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Initial terrestrial applications spread in the 1970s and
1980s,mainly for industrial purposes (meteorological
stations,telecommunications repeater stations,air navi-
gation and marine beacons,cathodic protection), then
for applications related to rural electrification, such as
domestic lighting, audiovisual equipment and water
pumping.
Recent years have seen a rise in the number of instal-
lations put into operation, with annual growth top-
ping 20% for the past 20 years; in France,90% of marine
navigation aids are thus equipped, and in developing
countries most telecommunications stations and radio
repeaters use this energy source. Completion of rural
electrification programs currently involves installing
systems in batches of several thousand or tens of thou-
sands.
The main characteristic of this first category of solar
photovoltaic electricity applications is that they entail
provision of batteries, when electricity requirements
are out of phase with the solar resource.
The relevant potential market is massive, bearing in
mind the two billion denizens with no access to elec-
tricity. The main assets of solar energy, as regards this
market,are its outstanding reliability - the most widely
sold modules, crystalline-silicon-based, are now com-
monly subject to a twenty-year guarantee, with longer
still expected lifetimes - and the absence of the distri-
bution costs attached to conventional-technology solu-
tions, whether it be use of electric generators powered
by fossil energies (Diesel fuel oil, gasoline or natural
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Monocrystalline-silicon photovoltaic cells on a spectral-response measurement bench 
at CEA's Grenoble Center (eastern France). After silkscreen metallization and annealing, 
cells are tested by monitoring electric-current output for every wavelength 
in the solar spectrum range.

The photovoltaic effect used
in solar cells (which are

further assembled into modu-
les, then into panels) for the
direct conversion of the rays
of sunlight into electricity
involves the generation and
transport of positive and nega-
tive electric charges through
the action of light in a semi-
conducting material.
Silicon was selected for its
electronic properties, charac-
terized by presence of four
electrons in its outermost shell
(column IV of the Mendeleyev
periodic table). In solid silicon, each
atom is bound to four neighbors, and
all the electrons in the outermost shell
participate in the bonds. If a silicon atom
is substituted for by an atom from
column V (a phosphorus atom, for
instance), one of the electrons is not
involved in the bonds; it is thus free to
move through the lattice. There is elec-
tron conduction, and the semiconduc-
tor is designated as an n-type doped

semiconductor. If, on the other hand, a
silicon atom is substituted for by an
atom from column III (boron, for
instance), one electron is missing if all
bonds are to be maintained , and an
electron can move in to fill this gap. One
then speaks of hole conduction, and the
semiconductor is said to be a p-type
doped semiconductor. Atoms of ele-
ments such as boron or phosphorus
are doping agents in silicon.

When an n-type semiconduc-
tor is brought into contact with
a p-type semiconductor, the
excess electrons from the n
material diffuse into the p mate-
rial. The initially n-doped region
becomes positively charged,
while the initially p-doped region
takes on a negative charge. An
electric field is thus set up bet-
ween the n and p regions, ten-
ding to force electrons back into
the n region, and equilibrium
arises. A junction has been set
up, and, if metallic contacts are
placed onto the n and p regions,

a diode is obtained.
When this diode is illuminated, photons
are absorbed by the material, and every
photon gives rise to an electron and a
hole (this is termed an electron-hole
pair). The diode junction keeps apart
the electrons and the holes, giving rise
to a potential difference between the n
and p contacts, and a current passes,
if a resistance is inserted between the
diode contacts (see Figure).
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How is solar energy turned 
into electricity?



Elementary particles and fundamental
interactions

C

Neutrinos are the stealthiest parti-
cles in the standard model of par-

ticle physics, the theoretical framework
describing all known elementary parti-
cles and the fundamental interactions
they mediate (see Table).
The basic constituents of matter, fer-
mions, are partitioned into two main cate-

gories: leptons, which do not respond to
strong interaction, and quarks, which
are subject to all of the interactions. The
six quarks form three pairs (up/down,
charmed/strange, beauty/top). In the lep-
ton category, the charged leptons (elec-
tron e–, muon µ, tau τ) are involved in the
electromagnetic interaction and the

weak interaction, while neutral leptons
(electron neutrino �e, muon neutrino �µ,
tau neutrino �τ) are only subject to weak
interaction. In the standard model, neu-
trinos have zero mass, however experi-
ments have shown they do have some
mass, though very small, the exact value
of which is as yet unknown. Involvement

Tableau.
Constituants élémentaires.

Fermions

Common
matter

is made up of
particles from

this group.

Most of these
particles were

around just
after the Big

Bang.
Presently only
to be found in
cosmic rays,

and around
accelerators.

Vector Bosons

Fundamental
particles

carrying out
transmission of

all natural
forces.

Responsible for “electroweak symmetry breaking.”

electron

Responsible for
electricity and
chemical reactions.
Charge: – 1.
mass: 0.511 MeV/c2

muon

A more massive
companion to the
electron.
mass: 
105,658 MeV/c2

electron neutrino

Has no electric
charge, and interacts
very seldom with the
ambient medium.

muon neutrino

Properties similar to
those of the electron
neutrino.

tau neutrino

Properties similar to
those of the electron
neutrino.

up

Electric charge: + 2/3.
The proton holds two, the
neutron one.

mass: 1,5 – 4,5 MeV/c2

charmed

A heavier companion
to “down.”

mass: 
1 000 – 1 400 MeV/c2

top

Heaviest in the family
(observed in 1985):
180 times the proton mass.

mass: 
174 300 ± 5 100 MeV/c2
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photon

Elementary grain
of light, vector for the
electromagnetic force.

gluon

Bearer of the
strong force
between
quarks.

