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Abstract

English

At CERN, the functionality of the accelerators complex depends signi�cantly on the
reliability of electronic control devices. The environment inside the structures hosting
particle accelerators is particularly hostile to electronic components due to the presence
of ionizing and non-ionizing radiation, as well as high-energy particles, which degrade
the performance of devices. Ionizing radiation induces charge trapping in gate oxide and
dielectric materials with possible formation of interface traps at the oxide/semiconductor
interface. Non-ionizing radiation, such as neutrons, displaces semiconductor atoms within
the crystal lattice, thus generating punctual or cluster of defects. Additionally, high-
energy particles induce the formation of charge in sensitive regions of devices, which
can lead to single-event e�ects. In these challenging environments, the high demand for
components and the prohibitive cost of rad-hard solutions have led to the widespread use
of Commercial O�-The-Shelf (COTS) systems. However, these systems must be quali�ed
to ensure their tolerance to radiation.
In certain applications, bipolar devices are preferred over CMOS devices due to their
resilience to latchup, a destructive event that compromises the functionality of CMOS
systems. Nonetheless, bipolar devices su�er from displacement damage, which is typically
negligible in MOSFETs. Consequently, the combination of ionizing and non-ionizing
radiation can produce synergistic e�ects in bipolar devices, where the overall damage
cannot be predicted by simply summing the individual contributions of each radiation
type. These e�ects complicate the quali�cation of highly distributed systems within the
Large Hadron Collider (LHC), as radiation levels vary signi�cantly in terms of the ratio
between displacement damage and total ionizing dose.
In this thesis I investigate the synergistic e�ects of ionizing and non-ionizing radiation
on various types of bipolar and BiCMOS integrated circuits. I also explore the impact of
these e�ects on the radiation quali�cation of components for highly distributed systems
in the LHC.
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Italiano

Al CERN, la funzionalit�a del complesso di acceleratori dipende in modo signi�cativo
dall'a�dabilit�a dei dispositivi elettronici di controllo. L'ambiente all'interno delle strut-
ture che ospitano gli acceleratori di particelle �e particolarmente ostile ai componenti elet-
tronici a causa della presenza di radiazioni ionizzanti e non ionizzanti, nonch�e di particelle
ad alta energia, che degradano le prestazioni dei dispositivi. Le radiazioni ionizzanti in-
ducono intrappolamento di carica nell'ossido di gate e nei materiali dielettrici con possibile
formazione di trappole all'interfaccia tra ossido e semiconduttore. Le radiazioni non ion-
izzanti, come i neutroni, spostano gli atomi dei semiconduttori all'interno del reticolo
cristallino, generando cos�� difetti puntuali o a grappolo. Inoltre, le particelle ad alta en-
ergia inducono la formazione di cariche nelle regioni sensibili dei dispositivi, il che pu�o
portare a e�etti da evento singolo. In questi ambienti di�cili, l'elevata domanda di compo-
nenti e il costo proibitivo delle soluzioni rad-hard hanno portato all'uso di�uso di sistemi
COTS (Commercial O�-The-Shelf). Tuttavia, questi sistemi devono essere quali�cati per
garantire la loro tolleranza alle radiazioni.
In alcune applicazioni, i dispositivi bipolari sono preferiti rispetto ai dispositivi CMOS a
causa della loro resistenza ai latchup, eventi distruttivi che compromettono la funzionalit�a
dei sistemi CMOS. Tuttavia, i dispositivi bipolari so�rono di danni da spostamento, che
in genere sono trascurabili nei MOSFET. Di conseguenza, la combinazione di radiazioni
ionizzanti e non ionizzanti pu�o produrre e�etti sinergici nei dispositivi bipolari, dove il
danno complessivo non pu�o essere previsto semplicemente sommando i contributi individ-
uali di ciascun tipo di radiazione. Questi e�etti complicano la quali�cazione di sistemi
altamente distribuiti all'interno del Large Hadron Collider (LHC), poich�e i livelli di radi-
azione variano signi�cativamente in termini di rapporto tra danno da spostamento e dose
ionizzante.
In questa tesi mi propongo di indagare gli e�etti sinergici delle radiazioni ionizzanti e
non ionizzanti su vari tipi di circuiti integrati bipolari e BiCMOS. Inoltre miro a esplo-
rare l'impatto di questi e�etti sulla quali�cazione dei componenti per i sistemi altamente
distribuiti nell'LHC.
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Introduction

At the European Organization for Nuclear Research (CERN), scientists and engineers are
working at the boundaries of the physics research, the huge system of particle accelerators
allows the scientist to push the limit of the knowledge exploring the elementary particles
that constitute the universe.
From its foundation in 1954, CERN has continuously expanded its number of accelerators
to further investigate the secrets of the nuclear and subnuclear physics. The current state
of the accelerators complex is shown in Figure 1.

