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in many forms and sizes from a few 
square centimeters up to 5 m2 [13] using a 
variety of luminescent species, including 
organic dyes, inorganic quantum dots 
and phosphors.[3,11,14,15] Device efficiencies 
tend to be modest, with values of 7.1%[16] 
for a device employing GaAs photovoltaics 
(PVs) and 4.2% using silicon PV[17] being 
among the highest reported. Some other 
notable examples of conventional LSC 
design deployments include noise bar-
riers,[13,18] artworks,[19,20] greenhouses,[21] 
roofing elements,[22] urban furniture,[23] 
and bicycle sheds,[23,24] and, in the more 
transparent state, building windows,[25,26] 
among others.

Despite this portrayal, the LSC is actu-
ally an extremely versatile and powerful 
photonic technology platform, owing to 
its highly desirable inherent ability to effi-
ciently concentrate incident light, even if 
diffuse. Conventionally, optical systems are 
limited by the principle of conservation of 

étendue, meaning that there is a tradeoff between the accept-
ance angle (θa) and maximum concentration gain that can be 
achieved. However, in the presence of a Stokes shift, Δω, étendue 
needs not to be conserved in the same way: both broad accept-
ance angles and high concentration gains that grow exponen-
tially with Δω can be achieved, while still adhering to the second 
law of thermodynamics.[27,28] As an example, the predicted con-
centration gain for an LSC device operating in the visible region 
with a 0.25  eV Stokes shift (typical for fluorescent dyes used 
in LSC research) can exceed 104, a value which is nearly four 
orders of magnitude larger than what can be achieved with a 
device that does not shift frequency.[29] Such extreme calculated 
(albeit not yet experimentally demonstrated) concentration gains 
captivated researchers’ imagination, who have come up with 
numerous innovative ways to put LSCs into use, as we will see 
later in this review. Overall, LSC-based devices can be designed 
to collect, control and manipulate the spectra and spatial dis-
tribution of emitted light, with the exciting possibility for their 
response to evolve dynamically as a function of time.

What is needed for broad acceptance and dissemination of 
the LSC technology is a facelift, with the introduction of new 
approaches, designs, and applications to take advantage and 
accentuate the positive features of the device (light concentration, 
energy downconversion, and in some cases even upconversion, 
color and geometrical diversity, adaptability, mechanical flex-
ibility, and property tunability, among other). This is the purpose 
of this review; we describe some of the alternative applications, 
roughly distributed among topic areas including horticulture, 
daylighting, adaptive/switching systems, chemical systems, 

The luminescent solar concentrator (LSC), originally introduced almost four 
decades ago as a potential alternative/complement to silicon solar cells, has 
since evolved to a versatile photovoltaic (PV) solution with realistic potential 
for seamless integration into the urban architectural landscape. Yet, a popular 
perception of the device still persists: the LSC is mostly seen as just a low-
efficiency solar panel. This review challenges this outdated notion and argues 
that the LSC is, to the contrary, a powerful and highly adaptive photonic 
platform with many more capabilities and potential than only generating 
electricity from sunlight. The field has seen a rapidly expanding applica-
tion portfolio over the last few years, with LSCs now considered in various 
sensing applications, “smart” windows, chemical reactors, horticulture, and 
even in optical communication and real-time responsive systems. The main 
goal of this work is to shed light onto this alternative application space and 
highlight the LSC’s unique spectral manipulation, light distribution, and light 
concentration properties, and as a result, to encourage the participation from 
a broader range of disciplines into LSC research with the ultimate aim of 
stimulating the development of novel, LSC inspired technologies.
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1. Introduction

The luminescent solar concentrator, or LSC, is suffering from 
an identity crisis and typecasting. It is generally presented as 
a static, monolithic, brightly colored block that absorbs inci-
dent solar radiation, re-emits the downshifted light such that 
a fraction is trapped by total internal reflection (TIR) within 
the higher refractive index lightguide and directs the trapped 
light to the edges of the device where the escaping photons 
are eventually converted into a modest electrical current via 
attached photovoltaic (PV) cells (see Figure  1). The basic LSC 
device has been presented in this way for over 40 years, and 
has been reviewed many times for many journals during this 
period.[1–12] As a briefest summary: the LSC has been presented 
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sensors, biological imaging, and detectors for free-space com-
munications and scintillators, distinguishing between static 
and dynamic systems within the discussions. We also discuss 
future possibilities for the devices, hoping to spur innovative 
approaches and applications with an eye on commercial future.

