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INTRODUCTION AND BACKGROUND
Photovoltaic (PV) solar energy conversion
is one of the most promising emerging
renewable energy technologies and is likely
to play an ever-increasing role in the future
of electricity generation. The potential of
photovoltaics is considered to be much
larger than the current energy demand,
which is equivalent to 213,000 millions
tons of oil (BP, 2014). Together with other
renewable energy sources, photovoltaics
could thus considerably aid the decar-
bonization of the energy sector in the near
future, an objective, which is (should be)
seriously sought after to meet the IPCC 2°C
target'. Indeed, PV energy conversion is
an ever-increasing research field having an
impact on other sectors: technological (e.g.,
dealing with energy storage and distribu-
tion issues) and economical (e.g., evaluat-
ing the costs of PV devices compared to
conventional energy technologies).

The typical working principle of a pho-
tovoltaic cell is quite simple, and well
understood in terms of doped inorganic
semiconductors (Wurfel, 2009). Photo-
voltaic technology has significantly moved
forward since the first silicon (Si) solar
cell having an efficiency of ~4% was
invented in 1950s in Bell Laboratories,
following the breakthrough of the p—n
junction developed by Shockley, Brattain,
and Bardeen (Chapin et al., 1954). Since
then, research on PV has led to single-
junction and multi-junction solar cells
with record efficiencies in controlled (lab-
oratory) environments of ~29% (Green
et al, 2014) and 46% (Fraunhofer-ISE,
2014), respectively. However, the efficiency
of the most popular technologies in the
commercial market — which belong to the

so called first generation of solar cells,
mainly based on crystalline Si — is in the
10-18% range and around 25% in labora-
tory. A second generation of cells, mainly
aimed at reducing the fabrication costs,
is based on thin film architectures, where
light is absorbed and charge generated in
a solid thin layer of semiconductor (e.g.,
CdTe, CIGS), with efficiencies restrained to
around 22%. Beyond these technologies, a
variety of other PV designs has emerged,
mainly driven by the progress on materials
research and the need of low-cost manufac-
ture devices, organic photovoltaic (OPV)
being one of the most interesting solutions.
The latest scientific developments in this
field have taken various directions (using
different concepts, materials, and geome-
tries), all having the potential to result in
high-efficiency PV devices. Most current
approaches, which have been termed third
generation PV [see e.g., Green (2003)],
explore schemes beyond the guidelines
given by Shockley and Queisser (1961),
which are based on the assumption that
each photon absorbed above the band gap
of the semiconductor photovoltaic mate-
rial generates a single electron-hole pair.
These methods include solar cells exploit-
ing multiple-exciton generation in both
inorganic and organic materials, hot carri-
ers collection, up- and down-conversions.

Reviewing the extensive literature about
the past and present PV schemes is beyond
the scope of this Opinion, many excel-
lent reviews having already succeeded in
this (challenging) task. Here, we will illus-
trate and highlight our point of view
on an emergent strategy for PV and
artificial light-harvesting in general. This
strategy holds onto an interdisciplinary

framework encompassing biology and
quantum mechanics. Ideas, which have
been developed within this nascent trend,
are inspired by the recent discovery of
quantum effects in biological systems
(Mohseni et al., 2014), and aim to model
and reproduce the highly efficient reac-
tions often exhibited by these systems
using the tools of quantum mechanics and
nanotechnology platforms. Novel theoret-
ical proposals, for instance (Scully, 2010;
Blankenship et al., 2011; Scully et al., 2011;
Creatore et al., 2013; Zhang et al., 2015),
have underlined the relevance of effects of
quantum coherence to enhance the perfor-
mance of photocells whose working prin-
ciple is inspired by the architecture of bio-
logical light-harvesting complexes (LHCs).

EMERGENT SCHEMES FOR ARTIFICIAL
LIGHT-HARVESTING

Mimicking photosynthesis is perhaps the
most intuitive scheme for building photo-
voltaic devices: as photovoltaic solar cells
convert sunlight into electricity, biological
LHCs use photosynthesis to convert sun-
light into chemical energy necessary for
sustaining their life. Biological photosyn-
thesis begins with an ultrafast sequence
of photophysical events, known as light
reactions, which occur via a diverse range
of nanoscaled pigment—protein complexes
(PPCs) found in photosynthetic plants,
algae, and bacteria (Blankenship, 2008).
There reactions proceed through the cre-
ation of molecular excited states (exci-
tons) by the absorption of solar photons,
then followed by intra- and/or inter-PPC-
exciton energy transfer (EET); finally, the
excited state energy reaches a reaction
center (RC) where it is used to initiate

!This target calls for a maximum global mean temperature rise of 2°C compared to the temperature of pre-industrial times.
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charge separation, by releasing an energetic
electron for the later stages of the photo-
synthetic chemistry, i.e., to start chemical
reactions to obtain carbohydrates. Intrigu-
ingly, the efficiency of these light reactions
can often be close to 100%, suggesting a
carefully optimization of the deleterious
processes (decay and charge recombina-
tion, excited state trapping), which plague
the attempts to carry out similar processes
in artificial solar cells.

