and Vpg = 1.2V (dashed line ). In this
case, the leakage current peak is almost completely removed. Since, as clarified
later and as also reported in [145], the Vpg has a small impact in the evolution
of the Ippp, this experiment proves the strong dependence of the leakage current
from the gate bias. The removal of the Iprpr when Vgg = 0V is an important
indication that the leakage current is flowing far from the trench corner. In
fact, as reported in 151], when a Vgg > 0V is applied during irradiation,
the positive charge is “pushed” in the lower portion of the STI by the electric
field generated by the part of the polysilicon gate that exceeds the width of the
transistor and surmounts the STI oxides (see Figure [4.3D]). Thus, the absence of
a gate voltage prevents the radiation-generated charge from reaching the location
where it can invert the parasitic channel, inhibiting the creation of leakage paths.

Figure [4.4] provides some further details about the radiation-induced leakage
current. Figures to reports the Ip (Vi) characteristics before and af-
ter a TID = 2Mrad (SiO,) of, respectively, standard-, high- and low-Vyg nMOS
transistors from the 130 nm technology with a W/L = 150 nm/130 nm, measured
with two different source-to-substrate voltages (Vsp = 0V, —0.6V), while Fig-
ure [£.4d] shows the evolution of their Iopr with TID. All the transistors have
been irradiated at the same time with Vgg = Vps = 1.2V and Vg = 0V. From
the reported results we can infer:

e In the measurement performed with Vgg = —0.6'V the leakage current is
strongly reduced.

e High-Vrpy transistors have a significantly lower radiation-induced leakage
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Figure 4.4: Radiation-induced leakage current for different Vgp for std-, high- and low-
Vrrg nMOS transistors in 130 nm technology.



36 STI-Related Effects

current.

The first effect has been already reported by Niu and co-workers in [146] and
is due to an increase of the width of the depletion region below the channel
and consequent reduction of free carriers available for the parasitic transistors.
The second effect can be explained by a difference in the doping levels of the
substrate used to modulate the Vrg, where higher doping density leads to a
smaller radiation-induced leakage current [151} |152].

The Iopr(TID) characteristic depicted in Figure is clearly non-monotonic,
as also pointed out by the I (V) curves reported in Figure . To try to under-
stand this behaviour it is useful to describe the parasitic transistors as MOSFETs
whose gate voltage, and therefore drain current, is controlled by the amount of
charge trapped in the STI. Hence, knowing the density of positive charge Nor
in the trench oxide, it could be possible to plot the Iprr(Nor) characteristic.
This has be done by Esqueda and co-workers in |148] and McLain and co-workers
in [149], showing that the Nor expected to be trapped at 1 ~ 2 Mrad(SiOs) is
sufficient to bring in strong inversion the parasitic transistors of the devices used
in their work. Once in strong inversion, a large amount of charge is needed to
increase the current further and therefore the derivative of logy, (Iorr (T'ID))
tends to decrease as TID increases. This explains why the Ippp reported in
Figure reaches a sort of saturation value from TID = 50krad (SiOg) to
TID = 5Mrad (SiOy) with a peak of 2.3pA at TID = 2Mrad (SiOs). More-
over, Faccio and co-workers [153, [154] proposed an explanation of the saturation
in the Ippr based on the concurrent effects of oxide- and interface-trapped charge,
that are opposite in sign and have different build-up times (see Chapter . This
model can also be used to explain the decrease, also reported in Figure [4.1] in
leakage current after TID = 5 Mrad (SiO,).

In the 130nm technology form Fab. A, both effects have an impact when
transistors are irradiated at ultra-high doses. Figure shows the Ip (V) char-
acteristics in saturation region for a nMOS transistor subject to 4 cycles of ir-
radiation up to 1 Mrad(SiO2) and subsequent annealing at 7' = 25°C. All the
irradiation steps have been performed with Vgg = Vpg = 1.2V (diode) while
in the annealing steps the device was either polarized in diode configuration or
not biased. Note that the level of the Ippp after irradiation is very compara-
ble to that reached in Figure [4.1], proving that the Vpg voltage does not have a
strong impact in the radiation-induced leakage current. The first irradiation step
of ~1Mrad(SiO2) provokes an increase in the Ipopp up to its saturation value
(~ 11A). However, after the room temperature annealing the leakage current
due to the parasitic transistors drops below the level of the drain-source current
flowing in the main channel. This fast annealing is an indication that the leakage
current is caused by positive charge trapped in energetically shallow defects in the
STI. Every additional irradiation to 1 Mrad(SiO) tends to restore the parasitic
leakage current, which however is always at a lower level than that reached in the
previous irradiation step. This behaviour can be explained as follow:

1. Irradiation provokes a build-up of positive oxide-trapped charge that turn
on the parasitic transistors.
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Figure 4.5: Cycles of subsequent irradiation and room temperature annealing. After
the first irradiation step the leakage current is constantly decreasing while
the negative shift of the post-annealing curves is always increasing. This
behaviour is independent on the bias applied during annealing.

2. As seen in Section the hole transport induces the release of H" ions,
responsible for the formation of interface traps.

3. The room temperature annealing removes enough charge to bring the cur-
rent of the parasitic transistor below the Ippp flowing in the main channel.

4. A new irradiation step restores the leakage paths. Since the charge produced
by a TID = 1Mrad (SiO,) is sufficient to bring the parasitic transistors in
saturation, the level of Iprr reached is always comparable to those obtained
after the previous irradiation step.

5. However, the formation of negative charge trapped at the interface makes
it more difficult for the new positive charge generated after a further irradi-
ation step to reverse the parasitic channels, lowering the maximum leakage
current.

It is therefore clear that the formation of the leakage current is a complex phe-
nomenon that involves both oxide- and interface-trapped charge, making the task
of predicting its impact in real circuits quite difficult.

Form the post-annealing steps in Figure (dashed lines), we can also ob-
serve that the negative shift of the Ip (Vi) characteristic is constantly increasing,
independently from the bias applied during annealing. The negative shift is an
indication of the lowering of the threshold voltage of the main transistor pro-
voked by positive-trapped charge [155]. It is evident that the charge inducing
this shift does not anneal at the same rate as that causing the leakage current.
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Moreover, the negative shift increases monotonically with the dose, at least in the
measured TID range. As we will se later, the decrease in the threshold voltage
is provoked by radiation-induced narrow channel effects, which are also related
to the presence of the STI oxide. This experiment is the first indication that,
despite they are both caused by charge trapped in the STI, the radiation-induced
drain-to-source leakage current and the radiation-induced narrow channel effects
are regulated by different mechanisms.

We now move to study the temperature dependence of the radiation-induced
leakage current. It is important to study this aspect both because it provides
us with further details on the physical mechanisms underlying the radiation re-
sponse of the Iprr, and because, when operational, some particle detectors in
the HL-LHC, and especially those close to the interaction points, will be kept at
temperatures in a range between —30 and —20°C (see Chapter [1)).

The solid line in Figure shows the leakage current vs TID of a nMOS
transistors in 130 nm technology irradiated at 7" = —30°C, while the dashed
line reports, to facilitate the comparison, the response at 25°C already shown in
Figure 4.1|

At low temperature the leakage current reaches a higher maximum peak and
drops much slowly than at T" = 25°C. This suggests that the accumulation of
interface traps is significantly slowed at low temperature, thus making the effect
of positive charges trapped in the oxide more evident. From the point of view of
the qualification procedure it means that high dose-rate, low-temperature test is
certainly the worst-case scenario for the evolution of the radiation-induced leakage
current in the studied 130 nm CMOS technology from Fab. A.

4.1.2 Leakage Current in Other CMOS Technologies

In analogy with the results shown above for the 130 nm process, also more
scaled technologies can be subject to TID-induced leakage currents.

We start by evaluating the evolution of the leakage current in the 65 nm CMOS
technology. Figure reports the Ippp variation of three nMOS transistors of
the same size (W = 240nm,L = 60nm) from three different manufacturing
companies (Man. A, Man. B and Man. C) irradiated at room temperature up to
1 Grad(SiOQ), with VG’S = VDS =12V.

Transistors from Man. A and Man. C show a difference in the pre-irradiation
Iorr of more that one order of magnitude, but a relatively small variation of
the leakage current even at very high doses. The leakage current increase of
nMOS A is almost perfectly monotonic with TID, going from Ippr =~ 28 pA
before irradiation to Ippr =~ 448 pA at TID = 1Grad (SiO3). On the other
hand, nMOS C shows a small bump around TID = 5/10 Mrad (SiO5) followed
by a decrease and a subsequent further increase up to 1Grad(SiOz). A simi-
lar but much more pronounced trend can be seen in nMOS B, where the peak
reached at TID = 3 Mrad (SiO2) is almost 4 orders of magnitude higher than
the pre-irradiation value. It has to be noticed that the Iporr of nMOS B de-
creases during the first irradiation steps up to TID = 200krad (SiO3). An
analogous behaviour was reported also in [146|, and was explained by a reduc-
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tion in the band-to-band tunnelling current due to the decrease of the drain-to-
channel fringing field induced by the positive-trapped charge in the STI. After
the first peak, the leakage current decreases by almost two orders of magni-
tude up to TID = 100 Mrad (SiO3) and then increases again reaching 67.1nA at
TID = 1Grad (SiO2). This further leakage current increase has never been seen
before and could be explained by a creation of leakage paths due to trapped-
charge located in a different position in the STI with respect to the one causing
the first peak. In fact, we can describe the leakage current as the sum of the
currents of several parasitic transistors connected in parallel, whose threshold
voltage depends on the concentration of doping in the silicon and the thickness of
the oxide (see Figure [1.3). Since in modern technologies the doping profile in the
Si bulk is not uniform but varies with the depth, and, in general, also the thick-
ness of the oxide varies, these parasitic transistors will have different threshold
voltages and therefore will contribute differently to the leakage current [146-151].
Moreover, even the charge distribution in the STT is not uniform and depends on
both the electric field and the charge already trapped. Therefore, it is reasonable
to assume that some parasitic transistors begin to conduct a relevant current
only at high doses or that the charge previously trapped in the oxide and at the
interface changes the electric field in the STI, pushing the new radiation-induced
charges to different locations in the trench oxide. This interesting hypothesis has
to be confirmed by further study.

As already reported for the 130 nm technology, the radiation-induced leak-
age current variation is extremely process-dependent and even transistors with
slight differences in the manufacturing process can have very different radiation-
response. Therefore, the technologies chosen to be used in the detectors have to
be constantly monitored in order to know if their radiation response changed as a
consequence of variations in the production process. It is worth mentioning here
that the manufacturer currently used for the design of particle detectors is the
Man. A, that shows the smallest leakage current both before and after irradiation.

Figure reports the Ippp variation and Ip (Vi) characteristics for nMOS
transistors with similar size in 40 nm and 28 nm technologies from Man. A exposed
up to 500 Mrad(SiOz) ans 1 Grad(SiOs) respectively. Compared to the radiation
response of Fab. A in 130 nm and manufactures B and C in 65 nm reported in
Figure and [4.7] neither 40 nm nor 28 nm technology show a non-monotonic
behaviour in the radiation-induced leakage current. In 40nm technology the
Iopr increases by more than 5 orders of magnitude after 500 Mrad(SiO,) and
the current flowing in the parasitic transistors is only slightly dependent on the
gate voltage, as can be seen from the I (V) characteristics around Vgg = 0'V.
Therefore, as in 130nm and 65nm technologies, the charge is trapped far from
the trench corner. The situation is different for the nMOS in 28 nm technology.
The transistors have a relatively low threshold voltage already before irradiation,
and the current in the parasitic leakage paths is, at Vgg = 0V, comparable to the
current flowing in the main channel. Hence, the increase in the Iorpr observed in
the figure on the left is, in this 28 nm technology, provoked both by the creation
of parasitic paths and by a negative shift of the threshold voltage, caused, as we
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Figure 4.8: Left: leakage current vs TID for nMOS in 40 nm (in blue) and 28 nm (in red)
technology. Right: Ip (Vi) characteristic before and after irradiation for
the same nMOSFETs. For both technologies the leakage current increases
monotonically with TID, and is caused by charge trapped deep in the STT.

will see later, by a combination of radiation induced narrow- and short- channel
effects.

However, Zhang and co-workers showed in [145] that a 28 nm technology of the
same Man. A studied in this thesis but with a different fabrication process, suffers
a severe leakage current increase (Ippr ~ 100nA at TID = 1 Grad (SiO3)) mainly
caused by the creation of parasitic paths. Also in that case, the drain-to-source
leakage current was independent on the Vg, indicating that the positive-trapped
charge is located far from the trench corner.