2. (Primarily) Static Systems

In this section we detail work done on the more traditional, 
static LSC. That is, the LSC itself is not designed to change 
appearance or properties during usage. However, either the 
form or eventual use of the edge emitted light still differs in 
these devices from the standard PV-based configurations.

2.1. Horticulture

For the controlled, efficient growth of plants with attractive 
color, taste, and nutritional value in greenhouses or algae race-
ways, which are shallow ponds divided into a grid containing 
oval-shaped channels used industrially to cultivate algae, light 
is the single most critical requirement.[30] The light intensity, 
duration, distribution, and even spectral quality all play roles in 
plant growth, sometimes with different lighting aspects being 
more critical at different stages of the plant life cycle.

LSCs have been employed in greenhouses as static roofing 
elements for both color conversion of the incident light for 
enhancing plant growth as well as for collecting otherwise 
wasted light for conversion into electricity.[21,31–33] There 
are examples of large area greenhouses employing bottom-
mounted 20% PV cells covering up to 13.9% of the panel area 
(see Figure  2).[21] The use of the panels increased the power 

emitted by the cells from 9–37%, depending on cell alignment 
and positioning. The work also suggested stability for at least 
two decades was possible.[21] In a different embodiment, LSC 
in the form of long fibers were used to bring light deeper into 
the plant canopy, where less light is normally incident due to 
filtering by the upper layers of leaves (Figure 3).[34]

Another area in which spectral conversion has had a role in 
agriculture is the growth of algae.[35] There are two main locales for 
algae growth: large, outdoor raceways and more flask based, inte-
rior facilities. LSCs could be very useful in raceway algae produc-
tion as they work in diffuse light, are relatively inexpensive with no 
sun tracking needed, with the side effect of generating electricity.

One major challenge for algae raceway production has been 
the penetration of light into the algal mass. Because of the 
high density of algae matter within the ponds, it is necessary to 
churn the organic mass to attempt to allow equal distribution of 
light throughout the channel. Floating, mushroom shapes LSCs 
have been suggested for use in raceway algae ponds to allow 
collection of light, and conversion to a more appropriate color 
as well as transport deeper into the raceway (see Figure 4).[36]

In flask-based experiments, significant enhancement of algae 
growth was found by using luminescent materials (Figure 5).[37] 
Other work has shown similar improvements: by covering 
growth flasks with luminescent materials, a 36% increase in 
biomass productivity of the cyanobacteria Synechococcus sp. was 
demonstrated.[38] The use of PV/LSC devices in conjunction 
with algae growth systems demonstrated proper growth condi-
tions for the plants while generating additional power.[39]

Two main design challenges have been noted for using LSCs 
in horticulture: durability and fouling by the organic materials.[17] 
While the photostability of LSCs is a significant research topic and 
extended lifetimes have been demonstrated as possible,[40,41] there 
has been little discussion in the literature of lightguide damage 
from extended use or antifouling solutions (physical or chem-
ical).[42] A recent review of “smart” materials for use in green-
house structures describes a number of further potential applica-
tions of responsive LSC devices in the horticultural sector.[43]

2.2. Lighting/Displays/Signage

Researchers have employed a stack of LSC strips to collect sun-
light at a rooftop location and, rather than directing it to a PV, 
generate white light for daylighting purposes after mixing the 

Figure 1. Diagram depicting the principle of operation of a luminescent 
solar concentrator (LSC) when employed for use in the conventional 
application of harvesting solar energy.

Figure 2. Five different LSC panel designs used for an LSC greenhouse: 
A) clear with PV strips; B) straight PV strips; C) edge PV cells; D) polycrys-
talline PV; and E) crisscross PV. Reproduced with permission.[21] Copy-
right 2016, AIP Publishing.

