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Abstract: Third-generation solar cells are designed to achieve high power-conversion efficiency
while being low-cost to produce. These solar cells have the ability to surpass the Shockley-Queisser
limit. This review focuses on different types of third-generation solar cells such as dye-sensitized
solar cells, Perovskite-based cells, organic photovoltaics, quantum dot solar cells, and tandem solar
cells, a stacked form of different materials utilizing a maximum solar spectrum to achieve high
power conversion efficiency. Apart from these solar cells, other third-generation technologies are also
discussed, including up-conversion, down-conversion, hot-carrier, and multiple exciton. This review
provides an overview of the previous work in the field, alongside an introduction to the technologies,
including their working principles and components. Advancements made in the different components
and improvements in performance parameters such as the fill factor, open circuit voltage, conversion
efficiency, and short-circuit current density are discussed. We also highlight the hurdles preventing
these technologies from reaching commercialization.

Keywords: Shockley-Queisser limit; third generation; Perovskite; dye-sensitized; quantum dot;
tandem solar cells; organic photovoltaics

1. Introduction

To fulfill future energy needs, while reducing the reliance on fossil fuels [1], there has
been a concerted effort worldwide to advance sustainable and clean energy resources [2].
Since it is abundant and clean, solar energy is seen as a significant fuel source for the produc-
tion of electrical power [3]. Solar cells (SC), often called photovoltaic (PV) cells, use the PV
effect to convert light energy into electricity and are considered one of the most significant
environmentally friendly power sources, along with hydropower and wind/tidal power.
PV technologies have been consistently evolving over the last two decades to improve the
power conversion efficiencies (PCE) of solar cells [4].

SCs can be divided into different categories in terms of the timeline of their develop-
ment as well as the materials they use. A broad categorization is as follows:

(1) First generation, which are of silicon (Si) type and are the most efficient [5], though
decrease in efficiency as the temperature increases.

(2) Second generation, which are of thin film type, are cheaper than the Si type, and
are already commercially available [6,7]

(3) Third generation, which are semiconducting-based solution-processed PV tech-
nologies [8,9].

According to Green [10], third-generation solar cells are defined as those capable
of high power-conversion efficiency while maintaining a low cost of production. Their
implementation with thin-film technologies could have a huge impact economically, making
solar energy one of the most accessible and cheapest options for future energy production.
Thin-film technologies have the benefit of a tunable bandgap, making them a better option
for light harvesting. This innovation is seen as a possible game changer in PV technologies
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since it would not only achieve improved device performance but also lower fabrication
costs and extended device lifetimes [11-13]. As a result, third-generation solar cells such as
dye-sensitized solar cells (DSSCs) [14], perovskite solar cells (PSC) [15-17], and quantum
dot sensitized solar cells (QDSSCs) [18,19] are being widely explored and undergoing
rapid development. In addition to these technologies, third-generation SCs also include
organic photovoltaics (OPVs), up-conversion, down-conversion, hot-carrier, and multiple
exciton cells.

Traditional Si-based solar cells achieved high efficiencies at high cost, which is what
led to the introduction of third generation or emerging technologies, with flexible manufac-
turing techniques, low weights, low costs, and excellent efficiencies [10,20]. Organic solar
cells have not yet been commercialized due to their lack of stability, and researchers are
making efforts to increase the efficiency and stability of these solar cells through tandem
solar cell architectures [21]. The sun provides a limitless source of energy, but solar cells
need to be made with the best band gap possible to maximize the harvesting of energy
from the solar spectrum [22]. Photon absorption and energy generation differ in silicon and
organic solar cells, and Si has a lower exciton-binding energy. Organic solar cells generate
a photocurrent at a greater rate due to multiple exciton production, which ultimately raises
the fill factor and efficiency of solar cells [23].

After going through numerous improvement phases, DSSC technologies have achieved
14.2% PEC in 2020 [14], which was surpassed in 2022 by Ren et al. [24] who reported a
figure of 15.2%. The first ever perovskite material-based solar cell had an efficiency of
3.8%, introduced by Kojima et al. [25] in 2009. After extensive research efforts, the latest
recorded PCE of 25.7% was achieved by Ulsan National Institute of Science and Technology
(UNIST)!. The latest recorded efficiencies of QDSSC, TSC, and OPVs are 18.1% (UNIST),
32.5% by Helmholtz-Zentrum Berlin (HZB), and 19.2% [26], respectively (all of these value
and others are available from https://www.nrel.gov/pv/cell-efficiency.html (accessed on
9 January 2023)).

Even though these technologies are showing promise, they still need to overcome
some major limitations before mass production/commercialization can become a reality.
Commercialization of these third-generation solar cells is limited by performance stability
under different operational temperatures, module design, processing procedure, and the
use of toxic materials [27]. In DSSC, substrates are often made of plastic and have a low
thermal processing limit. Low-temperature processing with plastic substrates reduces
semiconductor film adherence to the substrate and leads to poor electrical contact between
semiconductor particles. Plastic-based DSSC technologies present a significant challenge in
terms of device stability due to oxygen and moisture input from porous and permeable
plastic substrates. PSCs have high PCEs compared to the other third-generation solar cells
but are limited by the instability of the perovskite layer under high humidity conditions,
lowering their lifespans and limiting their usage for outdoor applications [28].

QDSSCs have low PCEs and also suffer from instabilities associated with the different
device components, such as the anode electrolyte and counter electrode [29]. The photoac-
tive layers of OPV devices are processed from halogenated solvents such as dichlorobenzene
and chlorobenzene [30]. As a result of their release into the air, these halogenated solvents
will cause significant harm to the environment. Their volatilization during production of
the device is also dangerous and may cause cancer. Therefore, it is necessary to replace
these harmful halogenated solvents with environmentally friendly alternatives.

Review articles on third-generation solar cell technologies such as dye-sensitized,
perovskite, quantum dot, tandem solar cells, and organic photovoltaics exist individually.
However, we are not aware of any review that systematically explains and presents detailed
information regarding the recent progress made in all of these technologies together. This
review aims to provide a detailed study of different third-generation solar cells, namely
DSSCs, PSCs, QDSSCs, tandem solar cells (TSC), OPVs, as well as other technologies such
as up-conversion, down-conversion, hot-carrier, and multiple-exciton. It considerably
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expands on previous reviews, in order to better grasp the operational methods, approaches,
and recent improvements.

We discuss the working principles and different components, as well as the advances
made in these components. Improvements in the different performance parameters through
these advancements are detailed, including in the fill factor, open circuit voltage, conver-
sion efficiency, and short-circuit current density. Hurdles and challenges facing these
technologies in terms of reaching the market are highlighted for completeness. In contrast
to previous reviews, all of the main third-generation technologies, their components, and
open challenges are included in a single review. We point out that other generation tech-
nologies are not covered in this review since coverage of the third generation is already
very broad. The review is divided into different sections according to a categorization
of the technologies. Section 1 provides an introduction to PV technology and the basic
parameters of SC, along with a discussion on the PV electricity market.

Section 2 introduces DSSCs, explains their working principles, different components,
and challenges in terms of commercialization. Moreover, improvements in their efficiency
using a number of techniques are discussed. In Section 3, PSCs are introduced, together
with perovskite material properties, PSC structures, well-known film fabrication tech-
niques, techniques for efficiency improvement, and challenges facing commercialization.
In Section 4 on quantum dot solar cells (QDSC), the working mechanism of the QDSSC is
explained, and factors affecting its stability are discussed, along with progress in terms
of efficiency using different types of photoanodes and QD sensitizers. Application of
QD technology in PSCs and challenges for QDSSC technology are also mentioned. The
potential of TSC technology and Perovskite/Si-based TSC are explored in Section 5. In
Section 6, the working mechanisms of OPVs, their main components, and challenges for
these technologies are highlighted and discussed. In Section 7, we briefly review other
third generation technologies, and in Section 8, we provide conclusions.

1.1. Basic SC Parameters

The performance of SCs is measured by the open circuit voltage (Voc), short circuit
current (Jsc), fill factor (FF), and power-conversion efficiency (PCE).

1.1.1. Open Circuit Voltage (Voc)

The maximum voltage that can be achieved from a solar cell with its terminals open,
or the voltage that can be obtained from a cell with no current flowing through it [31].

1.1.2. Short Circuit Current Density (Jsc)

When both terminals of a cell are shorted, the available amount of current, in that
case, is called short circuit current. It is denoted by Jsc. When photons strike a solar cell
and are absorbed in it, it generates an electron-hole pair (EHP) [32]. The separation of
newly generated EHP takes place through the PN junction and is transmitted to the load.
If this cycle is completed without recombination, the current will flow to the externally
connected load.

1.1.3. Fill Factor (FF)

Fill Factor (FF) is the ratio of maximum power to the product of Jsc and Voc. The FF
of a solar cell depends on its resistive losses [33]. The FF of an ideal solar cell, having no
losses, is 100%; however, achieving such value is not possible. A cell of such materials that
has a high bandgap will have high FF.

1.1.4. Efficiency (PCE)
It is the ratio of output to input power. It is denoted by n [34] and can be calculated as
the ratio of maximum power output Pmax to power input Pin:

_ Pmax
"= "pin
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1.2. Solar Cell Electricity Market

In the last few decades, the development of solar cell power generation devices has
been more rapid than was forecast [35]. The reasons for the growth are many, including
aggressive policies and financial incentives, huge investments in production processes, and
rapid technology development. In 2021, according to the Bloomberg NEF, 183 GW of solar
photovoltaic systems (SPVs) were installed throughout the world, an increase of around
40 GW compared to the previous year. Due to this incredible growth in SPVs, experts
in 2022 have revised the reports, expecting between 204 and 252 GW, and crossing the
200 GW mark for the first time in history [36] (The evolution of the efficiencies of solar
cells with time is available from The National Renewable Energy Laboratory (NREL) Best
research-cell efficiency chart. “https:/ /www.nrel.gov/pv/cell-efficiency.html (accessed on
9 January 2023)").

The conversion of solar energy into electrical energy via SCs has seen many develop-
ments over the last few decades. The first ever produced SC is termed a first-generation
SC, achieving high efficiency with high cost. To reduce the cost of production, further
improvements and materials were introduced, but the resulting efficiencies were low; such
technologies are considered second-generation SCs. To obtain highly efficient and low-cost
SCs, further techniques and materials were introduced, having the capacity or potential to
surpass the Shockley—Queisser limit. These are termed third-generation solar cells and are
the focus of this review.

A number of third-generation solar cells have indeed achieved high efficiencies at
low cost. However, the stability of these SCs in different working conditions such as high
humidity, high temperature, and continuous light illumination is a major challenge that
has yet to be overcome. As can be seen in Figure 1 [37], one of the third-generation SCs (the
perovskite SC) degrades when exposed to different relative humidity, with reduced film
absorption. In only 4 h, the absorption reduces to half of its initial value, indicating a rapid
degradation reaction at 98% RH. This is a major concern because solar cells will frequently
have to operate in harsh environments with regularly changing weather. Thus, extensive
research is required to improve the stability of these technologies.
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Figure 1. (a) Relative humidity control system schematic representation; (b) photo view of the
sample holder; (¢) CH3NH3Pbl; in situ absorbance measurement at 98% relative humidity at 15 min
time interval; (d) normalized absorbance measurements for CH3NH;3Pblj; films exposed to different
relative humidity conditions [37]. Reproduced with permission from Yang et al., ACS Nano, American
Chemical Society, 2015.
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2. Dye-Sensitized Solar Cells

One of the most exciting technological advancements in the world of solar cells is
the DSSC. It functions as a cell that mimics the method used by plant cells to produce
energy. The electron moment produced by the combined influence of the photon energy
and the chemical reactions is a photo-electrochemical cell [38]. The DSSC has the potential
to be an energy source in the future because it is somewhat transparent and less expen-
sive than traditional solar photovoltaics [39]. However, before claiming it to be a viable
commercial product, some issues still need to be resolved. These issues and the significant
advancements in DSSC technology in recent years are highlighted in this section. We
provide a clear understanding of the most current upgrades made to DSSC in relation to
the various components. In accordance with the various DSSC components, we divide
this section into subsections and include a summary of the suggested improvements from
various researchers.

The groundbreaking research on the possible uses of nano-sized TiO; (titanium diox-
ide) porous film electrodes in DSSCs was initially published by O’Regan and Gratzel [40].
The DSSC quickly developed into an active area of research since it was inexpensive and
was thought to have a very high photon to electricity conversion efficiency. A significant
quantity of work has since been reported.

The photoanode, sensitizer, electrolyte, and counter electrode are the essential elements
of a DSSC [41,42]. The photoanode is developed using semiconductor nanostructures.
On the transparent conductive glass, a variety of nanostructures, including nanorods,
nanotubes, nanowires, nanocones, and nanoleaves, have been created [43]. The most
effective materials for the photoanode have long been ruthenium-bipyridyl dye families
such as N719, N3, and C101, which have supplanted extremely efficient solar cells [44,45].
Some researchers believe that ZnO (Zinc oxide) is the most suitable alternative for TiO,.
According to numerous studies, the use of ZnO nanostructures for photo-electrodes can
improve the photovoltaic performance of DSSCs. Some of the work involving the use of
ZnO in DSSC includes the development of DSSC using the network structure of electron-
spun ZnO nanofiber mats [46]; ZnO nano-sheets derived from growth mechanisms directed
by surfactants [47]; the effects of annealing on the performance of DSSC using ZnO [48];
and the effects of the morphology of nanostructures of ZnO films on the efficiency of DSSCs
and ZnO nanostructures for DSSC [49].

2.1. Working Mechanisms of DSSCs

Luo et al. reported 11.35% efficient DSSC, surpassing the 10.78% achieved using
organic dye [50]. In 2020, Ji et al. [14] reported a 14.2% efficient cell by using an organic dye,
while in 2022, Ren et al. [24] reported 15.2% efficiency using newly designed co-absorbed
sensitizers, helping to harvest more sunlight. The photons excite electrons by striking
the sensitizers, providing them enough energy to move from the valance band to the
conduction band of a semiconductor material (TiO,, etc.) [51,52]. These electrons reach the
flexible subtract through the porous thin semiconductor layer. The incoming light (photon)
intensity and the trapping—de-trapping process can affect the flow of electrons [53]. The
sensitizers regenerate the oxidized sensitizer molecules by absorbing electrons from the
electrolyte (for instance, an I-/13-) in addition to oxidizing the mediators. Moreover, during
the operation, the oxidized mediators at the CE (counter electrode) surface are regenerated
by reduction, resulting electrons to reach the CE from an external circuit [54-56].

Chiba et al. [57] carried out studies on DSSCs by utilizing TiO, electrodes with varying
degrees of haze. For DSSCs, it was discovered that as the haze of the TiO; electrodes
increased, so did the efficiency in converting incident photons into a current. This was
especially true in the near-infrared spectral range. By increasing the haze, a PCE of 11.1%
was reached. To improve PCE, Seung et al. [58] proposed a “nanoforest” of high-density,
long-branched “treelike” multigeneration hierarchical ZnO NW (nanowire) photoanodes.
The increase in effectiveness is due to a large increase in the surface area, which allows
for more dye loading and light harvesting, as well as a decrease in charge recombination
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caused by direct conduction along the multigeneration branches of the crystalline ZnO
nano trees. To capture more sunlight, this strategy imitates branching plant structures.
The authors conducted a parametric analysis to combine length-wise growth (LG) and
branching growth (BG) to increase the efficiency of ZnO NW photoanodes.

Han et al. [59] successfully developed an 11.4% efficient DSSC through the design and
synthesis of donor-acceptor type co-adsorbents that efficiently overcame the competitive
light absorption by I~ /13—, avoided dye aggregation, and decreased charge recombination.
In [60], a carboxy-anchor organic dye of LEG4 was demonstrated to work well as a collabo-
rative sensitizer with the silyl-anchor dye of ADEKA-1 in DSSCs. The authors were able to
produce a 14.3% efficient cell with an optimized cobalt(III/II) complex redox electrolyte
solution and the GNP counter electrode. This demonstrates that silyl-anchor dyes are a
viable option for use as photosensitizers in DSSCs, which is mostly attributable to the fact
that ADEKA-1 has good adsorption characteristics to the TiO, electrode. Figure 2 provides
a schematic of a DSSC.
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Figure 2. DSSC schematic [61]. Reproduced with permission from Devadiga et al., Renewable and

Sustainable Energy Reviews, Elsevier, 2022.

2.2. Components of DSSCs
2.2.1. Photo-Anodes

The photo-anode is made up of semiconductor nanoparticles placed on a transparent
conducting glass that has been dye-sensitized [62]. For the photo-anode, numerous semi-
conductor oxides such as ZnO, SnO,, WO3, and TiO, are used as a material. Among these
semiconductor oxides, TiO, has received more attention due to its availability, low cost,
compatibility, and lack of toxicity [62].

