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The photovoltaic effect has been discovered by Edmond Becquerel in 1839. Then it took
115 years to make the first efficient solar cell, with a few watts produced, about 50 years
to deploy 3 GW of production capacity worldwide, and only 13 years to reach 300 GW in
2016. 500 GW are expected in 2020, and the TW within the next decade. How did this
occur? How does photovoltaics work? What is the physical limit of conversion efficiency?
What road map for photovoltaics in the energy transition? This paper aims at providing a
review and discussion of these aspects, from the historical background to the state of the
art and the emerging devices and concepts.
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RESUME

L'effet photovoltaique a été découvert par Edmond Becquerel en 1839. Il a fallu 115 ans
pour fabriquer la premiére cellule efficace a hauteur de quelques watts, puis environ 50
ans pour atteindre 3 GW de capacité installée dans le monde, et seulement 13 ans pour
atteindre 300 GW en 2016. 500 GW sont attendus en 2020, et plus d'un TW au cours de la
prochaine décennie. Comment une telle accélération a-t-elle été possible? Quels sont les
mécanismes de la conversion photovoltaique ? Son rendement maximum ? Quels scénarios
sont établis pour le futur dans le contexte de la transition énergétique ? L'article examinera
tous ces aspects, en partant du contexte historique jusqu'a I'état de I'art actuel, en incluant
les cellules solaires émergentes et les nouveaux concepts.
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Fig. 1. Evolution of the global cumulated installed photovoltaic capacity, with regional subdivisions. From: Photovoltaic report 2017, ISE Fraunhofer [2].

1. Introduction

The photovoltaic effect has been discovered by Edmond Becquerel in 1839 during the study of electrical effects occurring
between two electrodes dipped in electrolytes [1]. At that time, the scientific community was fully engaged in exploring the
new field of electricity opened in 1800 after A. Volta’s discoveries. E. Becquerel reported the production of a photocurrent
when electrodes covered by copper or silver halides salts were illuminated by solar light. He discovered also the effect of
wavelength on the production of the electrical current, which is now explained by the semiconducting character of these
salts with the existence of band gaps. It took 115 years to make the first efficient solar cell, with a few watts produced,
about 50 years to deploy 3 GW of production capacity worldwide and only 13 years to reach 300 GW in 2016 (see Fig. 1 [2]),
500 GW are expected in 2020 and the TW within the next decade. How did this occur? How photovoltaics work? What is
the potential for further development of photovoltaics in the energy transition? This paper aims to bring an overview and a
discussion of all these aspects from an historical perspective.

2. Historical survey

30 years later after Becquerel’s discovery, during the course of establishing electrical communication networks around the
world, the search for flaw detections led to both the discovery of photoductivity in selenium rods by W. Smith [3], and the
premises of an operating solar cell by W. Adams and R. Days [4]. The first operating solar cell based on a copper/selenium
film/gold junction was created by C. Fritts in 1883 [5] and adopted by W. von Siemens [6] and ]. Maxwell [7]. These inventors
already considered that photovoltaic solar energy could supply energy to the earth, and a first solar array was even installed
on a roof top in New York in 1884 by C. Fritts. So was also the statement of A. Mouchot at about the same period for
solar energy conversion with thermal machines [8]. However, the mechanism of photovoltaic action was not understood
and these first cells were mostly considered with skepticism as “Fritts ‘magic’ plates, as perpetual motion machines” [9]
since light was not perceived as a fuel. It came out in the following years that the photovoltaic effect had the same origin
as the photoelectric effect: the quantum nature of light, chiefly introduced by A. Einstein in 1905 [10].