Adv. Energy Mater. 2021, 11, 2002883
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individual lightguide edge outputs[44–47] or use the light undif-
fused as an exceptionally bright light source.[48] An advantage of 
using LSCs over light pipes, for example, is the ability to guide 
the emission light into optical cabling and so redirect the light 
around corners and avoid the need for the vertical structures 
normally found in daylighting pipes, as LSCs do not require 
direct light to function efficiently.[49]

The artistic potential of the LSCs has been exploited by 
applying the luminophores as a paint on transparent light-
guides for the creation of artistic images,[14,50] and using inkjet 
printing to create intricate designs (see Figure  6).[51] In this 
latter system, the energy generating aspects of the LSC may be 
combined with an edge-mounted LED array, so that during the 
daylight hours the device collects solar energy which is stored 
in a battery, and at night the battery is drained to activate the 
LEDs, which cause the fluorescent image to light up.[52]

2.3. Driving Chemical Reactions

Photochemical reactions using sunlight as the energy source 
for reaction catalysis has been the dream of chemists for more 

than one hundred years,[53] and has generated interest again 
after the boom of 1990–2005.[54] One of the challenges for per-
forming efficient photochemistry in sunlight is the relative 
scarcity of the proper wavelengths in the incident sunlight for 
absorption by the catalyst, and so progression of the field has 
been slow. Recently, a luminescent solar concentrator photo-
microreactor (LSC-PM) has been developed that shows promise 
in meeting the goals set out a century ago.[55–57] In these devices, 
light is collected by the LSC over a large area, and the light-
guided emission is directed to the reaction centers, which are 
solutions flowing through microchannels embedded in the 
polymer lightguide (Figure 7). The advantages of the LSC device 
become obvious in this configuration: since the LSC is rela-
tively insensitive to the distribution of the incident light,[49] an 
LSC-PM device placed in sunlight conditions significantly out-
performed a standard device which employed no luminescence 

Figure 3. a) Photographs of a prototype fiber based LSC devices for agricultural deployment. The inset depicts emission during exposure to large-area 
blue LED lighting. b) 82 collectors arrayed over a row of tomato plants in a commercial greenhouse. Reproduced with permission.[34] Copyright 2019, 
American Chemical Society.

Figure 5. Concentration of algae as a function of time in identical reactor 
set-ups at room temperature with (red curve) and without (green curve) 
Sr0.40Ca0.59Eu0.01S spectral converter, with insets showing photographs of 
the algae species H. pluvialis in its active and transition states. The yellow 
region of the diagram refers to the incubation time. Scale bar, 100 mm, 
error bars are counting errors of 25 000 cells mL−1. Reprinted with permis-
sion.[37] Copyright 2013, Nature Publishing Group.

Figure 4. Schematic cross-section of a luminescent solar concentrator 
diffuser (shown in white), to enhance the penetration of incident light 
into an algae pond (left). The top of the device, located at the pond sur-
face, is coated with luminescent material (shown in red) and a reflecting 
cone is fitted at the bottom of the funnel. The device absorbs light at the 
top surface, spectrally converting it into a more useful wavelength for 
algae, before diffusing it throughout the depth of the pond. Reproduced 
with permission.[36] Copyright 2016, J. Videira.

Adv. Energy Mater. 2021, 11, 2002883
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species.[58,59] A variety of configurations have demonstrated 
scale-up of the device is quite possible.[60]

Other photochemistry can be done, such as producing 
hydrogen via water splitting reactions driven by LSCs 
(Figure  8).[61,62] Initial devices produced a maximum 1.55% 
solar-to-hydrogen efficiency (STH) at 1 sun AM 1.5 G.[62] Other 
designs used lenses in conjunction with a dye layer, with 
direct light focused on a photovoltaic cell and indirect light 

collected by the dye layer and the emitted light concentrated 
in the lightguide and directed toward the photoelectrode of the 
photoelectrochemical reactor. While these results may seem 
inconsequential considering solar-to-hydrogen (STH) efficiency 
values up to 30% have been reported under 1 sun illumination 
using a triple-junction PV,[63] the costs associated with current 
systems and difficulties related to deployment in the built envi-
ronment opens up opportunity for more extensive exploration 
of the potential of LSCs in this area.

