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Abstract—Compared to other physics branches, the photonics
science field can still be considered a very young research area.
Nevertheless, it is probably the one that has experienced, at least
over the last two decades, the sharpest growth in terms of market
size and technological research advancements. A considerable
number of fundamental discoveries are still being made and
discussed every year. However, most importantly, optical devices
which function based on different types of photonics technologies
are becoming increasingly ubiquitous in industrial applications
and in the everyday life of ordinary people. These recent
advancements have brought the need for changes and adaptations
to happen in how universities teach subjects related to the field.
Therefore, this present paper is intended to be a broad discussion
on this matter, starting with an overview of photonics history and
its current trends, passing by a brief analysis of the photonics
market, and later focusing on the debates and ideas surrounding
teaching photonics. We conclude our paper with a proposal for
a new undergraduate curriculum in Photonics Engineering that
considers the highly interdisciplinary characteristics and wide
range of applications in our society.
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I. INTRODUCTION AND HISTORICAL OVERVIEW

Even though the science field known today as photonics
only emerged recently in the twentieth century, debates about
the nature and the physics of light are much older [1],
being able to be traced back to centuries BC to places like
ancient Greece, Egypt and India [2], [3]. Greece is usually
considered the starting point of this debate since it’s where
the most methodic and rational investigations that can be more
or less precisely dated come from [2], and we can already
highlight the pre-Socratic philosopher Empedocles, that lived
in the 5th-century BC, that had already made a series of
observations concerning vision and light [4]. His views were
mostly focused on the idea that vision happened because
there was something leaving the eye and hitting the object
that was being viewed. This is part of what would become
an extramissionist explanation for the problem of sight that
would later find in Plato another of its defenders. Equally, we
later had the opposing theory known as the intromission view,
which consisted of the idea that vision has been created by
something that was leaving the objects and hitting the eye of
the viewer, that was famously defended by Aristotle and much
later by the Roman scholar Lucretius [1], [4].

At this stage, even though we already had some advanced
ideas such as the fact that light traveled at a certain finite
speed, said already by Empedocles [2], most of the debate

about light was actually a debate about sight, vision, colors,
considering both its physical and cognitive aspects [4]. Still in
this context, following more the physical line of this debate,
we have Euclid’s optics [5] written around 300 BC, which
is considered to be the first mathematical approach to the
theory of vision. Inspired by Euclid’s works, we can also
highlight Claudius Ptolomy’s contribution later in the 2nd
century where he did experimental works specially on the
subjects of refraction and reflection [6]. His works contain
the earliest surviving measured table of refraction angles from
air to water.

Even though Ptolomy and Euclid made huge contributions
to the theory of light, they both remained defenders of the
extramissionist explanation. A big shift towards the intromis-
sion view, that we currently use today, happened in the Islamic
world around 9th and 10th century, where we can highlight
the works of Ibn al-Haytham (often latinized as Alhazen)
[7]. Ibn al-Haytham made contributions not only about vision
theory, but he also explained in detail the camera obscura
and helped enhance the knowledge about the anatomy of the
eye, light and color theory [7]. He is considered by many
[1] to be a father figure of modern optics, since most of his
work on optics were based on experimental arguments, having
influenced many European scholars in later centuries such as
Christiaan Huygens, René Descartes, and Johannes Kepler [4].

Apart from all the early contributions, a more definitive turn
towards something closer to what is today know as modern
optics happened around the year 1600 and is attributed to
Johannes Kepler [4], [7]. He made a theory of retinal imaging
that considered the eye as a mere light focusing device, which
brought a profound worldview change that started to treat
sight as a mere subsidiary of a much broader light theory [4].
Shifting our view from sight to light would not, however, stop
contradicting scientific views about the subject to arise. By the
end of the 17th century and early years of the 18th century we
had the emergence of what would be part of a centuries long
debate about whether light is a wave or is made of particles
[1].

