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Recent progress in photovoltaic (PV) cell usage has been hindered due to a
shortage of suitable materials that emit adequate wavelengths of light energy
and convert it to electricity. Quantum dot light-emitting diodes (QLEDs) and
quantum dot solar cells (QDSCs) have been identified as promising artificial
light sources and PV cell types to nicely fit into this solution, not only complying
with that but also being controllable, flexible, portable, and lightweight. The
purpose of this study is to provide a review of the application of how QLEDs can
be collected for QDSCs. First, we introduce QLEDs as artificial light sources,
briefly outline their mechanics and benefits, and compare them to other light
sources for QDSC harvesting. Then, we summarize the mechanisms that occur
when a QDSC absorbs a photon from a QLED, as well as how these energy flow
pathways influence artificial light energy harvest. Finally, we explore the
optoelectronic properties of lead sulphide (PbS) and lead selenide (PbSe) as
appropriate quantum dots (QDs) materials for current applications in QDSC and
QLED technologies. We anticipate that the literature will be comprehensive and
relevant to the scientific community interested in creating artificial light energy
harvesting and thus researching the most recent alternative method of getting
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healthy energy.

1. Introduction

With an irradiation level of 1.8x1014 kW at the Earth's
surface [1], sunlight is an important energy source. This sun's
electromagnetic radiation spans a wide variety of
wavelengths, from radio waves to infrared, visible, and
ultraviolet light, as well as X-rays and gamma rays. This
energy is essential in our daily lives. The wavelength energy,
in particular, is found mostly in the ultraviolet, visible, and
infrared ranges. The percentages of this wavelength received
on the Earth's surface are as follows: ultraviolet (UV)
radiation (400 nm) accounts for less than 9% of the total;
visible light (VIS) (400nm 700 nm) accounts for 39%; and
infrared (IR) accounts for around 52% [2]. Solar cells or
photovoltaic (PV) devices are materials or devices capable of
converting light energy into electrical power and current.
Because the irradiance spectrum of sunlight is broad and
extends from the ultraviolet (300 nm) to the near-infrared
(2500 nm), the PV materials used for typical solar cells have
broad absorption spectra [3]. Solar cell research continues,
with a growing emphasis on developing cells that respond
well over the largest variety of wavelengths [4]. It should be
noted that most solar cells in the market today do not convert
all wavelengths into electricity. One of the fundamental
limitations of contemporary solar cells, according to Lin et al.
[5],is a lack of absorbing material in the ultraviolet (UV) area.
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Even when the correct wavelengths are used, Narendra et al.
[6] discovered that photovoltaic cells do not convert all of the
light into electric charge. According to Semonin et al. [7],
typical solar cells only extract a fixed quantity of energy from
each sun photon. In a photovoltaic cell, for example, silicon
atoms absorb energy from light wavelengths that nearly
match the visible spectrum [6]. In actuality, monocrystalline
and polycrystalline solar cells can only capture wavelengths
in the visible range (550 nm). In PV systems, the failure of PV
cells to properly absorb electromagnetic wavelengths
generated by solar radiation results in severe power loss or
energy conversion deficit. The process of gathering energy
from ambient light sources and storing it in a consumable
electrical energy form is referred to as light energy
harvesting. Energy harvesting technology makes it possible to
build autonomous, stand-alone, or self-powered electronic
devices that do not rely on batteries for power. Lighting
devices emit photons at various wavelength ranges,
depending on the luminescent substance employed and the
light generation process [8]. Different lamp types employed
use different emission methods to produce their illumination,
and the spectrum composition of the produced light differs
between the lamp kinds [9] in order to bring more efficient
lighting as well as to avoid environmental hazard issues [10].
When it comes to artificial lighting, Quantum Dot Light
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Emitting Diodes (QLEDs) are the best. LEDs are more stable,
providing a stable current supply and adequate temperature
management, more cost-effective, and more energy efficient
because they have higher conversion efficiency from
electricity to light [11]. Furthermore, the consistent and
significant rise in brightness, efficiency, and lifetime of QLEDs
over the last several years has stimulated further
optimization for prospective applications of self-emissive
QLEDs in lighting, projection displays, transparent displays,
outdoor digital signage, and car headlamps [12]. This
development of new QLEDs with mechanical flexibility,
lightweight, large-area emission uniformity, long-term
stability, low thickness, solution-process compatibility, and
low mass production costs results in uniformly large area
luminarie and under favorable optical energy band gap, which
encourages us to find more applications for it. Currently, not
all PV cells absorb a wide variety of wavelengths. The
wavelength of incident light influences photovoltaic selection
[13]. Regardless of the type of light source utilized to provide
illumination, the solar cell used as the power supply for
energy harvesting devices should capture enough energy to
run robustly when installed [10]. According to Gangasani,
[14], common black silicon panels are best at absorbing
visible light at peak times of the day, whereas QD solar cells
can absorb power from the ultraviolet, visible, the infrared
lighting range to produce their power, day and night. In
essence, the quantum dot layer is the layer that absorbs
sunlight and converts the photon's energy to electrical energy
via the photovoltaic effect [15].