2.4. Fibers

Cylindrical LSC devices could allow for greater light con-
centration than standard rectangular plates. By reducing the 
cross-sectional area, one can produce fibers with a variety of 
geometries, including circular,[64–69] square,[70] asymmetric 
(see Figure  9),[71] with a core/cladding construction,[72] or 
as hollow tubes.[73] Fibers may be produced inexpensively, 
and at large scales,[67] and can be used individually or in 
bundles.[67,69,71] Fibers coated with the luminescent species 
appeared to outperform doped fibers by up to ≈30%.[69] As the 
acceptance angles of the fibers are much larger than regular 
PV systems,[67] fiber devices are especially effective at col-
lecting indirect light.[69] By incorporating microstructures into 
a fiber which produce forbidden bandgaps at specific emis-
sion angles, fibers with near 100% containment of emitted 
light within the core at limited wavelength spread are postu-
lated.[74] More exotic fiber options have included nanometer 
size electrospun elements incorporating silver nanoparticles 
for surface plasmonic enhancement of the dye emissions in 
conjunction with an organic PV.[75] Fiber LSCs have also been 
suggested for use in medical diagnostics, telecommunica-
tions, and agriculture.[34]

Figure 6. Three LSC samples 100 × 100 × 5 mm3 substrates patterned with 
ink at 15 DPI. Reproduced with permission.[51] Copyright 2020, Elsevier.

Figure 7. Outdoor experiment for the methylene-blue-catalyzed photooxidation of methionine showing the A) reaction scheme, incident solar irradia-
tion, and product yield over time. B) Flow scheme of the experimental setup, and C) photographs of the experimental setup on site. Reproduced with 
permission.[59] Copyright 2019, Wiley.

Adv. Energy Mater. 2021, 11, 2002883
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2.5. Dark-Field Imaging

Recently, one study has taken advantage of the wavelength 
shifting and direction control of fluorescent doped polymers to 
create a dark-field imaging technique dubbed “substrate lumi-
nescence-enabled dark-field imaging” (SLED).[76] As shown in 
Figure 10, the direction of emitted light is carefully controlled 
using a combination of a nanostructured back reflector and 
a Bragg mirror. The Stokes shift incurred by the fluorescent 

materials involved, allows for the separation of illumination 
beam from image by means of dichroic mirror. This setup 
was used in the imaging of sub-micrometer features of low 
refractive-index contrast materials. For example, when imaging 
1  µm polystyrene colloids, the imaging technique produced a 
threefold improvement in contrast compared to corresponding 
bright-field imaging techniques. More impressively, when 
imaging Escherichia Coli (E. Coli) samples, the enhancement of 
the SLED contrast over conventional imaging was a factor of 
over 20.

2.6. Alternative Materials, Locations, Shapes

LSCs have generally been depicted with square or rectangular 
surface areas, but this need not be so. Triangular[77] and even cir-
cular[78] devices have been presented. Likewise, while polymers 
including polymethacrylate (PMMA) and polycarbonate or glass 
have been the main materials used for lightguides, alternatives 
exist, including renewable polyester,[79] self-healing materials,[80] 
and even liquid LSCs have been described,[81–83] which could 
have the advantage of rapid switching of the fluorophore. The 
employment of flexible materials as host matrixes, such as poly-
dimethylsiloxane (PDMS),[84–86] can open a new range of appli-
cations such as boat sails, tents, phone cases, and self-powered 
flexible electronic devices. Device flexibility can also open a 
gateway toward manufacturing techniques for upscaling such 
devices, including roll-to-roll processing. While device flexibility 

Figure 8. Article abstract image depicting a luminescent solar concen-
trator (LSC) with multiple c-Si cells connected in series and parallel 
used as a semitransparent device, generating the potential to conduct 
water electrolysis without an external bias. Adapted with permission.[62] 
Copyright 2020, American Chemical Society.