This new debate started mainly due to the conflicting
theories that were present in Christiaan Huygens Treatise on
Light (Traité de la Lumière) [8], [9] from 1690 that stated that
propagation of wavefronts could be understand as the result of
spherical waves being emitted at every point along the wave
front, and those present at Newton’s Opticks [10] from 1704,
which favored a corpuscular theory of light. A century later, in



early 19th century Thomas Young with his famous double-slit
experiment [11] has helped the debate to shift more in favor
of the wave theory of light, even though Newton’s enormous
prestige in physics allowed the corpuscular theory to still retain
significance for decades after [12].

The definite shift towards accepting the wave theory of light
as the correct choice comes when Maxwell publishes his fa-
mous ”Dynamical theory of the electromagnetic field” in 1865
[13] where electromagnetic waves were first theorized. Theory
that would be experimentally proved 22 years later by the
experiment done by Heinrich Hertz in which he used a 50 MHz
oscillating circuit to generate electromagnetic waves, prov-
ing their existence [14]. Those contributions made Maxwell
widely famous, and made him to be considered by the whole
scientific community as the father of Electromagnetism and
one of the most prestigious physicist ever. Apart from giving
what seemed at the time to be a final understanding to the
long debate on the nature of light, his theories paved the
way for almost every application of electromagnetic waves
we have today, from the use of radio waves to optical fiber
communication.

With Mawxell’s theory, it looked like physics had finally
come to a situation where the wave theory of light have
finally won. However, in the early 20th century, with the
emergency of quantum physics after Max Plank’s works on
the theory of the black body radiation [15], and also after
Einstein’s discovery of the photoelectric effect [16], we finally
arrive at the wave particle duality idea, where neither of those
theories can alone explain the reality of light but rather we
need at times to chose one or the other [17]. Even though
electromagnetic waves clearly propagated indeed as waves,
Einstein’s results showed that their absorption and emission
could only be fully understood as discrete elements. Moreover,
in explaining the photoelectric effect, Einstein came up with
the notion of ”Light Quanta”, which he understood as small
and discrete packets of light, that were the constituents of
electromagnetic waves.

Einstein himself did not use the word photon, nevertheless
his light quanta idea is pretty much what we understand as a
photon today [12], [18]. The word photon itself would only be
popularized after Gilbert Lewis used it in a letter to Nature in
1926 to describe in his own words “not light but [that which]
plays an essential part in every process of radiation.” [19].
Interestingly, Lewis idea was not to use the word photon in the
same sense it is used today, however the term finally ended up
coughing on as a short replacement for Eistein’s light quanta,
which was indeed originally a different concept [12].

Even though the scientific community starts to heavily use
the word photon right after the late twenties of the last century,
the word and even the concept of photonics really emerges
as something significant only in the 1960s [20] after lasers
became available [21]. For the next years and decades we
had the development of optical fibers and non-linear optics
[22], which together with lasers formed what would be the
initial core concept of photonics. Nevertheless, for almost two
decades, the number of different applications where lasers

were applied, even though it was growing, certainly remained
at levels much lower than what they would become later
towards the 1980s and 1990s, and mostly for this reason the
term photonics did not receive until those decades a huge
prominence [20].

Specially during the 1990s, after a huge development of
laser technology in terms of optical power and stability,
together with the development of optical amplifiers and fiber
optics technology that also brought a broad range of new
possibilities in non-linear optics, the concept photonics defi-
nitely starts to receive a different attention and becomes much
more popular [20]. That was also helped by the progress
in miniaturization and integration of optical components and
by the huge parallel growth of the industry associated to
those technologies. In academia this is usually marked by the
publication of Bahaa Saleh and Malvin Teich’s famous book,
Fundamentals of Photonics, in 1991 [23].

