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CSIC SCIENTIFIC CHALLENGES: TOWARDS 2030

What are the major scientific challenges of the first half of the 21st century? Can we
establish the priorities for the future? How should the scientific community tackle them?

This book presents the reflections of the Spanish National Research Council (CSIC)
on 14 strategic themes established on the basis of their scientific impact and
social importance.

Fundamental questions are addressed, including the origin of life, the exploration
of the universe, artificial intelligence, the development of clean, safe and

efficient energy or the understanding of brain function. The document identifies
complex challenges in areas such as health and social sciences and the selected
strategic themes cover both basic issues and potential applications of knowledge.
Nearly 1,100 researchers from more than 100 CSIC centres and other institutions
(public research organisations, universities, etc.) have participated in this analysis.
All agree on the need for a multidisciplinary approach and the promotion of
collaborative research to enable the implementation of ambitious projects focused
on specific topics.

These 14 “White Papers”, designed to serve as a frame of reference for the
development of the institution’s scientific strategy, will provide an insight into
the research currently being accomplished at the CSIC, and at the same time, build
a global vision of what will be the key scientific challenges over the next decade.
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ABSTRACT

Information, gathered, stored, processed and
transmitted, is the cornerstone of the present
era and shapes every aspect our daily life, thus
permeating cultural and social deep changes. A
multi and cross-disciplinary approach is needed
to cover all present challenges of the
Information Age, ranging from both the more
technological aspects to the social ones. This
duality is reflected in the title of this volume,
Digital and Complex Information. The current
Digital Transformation is enabled by
developments in physics and engineering and
entails several fields including electronics,
optics, material science, and quantum
technologies. Nowadays challenges include
sustainable and energy efficient electronics,
integrated photonics with new functionalities,
quantum computing and machine learning, and
operation within the Internet of Things.
Nonetheless the Digital world generates an
ever-increasing amount of data in which
security and trust play a critical role. The
advances in digital technologies call for a new
scientific research approach: an Open Science,
reproducible, interoperable and accessible. New
avenues are open in how we deal with
Humanities and with individual/social security
and rights, within digital citizenship. This is the
broad spectrum of challenges that drives
research across about the 40 CSIC institutes in
line with the latest developments in
digitalization worldwide.



ABSTRACT

This section is centered on the research actions
addressed to increase efficiency in computation,
to achieve low energy consumption, to reduce
electronic material waste and to be less harmful
to the environment. In order to achieve these
objectives, the projected research strategies are
addressed to combine disruptive technology
with ground-breaking design innovations in
devices and systems.

KEYWORDS

| zero-power electronics |

| memory-centric architectures |

| neuromorphic computing ” sensor systems
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1. EXECUTIVE SUMMARY

Nowadays, societies are being transformed to operate digitally. New devices
are being incorporated into our daily dynamics, providing a high level of con-
nectivity at work and at home. In this sense, both industrial production and
society environment are being transformed by massive sensor integration.

Beyond this, the monitoring process has also been extended to the whole life
cycle of products and infrastructures to contribute to the development of the
European Circular Economy Strategy.

Along the decades, this process has been supported by the continuous increase
of the computing performance, reinforced by a powerful development mod-
el based on hardware abstraction, and a completely new world of low-cost
electronic products with lifecycles ranging from hours to years.

However, the inefficiency of this development model in terms of sustainabil-
ity and the redefinition of the meaning of Moore’s Law introduce challenges
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that threaten this digitalization strategy. Consequently, it is necessary to in-
tegrate the digitalization technology development in this Circular Economy
Strategy. In this sense, both scaling and energy-efficiency are driving the re-
search on beyond-CMOS devices.

This chapteris centered on research actions in electronics aiming to increase
efficiency in computation, to decrease energy consumption, to reduce elec-
tronic material waste and to, ultimately, minimize its environmental
impact.

The chapter is addressing two main technological drivers where CSIC has a
strong position: technologies for ultra-high energy efficiency in electronics
and the massive and sustainable integration of sensors. The research on
emerging logic/memory devices, new computing paradigms and sensor sys-
tems takes advantage of the strong CSIC position on emerging materials for
electronics such as functional oxides, 2D materials and organic materials. This
capability of addressing from basic science to technological development and
innovation, i.e. from low to high Technology Readiness Levels (TRL), places
CSIC in a unique position for addressing the challenge referred to in this
chapter.

