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ABSTRACT

The global increase in energy demand has resulted in the depletion of non-renewable resources and caused environ-
mental degradation. Consequently, emerging renewable technologies are a potential solution to fulfil energy demand
and mitigate the effect of global warming. Low-cost solar energy harvesting technologies are most feasible technol-
ogies. Various solar cells technologies have been developed with improved overall performance and conversion effi-
ciency. However, due to low cost and a wide range of applications, dye-sensitized solar cells (DSSCs) have been
immensely focused on one of the most promising third-generation solar cells. The highest conversion efficiency of
DSSC achieved after three decades of research is more than 14%, but the commercialization of this technology is still
a challenge. In this review paper, an attempt has been made to present the comparison of different articles published,
that gives the in-depth study of recent developments in various types of DSSCs based on architectural assembly and
physical appearance. An overview of the limitations and challenges with their possible improvement strategies have
also been discussed. This review paper concludes that appropriate selection of electrolytes dramatically affects the per-
formance of DSSC, and quasi-solid-state electrolyte proves to be a better option. Besides, it also concludes that tandem
structures are widely agreed with the approach to expand light utilization spectrum for an overall increase in its per-
formance. However, still, the research is required, which could efficiently widen the applications of the DSSCs.

KEYWORDS

Dye-sensitized solar cells; solar energy; architectural assembly; quasi-solid electrolyte; tandem structures

Nomenclature
CIGS Copper indium gallium selenide
ITO Indium-doped tin oxide
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DSSC Dye sensitized solar cells

LUMO Lower unoccupied molecular orbit
FTO  Fluorine-doped tin oxide

NREL National Renewable Energy Laboratory
HOMO Highest occupied molecular Orbital

PCE  Power conversion efficiency

1 Introduction

The global increase in energy demand from the last few decades is due to rapid growth in
industrialization and an upgraded lifestyle. Global energy demand is projected to be doubled by the year
2050 due to this rapid growth [1,2]. Fossil fuel such as oil, natural gas and coal are deemed potential
sources of energy from many years to fulfil this global energy demand. This has resulted in the depletion
of these non-renewable energy resources and environmental concerns. However, for energy security and
mitigation of environmental problems, it is necessary to emphasis on renewable energy sources such as
solar, biomass, wind energy, etc. These sustainable energy sources can easily fulfil the increase in energy
demand and mitigate environmental pollution [3,4].

Solar energy is the crucial choice between renewable energy resources due to its abundant energy
supply. Sunlight is the most available and efficient energy source among other renewable resources.
However, the cost and reliability of solar energy production is the greatest obstacle to switching to
environmentally friendly and sustainable technologies [5]. Solar cells are the most suitable among all
solar energy harvesting technologies for directly converting solar energy into electrical energy, and these
are termed as photovoltaic devices. Photovoltaic technology is essential for future energy generation [6].
Various solar cells have been developed and successfully tried in a real environment, but few of them
could only be commercialized because of many challenges [1]. Most commercial solar cells are made up
of silicon and has high conversion performance, but their large-scale application is still limited due to the
high cost. Various solar cells technologies and their power conversion efficiency are illustrated in Fig. 1 [7].
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Figure 1: Efficiency graph of various solar cells technologies [7]
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There are limited commercial applications of silicon-based solar devices because of the complex and
expensive fabrication process, limited integration flexibility and weight of the modules. Recently,
however, many organic thin-film solar cells have been discovered that proves more merits over traditional
silicon-based solar cells concerning lightweight, durability and low-cost panel. Additionally, the DSSC
has proven to be one of the most appropriate replacements to traditional silicon solar cells in cost-
effectiveness, optimum performance, and simple manufacturing processes. The highest conversion
efficiency of DSSCs achieved after three decades of research is more than 12% which is certified
efficiency from National Renewable Energy Laboratory (NREL) [7]. Fig. 2 represents the increasing
efficiency trend of DSSC from approximately 7% to 14.2% in between the year 1990 to 2020,
respectively [6,8,9]. In recent years, DSSC cell power conversion efficiency under 1-sun illumination has
also been reported above 14% [10-12].
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Figure 2: Three-decade efficiency trend of DSSC [6,8,9]

