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Abstract
The advent of quantum dots (QDs) enables us to reshape the incident light spectrum through absorption and re-emission. By 
exploiting the distinctive optical properties of QDs, a diverse array of optoelectronic devices that integrate QDs, including 
light-emitting diodes, solar cells, optical filters, and other applications, have gained widespread acceptance. Among promising 
applications for energy generation, luminescent solar concentrators (LSCs) exhibit remarkable potential, where QDs absorb 
incident solar light and re-emit it through QDs waveguides to edge-mounted solar cells. The substantial Stokes shift of QDs 
effectively mitigates addressed issues related to reabsorption, and the utilization of solution-processed QDs facilitates the 
development of low-cost LSCs. Consequently, considerable research efforts have been directed toward the development of 
QD-based LSCs, aiming to harness solar light more efficiently at reduced costs. This review systematically examines the 
potential of QD-based LSCs as a future energy solution and optical devices. It delves into the operating principles, theoreti-
cally attainable energy, materials, and optical structure developments, as well as potential applications of LSCs. Addition-
ally, the review discusses challenges associated with QD–LSCs and outlines future research directions. We believe that this 
comprehensive review provides insights into the current status and prospects of LSCs employing QDs, serving as a valuable 
resource for researchers and professionals in the field.
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Introduction

Colloidal quantum dots (QDs) are soluble semiconduct-
ing nanocrystals with sizes on the nanometer scale. The 
control over materials, annealing time, and concentration 
precursor enables the customization of QD size and shape 
[1–4]. The optical and electrical properties of QDs are eas-
ily tuned by controlling their size and shape, owing to their 
strong quantum confinement effect. Additionally, ligand 
exchange of QDs can modify the energy level to a desirable 
value [5]. Consequently, the attainable advantages of QDs 
lie in their ability to tune energy levels through synthesis 
processes and materials, making them a strong candidate 
for optoelectronic devices, which are extremely challeng-
ing to obtain through bulk materials. The unique optical 

and electrical properties of QDs broaden their applications, 
spanning from light-emitting diodes (LEDs) [6–9], solar 
energy-harvesting [10], field-effect transistors [11], medi-
cal imaging [12], optical filters [13], and lasers [14]. The 
QD-enhanced LEDs have successfully entered the market 
and are competing with other technologies in the high-end 
display sector [15–17]. As QDs have entered the market, 
there has been a significant reduction in fabrication costs 
and upscaling of the synthesis procedure. While other pos-
sible applications have been developed at the lab scale, they 
face challenges in commercialization [18]. The develop-
ment of the roll-to-roll and coating processes has decreased 
the energy consumption and costs associated with QD film 
casting on various substrates [19]. Furthermore, the lowered 
process temperatures have expanded the range of possible 
substrates from rigid glass substrates to flexible polymer 
films [20]. Furthermore, the introduction of inkjet printing 
technology to QDs allows patterns of different kinds of lay-
ers on desirable areas [21, 22], enabling the manufacture of 
complex electronic devices through low-temperature pro-
cesses using soluble QDs. With advances in the synthesis 
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and manufacturing of QDs, the realization of low-cost but 
highly efficient optoelectronic devices incorporating QDs is 
becoming increasingly feasible.

Among the many advantages of QDs, their large Stokes 
shift is a highly desirable feature for leveraging down-
shifting layers in optoelectronic devices [23–26]. The 
quantum confinement effect, arising from confining charge 
carriers within the small dimensions of QDs, leads to 
discrete energy levels. The energy levels associated with 
absorption and emission are influenced differently by the 
quantum confinement effect, resulting in a larger Stokes 
shift of QDs. Moreover, QDs with core/shell structures, 
composed of two different materials, minimize spectral 
overlap between absorption and emission [27, 28]. The outer 
shell with a wide band gap absorbs high-energy photons, 
while the core emits low-energy photons via internal energy 
transfer. Exploiting this unique optical property of QDs 
allows for reshaping the incident light spectrum, enabling 
applications such a. full-colored LEDs [4], colorful solar 
cells [23, 29], and biomarkers [12, 30] using QD films. 
The expansion of QD applications has reached a point to 
demonstrate an energy-generating window, which is called 
a luminescent solar concentrator (LSC) [31–33].

The LSC comprises a waveguide plate integrated with 
luminophores, which absorb incident solar light and re-
emit the light with low-energy photons. Given the excel-
lent down-shifting properties of QDs, they emerge as a 
strong candidate for luminophore in the LSC. Usually, 

solution-processed QDs are coated or integrated into a 
relatively simple substrate made of glass or plastic plates. 
This substrate aids in guiding the re-emitted photons 
toward the edge of glass or polymer slabs. Then, edge-
mounted photovoltaic cells (PVs) convert waveguided 
light into electricity [34]. LSCs can be directly connected 
to existing PVs without further modifications (Fig. 1(a)) 
[35]. Consequently, by concentrating weak light and 
reshaping the solar spectrum in the LSC, PVs equipped 
with LSCs can generate more energy compared to those 
without them. Moreover, the performance of LSC remains 
mostly independent of incident angles, enabling effective 
operation even under non-normal incident illumination. 
Introducing LSC technology to PV systems reduces the 
necessity for expensive tracking systems, thus promoting 
the realization of a cost-effective energy-harvesting sys-
tem. According to recent studies, the commercial viability 
of QD–LSCs hinges on their cost being half that of PVs 
over a lifetime. This affordability renders them suitable 
for energy-harvesting in densely populated urban areas as 
they allow visible light to pass without distortion [36]. 
Consequently, the QD–LSCs have found application in 
building integrated photovoltaics (BIPVs), converting 
building facades and windows into electricity generators 
(Fig. 1(b) and (c)) [37, 38]. They also facilitate energy-
harvesting in agriculture, such as in a greenhouse employ-
ing LSC [39], providing diverse opportunities for solar 
energy utilization.

Fig. 1   a Photograph of (a) LSC with PVs (Reprinted with permis-
sion [35]. Copyright 2015, Wile-VCH), b transparent LSC for win-
dow applications (Reprinted with permission [37], Copyright 2022, 
American Chemical Society), and c LSC-based energy-harvesting 
window for BIPV (Reprinted with permission [38], Copyright 2018, 

American Chemical Society). d The number of published papers 
related to LSC (Search for papers with title including “Quantum dot 
Luminescent solar concentrator” through the Google Scholar.) e The 
forecast of global luminescent solar concentrator market estimated by 
the Data Bridge Market Research in 2022
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The energy-harvesting potential of LSCs through 
transparent substrates has motivated many research groups 
to study them for more than four decades [40–43]. The 
sudden surge in fuel prices and the heightened awareness 
of renewable energy have brought considerable attention 
to LSC research. LSC became technologically feasible in 
line with advancements in luminophores and PVs in 2000. 
Particularly, the emergence of QDs providing redshift 
emissions has sparked renewed interest in LSC research. 
There has been a notable increase in research interest, 
leading to a substantial growth in studies on LSC, as shown 
in Fig.  1(d). Since 2020, more than 1,000 papers have 
been consistently published annually, driving significant 
progress in the performance of LSCs and related materials. 
It is expected that more papers related with QD-based 
LSC will be published, which might lead to progress of 
its performance and stability. Current research endeavors 
are focused on achieving economically viable QD–LSC by 
enhancing power conversion efficiency and promoting low-
cost, environmentally friendly materials. According to the 
market trend reports from the Data Bridge Market Research, 
a compound annual growth rate (CAGR) of LSC-related 
market will be 29.2% between 2021 and 2029. The report 
projected that LSC-related markets, such as materials, light-
weighted solar cells, and building energy management, will 
expand rapidly and reach over 29.2 billion USD in 2029, as 
displayed in Fig. 1(e). The development of luminophores, 
optical structures, energy management systems, and solar 
cells will drive the commercialization of LSC.