Figure 1: CERN accelerators complex.

The Large Hadron Collider represents the most important and powerful accelerator of
CERN. It was inaugurated in 2008 and, with a circumference of 27 km, it can held 7TeV
of proton beam energy, resulting in 14TeV collision energy. One of the objectives of the
LHC was the demonstration of the Higgs Boson existence. In 2012 the analysis of the
data coming from the two main experiments, ATLAS and CMS, leads to the Higgs Boson
discover and to the Nobel Price in Physics for Peter Higgs and Fran�cois Englert.
From 2026 to 2028 there will be a long shutdown during which all the systems and experi-
ments of the LHC will be updated to handle the High Luminosity LHC update (HL-LHC).
The increase of the luminosity consists in the increase of the number of collisions main-
taining the same beam energy [1], as a consequence, more events will be detected.
But there is another ambitious upgrade of the accelerators complex that the CERN com-
munity wants to push forward: the Future Circular Collider (FCC). In these years the
feasibility studies for the FCC are been carried out. This accelerator, with a 90.7 km
circumference, is aimed at producing Higgs bosons and holding even higher energy beams
(up to 100 TeV of collision energy). After the council of member states permission, it
will be built in the French-Swiss border [2].

Because of the proton and ion beams accelerated inside the pipes of the LHC, the environ-
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ment of the tunnels is highly radioactive. Beam-beam collisions and beam losses (maily
due to beam-gas interactions) create debris and make the environment full of neutrons,
hadrons and ions. As a consequence, electronic systems located in the tunnel and close
to the interaction points are subjected to ionizing and non-ionizing radiations that lead
to the degradation of the components. For this reason, in the last years a lot of e�orts
have been made to develop solid radiation hardness quali�cation procedure to assess the
degradation pro�les of components and systems and to make sure that the systems in-
stalled in the LHC are radiation tolerant.
While electronic devices in CMOS technology are intrinsically tolerant to the cumulative
e�ects of non-ionizing radiations, they are subjected to both cumulative e�ects and single
event e�ects of ionizing radiations. Therefore, they are sensitive to latchups: destructive
single events caused by high energy particles. For this reason, in certain applications the
bipolar technology is still used. In fact, bipolar devices are intrinsically tolerant to single
event e�ects and to destructive events. On the other hand, they are sensitive to both
ionizing and non-ionizing cumulative e�ects and to their synergy.
This issue gains more importance considering the distributed nature of the systems in the
LHC. Since the radiation levels inside the LHC can vary enormously along the circumfer-
ence of the accelerator, electronic systems can be subjected to di�erent radiation levels in
terms of total dose accumulated and ratio between ionizing dose (TID) and non-ionizing
dose (DDEF). For example, the locations close to the experiments are very radioactive,
in those locations only rad-hard devices can survive. While in the tunnel (locations called
ARCS) the radiation levels are lower and quali�ed Commercial O�-The-Shelf (COTS) de-
vices can be used. Concerning the ratio, there are points in the LHC where, for the same
amount of total ionizing dose, the displacement damage (in terms of equivalent 1MeV
neutron 
uence) is ten times higher.
Thus, during quali�cation of bipolar devices, considering only one scenario in terms of
DDEF/TID or taking into account only one major contributor for the damage and ap-
plying margins are not representative of the real degradation in operation, it can lead to
discard COTS that could be used in the accelerator systems or, in the worst case, to the
quali�cation of devices that will not tolerate the particular environment in which they
will operate.

Within this context, my thesis aims at achieving two main objectives. The �rst is to
demonstrate the sensitivity of bipolar and BiCMOS integrated circuits to synergistic
e�ects of TID and DD by evaluating the responses of the devices when exposed to mixed
radiation �elds with controlled DDEF/TID ratios. The second objective is to explore the
impact of this sensitivity to the CERN radiation hardness assurance.

This work is structured in the following chapters: in the �rst chapter the radiation e�ects
to electronics are discussed and the synergistic TID/DD e�ects are introduced. The second
chapter is focused on the CERN radiation environment highlighting the variability of the
radiation levels around the LHC, a brief explanation of the CERN radiation hardness
assurance (RHA) procedure is provided and �nally the components I selected for the
study are discussed. The third chapter is about the test campaigns organization: the
selection of the test circuits, the production of the boards I designed, the explanation of
the irradiation facilities and the test setups I prepared. In the fourth chapter I analyze
the test results and the impact of the synergistic e�ects on the RHA.
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Chapter 1

Radiation E�ects on Electronics

The performances of electronic systems are strongly a�ected by radiations, the e�ects
in the devices depends on multiple factors: the type and the energy of the impinging
particles, the material of the device and the technology.
This chapter will provide the basic concepts underlying the radiation e�ects on electronic
devices, from the types of radiation-matter interactions to the di�erent e�ects of those
interactions inside the devices.

