
COURSE DESCRIPTION

A short course, “Radiation Effects on Electronic and Photonic Technologies: from Basic Concepts to 
Advanced Mechanisms”, will be presented at the 2024 IEEE Nuclear and Space Radiation Effects 
Conference. The ongoing need to expose sensors and systems to more and more demanding 
radiation environments combined with the fast evolution of technologies lead to complex 
radiation effects in modern electronics and photonics. To enable their use in harsh radiation 
environments such as space, nuclear power plants, medical imaging/scientific instruments, or 
particle physics facilities, it appears critical for users, designers, manufacturers, and researchers to 
get an up-to-date overview of the underlying physics and failure mechanisms. 

The short course is organized into four sections, all featuring introductory material and advanced 
topics. The first section addresses the basic mechanisms of radiation effects in electronics, with 
emphasis on displacement damage on various devices and technologies. The second part focuses 
on total ionizing dose induced degradation in MOS transistors, discussing the evolution of these 
effects with the advancement of CMOS manufacturing technologies. The third section describes 
single event effects on electronics including discussions on the benefits and limitations of various 
testing approaches. The final course presents effects on photonic material, devices and integrated 
circuits focusing on optical materials, optical fibers, image sensors and detector pixel arrays. More 
detailed descriptions of each lecture are provided below. The topics covered should benefit people 
new to the field as well as experienced engineers and scientists, by providing up-to-date material 
and insights.

The short course is intended for radiation effects engineers, component specialists, system 
designers, and other technical and management personnel involved in developing reliable 
systems designed to operate in radiation environments. It provides a unique opportunity for 
IEEE NSREC attendees to benefit from the expertise of excellent instructors, along with a critical 
review of state-of-the-art knowledge in the field. Electronic copies of detailed course notes will be 
provided to each participant. 

Continuing Education Units (CEUs) will be available. For the interested attendees, an exam will 
be given at the end of the short course. The course is valued at 0.6 CEUs, and is endorsed by the 
IEEE and by the International Association for Continuing Education and Training (IACET).

PART I – BASIC MECHANISMS AND DISPLACEMENT DAMAGE EFFECTS IN 
ELECTRONICS

Electronics operating in space-based applications are subject to radiation effects from galactic 
cosmic rays, solar energetic particles, and trapped particles in planetary orbits. Energetic 
particles can cause single-event effects (SEEs) as well as accumulated damage from total ionizing 
dose (TID) and displacement damage (DD), leading to data corruption, off-normal electrical 
conditions, performance degradation, and failure. During the first half of this short course, 
Dr. Elizabeth Auden from Los Alamos National Laboratory will provide an overview of space 
radiation environments; concepts such as particle / matter interactions, stopping power, and 
dose; radiation effects including TID, DD, and SEEs; and common units necessary for the study 
of radiation effects such as dose, displacement damage dose (DDD), linear energy transfer 
(LET), and non-ionizing energy loss (NIEL). The second half of the short course will focus on 
displacement damage. Topics will include basic physical mechanisms, electrical degradation 
observed in different device types, and recent displacement damage research in devices with 
emerging materials and feature sizes.

PART II – TOTAL IONIZING DOSE EFFECTS IN SI MOSFETS UP TO ULTRA-
HIGH DOSES

Silicon MOSFETs have been sensitive to Total Ionizing Dose (TID) since the early days of radiation 
studies on electronic devices, and that is still the case after more than 40 years and 20 generations 
(nodes) of CMOS technologies. Silicon dioxide (SiO2), the insulator that has been a blessing for 
the semiconductor industry because of its compatibility with Si, has instead been a curse for the 
application of CMOS circuits in radiation environments. Defects in SiO2 and at its interface with 
the Si channel of MOS transistors have determined the TID response of CMOS circuits built in 
micrometer bulk planar technologies of the 80s as well as in today’s nanometer-scale FinFETs.
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In this course, prepared in collaboration with Dr. Giulio Borghello (CERN), Dr. Stefano Bonaldo 
(DEI, University of Padova), and Dr. Federico Faccio (CERN) will illustrate the basic mechanisms 
of TID in SiO2: charge yield, charge and hydrogen transport, charge trapping and de-trapping, 
interface state activation and annealing. The course will show how very similar mechanisms have 
differently affected the performance of MOSFETs in time. While in older technologies the gate 
oxide was the weak point and determined failure at krad TID levels, with the down-scaling of 
CMOS in the 100 nm range and below, the radiation response became dominated by auxiliary 
oxides like Shallow Trench Isolation (STI) or spacers.

