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Abstract

The 21st century will be the era of the fourth industrial revolution with the progressive introduction of the
digital society, with smart/connected objects, smart factories that are driven by robotics, the Internet of Things (1oT)
and artificial intelligence. Manufacturing is expected to be performed by smart factories, i.e. the industry 4.0, which
is the outcome of steady development of information technology associated with new objects and systems that can
automatically supervise and fulfil manufacturing tasks. The industry 4.0 concept relies largely on the ability to
design and manufacture smart and connected devices that are based on microelectronics technology. This evolution
requires highly-skilled technicians, engineers and PhDs, all of them well prepared for research, development and
manufacturing. Their training, which combines knowledge and the associated compulsory know-how, is becoming
the main challenge for the academic world. The curricula must therefore include the basic knowledge and associated
know-how training in all the specialties of the field. The software and hardware tools used in microelectronics
education are becoming highly complex and expensive that the most viable solution for practical training is to share
technical facilities and human resources. This strategy has been adopted by the French microelectronics education
network, which includes twelve universities and two industrial unions. By sharing human resources and technical
facilities, the CNFM network was able to minimize the costs and to train future graduates on up-to-date tools similar
to those used in companies. This paper aims to show how the strategy adopted by the French network can help
meeting the needs of the future industry 4.0. Several examples of innovative activities developed in this strategy will

be given.
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1. Introduction

The evolution towards digital societies implies a revolution in the industry that relies largely on the tremendous growth of
microelectronics, which is at the heart of the Internet of Things (I0T) [1-2]. Indeed, the rapid development of microelectronics
[3] has made it possible to achieve fast computing, high-speed data processing and communications, and also more sensitive
detection and more effective actuation [4]. Today, all these functions are integrated in the connected objects that apply to all
major societal activities [5], from communications to health, safety, transport, energy [6-7], as well as production in the new

industrial scheme [8]. In fact, modern industry takes advantage of intelligent robots [9-10] that are well adapted to the
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production environment and have a core based on connected objects. As a result, industry is increasingly dependent on loT,
which is necessary to govern the design of new products, their production, as well as to control the flow of raw materials and
manufactured objects. All these production and management functions are part of what is known as smart factory industry 4.0
[8]. In this field, engineers, technicians and PhD grade holders must be integrated into this design and manufacturing chain.
The skills of these actors must combine the knowledge and practical know-how or skills that are essential when manufacturing
a real object integrated into its environment and with a well-defined mission profile [11]. Electronic hardware platforms
(microprocessors, microcontrollers, sensors, actuators, etc.) are at the heart of the smart factory and they are provided by
microelectronics industry [12]. Higher education programs in engineering must therefore contain the basic knowledge and
associated know-how in the following specialties: analog and digital electronics, signal processing, sensors and actuators,
on-board electronics, energy harvesting systems, communications, transmission protocols and human-machine
communication systems (vision, sound, touch, etc.) [6]. These specialties must meet the future needs of a connected society:
low power, high speed, reproducibility, quality, safety, reliability, and low cost. A transformation of higher education is a
major challenge to meet the needs of companies and research centers with a permanent behavior oriented towards innovation.

This paper addresses these different aspects.

2. Microelectronics and loT

As mentioned above, microelectronics and its evolution towards nanotechnologies are the driving force behind the
evolution towards the digital society and future industry 4.0. Over the past sixty years, the integration of elementary devices
into integrated circuits, mainly transistors, has grown exponentially, primarily due to the decrease in the lateral dimension of
elementary devices. This evolution followed the famous Moore's Law [3]. Nowadays, the minimum dimension entered within
the nanometre scale, which is why we are now talking about nanotechnologies. On the one hand, the reduction in size was
governed by a better control of the stages of the manufacturing process gradually involving the self-assembly of nano-objects
and thin films. On the other hand, the size has also decreased due to the increase in the computing capacity that led to the
improvement in the design of increasingly complex circuits. The consequence of this unprecedented evolution is that the lateral
dimensions of the devices are currently approaching the inter-atomic distance. Thus, the decrease in the size of the elementary
transistors and thus the increase in the integration density of the transistors reach a physical limit. However, since the early
2000s, the introduction of the third dimension has provided a new way to further increase integration density. Indeed, this
approach is based on stacking of elementary devices and circuits on the surface of the previous circuits. This is carried out by
involving new deposition techniques of thin films, and the technique of stacking of the circuits themselves based on the
thinning of the substrates followed by a sticking process [13-14]. Fig. 1 illustrates these two developments. The number of

elementary devices in the most advanced electronic systems can count up to several billions [3].