Given the progress in QD–LSC technology, it is valuable 
to assess the current state and possible applications of 
QD–LSC technologies for future research endeavors. This 
review aims to delve into the recent progress in QD–LSCs. 
First, the working principle of QD–LSCs is elucidated to 
understand how it works. Subsequently, we discuss the 
theoretically achievable energy output through QD–LSCs. 
Moreover, we review the progress in luminophores and 
optical structures for efficient QD–LSCs. Finally, we discuss 
possible applications for LSC, including BIPV, optical 
communication, and agriculture.

Operating Mechanism of LSCs 
and Theoretically Attainable Energy

In Fig. 2(a), the operating and loss mechanisms of LSC are 
depicted. The primary function of LSCs is to absorb inci-
dent light and transfer re-emitted photons to edge-mounted 
PVs. Photons reaching the PV and contributing to electricity 
generation are denoted as (2c) in Fig. 1(a). In an ideal LSC, 
luminophores would absorb all incident photons, and the 
re-emitted light waveguides into the PVs without any opti-
cal losses due to internal reflection caused by differences 

in refractive indices between the air and LSC layer. How-
ever, losses inevitably occur due to reflection, re-absorption, 
imperfect luminophores, and poor out-coupling efficiency. 
Understanding these mechanisms is crucial for optimiz-
ing LSC performance. This chapter analyzes the operating 
mechanism of LSCs and their theoretical limits resulting 
from the loss.

A portion of the incident solar radiation (~ 4%) is 
reflected at the top surface of the LSC due to the refractive 
index mismatch between air and the LSC layer (marked as 
(1c) in Fig. 2(a)) [44]. Some of the incident light passes 
the LSC without being absorbed by the luminophores (1a). 
These reflected and unabsorbed photons cannot contribute 
to the energy generation of LSC. The luminescent layer 
absorbs other incident light (1b in Fig. 2a), characterized 
by a bandgap larger than that of luminophores. Upon 
absorption, the absorbed light is re-emitted to a longer 
wavelength, propagating through the waveguide media, 
and ultimately converted into electricity at integrated PVs 
(2c). However, due to the photoluminescence quantum yield 
(ηPLQY) of the luminophore not being unity, a portion of 
the absorbed photons is lost (2a). Typically, the refractive 
index of the LSC plate (nLSC = 1.5–1.8) is higher than that 
of air (nair = 1), ensuring that most re-emitted photons 
reaching the surface are reflected and proceed toward the 
PVs. In the case of the glass-air interface, the critical angle, 
an angle of incidence transmitted without reflection, is 42° 
(= sin−1 (nair/nLSC) = sin−1 (1/1.5)). Therefore, light with 
an incident angle > 42° remains confined within the flat 
LSC and continues to travel to the PVs due to total internal 
reflection. At the flat slab of LSC, the trapping efficiency 
(ηtrap) of re-emitted light accounts for ~ 75% of incident 
photons, considering the solid angle subtended by the total 
internal reflection cone [45], while ~ 25% of incident photons 
escape from the LSC (2b) without undergoing conversion 
into electricity. During the path to the PVs, multiple 
instances of total internal reflection occur, which contributes 
to trapping the photons within the LSC. However, not all 
entrapped photons are harnessed at the edge-mounted 
PVs due to reabsorption losses. The overlap between the 
absorption and emission spectra of luminophores leads to 
the re-absorption of re-emitted light, resulting in additional 
losses in the LSC. As previously mentioned, the unavoidable 
loss of re-absorbed photons, due to the non-unity ηPLQY of 
luminophores, is a significant factor (3a). Furthermore, the 
trajectory of re-emitted light changes after the re-absorption 
and re-emission process, thereby increasing the likelihood 
of escaping from the LSC (3b). To achieve highly efficient 
LSCs, it is imperative to enhance the proportion of 
waveguided photons reaching the PVs while simultaneously 
mitigating losses arising from unabsorbed, re-absorbed, 
and escaped photons. Consequently, selecting the optimal 
area for maximizing efficiency and economic viability is 
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essential, along with exploring methods to reduce photon 
escape and reabsorption losses. Most recent studies focus on 
developing highly efficient LSCs by reducing these losses.

Despite the recent progress, the concentration of LSC 
(C) does not increase proportionally to its geometrical gain 
(G), which is defined as the ratio of the front collection 
area of the LSC (ALSC) to the edge and area of the PVs 
(APV), and saturates at a specific value. Previous works 
indicated that the C of LSC increases proportionally to 
the G when the size of LSC is small. However, beyond a 
certain length, photon loss during waveguiding increased 
due to an increased likelihood of re-absorption and escape. 

Consequently, the theoretically and empirically attainable 
C plateaued at certain values [46]. The introduction of 
an optimized configuration of LSC and selective reflector 
might increase the C of LSC, but the saturation of C was 
also observed in the LSC having different dimensions [47] 
and selective reflectors [48].

The theoretical analysis indicates that the performance 
of LSCs is constrained by the loss from re-absorption 
and poor ηtrap [49–51]. Typically, the power conversion 
efficiency of PVs attached to LSC (ηLSC,PV) is defined as 
follows:

Fig. 2   a Working principle and loss mechanism of the LSC. b Theo-
retically calculated relative C of a PV cell (width of 2 cm) as a func-
tion of the length of the LSC. Here, the normal incident light irradi-
ates the front side of LSC, where the PV is located in the middle of 
LSC (Reproduced with permission [46], Copyright 2013, AIP pub-
lishing), c C of the LSC with different types of masking and cut-to-
size techniques. While the enlarged LSC area leads to higher C, the C 
is saturated in all cases regardless of the shape of the LSC. (Reprinted 

with permission [47], Copyright 2013, Elsevier) d C of LSC envel-
oped by specular (blue) and diffusive reflector (green), compared to 
without a reflector (black). Additional improvement is achieved by 
incorporating a selective reflector at the front side of LSC (red). How-
ever, the C is also saturated despite the introduction of reflectors to 
the LSC (Reprinted with permission [48], Copyright 2018, American 
Chemical Society.)
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where ηpv represents the efficiency of the PVs, while ηopt 
signifies the overall optical efficiency of the LSC, indicating 
the ratio between incident photons to waveguided photons 
reaching the PVs. Consider an LSC with dimensions (width: 
W, Length: L, and thickness: d) depicted in Fig. 3(a), the C 
of the LSC, calculated as the ratio between total incident 
photon flux in the front (Φ1) and at the edge of the LSC (Φ′2, 
Φ″2), is determined as the product of ηopt and G

Assuming ηopt remains constant regardless of the LSC 
dimension, the C will increase proportionally to G. However, 
beyond a certain value, further enhancement of C becomes 
unfeasible, due to the negative correlation between ηopt and 
G as shown in Fig. 2.

