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The effective incorporation of photovoltaic (PV) elements into the urban environment, specifically in
buildings, is a challenging process. Apart from the aesthetic limitations of having black and opaque PV
cells when installed in building facades, they are not optimally positioned for high-efficiency electric
energy generation because of shadowing effects due to neighboring trees and buildings. Emphasis is
given to luminescent solar concentrators (LSCs) that have emerged as an appealing solution for
concentrating a large area of sunlight into a small beam of high field intensity. The coupling of PV cells
to the edges of LSCs also presents an exciting strategy to PV urban integration. Here, we outline the
mechanistic framework for LSCs, review the current experimental state of the art involving optically
active centers in various geometrical device configurations, and discuss the performance quantification
of LSCs currently in development. For the sake of completeness, a brief discussion of the other spectral
converters suitable for PV applications is also reported.

the most common commercial PV cells are based on single-
crystalline Si (c-Si) and, although presenting lower efficiencies,
on multicrystalline-Si (mc-Si) and amorphous Si (a-Si), with
PCE values of ~22% and ~10%, respectively [6]. Organic and
dye-sensitized solar cells (DSSCs) have been deeply investigated
in the last two decades but their overall performances are still

Introduction

According to the United Nations (UN) 2030 Agenda for Sustain-
able Development, the main objectives for the next fifteen years
include taking urgent action on climate change and boosting the
planetary protection from degradation through sustainable man-
agement of its natural resources, production and consumption

[1]. To this end, the use of clean and affordable energies is a cru-
cial challenge. In line with the UN, the European Union pro-
motes the construction of zero-energy buildings that can
produce more energy than they consume [2-4].

Solar energy is one of the primary renewable energy sources
[5], and the advances in photovoltaic (PV) technology allow us
to convert solar radiation into electricity. The most efficient (lar-
ger power conversion efficiency, PCE) single-junction PV cells are
based on GaAs (PCE values ~29%), single-crystalline Si (c-Si, PCE
values ~27%) and copper indium gallium selenide (CIGS, with
PCE values up to ~23%). Depending on the specific application,
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far from those of the inorganic PVs, thus actually resulting com-
petitive only for very specific applications as in low-light indoor
conditions [7,8]. Also, it is worth mentioning that perovskite-
based PV cells, over the last few years, have gained visibility
due to the unprecedented increase in their PCE values in such
a short time [9]. Common to all, the mismatch between the solar
spectral irradiance (AM1.5G spectrum) and the absorption max-
ima limits their efficiency, particularly the utility for large-land
deployment (Fig. 1a). Focusing our attention into the Si-based
PV cells as they represent about 95% of the market [10], photon
management can be used to increase the photon absorption
ability, Fig. 1b. In the case of downconversion (DC, or
quantum-cutting), an incident high energy photon is converted
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Spectral converters for PV devices and AM1.5G spectrum. (a) Normalized external quantum efficiency for single-junction PV cells with confirmed terrestrial
efficiencies measured under the global AM1.5 spectrum (1000 W-m~2) at a cell temperature of 25 °C, according to [6]. (b) AM1.5G solar spectral irradiance
spectrum. The shadowed areas represent the fraction available for DC (26%, up to 550 nm), DS (81%, up to 1100 nm) and UC (16%, in the 1200-2500 nm
range) for a ¢-Si wafer. The fraction absorbed by c-Si is also indicated [23]. Schematic representation of urban integration of LSCs such as (c) PV window
consisting of a triple-insulated glass unit embedding a LSC replacing the inner glass panel (h, Planck’s constant; v, frequency) and (d) as parking coverages. (e)
Photograph of a flexible LSC composed of Si nanocrystals under UV illumination (adapted with permission from Springer Nature DOI: https://doi.org/10.

1038/natrevmats.2017.72 [17]).

into two photons with lower energy, which can lead to an emis-
sion quantum yield (QY) up to QY < 200%; in upconversion
(UC), two low energy photons are converted into one high
energy photon, QY < 50%; down-shifting (DS) is similar to DC
but in this case only one photon is emitted, QY < 100%. Spectral
converters, such as down-shifting or conversion/upconverting
layers [11-16] and luminescent solar concentrators (LSCs)
[8,15-22] have been investigated over the past few years.

In general, spectral converters exploit the photoluminescence
processes to capture low- or high-energy photons that cannot be
used by the PV cell and convert them to photons with a useful
energy. The spectral converter layers are additive devices to
enhance PV performance, while LSCs are a cost-effective technol-
ogy [19] to be used in the built environment as they could be
embedded in facades or windows (Fig. 1c and d), allowing them
to be transformed into energy harvesting units [17]. In this
scope, the design options for standard PV cells are limited
because PV panels are typically black and non-transparent,
which is one of the major problems facing building-integrated
PVs [24]. From an aesthetic point of view, LSCs may be an
appealing solution since they can be produced in almost any
color and shape (Fig. 1e) [25]. There is also the possibility to
fabricate fiber-based LSCs, which present some advantages:
lightweight, flexibility and the easy coupling to other optical
fibers for waveguide amplification and remote light harvesting
[26-30].

Another barrier for the implementation of PV panels into the
built environment is the fact that PV panels operate optimally
only under uniform and direct irradiation, which is not the case
for the built environment where sunlight is often diffuse and
shaded [31]. LSCs and converting layers operate similarly under
direct and diffuse sunlight conditions [32] and can be applied
over large areas and easily incorporated into construction ele-
ments [33].

Practical examples of LSCs include their utility in highway
sound barriers [33-35], an important demonstration towards
the transference from laboratory prototypes to real-life solar-
energy harvesting units (Fig. 2a). The commercialization of LSCs
has reinforced their status quo: (i) the Glass to Power company, an
Italian spin-off of the University of Milan Bicocca (Fig. 2b) [36],
and (ii) UbiQD which produces luminescent greenhouses that
mimic the late summer Sun (Fig. 2c and d) and solar windows
(Fig. 2e) [37]. The ability to fabricate LSCs in thin-film form with
tunable emission color provides an extra advantage to enable
selective filtering of the Sun, so that the light inside greenhouses
is selected towards the control of plant or animal circadian
rhythms [38], favoring the growth process and maximizing crop
production [39].

Working mechanisms
Spectral conversion down-shifting/down-converter layers (DSL/
DCL) are coatings applied on the PV cell top surface (Fig. 3a) able
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Practical examples of luminescent solar concentrators and spectral converter films. (a) Photographs of the LSC-based noise barrier site on the left faces North/
South, and the barrier on the right faces East/ West, adapted from DOI: https://doi.org/10.1016/j.renene.2016.10.078, CC BY license (http://creativecommons.
org/licenses/by/4.0/). (b) Glass to Power company LSC concept and (c) UbiQD greenhouse scheme with (d) photograph of the UbiGro films. (e) LSC window
prototype realized by UbiQD which also employed spectral converters for greenhouse coverages (Courtesy of UbiQD, Inc). Adapted from [33,36,39].

to absorb the incident radiation complementarily to the PV cell, the UV and visible radiation, typically in the 300-500 nm range,
which is re-emitted at a specific wavelength and then refracted and re-emit it at a longer wavelength where the external quan-
towards the PV cell. The use of DSLs allows the tuning of the tum efficiency (EQE) of the PV device is higher. The lower energy
PV cell absorption spectral range [23]. The DS materials absorb photons emitted by the luminophores upon absorption are
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Operating principles of spectral conversion devices. Primary processes and losses occurring in (a) DSLs, (b) UCLs and (c) planar LSCs: (1) emission from the
optically active center, (2) Fresnel reflections, (3) surface scattering, (4) waveguide attenuation, (5) transmitted radiation, (6) re-absorption by neighbor
centers, (7) non-radiative relaxation, (8) emission within the escape cone, (9) radiation lost through the sides, adapted from [13,43]. (d) Schematic
representation of a combined device: the LSC harnesses the radiation lost through the DSL lateral sides.
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subsequently absorbed by the PV cell, producing more electron-
hole pairs and thus generating higher short-circuit current (Isc)
[13]. This leads to an increase in EQE over the absorption range
of the DSL [40]. The open-circuit voltage (Voc) and fill factor
(FF) should not change significantly upon the incorporation of
a DSL since they depend primarily on the intrinsic materials of
the PV cell itself [41]. While luminescent DSL could enhance
the PV device power conversion efficiency, it is important to
note that the design will not be able to overcome the Shockley-
Queisser efficiency limit [42].