Moreover, in [145] the monotonic increase in the Ipppis also modelled. The

following equation:
TID \"
I — PreRad 1 4.1
orr orr [ * (T]Dcrit) ] ( )

has been used to describe with a simplified charge-based EKV MOSFET model
the current increase in the parasitic transistors. T'I D, is the dose at which the
current in the parasitic transistor is equal to the current in the main channel and
k is the slope of the measured Ippr(TID) curve in log-log scale. Thanks to this
model it was possible to prove that the parasitic channels in the studied 28 nm
technology are in weak inversion even at very high doses. This is coherent with
the monotonic behaviour reported in Figure where increasing levels of TID
provoke a substantial increase in the leakage current. On the other hand, as
previously said, the Ipppr saturation level reached in the 130 nm technology and
reported in Figure could indicate that the parasitic transistors are in strong
inversion, where a large amount of charge is needed to change the current.
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Figure 4.9 shows the Iprr versus the transistor’s size for the 40 nm technology
exposed to a T'ID of 500 Mrad(SiOz). While, on one hand, the leakage current
is practically independent on the channel width (figure on the left), on the other
hand it follows a 1/L line (figure to the right). This is a strong indication that the
leakage current is actually flowing in parasitic channels from source to drain, with
a channel width dependent only on the amount and distribution of the positive
charge trapped in the STI. A similar dependence for the 28 nm technology was
reported by Zhang and co-workers in [145].

Summarizing, despite the differences in the studied CMOS technologies, all
of them can be prone to radiation-induced leakage current, that is mainly due
to charge trapped in the STI well below the gate level. Small variations in the
fabrication process can provoke large changes in the radiation response, which
has therefore to be monitored each time a new technology is proposed to be used
in harsh environments and also during the development and production phases
of the ASICs, since the foundry may change some details in the process, leading
to a possible substantial variation in the radiation response.

It is worth to mention that the radiation-induced drain-to-source leakage cur-
rent increase can be completely avoided with hardness by design techniques and,
in particular, enclosed-layout transistors (ELT) [156-158], where the STI oxides
do not face the channel and, therefore, the charge trapped in the STI does not
create leakage paths, as schematically represented in Figure [£.10al This layout
completely remove any radiation-induced leakage current increase, as can be seen
in Figure [£.10D], where the Iorp evolution of ELTs is reported for three different
technologies nodes, i.e., 130, 65 and 40 nm.

These transistors are clearly extremely useful for the design of electronic de-
vices operating in radiation environments. However, there are some drawbacks
that limit their use. For example, the aspect ratio of an ELT is always higher than
that of a standard transistor with the same L. In other words, while the channel
length of an ELT may be as short as for a standard transistor, the minimum
channel width is defined by the size of the ring between the source and the drain
and is therefore significantly larger than the minimum W that can be obtained
in a normal device. This certainly limits the possibility of using ELTs when very
high performance is required in terms of both speed and density, as ELTs occupy,
for the same W/L, a larger surface area than standard transistors. In addition,
the limited use of these devices in commercial products results in a poor avail-
ability of libraries in digital design tools and is therefore complex to accurately
simulate their behaviour. In addition, enclosed transistors are inherently asym-
metric, meaning that the roles of source and drain are not exclusively defined by
the voltage applied to the terminals because, as shown in Figure the two
terminals are geometrically different [159]. Therefore, although these transistors
may be essential to ensure greater radiation hardness at critical points of the cir-
cuit, their use entails unpractical consequences and performance penalties. For
this reason, after the systematical use of ELTs for all circuits developed in 250 nm
CMOS for the LHC experiments, this design is only punctually adopted ai 130
and 65 nm technologies for the HL-HLC.
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4.2 Radiation-Induced Narrow Channel Effects

The term RINCE (radiation-induced narrow channel effects) has be introduce
by Faccio and co-workers in [153]| to describe the unexpected channel-width de-
pendence of the radiation response of MOS transistors. Although the intensity
of the phenomenon may vary between technologies, RINCE is present in all the
measured CMOS processes and, as we will see, has common characteristics in all
the devices studied. This is an important difference with respect to the leakage
current, which, as we have seen, in some cases is practically negligible (see e.g.
Figure [1.1). RINCEs can significantly deteriorate the performance of MOS de-
vices and it is therefore appropriate to evaluate their behaviour at increasing TID
and their impact on the devices.

4.2.1 RINCE in 65 nm CMOS Technology

Under this heading we discuss the particularly rich phenomenology of narrow
channel effects induced by radiation. We will report results in the 65 nm CMOS
technology of manufacturer “A” (see Figure , which is currently used in the
design of the HL-LHC particle detectors.

In the first section we will introduce the RINCEs, showing their dependence
on the size of the transistor and highlighting both the similarities and differences
with the radiation-induced leakage current.

In the second section we will show the bias dependence of the radiation re-
sponse in narrow channels MOSFETs. This will lead us to introduce a new
phenomenon measured in nMOS transistors and we will therefore dedicate the
subsequent section to the study of this effect.

Before concluding, we will investigate how temperature influences the radia-
tion response of narrow devices and then we will finish by showing how RINCE is
present in all the 65 nm CMOS processes analyzed. The phenomena introduced
here will then be examined also in all the other technologies studied in this thesis.

Dependence on size. The graphs in the top row of Figure present the
percentage variation of IZ%% in nMOS (left) and pMOS (right) transistors exposed
to a total dose of 500 Mrad(SiOs). These transistors have a channel length L =
10 pm and different channel widths ranging from W = 120nm to W = 1 pm. As
we will see in Section [f], a channel length of 10 pm strongly mitigates the spacer-
related effects and therefore the evolution of these transistors is almost entirely
due to the presence of the STI [160|. During irradiation, the temperature was
kept at 25°C and the devices were polarized with Vgg = Vpg = £1.2'V.

The radiation response of both nMOS and pMOS is strongly dependent on the
channel width, with narrower transistors showing a more evident variation. Note
that, for both nMOS and pMOSFETs, the transistors with W/L = 1pm/10 pm
have a relatively small degradation even at very high doses, proving that the gate
oxide in modern technologies is extremely radiation-hard.

As for the leakage current, nMOS transistors present a non-monotonic be-
haviour due to the different time-scale of the build-up of charge trapped in the
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oxide (faster and positive) and charge trapped at the interface (slower and neg-
ative) [160]. The increase in the I&% around 1Mrad(SiOz) in nMOS transistors
is mainly due to a decrease in the threshold voltage as illustrated in the middle
row of Figure [L.11], where the variation of the absolute value of the Vg extracted
in saturation region is reported. The current degradation after 5Mrad(SiO,)
is traceable to both an increase in the threshold voltage and a decrease in the
transconductance, shown in the last row of the figure.

pMOS transistors, on the other hand, show a monotonic degradation of the
I5%, due to both an increase in the absolute value of the threshold voltagd? and a
decrease in the transconductance. The narrowest pMOS undergoes a considerable
current degradation at the end of the exposure, with a decrease in the I%}, of
almost 40 % at 500 Mrad(SiOs).

The higher degradation in performance of pMOS compared to nMOS is a
common feature of modern CMOS technologies, as shown repeatedly in this thesis,
and is due to the sign of the charge trapped in the oxides and at the interface:
while in pMOS both the oxide-trapped charge and the interface-trapped charge
are positive, in nMOS they have opposite sign (positive in the oxide and negative
at the interface) and therefore their effects tend to somehow compensate.

The channel width dependence, or RINCE, can be understood looking at
Figure that shows a top view of a wide and long transistor (top row) and a
narrow and long transistors (bottom row), before (left column) and after (right
column) irradiation. Since, in a first approximation, the thickness and quality
of the STI do not change with the size of the transistor, the amount of charge
trapped at the end of the exposure is more or less the same for both the narrow
and the wide MOSFET. As a result, the parasitic electric field generated by
the charge trapped in the STI region facing the channel is similar for the two
transistors. However, the narrow transistor is proportionally much more affected
by radiation, since the percentage of channel influenced by the electric field is
higher [154} (160, 161]. From this figure it is also clear that the use of ELT
transistor completely removes RINCESs, since the charge trapped in the STT does
not face the channel (see Figure [1.10a)).

It is important to notice how, in nMOS transistors, the threshold voltage de-
crease around 1 Mrad(SiO3) does not lead to an increase in the leakage current, as
can be seen in Figure[1.13]| where the I (V) characteristic of the nMOS measured
at 1 Mrad(SiOs) does not show any substantial variation in the drain current at
Ves = 0V (bottom-left plot). On the other hand, at TID = 500 Mrad (SiOs), the
Iopr increases of more than one order of magnitude (form ~ 1pA to ~ 10pA),
while the threshold voltage is increasing with respect to its value reached at
TID = 1Mrad (SiOy). This observation leads us to conclude that the causes
of the negative threshold voltage shift in narrow-channel nMOS transistors are

2To facilitate comparison with nMOS transistors, in this thesis we will mainly show the
variation of the absolute value of the threshold voltage rather than the variation of the threshold
voltage itself. Although this may generate some ambiguity with respect to the sign of the
variation, it should be noted that in pMOS the trapped charge is positive both in the oxide and
at the interface, which tends to always decrease (i.e., make more negative) the threshold of the
transistor.



4.2 Radiation-Induced Narrow Channel Effects 47

CHANNEL
<

SOURCE
SOURCE

LLI
3] 3)
x 19
=) 2
o) O
() (]

Figure 4.12: Schematic representation of the radiation induced narrow channel effects
(RINCE). In narrow transistors the electric field generated by the charge
trapped in the STI influences a larger percentage of the channel.

somewhat different from the causes of the radiation-induced drain-to-source leak-
age current, although both effects are certainly due to the positive charge trapped
in the STT oxides. As further support for this claim, we show in Figure [£.14] the
bias-dependence of this phenomenon. The radiation-induced threshold voltage
shift is independent on both Vg and Vpg, while the leakage current increase is
basically suppressed if a Vg = 0V is applied during exposure (see Figure .
The independence from the bias suggests that this effect is either not related
to a transport of charge in the STI or the time scale of this transport is much
larger (or smaller) than the one that can be distinguished from these measures.
Moreover, unlike the leakage current, the radiation-induced V335 shift does not
significantly anneal with time, as shown by the right side of Figure

The independence of the threshold voltage shift in narrow transistors was
also reported by Gaillardin and co-workers in for I/O pMOS transistors
in 180 nm CMOS technology and was explained by the strong contribution to the
electric field of the positive charge trapped in the STI after few krad(SiOs), that
reduces the effect of the applied bias on the subsequent oxide- and interface-charge
trapping.

Since both RINCE and radiation-induced leakage current are obviously related
to the presence of positive oxide trap in the STI, our hypothesis is that this charge
is trapped in different locations: while the leakage current is caused by charge
trapped in the lower part of the STT (see Subsection , the negative Vg shift
in nMOS is due to charge trapped in the STI-gate oxide corner. As suggested
in , the formation of leakage paths in the trench corner is prevented by the
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Figure 4.14: Threshold voltage shift of narrow transistors with different bias applied
Unlike the radiation-induced leakage current, the
threshold voltage shift in nMOS transistors is independent on the applied
bias and does not significantly anneal with time.

during irradiation.
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gate, which has more efficient control over the parasitic transistors that tend to
form in that area of the device and thus prevents it from being switched on.

Despite this being a promising first step towards developing a comprehensive
model of radiation-induced effects caused by the presence of the STI, it does not
clearly explain some important details, e.g. the different bias-dependency between
the radiation response of the Iprr and the threshold voltage during irradiation or
why the RINCE is present in all the studied technologies while the behaviour of
the radiation-induced leakage current is extremely variable. Further studies are
therefore needed to investigate the STI-related effects, which, moreover, become
even more peculiar when ultra-high doses are reached.

Dependence on bias. Although the influence of bias on Vyy variation is, in
all measured technologies and for both nMOS and pMOS, negligible for TID <
10 Mrad (SiOs), at ultra-high doses its effect becomes apparent. Figure shows
the radiation response of 4 narrow/long channel (W/L = 120nm/10 pm) nMOS
(top row) and pMOS (bottom row) transistors in 65 nm CMOS technology ex-
posed to a TID = 400 Mrad (SiO3) and briefly annealed at 7' = 25°C (second
column) before the high temperature annealing, performed at 7' = 100°C (last
column). Both during irradiation and annealing, the transistors were biased with
different configurations, as reported in the legend.