2. INTRODUCTION AND GENERAL DESCRIPTION

Societies are being transformed to operate digitally. Citizens are increasing-
ly required to interact digitally with businesses, service providers, banks and
the various levels of government. New devices are being incorporated into our
daily dynamics, providing a high level of connectivity in the home, work and
social environments.

Industrial manufacturing is being massively sensed and this process of mon-
itoring has also been extended to the whole life cycle of the product. In addi-
tion, health and infrastructures are also involved in this process, and trans-
portation is now undergoing a revolution expanding the automation to the
driving activity.

This ubiquitous digitalization involves a massive integration of sensors, a huge
flow of data and requires an intensive real-time data processing capability.
And, in addition, a completely new world of low-cost electronic products with
lifecycles on average ranging from hours to months have been brought to the
market.

24 [Intelligent and Sustainable Electronic Devices and Systems
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Along the last decades this process has been supported by the continuous in-
crease of the computing performance and by a powerful development model
based on hardware abstraction. However, the inefficiency of this development
model in terms of sustainability and the redefinition of the meaning of Moore’s
Law threaten this digitalization strategy.

Nowadays, energy consumption is critical and more efficient ways to compute
and sense are increasingly needed. Furthermore, we need to create new elec-
tronics made from environmentally-friendly materials and processes, whose
key characteristic will be the ability to decompose or be easily recycled at the
end of its useful life.

This chapter addresses the core technological enablers of the digital transfor-
mation of society, i.e. the electronic components and systems. The scope and
complexity of the electronics challenge needs a broad vision with the collab-
oration of experts able to provide solutions at every level of the technology.

The current structure of the electronics ecosystem is shown in Figure 1.1. It
is adapted from the International Roadmap for Devices and Systems (IRDS)
[Institute of Electrical and Electronics Engineers, 2020]. The focus techno-
logical topics of the IRDS are written in red. The roadmap emphasis is on the
systems written in blue, which are the basis to identify requirements for the
technologies that make these systems and applications possible.

We are addressing this quest according to two technological drivers. The first
one refers to the technological building blocks for ultra-high energy efficien-
cy in electronics. At one end of the ecosystem, data centers are consuming a
large amount of energy, with a negative impact on the environment. At the op-
posite end, the ubiquitous deployment of sensors will in many cases require
essentially zero-sum power consumption for the complete sensing system.
Increasing the energy efficiency of the basic components and functional ele-
ments of digital and analog electronics will require the implementation of new
devices, in many cases based on new materials and/or on different computa-
tional variables.

The massive integration of sensors is specifically addressed by the second
driver.

It will require sustainable sensing devices, both in terms of materials and en-
ergy, and new sampling and processing techniques.

Joan Bausells and Oscar Martinez Graullera (Challenge Coordinators) 25
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FIGURE 1.1-Ecosystem of the electronics industry based on semiconductor technologies, adapted from
the IRDS [Institute of Electrical and Electronics Engineers, 2020]. Red text: IRDS Focus Teams; Blue
text: Systems and Architectures key market drivers.
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The research in this challenge should be aligned with the existing roadmaps
and research agendas of the Electronics Ecosystem, such as the IRDS [Insti-
tute of Electrical and Electronics Engineers, 2020] and the joint Strategic Re-
search Agenda for Electronic Components and Systems of the European in-
dustry associations AENEAS, ARTEMIS-IA and EPoSS [AENEAS et al., 2021].

The overall goal of this electronics challenge is to provide hardware building
blocks for the general topic of Processing Digital and Complex Information.