The poor performances of selenium cells and the development of coal- and petrol-based energy economy made this dis-
covery restricted to limited use as exposure meters, but found regained applications in radio telecommunications rectifiers
known as “cat-whiskers” during the First World War. The development of vacuum tubes electronics in the 1930s then re-
placed these solid-state rectifiers for radio telecommunications, but failed to be adapted for shorter wavelength applications
needed for the development of radars in the period of World War II, creating a revival of interest for “old” cat whiskers
solid-state rectifiers [11]. In the course of revisiting this area at Bell telephone’s laboratories, Russel Ohl discovered the
superior performances of silicon with reaching photopotentials up to 0.5 V, much more that selenium or copper oxide pre-
vious materials. He found that the photoeffect is maximum in specific zones of recrystallized silicon boules, leading to the
discovery of the p-n junction, and incidentally of the doping phenomenon with Al (n type) and P (p type). The first appli-
cation was silicon solar cells and modules based on his findings, that he patented in 1941 [12]. An intense research activity
was then developed at Bell’s laboratories to increase the efficiency of the solar cell, the best efficiency with Ohl’s technology
reaching 1% in 1952 [13] with limitations arising from the processing technologies (He bombardment). The introduction of
Li diffusion wraparound led to 4.5% in 1953, then its substitution by boron diffusion led to a spectacular take off of the
efficiency up to 6% in January 1954 and 11% in May 1955 (as reported in R. Bube’s book [14]). The key milestone of efficien-
cies higher than 5% fixed by the Bell's management for industrial credibility was thus presented in the 6% efficiency famous
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paper authored in 1954 by D.M. Chapin, C.S. Fuller, and G.L. Pearson [15], which is considered worldwide as the birth of the
modern silicon solar cell. The technology was then taken by Hoffman Electronics for applications, the efficiencies reaching
14% in 1959 with the introduction of contacting metallic grids, and 15.2% in 1961 with commercial applications. Then the
record stagnated for more than 10 years [14]. This extraordinary jump in the efficiency from 1% to 15% in ten years was also
a consequence of an external pressure. This pressure came from the space conquest and the cold war competition. Sputnik
was launched by the USSR in 1957, but the first satellites were failing due the lack of sufficient stored energy. It was clear
that photovoltaic solar cells could be the solution. As a result, only four years after Chapin and al.’s paper, the first satellite,
Vanguard, powered by PV was launched by the USA, opening the still ongoing era of PV for spatial applications, with Spirit
and Opportunity robots on Mars and Philae and Rosetta on and around Tchouri’s comet as famous recent highlights. Thus
developing the PV technology became a strategic priority for the USA, USSR and other spatial countries as France [16]. The
French team led by M. Rodot at the CNRS reached 14% of Si solar cells in 1960 (footnote in [16]) at almost the same level
as US teams. Note that at that time researchers were also considering solar energy conversion with thermoelectric devices
and even considered it as more promising than PV [16].

The 10-year-stagnation plateau of record PV efficiencies, which was sometimes “abusively” considered as the demon-
stration of reaching the experimental limits of the technology, was broken in 1973 by a new record at 15.2%, but with a
new technology for antireflection processes, known as the “violet cell”. Thanks to this breakthrough, based by the texturing
of the silicon surface by etching, the efficiency jumped to 17.2% in 1974 [14]. A new avenue was opened following these
technological pillars and introducing step by step more and more sophisticated new architectures, new doping strategies
and contact formations, with a new record efficiency at 25% achieved in 1985 with the PERL technology (Passivated Emitter,
Rear Locally Diffused Cell). These tremendous improvements were leaded, from 1991, by Martin Green and his group in
Australia, taking the relay of the US teams [17]. Fig. 2a shows the structure of record cells at that time. The wafer was
p-type 100-oriented 250-pm-thick single crystalline silicon (100) oriented with n+ highly doped zones underneath the top
grid contact to reduce the electrical resistance. On the back surface, the same approach was used with p+ zones locally
diffused under the contacts. The heart of the electrical characteristic of an illuminated p-n junction solar cell is basically
described by the equation:

— vy _,
= so(oo () 1)

