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Generation PV[2, 3]. Examples of the third generation PV
beingintermediate band-gap cells[4], quantum dot
concentrators[5] and down- and up-converters[6, 7].

Abstract–There is only one renewable energy source
that can power the whole world today, i.e. Solar Energy.
Solar energy has limitless potential but also has some
major hurdles like the availability of land for
installation of the solar power plant. If these solar cells
are made transparent, they can be placed anywhere. A
normal solar cell is opaque and absorbs maximum part
of the sunlight falling on it. It absorbs light in all part of
the spectrum and only 33% of the absorbed light is
converted into electricity. A transparent solar cell is
basically a thin film which can be placed on any surface,
to extract energy from the Sun. These contractors let
the visible spectrum of the light to pass through it and
act as an opaque object for the UV and Near Infrared
Spectrum Light. In the transparent Solar cells, if the
visible part is cut out, still nearly 22% of the light is
converted into electricity. There is a very vast
application of this transparent solar cell. The most
prominent application is the conversion of windows of
skyscraper or any other building into a solar window.
While utilizing the roof tops of the buildings, the
vertical space of the buildings can also be utilized
significantly for harvesting solar energy.

In the late 1970‟s, down conversion was proposed to be
used in the Luminescent Solar Concentrators (LSC), also
known as the fluorescent concentrators, to which solar cells
were attached[8]. LSCs are transparent plastic slabs or
waveguides, which consist of dispersed luminescent
species, which are organic dye molecules or inorganic
phosphors or quantum dots. These dye molecules absorb
the incident solar light and emit it isotropically at longer
wavelength with higher quantum efficiency. Internal
reflection in the LSC ensures that the emitted light is
concentrated at the edges of the waveguide, where small
PV cells are attached which convert the emitted light into
electricity.
The LSC is potentially more beneficial than siliconbased PV modules, especially in the built environment. The
materials used for the manufacturing of LSC are relatively
inexpensive and they also reduce the size of PV cells to
more than 90%, hence utilizing the space more efficiently
with lower modular costs. Since, plastic waveguides are
lighter in weight than PV cells; therefore the reduction in
weight makes LSC more feasible to mount on the
buildings. LSC are better than PV cells in terms of
collecting indirect sunlight as the sunlight can enter the
waveguide surface form any angle. Due to thin shapes,
LSC can be used to make curved surfaces.

Keywords– Solar energy, Transparent Solar Cells, UV,
NIR radiation.

I. INTRODUCTION
Due to the depleting natural resources like the fossil
fuels, the researchers and scientists have been discovering
various alternative sources of energy and ways to improve
the efficiency of the existing mechanisms to capture energy
from renewable energy sources. One such energy source is
our solar system‟s star, Sun. The solar radiation from the
sun has been converted into electricity for many decades
using Photovoltaics (PV). The key motto in R&D of PV is
to attain higher conversion efficiencies at lower costs. Still
today, PV modules are quite costly and the deployment of
the PV modules still requires financial support schemes
such as investment subsidies. Nevertheless, the PV industry
has experienced an average growth rate of 40% over the
past 10 years [1].

II. LUMINESCENT SOLAR CONCENTRATORS (LSC)
Generally, two categories of concentrators are widely
developed:
1)

Focusing optical or thermal concentrators.

2)

Luminescent concentrators.

A geometric focusing solar concentrator uses a
reflective or refractive surface to redirect or focus the
incident solar radiation onto PV cells or other energy
harvesting systems. The most common focusing optics
concentrators are – Parabolic troughs, Heliostatic arrays,
Sterling dishes and Fresnel reflectors. These concentrators
work well in few configurations but they also have two
major limitations. One, the cost of robust elements is very
high. Secondly, as they require solar trackingsystems to
harvest the solar spectrum efficiently, it becomes unviable
to be mounted on the buildings.

To attain lower cost per installation capacity, many
methods have been trailed all leading to complete and more
use of the entire solar spectrum and not only the visible
spectrum. All these routes are being referred to as the Third
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On the other hand, Luminescent Solar Concentrators
(LSC) proves to be good option due to their simple design,
easy integration and low cost. LSC is a plastic or glass
waveguide embedded with chromophores which absorb the
incident radiation and re-emit it at longer wavelengths and
transmit these emitted radiations to the small PV cells
mounted at the sides of the waveguides, which collect the
light and generate electricity.

The molecules in LSC which absorb and re-emit
photons are known as Luminophores. Chromophore is a
molecule which is absorbs or emits light in generation of
color whereas a luminophore does not necessarily impart
color. The following requirements make a luminophore
effective for the application of LSC [16]:

With recent advancements in the efficiencies of the
phosphorescent and fluorescent luminophores, there has
been an increment in the power conversion efficiency of
the LSC modules to 7.1% using the multi-dye systems with
GaAS photovoltaics[9]. The overall system conversion
efficiency of the LSC modules is limited to less than 20%,
in reality, due to the optical funneling[10]. Also optical
funneling reduces the area of PV cells required bringing
down the overall module cost[11-15].