Recent research has focused on the optimization of host-
luminophore combination to improve the stability, efficiency
and ease fabrication of the devices. DSLs should be tailored to
enhance a specific function of the PV cells in use, and thus, sig-
nificant research has been dedicated to the design of DSLs for Si
PV cells.

As mentioned above, only the absorption of photons with
energy higher than the bandgap can generate electron-hole pairs
contributing to electric current. The transmission of sub-
bandgap photons is one of the major energy loss mechanisms
which, for the case of ¢-Si solar cells, account for losses of about
30% of the incident solar photons [44]. Thus, UC materials may
provide a solution to the transmission loss by converting two
sub-bandgap photons into one above-bandgap photon
(Fig. 3b). The PCE of a solar cell equipped with an upconverter
was analyzed through a bifacial single-junction solar cell with
an UCL on the rear of the solar panel (Fig. 3b). The maximum
PCE was calculated to be 47.6% for non-concentrated light [45].

Although the idea of using UC for improving the performance
of PV cell is implicit, one considerable limitation lies in the fact
that UC processes are only possible with metastable and long-
lived intermediate levels acting as storage reservoirs for the pump
energy [16].

In what concerns LSCs that typically consist of a waveguide
coated or doped with highly emissive chromophores (Fig. 3c¢),
the sunlight is absorbed by the chromophores and re-emitted
at a longer wavelength (or shorter wavelength in case of UC).
The emitted radiation propagates to the waveguide edges by total
internal reflection, where small PV cells convert it into electricity
(46,47].

The optical processes involved in DS/DC/UCLs and LSCs,
Fig. 3, are essentially the same and are determinant for the PCE
of the devices. The losses associated with the optically active cen-
ter include non-absorbed photons, low emission QY, re-
absorption of emitted photons by neighboring optically active
centres. Moreover, in the case of DS/DC/UCLs the guided radia-
tion may be lost through the sides (faces) [17-19]. An innovative
strategy may include the harvesting of such guided radiation
reaching the edges of the converting layer by additional edge-
mounted PV devices, combining in a single PV system DSLs
and LSCs (Fig. 3d).

Spectral converters testing

Because of the relatively low technology readiness level of the
spectral converters in respect to that of conventional PV, a stan-
dardized testing procedure is still missing which often makes
very difficult to compare the performances of devices realized

by different research groups and companies. These tests are made
all the more complicated by the inherent size-dependent effi-
ciency of these devices. Moreover, depending on the take-
home message of the different researches, various efficiency
meters have been reported, which include the:

i) quantum efficiency, 5q, i.e., the ratio between the number
of collected photons and the number of absorbed ones.
This is mainly used to quantify the device ability to sup-
press the reabsorption/scattering losses.

ii) optical conversion efficiency, 7., i.e., the ratio between
the generated optical power and the incident one. It is used
to evaluate the overall optical efficiency of a device disre-
garding only the optical to electrical conversion efficiency.
This parameter tends to penalize the NIR emitters with
respect to the visible ones in which the charge carrier ther-
malization during the optical to electrical conversion
reduces the exploitable photon energy.

iii) power conversion efficiency, PCE, i.e., the ratio between
the generated electrical power and incident optical one.
It is the most relevant parameter for industrial applications
even if it does not allow to collect detailed information
about the various power loss mechanisms.

The next section reports a summary of the recommended
measurement procedures suitable for the evaluation of the differ-
ent parameters controlling the device performance of an LSC.

Testing procedures

The primary data usually required to characterize a spectral con-
verter, and in particular, an LSC, are the overall efficiency, the
capability to suppress the re-absorption and that to avoid any
light scattering during the waveguiding process.

For the evaluation of the scattering losses, a simple method
has been reported that involves the use of an integrating sphere
in which the LSC is placed [48]. Upon excitation, it is necessary
to collect the total light output of the LSC and that of the LSC
with the edges covered by a tape that absorbs all the waveguided
radiation. The comparison between these two measurements
gives the fraction of the radiation which escapes from the device

surfaces which is expected to be (1 - n,,ap> for a scattering-free

slab (n44p is the trapping efficiency). Deviations from the theoret-
ical value are then to be ascribed to the presence of surface/bulk
scattering. The limit of this method is that only slabs with a sur-
face area of few tens of cm? can be tested in standard integrating
spheres. As a consequence, the sensitivity of the method is rather
low.

The reabsorption of the emitted radiation due to the overlap
between the chromophore absorption and emission spectra can
be calculated with propagation tests. They require to excite the
LSC with a point source and to measure the spectrum of the radi-
ation escaping from an LSC edge as a function of the excitation
distance from the border. This method is very effective because
the reabsorption induces relevant changes in the spectrum of
the radiation which propagates through the device, thus allow-
ing the evaluation of the losses from relative photoluminescence
data [49]. The same method is also suitable for measuring the
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reabsorption due to the vibrational overtones of the matrix pro-
vided that they give rise to well-defined absorption peaks as the
main overtones of the C-H stretching vibration modes [50].
However, when several overtones overlap each other to form a
uniform background, or if the losses arise from scattering, in
the propagation test the spectrum of the collected radiation does
not change, and only its intensity decreases by increasing the dis-
tance between the excitation-point and the LSC edge. In such a
case, the losses must be inferred from absolute intensity measure-
ments which are trickier and require post-processing of the
experimental data for compensating the differences into the geo-
metrical collection efficiency for the various positions of the
excitation point.

On the basis of the previous discussion, the more reliable and
failsafe procedure for evaluating the deviation of an LSC from the
ideal behavior is to test if each portion of the LSC surface equally
contributes to the total power generated by the device. This can
be done by coupling one of the LSC edges with PV cells and read-
ing the power output as a function of the fraction of the illumi-
nated area (piano test) [28,51]. In should be noted that, also for a
scattering/reabsorption free device, the contribution to the total
collected power of the various LSC slices is not exactly the same
because of the different propagation patterns experimented by
photons generated in different points, but this effect can be
easily calculated or simulated. An example of the expected results
of such a test is reported in Fig. 4 that compares the calculated
power output vs. the illuminated LSC area for some representa-
tive conditions. It demonstrates the high sensitivity of the
method in the detection of losses due to weak scattering or struc-
tureless reabsorption. The last point of this test, in which all the
device is illuminated, gives the PCE. From this datum, it is possi-
ble to calculate also the »,,; and the 5 provided that the EQE and
the current-voltage curve of the PV cells are known.

Because of the utmost relevance for any industrial application
of the efficiency measurements, and in particular of the PCE
data, here we report a couple of hints useful to avoid obtaining
unreliable findings. First of all, it is necessary to test only devices
with large area because (i) the LSC performances are size-
dependent and (ii) many side effects are only barely detectable
in small devices. For lab-scale prototypes, the minimum accept-

1x10° |

1x10°1]
1x102]
1x10°%]
1x10]

Absorption coefficient (cm-")

1x10°® !