(1)ηLSC,PV = ηPV × ηopt
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As ηopt encompasses all optical losses, including photon 
annihilation during re-emission, scattering, and re-absorp-
tion within the luminophores, as well as reflection, transmis-
sion, and other optical losses, it can be expressed as follows:

Here, the R represents reflection at the waveguide 
surface. ηtrap denotes the likelihood of being trapped within 
the LSC by internal total reflection, approximately ~ 0.75. 
Moreover, ηabs signifies the efficiency of light absorption 
of the luminophore, calculated as ηabs = (1 − e−�(λ)d)) , where 
α(λ) represent the absorption coefficient of luminophores at 
the wavelength of λ. Lastly, ηRA represents the efficiency 
of re-absorption due to inherent multiple reabsorptions and 
re-emissions during the waveguide to PVs. Optimal ηRA is 
attained when the luminophore’s absorption coefficient α1 at 
the wavelength of incident light (λ1) is substantially higher 
than the absorption coefficient α2 at the emission center 
wavelength of re-emission (λ2) (Fig. 3(b)). As ηRA negatively 
correlates with the G (= L/d), ηRA is expressed as follows:

(3)ηopt = (1 − R) × ηtrap×ηabs × ηPLQY × ηRA

Fig. 3   a A schematic of LSC. A portion of the incident flux (Φ1) 
impinges the front surface (ALSC) of the LSC. Some of the pho-
tons are absorbed by the luminophores and re-emitted toward 
edge-mounted PVs (output flux of Φ′2 and Φ″2), b Absorption and 
emission spectra of luminophore. The α1 and α2 are the absorption 
coefficients of luminophores at the absorption and re-emission peak 
wavelengths, respectively. Sample 1 (green) shows a higher α2 com-

pared to sample 2 (red). c The relationship between LSC length and 
C with luminophores having different QLSCs. (Reprinted with permis-
sion [50], Copyright 2016, American Chemical Society) (d) Exter-
nal quantum efficiency of LSC as a function of sunlight absorptance 
under outdoor conditions (Reprinted with permission [49], Copyright 
2022, American Chemical Society.)
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where the correction factor for optical loss is denoted by 
β. For planar LSC, the C of LSC with a structure shown in 
Fig. 3(a) is defined as follows:

Here, < α1 > and < α2 > denote the average absorption 
coefficients across the absorption and emission spectrum 
of luminophore, respectively. Equation  (5) reveals the 
trade-off relationship between G (= L/d) and ηopt caused by 
re-absorption losses. As a result, the theoretically attainable 
maximum ηopt from 1000 cm2-sized LSC is below 10% 
[52]. Similar results, significant reduction of ηopt, have been 
reported in large-sized LSC (> 300 cm2) [53–56].

To overcome the trade-off relationship between G and 
ηopt, three strategies have been suggested. According to 
Eq. (5), an ideal luminophore should possess a high ηPLQY 
to re-emit the light with small losses and a high < α1 > to 
effectively absorb incident light. Additionally, a low < α2 > , 
indicating minimal overlap between the absorption and 
emission spectrum of luminophore, is essential. As shown 
in Fig. 3(c), the quality factor (QLSC), defined as the ratio 
between < α1 > and < α2 > , plays a vital role in limiting the 
attainable C in the LSC [50, 57, 58]. Furthermore, opti-
mizing the luminophore concentration is necessary due to 
a trade-off relationship between < α1 > and < α2 > , theo-
retical simulation based on Eq. (5) and validated through 
experiment (See Fig. 3(d)) [49, 59]. Lastly, a high ηtrap 
enhances the C by entrapping re-emitted photons within the 
LSC. Considering these factors that limit the performance 
of LSCs, the most of research has focused on developing 

(4)�RA ≈ 1
/(

1 + �2�L
(

1 − �trap�PLQY
))

(5)

C = 𝜂opt × G = (1 − R)

(

1 − e−<𝛼1>d
)

𝜂trap𝜂PLQY

1+ < 𝛼2 > 𝛽L
(

1 − 𝜂trap𝜂PLQY
)g

reabsorption-free luminophores with high ηPLQY and 
improving ηtrap. The detailed progress in each aspect will be 
discussed next chapters.

Development Of Luminophore for Efficient 
LSC

As properties of the luminophore influence the absorption 
of incident light, re-emission efficiency, and re-absorption 
in the LSC, the development of luminophore contributes 
to unlocking the full potential of LSCs. The stoke shift of 
representative luminophores and efficiency of LSC with 
them are summarized in the Table 1. In the initial stages 
of LSC development, most luminophores were organic 
dyes, whose advantages included an easy synthesis process 
using earth-abundant materials. Among many suggested 
organic materials, perylene-based organic dye (Fig. 4(a)), 
Lumogen F Red305 (BASF), emerges as a highly prom-
ising candidate for LSC due to its high ηPLQY and <α1> 
[66–68]. An LSC incorporating Lumogen F Red 305 and 
GaAs solar cell achieved an ηLSC,PV of 7.1%, showing the 
possibility of large-sized LSC ( 5 ×5 cm2) [69]. Neverthe-
less, the extensive overlap between emission and absorption 
spectra in organic dyes limits the performance and size of 
LSC due to increased re-absorption losses. Hence, recent 
research endeavors focused on energy transfer within organic 
molecules to expand the Stokes shift. X. Li et al proposed 
aggregation-induced emission molecules, whose ηPLQY is 
close to unity, and Stokes shift reaches 0.59 eV [37]. The 
incorporation of aggregation-induced emission molecules 
suppressed reabsorption losses, enabling the enlargement 
of LSC dimensions. They achieved an ηLSC,PV of 1.4% in a 
100 cm2-sized LSC with a visible transmittance reaching 
87%. Additionally, several research groups demonstrated 

Table 1   List of some of the representative luminophores, their stoke shift, LSC size, empirically achieved efficiency, and references

Luminophore Stoke shift (nm) Size (cm2) ηLSC,PV References

Organic molecules Red 305 38 nm 25 7.1% [69]
aggregation-induced molecules (TPA-BT) 129 nm 100 1.4% (Transparent) [37]
aggregation-induced molecules (PFPBNT) 120 nm 1600 3.5% [70]

Quantum dot CdSe/CdS  > 120 nm  > 20 cm (1 axis) 10.2% (ηOPT) [74]
Mn2+−doped ZnSe/ZnS  > 150 nm 20 37% (ηOPT) [62]
InP/ZnSe  ~ 200 nm 25 2% [63]
CuInS2/ZnS  > 150 nm 4.84 8.7% [103]

232 3.6% [104]
Ag(In,Ga)S2/AgGaS2  ~ 50 nm 50 9.4% (ηOPT) [107]
Si 150 nm 144 2.8% [115]
Carbon dot 98 nm 100 2.7% [118]
Perovskite QDs (HA2MAn−1PbnBr3n+1) 50 nm 100 26% (ηOPT) 0.87% [121]
Perovskite QDs (Cs4PbBr6) 196 nm 100 2.7% [113]
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highly efficient LSCs by integrating aggregation-induced 
fluorinated emitters, benzothiadiazole, and benzothiophene 
derivatives with Stokes shift exceeding 0.5 eV [70–72]. 
Suppressing re-absorption losses in large LSCs (1,600 cm2) 
yielded an ηLSC,PV exceeding 3%, showing the possibility 
of scaling up of LSCs with organic luminophores. Con-
sidering lifetime of window or building envelope, the LSC 
should withstand harsh outdoor conditions at least 10 years. 
However, poor photo and thermal stability of organic-based 
luminophore is a key challenge for the commercialization of 
LSC with them. The selection of suitable host material for 
protecting organic luminophores from heat and UV light will 
be a solution for them [37].

