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INTRODUCTION

In 1638, the Italian astronomer Galileo Galilei designed one of the first experiments attempting to
measure the speed of light (Foschi and Leone, 2009). Although the test was not conclusive, it
reinforced the hypothesis that light could have a finite speed. The speed limit was one of the key steps
toward understanding the elusive nature of light and the complex phenomena that surrounds light-
matter interaction. Much later, it was demonstrated that when light (and any electromagnetic
radiation in general) interacts with matter, it might induce a flow of electrons. Symmetrically, a flow
of electrons within matter might generate electromagnetic radiation.

We call optoelectronics “the study and the application of the phenomena, materials, and devices
involved with the interaction between electrons within a material or a device and the absorption or
emission of electromagnetic radiation from the same” (Koch, 2014).

Optoelectronic is essential in modern life, and it will become increasingly more important in
future because technological development is relying more and more on the diffusion of devices that
source, detect, and control electromagnetic radiation. X-ray, ultraviolet, visible, and infrared light
optoelectronics are the most relevant. They are involved in a large number of applications in many
relevant fields of technological development, including but not limited to Energy, Medicine,
Architecture, Communication, Robotics, Transport, Security, and Entertainment. Below we
report some examples of applications representative of the fields listed above (Figure 1).

Energy
The demand for electricity has been steadily increasing since we started tomonitor it. The consumption
of fossil fuels to meet the requirement for electricity is being progressively abandoned as people turn
toward new and renewable sources of energy. Among renewables, photovoltaic energy production is
one of the most promising since it is capable of meeting a significant share of the worldwide energy
demands in the next few decades. Here, optoelectronics is playing a fundamental role. The research and
development of more efficient photovoltaic solar cells identified several new materials that enabled
devices capable of converting sunlight into electric power with an unprecedented power conversion
efficiency and at a fractional cost of the state-of-the-art technologies (Polman et al., 2016).We do expect
an exponential increase of public and private investment in photovoltaics, both toward fundamental
research and toward the development of products for large-scale production.

Together with light-harvesting for energy, light generation from low-energy consumption is a
consolidated strategy to mitigate the increasing demand. Over the last few years, we assisted in the
revolutionary design of light-emitting diodes (LEDs) that replaced incandescent bulbs to generate
light. LEDs are a dynamic field of research that is experimenting with the application of new
materials to prepare more efficient and cost-effective LEDs.

Medicine
Wearable and implantable devices are spreading massively in healthcare for monitoring, diagnosis,
and therapy. We are used to multi-component devices, such as wearable fitness watches and
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implantable cardiac monitors, that can read and transmit, for
example, heart rate, temperature and, with the most advanced
versions, the sweat composition for monitoring diabetes. Here,
optoelectronics can offer significant progress toward integrating
the functionality of a multi-component device in a disposable
sticker for healthcare monitoring, diagnosis, and therapy.
Integrating display, sensor, and energy supply functionalities
within the same sticker calls for flexible and stretchable thin
optoelectronics.

Furthermore, implantable systems require biocompatibility
and resistance in a biological environment. For example,
edible devices would allow for monitoring of a wide range of
health diseases, but they need to be compatible with the tissue
they are going to be in contact with. One example of implantable
systems is the artificial retina (Ghezzi et al., 2011). Loss of vision
due to retinal degeneration affects a non-negligible part of the
worldwide population. Retinal degradation originates mainly
from diseases and aging. Different approaches, including
purely biological approaches, such as in vitro or in vivo
regeneration, are currently being explored. An optoelectronic
approach aiming to create an artificial retina that is capable of
converting incoming light into electrical signals and transmitting
them to the neurons is collecting more and more interest among
research institutes and private companies.