DSSC comprises of various components, i.e., conductive substrate or conductive film-coated substrate,
sensitizer (dye), the coated counter electrode, semi-conductor photoanode, electrolyte and catalyst [13]. The
schematic diagram of the DSSC has been shown in Fig. 3a. DSSCs are easy to manufacture because they
require comparatively very less manufacturing temperature and insensitive to pollutants from the
atmosphere. Even in darker conditions or in cloudy weather, these solar cells function better. Such
effective use of diffused light makes DSSCs an excellent choice for artificial lighting in indoor
applications. A significant rise in the publications over the past three decades has paved the path for
intensive research [14].
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Figure 3: (a) Schematic diagram and (b) Operational principle of a Dye-sensitized solar cell [3,13]
(Reprinted with permission from publisher)

The working principle of DSSC is like the photosynthesis process, as illustrated in Fig. 3b. Sunlight is
incident on the surface and ejects an electron from the conductive band of dye sensitizer, leaving it in the
oxidized state. The ejected electron will be gained by TiO, photoanode due to thermodynamically
suitable energy of lower unoccupied molecular orbit (LUMO). The electron passes through photoanode
nanostructure and conducts to an external circuit. Whereas, electrolyte helps to reduce and stabilize the
dye. Electrolytes accept an electron from the external circuit to complete the cycle. Here, the oxidized
dye gets an electron from the reduced state of redox couple of electrolytes, called dye regeneration.
Similarly, the oxidized state of redox couple receives an electron from counter electrode, called
electrolyte regeneration [3,15]. Each component in the DSSC contributes towards power conversion
efficiency, and the best design of the device is always the optimization and tradeoff between different
components [13].

This review paper aims to compare the various published studies, which gives the incite of recent
developments in different types of the DSSCs to highlight the bottlenecks pertaining to the improvement
of overall performance and commercialization of DSSCs. This review has been divided into two main
topics, i.e., (1) Different types of DSSC based on architectural assembly and physical appearance
(2) limitations and challenges along with their possible improvement strategies related to the DSSC
technology with the conclusion. The rest of the sections are organized as follows. The Section 2 presents
the general principle of operation of various types of DSSCs. Section 3 presents the different types of
DSSC. Technical challenges associated with the technology has been explained along with the
improvement strategies in Section 4. Recent trends in DSSCs are described in Section 5. Finally, the
conclusions obtained from the study and future recommendations are presented in Sections 6 and 7.

2 The General Principle of Operation of Various Types of DSSCs

A DSSC is a photovoltaic semiconductor-based device that directly converts natural as well as artificial
radiation into electricity. Unlike traditional systems, where the semi-conductor performs both absorptions of
light and charge separation and transport phenomenon, the two functions are segregated in a DSSC. Each part
of the system heavily decides the cost and conversion efficiency of DSSCs. Improving the properties of
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absorption of light can be accomplished by optimizing the dye. In contrast, the properties of transport of
charges can be enhanced by improving the semi-conductor and electrolyte composition [16].

2.1 n-Type

In the category of materials of n-type, the dye absorbs light which is connected to the surface of
mesoporous electrodes of n-type semi-conductor, as shown in Fig. 4a. N-type DSSCs, such as TiO, or
ZnO mesoporous films, are accumulated on top of indium-tin-oxide (ITO) or fluorine-doped tin oxide
(FTO) surfaces and comprises of the photoanodes. Here, the charge separation occurs at the dye/electrode
interchange by injection of an electron into the semi-conductor conductive band from the photoexcited
dye [17-20].

i Load Load
Sg/Sg @ <
Q/ Pt counterelectrode Pt counterelectrode cb
chiEE= Ef(c:)n-type) T | [T ty
3 - p-type
\e:) hv Voc! y /@J‘— semi- E
y b duct
n-type v 1 I-/1 hv conductor
o semi- / © @ = = v £
“| conductor S /S+ = = vb 1+
0/>p Ef(vbwype)
vb 4 '

Figure 4: Operational principle of n-type (left) and p-type (right) [20] (Reprinted with permission from
publisher)

2.2 p-Type

In the case of p-type semi-conductor network, firstly, light is absorbed via a dye, that is placed on the
surface of p-type semi-conductor mesoporous electrodes as proven in Fig. 4b. P-type DSSCs, which are
especially based totally on NiO electrodes on ITO and/or FTO substrates. In this kind of DSSCs, as soon
as the dye is photoexcited, charge separation injects the electrons to the photoexcited dye from the
valence band of the semi-conductor [21-24]. Hence, the common phenomenon in both types discussed
above is the regeneration of the oxidized or reduced dye through a redox mediating electrolyte.