As validated in the LSC with organic luminophores and 
theoretical calculation, the Stokes shift plays an important 
role in determining the maximum achievable ηLSC,PV of 
LSC. In comparison to other luminophores, the core/shell 
QDs maximize the Stokes shift by employing different 
materials for the core and shell, respectively. Consequently, 
the core/shell QD-based LSCs have been intensively studied 
to tackle re-absorption challenges (Fig.  4(b)). Initially 
proposed as a promising luminophore candidate for LSCs 
in early 2010 [31, 61, 73–75], core/shell QDs possess the 
capability to disperse into a polymer matrix with chemical 
robustness, thereby mitigating luminescent quenching due 
to radicals or photooxidation [31]. Furthermore, the thick 
shell of QDs impedes exciton energy transfer between QDs 
and the polymer layer, leading to reduced luminescence 

quenching [76, 77]. The reduced re-absorption coupled with 
the maintenance of high ηPLQY in core/shell QDs allowed 
us to demonstrate the large-sized LSCs. F. Meinardi et al. 
proposed Stokes shift-engineered CdSe/CdS QDs to enable 
highly efficient LSCs with minimized reabsorption losses. 
Featuring a giant CdS shell, ~ 50 times larger than the core, 
these QDs absorb blue and green light, while the CdSe 
core emits red light (with a peak wavelength of 640 nm), 
as depicted in Fig. 4(e) [74]. The reduced overlap between 
absorption and emission spectra allowed them to scale up 
the size of the LSC up to 20 cm and achieve a C of 4.4. 
The result indicates the significant potential of Stokes shift-
engineered QDs for large-area LSCs. Furthermore, system-
atic research has revealed that increasing the shell thickness 
results in a consistent reduction in reabsorption. In CdSe/
CdS QDs, the QDs with a thick shell, comprising approxi-
mately 14 monolayers of CdS, exhibited a 45-fold decrease 
in re-absorption losses compared to QDs with only a CdSe 
core. Additionally, an improved synthesis method main-
tained an ηPLQY of 86% in solution, even for QDs with the 
thickest shell. Monte Carlo simulations have identified that 
reabsorption-free LSCs can be achieved using these giant 
core/shell QDs [61].

Expanding the Stokes shift of luminophores involves 
doping heavy metals into QDs (Fig. 4(c) and (e)). In metal-
doped QDs, their emission spectrum experiences a red 
shift due to the intra-gap states of dopant ions compared to 
those of undoped ones [78–81]. Conversely, the absorption 

Fig. 4   Representative lumino-
phores for LSC: a perylene-
based organic dye (Lumogen 
Red 305, Reprinted with per-
mission [60], Copyright 2018, 
Wiley–VCH), b CdSe/CdS core/
shell QDs (Reprinted with per-
mission [61], Copyright 2016, 
American Chemical Society), 
c heavy metal (Mn2+)-doped 
ZnSe QDs (Reprinted with 
permission [62], Copyright 
2014, American Chemical 
Society), d eco-friendly InP/
ZnS QDs (Reprinted with per-
mission [63], Copyright 2023, 
American Chemical Society) 
and d surface-modified carbon 
dot (Reprinted with permis-
sion [64], Copyright 2017, 
Elsevier). e absorption (green) 
and emission (green) spectrum 
of representative luminophores 
(Reprinted with permission 
[65], Copyright 2023, Elsevier.)
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characteristics of the shell remain unchanged, thereby con-
tributing to an expanded Stokes shift. Transition-metal ions, 
such as Mn [82, 83] and Cu [84, 85] ions, are often used as 
dopants to induce red shifting of emission spectra in QDs. 
Consequently, metal-doped QDs have been integrated into 
LSCs as luminophores. For instance, Mn2+-doped ZnSe/
ZnS QDs selectively absorb UV and blue light, while emit-
ting yellow and orange light through the inter-gap state 
of ZnSe by doping Mn2+(Fig. 4(c)). With the expanded 
Stokes shift of Mn2+-doped ZnSe/ZnS QDs suppressing 
the reabsorption of emitted photons, the C of 15.6 and ηopt 
of 37% were achieved in a large-sized LSC (dimension of 
25 × 75 × 0.42 mm) [62]. Moreover, by confining the absorp-
tion spectrum from UV to deep blue, the proposed LSC 
emerges as a strong candidate for replacing conventional 
windows with energy-harvesting ones. In another study, 
doping Cu into CdSe colloidal quantum wells (CQWs) not 
only expanded the Stokes shift by tuning defect-induced 
luminescent emissions but also achieved a near-unity ηPLQY 
(~ 97%) [85]. Furthermore, Cu doping resulted in increased 
absorption cross sections and inherently stepped absorption 
profiles, both of which are advantageous for LSCs. Leverag-
ing these outstanding characteristics, doped CQWs proved 
to be excellent candidates for LSCs.

Despite the excellent optical properties of Cd-containing 
QDs for LSC, they are hindered by environmental concerns 
stemming from the toxicity of Cd and limited absorption 
resulting from a wide band gap. As small amount of Cd 
leaching from QDs is very critical to human body, the 
Cd-based QD is reluctant to use as an energy-generating 
window. In addition, the exposure of Cd-based QDs to living 
animals and plants results in increased concentration of Cd in 
their body [86]. Consequently, emerging binary, eco-benign 
QDs have garnered significant attention for their excellent 
optical properties. For example, Ag2S [87], Ag2Se [88], CuS 
[89], CuSe [90], and InP [26, 63, 91] exhibit their potential 
in practical QD-based optoelectronic devices and imaging 
systems. Altering the stoichiometry of QDs and introducing 
an additional shell layer to eliminate residual precursors or 
defect sites have significantly enhanced ηPLQY of binary QDs 
[92–94]. However, LSCs with core/shell InP/ZnS exhibited 
low ηopt, primarily attributed to a strong overlap between 
emission and absorption spectra [95]. Furthermore, oxide 
and defect sites present on the InP core during its synthesis 
serve as annihilation centers of photogenerated excitons, 
which decrease ηPLQY. These challenges can be mitigated 
by incorporating a thicker shell layer with precursor control 
during QD growth. The increased thickness of the ZnS shell 
layer maximizes Stokes shift by separating the absorption 
of incident light through the thick shell and the emission 
of absorbed photons via effective energy transfer [63]. 
Additionally, the elimination of oxides on the InP core 
surface prior to shell growth has been demonstrated to 

enhance the ηPLQY of pyramidal InP/ZnSe QDs, as shown 
in Fig. 4(d). Moreover, the introduction of ZnO shell [26], 
doping organic molecule (rhodamine 101) [96], and heavy 
metal (Cu) [91] to InP QDs pave the way to increase the 
Stokes shift, thereby contributing to suppressing parasitic 
absorption issues in LSCs with InP QDs. Furthermore, the 
engineering of precursors or additional buffer layers (ZnS) 
aids in eliminating defect states, thus boosting ηPLQY [92, 
97]. Furthermore, through ligand exchange, the dispersion 
of InP/ZnS QDs in a polymer layer is achieved, thereby 
reducing aggregation [95]. While the efficiency of InP/
ZnSe-based LSC remains relatively low efficiency and 
complicated synthesis process compared to the CdSe-based 
QDs at present, its environmentally friendly feature makes it 
a strong candidate for LSC luminophores. Besides, the rapid 
growth of the InP QDs market within the display industry 
is driving efforts to further reduce the fabrication costs of 
LSCs using these materials [98, 99].

Ternary QDs, including CuInS2 (CIS), CuInSe2 (CISe), 
and their alloys (CuInSexS2−x), represent another group 
of non-toxic luminophores with large Stokes shifts. 
Unlike III–V and II–VI QDs, ternary QDs exhibit a much 
larger Stokes shift owing to their inter-energy state [100]. 
Consequently, ternary QDs do not require core/shell 
heterostructures, making them ideal for mass production 
through high-throughput solution-phase synthesis using 
inexpensive precursors without involving heavy metals 
[101]. These ternary QDs exhibit significant absorption 
cross sections, tunable spectra, and absorption spectra 
with nearly featureless profiles extending over the entire 
visible range, rendering them well-suited for harvesting 
solar radiation [102]. Additionally, the emission spectrum 
of ternary QDs aligns with the bandgap of widely used 
crystalline Si PVs (near IR region). Utilizing colorless and 
reabsorption-free CIS QD-based LSC meets the criteria for 
window applications, demonstrating high ηPLQY (> 90%) and 
ηopt. One of the most outstanding performances was achieved 
with CuInS2/ZnS core/shell QDs with a ηPLQY of ~ 81% and 
a Stokes shift of over 150 nm, resulting in a ηLSC,PV of 8.7% 
when integrated with c-Si PV [103]. At the large-sized LSC 
(152.4 × 152.4 mm) with optimized CuInS2/ZnS QDs and 
optical structure, ηLSC,PV of 3.6% was achieved, exhibiting 
economically viability of LSC [104]. Another proposed 
approach involves replacing Cu with Ag for highly efficient 
LSCs [59]. QDs composed of silver indium gallium sulfide 
(Ag(In, Ga)S2) have garnered increasing attention due to 
their narrow emission bandwidth and high absorption cross 
section [105, 106]. However, their relatively poor ηPLQY 
hampers their potential application in optoelectronic devices. 
Incorporating an AgGaS2 shell layer onto Ag(In, Ga)S2 QDs 
significantly enhances their ηPLQY, nearly achieving unity 
[107]. This enhancement renders them directly applicable 
in practical settings, such as displays and LSCs. Utilizing 
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Ag(In, Ga)S2/AgGaS2 core/shell QDs in LSCs successfully 
demonstrated higher efficiency (ηopt of 9.4%) while 
reducing the amount of luminophores. Due to the reduced 
concentration of luminophores and minimized re-absorption 
losses, cost-effective and large-sized LSCs can be achieved 
using Ag(In, Ga)S2/AgGaS2 core/shell QDs.

