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Solar cells have provided a solution to the prevailing energy crisis and environmental contamination in
the ongoing energy-driven era because of their potential to utilize solar energy. The initial efforts
devoted to this during the past century involved the use of p—n junctions of IlI-V semiconductors (gal-
lium arsenide, gallium nitride) which resulted in only low-efficiency solar cells. Conventional energy
sources, through carbon dioxide emissions, contaminate the environment and exacerbate the
greenhouse effect. By contrast, solar technology, as a sustainable form of energy, has assisted in
mitigating these challenges, and the quest for attaining efficient and sophisticated designs has led to the
discovery of a variety of solar cell structures. However, their large-scale commercialization has been
constrained due to many factors, which include the vast installation area required, expensive cost,
limited durability and associated losses that lead to a smaller operating efficiency, all of which have
opened up various research routes to overcome these shortcomings. The diligent attempts of
researchers have converged into generation-by-generation improvements in this domain. In this paper,
we have discussed the design and working principles, fabrication, simulation and mathematical

Received 21st April 2023, modelling of the most advanced state-of-the-art fourth-generation solar cells, which consist mainly of

Accepted 21st June 2023 2D material-based solar cells, quantum dot-based solar cells (QDSCs), perovskite solar cells (PSCs),
organic solar cells (OSCs) and dye-sensitized solar cells (DSSCs). The comprehensive literature review
presented in this paper may help the solar cell community to investigate and become acquainted with

the design opportunities and variations that exist in the technology under study.
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of energy and is a gift of nature that is abundantly available around
the world. The process of photo-excitation in solar cells produces

1. Introduction

One of the major challenges faced by nations around the globe
is the energy crisis. The shortage of energy resources can lead to
a poorer economy and increased inflation, which eventually
destabilises a state. Researchers around the world are trying,
therefore, to discover novel resources that may contribute to
reducing the shortage of energy while simultaneously keeping
the environment clean. Unlike conventional energy resources,
which are exponentially depleting the Earth’s natural resources
and producing harmful byproducts, scientists have been look-
ing for environmentally friendly alternatives. Solar cells (SCs)
have been found to be a promising technology that can over-
come the energy-shortage challenge whilst also meeting the
need for environmental sustainability. Sunlight acts as a source
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photo-generated electrons which then generate electricity. However,
an unequivocal limitation exists that is related to associated losses,
such as transmission losses, thermalization, and recombination
losses," which lowers the overall efficiency of the cell.> Researchers
worldwide have been working on solar cell technology to optimize
the cell performance; this is achieved by ruling out the causes of
low output, which is accomplished through engineering of both the
materials and the design structures.

The history of solar cells dates back nearly five decades. The
advancements made in solar cell technology have led to the
formation of many generations of SCs. First-generation SCs
comprise mono- and polycrystalline silicon solar cells.?
They were first discovered in 1954 when Bell Laboratories
announced the invention of silicon solar cells with an efficiency
of 8%,* which were reported to be the most efficient solar cells
of that time. Although, silicon solar cells achieved the highest
efficiencies, they were very expensive because of their manu-
facturing cost, thus hindering their large-scale deployment.
This inspired the search for alternative materials that were
both cost effective and possessed the excellent properties of
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silicon. This led to the introduction of second-generation solar
cells, which in general are also called thin-film solar cells.
These solar cells are comprised mainly of amorphous silicon
(a-Si), copper indium gallium selenide (CIGS) and cadmium
telluride (CdTe),” due to their wide bandwidth that enables the
absorption of solar radiation.® The bandgap of a material
affects the range of solar wavelengths it can absorb, which in
turn causes efficient charge transport and charge collection
within a certain energy range (also known as the bandwidth),
and hence it is considered crucial for maximizing the photo-
current and, consequently, the PCE of a solar cell.”® Although
materials belonging to second-generation SCs showed cost-
effectiveness, they had significant drawbacks of toxicity,
instability and low efficiency.” Consequently, thin-film solar
cells also failed to be utilized for large-scale applications. With
the passage of time, advances were made in PV technology,
which led to another evolution in this field and resulted in the
discovery of third-generation solar cells. Third-generation solar
cells offered a number of design variations, including dye-
sensitized solar cells (DSSCs), quantum dot sensitized solar
cells (QDSCs), organic solar cells (OSCs) and perovskite solar
cells (PSCs)."® Their applicability in a particular scenario is
evaluated based on their associated merits and demerits; for
instance, a DSSC has the ability to work in dim light, but the
electrolyte in the DSSC is organic in nature, which is volatile
and can evaporate if not sealed properly. Similarly, PSCs are
cheaper to manufacture' as they can be produced using easy
fabrication techniques and by using inexpensive materials."
They also offer the highest power conversion efficiency,
although they are prone to environmental degradation as the
perovskites are sensitive to heat and humidity, which hinders
their large-scale production.'® Likewise, OSCs are environmen-
tally friendly, lightweight and semitransparent,"* in addition to
being one of the cheapest sources of electricity;'® they do,
however, lack stability and have a relatively short lifetime'® as
presented by Gevorgyan et al.'” Quantum dot-based solar cells
are durable, have high efficiencies and offer tunability. How-
ever, some types of QDSSC, such as cadmium selenide (CdSe)
quantum dots, are highly toxic'® and pose a threat to the
ecosystem. The quest for designing increasingly efficient and
stable solar cells encouraged the development of fourth-
generation solar cells, which is the latest technology in this
research area. Fourth-generation solar cells combine all the
benefits exhibited by solar cells of previous generations
because they are cheaper, they have flexible structures, and
they also offer the high stability of nano-materials.'® They are
also called hybrid solar cells because of their ability to incor-
porate inorganic materials with organic materials.>® They are
commonly made up of metal oxides and metal nanoparticles,
carbon nanotubes, graphene and its derivatives.”® A detailed
analysis of the efficiencies of the different generation solar cells
along with their historical timeline is given in Fig. 1.

In this review, our objective is to give an overview of
contemporary developments, as well as the needs and installa-
tion of fourth-generation solar cells, while highlighting their
advancements in comparison with previous-generation solar
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cells. The main focus is to discuss and elaborate on the design
and working principles, their fabrication, the simulation meth-
ods and mathematical modelling. The continuous attempts to
improve their performance rely on different design metrics,
which include selection of the appropriate material and struc-
ture as well as the working principle in accordance with a
particular configuration. Since all solar cells follow the same
working principle for the conversion of solar energy into
electrical energy, thus we will begin by describing the process
of photogeneration that is equally valid for all types of
solar cell.

1.1 Photogeneration

Photogeneration is the process of generating excitons (bound
electron-hole pairs) as a result of photon absorption. The net
generation of charge carriers depends on both exciton creation
and dissociation since excitonic absorption does not necessa-
rily result in mobile charges. Solar cells are characterized by
this effect, i.e., the formation of electron-hole pairs when light
is incident on them. The phenomenon is manifested with the
help of a structure that consists of a junction between n-type
silicon and a p-type absorber which is placed between two
electrodes, as shown in Fig. 2. The process is completed
effectively in the following steps: the first step is the absorption
of light (photons), ie., the generation of charge carriers. As
shown in Fig. 2(a), a single photon of light is incident on the
solar cell, and, upon its absorption, an exciton pair is produced.
For the second step, Fig. 2(b) shows the disassociation of the
exciton into charge carriers and the collection of these carriers
at the electrodes. Several excitons are generated at once with a
full spectrum of light, and these are simultaneously separated
into independent charge carriers. Once these carriers are
generated in a solar cell, they move around due to various
processes such as diffusion, random motion and drift. In order
to separate the photo-generated charged carriers, semi-
permeable membranes are a must for both sides of the absor-
ber, which ensure that the electron can only pass from one
membrane and the holes flow out from another membrane.
The charges are generated in the absorber layer, the p-n
junction (at the top) allows only electrons to pass through,
and the membrane at the bottom of the cell allows only holes to
pass through; therefore, the solar cell needs to be designed in

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) Absorption of a single photon of light, (b) generated and separated charge carriers, (c) continuous generation and separation of charge carriers,

(d) load is connected, (e) movement of a charge carrier from high potential to low potential, (f) combining electron and holes, (g) J-V curve, where the
inset shows the energy band diagram, (h) J-V curve, where the inset shows the maximum efficiency, and (i) equivalent electrical model.

such a way that the mobile charge carriers hit these barriers so
they can be separated, as shown in Fig. 2(c). The difference in
the concentration of charge carriers at both ends of the PV
device causes a potential difference between the electrodes, and
this potential, which can be measured using a voltmeter, is
called the open circuit voltage (V,). If an external circuit is
applied between the electrodes, the flow of electrons takes
place from the n-type to the p-type material, thus producing
electricity. In other words, the chemical energy of the electron—
hole pair is changed into electrical energy Fig. 2(d and e). After
the electrons have passed via the circuit they recombine with
holes at the interface between the metal and absorber (Fig. 2(f)).
Another major phenomenon that occurs during the formation
of excitons is ‘“recombination”. The exciton pair survives
independently only for a particular lifetime, after which recom-
bination may occur due to the weakening of the coulombic
forces between them. This means that the electron will return
to its initial state if recombination happens and the energy that
was absorbed initially will be lost, hindering the conversion of
light energy to electrical energy. In general, the performance of
a SC is measured according to its operating parameters, which
include the open circuit voltage V, (V), the short circuit current
Jse (mMA cm™?), the fill factor (FF; %) and the power conversion
efficiency (PCE; %) (Fig. 2(g-i)). The success of PV technology
lies in engineering the system in such a way that the perfor-
mance parameters are optimized using various salient features,
such as the carrier mobility, control of the recombination and

© 2023 The Author(s). Published by the Royal Society of Chemistry

other losses. In the upcoming sections, we will be reviewing
two-dimensional material-based SCs, quantum dot SCs, per-
ovskite SCs, organic SCs and dye-sensitized SCs.