Wavelength (nm)

FIGURE 4

200 300 400 500 600 700 800

(syun -gqJe) uoissiwg

able linear size should be around 15-20 cm, which should be
increased up to 40-50 cm for pre-industrial applications. Second,
because these devices are semi-transparent, it could be not negli-
gible the contribution to the overall generated power of the radi-
ation transmitted by the device and then diffused back from the
surrounding environment. For this reason, it is important to
have absorbing backgrounds, and the test report must indicate
how the problem has been addressed. Finally, care should be
taken to avoid direct illumination of the PV cell from the excita-
tion source, which can easily happen, especially in outdoor tests.

Light-harvesting and conversion

For spectral converting applications, materials which present
tunability of the absorption and emission spectra and large
Stokes shift are advantageous. The selection criteria of optically
active chromophores for DSLs/DCLs/UCLs are mostly the same
as those for LSCs, being the most common ones organic dyes
[28-30,43,46,48,52-67], quantum dots (QDs) [41,49,68-85] and
lanthanide metal ions/complexes [28,29,42,51,86-101]. In the
next sections, selected relevant works will be addressed. We
should note that this review only covers examples where device
quantification performance was demonstrated.

Light emission key parameters

The active chromophores are the core of any radiation managing
system including DSLs, UCLs and LSCs where they are responsi-
ble for both absorption and emission phenomena. The ideal
chromophore is expected to have a very large QY, as well as a
broad and strong absorption for ensuring optimal harvesting of
the solar radiation. This second capability can be evaluated
through the so-called chromophore spectral coverage, which is
the measure of the fraction of absorbed solar power. The spectral
coverage is a function of the chromophore concentration and
tends to a limit value, which depends only on the absorption
edge. It is typically in the range of 30-50% for organic conju-
gated molecules and organolanthanide complexes, and up to
70% and over for low-bandgap semiconductor QDs. Importantly,
the absorption edge does not affect only the achievable spectral
coverage but also the color of the devices and, as a consequence,
their architectonic integrability [17].
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Monte-Carlo ray-tracing simulations. (a) Absorption and emission spectra used in the ray-tracing Monte-Carlo simulations. (b) Expected output power vs.
fraction of illuminated area for an ideal LSC and for LSCs showing different levels of matrix absorption or scattering.
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More complex is to define a parameter suitable for quantifying
the capability of a chromophore to minimize the reabsorption
losses due to the spectral overlap between absorption and emis-
sion spectra. This is not so critical for DSLs/DCLs and UCLs,
while it is the main factor influencing the performance of
large-area LSCs that have been hampering their spread for dec-
ades. The Stokes shift between the absorption and emission max-
ima has been widely used to this aim, but it gives only a rough
indication about the reabsorption process because it lacks from
any detail nor on the shape of the involved spectra neither on
the strength of the absorbing transition. Both modelling and
experimental evidence suggest that Stokes shift is not a useful
design parameter to identify how well a chromophore performs
in a real LSC. For this reason, other parameters have been pro-
posed to quantify the reabsorption process in order to have a reli-
able tool to compare the performance of different chromophores.
An obvious one is the well-known Overlap Integral:
J= f: PL(/l)eAbS(A")/14dA" [102], where PL and ¢ are the normalized
emission spectrum and the molar extinction coefficient, respec-
tively, as a function of the wavelength (1). This equation has
the advantage to consider the shape of the absorption/emission
spectra but can predict wrong performances because it does not
consider that large load of chromophores with low absorption
coefficient should be necessary to obtain a proper solar radiation
harvesting. In order to bypass this problem a variant of the pre-
vious equation has been recently suggested [103], which results
in a new parameter, unfortunately again named Overlap Integral,
OI = [;° PL(4)A(4)d2, in which the molar extinction coefficient is
replaced with the absolute absorption spectrum calculated taking
into account transmission (7) and reflection (R), by
A(4) =1 —T(4) — R(4). Therefore, OI is not a property of a speci-
fic chromophore but depends also on its amount inside the LSC
slab. The point is that it is not possible to define a single optical
parameter for a direct comparison of the chromophore capability
to reduce the reabsorption losses, because this depends not only
on the optical properties of the active species but also on the
device size. This can be demonstrated with a ray-tracing simula-
tion routine which enables to calculate the expected power out-
put of an LSC as a function of the optical properties of the active
chromophore as well as of the device size. For instance, for LSCs
containing two different model chromophores with optical
properties depicted in Fig. 5a, the calculated expected perfor-
mance, considering ideal LSCs (no scattering, no matrix absorp-
tion), is shown in Fig. 5b. The first one has been designed to have
sharp PL/absorption bands and a small Stokes shift, while in the
second the Stokes shift is large, but the optical bands are broad.
The absorption spectra have been tailored to ensure the same
spectral coverage. It is evident that for small LSC lateral dimen-
sions (around 15-20 cm), the second chromophore outperforms
the first one, but the situation is reversed when the LSC size
increases. Also keeping constant the LSC area, the chromophore
(i. e. keeping constant the Stokes shift and the spectral overlap)
and the OI (i. e. keeping constant the light-harvesting efficiency)
the performances are not geometry-independent. Indeed, the
data in Fig. 5¢ show that the 5 increases with the device thick-
ness. This is because the average distance that a photon travels
before exiting through the LSC edges is independent of the slab

thickness which, on the contrary, determines the density of dis-
persed chromophores required for an optimal radiation harvest-
ing and, as a consequence, the absorption coefficient in the
spectral range of the guided emission.

Even if the findings discussed above show that it is impossible
to define a general rule for ranking the chromophores as a func-
tion of their capability to mitigate the reabsorption issue, good
practices must be followed when comparing LSCs containing dif-
ferent optically active centers: (i) the dimensions of the device
must be clearly defined. If large area samples are not available,
the expected performances of optically active centers for real-
world devices (at least 50 x 50 cm?) must be extrapolated; (ii)
all the comparisons must be made at the same radiation —harvest-
ing level in order not to overestimate the chromophore capabil-
ity to mitigate the radiation self-absorption only due to its use in
low concentration.

QD-based chromophores
Colloidal QDs of many semiconductors can be synthesized by
large-scale, low-cost, solution-phase approaches to produce
wavelength-tunable chromophores with high QY, narrow spec-
tral feature and high photostability. This has promoted their
use as down-shifter of the primary pump emission in the light-
emitting diode technology, and today many top-class displays
use this approach to extend the color gamut. On the contrary,
for decades, QDs were barely employed in LSCs because of the
substantial overlap between absorption and emission spectra.
The situation has dramatically changed over the last five years,
thanks to the discovery of several new strategies for shifting
the QD emission far from the corresponding absorption. The first
method exploits heterostructured core/shell QD in which a large
band-gap shell is grown onto a small band-gap core. If the con-
duction and valence bands of the core and the shell are properly
aligned, all the photogenerated exciton can be promptly local-
ized in the core responsible for the light emission. On the con-
trary, because the absorption cross-section of a QD is
proportional to the number of atoms present in the sample,
the core-shell engineering through a thick shell should domi-
nate the absorption properties of the heterostructure. This
approach has been applied for the first time in the LSC technol-
ogy by using core/giant-shell of quasi type-II CdS/CdSe QDs [49]
demonstrating, in a 20cm long poly(methyl methacrylate
(PMMA) LSC (Fig. 6a), a reduction of the reabsorption losses of
two orders of magnitude in respect to those expected by using
core-only QDs. Since the large bandgap of the CdS shell limits
its radiation-harvesting capability, other core/shell QDs have
been developed for ensuring better harvesting as CdSe/CdPbS
QDs [104] and PbS/CdS QDs [68] whose absorption edges extend
down to 600 nm and 900 nm, respectively. Importantly, the
absorption-emission separation in core/shell QDs can be
enlarged by exploiting type-I heterostructures, as CdSe/Cd,Zn; _-
+S, in which a Stokes shift of 0.720 eV has been reported [105].
In giant core-shell heterostructures, the reabsorption is
strongly reduced but not completely, because the core absorp-
tion is still present. A straightforward evolution of this approach
implies that the replacement of the core with the doping of a
core-only QD with impurities introduces new localized excited
states within the bandgap where the exciton localizes. For