For pMOSFETS, a Vg < 0V provokes a large degradation in the I&% that
becomes even larger when also a Vpg = —1.2V is applied. This is therefore the
worst case for pMOS transistors, and it is the reason why a large part of the
experiments shown in this section have been performed with the devices biased
in this configuration. Both the room- and high-temperature annealing do not
provoke a substantial change in the I¥%, that can actually recover with respect
its value at the end of the exposure. However, since narrow pMOS transistors
suffer a significant degradation in their performance under all the bias conditions,
their use in the ASICs for the HL-LHC has to be carefully evaluated.

nMOS transistors have a more complex bias dependence. As we already no-
ticed, the I} increase happening around 1 Mrad(SiO,) is the same regardless the
bias. Increasing doses provoke a current reduction in transistors with Vgg = 1.2V,
as saw in Figure for the case Vgg = Vpg = 1.2 V. This decrease seems only
slightly dependent on Vpg. However, when Vg = Vps = 0V this degradation
is strongly reduced and the &y actually further increases if Vps > 0V. To
summarize the observations in the nMOS:

e For TID < ~ 10 Mrad(SiO,)
— The increase in I&}; is independent on the bias
e For TID > ~ 10 Mrad(SiO,)

— A Vg = 1.2V causes a degradation of the current regardless the Vpg

sat

— If Vg = 0V, higher Vpg voltages tend to further increase the I3y

To the best of our knowledge, the “second” increase in the drain current has
been described for the first time by Koch and co-workers in [162], where it is
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Figure 4.15: I3, evolution for nMOS (top row) and pMOS (bottom row) transistors in
65 nm technology with a W/L = 120 nm/10 pm, and polarized with 4 dif-
ferent bias configuration both during exposure (TID = 400 Mrad (SiO2))
and during annealing at 7' = 25°C (second column) and 7' = 100 °C (last
column). The first and the last point in the high temperature annealing
plot have been measured at T = 25°C.

observed in the 65 nm CMOS technology. However, we have measured it in every
technology and for every manufacturer we tested: as already said, while the
behaviour and the intensity of the radiation-induced leakage current is extremely
variable, RINCEs seem to be an intrinsic feature of nanoscale CMOS technology.
We will now detail how this phenomenon, called here, Ultra-high-dose Drain
Current Increase (UDCI), depends on the applied bias and on the transistor size.

Ultra-high-dose Drain Current Increase effect. Figure shows the
Vps-, W- and L-dependency of this effect. Because these results were obtained
using chips from different wafers (and because radiation greatly increases the
device-to-device variability ), it is not surprising that small discrepancies ex-
ist between the results of nominally equal transistors irradiated under the same
conditions. However, the trends shown in the figure contribute to substantially
improve our understanding of this phenomenon.

The first column depicts the I&% of 4 transistors with a W/L = 120 nm/10 pm,
exposed to a TID = 700 Mrad (SiO,) and biased with Vs = 0V and Vpg = 0, 0.6,
1.2 and 1.5V. While at TID = 1 Mrad (SiO2) the I& is only slightly dependent
on the bias (triangles), increasing Vpg voltages lead to higher drain current at
ultra-high doses (squares). Moreover, although this is not clear from this figure,
this effect does not saturate even at extremely high TID. This means that the
contribution of the negative interface-trapped charges is somehow overwhelmed
by the positive charge even at these very high doses.
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Figure 4.16: Vpg-, W- and L-dependency of the I&% evolution in nMOS transistors
irradiated with Vgg = 0V to 1Mrad(SiOz) (triangles) and ultra-high
doses (squares). These results were obtained using chips from different
wafers.

The second column shows the W-dependence of this phenomenon. Four nMOS
transistors with the same channel length (L = 10pm) and different channel
widths, have been irradiated to 400 Mrad(SiOg) with Vgg =0V and Vpg = 1.2V.
In this case the variation of the Iy at the end of the exposure decreases with
increasing W, proving that this is a RINC-effect related to the presence of the
STI. Note that the I&% at 700 Mrad(SiOz) is lower than the IZ% at 1 Mrad(SiO,)
already for the transistor with a W = 240 um.

Interestingly, this effect is strongly dependent on the channel length, as re-
ported in the last column, where MOS devices with a W = 120nm and different
L have been exposed to a TID = 500 Mrad (SiO;). In this case, the UDCI is com-
pletely removed in short channel transistors. This could be caused by concurrent
radiation-induced short channel effects that, as we will see in Section [f tend to
degrade short transistors more. Another possible interpretation is that LDD and
halo implants influence the doping profile in short-channel transistors, similarly
to what Bonaldo and co-authors proposed in [163] to explain the dependence of
the radiation response on the channel length in 28 nm technology [164-167].

To further investigate this phenomenon, we report in Figure [1.17] the I (V)
characteristics in linear (Figure and saturation (Figure @ region of
the nMOS transistor with W/L = 120nm/4pum of Figure [4.16] measured be-
fore irradiation, after 1Mrad(SiO2) and at the end of the exposure (TID =
500 Mrad (SiO3)). We chose this transistor because it shows both the largest
increase in the IZ% at the end of the irradiation and the largest difference be-
tween the drain current measured at 1 and at 500 Mrad(SiO2). Comparing the
curves plotted in linear scale (dashed line, right axis), it can be noticed that,
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Figure 4.17: Plot of the Ip (Vz) characteristics in linear (Figure and saturation
(Figure region of an nMOS transistor in 65 nm technology with
W/L = 120nm/4 pm, measured before irradiation, after 1 Mrad(SiOz2)
and at the end of the exposure (TID = 500 Mrad (SiO2)). During irradi-
ation the device was biased with Vgg =0V and Vpg =1.2V.
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while in saturation region the drain current at Vg = 1.2V always increases with
TID, in linear region it reaches its maximum at TID = 1Mrad (SiO3) while at
500 Mrad(SiO,) it is lower that the pre-rad value. Therefore, in this technology,
the UDCI appears only when the transistor is measured in saturation region.
In addition, this effect seems to be related to the behaviour of the current in
strong inversion. The radiation-induced variations in the subthreshold region of
the current measured in linear mode are in fact very similar to those measured
in saturation. Note also that the Sgy increases in both linear and saturation
region, therefore the bias applied during irradiation does not seem to preclude
the formation of interface traps.

The UDCI is a new and interesting effect, that, as already said, occurs in every
technology we tested. From the qualification point of view, its impact in the real
application has to be evaluated. Although Figure shows that high temper-
ature annealing removes this effect, it is not easy to understand how much time
the mechanism that provokes the post-irradiation current reduction will take at
25 or —30°C to completely remove the excess of drain current. Therefore, before
we can reasonably estimate the change in performance due to this phenomenon,
it is necessary to carry out further tests to understand the fundamental mecha-
nisms underlying this effect and the respective time constants as the temperature
changes.

Dependence on temperature. Moving to the study of the temperature de-
pendence of RINCEs, we report in Figure the maximum level of variation of
the I&% (top row) and the V3 (bottom row) for narrow nMOS (left column) and
pMOS (right column) transistors in 65 nm technology from Man. A irradiated at
different temperatures, i.e., —30, 0, 25 and 100 °C. All the samples have been ex-
posed to 500 Mrad(SiO,), except the device at 100 °C that have been irradiated up
to 400 Mrad(SiO3). The bias applied during irradiation was Vgg = Vpg = £1.2'V.
Above or below each column in the figure are also indicated the TID levels, in
Mrad(SiOs), at which the reported value has been measured.

From this figure it is easy to understand that the nMOS transistors have a
variation in their performance almost independent of the temperature and, in any
case, much lower than that shown by the pMOS, which are instead very sensitive
to temperature increases. Moreover, as expected, while in nMOS the maximum
variation is obtained in the range between 1 and 10 Mrad(SiO;), in pMOS the
peak of degradation is always reached at the end of exposure, i.e. at the maximum
level of TID.

The extremely large degradation of the 100°C pMOS transistors must be
carefully evaluated. It is in fact important to understand if the large Vp shift
measured at 100°C can appear even at lower temperatures but after a longer
period of time. In order to do that we performed an irradiation to 400 Mrad(SiO,)
at room temperature followed by ~ 70h of annealing at 7" = 100 °C. Thanks to
this experiment we are able to evaluate if the performance decrease measured in
the chip irradiated at 100°C takes place only when the chip is simultaneously
exposed to both TID and high temperatures (a condition that should not occur
in HL-LHC) or if the increase in temperature after irradiation can cause the same
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Figure 4.18: Maximum level of variation of the I} (top row) and the V3! (bottom
row) for narrow nMOS (left column) and pMOS (right column) transistors
irradiated at different temperatures, i.e., —30, 0, 25 and 100°C. All the
samples have been exposed to 500 Mrad(SiOz2), except the device at 100 °C
that have been irradiated up to 400 Mrad(SiO2).

degradation. Since the dose-rate of all this experiment is ~10 Mrad(SiOs)/h, a
total dose of 400 Mrad(SiO3) is reached in ~ 40h. Therefore, with an annealing
of ~ 70h we are able to assess with certainty whether the degradation measured
after high-temperature irradiation can also occur after the exposure at room
temperature.

Figure shows the variation of 4 parameters, i.e., [, gmln,  S@t and
Viar after the room-temperature exposure (circles) and at the end of the anneal-
ing (triangles), for transistors with different channel widths. All the reported
values have been measured at room temperature. It can be noticed that the I,
of the narrowest transistor (/W = 120 pm) recovers after the high temperature an-
nealing. This is clearly in contrast to what seen in Figure for the irradiation
performed at 100°C. However, the absolute value of threshold voltage increases
(i.e., Vry decreases) even if to a significantly lower level than that reached at the
end of the 100 °C irradiation. The recovery in the current is actually due to the
post-irradiation increase in the transconductance, that could be an indication of
annealing of interface traps, as also suggested by the decrease in the subthreshold
swing. Therefore, the performance degradation of the narrow device irradiated
at 100°C cannot be reproduced by a room temperature exposure followed by
high temperature annealing. This means that, from the point of view of the
qualification, it is important to perform the test at the same temperature of the
real application. Note also that, as expected, the variation of all the extracted
parameters is smaller in wider transistors, proving once again the importance of

RINCEs.
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Figure 4.19: Variation of I&% (top left), gmil, (top right), S& (bottom left) and
V33t (bottom right) for pMOS transistors with different channel widths
and the same channel length (L10pum), exposed at room temperature to
a TID = 400 Mrad (SiO2) and then annealed for ~ 70h at 7' = 100 °C.

RINCE in other 65 nm technologies. Before moving to study the RINC-
effects in smaller technology nodes, we show some results on 65 nm CMOS tech-
nology from the Man. B and Man. C already introduced in Section (see
Figure .

The study of RINCE in devices from Man. B is complicated by the absence
of long channel devices in the test structure. All measurements are therefore
also influenced by radiation-induced short channel effects, which, as we will see
in Section [f, can strongly degrade the transistor performance. Figure de-
picts the radiation responses of nMOS and pMOS transistors in 65 nm CMOS
technology from Man. B with minimum channel length (L = 60nm) and two
different channel widths, i.e., 0.12 and 2pm. In order to obtain some indica-
tions of the impact of the channel length, we also reported the evolution of a
transistor with a W/L = 2pm/2um. The irradiation has been performed to a
TID = 1 Grad (SiO3), keeping the samples at 25°C and with Vgg = Vpg = 1.2'V.
The effect of the presence of the STI can be noticed in the increase of the I,
in the narrow nMOS transistor at ~ 5Mrad (SiO,), while the wide channel does
not show any radiation-induced current increment. However, the difference be-
tween the two transistors is relatively small and the radiation response at high
doses is dominated by the I} degradation caused by the short channel effects,
as can be deduced looking at the much smaller current decrease of the long/wide
transistors. Also pMOSFETs are dominated by short channel effects and they
are subjected to a significant degradation at ultra-high doses. Unfortunately, the
lack of long-channel devices does not allow us to further study the RINCE in
this CMOS process. However, the large decrease in performance together with
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Figure 4.20: Evolution of the I%y for nMOS (left) and pMOS (right) transistors
in 65nm CMOS technology from Man. B (top row) and Man. C (bot-
tom row). The blue dotted lines indicate the radiation response of a
narrow/long (W/L = 0.12pm/10 pm) transistor kept at —30°C during
irradiation. The “PR” label on the x-axis indicates the PreRad point.

the radiation-induced leakage current increase reported in Figure [4.7] make the
devices form Man. B unsuitable for use in the design of the electronics for the
particle detectors of the HL-LHC.