However, the ηPLQY of previously suggested QDs, 
including Cd-based, non-Cd-based, binary, and ternary 
QDs, reduces significantly at polymer matrix, posing a major 
challenge commercialization of LSC. While the state-of-the-
art ηPLQY of QD is nearly unity in the solution, a reduction 
in ηPLQY is inevitable in polymer matrices due to their poor 
surface passivation and aggregation [108]. Proper selection 
of host matrix materials and effective QD dispersion 
methods are essential to unlocking their full potential as 
luminophores for LSCs. Additionally, the lack of long-term 
stability testing for QD-based LSCs raises concerns about 
their feasibility. Introducing an additional silica shell to 
protect QDs from UV radiation and humidity has provided 
stable LSC performance under heat and UV exposure 
[109]. Finally, methods to produce a thin luminophore film 
within the waveguide matrix, such as spray and bar-coating 
techniques, are required. Overcoming these issues is crucial 
for improving the efficiency, stability, and installation 
methods of QD-based LSCs.

Lastly, earth-abundant Si, carbon [110, 111], and 
perovskite QDs [112–114] have the potential to reshape the 
spectrum of incident light and direct it toward edge-mounted 
PVs. These materials are biocompatible and environmentally 
benign, offering an alternative to toxic luminophores. 
Si QDs, characterized by an indirect band gap, exhibit 
a significant Stokes shift and long-lived luminescence 
(hundreds of microseconds). The reduced re-absorption 
losses associated with Si QDs enable the attainment of 
ηopt of 2.8% in LSCs when employing a thick waveguide 
plate and a thin film of Si QDs, which are comparable to 
other green-colored QDs [115]. However, their drawback 
lies in a reduced ηPLQY (below 50%), attributed to the 
activation of the additional non-radiative pathways and 
surface oxidation. Furthermore, scattering effects due to 
the high refractive index of Si QD must be addressed. To 
address these challenges, Si QDs were incorporated into 
poly(methyl methacrylate) nano-composites, which curtails 
QD aggregation in active LSC films, thereby mitigating non-
radiative effects and scattering [116]. Meanwhile, carbon 
QDs are easily processed organic colloidal nanocrystals 
from inexpensive precursors, which is advantage for mass 
production with reduced cost. Although carbon dots are 
often categorized as QDs, their properties lie between 
organic dyes and other inorganic QDs, rendering them an 
appealing alternative expected to overcome significant 
luminophore concerns, such as toxicity and stability [64]. 
Their rich surface groups (such as amino, carboxyl, and 

hydroxyl groups) render them more soluble in various 
non-toxic solvents, including water, thus suitable for the 
development of eco-friendly LSCs. Like other QDs, they 
also exhibit tunable optical properties and high ηPLQY [117]. 
The ηLSC,PV of 3.0% was successfully achieved in the LSC 
(25 cm2) with produced via the space-confined vacuum-
heating approach [118]. However, a drawback of carbon 
QDs is their relatively small Stokes shift, which limits the 
efficiency of LSCs due to re-absorption losses (see Fig. 4(e)) 
[118]. As a result, the significant drop of ηLSC,PV (2.2%) was 
observed in the large-sized LSC (225 cm2) with carbon dot. 
Moreover, carbon dot shows relative poor stability under UV 
light. As the role of LSC is to down-shifting incident light, 
containing UV and blue light, the photostability of carbon 
dot should be overcome for acting as luminophores in LSCs. 
Similar to carbon QDs, perovskite QDs can be synthesized 
using earth-abundant precursors at low temperatures. The 
large Stokes shift observed in heavy metal-doped perovskite 
QDs allows for the development of re-absorption-free LSCs, 
facilitating the enlargement of their size [57, 119, 120]. In 
addition, perovskite QDs absorb a broad range of solar 
spectrum, contributing to increased ηLSC,PV. As the different 
optical properties of perovskite QDs are easily achieved 
by modifying the chemical formula, perovskite QDs are 
considered as ideal luminophore for LSC. The absorption 
and emission spectrum of perovskite QDs can be tailored 
for specific photovoltaic cells, which can maximize the 
efficiency of LSC [113, 121]. However, their poor stability 
against humidity, oxygen, and light irradiation impedes 
their widespread use as luminophores in LSCs [122, 123]. 
Especially, the poor performance of perovskite QDs under 
UV and blue light has been criticized [124, 125]. Moreover, 
relative poor ηPLQY of perovskite QDs at polymer matrix 
should be overcame [113, 122, 123]. If these drawbacks are 
addressed, these alternative QDs stand to gain a competitive 
advantage as luminophores.

Device Structure Engineering for Efficient 
QD‑Based LSC

Intensive efforts in device structure engineering have been 
undertaken to fully harness the potential of luminophores in 
the LSCs, leading to improved performance. Reabsorption 
losses can significantly reduce ηopt. One effective method for 
mitigating reabsorption losses involves enlarging the Stokes 
shift by incorporating Förster resonance energy transfer 
(FRET) between two different luminophores, as shown in 
Fig. 5(a) [126, 133, 134]. In FRET systems, donor lumino-
phores absorb incident light and transfer energy to an emit-
ter whose bandgap is smaller than that of the donor. When 
the concentration of donors is significantly higher than that 
of emitters, the overall absorption spectrum of the LSC is 
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primarily determined by donor characteristics. Conversely, 
the emission spectrum of the FRET system originates from 
the emitter, leading to an enhanced effective Stokes shift. 
To facilitate effective energy transfer between donor and 
emitter, proximity between them is essential. As a result, 
the FRET system primarily comprises organic luminophores 
(emitter) attached to the surface of inorganic QDs (donor). 
A luminophore-assisted LSC based on FRET was demon-
strated on a flat plastic substrate by applying a dye blend film 
using doctor-blading. Here, the organic heteropentacyclic 
compound Alexa Fluor 546 was used as an emitter, receiving 
energy from CdSe(core)–ZnS(shell) QDs. The ray-tracing 
simulation indicated that embedding FRET-based lumino-
phores in the LSC achieves a maximum ηopt of 75.1%. This 
efficiency is 215.5% higher than that of an LSC with only 
QDs [135].