3. IMPACT IN BASIC SCIENCE PANORAMA AND POTENTIAL
APPLICATIONS

Electronic systems are the technological enablers for processing digital and
complex information. One of the main challenges for electronics is achieving
(almost) zero power operation. This would have a direct impact in the key

26 Intelligent and Sustainable Electronic Devices and Systems
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market drivers of the semiconductor industry, shown in Figure 1.1: Internet of
Things (IoT) (edge) devices, which operate in wireless networks to gather, an-
alyse and react to events in the physical world; cyber-physical systems, which
provide real-time control for systems such as vehicles and industrial systems;
mobile devices and data centers. Achieving almost zero power electronics will
reduce the energy consumption and the environmental impact of data centers,
will increase the performance and the autonomy of mobile devices and will en-
able the massive deployment of sensors in the Internet of Things.

As an expected impact, the current vision of the European electronics ecosys-
tem is to achieve the EU policy target of 30% energy savings for 2030 by uti-
lising innovative nano-electronics based solutions [AENEAS et al., 2021]. This
will be addressed through the reduction of power consumption by the elec-
tronic components and systems themselves. Specific examples of the impact
of research actions are described below.

For emerging logic and memory devices, the use of the spin as a control vari-
able will allow a substantial reduction of the power consumption as well as to
modify the device architecture making possible to combine logic operations
with data storage and transmission.

Spiking neural networks (also called neuromorphic systems) imitate the (hu-
man) brain operation by targeting low energy consumption per operation
while pursuing high information processing throughput. Neuromorphic com-
puting can be highly beneficial for a large range of applications, where low
power and intensive processing is relevant and currently unattainable.

Despite their popularity, flash memories cannot be the ultimate technology
because of intrinsic limitations. Ferroelectric memories may become a seri-
ous alternative. Scientific progress in the development of ferroelectric HfO,
will have huge impact. In addition to economic benefits, extremely low switch-
ing power of ferroelectric memories would permit substantial reduction of
power consumption of the TIC industry. Moreover, in the near future, devel-
opment of electronics will require the introduction of non-traditional mate-
rials and structures, beyond CMOS logic devices. Charge-free spin manipula-
tion and spin transport offers a possible alternative. Although spin-diffusion
lengths in 3D oxides are well below 2D materials (notably, graphene), they of-
fer matchless tunability of spin-charge conversion by electric fields. This may
enable computation with devices based on spintronic/multiferroic materials
for memory and logic devices.

Joan Bausells and Oscar Martinez Graullera (Challenge Coordinators) 27
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Quantum materials include a wide range of systems with emerging electron-
ic properties. The increasing exchange of data and use of digital devices will
be a major source of energy consumption in the future. From the applications
point of view, the research on quantum materials can be key to design new de-
vices able to work with very low or null electronic power. Besides reducing
power consumption these materials can be used in sensors and other equip-
ment for digital, medical and electrical applications, as well as for memories,
light and efficient motors, equipment for energy production, etc. Other exam-
ples of the potential of quantum materials include novel spintronic-based ap-
plications, e.g. a precisely twisted graphene bilayer can lead to a spin-glass
(superconducting) phase that could be used to store data.

The development of new processing technologies that allow manufacturing
memory systems at temperatures below those used for fabricating transistors
interconnections, enables incorporation of memory devices above blocks of
CMOS logic.

This integration is evolving the traditional computer memory hierarchy to a
new computer architecture paradigm where data management will acceler-
ate algorithm performance while reducing energy consumption.

Some works follow a brain-inspired approach to improve both computation-
al efficiency and energy efficiency. Moreover, they are working on new com-
putational paradigms based on relaxing determinism in arithmetic circuits.
Concepts such as approximate, probabilistic, and stochastic computing meth-
ods, are also being considered, expanding at the same time the capabilities of
the fault-tolerant response of the systems. The impact of these new technol-
ogies brings the opportunity to improve the hardware implementation of mul-
tisensor/multichannel computational systems. Over these new computation-
al models, the future new sensor networks are being designed to be highly
distributed, heterogeneous, densely connected, dynamically reconfigurable,
self-managed, ubiquitous and sustainable.

In this sense, the key to energy efficiency in the future networks is determined
at the sensor level, where organic electronic is being introduced as an alter-
native to silicon electronics. Compared to silicon electronics, the versatility
of organic electronics offers flexibility, softness and stretchability, which can
be applied to foldable devices, biocompatible electronics that can act as inter-
face with biological systems, and other applications.

