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A B S T R A C T

The leader of todays solar energy revolution is undoubtedly the silicon photovoltaic (PV) module. However,
despite the immense progress in efficiency and the phenomenal drop of manufacturing and installation costs the
dark blue flat panels have not found widespread use in the modern urban environment. The scarcity of available
rooftop space, the high cost of land and the irregular metropolitan skyline have not allowed conventional solar
technologies to supply cities with clean energy. Thus, new concepts are being investigated to integrate solar
generators into new and existing buildings in the form of facades or windows. Luminescent Solar Concentrators
(LSCs) offer a novel approach for the utilization of solar irradiation in the form of transparent glazing systems
that have the potential to become functional elements of the building envelope. This paper highlights and
compares the most recent technological advances in the field of LSC technology and the contribution of colloidal
chemistry with reabsorption-free emitters offering broadband absorption and enhanced stability. Combined with
a critical study of the newly emerged LSC applications in various fields this study will also attempt to give a
possible glimpse of the near future of transparent solar harvesting devices.

1. Introduction

Solar photovoltaic (PV) technology [1] is increasingly being de-
ployed globally leading to approximately 400 GW installed capacity at
the end of 2017 [2] and this is expected to continue toward multi TW
levels within a few decades [3]. PV has been reported to be a net
contributor to greenhouse gas emission reduction [4], while module
efficiency is gradually increasing, getting closer and closer to the
Shockley-Queisser limit [5], and levelized cost of electricity is plum-
meting to 2–4 cents/kWh in some regions. The overall cost reduction is
due to technological advances in solar cell efficiencies. Combined with
lower manufacturing and installation costs have made it feasible to
recover the economic investment of a roof-top PV installation on a fa-
mily house in Western Europe in less than a decade [6].

However, the situation is radically different in highly urbanized or
metropolitan areas, where the continuously growing demand for living
space and energy to cover the needs of a constantly increasing popu-
lation creates a complex operational environment for the deployment of
conventional solar PV systems. Besides the high cost of land in those
areas that prohibits the realization of large scale projects, it is the
morphology of the urban environment itself that poses a hindering
factor for solar technology in general. Modern architecture develops
predominantly in terms of height creating a huge mismatch between

the total volume and floor space of a building and the available rooftop
area. Present-day commercial silicon modules require approximately
7 m2 to deliver 1 kW of peak power [7], a figure that undoubtedly can
have a strong impact on the energy balance of a small building but is
desperately low compared to the total energy demand of modern high-
rise buildings. Additionally, the irregular skyline of a metropolitan area
creates complex shading patterns that further narrow the solar potential
of the already limited available space.

The transition to a sustainable building sector, where energy con-
sumption is counterbalanced by renewable energy generated on site,
needs innovative solutions that are efficient, economically viable and
without affecting the aesthetic appearance of the building or the quality
of life of the users. The development of Building Integrated
Photovoltaics (BIPV) has the potential to revolutionize urban archi-
tecture by making solar PV a structural element within the building
envelope and thus transforming the outer shell into an energy pro-
duction plant. BIPV as a rapidly developing sector has demonstrated a
variety of different approaches and solutions, which mainly depend on
crystalline silicon and thin film (in)organic PV technology [8]. But as
BIPV will become an essential part of the urban landscape, the key
elements for public acceptance and ultimately, financial success, will be
versatility and the ability to integrate almost invisibly into new and
existing buildings.
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Luminescent Solar Concentrators (LSCs) enable the creation of
semitransparent glazing elements that potentially transform the so far
energy passive windows and facades of metropolitan buildings into
electricity power generators [9,10]. The concept of LSCs was first put
forward in the early 1970s as an attempt to reduce the amount of silicon
required for PV modules and to drive down the overall cost of solar
energy that was prohibitively high at that time [11,12]. At present, the
motivation to develop LSCs is to employ their unique optical properties
to camouflage solar energy devices in the urban environment, by-
passing the tight operational limitations and aesthetical inflexibility of
opaque and semitransparent PV modules [13].

Several excellent reviews on LSC development have been presented
in the past, such as "Luminescent Solar Concentrators- A review of re-
cent results" by Van Sark et al., in 2008 [10], "Thirty Years of Lumi-
nescent Solar Concentrator Research: Solar Energy for the Built En-
vironment" by Debije et al. later in 2012 [14], and "Luminescent solar
concentrators for building-integrated photovoltaics" in 2017 b y Mei-
nardi et al. [7]. The purpose of this paper is to review the change in the
state-of-the-art of LSCs, focusing on the use of nanoparticles in LSCs,
but also the recent applications that have emerged the last few years.
We will first briefly describe operational principles, the past and the
future of various luminophores and will close with recommendations
and a future outlook.

2. Operational principle, characterization and loss mechanisms

2.1. Operational principle

A typical LSC, in its simplest form, consists of a polymer or a glass
sheet acting as a waveguide with luminophores either dispersed within
the sheet or coated on top [15,16]. Direct or diffuse sunlight pene-
trating the top surface of the matrix is absorbed by the luminophores
and then is isotropically re-emitted at a longer wavelength. The emitted
luminescence is guided towards the perimeter of the sheet through total
internal reflection where eventually it is converted into electricity by
PV cells attached along the sides, see Fig. 1. As the total LSC area that is
exposed to sunlight is larger than the surface area of the cells installed
on the sides, the LSC device achieves light concentration. This form of
light concentration is passive and low-cost, without bulky tracking
equipment. Furthermore, the inherent ability to illuminate the attached
PV cells indirectly, gives to the LSC device the additional benefit of
being less sensitive in shading than conventional solar cells.

2.2. Device performance

Every LSC device is characterized by the geometrical concentration
factor which is defined as the =C A A/G LSC PV , where ALSC and APV are
the top surface area of the matrix and the total area of solar cells, re-
spectively. However, like any other energy conversion device, the LSC
is characterized by the overall power conversion efficiency ηdevice, which
is defined as the electric power Pout, delivered by the solar cell(s)

divided by the total power of the incoming irradiation reaching the
sheet Pin.