Another possible energy transfer mechanism for enhanc-
ing the performance of LSCs is up-conversion [127, 136, 
137]. A primary challenge with conventional luminophores 
is their limited absorption spectrum, leading to compara-
tively weak light harvesting compared to direct PVs. Com-
bining a down-shifting luminophore with an up-conversion 
molecule can broaden the spectral range for sunlight har-
vesting. Specifically, up-conversion molecules facilitate the 

conversion of penetrating low-energy photons to ones with 
higher energy that can be converted into electricity. Integrat-
ing up-converters with QDs enabled the development of a 
dual-band LSC, as shown in Fig. 5(b) [51]. Incorporating 
up-conversion into a dual-band harvesting LSC, which con-
sists of down- and up-converting materials for luminophores 
integrated with perovskite PV cells, yielded an average vis-
ible transmittance of 82% and an ηLSC,PV of 7.53%. Addi-
tionally, the up-conversion of unharvested photons through 
nitrogen-doped graphene QDs enhanced LSC efficiency 
[136]. If up-conversion efficiency is improved, the improved 
efficiency of LSC will be achieved by extending the absorp-
tion spectra of luminphores. Thus, the combination of down- 
and up-converting molecules with luminophores contributes 
to improving ηLSC,PV by broadening the absorption spectrum.

Incorporating selective reflectors into LSC suppresses the 
optical loss. A significant factor limiting ηopt of large-sized 
LSCs is escape cone loss, primarily due to scattering and 
reabsorption. Applying a band-stop filter to the front side of 
the LSC can enhance efficiency. This filter reflects re-emit-
ted photons while transmitting photons in the range of the 
absorption spectrum of luminophore, thus reducing escaping 
photons and increasing ηLSC,PV, as shown in Fig. 5(c). The 
selective reflector demonstrates high transmittance in the 

Fig. 5   a Schematic of FRET in luminophore. The FRET helps mini-
mize the overlap between the absorption and emission spectrum. 
(Reprinted with permission [126], Copyright 2022, Wiley–VCH), 
b Dual-band LSC with down and up-conversion luminophores 
(Reprinted with permission [127], Copyright 2020, The Royal 
Society of Chemistry). c A band-stop filter for selective reflection 
enhances photon recycling by decreasing escaping photons in LSC 
(Reprinted with permission [128], Copyright 2016, American Chemi-
cal Society), d An LSC consists of luminophores embedded in a 
photonic crystal. (Reprinted with permission [129], Copyright 2012, 
Optical Society of America.), e Periodic rod and hole arrays–based 

photonic crystals made of hydrogenated amorphous silicon carbide 
for waveguiding re-emitted light from CdSe/CdS QDs. (Reprinted 
with permission [130], Copyright 2020, American Chemical Soci-
ety.), f Diagram of an LSC with patterned low-refractive-index 
medium for minimizing optical losses during the waveguiding. 
(Reprinted with permission [131], Copyright 2024, Springer Nature.), 
g Tandem-structured LSC composed of different layers mixed with 
two different luminophores: Mn2+−doped CdxZn1-xS QDs (top) and 
CIS QDs (bottom). (Reprinted with permission [132], Copyright 
2018, Springer Nature.)
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absorption spectrum of the luminophore while exhibiting 
extremely high reflectivity in its emission spectrum. Conse-
quently, this selective reflector enhances ηopt of the LSC by 
recycling re-emitted photons within the escape cone [128]. 
Distributed Bragg reflectors (DBRs), comprising a stack 
of multiple dielectric layers, stand out as one of the most 
widely used selective reflectors applied to the front side of 
LSC. The DBR permits light within the absorption band to 
pass through with minimal losses while reflecting re-emitted 
light. Consequently, a greater number of photons become 
trapped within the LSC, leading to an increased photon yield 
directed toward PVs. For instance, in an LSC, whose dimen-
sion is 50 × 100 × 5mm, the incorporation of a DBR onto its 
front side increased ηLSC,PV from 2.6% to 3.1% [138]. Addi-
tionally, surrounding the other edges of LSC with a perfect 
reflector enhances the waveguiding of re-emitted light. The 
combination of DBR and diffusive reflector resulted in a 
23% improvement in the ηopt of the LSC compared to one 
without DBR [128]. A similar outcome was observed in an 
LSC enclosed by a selective reflector on the front side and a 
specular reflector (metallic reflective film) on the backside 
and other edges, achieving a C exceeding 120 at the specific 
wavelength of the PL spectrum [48]. Notably, the specular 
reflector proved more efficient in reducing optical loss com-
pared to the diffusive reflector by maintaining the trajectory 
of re-emitted light during reflection. These approach allows 
us to keep ηopt in large-sized LSC, facilitating the scaling 
up of LSCs.

To achieve the ultimate C of LSCs, a photonic crystal 
was also applied to the LSC, as illustrated in Fig. 5(d). 
This configuration featured a photonic crystal integrated 
into the LSC, with luminophores located in the photonic 
crystal [139]. By confining the emitted light’s trajectory to 
the plane direction, the photonic crystal shortened the path 
of re-emitted light to PV cells, reducing the likelihood of 
re-absorption by other luminophores. Consequently, the ηopt 
was significantly enhanced in CdS/CdSe QD-based LSC 
enclosed by a stack of Si3N4 and SiO2. It showed a 40% 
increase in ηopt and a considerable reduction in reabsorption 
losses. Furthermore, the rod and the hole array–based 
photonic crystals, composed of hydrogenated amorphous 
silicon carbide, were integrated into the LSC with CdSe/CdS 
QDs, as depicted in Fig. 5(e). The 3D structured photonic 
crystal effectively recycled photons within the escape cone, 
leading to a light trapping efficiency of 92% and C of 100 
in the LSC [130].

While DBR and photonic crystals offer improved ηopt 
by recycling escaping photons, their fabrication process 
involves precise thickness control via vacuum deposition and 
a complicated lithography process. However, due to their 
high-cost fabrication methods, the feasible application area 
for DBR and photonic crystals remains limited. Moreover, 
these optical structures are not desirable for large-sized LSC 

due to the cost. Consequently, many research groups focused 
on replacing them with simple processed selective reflectors, 
with polymer dispersed liquid crystal (PDLC) being one of 
the alternative reflectors. PDLC consists of a mixture of 
liquid crystal and polymer layers, with its transmittance 
controlled by an applied voltage. Incorporating a PDLC-
based smart window into the LSC resulted in ηopt and 
ηLSC,PV values of 4.52% and 2.49%, respectively, which 
are 1.7 times higher than those achieved by LSCs without 
PDLC. With PDLC acting as an on–off switchable smart 
window, trapping escaping photons within the LSC, the LSC 
with PDLC holds promise as a candidate for zero-energy 
building windows by blocking unwanted solar irradiance 
and maximizing the efficiency of LSC [140]. Cholesteric 
liquid crystals (CLCs) integrated with graded-index 
reflectors also function as selective reflectors for LSCs. 
The reflection band of CLCs can be modified by adjusting 
the layer thickness, enabling selective reflection through 
thickness-controlled CLCs. Moreover, the graded refractive 
index facilitates the transfer of escaping photons to edge-
mounted PVs. By incorporating CLCs into LSCs, the ηopt 
of LSCs saw a 12% increase with a periodic CLS reflector 
[141]. Recently, there has been significant interest in light-
guiding media for LSCs due to their excellent waveguiding 
properties. Figure 5(f) illustrates QD-based LSCs featuring 
patterned low-refractive-index medium (PLRM), which 
offers non-decaying paths for re-emitted light. The PLRM 
comprises hollow silica nanoparticles, whose vacant inner 
pores contribute to a lower refractive index. Consequently, 
more re-emitted light is captured by the PVs, leading to 
reduced losses from escaping, scattering, and re-absorption. 
Hence, LSCs incorporating PLRM and reflectors achieved 
an ηLSC,PV of 7.6% for an LSC size of 100 cm2 [131]. The 
proposed selective reflectors and waveguiding structures 
enable the expansion of LSC size, a crucial step toward 
their potential use in window replacement. Further research 
about them will provide better waveguide efficiency with 
reduced cost.