Overall, to this point maximum scholars are focusing on n-type dye-sensitized solar cells (DSSCs): the
usage of conventional ruthenium and zinc porphyrin dyes, power conversion efficiencies attain 12% and
13%, respectively [25,26]. Relatively, the efficiency of p-type DSSCs continuous to be low. Generally, in
p-type DSSCs, a semi-conductor used is NiO with over 2.5% conversion performance which signifies the
first-class file inside the area of p-DSSCs [27]. However, these dyes are not favourable for the massive-
scale utility because of the excessive cost of metal dyes, tedious separation process, and environmental
problems. On the other hand, mass production of this technology might be realistically possible with the
development of the low-temperature synthesis of electrodes and cost-effective substances. Hence the
review at the improvement of various sorts of DSSC technology for identifying low cost and higher
conversion efficiency has come to be high significance within the implementation of new DSSC
technologies, which is the essential focus of this review paper.
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3 Types of DSSCs

3.1 Based on Physical Appearance

In DSSC, on the one hand, the absorption of photons and on the other hand is the transfer of electrons
that is mediated by two different media, i.e., dyes and n-type nanocrystalline TiO,, respectively. When the
holes are passed through a substance conveying a hole which may be:

1. Liquid electrolyte
2. Solid electrolyte
3. Quasi-solid-state electrolyte

Stability and improvement in the power conversion efficiency of the DSSC device are significant for the
commercialization of this technology. One of the wide research areas is focusing on the type of proper
selection of electrolyte over the past decades. This section reports the recent advancements in the liquid,
solid and quasi-solid-state electrolytes of the DSSC with efficiency values and current status [28,29].

3.1.1 Liquid Electrolyte Type DSSC

The electrolytes play a vital role in the power conversion efficiencies of DSSC, the foremost liquid
electrolyte DSSC with an organic solvent containing an iodide/triiodide redox couple without any
additive reported a 7% to 8% efficiency in 1991 [8]. The iodide-based electrolyte contains an I /I3 redox
couple and has been used since the beginning of DSSC due to its high efficiency and good stability.
However, I /I3~ redox couple has several disadvantages such as corrosion effect and complex redox
chemistry, therefore, recently, many electrolytic solutions with additional additives have been investigated
that can achieve high conversion efficiency and also improved stability [30-32]. 4-tert-butylpyridine
(TBP) is a very important additive in the iodide-based liquid electrolyte which significantly improves the
Voc by decreasing the back reaction [33,34]. The structure of triiodide liquid electrolyte with the addition
of TBP as shown in Fig. 5a which is a very effective electrolyte in DSSC [35]. Apart from the iodide/
triiodide electrolyte, most commonly reported another redox couple for high-performance DSSC is cobalt
tris-bipyridine ([Co(bpy)s]**/*") with Z316 an organic sensitizer [36,37] as shown in Figs. 5b and 5c
Another redox couple that has unique features and extraordinary electrochemical properties is
ferrocenium/ferrocene. A ferrocene/ferrocenium based redox couple with a metal-free organic sensitizer
(i.e., Carbz-PAHTDTT) as shown in Fig. 5d has resulted in the conversion efficiency of more than 7.5%
in DSSCs. This surpassed the efficiencies of iodide/triiodide electrolyte based DSSCs. Hence, ferrocene-
based electrolytes with organic sensitizer prove to be compatible with future DSSC devices [31,38].

Moreover, in liquid-based DSSC, considerable improvement within the surface region of the interface is
brought by nano structuring of TiO, that resulted in an increase of the photo-current density. The dyes
undertake an excitonic separation under the action of light with the formation of a free-electron or free
hole pair and as a result, electron is introduced into the TiO, at very high speed and the holes are
transported very slow to the counter-electrode through the liquid electrolyte. The process includes the re-
reduction of dyes, which can be oxidized after an electron is lost. The recombination of charge carriers
involved in this method is usually low that leads to an efficient charge separation [28]. It can be
concluded that the electrolyte has an excessive effect on the kinetics of electrons that ultimately affects
the performance of the DSSC [33]. There are many advantages and disadvantages of liquid electrolytes
over other electrolytes. High conductivity, low viscosity, the outstanding connection between electrode
and electrolyte and easy preparation are the advantages, while due to the low viscosity, leakage of
an electrolyte from the cell is a major drawback which ultimately reduces the power conversion
efficiency [39,40]. Remarkably, DSSCs with liquid electrolytes demonstrate the highest efficiency greater
than 14% [12].
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Figure 5: Structure of the compounds [35,37,38] (Reprinted with permission from publisher) (a) I3~
trilodide 4-tert-butylpyridine (TBP) (b) Cobalt tris-bipyridine (c¢) Z316 an organic sensitizer (d) Organic
sensitizer Carbz-PAHTDTT