2. Two-dimensional (2D) material-
based solar cells

2D materials such as molybdenum disulphide (MoS,), gra-
phene, tungsten disulphide (WS,) and tungsten diselenide
(WSe,) have gained immense interest in fourth-generation
photovoltaic technology due to their exceptional optical proper-
ties, thin sizes and lightweight nature.>® MoS,, WS, and WSe,
belong to the family of transition metal dichalcogenides
(TMDCs), whereas graphene is an allotrope of carbon. These
2D materials are well-known for their flexibility, mechanical
strength, transparency, tunable band gap, high carrier mobility
and good conduction of heat and electricity, quantum Hall
effect and magnetic anisotropy.”*° These properties are attrib-
uted to their quantum confinement.** Owing to these excep-
tional properties, 2D materials, in particular graphene and its
nanostructures, have so far shown potential applications in
many fields, which include biomedical,®* electronics,*
photonics,>* membrane technology,®® energy sector’®*” and
sensor designs®® to name but a few. Different types of 2D
materials have been employed in the design of a variety of
solar cells because they have the ability to be used as a

Energy Adv., 2023, 2,1239-1262 | 1241
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(a) Honeycomb hexagonal structure of graphene. (b) Structure of 2D materials in terms of the metal coordination (top), and stacking sequence

(bottom) of 2H MoS, and WS,. (c) Working principle of a photovoltaic cell (reprinted under Open Access®). (d) Schematic diagram in terms of the band
structure of a Schottky junction Ti-MoS,—Pt solar cell (reprinted from ref. 52 under a CC-BY license).

transparent electrode, an electron transport material, a hole
transport material, an active layer, a buffer layer, and an
ultrathin and transparent diffusion barrier.>>*° Graphene is
used in photovoltaic devices chiefly due to its tightly packed,
two-dimensional honeycomb structure (Fig. 3(a)),*® and plays a
special role in protecting PV devices from environmental
degradation.*’ Similarly, the trigonal prismatic structure of
2D materials is shown in Fig. 3(b). In comparison with the
most widely used solar absorbers GaAs and Si, 2D TMDC
materials have successfully achieved an order of magnitude
improvement in sunlight absorption and, notably, are capable
of absorbing between 5 and 10% of incident sunlight for a
material thickness of less than 1 nm.*? Single layer MoS, can be
used in conjunction with p-Si to fabricate heterojunction solar
cells.”® MoS, also has the tendency to form a heterostructure
with WSe, for use as counter electrodes in DSSCs.** Similarly,
graphene has also been employed in its various forms; for
instance, its fluorescent quantum dots,* nanotubes,*®
fullerenes®” and nanoribbons*® have been used extensively in
solar cell technology. In addition, different chemical functio-
nalization protocols can be followed to improve the electrical
and optical properties of 2D materials, and doping can be
carried out to enhance these properties.*” These 2D materials
have seemingly endless potential for improving the existing
technologies of SCs. The different fabrication techniques also
affect the morphology of the material.>

2.1 Design and working principle of 2D material-based solar
cells

Solar cells are constructed using semiconductor layers of n-
type, i.e., the emitter layer, and p-type, i.e., the base layer, thus

1242 | Energy Adv., 2023, 2,1239-1262

developing a p-n junction as shown in Fig. 3(c). The reflections
are reduced by using an anti-reflection coating layer. Solar cells,
also identified as photovoltaic cells, have been designed for the
direct conversion of light (photo) into electricity (voltaic), i.e.,
“energy from light”. Light is electromagnetic radiation that is
comprised of photons that are basically quanta of energy. The
photon energy E is given in eqn (1):

E=hy (1)

where % is Planck’s constant, and v is the speed of light.>?

When light falls on a surface, the loosely bound electrons
absorb it and are promoted to their excited states, leaving
behind vacancies called holes, where the hole is a positively
charged entity. There is a coulombic force of attraction between
the negatively charged electrons and the positively charged
holes, forming pairs which are known as excitons.*

The intrinsic energy possessed by the electrons in the
valence band (VB) is E;, and after excitation the energy is raised
to E¢ in the conduction band (CB) only if the incident photon
has an energy equal to or greater than that of the band gap®’
(i.e., E; — E¢ > hv), where the band gap is a forbidden region
between the CB and the VB. The migration of electrons results
in current flow.>®

2.1.1 Schottky junction-based 2D solar cells. A Schottky
junction appears when a gap between the Fermi levels of the
semiconductor and metal work functions (WFs) arises, causing
the photocurrent to build up. While metals having symmetric
WFs do not generate any photocurrent, asymmetric metal
structures with different WFs do. Islam et al. fabricated
Schottky junction solar cells using monolayer MoS, grown
using the chemical vapour deposition (CVD) technique. The

© 2023 The Author(s). Published by the Royal Society of Chemistry
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devices consisted of platinum (Pt) and titanium (Ti) metal
contacts with asymmetric WFs to enable the formation of
charge carriers. An absorber layer of monolayer MoS,
(0.65 nm thick) was introduced to enhance the efficiency of
this model - monolayer MoS, is well known for its strong light-
matter interaction, leading to high absorbance and photoge-
neration in the PV devices. The metal contacts were selected in
such a way that the metal’s WF aligned either to the CB or the
VB of semiconductor MoS, in order to support charge carrier
separation. A metal with a high WF collects holes, whereas a
metal with a small WF collects electrons. Compatibility of Ti
and Pt with the charge separation and WF of MoS, is shown in
Fig. 3(d).”*

2.2 Fabrication techniques for 2D material-based solar cells

Multi-layers of 2D materials can be prepared using the Scotch
tape method,”” the CVD (chemical vapour deposition)
technique®®®® and other electro-chemical methods.®®®' Cai
et al. have presented detailed information on the synthesis of
2D materials using top-down exfoliation techniques.®” In the
subsequent sub-section the fabrication methods for graphene
are described, and similar techniques can be used to synthesise
other 2D materials.

2.2.1 Exfoliation. Graphene was discovered in 2004 by
Geim, Novoselov and co-workers, for which they received a
Nobel prize.*® They mechanically exfoliated layers of graphene
using a simple Scotch tape method, thereby stimulating the
interest of researchers worldwide on the further exploration of
graphene’s rich physics.®* Using the Scotch tape method, the
exfoliated flakes can subsequently be transferred to a silicon
substrate and observed under a microscope to determine the
exact number of layers, as shown in Fig. 4. The layers achieved
in this way are smaller in size (between 0.3 um® and 0.50 nm°®®)
and they are all free from impurities, although the uniformity
of the thicknesses is compromised when used for large scale
preparation. Therefore, scientists began to search for other
techniques to synthesize graphene films that were both larger
in size and uniform in terms of their thickness.

2.2.2 Chemical vapor deposition (CVD). Because of the
irregularity in size of the exfoliated flakes, investigating alter-
native methods other than the straightforward Scotch-tape
approach was necessary for the manufacture of large-area
graphene sheets. One of these methods is chemical vapor
deposition (CVD), which is carried out in a vacuum chamber
where the vaporised materials are condensed to bring them to
their solid states.®” A schematic of the CVD process is shown in
Fig. 5(a), where methane and hydrogen are used for graphene
production. The mechanism begins with movement of the
reactants via convection in the presence of a gas stream, where

Fig. 4 Mechanical exfoliation or Scotch tape method.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Stepwise method for the chemical vapour deposition of gra-
phene (reproduced with permission from Saeed et al. published by MDPI,
Molecules, 2020).%8 (b) Chemical method to synthesise aqueous graphene
sheets using tetrabutylammonium hydroxide (TBA) in water and N,N-
dimethylformamide (DMF). (c) Electrochemical method to fabricate aqu-
eous graphene using bipolar electrochemical intercalation and high shear
exfoliation (reprinted with special permission from ACS, further permis-
sions related to the material excerpted should be directed to the ACS™).

the heat in the chamber activates them simultaneously (steps 1
and 2). Subsequently, the reactants are transported under the
influence of diffusion via the main gas stream passing from the
stationary boundary layer (step 3). Next, the reactants diffuse
onto the substrate surface (steps 4 and 5). In order to prevent
the production of multi-layer graphene, rapid cooling is sus-
tained as it governs the solubility of the carbon substrates.
During the surface mechanism (step 6), the catalytic decom-
position of reactants occurs along with surface migration to the
attachment locations and other heterogeneous reactions. Once
the graphene film has grown, by-products in succession are
desorbed from the substrate (step 7). In the end, diffusion of
the by-products toward the main gas stream (step 8) across the
boundary layer takes place, and the by-products are then
are carried to the exhaust system because of convection again
(step 9).°® CVD is a widely used method for preparing high-
quality thin films and coatings of different materials.®® Li et al.
have used copper substrates to deposit graphene layers using

Energy Adv., 2023, 2,1239-1262 | 1243


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ya00179b

Open Access Article. Published on 26 czerwca 2023. Downloaded on 09.02.2026 15:09:30.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

the CVD technique.”® This method also changes the mechan-
ical, optical and electrical characteristics of the material.