Another strategy to maximize C of LSCs involves 
utilizing a tandem structure, composed of more than two 
waveguide plates doped with different luminophores. The 
narrow absorption spectrum of luminophore often restricts 
the ηLSC,PV of a single LSC. Consequently, many research 
groups are exploring the possibility of improvement in 
ηLSC,PV by applying additional emitters. As illustrated 
in Fig.  5(g), tandem-structured LSCs, comprising two 
different layers mixed with different luminophores, absorb 
a broad range of solar radiation using spatially separated 
luminophores. The top LSC covers high-energy photons, 
while the bottom LSC absorbs photons penetrating the top 
LSC. Besides, the re-absorption losses will be diminished 
by spatially separating luminophores [142]. K. Wu et al. 
utilized Mn2+−doped CdxZn1-xS QDs for the top layer of 
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tandem-structured LSC, with CIS QDs serving as secondary 
luminophores. The ηopt of tandem-structured LSC was 52% 
higher than that of a single LSC with only one luminophore 
[132]. Similar results were also obtained in a tandem LSC 
comprising red and green carbon dots. The combination 
of two different dots at tandem-structured LSC leads to a 
20% improvement in the ηLSC,PV, compared to a single LSC 
[143]. The tandem structure LSC with CsPb(ClxBr1-x)3 QDs 
and C-dot layer also demonstrated 27% improvement in 
ηLSC,PV [112]. Moreover, the tandem structure contributes 
to enhancing the stability of LSCs by reducing exposure 
to high-energy photons. G. Liu et al. proposed a tandem-
structured LSC incorporating CdSe/CdS QDs and carbon 
dots. By doping carbon dots into the top plate, they 
efficiently absorb high-energy photons, waveguiding them 
into the PVs. This lowers the probability of CdSe/CdS QDs 
located at the bottom plate being irradiated by UV light. 
Consequently, the long-term photostability of the LSC 
significantly improved. After 70 h of UV illumination, it 
retained 75% of the initial integrated PL intensity, which is 
1.8 times higher than that of LSCs without carbon dots. The 
result underscores the possibility of enhancing LSC stability 
of by introducing a tandem structure [144].

Expected Applications of QD–LSC

One of the most prominent and widely studied applications 
of LSCs is BIPV, serving as a key component for achieving 
zero-energy buildings. LSCs are exceptionally well-suited 
for BIPV because they can cover not only opaque but also 
transparent parts of buildings (e.g., windows, spandrels, and 
curtain walls) with a variety of colors. Given that the esti-
mated cost of triple-glazed ranges from 355 to 1035 €/m2, 
the additional expense for luminophore and LSC installation, 
which is between 250 and 350 €/m2, is considered affordable 
at present [52]. Further cost reduction are anticipated as the 
market for luminophore, particularly QDs, expands. If the 
lifetime of LSCs reach half that of PV, the extra energy gen-
eration by LSC will offset their additional cost [36]. Moreo-
ver, as illustrated in Fig. 6(a), LSCs can be adapted to fit 
curved surfaces, rendering them suitable for architectural 
envelope applications [150–152]. By employing small-sized 
block-shaped LSCs, a wide array of colors can be introduced 
to the building exterior, while LSCs manufactured with 
printed luminophores offer decorative options for buildings 
[68, 153, 154]. Beyond their esthetic enhancement, LSCs 
play a pivotal role in reducing the energy consumption of 
buildings by allowing daylight penetration and enhancing 
thermal insulation. Furthermore, studies propose integrat-
ing LSCs with chromatic glass to provide selective shad-
ing functionality [140]. Recent studies successfully have 
replaced toxic luminophores with eco-benign alternatives 

and increased ηopt, as discussed in previous chapters. This 
progress address the remaining issues of luminophore toxic-
ity and scalability of LSC. If further studies for easy instal-
lation methods for LSCs and their stability are conducted, 
they will successfully enter the market. The incorporation of 
BIPV featuring LSCs for energy generation within buildings 
will substantially contribute to the realization of zero-energy 
buildings.

Significant research efforts have been devoted to 
enhancing the ηLSC,PV of LSCs for BIPV applications, 
focusing on improvements in luminophores and novel optical 
structures. Since 2020, studies investigating the actual energy 
generation potential of LSC in operational settings have been 
emerging. The research group of UbiQD Inc. analyzed the 
power generation capabilities of CuInS QD-based LSCs 
integrated into windows of a test model. As illustrated 
in Fig.  6(a) and (b), non-south-facing LSCs efficiently 
harness incident solar light, except for those facing north 
[146]. The study demonstrated the potential contribution of 
LSCs, regardless of the building’s orientation, highlighting 
their ability to harness incident light from both the front 
and back sides simultaneously. Furthermore, theoretical 
analysis conducted based on the experiment suggested that 
installing LSCs with PVs on building rooftops leads to 
greater energy production compared to vertically oriented 
PVs, as depicted in Fig. 6(c) and (d) [147]. In two cities 
in the United States of America, Phoenix (33˚N, desert 
climate) and Albany (42 °N, temperate climate zone), both 
planar and wedge-shaped LSC configurations integrated 
with PVs are projected to generate more energy than PVs 
operating without LSCs. Moreover, incorporating LSCs 
into conventional PV systems will enhance their stability 
by minimizing current mismatching among cells caused by 
non-uniform light irradiation [155, 156]. The incident light 
will be redistributed through the wedge-shaped and planar 
LSCs, thereby mitigating local heating of PV cells due to 
current mismatches. This strategy contributes to improved 
power generation of the conventional PV system.

Another possible market for LSCs is noise barriers, 
which efficiently capture light incidents from both sides, 
as illustrated in Fig. 6(e–h). Given that LSCs comprise a 
glass substrate with a luminophore, they are effectively 
suited for noise mitigation. Figure 6(g) depicts a schematic 
of a vertically installed LSC for a noise barrier, wherein 
the LSC absorbs incident solar irradiation from both 
sides. Unlike conventional PV systems, which typically 
generate maximum power at noon, LSC noise barriers 
facing east or west maximize energy generation shortly 
after sunrise in the morning and just before sunset in the 
afternoon. The different energy generation behaviors of 
LSCs could compensate for the lower-energy production 
of conventional PVs during the early morning and sun-
set periods by reaching peak energy generation at those 
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times. The energy generation data for various QD-based 
LSCs (CdSe/CdS/ZnS, CuInS2/ZnS, and InP/ZnSe/ZnS) 
for 1 year (2021–2022) are shown in Fig. 6(h). Interest-
ingly, the photo-brightening induced by incident light may 
alleviate the defects and trap states present in CuInS2 and 
InP QDs, thereby leading to improved performance after 
long-term exposure to sunlight. This result suggests that 
LSCs incorporating CuInS2 and InP QDs might generate 
more power in the field compared to lab-scale experiments 
due to the improved stability via photo-brightening effect.