In previous studies, the novel porphyrin dye derivatives cosensitized with a Y123 dye obtained a
conversion efficiency of 12.3% [41]. Besides, TiO, surface remedy primarily based on various steel
oxides together with Al,O3, SiO,, ZnO, MgO and many others have been used to develop the compact
metallic oxide conformal layer with a view to decrease the charge recombination because of the back-
electron transfer [42]. DSSCs containing noncovalent liquid crystals display up to 5.8+0.2% power
conversion efficiency at 30°C and 0.9+0.1% at 120°C. In comparison, covalent type electrolytes solar
cells display a substantial rise in conversion efficiency to 2.4+0.1% at 120°C and demonstrate higher
efficiency at temperatures above 90°C to noncovalent type-based systems [43,44]. Denizalti et al., have
synthesized and characterized different samples of ionic liquids compounds. The synthesized butyl
replaced imidazolium iodine salt showed a 5.17% power conversion efficiency [45]. While, there may be
an extremely good enhancement inside the performance from 3.6% to 5.5%, which turned into in
addition progressed to 7.2% through surface passivation with compact metal oxide. Also, many
experiments have been performed to investigate the effects for the suppression of charge recombination
and development in the photovoltaic performance [46]. Although extraordinary progress has been made
in the direction of suited stable performance, however, there are many bottlenecks for the stability of
these devices at a large-scale production [47]. Even if, the particularly efficient DSSC use liquid
electrolyte it raises foremost technological challenges for huge scale commercial applications due to its
volatilization, leakage of solvent, corrosion of electrode and airtight sealing of the cell. These challenges
and their improvement strategies are discussed in detail in upcoming section in this paper.
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3.1.2 Solid Electrolyte Type DSSC

Over the last decade, the focus of research is on the solid-state electrolyte to replace the liquid
electrolytes. The major reason for replacement is ease of fabrication techniques, less hassle in the sealing
of the device, and opportunity for monolithic connection of the cells. Consequently, these all reasons
extend the overall performance and cost reduction of the DSSC device.

In one study, simulation of a solid-state dye-sensitized solar cell with the P3HT hole transport layer to
solve problems related to the use of liquid electrolyte was performed and results revealed that the
performance of solid-state turned into a decrease in efficiency than that of liquid electrolyte DSSC. This
reduction in power conversion efficiency is because of the increase in the rate of recombination carriers
[48]. Also, CsSnl; is another promising p-type semi-conductor hole transport material, with high hole
mobility, plentiful raw materials and low-cost processing. These electrolyte-based devices have an
efficiency of up to 10.2% [49]. Furthermore, the process of charge transport and recombination which
immediately regulate the photovoltaic properties of DSSCs. The energy conversion performance of the
Ag,Se based solid-state DSSCs is 5.89% [50]. Another research with the solid-state electrolyte on dye-
sensitized solar cells (DSSCs) was fabricated in 2018. The findings showed that, under 80 mW/cm?
irradiation, the conversion efficiency was 2.56%. Performance of solid-state electrolyte performance is
more robust than liquid electrolyte performance [51]. Furthermore, Chung et al. defined the first example
of a perovskite based DSSC. This led to an increase in collective efforts from numerous other groups as
well [52].

Overall, solid electrolytes have good stability, but the power conversion efficiency is decreased by weak
contact of the electrode, cell penetration and low ionic diffusion [53]. Nevertheless, the benefit of solid-state
DSSCs over other devices is obvious: fewer problems in the manufacturing of the device, simpler possibility
to manufacture monolithically interconnected devices, easier sealing and module encapsulation.

