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The imminent depletion of conventional energy sources has motivated the advancement of renewable energy technologies. Third-
generation photovoltaic technologies, such as dye-sensitized solar cells (DSSCs), organic solar cells (OSCs), and perovskite solar
cells (PSCs), are being developed as alternatives to silicon solar cells. In recent years, there has been considerable interest in the
market development of these emerging photovoltaic technologies, especially for sustainable solar energy applications. However,
these technologies have not yet reached the maturity required for large-scale commercialization. Further research is required in
order to improve the efficiency and stability of these devices, while keeping their production costs to a minimum. In this study,
a comparative assessment of DSSCs, OSCs, and PSCs is conducted and the current state of the art of these promising
technologies is investigated. Advanced techniques and research trends are examined from the perspective of novel materials,
device modelling, and innovative device structures. The comparative advantages and limitations of each of these photovoltaic
technologies are assessed in terms of device efficiency, durability, ease of fabrication, and performance-price ratio. Emphasis is
placed on assessing the potential of these solar cell technologies for sustainable solar energy applications. Finally, the future
outlook of these technologies is featured, and avenues for progress beyond the state of the art are explored.

1. Introduction

Fossil fuel resources are rapidly being depleted due to
increasing global energy demand. It is estimated that the
worldwide reserves of fossil fuels could only last 40 years
for oil, 60 years for natural gas, and 200 years for coal [1].
Solar energy is a promising alternative to conventional
energy sources, providing a source of energy that is both sus-
tainable and environmentally friendly. The photovoltaic
market has experienced a rapid growth over the past two
decades, and so far, it has been largely dominated by
silicon-based solar cells [2]. The cost of Si-based photovoltaic
cells however is high, and large-scale industrial production of
this technology requires extensive processing [3].

Third-generation photovoltaic technologies such as dye-
sensitized solar cells (DSSCs), organic solar cells (OSCs),
and perovskite solar cells (PSCs) are being developed as alter-
natives to silicon solar cells [4]. In recent years, there has
been increasing scientific interest in the development of these

emerging photovoltaic technologies and their power conver-
sion efficiencies (PCEs) have increased considerably, as
shown in Figure 1.

The successful commercialization of emerging solar cell
technologies however cannot be based solely on achieving
high power conversion efficiencies (PCEs). These technolo-
gies need also to become cost-competitive with conven-
tional power generation. The cost-effective deployment of
photovoltaic (PV) systems is based on the following key
requirements [6]:

(i) Minimum system cost

(ii) Maximum initial performance

(iii) Minimum loss of performance over time

These emerging photovoltaic technologies, although
promising for sustainable solar energy applications, have
not yet achieved large-scale commercialization [7]. Research
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Figure 1: Best research of solar cell efficiencies: (a) all technologies and (b) emerging technologies [5].
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efforts are focused on increasing the efficiency and lifetime of
these devices, combined with employing low-cost materials
and processes.

In this review, we present a comparative assessment of
the following photovoltaic technologies: dye-sensitized solar
cells, perovskite solar cells, and organic solar cells. This first
section of the paper provides an introduction of the three
emerging technologies and highlights the requirements that
need to be met for their large-scale commercialization.
Sections 2–4 give an in-depth analysis of each of these tech-
nologies in turn, starting with DSSCs, continuing with PSCs,
and closing with OSCs. The main part of the review is based
on the three main pillars that are used to describe and com-
pare these emerging technologies: their current status, future
outlook, and sustainable applications. In Section 2 of the
review, a brief historical overview is given for each of these
technologies. The main device properties and features are
also presented in the second section as well as commonmate-
rials and methods used for the development of each solar cell
technology. The third section of the paper presents the cur-
rent state-of-the-art progress for the three emerging technol-
ogies and discusses the main challenges that need to be
addressed for their commercialization, as well as the focus
of future research trends in terms of novel materials, device
modelling, and innovative device structures. Finally, the
potential of each of these technologies for sustainable solar
energy applications and products is presented in Section 4.
Figure 2 outlines the structure and main features of this
review, including the main sources from the literature that
were cited in each section of the paper.

In terms of the originality of this work, this is the first
review paper that provides an in-depth comparative assess-
ment of DSSCs, PSCs, and OSCs with emphasis on their per-
formance, advances beyond the state of the art, and potential
for commercialization. The paper highlights recent scientific
progress in improving not only the efficiency but also the sta-
bility and lifetime of these devices. An additional element of
originality and scientific interest is presented by discussing
the issues that need to be addressed in order to achieve
large-scale commercialization of each of these emerging tech-
nologies and examining future research advances that are
likely to provide solutions to these problems. A comparative
assessment of potential applications and products is also con-
ducted, with the aim of ascertaining the suitability of each of
these emerging technologies for various sustainable solar
energy applications, ranging from wearables and small-scale
devices to large-scale applications, such as vehicles and
buildings.

2. Current Status

2.1. Dye-Sensitized Solar Cells. Since the pioneering work of
Grätzel and O’Regan in 1991 [8], dye-sensitized solar cells
(DSSCs) with the highest efficiencies approximately 13%
[9, 10] have gained considerable attention for their high
efficiency, their potential low cost, and simple assembly
technology.

In DSSCs, the conversion of visible light to electricity is
achieved through the spectral sensitization of wide bandgap

semiconductors such as TiO2, ZnO, and SnO2 [11]. The sen-
sitization of the semiconductors with dyes is required to
improve their ability to absorb solar radiation and inject elec-
trons into the conduction band of the semiconductor [12].
Incident light on the sensitized semiconductor surface is
absorbed by dye molecules, leading to the excitation of the
dye at a singlet state. Excitation of the dye molecules is then
followed by Interfacial Electron Transfer (IET) into the con-
duction band of the semiconductor (Figure 3(a)).

In DSSCs, a platinum or platinised counter electrode is
used and a liquid, gel, or solid electrolyte containing a redox
couple fills the space between the two electrodes [13]
(Figure 3(b)). Each part of the DSSCs considerably affects
device efficiency. For that reason, research efforts have been
focused on optimizing not only each part of the device indi-
vidually but also the way in which the various parts of the
device correlate with each other [14]. Figure 3(a) shows the
sensitization process and charge transfer mechanisms in
DSSCs [12], while Figure 3(b) shows the basic structure of a
dye-sensitized solar cell [13].

Photoanodes have been developed using a variety of film
preparation techniques, such as sol-gel, hydrothermal, elec-
trospinning, and atomic layer deposition. A wide range of
semiconductor photoanodes have been used in DSSCs, such
as nanoparticle, nanorod, and nanotube [15, 16]. Various
types of electrolytes have also been used in DSSCs. The main
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types of electrolytes used are liquid, quasi-solid, and solid
electrolytes. The type of electrolyte affects device efficiency
and stability considerably. Liquid electrolytes have yielded
the highest efficiencies [10], but the lifetime of the resulting
cells is rather limited.

The dye sensitizer used in DSSCs plays a very important
role in light harvesting. Numerous dyes have been designed
to broaden the absorption wavelength range of DSSCs and
increase the overall efficiency of the cells. The most efficient
(nonperovskite) sensitizers for wide bandgap semiconductors
are metallo-organic ruthenium complexes such as N3, N719,
and black dye, due to their high charge transfer efficiency to
TiO2 and light absorption in the visible spectrum [17].