Figure 9. a–c) Ray-tracing simulations of normally incident light in three undoped polymer fiber structures with no back-reflector below the fiber struc-
tures. d–f) A flat reflective surface is placed under the fiber (thick dashed horizontal line). The thin dashed white lines highlight the structure, and the 
dashed circle in the middle of each structure corresponds to the 200 µm diameter dye doped. Scale bar is 200 µm. The number in each panel indicates 
the fraction of light absorbed due to polymer loss and finite reflectivity of the back mirror. Reproduced with permission.[71] Copyright 2013, Wiley.

Adv. Energy Mater. 2021, 11, 2002883
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can result in additional, curvature induced losses,[85,87] these 
can be mitigated by using flexible wavelength selective mir-
rors.[88] One could also imagine deploying liquid-based LSCs via 
the fluid pump systems studied for agricultural greenhouses[89] 
to change crop illumination colors upon demand with the 
potential to attach PV to the piping. LSCs have also been pro-
posed to be used as thermal conversion systems, using the col-
lected light to heat a flowing liquid.[90–92] While much attention 
is paid to the luminophores used in LSCs, it must be under-
stood the nature of the lightguide material is similarly critical 
to the functioning of the LSC-based device.[3,93] For any type of 
large-scale object, the lightguide must demonstrate negligible 
absorption of the emission light and be free from extraneous 
particles or voids which may cause scattering for the device to 
have any hope of efficient function.

Recently, materials relying on amphiphilic polymer co- 
networks exhibiting resonance energy transfer between separated 
fluorophores located in different phases of an intimately mixed 
film have been produced. The flexible nature of the materials 
has been suggested for use as clothing.[94]

Since the PV cells attached to the edges of LSCs tend to 
operate cooler than when directly exposed to sunlight,[95] 
the use of LSCs in space missions has been suggested.[96] 
However, a significant increase in device efficiency will be 
necessary before the LSC could be deployed outside our 
atmosphere. Ambitious designs for LSCs employing upcon-
version have been proposed, but the efficiency of upconver-
sion under normal lighting conditions makes this a very chal-
lenging prospect.[97–100]

3. Dynamic Systems

In this section we will focus on dynamic systems for which the 
time of photon arrival is of essence, as opposed to the static  

systems described in Section 2 for which it is (mostly) not. Time 
offers an extra dimension that can be leveraged to transmit 
high-speed information through an LSC. A paramount ques-
tion for any dynamic system, however, concerns the bandwidth 
they can support, as this sets the bounds to the rate of infor-
mation that can be transported. Streaming high-resolution 
(4K) video requires bitrates that exceed 10 Mbps, for example, 
while the theoretical download speed for 5G networks exceeds 
10 Gbps.[101] In its simplest form, an LSC incorporates a single 
luminophore whose decay characteristics follow an exponential 
distribution. The average time, τ, it takes for an excited mole-
cule to decay to its ground state corresponds to its fluorescence 
lifetime and was recently shown to be the sole critical parameter 
limiting the bandwidth of LSC based receiver systems.[102] This 
is intuitively satisfying as one would expect that the slower the 
fluorophore’s response time, the less its ability to follow rapidly 
modulated signals. As a matter of fact, ideal LSCs behave analo-
gously to electrical RC-circuits with their bandwidth, B, given 
by the following equation

GHz
1

2 < > ns
B

π τ
)

)
(

(
≤  (1)

where 〈τ 〉 is the effective fluorescence decay lifetime, which 
takes into account potential multiexponential decay paths.[88]

Typically, the lifetimes of fluorophore used in LSCs are 
between 1 and 100 ns,[103,104] roughly corresponding to a band-
width range of 1–150 MHz per LSC channel. Such bandwidths 
are sufficient to unlock opportunities in free-space communica-
tion links, lens-less imaging, new type of contactless human–
computer interactions, real-time sensors and microscopy, 
among others, and we will discuss how the LSC can contribute 
and help advance these often well-established areas of research 
in Sections 3.1–3.5. The final section describes the much sim-
pler but useful concept of responsive “smart” window elements 
for use in urban settings.