6

Please cite this article in press as: R.A.S. Ferreira et al., Materials Today, (2019), https://doi.org/10.1016/j.mattod.2019.10.002




Materials Today ® Volume xxx, Number xxx ® xxxx 2019 RESEARCH

[o2]
o

(a) ~— (b)

()]
o
T

N W B~ OO

— Narrow band ~
— Broad band

(spun -que)
Ajisuaju|

N
o
T

Absorption
coefficient (cm-")
Quantum efficiency (%)
S
o

) |2 Z ™~
400 600 800
Wavelength (nm)

~— N

1000

o
—_

10 100
Lateral dimension (cm)

D
o

(c)

Quantum efficiency (%)

0.0 0.5 1.0 1.5 20
Thickness (cm)

Monte-Carlo ray-tracing simulations. (a) Dye absorption (left axis) and emission (right axis) spectra employed in the simulations. The absorption spectra have
been scaled in order to harvest the same number of solar photons. (b) The expected quantum efficiency (1q) of the LSCs containing dyes with sharp (broad)
absorption/emission peaks and a small (large) Stokes-shift as a function of the device lateral dimension. The device thickness is 1 cm, the dye PL QY is 1, and
the device is supposed to be free of scattering and matrix absorption. (c) The expected quantum efficiency (1) of the same LSC considered in (b) (broad
band) as a function of the device thickness.

Examples of QD-based luminescent solar concentrators. Photographs of large-area LSCs devices comprising (a) CdSe/CdS QDs (21.5 x 1.35 x 0.5 cm®)
illuminated at 365 nm (top) and under ambient illumination (bottom), scale bar, 5 cm. Adapted with permission from Springer Nature DOI: https://doi.org/10.
1038/nphoton.2014.54 [49]; (b and c) based on Mn“—doped QDs under sunlight (b) 91.4 x 30.5 cm? and (¢) ~413 cm?, adapted with permission from
[105,106], respectively; and (d) Si QDs (12 x 12 x 0.26 cm?) under ambient (bottom left) and UV illumination at 365 nm) taken with an UV-filtered visible
camera (top) and an UV-filtered infrared camera (bottom right), adapted with permission from Springer Nature DOI: https://doi.org/10.1038/nphoton.2017.5
[24]).

instance, Mn**-doped ZnSe/ZnS QDs have been employed as
emitters for reabsorption-free LSCs [75]. Here, the thin shell of

absorbing light down to about 500 nm, such as Zngg;Cdg 11-
Mny 02Se/ZnS, have been developed [71]. In view of the emission

ZnS acts only as a surface passivation layer. The Mn>* ions are
especially suitable as dopants because they exhibit emission cor-
responding to a spin forbidden transition with negligible oscilla-
tor strength with respect to that of the ZnSe host. Similar results
have been obtained by using QDs of CsPbCl; perovskite as host
[107]. However, the absorption of both these hosts, mainly in the
UV/blue tail of the solar spectrum, makes the light-harvesting
rather inefficient. For this reason, other QD hosts capable of

in the red spectral range, this is probably the best result achiev-
able for an LSC comprising Mn?*-doped QDs. To improve the
light-harvesting efficiency of doped QDs, it is necessary to substi-
tute Mn?* ions with other transition metals or rare-earth ions. To
this aim, Yb3* is especially promising, not only due to its ff par-
tially forbidden 2F,,, < °Fs,, transition in the NIR spectral region
but also the possibility to feature a QY approaching 200% arising
from a quantum-cutting process, similarly to that reported for
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the Gd**/Eu®* system verified in powder samples of LiGdF,:Eu®*
in [108]. Recently, a g value of 118% in a 25 cm? LSC compris-
ing Yb®**-doped CsPbCl; perovskite nanocrystals was reported
[109]. The only limit of these devices is that the scaling of the
LSC size appears to be problematic since the Yb** emission at
~1000 nm is strongly resonant with the absorption due to the
combination of the third overtone of the C-H stretching with
the C-H bending vibration. For this reason, salts as Cal, and
NaCl have been proposed as matrices, when the LSC emission
occurs at a wavelength >1000 nm [110].

Stokes-shifted emission in QDs can also be obtained without
doping but exploiting transitions involving intra-gap states. Fol-
lowing this idea, LSCs based on CulnS, and CulnSeS, QDs passi-
vated with a thin ZnS shell have been realized [72]. In such a
way, nop values larger than 3% (device area 144 cm?) has been
demonstrated despite the use of unoptimized QDs. Moreover,
the small band-gap of this semiconductor enables the realization
of colorless devices, thus facilitating their architectonical integra-
tion. These QDs have also been processed into devices using
standard doctor-blade deposition obtaining LSCs up to
90 x 30 cm? (Fig. 6b) [105], and in tandem architectures which
display PCE values as large as 3.1% when coupled to GaAs PV
cells (Fig. 6¢) [106]. Importantly, in I-III-VI, QDs the origin of
the states from which the Stokes-shifted emission takes place is
still under debate. Originally, it was ascribed to native hole-like
defects possibly related to Cu®* ions replacing Cu'* and In®" in
adjacent sub-cells or Cu?** paired with a Cu'* [72]. However,
first-principle calculations [111], recently supported by experi-
mental evidence [112], suggests that the absorption-emission
Stokes-shift is due to a peculiar band structure of these semicon-
ductors which presents a dark-bright splitting of the top of the
valence band.

In the rush of realizing much efficient QD-based LSCs, the
possibility to suppress the reabsorption losses by exploiting the
forbidden transition has not gone unnoticed. In Si-based QDs,
the spectral overlap between the absorption of Si and the emis-
sion of QDs is minimal due to the QD’s indirect bandgap and,
thanks to a partial relaxation of the momentum conservation
selection rule arising from the quantum confinement, the emis-
sion QY can be very high provided that the dots are properly pas-
sivated. Moreover, Si-QDs feature a NIR absorption, which
accounts for over 50% harvesting of solar radiation. This LSC
was demonstrated for the first time in 2017 with 5, values close
to 3% in a 12 x 12 cm? device (Fig. 6d) [24].

The findings reported above clearly indicate that the QD tech-
nology is paving the way for industrial scaling of LSCs, especially
considering that many types of LSCs are based on earth-
abundant and non-toxic elements.

Lanthanide-based organic complexes

The optical properties of lanthanide-based complexes benefit
from the high absorption coefficient of the organic groups and
of their ability to efficiently sensitize the long-lived and
monochromatic f-f transitions, spanning from the visible to
the NIR spectral regions enabling sunlight harvesting and subse-
quent emission [113]. Additionally, large ligand-induced Stokes
shifts are therefore achieved, enabling the design of lumino-
phores with the absorption and emission processes occurring

from different energy states. As organic-ligands absorption spec-
tra typically lie on the UV/blue spectral region, the derived
lanthanide-based complexes are ideal for use on windows due
to their high transparency and colorless nature.