Integration of circuits and systems
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Fig. 1 Moore’s Law [3] and “More than Moore” evolution [13]. Systems on chip (SoC)
and systems in package (SiP) open the way for connected objects [14]
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Thanks to this integration scheme, many electronic functions have been developed and by combining several
technological processes, the extension to multi-physical systems has become possible. For example, micro-electro-mechanical
systems (MEMS) technology opened the way to create many types of sensors and actuators. The possibility to gather several
functions allows the creation of systems on chips (SoC) and systems in package (SiP) which are the cornerstone of new
connected objects. Indeed, the connected objects are a combination of several functions that are summarized in Fig. 2 [5-6].
They may contain sensors, actuators, signal processing modules, analog/digital and digital/analog converters, energy
harvesting cells, and communication modules. Depending on the application domain, sensors and actuators are
multidisciplinary [15]. With these new systems, the fields of application can cover all societal needs such as communications,
health, environment, energy, transport, agriculture, and the new industry 4.0, which is covered in this document and that

requires advanced manufacturing technologies.
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Fig. 2 Simplified architecture of a connected object with its main functions [6]

To summarize, the microelectronics and the associated new connected objects, allow the complexity of the architecture
and the systems, increasingly involve multidisciplinary approach, and can be applied to large spectrum of societal needs in the
so-called Internet of Everything or I0E [16-17]. The human resources associated with this field, i.e. the engineers, technicians,
and operators working in the manufacturing have to acquire skills corresponding to knowledge and know-how of the field,

associated with capabilities of team working.

3. Advanced Manufacturing Technologies and Constraints

Advanced manufacturing technologies should involve many objects, including robots and connected environments. This
environment must be secure and reliable in terms of physical objects, intellectual property, data protection and monitoring. For
designers and manufacturers, this means a lot of works are dedicated to the safety and reliability of objects and microelectronic
circuits, as well as to data transmission and the reduction of possible interferences in the signals. All these points put high

challenges on microelectronic devices, circuits and systems.

Another aspect is less visible but of ever-increasing importance. It is the energy consumption of all these objects within
the 10T framework. Fig. 3 shows the expected evolution of 10T energy consumption over the next 20 years. Growth is
exponential and 10T electrical power consumption is expected to reach 15,000 GW in 2040, which is the global energy
consumption from all sources (nuclear, oil, gas and renewable energy) by 2018 [18], while the global average power
consumption should reach about 125,000 GW [19-20]. It is clear that the planet will not be able to reach this level of production
and the reasonable solution is to significantly reduce the consumption of each connected object by a factor of more than 10 and
probably close to 100 after 2040.

The solutions to this issue require deep changes in current microelectronics field. It is still necessary to reduce the

consumption of each elementary device thanks to nanotechnology development, optimize the number of components in the
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circuits, create new architectures that sequentially activate the useful zones by putting all the others on standby, i.e. to move
from synchronous architectures to asynchronous ones in order to minimize the consumption of the clocks, combine different
technologies (ULSI, thin film technologies, organic technologies) and improve the transmission and reception efficiency in

signal transmissions, to mention only the most obvious ones.
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Fig. 3 Projected annual energy consumption over the next 20 years, equivalent to the world
average annual capacity in 2018, all energy sources cumulated (After [20])
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Creating electronic circuits in heterogeneous technologies and multidisciplinary applications, improving safety,
controlling energy consumption are the challenges that future technicians, engineers and PhDs will have to face. They must
therefore be prepared through initial and lifelong training adapted to this evolution. University training in engineering must
therefore meet these needs. The French Network for Education in Microelectronics and Nanotechnology (CNFM) [21], created
in the early 1980s and moving from microelectronics to nanotechnology in the 2000s [22], has adopted a strategy in this

direction.
4. French Higher Education Network in Microelectronics

4.1. The CNFM French network

Higher education in microelectronics in France is coordinated by a 35-years old national network, the CNFM, funded by
the Ministry of Higher Education with an official structure called “Groupement d'Intérét Public” (GIP) [21-22]. This network
was created to share education facilities (platforms) containing expensive micro and nano-fabrication equipment and tools, that
require high operating costs. These shared open facilities allow offering practical training to all academic institutions in France
that become users of the platforms for training their students in know-how. Foreign academic institutions are also users of the

platforms in the frame of cooperation agreements.