2.2. Perovskite Solar Cells. Recently, organic-inorganic hybrid
perovskites have gained considerable research attention due
to advantages such as high electron and hole mobility (10-
60 cm2 V−1 s−1), bandgap tunability, long carrier diffusion
length (~1μm), and low exciton binding energy (30-
50meV) [18]. Apart from these advantages, perovskite solar
cells (PSCs) can be produced using low-cost processes and
materials and can even be manufactured on flexible sub-
strates using roll-to-roll processes [9, 19]. PSCs thus have
the potential to become one of the highest-efficiency and at
the same time lowest-cost photovoltaic technologies on the
market within the next few years and can even replace con-
ventional Si-based solar cells. The market potential of PSCs
though is as yet largely unexplored, and further research is
required before this technology will become sufficiently
mature for large-scale commercialization.

Organic-inorganic hybrid halide-based perovskites are a
group of materials with the structure ABX3, where A is an
organic cation (CH3NH3

+ or NH2CH3NH2
+), B is a divalent

cation (Pb2
+ or Sn2

+), and X is a monovalent halide anion (I-,
Br-, or Cl-) [20].

Perovskite solar cells were originally developed from dye-
sensitized solar cells. In 2009, Kojima et al. used perovskite as
a sensitizer in liquid-based TiO2 DSSCs and achieved a PCE
of 3.2% and 3.8% for devices sensitized with (CH3NH3)PbBr3
and (CH3NH3)PbI3, respectively [21]. Two years later, Im
et al. reached an efficiency of 6.5% by developing quantum
dot solar cells using (CH3NH3)PbI3 as a sensitizer [22]. How-
ever, these liquid-based solar cells presented stability issues
since perovskites tend to degrade rapidly in liquid electro-
lytes. This issue was resolved in 2012 by Kim et al. who
replaced the liquid electrolyte with the solid material spiro-
MeOTAD (2,20,7,70-tetrakis(N,N-di-pmethoxyphenylamine)-
9,90-spiro-bifluorene), which acted as a hole-transporting
material (HTM) [23]. These solid-state devices achieved a
PCE of 9.7%, and their increased stability marked a break-
through for the PSC technology. The first PSC device architec-
tures followed the typical structure of DSSCs in which the
perovskite material played the role of the dye sensitizer. Device
architectures then advanced to mesoscopic structures with the
replacement of the liquid electrolyte with the aforementioned
solid hole-transporting layer. Device architectures later
evolved to planar structures with the perovskite material sand-
wiched between electron- and hole-transporting layers.
Figure 4 shows various PSC device structures, including con-
ventional n-i-p or inverted p-i-n formation [18].
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Figure 3: (a) Basic structure of a DSSC [13]. (b) Charge transfer mechanisms in DSSCs [12].
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Femtosecond transient absorption spectroscopy studies
were conducted in order to investigate electron injection
dynamics in solid-state PSCs. Lee and coworkers [24] com-
pared electron injection between devices containing a con-
ducting (TiO2) and a nonconducting (Al2O3) layer. They
did not observe significant differences between the two types
of cells and even achieved efficiencies of 10.9% with Al2O3-
based devices, indicating that an electron injection layer is
not required in PSCs and that electron transfer can occur in
the perovskite layer.

Within the next few years, perovskite solar cells have
demonstrated a remarkable progress in efficiency. In 2013,
organolead halide perovskite solar cells were produced with
efficiencies exceeding 15% [25, 26]. A year later, a PCE of
16.2% was achieved using a mixed solvent to optimize the
perovskite layers [27]. The same year, Zhou et al. optimized
perovskite layers further, by lowering the defect density of
the films. They used low-temperature processing steps to
control humidity while the perovskite film formed from lead
chloride and methylammonium iodide and achieved a max-
imum cell efficiency of 19.3% [28]. More recently, Saliba
and coworkers [29] incorporated inorganic cesium in the
perovskite layer and produced triple-cation perovskite com-
positions with a stabilized power output of 21.1% and
~18% after 250 hours under operational conditions. This
year, power conversion efficiencies of perovskite solar cells
in excess of 25% have been reported and certified [5].

2.3. Organic Solar Cells. Organic photovoltaics represent a
low-cost alternative to silicon solar cells, due to the high opti-
cal absorption coefficients of organic semiconductors, which
enable the development of efficient photovoltaic devices with
layers only a few nanometers thick [30]. Since polymers are
usually processed in the liquid phase, simple printing and
coating techniques can be utilized for their production.
Organic solar cells have several promising advantages, such
as their lightweight, large surface area, low production cost,
and ability to be processed on flexible substrates [31]. The
aforementioned advantages of OPV devices have led to
increased interest in their development and, as a result, to

considerable progress towards improving their performance
[32]. The power conversion efficiency (PCE) of OPVs has
increased from 6% in 2009 [33] to over 16% within a decade
[34]. Recently, efficiencies in excess of 18% were reported and
verified for organic solar cells [5].

In organic solar cells, the absorbing layer is based on cer-
tain organic semiconductors (OSC). The basic structure of
OPVs consists of photoactive organic layers comprised of
p-type and n-type semiconducting polymers (Figure 5). For
organic materials to become conducting or semiconducting,
a high level of conjugation is required. The highest occupied
molecular orbitals (HOMOs) and lowest unoccupied molec-
ular orbitals (LUMOs) in these materials correspond to the
respective valence and conduction bands of conventional
inorganic semiconductors [35, 36]. Between the highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) of the OSC is an energy gap (the
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Figure 5: A schematic of an organic solar cell comprising eight
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bandgap of the semiconductor). A high level of conjugation
lowers the bandgap and allows electron excitation by visible
light from HOMO to LUMO.

Electron donor materials (p-type polymers) originally
used in OPVs included poly(p-phenylenevinylene) (PPV),
poly(2-methoxy-5-(2-ethylhexyloxy)-1-4-phenylenevinylene)
(MEH-PPV) [36], and, more recently, poly(3-hexylthiophene)
(P3HT) [37]. The most common organic acceptors (n-type
organic semiconductors) in OPVs were originally fullerene-
based materials, such as [6,6]-phenyl-C61-butyric acid methyl
ester (PCBM) [2].

In most OPV devices, poly(ethylenedioxythiophene)-
poly(styrenesulfonic acid) (PEDOT:PSS) was used for the
transfer of holes between the transparent electrode and the
active layer for normal structures and between the metal elec-
trode and the active layer for inverted structures. PED-
OT:PSS is a hole-transporting layer (HTL) that blocks
electrons while transporting holes to the transparent anode
of the OSCs, thus enhancing charge collection [2].

Table 1 shows comparative efficiencies and device char-
acteristics for cells with the highest certified efficiency to date,
for DSSCs, PSCs, OPVs, and tandem PSCs [5].

3. Future Outlook and Challenges

3.1. Dye-Sensitized Solar Cells. The efficiency of DSSCs has
not increased significantly over the past few years (see
Figure 1). There are several reasons for this lack of progress
in the area of DSSCs, such as inherent limitations imposed
by the materials, interfaces, and device architectures of
DSSCs [38]. There has also been a shift of scientific interest
in other promising solar cell technologies, especially in
perovskite cells, which are considered the successors of
DSSCs, since perovskite materials were originally used as
sensitizers in DSSCs. However, there are still areas of interest
in the future development of DSSCs that are being explored
with the aim of improving their performance.

One of the most important issues that hinder the com-
mercialization of DSSCs is their low stability [39]. Liquid
electrolytes containing a redox couple, such as iodide/triio-

dide, tend to evaporate easily, so a number of solid-state elec-
trolytes have been developed in order to limit the stability
issues caused by the evaporation of liquid electrolytes [40,
41]. In DSSCs, the liquid redox electrolyte can be replaced
by a solid hole-transporting material in order to make
solid-state DSSCs [42]. Promising results have been reported
with molecular organic hole conductors such as spiro-MeO-
TAD, conduction polymers such as PEDOT, and metal com-
plexes [43]. Polymer gel electrolytes containing redox
couples (such as poly(acrylonitrile), poly(vinyl chloride),
and poly(vinylidene fluoride)) have been used as quasi-
solid-state electrolytes to overcome the volatilization and
leakage problems of liquid electrolytes [44]. Devices devel-
oped using solid electrolytes have shown relatively high sta-
bility but not as high efficiency as those filled with liquid
electrolytes (13.0% PCE) [45]. Recent optimization led to a
recorded efficiency of 11.7% [41]. In addition, a number of
sealing techniques and sealant materials, such as Surlyn®
and Bynel® foils, have been employed to limit the evapora-
tion of liquid electrolytes and increase device lifetime [46].