The last part of the course will thus focus on the consequences of ionization in these insulators: 
the leakage currents that often represent the prevalent limitation to radiation tolerance in 
recent technologies, the dose-rate effects observable at high TID levels, and the transistor size 
dependencies including RINCE, RISCE (Radiation-Induced Narrow or Short Channel Effects) 
and halo implant effects. The manufacturing of these auxiliary oxides is less controlled and less 
uniform across nodes and fabrication plants than for the thermally grown gate oxide, leading 
to a wide variability in radiation response. This will be illustrated by a comparison between 
manufacturers, plants of the same manufacturer and manufacturing lots. In conclusion the course 
will show how, with or even without costly dedicated design techniques, TID tolerance to ultra-
high levels (>100Mrad) is not a dream anymore.

PART III – SINGLE-EVENT EFFECTS IN DEVICES AND ICS: PHENOMENA AND 
TESTING METHODS

Dr. Ani Khachatrian from the US Naval Research Laboratory will present an overview of single-
event effects phenomena in devices and integrated circuits. In harsh radiation environment, in 
addition to total ionizing dose, displacement damage dose, microelectronic devices are susceptible 
to single-event effects. SEE is a phenomenon that occurs when single energetic particle such as 
alpha particle, heavy ion, proton, neutron or other highly energetic particle, strikes sensitive area 
of a microelectronic device. There are three steps that can lead to a single-event effect: charge 
generation via both direct and indirect interactions of an energetic particle with matter; charge 
collection and the associated modification of the electrical potential at a sensitive node; and the 
response of the circuit to the collected charge. Single-event effects can be either non-destructive or 
destructive and can disrupt the normal operation of a device leading to potential failure events. 
Non-destructive single-event effects can manifest as single-event upset, single-event transient, 
multi-bit error, and single hard error. Single-event latchup, single-event burnout and single-
event gate rapture are the examples of destructive events. With continued technology scaling, 
microelectronic devices growing more complex and emergence of novel semiconductor materials, 
the understanding of the mechanisms leading to single-event effects becomes increasingly 
important.  

The presentation will discuss mechanisms responsible for single-event effects formation in devices 
and integrated circuits; types of single-event effects in analog, digital, logic circuits, memory cells 
and modern microelectronic devices and different test methods of single-event effects in modern 
technologies, their benefits and limitations. 

PART IV – RADIATION EFFECTS ON PHOTONICS: IMAGE SENSORS AND 
OPTICAL FIBERS

Photonics is an important topic due to its wide-ranging applications and transformative 
impact on various fields, from communications, data transfer, imaging and sensing. Today, 
high performance photonic solutions developed for terrestrial applications are more and more 
implemented in radiation-rich environments. It is then crucial to study the radiation effects 
on these technologies in order to be able to assess their vulnerabilities and if needed to apply 
hardening techniques before integrating them under irradiation.

In this lecture Prof. Sylvain Girard from University of Saint-Etienne and Dr. Cedric Virmontois 
from CNES will describe radiation effects on two of the main photonic technologies: image 
sensors and optical fibers.

The first part will address radiation effects on silica-based optical fibers and bulk glasses. 
The advantages and limitations for the implementation of these technologies in various 
harsh environments will be discussed as well as the different targeted applications from 
communications to sensors. The parameters governing their macroscopic radiation responses 
through the generation of radiation induced point defects will be reviewed as well as the existing 
strategies to design radiation hardened optical fibers and fiber sensors.

The second part will address image sensors and detectors. A particular emphasis will be made on 
visible and infrared technologies used in space. After a description of the device principles, the 
lecture will focus on the performances degraded by radiation. Dark signal, noises, charge transfer 
inefficiency, quantum efficiency and blinking pixels will be introduced as well as how these 
parameters evolve under irradiation.
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