2.2.3 Chemical methods. Chemical methods are also used
widely to synthesise nanoparticles, quantum dots, thin films,
quantum materials, etc.”” These are relatively low-cost pro-
cesses that can be carried out in laboratories where only basic
chemical equipment is available. Stankovich et al. synthesised
graphite nanoplatelets using a chemical method, where the
solution based chemical reduction of exfoliated graphite oxide
resulted in the formation of graphene sheets. The anionic
polymer poly(sodium 4-styrenesulfonate) was used for the pre-
paration of a stable aqueous dispersion of graphitic
nanoplatelets.”* Si et al. made water-soluble graphene via the
sonication of 75 g graphite oxide in 75 g water for one hour.
After sonication, a brown colored dispersion of graphene oxide
was realized. The next step was the pre-reduction of graphene
oxide using sodium borohydride, causing the dispersion to turn
black. Then the sulfonation of graphene oxide was carried out
by adding the aryl diazonium salt of sulfanilic acid while
keeping the solution in an ice bath. Afterwards, the dispersion
was centrifuged and rinsed with water. Following the post-
reduction step, a solution of 2 g hydrazine with 5 g water was
prepared and added to the dispersion, which resulted in the
successful precipitation of the sulfonated graphene layers.”* Li
et al. fabricated graphene sheets using exfoliated graphite re-
intercalated with sulphuric acid. They mixed tetrabutylammo-
nium hydroxide (TBA; a 40% solution in water) with this
solution. This mixture was then sonicated with N,N-
dimethylformamide (DMF) for one hour to form a homoge-
neous suspension. The applied method resulted in the for-
mation of large graphene sheets. A schematic illustration of
this technique is shown in Fig. 5(b).”

2.2.4 Electrochemical methods. Electrochemical methods
are used widely to fabricate different materials because they
enable the surface composition and crystal properties to
remain unmodified. In addition, electrochemical methods
enable the fabricated samples to be protected from any thermal
effects.”® The large-area synthesis of high-quality graphene has
been carried out via the electrochemical intercalation of gra-
phite flakes.”" The graphene so using this method had a size in
the range of 0.4-1.5 um, where a large number of flakes with
four to six uniform layers of graphene were obtained. The
authors of this work used 1 mM tetrabutylammonium tetra-
fluoroborate (Buy,NBF,) in N-methyl-2-pyrrolidone (NMP)
with graphite flakes. Two steel feeder electrodes (FEs) placed
1 cm apart were dipped into the solution, as shown in Fig. 5(c).
The voltage of 1100 V was applied between the FEs for an hour
while the solution was stirred vigorously. The graphene was
then exfoliated for an hour at a shear rate of 33000 s "
The mixture was then centrifuged to remove any remaining
big particles of graphite, and the residual liquid was extracted.
By filtering a specific quantity of the suspension using
poly(tetrafluoroethylene) (PTFE) membrane filters, the produc-
tion of graphene in every suspension was calculated. The
graphene sheets made using this technique were structurally
intact.
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2.3 Simulation and mathematical modelling of 2D material-
based solar cells

The simulation and mathematical modelling of different solar
cells are indeed interrelated. Both approaches are commonly
used in the field of solar cell research and have been developed
to understand the behavior, performance, and efficiency of
solar cells. These methods refer to the use of computer-based
models and algorithms to mimic and analyze the physical and
electrical characteristics of solar cells, in which solving complex
mathematical equations and incorporating various parameters,
such as material properties, device geometry, and environmen-
tal conditions, are carried out. Mathematical modelling
involves the formulation of mathematical equations and analy-
tical frameworks that describe the behavior and performance of
solar cells. These models are based on fundamental physical
principles and are used to predict and analyze multiple aspects
of the operation of a solar cell, such as the energy conversion
efficiency, current-voltage characteristics, and the spectral
response. Such modelling provides a theoretical understanding
of a solar cell to serve as a basis for further analysis and
optimization. In ref. 77 and 78 the authors verified that the
simulated and experimental values for the solar cell character-
istics are approximately the same. The authors simulated and
fabricated SHJ-p-type aSi:H and measured the open circuit
voltage, short circuit current, fill factor and efficiency. This
provides a relationship between the theory and experimental
ideas to analyze the optical and electrical characteristics of a
solar cell, confirming that the basic design proposed for the
simulations is correct. Several software platforms have so far
been used to conduct the simulations for graphene-based solar
cells, and include Ansys,”® COMSOL,*® AFORS-HET,*" CST-
MWS®? and SILVACO(TCAD)®? to describe the physical mechan-
isms taking place within the device. The WF (& (eV)), the
thicknesses of the layers, the density of interface states, absorp-
tion loss, band gap, Ve (V), Jsc (MA cm™2), PCE, and FF are the
design elements of solar cell that need to be evaluated. As a
myriad of topologies can be realized for graphene-based cells,
therefore it becomes essential to carry out an initial investiga-
tion of the influence of the aforementioned parameters on the
device performance via simulations to save both cost and time.
The AFORS-HET software is frequently used for modelling
hetero-junctions with intrinsic thin-layer (HIT) solar cells as
well as hetero-junction (H]J) solar cells. For instance, Yu et al.®
used this tool to analyse the efficiency of the graphene/GaAs-
based cell before conducting actual experiments to ascertain
the effect of the addition of a hole-transporting or electron-
blocking layer. Methodical examination of the impact of many
variables, such as the carrier density, absorption loss, and
graphene WF, has been performed on the proposed device.
This study demonstrates the enormous potential for using
the graphene/GaAs HJ in extremely efficient solar cells. It has
been demonstrated that graphene’s WF, which is roughly 5 eV,
endorses the improvement of efficiency. The WF of graphene is
optimised chiefly by overcoming the absorption loss. A sche-
matic diagram of the silver/graphene/n-GaAs/silver Schottky HJ
solar cell is shown in Fig. 6(a), for which the AFORS-HET

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Work function of graphene (eV)

(a) Simulated graphene/GaAs HJ solar cell schematic. (b) Graphene/GaAs energy band diagram for multiple graphene WF values, where the inset
shows the location of the back contact on the conduction band diagram when the graphene WF is changed from 4.3 to 5.0 eV. (Source: Yu et a

L8

copyright 2019 licensed under Copyright Clearance Center, Inc.) (c) Output performance parameters of the graphene/GaAs HJ SCs with different
graphene WFs. (d) Layer thicknesses and 3D PSC schematic (inset), and current density vs. voltage for ETLs of TiO, and graphene. (e) Energy level diagram

and carrier transportation system in the PSC with the graphene ETL. (Source: Dadashbeik et a

Center, Inc.)

software was used to calculate the energy-band diagrams for
the cell under study (as presented in Fig. 6(b)) by changing the
graphene WFs to observe the variation in the performance of
the HJ solar cell. By applying Shockley-Read-Hall (SRH) recom-
bination statistics, the AFORS-HET software solves the conti-
nuity equations and 1-D Poisson equation, such that one may
analyse the behaviour of HJ SCs.