Architecture
The construction of new commercial and residential buildings
must consider energy efficiency as one of the main guiding
principles during planning. Optoelectronics can play an
important role in increasing building energy efficiency.
Building-integrated photovoltaics is a well-established

approach (Biyik et al., 2017). Here, the architects are made to
consider aesthetic aspects. Thus, the application has to consider,
for example, the possibility of creating a device colored a specific
way and to integrate them with other architectonic elements.
Developing flexible solar cells that can be modeled on different
surfaces allow for coating of the entire external surface of the
building. Besides producing energy, saving energy by managing
indoor illumination with smart windows is also considered very
useful. Smart windows can be prepared with optoelectronics
devices that can modulate the light entering buildings (Ke
et al., 2019). The current technologies are rather expensive
and thus not widespread. New optoelectronics solutions are
highly desired in this field.

Communication
Internet of things is revolutionizing our lives in many fields and
from multiple aspects (Nauman et al., 2020). The concept of
enabling devices to communicate has been considered since the
computer era. However, it has only recently become effectively
applicable, and it will unavoidably invade our life soon. Examples
of application fields are smart homes, elder care, health care,
environmental monitoring, manufacturing, and many others.
Regardless of the application, the optoelectronic can deliver an
infinite number of solutions to support the development of
Internet of things. One example is powering indoor and
outdoor devices to make them independent from the electric
network and thus portable.

Robotics
The idea of having machines that can help and assist humans in
their day-to-day lives is an old vision that is becoming real.

FIGURE 1 | Schematic showing pictures of a few examples of optoelectronic devices.
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Robots are primarily used for manufacturing but are becoming
more and more important in medicine, elder care, and health
care. The more complex the task the robot has to accomplish,
the higher the level of interaction the robot needs with
the surrounding environment. Sensors are essential to make
the robot aware of what is going on around it. Here,
optoelectronics is critical. When we talk about robots, we
should not think about a human-like machine but rather a
miniaturized system that accomplishes a specific function.
Thus, sensors need to be adapted to the task the robot has to
perform, and they should be as low-energy consuming as possible
or, ideally, self-powering.

Transport
Self-driving cars are more than a promise for the future of
transportation. Many companies are actively investing in
developing their algorithms and prototypes. The functioning
of these vehicles relies on the analysis of the information
collected by a myriad of sensors. The three primary self-
driving cars sensors are camera, radar, and lidar, which are
different examples of optoelectronics. The cameras collect the
images that are analyzed by the software to identify obstacles.
Radar sensors, similar to those mounted on aircrafts and ships,
can support the camera vision in case of low visibility. A
lidar—a sensor that measures the distance by pulsed
lasers—can recreate a 3D picture of the environment in
almost any condition of visibility (Wu et al., 2020). Such a
sensor is considered fundamental for self-driving cars.
However, they are far more expensive than cameras and
radar, and they still have a limited range of detection
around the vehicle.

Entertainment
Ultra-high-definition screens for televisions and virtual reality
systems are two pillars of entertainment. Here the application
of optoelectronics is driven mainly by private companies that
finance the development of more advanced products. However,
we would not be surprised if further advancements will come
from fundamental research that will apply optoelectronics to
entertainment.

OPTOELECTRONICS OF TOMORROW

We believe that optoelectronics will be an essential technological
accelerator for the coming decades.We are collecting information
on materials and devices to unlock unprecedented technological
advancements. Nevertheless, we have to respect the environment
and the resources that future generations will inherit. A concept
like renewable materials, self-powering devices, and circular
lifecycles are mandatory while designing future technologies.

Sustainable Materials
Future optoelectronics will rely on the most recent advancement
in new materials. While the last century saw the success of silicon
and other inorganics, the future will see the ingress of organic and
hybrid organic-inorganic materials into optoelectronics. We
already have a large number of examples in different fields of

applications. Organic is not necessarily going to replace
inorganic, nor do we believe that organic will be cheaper than
inorganic. We do find that the use of organic and hybrid materials
will unlock new opportunities. One of the most recent pieces of
evidence is the use of hybrid halide perovskite in photovoltaic
solar cells (Correa-Baena et al., 2017). Perovskite is unlikely going
to replace the silicon photovoltaic market. Still, it is reasonable to
predict that a combination of perovskite and silicon in tandem
devices will deliver the next generation of solar cells. The primary
driving principle in the exploration and selection of newmaterials
is taking care when using earth-abundant and non-toxic elements
that can be recycled with inexpensive and clean processing.