1)

Should possess broad spectral absorption, i.e. it
can absorb maximum key wavelengths of
interest.

2)

High quantum yields for luminescence.

3)

Stokes shift should as large as possible so that the
overlap of absorption and emission is very small
or negligible.

4)

Luminescence wavelength should match the solar
cell spectral wavelength.

The key structure that supports the LSC module is the
waveguide which is also used to transport the optical
energy. The amount of light that can be transmitted within
the waveguide using the phenomenon of Total Internal
Reflection is given by the waveguide efficiency. The
waveguide efficiency as a function of refractive index is
given by the following expression[16].
ηwav =

1−

1
n2

Low absorption coefficients lad to low reabsorption
losses, which are significant when scaled up to larger areas.
Figure 2 depicts the absorption coefficients for various
waveguide materials.

Fig. 1.Photograph of typical colorful luminescent solar
concentrators highlighting the waveguided emission that is
brightly focused at the edge.

Table 1: Efficiency of highest performing lsc’s from the
literature (note that metrics are for strongly colored (or
black) lscs, which absorb and emit in visible spectrum)
Dye

Cell

LSC size (m x m)

Efficiency

GaAs

0.05 x 0.05

7.1

Refe
renc
e
[9]

Red305,
CRS040
BA241,
BA856
Rubrene,
DCJTB
CdSe/CdS
/CdZnS/Z
nS
CdSe/CdS
Red305,
perylene
perinone
SrB4O7
EuTT

GaInP

0.05 x 0.05

6.7

[34]

CdTe

0.1 x 0.1

4.7

[35]

Si

0.05 x 0.03

2.8

[36]

GaAs
Si

1.4 x 1.4
0.05 x 0.05

4.5
4.5

[37]
[38]

Si
Si

0.05 x 0.05
0.1 x 0.1

2.5
0.28

[38]
[39]

Fig. 2. Absorption coefficients of standard glass, quartz,
BF33 glass, low iron glass, polycarbonate (PC) and
poly(methyl methacrylate) (PMMA) as a function of
wavelength[17].
The overall LSC efficiency depends upon following
component efficiencies:
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1)

Solar spectrum absorption

2)

Luminophore photoluminescence efficiency
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3)

Waveguide efficiency

1)

An ideal TLSC meets the following conditions:

4)

Solar cell quantum efficiency

2)

5)

Transport and re-absorption efficiency

The luminescence efficiency of the luminophore
(ηPL ) is maximum i.e. 100%.

3)

The efficiency and quantum efficiency of the PV
cell fixed at the edges must be equal to the
Shockley-Queisser Limit.

4)

Reflection losses are zero

5)

Perfect light trapping takes places in the
waveguide.

6)

There is no reabsorption losses i.e. absorption
and emission do not overlap.

7)

There is no intensity dependence on the PV

8)

The emission width (W) is narrow.

All these factors are used to formulate following
expression for overall efficiency of LSC [18]:
ηoverall = η∗PV 1 − R ηABS ηPL ηtrap ηRAE

(1)

where R is the fraction of front face reflection, ηABS is
the solar spectrum absorption efficiency of the
luminophore, ηPL is the luminescence efficiency of the
luminophore, ηtrap is the waveguiding efficiency of the
light, η∗PV is the PV quantum efficiency and ηRAE is the
efficiency of transporting photons without reabsorption
loss[19]. For large area LSC modules, luminescence
efficiency and re-absorption efficiency influence the most.

III.

When all the above mentioned requirements are met by
a TLSC, the efficiency limits to 20%, which is identical to
the Transparent PV (TPV) cells.

TRANSPARENT LUMINESCENT SOLAR
CONCENTRATORS (TLSC)

Under this section, the concept of transparent solar
cells will be introduced. The discussion will be done on the
working principle of the transparent solar cells, their types,
range of applications where it can be used like the solar
windows, mobile, electronics etc. and the theoretical limits
of these transparent solar cells.

A. UV Absorbing TLSC:
Transparent luminescent solar concentrator (TLSC) can
absorb energy in different spectral ranges: in the UV or
NIR. Even with the lower overall fraction of the solar
spectrum in the UV (~6% photons, ~10% energy), there is
significant potential in harvesting the UV in a transparent
luminescent solar concentrator (TLSC) configuration up to
4% system energy conversion efficiency. TLSC employing
novel nanocluster-polymer blends that allow for harvesting
of selective ultraviolet light that results in a high degree of
visible light transmittance demonstrating this pathway as a
viable route to the production of transparent LSCs.

Transparent solar cells have opened a new path for the
installation of solar harvesting surfaces to generate power
while being completely blended in the environment. These
surfaces selectively harvest either the UV or the Near
Infrared (NIR) radiation which are completely invisible to
naked eyes. These cells can be used to convert any normal
surface into energy producing surface without any
significant modifications to aesthetics and design.
Previously many attempts were made to make transparent
or semi-transparent solar cells, using following methods:
1)

Optically thin PV with significant tinting or
limited transmission[20, 21]or which have inherent
adjustment between transparency and efficiency
of the cell.