The conduction band on the GaAs side exhibits greater
bending and a bigger depletion zone with the increase in the
WF of graphene from 4.3 to 5.0 eV. In addition, the energy band
diagrams of the graphene/GaAs HJ cell at the location of the
back contact when the graphene WF is changed from 4.3 from
5.0 eV are included in the inset of Fig. 6(b). It is observed that
the energy band diagram at the back contact is hardly affected
by graphene’s WF. This occurs principally because of the lower
breadth of the built-in electric field when compared to the
thickness of the GaAs layer. In Fig. 6(c), the output performance
parameters of the graphene/GaAs HJ SCs are presented for the
different WFs of graphene. The V,. (V), FF and PCE values
increase considerably, where the PCE increases to 17.84% for
WF = 5.0 eV. However, the J,. increases in the beginning from
44.12 to 47.92 mA cm~ > upon increasing the WF from 4.3 to
4.4 eV, and then subsequently decreases to 46.8 mA cm ™ > for
WEF = 5.0 eV. As another example, authors of ref. 84 presented a
3D graphene solar cell using finite-element method (FEM)-
based simulations. The layers in the cell structure are shown
in Fig. 6(d), where FTO layer acts as the transparent conducting
oxide (TCO), the n-type material TiO, is the electron transport

© 2023 The Author(s). Published by the Royal Society of Chemistry

;8% copyright 2020 licensed under Copyright Clearance

layer (ETL), an intrinsic layer (I-layer) of the perovskite
CH;3;NH;PbI; is the active layer, a p-type material is used as
the hole transport layer (HTL), and an Au layer acts as the back
reflector. The authors investigated the respective effects of the
ETL composed of graphene and a TiO,/graphene nano-
composite on the absorption, carrier production and recombi-
nation, charge transport, Js., Voc, and PCE. It is observed from
Fig. 6(d) that the presence of the graphene ETL enhances the
absorption of the absorber layer due to its favourable optical as
well as electrical characteristics, since the carrier mobility in
graphene is very significant compared with TiO,, which is
expressed as an increase in Js. from 19.07 to 21.73 mA cm 2
the fill factor (FF) increased from 76.3% to 82.8% and the PCE
increased from 14.42% to 16.03%. At the same time, due to
recombination at the interface between the active layer and the
ETL, the V,, falls from 0.99 to 0.89 V. The band energy level
diagram with carrier transport mechanism for the presented
cell with graphene acting as the ETL is shown in Fig. 6(e).
Mathematical modelling and simulation are two different
but not completely dependent approaches used in the study of
photovoltaics. Mathematical modelling involves using mathe-
matical equations to represent the behaviour of a photovoltaic
system; it involves developing models that describe the physics
of the system, such as the movement of electrons and holes in
the solar cells, or models that describe the electrical behaviour
of the system, such as the voltage and current produced by the
cells. Simulations are based on mathematical models, but may
also include other factors such as the effects of temperature
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and shading. In general, mathematical modelling is intended
for developing a fundamental concept related to the behaviour
of a photovoltaic system; thus, both approaches are important
tools for researchers and engineers, and are often used in
combination to develop and optimize solar energy systems. In
ref. 85, the authors report the theoretical model for a PV device
based on the Pt/graphene/AlGaAs/n-GaAs/Al architecture. The
mathematical-model-oriented simulation is carried out using
the SILVACO TCAD software. The modelling of graphene is
carries our using the 4H-SiC material, whose properties are
reformed to contribute to the metallic values provided by Nair
et al.®® Three physical models, i.e., Shockley-Read-Hall (SHR)
recombination, Auger recombination and Optical recombina-
tion (OPTR), are embodied for the design formation of the PV
device. The thermionic emission model is employed to repre-
sent the J-V characteristics of the heterojunction solar cells.
The performance parameter for developing the solar cell math-
ematically can be expressed as follows in eqn (2):

I = I exp (M) {1 ~exp (,M)} @)

nKT KT

where the illuminated current is I, the given voltage is V, the
ideality factor is n, the reverse saturation current is expressed as
Iy, and Rg represents the series resistance. Mathematically, the
reverse saturation current is given as eqn (3):

Iy = 0A™ T? exp <7_1"(¢TB") (3)

where o represents the area of the cell, A** = 8.16 x 10" * Am ™
K2 (which is the effective Richardson constant of n-type
GaAs)¥, ¢y, is the barrier height of the metal-semiconductor
(using an n-type semiconductor), T is the absolute temperature,
and K represents the Boltzmann constant. The built-in voltage
and metal-semiconductor barrier height in a Schottky contact
have the following relationship, which is shown via eqn (4)—(6):

Vii = (¢Bn - ¢n) (4)
$pn = ¢ — 1 (n-type-semiconductor) (5)
¢rp = Eg — ¢y + 1 (p-type-semiconductor) (6)

where ¢, is the conduction band (CB), E, is the band gap
energy, ¢g is the graphene WF, and y is the semiconductor
electron affinity. V,. can be calculated using eqn (7) as:

Vee = KT (’—L+ 1). )
q Io

The parameter I, which can be used to obtain the highest
power from solar cells, is a crucial one. The expressions for the
fill factor (FF) and efficiency () of the cell are given in eqn (8)
and (9), respectively:

Voe — In(Voe — 0.72)

FF =
Voe +1

(®)
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The aforementioned mathematical formulas and simulation
techniques are equally valid for other 2D materials such as
MoS,, WS, and WSe,.

3. Quantum dot-based solar cells

Quantum dots (QDs) are nanoscale semiconductor crystals that
have proved to be fascinating materials in various areas of
science, for example, in bio-imaging, light-emitting diode
innovation, lasers, and solar cells.®® In general, these materials
are formed using II-VI or III-V elements from the periodic table
and are characterized to be particles with actual sizes below the
Bohr radius of the exciton.®® QDs were first discovered in the
1980s by the Russian physicist Alexei Ekimov.®® Since then, they
have attracted extensive research interest.”” They have unique
electrical as well as fluorescent properties, which include
narrow emission spectra, tunable photoluminescence (PL),
high photo-chemical stability, and continuous absorption
spectra,”® to highlight but a few. Their unique set of character-
istics has enabled them to be used in many applications, which
include light emitting diodes, photovoltaics, photoconductors,
photodetectors, biosensors, etc. Compared with molecular
dyes, quantum dots are better in terms of their tunable photo-
response and higher molar extinction coefficients, enabling a
noteworthy increase in the PCE from 5% to 13%.°" Since their
discovery more than twenty years ago, their utilization has
expanded rapidly as a result of their abundant availability
and excellent optical properties. In addition, show other con-
siderable advantages, such as small dimensions (2-12 nm in
diameter), size-tunable photo-luminescence,”® high fluores-
cence quantum yields, high solidness against photo-
bleaching, and fluorescence discontinuity (flickering).”> The
most frequently used QDs or nanocrystals are cadmium sele-
nide (CdSe), lead selenide (PbSe), cadmium sulphide (CdS),
lead sulphide (PbS), cadmium telluride (CdTe), etc.”**> Control
over the size of quantum dots provides leverage for tuning the
band gap, which is a distinct advantage over other quantum
materials. In addition, due to the shift of energy levels of the CB
and VB bands to either more negative or positive values, the
quantum confinement effect alters the electronic properties.®®

3.1 Design and working principle of quantum dot-based solar
cells

In principle, the aim for designing a quantum dot solar cell
(QDSC) is again the conversion of solar energy into an electric
current, where QDs behave mainly as light absorbers. The
separation transport efficiency as well as the recombination
rate of the photogenerated carriers have a significant impact on
the QDSC performance. A prototypical QDSC is made of a
photoanode comprising a QD-sensitized mesoporous large-
bandgap semiconductor (such as TiO, QDs), an electrolyte,
and a counter electrode.”” "' When illuminated with light,
photon absorption takes place in the QDs, and the electrons in

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) Structure of a QDSSC and its working principle. (b) Schematic diagram of a QDSC. (c) Design of a QDSC made from different layers, where the

HTL is a redox electrolyte in the case of liquid junction solar cells and a solid state layer in the case of heterojunction solar cells. The active QD layer is has
an area of 0.25 cm? and is placed between the OTE and the redox electrolyte (reprinted with permission from ref. 103, copyright 2013 American Chemical
Society). (d) Secondary deposition method for the fabrication of QD-sensitized photoanodes using surface ligand assisted assembly (reprinted with
permission from ref. 105, copyright 2019 American Chemical Society). (e) Left: c-Si/GQD-based heterojunction solar cell. Right: parametric plot (sin(x),
cos(x)). (Source: Gao et al.;*® licensed under the terms of the Creative Commons CC). (f) Left: patterned p—i—n heterojunction structure of a PbS quantum
dot SC, where the light incidence is from the bottom. The front contact is ITO while the back contact is of Au. Bulk PbS quantum dots behave as a
p/i-type layer, while ZnO is the n-type layer, collectively forming a 3D interface. Middle: SEM perspective (45°) view of the SCIL-patterned ZnO
nanoparticle layer on a silicon substrate. Right: SEM cross-section image of the patterned cell structure. (g) Band diagram of a PbS quantum dot solar cell
(180 nm active layer) under Js. conditions (V = 0). The conduction band, electron quasi Fermi level (Eg,), hole quasi Fermi level (Ep) and valence band are
shown from top to the bottom. Gray vertical dashed lines distinguish the different regions in the p—i—n junction. Light is incident from the right.
(h) Simulated J-V characteristics for the planar cells with absorber thicknesses of 180 nm (orange) and 400 nm (red), and for a patterned absorber layer
(purple). (i) Reflection losses and external quantum efficiency (EQE) of a fabricated planar (orange) and patterned (purple) PbS quantum dot SC, with
respect to the wavelength. Solid lines shows the EQE trends, and dashed lines show the upper limits for the EQE (Source: Tabernig et al.;'°® licensed

under the terms of the Creative Commons CC).

the VB of the QDs are excited to the CB. Due to the favourable
energy gap between the CBs of the QDs and TiO,, the transfer of
excited electrons from the CB of the QDs to the CB of TiO, takes
place, from where they are transported to a transparent con-
ducting oxide glass substrate and then to the external circuit. A
redox couple electrolyte is used to regenerate oxidized QDs,
while attracting electrons from the external circuit at the
electrolyte/counter electrode interface is used to regenerate
the oxidized electrolyte.”