where | and Jo are, respectively the current density (current I per unit area) and the saturation current density, V the
voltage across the junction, g the charge of the electron, k the Boltzmann constant, and T the absolute temperature, leading
to a q/kT value of 40 V~! at room temperature, n is the ideality factor of the diode, with values between 1 and 2 (1 for
silicon). The first term on the right is thus the equation of a simple p-n junction in dark with the exponential behavior.
Under illumination, the photons are absorbed at the junction and create electron-hole pairs that are separated by the
electric field created at the interface between n and p zones. This gives rise to the addition of a photocurrent density term
JL that is added to the diode current. The resulting J-V curve, if Ji is constant, is a simple vertical translation of the J-V
curve in the dark, making the device in “motor” conditions. All the efforts are thus devoted to reduce the saturation current
and to increase the photocurrent! A key improvement of the record cell, shown in Fig. 2a was the use of ultrathin passivating
silicon oxide layers on the outer surfaces on both sides. This allowed one to reduce markedly the loss of photocurrent by
surface recombination of the electron-holes pairs generated by the absorption of photons in the bulk of the silicon. The
surface texturing was used to trap the light and force the photons to enter the device increasing the photocurrent by
minimizing the reflection losses. The bulk electronic quality of silicon (life times, diffusion lengths, doping concentrations),
allowing one to reduce both the saturation current and to generate photocurrent all along the thickness, was also markedly
improved with respect to previous cells generations thanks to continuous progresses in crystal pulling and purification
techniques. Then a new plateau in record efficiencies occurred for about 15 years at the level of 25% efficiency. During this
time, new approaches were investigated in research labs, with continuous progresses, and two key breakthroughs emerged,
which led to new record breaking in the recent period. The first one is the removal of front contacts from the top surface
to the bottom surface, leaving the front surface free of shading effects (a few percent of area) and processable only with
surface passivation layers. To withstand this modification, it was necessary to create interdigitated contacts on the back side
(named IBC), which has been made possible by the transfer of advanced microelectronic technologies to Si solar cells, and
by improving silicon bulk properties allowing the collection on only one side of the cell. The associated diffusion lengths are
able to reach several mm, which is an unbelievable value, as compared to the 100-200 microns available several years ago.
This process was successfully developed by SunPower, reaching an efficiency of 25.2% in 2015, with commercial technologies
and a record module efficiency of 24,1% [18]. The second breakthrough came from a change in surface processing of the
silicon surfaces, using amorphous silicon intermediate layer instead of silicon oxide. By this way, surface recombination was
further reduced. This technology, invented by Sanyo in Japan, named HIT, permitted also to reach the record-breaking value
of 25% [19]. A key point is that it mixed for the first time different branches of PV research, namely crystalline silicon and
amorphous silicon solar cells (introduced in 1976), favoring convergences between separated communities of researchers.
The combination of both IBC and HIT technologies recently led to a new breakthrough in record efficiency at 26.6% by
Kaneka’s group [20]. The structure of the cell and its IV curves are reported in Fig. 2b. This result approaches the theoretical
efficiency of silicon solar cells, i.e. 29.1%, and the authors estimate that they are in position to reach in the near future
efficiencies as high as 27.1% by incremental improvements only. This shows that silicon solar cells have almost attained
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Fig. 2. Evolution of record silicon solar cells devices and performances: a) 25% in 1994 from [17], b) 26.6% in 2017 [20] with cell cross section and IV and
PV curve in darkness and under illumination for a record cell of 180.4 cm?, ) 32.8% in 2017 for a tandem junction combining a silicon bottom cell and a
GaAs top cell [32].

their theoretical limit in efficiency after 60 years of research. The effort will now be to consolidate these results and to
transfer them into module production at low cost. The other route is to use polycrystalline silicon, which suffers from grain
boundaries recombination losses, but can be processed at lower costs. The record efficiency is 21.9% [19], which leaves room
to efficiency improvements, especially thanks to grain boundaries passivation! The mean value of commercial crystalline
silicon efficiencies is 16.3%, it increases more progressively than the record efficiency chart, since industrial transfer is based
on a more conservative/incremental evolution. Both single crystalline and multicrystalline solar cells represented in 2016
about 94% of the annual production capacity [2]. The remaining 6% were shared by thin film technologies (CdTe, CIGS,
silicon).