3.1. Free Space Optical Communications

The LSC’s ability to concentrate light to small areas from a 
large field-of-view has recently drawn attention from the 
optical communications community for use in detection sys-
tems. Within visible light communications systems (VLC), 
data is transmitted via modulated LEDs. LSCs have been 
employed to collect the diffuse signal and concentrate it to 
small photodiodes on their edge(s). The earliest proposed 
demonstrations of this, largely focused on conventional LSC 
geometries (cuboidal and planar), paying particular atten-
tion to maximum concentration gain.[105] By using a para-
bolic geometry, one paper achieved enhanced concentration 
gains, combining imaging and nonimaging concentration.[106] 
Next, a multilayer approach was demonstrated with a thin 
film layer of fluorescent materials sandwiched between two 
microscope slides.[107] Here, the fluorescent layer is respon-
sible for the absorption of incident light, while the majority 
of the waveguiding occurs within the glass slides. As such, 
the work boasts a concentration gain of 12, field-of-view angle 
of 60°, and a tripling of the data rate compared to the bare 

Figure 10. Diagram representing the setup used for control of the direc-
tion of emitted light in a dark-field imaging setup. Reproduced with per-
mission.[76] Copyright 2020, Springer Nature Publishing Group.

Adv. Energy Mater. 2021, 11, 2002883
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photodiode. From there, the field turned to further innova-
tive geometries and configurations. A configuration with a 
multilayered structure, including a grating and multiple layers 
of fluorescent material was used to achieve field-of-view angle 
of 60° and data-rates of 400  Mbps.[108] An even more unor-
thodox geometry, with fibers arranged in a spherical geometry 
(pictured in Figure 11), led to almost omnidirectional accept-
ance and data rates of 2.1  Gbps.[109] More recently, a wave-
length division multiplexing (WDM) approach was engaged, 
by taking advantage of a two-fluorophore system with dif-
ferent absorption spectra to separate data transmitted with 
differing wavelengths, as shown in Figure  11b.[110] LSCs have 
also been utilized as diffusers at the transmitter end of a VLC 
network.[111]

3.2. X-Ray Scintillators

Perovskite nanocrystals have been found to be effective scintil-
lators of X-ray radiation,[112,113] and have been encapsulated into 
polymers in an LSC-like setup and proposed for use as detec-
tors for radiation detection, medical imaging and high energy 
physics,[114] as depicted in Figure  12. In one study, perovskite 
nanocrystals were responsible for the absorption of X-ray radia-
tion before an energy transfer to a perylene dye, which in turn 
emits visible light, which can be collected by photodiodes 
attached to the edge of the LC. The energy transfer between 
the two fluorescent materials allowed for a reduction in device 
reabsorption, as well as increased device speed due to the faster 
fluorescent of the acceptor material. The emission of the dye 
was in the red spectral region, making it an ideal partner for 
avalanche photodiodes. The study demonstrated a proof-of-
concept detection of both X-ray and Gamma-ray detection, and 
also demonstrated both high shelf-stability and photostability.

3.3. Imaging/Human–Computer Interactions

An early demonstration of a dynamic LSC system was Lumi-
ConSense, a transparent, flexible, lens-less imaging camera,[115] 
shown in Figure 13. The principle of operation of this imaging 
sensor was based on the different optical path lengths, and 
thus attenuation, that light experiences when propagating 
from its origin inside the LSC toward its edges. This implies 
a direct correlation between the intensity of the light exciting 
the LSC at a given position and the intensity of the light reg-
istered at its edges, which can be recorded by linear arrays of 
photo diodes or fiber optic arrays. Originally developed for real 
time reconstruction of 6 × 6 pixel grayscale images; the system 
was later extended with application of machine learning to  
64 × 64 pixel resolution at 8 frames s−1 that could be used for 
3D hand tracking and gesture recognition.[116] Further develop-
ments included multilayer LSCs for RGB reconstruction,[117] 
multi-focal image reconstruction and depth estimation via 
tomographic image techniques[118] and sub-millimeter fully flex-
ible image sensors when LSCs were combined with compound 
microlens arrays.[119]