3.1.3 Quasi-Solid Electrolyte Type DSSC

The electrolytes are one of the key parts of DSSC devices, which could substantially alter the power
conversion efficiencies. Use of polymer electrolytes, also called Quasi-solid state, are introduced to
overcome the issues pertaining to the liquid and solid electrolyte based DSSC. These have good stability
and high ionic conductivity than liquid and solid electrolytes. This is because the polymer matrix which
could efficaciously lure the liquid solvent to prevent evaporation and, in the meantime, provide channels
to increase the rate of redox couples. These electrolytes based on permeable polymer membranes are
relatively favoured, that could trap a large amount of liquid electrolyte and have good contact and high
conductivity with the electrodes than the solid-state [47].

Kim et al., are the pioneer of synthesizing the PMMA copolymer-based porous membrane in the
polymer-based electrolyte in DSSC and attained an efficiency of 2.4% [54]. Similarly, researchers used
the polymer-based electrolyte in DSSC to achieve a power conversion efficiency of 9.48%, higher than
8.84% of the DSSC with the liquid electrolyte under the same conditions [55]. Furthermore in 2019, by
integrating the high-energy graded gel region with the dye-TiO, anode and low-energy region with the
Pt-Ni counter electrode, the quasi-solid-state DSSC achieved a conversion efficiency of 8.64% under one
sunlight [56]. Another research in 2019 discovered that quasi-solid state DSSC have high recombination
resistance and incident photon to current values, resulting in the high open-circuit voltage and the current
with an energy conversion performance of 12.23% is obtained under 200 lux illuminance [57]. By
integrating polyaniline nanotubes (PAniNT) into reduced graphene oxide aerogel (rGOA), Mohan et al.
successfully synthesized a PAniNT/rGOA aerogel or polymer-based on graphene. The designed resulted
in maximum efficiency of 5.47% [58]. The poly (3-decyl-1-vinyl imidazolium iodide) (PIL) and
polyindole were synthesized and combined with PMMA in a recent study in 2020. Devices manufactured
with this porous electrolyte exhibited a high conversion efficiency of 5.96% and improved stability [59].
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In another recent research in 2020, it has been concluded that the structural properties of polymers performs
an important role in the power conversion efficiency of quasi-solid state DSSC. Authors synthesized the
polymers gelators and resulted that the overall power conversion efficiency of Polymer gel based quasi-
solid state DSSC was 9.72% under AM 1.5G solar illuminance, comparable to 9.79% for liquid
electrolyte DSSCs. Further, long-term stability test under 1 sun solar illuminance and 50°C proved the
enhanced stability of polymer gel based quasi-solid state over liquid electrolyte DSSCs [60].

Overall, the power conversion efficiency of DSSCs produced with a certain polymer electrolyte was
found to be comparable to that of liquid electrolyte based solar cells. However, there are inherent
improved sealing advantages in these quasi-solid-state devices. They have lower ionic conductivity and
weak pore penetration in the mesoporous matrix as compared to the liquid counterpart [28]. Therefore,
for these systems, there is a deficiency of accurate long-term stability data available. However, the recent
growth of laboratories is likely to create further industrial research interests in the future.

3.2 Based on the Architectural Assembly

Improving the power conversion efficiency of DSSC is a crucial importance for the commercialization
of this inexpensive and environmentally friendly photovoltaic technology. One of the other widely agreed
approaches is to expand light utilization spectrum as the photon-to-current conversion responses. Over
the last few years, numerous works based on employing tandem systems as a new architectural assembly
to clear up the above-stated problem. These designs include [61]:

1. n-n Tandem DSSC
2. p-n Tandem DSSC
3. DSSC Tandem with other solar cells

This part of the study reports the working principle, the recent advancements in the n-n and p-n tandem
DSSC and tandem with other solar cells addressing their efficiency values and current status.

3.2.1 Working Principle

The photocathode comprises of a p-type semi-conductor and a dye attached as illustrated in Fig. 6a.
When the photoexcitation occurs, this dye injects a hole into the conduction band of the p-type semi-
conductor. It can also be considered as this hole results in an electron being injected to the dye from the
semi-conductor. When this charge transmittance is completed, a redox-active electrolyte neutralizes the
dye by oxidizing it back. Afterwards, this hole is transported to the external circuit via the mesoporous
network of the p-type semi-conductor. Then the typical counter electrode coated with catalytic material
(typically platinum) maintains the charge balance by oxidizing the reduced species in the electrolyte. In
comparison, upon the photoexcitation in the n-type DSSC as illustrated in Fig. 6b, the electron is injected
into the conduction band from the dye, which then transported to the external circuit via the mesoporous
network. Afterwards, the electrolyte reduces the dye and again the typical counter electrode coated with
catalytic material (typically platinum) reduces the electrolyte by charges at the working electrode.
Additionally, in the case of tandem structure, when both of the p and n-type are stacked together as
shown in Fig. 6¢c. As two systems are connected in series and if charge generation is balanced, the two
systems will create a higher Vo [62].
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(b)