Also samples from manufacturer C present a severe radiation-induce reduction
of their performance. In this case we can properly study the impact of RINCEs
as an array of transistors with a long channel (L = 10pm) and different W
is available. Figure shows the effect of a TID = 1Grad (SiO3) on nMOS
and pMOS transistors with 2 different channel widths (0.12 and 1 pm). We also
evaluated the impact of the temperature on the radiation response, exposing
the devices at 2 different temperatures, 7.e., 25 and —30°C. The left column
of the figure reports the results obtained for the nMOSFETs. The variation
in performance is relatively small and, as with Man. A transistors, is further
reduced by keeping the devices at low temperature during exposure. Notice
also that the wide transistor has an overall smaller degradation, a clear evidence
of RINCE. The situation is somehow different for pMOSFETs (right column)
that, at T" = 25°C, undergo a dramatic drain-current degradation regardless the
width of the channel. On the other hand, when the irradiation is performed at
—30°C, the decrease in the performance is substantially reduced, and the sample
presents the expected channel-width dependence. This significant temperature
dependence of the radiation response is similar to that seen in manufacturer
A’s pMOS transistors. In that case, however, the variation was particularly
evident between exposure at 100°C and those at temperatures below 25°C (see
Figure . Therefore, it seems likely that similar phenomena occur in the two
technologies, with a different temperature dependence caused by differences in
the STI oxides fabrication process.

The results reported for devices from manufacturers Man. B and Man. C in-
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Figure 4.21: Variation of I, V33 and gmll, . for long channel nMOS and pMOS
transistors in 65 nm CMOS technology from Man. C. The results have
been reported for two different channel widths (0.12 and 10 pm) and for
two different temperatures (25 and —30°C).

dicate that RINCEs are a common feature in the 65nm technology node and
radiation-induced charge trapping in the STI oxides can strongly affect the nom-
inal behaviour and performance of MOS transistors. However, similarly to what
already seen for the radiation-induced leakage current, the magnitude of RINCE
is strongly process-dependent, requiring therefore a careful analysis of the radi-
ation response whenever a new technology is proposed to be used in a radiation
environment.

4.2.2 RINCE in Other CMOS Technologies

This section demonstrates that radiation-induced narrow channel effects are
a common feature of other and more advanced technology nodes as well.

Figure [£.22] shows the radiation response of an array of nMOS and pMOS
transistors in 40 nm CMOS technology form Man. A, with the same L = 10 pm
and different channel widths, exposed to 500 Mrad(SiO2). The supply voltage of
this technology is 1.1V, therefore the Ipy is measured at Vg = Vpg = £1.1V
for nMOS and pMOS respectively. The irradiation has been performed at room
temperature (7' = 25°C).

The RINC-effect is apparent in both nMOS and pMOS transistors, with nar-
row devices showing a larger radiation-induced evolution. Note, however, that
even the transistor with a W/L = 10 pm/10 pm presents significant degradation

sat

at the end of the exposure. This is evident in the pMOS device, where the I3
decreases by 33.44 % at 500 Mrad(SiO;). Since the size of the transistor is suffi-
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Figure 4.22: Percentage evolution of the I, (Vos = Vps = £1.1V) of nMOS (left
column) and pMOS (right column) transistors in 40 nm CMOS technology
from Man. A, with the same L = 10pm and different channel widths,
exposed to 500 Mrad(SiO3).

ciently large to drastically reduce the impact of both radiation-induced narrow-
and short-channel effects, this severe reduction in drain current could indicate
a particularly radiation-sensitive gate oxide. Together with the increase in leak-
age current seen in Section this makes the tested 40nm CMOS technology
unsuitable for use in environments with high radiation levels. Moreover, as indi-
cated in Table low temperature irradiations do not significantly improve the
radiation-response. In nMOS transistors with a W/L = 0.12 pm/10 pm, the per-
centage variation of the I, reaches its maximum at TID = 5 Mrad (SiO3), going
from 17.91 % at 25°C to 21.98 % at —30°C. As expected, the &%, degradation in
pMOS transistors is larger at higher dose. For a TID = 400 Mrad (SiO,), the per-
centage variation is —66.28 % and —52.16 % at, respectively, 25°C and —30°C.
This is a relatively high degradation if compared to the —31.3 % reached by a tran-
sistor of the same size in 65nm technology, exposed at TID = 500 Mrad (SiO)
while kept at —30°C (see Figure [4.18).

To evaluate the bias dependence of RINCE effects in 40 nm CMOS technology,
we show in Figure the radiation response of narrow/long nMOS and pMOS

Table 4.1: Percentage variation of the I&% for for a nMOS and a pMOS transistor
in 40nm technology with W/L = 0.12pm/10pum exposed to a TID of
5Mrad(SiO2) and 400 Mrad(SiO2) at different temperature.

T Mrad(SiOy)  Igh nMOS I pMOS
05 °C 5 17.91% ~16.31%
400 ~3.32%  —66.28%
a0eC 5 21.98% —14.29%

400 —0.72% —52.16%
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Figure 4.23: Bias dependence of the percentage evolution of the IZy (Vas = Vps =
+1.1V) for narrow channel nMOS and pMOS transistors in 40 nm CMOS
technology from Man. A. Note that the y-axis scale is not the same in the
two charts and the x-axis starts at 50 Mrad(SiOz2).

transistors (/L = 0.12 ym/10 pm) polarized with different biases and irradiated,
at room temperature, to a TID = 500 Mrad (SiO;). The application of different
biases only slightly affects the radiation response, except for the nMOS polarized
with Vgg = 0V and Vpg = 1.1V, were the UDCI effect can be noticed. However,
unlike 65 nm, the current tends to decrease when very high doses are reached (in
this case TID > 300 Mrad (SiOy)).

The radiation response of narrow channel transistors in the studied 40 nm
CMOS technology is therefore very similar to what seen in the 65nm, with,
however, an overall larger degradation at ultra-high TID, maybe caused by a
softer gate oxide.

We now move to study the 28 nm CMOS technology that, as we will see, seems
very promising from the point of view of the high energy physic applications.

Figure shows the evolution of the I&% (measured at Vgs = Vps = Vpp =
0.9V) for nMOS (left) and pMOS (right) transistors in 28 nm CMOS technology
from Man. A. All the transistors have the same L of 1 um and different channel
widths, ranging from 0.1 to 3 pm. The samples have been exposed to 1 Grad(SiO,)
while kept at T' = 25°C and biased with Vg = Vpg = £0.9V. As already seen
for all the other technologies studied in this thesis, narrower transistors show
a larger evolution (RINCE). A similar behaviour was reported in [165/{167] for
a different process of the same 28 nm technology form Man. A. Note that the
current degradation of the wide/long transistor is relatively small even at the end
of the exposure (TID = 1 Grad (SiO3)). In particular, I%%, decreases by —6.62 %
for the nMOS transistor while the pMOS undergoes a variation of —12.5%. These
values clearly demonstrate that, in this technology, the gate oxide is extremely
robust to radiation. This is a remarkable result since the gate oxide in this
28 nm CMOS process is fabricated with an High-k Metal Gate (HKMG) gate-



60 STI-Related Effects

pMdS I Zé nm Itech.
| T =25 °C

Ves = Vps =£09V

20 W/L [pm/pm]
O 0.10/1.00
-40r A 0.24/1.00
O 3.00/1.00
-60 L L L L L L L L :
PR 10° 10 107 10® 10°PR 10° 105 107 10% 10°
TID [rad(SiOs)] TID [rad(SiOs)]

Figure 4.24: Percentage evolution of the I} of nMOS (left column) and pMOS (right
column) transistors in 28 nm CMOS technology from Man. A, with the
same L = 1pm and different channel widths, exposed to 1 Grad(SiOs2).
The dotted line reports the evolution of a narrow nMOS transistor irra-

diated with Vg =0V and Vpg =0.9V.

last technology, composed by a stack of hafnium oxide (HfOs) surmounting a
thin layer of SiO, . Therefore, although gate oxide in 28 nm technology
is physically thicker than in 65 nm CMOS process, its degradation is certainly
comparable or even lower. In fact, in an experiment not shown in this thesis, we
measured in a pMOS transistor in 65 nm technology with a W/L = 10 pm/10 pm
a ~ 15 % degradation of the maximum current after a TID = 1 Grad (SiO,).

Figure also shows, indicated by the dotted line, the evolution of the I}
for a narrow nMOS transistor irradiated with Vg = 0V and Vpg = 0.9 V. Similar
to what happens in both 65 and 40 nm technologies, the drain current increases
at ultra-high doses, reaching a variation of ~ 50 % at 1 Grad(SiO,). Figure [4.25]
reports the Ip (V) characteristics, measured before irradiation, at 1 Mrad(SiO)
and at 1 Grad(SiO,), in linear (Figure[4.174)) and saturation (Figure[1.17b) region,
where the UDCI effect is clearly more evident. The physical mechanisms that
determine this effect have to be studied and their actual impact on the real
application has to be evaluated. Therefore, this interesting phenomenon related
to the presence of STI will be at the centre of our future research.

Let us now assess the temperature dependence of the radiation response of
the 28 nm CMOS technology. Figure [£.26] shows the percentage variation of the
5%, for two narrow nMOS and pMOS transistors (WW/L = 0.10 pm/1 pm) after
a TID of 1Grad(SiOs). The irradiation was performed at 7" = —30°C and the
two transistors were polarized with different biases, as reported in the figure. To
facilitate the comparison with the room temperature irradiation, we also report
in Table [4.2] the I%4, degradation at 25 and —30 °C after 1 Grad(SiOz). Similar to
what happens in the 65 nm technology (see Figure , the response to radiation
of narrow transistor polarized with Vg = Vpg = +0.9 V is only slightly influenced
by temperature in the range —30°C < T < 25°C. However, the UDCI effect is
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Figure 4.25: Ip (V) characteristics in linear (Figure and saturation (Fig-
ure region of an nMOS transistor in 28 nm technology with W/L =
100 nm/1 pm, measured before irradiation, after 10 Mrad(SiO2) and at the
end of the exposure (TID = 1Grad (SiO2)). During the irradiation the
device was biased with Vgg = 0V and Vpg = 0.9V while the temperature
was kept at 25°C.
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Figure 4.26: I3, vs TID for nMOS (left) and pMOS (right) transistors with a W/L =
0.10 pm/1 pm. The irradiation was performed at T = —30°C with two
different biases to a TID of 1 Grad(SiO3).

Table 4.2: Percentage variation of the I%% for transistors in 28 nm technology exposed
to a TID of 1 Grad(SiO2) at different temperatures and biases.

T TID Ves/Vps It nMOS 5%, pMOS
. . £09V/£09V  6.58% —56.28%
2500 1Grad(Si0) "0y kg gy a980%  —34.82%
. . H09V/H£09V  —365%  —44.94%
—30°C 1Grad($i02) - 7y L gy 9.99% —35.8%

significantly reduced. This is a clear indication that also for the 28 nm technology
temperature can play a major role and more studies are therefore needed. It is
also worth to be noted that, to the best of our knowledge, this is the first time
that a study of the temperature dependence of the radiation response in the 28 nm
CMOS technology node is reported.

4.2.3 Conclusions on STI-Related Effects

In this long section we have described the main radiation-induced STI-related
effects, i.e., the leakage current increase and the RINCE, in 130, 65, 40 and 28 nm
CMOS technologies. Both these effects can be a serious threat for the reliability
of ASICs operating in radiation environments, provoking an increase in the power
consumption and a strong variation from the nominal performance. While the
radiation response of the leakage current is extremely sensitive to variation in
the process, RINCE is common to all the studied technologies, with some distin-
guishing features such as a larger degradation in pMOS transistors, a relatively

small dependence on temperature and an increase in the I} in narrow nMOS

transistors biased with Vg =0V and Vpg > 0V. Both RINCE and the leakage
current increase can be avoided using enclosed layout transistors, which prevent
the charge trapped in the STI from affecting the electric field in the channel.
It is however important to note that ELTs have a minimum equivalent channel
width significantly larger than the minimum W of a standard transistor in the
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same technology (e.g., in 65nm technology WELT /WWSID = 1320 1nm /120 nm),
therefore, since RINCEs become less important at larger W, the use of an ELT
has to be carefully evaluated by comparing its radiation response with that of a
standard transistor of the same size. In fact, in the absence of leakage, a stan-
dard transistor could have a radiation response similar to that of an ELT of the
same dimensions without introducing the problems related to the use of enclosed

transistors that we have described at the end of Subsection [4.1]
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Chapter 5

Spacers-Related Effects

In addition to STI, other oxides used during the manufacturing process of
advanced CMOS technologies can severely degrade the radiation hardness of MOS
transistors. This is the case for the spacer oxides located along the sides of
the polysilicon gate and employed in order to allow the implantation of LDD
extensions. They usually consist of a layer of SiOy surmounted by silicon nitride
SizNy [170, [171]. Figure shows a transmission electron microscopy (TEM)
image of a 65 nm CMOS transistor [172] where the two spacers, the silicon oxide
and silicon nitride layers, have been highlighted. Note that the thickness of these
insulators is significantly higher than that of the gate oxide, thus making them
more sensitive to damage caused by ionizing radiation.