While silicon has been by far the most studied semiconductor for solar cell applications, great attention has been paid
in parallel to other semiconductor materials since the 1950s and the early 1960s, in particular in the IlI-V family based on
gallium arsenide and in the II-VI family based on cadmium sulfide and cadmium telluride families [21]. Gallium arsenide-
based devices, with 6% efficiencies in 1956 [22], have reached even higher performances than silicon, with 28.8% efficient
cells in 2015, which is the absolute record for a single junction solar cell. In addition to exceptional device quality, the key
breakthrough developed by E. Yablonovitch and his team in Stanford was to introduce a mirror at the back side, allowing
a new mechanism of photocurrent enhancement by photon recycling [23]. GaAs-based cells are much more expensive than
silicon, but due to superior qualities, they are widely used in space applications, especially in multijunction configurations
(see below). CdS/cuprous sulfide thin film solar cells, also introduced in 1954 [24], were first considered for light weight
flexible modules for space applications [25], and then replaced in the 80’s by CIGS (copper indium gallium diselenide) solar
cells. CdTe cells were also introduced in mid 50’s [20] and reached 7% efficiency in 1963 [26]. CIGS and CdTe are now
established commercial thin film technologies.

3. Mechanism of photovoltaic conversion

At this stage, it is interesting to come back to a fundamental question: what is the theoretical limit of the conversion
efficiency of photovoltaic solar cells? This question was present at the early stage of photovoltaic applications at the end
of the 19th century, following a similar question for the efficiency of thermal machines since S. Carnot and the endeavor
of thermodynamics. Fig. 3 illustrates the basic mechanisms taking place in a solar cell under operation. The photons are
absorbed in the semiconductor by transferring their energy to electrons in the valence band, which are pushed to a higher
energy level by a value corresponding to the photon energy hv. This process only occurs when the final energy level lies
in the conduction band of the semiconductor and not in the forbidden energy gap. This creates an electron-hole pair,
which thermalizes with holes reaching the top of the valence band and electrons reaching the bottom of the conduction



D. Lincot / C. R. Physique 18 (2017) 381-390 385

Solar Cell Ext.
Absorber contacts { Load

Fig. 3. Scheme of elementary mechanisms of photovoltaic conversion in a standard solar cell. Red arrows correspond to loss mechanism via thermaliza-
tion (T) and Recombination (R) after photon absorption. Green arrows are transport and transfer processes (O) which lead to the extraction of photocarriers
and power in the external circuit. (O) and (R) processes are in competition to fix the output power. (T) is too fast for any contribution. Red photons arrows
correspond to non-absorbed photons.

band. Then they are transferred to the contacts with a potential difference corresponding in maximum to the band gap
of the semiconductor. Part of them are reacting together by recombination processes via electronic defects, either in the
semiconductor or on the surfaces, or via radiative recombination with the reemission of a photon, the first process being
dominating for non-perfect crystals. Photons with energies lower than the band gap are lost and are able to cross the
semiconductor without absorption. As a consequence, the maximum efficiency will correspond to that of the VI product,
with V being at maximum the band gap value of the semiconductor and I the integral of electrons generated by the flux
of photons from the solar light spectrum with energies higher than the band gap, assuming that the quantum efficiency
(number of electrons per photon) is one. This gives rise to a bell-shaped curve (V increase with Eg and I decreases with Eg),
shown in Fig. 4 after theoretical calculations from [27]. We can observe that the maximum efficiency is about 31% for band
gap values of about 1.5 eV. In the case of silicon, with a band gap of 1.12 eV, the value is about 29%, as indicated before.
This bell curve was calculated in early publications from device properties as soon as 1954 by M. Prince from Bell [28],
who predicted a maximum value of 24%, close to the silicon band gap and a possibility of 10% cells from the 6% efficient
technology at this time, which was verified. In 1956, J. Loferski from RCA did the same with a maximum of 26,5% for
1,5 eV and only 20.3% for Si [29]. In 1961, a groundbreaking thermodynamic approach was presented by W. Shockley and
H. Queisser [30], considering the ideal case of radiative recombination losses. The bell-shaped curve was peaking at about
30%, with a value of 26% for silicon, which is within a few per cent of recent calculations. This fundamental limit for simple
p-n junctions is known as the Shockley-Queisser (QS) limit. It is valid for any PV device working on two levels as in Fig. 3
including recent organic PV devices based on molecular orbitals where BV and BV levels are replaced by HOMO and LUMO
levels.