Figure 6: Working principle of (a) p-type (b) n-type and (¢) tandem p-n type DSCC [62] (Reprinted with
permission from publisher)

3.2.2 n-n Type Tandem DSSC

In this type of device, two separate n-type semi-conductive electrodes, called ‘n-n tandem structured
DSSC’ connected in series in the tandem position that increases the device higher short-circuit
photocurrent density. Firstly, a tandem structure was developed by Wataru et al., a front cell made up of
N719 sensitized connected with black dye-sensitized bottom cell. He had the tandem DSSCs with PCE of
7.6% of tandem DSSCs in the first iteration, higher than each cell [63]. The tandem structure design
focused on two completed cells attained improved efficiency, depending on various mixtures of dyes,
more effective than near-infrared dyes being applied. Nelles et al. registered a total power conversion
efficiency of up to 10.5% [64]. A series-tandem DSSCs with optimized dye combination were stated by
Hironori Arakawa and collaborators. TiO, layer obtained the higher output of 1450 mV and 10.8 mA
cm 2 and 10.4% [65]. One more study in 2010, by optimizing the thickness of TiO, films in the separate
cells in terms of tandem DSSC output with different series or parallel contact modes. The integrated
parallel-linked tandem DSSCs resulted in the best power conversion efficiency of 10.6% [66]. Ma and
coworkers later documented a related tandem with a multilayered photoanode DSSC. The multilayered
photoanode structure increased the density of the photocurrent and the maximum efficiency of 11.05%
was attained [67].

Overall, the power conversion efficiency with these designs have been improved significantly in past but
there is no recent reporting’s made on these systems. However, future growth is likely to create more interests
in this area in future for higher performance.
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3.2.3 p-n Type Tandem DSSC

In this type of device, dye-sensitized p-type and n-type electrodes are connected in series to one another
which we refer as ‘p-n tandem structured DSSC’ that can generate a higher photovoltaic voltage. The
efficiency of this type of solar cells has been reported minimum because of the inefficient performance of
the p-DSSC. A major reason is that this type of structure cannot utilize the full spectrum of solar
radiations [68]. One of the innovative approaches was developed by Sobus et al. in 2014, to exploit the
energy emitted from the solar spectrum. They employed the semi-conductor of the n-type as TiO,, a
p-type dye-sensitized semi-conductor as NiO, and a redox mediator between them. The p-n-DSSC
designed shows improved conversion efficiency compared to n-DSSC [69]. Another benefit of serially
connected tandem solar cells is the increase in photovoltage in comparison to the individual n-DSSC and
p-DSSC, which results in an overall increase in efficiency. In recent years, p-DSSC research had been
targeted on developing new sensitizers and redox structures and the improvement can notably growth the
overall performance of the p-DSCs, frequently due to an increase inside the photovoltage [70]. Wei et al.
doped metal atom into active NiO layer in 2016 to boost the p-DSSC photovoltaic efficiency [71]. Ho
et al. implemented a simple technique of a compact NiO blocking layer into an active NiO photocathode
network of p-DSSC and p-n DSSC in 2018 and additionally from previous research in 2016 to improve
the power conversion efficiency. The designed p-n DSSC displays an improved photovoltage comparison
to n-DSSC, ensuing in the conversion efficiency of 1.486% overall. This increase can be further
enhanced to 1.913% by addition of an optimized NiO [72,73].

Overall, the efficiency with these designs have been improved significantly in past but again there are
very limited recent reporting’s made on these designs. However, the future growth of laboratories can create
more developments in the future in this area.

3.2.4 DSSC Tandem with other Solar Cells

Dye-sensitized solar cells (DSSCs) have progressed extensively during the last two decades but the total
conversion efficiency of solar to electric power is still not equivalent to other types of commercial solar cells.
Latest research trend towards improving conversion performance focuses on improving techniques for light-
harvesting mainly panchromatic engineering and different tandem approaches, i.e., DSSC tandem with other
solar cells. A few solar cells use tandem structures to enlarge the region of active absorption to a full solar
spectrum [74,75].