=η P
Pdevice
out

in (1)

Commonly this quantity would be adequate to compare different
LSC devices among each other or even LSCs with other concentrating
technologies and conventional PV systems. However, due to the strong
dependence of the incoming and delivered power on the specific geo-
metry of each LSC, the device efficiency could be a misleading indicator
if used exclusively. For a more objective comparison the electrical
concentration factor C* is used, which is the ratio between the electric
power delivered by the LSC and the electric power output of the bare
solar cell if it were not attached to any concentration devices under the
same illumination condition of 1 Sun (AM1.5G spectrum).

=C P
P
LSC

SC

*
(2)

For the characterization of the LSC merit independently of the solar
cell attached, the optical efficiency and the optical concentration factor
are used. The optical efficiency ηopt is the ratio between the radiative
power on the edge LEdge of the LSC to the radiative power incident on
the top surface Lin.

=η
L
Lopt
Edge

in (3)

It is the indicator that describes better the fundamental property of
an LSC, to collect and concentrate light. However, since not every LSC
shares the same physical dimensions, the concentration factor C is in-
troduced as the product of the optical efficiency with the geometrical
concentration factor CG,

=C η Copt G (4)

The concentration factor C can be perceived as the coefficient of
effective enlargement of the area of a solar cell when it is coupled to the
LSC [18], and in the case where C is larger than 1 the increased photon
flux incident on the perimeter of the waveguide can boost the generated
photocurrent [12,14].

The highest power conversion efficiency (PCE) that was ever re-
ported thus far is 7.1% [19] in 2008, using a configuration with four
parallel-connected GaAs solar cells, coupled to the edges of a poly-
methylmethacrylate (PMMA) LSC sheet doped with a mixture of two
organic dye luminophores and dimensions 50mm×50mm × 5mm. A
comparable PCE (6.7%) was achieved using four gallium indium phos-
phide (GaInP) solar cells in a multi-dye stacked configuration of two
smaller plates of 20mm×20mm × 3mm [20]. A number of experi-
mental devices have also been presented with PCE values ranging from
4.2% to 6.8% with either single or stacked LSC configuration but without
any of them exceeding 14 cm×14 cm in total surface area [20–23]. In
a few cases, relatively larger devices 40 cm×40 cm have exhibited
efficiency values up to 4% with the use of back reflectors [15]. However,
due to a number of losses, efficiency values remain significantly lower
than the corresponding conventional solar PV and the reported di-
mensions of the concentrators are still far below those of a practical,
commercial window.

2.3. Losses

Several loss mechanisms can be identified that are responsible for
the final device efficiency. First, before light enters the waveguide a
part of the incoming irradiation that is equal with − +n n[( 1)/( 1)]2

will be reflected from the top surface, where n is the refractive index
[24], following the Fresnel equations. However, considering that the
LSC matrix is commonly made either of glass or plastic, with a re-
fractive index close to 1.5, Fresnel losses will not exceed 3.9%. The
amount of light that will be absorbed by the luminophores inside theFig. 1. Schematic representation of an LSC device under illumination [17].
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LSC matrix is given by the Lambert-Beer law and is proportional to the
thickness of the sheet and the molar absorption coefficient ε of the
luminophores at the given wavelength [25],

= − −A 1 10 cxε (5)

where x is the optical path length of light through the LSC and c the
concentration of the luminophores. Light that is not absorbed by the
luminophores will simply travel through the waveguide as if it was a
regular transparent piece of glass. The light absorption could be in-
creased by increasing the thickness of the sheet but that would dra-
matically decrease the concentration factor C of the device. Never-
theless, not every absorbed photon will be re-emitted as some of the
generated excitons will recombine non-radiatively. The ratio of the
absorbed photons Nabsorbed and the number of emitted photons Nemitted
gives the luminescence quantum efficiency LQE( ) of the luminophore.

The fundamental trapping mechanism of an LSC is based on total
internal reflection, which occurs according to Snells law, when a
photon encounters the interface of a medium of high refractive index n1

with a medium of lower refractive index n2. Part of the emission takes
place within the escape cone, which is defined as the cone that is
formed by the smallest angle of incidence for which total internal re-
flection occurs. This critical angle θc depends on the refractive indices of
the two media = −θ sin n n( / )c

1
1 2 . For the PMMA/air interface the critical

angle is = °θ 41.970c . For the case of a luminophore that emits iso-
tropically the probability that an emitted photon will remain inside the
waveguide then is 0.7435.

Fig. 2a gives a visual representation of calculated efficiency losses
using the ray-trace simulation model pvtrace [26] by presenting the
photon destination in a simulated LSC matrix when it is exposed to
sunlight. The LSC is doped with Lumogen F305 dye at a concentration
of 184ppm with dimensions 5 cm×5 cm × 0.3 cm, the LQE was set to
95%. As expected, photons at wavelengths outside of the absorption
spectrum of the dye (Fig. 2b) are not absorbed and therefore are
transmitted through the LSC plate.

