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Photovoltaic conversion has made impressive progress
Q 5 T since its discovery, but as will be discussed here, much
canstill be done. Itis of interest to investigate what

are the intrinsic limits of the technology. We call here

Emisson J ultimate performance those that could be limited only
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by intrinsic properties of the devices. This point will be
discussed along three lines: ultimate limits for energy

(with load) conversion, ultimate limits for material usage and
ultimate limits for device stability.
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olar energy, because of
its abundance, availa-
bility everywhere, and
innocuity, is conside-
red among the main

impressive progress from being a  production in 2021. Progress have
laboratory curiosity to contributing  been made on conversion efficien-
about 3% of the world electricity  cy (now commercially above 20%),

sources of renewable Figure 1: Solar cell operation (from [2]). (a) A solar cell absorbs the light from the sun
energy and an important pillar in the and emits electrons in the external circuit, the load, while excess energy is rejected in the
current energy transition. Indeed, ambient. (b) Energy diagram of an operating solar cell: an absorbed photon promotes an
Photovoltaic effect, discovered in electron from valence to conduction band (A), the excess energy is dissipated (B) and some
1839 by E. Becquerel [1], has made potential energy, that depends on the operating voltage V, can be collected (C).
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mass production (now close to TW ca-
pacity installed), cost (one of the chea-
pest energy in sunny places, with LCOE
near 1 ct/kwh), reliability (20 to 30 years’
warranty on lifetime), energy return on
energy invested (about 20 times), etc...
That is not to say there are no impedi-
ments to large scale use of solar energy.
Some preeminent issues today: the sup-
plyis variable and with the current tech-
nology, it would require large amounts of
materials. These issues are subject to in-
tense research, and could be solved. I will
not discuss them further here, but will
rather discuss another question: can we
define some intrinsic limitations to pho-
tovoltaic conversion, and if so, which? By
intrinsic, I mean that are deeply rooted
in physics, and would not depend on the
specifics of the operation conditions.

I'will shortly discuss below three such
limits. First, there is certainly a limit to
energy conversion efficiency, how far
is the state of the art from that point?
This question has a bearing on cost and
on how cheap solar electricity could ul-
timately become, but also on the envi-
ronmental footprint of the technology
and on the opening of a larger range of
applications. It depends on the quality of
the semiconductors used, but also on the
architecture of the devices, ... Second,
there is a limit on the amount of mate-
rial that has to be mobilized to make ef-
ficient devices. This question may have
abearing on cost (if expensive materials
are used), footprint (if scarce materials
are used). As will be seen, some device
concepts may require a tiny amount of
active materials only.

Third, as p/njunctions, widely used for
this application, are kinetically stable,
but not intrinsically stable, it is an open
question whether that would set a limi-
tation on the time of use of solar cells.
This question could also have a bea-
ring on ultimate cost and footprint of
the technology.

As surprising as it is, efficiency limits
of photovoltaic conversion are ultima-
tely set by optical properties. As there
is an energy threshold (or gap energy,
Eg, Fig. 1b) for light absorption in a
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semiconductor, in a process that pro-
motes an electron from the valence
band into the conduction band, only the
fraction of the incoming photons having
an energy above Eg (more precisely the
fraction that is effectively absorbed, de-
termined by the optical properties (n,k)
of the device) can be used: it determines
the photogenerated current. Most of the
carriers’ excess energy, above threshold,
is quickly degraded into heat and given
away to the lattice by fast, activationless
processes, till carriers have an average
kinetic energy on the order of kT, k
being the Boltzmann constant, so that
the energy per photogenerated carrier
is slightly above Eg. Therefore, the ener-
gy threshold limits at the same time the
amount of photons that can be absorbed
(and therefore the photocurrent), and the
energy available per carrier (see Fig. 2a):
this gives an optimal value for a diode
with Eg about 1 eV and 44% efficiency, an
efficiency that is independent of source
and sink temperature, and of illumina-
tion intensity, therefore a crude model.
A much improved model was proposed
by Shockley and Queisser [3], that consi-
dered also the impact of temperature, il-
lumination intensity and operating bias
on the efficiency.