W±, Z0

Bearers of the
weak force, responsible
for some forms of radioactive
decay.

Higgs Boson?

nucleon

quarks

tau

Heavier still.

mass: 
1 777 MeV/c2

down

Electric charge: – 1/3.
The proton holds one,
the neutron two.

mass: 5 – 8,5 MeV/c2

strange

A heavier companion
to “up.”

mass: 
80 – 155 MeV/c2

beauty

Heavier still.

mass: 
4 000 – 4 500 MeV/c2

atom nucleus electron
proton charge + 1
masse : 938.272 MeV/c2

neutron zero charge
mass : 939.565 MeV/c2

W+ W- Z0

leptons
able to move freely

quarks
held captive in larger particles,

they are not observed separately
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of the various elementary constituents in
the fundamental interactions is governed
by their quantum numbers, or interac-
tion charges (electric charge, color
charge (1)…). To every constituent of mat-
ter is associated its antiparticle, a parti-
cle having the same mass and opposite
charges. The gravitational force, which
is not included in the standard model, acts
on all fermions in proportion to their mass.
The table of elementary constituents of
matter manifests another classification
– independently from their involvement
in fundamental interactions – into three
generations, or families. From one family
to the next, charged quarks and leptons
having the same charges only differ by
their mass. The electron, up quark and
down quark, which all belong to the first
family, are the lightest massive parti-
cles. They are stable particles, and the
constituents of common matter. For
instance, the proton is made up of two
up quarks and one down quark; the neu-
tron, of two down quarks and one up
quark. Particles in the other two fami-
lies are unstable, and rapidly decay into

stable first-generation particles. This is
why all the stable matter in the Universe
is made up from constituents from the
first family.
According to quantum mechanics, for an
interaction to take place, at least one ele-
mentary particle, a boson, must be emit-
ted, absorbed or exchanged. The photon
is the vector for the electromagnetic
interaction, the W+, W– and Z0 mediate
the weak interaction, and gluons act as
messengers for the strong interaction.
Quarks and charged leptons exchange
photons, but conserve their electric
charge after the exchange, the photon
having no electric charge. Since the
photon’s mass is zero, the electroma-
gnetic interaction’s range is infinite.
Having no electric charge, neutrinos are
the only elementary fermions that are
not subject to electromagnetic interac-
tion.
In the electroweak theory (a unification
of the weak and electromagnetic inter-
actions), the weak interaction has two
aspects: charged-current weak interac-
tion, for which the interaction vectors are
the W+ and W–; and neutral-current weak
interaction, for which the mediator is Z0.
These two forms of weak interaction are
active between all elementary fermions
(quarks, charged leptons and neutrinos).
The mass of these bosons being very
large (80,000 MeV/c2 for W±,
91,180 MeV/c2 for Z0), the range of the
weak interaction is tiny – of the order of

10– 18 m. Since W± bosons have a non-
zero electric charge, fermions exchan-
ging such bosons undergo a change in
electric charge, as of nature (flavor).
Conversely, since the Z0 boson has no
electric charge, fermions exchanging
one undergo no change in nature. In
effect, neutral-current weak interaction
is somewhat akin to exchanging a photon.
As a general rule, if two fermions are
able to exchange a photon, they can also
exchange a Z0. On the other hand, a neu-
trino has the ability to exchange a Z0 with
another particle, though not a photon.
Only those quarks that have a color
charge exchange gluons, these in turn
being bearers of a color charge. Thus,
when a gluon exchange takes place bet-
ween quarks, the latter exchange their
respective colors. Gluons have zero mass,
however, since they do bear a color
charge, they are able to interact. The
range of the strong interaction is conse-
quently very restricted – of the order of
10– 15 m.
The graviton, the vector for gravitational
interaction, has not so far been obser-
ved.
Theory predicts that another funda-
mental interaction mechanism exists,
responsible for the mass of elementary
particles, for which the messenger is the
Higgs boson, which remains as yet undis-
covered. This boson makes it possible to
assign a mass to elementary fermions
of zero mass that interact with it.

(1) Color charge: a quantum number that
determines whether a particle is involved in
strong interaction. The color charge can take
on three values: “red,”“green,” or “blue” –
such colors bearing no relation to visible
colors. Every quark bears one of the three
color charges, every antiquark one of the
three anticolor charges. Gluons bear double
color–anticolor charges (eight possible
combinations).

Table.
Fundamental interaction and elementary constituents.

fundamental messenger actions
interaction

gravitational graviton? responsible for the mutual
attraction of any two masses

and for the law of falling bodies

electromagnetic photon responsible for the attraction
between electrons and atomic
nuclei, hence for the cohesion

of atoms and molecules

weak W+, W–, Z0 the root cause of thermonuclear
fusion inside the Sun, ensuring its
longevity. �– and �+ radioactivity,
and reactions involving neutrinos

are weak interactions

strong gluons ensures the cohesion
of the atomic nucleus
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