Integrated with other thin-film solar cells, tandem cells made of DSSC demonstrate much higher
performance. When these cells are either stacked using a mechanical or monolithic pattern, Top-cell
transparency and photovoltaic parameters perform a significant role in the overall power conversion
efficiency. A few studies recently showed a solid DSSC structure with comparable efficiency values [76].
Research on traditional repeated tandem structure with either a tunnel junction or terminal junction will
be successfully performed after the optimization of these structures [77]. Tandem assembly of DSSCs can
take maximum benefit from sunlight, appropriately expanding the cell absorption spectrum, resulting in
increased open-circuit voltage or short circuit current than conventional single light absorber DSSC.
Theoretical maximum output of these structures can reach the Schottky-Queisser limit of 33%. Thus, the
DSSC tandem design is seen as a viable way to enhance DSSC bottleneck efficiency [61]. The biggest
major division throughout all multi-junction solar cells is the interconnection of the sub-cells. Therefore,
several system architectures and connectivity schemes which can be used for solar tandem cells [78].
Tandem architecture of DSSC with other types of solar cells have demonstrated their capacity to increase
the power conversion efficiency. Numerous authors have calculated the efficiency of those tandem stacks.
A good overview of these results can be found in [79]. This section presents the DSSC tandem with other
CIGS and PSC addressing their efficiency values, limitations and current status.
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CGIS-DSSC Tandem Solar Cells

Copper indium gallium selenide (CIGS)-DSSC tandem architecture assembly is a very helpful technique
for increasing the efficiency of photoelectric conversion by optimizing the use of solar spectrum in individual
cells [77]. These tandem solar cells are manufactured using the optimized DSSC and CIGS, where DSSC is
used as the top cell and CIGS as the bottom cell. For the series connection, the positive DSSC electrode and
the negative CIGS electrode are connected by an electrical cable, which resulted in a tandem structure with
two terminal electrodes as illustrated in Fig. 7. This approach increases open-circuit voltage and ultimately
improves the conversion efficiency of DSSC [80].
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Figure 7: Structure assembly of CIGS-DSSC tandem solar cell [81] (Reprinted with permission from
publisher)

Accordingly, tandem structure by DSSC series connection with low bandgap p-n junction solar cells is
considered as one of the methods for improving output voltage. As DSSC are prepared as a semi-transparent
device, therefore tandem cells are built by positioning a DSSC as a top cell [82]. Liska et al. prepared the first
hybrid tandem cell that comprises DSSC as a top cell, and CIGS as a bottom cell. Both cells were stacked
mechanically on each other and connected electrically in series. Increase in voltage and power conversion
compared to single-junction solar cells were achieved. They fabricated a hybrid tandem cell consisting of
a DSSC cell as the top cell for high-energy photons and a thin film CIGS as the bottom cell for photons
with lower energy. The power conversion efficiency of up to 15% from a tandem solar cell was obtained.
However, the assembly of CIGS film on the DSSC is very complicated and the cost of the CIGS-DSSC
tandem cell is high [83]. In another study, a semi-transparent DSSC is constructed as a top cell and a
CIGS solar cell as a bottom cell, where the isolated DSSC and CIGS cells demonstrate the conversion
efficiency of 8.27% and 11.71%, respectively. The CIGS/DSSC tandem cell resulted in 12.35% improved
conversion efficiency with 14.1 mA/cm?® photocurrent density and 1.435 V open-circuit voltage [82]. A
CIGS-based tandem solar cell built with a DSSC sub-cell is very encouraging because gluing can easily
assemble single-junction sub-cells made on individual glass substrates [84]. The tandem architecture was
constructed particularly based on a solution process between organic DSSC and inorganic CIGS single-
junction solar cells. Solar cell performance was reached to 13%, which reflects substantial improvement
from individual single-joint solar cells which was 7.25% and 6.2% for DSSC and CIGS, respectively [81].