2.4. Reabsorption

The loss mechanisms described above assume that there is a single
photon absorption and emission event. However, the majority of the
luminophores are characterized by an overlap between their absorption
and emission spectra, which leads to reabsorption and reemission of the
photon by (neighboring) luminophore(s). And while that might not
directly lead to energy loss, the re-emitted light may experience all
above-mentioned loss mechanisms several times in a row. The magni-
tude of this effect can also be seen in Fig. 2a, where according to the
model, only 25.7% of all emitted photons are expected to escape either
from the top of the bottom surface and −LQE5%(1 ) would undergo non-
radiative recombination. However, photons in the region 500–600 nm
are subjected on average to 42% escape cone losses and 23.6% quantum

yield losses.
Consequently, the larger the spectral overlap; the greater will be the

energy loss of the LSC device. This can be quantified as reabsorption
cross section σSA per centimeter of optical path taking into account
absorption A λ( ) and emission E λ( ) spectra, as follows [17]:

∫

∫
=σ

A λ E λ dλ
E λ

( ) ( )
( )SA

(6)

A direct effect of reabsorption is the drop in luminescence intensity
with increasing optical path length [27], which is undoubtedly the
main reason for the dramatic drop in efficiency for large LSC devices.
The decrease in intensity can partially be compensated by an increase in
luminophore concentration as was proposed by Goetzberger and
Greubel [12] and was later experimentally validated by Krumer [17]
for Lumogen F305. This loss can be calculated using [17]:

= −η ηΦ
Φ

(1 )LSC

in
abs int

NSA
(7)

which describes the relationship between the power flux of the edge
emission ΦLSC and the incident power flux on the top surface of the LSC
Φin, as a function of the absorption efficiency of the luminophore ηabs
the internal optical efficiency ηint and the average number of re-
absorption events NSA . The value of the edge emission power flux, and
consequently the device efficiency, depends on whether the absorption
efficiency increases faster than − η(1 )int

NSA upon the increase of dye
concentration.

The most representative and quantitative indicator to describe re-
absorption is the difference between absorption and emission spectrum,
which is directly associated with the Stokes-shift. However, by com-
paring the absorption coefficient a1 in the part of the spectrum where
light absorption occurs, with the absorption coefficient a2 at the state
where photoluminescence takes place one can deduce a quality factor

=Q a a/1 2. A high value of the quality factor indicates that less re-
absorption takes place and therefore higher device efficiency can be
expected. Additionally, this quantity can directly be associated with the
prospective performance of an LSC device, as it can be used to estimate
the maximum optical concentration factor C0 for given dimensions
through the relationship =C FQLSC0 [18], with F being a numerical
factor determined by the quantum efficiency and refractive index of the
matrix [18].

3. Luminophores

Clearly, luminophores are the most critical part of an LSC, as they
are the key elements that allow concentration through absorption and
reemission of light. Primarily, luminescent species should be able to
collect as many photons as possible and therefore they should exhibit a
broad absorption spectrum combined with high absorption efficiency. A
high LQE value close to 100% is also necessary to avoid quantum yield

Fig. 2. a) Photon destination (color coded) for a simulated LSC device doped with Lumogen F305 dye, as a function of wavelength, b) Absorption and Emission
Spectrum of Lumogen F305. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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losses and a large Stokes-shift is needed to ensure minimum reabsorp-
tion. Since in most cases luminophores are incorporated in a polymeric
host material, they should exhibit good solubility without negatively
affecting the rest of their properties and demonstrate photostability
appropriate for long term solar energy conversion applications, i.e. 30
year outdoor exposure.

3.1. Organic dyes

Organic dyes have been the first and probably the most researched
luminophores for LSC applications mainly due to their high quantum
yield and good solubility in polymer matrices [14]. The most commonly
used types of dyes in the last decades have been the rhodamines, cou-
marins, and perylene derivatives. Rhodamine 6G was one of the first
dyes explored because it exhibits high quantum yield [11], while the
Lumogen series developed by BASF, which combine high quantum yield
and low degradation rate for outdoor applications [10], were specifi-
cally designed for LSCs and for many years had the role of workhorse
dye in LSC applications [28].

On the other hand, organic dyes are able to convert only a small
fraction of the solar spectrum since they usually exhibit a narrow ab-
sorption band in the UV and visible part of the spectrum. To overcome
that, a combination of different dyes that is able to absorb in different
parts of the spectrum can be used, either as a stack of LSC plates or as a
cocktail of dyes in a single LSC [14]. However, their emission spectrum
is located in the visible range, which has significantly higher energy
than the band gap of silicon, leading to spectral mismatch and ther-
malization losses. Also, the large spectral overlap, which is the cause of
reabsorption losses is prohibiting the creation of large scale efficient
devices. This is the reason for the absence of commercial applications of
LSCs so far [29].

The reason behind the unsuccessful attempts to create efficient LSC
devices using organic dyes lies within their chemical structure [7].
Planar π-conjugated molecules having all the atoms of the conjugate
chain linked with σ-bonds, owe their photoluminescence to the pro-
motion of a π electron from the ground state to an excited state [14].
And since photoluminescence occurs from the light absorbing state, the
resulted Stokes-shift is relatively small. Additionally, the peak of the
main absorption band is dictated primarily by the chain length [30] and
therefore any efforts to alter spectral coverage would lead to instability
of the dye structure and reduce photoluminescence (PL) yield.

3.2. Rare earth ions

An interesting alternative for luminophores in LSCs are luminescent
rare earth ions such as lanthanide complexes (Ln3+). Their unique
optical properties such as large Stokes-shift, increased photostability,
high quantum yield, broad absorption spectrum, and well defined
narrow emission spectrum have attracted the attention of the scientific
community from the very early days of LSC development [31]. Neo-
dymium (Nd3+) was introduced, together with Rhodamine 6G, in the
original LSC research of Levitt and Weber already in 1977 [32]. How-
ever the doped glasses containing Neodymium performed poorly since
the photons emitted at 880 nm were subjected to reabsorption and the
reabsorption-free emission peak at 1060 nm is slightly below the band
gap of silicon [33].

To increase the efficiency, the single ion approach where absorption
takes place in the visible spectral range followed by relaxation to the
lowest excited state was abandoned, and gave way to a combination of
two ions. In this case one ion (the sensitizer) absorbs the light and
subsequently transfers the energy to a second ion (the activator), which
emits efficiently in the NIR. Such an example is the combination of
Neodymium (Nd3+) with Ytterbium (Yb3+) where the energy absorbed
from Neodymium is transferred to Ytterbium which emits at 970 nm
[33]. The energy emitted at this wavelength offers a relatively high
response, compared to the single-ion case above, despite being still only

slightly higher than the band gap of silicon. However, even though the
energy transfer efficiency can reach 90% in tellurite and germanite
glasses, the whole process is limited by low absorption efficiencies [34].