The conversion of light energy that does not come from
sunshine into electricity is known as artificial light energy
harvesting. Various approaches for harvesting artificial light,
sunlight, and ambient (both outdoor and indoor) light have
been used to increase the performance of PV cells in this
regard. At the same time, various studies on artificial light
energy harvest for PV systems have already been conducted,
including Adi et al. [16], which studied artificial light energy
harvesters using low start voltage solar cells; Manimegalai
and Meenakshi [9], which presents the performance of solar
cells under different electric lighting sources in indoor
environments; Lucarelli et al. [17] investigated flexible
perovskite solar cells for artificial light harvesting by using a
white light-emitting diode (LED) lamp as a light source at 200
and 400 lx, values commonly found in indoor environments;
Chirap et al. [18] presented a preliminary study on the
possibility of using indoor light radiation as an energy source
for autonomous sensor nodes. However, none of these
research looked into the use of QLED harvesting for QDSC. In
this regard, recent advances reveal that QDSCs can absorb
wavelengths in the infrared, visible, and ultraviolet regions of
the electromagnetic spectrum. Simultaneously, QLED emits
electromagnetic wavelengths in the infrared, visible, and
ultraviolet ranges (similar to natural sunlight), which is
promising for artificial light energy harvesting for QDSC. As a
result, among the QDs active materials used in QDSC and
QLED, Lead Sulphide (PbS) and Lead Selenide (PbSe) have
been identified as suitable, as they can produce wavelengths
that cover the emission and absorption range between 350 -
2000 nm and are sufficiently sufficient as potential candidates
for artificial light energy harvest for PV cells. Also, if QDSC is
designed to harvest light from QLEDs, new methodologies for
the development of artificial light energy harvesting would
perform better. This is why we decided to conduct research
on the Application of Quantum Dot Light Emitting Diodes
(QLEDs) harvest for Quantum Dot Solar Cells (QDSCs), with
the goal of improving artificial light energy harvest. To
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achieve high conversion efficiency, QLED is intended to emit
wavelengths of light that are near in proximity and are all
absorbed by QDSC. This will undoubtedly introduce a new
method of harvesting artificial light. The pioneering work and
benefits of both QDSC and QLED are briefly described below,
and their distinctive features for artificial energy harvesting
over conventional energy sources are shown. Finally, we
identify and discuss potential QDs materials, as well as detail
how QDSC will capture light energy from QLED in the near
future.

2. Pioneering studies of QLED and QDSC

Lighting technologies are sunlight substitutes in the 425-
675 nm spectral band, where sunlight is most concentrated,
and the human eye has evolved to be the most sensitive [19].
Lighting history [20] can be understood as the evolution of
increasingly efficient technologies for producing visible light
within a spectral range while avoiding wasted light outside of
that zone [19]. Over the last 150 years, the development of
lighting solutions has been driven by a number of variables,
including lower cost, higher brightness, longer lifetime, and
more efficient devices that employ more environmentally
sustainable materials [21]. In 1907, a British scientist called
Henry Joseph Round reported light emission from a crystal
detector, introducing the concept of a light-emitting diode
[22, 23]. Oleg Vladimirovich Losev, a Russian researcher,
presented a paper describing the first light-emitting diode
[23-24], also known as Solid-State Lighting (SSL), in 1927.
The first practical visible-spectrum (red) GaAsP LED was
produced in 1962 by researcher Nick Holonyak Jr., dubbed
"the father of the light-emitting diode," at General Electric
Company in New York [25]. Since then, LED has substantially
surpassed other lighting technologies and continues to do so.
However, Mark Reed created the phrase quantum dotin 1988.
Alexey Ekimov discovered it in a glass matrix in 1981, while
Louis E. Brus discovered it in colloidal solutions [26, 14].
Louis Brus created a quantum model of spherical quantum
dots based on the effective mass model [26] of QDs materials
in 1985. QLEDs were created as a result of many
enhancements, modifications, and applications of QDs
materials. And were created for the first time in 1994 utilizing
an Indium Tin Oxide (ITO) anode/QD polymer emission
layer/metal cathode [27]. Since the first report on QLEDs in
1994, QLED performance has been significantly enhanced by
the use of various QD materials. To date, QLEDs have been one
of the most prominent optoelectronic devices made from
various materials. In essence, the first experimental evidence
of the photovoltaic effect was presented by French physicist
E. Becquerel in the early nineteenth century [28]. However,
until the 1950s, when US researchers devised a method of
generating energy, cell efficiency remained at 1%. Several
developments followed until QDSC was unveiled.