The morphology of a semiconductor plays a vital role in a DSSC, since it acts as a
substrate for the absorption of dye and receives electrons from the dye [63]. The dye, upon
photo-excitation, introduces the electron into the semiconductor’s conduction band, where
it is further transferred to the counter electrode, completing the circuit. TiO, nanoparticles
are frequently utilized because of their excellent dispersion and crystallinity. Anatase,
brookite, and rutile are the three most stable polymorphs of TiO,; the complex synthesis
process of the brookite makes it the least common among the mentioned polymorphs of
TiO,. The solar energy conversion performance of anatase and rutile to some extent is
the same; however, anatase is favored over rutile due to its superior charge transport,
larger specific area, and higher electron Fermi level. In addition, anatase has a bandgap



Processes 2023, 11, 1852

7 of 58

of 3.2 eV compared to 3.0 eV for rutile, resulting in greater conduction-band energies for
the anatase form [64]. Researchers are working hard to create different nanostructures for
anatase such as nanorods, nanofibers, and nanowires using different synthesis techniques,
including solvothermal, hydrothermal, micelle, inverse micelle, physical vapor deposition,
and chemical vapor deposition. An efficient electrode has a compact layer of ca. 20 nm
sized nanoparticles and has a thickness of 12-14 um, while the scattering layer is of ca.
400 nm sized nanoparticles and has a thickness of 4-6 um [65]. Screen printing [66,67],
doctor blade [68], spin coating [69], and spray coating [70,71] are the different techniques
used for coating TiO; on the conducting glass substrate.

2.2.2. Dye Sensitizers

The dye in a DSSC plays a very important role—that is, to absorb solar energy and
convert it into electrical energy [72]. By keeping the role of a dye in DSSC in mind, some
key conditions are required for a dye to be considered efficient, namely [62]:

1. itmustbe capable of maximum absorption from the visible region and near-infrared region;

2. it should have excellent binding with anode material;

3.  the anode material conduction band must be low compared to the LUMO (Lowest
Unoccupied Molecular Orbital) of a dye;

4. the anode material conduction band must be high compared to the HOMO (Highest
Occupied Molecular Orbital) of a dye;

5. it must be durable.

Premetallized, natural, and metal-free synthetic organic are the three different types
of dye sensitizers. Among the mentioned sensitizers, premetallized sensitizers exhibit the
highest efficiency and greatest stability. However, manufacturing these dyes is difficult,
costly, and harmful to the environment. Metal-free synthetic organic sensitizers such as
premetallized sensitizers require a complicated production procedure. On the other hand,
natural dyes can easily be extracted from seeds, leaves, fruits, stems, etc. [73]. Premetallized
and metal-free synthetic organic dye-based DSSCs have high efficiency compared to natural
dye based DSSCs. On the other hand, unlike the premetallized and metal-free synthetic
organic dyes, natural dyes do not need any complex preparation process and are cheap,
non-toxic, and environmentally friendly [74].

2.2.3. Electrolytes

In a DSSC, the electrolyte is another very important component as it can affect the
stability and performance of a cell [75]. The redox couple, organic solvent, and additives are
the essential components of an electrolyte. Liquid electrolytes, solid electrolytes, and quasi-
solid electrolytes are the three different types [62]. Due to their better dielectric constant,
donor number, and viscosity, 3-methoxy propinitrile, propylene carbonate, acetonitrile, bu-
tyrolactone, and valeronitrile are the most frequently used solvent in a liquid electrolyte [76].
In electrolytes, the component that behaves as a reducing and an oxidizing agent is the
redox couple. The redox couples, I~/ I3—, Co(Il) /Co(1I), due to their enhanced performance,
are commonly used in DSSCs [77]. The purpose of additives is to prevent recombination
reactions at the electrolyte interface, which is critical since these reactions reduce the Js.
and V., lowering the overall cell performance. Heterocyclic nitrogen-containing sub-
stances, such as pyridine and its derivatives, are frequently utilized as additives. This
results in a negative shift of the conduction band, which raises the Voc while lowering
the Jsc. The two additives that are most often employed are 4-tert-butyl pyridine (tBP)
and N-methylbenzimidazole. The mechanism by which additives such as guanidinium
and thiocyanate work is quite different from that of the aforementioned additives, since
they provide a positive shift to the conduction band, causing an increase in Voc [78,79].
Recently, it has been reported that DSSCs having polyaniline in their electrolyte are more
efficient than those without polyaniline—6.56% and 5.00%, respectively [80].
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2.2.4. Counter Electrodes

The counter electrode (CE) transfers electrons to the electrolyte from the outer circuit to
regenerate the redox pair. Therefore, the CE must have low resistance and should have high
stability. An efficient CE material should have a high surface area, good chemical stability,
high conductivity, low resistance, high current density, and good corrosion stability [81].
Platinum (Pt) is considered an efficient CE material due to its high conductivity towards
I~ /I3~ and excellent electrocatalytic activity [81,82]. The fabrication of Pt CE can be accom-
plished using chemical reduction, chemical vapor deposition, electrochemical deposition,
hydrothermal reaction, thermal decomposition, or sputtering [83]. Despite the fact that Pt
has excellent properties, it is very costly and cannot fit into a wide range of applications.
Therefore, many researchers are investigating alternatives that have high efficiency, low
cost, and good stability. A wide range of research has been carried out using numerous
types of carbon, such as carbon nanotubes; carbon nanofibers and graphite [83-87]; Pt al-
loys such as Pt 0,Co, NiPd, and PtPdNi [79,83]; alternative metals such as Ruthenium (Ru),
Iridium (Ir), Gold (Au), Titanium (Ti), and Silver (Ag) [83]; bilayers such as Au/Pt, Cu/Pt,
Ti/Ru, and Al/Ru [83,84]; and polymers such as Polyaniline and Polypyrrole [83,88].

In the cases of TiO, and ZnO, incorporating co-additives increases the efficiency of
the cell. Significantly more effective solar cells were produced using a variety of other
approaches, including the molecular engineering of sensitizers, different printing processes,
and improvements with anchoring groups, as summarized in Table 1.

Table 1. The performance of cells with different designs in combination with liquid and solid-state
electrolytes using different electrodes.

sensitizers

TBAPF6

Photoanode/ Jsc o
Cell Type Dye Cathode Electrolyte CE Voc (V) (mAcm-2) FF 7 (%) Refs.
Wine ‘;ftfﬁ’sﬂ"wer Anthocyanin (Lv) Ti0,/1TO - /1~ Graphite C/ITO 0.52 0.38 026 079  [89]
Wine Daisy flower h . Yo o o o
petals Anthocyanin (Lv) TiO, /1T I /1 Pt/IT 0.52 0.42 0.27 0.87 [89]
Ru (IT)
complexes bearing . e
diamine-based Ru (II) 8A TiO, /FTO I /1 Pt/FTO 0.64 5.13 0.68 225 [90]
bidentate ligands
N719 + Graphite C-
g ) e .
Co-additive CDA 75 mM CDA TiO,/FTO /1 PEDOT.OPSS/ FT 0.79 11.64 0.76 7.00 [91]
Graphite C-
Co-additive CDA RhB + 10 mM CDA TiO, /FTO I- /13- PEDOT: PSS/FT 0.61 4.19 0.69 1.75 [91]
(€]
Graphite C-
Co-additive CDA D149 + 10 mM CDA TiO, /FTO I /13 PEDOT: 0.81 13.77 0.69 7.72 [91]
PSS/FT O
TiO, /ZnO Blocking TiO, e
Layer N719 NP/TiO, /Zn0O/FTO I~ /T Pt/FTO 0.73 16.63 0.59 7.10 [92]
2- Ru (1)
cyanoacetani lide based complex HD-2 TiO, /FTO -/~ Pt/FTO 0.68 20.33 0.58 8.02 [93]
organic dyes with SA1
Catecholpyr ano-
5,7,3' 4'-tetrahydroxy Pyrano- . e )
flawylium pyranoflavyli anthocyanin TiO, /FTO I /I Pt/FTO 0.34 6.43 053 115 [94]
um salts
Natural liquid dye
PIW . e Candle soot -
N extract 12- Leaf chlorophyll TiO,/ITO I /T C/ITO 0.42 0.14 0.41 0.02 [95]
our immersion
Screen printing 0.25 cm? D35 TiO, NP/FTO -/~ Pt/FTO 0.76 10.03 0.72 5.48 [96]
Digital - ~ e
printing 0.25 cm? D35 TiO, NP/FTO I /T Pt/FTO 0.78 12.65 0.75 7.40 [96]
(D-A-7-A) 01M
type zinc porphyrin TH-2F TiO, /FTO ; Pt/FTO 0.68 16.07 0.64 6.98 [97]
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Table 1. Cont.

Photoanode/ Jsc
Cell Type Dye Cathode Electrolyte CE Voc (V) (mAcm-2) FF 7 (%) Refs.
Gel polymer electrolvte Black mulberry AMPS-TA-F-
poly y fruits TiO, /FTO Cl-Br- Pt/FTO 0.40 0.02 0.49 [98]
based DSSCs o
juice An
Combination of natural
red and 80% R +20% G TiO, /FTO - /13- C (CNT)/FTO 0.30 4.65 0.55 0.99 [99]
green dyes
Chlorophyll and
Mixed one layer anthocyanin . ~ e
Pigment combination volumetric TiO, /FTO I /1 Pt/FTO 0.72 1.61 0.73 0.85 [100]
proportion of 1:1
Chlorophyll and
P.TWO distinct layer anthocyanin TiO, /FTO - /B Pt/FTO 071 138 074 074  [100]
igment combination volumetric

proportion of 1:1

An efficient dye is essential for the fabrication of an efficient DSSC. Zhang et al. [85]
fabricated four different A’-7-A type dyes, ZS10-ZS13. To investigate the performance
of these dyes, the authors constructed a DSSC on a 10 pm TiO; film using an I~/ B-
electrolyte. It was observed that ZS13 provided the best Voc value of 697 mV (see Figure 3a),
while ZS12 provided the best Jsc and PCE values (see Figure 3b) of 14.96 mA cm 2 and
6.75%. To study the effect of molecular size on the overall performance of a DSSC, co-
sensitization experiments of these dyes with porphyrin dye YD2 were carried out. From
these experiments, it was noted that the Voc of Z513+ YD is still high, but Z512+YD
provided the highest Jsc and PCE values compared to the other dyes (see Figure 3c,d).

(@)

16 (b)
14
124 — 7809
i —Z810 ~
£ 10 — 7811 =
< 3 —1ZS12 <
g —zs13 ~ E
> 6 Under light 9 <
£ 1 = 3
£ 4 =] -
= & £
- 24 - =
= £
£ ¥
‘5 ?—.v:\ =
o 2 i
WAS
-4 Under darkI (CRNY
RN
-6 A
[N\ L T H 2
-8 T T T T 400 600 800
0.0 0.2 0.4 0.6 0.8 1.0
Wavelength (nm)
Voltage (V)
(c) (d)
16 16
14 144
E 124 £ 12
< <
E 10 E 104
2 z2
Z Z
g & YD2 £ 8
b= ——YD2 + 2509 = —— VD2 + 2509
§ 64 ——YD2 + ZS10 g 6 ——YD2 +ZS10
£ ——YD2 + 2811 E —— YD2 +ZS11
S 4 ——YD2+27512 3 4 ——YD2+2Z512
——YD2 + 2813 ——YD2 +Z513
24 24
0 T T T T T T T 0 T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8
Voltage (V) Voltage (V)

Figure 3. (a) ]-V characteristic curves of DSSCs based on ZS09-Z513; (b) IPCE of DSSCs based on
Z509-7513; (c) J-V characteristic curves of DSSCs sensitized with YD2 and ZS09-Z513; (d) IPCE of
DSSCs sensitized with YD2 and ZS09-ZS13 [85]. Reproduced with permission from Zhang et al.,
Dyes and Pigments, Elsevier, 2022.
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2.3. Challenges in DSSCs

The substrates used in DSSC are mostly plastic, having a low thermal processing limit
of around 150 °C, so for a working electrode, the coating of nano-crystalline film on plastic
is the most significant problem. Organic binders are not used in the coating process due to
their tendency to persist in semiconductor films processed under 400 °C.

Due to the lack of binders in semiconductor pastes, the film will break down as it dries,
raising the electrical resistance. By using plastic substrates, low-temperature processing
lowers semiconductor film adhesion to the substrate and causes poor electrical contact
between semiconductor particles. Due to oxygen and moisture input from porous and
permeable plastic substrates, plastic-based DSSC technologies pose a substantial problem
in terms of device stability. These modules would need to go through a strict encapsulation
procedure with low or no impact on production costs if they were to be commercialized.
Plastic-based DSSC poor conversion efficiency is mostly due to their inability to withstand
high-temperature heat treatments. For the fabrication of efficient plastic-based DSSCs,
changes have to be introduced in making semiconductor paste and an alternative technique
that can enhance the connection between the semiconductor film and the substrate.

3. Perovskite Solar Cells

The perovskite solar cell (PSC) is an emerging solar cell technology that has received
a great deal of attention from researchers in the last few years [101]. These cells possess
a an active/absorber layer made of perovskite material [102]. PSCs have the potential to
be an energy source in the future by virtue of properties that are discussed in this section.
However, before claiming it to be a viable commercial product, some issues still need to be
resolved. These issues and the significant advancements the PSC technology has made in
recent years are highlighted in this section.

In 2009, Kojima et al. [25] first introduced a perovskite material-based solar cell
having an efficiency of ca. 3.8%. In PSCs, methylammonium lead bromide (CH3NH;3PbBrs
or MAPbBr3) and methylammonium lead iodide (CH3NH;3Pbl; or MAPbI3) perovskite
materials are used as an absorber layer, with bandgaps of 2.3 eV and 1.6 eV. In 2021, a 25.5%
efficient PSC was reported by Green et al. [13] comparing favorably with traditional solar
cells (crystalline silicon-based). Aside from solar cells, they can be used in photodetectors
and light-emitting diodes [103,104]. A PSC having 25.7% power conversion efficiency was
also reported by Ulsan National Institute of Science and Technology (UNIST) (The evolution
of the efficiencies of solar cells with time is available from The National Renewable Energy
Laboratory (NREL) Best research-cell efficiency chart. “https://www.nrel.gov/pv/cell-
efficiency.html (accessed on 9 January 2023)”).

Perovskite materials have some outstanding properties that match the requirements
for photovoltaics applications, and these include a high diffusion length (~1 um), a high
carrier mobility, strong absorption, and a low recombination rate. Single-crystalline MAPbI3
has a defect density of 1010 cm 3, which is significantly less than that for polycrystalline
perovskites [102,105]. Single-crystalline CH3NH3Pbl; perovskite has a carrier lifetime of
a few hundred microseconds and a diffusion length of 175 m [106]. Another outstanding
feature of the CH3NH;3Pbl; perovskite material is its ambipolar transport capability, which
allows it to function as a hole transport material [107]. Etgar et al. announced hole transport
material (HTM) free PSC with a PCE of 5.5% for the first time in 2012 [108]. Several research
groups have published experimental studies on perovskite materials [109-112]. In addition
to practical research, several theoretical investigations have been conducted in order to
comprehend the electrical characteristics, potential, and restrictions of perovskite materials
for diverse device applications [113-115]. Some of the notable properties of perovskite
materials such as high bandgap, binding energy, carrier mobility, and trap-state density are
summarized in Table 2.
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Table 2. Properties of perovskite materials.

Properties Value Range
Bandgap 1.5-25eV

Exciton binding energy Less than 10 meV
Crystallization energy barrier 56.6-97.3 k] mol !
Relative permittivity 3

Charge carrier lifetime Greater than 300 nm
PL quantum efficiency 70%

1010 cm3 (single crystals),

Trap-state density 1015-10'7 em3 (polycrystalline)

Carrier mobility 800 cm?/Vs

Figure 4 shows a schematic of a PSC. The basic components of a PSC structure are an
electron transport layer (ETL), a hole transport layer (HTL), and a light absorber (perovskite)
layer. The usual configuration of a device is glass, transparent conductive oxide (TCO),
ETL, perovskite, HTL, and a metal electrode. This first n-i-p PSC structure was obtained
from the DSSC [25]. In PSC, perovskite materials such as MAPbl; and MAPbBr; are
used instead of the dye material. Both a one-step (single-step technique) and a two-step
(sequential deposition method) approach may be used to deposit the active layer (perovskite
layer) in these devices. Deposition of CH3NH3Pbl; perovskite film lead iodide (Pbl;) and
methylammonium iodide (CH3NH;3I, MAI)-based solvent is used in a one-step approach,
while in a two-step approach, CH3NHj3I is deposited after Pbl, to obtain CH;NH3Pbl;
perovskite [116-118].

(a) (b)

Mintal Matal F
O — ]
HTM T
Ferovakite Perovskite
ETM HTM
TCO TCO
Glass Glass

Figure 4. Perovskite solar cell device structure: (a) conventional and (b) inverted [119]. Reproduced
with permission from Tonui et al., Renewable and Sustainable Energy Reviews, Elsevier, 2018.

3.1. Structure and Working Mechanisms of a PSC

The standard chemical formula for perovskite compounds is ABX3, where “A” and
“B” are cations of various sizes and “X” is an anion [120,121]. A basic perovskite compound
unit cell equivalent structure is shown in Figure 5. Organometallic perovskites that have
an organic cation (e.g., methyl-ammonium CH3NH;3*, ethyl-ammonium CH3CH, NH;*,
formamidinium NH,CH=NH,*, and cesium Cs), a metal cation (e.g., Ge;*, Sny*, Pb,™),
and a monovalent halogen anion (e.g., F~, C17, Br~, I7) are the most significant ones for
PSCs [122].
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Figure 5. Crystal structure of ABX3 perovskites material [123]. Reproduced with permission from
Wang et al., Solar Energy Materials and Solar Cells, Elsevier, 2016.