Unlike the STI, the spacers-related effects on the radiation response of MOS
transistors have only been studied recently, as their impact is evident only at very
high doses (TID > 1 Mrad (SiOs)), much higher than those of interest for space
application. Large part of the following description of spacers-related phenomena
in 65 nm CMOS technology is reported in [172].

The first indication of a possible impact of spacers on the radiation response
was the discovery of a channel length dependence in the evolution of the drain
current in irradiated devices, as shown in Figure[5.2] The percentage degradation
of the maximum drain current oy is shown for transistors of different lengths
irradiated up to 400 Mrad(SiOz) and then kept at 7" = 100°C for 100h after
exposure. Since the W of these transistors is equal to 20 pm, the effects related

Figure 5.1: TEM image of a 65 nm CMOS technology [172].

65
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Figure 5.2: Percentage variation of the Ipy for nMOS (top row) and pMOS (bottom
row) transistors with different channel length and a W = 20 pm measured
during irradiation up to 400 Mrad(SiOz2) (left column) and for 100h with
T = 100°C. Note the that the first and the last point of the post-irradiation
evolution have been measured at T' = 25°C.

to the presence of STI can be completely neglected, as detailed in Chapter [4]
Moreover, very similar results have been obtained also in enclosed transistors,
where the influence of the STI on the radiation response is avoided by design.

Shorter transistors are clearly more affected by the ionizing dose, with a larger
degradation in pMOSFETs, which also show a further dramatic deterioration as
the temperature rises (right column). The first and the last point of the re-
ported annealing have been measured at T" = 25°C while all the other measure-
ments have been performed at 7' = 100°C. Note that the longest transistor
(W/L =20pm/10pum) has a very small degradation during irradiation and a
negligible evolution during high-temperature annealing, proving once again the
extreme robustness of the gate oxide. Note also that the current degradation is al-
most negligible for both nMOS and pMOS up to at least a TID = 10 Mrad (SiOs),
which is a quite high total dose for space applications, but is two orders of mag-
nitude lower than the highest level of TID expected to be reached in HL-LHC.

The phenomena that cause the dependence of the radiation response on the
channel length have been described by Faccio ad co-authors in |[160]| as radiation-
induced short channel effects or RISCE.

5.1 RISCE in 65 nm CMOS Technology

Since RISC-effects are easier to study in pMOS transistors, the first part of
this subsection will focus on the radiation response of p-channel MOSFETs.
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Figure shows the evolution of the transconductance gmit,. and the
threshold voltage shift during irradiation and annealing. During exposure, the
current degradation reported in Figure[5.2]is almost entirely caused by a decrease
in the transconductance while the absolute value of the threshold voltage only
marginally increases. On the other hand, high temperature annealing leads to
both a slightly recovery of the transconductance and an increase in the absolute
value of the threshold voltage of almost 250 mV with respect to the value reached
at the end of irradiation. The Vry of these pMOS transistors becomes therefore
more negative.

The degradation of the transconductance during irradiation is related to an
increase in the series resistance Rgp. The gm = g{/féi curves of an ELT with
W/L = 10 um/60 nm measured at different irradiation levels and reported in Fig-
ure show in fact a “vertical translation” of the gm characteristics, a behaviour
commonly related to an increase in the series resistance [173]. Figure shows
the extracted ARgp for the array of different channel lengths and W = 20 pm
reported in Figure [5.2, The method used to extract the series resistance is the
one proposed by Fleury and co-workers in [174], but qualitatively similar results
have been obtained using also other extraction methods (i.e., |[175,176]). For this
array the series resistance increases of 4002 - pm after a TID = 400 Mrad (SiO,).
Note that a single value of Rgp is extracted for all the different channel lengths
in the array because the series resistance should be independent on the chan-
nel lengthﬂ. However, as the channel length decreases, the source-drain current
increases and consequently the voltage drop caused by the series resistance in-
creases. This explains the channel length dependence of the radiation response
displayed in Figure[5.2] Figure also reports the ARgp for an array of pMOS
transistors irradiated at T=—30°C. In this case the degradation is clearly lower,
in analogy with what already reported for the STI-related effects.

We have seen that during high temperature annealing the transconductance
recovers but, on the other hand, pMOS transistors undergo a severe threshold
voltage shift (see Figure . Moreover, post-irradiation annealing makes the
transistor highly asymmetric. Figure reports the Ip (V) characteristics in
saturation region of an enclosed transistor exposed to a TID = 400 Mrad (SiO,)
and then annealed at 100°C for 21 h. The dashed lines show the drain current
measured with the roles of the drain and source electrodes reversed with respect
to the configuration used during irradiation, here called “nominal”, as also indi-
cated in Figure[5.5d Before irradiation the transistors is, as expected, symmetric,
i.e., with the role of source and drain only determined by the applied biasﬂ Even
after a TID = 400 Mrad (SiO,) the Ip (Vz) in nominal and reverse configuration
are almost identical. However, after high temperature annealing the transistor
gets strongly asymmetric, with a large threshold voltage shift of the drain cur-
rent measured in nominal configuration. This asymmetry is noticeable only in
saturation region (Vpgs = —1.2'V) while, as reported in Figure [5.5b, in linear re-

'Recently, a possible L-dependence of the series resistance has been proposed in [177].

2Enclose transistors are actually physically asymmetric, in the sense that source and drain
electrodes have different dimensions (see Figure [4.10a)). However this does not affect the sym-
metry of the Ip (Vig) characteristics before irradiation.
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the series resistance.
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Figure 5.5: Radiation-induced asymmetry in short channel pMOS transistors.
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gion there is no sign of any asymmetry, even if the voltage-current characteristic
experiences a threshold voltage shift comparable to that measured in saturation.

Both radiation-induced threshold voltage shift and asymmetry are strongly
dependent on temperature and bias, as respectively report in Figure[5.6aland [5.6b]
If the temperature is sufficiently high, the threshold voltage shift can appear
already during irradiation (Figure . While transistors irradiated at —30 and
25 °C show a relatively small AVyy and negligible asymmetry, samples irradiated
at high temperatures undergo a large threshold voltage shift and become all the
more asymmetrical the higher the temperature during irradiation.

Figure[5.6b|shows the evolution of ELT polarized with different combination of
Vs and Vg exposed up to a TID = 400 Mrad (SiO3) at 25°C and then annealed
for 100 h at 100 °C. As already mentioned, the use of enclosed transistors removes
any influence of the STIs, therefore the radiation response is dominated by the
presence of the spacers. Only a Vs < 0V provokes a large Vg shift, that
becomes even larger and asymmetric if a Vpg < 0V is applied.

All the evidences reported so far can be summarized as follow:

e [rradiation causes an increase in the series resistance, substantially inde-

pendent on bias (see Figure and [178])

e High temperature can provoke, either during or after irradiation, a large
threshold voltage shift if a Vizg < 0 is applied

e If also a Vpg < 0 is applied the transistor becomes asymmetric, however
only in the saturation regime

This complex radiation response has been explained with the following model,
detailed by Faccio and co-workers in [172]:

1. Figure [rradiation causes an accumulation of charge and releases hy-
drogen ions in the spacers, resulting in an increase in the series resistance
and a consequent decrease in the transconductance. In particular, the elec-
tric field generated by the charge trapped in the spacers affects the under-
lying low-doped LDD extensions. A similar hypothesis can also be found
in [173],/179].

2. Figure [5.7bl Under high temperature and bias, the hydrogen ions H re-
leased during irradiation drift from the spacers into the gate oxide. If a
Vpbs < 0 is applied, this charge transport is inhibited on the drain side but
promoted on the source side (in pMOS).

3. Figure Once in the gate oxide, the hydrogen ions de-passivate Si-H
bonds creating Si/SiO, interface traps as described in subsection and
provoking the measured large threshold voltage shift.

In the following we will validate this model both through numerous experi-
mental tests, such as static and charge pumping measurements, and thanks to
TCAD simulations. We will also extract the activation energy of the threshold
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Figure 5.7: Schematic representation of the spacer-related effects.
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voltage shifting process, showing that low temperatures can significantly slow
down its evolution.

The increase of series resistance induced by charge trapped in the spacers has
been studied in [178] with TCAD simulations. Figure shows the carriers’
density in a cross section of a simulated pMOS transistor. The effect of irradiation
has been emulated by placing positive charge in the spacers, as reported on the
right side of the figure. The electric field generated by the trapped charge strongly
reduces the hole-density in the LDD extension, increasing therefore the series
resistance. The left side of Figure depicts the measured vs simulated Ip (V)
characteristics for two pMOS transistors with two different channel lengths. To
emulate the measured degradation, it has been introduced in the spacers a charge
Qsp = 6x10"®cm ™ (independently on the channel length) [178]. The right side of
Figure [5.8b] shows the simulated increase in series resistance for different doping
levels in the LDD extensions, as charge density in spacers Qox_s, varies [178.
Higher doping levels reduce the impact of trapped charge, a behaviour similar to
what seen for the leakage current (see Figure .

The role and transport of hydrogen ions H" has been confirmed by the value
of the activation energy extracted for the post-irradiation process. In particular,
pMOS transistors have been exposed to 100 Mrad(SiOz) at 25°C and then an-
nealed at 4 different temperatures, i.e., 100, 80, 60 and 40 °C, measuring the IZ;
every 2 minutes.

Because the time needed to complete one of this test can be of several weeks
and the X-ray machine at the CERN facility is continuously used, it was not
possible to use the measurement setup described in Chapter [3.1 We developed
therefore a system, similar to that described in [180], where 3 pMOS with iden-
tical dimensions, W/L = 600 nm/60 nm have been bonded to a board connected
to 3 Keithley 2000 digital multimeters to measure the drain current. The choice
to use 3 transistors of the same size was made both for statistical purposes and
because previous experiments had revealed a certain fragility of these transistors.
We have therefore tried to make the system redundant, also considering the sig-
nificant duration of these experiments, which would have made their repetition
almost impossible if they had not been successfully completed. The 3 transistors
share the same source terminal at the chip level, while, for reasons of system
simplicity and robustness, the gate and drain terminals have been shorted within
the board. With a single voltage generator it is therefore possible to polarize the
three MOSFETs with Vgs = Vps = —1.2V, the configuration that causes the
greatest degradation in performance, and measure the current in saturation. This
type of connection makes it impossible to carry out Ip (V) measurements, and
therefore to extract the threshold voltage, as the drain voltage also varies with
the variation of the gate Voltag(ﬂ However, from all the experiments carried out

3We have made measurements varying the voltage supplied by the generator and measuring
the drain current, from which we have seen how, after annealing, the entire characteristic moves
towards higher threshold voltage values (in absolute value). However, we decided not to report
these measurements because they are not easy to interpret and do not provide information
about the temporal evolution of the phenomenon, as it is not possible to carry them out with
the same frequency at which the drain current was measured.
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Figure 5.8: Results of TCAD simulations for the radiation-induced series resistance
increase [178|.

on short channel transistors in 65nm, the only phenomenon of degradation of
the drain current after irradiation is related to an increase in the absolute value
of the threshold voltage. We can therefore use the I} as an indicator of the
evolution of the Vrg.

As depicted in Figure the post-irradiation evolution reaches an almost
stable point after the further degradation caused by the Vpg-shift. Taking this
settling level as the final value of the process and using the approach proposed
by Schwank and co-workers in [181], we estimated, as reported in Figure , an
activation energy F4 ~ 0.92eV, a value close to the one found for H" transport
in SiO, films 182, [183]. This value, together with the strong dependence of
the process on the electric field, provides a strong indication of the importance
of hydrogen ions in the radiation response.