This network is composed of twelve academic members who are respectively in charge of the twelve common centers
spread over the French territory as shown in Fig. 4, each center being common to several academic institutions located in the
same geographic area. The twelve CNFM common centers (red labels) manage platforms i.e. technical facilities for practical
hands-on training. Among the eighty technical platforms, 7 cleanrooms are mainly dedicated to Education (red stars). National
services for CAD (Computer-Aided-Design) tools provided by the Montpellier CNFM common center are dedicated to all the
national community and foreign partners of the network. Two industrial unions and especially the most representative
association ACSIEL Alliance Electronics consortium [23] are also the members of the CNFM body. They represent more than
150 industrial sites (orange and green circles). The presence of industrial partners ensures strong links between academic
training and industrial needs. Indeed, industrial partners provide the CNFM network with the necessary valuable advice on the
nature of skills and competencies needed by the work market. Hereafter, we will present what we think to be the main
characteristics of a good education approach able to ensure i) a high quality of the content, ii) a know-how on updated and
industrial tools, iii) an international recognition of the diploma, iv) and sustainability meeting the needs of advanced

manufacturing technologies.
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Fig. 4 Map of the French academic and industrial activities in microelectronics [21]

The main company sites are identified by orange circles. The twelve common centres of the CNFM (red circles and red
stars) manage practical training platforms and are located throughout the metropolitan area. For their practice in cleanroom,

students travel from their institution to closest CNFM centres (blue lines).

4.2. The missions and the strategy of the CNFM network

As previously mentioned, the very essence of the GIP-CNFM network is to share technical platforms, which include
technological processes, CAD, characterizations, and test, because of their very high equipment and operating costs. In
addition, sharing pedagogical approaches between educators, and applying good practices towards students trained in initial
training or even in LifeLong Learning (LLL) is also a main educational target. Collaboration within the network exists in

several forms, via:
® the sharing and common use of technological and design platforms,
® the collaborative work in the context of national, or international, multi-year projects,

® three-day educational workshops and brainstorming seminars involving teachers, researchers and technical collaborators,

as well as industry representatives.

These joint activities allow the exchange of knowledge and practices in order to produce and disseminate knowledge and
know-how to the entire academic community [24] as well as to foster an innovative approach that is mandatory for advanced

manufacturing technologies.

4.3. CNFM strategy with industry

The main point of the GIP-CNFM's strategy is to pool technology, design, characterisation and testing platforms in the
broad field of electronics, microelectronics and nanotechnologies. This network provides a permanent link between the

academic world and the industrial world that can reflect its needs in the short, medium and long term. The technological
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platforms are accessible to all students, whatever their level from undergraduate to post-doctoral students, which allows them
to acquire essential know-how in addition to the theoretical knowledge acquired either in traditional form (courses) or in the
form of online tools, such as MOOCs [25-26]. Since electronics and microelectronics are at the heart of the majority of
innovative connected objects, the training strategy aims to provide skills and know-how in these fields [27] but also in the
fields of application such as communication, health, environment, transport, etc. [15]. The existence of multidisciplinary
platforms open to initial and lifelong learning must make it possible to meet the needs of industry in terms of the quality and

relevance of curricula content.

The close link within the CNFM network between academia and industry makes it possible to jointly define learners'
needs, build curricula adapted to the objectives and ensure learning that includes both the knowledge and know-how required

for a successful 21st century industry [27].

4.4, Collaboration within the network and international extension

Collaboration within the network exists in several forms, on the one hand through the sharing and common use of
technological and design platforms, and on the other hand through collaborative work in the context of national, or
international, multi-year projects and through the organisation of steering committees, national educational workshops and
reflection seminars, particularly within the framework of the network's Orientation Council. These joint activities allow for the
exchange of knowledge and practices in order to produce and disseminate knowledge and know-how to the entire academic

community.

This good practice of networking is not so familiar within the French academic world and serves as an example to other
fields both in France and also abroad. The use of platforms shared by several academic institutions allows users from different

backgrounds and belonging to different institutions to meet and collaborate while acquiring know-how that is essential for all.