In terms of the dye sensitizer used, a large number of dyes
have been developed and tested for use in dye-sensitized solar
cells. As mentioned above, amongst the most efficient dye
sensitizers are metallo-organic ruthenium complexes.
Metal-free natural dyes, such as porphyrins, or coumarins
have also been used successfully for the sensitization of semi-
conductor films in DSSCs. These dyes do not yield efficien-
cies as high as those achieved using ruthenium complexes
but are more environmentally friendly and tend to have
lower toxicity compared to Ru-based complexes. In addition,
many research efforts are focused on the synthesis of novel
dyes for dye-sensitized solar cells. A number of novel dyes
have been developed and tested for DSSCs, with promising
results, such as carbazole, fluorine, indolin, oligothiophene,
or boradiazaindacene- (BODIPY-) based dyes [46].

The ideal sensitizer for DSSCs should be panchromatic,
absorbing all light below a threshold wavelength of approxi-
mately 920nm. However, each dye individually absorbs only
a small portion of the visible spectrum of solar radiation, thus
limiting the light-harvesting ability of the cells. Alternatively,

Table 1: Highest recorded efficiencies and device characteristics for DSSCs, PSCs, OPVs, and tandem PSCs [5].

Efficiency
(%)

Active layer/absorber Carrier transporting material
Innovative

materials/techniques
Institution/
company

DSSC 13.0
TiO2 dye-sensitized
semiconductor

Cobalt redox couple
electrolyte

Panchromatic porphyrin
sensitizers

EPFL

PSC 25.2 FAPbI 3-based perovskite Spiro-MeOTAD
Minimizing the deformation of
photoactive layers by changing

the type and ratio of ions
UNIST

Tandem
PSC/Si

29.5
Monolithic perovskite
PbI2-based top cell/Si

bottom cell

Methyl-substituted
carbazole monolayer/C60

Self-assembled
carbazole-based

monolayer with methyl
group substitution

Oxford PV

Tandem
PSC/CIGS

24.2
Monolithic two-terminal
triple-cation PSC/CIGS

Poly [bis(4-phenyl)
(2,4,6-trimethylphenyl)amine]

(PTAA)/C60

Rubidium-based
self-assembled
monolayer

HZB

OPV 18.2 PBDB-T-2F:BTP-eC9 PEDOT:PSS
Chlorinated nonfullerene

acceptor
SJTU/BUAA
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cosensitization with two or more dyes, which have comple-
mentary absorption spectra, can be used to increase the range
of absorption of the solar cells. This results in the conversion
of photons into electrons at a wider region of the solar spec-
trum. Cosensitization thus increases the incident photon-to-
current efficiency (IPCE) and consequently the current pro-
duced by the device [47]. Cosensitization is a successful way
to improve the efficiency of DSSCs, and recording devices
are usually based on cosensitized solar cells [46, 48]. Zuo
and coworkers [49] developed a blend of N3 dye with a small
quantity of squarylium cyanine (SQC). They reported an
increase in the efficiency of TiO2 cells sensitized with this
dye blend to over 10%, due to increased dye regeneration in
the dye blend. Yum and coworkers [50] also used a squaraine
dye to sensitize solid-state TiO2 cells together with the dye
N877 and reported an efficiency of 1.8% for the cosensitized
cells, which was over 20% higher than the efficiency of cells
sensitized with each single dye. Ogura et al. [51] used a blend
of two dyes with complimentary absorption spectra (D131
and black dye) to sensitize TiO2 films and achieved efficien-
cies of the order of 11%, which was higher than the efficiency
of cells sensitized with each one of the dyes. Similarly, Saxena
et al. obtained a 4.7% efficiency for TiO2 cells sensitized with
a mixture of N3 and a rhodamine dye and reported a consid-
erable increase in the performance of the cells compared to
those sensitized with a single dye [52]. Another research
group [53] developed a blend of five different dyes with com-
plementary absorption spectra. ZnO films sensitized with
this blend had an efficiency of approximately 7.9%, which
was higher than the efficiency achieved with each individual
dye. Porphyrin dyes have also been used successfully in
cosensitization. Sharma et al. [4] synthesized a novel porphy-
rin dye consisting of a zinc-metallated porphyrin unit and
used it to sensitize TiO2 films, resulting in a PCE of 4.72%.
When this dye was used together with a tertiary aryl-amine
D, which exhibits complementary light absorption character-
istics with the porphyrin dye, the solar cell efficiency was
increased to 7.34%. Shibayama et al. [54] combined a black
dye with an organic dye possessing a pyridine-binding group
and demonstrated that the dyes adsorbed to different binding
sites, thus increasing dye loading and cell performance.

Most research efforts on the cosensitization of DSSCs are
focused on developing a dye cocktail with panchromatic
absorption properties. Alternatively, sequential cosensitiza-
tion can be used, in which the semiconductor is sensitized
with one dye after another. Fan et al. reported that the order
of sensitization affects the efficiency of DSSCs considerably.
They achieved efficiencies of up to 8.14% by sequential
cosensitization of TiO2 films with porphyrin and organic
dyes and found that cosensitization can increase device effi-
ciency up to 61% compared with devices sensitized with a
single dye [55]. Their conclusions agree with our own find-
ings [56], in which we investigated the cosensitization of
ZnO films by organic dyes, such as porphyrins and couma-
rins. We found that sequential sensitization with three
organic dyes can yield efficiencies over 4 times greater than
those of cells sensitized by any of the single dyes and almost
twice as high as those of cells sensitized with a blend of these
dyes. We observed that the order of sensitization and the sen-

sitization time play a significant role in increasing device effi-
ciency by enhancing device IPCE and dye loading.
Cosensitization can thus be optimized to achieve maximum
light harvesting and improve device performance.

Another approach that has been used in recent years to
increase the efficiency of DSSCs is the incorporation of quan-
tum dot (QD) nanoparticles into the cell. This process is
based on the plasmonic resonance that occurs when electrons
at the interface between negative and positive permittivity
materials are excited by incident light. Metal nanoparticles,
such as Ag or Au, are incorporated into the photoanode of
the DSSCs in order to create a nanoprism that scatters light
within the device. Jun et al. [57] incorporated Au nanoparti-
cles into the commercial TiO2 nanopowder that was used to
create the photoanode and achieved an increase in efficiency
by approximately 50% compared to devices that did not con-
tain Au nanoparticles. Bakr et al. incorporated Au nanopar-
ticles prepared by pulsed Nd:YAG laser ablation at 1064 nm
in a solution of Z907 dye [58]. The addition of the synthe-
sized gold nanoparticles to the dye resulted in an increase
in device efficiency from 1.284% to 2.357%, due to increased
light absorption from the gold nanoparticles. More recently,
Sim et al. [59] achieved an increase in device efficiency from
6.3 to 7.2% by developing a three-dimensional transparent
photoanode and a scattering layer, which was used to trap
and disperse incident light within the device.

Table 2 summarizes some of the main materials, compo-
nents, and techniques used for the development of novel dye-
sensitized solar cells with improved device performance.