The last step of the proposed model is the formation of interface traps in
the gate oxide and in particular in the region close to the LDD extensions. 1/f
noise measurements on irradiated and annealed devices confirmed the presence
of interface traps in the gate oxide [172]. In fact, as previously said in this
subsection, the transport of H' is strongly dependent on the Vpg, and, in pMOS,
is inhibited on the drain side and promoted on the source side if Vpg < 0. In this
case, the interface traps are formed only on one side of the channel, making the
transistor asymmetric.

The effect of the applied electric field on the hydrogen ions is depicted in
Figure [5.10] for a pMOS transistor. When the device is polarized in DIODE
configuration (i.e., Vg = Vpg = —1.2V), the transport of positive charge is
oriented from source to drain (top of the figure). If the charge trapped in the
gate is not removed, the transistor become physically asymmetric. On the other
hand, a Vps =0V and a Vgg = —1.2V (ON configuration) tends to promote the
transport of H" in the gate oxide from both source and drain , leaving the
device symmetric. Note that the situation is the opposite for the nMOS, with
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the positive charge transported at the drain side in DIODE configuration (i.e.,
Vas = Vps = 1.2V for the nMOS).

Charge pumping measurements provided further details on the location of the
interface traps, confirming that they form near the LDD extensions and propagate
to the centre of the channel at a distance dependent on the intensity of the electric
field [172, 178|. Figure shows the results of charge pumping measurements
performed by Bonaldo and co-workers in [178| on enclosed pMOS transistors
with a channel length of 60 and 480nm. These pMOS transistors have been
irradiated to 400 Mrad(SiO3) at room temperature and annealed for 24h at 7' =
100°C with Vgg = Vps = —1.2V (i.e., DIODE configuration, Figure and
Vas = —1.2V, Vpg = 0V (i.e., ON configuration, Figure [p.11b). Thanks to the
technique described in [184, |185|, it was possible to study separately the impact
of interface traps on the source side and on the drain side. In fact, the measured
charge-pumping current I, is dependent on the number of interface traps and,
by varying the Vg1, voltage, it is possible to selectively take into account only
the interface traps located in a specific portion of the channel. In particular, for
Ver, > —0.18 V only the interface traps under the spacers and in the extension
implants contribute to I, [178]. On the other hand, at lower Vjy, also the interface
in the channel contribute to the current. Since in this plots the I, current is not
normalized to the gate size, longer transistors have a higher I, in the channel,
as it can be clearly seen for Vg, <~ —0.4V. Note that the large pre-irradiation
difference between the I, currents of the two transistors significantly decreases
after the annealing, meaning that in the short-channel device a larger built-in of
interface traps occurred.

From this figures we can clearly see that the transistor become significantly
asymmetric after annealing only in the DIODE configuration, proving once again
the impact of the Vpg on the HT transport. In this case, as expected, the I,
current increases more at the source side (in pMOSFETS). Note that the I, does
not depend on the channel length under the LDD extensions, as the fabrication
process of the LDD does not significantly change with the channel length. On
the other hand, short channel transistors have both a larger increase in the cur-
rent after annealing and a more evident asymmetry. When the transistors are
polarized in ON configuration, the I , increases comparably in both source and
drain side.

Thanks to the technique developed in |186], it is has been possible to estimate
the interface trap density from the charge pumping measurements. Figure
shows the trap density under the LDD extensions (Ny_rpp) for transistors with
different channel length and different biases applied during irradiation and an-
nealing [178]. As expected, the density is essentially independent on the gate
length while is depended on the polarization, with the pMOS transistors biases
in diode configuration showing a clear asymmetry after the high temperature an-
nealing (dashed blue line vs dotted blue line). On the other hand, the interface
traps density in the channel (Ny_cp, Figure starts to be more evident
in short transistors after high temperature annealing, with the pMOS polarized
in diode configuration showing the largest increase. As explained in [178], the
slight channel length dependence visible, after annealing, in the Ny _¢y, of pMOS
polarized with ON configuration, could be an artefact of the charge pumping
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measurements, related to a contribution from the interface traps in the LDD
extensions, that leads to an overestimation of V;;_cy, for short channel devices.

Another way to understand the impact of interface traps is looking at the
drain induced barrier lowering (DIBL) of irradiated transistors. DIBL is a short
channel effect [187] appearing as a modulation of the threshold voltage by the
applied Vpg. We define:

sat lin
VTH ~ YTH

5.1
‘/sat - Viin ( )

Vpipr = —
where Vo = —1.2V and Vi, = —20mV. Here V32 and V% have been extracted
selecting an arbitrary drain current level in the weak-inversion range on the tran-
sistor and taking the respective Vg values. Figure [5.13| shows the DIBL of 3
ELT with different channel lengths and the same channel width, measured before
irradiation, after a TID = 400 Mrad (SiO2) and at the end of high temperature
annealing.

As expected, the pre-irradiation value of the DIBL is much higher in shorter
transistors and practically identical in nominal and reverse configuration. After
400 Mrad(SiOs), Vprpy slightly decreases, but the transistor is, as expected, still
symmetric. However, at the end of high temperature annealing the short chan-
nel transistor becomes strongly asymmetric, with a large increase of Vp;pp in
reverse configuration and a decrease in the nominal one. This behaviour can be
understood looking at Figure where the surface potential in weak inversion
after irradiation (b) and at the end of annealing measured in nominal (c¢) and
reverse (d) configuration is schematically reported. At the end of the irradia-
tion the hydrogen ions are not yet drifted inside the gate oxide and therefore no
interface traps have been formed. Vp;py is similar to its pre-irradiation value,
and is determined by the difference of the heights of the potential barrier in lin-
ear (solid lines) and saturation (dashed lines) region. As temperature increases
the ions transport is accelerated and if a negative Vpg is applied, the H'ions
tend to move from the spacers to the gate oxide only from the source side, thus
making the transistor asymmetric. The positive charge trapped at the interface
causes an increase in threshold voltage, as described by the potential bump in
(¢). In nominal configuration this bump now defines the maximum height of the
potential barrier (and therefore the Vg ), and it is only slightly influenced by the
voltage applied at the drain. Therefore Vp;py, strongly decreases while threshold
voltage increases in both linear and saturation region (see Figure . When the
transistor is measured in reverse configuration, the bump at the “physical” source
side (which in this case is the electrical drain) still dominates in linear region,
but when a large negative voltage is applied to the physical source, the bump is
lowered and the threshold voltage is determined by the height of the potential
barrier on the physical drain side, which is significantly lower that the value in
linear region. As a result, the threshold voltage in saturation is much lower than
in linear region and therefore Vp gy increases enormously.

Before moving on to see the behaviour of nMOS transistors and the radiation-
response from other manufacturers and on other technology nodes, we try to
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estimate the impact of the spacer-related threshold voltage shift in the context
of defining a qualification process for particle detectors.

The same data used for the extraction of the activation energy shown in
Figure[5.9 have been used to estimate the time needed by this process to complete
its evolution when the transistor is operating at different temperatures. This
estimation is of fundamental importance, because chips in the particle detectors
are usually kept at —20 °C, as described in Chapter [I]

The solid lines in Figure show the normalized I} measured at different
temperatures after an irradiation up to 100 Mrad(SiOs). The data at 100, 80, 60
and 40 °C have been used to extract the activation energy and to elaborate the
model shown by the dashed lines, which very well matches the evolution of the
I3 measured at 25°C (not used to define the model). The initial increase in the
drain current visible in the curves measured at 25 and 80°C is most likely due
to a recovery of the transconductance, similar to what reported in Figures [5.3
and [p.4a] However, the lack of Ip (Vi) measurements does not allow to confirm
this hypothesis with certainty.

Thanks to this model we can predict that the H" transport and the subse-
quent formation of interface traps will take more than 400 years to complete only
half of the entire process at —20°C. This result has a direct and very impor-
tant implication on the qualification procedure for electronics operating in the
particle detectors of the HL-LHC. In fact, standard qualification procedures for
space application (see i.e., [188]) include high temperature annealing after irra-
diation. In the case of chips exposed to ultra-high total doses, this phase of the
qualification procedure can lead to a strong overestimation of the performance
degradation, accelerating a process whose impact is completely negligible in the
scale of operating times and working temperatures of particle detectors.

In this long discussion on radiation-induced spacers-related effects we have
shown mainly results obtained on pMOS transistors. The main reason for this
choice is that although the same phenomena seen for pMOS occur in nMOS, they
are complicated by two factors:

e Interface- and oxide-trapped charge are different in sign

e The transport of H" and the consequent creation of interface traps appears
to happen already at room temperature

The partial compensation between the effects produced by the interface- and
oxide-trapped charge strongly reduces the radiation-induced increase in the se-
ries resistance, which is 10 times lower than that measured in pMOS, as reported
in Figure [5.16al As for pMOS transistors, lower temperatures lead to a smaller
degradation and the radiation-induced increase in the series resistance is so small
that a proper evaluation of the ARgp becomes extremely difficult. Figure
shows the V;3¥ (top) and the Vp gy, (bottom) for enclosed nMOS transistors mea-
sured at room temperature in four different bias configuration and exposed to a
TID of 400 Mrad(SiOz), then annealed fo 21h at 7" = 100°C. Contrary to what
happens in pMOS, the transistor polarized at Vs = Vpg = 1.2V becomes asym-
metrical already at the end of the irradiation. Note that the reverse configuration
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is the one that suffers the greatest variation of the threshold voltage, which is re-
covered at the end of the annealing. Also the DIBL has opposite trend compared
to what seen in the pMOS, with the nominal configuration that, already at the
end of the irradiation, shows an increase of Vprpy bigger than the one measured
in reverse configuration. The behaviour of the DIBL suggests that in nMOS the
interface traps formed by the reaction of H" are located near the drain side. This
is not surprising as the source-drain electric field in nMOS has opposite direction
to that of pMOS, as also alrecady mentioned in the discussion about Figure [5.10]
From a practical point of view it is important to notice that, in general, short
channel nMOS transistors are less affected by the spacer-related effects, both be-
cause the charges trapped in the oxide and at the interface are opposite in sign,
and because the greatest degradation occurs in the reverse configuration that is
very rarely used in actual chips.

The proposed model for the radiation-induced spacers-related effects has been
extensively studied for the 65 nm CMOS technology used at CERN in the design
of ASICs for particle detectors, produced by a manufacturer that we will hence-
forth identify as manufacturer “A”. However, similar results have been obtained
also in samples from other manufacturers. This was never reported before and it
is a strong indication that spacers might represent a point of vulnerability for the
radiation-hardness of the whole 65 nm CMOS technology node. In the following
we therefore report the results obtained by irradiating samples from manufactur-
ers B and C, indicating the similarities with what already saw for the devices
from Man. A. We will start by studying producer Man. C, for whom we have
more complete data.

Figure [5.17] reports the results obtained for an array of enclosed transistors
form the manufacturer “C” exposed to a TID = 100 Mrad (SiO2) and the sub-
sequent high temperature annealing (7" = 100°C). Also in this case the I
degradation is strongly dependent on the channel length and much more evident
in pMOS transistors (Figure , a clear evidence of RISCEs. During irradi-
ation the drain current decreases mainly due to a reduction in the peak of the
transconductance (Figure while pMOSFETs show a large threshold voltage
shift after high temperature annealing due to charge trapped at the source side,
as can be understood looking at the DIBL evolution reported in Figure [5.17d]
On the other hand nMOS transistors have a small evolution at high temperature,
as evidenced in Figure Therefore, despite the difference in the magnitude
of the radiation-induced variation in the performance and the likely differences
in the production process, the mechanisms causing the current degradation are
the same as those identified in the transistors produced by Man. A.

A similar behaviour can also be found in devices from Man. B. Figure
reports the Ip (V) characteristics in linear (Figure and saturation (Fig-
ure region for a pMOS transistor with W/L = 1pm/60nm exposed to
a TID = 100 Mrad (SiO3) and then annealed for 145h at 7" = 100°C. Also for
this technology the asymmetry appears only after the high-temperature annealing
while the degradation during exposure is caused by a decrease in the transconduc-
tance. Note also that the transconductance significantly recovers after the high
temperature annealing, another similarity to what seen in the pMOS transistors
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from the other manufactures.