4. Ultimate efficiency for PV conversion and devices

The question now is: is the Shockley-Queisser limit the ultimate one for PV converters? The answer is no. We can
identify losses for photons having energies both higher and lower than the band gap in the basic behavior of a two-level
device: at higher energy by partial thermalization (interaction with the phonons that are the vibrations modes of the lattice)
and at lower energy by non-absorption (shown in Fig. 3 and quantified in Fig. 4 as a function of the band gap). In fact, the
thermodynamic approach is again the right approach considering that the sun and the PV cell behave as a hot source and a
cold source, respectively. Taking a value of 5800 °K for the sun and 298 °K for the cell leads to a crude estimation of Carnot
efficiency as high as 95%! This means that the actual PV efficiencies are still far beyond the theoretical limit. Complete
theoretical modeling has been performed, which confirms such high level as shown in Fig. 4 by adding SQ efficiency, high
energy losses and low energy losses. Taking into account losses that were not present in the simplified Carnot efficiency
leads to theoretically achievable efficiencies up to around 85%.

Would new device concepts allow us to cross the Shockley—Queisser limit? Yes. The PV research community started to
address specifically these questions about the years 2000s under the “third-generation PV” flag, held by M. Green again [31].
The principles of some of them are presented in Fig. 5. The most advanced and already commercially present as a minor
component of the market (<1%) is the concept of multijunctions (Fig. 5) which consists in placing several single junctions
on the top of each other with decreasing band gap values from the top surface facing the sun and the bottom rear surface.
Each junction working optimally for photons corresponding to the band gap, the combination of multiple junctions would
lead to an increase in the efficiency limit. However, we can imagine the complexity of processing and cost of such devices...
Hopefully, gains are already important for two junctions, three junctions, and four junctions with maximum values of about
43, 50 and 54%, respectively, as compared to 31% for a single junction [31]. An important renewed research activity is
presently paid to the multijunctions approach, in particular in combination with existing silicon cells, to break the SQ limit
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Fig. 5. Schemes of elementary mechanisms of high-efficiency devices, beyond the Shockley Queisser limit. A: Multijunction concept, already proven. B, C, D:
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B: intermediate band solar cells which allow to collect the infrared photons. D: dow conversion solar cells, which use an active optical filter to convert
high energy photons to several lower energy photons further absorbed standard single junction high efficiency cell (like Si, CIGS, CdTe...) without losses in
energy. This is an example of a new concept based on photonics.

of single junctions. The goal would be to reach between 35 and 40% of record cells with either two (tandem) or three
junctions, to bring the next generation at module efficiencies up to 30%. The record efficiency reached with tandem and
triple junctions based on silicon bottom cells with top cells belonging to the IlI-V semiconductor family (GalnP, GaAs...) is
now 35.6% for triple and 32.8% for tandem, which structure is shown in Fig. 2¢ [32]. Quadruple junctions based on III-V
have reached efficiencies as high as 46% in 2014 with 400 concentration of light, in the frame of a work by a consortium
led by Soitec in France and ISE Fraunhofer in Germany [19]. Concentration is a way to increase the efficiency of the cell due
to the dissymmetric behaviors of photocurrent and tension with respect to light flux, as can be forecasted by multiplying
J1 by the concentration factor ( J; is proportional to the incident light flux). The ultimate concentration factor from sunlight
is 43,000, but typical concentration values are from 5 to 500. Achieving higher values need to manage stronger thermal
effects and resistive losses. A recent concept has been introduced to reach higher values by using low-dimensionality devices
(microcell concept) [33]. Upon concentration the one sun efficiency can be the SQ limit is increased by about 2% per decade,
theoretically up to 10% for full concentration (31% to 41% at maximum of the SQ limit).
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5. Emerging PV devices and concepts

The full picture of the state of the art of PV research and its historical development is summarized in the well-known
chart of PV record values of NREL, which also compares the different technologies, either commercial ones and emerging
ones [19] established from 1976 to now. Beside the silicon technologies, the other commercial technologies are thin film
technologies based on CdTe and on CIGS with efficiencies up to 22.1 and 22.6% respectively, beyond that of polycrystalline
silicon. The evolution of the records as a function of time can be discussed in the same way as for silicon, as discussed for
CIGS technology [34]. The improvements in the last period are impressive for both technologies. In the case of CIGS, new
surface chemistry was introduced through doping with alkali metals (Na, K, Rb). Note that these solar cells are polycrys-
talline and with thicknesses of only a few microns, directly deposited on glass. This represents a potential cost advantage
with respect to crystalline silicon. Note that non-vacuum-based elaboration processes like electrodeposition and printing are
possible, like it has been developed in France by Nexcis with the electrodeposition of CIGS [35].