3. Features and benefits of QLEDs harvest for QDSC

over conventional energy sources

Quantum dots are nanocrystals made of III-V
semiconductor materials (for example, GaN, GaP, GaAs, InP,
and InAs) and II-VI semiconductor materials (for example,
Zn0, ZnS, CdS, CdSe, and CdTe) with all three dimensions in
the 1-10 nm range [21]. They are also known as zero-
dimensional nanocrystals because the electrons and holes
therein are contained in all three dimensions, and their
diameters typically range from 1 to 10 nm [29]. Basically, QDs
materials have many features, of which a few are in Table 1.
QLED is an LED that generates light by using QDs materials as
emission materials. QLEDs are thought to be the next
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generation of light-emitting technology based on
nanoparticles and have been shown to be particularly
appropriate for a wide range of applications, including
artificial lighting systems. Cost-effective QLEDs have the
potential to be an excellent light source, meeting desirable
form factors such as flexibility, lightweight, and uniform
large-area illumination, yet with a restricted emission
spectrum and high-power density wavelengths. The most
essential aspects that led to the development of QLEDs were
cost-effectiveness, substantially higher brightness, and
efficiency, as well as more stable devices produced from
environmentally sustainable materials. With that, here are
some few features of QLEDs in Table 2.

Table 1. Characteristics of QD materials, explaining some of their
importance over bulk materials
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Table 2. Characteristics of QLEDs. These characteristics identify
some advantages of QLEDs over conventional LEDs

Characteristics of QLEDs References

Emit light by absorbing light due to the flow of [37]
electric current

Can easily achieve luminescence with different [38]
wavelengths

Controlled by the optical properties of the [39]
nanoparticles

It provide a constant photon output [40-41]

It absorbs the emitted blue light and then
transfers it to red and green to create the [37]
desired white color

Characteristics of QDs References

Three primary colors (red, green, and blue) all
possess high photoluminescence (PL) [42]
quantum yields (QYs) nearly or approaching
100%

Are designed to absorb light in one wavelength [30]
range and re-emit in another

Color-converted hybrid LED emitting at a [43]
longer wavelength can be developed

Absorption of UV photons in quantum dots
produces more electrons than near-infrared [31]
photons

High luminance with low turn-on voltage and
more suitable for industrialization [44]

Their band gaps are tunable across a wide range
of energy levels by changing the size of the dots [32]

It is energy-saving and long-lasting compared
to pre-existing light sources, such as [45]
incandescent light

The properties of a quantum dot are determined
by size, shape, composition, and structure [33]

Mechanically flexible, transparent, and [46]
lightweight properties

Capacity to be a light source spread over a [47]
larger area than a point light source

QD has the ability to tune the bandgap, making
quantum dots desirable for solar cells [14]

QD absorption edge is further driven to lower- [34]
wavelength regions

Low energy consumption, long lifetime,
robustness, absence of a warm-up period, [48]
favorable controllability, and good color
rendering

QD has the ability to confirm the chosen higher
efficiency by assigning the appropriate values of [35]
quantum dot width size (QDW) and barrier
thickness (BT)

They produce high-intensity light emission
and absorption due to the confinement [49]
induced by a high transition rate

A mixture of monocrystalline quantum dots [14]
optimized for different wavelengths

Recombination of electrons and holes yields
blue light, which corresponds to the energy [50]
bandgap of the semiconductor material

Are nearly perfect emitters with internal
quantum efficiency (IQE) close to unity for all [36]
colors

QDSC is a PV cell that generates electricity by using QDs
materials as the absorbing PV material. To successfully
harvest incident solar energy photons and transform them
into free charge carriers, photovoltaic material should have a
greater absorption coefficient [51]. In essence, QDs have been
used to form quantum dots solar cells (QDSCs) in
photovoltaics for the following reasons: (1) tunable band gap
depending on QD size, (2) large extinction coefficient, (3)
stability toward water and oxygen, and (4) multiple exciton
generation (MEG) with single-photon absorption [52-54].
According to Zhang et al. [55] and Tian and Cao [56], the
principles for choosing materials to construct solar cells are
as follows: 1) optical absorption is primarily determined by
the band gap of active materials, and therefore, the materials
with narrow and direct band gaps are preferred; and 2) the
device structure should be designed by choosing materials
with well-matched energy levels that may establish a suitable
energy gradient, allowing the charges to transport highly
efficiently within the solar cell. Moreover, other features of
QDSCs are described in Table 3. To gain a better grasp of the
applications, energy bandgap, and active material (QD) size in
QDSC and QLED. In the following, we present a brief
description of how to improve artificial light energy
harvesting.