In fact, lanthanides have been proposed as optically active
centres for LSCs since very early stages of development. For
example, Nd** was introduced in one of the first published works
about LSCs in 1977 [114]. Nevertheless, few works reporting
LSCs based on lanthanide optically active centers (Fig. 7a) can
be found in the literature [27-29,51,86-90,95,97-100] when
compared to LSCs based on organic dyes. For lanthanide-based
LSCs, the higher PCE value found was 0.28% for a Si PV cell cou-
pled to an LSC based on PMMA doped with Eu(tta);(TTPO),
(tta = thenoyltrifluoroacetone; TTPO = triphenylphosphine
oxide) [99].

Lanthanide-based optically active materials have been more
widely used for DSLs (Fig. 7b). Focusing on Si PV cells, theoretical
studies state that the maximum PCE gain by applying DSLs to
this type of PV cells would be of 0.6-1% [115]. The performance
of commercial ¢-Si and a-Si PV cells is effectively enhanced by
surface coating with an organically modified silicate (ORMOSIL)
films doped with [Eu(phen),]|Cl; (phen = phenanthroline) or [Tb
(bpy)2]Cl; (bpy = 2,2'-bipyridine), which can convert UV radia-
tion into visible light. The relative PCE values around 118%
and 108% for the hybrid c-Si and a-Si PV cells devices, respec-
tively, could be increased by optimizing the incorporation of
the lanthanide-based complexes [116]. Several studies used iso-
lated Eu** or Eu** ions doped in polymer hosts as DSLs, but the
low absorption coefficients associated with lanthanide ions lim-
ited the overall efficiency [113,117]. However, the use of Eu®* or
Eu®" containing phosphors or complexes has delivered improved
performance. Examples include a Ba,SiO4:Eu®*-based DSL coated
directly onto a Si PV cell, in which the addition of Ag nanoparti-
cles and a SiO; spacer increased the PCE from 17.1% to 17.7%
[118]. A DSL involving Gd,0,S:Eu** phosphors doped in poly
(vinylpyrrolidone) with QY =27-36% was spin-coated onto a
mc-Si cell, improving both the antireflection properties and I,
and increasing the PCE from 10.44% to 12.97% [93]. Besides
Eu®* and Eu?* ions, other lanthanide ions have also been inves-
tigated for DSLs. For instance, DSLs prepared from [LnLs](Ets-
NH); (Ln=Eu,Tb and L =triazole-pyridine-bistetrazolate)
dispersed in ethylene vinyl acetate (EVA) deposited by spin-
coating yielded an increase in the PCE from 9% to 9.51% and
9.42% for Fu®* and Tb*" analogues, respectively. An [Eu(tta)s-
phen] complex was also incorporated in EVA but despite the
increase of EQE observed in the UV, the I;. and PCE of the PV cell
decrease after deposition of the DSL, probably due to the small
loss of EQE observed in the visible part of the spectrum, which
can originate from a parasitic absorption in the same region [91].

Other DS phosphors composed of Y,Oz:Eu** or Y,0,S:Eu®*
dispersed in polyvinyl alcohol or PMMA on top of mc-Si PV cell
resulted in a fourteen-fold increase in PCE under UV irradiation
[120].

Recently, the use of Tb**- and Eu**-doped organic-inorganic
hybrid materials (di/tri-ureasils) as DSLs layers on c-Si PV cells
was reported with an increase of the maximum delivered power
and a maximum absolute EQE increase of 14% and 27%, respec-
tively [119], Fig. 7d—-f. Also, in this study, a solar-powered car
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Examples of lanthanide-based luminescent solar concentrators and down-shifting layers. Photographs of (a) LSCs based on polyvinyl-butyral doped with Eu
(tta)sphen (left) and Eu(tta)sdpbt (right, dpbt = 2-(N,N-diethylanilin-4-yl)-4,6-bis(3,5-dimethylpyr-azol-I-yl)-1,3,5-triazine)) under natural day next to window
and (b) c-Si PV cell/panels coated with DSLs based on (i and ii) Tb3* and (i and iv) Eu3+—doped organic-inorganic hybrid materials, under UV radiation at
365 nm. Scale bars: 1072 m. (c) Scheme of the solar vehicle. (d) Excitation spectra (dashed lines), monitored at 543 nm and 615 nm, for Tb3* (green line) and
Eu®* (red line), respectively, and emission spectra (solid lines), excited at 315 nm, for Tb>* (green line), and 365 nm, for Eu3* (red line). () EQE and (f) P vs V
curves of the Tb3* (green lines) and Eu* (red lines) coatings compared with the correspondent bare devices (black lines). Reproduced with permission from

[98,119].

(Fig. 6¢) race was organized. The small vehicle containing the
coated PV cells presented a relative increase of 9% in the velocity
when compared to that with the uncoated one [119].

Organic-based dyes

Dye-based coatings are among the most efficient ones with emis-
sion QY values approaching 100% and large absorption coeffi-
cients, allowing efficient solar radiation harvesting and
conversion, thus, have been widely used in PV applications.

Experimental results using c-Si PV cells coated with PMMA
doped with DS organic molecules showed an increase of 40%
in EQE for wavelengths up to 400 nm [121]. Organic dyes have
also been tested as DSLs in other types of PV cells. For instance,
Lumogen Violet/Yellow organic dyes were used in CIGS PV cells,
yielding to an increase in the EQE from 9% to 52% at 380 nm
[55] and, for DSSCs the Lumogen Violet organic dye as DSL lead
to over 60% increase in the PV cell PCE values [94]. The same
organic dye was tested in perovskite PV cells, which yielded a
PCE increase of ~6% [122]. The use of C545T fluorescent mole-
cule doped tris(8-quinolinolate) aluminum in an organic PV cell
was also effective by generating a ~15% PCE increase [123].
Another interesting example uses six organic dyes as DSLs for
CdTe, CIGS and c-Si PV cells [60], in which, for the case of c-Si
PV cells, the authors found that only the Violet 570 dye in
EVA rises the device performance (Fig. 8a).

Considering LSC structures (Fig. 8b), the most used organic
dyes are the rhodamines [46,114,124,125], coumarins [124—
128] and perylene(bisimides) derivatives [67,127-132] due their
high emission QY and ¢ values, despite small Stokes shift and
tendency to aggregate via intermolecular n-n stacking interac-
tion between the aromatic rings and the neighboring molecules.

Aggregation may lead to either partial or complete quenching
due to preferential relaxation via non-radiative channels. The lar-
gest 1, value of 18.8% was found for a 5.0 x 5.0 x 0.3 cm?® LSC
based on a plastic plate coated on both sides with yellow and red
perylimide dyes, in which the yellow dye-colored surface was fac-
ing the incident radiation [125].

Here, we will focus on the potential replacement of synthetic
organic dyes by luminescent organic molecules extracted from
renewable and natural materials that could make LSCs cheap
and sustainable, keeping other inherent features such as syn-
thetic versatility, high absorption coefficients and QY values
[133,134].

Natural-based (sustainable) molecules

The most common natural dyes used in LSCs are based on phy-
cobilisomes which are photosynthetic complexes, mainly com-
posed of phycobiliproteins, with light-harvesting ability over a
broad range of the visible spectrum [135-137]. Phycobilisomes
are promising dyes since donor and acceptor molecules are
already aggregated in an ideal configuration [137]. One example
is demonstrated in a 22 x 22 x 0.5 mm? LSC based on phycobil-
isomes dispersed in acrylamide films with #,,; of 12.5%, quanti-
fied through an integrating sphere [136].