3.2. Perovskite Solar Cells. The performance of perovskite
solar cells has been improving rapidly, with efficiencies in
excess of 28% predicted in the near future for perovskite
PSCs with ideal transport layers [60]. The performance of
PSCs can be improved considerably through the optimiza-
tion of the various materials and processes involved in their
development [61]. Currently, many research efforts are
focused on improving the morphology and stability of the
perovskite layer. In terms of morphology, perovskite films
should ideally be compact and free of pinholes, contain large
grains, and have a high degree of crystallinity. The morphol-
ogy of the perovskite layer can be controlled through a num-
ber of processes, such precursor solution processing and
aging [62], perovskite film annealing [63], and incorporation
of additives in the perovskite material [64]. It has also been
demonstrated that optimizing the crystallinity of the perov-
skite absorption layer is crucial to the development of perov-
skite solar cells with high power conversion efficiencies [65],
as improved crystallinity leads to enhanced film uniformity,
thus increasing device efficiency [66].

Another area of interest is interface engineering, and sev-
eral research groups report improved device efficiency and
stability through interface optimization. Wu et al. introduced
a thin layer of poly(ethylene oxide) as an interfacial layer in
formamidinium-cesium-based PSCs, in order to modify the
energy levels at the interface between the perovskite and the
carbon electrode [67]. They report an increase of 2.5% in
the efficiency of the PSCs that contain the interfacial level,
due to improved energy alignment at the perovskite/carbon
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interface. Lu et al. [68] developed cm-sized PSCs with power
conversion efficiencies of up to 20% using benzenethiol
molecules to modify the interface between the perovskite
layer and the spiro-MeOTAD hole-transporting layer. The
resulting devices showed improved efficiency and stability
due to enhanced charge extraction and reduced charge
recombination.

In regard to the hole-transporting layer, research trends
focus on the development of inorganic p-type semiconductor
materials to replace the organic hole-transporting layer that
is commonly used in PSCs. Inorganic materials, such as
CuI, NiO, and CuSCN, exhibit several advantages over
organic materials, such as wide bandgap, high hole mobility,
and simple processing. Seo et al. [69] used undoped NiO
films as the hole-transporting layer in hybrid organic-
inorganic PSCs and achieved power conversion efficiencies
of 16.4%. Zhang et al. reported power conversion efficiencies
of 18.5% for perovskite solar cells with the inorganic p-type
semiconductor CuGaO2 as the hole-transporting layer [70].
The resulting PSCs had also high long-term stability, retain-
ing high efficiency after 30 days of continuous operation in
ambient conditions.

Cosensitization can also be used to improve the light-
harvesting ability and PCE of perovskite solar cells. The use
of a dye sensitizer is not required in PSCs, since perovskite
materials can simultaneously act as the absorber material
and the electron injection layer. However, a dye sensitizer
can be used in order to broaden the absorption wavelength
range of PSCs. In PSCs, the absorption onset occurs at a
wavelength of 800nm, as measured by incident photon-to-
electron conversion efficiency (IPCE) [71]. At this wave-
length, the theoretical maximum photocurrent density is
27.2mAcm-2 when assuming no light loss by reflection at
the transparent conductive substrate. Light loss should be
taken into account though practical devices, which leads to
a maximum photocurrent in the range of 23.1–21.8mAcm-

2 [72]. Cosensitization can increase the range of absorption
of perovskite solar cells, resulting in the conversion of pho-
tons into electrons at a wider region of the solar spectrum

[52]. This can enhance the incident photon-to-current effi-
ciency and consequently the current produced by the device
[47]. Zhang et al. used metallophthalocyanines to sensitize
CH3NH3PbI3 solar cells and reported a PCE of almost 14%,
which was increased by 28% compared to the efficiency of
the devices that used only the perovskite as the absorption
material [73]. They attributed the enhanced efficiency of
the cosensitized devices to charge injection occurring from
both sensitizers, possible energy transfer from high energy
perovskite to the lower energy dye, and potential decrease
in series resistance. Recently, Balachandran et al. [74] devel-
oped methyl ammonium lead bromide (CH3NH3PbBr3)
perovskites doped with the N719 dye. They reported a
remarkable increase in efficiency, from 1% for the undoped
cells to 4.8–6.8% for devices cosensitized with N719, demon-
strating the high potential of cosensitization in improving
device performance.

Perovskite materials have certain properties that make
them ideal for use in tandem with other solar cell technolo-
gies: complementary solar spectral absorption, bandgap tun-
ability, and ease of processing and process compatibility with
silicon and CIGS (Cu(In,Ga)Se2) technologies.

Recently, two spin-off technologies of perovskite solar
cells have attracted the attention of the scientific community:
perovskite/Si tandem and perovskite/CIGS tandem solar
cells. From Figure 1(b), it can be observed that, although
these technologies have been investigated for only a few
years, the efficiencies recorded for these cells are very high
and rising at an impressive rate. Currently, Oxford PV holds
the highest certified efficiency recorded for perovskite/Si tan-
dem cells and the Helmholtz-Zentrum Institute in Berlin for
perovskite/CIGS cells, with 29.5% and 24.2%, respectively
[5]. There are two common tandem solar cell architectures:
mechanically stacked and monolithic. A mechanically stacked
cell consists of two independent solar cells one on top of the
other, while a monolithic cell is comprised of a two-terminal
device built in series on a single substrate. The monolithic
structure is the one most commonly used in industry and pre-
ferred from a technological and performance perspective.

Table 2: Novel materials and methods used for the development of DSSCs.

Photoanodes Electrolytes containing redox couple Sensitizers Sensitization techniques

Wide bandgap semiconductors
(TiO2, ZnO, and SnO2)

Liquid electrolytes
(e.g., iodide/triiodide)
up to 13.0% PCE

Metallo-organic
ruthenium complexes

(N3, N719, and black dye)

Cosensitization using dyes
with complementary
absorption spectra

Different photoanode layer
morphologies such as
nanoparticle, nanorod,
and nanotube

Solid electrolytes
(spiro-MeOTAD, PEDOT,
and metal complexes)
up to 11.7% PCE

Natural or organic dyes
(porphyrins, coumarins,

rhodamines, etc.)

Dye combinations:
Ru complexes/squaraine dyes,
N3/Rhodamine B, tertiary

aryl-amine D/zinc-metallated
porphyrin—11% PCE

Film deposition techniques:
sol-gel, hydrothermal,
electrospinning, and atomic
layer deposition

Quasi-solid electrolytes
(e.g., poly(acrylonitrile),
poly(vinyl chloride), and
poly(vinylidene fluoride))

Novel synthetic dyes
(e.g., chlorin, indolin,
or BODIPY-based)

Sequential cosensitization
with multiple dyes (e.g.,
porphyrins, coumarins,
and Ru complexes) up

to 8.14% PCE

Synthesized panchromatic
dye sensitizers up to

13.0% PCE

Incorporation of QD
nanoparticles, such as Ag
or Au up to 7.2% PCE
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Monolithic perovskite/Si tandem cells have attracted
huge interest because they capitalize on the mature silicon
solar cell industry and also have the potential to overcome
the theoretical efficiency limit of single-junction silicon solar
cells [75]. Perovskite/Si solar cells comprise two cells that
work in tandem: a top perovskite cell and a bottom Si cell
[76]. Silicon converts mostly the red part of the solar spec-
trum to electricity, while perovskite materials utilise the blue
portions of the spectrum. A tandem solar cell made of
stacked silicon and perovskite can thus achieve higher effi-
ciency than each individual cell on its own, and solar cell effi-
ciencies of over 30% can be achieved [77]. Photocurrent
matching between the two subcells is a prerequisite to achieve
high efficiency in monolithic tandem cells [78]. The efficiency
of a perovskite/Si monolithic tandem cell can be enhanced by
adjusting the electrical and optical properties of the electron
transport layer and optimizing the bandgap and the optical
density of the perovskite absorber [79].