Table 3. Characteristics of QDSCs. These characteristics indicate
some advantages of QDSC over conventional solar cells

Characteristics of QDSCs References
Absorbing all wavelengths of visible sunlight [32]
plus the UV and Infrared
Mostly in the near-infrared region [57]
Makes infrared energy as accessible as any [32, 58]
other
UV-visible absorbance spectra for the
quantum dots have a long tail extending to [57]
the far end of the visible region

Emit up to three electrons per photon due to
multiple exciton generation as opposed to [31, 59]
only one for standard crystalline silicon solar
cell

Photon wavelengths ranging from ultraviolet
to infrared, which make up the solar [60-61]
spectrum, can be absorbed with variations of
dot sizes

It produces more than one bound electron-
hole pair, or exaction, thereby doubling
normal conversion efficiency numbers seen [32]
in single-junction silicon cells

Their absorption edge is further driven to [34]
lower-wavelength regions

Have high solar conversion efficiency [62]
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3.1 Applications of QDs materials in QDSC and QLED

QD, as the name suggests, is based on quantum theory,
with each quantum dot acting like an atom with a well-
defined energy level that can be individually controlled. QDs
are materials with practical uses in semiconductor devices,
quantum computers, medical devices, lighting, bio-imaging,
solar cells, LEDs, displays, biosensors, optoelectronic devices,
biomedical, instrumentation, display, biological and chemical,
and others. Quantum dots (QDs) have many distinct optical
properties, including high photoluminescence (PL), quantum
yield (QY), high color purity, size-tunable emission
wavelength, and solution-processed synthesis, making them
promising materials for next-generation light-emitting diodes
(LEDs) in display and lighting applications [41, 63-68].
QLEDs, on the other hand, may provide narrow emission
spectrum and emission wavelength tunability simultaneously
solely by QD synthesis, removing the need for extra
techniques during device design [12]. In essence, the
absorptivity of QD materials over a controllable large range of
wavelengths makes them suited for QDSCs. In fact, QDs have
been confirmed as the next-generation solar cell and lighting
technologies.

3.2 Energy bandgap of QD materials in QDSC and QLED
The band gap is the area surrounding the active layers of
QDs materials such as QDSC and QLED. It is a critical
parameter in the conversion of photon energy to electric
energy or electric energy to photons. The most noticeable
effect of quantum QDs materials applications is the size
dependency of the band gap. The intriguing electrical features
of quantum dots result from their particular size [33]. The
width of the quantum dot band gap varies with size and
chemical composition, allowing for facile tuning of absorption
and emission spectra, which is impossible with atoms but
desirable for optical features [69]. This dimension
dependence allows the bandgap energy to be modulated by
altering the size of the QD [70-71]. The bandgap tunability
with the QDs size variation is achieved via the quantum
confinement effect [72]. In essence, quantum size effects, also
known as quantum confinement effects, influence the
electrical and optical properties of semiconductor QD
nanoparticles. The quantum confinement effect is responsible
for the ability to tune absorption and emission wavelengths
across the whole visible spectrum as a function of quantum
dot size [73]. Because electrons and holes in a bulk
semiconductor are free to migrate and there is no
confinement, they have continuous energy values, where
energy levels are so close to each other and packed that
energy bands develop [74]. With that, it is possible to tailor
the absorption and luminescence bands from the IR to the
visible area by reducing the crystal size to 1-20 nm [75 - 82].
By embedding low energy-gap wells or dots within a high
energy-gap matrix, nanostructured solar cell architectures, in
particular, strive to harness a broad range of photons at
higher voltages [83]. This indicated that the shorter the band
gap, the more photons are absorbed, and the more electrons
are promoted into the conduction band and, therefore,
available for current production [84]. As a result, the splitting
of energy levels in both the valence and conduction bands
corresponds to a substantial quantum confinement effect
observed in tiny QDs [85]. However, excessively small QDs
would result in too low optical absorption for the photo-
electrodes, which will have a negative impact on the solar
cells [56]. In an ideal world, quantum dot cells would be
coupled with classic thin-film semiconductor cell designs or
used in conjunction with a mixture of nanocrystalline
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quantum dots tuned for different wavelengths [13]. This
feature makes quantum dots appealing for multi-junction
solar cells [32, 86-87], which use a range of materials to boost
efficiency by harvesting multiple sections of the sunlight
spectrum. Therefore, one of the most important concerns in
QDSC and QLED research is the size dependency of the band
gap.
3.3 The Sizes of QD materials for QDSC and QLED