For optoelectronic applications, the tuning of the perovskites CH;NH;3Pbl; and
CH3NH3PbBr3 exhibits bandgap tenability in the green-IR and blue-green regions of
the spectrum [124]. In ABX;3 perovskite, the valance band and conduction bands are formed
by antibonding of hybridization and 7t antibonding of the “B = Pb, SN” s-state and the
“X = Br, Cl, I” p-state, respectively. Moreover, “A = methyl-ammonium, formamidinium”
does not directly contribute to the valance band maximum and conduction band minimum;
however, it does affect the lattice constant. From studies, it is noted that by increasing the
lattice constant, the bandgap increases [125]. Therefore, the selection of “A”, “B”, and “X”
should be made very carefully, as it affects the stability and overall performance of a PSC.

Tsai et al. [126] presented a study on the implementation of thin films composed of
nearly single-crystalline quality perovskite. The crystallographic planes of the inorganic
perovskite component were found to exhibit a pronounced out-of-plane alignment for
the contacts in planar solar cells, which was observed to enhance the efficiency of charge
transport. The authors were able to attain an efficiency of 12.52% without hysteresis. Fur-
thermore, the devices demonstrated significantly enhanced stability when subjected to
light, humidity, and heat stress tests, as compared to their three-dimensional counterparts.
The research findings indicated that two-dimensional perovskite devices, which lack en-
capsulation, can maintain their efficiency at a rate exceeding 60% for more than 2250 h
under standard (AM1.5G) illumination. Additionally, these devices demonstrate a higher
tolerance to 65% relative humidity in comparison to their three-dimensional counterparts.
Encapsulation of the devices results in no sign of any degradation in the layered devices
when exposed to constant AM1.5G illumination or humidity. In [127], a comprehensive
methodology was presented for enhancing the efficiency of PSCs via optimized manage-
ment of charge carriers. Initially, an electron transport layer is fabricated with optimal film
coverage, thickness, and composition through the tuning of the chemical bath deposition
process of SnO;. Subsequently, a passivation strategy is implemented to dissociate the
passivation process between the interface and bulk, resulting in enhanced properties, while
simultaneously reducing the bandgap penalty. Under forward bias conditions, the devices
demonstrate an external quantum efficiency for electroluminescence of up to 17.2% and an
energy conversion efficiency for electroluminescence of up to 21.6%. These solar cells have
been certified to attain a power conversion efficiency of 25.2%.
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A systematic investigation was conducted by Jiang et al. [128] to examine the impact of
the precise stoichiometry, with a particular focus on the Pbl, contents, on the performance
of the device. The properties evaluated included hysteresis, efficiency, and stability. The
study revealed that a moderate amount of residual Pbl, can result in stable and efficient SCs
without hysteresis. Conversely, excessive residual Pbl, can cause significant hysteresis and
poor transit stability. SCs demonstrated efficiencies of 21.6% for small sizes (0.0737 cm?)
and 20.1% for large sizes (1 cm?), while retaining moderate residual Pbl, in the perovskite
layer. The certified efficiency of small-sized planar structure PSCs was found to be 20.9%.

A commonly accepted simplified operating concept of PSC is as follows: when light
strikes a PSC, the perovskite absorbs light and creates excitons. Thermal energy creates
electron and hole pairs, which diffuse and separate through their contacts, respectively.
When electrons and holes are present at the anode and cathode, respectively, an external
load can be powered in a circuit. Comparable charge carrier diffusion lengths and optical
absorption lengths result in optimum performance.

3.2. Techniques to Improve Efficiency

The efficiency of a PSC can be improved by improving light absorption, optimizing
charge transport, and interface engineering. Since light absorption produces the carriers,
the performance metrics of PSCs, such as PCE, open circuit voltage, and short circuit
current, are greatly influenced by the quality of the light absorption layer. Methods for
improving light absorption include additive engineering, component engineering, and
defect passivation [129].

To increase the light harvesting capacity/efficiency of PSCs, different research groups
used different additives with different perovskite compositions. Yang Yi et al. [130] used
ammonium benzenesulfonate with MAPDbI3 perovskite composition and recorded an effi-
ciency of 17.29%. For the same perovskite composition, Wang et al. [131], Kumar et al. [132],
and Liu et al. [133] used 1-alkyl-4-amino-1,2,4-triazolium, dibutylhydroxytoluene, and
pyrrole and reported efficiencies of 16.13%, 17.10%, and 18.58%, respectively. Li et al. [134],
and Zhang et al. [135], on the other hand, used 1-propionate-4-amino-1,2,4-triazolium
tetra fluoroborate (PATMBF4) and a 6-aminoquinoline mono hydrochloride (AQCI) with
Cs.05(FA.85M A .15)0.95Pb(Ip 85Brg 15)3 composition, reporting efficiencies of 18.27%, and
19.24%, respectively. Studies using different additives are summarized in Table 3.

Table 3. Additives employed in PSCs to enhance device performance (PCE).

Perovskite Composition Additive Name Voc (V) Jsc mA cm~2)  FF (%) n (%) Additive (%) Refs.

MAPbI; ammorum 1.09 22.92 7862  17.29 19.64 [130]
benzenesulfonate

MAPbI; l-alkyl-4-amino-1,2 4- 1.10 23.39 7784 1613 20.03 [131]
triazolium

MAPbI, dibutylhydroxytoluene 1.03 22.50 7810  17.10 18.10 [132]

MAPbI; pyrrole 1.142 23.38 7520 1858 20.07 [133]

1-propionate-4-amino-
1,2 4-triazolium

Cs005(FA0s5MA15)00sPb(logsBrots)s 7y 27 N 1.11 23.74 81.02 1827 21.35 [134]
(PATMBE,)
6-aminoquinoli -
Cs0.05(MAg12FA0 88)0.95Pb(I.88Bro 12)3 mf;‘;ﬂ;gﬁérc‘ﬁlgfde (AQC) 1.18 22.74 8073  19.24 21.66 [135]
CH;NH;Pbl, ;ﬁ?{g‘_‘é‘gg:;m 0.94 22.35 5127 9.15 10.74 [136]
CsPbl, I[’fo’ce“;:i‘]“’rof’henyl)zmc 1.12 20.67 8198  16.97 19.00 [137]
6
CsPbI,Br fn }e‘g’hirg’;ﬁ’:tt:%’;IEM A) 1.23 15.81 8298  14.10 16.13 [138]
CsPbl, ethanol/MACI (Et-M) 0.928 20.75 6843  9.49 13.18 [139]
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The light absorption layer absorbs light to create holes and electrons, which flow
to the external circuit through the HTL and ETL, respectively. ETL and HTL material
optimization can effectively transfer photo-generated charges and can reduce optical and
electrical losses in the device [140-142]. As summarized in Table 4, various efforts have
been made to develop transmitting materials to minimize losses. Han et al. [143] used
ZTO-ZnS as an ETL with a Csg 5(FAg.85sMAg.15)0.95Pb(I0.85B10.15)3 perovskite composition,
recording an efficiency of 21.30%. Wang et al. [144] used MPA-BTTI as the HTL with
CsFAMA and achieved an efficiency of 21.17%, while Pham et al. [145] used 2,3-bis(4’-
(bis(4-methoxyphenyl) amino)-[1,1’-biphenyl]-4-yl)fumaronitrile(TPA-BPFN-TPA) as the
HTL with a CH3NH;3Pbl; perovskite composition and recorded an efficiency of 18.40%.

Table 4. Optimization of transmission materials in PSCs to enhance device performance (PCE).

Perovskite Composition Transmission Material Voc (V) J ifn(fnzl;g FF (%) 1N (%) Refs.
CSo_05(FAO_g5MAg_15)0_95Pb(Br0_1510_85)3 ZTO-ZI’IS(ETL) 1.15 23.80 77.70 21.30 []43]
CsFAMA MPA-BTTI(HTL) 1.12 23.23 81.40 21.17 [144]

2,3-bis(4’-(bis(4-

methoxyphenyl)amino)-[1,1’- )
CH3;NH;Pbl; biphenyl]-4-yl)fumaronitrile(TPA- 1.04 22.70 78.00 18.40 [145]

BPFN-TPA)(HTL)
CsPbBrj Nb,Os5 (a-Nb,Os)(ETL) 1.45 5.64 70.00 5.74 [146]
Cs0.05(FAg.85MAg 15)0.95Pb(Io.55Bro15)3 &‘%S)C“SCN nanocomposite 1.05 23.23 78.40 19.20 [147]
CH3NH;3PbI; BaTiO3/TiO, (ETL) 0.97 20.50 65.00 13.00 [148]
(FAPbI3)p 85(MAPDbBr3)0 15 3,6-N(HTL) 1.08 22.65 78.00 19.25 [149]
CSO‘05 (MAO‘13FAO'37)0'95Pb(10.37BI‘0'13)3 PdPI‘PC(HTL) 108 2349 71.11 1809 [150]
(CSPbI3)0.05(FA0A85MA0‘15Pb[IOA85BI'0A15]3)0A95 NHz—ZDO@SHOZ(ETL) 1.14 25.11 78.68 22.52 []51]
CsPbIBr, InyS3(ETL) 1.09 7.76 65.94 5.59 [152]

For improving the performance of PSCs, apart from additives and optimized transmitting
materials, the device interface can also be tuned. The interface has a direct impact on electrical
charge extraction, transportation, recombination, and photon transfer [153,154]. Therefore,
by using optimized interface techniques, efficient cells can be obtained. Zhang et al. [155]
used a FTO/TiO, / perovskite/(Me-PDA)Pb,ls / Spiro-OMETAD/ Au interface and reported
22.0% efficiency. Li et al. [156] and Liu et al. [157] used FTO/PCBM/ perovskite/Spiro-
OMETAD/Au and ITO/SnO, / perovskite /PTAA /Metal interfaces and recorded efficien-
cies of 20.12% and 20.30%, respectively.

Table 5 summarizes the performances of PSCs with various interface materials. What is
noticeable is the remarkable similarity in all performance metrics with the various materials,
and that they use gold and silver. The interface has a direct impact on charge extraction,
transport, recombination, and photon transport. Perovskite solar cells (PSCs) typically
feature a perovskite active layer, a charge transport layer for electrons and holes, and a
current collector electrode in a stacked multi-layer configuration. There are four main
interfaces between the layer, i.e., the ETL, perovskite, HTL, and electrode. By adjusting the
interface, energy levels can be rearranged, and the surface morphology can be improved.
Enforcing better contact between the perovskite and ETL/HTL can enhance the efficiency
of electron and hole transport.
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Table 5. Interface modification employed in PSCs to enhance device performance (PCE).

Device Structure Voc (V) Jsc (mA cm—2) FF (%) 1n (%) Refs.
FTO/TiO, /perovskite/(Me-PDA)Pb,ls /Spiro-OMETAD/Au 1.13 24.61 79.00 22.00 [155]
FTO/PCBM/ perovskite /Spiro-OMETAD/Au 1.12 22.77 79.00 20.12 [156]
ITO/SnO, /perovskite/PTAA /Metal 1.11 24.06 75.81 20.30 [157]
ITO/NiOy/PTAA /(MAPbI3) 95(MAPbBr,Cl)g 05 /PCBM/BCP/Ag  1.19 22.23 81.71 21.56 [158]
FTO/c-TiO, /perovskite/PTABr/PTAA:LAD/Au 1.09 23.28 79.13 20.13 [159]
FTO/bl-RiO, /MAPbI3 /PbS/Spiro-OMETAD/Au 1.14 23.17 72.83 19.24 [160]
ITO/SnO, /MAPDI; /4-CIBA Spiro-OMETAD/Ag 1.16 22.76 74.00 20.99 [161]
FTO/SnO, /BCP/Spiro-OMETAD/Ag 1.14 23.50 77.10 20.60 [162]

To enhance the PCE of PSC, alongside finding new ETMs, controlling the morphology
of the perovskite layer plays a vital role as it is significantly related to charge transport and
dissociation [163,164]. Efficient PSCs require highly crystalline, surface smooth, and pin-
hole free perovskite films. The processing conditions have a great effect on the perovskite
layer morphology [165,166]. Huang et al. [167] employed fluorinated perylene diimide
(FPDI) as an organic ETM in PSCs. The perovskite film was produced via sequential vacuum
vapor deposition, and the morphology of the film was able to be modified by optimizing
the FPDI film morphology using either solvent vapor annealing (SVA) or short-time solvent
spin-coating. The fill factor (FF) of the perovskite solar cell improved from 30.44% to 55.20%,
boosting PCE from 3.23% to 7.44%, after treating the FPDI film with chloroform SVA for
30 min. In 2014, Jeon et al. [168] show that high-performance PSCs may be fabricated
with excellent consistency by including N-cyclohexyl-2-pyrrolidone as a morphological
controller in N,N-dimethylformamide in very low concentrations. A PCE of 10% and a
performance deviation of less than 0.14% were accomplished with film morphology that
was highly homogeneous, similar to that attained using vacuum-deposition techniques.

Due to their excellent properties, such as low cost, flexibility, solution-processability,
and compatibility with large-area fabrication, PSCs are viewed as the strongest candidates
for third-generation efficient SCs. Bandgap engineering is crucial for light harvesting and
conversion, but most perovskites have a high or indirect bandgap compared to the optimal
bandgap range (1.3-1.4 eV) for single-junction solar cells. Ergen et al. constructed a novel
structure for PSCs that achieved a steady-state average PCE of 18.4%, with a best recorded
steady-state PCE of 21.7%, while the peak PCE was 26% [169]. Two different mixtures
were created: one with lead and iodine doped with bromine; and the other with methyl,
ammonia, tin, and iodine. Infrared light of 2 eV was absorbed by the first mixture, while
light of 1 eV was absorbed by the second [170].

3.3. Film Fabrication Techniques

PSC fabrication has advanced to the point where the commercialization of PSCs
is possible. In 2021, SAULE TECHNOLOGIES, a Poland-based company, launched the
world’s first production line of solar penal based on perovskite technology by using a
novel inkjet printing technique presented by Olga Malinkiewicz et al. [171]. The authors
achieved an efficient thin-film SC by sandwiching a printed CH3;NH3Pbl; perovskite layer
between two thin organic charge transporting layers acting as a hole and electron blocker
and connecting them through indium tin oxide (ITO)/PEDOT:PSS and Au as hole and
electron extracting contacts, respectively. By using this architecture, the authors were able
to produce a 12% efficient SC. Some widely used film fabrication techniques are highlighted
in this section.

3.3.1. Spin Coating

A liquid layer is spread over a rotating substrate using the batch technique known as
spin coating [172]. The technique has been widely employed in the production of smaller
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PSCs with an area of approximately 0.1 cm?, as well as in the fabrication of expansive
devices with an area of 1 cm?. It is classified as either a one-step or a two-step process.
Perovskite-based devices produced using spin coating have demonstrated PCEs exceeding
9.4% [173]. In [174], the authors generated a large-area perovskite film with a diameter of
57 cm?, demonstrating the possibility for the spin coating to produce reasonably large-area
PSCs, provided that evaporation of the solvent can be properly managed. Perovskite
deposition is improved with two-step sequential processing compared to the one-step
technique. Furthermore, it is possible to improve the quality of films by regulating the
crystal growth [174].

3.3.2. Inkjet Printing Method

The inkjet technique is a printing technique that enables direct ink deposition control
and significantly lowers material use and waste. Multipass inkjet-printed PSCs have been
successfully fabricated and optimized by Mathies et al. [175]. The authors were able to
obtain 11.3% efficient PSCs using MAPbI; ink in the multipass inkjet printing technique.
Using printed CH3NH3Pbls, the authors in [176] were able to create PSCs having a PCE of
13.27% with an effective area of 4.0 cm?. Li et al. developed large-area PSCs using advances
in the inkjet printing technique. Before combining lead—iodide-based ink with MAI vapor
for producing MAPbI3, the authors employed a two-step technique to chemically modify
the lead-iodide ink. The resulting PSC device having an area of 2.02 cm? achieved 17.74%
efficiency [177].

3.3.3. Spray Coating Methods

Spray coating is a low-temperature and low-ink-concentration technique that is a
widely used in the industry for deposition [178]. It is highly scalable, making it suitable for
producing large-area thin perovskite sheets. The perovskite film made with this technique
exhibits high uniformity over vast areas. The process of spray coating involves four distinct
steps, namely the generation of ink droplets, their deposition onto the substrate, combining
them into a wet film, and then the drying of the film. Spray coating is quite versatile in
comparison to other scalable technologies. It includes one-step and two-step methods of
deposition. Aprotic solvents are used in one-step film deposition solutions [178,179]. In
the two-step processes, metal salts are deposited in an aprotic solvent using either a spray
coating or a spin coating.

The authors in [180] produced high-efficiency large-area PSCs with NiO-based HTLs that
were synthesized using a spray pyrolysis technique. In different studies, PSCs that had active
areas measuring 1 cm? have demonstrated average PCEs of 17.6% [180], 18.21% [181], and
19.19% [182]. A photovoltaic device with a greater surface area, specifically 5 cm?, achieved
an average PCE of 15.5%, as reported in [183]. TiO,/Al,O3/NiO/ carbon framework-based
PSCs have demonstrated PCEs of up to 15.03% [184]. PSCs showed good device stability
and a mean PCE of 17.6% when using a recent simple spray deposition approach for a Cul
film [185].