All these single junction technologies tend to reach the SQ limit of about 30% with non-concentration. Only multijunc-
tions, as shown in [32] and shown in Fig. 2c for a tandem junction, are already able to cross this limit under standard
illumination conditions. They reach 46% efficiency for quadruple junctions under concentration [19] which is the “champion
value” ever achieved up to now for photovoltaic conversion.

Besides the established technologies dealing with inorganic semiconductors, we can observe the onset of emerging ma-
terials during the two last decades. The main breakthrough arises with the discovery of mesoporous report of efficient
mesoporous dye sensitized solar cells in 1991 by B. O’'Regan and M. Graetzel [36]. This approach is based on the use of a
nanoporous titanium oxide matrix with a huge internal developed area (up to 500 times the flat area for a few micron-thick
films) covered with a monolayer of a dye molecule, which is the active PV component, and then intimately impregnated
with an electrolyte. This concept, which escaped for the first time the traditional p-n junction’s ones (no need for internal
electrical field), has revolutionized the PV research domain, by allowing breakthroughs in the stagnating organic PV domain,
with introducing the intimate mixing of active components (bulk heterojunction concept). It was closer to the photovoltaic
effect operating in photosynthesis with chlorophyll molecular PV centers, and a form of revival of the photo-electrochemical
effect by E. Becquerel [1]. This resulted in a new era of PV research with nanoscale devices (quantum dots, nanorods,
nanosheets...) based on oxides (like ZnO), nitrides, chalcogenides, carbon... However a breakthrough came in 2009 from
a Japanese group [37] using as a sensitizer a completely new material for PV, that is an hybrid perovskite based on Lead
Methyl ammonium iodide, with an efficiency of 3.8%. The perovskite solar-cell thin-film technology was born [38]. In only
five years, this technology raised an efficiency from almost zero to 22.1% [19], under the combined efforts and competition
between M. Graetzel group at EPFL, H. Snaith’s group in Oxford and S. Seok’s in Korea, and of many other groups! This in-
credible fast progress only compares to that of the early years of silicon solar cells. Research accompanying this technology
is a multifront/multidisciplinary one ranging from fundamental studies of the mostly unknown properties of these materials,
exploring new compositions for optimizing the properties and band gap engineering (for instance, replacing iodide by bro-
mide allows one to increase the gap from 1.4 to 1.8), facing stability and large-scale processing issues, and at the same time
trying to create functional devices and start commercialization [39]. Tremendous efforts are now paid at the international
level to the application of perovskites for tandem junction as top cells on silicon bottom cells, as an alternative to using
III-V top cells, which are more demanding in terms of cost and processing technologies (perovskites can be deposited by
printing technologies without... vacuum, with superior efficiencies!). The irruption of perovskite and organic/dye solar cells
(developing already in niche markets) also mark the irruption of cutting edge chemistry in the field of PV concepts and
materials and shine new light on fundamental photosynthesis and self-assembly mechanisms as a source of inspiration for
further progresses [40].