QD material is defined as material with a size of 0 - 9 nm.
It is made of materials that vary in size. It has also become a
key parameter in the development of QDSC and QLED. Large
radii provide strong confinement to achieve extensive
wavelength tunability. However, a narrower size distribution
has the potential to improve QD solar cell efficiency in a
variety of ways. Electron transport may be improved in
smaller QDs because bigger QDs act as a band tail or shallow
trap, making the transfer more difficult. Second, the open-
circuit voltage (VOC) of QD solar cells near the contacts may
be limited by the narrowest band gap (biggest size) QD [88].
As a result, larger QDs have more energy levels and are more
closely spaced, allowing the QDs to absorb photons with less
energy, whereas small QDs absorb photons with high energy.
With that, we can say size-dependent band gaps of QDs
materials can be used as tunable structures to absorb and
emit light from ultraviolet to infrared wavelengths.

4. Suitable QDs materials for QLEDs harvested by QDSC

CdS, CdSe, PbS, PbSe, PbSSe, CulnS2 CulnSez, and CdSSe
nanocrystals QDs materials are all used as active materials for
both QDSC and QLED. In this work, PbS and PbSe QD materials
outperform the others due to their high emissivity or
absorptivity throughout a wide range of wavelengths
(ultraviolet, visible, and ultraviolet). Although the band
structures of all lead chalcogenides (PbX), that is, lead
selenide (PbSe), lead telluride (PbTe), and lead sulphide
(PbS), are remarkably similar [89]. Lead-based chalcogenides
(particularly PbS and PbSe) are among the most investigated
for application in solar cells [90]. Another intriguing behavior
reported for PbS and PbSe QDs is multiexciton formation,
which is the generation of several excitons after the
absorption of a single photon with energy hv 3 Eg [91-92].
However, the exciton peaks in quantum dots' absorption and
emission spectra that give rise to their intriguing features for
optoelectronic applications are not unique to PbS and PbSe
QDs [93]. PbS nanoparticles, on the other hand, exhibit larger
open-circuit voltages than PbSe but lower photocurrents in
comparable cells [94]. To obtain improved performance with
PbS and PbSe QDs, a better understanding of particle size
management and energy bandgap is required. The bandgap
widths could be reduced or expanded to a desired wavelength
that could be absorbed by the QDSC spectrum in the
ultraviolet, visible, and infrared regions, whereas
conventional semiconductors could not. These two
compounds have small bandgaps as bulk materials at room
temperature (0.37 and 0.27 eV for PbS and PbSe, respectively)
[90, 95]. As shown in Table 4, PbS and PbSe QDs materials
have broad absorption and emission spectra that can provide
the possibility for the excitation of different energies.
However, due to the large Bohr exciton radius (20 nm for PbS
and 34 nm for PbSe) [96], quantum size effects are already
visible at larger crystal sizes (usually 1 - 20 nm) [97], allowing
for bandgap engineering over a wide spectrum range [90].
Strong confinement can also add energy spacing even larger
than the original bandgap of PbS or PbSe of around 0.2-0.4 eV,
resulting in a wide resonance tunability by size ranging from
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600 to 2000 nm, meeting the growing demand for near-
infrared emitters and high conversion efficiency solar cells
[93].

Table 4. The exciton parameters for various materials. The table
identified PbSe and PbS as QDs materials having large exciton Bohr
radius and narrowed energy bandgap when compared to the rest.
These parameters make them suitable to be adopted for both QDSC
and QLED active materials [72, 97]

Semiconductor Exciton Bohr Bandgap at
Materials radius (nm) 300K (eV)
PbSe 46 0.28
Ge 24.3 0.67
PbS 20 0.42
GaAs 12.5 1.43
CdTe 7.5 1.6
CdSe 49 1.84