1.1 Radiation Matter Interaction

The �rst factors that determine the e�ects of radiations in electronic devices are the
energy and the type of impinging particles. Particles can be divided into three groups:
photons, electrically charged particles and neutrons. The di�erent possible interactions
are illustrated in Figure 1.1 [3].
There are three main interacting mechanisms between photons and matter:

ˆ Photoelectric e�ect: all the energy of the photon is transferred to an electron that
is ejected from the atom.

ˆ Compton e�ect: if the energy of the photon is higher than the energy needed for
the ejection of the electron, the electron is ejected, but the photon is scattered with
the remaining energy.

ˆ Pair production: if the photon has high energy (> 1 MeV) and passes close to the
nucleus, the photon may release all the energy in the production of an electron-
positron pair.

Neutral particles interact with matter in four ways:

ˆ Absorption: if the incident neutron has low energy (i.e. thermal neutrons 25meV),
it can be absorbed by the nucleus of the interacting atom that became excited, the
atom de-excitation causes the emission of photons.

ˆ Fission: the energetic neutron causes the splitting of a nucleus of the material, this
reaction releases a large amount of energy and causes the emission of fragments,
neutrons and photons.

ˆ Inelastic scattering: the collision between a neutron and a nucleus results in the
scattering of both elements.
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ˆ Elastic scattering: the incident neutron is absorbed by the recoiling nucleus, which
emits a neutron with a lower kinetic energy that leaves in an excited state, and then
emits one or more photons.

Finally, charge particles interact mainly in three ways:

ˆ Bremsstrahlung: if an electron passes close to the nucleus it is de
ected and part of
its kinetic energy is transformed to photon emission.

ˆ Ionization: the coulombic interaction between the charged particle and the electron
of the atom causes the ejection of the electron from its orbital.

ˆ Excitation: if the energy of the charged particle is not enough to eject the electron,
but it is enough to make it move in di�erent atomic shells, the electron is excited
and then the de-excitation causes the photon emission.

In addition to these last mechanisms, heavy charged particles, such as ions or protons,
are involved also in nuclear interactions. Furthermore, secondary particles, photons, frag-
ments or neutrons, can interact with matter causing a cascade of interactions.

Figure 1.1: Radiation-matter interactions [3]

The result of all these interactions is the energy transfer from the impinging particle to
the material and can be de�ned ionizing or non-ionizing depending on the mechanisms
involved. The Ionizing Energy Transfer (IEL), or Linear Energy Transfer (LET), and
the Non-Ionizing Energy Loss (NIEL) are used to quantify the energy loss along the
particle's path due to ionizing and non-ionizing interactions respectively. LET and NIEL
are reported in Equations 1.1 and 1.2.

LET =
1
�

dE
dx

�
�
�
�
e

�
MeV � cm2

g

�
(1.1)

NIEL =
1
�

dE
dx

�
�
�
�
n

�
MeV � cm2

g

�
(1.2)
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1.2 Radiation E�ects on Electronics

The e�ects of the ionizing and non-ionizing energy transfers inside a semiconductor device
can be further divided into two categories: cumulative e�ects and Single Event E�ects
(SEEs). Cumulative e�ects cause a gradual drift of the performances, while the SEEs are
stochastic e�ects that in some situation can cause the permanent damage of the device. In
this paragraph all these e�ects will be discussed, with a particular focus on the cumulative
e�ects that are the main object of this thesis.

1.2.1 Total Ionizing Dose

The Total Ionizing Dose (TID) is a cumulative e�ect de�ned as the amount of energy
absorbed per unit of mass due to coulombic interactions and it is measured in gray (Gy).
One gray is equivalent to one joule absorbed in one kilogram of matter. However, in the
space sector another unit of measurement is commonly used: the rad, which corresponds
to 0:01 Gy.

T ID =
dE
dm

�
�
�
�
e

[Gy] (1.3)

Since TID depends only on the energy released by the particles in the medium, it depends
on the particles Linear Energy Transfer. In a radiation �eld composed by many particles,
the total dose is calculated with Equation 1.4. It is equal to the sum of the contributions
of each particle type obtained by multiplying the LET by the number of particles per unit
of area (
uence, �) evaluated in the entire energy spectrum of the particle.