5.2 RISCE in Other CMOS Technologies

In this subsection we will briefly describe RISCEs in 130 nm and 28 nm CMOS
technology, already introduced in Section []

Figure [5.19 shows the Ip (V) characteristics of a short and wide channel
pMOS transistor in 130 nm technology measured in linear (figure and satu-
ration (Figure region before irradiation, after exposure to 400 Mrad(SiOs)
and at the end of post-irradiation evolution. Despite no reverse-configuration
measurements are available, the degradation mechanisms are clearly the same as
seen for 65 nm technology, with the evolution during irradiation dominated by
the transconductance degradation and a large threshold shift as a result of an
increase in temperature.

Although the proposed mechanism for describing the radiation-induced short
channel effects can be applied to all the 65 nm and 130 nm technologies studied,
this is no longer the case when moving to the 28 nm CMOS technology.

Figure [5.20] shows the evolution of the Iy for transistors with different chan-
nel length and a W = 3 um in 28 nm CMOS technology exposed to 1 Grad(SiO,)
and then annealed fo 4h at T" = 100 °C. The radiation response of this technology
has a completely different channel length dependence compared to 65 nm, with the
longest transistors showing the greatest degradation in both n- and p-MOSFETs.
In addition, this technology proves to be extremely robust to radiation with a
current degradation of less than 10% after a total dose of 1Grad(SiO), with
negligible variation even after high-temperature annealing. It can therefore be
said that in this technology the presence of spacers is no longer of concern. In-
deed, very similar results have also been obtained in a 28 nm CMOS technology
from the same manufacturer but with a slightly different process [145, |164-167].
However, to generalize this result to the whole 28 nm technology node, samples
from other manufacturers should be measured. This will be done in the near
future, as a test chip designed using the 28 nm CMOS technology from another
manufacturer will soon be available.
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Chapter 6

Dose-Rate Effects

CMOS technology is usually considered insensitive to true dose-rate effects,
i.e., differences in the radiation response of transistors exposed at the same
TID but at different dose-rates and not caused by time-dependent effects [47,
188, [189]. However, Witczak and co-workers recently reported an enhanced dose-
rate sensitivity of the TID-induced leakage current in nMOS transistors in 180,
250 and 350 nm CMOS technologies that could not be attributed to ‘normal”
time-dependent charge trapping and annealing processes [190].

In this section we report some results about an unexpected true dose-rate sen-
sitivity in the radiation response of the I&% measured in transistors in 65 and
130nm and described in detail in [180]. All the experiments showed in this sec-
tion on the 65 nm technology have been performed using a setup identical to that
described in Subsection [5.1], constituted by 3 nMOS and 3 pMOS transistor with
a W/L = 600nm/60nm. For the 130 nm technology, the study was made using 3
ring oscillators, called “standard lib”, “clock buffer”, and “high density”, designed
with different stages, different W/L ratio, and different nominal frequency, as
reported in Table

The dose-rate used in most of the tests performed with the X-ray machine
at the CERN facility is around 10 Mrad(SiOs)/h, 3 orders of magnitude higher
than the one expected in the HL-LHC (see Chapter . To verify if this difference
has an impact in the radiation response, we performed a series of experiments

Table 6.1: Characteristics of tested ring oscillators.

standard lib clock buffer high density

W/L  nMOS  430/130 450,130 130/130
(nm/nm)  pMOS  635/130  1270/130  650/130

Nominal
Frequency (MHz) 2.475 3.095 2.097
Nominal Average
Current (pA) 165 109 70
Number of Stages
+1 NAND for Reset 7168 7168 8000
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at much lower dose-rates than those normally used in the X-ray facility. Ob-
viously, to perform tests at low-dose-rate the sample has to be exposed for a
longer time in order to reach the same TID of a device irradiated at high-dose-
rate. Because of the limited availability of the CERN facility, it was possible to
reach only a TID of 21.6 Mrad(SiOy) with a dose-rate of 0.01 krad(SiO2)/s, equal
to 0.036 Mrad(SiO)/h and similar to that expected in the HL-LHC (see Chap-
ter [1)). To have results at higher TID, we exposed the samples for 4 months at
the CC60 CERN-EN ®Co facility, reaching 100 Mrad(SiO,) with a dose-rate of
~0.01krad(SiOy)/s. Finally, we performed another HDR experiment at the
60Co facility “Pagure” of the LABRA laboratory of CEA, Saclay, France, reach-
ing a TID of 50 Mrad(SiO2) with a dose-rate of 0.528 krad(SiOs) /s, the maximum
achievable. In Table the dose-rates and the experiments performed at the dif-
ferent facilities are summarised.

Figures [6.1a] and [6.1b| report the results of these measurements in nMOS
and pMOS transistors respectively. For both nMOS and pMOS, the degradation
induced at low-dose-rate is significantly larger. Moreover, the damage at similar
dose-rate is comparable between X-ray and °Co. Note also that, as seen in the
previous sections, the degradation is larger in pMOS than in nMOS.

This results is a strong indication of a dose-rate dependence of the radiation
response. However, the difference in the time scale of the experiments does not
allow us to draw a definitive conclusion. To ensure that the increased current
degradation is not due to time-dependent phenomena (e.g.bias-temperature in-
stability, hot-carrier stress, and/or post-irradiation build-up of interface traps
[47, 196, 172, 189, 191]), it is necessary to compare a low-dose-rate irradiated
device with a high-dose-rate device exposed to the same TID and then kept at
the same temperature and bias conditions for a time equal to that required to
complete the low-dose-rate experiment. This comparison, for pMOS transistor,
is shown in Figure where the I} degradation in the low-dose-rate experi-
ment performed with the X-ray source is reported on the same time scale as for
a sample exposed at high-dose-rate. At the end of the experiment the pMOS
exposed at low-dose-rate show a larger degradation (by a factor of 2). Hence, the
difference between the two sets of data cannot be explained by time-dependent
effects. Despite a comparison on the same time scale would be needed, the results
reported in Figure [6.3] strongly suggest that also the 130 nm CMOS technology

Table 6.2: Summary of the parameters for the different radiation tests.

Dose-rate TID

Facility krad(Si0)/s  Mrad(SiO,) Duration Type
2.5 100 11.1h HDR

0.528 100 53h HDR

CERN Xeray 2 21.6 3h HDR
0.01 21.6 25 days LDR

Pagure °Co 0.528 50 24h HDR

CERN 9%Co 0.01 100 ~ 120 days LDR
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is sensitive to dose-rate effects.

The dose-rate effect measured in CMOS transistors is of serious concern for
the qualification of circuits designed for the particle detectors of the HL-LHC.
The standard tests performed at the CERN X-ray facility at high rate could in
fact underestimate by a factor of 2 the actual degradation in the hadron collider.
Moreover, irradiations at high-dose-rate and high-temperature usually performed
to simulate the ELDRS in the qualification of bipolar transistors [192, 193] are
not suitable for verify the long-term reliability of ASICs designed for the inner
part of the detectors in the LHC. High temperature will in fact accelerate the
spacers-related effects, that, as described in Figure [5.15] are actually negligible
in chips kept at —20°C.

True dose-rate phenomena are not common in CMOS technologies but the en-
hanced low-dose-rate sensitivity (ELDRS) of bipolar transistors is a well known
effect [47), 1194-200]. It has been shown that the ELDRS is more evident in thick
and defect-rich oxides irradiated at a low electric field [47, (194, |197]. This, of
course, is not the case with gate oxides and explains why MOS transistors are
insensitive to true dose-rate effects. However, as detailed throughout this chap-
ter, the radiation response of modern CMOS technologies is driven by isolation
oxides (STT and spacers), which are thicker and have a higher defect density than
gate oxides and are generally subject to small electric fields. Therefore, all the
radiation-induced effects caused by the presence of these oxides could be enhanced
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when the samples are irradiated at low-dose-rate, but understand which oxide is
more affected is almost impossible from the measurements we performed so far.
In fact, the size of the measured transistors (W/L = 600 nm/60 nm) does not al-
low us to completely rule out the effects caused by the STI nor, obviously, those
due to the spacers. Moreover, the lack of voltage-current measurements severely
limits our possibilities to figure out the cause of this enhanced degradation.

For these reasons and for the strong impact that this effect can have on the
qualification procedure, we plan to carry out a long and accurate campaign of
measurements at different dose-rates, with transistors of various sizes and with a
new setup capable of performing I (V) measurements.
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Chapter 7

Technology Comparison and
Qualification Procedure

In this chapter we compare the general trend of the radiation-response of
the studied CMOS technologies and we give some indication regarding the best
practices to qualify an ASIC for the ultra-high radiation levels expected to be
reached in the HL-LHC. We will also present the work carried out to include the
radiation effects at ultra-high TIDin the PDK model of manufacturer A’s 65 nm
CMOS technology.

7.1 Technology Comparison

During this work we studied the radiation response of 4 different CMOS tech-
nology nodes (i.e., 130, 65, 40 and 28 nm), showing that all of them are prone
to radiation-induced performance degradation. Now we try to compare these
technologies directly in order to guide the designers’ choice in view of ASICs
developments for particle detectors.

Figure shows the IZy of nMOS and pMOS transistors in 65 nm CMOS
technology from three manufacturers (i.e., Man. A, Man. B and Man. C). Since
the W/ L is 240 nm/60 nm for all the measured samples, therefore quite close to the
minimum available size of this technology (W/L = 120nm/60nm), the devices
suffer from both RINCE and RISCE effects. To facilitate the comparison between
the three manufacturers we report here (Figure the radiation-induced drain-
to-source leakage current that has been already shown in Figure 4.7, Moreover,
Table [7.1| reports the IZ% degradation for pMOS ELTs from Man. A and C with
a L = 4pm and an equivalent W = 9.95 nm.

Looking at both Figure and it is apparent that the transistors from
Man. B undergo the largest radiation-induced damage, making them unsuitable
for high-energy physic applications. The small-size Man. C nMOS transistors
of Figure have the smallest I%% degradation at both 100 Mrad(SiO2) and
1 Grad(SiOs). However, they show the highest pre-irradiation leakage current
and, although pMOS from all manufacturers exhibit severe degradation when
exposed to 1 Grad(SiOs), the device from Man. C present a relatively high degra-
dation already at 100 Mrad(SiO,). This trend is confirmed looking at Table [7.1]
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technology exposed up to 1 Grad(SiO2). The Ippp variation is extremely
process-dependent, showing in samples from some manufacturers a first
peak around 5/10 Mrad(SiO2) and a late increase after 100 Mrad(SiO2).
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Table 7.1: I, degradation for enclosed layout pMOS transistors (ELT) with a W/L =
9.95um/4 pm. During irradiation: 7'= 25°C and Vgg = Vpg = —1.2V.

TID Mrad(SiO)
1 10 100 500
A —-0.09% —-0.16% —1.32% —5.691 %
C —-0.08% —0.66 % —2.46% —26.74 %

Man.

where, at TID = 500 Mrad (SiO3), the pMOS form Man. C suffers a dramatic
degradation. The transistors reported in the table are enclosed layout transistors
with a W/L = 9.95 pm/4 pm, therefore RISCE is strongly reduced and RINCE
is avoided by design. Hence, the large current reduction is most likely caused by
a relatively soft gate oxide. This means that, unlike manufacturer A, it is not
possible to significantly improve the reliability of Man. C’s transistors by simply
increasing their size. Moreover, samples from Man. A have the lowest leakage
current both pre- and post-irradiation (Figure .

This comparison of various manufacturers of MOS transistors in 65 nm tech-
nology shows that Man. A’s devices have, overall, the best radiation response.

It is also worth mentioning that the CMOS technology currently in use at
CERN is mainly supplied by manufacturer A. It has been therefore decided to
extend the process design kit (PDK) for the design tools to include the effects
caused by ultra-high levels of irradiation (to 500 Mrad(SiO2)). We have conducted
a long campaign of specific measurements with the aim of modifying a BSIM4
model to describe the behaviour of irradiated transistors [201, 202|. This project
was carried out in collaboration with the Technical University of Crete and, to the
best of ou knowledge it is the first time a BSIM compact model has been extended
to such high levels of radiation. The adopted strategy was to adjust a sets of the
compact model, conserving the binning approach of the foundry PDK |201]. Since
the dimensions of the available transistors do not coincide with those used by the
foundry to define the various bins, it was necessary to adapt the size grid of
the PDK model provided by the foundry with the available values of length and
width, as indicated by the arrows in Figure [7.3] The model, initially developed
only for devices irradiated at T" = 25°C, has then been extended to cover also
the radiation response of 65 nm CMOS technology from Man. A exposed at 0 and
—30°C [202].