3.3.4. Blade-Coating Method

Blade coating, referred to as doctor-blading and knife-over-edge coating, is a process
in which a blade slides across a surface, or vice versa in the case of roll-to-roll coating [186].
Pre-dispensed ink is spread with the blade to create a film of fluid. The film is subsequently
dried, resulting in a thin, solid film. This is the most common synthesis method for
large-area perovskite films. It has been employed in multiple PSC investigations to create
high-performance cells with surface areas greater than 10 cm?. Different investigations have
shown that by adjusting the processing temperature, the quality of the perovskite film can
be improved [187]. Recent work has focused on using additives to produce thick perovskite
films with uniform crystal shapes and fewer pinholes [188]. For perovskite films [189,190],
and more recently for perovskite PVs with a 20% scalable solution technique [190,191],
blade coating has been widely employed as a single-step deposition approach.
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This technique was employed by Razza et al. to construct a PSC module that had
an active area of 10.1 cm? and a PCE of 10.4% [192]. By inserting a nitrogen knife after a
predetermined distance and applying a nitrogen flow, Huang et al. accelerated liquid-layer
drying at room temperature. As a result of this breakthrough, a verified PSC module
was created with an effective area of 63.7 cm? and a PCE of 16.4% [193]. An average
efficiency of 20.49% was reached by a Pbl,-TBP-PS device made using a two-step sequential
blade-coating process [194].

3.3.5. Slot-Die Coating Method

In slot-die coating, ink is measured using a microfluidic metal die machine. The
machine-structured die features a narrow channel for ink distribution across a revolving
substrate [176]. The surface is often composed of a bendable substrate, such as plastic. To
prevent the fluid in the head from being affected by gravity and to keep wet film formation
under control during high-speed coating, the head is typically positioned horizontally on
a roller. The head is arranged in a vertical position on top of a glass substrate or other
surface that is flattened. The formation of the wet film is determined by the geometry, web
velocities, and fluid feeding rate. Coating procedures are, consequently, geometry- and
microfluidics-dependent, as well as dependent on the thickness, chemistry, and microfluidic
boundary conditions of the wet film [195]. Due to the lack of viscosity and low boiling
point, which is the result of completely enclosed environmental deposition, slot-die coating
is usually a preferred approach in the organic PV community. It is possible to reduce
composition changes brought on by solvent evaporation loss. Using a thin slit in an ink
reservoir, slot-die coating can uniformly spread ink across a substrate while allowing for
precise regulation of film thickness [196]. The authors in [197] employed this method, which
is suitable for roll-to-roll manufacturing and potentially for large-scale commercialization,
and obtained an average power PCE of 15.57%.

3.4. Challenges towards Commercialization

Even though PSCs have achieved great efficiency, the key hurdle in commercializing
this technology is producing large-area cells with stability similar to that of traditional
inorganic solar cells. A significant barrier to commercialization is the perovskite layer
stability. Solar cells are typically used in tough environments with regularly changing
weather, including high humidity, high temperatures, and full solar spectrum. PSCs, on
the other hand, have a relatively limited lifespan due to the instability of the perovskite
layer under high humidity conditions, limiting its usage in outdoor applications. Prior to
scaling up PSC manufacture and commercialization, it is important to evaluate the cost and
reliability of the operating process.

4. Quantum Dot Solar Cells

A quantum dot (QD) is a semiconductor nanoparticle with a diameter of a few nanome-
ters [198], typically 2 to 10 nm [199], exhibiting electrical and optical characteristics that are
distinct from those of bigger particles. A quantum-dot solar cell (QDSC) is a type of solar
cell in which QDs are used as the light absorbing material [200]. An effort is made to swap
bulk components such as silicon, cadmium telluride (CdTe), or copper indium gallium
selenide (CIGS). By varying their size, QDs bandgaps may be made programmable across a
broad range of energy levels, while the band gap in bulk materials is determined by the
substance being used [201]. Due to this feature, QDs are appealing for multi-junction solar
cells, which utilize a range of materials to increase efficiency by collecting several regions
of the solar spectrum.

In this section, we mainly focus on QD sensitized solar cells (QDSSC) due to their
high conversion efficiency capability. We discuss the basic configuration and working
mechanism in this section. Moreover, the factors that affect the stability of these cells,
which is a significant barrier to commercialization of this technology, are highlighted.
Progress in terms of efficiency using different configurations such as using different types
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of photoanodes and QD sensitizers, the applications of QD in PSC, and challenges in
QDSSC are also discussed.

In recent years, there has been an increase in research interest in QDSSCs on a world-
wide scale, attracting researchers from several fields. These researchers include (1) physi-
cists who are developing novel materials for QDSSC manufacturing and investigating
the photophysical process of QDSSCs; (2) chemists who are producing appropriate light-
harvesting materials; and (3) engineers who are creating unique device designs for QDSSCs.
Future breakthroughs in QDSSCs could be made more likely with a synergy between these
efforts [18]. High-performance solar cells need materials that can effectively convert light
into electricity as well as materials that can effectively capture a broad spectrum of solar
energy. The use of QDSSCs can offer several advantages, including greater charge creation,
charge separation, and charge extraction within the same material, making them excellent
candidates for future solar cells [202,203]. Typically, the charge creation process occurs in
QDs, and the charge is quickly transported into two separate transport mediums, reducing
the electron-hole recombination process.

The first QDSC was created in 2010 by Luther et al. [204] using a bilayer of PbS/ZnO
QDs, which exhibited good stability and an efficiency of 2.94%. To increase the efficiency of
QDSSCs, researchers have used a range of quantum dot materials. Hao et al. [205] achieved
a 16.6% efficient DSSC by using perovskite QD materials; this was the highest recorded
efficiency for DSSC until 2020, when UNIST achieved an efficiency of 18.1%, according to
the latest NREL update (The evolution of the efficiencies of solar cells with time is available
from The National Renewable Energy Laboratory (NREL) Best research-cell efficiency chart.
“https:/ /www.nrel.gov /pv/cell-efficiency.html (accessed on 9 January 2023)”). According
to the Shockley—Queisser model, this still falls short of the 30% theoretically achievable
efficiency limit [206]. Several reviews on QDSCs have been published in recent years, with
the majority of them focusing on device characterization, manufacturing methodologies,
and component optimization [207].

QDSCs are an improved form of DSSCs in which dye-sensitized materials are substi-
tuted by different QD materials. Transparent conducting oxides (TCO), a semiconducting
wide-bandgap mesoporous material for the photoanode, an electrolyte with a redox couple,
a counter electrode (CE), and QDs as a sensitizer are the components of QDSCs. Figure 6
shows a schematic of the architecture of a QDSC.

Photo anode
< TiO2

QDs
CdS/CdSe

Figure 6. Schematic of a QDSC [200]. Reproduced with permission from J.H. Markana et al., Dyes
and Pigments, Elsevier, 2022.
4.1. Working Principles of a QDSSC

The working of QDSSCs consists of the following major steps (illustrated in Figure 6,
with charge transfer illustrated in Figure 7).
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Figure 7. Illustration of charge transfer in a QDSC [200]. Reproduced with permission from Markana
et al., Dyes and Pigments, Elsevier, 2022.

Charge-separation. QDs are used as light absorbing materials in QSSC which by
exposure to sunlight create electron-hole pairs, also called the charge-separation process

presented in Equation (1).
QDs + hv — QD* (e” /h+) @)

Electron injection. Secondly, these newly generated electrons and holes are then
transferred to their respective ends/terminals, i.e., electrons are transferred into the semi-
conductor metal oxide (acting as an electron acceptor) while the holes are moved to the
electrolyte or CE. The CE could be either metal or semiconductor electrodes with greater
catalytic activity toward the redox couple (e.g., Au or Pt) accepting holes from the QDs.
Meanwhile, electrons in the metal oxide are transferred to a transparent conductive oxide
substrate and then to the CE (Equation (2)).

QD* + TiO, = QDs + e (TiOy) )

Hole injection. The electrolyte, which mainly consists of a reversible redox couple,
receives holes from the QDs. A polysulfide electrolyte with a reversible redox couple
Sn2~/8%~ is typically used for QDSSC operation.

QD +S,2~ > QD +S,_1> +5S (3)

Sp_12” +S+2e” (CE) — Sn>~ (4)

Diffusion of polysulfide redox couple. Subsequently, the electrons in the electrolyte are
collected by the oxidized S,2~ and are converted to S?~. This process is called the diffusion
process or redox reaction.

Sn®” +2e” =5, 1%+ ©)

Currently, despite significant advancements in QDSSCs, the issue of reduced device
performance stability has yet to be successfully addressed. The key factor prohibiting
QDSSCs devices from being used on a large scale is their difficulty in maintaining stability.
Aside from environmental stabilities (light, moisture, and oxygen in the atmosphere), the
most difficult hurdles to overcome in the future are intrinsic and component stabilities,
which include photochemical instability of QDs, as well as degradation of the adhesive
materials and sealing. Other issues include the substrate type, the electrocatalytic activity
of the CE material, and evaporation or volatilization of the electrolyte.
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4.2. Developments in the Efficiency of QDSSCs
4.2.1. Based on the Photoanode

TiO; [208,209], SnO; [210], ZnO [211], NiO [212], BaSnO3 [213], NbyOs [214], and other
wide bandgap semiconducting metal oxides are employed as photoanodes, which serve to
create excitons by absorbing photons and transporting electrons to the counter electrode.
The photoanode is placed on a TCO substrate, which is transparent, has low resistance, and
can withstand high temperatures, all of which contribute towards the efficiency of these
solar cells [213,215]. To further improve the efficiency of QDSCs, attempts have been made
to employ other materials, doping, surface modification, and composite arrangements,
amongst other modifications. Nevertheless, TiO; remains a strong candidate when com-
pared to other materials and arrangements. Archana et al. [216] and Maiti et al. [215,217]
developed a QDSSC using TiO; as the photoanode, with Cds and CdSe as a sensitizer,
achieving efficiencies of 0.75% and 5.01%, respectively. An extensive amount of research
has been conducted by various research groups, as summarized in Table 6.

Table 6. Photovoltaic parameters of QDSCs based on different photoanodes.

Photoanodes Sensitizer Voc (V) Jsc (mA/cm?) FF 1 (%) Refs
TiO, Cds 0.37 6.24 0.33 0.75 [216]
TiO, CdSeS 0.68 16.8 0.4 5.01 [217]
TiO, ZClISe 0.59 11.58 0.63 4.25 [218]
TiO, CdS/CdSe 0.53 12.5 0.60 3.96 [219]
TiO, CdSe/CdS 0.62 144 0.49 441 [220]
TiO, CdS/CdSe 0.56 16.1 0.337 3.06 [221]
TiO, CsPbI3 1.20 14.37 0.78 134 [222]
TiO, PbS 0.59 8.92 0.56 2.94 [204]
TiO, PbS 0.52 18.14 0.46 44 [223]
TiO, PbSe 0.52 23.4 0.52 6.2 [224]
TiO, PbSe 0.53 24 0.51 6.47 [225]
TiO, CdS/CdSe: Mn 2%) 056 207 0.47 5.42 [226]
TiO, CdS: Graphene (1.6%)  0.54 59 0.38 1.2 [227]
TiO, NF CdSe 0.42 9.1 0.56 215 [228]
TiO, NFs CZTSe 0.47 13.65 0.56 3.61 [229]
TiO, NFs AgoSe 0.41 11.12 0.55 25 [230]
TiO, /C- TiO, /TiO, cds 0.27 4.80 0.13 0.17 [208]
TiO,/QD/TiCl, CdSeTe 0.70 20.69 0.62 9.01 [231]
TiO; /ZnO NR why different? ~ CdS 0.41 2.37 0.35 0.33 23]
TiO,/ZnO NR Cds 0.48 13.34 0.42 2.71
TiO,: B/S? co-doped Cds 122 3.35 0.88 3.60 [233]
TiO,:TiCly CdSe 0.56 15.54 0.61 5.53 [234]
TiO,wth SrTiO3 (10%) Cds 0.60 6 0.48 1.80 [235]
N doped TiO, CdSs 0.84 10.40 0.53 4.58 [236]
P- TiO, NF CupAglnSey (CAISe) 052 12.86 0.63 424 [237]
BaTiOs Cds 0.61 3.74 0.56 1.26 [238]
NiO CulnSySey_:Zn*2 0.35 9.13 0.39 125 [211]
5n0O, Cds 0.45 147 0.34 0.22 [210]
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Photoanodes Sensitizer Voc (V) Jsc (mA/cm?) FF 1 (%) Refs.
SnO2 NF Cds 0.61 11.56 0.43 3 [239]
SnO; with TiCly PbS/CdS 0.30 19.12 0.28 1.60 [240]
ZnO CdS/CdSe 0.67 4.77 0.39 1.26 [241]
ZnO PbS-TBAI /PbS-EDT 242 0.55 0.64 8.55 [242]
ZnO CdS/CdsSe 0.61 9.93 0.52 3.14 [243]
ZnO CdS/CdSe 0.68 10.48 0.62 4.46 [244]
ZnO (Al doped) CdS/Cdse 0.60 12.86 0.69 5.32 [209]
ZnO NP CdS/CdSe 0.50 15.40 0.44 3.35 [245]
ZnO/TiO, Cds 0.46 7.80 0.68 244 [246]
ZnTi Cds 0.63 10.14 0.61 3.92 [247]
ZnTiO3 CdS/CdsSe 0.59 5.96 0.56 1.95 [248]

Sanehira et al. [222] developed a QDSC using CsPI; as a sensitizer, based on AX (A-site
cation halide salt) treatments to improve the electronic coupling between perovskite QDs.
The authors used a variety of AX salts such as FAI, FABr, MAI, Csl, and Neat EtoAc and
recorded different solar cell performance parameters, observing that among the mentioned
AX salts, FAI performed well and recorded the highest efficiency of 13.43%. This suggests
that various AX salt treatments can affect the coupling between QDs and can be used for
tuning the electronic properties of QD films. Ren et al. [231] made efforts to lower the rate
of recombination in an electrode, one of the key factors responsible for lowering the PCE of
a cell. The authors used a unique and very simple approach to inhibit charge recombination
by coating electrodes combined with a blocking layer, ZnS/SiO;. The exposed surface
of TiO, particles and QDs are modified with an amorphous TiO, layer using a classical
TiCly hydrolysis procedure to improve the effectiveness of a ZnS/SiO, barrier layer. This
strategy makes it possible to achieve a 9.01% efficient CdSeTe-based QD solar cell. In [232],
TiO; NAs were synthesized using anodic oxidation, and the TiO, /ZnO nanocomposite
was obtained through a hydrothermal reaction. The SILAR method was used to create
TiO, /ZnO/CdS photoanodes as the photoelectrode. The TiO, /ZnO photoanode yielded
excellent interfacial charge separation. As the SILAR cycle number of CdS increased from
2 to 10, a clear upward and downward trend in QDSSC efficiency with TiOp/ZnO/CdS
photoanodes can be seen. For 3 and 6 h, the recorded efficiencies were 0.33% and 2.71%,
respectively, as highlighted in Table 6.

A promising method for achieving low-cost, large-area, flexible, and lightweight
photovoltaic systems with quick energy payback times and high specific power is solution
processing. However, the organic, inorganic, and hybrid solution-processed materials used
in solar cells reported up to this point typically have poor air stability, require processing in
an inert atmosphere, or require processing at high temperatures, all of which add to the
complexity and cost of manufacturing. The development of room-temperature solution-
processed ZnO/PbS quantum dot (QD) solar cells offer a potential answer to the technical
difficulty of simultaneously achieving the requirements of low-temperature fabrication
conditions, high efficiency, and good atmospheric stability. A verified efficiency of 8.55%
has been achieved by Chuang et al. by modifying the band alignment of the QD layers
using various ligand treatments [242]. TiOy, SnO,, ZnO, NiO, BaSnO3, Nb,Os, and other
wide bandgap semiconducting metal oxides are employed as photoanodes, which serve to
create excitons by absorbing photons and transporting electrons to the counter electrode.
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4.2.2. Based on QD Sensitizers

QD sensitizers are one of the most important components of QDSSCs, responsible not
only for absorbing photons from sunlight but also transferring the excited electrons into
the CB of a material. QD sensitizers must possess certain qualities to increase the QDSC
efficiency, including a high absorption coefficient to absorb photons from a wide spectrum,
an appropriate energy bandgap, rapid electron transfers, a simple production process, low
cost, good stability and durability, and not to mention low toxicity.

In order to capture a significant amount of light, commonly used materials for QD
sensitizers are CdTe [249], PbSe [250], InP [251], ZnSe [252], CdS, CdSe [253], PbS [254,255],
AgyS [256], BipS3 [257], CulnS, [258], InAs [259], and CuBiS; [260]. Furthermore, combina-
tions of different QDs, such as Cd;.«ZnyZTe/CdS [261], AgyS/ZnS [262], BipS3/Sb,S3 [263],
CdTe/CdTeSe/CdSe [264], CdS/PbS [253,265], CdS/CdSe [253,266], CdS/CdTe [267], and
InP/ZnS [268] have shown impressive performance for the light absorption purposes. In
order to obtain an efficient solar cell, different research groups used different types of QD
sensitizers, mostly with TiO,-based photoanodes, with the recorded efficiencies listed in
Table 7.

Table 7. Efficiency details of QDSCs based on different QDs.