5. Some Answers to the Needs of Companies Involved in Manufacturing

With the objective of best meeting the needs of manufacturing industry, several parameters and qualities must be taken
into account following several brainstorming meetings during 2018 and 2019. Their objective is to adapt the training of
technicians, engineers and PhDs, who will have to get along well with companies in industry 4.0. In the qualities required, we

find constants, new approaches, and skills.

5.1. Adaptation of the content

The main aim is to cover the entire design and manufacturing chain of the connected objects that will be at the heart of
21st century industry. The programmes should therefore contain the basic knowledge and associated know-how in the
following specialities: analog and digital electronics, signal processing, sensors and actuators, embedded electronics, energy
harvesting systems, communications, transmission protocols and human-machine communication systems (vision, sound,
touch, etc.). Thanks to the annual funding provided by the CNFM to innovative education projects in the frame of the
FINMINA project [28], the platforms are permanently up-dated with new practice in accordance with the evolution of the
techniques and the fields of application [29]. These specialities must meet the future requirements of a connected society,
namely: low power, low consumption, speed, reliability, low cost. In fact, the 80 platforms cover the entire microelectronics

spectrum.

5.2. Learning environment

The objective of the existing network is to provide a learning environment that allows the trainees to be immersed in a

technological environment that prepares them for the industrial environment of the 21st century and more particularly for
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industry 4.0. Indeed, the current centres include seven cleanrooms that condition users to the requirements of advanced
technologies, namely, cleanness concept, adapted clothing, handling with dedicated tools or robots. Indeed, the current centres
include seven clean rooms that show the users the requirements of advanced technologies: cleanliness concept, adapted
clothing, handling with dedicated tools and robots. They allow the use of high chemical purity products to minimize the
contamination of integrated electronic devices, and the use of complex equipment that allows the creation of thin layers with
thickness control at the atomic scale. The platforms associated with these cleanrooms allow a multidisciplinary orientation by
the realization of MEMS (Micro-Electrical-Mechanical-Systems), BIOMEMS (Biological MEMS), OMEMS (Optical
MEMS), intended for sensors or actuators of connected objects [4]. Computer-aided design of electronic systems uses
industrial software to acquire concepts that capture high-level abstract models. These electronic systems are usually described
by the means of advanced computer languages (such as VHDL) that design the functionalities, and non-functional
specifications such as electrical consumption, safety, reliability and performance. Due to the complexity of integrated systems,
design requires the juxtaposition of many skills and know-how, which implies teamwork and therefore collective problem

solving. Team project training must meet these requirements and becomes an essential form of the pedagogical approach.

Within the network, all colleagues apply these principles in the educational programmes of their partner institutions,

which automatically implement an experimental approach.

5.3. Delivery mechanisms

As already mentioned above, the first objective of the network is to provide the corresponding knowledge and know-how.
Given the organisation of the network, teachers and learners interact face-to-face on concrete issues. Indeed, any practical
activity is closely supervised because of the complexity, impact and dangerousness of the equipment used. This strong support
in practical activities can be compensated by more autonomy in acquiring basic knowledge using online tools such as MOOCs
[26, 30], serious games [31] and flipped classrooms [32]. These tools can also be adapted to prepare practical activities
(practical training, supervised projects, etc.) in order to optimize the presence on the platforms and minimize their cost. The
introduction of virtual and augmented reality or artificial intelligence can be considered as part of a constructive cooperation
between the existing CNFM network and other networks with these competences.

5.4. Assessment

Since practical activities in a high-tech environment are automatically supervised by a tutor or teacher, the evaluation
must first be done by the supervisor. However, as these activities are generally carried out in groups, it is quite possible to
exploit the group dynamic and its self-assessment, which can be included in experience reports drawn up at the end of their

practical training on platforms.

5.5. Recognition

The official CNFM training network is made up of service units (or CNFM poles), which are not a priori authorised to
deliver a diploma. Diplomas, certificates or titles are awarded by the academic institutions to which the student users are
attached. However, as part of lifelong learning, certificates may be issued specifying the objectives, content and quality of the
work carried out on the CNFM platforms. It is expected that the network will become a certification body specifically designed

for the training of employees of companies using the network's resources.

5.6. Quality

The content of the essentially practical activities are established in connection with academic training on the one hand and

with companies for their employees on the other. This approach ensures content quality. At the end of practical training,
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particularly for continuing training (LLL), questionnaires are drawn up to check that the actual training is in line with the
objectives defined in advance and that the trainees' perception is correct. A debriefing at the end of the training session should
also allow trainers to justify certain approaches that would not have been perceived in the same way by users.