Si 43 1.14
ZnSe 3.8 2.8
CdS 2.8 2.58
GaN 2.1 3.5
CuBr 1.2 29

In this study, PbS and PbSe QD materials prioritize UV
(100 - 400 nm), visible light (400 - 750 nm), and infrared (750
- 2500 nm) radiation emission and absorption by QLEDs and
QDSCs, respectively. As demonstrated in Table 4, PbS and
PbSe QDs have modest bandgaps of 0.42 and 0.28 eV, which
are fewer than those of conventional semiconductors, which
have bandgaps that are always greater than 1.0 eV. As aresult,
PbS and PbSe have exciton Bohr radius of 20 and 46 nm,
respectively, confirming size-quantized transitions in the
restricted region of the electromagnetic spectrum and
exhibiting strong band-edge photoluminescence tunable
from 100 to 2000 nm. Therefore, these properties of PbS and
PbSe QDs in QLED and QDSC devices, would allow us control
some of their important electric and optical properties, as
discussed in the following.

4.1 Lead sulphide (PbS) QD material

Lead sulfide (PbS) has been the most studied and
successfully used in photovoltaic applications [98], and has
been studied in various research and industrial fields because
it absorbs and emits infrared (IR) radiation in the near and
shortwave IR wavelength ranges [99-101]. PbS QDs have
these features, which make them excellent for light absorbers
or IR emitters in solar cells, photodetectors, and infrared
LEDs [102]. Because of its broad absorption spectrum (from
near-infrared to IR), high peak-to-valley ratio (> 4), narrow
band emission (FWHM 100 nm), and strong PLQY [102],
earth-abundant lead sulfide (PbS) QDs are widely regarded as
potential materials for QDSCs [103-110]. In addition, PbS has
a high absorption coefficient of 1-5105 cm1 and a Bohr
excitation radius of 18 nm [111-112]. Luther et al. [113]
shown that PbS QD solar cells can withstand continuous light
for more than 1000 hours. More notably, freshly constructed
PbS solar cells demonstrate an amazing open circuit voltage
(0.8 V) that exceeds that reported previously [103]. Surface
passivation of QDs is also observed to have improved the
open circuit voltage in a PbS QD-based cell with a 2.8%
efficiency [114]. With an Eg in the near IR region of 0.41 eV
[115-116], PbS is one of the most intensely investigated low-
energy bandgap (Eg) semiconductors. Furthermore, due to
their large Bohr radius (20 nm) and wide band gap (gap)
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tuning range (0.4 eV to 1.5 eV), prevalent investigations in QD
solar cell (QDSC) materials. The emission wavelength of lead
sulphide QDs can be controlled between 900 and 1600 nm
depending on size, which lies in the infrared (IR) regime of the
electromagnetic spectrum [92]. This allowed PbS QDs' band
gap to be adjusted from infrared to visible spectrum [117].
PbS QDs may absorb light in the near infrared wavelengths,
according to Zang et al. [118], with a band gap ranging from
1.77 to 0.69 eV. This corresponds to a range of absorption
energies ranging from 0.71 to 1.28 eV [119 - 120]. As a result,
single junction implementations based on lead sulfide (PbS)
colloidal quantum dots (CQDs) feature bandgaps that can be
adjusted into the far infrared, which is generally difficult to
achieve [32]. This means that some of the energy available in
the infrared and ultraviolet spectrums is not absorbed by
ordinary solar cells.

4.2 Lead selenide (PbSe) QD material

Semiconductor PbSe quantum dots exhibit high infrared
(IR) and near-IR absorption characteristics [121], are
optically active, and are frequently employed as a suitable
sensitizer in solar cells. [122 - 123]. PbSe QDs, with a bandgap
of 0.26 eV and an absorption wavelength of 4770 nm [73], are
probably the better choice for generating many excitions from
a single absorbed photon and quick hot electron transport
from active layer to counter electrode [125]. PbSe QDs
materials are a viable candidate for QLED harvesting by
QDSCs due to their size-tunable optical bandgaps, facile
solution process abilities, low production cost, low operating
temperature, excellent air stability, and appropriateness for
the flexible substrate [73]. PbSe quantum dots absorb
infrared light and can be used in both renewable energy
systems and optical devices [121]. PbSe nanoparticles have
found use in IR detectors due to their long wavelength [73].
However, by shrinking the crystal size to a few nanometers,
the band gap can be brought within the visible region. A PbSe
QD with a diameter of 5.7 nm has a band gap of 0.72 eV,
leading to an absorption wavelength of 1720nm, as opposed
to a bulk band gap of 0.26 eV [73]. PbSe QDs have a high
quantum confinement energy of over 0.5 eV [122]. This
substantial quantum confinement in PbSe QDs opens up new
possibilities  for  electro-optical  applications  [67].
Simultaneously, a large degree of quantum confinement effect
should improve charge carrier transit [123, 126]. Multiple
carrier generation in PbSe nanocrystals has demonstrated
that two or more excitons can be produced by a single photon
with an energy larger than the bandgap [127-128]. In
Schottky cells, it was also shown that employing smaller PbSe
QDs with bigger bandgaps (Eg) results in a greater open-
circuit voltage (Voc) [129]. This translates to a band gap
energy greater than 0.8eV [122], with exciton Bohr radii of 46
nm, which is far larger than in any other semiconductor. As a
result of recent improvements in the study of PbSe and PbS
QDs, we anticipate big breakthroughs in the development of
QDSCs and QLEDs in the near future of light energy
harvesting.