In simple terms, a solar cell works by
absorbing solar photons that generate ex-
cited electrons. Some of these would be
eventually collected at one electrode and
after having performed some work in the
external circuit, would be reinjected at
the other electrode (see Fig. 1).

In its simplest form, a photovoltaic de-
vice is composed of a semiconductor and
two selective contacts, one for holes (ex-
changing carriers with the valence band
mostly), and the other for electrons holes
(exchanging carriers with the conduction
band mostly): a typical example of such a
device is a semiconductor p/n junction.
The efficiency of any such device depends
on its operation point, that is light inten-
sity, temperature and terminal voltage (or
equivalently, load impedance). Let’s start
with the temperature: like any conversion
device, a solar cell is subject to the laws of
thermodynamics. A solar cell is an engine
that converts a heat flux coming from the
sun (almost a black-body source at 5800 K)
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and dumped at ambient temperature
(the cold sink) into electrical work
(Fig. 1a). Put in these terms it should
be bounded by the Carnot efficiency
(about 95%). Clearly, when the cold
sink temperature rises, the efficien-
cy is expected to decrease. Indeed, a
complete analysis of a solar cell yields
a Carnot efficiency factor in its termi-
nal open circuit voltage.

Turning now to the terminal vol-
tage: under forward bias, electrons
are extracted through the electron
selective contact but in doing so they
work against the electric bias (conver-
sely, when the diode is reverse biased,
photogenerated carriers are quickly
extracted from the solar cell, but at the
price of an extra work). This work is
then available in the load (driving amo-
tor, the charge of a battery, ...). The fact
that photogenerated carriers have to go
against an electric bias to be extracted
increases the chances that they relax
to their fundamental state (a process
called recombination): as the forward
voltage V increases, so does the avai-
lable potential energy per extracted
carrier, while the flux of carriers (in-
tensity I) goes down. At zero bias, the
current (so called short circuit current)

is close to the absorbed photon flux in
state of the art devices. For some termi-
nal voltage (called open circuit voltage,
Voc) the output currentis zero (Fig. 2b).
Now, because the power output of the
device is P=LYV, it will reach a maximum
between zero bias and Voc: this is the
optimal working point of the device
(fora given temperature and light flux).

Finally, the efficiency depends also
on the light intensity. At high light in-
tensity, the concentration of photoge-
nerated carriers is larger (for a given
bias and temperature), and therefore
the cell voltage is larger. Because the
work delivered per collected carrier
depends on the carrier concentra-
tion, light concentration is beneficial.

Because of these effects, at 300K
working temperature, and standard
solar illumination, the optimal diode
would yield an efficiency of 33%,

with about 30% of non-absorbed
light, the rest being lost in heat du-
ring the initial thermalisation pro-
cess or during the collection process.
A single semiconductor cannot op-
timally make use of the broad solar
spectrum, but it can be optimized for
anarrow band of the solar spectrum.
A collection of semiconductors with
adjusted band gaps can be used to co-
ver more optimally the conversion of
the full solar. This is the main techno-
logical route to achieve high efficien-
cies, as the bottleneck is essentially
engineering. In 2021, such devices,
called multijunctions, using up to 6
diodes (each with adjusted Eg), have
achieved conversion efficiencies of
47% [4] which is quite an impres-
sive achievement already. Pushed
to the limit, with essentially a diode
for each narrow wavelength range,

Figure 2: Shockley Queisser limit (from [2]). a) fraction of power optimally converted as a
function of band gap of an idealized solar cell (Shockley-Queisser model). Non-absorbed
and thermalized power are explained in text. There is an irreductible fraction of carriers that
recombines emitting photons before being collected (b), and a usually larger fraction still
that recombines by non-radiative processes, thereby reducing available current, while the
entropy produced, called here isothermal losses, during the recombination processes also
reduces the available voltage (details in [2b]).
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Figure 3: Dependence on thickness of the maximal photogenerated current,
experimentally (filled triangles) and theoretically (empty triangles) for Si cells. The lower
curve is obtained by absorption from Beer’s law , and the top curve from Lambertian

light trapping. From [6].

such devices could reach the ultimate
photovoltaic efficiencies of 68% under
one sun of 87% under maximal solar
concentration achieved when the solar
cell "sees" the sun over a 4m solid angle).