Monolithic perovskite/CIGS tandem solar cells have a
similar architecture to perovskite/Si cells, with a perovskite
top cell fabricated directly on an as-grown CIGSe bottom cell
[80]. Semitransparent perovskite materials have been devel-
oped using low-temperature processes and used in tandem
with CIGS solar cells, reporting power conversion efficiencies
in excess of 20% [81]. The combination of perovskite and
CIGS materials with complementary absorption spectra can
potentially lead to PCEs over 30%. To ensure optimum
device efficiency, the interconnecting layer in tandem cells
should have effective electrical connection as well as high
optical transparency [82].

Even though rapid progress has been demonstrated in the
development of highly efficient perovskite solar cells, a num-
ber of issues need to be addressed before they can become a
market-competitive technology. The main drawbacks of
perovskite solar cells are their poor stability and high toxicity.
The low stability of PSCs, especially in conditions of high
moisture, extensive illumination, and high temperatures, is
one of the biggest challenges faced for the successful com-
mercialization of this technology. Several studies are cur-
rently focused on addressing these issues by studying the
degradation mechanisms in perovskite materials and other
device layers. Research towards improving the stability of
these cells is focused on two main strategies: (a) improving
the intrinsic stability of the device and (b) protecting the
device via external means. The stability of PSCs can be
improved intrinsically especially by changing the component
materials of the absorbing layer. The organic cations most
commonly used in the absorber, especially methylammo-
nium, are susceptible to moisture and heat degradation
[83]. Devices that incorporate mixed-cation systems, such
as rubidium or caesium, into the perovskite material have
shown increased efficiency and stability [29]. Mixed-halide
and mixed-cation systems have also exhibited high stability.
Saliba et al. reported a 19% power conversion efficiency for
mixed-halide and quadruple-cation PSCs that retained 95%
of their efficiency for 500 hours under illumination at 85°C
[84]. More recently, Matsui et al. reported efficiencies in
excess of 20%, for cm-sized cells that retained 92% of their
power conversion efficiencies after 1000 h in high heat/mois-

ture conditions. They incorporated Rb in the perovskite
absorber layer, which increased the thermal stability of the
resulting solar cells [85].

The optimization of interfacial layers can also lead to
increased stability, for example, by replacing materials that
are sensitive to UV radiation, such as TiO2, with more UV-
stable interfacial layers, such as SnO2. Zhu et al. [86] intro-
duced ammonium chloride at the TiO2/perovskite interface,
thereby improving charge extraction and increasing device
efficiency and stability. Christians et al. [87] developed a cell
with optimized interfacial layers that retained 94% of its peak
efficiency after 1000 hours of unencapsulated operation in
ambient air conditions.

Many research efforts also concentrate on improving the
stability of PSCs through external modifications, such as the
encapsulation of the cell. A very effective method of encapsu-
lation is to cover the cell with a glass film and seal it with an
epoxy resin. However, this technique is not compatible with
roll-to-roll processing and thus not recommended for large-
scale commercial devices. Polymer sealants on the other
hand have been used successfully to increase the stability of
perovskite solar cells. A lifetime of 10,000 hours has been
reported using polyethylene terephthalate encapsulation
[88], while cells coated with a layer of luminescent photo-
polymer maintained 3-month lifetimes in outdoor condi-
tions [89]. Bush et al. [90] reported a power conversion
efficiency of 23.6% for a monolithic perovskite/silicon tan-
dem cell that operated successfully for 1000 hours under a
damp heat test (85°C and 85% relative humidity). In addition,
self-assembled monolayers, which are ordered arrays of
organic molecules, have been utilized as interfacial layers in
PSCs, in order to improve their efficiency and stability [91].

Another important issue faced in the commercialization
of PSCs is the presence of lead in the absorber of most perov-
skite solar cells. Lead is a material with widely known envi-
ronmental and health impacts. Lead has high toxicity and is
hazardous both for the environment and human health,
which has led to its gradual elimination from most devices
and components, such as batteries. A number of research
groups are currently focused in discovering successful alter-
natives to lead in perovskite solar cells. Lead-free PSCs are
being developed by substituting lead with another element
that has lower toxicity. Suitable replacements for lead in PSCs
need to meet a number of criteria, such as the crystal struc-
ture and the quantum mechanical properties of the materials
considered. The aim is to develop environmentally friendly
solar cells with similar efficiency and stability as lead-based
PSCs. A number of materials, such as transition metals,
alkaline-earth metals, and rare-earth ions, have been investi-
gated, with limited success so far. Various divalent metal cat-
ions have also been tested for use in PSCs, the most successful
of which have been found to be Ba2+, Ca2+, and Sr2+ [92].
Strontium in particular has an ionic radius similar to that
of lead, and preliminary experiments have shown that
the compound resulting from the exchange of Pb with Sr
(CH3NH3SrI3) has similar crystal structure and bonding
patterns to lead-based compounds [93]. Double perov-
skites have also been shown to have considerable potential
for developing lead-free solar cells. Compounds such as
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Cs2AgSbI6, Cs2BiAuBr6, and Cs2BiCuI6 have long recombi-
nation lifetime and optimum bandgap and have been
reported to exhibit adequate stability even at high tempera-
tures [94, 95]. So far, the successful replacement of lead in
PSCs has been rather limited, and future efforts are required
in this area, in order to develop efficient and stable lead-free
PSCs. Efforts to reduce the content of lead in PSCs rather
than completely eliminating it have been more successful.
Zhu et al. reported a power conversion efficiency of 15.20%
for PSCs containing an alloy of Sn and Pb in the absorbing
layer, developed from a solution in DMSO and DMF [96].

Table 3 summarizes some of the main materials, compo-
nents, and techniques used for the development of novel
single-junction perovskite and tandem perovskite cells with
enhanced device performance.

3.3. Organic Solar Cells. For several years, research on OPVs
was focused mainly on the design of low bandgap materials
with optimum solar spectrum absorption in order to increase
the PCEs of OPV cells [97, 98]. Recent progress in OPVs is
dominated by the development of low bandgap nonfullerene
polymer acceptors (NFAs) [99–101]. Nonfullerene acceptors
tend to exhibit high tunability in terms of their absorption
spectra and electron energy levels, which allows for increased
optimization of the resulting solar cells. Most of the top-
performing NFAs, such as IT-4F36, IEICO-4F37, and BT-
CIC13, contain fluorine or chlorine atoms, and PCEs of over
16% have been obtained with chlorinated NFA-based OPV
cells. Cui et al. [102] used the chlorinated nonfullerene accep-
tor BTP-4Cl in a blend with PBDB-TF to develop OPVs of an
inverted structure with PCEs in excess of 16%. More recently,
the same group synthesized new NFAs based on BTP-4Cl
through side chain engineering. The new materials exhibited
improved solubility, which allowed for efficient processing
through blade coating techniques and exhibited efficiencies
of over 15% in a blend with PBDB-TF [34]. Current research
in the area of nonfullerene OPVs is focused mainly on the
development and optimization of nonfullerene donor-

acceptor pairs with matching properties to increase OPV
performance. Examples of copolymers that have been used
successfully as donors combined with nonfullerene acceptors
in OPVs include PM6, P2F-EHp, D16, and PTQ10. Liu et al.
recently used D16, which is based on a fused-ring thiolactone
unit, as a donor in a blend with Y6 to develop OPVs with
over 16% efficiency and D18 in a blend with Y6 to achieve
efficiencies of over 18% [103].