2)

LSC‟s integrated with colored chromophores that
absorb or emit radiation in visible spectrum,
hence again generating significant tinting[22, 23].

3)

Focusing optics concentrators using direct light
only which need heavy solar tracking systems or
optics[15, 24].

To efficiently convert the UV light, we focus on
massive Stoke„s shift (MSS) hexanuclear metal halide
clusters of the form M6(II)X12.While the parent compounds
of M = Mo and W, and X = Cl, Br, I etc. have been known
for some time, their use has been limited to photophysical
studies and oxygen sensors with quantum yields typically
less than 20% [28]. These materials are highly stable, highly
luminescent, US abundant, and non-toxic. Here, we have
synthesized nanocluster complex-host blends with quantum
yields > 75% and anticipate reaching near-unity quantum
yields through further chemical and ligand modifications.
B. NIR Absorbing TLSC:
We exploit the structured absorption of organic
excitonic semiconductors to produce near-infrared (NIR)
LSC architectures that selectively harvest NIR photons by
wave guiding deeper-NIR luminophore emission to high
efficiency segmented solar cells. These transparent NIR
LSCs can eliminate the visual impact and minimize the
amount of expensive solar materials required while
extending the photon harvesting range into the NIR.

Due to the factors like the aesthetic properties,
bulkiness or limited transparency, above mentioned
methods have limited their applications only to windows
and display parts. Recently, highly transparent PVs have
been fabricated which selectively absorb near-infrared
radiation by manipulating the exitonic character of the
molecular and organic semiconductors with efficiencies of
the range of 2-4% for small areas [25-27]. These transparent
PVs possess the highest possible combination of
conversion efficiency and transparency but also possess
many challenges like strict defect tolerances, partial
shading and different others to scale-up. In contrast to
these, transparent LSCs with UV or NIR selective
absorption, avoid aesthetic compromises and provide clear
path for the scaling of larger area.

The large phosphorescent Stokes shift and high
quantum yield allowed for power conversion efficiency of
> 0.5% over large module area (m2) but these LSCs are
ultimately limited toefficiencies up to 5% due to the limited
UV fraction in the solar spectrum. To increase the overall
potential of these systems, we look to selectively harvest
NIR photons, where there is a substantially greater fraction
of the solar photon flux (~74%). NIR fluorescent dyes,
especially phthalocyanines, cyanines, and squaraine dyes
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have been widely used in fluorescence microscopy,
bioimaging, organic light emitting diodes and other light
emission applications. However, the quantum efficiency
has mostly been limited to < 40% and most exhibit visible
absorption[29-33].
Previous research on NIR-emitting LSCs employing
inorganic compounds such as semiconducting quantum
dots and nanocrystals as active materials typically have
improved quantum yields but also present continuous band
absorbance (with only minor excitonic features near the
band edge). Accordingly, these systems all exhibit visible
absorption or coloring despite emitting NIR. The NIR
TLSCs based on organic salts provide an alternative
strategy for transparent solar harvesting systems that can
ultimately enhance the overall system efficiency of
combined UV and NIR TLSCs.

IV.

CONCLUSION

Integrating solar-harvesting systems into the built
environment is a transformative route to capturing large
areas of solar energy, lowering effective solar cell
installation costs, and improving building efficiency.
Indeed, the idea of luminescent solar concentrators (LSC),
which were first introduced in the 1970s to reduce solar cell
costs, are now regaining attention as low-cost solar
harvesting systems to deploy around the building envelope.
However, the visible absorption and emission of these
LSCs result in highly colored systems that hamper their
widespread adoptability in many applications, including
windows.
The UV absorbing TLSC‟s are composed of the
phosphorescent metal halide nanoclusters. The near perfect
absorption cutoff at the edge of the visible spectrum
(430nm) and the massive Stokes shift to the near-infrared
(800nm) of these nanoclusters allows for efficient and
selective harvesting of ultraviolet (UV) photons, improved
reabsorption efficiency and non-tinted transparency in the
visible spectrum. The NIR TLSC‟s selectively harvest the
NIR photons based upon the fluorescent organic salts.
These transparent NIR LSCs provide a new route to
transparent light-harvesting systems with tremendous
potential for high defect tolerances and processability.

V. FUTURE OUTLOOK
The aim of this work was to demonstrate transparent
luminescent solar concentrators as a new pathway for
widespread window deployment that can be scaled to
commercial window products. Such a technology has the
benefit of facile production, high defect tolerances, and
exceptional scalability without many of drawbacks of
scaling a transparent PV technology (resistive losses,
partial shading losses, device yield, current matching, etc.).
While the work presented so far has opened up an exciting
new field and has demonstrated a key starting point for
these new types of devices, there are a number of
opportunities yet to be explored.
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