A variety of device architectures have
been proposed and tested. As effective as
itis, these devices require many techno-
logical steps, and are very complex and
expensive to make, especially for the
most efficient designs. Other research
directions are being pursued to reach
similar efficiencies as the multijunctions,
but with much simpler device architec-
tures. For instance, hot carrier solar cells
would work at the same time as a photo-
voltaic and a thermoelectric engine [5].
First proofs of principle have been made
but there are still many issues on the way
related to photonics, and materials and
device engineering.

Even if solar cells were approaching their
limiting efficiency, current technologies
would require large amounts of active
materials (semiconductors), often in a
highly pure form. But yet another expec-
tation on solar cells is that they should
be produced with minimal environmen-
tal impact.

Using solar concentration (the limit
being 45000 times standard illumination,
when the solar cell "sees" the sun over
a 4m solid angle), the amount of active
material needed could be reduced by the
concentration factor. A less recognized
way of reducing material use is to reduce
the thickness of solar cells. Using photo-
nic concepts, again ultimately, a factor
in thickness reduction close to 2 orders
of magnitude as compared to standard
technology could be gained. For ins-
tance, Silicon solar cells, today 200 pm
thick, could in principle be a couple of
um thick (figure 2), this direction of re-
search is only in its infancy, but is very
promising. As this approach has already
been developed [6], the details will not be
repeated here.

Taken together, concentration and
thinning enable a conversion process
by a very small amount of active mate-
rials, ultimately down to few grams for
GW production capacity . Of course, to
this reduced amount of active materials,
one needs to add a significant quantity
of metals, for the electrical contacts, of
optical materials to collect the solar il-
lumination and channel it to the device,
and structural materials for mechanical
and environmental integrity).
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LIMITS TO DURABILITY

Another aspect of the operation of a
solar cell, is that it should produce
with minimal degradation during
decades, in spite of environmen-
tal aggressions.

Solar cells do wear out in outdoor
conditions, especially as thermal
cycling may induce cracks, as wa-
ter could ingress in the modules
and corrode the contact, encap-
sulation polymers could degrade
and absorb part of the incoming
light, ..., but some devices have
been working since their fabrica-
tion, decades ago, without trouble.
Light absorption does produce
excited electrons, and there is a
small, but non-zero possibility
that defects will be created in the
absorbing material, reducing ef-
ficiency over time. Moreover, p/n
junctions are intrinsically unstable
since they result from a gradient in
doping concentration that are sub-
jectto both Fick’s law and the built
in electric field as forces opposing
the existence of the gradient. This
causes a fundamentally limited
intrinsic device stability [9], es-
pecially in the case of ultrathin
devices, where this effect would
be exacerbated.

Presently, device stability is
ensured either by reducing the
kinetics of damage, or by halting
damage, possibly by selecting ma-
terials with high activation barriers
to damage. A potentially more ro-
bust way of achieving the same
goal would be to design self-healing
devices, and a proposal to achieve
thatis to design thermodynamically
stable devices.

Interestingly, the advent of in-
trinsically stable p/n junctions is
possible as thermodynamically
stable homo- and hetero-junctions
have been discovered. An example
of this is given by silver-doped MCT
(Mercury Cadmium Telluride),
where homojunctions, smeared
out by application of a strong field
or high temperature would spon-
taneously reform [8]. This system is
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an example of a dynamically stable
device (likely the result of a spino-
dal decomposition between n and p
regions), as opposed to say, silicon
homojunctions, that are kinetically
stable (frozen non-equilibrium).

Other semiconductors appear to
have an intrinsic defect population
that, at equilibrium, is optimal or
close to optimal for PV conversion,
and when perturbed, appears to
spontaneously return to their func-
tioning state. This seems to be the
case of CIGS [7], and could be the
case of the quickly emerging halide
perovskites. This property does not
only allow the device to work for
long, but also enables the device to
operate in specific environments,
like space, where end of life is deter-
mined by radiation hardness.

Even if possibilities appear to
emerge in the far distance, it should
be reckoned that today’s solar cell are
not limited in use by their intrinsic
stability but rather by the impact of
environment mostly on the struc-
tural elements that protect the ac-
tive material.
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