R-phycoerythrin (R-PE) is one of the most abundant phyco-
biliproteins in red macroalgae with high absorption coefficient
and emission QY [138]. A recent study on an R-PE based LSC
(Fig. 8¢) yielded #,; values of ~6.9% and PCE of ~0.27% [30].

Featuring a sustainable route for designing LSCs, photosyn-
thesis may be an inspiring natural mechanism. In this process,
one important molecule is chlorophyll as it is responsible for
sunlight harvesting [139] with emission properties in the red/
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FIGURE 8

Examples of organic dye-based luminescent solar concentrators and down-shifting layers. (a) Selection of c-Si PV cells coated with different DSLs based on
EVA doped with Lumogen Violet 570 (V570), Yellow 083 (Y083), Yellow 170 (Y170) and Orange 240 (0240). (b) Schematic representation of the fabrication of a
LSC based on an organic-inorganic hybrid doped with an organic dye. A picture of fabricated LSC is shown in the right corner. (c) Photographs of a (i) single
and (ii) bundle structure of cylindrical LSCs and (iii) planar LSC based on R-Phycoerythrin aqueous solution under AM1.5G illumination. Scale bars: 102 m.

Reproduced with permission from [60,43,30].

NIR spectral region. Chlorophyll molecules extracted from Spir-
ulina maxima were incorporated into organic-inorganic hybrids
and characterized as LSCs. These chlorophyll-based LSCs were
coupled to a Si-based PV device, revealing #,,; and PCE values
of 3.70+£0.01% and 0.10 + 0.01%, respectively, demonstrating
the potential of nature-inspired LSCs for sustainable PV energy
conversion [52].

UC materials for solar applications

Nearly 50% of the Sun energy in the infrared region is directly
wasted due to the incapable absorption of sub-bandgap photons
by conventional PV cells. Therefore, an increase in the conver-
sion efficiency could be anticipated if anti-Stokes spectral conver-
sion materials are appropriately introduced to harvest the solar
energy in the infrared region (Fig. 1a). There are several UC
mechanisms, including excited-state absorption (ESA) or sensi-
tized multiphoton absorption (sMPA), widely exploited in rare-
earth-based upconverters. Lanthanide-doped UC nanomaterials
hold promise as frequency conversion materials to take on this
task since they can absorb infrared photons and subsequently
emit photons with wavelengths spanning the spectral region
from UV to NIR [140]. Many research groups are focusing on
boosting the PCE of Si-based PV cells by incorporating

lanthanide-based UC nanomaterials into the devices to convert
long-wavelength (>1100 nm) photons to shorter wavelength
ones that can be harvested by the solar cells. Despite enormous
efforts, the improvement in solar cell PCE is somewhat limited
[141-143].

The absorption range of lanthanide ions in the infrared region
is very narrow (full-width-at-half-maximum <50 nm), which
directly leads to insufficient spectral overlap between radiation
absorption of the spectral converters and the solar spectrum
[144]. The absorption cross-section of lanthanide ions is also
small (<107'° cm?) as the involved 4f-4f transition is parity for-
bidden. [145,146]. Therefore, the overall absorption of infrared
solar photons would be quite small even with good spectral over-
lap, and the UC efficiency is typically low (<1%) upon low power
excitation [147], since it is dominated by multiphoton absorp-
tions (Fig. 9a and b).

The coupling of UC nanoparticles with DSSC or perovskite
solar cells has shown slight enhancement in overall PCE
[148,149]. However, it was further evidenced that the improve-
ment in device performance was attributed to light scattering
by small-sized UC nanoparticles, instead of the effect of photon
UC. Notably, to validate the contribution of the UC effect toward
device improvement, high-power lasers (>10 W-cm?) are often
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Mechanism of upconversion. (a) Excited-state absorption (ESA): the absorption of a first photon allows the transition from the ground state to a first excited

state. The sequential absorption of a second photon causes a transition to a
the absorption of two photons by two different chromophores, there is an
state that relaxes to an emissive electronic state after a thermalization. (c)

higher energy excited state. (b) Sensitized multiphoton absorption (sMPA): after
energy transfer (ET) from one to the other that generates a high-energy excited
Sensitized triplet-triplet annihilation assisted UC (sTTA-UC): the higher energy

emissive state (Es) is generated after triplet-triplet annihilation between emitters (Ey), populated via triplet-triplet ET from a low energy light-harvesting

moiety, the sensitizer (Sy). ISC stands for intersystem crossing. Reproduced

used to irradiate the devices containing UC nanomaterials [150].
Lanthanide-doped UC nanomaterials are frequently introduced
in the form of nanocomposites for photocatalytic applications
[151-155]. While some successful examples have been reported
using UC nanomaterials for enhanced catalytic performance
under sunlight irradiation, critics might argue that the contribu-
tion of the UC effect is minimal.

Unless the intrinsic limitation of lanthanide-doped UC nano-
materials, in terms of weak radiation-harvesting capability and
low conversion efficiency, can be solved, it seems unrealistic to
use these nanomaterials for solar energy conversion. Neverthe-
less, it is possible to improve radiation harvesting by coupling
the UC nanoparticles with organic dye molecules that act as sen-
sitizers to trap photons with energies across a broad wavelength
range. In light of the large absorption cross-section of organic
dyes, dye-sensitized UC nanoparticles can enhance absorption
while extending the spectral response range in the NIR
[156,157]. An even broader wavelength range is further expected
by synthetic modification of a plethora of dye molecules. This
approach could be a powerful tool for enhancing the UC lumi-
nescence of nanoparticles. However, the development of effi-
cient radiation harvesting dyes with high photostability and
low spectra interference with UC luminescence remains an open
question. Another method for achieving efficient UC emission

from Ref. [174] with permission from the PCCP Owner Societies.

involves the use of geometrical solar concentrators in the PV cell
panel. Straightforward high-power density excitation through
focused sunlight can attain a high UC emission intensity but at
the expense of overheating. It has been shown that UC efficiency
can reach close to 10% at high power excitations [158,159].
Alternative to lanthanide-based systems, the sensitized tri-
plet-triplet annihilation-based UC (sTTA-UC) is a photon UC
technique that has been demonstrated with sunlight in 2006
[160-165]. As shown in Fig. 9¢, in this UC route the energy
absorbed by a sensitizer is transferred to a second moiety, the
emitter, by means of a triplet-triplet energy transfer process. Sub-
sequently, two dark emitter triplets undergo triplet-triplet anni-
hilation (TTA) to produce one excited singlet state, from which
a photon with high energy is emitted. In optimized solution sys-
tems, UC efficiencies >30% have been obtained at excitation
power densities comparable to the solar irradiance [166]. There-
fore, in the last decade, materials for sSTTA-UC are studied inten-
sively to increase their performances further and to cover a large
fraction of the solar spectrum [167]. Nowadays, the research on
STTA-UC is focused on the development of solid systems for
technological applications. Several examples of prototype sTTA-
UC coupled to solar devices already exist. The first integrated
amorphous Si/sTTA-UC device has been reported in 2012,
demonstrating a clear enhancement of the PV performance of
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~1% under tens of suns [168]. Later, since most efficient sTTA-
UC pairs exploit radiation in the NIR and visible spectral ranges,
these materials have been applied to devices with large bandgap,
as DSSCs. In 2016, a significant step forward was made by
demonstrating an enhancement as high as 13.6% under 1 sun
of non-coherent illumination in standard DSSCs combined with
STTA-UC chromophores embedded in flexible polymer films
[169]. In parallel, a breakthrough architecture for UC-enhanced
dye-sensitized solar cells was proposed [170]. To facilitate the
charge separation of the upconverted singlet excitons, an inor-
ganic-organic interface based on self-assembled layers of sTTA-
UC molecular pairs on metal oxide surfaces via metal ion link-
ages was also exploit. Intensity dependence measurements
demonstrated that peak UC efficiency could be achieved at sub-
solar irradiance, thus leading to the realization of sun power UC-
assisted DSSC cell with technologically appealing PCE, which
results in ~300 pA-cm™2 photocurrent production at AM1.5G
condition [171]. While these results support the further develop-
ment of STTA-UC pairs for NIR-to-visible photon conversion, it is
worth pointing out that the sSTTA-UC mechanism is especially
suited to improve the photocatalytic water splitting (PCWS) per-
formance of cells for hydrogen production, which exploits metal
oxides with a near-UV bandgap (~400 nm) as photocatalysts
[172]. By recovering the visible spectrum down to 800 nm
through sTTA-UC, a huge efficiency increment (>32%) in the
hydrogen and photocurrent production is expected, thus further
pushing the continuous development of sTTA-UC assisted PCWS
devices [173].