The term photonics, however, does not have a very precise
definition of its limits. Authors sometimes define it as that
which deals with the generation, propagation, manipulation,
and detection of (usually coherent) light waves [24], where
others argue that at least initially its use was more connected
to concepts and applications that involved interactions between
optical waves and materials that were explained by the usage
of the photon concept [25]. Nevertheless, the true is that
more recently photonics is being attributed to a much broader
field [20], with applications including at times even optical
sensors and telecommunications. Regardless of its precise
current limits, today both in the photonics industry and in
academia this is a field that keeps growing and receiving every
year an increasing attention [26], specially due to the big
number of applications of photonics devices and technologies
that surround our daily lives [27]. A summary of the timeline
presented here in this section is illustrated in Figure 1.

II. A MORE RECENT VIEW OF THE PHOTONICS FIELD

When the laser was invented at the 1960s [21], almost
no one could at the time predict that it would become after
four or five decades one of the most important tools in
modern areas of technological development [20]. The list of
current technologies that are enabled by the use of lasers, or
more broadly speaking by the use of photonics devices, is
enormous, but we can certainly highlight, for instance, fiber
communications [28], Lidar systems [29], optical sensors [30],
micromachining [31], spectroscopy [32], image formation and
display [33]. Additionally, photonics applications can also be
extensively found not only directly linked to physics and
engineering but in areas like medicine [34], biology [35],
chemistry [36] and in military uses [37].

A different approach to look at the importance of lasers
and photonics to our technological advancements is to analyze
the very history of the nobel prize, similar to what has been
done in deeper detail by Dudley [38] and Marino [39]. As
said before, clearly when the Nobel prize begins in 1901 we
were far from having a science called photonics. However,
already in the first half of the 20th century we had a vast
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Fig. 1. Brief summary of the photonics timeline history.

number of nobel prizes dedicated to the science of light and
photons, which would become building-blocks of knowledge
that later would lead towards the development of photonics
applications. We can, for instance, highlight here the nobel
prizes given in 1907 to Albert A. Michelson “for his optical
precision instruments and the spectroscopic and metrological
investigations carried out with their aid” [40], the one given
to Eistein in 1921 “for his services to theoretical physics, and
especially for his discovery of the law of the photoelectric
effect” [17] and to Chandrasekhara V. Raman in 1930 “for his
work on the scattering of light and for the discovery of the
effect named after him” [41].

After the laser is invented in 1960, this situation changes
and a number of nobel prizes are given for contributions
that are directly linked to the development of photonics
technologies. This is the case, for example, of the 1964 prize
given to Charles H.Townes, Nicolay G. Basov and Aleksandr
M. Prokhorov “for fundamental work in the field of quantum
electronics, which has led to the construction of oscillators and
amplifiers based on the maser-laser principle” [42], the 1981
given to Nicolaas Bloembergen and Arthur L. Schawlow “for
their contribution to the development of laser spectroscopy”
[43], the 1997 prize given to Steven Chu, Claude Cohen-
Tannoudji and William D. Phillips “for development of meth-
ods to cool and trap atoms with laser light” [44], and more
recently the 2005 given to John L. Hall and Theodor W.
Hänsch “for their contributions to the development of laser-
based precision spectroscopy, including the optical frequency
comb technique” [45], and the 2018 given to Gérard Mourou
and Donna Strickland “for their method of generating high-
intensity, ultra-short optical pulses” [46], just to name a few.

It is also worth to mention that photonics was present
in many other nobel prizes not as the main subject of the

discovery but as indispensable technological tools, which is the
case of the Chemistry Nobel prize given in 1999 to Ahmed H.
Zewail that by using femtosecond pulsed lasers got the award
“for his pioneering work in this field showing that it is possible
to see how atoms in a molecule move during a chemical
reaction with flashes of laser light”, inaugurating what would
become a whole field of chemistry called femtochemistry
[36]. Equally important, the measurements of gravitational
waves that gave the nobel prize in physics of 2017 to Rainer
Weiss, Barry C. Barish and Kip S. Thorne was only possible
because of the use of an unprecedentedly sensitive optical
interferometer [47].