5.7. Sustainability of the education network

The CNFM network's strategy, which makes it possible to pool resources and maintain good matching with the needs of
the socio-economic world, can only be achieved by keeping platform equipment and study topics at the highest level. The field

of microelectronics has been evolving very rapidly for decades and training must also keep the pace.

Thus, this policy requires financial support to update the hardware and software that academic bodies currently have
difficulty in assuming despite the pooling organised by the network, which however makes it possible to limit the cost. It is
necessary to consider at national and European levels, that the training needs of companies are specifically supported within

the framework of industrial sectors with dedicated funding from both public bodies and companies.
6. Adaptation of the Technical Content by the CNFM Network

6.1. New technical challenges

As a result of the analysis of the context, the technical challenges that the future engineers and doctors will have to face
appear at different levels in order to improve the electrical behaviour and the electrical energy consumption of the future
connected objects included in robots or cobots, and involved in the advanced manufacturing. Their interventions should occur

at the level of the elementary devices, of electronic functions and circuits and at the level of systems, as follows:

® Continuation of the miniaturization of elementary devices, minimizing consumption both in the on-state (Ron) and

off-states (leakage),
® Reduction of switching and static losses of power components,

® Introduction of the third dimension to improve circuit integration in minimizing interconnection losses and improving
reliability,

® New circuit architectures able to control active and stand-by zones,

® New circuit concepts allowing the generalization of asynchronous control of all elementary electronic function, minimizing

the synchronous power supply by the clocks of all transistors,
® |IMPLEMENTATION of low temperature and large area technologies,
® Development of low power sensors and actuators,
® Optimization of communication devices and protocols to limit the occupation of frequency bands and the data flow.

Itis clear that all these topics will need capabilities of team working and some multidisciplinary skills for the actors [34].
The choice of the practice of the network thanks to the annual calls organized by the network council is deliberately oriented

towards these technical challenges. In the following we give several examples adapted to this strategy.

6.2. Example of innovative practice provided by the CNFM centres

Several examples of realization by students in the CNFM centres during the last years are given. The scope is wide and we
highlight only a few images that are representative of the orientation towards advanced manufacturing technologies. Fig. 5

shows the designed and fabricated objects and mentions the corresponding CNFM centre of realization.
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Fig. 5 Examples of objects, designed, fabricated and characterized in the microelectronics centres

These examples show the complexity of the practice training on the different platforms, the multidisciplinarity of the
realizations which are adapted to the local context of the microelectronic centres: computer-aided-design of new architectures
for low consumption circuits [33], new sensors and micro-electrical-mechanical systems (MEMS), new nano-devices
involving nanowire-based transistors and two-dimensional graphene-based transistors, radio-frequency waveguides for
transceivers, electronics on plastics (Plastronics), and lab-on-chip. Depending on the complexity of the realization, the students
can acquire the knowledge in less than one week in general initial formation, or during several weeks in the frame of projects
that are more specialized. The students are using the design tools and the clean-room and characterization facilities of the
different centres and of the national services for CAD software [34].

6.3. Example of innovative practice provided by the centers

Since 2011-2012, more than 100 innovative projects have been launched by the CNFM centres. The users, mostly
master's and engineering degree students, have experience in practical training and more particularly on innovative subjects.

Fig. 6 shows the evolution of the network activities over the past seven years.
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Fig. 6 Innovative practice on the platforms of the CNFM network over
the past six academic years
Thanks to the national FINMINA programme [28], more than 6,000 students have acquired experience and know-how on
new technological or design tools that meet the new needs of industrial and societal applications. About 1,000 are users of the
platforms during their PhD, and about 300, mainly employees of companies, are in lifelong learning in a thematic reconversion
cycle.
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7. Conclusions

The emergence of advanced manufacturing technologies in industry 4.0 requires an increasing adaptation of the training
of engineers and technicians in the field of microelectronics to ensure that they acquire the skills and know-how necessary for
the ever-changing 0T technologies. The adaptation of training, which must meet quality and efficiency criteria, to the
acquisition of skills and know-how is essential to meet economic, industrial and social needs [35]. The French microelectronics
and technology training network, with the help of its twelve common platforms with a national mission, enables innovative
practical activities to be set up using high-performance tools. This approach, considered original by the international academic

community and highly appreciated by French industry, can serve as an example for other foreign countries.
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