The 1990s and the beginning of the 2000s were also an exceptional period for new theoretical advances in PV research,
which is known as “third-generation photovoltaics”, the first generation being that of silicon and the second that of thin-film
“two-level” single junctions, both “below Schokley Queisser limit”. The aim of “third-generation PV” was clearly to search for
high “beyond-SQ” efficiencies, with revolutionary views beyond standard solar cell physics. While multijunctions were first
considered, the merit of this research initiated as a whole by M. Green [31], who chiefly contributed to silicon solar cells
progresses, was to propose new concepts were efficiencies higher than 50% could be obtained with simpler devices than
multijunctions thanks to new electro-optical mechanisms, such as those shown in Fig. 5. The key point is to separate the
opposite variations of photocurrent and potential with the band gap responsible for the SQ bell-shaped curve. To do this, the
concept of “hot-carrier” solar cell (Fig. 5b) has been introduced where the generated electron hole pairs are collected before
they thermalize to the band gap energy; this needs energy-selective contact with extremely fast charge transfer and low
thermalization rates by engineering “electron-phonon interactions”, in nanostructures for instance [41]. Another idea is to
introduce intermediate bands (Fig. 5c) in the semiconductor to allow low-energy photons to be absorbed and contribute to
the photocurrent, while maintaining the band gap value for open circuit voltage. The material behaves a bit like a “salmon
ladder” for low-energy photons, and resembles an internal multijunction. Experimental proofs of these concepts are studied
using superlattice devices [42]. The other concept is based on optics; it couples a standard single junction with active light
filters, allowing to convert UV photons (down conversion) and infra red photons (up conversion) in visible photons optimally
converted in the single junction (Fig. 5d for down conversion). This is like changing the sun light from polychromatic to
monochromatic without energy losses! Another cutting-edge concept is to create locally a strong concentration of light in
PV nanostructures by using plasmonic effects on metallic particles or local antenna effects. Light confinement in nanoscale
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Fig. 6. Price experience curve of PV modules since 1976 and projections [45]. The decrease is about 22% per doubling the installed PV capacity. This curve
is known as Swanson’s curve [46] but often called “the Moore’s” law of photovoltaics. Similar lows are observed for other products like flat screens and
computers. Actual prices (red rectangle) are indicated, they are already lower than projections.

layers or in microcells or nanocells (i.e. nanowires) is on the verge of first experimental demonstrations. The emergence
of all these new concepts gives further momentum to the increased activity of PV in the recent years. It also creates
the conditions to transfer some of these new knowledges to improve the present technologies (selective contacts, photon
converting layers...).

6. Photovoltaics in the main stream energy sector

Up to 2000, the contribution of terrestrial PV to the energy sector remained negligible. However, since the early years of
the 1950s, and even sooner with the selenium cell, the objective of using PV for contributing to the energy supply on earth
was present in most of PV researcher’s minds, in public opinion, and was supported by specific programs and initiatives.
As long as the cost was not an issue, PV could develop as a mature and reliable technology for space applications, and
earth ones in isolated areas and special applications (like marine light and telecommunication spots, cathodic protection
of pipes in the petroleum industry - explaining why petroleum companies were strongly involved at the beginning of PV).
Coming to the earth was another story, because the costs were far too high to compete with fossil energy vectors (oil,
coal). A first boost for accelerating PV deployment on earth came from the petroleum chock in 1973, but, after an increased
attention, the political choices for an alternative to oil was to go to nuclear energy, releasing in many countries the efforts
for terrestrial PV. However, after an increased attention, the political choices for an alternative to oil were to go to nuclear
energy, releasing in many countries the efforts for terrestrial PV. However, the onset of concern about climate change,
limitation of fossil fuel resources, and nuclear energy resulted in a new interest in PV with very important initiatives to
consider PV and renewable energies in general in the economic context and competition, and to bring the debate at the
political level. A pioneer of this mutation on PV thinking was Hermann Scheer with a first book in 1994 (a Solar Manifesto)
and a second one devoted to the proposal of a solar economy in 1999 [43], which has strongly influenced the political
sphere in Germany. Specific public programs to support PV implantations were launched in Germany, Japan, US, like roof
tops projects, followed by the introduction of feed in tariffs in Germany, which proved to be very efficient to start the
industrial endeavor. These supporting schemes have progressively spread in many countries, like in France in 2006, after
the “Grenelle de I'Environnement”. Then China entered the competition by deciding to force a strong industrial program.
All this together created the right conditions for the endeavor of PV industry. These developments are remarkably recalled
in the book published by W. Palz “Power from the sun”, including contributions form worldwide solar pioneers [44]. The
cost reductions arising from scale effects and technological improvements started to operate, allowing the cost of a watt to
decrease from several dollars to less than one dollar, and now to less than 0.5 dollar within ten years (Fig. 6) [45]. This
experience curve, precisely discussed in 2006 [46] by D. Swanson, founder of Sun Power corresponds to a decrease of about
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22% of the price of a commercial module (in dollar per Watt) when the cumulated production doubles. This spectacular
decrease of the costs of PV modules was accompanied by an exponential growth of the annual production of PV capacities,
with a mean value of about 40%. From less than 1 GW per year in 2000, the 2016 production reached 75 GW in 2016, with
a total cumulative installation reaching more than 300 GW at the world level (Fig. 1) coming from 1.4 GW in 2000 [2]. China
shifted from being only a supplier to the foreign market to become the first installer now in the world, with 35 GW in 2016
and an objective to reach 100 GW cumulated in 2020. The electricity proportion coming from PV, estimated at the end of
2016 by IEA is reaching now 1.8% at the world level with about 7% in Germany, Italy, Greece, 1.7% in France, 1.5% in China,
and 12.5% in Honduras, and is developing rapidly in many places around the world (India, Africa, America...) [47]. The price
of PV electricity shifted accordingly from several tens of cents per kWh to values down to around 10 cents now and even 3
cents in recent calls [48]. This means that PV has reached the grid parity in many places and is now competing with other
energy vectors in the open, non-subsidized, market. This is clearly a situation that was unexpected only a few years ago,
even for PV specialists, making the evolution much faster than that predicted from many scenarios. This was pointed out in
a 2015 analysis by the MIT [49]. In the IEA scenario of 2014 [45], PV was expected to reach 4.4 TW of installed capacity
in 2040, but in more recent studies higher values up to about 10 TW or more are indicated from various scenarios [50].
It means that PV contribution is still in an infancy period. According to this scenario, the next decade will experience a
dramatic acceleration of PV installations worldwide, with a rate of several hundreds of GW installed per year. Individual
PV modules production plans are anticipated to reach capacity productions of more than 5 GW per year (i.e. approaching a
1 GW power plant in terms of energy output). R&D road maps, linking technological and cost aspects, are settled to pave
the way for this development. For instance, IPVF with the support of leaders of main PV institutes worldwide, has issued the
30 x 30 x 30 white paper in COP21 in Paris (2015) aiming to reach 30% modules in 2030 at 30 dollar’s cents per Watt [51],
which should be possible by increased efforts on multijunction devices. See Figs. 5 and 6.