QD Sensitizer Photoanode Counter Electrodes 1 (%) Refs.
CdSe/CdS TiO, Au 48 [269]
CdSe TiOy-SeO, CoS; 3.45 [270]
PbS/CdS/CdSe TiO, CuS 458 [271]
CdSe TiO, Cu,S 2 [272]
CdSe TiO, Pt-coated FTO 1.7 [273]
CdSe TiO,: Mg*? Cu,S/brass 6.9 [74]
Zn—-Cu-In-Se (ZCISe) TiO,: Mg*? Cu,S/brass 9.02
CdS TiO, CuS/PbS 1.13
PbS/CdS TiO, CuS/PbS 1.84 (253]
CdSe TiO, CuS/PbS 2.84
CdS/Cdse TiO, CuS/PbS 3.63
CdTe/CdS TiO, CuSNP 2.5 [249]
PbS CQD with PBDB-T(F) ZnO MoO3/Ag 11.2 [255]
PbSE CQD SnO; Au 104 [250]
CIS—CulnS; TiO, Au 0.75 [258]
CdS-Bi,S3 TiO, Cul 1.01 [257]
CuBiS; TiO, Cu,S 0.62 [260]
CdS/CdSe ZnTi MMO CuyS 2.85 [266]
CdS/AgrS-ZnS TiO, CuS 3 [262]
BiS3/SbySs TiO, Pt 0.67 [263]
ZnS coated InP TiO, Brass 0.351 [268]
Cdy.xZnxTe/CdS TiO, Cu,S 3.27 [261]
Co*? (3%) doped CdS TiO, Pt 1.21 [275]
Mn*? doped CdS ZnO Al 2.09 [276]
PbS:Hg TiO, (NP/NF) Cu,S 4.72 [277]
CdSe:Ag+ TiO, Cu,S 2.72 [278]
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Table 7. Cont.

QD Sensitizer Photoanode Counter Electrodes 1 (%) Refs.

Cu-CdS TiO, Pt 1.04

In-CdS TiO, Pt 0.65 [273]
Mg-doped CdSe TiO, Pt-ITO 0.67 [280]
CdS/Cdse TiO, (NCs) CuS 6.80 [281]
CdS/CdSe TiO, CuS 5.07 [282]
PbS ZnO Au 9.40 [283]
Gradient-band-gap PbS TiO, - 4.08 [284]
Cds TiO, Au 0.80 [285]
CdS/CdSe/ZnS TiO, CoO 6.02 [286]
CdTe/CdS TiO, Cu,S 2.44 [287]
CIS-Z and (CulnS, (CIS) QDs)  TiO, Cu;,S on brass foil 7.04 056]
CIS TiO, Cu,S on brass foil 5.05

CulnSexS;_y TiO, CuS 5.51 [289]
ZCISe TiO, MC/Ti 12.65

ZClISe/ZnSe TiO, MC/Ti 13.84 (2901
ClISe TiO, Cu,S/brass 7.56

CIGSe TiO, Cu,S/brass 9.30

CISe TiO, MC/Ti 9.18 2911
CIGSe TiO, MC/Ti 11.30

CuyZnSnS, (CZTS) TiO, Cu,S 3.29 [292]
CAIS(CupAgInSy) TiO, Cu,S/FTO 4.89 [293]
ZCISSe TiO, - 14.70 [294]
N,-CQDs TiO, Pt 0.45 [295]
CAISe (CupyAgInSey) TiO, Cu,S 424 [236]

Xue et al. [255] suggested different conjugated polymers such as PBDB-T, PBDB-T(s),
PBDB-T(F), and PBDB-T(S) as HTMs in PbS CQD solar cells. The authors adjusted energy
levels, optimized solid-state ordering, and improved hole mobility and carrier density
by optimizing PBTB-T model polymers through side-chain engineering. Using modified
PBDB-T(F) polymers in CQD solar cells, an 11.2% efficiency was recorded. The photovoltaic
performance of the resulting QDSCs is influenced greatly by the crystalline quality and
intrinsic electronic structure of the QD light-harvesting materials. Undoubtedly, one of the
most effective ways to raise the efficiency of QDSCs is to utilize suitable, high-quality QDs.
In [290] Zn-Cu-In-Selenide (ZCISe) alloy QDs are surrounded by a ZnSe shell layer with
a larger bandgap, creating a type-I core/shell structure that helps to lower the trap state
defect density. The average power conversion efficiency (PCE) of QDSCs was increased
through this QD material engineering from 9.54%, which corresponds to pure CulnSe;, to
12.65% and 13.84% for ZCISe and ZCISe/ZnSe QDs, respectively.

To increase the photoelectronic conversion, Peng et al. [291] used CIGSe QDs as
sensitizers in QDSSCs, possessing a light-harvesting range of up to 1000 nm. Through
multiple tests such as X-ray photoelectron spectroscopy and X-ray diffraction, the authors
confirmed that the guest Ga element is alloyed in the host CISe, which fits well with
the TiO, substrate and can optimize the electronic structure of CIGSe QDs, lowering the
intrinsic recombination in CIGSe QDSCs. As a result, mesoporous carbon counter electrodes
supported with titanium mesh used in CIGSe-based QDSCs achieved an efficiency of
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11.49%. Similarly, Song et al. [294] designed a ZCISSe-alloy QD-based QDSC and achieved
14.70% efficiency.

4.3. Application of QD in PSCs

PSCs a have lower environmental stability than that of conventional Silicon-based
cells [296]. The difference in energy level and hysteresis effects in PSC not only affect
the charge transportation but also its photovoltaic properties [297-299]. Enhancing PSC
performance has been a focus of academic research for the last decade. QDs having
outstanding properties, helping to enhance the electron and hole transportation and also
optimizing the energy level arrangement within PSCs [300-302]. As a result, QDs are
seen as viable materials for optimizing PSCs. Below, we examine the role of QDs in
PSCs as additives for ETLs and HTLs, discussing different ETMs and HTMs as well as
associated issues.

4.3.1. QDs as Additives in ETLs

The ETL collects and transfers electrons to the conductive glass while successfully
inhibiting the recombination of holes. The following attributes should be present in an
ideal ETM:

(1) Proper arrangement of energy levels for effective electron extraction.

(2) High electron mobility for quicker transmission of electrons to external circuits.
Unfortunately, electron transport and extraction in PSC ETLs are not optimal, exhibiting
instability and hysteresis.

The use of various types of QDs in ETLs provided an efficient way of optimizing the
ETM. To reduce the UV-induced degradation of perovskite films, Jin et al. [303] added CQDs
to the mesoporous TiO, layer via a modified hydrothermal technique. CQDs considerably
improved the light stability of PSCs by efficiently converting UV light into blue light,
achieving 16.40% efficiency. Apart from CQDs, various research groups have used different
types of QDs such as GQDs and CdSeQD to improve the performance. Notable results on
the use of these QDs as additives in ETLs are summarized in Table 8.

Table 8. Details of QDs as additives in ETLs.

QDs Device Structure Voc (V) Jsc (mA cm—2) FF (%) 1 (%) Refs.
FTO/c-TiO; /m-TiO,:CQDs/MAPbCl,I3_ /Spiro-
CQDs OMeTAD/Au 1.02 22.64 71.6 16.40 [303]
CQDs ITO/TiO,:CQDs/MAPbI3Cl3_ /Spiro-OMeTAD/ Au 1.14 21.36 78 18.89 [304]
CQDs FTO/PEDOT:PSS/MAPbI3; /PCBM:CQDs/BCP/Ag 0.97 22.30 79.6 18.10 [305]
. ITO/SHOz!g-CgN;;
g-C3Ny QDs QDs/CsFAMA /Spiro-OMeTAD/Au 1.18 24.03 78.3 22.13 [306]
ITO/SDOQ IRCQS/CS(]A(B FAO.Sl MAO‘14PbIZ'25 BI‘OA45 /SpiI'O—
Red CQDs OMeTAD/MoOs/Au 1.14 241 82.9 22.77 [307]
FTO/Au/Sn0,:GQDs/ZnO/Perovskite/Spiro-
GQDs OMeTAD/Au 117 22.85 74 19.81 [308]
GQDs ITO/Sn0O,:GQDs/MAPbI; /Spiro-OMeTAD/Au 1.13 23.05 78 20.31 [309]
GQDs FTO/5n0,:GQDs/CsFAMA /Spiro-OMeTAD/Ag 1.10 21.62 78 18.55 [310]
ITO/c-TiOy /m-
GQDS TiOZZGQDS/CSOAOE)(MA0‘17FA0A83)0A95Pb(IOAg3Br0A17)3 /Spll‘O— 0.97 21.92 67 14.36 [311]
OMeTAD/Au
GQDs ITO/PCBM:GQDs/MAPDbI; /Spiro-OMeTAD/Au 1.09 22.03 73 17.56 [312]
GQDs ITO/SnO,:GQDs/MAFAPbICl3_ /Spiro- 111 24.40 78 21.10 [313]

OMeTAD/Ag
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Table 8. Cont.
QDs Device Structure Voc (V) Jsc (mA cm~—2) FF (%) 1n (%) Refs.
FTO/c-TiO, /m-TiO,:GQDs /Perovskite / Spiro-
QDs OMeTAD/Ag 1.08 24.92 76 20.45 [314]
GQDs FTO/Sn0,:GQDs/CsFAMA /Spiro-OMeTAD/Au 1.08 23.5 77 19.6 [315]
ITO/PEDOT:PSS/CH3NH3Pbl;_,Cl, /PCBM:CdSe

CdSe QDs QDs/LiF/Ag 0.90 20.96 73.16 13.73 [316]
FTO/TiO,:CdS

CdS QDs QDs/CH;NH;Pbl; /Spiro-OMeTAD/ Au 0.94 16.7 64 10.52 [317]
FTO/TNTs:PbS

PbS QDS QDS/CSOA()5(FA0_85MA0A15)0A95Pb(IoA85Br0_15)3 /Spiro— 1.14 23.38 56.03 14.95 [318]
OMeTAD/Au

PbS QDs ITO/ZnO:PbS QDs-TBAI-80/MAPbI; /PCBM/Ag 1.14 22.80 78.99 20.53 [319]

Glass/FTO/SnO,:BP QDs/BP

BP QDs QDs@A-CSFAMA /Spiro-OMeTAD/ Ag 1.22 23.53 79.6 22.85 [320]
FTO/SnO,:BP

BPQDs  Ds/(FAPbI3)g07(MAPbBrs ) g3 /Spiro-OMeTAD/ Ag 113 244 761 210 [521]

SnO, QDs FTO/c-TiO; /m-TiO2:5n0, 113 236 75.67 19.09 [322]

QDs/MAPDbI3/Spiro-OMeTAD/Ag

A TiO, ETL has low electron mobility, oxygen vacancies, and high photocatalytic
activity towards perovskite material. To resolve this issue, Zhou et al. [322] successfully
demonstrated SnO, QDs and modified m-TiO, (mesoporous-TiO,)-based ETLs for PSCs.
It was observed that with the use of the newly constructed ETL, not only did electron
extraction improve, but charge recombination was also lowered, resulting in an increase in
the conductivity of the ETL and enhancing the overall PCE, achieving 19.09% efficiency.
Gu et al. [321] used black phosphorus (BP) QDs combined with SnO; nanoparticles, which
can improve the performance of SnO,-based ETL. The authors used SnO,/BPQD alloy-
based ETL for PSC and achieved an efficiency of 21%. Zhang et al. [320] incorporated
BPQDs into both the ETL and perovskite layers using a layer optimization technique. To in-
crease the electron mobility of SnO,, its electron traps are effectively filled by the doping of
BPQDs, which have a higher conductivity. At the same time, 3-aminopropyltriethoxysilane-
modified BPQDs were introduced into the perovskite bulk to moderately tailor its intrinsic
characteristics, which simultaneously promotes the perovskite nucleation and growth, pas-
sivates defects, and enhances the moisture-resistance of the perovskite film. By capitalizing
on these synergistic effects, a power conversion efficiency of up to 22.85% was attained.

In [313], Pang et al. enriched the SnO, ETL with the Graphene (G) QDs. Using
SnO, and GQDs together, the authors were able to achieve a PCE of 21.1%. The PCE
of SnO, /GQDs-based devices is significantly higher than that of SnO,-only ETL devices
(18.6%) and provides a more stable performance. To increase the electron extraction and
carrier separation, an efficient ETL plays a very important role. In [307], an efficient
composite ETL was constructed by doping low-temperature solution-processed SnO, with
red-carbon quantum dots (RCQs), which greatly boosts electron mobility by a factor of
around 20, enhancing long-term stability against humidified environments and increasing
the efficiency to 22.77%. The use of various nano-particles (TiO;, SnO;, ZnO, etc.) with
different QDs such as CdS, PbS, CdSe, G, BP, and RC is under active investigation and
provides a promising route to highly efficient and stable PSC devices, though whether the
resulting devices can be manufactured at low costs and in bulk will be determined by the
materials used and the preparation methods.

4.3.2. QDs as Additives in HTLs

In PSCs, the HTL extracts, collects, and transports the holes to the metal electrode,
while preventing electron injection. It has a significant impact on PSC photoelectric perfor-
mance and stability. It should thus have good cavity transport. To reduce energy barriers,
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the ideal HTL should have a HOMO energy level that is consistent with the energy level of
the valence band edge of perovskites. Various research groups used different types of QD
as additives in HTLs with different PSC structures and recorded various cell performance
parameters. Table 9 provides a summary of significant results for QDs as additives in HTL.

Table 9. Details of QDs as additives in HTLs.

QDs Device Structure Voc (V) J i(:n(jl;;& FF (%) 1 (%) Refs.
FTO/SHOQ / (FAPbI3)0A95 (MAPbBI‘s)OAOS /Spil‘O—
CQDs OMeTAD:GQDs/Ag 1.06 2417 79.41 20.41 [323]
CQDs ITO/GO:CQDs/CH3NH;Pbl; /PCBM/BCP/Ag 0.95 21.0 80.1 16.2 [324]
CQDs ITO/NiO:CQDs/CH3NH;3Pbl; /PCBM/BCP/Ag 1.08 20.22 77.15 16.91 [325]
GQDs FTO/PEDOT:PSS/GQDs/CH3NH3Pbl; /PCBM/BCP/Ag 1.00 21.41 75.31 16.16 [326]
AGQDS ITO/NiOZAGQDS/(FAo_ggMAg_]7)0_95CS()_05Pb(I()_9 Br0_1 )3/PCBM/BCP/Ag 1.07 22.5 81.5 19.55 [327]
Graphdiyne FTO/TiO,/GD QDs/CH3NH3Pbl3:GD QDs/Spiro-OMeTAD:GD 112 2248 787 19.89 [328]
QDs QDs/Au
Grag]‘jdslyne FTO/TiO,/CH3NH;5Pblz /P3HT:GD QDs/Au 0.94 21.7 713 1458  [329]
PbS%;](DPS bO)s ITO/SnO2/CsFAMA /Spiro-OMeTAD:PbSO4(PbO), QDs/Au 1.14 24.80 80 22.66 [330]

To overcome the deficiencies in Spiro-OMeTAD (one of the most widely used HTMs in
PSC) such as poor long-term conductivity, little room for improvement in PCE, stability, and
moisture absorption, Zheng et al. [330] incorporated the inorganic salt PbSO4(PbO)4 QDs
in the Spiro-OMeTAD to form the HTL and observed that the long-term conductivity and
moisture stability (up to 50 days at room temperature) were greatly improved. As a result
of improved conductivity and lower charge recombination, the PSC achieved an efficiency
of 22.66%. In [328], Xisheng et al. used Graphdiyne (G) QDs in PSC as a dopant to TiO5,
Spiro-OMeTAD, and CH3NH;3Pbl; to improve carrier transport and overall performance.
The presence of GQDs on the TiO; surface offered several advantages: improving the fill
factor and current density through enlarging /enhancing the perovskite grain size, lowering
charge recombination to obtain a high Voc, and increasing the device stability by improving
hydrophobicity in the Spiro-OMeTAD film. As a result, the PCE was increased to 19.89%.

To develop efficient and flexible PSCs, Wang et al. [327] introduced a technique for
tuning a NiOyx ETL by using Amino-functionalized graphene (G) QDs. The NiOx film uses
AGQDs as a multipurpose additive. Firstly, adding AGQDs provides a large number of
N atoms to the improved NiOy layer surface, which can enhance the crystallization of the
perovskite film through Lewis base-acid interaction. Secondly, the AGQDs can improve
the band structure alignment between the NiOy and perovskite layers, which enhances
hole harvesting at the NiO, /perovskite interface. This resulted in a high PCE of 19.55% for
the inverted PSCs. In [323], Liu et al. used carbon (C) QDs to modify a Spiro-OMeTAD-
based HTL, exhibiting outstanding characteristics, such as a low charge recombination,
passivated interfacial trap states, and appropriate energy levels for hole extraction. By
using the modified HTL, a 20.41% efficient PSC was developed.

By varying the QD size, bandgaps can be made programmable across a broad range of
energy levels, while the band gap in bulk materials is determined by the substance being
used. Due to this feature, QDs are appealing for multi-junction solar cells, which utilize a
range of materials to increase efficiency by collecting several regions of the solar spectrum.

4.3.3. QDs as ETMs

In addition to being employed as additives, QDs can be utilized as ETMs and HTMs.
Researchers are currently using metal oxide QDs as ETMs for PSCs since they have superior
qualities compared to conventional metal oxide materials. QDs have been used as ETMs
for different PSC structures, and different cell performance parameters have been recorded.
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Ameen et al. [331] used ZnO QDs, recording an efficiency of 9.73%, which was low but set
the future direction for QDs. Tavakoli et al. [332] prepared ZnO/rGO QDs with a special
core shell structure, improving the PCE to 15.2%. Further notable research has been carried
out by different research groups using various QDs as ETMs, as summarized in Table 10.

Table 10. Details of QDs as ETMs.