This list could go much further. According to Dudley [38]
there were at least 38 Nobel prizes in physics where photonics
or at least subjects concerning light and radiation were directly
or indirectly involved. But to finalize we can just mention the
development of optical fibers [48] and graphene [49] which
were awarded the nobel prize of physics in 2009 and in 2010,
respectively. Optical fibers are possibly together with lasers the
most important invention that helped the development of the
photonics field allowing not only optical fiber communications
[28], but also serving as tools for the generation of a huge
variety of amplifiers, lasers and non-linear effects [22]. In
a similar manner, Graphene has also recently caused a huge
impact in the fields of laser physics [50] and photonics [51],
even though it surely also has important uses in many other
applications outside of optics.

All those Photonics-based technological advancements have
already hugely changed our daily lifes. However, the future of
photonics research is still far from being saturated. Currently,
there are still many challenges and trends in the field, both
in basic sciences and in more applied technology. Just to
illustrate this point, even the very basic concept of what is



a photon is still to this day receiving attention of the scientific
community [3]. In terms of more technological challenges we
could also name the search for reliable coherent optical sources
and optical devices for applications in the mid-infrared range
[52], [53], the integration of artificial intelligence and optics
[54], quantum communication [55], and more importantly, the
constant improvement in miniaturization of optical devices
by the usage of integrated photonics [56]. Even though it is
not a very new idea, more and more, integrated photonics
is becoming a very mature technology that is enabling us to
produce in optical chips efficient devices that are capable to
manipulate light in unprecedented ways, even allowing the
construction of Programmable photonic circuits [57]. All that
is a good indication that not only new Nobel prizes involving
photonics will from time to time be given, but also that new
science and technologies will still be developed in the field
for a considerable long time.

III. THE PHOTONICS MARKET

It is not a exaggeration to say today that the photonics
market is indeed powering the global economy [58]. One
interesting characteristic of such market is that photonic-based
devices have a huge participation in enabling a series of
services in areas such as life sciences, security and machine
tools. Moreover, certain types of markets areas, such as the
communication services that represent almost 5% of the global
economy [58], rely almost entirely on the existence of optical
devices and lasers. And this is a market that has been growing
almost exponentially over the last decades. To illustrate this we
can take as an example the annual global laser sales in millions
of U$D that was 11 in 1963, it grew to 312 in 1983, to 4.908
in 2003, and finally to 14.940 in 2018 [58]. In 2021 alone,
the Optics and photonics annual revenues amounted to nearly
600 billion US dollars. A third of those revenues came from
displays, approximatelly 15% came from communications, and
important amounts also came from life sciences, security,
energy and lighting industries [58].

Fig. 2. Global photonics market in 2019. (Source: Photonics21 [26]).

The photonics market is also a global phenomenon. As
it is illustrated in Figure 2 with data from 2019 [26], we
have significant shares of the market distributed over every

continent of the planet. The bigger share, however, is in
Asia with China and Korea amounting together for 40%.
United States and Europe together represent 31%, while Japan
and Taiwan also have expressive shares of 13% and 9%,
respectively. It is also worth to mention that the photonics
market is directly responsible for creating millions of jobs
all over the world. According to [58], we currently have
summing academic positions with industry, approximately
390.000 people employed in photonics jobs only in the United
States. In Europe that amounts to 380.000 and in China alone
we have around 1.130.000 people.

Another important characteristic of the photonics market is
the cooperation between governments and industry in funding
its research and development (R&D). It is estimated that 75%
of R&D funding in photonics come from corporate budgets
and venture funding, while 25% is government spending [58].
Both sides of this equation are extremely important, since they
are also divided differently. Corporate budgets are mostly used
for extending existing production lines, whereas government
spending is the main source of funding directed towards
fundamental science, curiosity-driven research and for training
the next generation of technologists.