3.4. Position Sensors

Position sensitive devices find application in guidance sys-
tems, robotics, and machine tools, but developing flexible, 2D 
sensors while scaling their sizes up still remains a challenge. 
LSC systems have been proposed to address this problem 
in a cost-effective way as early as the mid-1990s by tracking 
the position of light spots on their surface generated by vis-
ible light sources.[120] Following that, a video rate (250 kS s−1), 
large size (20  cm × 20  cm) position sensor with mean error 
deviation of 3 mm was demonstrated by using Bayer Makrofol 
RED polycarbonate LC films and 12 surface mount diodes.[121] 
Replacing the polycarbonate foil with PDMS doped with Pyr-
romethene 597 enabled the fabrication of a fully flexible sensor, 
Figure 14a, which could also perform under a 15% strain with 
an average deviation of 1.36 mm for a 4 cm × 4 cm device.[122] 

Figure 11. Diagram a) and photograph b) of luminescent detector 
arrangement comprising of a bundle of fibers assembled into a spherical 
geometry, allowing for near omnidirectional field of view. Polar plots of 
measured gain for c) polar and d) azimuthal angles. Reproduced with 
permission.[109] Copyright 2016, The Optical Society. e) Diagram of two-
layer setup used for WDM separation of optical signal. Reproduced with 
permission.[110] Copyright 2020, Wiley.
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Finally, an alternative approach followed in which the inherent 
red-shifting of trapped light due to reabsorption inside the LSC 
was used instead of intensity measurements, Figure 14b.[123] 1D 
position sensors were made with LC fibers constructed with 
UV-curable resin (Norland, NOA81) and BASF Lumogen F Red  
305 dye were also extended to 2D measurements over a  
2 cm × 2 cm area.

3.5. Other Sensors

An LSC fiber-based strain sensor was demonstrated for 
building and structural monitoring.[92] The core of the fiber 
was made of Coumarin 540 dye doped PMMA (as donor) and 
its cladding of Rhodamine 6G dye doped PMMA (as acceptor). 
The core was excited with a 406 nm laser that only stimulated 
the Coumarin 540 dye, and the differences in both emission 
spectra and near field patterns at the end of the LC fiber for 
different levels of strain were measured. For unstrained fibers, 
a uniform modal distribution was observed with emission spec-
trum that matched Coumarin 540 very well. However, as the 
amount of strain increased, light started leaking from the core 
into the cladding, resulting in gradual excitation of the acceptor 
dye. This resulted in a significant change to the measured 

spectrum and near field pattern, which could then be back cor-
related to the amount of strain that induced it. An advantage 
of this method is that severe levels of strain could potentially 
be identified by simple visual inspection, removing the need 
for specialized equipment and trained users. The same group 
replaced the PMMA with PDMS in an attempt to expand the 
range of strain that could be detected,[124] whereas polarization 
measurements in a doped fiber was seen as a first step to dis-
tinguish the direction of the stress vector.[125]

A solvatochromatic dye (Nile red), on the other hand, was 
used to dope PDMS waveguides.[126] The presence of ethanol 
shifted the absorption peak of the LSC and a simple intensity 
measurement at a given wavelength was sufficient to detect 
the amount of alcohol vapor. Finally, a fluorescent oxygen 
gas sensor was demonstrated by using a ruthenium complex 
which exhibits fluorescence quenching under the presence of 
oxygen.[96]

3.6. Switchable Windows

The concept for using LSCs in window designs is attrac-
tive, and static transparent windows capable of processing 
UV and IR light have been described and are even on their 

Figure 12. a) Diagram showing principle of operation of a Perovskite-based scintillator for X-ray detection. b) Diagram showing applications for scintil-
lator technologies. Reproduced with permission.[114] Copyright 2020, Springer Nature Publishing Group.