An alternative approach to increase absorption is to introduce or-
ganic ligands as Ln3+ ions can be complexed with a wide variety of
organic molecules, which harvest the incoming irradiation and transfer
energy efficiently onto the metal ions. The result is a very high Stokes
shift that exceeds 200 nm and an additional protection of metal ions
from vibrational coupling [35]. Europium (Eu3+) based complexes with
LQE reaching 60% have been used for fabrication of planar LSCs which
performed similarly compared to using CdSe and ZnS QDs under solar
simulator conditions exhibiting an optical efficiency of 0.43% [35].
Even higher LQE values of 80% have been reported for Eu3+ β-dike-
tonate complexes [36].

Another promising approach is to utilize LSC plates with Tm2+ in
halides such as CaI2 or NaCl. The very broad absorption spectrum that
goes up to 900 nm allows to absorb up to 63% of solar power while the
emission at 1140 nm is an excellent match for a CIGS solar cell [37].

Finally, despite the promising features of lanthanide complexes the
photodegradation due to UV exposure and the rather low thermal and
photochemical stability are serious drawbacks regarding any techno-
logical applicability [14].

3.3. Colloidal semiconductors

The novel and extraordinary properties of colloidal semiconductor
nanocrystals have also attracted a lot of attention as potential lumi-
nophores for LSCs. The nanocrystal consists of an inorganic core, which
is a combination of two or more materials, coated by an organic layer of
ligand surface molecules [38]. Different properties arise from different
selection of materials, properties that are also defined by the size and
shape of the nanocrystal and can be further modulated by the organic
ligand surface layer [39].

The ability to control the size of the nanocrystal, which can vary
between a few hundred to a few thousand atoms, is what allows one to
fully exploit and engineer material properties. By decreasing the di-
mensions of the core, spatial quantum confinement effects become
highly important and result in an increase in the band gap energy and
the energy level separation between the electronic states [40]. Conse-
quently, photoluminescence turns into a completely tunable property
through a wide spectral window. Moreover, as the size of the nano-
crystal decreases, the surface-to-volume ratio increases dramatically
and as a result the nanocrystal becomes easily dispersible in solvents.
Solubility is a clear advantage of colloidal chemistry for cheaper fab-
rication and processing of nanocrystals [38]. However, since the high
population of surface atoms with fewer neighbors there is a significant
amount of unsaturated bonds. These unshared orbitals create surface
and trap states, which act as non-radiative recombination channels for
the photoexcited charge carriers and thereby reduce the photo-
luminescence of the nanocrystal [41]. A well-established strategy to
reduce these effects and improve surface passivation of the nanocrystal
is to overgrow a shell of a wider band gap semiconductor, resulting in a
core/shell system. Besides chemical stability, the coating offers the
possibility to further tune absorption and emission in a larger spectral
window than with both materials separately [38] (see Fig. 3a).

Specifically, by applying a shell of a wider band gap semiconductor,
such as a ZnS or CdS shell around a CdSe core, a so-called Type I QD is
created [38], see Fig. 3b. The shell acts as a light harvesting antenna
especially for high energy photons, after which a very rapid energy
relaxation to the core takes place. Since the shell has a larger band gap
than the core, it confines both the electron and the hole in the core,
which is now electronically isolated from the surrounding medium. As
the exciton is no longer influenced by the dangling surface orbitals, the
photoluminescence is increased and the stability against photo-
degradation is enhanced [42]. In a Type I core-shell particle, absorption
and emission spectra depend on the core thickness and shell diameter.
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As the shell becomes thicker, it dominates absorption and shields the
core from lower energy photons, while it enhances photoluminescence
[43]. Additionally, a redshift in the emission spectrum is also observed
due to longer recombination times, increasing even further the Stokes-
shift. In a "giant shell" QD, coated with 14 monolayers of CdS, optical
efficiency was reported to reach 48%, with a LQE value at 86% for CdSe
QDs, analogous to the most efficient low reabsorption organic systems
[43]. However, for a similar QD configuration, it was observed that the
thick shell was responsible for a 60% drop in photoluminescence for an
optical path of 20 cm due to light scattering [44]. Light scattering might
have a weaker effect over reabsorption [44], but combined with the
limited spectral coverage inherent to the absorption profile of the shell,
it results in strong limitations to the development of large scale LSC
devices.

Instead of using a shell for confining both carriers in the same part
of the nanocrystal, it is possible to spatially separate the hole and the
electron by adjusting the band offset alignment between the core and
the shell. As can be seen in Fig. 3c, the lowest energy states for a Type II
QD are located in different parts of the particle and therefore we have
the creation of an indirect exciton [42]. In this case the shell is not just a
method for carrier confinement and passivation of the surface against
the surrounding environment but also a tool to further tune emission
wavelength to a range that otherwise would not be accessible. By
controlling the core diameter and the shell thickness, and therefore the
relative energy offset, the degree of charge carrier localization can be
adjusted. The radiative recombination of the spatially indirect exciton
that is created, will lead to emission energies lower than those of shell
and core material independently, making Type II excellent candidates
for near infrared emission [40]. Carrier delocalization is essential for
absorption and emission control but at the same time the slower ra-
diative recombination of the spatially indirect exciton triggers faster
non-radiative processes that lead to poor LQE values in the range of

−0 10% for CdTe/CdSe and ZnTe/CdSe QDs [38]. However, what
seemed to be an intrinsic weakness of Type II QDs was minimized by
developing preparation technologies that could reduce surface and
trapping defects of the nanocrystal leading to LQE values close to 80%
[41].