QDs Device Structure Voc (V) Jsc mMA cm~2)  FF (%) 1 (%) Refs.
ITO-PET/Graphene/ZnO QDs

Zn0O QDs (Apjet)/CH;NH;Pbl; /Spiro-OMeTAD/Ag 0.94 16.80 62 973 331
ZnO/rGO .

aDs FTO/Zn0/rGO QDs/CH;NH;Pbl; /Spiro-OMeTAD/ Au 1.03 21.7 68 15.2 [332]

TiO, QDs FTO/TiO, QDs/m-TiO, /CH3NH;3Pbl; /Spiro-OMeTAD/ Au 1.06 22.48 71 1697  [333]

SnO, QDs ITO/SnO, QDs/MAPbI3 /Spiro-OMeTAD/Ag 1.08 21.85 74.28 17.66 [334]

SnO, QDs FTO/SnO, QDs/MA, 7FA(3Pbls /Spiro-OMeTAD/ Au 1.08 23.40 74 20.1 [335]

SnO, QDs FTO/AlL:SnO; QDs/MAPbI; /Spiro-OMeTAD/Ag 1.06 22.78 75.41 18.20 [336]

FTO/SnO;, QDs/Csp.05(MAg.17FA0 83)0.95Pb(Ip.83Bro.17)3 / Spiro-
SnO, QDs OMeTAD/Ag 1.13 23.05 79.8 20.79 [337]
SnO, QDs ITO/SnO, QDs/MAPbI;/Li-doped Spiro-OMeTAD/Au 1.12 21.61 77 18.71 [338]
ITO/Sn0O,
SnO2QDs 1/ C005FAgs1 MA 15Pbl 25Br0 45 /Spiro-OMeTAD/Carbon 1.08 2219 5664 1364 [339]
BP QDs ITO-PEN/BD 1.03 16.77 652 1126 [340]

QDS/FAUA85MA0'15PbIOAQSBr045 /Splro—OMeTAD/Au

Hole and electron transmitting materials can greatly affect the efficiency of a PSC. To
control the carrier concentration of a SnO, QD ETL and achieve a higher PCE, Yang et al. [337]
introduced a two-step mechanism: room temperature colloidal synthesis and a lower
temperature removal of the additive. Through optimizing the electron density of a SnO,
ETL, the authors were able to achieve a 20.79% efficient PSC. For large-scale production
of flexible and cheaper Halide (H) perovskites, one of the main challenges for PSCs is
the low-temperature processed oxide layer. In [338], a reverse micelle-water technique
for producing highly dispersed ligand-capped ultra-fine SnO, QDs was presented. It
was found that the ligands responsible for the uniform growth of SnO, QD thin films
readily exchange for halide via a perovskite solution, allowing for the creation of a junction
between the two materials and leading to a PCE of 18.71%.

Liu et al. [335], using an alcohol-based solvent and deionized water, presented a
simple approach for synthesizing a colloidal solution of SnO, QDs at room temperature.
Spin coating the QD colloidal solution followed by post-deposition annealing yielded a
superior homogenous ETL. The resulting ETL in a PSC led to an efficiency of 20.1%. This
excellent performance is due to the enhanced electronic and optical properties of the SnO,
QDs based-ETL. The experimental results showed that the cell performance improves by
decreasing the rate of charge recombination and increasing the rate of electron extraction.

4.3.4. QDs as HTMs

The two most commonly used HTMs are Spiro-OMeTAD and PEDOT:PSS. However,
additives are required when Spiro-OMeTAD is employed. Additives raise production costs,
while also making Spiro-OMeTAD hydrophilic. PEDOT:PSS is essentially hydrophilic and
is particularly prone to absorbing moisture from air, reducing the stability of the PSCs and
degrading the indium-doped tin oxide (ITO). As a result, the search for novel HTMs is
critical. By manipulating the particle size of PbS QDs employed as a HTM, Hu et al. [341]
were able to produce a wide range of PCEs. A maximum PCE of 7.5% was achieved, with
an absorption peak at 890 nm and an energy band at 1.4 eV. Li et al. [342] achieved a PCE of
7.88% by producing OA-coated PbS QD through thermal injection, which retards the rate
of charge recombination. The details of various QDs as HTMs are summarized in Table 11.
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Table 11. Details of QDs as HTMs. Reproduced with permission from MDPIL.

QDs Device Structure Voc (V) J s ‘f‘;;’* FF(%) n(%)  Refs.
PbS QDs ITO/PbS QDs/MAPbI; /PCBM/ Al 0.86 12.10 72 75 [341]

PbS QDs FTO/c-TiO, /m-TiO, /CH;NH; Pbl; /PbS QDs/ Au 0.87 18.69 49 7.88 [342]
CQDs FTO/c-TiO, /m-TiO, /MAPDI; /CQDs/ Au 0.52 7.83 74 3 [343]

PbS QDs FTO/c-TiO, /m-TiO, /CH;NH; Pbl; /PbS QDs/ Au 0.97 19.03 6134  11.32 [344]
PbS QDs FTO/TiO, /m-TiO, /CH3NH3Pbl; /PbS QDs/ Au 0.80 29.3 83 19.52 [345]
CulnS, QDs FTO/c-TiOp /m-TiO, /MAPbI3 /CulnS, /ZnS QDs/Au 0.92 18.6 48.7 8.38 [346]
Culn; 5Se; QDs ITO/SnO, /MAPbBr; /Culn; 5Se; QDs/Au 0.98 20.46 68.5 13.72 [347]
CulnSe; QDs ITO/SnO, /FAMAPDbI;BrCl/CulnSe; QDs/Au 0.86 225 66 12.8 [348]
SnS QDs FTO/c-Ti0,/ (Cspbh)(’é%::})kff)“-” (MAPbI3)o16/5nS 0.94 22.96 633 1372 [349]
MoS, QDs FTO/c-TiO, /m-TiO, /CsPbBr3 /MoS, QDs/Carbon 1.31 6.55 79.4 6.80 [350]
Cu,O QDs FTO/e-TiO, /m-TiO,/ CSUéﬁQOXLMAWPbI2-55Br°-45/ Cu0 1.15 2.2 74.2 18.90 [351]
CsSnBr; QDs FTO/SnO, QDs/CsPbBrz /CsSnBrs QDs/Carbon 1.61 7.8 84.4 10.60 [352]
Ag-In-Ga-S QDs FTO/c-TiO, /m-TiO, /CsPbBr3 / AIGS QDs/Carbon 1.46 7.43 80.31 8.46 [353]
Cu2Sb4S13 QDs FTO/c-TiO, /CH3NH3Pbl3 /Cu2SbsS13 QDs/Au 1.05 21.85 61.6 14.13 [354]
Cuy,SbsS13 QDS FTO/c-TiOy/m-TiO, /CsPbls QDs/Cuj,SbsS13 QDs/Au 1.04 18.28 529 10.02 [355]
CuypSbsS13 QDs FTO/c-TiO, /CH3NH;Pbl; /CuyoSbsS13 QDs/Au 0.80 18.08 45 6.50 [356]
CupZnSnS; QDs FTO/c-TiOy/CH3NH;Pbl; /CupZnSnS, QDs/Au 1.06 20.54 58.7 12.75 [357]
CuyZnSnS, QDs FTO/m-TiO, /c-TiO, /CsPbBr3 /CuyZnSnSy QDs/ Ag 0.94 7.36 70.01 4.84 [358]
CupZnSnS,; QDs ITO/CuyZnSnSy-LF QDs/Perovskite/PCBM/Ag 0.92 20.7 81 15.40 [359]
Cu,ZnSnSes QDs FTO/TiO, /CH;NH;Pbl; /CupZnSnSey QDs/Au 0.81 19.37 62.1 9.72 [360]
Culno‘lcg]gg(sﬁﬁeo»l)z FTO/c-TiO, /m-TiO, /CH;NH;Pbl; / CIGSSe QDs/Au 0.94 17.66 54.88 9.15 [361]
CsSnBr,I QDs FTO/c-TiO, /m-TiO, /CsPbBrsz /CsSnBr,I QDs/Carbon 1.39 8.70 76 9.13 [362]

In [345], a finite element method-based 3D model was developed to simulate the
optoelectronic properties of an HTM-free CH3NH3Pbl; /PbS-CQD solar cell. Compared to
a planar PSC with a bare perovskite absorbing layer, the performance of the perovskite /PbS-
CQD solar cell was found to be superior in the simulation. To boost the structure’s efficiency,
the authors optimized the thickness of the PbS-CQD layers, leading to a predicted optimal
thickness of 200 nm. In addition, the active layer’s light-trapping and carrier-generation
abilities were enhanced by employing a pyramidal texture. The idea of texturization is to
modify surfaces so that light entering the ALs is reflected several times, thereby raising
the probability of electron-hole pair formation. Increasing the texture height led to a PCE
of 19.52%. In [351], Liu et al. proposed a facile surface modification technique employing
a silane coupling agent for stable and inexpensive cuprous oxide (Cu;O) QDs. Without
breaking the perovskite n-i-p structure, the CuyO can be deposited directly on the film
as the top HTL. PSCs using modified Cu,O as the HTL showed a much higher efficiency
(18.9%) than those using unmodified CuyO (11.9%).

In [359], low-temperature solution-processed SCs with a photoactive layer composed
of CupZnSnS, (CZTS) nanocrystals were reported. These high-purity nanocrystals are pro-
duced by modifying the surface ligands. CZTS nanocrystals exhibit a significant increase in
mobility and photoconductivity after ligand removal, as well as a noticeable photoresponse
in a standard heterojunction solar cell structure. A PCE of 15.40% was achieved, alongside
a fill factor (FF) of 81% when CZTS nanocrystals were used. Liu et al. [354] used Cuj3Sb4S13
QDs as an inorganic HTM in a PSC. A PCE of 14.13% was obtained for 5.7 nm sized QDs by
carefully designing the bandgap alignment of the QDs to speed up the hole transport from
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the perovskite layer to the QDs. QDs as HIMs exhibit better stability but, nevertheless,
have low PCEs as compared to conventional HTMs. Further research and development are
therefore necessary.

In 2011, Im et al. [363] fabricated a 6.5% efficient QDSSC using perovskite (CH3NH3)
Pbl; nanocrystals. (CH3NH3) Pbl; CDs on the surface of TiO; nanocrystal are obtained
as a result of spin-coating a perovskite precursor solution that contains equal volumes of
CH;3NH;lI and Pbl,. Bang et al. [364] designed a QDSSC using two different nanocrystals,
namely CdSe and CdTe, linked with TiO, via 3-mercaptopropionic acid to establish inter
charge transfer. From the experiments, the authors found that these QDs are able to
sensitize TiO, films and generate photocurrents in QDSCs. To achieve efficient QDSSCs,
Gonzalez-Pedro et al. [365] produced CdSe QDs directly on a TiO, surface through repeated
ionic layer adsorption and reaction. Both the ZnS coating and the CdS growth history were
examined. FF and photocurrents were improved by employing a polysulfide electrolyte
with Cu,S counter electrodes. Under full 1-sun illumination, an incident photon to current
efficiency of up to 82% was attained, thereby overcoming the photocurrent limitation
frequently seen in QDSCs. Moreover, a PCE of 3.84%, a Voc of 0.538 V, a Jsc of 13.9 mA/ cm?,
and a FF of 0.51% under full 1 sun illumination were attained.

4.4. Challenges in QDSSCs

Due to limited conversion efficiency, advances in QDSSC technology have decreased
in frequency, hampering its commercial adoption. Aside from efficiency, another difficulty
impeding the commercialization of QDSSCs is their low-performance stability. QDSSC
performance stability may be defined as the physical, chemical, mechanical, thermal,
photochemical, electrochemical, and environmental stabilities that impact the device’s
performance over time. However, these stabilities are closely related to the stabilities of
other device components, such as the type of QD employed, the photoanode, the reactivity
of the electrolyte, and the behavior of the CE during electrocatalysis. It is difficult to quantify
the processes that impact the performance stability of QDSSCs due to the many degradation
mechanisms connected with the different device components. QDSSC technologies must
thus be able to sustain their performance for a number of years under standard working
environments in order to be practical and economically feasible.

5. Tandem Solar Cells

A Tandem solar cell (TSC) is a type of solar cell having different materials of different
bandgaps stacked together in a single structure to utilize sunlight as much as possible
for the production of electrical power [366], as illustrated in Figure 8. TSC can utilize
around 86% of the solar spectrum [367], which is made possible by connecting cells of
different bandgaps. In order to utilize the solar spectrum as much as possible, different
materials having different properties can be connected to form a new structure having
the combined properties of the stacked materials, with an improved PCE compared to the
individual materials. For manufacturing, the most important consideration is to maintain
a temperature below 150 °C [368,369]. The perovskite solar cell with a better exciton
generation rate with 1.15 V open circuit voltage is the best candidate for tandem cells [370],
with the reconfigurable band gap of 1.48-2.23 eV depending upon the halide synthesis.
Due to the high band gap energy of perovskite, it is reasonable to harvest the high energy
photons of wide-band and with lower silicon levels or CIGS solar material used to harvest
the infrared and near-infrared spectrum. In recent work with perovskite and silicon tandem
cells, more than 30% PCE has been achieved [368,371].
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Figure 8. Shows schematic diagram of TSC, (a) mechanically stacked 4T, (b) monolithically integrated
2T, and (c) optical splitting of the solar spectrum [368]. Reproduced with permission from Qamar
Wali et al., Renewable and Sustainable Energy Reviews, Elsevier, 2018.

PSC/Si-based tandem solar cells have different energy levels and different functional
layers, namely the front contact, ETL, perovskite absorber, HTL, and back contact. The front
contact, which has a significant impact on the optical and electrical properties of the device,
is usually a metal oxide. The perovskite absorber is used for light harvesting, i.e., absorbing
photons to generate electrons, whereas the ETL and HTL extract and transmit/transport the
electrons and holes generated at the perovskite absorber. To obtain optimized perovskite
solar cells, the optimization of the functional layer has to be achieved [369,372].

Polymers are widely used in different third-generation SCs such as DSSC, PSC, and
TSC to obtain efficient SCs. Gainda et al. [373] in 2022 provide a detailed study of the
different polymeric materials being used as different components in third-generation
SCs. You et al. [374] reported an efficient low-bandgap polymer, i.e., poly[2,7-(5,5-bis-(3,7-
dimethyloctyl)-5H-dithieno[3,2-b:20,30-d Jpyran)-alt-4,7-(5,6-difluoro-2,1,3-benzothia di-
azole)], having high mobility and a bandgap of 1.38 eV. By using the reported polymer,
the authors obtained a 10.6% efficient solution-processed TSC. OPV cells have numer-
ous advantages, but their performance is inferior to that of other solar cells (SCs) due to
the limited charge mobility of organic materials, which limits the active layer thickness
and light absorption. To take advantage of OPV cell properties, such as having tunable
bandgap, and high diversity, Meng et al. [375] utilized semiempirical model analysis and a
tandem cell strategy to obtain a 17.29% efficient two-terminal monolithic solution-processed
tandem OPV.

According to the latest updates, PSC/Si-based tandem solar cells have achieved an
efficiency of 32.5% [NREL!]. The performance of the device is greatly influenced by the
interface between the ETL and perovskite absorber. Poor band alignment of the ETL with
the perovskite absorber can deteriorate the device performance by increasing series, shunt,
and recombination resistance. To address these issues, it is important to use materials with
high electron mobilities and appropriate band alignment. In the literature, efforts have
been made by various research groups using different materials that align with perovskite,
and these studies are summarized in Table 12.
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Table 12. ETMs used for different configurations of tandem cells.
Bottom Voc Jsc (mA o Area o T.Cn B.Cn
Top Cell (TC) Cell (BC) ETL W) cm-2) FF (%) (cm?) n (%) (%) (%) Refs.
CH;NH;Pbl, C-Si Ceo - - - - 24.6 1623 837 [376]
CsFAMA n-Si SnO, - 39.50 - - 28.2 19.00 24.00 [377]
(MAPb(Iy05 Br 0.05)3 C-Si ESBM/ Z e 18.29 7700 - 2350 - - [378]
FA83Cs017 Pb(los0Bro20) C-Si i?gz' 1.90 16.90 7790 050 2540 - - [379]
Coo
CSQ.05MA0_15FA()Ang(IO‘85BI‘0A15)3 C-Si Anchored 1.80 19.50 75.90 - 27 - - [380]
/a-NbOy
CsFAMABTrI C-Si TiO, 1.80 18.81 75.60 1.20 26.30 - - [381]
CsMAPbBr C-Si Ceo 1.82 19.20 7440 - 26 - - [382]
CH;NH;Pbl; p-Si ZnO 177 20.19 8222 - 2850 - - [383]

The most effective method for increasing the ability of a cell to convert solar energy into
electrical energy is thought to be the use of multi-junction solar cells. In [383], researchers
simulated a monolithic TSC made of perovskite/Si layers having high and low bandgap
values. These layers were separated by a recombination layer, a spiro-meOTAD/Si layer,
a window layer made of ZnO, a buffer layer of CdS, and a highly doped back surface
layer of n++S5i to prevent recombination at the back surface. The aforementioned structure
was optimized, and its performance was examined for different parameters, including the
active layer thickness, bandgap, and dopant concentration. The optimal Voc, Jsc, FF, and
efficiency were found to be 1.77 V, 20.19, 82.22%, and 28.50%, respectively.

In [377], the authors use a technique called “boosted solvent extraction” to enhance
the thickness of perovskite films while maintaining their smooth shape, obtaining a PCE
of 28.2% by stacking the perovskite cell above a Si bottom. Lamanna et al. [381] intro-
duced a mechanically stacked two-terminal perovskite/Si TSC, wherein the sub-cells were
optimized separately and connected by connecting the back electrode of the perovskite
(top) cell to the front contact of the Si (bottom) cell. The optical losses were lowered by
engineering electron and hole selective layers, achieving 26.3% efficiency.