28 Intelligent and Sustainable Electronic Devices and Systems
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4. KEY CHALLENGING POINTS

4.1. Technologies for almost zero power electronics

Energy efficiency is the main challenge ahead in electronics. In the ear-
ly 2000’s, keeping Moore’s Law required to limit the operating frequencies
and to change the architectures of integrated circuits, due to their increasing
power consumption. Now data centers consume around 200 TWh per year,
and data networks around 250 TWh, which is about 0.8 and 1% of the global
electricity demand (2019 data [IEA, 2020]). Their demand is in both cases
steadily increasing, so the energy consumption can only be reduced if the en-
ergy efficiency of electronic devices and systems is largely increased. The ul-
timate objective is achieving (almost) zero power electronics.

This challenge is aligned with the vision of achieving the EU policy target
of 30% energy savings for 2030 through innovative nano-electronics based
solutions. Its scope addresses the reduction of power consumption by the elec-
tronic components and systems themselves.

Emerging logic and memory devices

Innovations in semiconductor core technology will enable continued dimen-
sional/functional scaling and improved energy efficiency in logic devices,
through new structures based on gate-all-around transistors with nanowires
and nanoribbons, transistors with 2D materials channels, and 3D integration.
In addition, one important forward-looking research objective is to find an
energy-efficient switch device beyond CMOS for future integrated circuits.
Many types of devices are being explored, based not only on electronics (e.g.
single-electron transistors), but also on different computational state varia-
bles such as ferroelectric, spintronic or magnetoelectric.

This is supported by research on semiconductor technology, mostly related
to patterning processes and the use of new materials. In a somewhat parallel
path, devices made with organic, printed and flexible electronics are increas-
ing both performances and integration, and can contribute to the sustainabil-
ity of electronics by reducing e-waste.

Materials for electronics

Emerging materials for electronics will be important enablers for almost
zero power electronics. Current technologies based on magnetic memories
and semiconductor electronics are about to reach their physical and eco-
nomical return limits, thus making it necessary to develop a new
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technology. A substantial improvement of the energetic efficiency and data
processing speed of integrated circuits and memories requires the introduc-
tion of new control variables. The electronics based on electron spin han-
dling, i.e. spintronics, is a potential alternative to develop multifunctional
electronics that combines logic operations, data storage and transmission
with an improved energetic efficiency. The study of thin films and hetero-
structures of complex functional oxides may lead to potential applications
in magneto-electronics and spintronics.

Control of dielectric responses and spin degrees of freedom appear as prom-
ising routes for low power and fast processing electronics. In this context, ox-
ides play a key role. For instance, pure spin currents generated nowadays by
electronicinjection in oxide heterointerfaces or spin Hall effect in metals, are
used for active control of functional properties of devices (e.g., magnetization
switching controlled by spin currents). Similarly, commercial memories use
open circuit control of ferroelectric oxide devices. Current materials present
challenging bottlenecks to downscaling that can be overcome using alterna-
tive architectures (ferroelectric tunnel junctions) or using novel materials
(e.g. HfO,). Furthermore, in memristive oxides the resistance state is fine-
tuned by electric, magnetic fields or light within a continuous interval of val-
ues, thus offering a route to analog computing and decentralized non-von Neu-
mann architectures and bioinspired optoelectronic and magnetoelectric
devices. Additional classes of emerging materials for electronics with prom-
ising applications are topological materials with dissipation-less electronic
transport, 2D materials and their heterostructures, as well as organic mate-
rials for flexible devices.

Currently, the leading memory technologies are based on charge or current
trapping and ferromagnetic domains. Emerging new technologies for persis-
tent and fast read/write memories are actively being explored. Research on
quantum materials frequently comes across potential applications for data
storage, particularly in two fronts: quantum memories and spintronic
memories.

Energy efficient computing blocks

New devices and computing paradigms can result in an energy efficient im-
plementation of the basic computing blocks. Spiking neural networks (also
called neuromorphic systems) imitate the brain by targeting low energy con-
sumption per operation while pursuing high information processing

30 Intelligent and Sustainable Electronic Devices and Systems
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throughput per operation. This can be highly beneficial for alarge range of ap-
plications, where low power and intensive processing is relevant. Spiking neu-
ral networks can be designed with emphasis on exploiting memristive devic-
es, where co-integration of neurons and memory is essential.