From the data obtained from the same measurements performed to develop a
compact model for radiation effects in standard transistors, in [203} 204] the TID-
induced degradation on ELTs has been analytically described thanks to a sim-
plified EKV model [165, 205, than can accurately predict the radiation-induced
variation of the parameters that define the used model.

It is important to remark that the enhanced PDK is now available for CERN
designers and it will soon be extended to low- and high-Vry transistors. Moreover,
the large amount of data gathered during this process has also proved extremely
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Figure 7.3: Measured devices in the size-grid of the PDK model. The black-dashed
lines define the bins, here indicated with numbers from 1 to 25, while the
oval markers identify the dimensions of the irradiated devices [201].

useful in improving our knowledge on the radiation response of the 65 nm CMOS
technology from Man. A.

We will now compare different technologies from the same Man. A. However, it
should be borne in mind that transistors from other manufacturers may have very
different behaviours and, in principle, also be more radiation-hard. Figure
compares the radiation-induced I}, percentage variation for 4 different CMOS
technology nodes, i.e., 130, 65, 40, and 28 nm, form manufacturer A, measured
at 1, 10, 100, 400 Mrad(SiO2) and 1 Grad(SiOz). All the transistor have the
minimum allowed W/ L, except for the pMOS in 65 nm technology, that hasa W =
240 nm, i.e., the double of the minimum width. Table reports the dimensions
for all the measured transistors. Note that 1 Grad(SiOs) measurements are not
available for the 130 and 40 nm technologies. Moreover, for the nMOS in 65 nm at
400 Mrad(SiO2) and for the pMOS, again in 65 nm,at 1, 100 and 400 Mrad(SiO,)
the IE% was not actually measured at the reported TID, but has been calculated
by hnearly interpolating the current measured at the previous and next irradiation
step. Although these are estimated values, the trend is clear.

As far as nMOS transistors are concerned, the 65 nm technology clearly shows
the largest decrease in the I&% | with a maximum current variation of —72.4 % at

Table 7.2: Transistor size for the experiment in Figure

technology node
130nm  65nm  40nm 28 nm

nMOS  150/130 120/60 120/40 100/30
pMOS  150/130 240/60 120/40 100/30

Type

W nm/L nm
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Figure 7.4: Percentage variation of the Iy for 4 different CMOS technologies mea-
sured at 1, 10, 100, 400 Mrad(SiO2) and 1 Grad(SiOa3).

TID = 1 Grad (SiO2). All other technologies remain within a range of ~ +10 % up
to ultra-high doses. The 65nm technology presents a significant reduction in its
performance also for pMOSFETs, where, however, the worst case is represented
by the 40 nm technology.

Despite the 130 nm technology has an overall better radiation responseﬂ than
the 65 nm, is also currently used in the design of particle detectors due to its better
performance in terms of speed and high density, which are attractive features for
pixel detectors , , . From this point of view, it is clear that the 28 nm
CMOS technology represents a very interesting candidate for the next generation
of ASICs, since it combines high performance and an excellent radiation-response.

The main drawback in using this technology is represented by the radiation-
induced drain-to-source leakage current, already discussed in Section Fig-
ure shows a comparison of the radiation response of the Ippp for the CMOS
technologies studied so far. For the 28 nm technology we report both the results
obtained form samples in the process studied in this thesis (solid line) and those
obtained by Zhang and co-workers in [164] (dashed line). It is important to note
that these technologies, in addition to coming from different manufacturers, can
also have a different “flavour”. In fact, while some are designed to consume lit-
tle power and therefore have a low leakage (pre-rad), others are developed to
achieve a low threshold voltage, and consequently a higher leakage. The sense of
this comparison is therefore to evaluate how much the Iopp varies as the dose
increases, rather than comparing the absolute value of the leakage current.

IThis is true only if the process that lead to the large radiation-induced leakage current
increase is avoided (see Figure .
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Despite the 65 and 40 nm technologies present a similar pre-rad Ippp value
(~ 10pA), the leakage current in the 40 nm technology overcomes that in the 65
already at 1 Mrad(SiO;), reaching at TID = 500 Mrad (SiOs) an Ippr =~ 200 nA.
At the same total dose, the Ippr in the 65nm technology is ~ 400 pA. This
large radiation-induced leakage current increase, together with the severe I
degradation suffered by pMOS transistors (Figure , makes it impractical the
use of the 40 nm technology from Man. A in particle detectors.

The two processes in 28 nm CMOS technology show a relatively large leakage
current already before irradiation. In particular, the process studied in this thesis
(process A) has a pre-rad leakage current of ~ 900 pA while the one measured
by Zhang and co-workers, which from now on we will identify as “B”, has an
Iorr ~ 51 pA. However, the situation changes after exposure. At 1Grad(SiO,),
the transistor from process A shows an Ipprp ~ 131nA while the leakage current
in process B is ~ 57nA. The radiation-induced Iopp variation is therefore more
evident in process B, while the leakage current in process A does not excessively
increase even at ultra-high doses.

The 28 nm CMOS technology is therefore an excellent candidate to replace the
65 nm technology in the design of the next generation of ASICs for the particle
detectors in the HL-LHC.

7.2 Qualification Procedure for Ultra-High TID

The complex phenomena induced by the exposure to ultra-high doses make
the definition of a qualification procedure for the ASICs intended to be used in
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the particle detectors a rather challenging task. In fact, the standard qualification
procedures for space application could not be suitable for circuits designed for the
HL-HLC. The main problems arise from the post-irradiation high-temperature
annealing usually performed in the typical qualification test performed for space
applications (see e.g. [208]). This step is needed to take into account the build-up
of interface traps [123]. However, we have seen in Section that few hours
at high temperature are sufficient to provoke a large threshold voltage shift in
pMOS transistors and a consequent decrease in the drain current (see Figures
and . This can lead to a substantial overestimate of the impact of the TID in
the real application, since the time-scale of this effect at —20°C is in the order of
hundreds of years, as depicted in Figure |5.15] Therefore, the irradiation should
be performed at the same temperature expected in the application and, for the
chip that will be kept at low temperature, no further high-T annealing is needed.
Clearly, this is true only if the circuit is never allowed to reach high temperatures
under bias in the real application. In fact, this late Vg shift is strongly bias-
dependent (see Figure , showing a larger variation when both a Vgg and a
Vps voltages are applied.

Since also all the other radiation-induced phenomena depend on the applied
voltage, during irradiation tests the circuits must be biased.

It is also extremely important to measure the evolution of the chip during all
the exposure and not just at the end of the irradiation. In fact, both RINCE
and radiation-induced leakage current can have the larger impact in the range
between 0.1 Mrad(SiO2) and 10 Mrad(SiOs) (see Figure and [4.1)).

To summarize:
e The temperature should be close to the real operating temperature
e During irradiation tests the circuits must be biased

e No further annealing is needed (if in the application the circuit is never
allowed to reach high temperatures under bias)

e The chip has to be monitored during the entire exposure

So far, we did not discuss the impact of the dose-rate effects on the qualifi-
cation procedure. This could be of serious concern, since we measured a larger
degradation (a factor of ~ 2) in MOS devices exposed at a dose-rate closer to the
real application than in those irradiated at much higher dose-rate in the X-ray
CERN facility (Chapter @ However, additional studies are needed to asses the
impact of this effect in the real application. Furthermore, it is worth to stress
how the irradiation at high-temperature performed to estimate the ELDRS ef-
fect in bipolar transistors is obviously not applicable to the nanoscale CMOS
technologies studied in this thesis, as the temperature considerably increases the

threshold voltage shift in pMOS already during irradiation (see Figure [5.6al).
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Chapter 8

Conclusions

In this thesis we studied the radiation response of nanoscale CMOS technolo-
gies exposed to ultra-high levels of ionizing dose, comparable to those that particle
detectors at the CERN HL-LHC will have to withstand. The very large amount
of data gathered from the study of 4 different CMOS technology nodes, i.e., 130,
65, 40 and 28 nm, provided an unique and complete description of the radiation
response of modern MOS transistors and a better understanding of the physical
mechanisms underling the TID-induced phenomena. In all technologies, we have
investigated the dependence on polarization, temperature and size, showing how
the radiation response is clearly dominated by the presence of the STI and the
spacers oxide.

For what concerns the effects related to the STI, we pointed out that, despite
both RINCE and radiation-induced drain-to-source leakage current are certainly
caused by charge trapped in the trench oxides, their dependences on bias, time
and temperature are different. We suggested that the reason for this difference
may lie in a different location of the charges causing the two effects. In particular,
RINCEs are mainly provoked by charge trapped at the trench corner while the
lorr increase is likely due to positive charge trapped relatively far from the
STI/gate oxide edge. We also introduced and investigated the Ultra-high-dose
Drain Current Increase (UDCI) effect, a phenomenon that we measured in all the
examined technologies.

The in-depth study carried out in recent years and summarised in this the-
sis has clearly shown that the spacers are determinant for the radiation-induced
short channel effects (RISCE). The proposed degradation mechanism, which in-
volves the transport of hydrogen ions, has been demonstrated by both charge
pumping and noise measurements and further confirmed by TCAD simulations.
One of the most significant results reported in this thesis is the estimation of
the time needed for the transport of H" from the spacers to the gate to cause a
significant variation in the threshold voltage. At T' ~ —20°C the spacer-induced
Vry shift will take hundreds of years to become relevant. This has strong conse-
quences in the definition of the qualification procedure, suggesting the the typical
post-irradiation high-temperature annealing could significantly overestimate the
degradation in the real application.

Another important result is the discovery of an unexpected real dose-rate
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sensitivity of nanoscale CMOS technologies. In particular, experiments performed
at a lower DR than that typically used in the X-ray irradiation facility showed a
larger degradation. This is of serious concern and more investigations are planned
in the near future.

We also directly compared the radiation response of four different CMOS
technology nodes, showing how the characteristics of the 28 nm technology studied
here are certainly attractive for the design of the future generations of particle
detectors.

What does the future hold for the study of radiation effects in CMOS tech-
nologies exposed to ultra-high doses? Two fundamental elements will guide the
research in the coming years: the continuous scaling of CMOS technology and
the ambition to overcome the current limits of HL-LHC.

The radiation response of new geometries and materials is already under
study [209-215] but at much lower total doses than the electronics for high en-
ergy physics applications have to withstand. In addition, the desire to further
improve our understanding of fundamental particle physics leads to the design
and development of colliders with performances, in terms of energy and intensity,
even higher than those planned the HL-HLC.

One of these projects is the Future Circolar Collider (FCC), a particle accel-
erator with a circumference of ~ 100 km, capable of reaching collision energies up
to 100 TeV (see e.g. 217]). This extremely high energy combined with an
expected luminosity of 5 x 10** cm™2s72 (~HL-LHC), will lead to a peak of TID
of 500 Grad(SiOs) [218], 500 times higher than the maximum level reached in the
HL-LHC. Figure[8.I]shows the same comparison of radiation environments as seen

TID [Gy]
10! 102 103 104 10° 10° 107 108 109

DEEP SPACE
PROBES

-

10° 104 10° 106 107 108 10° 1010 101
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Figure 8.1: Comparison of TID levels in different radiation environments. The FCC is
expected to reach unprecedented TID levels, 500 times higher than those
expect in the HL-LHC.
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in the introduction, to which we have added the doses predicted for FCC [219].

The results presented in this thesis clearly demonstrate that none of the CMOS
technologies studied can survive such high radiation levels, including the 28 nm
process, which is the last planar CMOS technology produced before moving to
FinFETs. This new geometry has proven to be a successful solution in order to
continue to follow Moore’s law but is certainly not immune to radiation-induced
performance degradation. Among the other effects, it can be prone to a substan-
tial increase in drain-to-source leakage current due to positive charge trapped in
the STT |215] 220]. A possible evolution in the geometry scaling of MOS devices
are the Gate-All-Around (GAA) transistors [221]. Although they seem promis-
ing form the radiation-hardness point of view, since no thick oxides are facing
the channel [215], their actual robustness to ultra-high TID has to be verified on
prototypes and later confirmed in production-grade samples.

Moreover, even the radiation-tests themselves are complicated by the huge
TID expected to be reached in application like FCC. In fact, with the dose-rate
currently provided by the X-ray irradiation facility at CERN it will take ~ 5 years
just to perform a single irradiation to 500 Grad(SiO,). This is clearly another
issue that has to be solved in order to develop a qualification procedure capable

of reasonably predicting the evolution of devices exposed at these extremely high
TID levels.
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