Radiation guiding

The ability of a device to guide the radiation has hardly ever been
discussed within the community that works in the field of spec-
tral converters despite being a key factor in the operation of the
LSCs. This is because the problems associated with the self-
absorption of the chromophores overshadowed any other effect.
Only recent progress in the development of new emitters has
highlighted the importance of the quality of the matrix in which
they are dispersed. Neglecting the use of dichroic coatings and
mirrors, the amount of radiation trapped in an ideal waveguide
can be calculated by using the laws of the geometrical optics.
For a planar geometry, the maximum fraction of trapped pho-
tons within an ideal waveguide due to total internal reflection
is given by #,,, = /1 —1/n?, being n the medium refractive
index. Similar equations have been derived also for other geome-
tries such as the cylindrical one [175], while for more complex
structures the number of trapped photons can be inferred by
using Monte Carlo ray-tracing simulation. In any case, for waveg-
uides with n ~1.5, the theoretical 54, is close to 75% that would
be adequate for high-efficiency devices. However, this value can
be dramatically reduced in the case of non-ideal systems. This
has been highlighted in a study in which the influence of the
residual absorption of different matrices on the overall efficiency
of an LSC based on NIR emitters has been calculated [17].

In order to have a guideline for the matrix selection, Fig. 10
shows how the nq of a planar LSC changes as a function of the
matrix absorption and of its dimensions. It is evident that only
for very small devices, it is possible to tolerate relatively high

matrix absorption coefficients such as those of the standard
soda-lime glasses which are in the range of 10~! cm ™! and above.
Already for dimensions around 25 x 25 cm? the losses induced
by the matrix absorption become severe unless to use materials
with high transparency as a high-quality PMMA whose absorp-
tion coefficient is between 10~ and 10~2cm ™! both in all the
visible spectral range and in the NIR down to about 800 nm.
For lateral LSC lengths above 1 m, only materials with absorption
coefficient below 107°cm™' would ensure a proper matrix
waveguiding. Actually, only perfluorinated polymers, and some
optical glasses [176], show absorption coefficients in this range
but it is difficult to see how they can be employed for the LSC
production because of severe cost and technological constraints.

The same findings are obtained when analyzing the influence
on the LSC performances of the matrix scattering instead of its
absorption. Indeed, the only difference between these two pro-
cesses is that, in the case of the absorption, all the absorbed pho-
tons are lost, while the scattering simply implies randomization
of their propagation direction making the scattering slightly less
detrimental than the absorption as demonstrated by the simula-
tions shown in Fig. 10b. It is interesting to note that, since scat-
tering also diffuses the sunlight shining on the panel, for very
small device size the scattering should be beneficial. For this rea-
son, several studies carried out on LSC of a few centimeters in
size led to think that the scattering could be used to improve
the n,p values of these devices. However, the above simulations
show that the scattering must be minimized in real-world LSC.

The last factor affecting the waveguiding performance of an
LSC is the quality of its surfaces because the photons undergo
multiple reflections before reaching the edges. The total internal
reflection ensures a 100% reflectivity only for a perfectly smooth
interface, but roughness, dust or scratches can easily reduce this
value. The extent of this problem depends on the exact geometry
of the device and will be more severe for large-area devices. An
indication of the effects of the surface scattering can be obtained
from the ray-tracing Monte Carlo simulation shown in Fig. 11.
Here, we calculated for an ideal device (zero reabsorption and
bulk scattering) the distribution of the number of reflections at
the LSC surfaces that the photons undergo before being col-
lected. This distribution has then been recalculated for different
reflectivity of the interfaces in a 1 m? device. A reflectivity of 99%
is sufficient to reduce the device performances by 20%, which
drop down 50% of the initial value for reflectivity below 95%.
In view of the industrialization of these devices, this means that
it will be necessary to use only plastic slabs made by casting
materials as the extrusion process can hardly guarantee proper
roughness. The same applies to thin-film devices.

In conclusion, the influence of the matrix on the waveguiding
process must be carefully controlled to realize LSCs suitable for
real applications and not only as small lab prototypes.

Optical to electrical conversion

As the waveguiding issue, also the radiation conversion into elec-
trical power is a problem barely investigated so far. Indeed, it is a
common practice to report the optical characterization of the
devices, completely neglecting the electrical one. When also elec-
trical tests are carried out, the most frequently employed PV cells
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are standard Si cells possibly directly cut from a large wafer to
limit their cost [177]. If visible emitters are used for spectral con-
version, also GaAs [106,178] and in some cases GaInP [179] PV
cells are reported despite both being extremely expensive and
not available for the standard market.

The recent advances in the development of more and more
efficient LSCs have highlighted the need to reduce the losses
due to the electrical conversion step in order to extract properly
the largest fraction of the generated optical power. This is a tricky
business because the large EQE of most PV cells (for c¢-Si PV is
above 90% from the UV down to 900 nm) ensures to convert
nearly all the generated photons into electrons, but it is not
the same for their power. In particular, the Shockley—Queisser
analysis implies a direct relationship between the semiconductor
band-gap and the device V,., which arises from thermodynamic
consideration [180]. For Si PV cells (bandgap ~1.1 eV) the maxi-
mum achijevable V,., at room temperature, is slightly above
0.750 V, which decreases to about 0.600 V for commercial PV
cells. This means that, even neglecting the impedance matching
issue which limits the PV FF below the unit, and even supposing
that all the photons collected at the LSC edges are spectrally
matched with the PV bandgap (i.e. their energy is 1.1 eV corre-
sponding to a wavelength of 1127 nm) the energy of the gener-
ated electrons is only ¢ ~0.5 of the corresponding photon
energy. In other words, by using Si PV cells, the optical to electri-
cal conversion implies a PCE loss of at least 50%.

To date, there are still no detailed studies aimed to find the
best PV cell to be coupled to an LSC, but many hints can be
extracted from simulations [181]. The optical performances of
LSCs based on CulnS,/ZnS nanocrystals were calculated and
then compared with the expected electrical power generated
by coupling different PV cells to the plastic slab edges. Even
if some details are dependent on the specific simulated LSC,
the general view is clear. For c-Si PV cells, the optical to elec-
trical conversion implies losses around 70% which rise above
90% if a-Si is employed. Slightly better performances are pre-
dicted for CdTe PV cells, mainly because of their high V,,
but the sharp absorption edge of this semiconductor at
900 nm prevents its use with dyes with emission extending
toward 1000 nm. Environmentally friendly PV cells such as
CupZnSnS, have expected performances in between those of
¢-Si and a-Si. No data have been calculated for GaAs PV cells
but, considering its bandgap at 870 nm and a V,, at room
temperature, ~1V, it is possible to suppose that its PCE should
not be much better than that of CdTe.