Weller’s group published the first research on quantum dot
sensitized solar cells (QDSSCs).'> These devices were an alter-
native to DSSCs on account of the sensitizer used to harvest the
sunlight. For DSSCs, the sensitizer is an organic dye molecule/a
metal-organic complex, whereas for QDSSCs it is an inorganic
semiconductor material. A QDSSC scheme and its operating
principle are depicted in Fig. 7(a). The basic structure of a
quantum dot SC is shown in Fig. 7(b). QDSCs, in general, have

© 2023 The Author(s). Published by the Royal Society of Chemistry

five layers: a quantum dot layer arranged between the HTL and
ETL, which are placed between the top metal back electrode
layer (Au, Ag, Al) and the bottom photoanode layer (normally
ITO or glass). The separation/transport efficiency as well as the
recombination rate of the photo-generated carriers have a
significant impact on the QDSC performance. A photo-anode,
which is also known as a QD-sensitized mesoporous large-
band-gap semiconductor, an electrolyte, and a counter elec-
trode make up a typical QDSC.?”°%'°! A major requirement for
the design of QDSCs is that the semiconductor QDs in a
mesoscopic oxide film are assembled and arranged in the
correct order and they are deposited on optically transparent
electrodes (OTEs), e.g., mesoscopic TiO, and ZnO films, with a
thickness of the order of <10 nm. These electrodes are
adjusted with QDs such that the conversion of incident
photons to electricity takes place'®® as shown in Fig. 7(c). The
semiconductor (TiO,) is the best material for the photo-
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electrode, which reflects all visible light while absorbing ultra-
violet light. TiO, separates the excited electrons from the holes
to prevent the recombination of excited electron-holes.***%4

3.2 Fabrication techniques for quantum dot-based solar cells

Several sophisticated methods for the synthesis or fabrication
of quantum dot solar cells have been explored so far, such as
colloidal synthesis, self-assembly, electrical gating, chemical
pyrolysis, traditional aqueous synthesis, the MOCVD growth
technique,'®” molecular beam epitaxy (MBE),"*® etc.

Multiple spin-coating or dip-coating cycles are typically used in
the process of depositing the QD layer. The QD film thickness is
determined by the QD concentration and the number of spin or
dip cycles. Both approaches yield solar cells that are of compar-
able performance and highly tunable in terms of the layer
thicknesses and ligand exchange. Both deposition methods have
their own benefits and deficits. Dip coating needs a sufficient
overall volume to completely submerge the substrate. Therefore,
the QD solution concentration used during dip coating (e.g., 10—
20 mg mL ") is typically lower than that used for spin coating
(30 mg mL ™). Because of the very thin QD films deposited during
each cycle, dip coating is used for finer control and is capable of
depositing more solar cells from a single QD synthesis. However,
this method of deposition normally requires more time because
each cycle deposits a limited number of QDs. The deposition of
thicker layers per cycle will require a QD higher solution concen-
tration, resulting in film fabrication that is faster, and vice versa
for thinner layers."*

Wang et al. used surface engineering to improve the QD
loading in QDSCs. When QD pre-sensitized TiO, films are
treated using ammonium cationic surfactants, a supplemental
amount of ZCISe (Zn-Cu-In-Se), ZCIS (Zn-Cu-In-S) or CdSe
QDs onto ZCISe pre-sensitized electrodes was introduced after
secondary deposition, as shown in Fig. 7(d). For the enhanced
harvesting of sunlight, QDSCs with a higher QD loading exhibit
a significant increase in the J. and PCE. So far, a certified PCE
of 10.26% for Cu,S/brass counter electrode-based QDSCs has
been achieved under simulated AM1.5G test conditions with
the secondary deposition of ZCISe QDs."** As an illustration of
the synthesis of QD cells, Gao et al. fabricated graphene
quantum dots (GQDs) using Pan’s hydrothermal method. They
designed a c-Si/GQD-based heterojunction solar cell, which is
shown on the left of Fig. 7(e). This unique structure helps to
separate the photo-generated electron-hole pairs at the junc-
tion. The GQDs have blocked electrons while avoiding charge
carrier recombination at the anode. These factors led to the
enhanced photovoltaic efficiency of the solar cell. In Fig. 7(e),
right, a parametric plot shows that c-Si/GQD-based solar cell
reveals relatively good stability; it also retained a high efficiency
after storage for six months. An optimum PCE of 6.63% was
achieved.®

3.3 Simulation and mathematical modelling of quantum dot-
based solar cells

Simulation methods play a crucial role in the development of
fourth-generation solar cells. Fourth-generation solar cells refer
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to a new generation of photovoltaic devices that aim to over-
come the limitations of conventional solar cells and offer a
higher efficiency, lower cost, and improved functionality. Sev-
eral factors are included in simulation methods, such as the
physics of the device, optimization of the performance, cost
reduction via design iteration, and analysis of the material and
parameter sensitivity. In ref. 110 and 111, the authors carried
out the analysis of various parameters before fabrication of the
solar cell. As mentioned before, many software packages have
been developed for the design and simulation of solar cells. The
underlying physics of quantum dot solar cells can be better
understood through simulation and mathematical modelling,
which can be used to improve the design for increased effi-
ciency. Such simulations have enabled an in-depth understand-
ing of the various types and locations of recombination to be
gained in different device configurations. In addition, these
simulation methods are capable of providing information on
the dopant and trap state densities of the nanocrystal layers,
such that the appropriate selection and optimization of block-
ing contacts has been carried out to enhance the device
performance further."'> These novel high photovoltaic energy
conversion efficiency quantum dot sensitized solar cells
(QDSSCs) are based on II-VI semiconductor materials such as
CdS. CdS is an n-type semiconductor that has a direct band gap
energy of 2.42 eV.""> Mehrabian et al. used the SILVACO TCAD
software’* to model and simulate the ITO/TiO,/CdS/P;HT/
PCBM/Ag structure for a photovoltaic device.'"> Another exam-
ple of simulation of a QDSC is presented in ref. 106, where the
design contains a depleted HJ layer (an n-type window layer),
bulk PbS QDs ligands Pbl, ligands (an i-type absorber layer),
bulk PbS QDs with ethanedithiol (EDT) ligands (a p-type layer)
and Au (contact with the back). A matrix of QDs packed tightly
together acted as the “bulk QD layer”. Fig. 7(f) shows how an
assembly of nano cylinders of PbS quantum dots forms a layer
on a residual PbS quantum dot layer and is covered by ZnO.
Both the front and back contacts in addition to the p-type layer
make planar layers, so the nanopattern is restricted to the i-n
junction of the solar cell. An i-type QD layer and a thin p-type
QD layer make up the residual QD layer, which serves as an
electronic barrier between the back Au contact and the n-type
ZnO layer. The dimensions of the pillars were chosen to exhibit
strong local optical resonances as well as guided (plasmonic)
modes. The pillars are arranged in a square lattice and are
placed at a fixed distance apart in the design. There are
significantly shorter carrier paths available for those carriers
produced at the back of the cell because of their nano geometry
and structure that was created via the nanopatterning holes
into the ZnO-NP layer (light-blue) on the ITO surface, then
filling them with QDs (red). In order to pattern, they employed
substrate conformal soft-imprint lithography (SCIL'*®), which
imprints designs onto a liquid sol-gel using a nanostructured
PDMS stamp that is a replica of a nanostructured Si master
wafer. Until now, optically functional silica-like layers had been
patterned using SCIL, and an optically and electronically func-
tional layer was formed by these authors using ZnO-NPs and
high-resolution SCIL stamps. This kind of patterned ZnO layer