Recent experimental and theoreti-
cal studies demonstrate that quantum-
mechanical effects (e.g., coherent quantum
dynamics) play a previously unexpected
and relevant role in biological EET
(Mohseni et al., 2014). Quantum effects
have been shown to survive even at ambient
temperatures and are possibly beneficial
to the observed very high efficiencies
exhibited by these biological structures.
Consequently, there has been an ever-
increasing interest in understanding and
modeling the nanoscaled structures and
the related pigment—pigment interactions,
which drive the natural light reactions so
efficiently. Mimicking the physics of the
photosynthetic PPCs could be extremely
valuable for the future design of more effi-
cient artificial light-harvesting structures
based on the exploitation of quantum
effects.

A powerful idea for recognizing the role
played by quantum effects in the light
reactions, one based on the fundamen-
tal principles of quantum mechanics, has
recently been proposed by Scully (2010),
a pioneer of theoretical quantum optics.
By modeling the light reactions (pho-
ton absorption/emission, excitonic energy
transfer) as a cyclic working process, anal-
ogous to a thermodynamic Carnot cycle,
Scully has presented a formalism, which
allows the performance of the light reac-
tions to be analyzed in a way similar to stan-
dard thermodynamics heat engines. Within
this framework, the solar photonic energy
is described in terms of a “hot” thermal
bath that is then converted through pho-
ton absorption to low-entropy useful work,
i.e., the production of high energy elec-
trons later used for the subsequent pho-
tosynthetic chemistry. The relevance of the
quantum heat engine (QHE) approach is
exemplified by the famous calculation of
Shockley and Queisser (1961) who used
similar thermodynamical considerations to

determine the fundamental maximum effi-
ciency of the single band-gap (junction)
semiconductor solar cells (Wurfel, 2009).
More specifically, Scully has shown that
in photocells consisting of elements that
support quantum coherence, it is possible
to suppress the emission process. Spon-
taneous emission of photons before the
absorbed energy can be used to perform
any work is indeed the most important
as well as unavoidable loss mechanisms
in optical energy extraction. Under open-
circuit conditions, i.e., when no work cur-
rent is extracted, the maximum voltage
that can be obtained is determined by
the detailed balance of absorption and
spontaneous emission. Hence, breaking the
detailed balance by quenching the spon-
taneous emission may lead to enhanced
power extraction and current generation in
photocells (Scully, 2010).

An appealing direction to explore will
thus combine the utility and elegance of
the quantum heat engine framework and
the nanoscale architecture of the highly
efficient photosynthetic complexes. As an
example developed along these lines, we
have recently presented a scheme of a pho-
tocell inspired by the molecular elements
of biological RCs (Creatore et al., 2013). In
photosynthesis, the RC consists of a “spe-
cial pair” of photon-absorbing pigments
(donors), which are coupled through an
electron-accepting molecule to a work
extraction stage.

The scheme we propose harnesses well
understood and experimentally observed
quantum effects, such as the formation of
delocalized excited (exciton) states result-
ing from the long-range dipole—dipole
interaction (excitonic coupling) between
closely spaced pigments. In our RC-
inspired photocell, such dipolar interac-
tion between the pair or light-absorbing
donor molecules leads to the formation of
new optically excitable states and quantum
interference effects, which can enhance the
photocell performance relative to a “classi-
cal” scheme in which these effects are not
present (Figure 1, left panel). In particu-
lar, we have shown how dipolar couplings
and related quantum interference effects
can be tailored to increase the efficiency of
charge transfer at the acceptor molecule,
thus leading to enhanced light-to-current
generation and power extraction at the
reaction center. Although not a model of an

actual RC, this proposal shows what could
be achieved with the same resources, i.e., a
pair of absorbers, an electron acceptor, and
the ability to “build” the electronic struc-
ture, the quantum states, and their inter-
actions. A recent follow-up (Zhang et al.,
2015) (proposed by the Group of S. Kais
and one of the groundbreakers of quan-
tum biology, G. S. Engel) of our model
has highlighted the originality of the QHE
strategy for realizing PV devices based on
photosynthesis, finding even greater effi-
ciency gains in coherent trimer structures.
The relevance of a new class of bio-inspired
quantum nanotechnology, however, is not
just restrained to reproduce/enhance effi-
cient operations observed in nature. Hig-
gins et al. (2014), for instance, have shown
theoretically that well-established quan-
tum control techniques can be used to
achieve an enhanced photon absorption
(a phenomenon called “superabsorption”)
in simple ring nanostructures reminis-
cent of photosynthetic LHCs (Figure 1,
right panel), whereas these natural sys-
tems themselves are not designed to exploit
this effect. Superabsorption, which is the
absorptive analog of quantum superradi-
ance, has a range of applications including
photon detection in the context of optical
sensors and light-based power transmis-
sions (Higgins et al., 2014).