The effect of blend morphology on device performance is
another parameter that has been investigated extensively in
recent years [104]. Vertical and lateral phase segregation
between the p-type and n-type semiconducting polymers in
the blend has been shown to affect charge transport within
the active layer [105]. Recent studies have been aimed at
improving device performance by manipulating vertical
phase segregation through the introduction of various inter-
facial layers. The addition of interlayers, especially between
the active layer of the OPVs and the hole-transporting layer,
has been shown to improve energy level alignment and facil-
itate charge transfer throughout the device. Cao et al. [106]
used PBDTTPD-COOH as an interfacial modifier between
the active layer and the hole-transporting layer, in
PBDTTPD-, PCDTBT-, and PTB7-based OPVs. They con-
cluded that the improvement in OPV performance through
the addition of the interlayer was due to changes in energy
level alignment and vertical phase segregation, as well as in
blend composition at the PBDTTPD-COOH/donor inter-
face. Inorganic semiconductors, such as TiO2 and ZnO, have
also been used as interlayers to improve charge transfer and
collection and prevent hole formation in OPVs. Liu et al.
[107] used Al-doped ZnO layers to create a semiconductor-
metal nanojunction in PC71BM-based OPVs. The improved
electron extraction and transport resulting from the addition
of the interlayer led to an increase in efficiency from
7.89% to 9.81%. Another class of materials that can be
used as interlayers in OPVs is conjugated polyelectrolytes.
These are composed of side chains with ionic functional
groups and conjugated backbones and have improved hole

Table 3: State-of-the-art materials, processes, and methods used for the development of PSCs.

Photoanodes Hole-transporting layer and interfaces Device architecture Improved stability

Improved morphology: precursor
solution aging, film annealing, and
incorporation of additives

Organic hole-transporting layer (such
as carbon and spiro-MeOTAD)

Single-junction
perovskite solar cells

Mixed-cation systems (e.g., Rb and
Cs), or mixed-halide and mixed-
cation systems, retain 92% of PCE

after 1000 h

Optimization of absorption layer
crystallinity and film uniformity

Inorganic p-type semiconductor
materials, e.g., CuI, NiO, CuSCN, and

CuGaO2, up to 18.5% PCE

Perovskite/CIGS
tandem cells: perovskite
top cell fabricated on
CIGS bottom cell
Up to 24.2% PCE

Interfacial layers with UV-stable
materials (SnO2, ammonium

chloride) retain 94% of efficiency
after 1000 h

Lead-free PSCs: transition metals,
alkaline-earth metals, rare-earth
ions, and divalent metal cations
(Ba2+, Ca2+, and Sr2+)

Interface engineering and
optimization (e.g., incorporation of
benzenethiol molecules for increased

charge transport)—20% PCE

Perovskite/Si tandem
cells: top perovskite cell

and bottom Si cell
Up to 29.5% PCE

Use of self-assembled monolayers
as interfacial layers

Double lead-free perovskites
(Cs2AgSbI6, Cs2BiAuBr6, and
Cs2BiCuI6)

Energy level modification by
introducing an interfacial layer, such

as poly(ethylene oxide)

Mechanically stacked
and monolithic tandem
device architectures

Encapsulation: glass film/epoxy
resin, polymer sealants

(polyethylene terephthalate), and
lifetime > 10,000 h
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transport and collection properties that can help boost
device performance [108].

Research on small-molecule organic solar cells has also
gained traction in recent years. One of the disadvantages of
typical polymer-based OPVs is their relatively poor repro-
ducibility, which hinders scalability, and is one of the main
obstacles towards their commercialization. Small-molecule
OPVs are a promising technology, due to their well-defined
molecular structures and relatively high reproducibility com-
pared to polymer OPVs [109]. On the other hand, small-
molecule devices tend to have lower PCEs than their polymer
counterparts and are usually developed through high-
vacuum processes, which are not as cost-effective as solution
processes that are available for polymeric materials. Recently,
a number of breakthroughs in the area of small-molecule
OPVs have led to a considerable increase in their efficiency,
with PCEs in excess of 15% reported and certified [110].
Most research efforts in this area are directed towards synthe-
sizing new donor and acceptor small-molecule materials with
optimized properties for use in OPVs. Liu et al. introduced
fluorine atoms in small-molecule donors to achieve increased
high open-circuit voltage in OPVs with the polymer F-2Cl
used as an acceptor [111]. Qiu et al. synthesized new donor
materials and used side chain engineering of these materials
to optimize active layer morphology in a blend with Y6,
resulting in efficiencies of over 14% [112]. Similarly, Zhou
et al. [113] synthesized a new small-molecule donor material
and used a narrow bandgap small-molecule material as an
acceptor, to achieve efficiencies over 14%. The increased
power conversion efficiencies achieved in this study were
attributed to the optimization of the hierarchical morphol-
ogies of the donor and acceptor materials. Recently, Hu
et al. developed all-small-molecule OPVs with PCEs in excess
of 15%. They used fullerene derivatives as additives in a BTR-
Cl:Y6 active layer, which resulted in decreased electron
recombination and high device fill factor [114].

Another area of increased interest in recent years is the
development of ternary organic solar cells. In ternary OPVs,
three organic semiconductors are used in the active layer,
instead of two. The motivation behind introducing another
semiconducting polymer in the device is to improve light
absorption in the cell [115]. Ternary cells can be designed
with complementary absorption bands to maximise the
range of the solar spectrum that the cell absorbs and enhance
its power conversion efficiency. In addition, the correlation
between the energy levels of the three components of the ter-
nary cells plays a crucial role in the development and optimi-
zation of these cells [116]. Good energy level alignment
between the components of the ternary cells leads to
increased charge transport and collection and thus improved
device efficiency. Currently, research efforts are focused pri-
marily on the synthesis and optimization of new donor and
acceptor materials with synergetic properties that are suitable
for ternary OPVs, in terms of their absorption, energy levels,
and compatibility [117]. Ternary OPVs are ideally applicable
in NFA cells, achieving efficiencies in excess of 14% [118].
Ren et al. [119] developed a strategy based on the layer-by-
layer sequential deposition of a polymer donor and two non-
fullerene acceptors. Using the layer-by-layer method allowed

for the optimization of the polymer blend and led to the for-
mation of a network structure with increased charge genera-
tion, transport, and collection properties. Recently, Zhan
et al. [120] reported a power conversion efficiency in excess
of 17% for a ternary organic solar cell based on the polymer
acceptor alloy Y6:BTP-M, with PM6 as the polymer donor.
Similarly, An et al. [121] achieved power conversion efficien-
cies of over 17% for organic solar cells based on an alloy of
the polymer acceptors MF1 and Y6 with PM6 as the polymer
donor.

The main challenge towards the commercialization of
both fullerene and NFA OPVs is scalability [122]. OPVs
can be manufactured using more scalable techniques than
spin coating, such as spray coating, blade coating, and inkjet
printing. Large-area OPV cells developed using printing
methods however have considerably lower PCEs than those
of small-area spin-coated devices [34]. Another important
issue is the long-term stability of organic solar cells, especially
under outdoor weather conditions [123]. A large number of
research efforts are currently focused on addressing scalabil-
ity and stability issues to enable future commercialization of
OPVs. In recent years, there has been increased interest in
understanding the degradation mechanisms of OPVs and
increasing their lifetime through a number of methods vary-
ing from the development of more stable polymer materials
to the use of advanced packaging techniques. There are
numerous causes for the degradation of solar cells, especially
under environmental conditions. The fundamental materials
of these cells tend to have low resistance to oxygen, moisture,
high temperatures, illumination, etc., which lead to their
rapid deterioration [2]. The most important amongst these
reasons is considered to be the photodegradation of the active
layer polymers, through exposure to extensive illumination.