5. Description of QDSC harvesting QLED

QDs allow for the emission and absorption of light at
particular wavelengths. Simultaneously, QDSC and QLED can
absorb and emit wavelengths spanning from ultraviolet to
infrared. To collect acceptable wavelengths using QDSC,
suitable emitted wavelengths from QLED are required. This
enables us to create a controllable system for harvesting
artificial light energy with a high conversion efficiency.
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A common QLED structure is made up of a sandwich-like
panel of indium tin oxide (ITO) and a metal electrode with a
hole transport layer (HTL)/QD/electron transport layer
(ETL) [130]. Under forward bias circumstances, ITO anode
holes and metal cathode electrons are pumped into the HTL
and ETL, respectively [130]. The HTL and ETL holes and
electrons are subsequently transported to the QD emission
layer to create excitons. Finally, photons emit light via the
radiative recombination of excitons [130-131]. Figure 1
depicts the structure QLED and QDSC, which is made up of
individual layers from top to bottom. The layers of QLED
include an anode, which collects and conducts external
(electric) energy to a hole injection layer (HIL); HIL, which
injects holes to a hole transport layer (HTL); and HTL, which
transports holes to QD material. In this layer, QD collides with
holes to generate excitons, a process known as electron-hole
recombination. When holes excite a QD material, a transition
from the ground to an excited state occurs. Electrons have a
lot of energy when they are energized. The exciton is
subsequently relaxed to its ground state. Light energy is
emitted here when excess energy is produced as a result of
recombination and relaxation. The energy from the emitted
light (photon) is subsequently transmitted through the
electron transport layer (ETL) through the transparent
cathode and lastly, through the glass layer. The light emitted
by QLED is directed directly to the QDSC. Photons absorbed
by QDSC must travel through the glass layer, anode, and HTL
to reach the active QD material. Photons collide with QD
material in this layer to generate energy. This causes the
formation of an electron-hole pair in the form of an exciton
between the conduction and valence bands. When electrons
quickly move into the conduction band to form electric fields,
they are captured by ETL and transported to the metal
cathode and finally to the external circuit. The electric charge
(electron) generated by QDSC is subsequently removed as
energy gain, with a portion of it feeding QLED via its external

input.
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Figure 1. Schematic diagram of the QDSC harvesting QLED. From top
to bottom, a typical QLED device gets excited by external energy
passing through an anode, a hole injection layer (HIL), a hole
transport layer (HTL), QD material, an electron transport layer (ETL),
transparent cathode and a glass to irradiate QDSC. QDSC then gets
excited by light from QLED that passes through a glass layer, anode,
HTL, QD material, ETL, and metal cathode to produce electricity. The
electric energy produced is then use to feed QLED by harvesting part
of it as energy gain from the system
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A QDSC's principal function in this system is to harvest QLED
light energy and convert it to electrical energy. The quantity
of energy absorbed by QDSC is determined by artificial light-
harvesting techniques such as light power density, spectrum
response, spectral power distribution, energy bandgap,
absorptivity and emissivity, intensity, and size of active
materials (QD) in both QDSC and QLED. Following that,
various methodologies are employed to acquire a better
knowledge of how PV cells work. The most crucial is current-
voltage (I-V) characterization, also known as current density
versus voltage (I-V). The I-V model is based on four (4)
factors, which are commonly referred to as short circuit
current density (JSC), open circuit voltage (VOC), fill factor
(FF), and efficiency (1).