Emission close to NIR is very significant for the development of LSCs
mainly for two reasons. The first has to do with the energy distribution
within the solar spectrum. By confining absorption to the ultraviolet
and visible spectrum (usually below 500 nm for most of luminophores)
about 60% of solar irradiation stays unabsorbed. Equally important is
the right spectral match with the solar cell. LSCs are not energy con-
verting devices, for that they rely on the solar cells, which are most
commonly mounted on the edge(s) of an LSC plate. In particular the
standard Si solar cell, which is used in most applications, operates in the
spectral region between 400 and 1000 nm, perfectly matching the
emission from NIR luminophores. By improving the external quantum
efficiency of Si cells the entire power conversion efficiency of the device
will be enhanced, even if all the other parameters remain unchanged
[45]. Additionally, absorption that extends to the NIR and covers more
or less uniformly also the entire visible spectrum makes it easier to
fabricate colorless and semitransparent LSCs for windows applications.

Lead chalcogenides, such as PbSe and PbS were identified as in-
teresting candidates since they both offer efficient and widely tunable
emission in the infrared part of the spectrum [46]. Early attempts to
fabricate LSCs using PbS QDs, that have spectral coverage up to
800 nm, exhibited an optical efficiency of 1.4% for a geometrical con-
centration factor of 11 in a liquid solution [47]. Compared to CdSe/ZnS
QDs that exhibit a Stokes-shift of 23 nm, the uncoated PbS show a much
expanded shift of 122 nm [47]. However, to achieve equivalent absor-
bance with the CdSe/ZnS QDs, the PbS solutions concentration needs to
be more than 10 times higher, leading to strong reabsorption. Fur-
thermore, proceeding to dispersion of the PbS solution in a waveguide
which is formed after incorporation in a polymer sheet would lead to a
significant drop in PL due to the thermal and chemical sensitivity of the
QDs [48]. By developing a CdS shell around the PbS core chemical
stability was enhanced, and the Stokes-shift was increased while the
quantum yield stayed fairly high, reaching 67% at the optimal shell
thickness [49]. Incorporated in a PMMA slab the optical efficiency
reached 6.1% for a geometrical factor of 10 [50]. By introducing ultra-
small PbS QDs of 2.2 nm in diameter covered with a thin layer (0.1 nm)
of CdS, a Stokes-shift of 0.36 eV was achieved with a LQE of 70% [51].
The emitted photons were in the range of 700–1100 nm, which is
considered optimal for coupling with a Si solar cell. With a geometrical
factor of 50 the optical efficiency was 1.2%, which is among the highest
reported for QDs with similar geometrical factors, as shown in Table 1.

So far, emission was achieved by the recombination of an exciton
that was delocalized over the entire nanocrystal, which caused to a
greater or lesser extent overlapping between absorption and emission
spectra and therefore reabsorption. By incorporating a small amount of
a luminescence activator within the QD, new optically forbidden tran-
sitions were facilitated from localized states within the band gap of the
materials. These impurity-doped nanocrystals have the benefit that
emission occurring from these states is significantly downshifted com-
pared to the QD semiconductor absorption and consequently re-
absorption can be effectively eliminated. An even more interesting
feature of this transition is that it is one directional, allowing emission
but blocking absorption as a spin forbidden process [58]. Furthermore,
compared to giant shell QDs that also limit reabsorption, doped QDs
have typically small dimensions, avoiding losses caused by scattering.

By introducing Mn2+ impurities into a ZnSe nanocrystal, which has
a direct band gap of approximately 3.1 eV, a sensitized emission is
achieved at 2.1 eV through an intragap transition [59]. Coating these
nanocrystals with a ZnS shell and incorporating them into a polymer
sheet results in a reabsorption-free nanocrystal. The size tunable ab-
sorption is in the range of 350–450 nm and the emission transition is
centered at 582 nm, creating a large Stokes-shift of approximately 1 eV.
Impressively, the LQE is preserved at 53%, equal to immersing them in a
toluene solution, and 37% of photons that harvested from the top sur-
face of the concentrator end up at the device edges with a geometrical
concentration factor of 22 [59]. The fact that absorption is restricted to
the UV range has the benefit that the LSC slabs are almost transparent
for visible light. However, only 10% of the incoming irradiation can be

Fig. 3. a) Schematic representation of photon absorption, relaxation to the core
and emission. b) Core and shell valence and conduction band energy level for
Type I QDs. c) Semiconductor 1 and Semiconductor 2 conduction and valence
band energy levels for Type II QDs.

Table 1
Properties of LSCs with nanoparticles and other luminophores.

Luminophore Type of Luminophore LQE[%] η [%]opt G

PbS/CdS [51] QD 70 1.2 50
CdSe/CdS [44] QD 86 0.6 43
CdSe/CdxPbS1-x [52] QD 40 1.15 52.5
PbS/CdS [47] QD 50 1.1 50
CuInSexS2-x/ZnS [53] QD 40 3.2 40
Si [54] Silicon QD 46 2.85 46
C [55] Carbon QD – 4.75 8
EuCl3 6H2O/tta [35] Ln3+ QD 60 0.43 –
CsPb(BrxIx-3)3 [56] Perovskite QDs 20 2 45
LR F305 [57] Dye 90 8.1 16

P. Moraitis et al. Optical Materials 84 (2018) 636–645

640



captured, thus letting 90% pass through. Moreover, despite the im-
pressive Stokes-shift the emitted photons are not an excellent fit to Si
cells. In an attempt to achieve emission at larger wavelengths Mn2+

was replaced by Cu+ as a dopant since acceptor-donor recombination is
red-shifted by 0.5 eV from the absorption edge. The addition of In in-
stead of ZnS resulted in heavy metal free CuInS2/ZnS QDs with ab-
sorption extended to the visible and NIR part of the spectrum. This QD
configuration did eliminate reabsorption neither boost LQE but
achieved an impressive 3.2% power conversion efficiency while ex-
hibiting an almost crystal-clear transparency [53]. A slightly different
composition that was developed also with CuInS2 as the core nano-
crystal, but with a shell of CdS instead of ZnS, placed the absorption
peak outside the UV region, at 570 nm and enhanced LQE to 86% while
the emission was expanded from 480 to 1000 nm [60]. Despite not
being reabsorption free, the excellent spectral coupling with Si cells, the
high QY , and the enhanced ability to harvest more solar light indicated
that these nanocrystals hold promise for the future. Direct comparison
between core/shell heterostructured nanocrystals with doped nano-
crystals under the same experimental conditions revealed that re-
absorption was the major problem for the former case, while in the
latter it is eliminated considerably and at the same time a greater
fraction of the solar spectrum is absorbed and visible transparency is
retained [61].