© 2023 The Author(s). Published by the Royal Society of Chemistry
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can be seen in the SEM image (Fig. 7(f), middle). It has holes of
400 nm diameter and is arranged in the form of a square lattice
with a pitch size of 513 nm. The PDMS stamp’s feature depth
eliminates the roughly 100 nm height difference between the
pattern’s walls and the residual ZnO layer. When compared
with other conventional patterning techniques that include
reactive wet etching and/or ion etching, it is important to note
that this nanopattern transfer into the ZnO-NP layer from the
stamp is a straightforward method and is highly unlikely to
result in undesirable degradation of the ZnO layer’s optical or
electronic properties. In addition, the ZnO-NP solution used for
making the ETL layer is compatible with the current state-of-
the-art QD solar cells."*” As a result, there was no need to
compromise the quality of the ETL and the SCIL compatibility
of its precursor solution. The spinning duration was the only
parameter adjusted for ZnO patterning, to ensure that the layer
remains in a liquid state such that it can be patterned. Butanol,
a solvent with a high boiling point, can be used to dilute the
solution. A planar PbS QD-EDT layer of 30 nm and a 100-nm-
thick layer of Au were deposited. The i-type material has a
planar surface morphology because the nanopattern is
restricted to the interface the between QDs and ZnO. As a
result, the Au layer and p-type QDs can be conformally depos-
ited in the same manner as a planar cell. After the successful
implementation of QD pillars embedded in ZnO, Tabernig et al.
analyzed the specific dimensions needed to maximize the
performance. For this they studied the optical properties of
the bulk PbS QD layers to achieve the highest absorption per
unit volume in the patterned absorber via finite difference time
domain (FDTD) simulations using Lumerical CHARGE, a drift-
diffusion equation solver. The nanostructured geometry of the
cell was electronically analysed under an AM1.5G solar spec-
trum with design parameters including the recombination and
doping density, and specific properties of the bulk QD such as
its hopping, i.e., the charge transfer process and voltage
decrease due to the defects forming an effective CB. The optical
simulations performed in ref. 106 revealed a 19.5% increase in
the cylindrical QD absorber layer’s absorption per unit volume.
Electronic simulations have demonstrated that patterning
leads to a current gain of 3.2 mA em™> and a minor voltage
gain, resulting in an efficiency gain of 0.4%. This has been
realized for QD nanopillars in a square array with a pitch size of
500 nm on a residual QD layer of 70 nm, surrounded by ZnO. In
addition, simulations demonstrate that the patterned structure
has a significant impact on the fill factor due to significant
variation in the strength of the electric field across the pat-
terned absorber. Due to a significantly enhanced infrared
response (as predicted by simulations), Tabernig et al. demon-
strated a 0.74 mA cm > current gain for a patterned cell in
comparison with a planar cell in experimental results, as shown
in Fig. 7(f and g). Fig. 7(g) depicts an electronic band diagram
for a planar cell that has an absorber thickness of 180 nm and
an applied voltage of 0 V. Along the z-direction, the graphs can
be divided into three different regions that correspond to the
p-i-n-type layers. Depleted heterojunction solar cells typically
exhibit band bending, which occurs across the entire i-type

© 2023 The Author(s). Published by the Royal Society of Chemistry
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layer and is indicative of electric fields."*® The dipole moments
of the ligands affect the energy landscape of the bulk QDs,
which is why the p-type QD layer has a lower energy offset than
the i-type QD layer. Fig. 7(h) shows simulated current-voltage
(I-V) curves of planar and patterned cells of 180 and 400 nm
thickness under AM1.5G illumination to examine the electronic
behaviour of the patterned QD solar cells. The presented device
exhibited enhanced light trapping, as proved via EQE measure-
ments as depicted in Fig. 7(i), which was further confirmed
with an increase in Ji. (mA cm™?). The lower cartrier collection
of the patterned device shows less optimal carrier extraction, as
affirmed by lower FF values. However, V,. remained
unchanged, pointing to the fact that the enhanced surface area
does not result in any additional recombination.®®

4. Perovskite solar cells

The German scientist Gustav Rose discovered the perovskite
mineral in 1839,"*° although significant exploration on these
was carried out by the Russian mineralogist Lev Perovski, hence
them being named perovskites.'*® Perovskite is a chemical
compound of the calcium titanium oxide mineral, which is
made up of calcium titanate (CaTiO;)'*' and is abundantly
available in nature.'*>'** Thereafter any compounds having
similar crystal structures (orthorhombic shape) were cate-
gorised as perovskites.'>* Perovskites have a crystal structure
with a formula of Ay_1)B,X@n+1) (Where X = halogen, oxygen,
nitrogen or carbon). The bigger ‘A’ cation shares a cuboctahe-
dral site with twelve X anions, and the smaller ‘B’ cation shares
an octahedral location with six ‘X’ anions."” Its cubic unit cell
is shown in Fig. 8(a). Perovskites exhibit an exceptional
ability to absorb light because they transport the electric charge
when light falls on them, resulting in an increase in electron
mobility."*® Due to their long-range ambipolar charge transport,"
high dielectric constant, high absorption coefficient,">” low
exciton-binding energy,'*® ferroelectric characteristics,">*'*® and
other unique physical properties, perovskite materials have
sparked a lot of interest for their use in photovoltaic and
optoelectronic devices. Since the efficiency of solar cells based
on perovskite materials has risen from an initial 3.8% to more
than 25%, research interest in these materials has grown
dramatically."*!

4.1 Design and working principle of perovskite solar cells

The basic layout of a perovskite solar cell (PSC) is shown in
Fig. 8(b). It generally has five layers: a perovskite layer is placed
between the HTL and the ETL, which are placed between the
top metal back electrode layer (Au, Ag, Al) and the bottom
photoanode layer (normally ITO or glass). In short, the perovs-
kite active layer is placed at the centre of the solar cell'** which
acts as a light absorber. The transparency, thickness and
morphology of these layers can be changed to optimise the
PCE of the PSC. When light interacts with the perovskite layer,
it triggers the emission of photo generated electrons leading to
the formation of excitons. Because of the small exciton binding
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As-deposited thin film

(@) Unit cell of a perovskite. (b) Working principle of the PSC. (c) Schematic diagram of the fabrication procedure, which includes crystal

preparation, single-source thermal evaporation, and solvent annealing (source: Zheng et al.;**2 Sci. Rep., Springer Nature, 2019).

energy of perovskite materials, the excitons separate into
electron and holes, which are free charge carriers. These charge
carriers then move to the hole- and electron-transport layers
and flow towards the anode and cathode of the cell. For PSCs,
different architectures exist, such as mesoporous, planar p-i-n,
planar n-i-p, and perovskite tandem structures.'**

4.2 Fabrication techniques for perovskite solar cells

Akin to the development of fabrication techniques for other
types of solar cell, there exist several elegant methods for
fabricating PSCs. Different coating techniques, such as slot
die coating, blade coating, spray coating and other methods,
including methylamine gas treatment, scaffold-assisted print-
ing, inkjet printing, screen printing,"** solvent-free pressure
assisted coating, vacuum deposition, and hybrid CVD, are used
to fabricate large-area perovskite films."*® The spin coating
technique®” is also used to synthesize perovskite crystals,
although the films produced are not uniform. Casaluci et al.
synthesized PSCs using vacuum vapour-assisted solution pro-
cessing as a simple and inexpensive method without using a
glove box. Neither an inert atmosphere nor a high vacuum was
used to prepare the devices."® Li et al. synthesized single-
crystal hybrid perovskites using a solution-based lithography-
assisted epitaxial growth method.”*° The perovskite films made
by Zhang et al., using the solvent dripping technique in atmo-
spheric air, were inappropriate for creating highly efficient
solar cells in comparison with the mirror-like and brilliant
black films created in a dry air glovebox. Since humidity is not

1250 | Energy Adv., 2023, 2,1239-1262

favourable for halide perovskites, it is usually avoided during
manufacturing. The advances in perovskite fabrication under an
ambient environment are hindered by the absence of fundamental
knowledge about the chemical reactions between water and the
precursors."*’ For instance, Zhang et al. successfully demonstrated
the suppression of the defects in the formation of organic-inor-
ganic halide PSCs by introducing bilateral interface modification
via doping the perovskites with CH;NH;PbI; nanocrystals at room
temperature, resulting in a CsPbBrs-based planar PSC exhibiting
a 20% PCE."' PSCs with the structure ITO/PEDOT:PSS/
(BA),(MA);Pb,1,3/PCs;BM/Ag were fabricated via spin coating a
solution of PEDOT:PSS (CLEVIOS PVP AI4083) onto glass sub-
strate of ITO. To achieve a 50 nm film, the spin coating para-
meters were adjusted to 4500 rpm for 40 seconds. The resulting
PEDOT:PSS film was heated at 160 °C for 20 minutes; afterwards,
it was shifted to a single source evaporation deposition system.
The BA,MA;Pb,1,; absorber layer was then deposited using single-
source thermal evaporation and solvent annealing was carried out
in a glove box filled with nitrogen for 20 minutes at 120 °C. The
PCs;BM solution (20 mg mL in chlorobenzene) was spin-coated
onto the (BA),(MA);Pb,l;; thin film at 3000 rpm for 30 s. Finally, a
90 nm Ag cathode was prepared via thermal evaporation under a
vacuum of 3.0 x 10 * Pa as shown in Fig. 8(c)."*>

4.3 Simulation and mathematical modelling of perovskite
solar cells

As has already been said, a variety of solar cell design tools are
now accessible for in-depth examination prior to fabrication. In

© 2023 The Author(s). Published by the Royal Society of Chemistry
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ref. 142, a PSC was modelled and analyzed for its output character-
istics under AM1.5G light using SCAPS (the solar cell capacitance
simulator). The PV characteristics of the SC were simulated with an
emphasis on the absorber layer’s depth, recipient percentage, and
defect density. In addition, the effects of various metal contact WFs
were examined. The optimum parameters for each characteristic
were noted for the practical implementation of PSCs, in the interest
of contrasting the findings with an experimentally prepared device.
SCAPS solves three fundamental equations for a device, including
the Poisson eqn (10), which is understood to be the continuity
equation of the charge carriers, ie., electrons (eqn (11)) and the holes
(eqn (12)), to obtain the performance details such as the voltage-
current density (J-V) characteristics, the quantum efficiency (QE),
and the energy bands. These curves are used to calculate the solar
cell device’s performance parameters of J., Vo, FF (%) and PCE (%).