These bio-inspired schemes are poten-
tially realizable in artificial molecular
light-harvesting systems through existing
organic synthesis routes. A fundamental
breakthrough in this direction has been
recently achieved by Hayes et al. (2013),
who have engineered an artificial synthetic
system (consisting of a series of rigid syn-
thetic heterodimers) supporting the per-
sistent electronic coherences observed in
biological systems and believed to be ben-
eficial for the process of energy transfer.
Another direction for the realization of
these models, one based on solid-state nan-
otechnology architectures, is now viable
due to the increasing level of experi-
mental control over nano-optical systems
gained in recent years, and involves the
use of solid-state chromophores such as
quantum dots, superconducting qubits,
plasmonic nanostructures, and possibly
hybrid combinations of the above. From
the theoretical/computational point of
view, advanced simulation techniques to
complement the Hamiltonian/microscopic
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FIGURE 1 | Left panel: the photosynthetic reaction center modeled in Creatore et al. (2013), consisting
of two donor molecules (red spheres) and one acceptor molecule (green sphere). In (A), the donor D,
and D, are identical and uncoupled and both able to absorb and re-emit light (see the dipole moments
W, and ). In (B), the dipolar excitonic coupling between D, and D, leads to new excitable donor states
(X; and X) resulting from the quantum superposition of the original donor states: X; is a bright state
with optical dipole moment ., , while X; is a dark state, which cannot absorb or emit photons. Under a
variety of realistic and experimentally realizable parameters, the presence of a dark state lowers the
role of deleterious radiative recombination processes, while increases the efficiency of charge transfer
at the acceptor A. This leads to an enhanced current and power generation at the RC, compared to the
uncoupled/classical scheme of (A); see Creatore et al. (2013) for details. Right panel: a collection of N
dipoles arranged in a ring structure reminiscent of the photosynthetic light-harvesting complex LH1. By
using environmental quantum control techniques, Higgins et al. (2014) have shown that it is possible to
achieve a regime (superabsorption), in which the N dipoles absorb incident photons with a rate
proportional to N?, this effect being the absorptive analog of quantum superradiance. This model could
be relevant to applications to solar energy harvesting, where the excitation induced by the absorption of
solar photons are efficiently transferred from the ring structure to a central core absorber and then to a
center converting such excitations into stored energy; see Higgins et al. (2014) for details. [Copied with
permission from the original paper: Nat. Commun. 5, Article number: 4705 (2014).]
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approaches (based on setting up and
solving quantum optical master equations)
used in the aforementioned proposals, are
required. These techniques are useful to
precisely assess the optical geometry and
the stability of the engineered quantum
states, including the role of environmen-
tal degrees of freedom (using, e.g., time-
dependent density matrix renormalization
group methods) and details of additional
states, e.g., charge-transfer states (using,
e.g., tight binding models).

CONCLUSION

Innovative ideas are needed to satisfy the
ever-growing interest and expectations on
solar energy conversion. In this Opinion,
we have presented the prospects of an
emergent novel strategy to harvest solar
energy based on replicating mechanisms
developed in nature, and realizable using
the theoretical and experimental tools of
quantum mechanics. Although at a nascent

stage, this framework is attracting an
increasing attention and we think that
the proposals here discussed suggest an
encouraging trend for biologically inspired
PV. Further, the technological capabilities
are now fully developed for translating the
theoretical schemes in experimental proofs
of concept/ prototypes. Besides, we believe
that results and solutions established along
these new lines will be beneficial to
the evolving and interconnected fields of
non-equilibrium (Bustamante et al., 2005)
and quantum thermodynamics (Gem-
mer et al., 2004; Kosloff, 2013) as
well. Biological processes usually take
place at the micro- and nano-scale
and evolve in out-of-equilibrium condi-
tions — energy transfer and the motion
of molecular motors being paradigmatic
examples. The same scenario applies to
nanoscale devices, which, through pre-
cise quantum-mechanical control, could be
employed to unravel the thermodynamic

relations between the non-equilibrium
evolution of molecular quantum states
and the enhanced (or reduced) work-
ing efficiency of biological or biologi-
cally inspired processes harnessing these
states.
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