IV. PHOTONICS IN BRAZIL

Brazil invested over the last decades resources in research
and technological development with strong influence from
federal and state agencies with public resources. Recently,
the Brazilian Ministry of Science, Technology, and Innovation
(MCTI) published a technical report mapping the photonics
ecosystem in the country [27]. The report highlights the
following 11 market segments in Brazil following the clas-
sification presented in [26]: Display, Communications, Infor-
mation Technology, Photovoltaics, Live Science and Medical
Technologies, Lighting, Machine Vision, Product Technology,
Defense and Security, Optical Components and Systems, and
Biophotonics. It also highlights the strong influence of Asian
countries in the global market and comparatively the still tiny
contribution from Brazil, despite the amount of investment
received in the last decades.

From the research and education point of view, the database
of Ph.D. thesis and Master’s dissertations of the Coordenação
de Aperfeiçoamento de Pessoal de Nı́vel Superior - CAPES
shows that the terms Photonics, Optical Fibers, and Laser
were extensively used in a dissertation or thesis over the last
30 years. Figure 3 shows the evolution of the number of
these research work between 1987 and 2020 for these three
keywords. The graph shows steady growth with a rate of
approximately 67 thesis and dissertations per year starting in
1996. Sadly, it fell vertiginously in 2018, which the authors
attribute mostly due to the political turmoil that the country
has found itself over the last years, the sudden lack of interest
from the federal government, and the petty investment received
from the private sector.



Fig. 3. The number of Ph.D. thesis and Master’s degree dissertations in Brazil
between 1987 and 2020.

V. PHOTONICS ENGINEERING

It is not wrong to say that the twenty century was the
electron’s century. The great majority of scientific and tech-
nological developments in electronics occurred in the last
century. The use of semiconductors and the development of
new materials have revolutionized the world. Over the world,
thousands of undergraduate and graduate courses in Electric,
Electronic, Telecommunications, and Computer Engineering
were created, and the electron became the center of all
sciences. Now it is the photon’s turn. The transition between
Electronics and Photonics started naturally in the last decades
of the last century due to the development of optical commu-
nications. Thanks to the development of integrated photonics,
it gained extraordinary speed in the first two decades of this
century. One can only imagine what we will have in the near
future; for instance, in Medicine, the concept of lab-on-a-
chip is gradually becoming a reality [59], and in the urban
environment, the use of autonomous vehicles based on LIDAR
[60].

Up to now, most of the studies in the photonic field
have been concentrated in postgraduate programs spread over
different fields such as physics, electrical engineering, and
chemistry. Most undergraduate courses in these fields have
included separate courses in their curriculum. If we look
at the undergraduate curriculum in Electric and Electronic
Engineering in Brazil for instance [27], it is possible to find
disciplines such as Optical Fibers, Optical Communications,
Optical Networks, Introduction to Photonics, Optical Sensors,
Optical Components, and Optical Amplifiers as isolated parts
mainly linked to telecommunication area.

This Section will present a proposal for a new undergraduate
curriculum in Photonics Engineering that considers the highly
interdisciplinary characteristics and wide range of applica-
tions in our society. The basis of our proposed course is
the electromagnetic theory, as postulated by Maxwell, and

Quantum Physics. Two crucial concepts came from these
theories, the electromagnetic wave, and the photon’s existence.
We propose a five years course separated into four levels,
Basic, Intermediate, Advanced and Professional.

As illustrated in Figure 4, we dedicate the first year to
the fundamental concepts, including Linear Algebra, Calculus,
Statistics, Differential equations, and Classical Physics. All of
them are supported by the massive use of computer simulations
and practical laboratories. The second year is dedicated to
intermediate courses such as Electromagnetic Theory, Cir-
cuit Theory, Signal Processing, Digital Electronics, Modern
Physics, Introduction to Semiconductors, Computer Skills,
and Design. During this year, students should concentrate
on developing their projects, including the massive use of
electronic systems such as microcontrollers and sensors. We
call these two levels the base of the course because it lays the
foundations necessary for the career of every good Engineer.