G (-o05) = ab0) + N5+ () - 1)+ N3 1)
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Here, G, q, D, T, Tp, ¥, finy Upy 1(8), p(t), Na(¢) and Ni(®), pdd), )
denote the generation rate, electron charge, diffusion coefficient,
electron lifetime, hole lifetime, electrostatic potential, electron mobi-
lity, hole mobility, concentration of free electrons, concentration of
free holes, ionized acceptor and donor concentrations, concentration
of trapped holes, and concentration of trapped electrons, where ‘¢
indicates the thickness of the device, and ¢ is the electric field.'*>™*°

Fig. 9(a) depicts the PSC device structure, and when the
device is illuminated, excitons develop in the absorber layer.
The charge carriers travel towards the ETL and HTL due to the
junction field, and afterwards they migrate towards the cathode
and anode and are collected at the respective electrodes to
produce current. The energy band diagram of the discussed cell
is shown in Fig. 9(b). The performance characteristics of the
device are plotted in terms of the absorber height in Fig. 9(c).

d2np Ny — Npo
a2

oy p (12)

2. The V,. also

+ n(0)}] (10) The Ji. shows an increasing trend up to 400 nm, which subse-
quently saturates to a value of 24.59 mA cm™
s increases up to 500 nm and then undergoes a slow decrease as
dpn =G, _Pn T Puo + Palt % +ué dpn  d°pn (11) the thickness is increased further. A monotonic decrease is
p p 2 . . .
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Fig. 9 (a) Cell structure of the Cu,O HTL-based solar cell, (b) energy band diagram, and (c) cell performance parameters Je. (MA cm™2), Vo (V), FF (%)
and PCE (%). (Source: Lin et al.;**2 copyright 2019 licensed under Copyright Clearance Center Inc.) (d) Cell structure of the HTL-free carbon-based
perovskite device, (e) band diagram including all the ETL materials for the proposed structure, and (f) cell performance parameters Js. (mA cm™3), Ve (V),
FF (%) and PCE (%) against the absorber layer thickness from 200 nm to 2000 nm. (Source: ljaz et al.;*® (copyright 2023 licensed under Copyright
Clearance Center Inc.) (g) Schematic of the experimental and simulated devices with and without defect layers (DL1 and DL2) between the ETL and the
perovskite and between the perovskite and HTL, respectively, (h) energy band diagrams of the simulated devices under different conditions, and
(i) performance parameters Js. (MA cm™2), Vo (V), FF (%) and PCE (%) of the device with an absorber thickness in the range from 100 nm to 1000 nm
(source: Anmed et al;**’ copyright 2020 licensed under the Copyright Clearance Center, Inc.). (j) Schematic of the CHsNH3zSnls-based solar cell device,
(k) energy level diagram of the proposed device, and (1) PV parameters Je. (mA cm™2), Vo (V), FF (%) and PCE (%) with respect to the varying thickness of

the absorber layer from 100 to 1000 nm. (Source: Patel et al.;**® copyright 2021 licensed under the Copyright Clearance Center, Inc.)
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layer. A maximum of PCE = 20.96% is obtained at 500 nmy;
therefore, the optimum absorber thickness is found to be
500 nm. In ref. 146, using SCAPS-1D, the authors modelled a
carbon-based PSC that does not have a hole transport layer. The
objective of this study was to look for a suitable alternative ETL
material in comparison with TiO, because, when it is used as
an ETL, the cell becomes unstable under high temperature and
exposure to UV light. Therefore, ZnO, CdZnS, WS,, ZnOS, WO;
and ZnSe were investigated as options, with ZnSe showing the
highest performing with an efficiency of 26.76%. A comprehen-
sive analysis is presented using the simulator and varying many
different design parameters of the layers. The cell architecture
is displayed in Fig. 9(d), along with the energy band diagram
that includes all ETL materials in Fig. 9(e). The change in the
performance parameters of the ZnSe-based cell with the absor-
ber thickness is shown in Fig. 9(f). Js. increases with absorber
height up to ~ 1000 nm, reaching saturation at 26.84 mA cm ™.
Voe also increases with thickness and has an optimum value of
0.93 V. FF shows a decreasing trend and, at the optimum
thickness, it has a value of 78.35%, where the optimum PCE
is 19.74%.

The authors in ref. 147 also simulated the CH3;NH;Pb(I; ,B,);
perovskite-based n-i-p solar cell using the SCAPS simulator. They
applied carrier band offset (CBO) engineering to find the opti-
mum performance using different ETL materials. The device
assumes the ITO/TiO,/CH3;NH;3Pb(I; ,B,)s/Spiro-OMeTAD/Au
structure, as shown in Fig. 9(g), with the energy band diagrams
shown in Fig. 9(h). They evaluated the device performance with
and without the inclusion of a defect layer (DL1 and DL2) between
the ETL and the perovskite and between the perovskite and HTL,
respectively, to compensate for the difference between the experi-
mental and simulated device because SCAPS-1D cannot calculate
3D structures. Fig. 9(i) depicts how the device behaves when the
thickness of the absorber layer is changed from 100 nm to
1000 nm, and it is shown that J,. increases with thickness, V.
has a slow increase in the beginning which saturates and then
decreases. The FF of the device decreases when absorber thick-
ness exceeds 300 nm, and the PCE reaches the highest value for
600 nm. The device output parameters for the different ETL
materials are summarised in Table 1.

The results clearly show that the highest performance is
achieved when CdZnsS is used as the ETL. The J, Vo, FF (%)
and PCE (%) are, respectively, 23.35 mA cm ™2, 1.24 V, 86.29%
and 25.20%. A lead-free planar heterojunction CH;NH;SnI;-
based solar cell device was simulated and characterized using
SCAPS in ref. 148. The working point for the device simulation
was set to 300 K, and AM1.5G under 1 Sun illumination. The
active region of the device was 1 cm®. The device schematic is
included in Fig. 9(j), where CuO, is used as the HTL material
and TiO, as the ETL. Fig. 9(k) shows the energy level diagram of
the materials used in the device, and the effect of changing the
thickness of the absorber layer (between 100 and 1000 nm) on
the device performance parameters is shown in Fig. 9(1). J, is
shown to increase up to 700 nm, whereas V,, is seen to decrease
because of the recombination of free carriers in thicker absor-
ber layers. As the absorber thickness is increased, FF decreases
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Table 1 Device output parameters for different ETL materials used in the
PSC (source: Ahmed et al;**” copyright 2020 licensed under Copyright
Clearance Center, Inc.). The parameters for CdZnS, CdS, PCBM and SnO,
are adopted from ref. 149 and 150

ETL material Voe (MV) Jse (MA em™?) FF (%) PCE (%)
TiO, 1.1696 20.6580 83.15 20.09
ZnO 1.1695 20.6530 83.12 20.90
ZnSe 1.1681 20.6173 82.76 19.93
ZnOS 1.2061 20.7057 88.28 22.05
Cds 1.1546 20.5167 80.87 19.16
CdZnS 1.2436 23.3594 86.29 25.20
PCBM 1.2043 20.3143 87.93 21.51
SnoO, 1.1861 20.6541 86.56 21.21

monotonically due to series resistance, and the PCE reaches a
maximum value of 18.36% at 500 nm. The mobility, thickness,
absorption coefficient of the perovskite layer and defect den-
sity, for example, have a direct impact on the device’s perfor-
mance. The authors have realized the overall optimization of
the presented device having parameters as Js. = 40.14 mA cm™ 2,

Voe = 0.93 V, FF = 75.78%, and PCE = 28.39%.

5. Organic solar cells (OSCs)

OSCs featuring organic polymer molecules are an innovative
replacement for traditional inorganic photovoltaic technologies
that offer the potential for large-area applications and flexible
energy generation. These organic molecules aim to enhance
the charge transport and light absorption in solar cells.""
OSCs have gained importance based on the fact that they
may become an alternative to their inorganic counterparts in
conventional solar cells owing to their cost-effective, environ-
mentally friendly, lightweight and abundant nature.'® Low-
temperature manufacturing, colour tuning, flexibility and
deposition on various substrates are additional characteristics
offered by 0OSCs."”” These cells have successfully reached to
PCE of more than 1.8% over the past decade,?****'** hence
paving their way for their commercialization. Their perfor-
mance can be improved further with a clear understanding of
the nanostructure morphology, device structure and material
optimization.