Apart from using an ETL for improving the device performance, HTLs such Spiro-
OMeTAD and PTAA can also be used. Various investigations have been conducted using
HTLs in different configurations, with prominent examples summarized in Table 13. The
materials listed in Tables 12 and 13 are the most commonly used for the ETL and HTL,
along with perovskite. All materials listed as ETLs and HTLs have suitable band gaps that
align well with the perovskite absorber layer.

Table 13. HTMs utilized for various configurations of tandem cells.
. . Voc Jsc (mA o Area o T.Cn B.Cnq

TC BC HTL Configuration W) em-2) FF (%) (cm?) 1 (%) (%) (%) Refs.
. Spiro- .

CH;NH;Pbl, C-Si ONE‘;ZD p-i-n - - - 23.70 - - [384]
(FAPbI3)0.05 . .

(MAPbBr3)05 P-Si PTAA p-i-n 0.65 13.50 80.10 - 26.0 18.90 7.10 [385]

(Cs0.05(FAo.83 Spiro-
MAg17)0.95 C-Si ON}Z TAD n-i-p - - - - 1710 1170 540  [386]
Pb(Iyg3 Br 0.17)3)

CspmFANMA . NiOy/poly- .

S bLBr. C-Si D p-i-n 1.88 19.12 75.30 1 27.00 - - [387]
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Table 13. Cont.
. . Voc Jsc (mA o Area o T.Cn B.Cnq
TC BC HTL Configuration W) em-2) FF (%) (cm?) n (%) (%) (%) Refs.
Csp.05(FAo.s3
MAg17)095 C-Si Pog’Nng p-i-n 1.74 17.93 74.31 - 25.20 - - [388]
Pb(IpsBro2)s an
CH;NH;Pbl; C-Si P F}%ST: n-i-p 1.78 14.70 80.40 - 21 - - [389]

By stacking a semitransparent PSC with an efficiency of 18.9% and an unfiltered Si solar
cell with an efficiency of 22.9%, Park et al. [385] reported a 26.0% efficient perovskite/Si
TSC. A surface treatment method was used to modify the WOy surface with NbOy in
a typical mp-TiO,-based n-i-p structure for the semitransparent PSC. The fill factor was
greatly enhanced by this buffer method, attaining values that were nearly as high as those
of the traditional opaque devices, above 80%. Abbasiyan et al. [384] used a novel quasi-
periodic intermediate structure to improve the efficiency of perovskite/Si tandem solar cells.
Seven SiO, and TiO; layers, with a combined thickness of 1150 nm, formed the suggested
FC(3,3) intermediate structure. It was shown that this proposed structure improves the
conversion efficiency by 5%, reaching 23.70%. Findings obtained using a transfer matrix
approach and a finite difference time domain analysis were in good agreement. Moreover,
Ag nanoparticles with an optimum radius of 125 nm were used to boost the absorption
efficiency of the bottom cell (thin-film Si layer) down to 5 m. Using Ag nanoparticles and
the proposed structure, a boost of 88% in the short circuit current density was achieved.

In TSCs with Si, wide-bandgap metal halide perovskites are a promising semiconduc-
tor that could help reach the objective PCEs above 30% at a low cost. However, photoin-
duced low Voc values and phase segregation have been significant roadblocks for wide-
bandgap PSCs. In [387], triple-halide alloys (bromine, chlorine, iodine) were used to tune
the band gap and stabilize the semiconductor to create 1.67-electron-volt wide-bandgap
perovskite top cells. The authors demonstrated that decreasing the lattice parameter by
substituting some of the iodine with bromine improves the solubility of chlorine, leading
to an increase in photocarrier lifetime and charge-carrier mobility. Semitransparent top
cells degraded by less than 4% during 1000 h of maximum power point (MPP) operation at
60 °C. Using Si bottom cells and these top cells in tandem, they were able to achieve a PCE
of 27% in two-terminal monolithic tandems of just 1 square centimeter in total.

6. Organic Photovoltaics

Organic photovoltaics (OPVs) are considered a third-generation technology and have
received significant attention due to properties such as being able to produce cheap elec-
trical power, their mechanical flexibility, and low weight [390]. PCEs have seen a signif-
icant increase in activity as a result of the progress in both novel materials for the donor
and acceptor. Recently, bulk heterojunction (BHJ) OPVs have achieved PCEs of more
than 18% [391,392], with improvements of 150% over the past decade for mono-layer
devices [393]. Although OPVs are a promising technology, they cannot be widely com-
mercialized until PCEs are increased [394,395]. In a standard BHJ OPV device, an electron
donor (D) and an electron acceptor (A) are mixed to form a continuous interpenetrating
network that serves as the photoactive layer. Light absorbed by the active layer creates an
exciton (a bound state of electron-hole pair) that travels towards the D/ A interface, where it
is dissolved into free charge carriers. The photocurrent is generated when the free electrons
and holes move via the D and A phases to the anode and cathode, respectively [396-399].

The infrared (IR) portion of the solar spectrum makes up 52% of what reaches Earth’s
surface, while the visible light portion accounts for 43% and the ultraviolet (UV) portion
makes up the remaining 5% [399,400]. If the donor and acceptor materials have a large
enough energy gap (Eg), then more of the sun’s spectrum will be available for harvesting
by OPVs. In order to be absorbed and produce excitons, a photon must have an energy
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(a)

greater than that of either the donor or the acceptor. With a smaller band gap, more of the
sun’s energy can be captured. Existing light-capturing materials in OPVs are limited to
absorbing just a small portion of the solar spectrum (mostly the visible range) [400,401].
Additionally, as the thickness of the active layer is increased, more photons are absorbed by
the device at a given wavelength. However, the VOC and, hence, the power consumption
efficiency (PCE) of the device can be reduced by a small bandgap. In addition, the photo-
generated excitons have a short diffusion length (LD) and a short lifetime, which leads
to an increase in charge carrier recombination in a thick active layer [402—404]. Therefore,
optimal performance requires striking a balance among optical absorption, VOC transfer,
and carrier transport [405].

Over the past few decades, numerous methods have been proposed to boost the
efficiency of OPVs. Either better materials or methods that enhance the device’s structure
and engineering can be developed and implemented to boost performance. To increase
the PCE of OPVs, advances in low bandgap conjugated donor polymers [406-408] and
tunable non-fullerene (NF) acceptors (A) [399] have been made. In 2015, Zhan’s team
disclosed a new class of NF acceptors they called ITIC, which were built on a seven-ring
fused core and capped with 1,1-dicyanomethylene-3-indanone (IC) groups [409]. Following
that, several potentially useful ITIC derivatives, such as IT-4F, were produced, and the
associated PCEs were raised to 13% [410]. In 2019, Yuan et al. developed a star NFA,
Y6, using dithienothiophen[3.2-b]-pyrrolobenzothiadiazole (BTP) as its core and achieved
a high PCE of 15.7% [411]. Since then, various high-efficiency Y-series acceptors have
been reported [412] based on heteroatomic substitution on the fused-ring core, side-chain
tailoring, and end-capped groups modification, and the most recent organic solar cells have
achieved over 19% PCE [413,414]. Figure 9 illustrates the structures of OPVs.

(b)

Metal electrode {Cathode) Metal electrode (Cathode)

Electron transport layer

Hole transport layer
Transparent electrode (Anode)

Active layer

Hole transport layer

Active layer

Electron transport layer
Transparent electrode (Cathode)

Figure 9. (a) Regular (b) Inverted geometry BHJ structures of OPVs [415]. Reproduced with permis-
sion from Kamel et al., Renewable and Sustainable Energy Reviews, Elsevier, 2022.

6.1. Working Mechanisms of an OPV

The PV effect, where a voltage is generated at the interface between two materials
due to the absorption of light [416], can be broken down into five distinct steps in OPVs.
One of the bonding electrons in the high occupied molecular orbital (HOMO) absorbs a
photon with energy greater than or equal to the donor’s or acceptor’s Eg and is driven
to the lowest unoccupied molecular orbital (LUMO), leaving behind an unoccupied state
(hole). The strong electrostatic attraction between photo-generated electron-hole pairs and
the low dielectric constant of organic semiconductors leads to the formation of bound states
known as excitons. Since there is an energy difference between the exciton’s LUMO and the
electron’s LUMO, the exciton can diffuse through LD until it reaches the (D/A) interface,
where it dissociates into free charge carriers. Energy transmission between excitons at the
D/ A interface improves PCEs [417] for other structures such as layer-by-layer (LBL) OPVs
by moving electrons from the donor to the acceptor. The photocurrent at the external circuit
is generated when the free electrons travel through the acceptor material and the holes
travel through the donor [398,399,405].
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6.2. D-A Materials

The material composition of the photoactive layer, including D/A materials, has
traditionally been a critical aspect in achieving high PCE in OPVs. The D/A materials used
in BHJ OPVs should generally have the following characteristics: (i) matching absorption
spectrum; (ii) proper alignment of molecular energy levels; (iii) nanoscale phase separation;
and (iv) excellent charge carrier mobility [418].

6.2.1. Acceptor Materials

There have been two stages of investigation towards developing acceptor materials.
Fullerene derivatives such as PC61BM and PC71BM were the most common OPV acceptors
prior to 2015. Better visible-range absorbance, greater electron mobility, and enhanced D/A
miscibility were all reported for the NFA ITIC by Lin and colleagues in 2015 [409]. Since
then, NFAs have received a great deal of interest, and NFA-based OPVs have achieved
remarkable advancements in terms of performance. Here, we cover the NF-based acceptors.

The two most effective NFAs are the imide-based NFAs and the A-D-A type NFAs.
Here, we shall discuss the A-D-A type NFAs in detail, being those in which the conjugated
“push-pull” structure was actually implemented. The “A” and “D” denote the electron-
drawing and electron-donating moieties, respectively, in the A-D-A structure. Conjugation
can be lengthened and the bandgap can be lowered by combining electron-rich and electron-
deficient moieties [399]. Table 14 lists the performance indicators of OPVs that make use of
these effective small molecule NFAs.

Table 14. Features of small molecule NFAs and respective devices performances.

Acceptor HOI\(/[:‘)//)LUMO Donor (m bccmz) Voc (V) FF (%) PCE (%) Refs
ITIC —5.48/-3.83 PTB7-Th 14.21 0.81 59.1 6.80 [409]
ITIC —5.51/-3.78 PBDB-T 16.81 0.899 74.2 11.21 [419]
ITIC —5.48/—-3.83 PBDTS-TDZ 17.78 1.10 65.4 12.80 [420]

ITIC-Th —5.66/—3.93 PDBT-T1 16.24 0.88 67.1 9.6 [421]
IT-M —5.58/—-3.98 PBDB-T 17.44 0.94 73.5 12.05 [422]
IT-4F —5.66/—4.14 PBDB-T-SF 20.50 0.88 719 12.97 [410]

SeTIC4Cl —5.65/—4.08 PM6 22.92 0.78 75 13.32 [423]

IDIC —5.7/-39 FTAZ 20.8 0.84 71.8 12.5 [424]
10IC3 —5.38/—-3.84 PTB7-Th 229 0.762 749 13.1 [425]
FOIC —5.36/—-3.92 PTB7-Th 24.0 0.743 67.1 12.0 [426]
Y6 —5.65/—4.10 PM6 25.2 0.82 76.1 15.7 [411]
Y6 —5.7/—-4.1 PM6 27.43 0.845 73.8 17.1 [427]
Y6 —5.65/—4.10 D18 27.70 0.859 76.6 18.22 [403]

BTP-4Cl1 —5.65/—4.02 PM6 25.4 0.867 75 16.5 [428]

BTP-eC9 —5.64/—4.05 PM6 26.2 0.839 81.1 17.8 [429]
Y6Se —5.70/—-4.15 D18 27.98 0.839 75.3 17.7 [430]

m-BTP-PhC6 ~ —5.51/—-3.46 PTQ10 25.3 0.883 79.3 17.7 [431]
L8-BO —5.68/—-3.90 PM6 25.72 0.87 81.5 18.32 [432]
L8-BO -/- PM6 26.03 0.893 80.0 18.60 [433]

The PCE of advanced OSCs can be over 18%. However, the significant voltage loss
(V1oss) of OSCs is a major barrier to their further enhancements. To lower the V)5 of PM6:L8-
BO devices, diiodomethane (DIM) was used as a solvent additive by Song et al. [433]. Uti-
lizing DIM in place of the typical 1,8-diiodooctane solvent additive in the PM6:L8-BO blend
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results in a smaller energy gap between the singlet excited state and the charge transfer
state, which in turn results in a lower V.. As a result, a DIM-processed device achieved
an efficiency of 18.20% at a Voc of 0.893 V. To decrease the Urbach energy, which lowers
the recombination loss of a high-performance electron acceptor, Y6Se, Zhang et al. [430]
proposed a simple method of selenium replacement. Compared to its sulfur-containing
counterpart (Y6), Y6Se exhibited a lower Urbach energy (20.4 meV), wider and greater ab-
sorption, better electron mobility, and improved photostability. Y6Se-based OSCs exhibited
an efficiency of 17.7%.

For the chlorinated non-fullerene acceptor BTP-4Cl-based OPV, Cui et al. [428] reported
a PCE of 16.5%. The chlorination process increases optical absorption and contributes to a
high JSC of 25.4 mA cm~2. A higher VOC of 0.867 V is reached at a bandgap of 1.400 eV,
with a corresponding energy loss of only 0.533 eV, which is unlikely given that BTP-4Cl
exhibits a downshifted LUMO level compared to its fluorinated homolog BTP-4F. The
rise in VOC can be partially attributed to the fact that the non-radiative energy loss is just
0.206 eV. Using the fused-ring acceptor unit DTBT, Liu et al. [403] produced an improved
copolymer donor D18. DTBT provides greater hole mobility to D18 because of its broader
molecular plane than DTTP. It was shown that D18:Y6 solar cells have a PCE of 18.22%.

6.2.2. Donor Materials

Donor materials are just as important to the development of OPVs as highly efficient
acceptors. Because of their conducting and photoluminescent characteristics, conjugated
PPV and its derivatives garnered significant attention from the outset of BHJ-OPVs. In
1995, Yu et al. combined MEH-PPV and PC61BM as the active layer of OPVs, dramat-
ically improving charge separation and collection efficiency [434]. Later, Shaheen and
colleagues [435] recorded a PCE of 2.5% using MDMO-PPV as the donor and PC61BM as
the acceptor. Due to its high carrier mobility, good solubility, features of crystallinity, and
self-assembly, poly(thiophene)-based conjugated polymer, P3HT, has since been widely
used as the donor material in OPVs.

For OPVs, LBG polymers are typically required to increase the active layer’s light-
harvesting range, as fullerene derivatives have a relatively low absorption ability. However,
it is possible that NFA-based OPVs cannot make use of most of the donor materials
used in fullerene-based OPVs. Light-harvesting ability is one area where NFAs typically
outperform fullerene analogues. As a result, high-performance OPVs based on NFAs could
be obtained using a wider range of donor materials, from WBG to LBG, than is possible
with fullerene acceptors. Table 15 lists the performance indicators of a number of OPVs
that make use of these effective small molecule NFAs.

Table 15. Features of small molecule NFAs and respective devices performances.

HOMO/LUMO Jsc

Donor V) Acceptor (mA/cm?) Voc (V) FF (%) PCE (%) Refs.
PDBT-T1 —5.36/—-3.43 ITIC-Th 16.24 0.88 67.1 9.6 [421]
PBDB-T —5.33/-2.92 ITIC 16.81 0.899 74.2 11.21 [419]
PBDB-T —5.39/—-3.50 Y1 22.44 0.87 69.1 13.42 [436]
PBDB-T-SF —5.40/-3.60 IT-4F 20.88 0.88 71.3 13.10 [410]
PBDB-T-2F (PM6) —5.47/- IT-4F 20.81 0.84 76 13.2 [437]
PM6 —5.56/—3.50 Y6 25.2 0.82 76.1 15.7 [411]

PM6 —5.47/-3.56 BTP-eC9 26.2 0.839 81.1 17.8 [429]
PBDB-T-2C1 (PM?7) —5.51/- IT-4F 21.80 0.86 77 14.4 [436]
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Donor HOI\(/[e(\)]/)LUMO Acceptor (m bsmz) Voc (V) FF (%) PCE (%) Refs.

PM7 —5.52/-3.57 Y6 25.644 0.897 74.0 17.037 [437]

T1 —5.48/—-3.63 IT-4F 21.5 0.899 78 15.1 [438]

Jel —5.32/-3.08 ITIC 17.43 0.89 61.48 9.53 [439]

Jo1 —5.50/-3.02 m-ITIC 18.03 0.984 65.54 11.63 [440]

D16 —5.48/—-2.83 Y6 26.61 0.85 73.8 16.72 [441]

D18 —5.51/-2.77 Y6 27.70 0.859 76.6 18.22 [403]

D18 -/- N3 27.44 0.862 78.5 18.56 [442]

For polymer donors, D18 had the best hole mobility and overall performance. To investi-
gate the capabilities of D18, Jin et al. [442] evaluated a number of non-fullerene acceptors and
observed that N3 is a promising partner for D18. With a ITO/PEDOT:PSS/D18:N3/PDIN/Ag
solar cell architecture, the authors achieved a PCE of 18.56%, a Voc of 0.862 V, a Jsc of
27.44 mA cm 2, and FF of 78.5% in an organic solar cell. Ma et al. [437] replaced PM6
with PM7 and were able to produce a higher Voc and a better match with Y6 owing to
the decreased HOMO enabled by a hot-cast fabrication technique. The PM7:Y6 system
achieved an efficiency of 17.0%, a Jsc of 25.644 mA em 2, a Voc of 0.897 V, and FF of 74.0%.