In addition to traditional applications such as BIPV or 
noise barrier, the utilization of LSCs, leveraging their unique 
electro-optical properties, is diversifying into various new 

fields. Emerging applications include optical communica-
tion, agriculture, and hydrogen generation. Integrated LSC 
systems hold promise as solutions for effective diagnosis 
of the human body and optical communication. The inher-
ent advantage of employing LSCs lies in their ability to 
enhance the response of photodetectors and PVs by absorb-
ing incident light through a large plate. Consequently, this 
would contribute to intensifying the signal while removing 
noise interference. Figure 7(a) depicts a schematic of an 
LSC designed for optical communication. In the absence of 
the optical fiber, the LSC can absorb light at specific wave-
lengths and concentrate it on the edge-mounted detector. 
Given the LSC’s rapid response to incident light, combining 

Fig. 6   a Canopy of a building consisting of PV modules (black) and 
LSC (red) (up) [145] and experimental model house with LSC-incor-
porated window (down) [146]. b Power generation of LSC-based 
window from the experimental model house facing different sides 
(Reprinted with permission [146], Copyright 2022, American Chemi-
cal Society.) Except for a north-facing LSC, the LSCs efficiently gen-
erate energy regardless of their direction. c Schematic of field-test 
LSCs: wedge-shaped LSC (left), planar LSC (middle), and a solar 
panel (right) facing south at a 90° tilt (Reprinted with permission 

[147], Copyright 2017, Elsevier.) d Theoretically calculated annual 
energy generation of field-tested LSC installed at Phoenix, Arizona 
and Albany, New York (USA). e, f Photos of field-test LSC for noise 
barrier consisted of various luminophores (Reprinted with permission 
[148], Copyright 2022, Elsevier and [149] Copyright 2022, Wiley–
VCH.) g Schematic of solar light irradiation to LSC during day time 
and h measured annual ηLSC,PV of each LSC with different QDs
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it with impulse lasers enables the feasibility of free-space 
optical communication systems operating at frequencies 
around MHz (~ 106 Hz). As a result, LSCs for optical com-
munication can play a crucial role in transmitting light 
generated from LEDs without the need for a complicated 
optical fiber structure[157]. Recently, F. Meinardi et al. suc-
cessfully demonstrated indoor visible light communication 
system using a conventional LED and CuInS2 QD-based 
LSC. The LSC functioned as an optical antenna, receiv-
ing 32-bit data packets from LED and transmitting them 
to an edge-mounted photodetector. This work suggests that 
millimeter-scale optical communication is feasible using 
QD-based LSC and conventional LEDs [160]. Another 
possible application lies in the medical field. With the abil-
ity to be composed of flexible and biocompatible materials, 
LSCs could function as detectors for healthcare devices. For 

example, they could be used as photodetectors for disease 
monitoring, heartbeat monitoring, virus detection, and other 
medical applications [161].

Another promising application of LSC involves 
harnessing energy at agriculture facilities. Traditionally, a 
crucial consideration in agriculture has been ensuring that 
crops receive sufficient sunlight during the daytime while 
maintaining optimal temperatures. Transparent greenhouses 
have facilitated consistent agricultural yields regardless 
of climatic conditions. Efforts to harness incoming solar 
radiation within greenhouses, their primary function, are 
actively underway, with significant advances being made 
toward achieving abundant energy generation by integrating 
LSCs into greenhouses. Figure 7(b) displays a photograph 
of two greenhouses, one with red-colored LSCs and the 
other with transparent glass. In this study, PVs were located 

Fig. 7   a Schematic of optical communication with LSC. Without 
complicated optical fibers, it is possible to communicate the signal 
using LSC and impulse light sources. (Reprinted with permission 
[157], Copyright 2021, Springer Nature.) b Greenhouse with a PV 
cell-incorporated LSC (red) layer, whose energy generation is 37% 
higher than that of one without LSC (Reprinted with permission [39], 
Copyright 2016, AIP Publishing LLC). c Down-converting LSC layer 
for the cultivation of lettuce and d its experimental setup. The lettuce 

under orange (O-QD) and red (R-QD) grows larger and heavier than 
those under glass, (Reprinted with permission [158], Copyright 2021, 
American Chemical Society.) e Photoelectrochemical device for 
hydrogen production. The incorporation of LSC increases the stabil-
ity of the system by down-converting high-energy photons (UV, deep 
blue light) to low-energy light (red light). (Reprinted with permission 
[159], Copyright 2019, The Royal Society of Chemistry.)
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centrally between the glass and LSCs. Upon installing LSCs 
and transparent glass on the roofs of identical greenhouses, it 
was noted that PVs equipped with LSCs (22.9 W/m2 at peak 
time) demonstrated superior efficiency (37% improvement) 
compared to PVs with transparent glass (16.8 W/m2 at peak 
time) [39].

LSCs not only generate significant amounts of power 
but also contribute to ensuring high-quality crop yields 
by modifying the spectrum of incident solar light, as 
depicted in Fig.  7(c) and (d). The impact of LSCs on 
plant growth was assessed using lettuce covered with a 
polyethylene film doped with red and orange CuInS2/ZnS 
QDs. The introduction of down-shifting LSCs resulted in 
the cultivation of lettuce with larger and fresher leaves, as 
demonstrated by their increased mass and size. The edible 
dry mass exhibited a respective increase of 13% and 9% 
under orange and red LSCs. Maximizing plant growth hinges 
on receiving ample light with the photosynthetically active 
radiation range, typically 400–700 nm for lettuce. Since the 
emission peaks of orange and red luminophores occur at 
600 and 660 nm, respectively, re-emitted light falling within 
this range aids in accelerating lettuce growth [158]. Case 
studies conducted by a private company indicate that QD 
films designed for controlled light irradiance have improved 
the cultivation of tomatoes, cannabis, and geranium 
Furthermore, LSCs, by reshaping the solar spectrum, have 
been instrumental in promoting algae growth, thereby 
enhancing biomass energy productivity [162–164].

Reshaping incident light’s spectrum via LSC may 
enhance the productivity of the clean-hydrogen fabri-
cation process. Hydrogen stands as a promising energy 
storage system for sustainable energy development. Pho-
toelectrochemical (PEC) water splitting, employing sun-
light irradiation with electrical bias from PVs, represents 
one of the most efficient ways for hydrogen production. 
By leveraging photogenerated excitons and the electrical 
potential energy between two electrodes, PEC decom-
poses water into hydrogen and oxygen. To prevent photo-
chemical degradation in the PEC system, it is imperative 
to down-convert high-energy photons from sunlight into 
lower-energy photons with a band gap well-suited to the 
photoanode of the PEC [165]. The spectrum of re-emitted 
light can be easily tuned in the QD-based LSCs, mak-
ing them ideal for LSC integration into a PEC system to 
down-convert incident light for photoanode. Figure 7(e) 
illustrates the schematic of a water electrolysis device with 
an integrated LSC, wherein the photoanode is placed at 
the edge of the LSC. The photoanode of the PEC system 
is typically sensitive to high-energy photons, which may 
lead to photochemical degradation of the photoanode and 
the entire system. Hence, G. Liu et al. integrated a core/
shell QD-based LSC into the photoanode of the PEC to 
modify incident light and attenuate high-energy photons. 

The CdSe/CdS QD effectively absorbs UV and deep blue 
light and re-emits red light, energy levels similar to the 
bandgap of the photoanode. This coupling of LSC with 
PEC resulted in a marked enhancement in the photosta-
bility of the PEC system, leading to a 420% increase in 
hydrogen generation efficiency, which is higher than that 
of PEC without LSC [159]. Consequently, the attainable 
advantage of LSCs lies in their capacity to maximize the 
energy generation of other systems with which they are 
integrated.

Conclusion

The LSC represents a promising energy generation system 
comprising a waveguided plate with a luminophore. The 
maximum achievable concentration through the LSC is 
constrained by the re-absorption of emitted light and the 
escape of photons from the LSC. Consequently, most 
studies aimed at developing new luminophores and device 
structures to surpass these limits of LSC. The core/shell 
QDs have been intensively studied for luminophores 
of LSC due to their significant Stokes shift, near-unity 
ηPLQY, and controllable spectrum of re-emitted light. The 
engineering of QD, such as implementing giant shell 
structures, metal doping, and binary and ternary structures, 
has led to enhanced LSC performance. Moreover, optical 
engineering techniques, including selective reflectors, 
photonic crystals, and tandem structures, allow for the 
recycling of escaping photons. As a result, many LSCs for 
BIPV applications are currently undergoing field tests to 
validate their performance under real operating conditions. 
Furthermore, the application of LSC is now expanding 
in various new fields, such as optical communication, 
agriculture, and other energy generation systems. Once the 
remarkable advantages of QD-based LSCs are harnessed 
through device engineering and the development of new 
materials, LSCs are poised to capture a considerable 
portion of the future energy market.
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