5.1 Design and working principle of OSCs

By analogy to conventional solar cells, the architecture of OSCs
is also made up of different layers stacked on each other, where
each layer has a specific function. A comparison of the
advanced designs of OSCs is shown in Fig. 10(a), where the
simplest OSC is made up of a single active layer between the
hole- and electron-collecting layers (i.e., cathode and anode). In
an attempt to improve the PCE and to reduce the losses, ie.,
electron diffusion and the loss of charge carriers via recombi-
nation, several modifications of the active layer were intro-
duced, leading to bilayer heterojunction (BHJ) OSCs and the
next challenge, i.e., the production of an increased interface
area between the acceptor and donor layers because they lower
the exciton diffusion and help to overcome recombination

© 2023 The Author(s). Published by the Royal Society of Chemistry
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losses. This was achieved via the incorporation of donor and
acceptor materials, which act as the active layers. These
advancements led to a breakthrough in the PCE of OSCs.""’
To increase the stability of BHJ OSCs, factors such as the
interfacial engineering of buffer layers, device encapsulation,
alternative materials for electrodes, and the morphology of the
active layers should be explored in detail.**®

In OSCs, the absorption of photons takes place in organic
photo-active layers, leading to the excitation of electrons from
the highest occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO), successively forming
excitons. Afterwards, these excitons diffuse slowly in separate
charge carriers where the electrons are gathered by the anode
while the holes remain on the organic molecule. The difference
in WF between the anode and cathode makes the transporta-
tion of charge carriers possible. The holes move towards the
electrode with a positive large WF, and the electrons move
towards the electrode with a negative small WF. If an external
potential difference is applied, charge begins to flow between
these two electrodes, resulting in the flow of an electric current.

View Article Online
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For the successful operation of an OSC, the major considera-
tions include the optimization of exciton generation, the
absorption of light, diffusion of the electron-hole pair towards
the active interface, charge transport, charge separation and,
eventually, charge collection.'®°

5.2 Fabrication techniques for OSCs

0SCs are made either by thermal evaporation or wet processing.'®*
Some other common methods include inkjet printing,"®> magne-
tron sputtering,"®® solvent-based fabrication,'®*'®* sequential
deposition or the layer-by-layer technique,'®® where the layer-by-
layer method can also be used to make bilayer heterojunction OSCs
(Fig. 10(b)).">” In essence, dilute mixtures of electron acceptor and
donor materials are prepared by dissolving then in a volatile
solvent, and thin films are produced by coating these mixtures
onto a substrate. When the solvent evaporates, an active layer of
two uniform regions of the electron-acceptor and electron-donor is
formed. This active layer is then placed between a cathode and an
anode. Different morphologies in the active layer can be formed
using various processing conditions, methods of coating and types
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Fig. 10

(a) Schematic diagram of an OSC with a single active layer structure, a bulk heterojunction structure and bi-layer heterojunction structure, and

(b) sequential layer-by-layer processing of an OSC. Reproduced from ref. 157 with permission from the Chinese Chemical Society (CCS), Institute of
Chemistry of Chinese Academy of Sciences (IC), and the Royal Society of Chemistry. (c) An inverted organic cell structure proposed for indoor use,
featuring a layer of P3HT:ICBA as the absorber material, (d) energy band diagram of the cell, (e) J-V analysis of the cell under 1-Sun illumination, and
(f) J-V characteristics of the cell under a 1000-Ix light-emitting diode (source: Shin et al.;*>® copyright 2019 licensed under the Copyright Clearance
Center, Inc.). (g) Device structure with the WOz HCL, (h) schematic of the energy levels in an OPV device based on the WOz HCL, (i) J-V analysis of the
cell under 1-Sun illumination (100 MW cm™2), and (j) current-voltage (J-V) characteristics of the cell analyzed under a light-emitting diode illumination

source at an intensity of 1000-1x (0.28 mW cm™2) (source: Kimet et al.;**°

© 2023 The Author(s). Published by the Royal Society of Chemistry
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of substrate. The morphology has a directly effects on the PCE of
0SCs.”® In ref. 158, atomic force microscopy (AFM), ultraviolet-
visible (UV-vis) spectroscopy and a Kelvin probe were each used
to examine the morphological, optical, electrical and chemical
features of the electron collecting interlayers (ECIs). The ECIs were
used to create inverted poly(3-hexylthiophene-2,5-diyl):indene-C60
bis-adduct (P;HT:ICBA) OPVs. Using poly(ethyleneimine)-ethoxyl-
ated (PEIE) to reducing the WF of the ECI, OPVs with the PEIE
modification demonstrated a remarkable indoor performance. In
particular, OPVs containing ZnO NPs/PEIE ECI produced the
maximum efficiency, which was roughly 14.1% under a 1000-Ix
light-emitting diode bulb.

5.3 Simulation and mathematical modelling of organic solar
cells

In this article, we have established the fact that simulation and
mathematical modelling have been crucial for the design and
optimization of OSCs without the need for expensive and time-
consuming experimental studies. In general, the lack of a full
understanding of their complex optoelectronic properties lim-
its the design performance. These computational techniques
enable researchers to foresee the functioning of the devices
under various operating parameters while identifying ways for
advancing the PCEs. They provide a means of gaining insight
into the underlying physics of organic solar cells, and to
optimize their design for improved efficiency.

In the framework of OSCs, simulations are used to model a
number of phenomena, mainly charge transport and recombi-
nation, light absorption and scattering, and the impact of
external factors such as the temperature and illumination
intensity on the cell’s performance. Several simulation methods
exist that have so far been used for studying OSCs, and which
have aided in exploring new materials and device architectures
for OSCs to improve their efficiency. The drift-diffusion model
describes the movement of charge carriers within the cell and
their interactions with the material, and has been applied to
predict the cell’s current-voltage characteristics while identify-
ing the factors that limit their efficiency.'®” Similarly, the
Monte Carlo method describes the random movement of
charge carriers within the cell and has been applied to predict
the impact of defects and impurities on the performance of the
cell, as well as to identify strategies for reducing the footprint of
the device.'®®

In addition to simulation methods, various mathematical
models help to describe the optoelectronic properties of OSCs.
The response of the solar cell is analysed beforehand, accord-
ing to variations in the electrical and optical properties or some
external stimuli in the system. Some common mathematical
models used in the study of OSCs include the Shockley-Read-
Hall model,'**'”® which describes the recombination of charge
carriers within the cell, and the Marcus theory, which describes
the transfer of electronic excitation energy within the cell.’”*

As the field of organic solar cells has continued to grow
and evolve, it is most likely that these methods will play
an increasingly impressive role in the design and optimization
of these devices. The Lumerical-FDTD-based performance
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evaluation of an indoor organic cell is presented in ref. 158.
Poly(ethyleneimine)-ethoxylated (PEIE), and zinc oxide (ZnO)
nanoparticles (NPs) were used as separate electron-collecting
interlayers (ECIs), and the performance was unsatisfactory
when analyzed, but when the ZnO NPs and PEIE were com-
bined as an ECI, the performance was improved. The presented
cell that contains the ZnO NPs/PEIE ECI produced a maximum
efficiency of 14.1% under a luminance with a 1000-Ix bulb. The
authors used the cell in an inverted configuration to achieve
enhanced air stability while simultaneously avoiding the use of
reactive and acidic components. A schematic layout of the
device, including the chemical composition of the different
layers, is exhibited in Fig. 10(c). The band diagram containing
the different components of the OSC can be seen in Fig. 10(d).
The J-V characteristics of the OSC are shown in Fig. 10(e) under
1-Sun illumination, where the device approaches a PCE of 4.3 +
0.1% when the ECI material is PEIE, it is 4.6 £+ 0.2% when the
ZnO NPs are used as the ECI, and it improved to 5.2 + 0.1%
when the combined PEIE/ZnO NPs were used as the ECI
material. The j-V characteristics of the proposed device under
indoor lighting conditions of 1000-Ix are shown in Fig. 10(f).
The solar cell has a PCE of 12.4 £ 0.2% when the ECI material is
PEIE, it is 5.6 = 0.1% when the ZnO NPs are used as the ECI,
and it improved to 14.1 + 0.3% when the combined PEIE/ZnO
NPs were used as the ECI material.

Another indoor design is presented in ref. 159 to assess the
photovoltaic properties under indoor settings by changing the
WO; layer thickness. OSCs with a composition of ITO/WO;/
P3HT:ICBA/Ca/Al were designed, as shown in Fig. 10(g). The
performance of these OPVs was compared with the operation of
the baseline OPV that has a PEDOT:PSS layer. The standard
OPV energy level diagram is depicted in Fig. 10(h). The sample
J-V curves were acquired in the dark and under 1-Sun illumina-
tion (IL = 100 mW cm ™ ?) for the PEDOT:PSS and WO; HCIs at
various thicknesses, and the results are shown in Fig. 10(i).

The PV characteristics of each device are summarised in
Table 2. The OPV devices with 6-, 28-, and 44-nm-thick WO,
HCIs demonstrated a comparable performance under one-Sun
illumination. Under one S