To maximize the benefits of FRAL copolymers, Xiong et al. [441] synthesized the
thiolactone unit 5H-dithieno[3,2-b:2’,3’-d]thiopyran-5-one (DTTP) to create the copolymer
D16. The substitution of thiolactone for lactone in the transition from L1 to D16 improved
mi-7t stacking and provided increased hole mobility on D16. High PCEs of up to 16.72%
were obtained from traditional solar cells using D16 as the donor and Y6 as the acceptor.
In [429], impressive photovoltaic characteristics in OPV cells are obtained by optimizing
alkyl chains on a chlorinated nonfullerene acceptor (NFA), BTP-4Cl-BO (a Y6 derivative).
To improve the order of the intermolecular packing, the n-undecyl at the edge of BTP-eC11
was reduced to n-nonyl and n-heptyl. Hence, BIP-eC9 and BTP-eC7 NFAs were produced.
BTP-eC9 has better electron transport properties and a higher solubility than BTP-eC11. As
a result of the increased Jsc and FF, the BTPeC9-based single-junction OPV cells achieved a
maximum PCE of 17.8%.

6.3. Challenges towards Commercialization

OPV-based devices have many advantages over the traditional Si based devices,
such as low weight, huge potential for large scale applications, and flexibility. However,
the photoactive layer of these devices is processed from halogenated solvents, such as
dichlorobenzene and chlorobenzene. Environmental damage and contamination will result
from the emission of these halogenated solvents into the atmosphere. Additionally, their
volatilization during the manufacture of the device is harmful and potentially cancer-
causing. Moreover, the cost of these halogenated solvents is also high. They are therefore
unfit for the industrial manufacture of OPVs on a wide scale and for commercialization.
As a result, it is necessary to stop using harmful halogenated solvents in the production of
OPVs and replace them with eco-friendly solvents. Additionally, the operational stability
of OPV devices needs to be improved to extend the lifetimes of these devices.

7. Other Third-Generation Technologies
7.1. Up-Conversion Devices

In simple terms, photon up-conversion (UC) occurs when two or more photons are
sequentially absorbed, followed by the emission of light at a shorter wavelength than
the excitation wavelength. In scientific terms, this is an anti-Stokes emission. Light from
the infrared spectrum can be made visible. Several methods allow UC to occur in both
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organic and inorganic materials. Polycyclic aromatic hydrocarbons are typically the kind
of organic molecules that are capable of accomplishing photon UC through the process of
triplet-triplet annihilation (PAHs). Ions of d-block or f-block elements, such as Ln3*, Ti%*,
Ni?*, Mo®*, Re**, and Os**, are commonly found in inorganic materials that may perform
photon UC.

Mechanisms behind Photon UC

Inorganic materials have three fundamental methods for photon UC, while organic
materials have at least two unique mechanisms. Three mechanisms, energy transfer UC,
excited-state absorption (ESA), and photon avalanche, are responsible for photon UC in
inorganic materials (PA). These phenomena can be observed in a wide range of materials,
from optical fibers to bulk crystals to nanoparticles, as long as they contain at least one of
the aforementioned active ions. Energy pooling and sensitive triplet-triplet annihilation
(sTTA) allow organic molecules to up-convert photons [443,444].

It is important to distinguish between UC and second-harmonic production and
two-photon absorption. Similar to photon UC, these two physical processes also result
in the emission of photons with shorter wavelengths than those used for excitation, but
their underlying mechanisms are distinct [445]. Bloembergen first proposed the idea in
1959 [446], and Auzel made the first observation of the process in 1966 [447].

Another option is a thermal UC system. This technique relies on the up-converter’s
ability to absorb low-energy photons, heat them up, and then re-emit higher-energy pho-
tons [448,449]. By carefully designing the up-converter’s density of optical states, frequency-
and angular-selective emission characteristics can be achieved, leading to a more efficient
process. A planar thermal up-converting platform can have a front surface that efficiently
collects low-energy photons incident within a specific angular range and a back surface
that efficiently emits only high-energy photons. Photonic crystal designs allow for the real-
ization of these surface features, and their use in thermophotovoltaics and passive radiative
cooling has been proved both theoretically and experimentally [450,451]. When employing
the AM1.5D spectrum and the sun as a black body source at 6000 K for a single-junction cell,
the PCE from solar radiation to electricity can increase to 73% and 76%, respectively [452].

7.2. Down-Conversion and Down-Shifting Devices

Traditional solar cells are designed to absorb light in the visible spectrum, which is
where a significant chunk of the sun’s energy is found. The efficiency of solar cells may
be improved if we could also utilize the ultraviolet (UV) or/and infrared (IR) regions of
the spectrum. After capturing UV rays, some substances can release several visible or near
infrared photons. The term “down-conversion” (DC) describes this procedure [453,454]. In
1957 [455], Dexter was the first to consider employing DC to separate a UV photon into
two visible photons. By using host lattice states or ions (either alone or in combination) DC
can be achieved, which can result in quantum efficiencies greater than unity [453,456-458].
Down-shifting refers to a similar process that takes place in a material with a quantum
efficiency less than unity [459].

Even though DC and DS are both related processes, their quantum efficiencies are
distinct. Quantum efficiency is less than unity in the DS process, and thermalization losses
are not mitigated [460]. However, surface recombination losses can be reduced, leading
to higher solar cell efficiency. When compared to DS layers, which can emit no more
than one low-energy photon for every high-energy photon absorbed, DC converters emit
two low-energy photons for every high-energy photon. In Figure 10, we see a simplified
diagram of the DS and DC procedure. When one photon is absorbed, two photons with
less energy are produced in DC, provided that the wavelength is similar to that of the solar
cell’s bandgap. In DS, a similar process takes place, but only one photon is retrieved for
every absorbed one.
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Figure 10. Energy diagram that shows schematically different behaviors among a DC and a DS
material used to harvest the efficiency in a solar cell [461]. Reproduced with permission from Mora
et al., Solar Energy Materials and Solar Cells, Elsevier, 2017.

7.3. Hot Carrier Solar Cells

In order to make photovoltaics an even more appealing technology as a future re-
newable energy source, numerous approaches have been suggested to circumvent the
Shockley-Queisser limit [462]. Most of these efforts are made to boost the device’s current,
which is achieved by increasing the number of extracted charges, or “charge carriers,”
in some way, such as by converting multiple photons with energies below the band gap
into a single photon with an energy above the gap (up-conversion) or by converting a
single photon with a high energy into a larger number of charge carriers (multiple exciton
generation, singlet exciton fission) [463,464].

By employing multiple junctions, i.e., a cascade of absorber materials with progres-
sively narrower band gaps, it may be possible to decrease losses caused by carrier relaxation,
thereby increasing the device voltage. Although the PCE can be greatly improved by using
multiple junctions in a single cell, known as “tandem” or “multijunction”, their design is
more complicated. The term “hot carrier solar cell” (HCSC) refers to the idea that the extra
energy of these photons can be collected by removing charge carriers in single junction solar
cells before they relax (HCSC). This concept was first introduced in 1982, and it was claimed
that at 1 sun illumination, the maximum PCE could be increased to 66%, and that under
maximum solar light concentration, the maximum PCE could increase to nearly 85% [465].
Furthermore, it has been demonstrated that HCSCs are less susceptible to fluctuations in
the illumination spectrum compared with tandem devices [466].

Surprisingly, though, experimental efforts to actualize this concept are scant due to
two major obstacles. The first step is to identify an appropriate absorber material, one in
which the rate of cooling can be slowed down to enable the extraction of carriers with excess
energy while still retaining all of the characteristics of a good solar cell material. In order to
prevent cooling through the contacts and the leaking of hot carriers, the second task is to
design contact materials with a narrow density of states at an adequate energy level [467].
The majority of experimental work in this area addresses either of these obstacles.

7.4. Intermediate Band Photovoltaics

For solar cells to achieve efficiencies higher than the Shockley—Queisser limit, re-
searchers have turned to techniques involving intermediate band photovoltaics. It intro-
duces a new energy level known as the intermediate band (IB) in between valence and
conduction bands. According to theory, the presence of an IB makes it possible for two pho-
tons with energies below the bandgap to excite one electron from the valence band to the
conduction band. As a result, efficiency and induced photocurrent are increased [468].

Using detailed balance, Luque and Marti first produced a theoretical upper bound
for an IB device with a single midgap energy level. They used the assumption that the
device was fully concentrated and that no carriers had been gathered at the IB [468]. For
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a bandgap of 1.95 eV with an IB of 0.71 eV from either the valence or conduction band,
they discovered the highest efficiency to be 63.2%. The limiting efficiency at one solar
illumination is 47% [469].

Following up on these findings, Green and Brown proceeded to derive the theoretical
efficiency threshold for a device having an infinite number of IBs [470]. The number of
IBs decides the absorption of solar spectrum, i.e., the higher the number of IBs is, the
higher the incident solar spectrum will be absorbed and vice versa. They determined that
the maximum efficiency was 77.2% [470], which is less than that of a cell having infinite
multijunctions. This is because electrons in an IB device must undergo yet another energy
transition before they can be collected in the conduction band, but in a multijunction cell,
collection occurs immediately after electrons are excited to a higher energy state [470].

7.5. Multiple Exciton Generation

An exciton is a composite uncharged entity that is formed when an excited electron in
the conduction band of a quantum dot solar cell interacts with the hole it leaves behind in
the valence band. The carrier multiplication effect in a dot can be understood as creating
multiple excitons and is called multiple exciton generation (MEG). Because of the short
durations of the multiexcitons, energy extraction from MEG may be challenging, but the
potential gains in energy conversion efficiency for nanocrystal-based solar cells warrant
further investigation.

Colloidal PbSe quantum dots were used to investigate MEG for the first time in
2004 [471], and subsequent studies have confirmed its presence in various quantum dot
compositions, including as PbS, PbTe, CdS, CdSe, InAs, Si [472], and InP [471]. In contrast,
the MEG impact was overstated in many preliminary studies of colloidal quantum dots
because of undetected photocharging; this problem was eventually identified and fixed by
vigorously swirling colloidal samples [466]. Using colloidal PbSe quantum dots, multiple
exciton production was first shown in a working solar cell in 2011 [460]. Semiconducting
single-walled carbon nanotubes (SWNTs) were shown to generate multiple excitons after
absorbing a single photon [473]. Absorption of a single photon with an energy equal to
3 times the SWNT energy gap leads in an exciton generation efficiency of 130% per photon.
The threshold for multiple exciton generation in SWNTs can approach the limit set by
energy conservation.

Multiple exciton production has also been reported in graphene [474], a material with
close ties to nanotubes. In addition, double-exciton production by singlet exciton fission
with very high quantum efficiency has been seen in organic pentacene derivatives [475].

7.6. Flexible Thin-Film SCs

Flexible thin-films are another important third-generation technology that aims to pro-
duce low-cost efficient SCs. In general, a thin-film solar cell is made by depositing multiple
functional layers on a flexible substrate using methods such as vacuum-phase deposition,
solution-phase spin-coating, and printing. The entire cell is supported mechanically and
protected from the environment by a flexible substrate. The photoelectric charge carriers
are collected by two electrodes, which also serve as electrical leads to external circuits. In
order for the device to absorb sunlight and convert it into photoelectric charge carriers, it is
necessary for one of the electrodes to possess optical transparency. The active materials are
crucial components of flexible SCs and are responsible for significantly impacting the PCE.
The active materials can be delineated into three distinct groups, namely organic, inorganic,
and inorganic-organic hybrid semiconductors. The common inorganic semiconductors
include amorphous silicon, cadmium telluride, and copper indium gallium diselenide. Or-
ganic semiconductors comprise organic compounds that act as donors and acceptors. These
compounds are categorized based on their molecular size, with small organic molecules and
polymers being the two primary classifications. Metal halide perovskite is considered to be
the most viable material for flexible SCs among inorganic—organic semiconductors [476].
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8. Comparison and Future Direction of Third-Generation SC

All the third generation SCs have some advantages and some limitations which are
listed in Table 16. As can be seen in in this table, among all the third generation SCs, PSCs
have many advantages such as low cost, high efficiency, simple fabrication methods, and
low weight but also have stability issues. By improving its stability under high humidity
conditions, this technology will enter into a whole new area.

Table 16. Overview and comparison of third generation SCs. The efficiencies are available from
The National Renewable Energy Laboratory (NREL) Best research-cell efficiency chart. “https:
/ /www.nrel.gov/pv/cell-efficiency.html (accessed on 9 January 2023).

Technology Efficiency Advantages Limitations

Low cost, operate in low light and wider angles, Temperature stability issues. toxic
DSSC 15.2% [24] work at lower internal temperature conditions, peratt y ’

- and volatile compound
robustness and long life
Cheap and simple in construction, lightweight
0, 1 p p ’ g g 7

PVSC 25.7% [UNIST] flexible, high efficiency, low production cost Unstable
QDS 18.1% [UNIST] Low production cost, low power consumption Highly toxic in nature, degradation
TSC 32.5% [NREL] High efficiency Complex, costly
0SC 18.20% [433] Low processing cost, light weight, flexible, Low efficiency

thermally stable

Improvements in DSSC efficiency are possible with the discovery of novel dyes and
inorganic nanomaterials. Additionally, the study of different approaches to enhance dye
loading and stability will be of assistance to some extent. Designing a new molecular
dye, using two terminal architectures of Si along with DSSC, can result in higher device
efficiency. Solar hydrogen production employing DSSCs is an exciting emerging field that
holds great promise. Furthermore, the integrated device techniques of DSSCs with PSCs
are another promising technology for the development of next-generation devices.

For PSCs, the development of new perovskite structure materials using theoretical
and experimental methods is required to advance from the current state. PSCs with tandem
architecture appear to be a more promising approach. Within this context, perovskite
materials with large bandgaps, as well as small bandgaps, are being investigated for use as
top cells. Theoretical predictions suggest that the Si-perovskite tandem architecture has the
potential to achieve an efficiency of up to 31% [21], which is a promising development for
the commercialization of this product. By using a reliable deposition method, stable layers,
novel materials, and new tandem approaches, this technology will enter into a new era.

In the field of QDSSCs, materials, sensitization methods, and improvements in sen-
sitizers, electrolytes, and counter electrodes have captured the interest of researchers,
and extensive research is currently underway in various disciplines. Lead chalcogenide
nanomaterials have demonstrated remarkable stability in comparison to other types of
nanoparticles. Consequently, their potential for long-term utilization has drawn significant
attention and is currently under investigation. It is expected that the efficiency of inorganic
nanoparticle-based SCs might exceed that of the same materials in bulk thin-film structures
by mitigating surface recombination. Furthermore, additional surface engineering methods
should be applied to nanocrystalline thin films to improve their photon-absorbing capa-
bilities. Commercialization of organic solar cells remains a difficult task due to stability
difficulties, even though they are manufactured using modern processes including roll-to-
roll manufacturing and inkjet printing. Combining organic solar cells with emerging SC
technologies, such as PSCs, would be advantageous for space and other uses in the future.

9. Conclusions

Third generation SCs have tremendous potential as primary sources to meet energy
demands. This review article provides a detailed study of the current status of third-


https://www.nrel.gov/pv/cell-efficiency.html
https://www.nrel.gov/pv/cell-efficiency.html

Processes 2023, 11, 1852 41 of 58

generation SC, namely DSSC, PSC, QDSSC, TCS, and OPVs. Apart from these cells, other
third-generation techniques, such as UC, DC, DS, multi-exciton generation, hot carrier,
and intermediate band, are also highlighted. In contrast to traditional SCs, these SCs do
not use a p-n junction for the production of electrical energy. This review highlights not
only different fabrication techniques used to improve efficiencies but also the challenges
of commercializing these third-generation technologies. In theory, they are cheaper than
silicon-based solar cells and can achieve efficiencies beyond the Shockley—Queisser limit.
However, an extensive amount of research is required to improve the stability of these cells
as it is a major hurdle on the path to their commercialization.

The ideas that have been brought forth in discussions about solar cells of the third
generation appear to be taking the solar energy market by storm. From the perspective that
has been presented, it is very obvious that nanomaterials are a boon to the current research
to develop highly efficient SCs at a low cost. A solid platform needs to be established
to construct solar cells employing nanomaterials, even though the scientific community
may be addressing the issues at hand using a variety of methods. PSCs have shown
remarkable efficiency gains in recent years, revealing a viable path for high-efficiency,
large-area modules.

Possibly serious measures should be taken to address setbacks caused by the high
price of raw materials. The high price of flexible substrates is a barrier to developing cost-
effective, next-generation solar cells. To increase potential for commercialization, industrial
methods will need to be augmented with novel materials, such as roll-to-roll fabrication
and inkjet printing of multiple layers. To further boost efficiency, new materials are needed
that can capture light in the near-infrared spectrum. Using a colloidal synthesis approach,
such novel materials for high-efficiency SCs can be developed. Functionalizing various
inorganic semiconductor nanostructures, organic polymers, and dyes with appropriate
molecules, it is still possible to achieve the aim of capturing an immense number of photons.
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