Self-Powering Devices
Optoelectronics need electric energy. As the number of
optoelectronic devices employed in any aspect of our lives is
increasing exponentially, we should expect that the demand for
batteries grows too. A possible solution to reduce the need for
batteries is to push for self-powering optoelectronics. One of the
approaches to deliver self-powering devices is integrating solar cells
within the device. Indoor photovoltaic solar cells are one example
of providing self-powering for wireless indoor optoelectronics for
home automation systems that control lighting, climate,
entertainment systems, and appliances (Mathews et al., 2019).
However, photovoltaic powering is not always possible.
Alternative solutions designed for this specific application are
thus in high demand and will be a challenge for the future.

Circular Life Cycle
The design of a new technology cannot ignore the lifecycle of the
design, accounting for the environmental impact across all
stages of raw material extraction, material processing,
manufacturing, use, and end-of-life. A life cycle approach
makes it more challenging to identify new technological
solutions, and it implies a multidisciplinary method for
developing the optoelectronics of the future.

SCIENTIFIC AND TECHNOLOGICAL
CHALLENGES

The paradigm of future optoelectronics is to deliver high
performing devices that have a low environmental impact,
i.e., make use of non-toxic elements and green manufacturing
processes. This challenge makes the research and development of
new technologies far more complicated than in the past. A
multidisciplinary approach encompassing expertize from both
basic science and process engineering seems necessary.

A significant boost to the field could come from the
application of machine learning to specific tasks. One of the
most productive areas of use is the screening of newmaterials that
match the renewable criteria and circular lifecycle mentioned
above. Here the application of machine learning can significantly
speed up the discovery and the synthesis of a new class of
materials for optoelectronics. For example, the recent rise of
interest for halide perovskites demonstrated that the entire library
made up of thousands of potential optoelectronic materials had
so far been ignored. Exploring all the possibilities that halide
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perovskites can offer is nearly impossible when following a simple
experimental approach. The application of machine learning
seems almost necessary to fully exploit this new class of materials.

Similarly, many other material concepts are there waiting.
However, despite the rapid development, many aspects of
merging machine learning with material science remain only
partially explored and challenging. Most of the work has been, in
fact, devoted to developing machine learning architecture to
generate predictors that connect physical structures to their
properties. Another very fruitful research line was the use of
generative methods to “create” new in-silico materials directly.
Far less work has been devoted to applying machine learning
directly to the synthesis, fabrication, and deposition processes of
materials and devices. We do believe that taking the challenge
of machine learning applied to materials and devices for
optoelectronics will open up new and unexpected opportunities.

Automated high-throughput platforms for preparing and
testing new materials and devices can be designed and
implemented, making use of robotics. As many technologies
rely on the identification of new materials and processing that
is compatible with the specific application, the use of robots for fast
screening is becoming of increasing interest in many fields of
research and development. For example, several technologies
currently in use are manufactured using toxic solvents. One can
think of replacing toxic solvents with an automated screening of
green alternatives for a specific application (Gu et al., 2020). This

approach, which is now in use for simple tasks, will be developed
for more complicated procedures.

Storing data in large databanks is already being done for several
activities of our life. Taking advantage of these databases to extract
information is what we are learning to do. The application of big data
analysis to the development of new optoelectronics is a potential new
compelling scenario. We expect that the use of machine learning in
big data will allow for an entirely new approach to the research of
new technological solutions. Ideally, new materials and device
concepts will be predicted similarly to what theoretical physicists
have been making with subatomic particles in the past.

OVERVIEW

A future made of autonomous transporting vehicles, intelligent
robots, and human and building integrated devices relies on
advancing the basic science and the technology behind the
application of optoelectronics. New material and device
concepts will result in the optoelectronics necessary for
autonomous vehicles to move around safely and for robots to
interact deeply with the surrounding environment. Implantable
and wearable optoelectronics will massively impact health and
elder care. Buildings will become more and more smart, reducing
the consumption of energy and enhancing comfort indoors. There
any many other fields which will benefit from the joint effort of
academic and industrial research toward a sustainable future.
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