Colloidal chemistry undoubtedly had a crucial contribution to the
phenomenal advances in the quest for suitable emitters for LSC tech-
nology. Despite this impressive growth the field remains vastly un-
explored and new concepts emerge continuously, even in cases were
photoluminescence seemed impossible. Surprisingly, one of the most
promising materials to achieve reabsorption-free QDs, lies within one of
the most abundant materials on Earth. Silicon so far has been in-
tensively used for photodetectors and photovoltaic cells, however it was
considered to be unattractive for light emitting devices. As an indirect
band gap semiconductor, in its bulk form it requires the assistance of
phonons to achieve optical recombination of the excitons. However,
upon quantum confinement, Si nanocrystals change their electronic and
optical properties and become strongly luminescent [62]. The emission
and absorption spectrum is highly tunable from the visible to NIR by
controlling the size of the nanoparticle, as is the case with all the QDs
that were used earlier as luminophores. Initially, LQE was below 5%
[62] but through surface passivation it can exceed 50% [63]. Meinardi
et al. [54] report Si quantum dots emitting at 830 nm with an effective
Stokes-shift of approximately 400meV, which is comparable with state
of the art doped and giant core QDs. Incorporated in a plate with di-
mensions of 12 cm×12 cm × 0.26 cm a transparency of 75% in the
visible spectrum was achieved and despite the average LQE of 46%, the
power conversion efficiency reached 2.85% [54]. This very promising
result was accomplished with uncoated Si QDs, in contrast with
CuInSeS and CdSe QDs which require an additional protective shell to
preserve optical properties in a polymer slab.

Silicon QDs pose also the beneficial property to be composed of the
most abundant material on Earths crust. The unmatched availability of
these resources can be of a great importance for a future new born LSC
industry for BIPV applications. Other solutions that would involve the
use of indium or selenium could be hindered by the scarcity of raw
materials and high prices. Practical and sustainable solutions also re-
quire non toxicity and environmental safety, which, beside Si, are also
exhibited by the newly emerging carbon QDs. Discovered just in 2004
they are characterized by stability, ease of fabrication and low cost,
while the first LSC application resulted in 3.94% power conversion ef-
ficiency [64].

Lead halide perovskites have also emerged as potential candidates
for a variety of optoelectronic applications spanning from photovoltaic
cells to lasers. The manganese doped perovskite nanocrystal shares the
same tunable and size dependent absorption and emission spectrum as
the rest of the QD family members but with two very distinctive
emission peaks at 395 and 590 nm. The current LQE value does not

exceed 10% though and the emission at the first peak is subjected to
reabsorption [65]. Therefore the first attempt to create an LSC device
resulted in a relatively poor 0.5% power conversion efficiency [65].
Since the development of perovskite QDs is still in an embryonal phase,
advances in suppression of carrier trapping [66] and impurity doping
[56] are expected to improve LQE and increase Stokes shift respec-
tively.

The low LQE is one of the major issues that QDs face till now and so
far, it blocks the road to energy efficiencies exceeding 10%. However, a
newly emerged strategy attempts to elegantly circumvent that by
combining two different luminophores through Förster resonance en-
ergy transfer (FRET). FRET is a mechanism of energy transfer between
two light-sensitive molecules [67] that are very close to each other,
which involves a donor particle which is in an excited state and
transfers energy to an acceptor particle through non radiative dipole-
dipole coupling. In this case a QD with the broad and tunable absorp-
tion spectrum is the donor but instead of emitting a photon itself, it is
paired to an organic dye which has a higher LQE value. The long ex-
citon lifetimes of QDs, usually 10 times larger than those of organic
dyes, make it easier for FRET decay to take place [68]. This organic-
inorganic cooperation requires cautious tuning: although a high con-
centration of organic dyes would improve the energy transfer, too much
of it would increase reabsorption. Nevertheless, LSCs utilizing this
combination showed an efficiency improvement of 24.7% relative to
LSCs with QDs as the only luminophore [69].

An alternative approach to more effectively using the solar spectrum
is actually inspired by conventional solar cell engineering. Like tandem
PV, in which vertical integration of separate solar cells is realized, and
in which each cells is specifically tailor-made for a specific part of the
spectrum, tandem LSCs utilize multiple LSC elements with different
spectral sensitivity. For example, the tandem LSC device that was cre-
ated by Wu et al. [70] had a total surface area of 230 cm2 and consisted
of two LSC plates. The top layer was embedded with Mn2+ doped
CdxZn1-xS QDs which have an absorption onset at 440 nm and due to
the manganese ions the reabsorption is totally eliminated. The idea is to
capture the high energy photons in the UV part of the spectrum as ef-
ficiently as possible while the escaped and unabsorbed light is utilized
by the second layer. A bottom sheet incorporating narrower band gap
CuInSe2 QDs coated with a ZnS shell was chosen for that purpose. With
a wider absorption spectrum and emission at 805 nm, it is able to ab-
sorb efficiently up to the NIR. However, the reabsorption effects did not
allow the optical efficiency to surpass 24%. Despite the low absorptivity
which is intrinsic of the Mn2+ doped QDs the total efficiency of the
device reached 3.6% with visible transmittance of 23%. The cost effi-
ciency of this device was at 0.87, which means that it can be 13% more
cost efficient compared to conventional Si PV modules [70].

3.4. Degradation

While the focus is to create luminophores with high LQE and broad
absorption spectrum, one of the major challenges that LSC technology
still needs to overcome, is long term stability under outdoor conditions.
Conventional PV exhibits exceptional stability with approximately only
20% decrease in performance in 20 years. Therefore commercialization
will not be viable in the case of LSCs if operational lifetime is below 10
years [71]. However for both organic dyes and QDs, photodegradation
represents the most common pathway towards performance decline.