A number of strategies are investigated in order to
improve the stability and overall lifetime of organic solar
cells, ranging from encapsulation of the device to the devel-
opment of novel materials and processes. One of the most
effective methods of encapsulation is to encase the device
between glass plates and seal them using an epoxy resin
[124]. Peters et al. achieved an overall lifetime of 7 years
under illumination, for a PCDTBT:PC71BM cell encased in
glass containing a desiccant layer and sealed with an epoxy
resin [125]. This method of encapsulation however has the
obvious disadvantage of negating the flexibility of OPVs,
which is one of the major advantages of this technology.
For that reason, a number of flexible polymer sealants have
been developed in recent years to increase the stability of
OPVs. Sapkota et al. developed completely flexible devices
that retained over 95% of their original efficiency, after
1000 h under a damp heat test [126].

A number of materials and device processes have also
been developed in order to increase the stability and lifetime
of organic solar cells. Common methods to increase device
stability include synthesizing novel materials for the active
and the hole-transporting layer, as well as optimising the
morphology of the active blend. Notably, Lee et al. recently
developed OPVs with a MoO3 hole-transporting layer
[127]. These devices exhibited excellent thermal stability at
high temperatures in the range of 300–420K, with PCEs
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dropping at a reduced rate of 0.13%/°C compared to
0.20%/°C for cells with PEDOT:PSS as the hole-extracting
layer. Employing an inverted device geometry has also been
used extensively to increase device lifetime, since this struc-
ture tends to have higher stability by preventing the reaction
between the active layer polymer and the metal electrode
[128]. Ternary solar cells also tend to be more versatile and
tunable, through the introduction of a third component in
the active blend [129]. A number of research efforts focus
on increasing the stability of ternary OPVs through the care-
ful selection and optimization of appropriate materials in ter-
nary devices. Recently, Liu et al. reported an 8.5% efficiency
for a ternary device based on naphthalene di-imide polymer
acceptor, in a blend with the polymer donors PBDT-TAZ
and PTB7-Th [130]. This device exhibited high thermal sta-
bility, retaining 98% of its efficiency, after 300 h of heating
at 65°. One other promising direction towards improving
the stability and overall lifetime of organic solar cells is the
use of the aforementioned nonfullerene acceptors. These
materials have highly tunable properties and have been
shown to have increased thermal and photochemical stabil-
ity, resulting in improved device lifetimes compared to
fullerene-based OPVs [122].

Table 4 summarizes some of the main materials, compo-
nents, and techniques used for the development of novel
organic solar cells.

4. Sustainable Applications

4.1. Dye-Sensitized Solar Cells. Dye-sensitized solar cells
exhibit many unique features that make this technology
highly appealing for sustainable solar energy applications.
These cells can be fabricated using low-cost production pro-
cesses and materials and are compatible with roll-to-roll
printing techniques [39]. Large-area devices can be installed

on flexible substrates, such as fabric or paper, opening the
way to applications in the field of wearable electronics. The
resulting flexible solar cells have a variety of potential appli-
cations such as in baggage, gears, or wearables. The military
has shown interest in this technology for equipping tents
and fabrics with flexible, lightweight DSSCs, which could
power and recharge portable electrical devices [40].

In addition, DSSCs exhibit high performance in low-light
conditions, including indoor lighting, and can thus be used
for interior applications, as, for example, for powering small
home electronic devices. The high efficiency of DSSCs under
weak-light operating conditions makes this technology
promising for several marketable applications, such as indoor
light-harvesting devices, portable electronics, and even the
automobile industry. Small indoor electronic devices with
low power requirements can be powered by their own
built-in solar cells, providing systems with a high degree of
autonomous function and sustainability [131]. Figure 6
shows examples of DSSC applications. Another potential
application of emerging photovoltaic technologies is in vari-
ous integrated electronics, such as batteries, supercapacitors,
or fuel cells, with an integrated solar cell that provides electri-
cal energy [132]. Autonomous devices, which are powered by
their own flexible, lightweight solar cells, can be used in
remote regions not connected to the grid or for military
applications. For example, small PV units can be integrated
to rechargeable batteries that store the energy produced by
the solar cells, in order to provide a portable power system
[133]. Several studies have demonstrated the use of Li-
based batteries to successfully build a power pack with an
incorporated DSSC module [134, 135]. Similarly, DSSCs
have been integrated to supercapacitors, creating a fiber-like
device that can achieve photoelectric conversion and energy
storage at the same time and can be used in textiles and other
lightweight applications [136]. Yang et al. [137] developed a

Table 4: Summary of materials, processes, and methods used for the development of state-of-the-art OSCs.

Nonfullerene
acceptors (NFAs)

NFAs with tunable absorption
spectra and electron energy levels

NFAs with fluorine or chlorine atoms
(IT-4F36, IEICO-4F37, and
BT-CIC13), >16% PCE

Development of donors with
matching properties to NFAs
(e.g., PM6, P2F-EHp, D16,
and PTQ10), >18% PCE

Interfacial layers
Interfacial layers

(e.g., PBDTTPD-COOH) optimize
vertical phase segregation

Inorganic semiconductor
interlayers, such as

TiO2 and ZnO > 9%PCE

Polyelectrolytes with side chains
of ionic functional groups
and conjugated backbones

Small-molecule
organic solar cells

Small-molecule OPVs have
well-defined molecular
structures and high
reproducibility

Synthesis of new donor and
acceptor small-molecule
materials > 15%PCE

All-small-molecule OPVs with
PCEs higher than 15% have

been developed

Ternary OPVs
Active layer with 3 organic
semiconductors to improve

light absorption

Synthesis of novel donor and
acceptor materials with
synergetic properties

Efficiencies of over 17% with
Y6:BTP-M/PM6 and

MF1:Y6/PM6 ternary OPVs

Manufacturing
techniques
and scalability

Spin coating for high-efficiency,
small-area OPVs

Spray coating, blade coating
Inkjet printing for
large-area OPVs

Stability and
lifetime

Encapsulation in glass sealed
with epoxy resin results
in lifetime > 7 years
under illumination

OPVs with polymer sealants
retain >95% efficiency
after 1000 h under a

damp heat test

Ternary OPVs with high
thermal stability retain 98%
of efficiency, after 300 h

of heating at 65°
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stand-alone self-powered system comprised of a solid-state
supercapacitor, four series-connected DSSCs, and a LED
light. The system successfully lit a red LED light for over 30
minutes after being charged for only 2 minutes.

Due to their structural design and different colour dyes,
DSSCs are semitransparent and can be produced in a wide
array of colours. These features, combined with the afore-
mentioned flexibility, make them compatible with a variety
of architectural elements and provide unique applications
in the field of building-integrated photovoltaics [41]. How-
ever, further research is required in order for this technology
to become competitive for building-integrated applications.
The low stability and lifetime of these devices hinder their
use for large-scale architectural applications. Novel, solid-
state electrolytes need to be developed in order to produce
DSSCs with high stability and efficiency. In addition, the rel-
atively low efficiency of DSSCs restricts their commercializa-
tion to niche technologies such as portable and disposable
electronics. Further optimization of this technology is required
to achieve efficiencies near 20% in order for DSSCs to become
competitive for large-scale market commercialization.