This represents a completely new paradigm for photovoltaics. On one side, this goes in the right direction to face the
dramatic climate change issue by providing a new source of renewable energy able to contribute at a high level, with a
strong potential, in supplying humanity with energy in the next decades. On the other hand, new aspects will have to be
considered for increasing social and environmental benefits. PV has to support the economies of the different countries,
and employment. It has to be inserted in the society with the support of the citizens. With this respect, a key advantage
of PV is the distributed and abundant nature of solar energy, which delivers between 700 kWh-m~2 per year and up to
2700 kWh-m~2.yr—! in most places of the world. Using PV systems with 15 to 20% efficiency currently and at expected
levels up to 30% to be provided by the research sector in 2030, allows us to produce hundreds of kWh per square meter and
per year all over the world. All possible sources can be considered, from individual installations on roofs, streets to large-
scale installations in areas without space conflicts, PV on water can also be considered. This multiplicity of PV applications
is a key advantage of PV. A clear positive evolution is also appearing around the convergence between PV production and
storage technologies in self-consumption, smart grids, electrical mobility, hydrogen sector, and digital economy.

7. Conclusions

The aim of this paper was to make a long trip within the historical development of photovoltaics, from the first silicon
solar cells in 1954 to the most recent developments in this research field, characterized by booming activity since 2000.
Attention was focused to recall how getting higher and higher efficiencies with more and more reliable technologies was the
result of a form of “evolutionary” process like in biology with the alternation of scientific discovery steps and consolidation
periods, and their relation to specific external accelerating contexts like the discovery of electricity, war efforts, space con-
quest, and recently climate change concern as well as energy transition issues. The potential of PV in terms of efficiency (up
to 85%) was recalled paving the way for increased R&D effort to develop multijunction solar cells in the coming years and
new concepts in the future [51]. The second part of the paper is devoted to analyze the fast development of PV in the main
stream energy sector, which appears more and more as a pillar of the on going energy transition. Recent papers [52,53]
provide extensive prospective studies of the potential of solar PV deployment up to 2050, up to 30-40% PV possible share
in electricity generation in 2050 [53]. They point out the fact that PV is markedly underestimated in most scenarios and
that there is an urgent need to convey such informations to the IPCC panel specialists and decision makers [53].
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