For QDs, interaction with high energy photons launches photo-
reactions on the surface of the nanocrystals. The dissociation of mole-
cular oxygen under the influence of the excited carriers in the QDs
results in the oxidation of the semiconductors [72]. In the case of CdS,
the nanocrystals are photo-oxidized to Cd2+ and −SO4

2 [73], and for the
CdSe nanocrystals the result is the formation of SeO2 and CdSex (x= 2
and x=3) [74,75]. Therefore upon photo-oxidation the effective QD
core decreases in diameter resulting in a characteristic blue shift in the
emission wavelength that varies up to 30–40 nm accompanied with a
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gradual decrease in the photoluminescence intensity [76].
However, photoluminescence degradation and spectral blue shift is

observed even with coated QDs. The occurrence of photooxidation in
zinc coated QDs indicates that there is not a uniform crystalline over-
layer of ZnS around a core but rather a layer with grain boundaries
[76]. Therefore it is obvious that oxygen diffusion through the shell is
still possible, which can be attributed to the lattice mismatch [77], as in
the case of zinc blende CdTe and CdS (12%). By increasing the shell
thickness, the oxidation rate is reduced due to slower diffusion of the
oxygen to the core. However, the reduction of the core size alone
cannot explain the complete bleaching of the QDs. It is more likely that
non-radiative recombination pathways are created due to the formation
of lattice defects in the QD that eventually result in the final bleaching
[78].

3.5. Hosts and waveguides

One of the most significant elements of an LSC is the host material
as it is fundamental for the operation and the electrical output of each
device. Today the most common optical medium is poly (methyl me-
thacrylate) (PMMA) followed by Poly-carbonate (PC) based formula-
tions and glass [14]. Apart from high transparency in the visible and
NIR part of the spectrum, which is essential to ensure an unobscured
flux of photons, the waveguide should be able to satisfy a long list of
features, essential for the optimum operation of an LSC.

The most representative tradeoff in the host material design process
is the choice of the right refractive index. Minimization of the re-
flectance at the front surface is obviously desirable, as it allows for more
light to enter the device. This requires a low refractive index. However,
a low refractive index is not beneficial for maintaining a high total
internal reflection rate as low values will lead to high critical angles and
an widening of the escape cone. The optimum value for this process is
set to be around =n 2 however the current compromise is a value
closer to =n 1.5 as it is more common for most of the polymer and glass
hosts [79]. The host material should also provide a high level of solu-
bility of the luminophore to achieve maximum dissolution, while in the
opposite case material aggregation can lead to non-uniform distribution
of the luminophore in the matrix and the formation of scattering cen-
ters. Additionally it should provide a compatible processing tempera-
ture with the given luminophore and the ability to be optically coupled
with PV cells. Taking into account the industrial process and the re-
quirements of the BIPV industry the waveguide should comply with
environmental and safety regulations, be light weight and stable under
various weather conditions.

Glass is a material with excellent optical properties that can provide
durability and compliance with fire regulations. It is environmentally
stable and has already been part of the building industry for centuries.
However, the extremely high temperatures required for the manu-
facturing of glass that can exceed ∘1100 C, are prohibiting the use of a
majority of luminophores, which in case of the organic dyes can tolerate
a temperature of only ∘300 C [80]. On the other hand polymer plates
exhibit exceptional transparency in the visible and NIR part of the
spectrum and high solubility for the majority of the luminophores that
have been used so far. Comparison of different materials including
glass, quartz plates, and different types of polymers revealed that re-
flection losses were in the range of 7–11% and that quartz has the best
optical transparency followed by PMMA [81]. Since large quartz wa-
veguides cannot be considered an economically viable option, focus
was drawn once more to commercially available solutions. Measure-
ments on optical density and optical efficiency of 8 different doped and
undoped polymeric host matrices revealed that PMMA and PCCD (poly
(1,4cyclohexylenedimethylene 1,4cyclohexanedicarboxylate)) out-
performed all competitors [80]. However, the relatively small differ-
ence between optical efficiency values indicates that economic and
secondary properties such as lifetime will play a major role in BIPV
integration.

4. Applications

A number of losses, especially self-absorption and low LQE values,
have hindered LSCs to achieve the efficiency values that would pave the
way to commercialization. And while for the majority of solar har-
vesting applications high efficiency and long term stability would be
sufficient to open the door of the scientific laboratory to the outside
world, in the case of BIPV sector the situation is radically different. By
aiming to become a fully functional element of the building envelope
implies compliance to a series of strict safety and structural regulations
while at the same time the wellbeing of occupants is secured. But it is
not just the LSC and QD technology that has to achieve a certain degree
of maturity in order to be accepted as a member of the current energy
production system. The transformation of a buildings envelope into an
energy production one requires new mechanisms for (building) energy
management. Extending that to hundreds of buildings in the same
urban area and that would bring disruption to grid operation as well.

Large scale implementation requires long term testing and adapta-
tion; however, several developers have already taken advantage of the
design freedom and fabrication versatility of LSCs to create niche ap-
plications in various fields. One of the sectors that first recognized the
potential of LSCs is greenhouse horticulture. Commercial greenhouses
are mainly made of glass and most of the times expand to many acres of
agricultural land. The energy demand varies depending on the culti-
vation but they typically consume a considerable amount of electricity
for heating, ventilation, lighting, refrigeration, and water pumping. The
luminophore of choice in the test facility located in California, USA was
Lumogen R305 red dye embedded in a matrix on top of a clear wave-
guide [82] (Fig. 4a). This configuration was chosen to mitigate the
strong reabsorption losses that accompany organic dyes, as photons
could be trapped by the top coating but when emitted to the bottom
waveguide they can travel longer pathways before being reabsorbed.
Since a high level of transparency is not a requirement in greenhouse
applications the Si PV cells were mounted horizontally at the bottom of
the waveguide instead of at the edges in contrast to the typical LSC
layout. The Si cells were cut in thin strips of 2×12.5 cm and only 13.9%
of the back surface was covered. The 22.3 m3 demonstrator greenhouse
that was built was projected to generate 1342 kWh of electricity per
year or 57.4 kWh/m2 and compared to the reference case it produced
37% higher energy yields [82]. Regarding crop production it was al-
ready shown that the overall effect is neutral to positive [83]. There-
fore, as an overall conclusion, this type of application besides the clean
energy production and the economic benefit for growers has the ad-
vantage of using already existing infrastructure without compromising
plant productivity.