The advanced lever starts in year three with the introduction
of concepts such as Communication Theory, High Frequency
Electronics, Filter Theory, and Photonics. At the end of the
year, the student must be able to develop new ideas and more
advanced projects. It is an important milestone and defines
the beginning of the professional level. The last two years are
dedicated to improving soft and management skills, and deep
diving into photonics applications such as Photovoltaics, In-
tegrated Photonics, Biophotonics, Optical Sensors, TeraHertz
Technologies, Artificial intelligence, and Network Science.
The last year must be dedicated only to the internship, inter-
national and national exchange, and the Graduation Project. It
means that the student will stay out of the University most of
the time, focusing only on improving the skills needed to finish
their studies. As a bonus, the last two years can be incorporated
into a postgraduation program so that it is possible to finish a
Master’s Degree program in one year.

VI. FINAL REMARKS

There is no doubt about the role of photonics in our lives
and how it will become more important in the next few
years. In this paper, we have tried to highlight that we are
living in a transition from a world dominated by electronics
to one dominated by photonics. We have started with a
broad discussion on this matter, starting with an overview of
photonics history and its current trends and later focusing on
the debates and ideas surrounding teaching photonics. This
discussion took us to propose a new undergraduate curriculum
in Photonics Engineering. The focal point of the proposal is the
complementary study of electromagnetic theory and Quantum
physics as the basis for understanding wave and particle
manipulation. Any Photonics Engineering curriculum must
rely heavily on computational tools and laboratory facilities.
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istério da Ciência, Tecnologia, Inovação e Comunicações do Brasil,
Tech. Rep., 2020.

[28] G. P. Agrawal, Fiber-Optic Communication Systems. Wiley, 2021.
[29] T. Raj, F. H. Hashim, A. B. Huddin, M. F. Ibrahim, and A. Hussain,

“A survey on lidar scanning mechanisms,” Electronics, vol. 9, p. 741,
2020.

[30] J. L. Santos and F. Farahi, Handbook of Optical Sensors. CRC Press,
2015.

[31] R. D. Schaeffer, Fundamentals of Laser Micromachining. CRC Press,
2021.

[32] D. L. Pavia, G. M. Lampman, and G. S. Kriz, Introduction to Spec-
troscopy. Cengage Learning, 2014.

[33] K. V. Chellappan, E. Erden, and H. Urey, “Laser-based displays: a
review,” Applied Optics, vol. 49, pp. 79–98, 2010.

[34] C. Raulin and S. Karsai, Laser and IPL Technology in Dermatology and
Aesthetic Medicine. Springer, 2011.

[35] J. R. Taylor, “Tutorial on fiber-based sources for biophotonic applica-
tions,” Journal of Biomedical Optics, vol. 21, p. 061010, 2016.

[36] A. H. Zewail, “Laser femtochemistry,” Science, vol. 246, pp. 1645–1653,
1988.

[37] H. Kaushal and G. Kaddoum, “Applications of lasers for tactical military
operations,” IEEE Access, vol. 5, pp. 20 736–20 753, 2017.

[38] J. M. Dudley, “Light, lasers, and the nobel prize,” Advanced Photonics,
vol. 2, p. 050501, 2020.

[39] A. Marino, “Physics, lasers and the nobel prize,” Europhysics News,
vol. 50, pp. 26 – 28, 2019.

[40] A. W. Levinovitz and N. Ringertz, Nobel Prize, The: The First 100
Years. Imperial College Press, 2001.

[41] C. V. Raman and K. S. Krishnan, “A new type of secondary radiation,”
Nature, vol. 121, p. 501–502, 1928.

[42] A. L. Schawlow and C. H. Townes, “Infrared and optical masers,”
Physical Review Journal Archives, vol. 112, p. 1940, 1958.

[43] N. Bloembergen, “Nonlinear optics and spectroscopy,” Reviews of Mod-
ern Physics, vol. 54, p. 685, 1982.

[44] W. D. Phillips, “Nobel lecture: Laser cooling and trapping of neutral
atoms,” Reviews of Modern Physics, vol. 70, p. 721, 1998.
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