6. Limitations and recommendations of the study

Glass, anode, cathode, ETL, and HTL are all layers in both
QLED and QDSC. In both QLED and QDSC, these layers are
crucial for charge stability, injection, separation and
recombination, and the transit of holes and electrons.
Furthermore, freeform, collimator, luminescent solar
concentrator, wavelength shifter, color filters, and
luminescent down-shifting (LDS) are proposed to sandwich
between QLED and QDSC to achieve high conversion
efficiencies, limit energy losses, and harvest a desired energy
outcome. Unfortunately, this study did not present full
understanding of these parameters but gave hints of the
importance of sandwiching the materials in between QDSC
and QLED as follows.

6.1 QLED freeform lenses

The freeform lens is recommended for sandwiching on
QLED to re-direct the light beam onto the QDSC. It is intended
to provide uniform illumination with more than 90% of the
light energy in the chosen beam pattern [132]. The use of free-
form optics in the design of secondary optical components for
LEDs is a recent trend [133]. The benefits of free-form optics
are their distinct design, small size, and accurate irradiation
control [133-134]. The use of wavelength conversion
materials such as yttrium aluminum garnet (YAG) phosphor
on top of a blue or UV LED is regarded as the best way to
obtain the necessary light [135].

6.2 QLED collimator

The collimator is an optical element that redirects and
deflects photons from the QLED source to parallel rays on
QDSC. In this study, the collimator's role is to improve
incident optical power per unit area with respect to
geometrical parameters for a specific design; improve system
stability to a precise design parameter and fabrication errors;
reduce irradiance scattering between the medium of QLED
and the QDSC; maximize the field size of irradiance into the
desired size of QDSC; and eliminate irradiance outside the
QDSC region.

6.3 Clustering of multiple QLED

Clustering Multiple QLEDs is the process of grouping
QLEDs in order to illuminate a specific size of QDSC. It is
crucial in determining the wavelength dimensions. Because of
the tiny size and limited light output of individual QLED
components, several QLED configurations may be required to
illuminate large light arrays. The spectrum properties of
various light sources can be adjusted to meet varied purposes
by varying their light output [135].

6.4 Luminescent solar concentrator (LSC)
Aluminous solar concentrator (LSC) is a device that traps
solar radiation across a vast area before channeling the
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energy (through luminescent emission) to cells positioned on
the material layer's thin edges [32]. LSCs combined with
QDSCs boost the performance of light energy harvesting even
further.

6.5 Wavelength shifters

Materials that shift the wavelength of light are known as
wavelength shifters. It generates more, fewer, or equal
wavelengths ideal for QDSC harvesting. Sandwiching a
wavelength shifter between QDSC and QLED would aid in
controlling the system and producing an efficient method of
harvesting artificial light energy.

6.6 Position of QLED towards QDSC

The intensity of QLED varies with distance from QDSC.
However, the effect may be minimal. However, as light travels
further, it is absorbed, scattered, and even reflected by
particles in the air or by the air itself. As a result, light is more
effective at close range. To accomplish optimal light energy
conversion, the distance between QDSC and QLED must be
considered.

6.7 Color filters

A color filter is a media that permits color light to flow
through. It filters certain hues by absorbing undesirable
colors while allowing necessary ones to pass through. All hues
of light can be produced with QLED. At the same time, QDSC
can be configured to absorb all QLED hues. As a result,
different color filters result in distinct spectral energy
distributions. Light conversion to electricity can be improved
by embedding a color filter at a specific distance between
parallel QDSC and QLED. Hussein and Migdam [136]
investigated the impact of applying solar-colored filters to
cover the PV panel in its outcomes, using seven different
colored filters, and discovered that the wavelength/color
produces the best PV panel outcome and the best power
conversion.

6.8 Luminescent downshifting (LDS)

Luminescent downshifting (LDS) is an optical technique
for increasing the spectral sensitivity of a solar cell by
employing luminescent materials to convert high-energy
photons to lower energy before they interact with the solar
cells [137-144]. UV photons can be counted as effective as
other longer wavelength photons if the down-converted
photons are properly gathered by the host material beneath
[87].

7. Conclusions

QLEDs have been identified as a light source capable of
emitting desired wavelengths ranging from ultraviolet to
infrared. Simultaneously, the QDSC may be adjusted to absorb
wavelengths spanning from ultraviolet to infrared. This paper
reviews the use of QLED and QDSC in the realm of artificial
light energy harvesting for QDs PV cells. Both QDSC and QLED
have satisfactory properties that are suitable in the field of
light energy harvesting. The study also discovered that PbSe
and PbS are among the most suitable QD materials examined
to date. Although the application of QLED and QDSC in
artificial light energy harvest can be extended to ambient light
energy harvest and solar simulator, when new devices are
developed, further applications will span a wide range of
stand-alone energy systems.
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