The same configuration with Lumogen dyes and face mounted Si
cells on the back of an LSC device was also used for the Leaf Roof
project [84] (Fig. 4c). The aim of this application is to create a roof tile
design inspired by the natural shape of tree leaves. Roofs covered with

Fig. 4. a) LSC greenhouse in California, US [82]. b) Solar Noise Barrier project
in 's Hertogenbosch, the Netherlands [85,86]. c) Leaf Roof [84]. d) The Electric
Mondrian in Utrecht, the Netherlands [87].
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LSC tiles, besides the aesthetic versatility, would also offer more
freedom regarding the roof orientation and inclination as opposed to
solar panel covered roofs. Because of the ability to harvest both direct
and diffuse light, such roofs could potentially increase the generated
electricity in Northern latitudes. At the same time this type of system
would be less vulnerable to shading coming either from roof elements
such as chimneys or from nearby buildings or trees. The Leaf Roof
prototype has a surface area of 0.11m2 and 28.4% of this area is covered
with PV cells. An energy yield of up to 9% higher is expected as com-
pared to reference transparent waveguides [84].

The typical LSC layout with the edge mounted solar cells was used
in some other applications. The first one was the solar noise barrier
prototype along a highway outside of 's Hertogenbosch in the
Netherlands [85,86] (Fig. 4b). The largest LSC plates constructed to
date (2×5m2) were used in a test facility that measured performance
under various environmental conditions for an application that could
potentially be incorporated in many kilometers of noise barriers that
are placed along highways, usually in close proximity to residential
areas [85,86]. Finally, the Electric Mondrian is a case study of an LSC
device that was created inspired by the painting style of Piet Mondrian.
Colorful LSC plates embedded with Lumogen dyes were used to create a
decorative element that could serve as a stand-alone charging point for
mobile devices [87] (Fig. 4d). This is the first attempt to create an ac-
tual LSC as part of a window. The small size of the device, approxi-
mately 1m2, would not cause color distortion in the living space of the
room behind it and the modularity of the system would allow larger or
smaller areas to be covered.

5. Conclusion and discussion

In conclusion, as a result of the recent developments in the design of
colloidal nanocrystals the combined targets of achieving LSCs with a
broad spectral coverage and suppressed reabsorption has become fea-
sible. Not only that, but with the introduction of greener production
methods and the use of nontoxic, heavy metal free, and widely avail-
able materials as semiconducting materials it is clear that the scientific
community has already taking steps to the next stage in QD develop-
ment.

Despite the tremendous potential and the huge advancements in QD
technology, the most heavily used luminophore so far, which still holds
the efficiency record for a small device, is the organic dye. The question
that is addressed in this paper, 18 years after the first QD LSC device
was first described [29], is whether the QDs have become better lu-
minophores than organic dyes. Comparative research has been con-
ducted, already starting in 2007, between CdSe/ZnS and Lumogen F300
dye [14]. In that study, the QD reached 58% of the performance of the
organic dye, mainly due to the low LQE of the nanocrystal molecules,
which was in the range of −10 60% [64]. However, 10 years later, in
2017 Meinardi et al. set as a proper standard for comparison the equal
spectral coverage of the luminophores [7]. This standard is crucial for
the evaluation of reabsorption losses, as different concentrations are
required for each chromophore to achieve a certain degree in spectral
coverage. In a comparison using Monte Carlo based ray-trace simula-
tions, the Lumogen Red LSC required a high dye concentration to
achieve 30% spectral coverage while CuInSeS and PbS/CdS QDs with
their broad absorption spectrum required a lower concentration and
therefore reabsorption losses were drastically limited. Considering a
hypothetical LQE value of 100% for all three luminophores the Lumogen
dye LSC achieved 12.4% optical efficiency while the QD LSCs both
surpassed 15% [7]. This illustrates the potential of QD LSCs to surpass
the performance of dye LSCs.

The comparison between different types of QDs or QDs and organic
dyes also within a wider perspective, the evaluation of transparent and
semitransparent PV devices has raised the need of standardized
methods of characterization and reporting. The BIPV sector and espe-
cially the facades and windows applications have to ensure a

comfortable and healthy living environment. The human eye is very
sensitive to long term exposure to color distortion in both domestic and
working environments [88] and in some cases colored light can even
have an effect on the human circadian rhythm [89]. While the power
conversion efficiency is a widely used and acceptable key indicator for
PV generators, it is unable to address any of the issues above. Therefore
it was proposed by Traverse et al. [13] to use a weighted power con-
version efficiency indicator with respect to the average visible trans-
mission (AVT). The new indicator, light utilization efficiency (LUE), is
the product of ηdevice and AVT and allows for a direct comparison be-
tween technologies for transparent and semitransparent applications
[13].

There is still a great number of improvements that need to be ac-
complished regarding luminophore engineering before we consider
LSCs as viable option for the urban environment. Nonetheless, the re-
cent technological achievements have set LSCs on a clear path towards
urban application. Undoubtedly, new challenges will emerge, and even
if reabsorption is totally eliminated and LQE is close to 100%, it will still
be a long way to waveguide optimization and solar cell coupling.
However, LSCs are maybe the most unconventional type of solar energy
technologies and the only technology with a huge potential to trans-
form the future urban landscape.
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