T ID =
X

p

Z
LET (p; E)

d�( p; E)
dE

dE [Gy] (1.4)

The degradation due to TID, depicted in Figure 1.2, is a consequence of the ionization of
the oxide materials in the electronic devices and the consequent charge trapping inside the
oxide. When a charged particle passes through the oxide a large number of electron-hole
pairs are generated, if the oxide is subjected to electric �elds, the electrons and the holes
are separated and positive charges are trapped in the oxide. Trapping of positive charges
happens due to the lower di�usion velocity of the holes and the presence of defects in the
oxide. In fact, it occurs mainly in presence of oxygen vacancies where the Si-Si bond is
weak and can trap holes creating a positive chargedE 0 center.
In addition, the radiation can release the hydrogen ions whose presence is due to oxidation

Figure 1.2: E�ects of the ionizing radiation in MOS structure: charge production and trapping in the oxide and interface
state generation [4].

9



processes. If these ions reach the interface between oxide and semiconductor they are
captured by the passivation (Si-H bond) causing the release ofH2 molecules and the
creation of thePbcenter. Those traps, that constitute the interface states, are amphoteric
defects: the charge polarity depends on the energy of the defect with respect to the Fermi
level.

In MOS devices, the trapped positive charges have di�erent e�ects depending on their
position in the device. If the positive charges are accumulated in the gate oxide the result
is the negative shift of the threshold voltage. In nMOS devices the positive charges push
the substrate into depletion, reducing the threshold voltage of the transistor. In pMOS
devices the positive charges push the substrate in accumulation, increasing the threshold
voltage in absolute value. As a consequence, nMOSFETs exposed to ionizing radiations
could remain permanently in conductive state (VT H < 0 V), while pMOSFETs could
remain permanently in non-conductive state (jVT H j > jVMAX j).
The positive charges trapped in the oxide can recombine with electrons coming from
the channel in the process called annealing. There are two mechanisms leading to the
recombination: electron tunneling and electron excitation. The �rst involves charges
trapped near the oxide/semiconductor interface. The second happens typically at high
temperature, electrons gain enough energy to overcome the barrier and recombine with
charges inside the oxide. Electron tunneling makes charge accumulation more di�cult in
very thin gate oxides, making highly scaled CMOS devices more robust to the e�ects of
TID on threshold voltage shift.
The interface states, on the contrary, have the same e�ect in nMOSFETs and pMOSFETs:
the threshold voltage increase in absolute value. It because the amphoteric traps are
charged according to the Fermi level leading to positive charge trapping in pMOS and
negative charge trapping in nMOS. The Equation 1.5 describes the threshold voltage
degradation due to positive charges trapped in the oxide and interface states.

� VT H = �
1

COX

Z

tOX

� (x)x dx +
Qit

COX
[V ] (1.5)

with COX capacitance of the oxide capacitor,� positive charge density inside the oxide
and Qit charge associated with the interface states.
Furthermore, since the Fermi level moves during the turning on of the MOS transistor, the

(a) (b)

Figure 1.3: MOSFET threshold voltage shift caused by ionizing radiation: (a) trapped charges in the oxide, (b) interface
states [5].

amount of charged interface defects increases with the increase of the applied voltage. The
combination of this e�ect and the reduction of the carrier drift velocity due to interface
traps leads to the reduction of the slope ofVG � I D characteristic and, thus, to the
reduction of the transconductance. The overall e�ects in the threshold voltage of the
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trapped charges and interface states are visible in Figure 1.3.
The opposing e�ects of oxide trapped charges and interface states in the nMOSFETs
can cause the rebound e�ect depicted in Figure 1.4. The trapped charges in the oxides
that caused the negative shift of the threshold voltage can recombine with the electrons
from the channel, while the interface states continue to be created due to hydrogen drift
resulting in a �nal positive shift of the threshold voltage.

Figure 1.4: Rebound of the threshold voltage in nMOSFETs after irradiation [4].

If the positive charges are accumulated in the isolation oxides as shown in Figure 1.5(a)
and (b) or in the buried oxide in the SOI technology, reported in Figure 1.5(c), the result is
the reduction of the threshold voltage of the parasitic transistors composed by substrate,
drain, source and isolation oxide. This e�ect leads to parasitic currents in a n-substrate,
while in a p-substrate it causes the shrinking of the transistor channel.

(a) (b) (c)

Figure 1.5: Leakage currents in CMOS technology caused by the trapped positive charge in the isolation oxides (a)
within the same device, (b) between di�erent devices and (c) in SOI technology [6].

The e�ects of the total ionizing dose in bipolar devices are depicted in Figure 1.6(a).
The positive charge trapping and the interface states in the isolation oxide between base
and emitter cause the increase of the surface recombination velocity and the variation
of the surface potential that lead to increased carriers recombination in the base and in
the base-emitter depletion region. Consequently, an increasing part of the base current
recombines leading to the reduction of the collector current that is driven by the base
current that survives the recombination, the result is the reduction of the current gain
(Equation 1.6). An example of the relation between TID and gain degradation is visible
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