4.2. Perovskite Solar Cells. Perovskite solar cells have become
one of the most promising solar cell technologies due to their
simple fabrication process and high PCEs, with recorded effi-
ciencies of over 25% [5]. The production process of PSCs is
relatively simple, and the materials used are cheap and avail-
able in large quantities. Since perovskite cells are less costly to
produce than their silicon counterparts, manufacturing them
translates into considerably reduced energy consumption
and lower production costs, which makes them a very attrac-
tive option for sustainable solar energy applications. In addi-

tion, PSCs are lightweight and ultrathin and can be produced
in different colours [45]. There is also the option of using
various substrate surfaces, such as films or textiles, for the
production of flexible solar cells, offering even more opportu-
nities for specialized applications. Perovskite cells can
generate energy from artificial light and are efficient even at
low-scattered light, which means that they can harvest solar
energy in shadowed areas or cloudy conditions and at non-
vertical angles. This advantage over silicon cells, together
with their lightweight, makes it possible to mount them even
on vertical facade elements, thus making building integration
of PSCs one of the most promising options for sustainable
energy in buildings [75]. Semitransparent perovskite solar
cells are especially attractive for building-integrated applica-
tions, as they offer a number of aesthetic architectural
options [138]. Semitransparent PSCs can be used to cover
the surface of buildings, windows, and roofs, providing an
additional source of energy to the building. Their application
in the windows of buildings or vehicles has been studied
extensively in recent years. The absorption spectrum of PSCs
can be tuned to the near-infrared or ultraviolet regions in
order to increase their transparency. This offers the added
benefits of protecting the building or vehicle interior from
the heating effects of infrared radiation and the harmful
effects of ultraviolet radiation [139].

Another promising application for PSCs would be in tan-
dem device architectures. As discussed in Section 3.2, perov-
skite cell structures can be combined with another absorber
material to produce high-efficiency devices. Since perovskite
materials have tunable bandgaps, they can be designed to
complement the absorption of other solar cells, such as Si
or CIGS, thus increasing device efficiency considerably, while
effectively reducing the associated cost per watt peak of the
modules [132].

One issue that needs to be addressed for commercial
large-scale PSC applications is the scalability of the devices.
Large-scale devices need to be produced with high efficiency
and reproducible processes before this technology can be
used for large-area applications, such as building-integrated
photovoltaics. Even though PSCs can be produced by rela-
tively simple printing and coating techniques, large-scale
devices produced to date have issues in uniformity and
reproducibility, resulting in considerably lower efficiencies
than small-area cells.

4.3. Organic Solar Cells. The low-cost manufacturing pro-
cessing that is used for their production is a strong advantage
of OPVs that is expected to make this technology competitive
with conventional energy sources in certain markets. Other
advantages of organic photovoltaics include their low weight
and environmentally friendly degradability, which offer
opportunities for new solar cell applications. Another impor-
tant characteristic of OPVs is that printing and coating
manufacturing techniques can be entirely conducted on flex-
ible substrates [31], enabling the production of flexible
devices that are suitable for a wider range of applications than
conventional nonflexible photovoltaics.

The special properties of OPVs make them suitable for a
wide range of sustainable solar energy applications, such as

Figure 6: Examples of applications for dye-sensitized solar cells and
modules [40].
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building-integrated photovoltaics (Figure 7(a)), wearables
(Figures 7(b) and 7(c)), and powering small indoor electronic
devices (Figures 7(d) and 7(e)). Since OPVs are thin and flex-
ible, they can be incorporated into a variety of substrates and
building materials including standard lamination on glass
[100]. In addition, OPV modules do not exhibit a drop in
performance caused by typical outdoor conditions such as
diffuse light and high temperatures and can be developed in
different shapes and degrees of transparency making them
ideal for integration in sustainable energy buildings [140].
Recently, OPVs were used to fabricate a >250m2

flexible
power system reaching an average performance of ~5%
(PCE) in a semitransparent configuration (Figure 7(a)).

The optical absorption of OPVs can be tuned to be com-
patible with the narrow emission spectra and lower light
intensity of the commonly used indoor light sources [141].
This property, along with their lightweight, flexibility, and
colouration, makes them ideal for indoor applications.
Recently, Ding et al. designed all-polymer solar cells for

indoor applications with high open-circuit voltage of 1.16V
and PCE of 27.4% under fluorescent lamp illumination
[142]. Cui et al. developed an organic photovoltaic module
for indoor applications with an area of 1 cm2 that exhibited
a power conversion efficiency of 22% under 1000 lux LED
illumination [143]. More recently, Bai et al. developed a ter-
nary OPV for indoor light applications, based on the benzo-
triazole donor J52-F, the chlorinated donor PM7, and the
acceptor BTA3. The device yielded a power conversion effi-
ciency in excess of 20% under 300 lux LED illumination with
a temperature of 3000K [144].

Table 5 shows a comparative summary of the main sus-
tainable energy applications for DSSCs, PSCs, and OPVs.

5. Conclusions

Rising global demands for energy, combined with the rapid
depletion of fossil fuels, has led to increased interest in
renewable energy sources over the past decades. From a

(a) (b)

(c) (d) (e)

Figure 7: Examples of applications of OPVs: (a) building-integrated photovoltaics, (b) jacket with an incorporated OPV module, (c)
backpack, (d) remote control, and (e) solar computer mouse [99].

Table 5: Summary of sustainable energy applications for DSSCs, PSCs, and OPVs.

DSSC PSC OPV

Remote regions not connected to the grid Multicoloured, semitransparent Flexible devices, printable solar cells

Wearable electronics: clothes, backpacks,
baggage, and gears

Flexible solar cells on films or textiles
Fabrics, wearables: clothes

and backpacks

Military applications: tents and fabrics that
power portable electrical devices

Building-integrated solar cells:
facades and roofs

Building-integrated solar cells:
windows and facades

Indoor light-harvesting devices:
small, indoor electronic devices with
low power requirements

Semitransparent: applications
in the windows of buildings

or vehicles

Indoor light applications:
small indoor devices

Integrated electronics: fuel cells,
batteries, and supercapacitors

Tandem device architectures:
combined with Si or CIGS cells
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purely economic standpoint however, silicon solar cells are
not yet competitive with fossil fuel sources. Further reduction
in the cost of solar energy is required to increase the market
share of this technology. This reduction in the cost of solar
energy can be achieved through the development of new
solar cell materials and device concepts. A number of alterna-
tives to silicon-based cells are being investigated, aiming at
the development of photovoltaic devices with relatively high
conversion efficiency at lower costs.

Third-generation photovoltaic technologies such as dye-
sensitized solar cells, organic solar cells, and perovskite solar
cells have emerged in recent years and have shown potential
for large-scale commercialization. These promising solar cell
technologies are developed using low-cost production pro-
cesses, they are less sensitive to ambient temperature
changes, and they have good performance in low-light condi-
tions and can be installed on flexible substrates. Their prop-
erties make them ideal for many sustainable solar energy
applications, ranging from small-scale self-powered elec-
tronic devices, such as electronic calculators, to large-scale,
energetically self-sufficient buildings.

Dye-sensitized solar cells are best suited to niche applica-
tions, such as disposable electronics, due to their low cost and
also to their relatively low stability. Organic solar cells can be
especially used for the production of flexible solar cells using
simple printing roll-to-roll processes. Perovskite solar cells
are widely considered the most promising new solar cell tech-
nology. Their PCEs can rival those of silicon-based solar cells,
at considerably lower cost, and they are suitable for numer-
ous sustainable solar energy applications. They can also be
used in tandem with other solar cell technologies, such as Si
or CIGS, resulting in high-efficiency, cost-effective solar cell
devices.

These emerging solar cell technologies however are still
not commercially available in large volumes. Disadvantages
such as the relatively low efficiency and stability of these cells
compared to silicon-based solar cells pose a hindrance to
their commercialization. Current research efforts are focused
on overcoming these obstacles through the development of
novel materials, processing techniques, and device architec-
tures. The outcome of these research efforts is expected to
unlock the potential of emerging solar cell technologies and
lead to their future commercialization.
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