In the light of the reported results, it is evident that the PCE is
becoming the main bottleneck which limits the efficiency of the
LSC devices. It is desirable that the rapidly growing interest for
this technology will stimulate the leading PV manufacturers to
design new production lines of PV devices tailored to have their
best performances when used with nearly monochromatic NIR
emissions and not when illuminated with white light.
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LSC devices: the role of the geometry

Planar vs. cylindrical LSC

The planar LSC configuration enables PV devices to be embedded
in building facades or windows, contributing to the development
of zero energy buildings [18], and other architectonic elements
[33-35]. The interest in fabricating transparent LSC windows
has been on the rise using NIR-emitting or UV-absorbing opti-
cally active centers [182]. The LSCs showed promising results,
towards the use of these novel materials as transparent PV win-
dows for wurban integration of light-harvesting devices
[24,49,72,86,96,183]. Moreover, the use of planar LSCs as win-
dows may also have applicability for “smart” windows, in which
the transmitted spectra, haze, and intensity can be directly regu-
lated by applying a voltage and simultaneously generate electri-
cal power, as both functions could be incorporated in one
single module [184].

Nevertheless, the choice of LSC geometry may influence the
device overall performance. Theoretical works suggest that cylin-
drical geometry allows an increase of the concentration factor
(F=G X nopy, in which G is the geometrical gain given by the
ratio between the surface and edge areas of the LSC)
[26,29,80,185,186] which can be very large for optical fiber-
shaped LSC. When diffuse radiation is considered instead of
direct one, the high G value of cylindrical LSCs has great advan-
tages when used under cloudy weather conditions, at shaded
locations and in situations where direct irradiance is scarce or
absent [26].

Also, theoretical studies suggest that the assembling of cylin-
drical LSCs in a multi-cylindrical bundle structure may induce
an additional increase in the optical concentration of at least
~4.5%, relative to single cylindrical LSCs. Cylindrical LSCs take
advantage of multiple reflections between neighboring cylinders
and fewer surface reflections for any angle of incidence
[186,187], which may result in a ~2-fold increase in the optical
concentration as compared to planar LSCs. These results were
experimentally tested by constructing a multi-cylindrical bundle
and a layered planar LSC based on PMMA slabs with the same

surface area of the bundle [29], resulting in lower 7,,; values mea-
sured for the planar LSC (1.54 £ 0.01%), relatively to that found
for the bundle structure (5.28 £ 0.01%), revealing an increase of
3.5 times in the n,, values [29].

Optical fiber LSCs

Vitreous and polymer fibers are produced on large scales with
optimized and low manufacturing costs and, thus, can be used
to fabricate cylindrical LSCs [26,80,185,186], promoting new
research ideas in interdisciplinary and emerging fields
[27-29,51,58,80,188]. The intrinsic properties of the fibers them-
selves also present advantages for LSC applications: lightweight,
flexibility and possibility of coupling to other optical fibers for
waveguiding [30]. These attributes allow remote radiation-
harvesting and the creation of new applications, such as light
optimization in greenhouses [37], mobile applications and
indoor daylighting.

Moreover, considering the larger G factor of fibers compared
to planar geometry, increasing the surface area of cylindrical
LSCs is an interesting strategy, despite the effective propagation
length should be taken into consideration if larger absorption
coefficients (above 1072 cm™?) characterize the waveguide med-
ium, as noticed above for planar LSCs.

Two strategies were implemented by fabricating LSCs based
on (i) bundle-assembled fibers and (ii) long-length (meter scale)
optical fibers. Besides theoretical studies, experimental fiber bun-
dle structures were first proposed in 2013 [189]. Recently, a study
reporting bundle structures of triangular hollow-core POFs filled
with organic-inorganic hybrid materials doped with Rhodamine
6G, Rhodamine 800, or a Eu®* p-diketonate complex was
published [29]. In this case, the assembling is favored by the
fiber’s triangular cross-section that also maximizes the coverage
of a PV cell surface. Bundles incorporating each material were
constructed, as well as one bundle combining all the materials,
yielding a maximum PCE value of 0.74%.

The use of sustainable optically active centres was also tested
in a fiber bundle configuration by which the hollow-core POFs,

Meter-scale cylindrical luminescent solar concentrators. Long-length fiber LSCs based on bulk-coated and hollow-core POFs in which the optically active layer
was based on organic-inorganic hybrids doped with a Eu**-based complex and Rhodamine 6G. Adapted with permission from [28].
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filled with R-PE aqueous solutions and assembled side-by-side,
could yield #ny and PCE values of ~4.74% and
~23.03 x 1073%, respectively [30].

The use of long-length fibers in an LSC was first reported in
2010, based on a PMMA plate with 150 pieces of 1 m long fibers
with three colors. This device, mounted on a roof, could trans-
port the concentrated light to a remote dark room, clearly show-
ing a pleasant potential in remote indoor daylighting. In 2016,
meter-scale fiber LSCs based on bulk-coated and hollow-core
plastic optical fibers (POFs) were also reported [28]. In this work,
the optically active materials were based on organic-inorganic
hybrids doped with a Eu®** complex or Rhodamine 6G (Fig. 12).
The hollow-core-optimized device displayed #,,: = 8.0%, a value
among the highest reported so far.

More recently, PMMA-based fibers doped with a combination
of organic dyes and metal-organic materials were fabricated by
employing bulk polymerization and a fiber drawing process.
Active fiber lengths of more than 6 m were reported, with output
intensities of ~1.3 mW-mm~2 and photostability studies reveal-
ing a level of performance equal to 64% of the initial value after
600 h of continuous solar exposure [190].

Conclusions and future directions

This review presented the fundamentals and an overview of
existing technologies and materials for the improvement of pho-
tovoltaic (PV) energy production through spectral conversion.
The main goals for the application of such converters are to
increase the architectonic integration of the PV systems and to
improve their performances by enhancing the match between
the solar spectrum and the PV cells absorption.

Upconversion is an optical process in which sub-bandgap
sunlight is harvested and converted to higher energy photons.
A promising approach lies on low-power sensitized triplet-triplet
annihilation-based upconversion in organic molecules for wide
bandgap solar cells since it allows efficient NIR-to-visible conver-
sion. In down-conversion, high-energy above-bandgap photons
are absorbed, in a process that can yield an emission quantum
yield of 200% and improve the generate-electron/incident-
photon ratio of narrow bandgap solar cells such as crystalline-
Si solar cells. The application of down-shifting materials is
likely to improve the spectral response of solar cells to short-
wavelength photons in a one-to-one photon conversion process.

Spectral converters may be deposited as layers directly on the
surface of the PV cell to convert the incident sunlight or as lumi-
nescent solar concentrators to concentrate radiation and subse-
quently direct the concentrated radiation into a relatively small
output target. The LSC technology has gained considerable visi-
bility since it can integrate PV devices into buildings in the form
of colorless solar windows and contribute to the achievement of
zero energy buildings.

In the future, researchers working on spectral conversion
materials and devices should engage their efforts on the opti-
mization of the efficiency of real-world size devices (meter scale)
and, inevitably, work on the optimization of the optical features
of both the optically active centers and the host matrix/waveg-
uides in order to minimize associated losses.

The interest in PV complementary spectral converters is a
growing issue due to their stated potential in enhancing the
use of solar energy for a better and more sustainable future.
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