Figure 13. Photograph a) and diagram b) of stacked luminescent concentrators stacked and implemented in a lens-less imaging camera system, as 
demonstrated in (c). Reproduced with permission.[117] Copyright 2015, The Optical Society.
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way to commercialization.[127] However, these static devices 
must directly compete with thin film PV windows. What has 
not been readily demonstrated in PV-based fenestration is the 
ability to switch between transparent and opaque states, some-
thing which is possible to do with LSC windows. By using a 
liquid crystal (LC) as a host, one can reorient the alignment 
direction of embedded fluorescent dye molecules to create 
either absorbing or transmissive states by applying an electric 
field across the window thickness.[128]

By judicious choice of the host LC, it is possible to gen-
erate a third, scattering state in the switching window device, 
allowing a “privacy” glass as well as the standard transmissive/
absorptive states.[129] One is not even restricted to using elec-
trical switching: windows that change transparency in response 
to temperature (see Figure  15)[130] and lighting conditions[131] 
may also be possible. Another interesting design combined the 
switchable features of a polymer disperse liquid crystal (PDLC) 

device with that of an LSC to allow generation of scattering 
and transparent states while simultaneously generating elec-
tricity.[132] Finally, by selective illumination of parts of the sur-
face, the window could also display images by scanning a laser 
beam on it. The displayed image resolution could be modified 
by “spreading” the luminescence in the emission layer and 
the contrast modified by limiting the processing of ambient 
light.[98]

4. Outlook and Conclusions

The LSC was introduced during a period of high oil prices and 
commensurate high PV panel costs.[1] At that time, the LSC 
was presented as a potentially affordable source of solar energy 
which could seamlessly be integrated into buildings, and the 
prevalent performance metric was given as $ per Watt-peak or 
similar equivalent. The device was depicted as an alternative to 
PV panels, which was unwise, for the more limited electrical 
conversion efficiency could not compete with PV panels once 
their prices started to fall in the early 21st century. But these 
early proposals have remained in the collective memory and 
have had a long-lasting effect, obscuring the true potential of 
the device and limiting the application space of LSCs to mod-
estly efficient PV cells in the minds of many viewers.

The LSC has a promising application potential in a range 
of areas; hence, our expectations need be adapted in order to 
better appreciate the device. Rather than competing with silicon 
or even perovskite photovoltaics, the LSC could act complimen-
tarily to these devices, with potential for deployment in areas 
inappropriate for use of traditional PVs with natural integration 
into the urban architectural landscape.

However, as presented in this review, there are a plethora of 
potential applications completely removed from the standard 
“PV panel on a rooftop” trope. The LSC is a light management 
device, capable of absorbing incident light, shifting its energy 
to a narrow bandwidth of emission wavelengths, and redi-
recting the output so as to decouple emission directions from 
the incident light directions, while simultaneously achieving 
high concentration gains. The emission directions can be 
manipulated,[133] and the emission wavelengths tuned to pro-
duce light of specific energies to perform specific tasks, such 

Figure 14. Photograph of the position sensing device fabricated with PDMS which shows strain ability and flexibility (left). Reproduced with permis-
sion.[122] Copyright 2010, AIP Publishing. Prototype of 2D position sensor using red shifting as the detection mechanism (right). Reproduced under the 
terms of CC BY 4.0 License.[123] Copyright 2019, SPIE.

Figure 15. a) Absorbance of the switchable LSC cell containing two 
dyes demonstrating dual thermal and electrical responsive behavior.  
b) Heating locally with a soldering iron shows the device can function as 
a writeable LSC. c) A cell with a different noncrystallizing dye. At RT (left), 
only the 436 nm emission is visible; after heating to 80 °C, a pink emis-
sion is evident as the first dye dissolves. Reproduced with permission.[130] 
Copyright 2018 Wiley.
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as driving chemical reactions or acting as self-powered position 
sensors. These authors are particularly interested in the possi-
bility of upconversion-based LSCs, may perhaps use a two-stage 
approach of first collecting mid-range wavelengths which con-
vert to longer wavelengths, concentrating this emission light, 
and using this light to upconvert to higher energy at reasonable 
efficiencies without lens systems.

We hope this review will inspire researchers working in var-
ious fields that deal with light, lighting design or manipulation 
of light to use the LSC to perform science that they may not 
have initially considered. Likewise, by stimulating researchers 
working on luminescent species, improved performance of the 
devices can be realized which could make them viable candi-
dates for commercialization in many different areas.
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