Analog computation can improve the energy efficiency. If implemented in ad-
vanced integrated circuit technologies, analog computation can have impor-
tant advantages. Its main attributes are parallel computation (with compu-
tation time independent of the problem size) and absence of
time-discretization, which eliminates convergence issues. Hybrid (mixed
analog/digital) computing units defined for specific classes of problems, such
as solving nonlinear differential equations, can result in faster computation
with lower energy consumption.

4.2. Smart and sustainable electronics for interaction

with the world

The penetration of sensing technology has expanded the analysis capability
of natural and social events and have provided an unprecedented opportuni-
ty to better understand and respond to the spatiotemporal dynamics of these
events. In this sense, an entirely new world of low-cost electronic products
with lifecycles on average ranging from hours to months has arisen to improve
the efficiency of decisions around the environment, urban settings, health and
disease propagation, business decisions or the maintenance of critical
infrastructure.

This challenge addresses the massive integration of sensors in a sustainable
way. The real challenge that arises behind this is how to drive the transition
from signal-driven systems to data-driven systems. Therefore, to formulate
more specific challenges, both issues should be considered.

Autonomy of sensors systems

Itis possible to remark some features that are desirable to achieve a sustain-
able sensor: it should be cost-effective, reusable and/or biodegradable,
it should have low consumption and/or capability for energy harvesting,
support micro-storage and/or communication or data preprocessing
capabilities.

In this sense, materials are in the core of this subchallenge. Complementing
well established and novel silicon approaches, there are other materials sys-
tems worth exploring that also show the required material and technology
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scalability. Metal oxide materials, for example, are adequate for the develop-
ment of low cost, high-performance gas microsensors that have shown excel-
lent compatibility with the microelectronic technologies. Organic active ma-
terials can produce photodetectors and make use of thermoelectric and piezo/
triboelectric effects that would be able to produce energy powering units.
Thus, opening energy harvesting technology at the sensor level.

Furthermore, several solvent-based functional materials are being consid-
ered to produce new biodegradable inks with electric properties that would
be used to produce Organic Thin Film Transistors (OTFTs), diodes and oth-
er electronic components on biodegradable substrates such as PLA, silk or na-
no-paper adequate for additive manufacturing technologies.

Then, the integration of these new devices into low-complexity electronic sys-
tems can make functional prototypes of IoT devices powered by organic-based
energy systems.

These eco-friendly circuits are expected to be too slow for general-purpose
computing, but they are attractive for single-use devices such as sensors and
displays. However, a new artificial intelligence architecture for low-scale sys-
tems can be introduced to improve sampling operation, processing capabili-
ties and communication. The goal is to obtain technology to rise sensor
ubiquity.

The management of massive and/or complex sensor systems

The organization of new sensor networks is also a challenge to the future glob-
al data network because of its density and because the big dataflow generat-
ed threatens to consume large bandwidth and requires data centers to con-
sume higher power.

These sensor networks correspond to many different typologies and different
applications. As an example, consider the medical sensor ecosystem where
CSIC is participating. In this case, we can find from small disposable weara-
ble sensors to big instrumentation, like PET, or many medium-size instru-
ments, like echography systems. Some of these systems are evolving, increas-
ing their capabilities and being implemented in new configurations such as
portable or as unattended instrumentation that are opening new application
areas. Other fields like cities, factories, vehicles or infrastructures show sim-
ilar diversity and complexity.
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In this sense, optimizing the sensor distribution to reduce the number of ac-
tive elements, introducing on-board processing able to obtain information
from signal, improving communication systems, or developing new sampling
event-driven strategies are solutions that are being considered to reduce the
dataflow and consequently to made the network more sustainable.

Furthermore, sensor distribution should be conceived as a fault-tolerant
system. It should be able to perform auto diagnostic and to be reconfigur-
able to guarantee reliable information or a different application range. That
is, it should be designed to increase system lifecycle and usability and ac-
cording to a trade-off between performance and complexity. Sparse recon-
struction and compressed sensing (CS) techniques can be used to optimize
the number of data samples or sensors that are needed for successful recon-
struction and reduce the magnitude of the reconstruction errors. In this
sense, it can be used as a tool for design optimal sensor structure or reor-
ganize the structure to maintain reliability in front of a fault-event. Howev-
er, reduced data may save measurement resources, but it also means a low-
er signal-to-noise ratio (SNR) and possibly other artifacts. The hardware
implementation of CS techniques will improve the efficiency of sampling
and processing devices.

Communication is the other issue. The paradigm which 5G represents needs
new functional materials supporting low-cost energy-efficient mm-wave de-
vices. In this sense, a new family of ferrites based on e-Fe,O3 with huge mag-
netic anisotropies are expected to present zero-field magnetic resonances in
the mm-waves and THz bands, allowing to develop efficient communication
systems.

New processing architectures for signal to data transition

in sensor systems.

The scenario that is arising is well presented in the IRDS 2018 update (More
Moore). As the global data corpus continues to grow exponentially with a two-
year doubling period and with that growth to come disproportionately in dis-
tributed CPS and IoT/edge systems, time of flight through wired or wireless com-
munication systems in addition to bandwidth limits will continue to hold data
at the edge, necessitating efficient computations capabilities to flow outward to
the data [ Institute of Electrical and Electronics Engineers, 2020].

The traditional computer von Neumann architecture, based on a simple se-
quential programming model, has allowed a successful software development
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model based on the powerful abstraction model. However, nowadays, it is be-
ing questioned because of the benefits associated came at the cost of compu-
tational efficiency.

The implementation of algorithms on application-specific integrated circuits
(ASICs, DSP and FPGAs) results in a better mapping of the operations of al-
gorithms to a set of physical resources used to perform those operations. Fur-
thermore, it improves computational performance and energy efficiency by
one to three orders of magnitude if compared with the von Neumann archi-
tecture. The multichannel signal processing is one of the application areas
where the design of specific architectures is an active research line.

Probably, the most promising solution is based on exploiting memory-centric
architectures, mainly because they have been addressed in a limited way,
through FPGA specific designs, in the development of sensor array systems
(like PET or ultrasonic imaging systems). Memory access has been radically
improved in the last decades. However, the data movement between memo-
ry and processor increases latency as well as energy consumption. The new
technologies associated to memory development suggest that at the cost of
some increase in architectural complexity concepts such as “memory in log-
ic” could be the basis of the new memory hierarchy that will need a new pro-
gramming paradigm. Ferroelectric memristive devices can be used as active
elements for logic and computing beyond von Neumann architectures. New
solutions should explore all concepts of low power computing such as mem-
ory-centric architectures, neuromorphic computing, error-efficient, or any
mixed computing method. However, this process should be supported by the
development of new hardware algorithm implementations and novel software
paradigms able to exploit the advantage of the new architectures, including a
new theoretical framework for event-driven algorithms based on brain-in-
spired processing and adaptation.
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Information, gathered, stored, processed and transmitted,
is the cornerstone of the present era and shapes every
aspect our daily life, thus permeating cultural and social
deep changes. A multi- and cross-disciplinary approach is
needed to cover all present challenges of the Information
age, ranging from both the more technological aspects to
the social ones. This duality is reflected in the title of this
volume, Digital and Complex Information. The current
Digital Transformation is enabled by developments in
physics and engineering and entails several fields including
electronics, optics, material science, and quantum
technologies. Nowadays challenges include sustainable and
energy efficient electronics, integrated photonics with new
functionalities, quantum computing and machine learning,
and operation within the Internet of Things. Nonetheless
the Digital world generates an ever-increasing amount of
data in which security and trust play a critical role. The
advances in digital technologies call for a new scientific
research approach: an Open Science, reproducible,
interoperable and accessible. New avenues are open in
how we deal with Humanities and with individual /social
security and rights, within digital citizenship. This is

the broad spectrum of challenges that drives research
across about the 40 CSIC institutes in line with the latest
developments in digitalization worldwide.
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