The corrosive iodide-based electrolyte is the main cause of DSSC/CIGS tandem cell instability. As such, a
cobalt-based complex redox electrolyte would be a good approach as a replacement, as it is much less corrosive
to single-cell DSSC metallic conductor [85,86]. In one test, the introduction of a [Co(bpy);]*/[Co(bpy)s]*"
redox pair and Y123 organic dye as sensitizer provided a highly stable DSSC/CIGS tandem solar cell.
They also added PEDOT: PSS as the counter electrode material to the bottom CIGS cell window layer of
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the Al-doped zinc oxide instead of the Pt catalyst layer which provides additional stability in the tandem cell
[84]. Moreover, to address the disadvantages of mechanical stacking architecture, Wenger et al. developed a
monolithic architecture of a TiO,/CIGS tandem cell. DSSC was directly combined with the CIGS cell
without any index matching liquid to reduce the loss of reflection and the absorption loss of free carriers.
Total conversion efficiency was registered at 12.2% [85].

Wang and his collaborators pursued the DSSC/CIGS mechanical stacking process as was used by Liska.
They use two different CIGS solar cells with an efficiency of 10.27% and 16.76% and stacked mechanically
with the DSSC of 7% efficiency in a separate experiment to form tandem cells. Their tandem efficiencies
were 10.46% and 12.45%, respectively. The authors noted that the in tandem assembly, top DSSC plays
an important role in the overall conversion efficiency because even with the higher performance of the
bottom CIGS, the tandem cell showed no any substantial improvement in the conversion efficiency [87].
Hao et al., reported an 8.31% overall efficiency hybrid amorphous silicon/DSSC tandem cell [88]. Ito and
his colleagues reported a tandem-structured solar cell with DSSC as the top cell and a GaAs/AlxGa(;x,
as the bottom cell. The Voc of the single cells GGC and DSSC were 1.11 V and 0.76 V, resulting in a
remarkable Voc of 1.85 V for the tandem cell, the efficiency of which was 7.63% [80].

PSC-DSSC Tandem Solar Cells

Remarkable performance and economical prices of perovskite solar cells (PSCs) have been the center of
the photovoltaic research field in recent years [89]. Inorganic-organic halogen perovskite has a higher
absorption coefficient relative to conventional dyes, which supports its use as a sensitizer in DSSCs. As a
sensitizer, nanocrystals from perovskite (CH3;NH;Pbl;) were first presented into DSSC in 2009 [90]. It
has become evident that perovskites can act as both hole and electron conductors, and also bulk solid
perovskite film can withstand charge formation and transport. However, the efficiency is not high due to
the instantaneous dissolution of perovskite in a liquid electrolyte [14,91,92]. Tandem heterojunction is a
novel strategy for improving the spectral response in NIR regions with long wavelengths. A perovskite
tandem solar cell can be formed in three different structures, depending on how the junctions between the
top and bottom cells are electrically coupled. The mechanically stacked solar cells are called a 4-terminal
(4 T) tandem, a monolithic tandem solar cell called a 2-terminal (2 T) tandem solar cell, and a tandem
solar cell with optical splitting as shown in Figs. 8a—8c, respectively.
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Figure 8: Structure assembly of (a) 4 T (b) 2 T and (c) Optical splitting PSC tandem cell [93] (Reprinted
with permission from publisher)
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Perovskite-based 4 T tandems with chalcogenide and crystalline silicon bottom cells reported
conversion efficiency up to 20.5% and 22.8% [94]. Further, the conversion efficiency of 26.4% has
recently been recorded for mechanically stacked perovskite-silicon solar cells in 4 T [95]. In monolithic
perovskite 2 T tandem solar cell, a very high PCE ~23.6% was obtained and the tandem device reported
stable performance [96]. Similarly, the optical splitting of tandem solar cells has a benefit over the other
two and increase of the efficiency value by almost 40% (relative) compared to a single cell junction is
observed [97].

Researchers achieved a state-of-the-art efficiency of over 23% in one study using perovskite with a
composition of CH3;NH;Pb(I 95Brg.05)3, With 18.3% from the PSC and the remainder contributing to heat
transfer using the thermo-electric module [98]. One other study in which the dye-sensitized solar cell
based on ruthenium is combined with a perovskite cell that harvests visible light obtained 21.5%
conversion efficiency using a spectral splitting system. A mechanically stacked tandem DSSC comprises
DX1 as the bottom cell NIR sensitizer and N719 as the top cell visible sensitizer has been stated to have
a PCE of 12% under reduced sunlight [30]. The use of a PSC as a visible-light-absorbing cell would
increase the conversion efficiency considerably. Panchromatic DX3-based DSSC ruthenium complex with
18.4% efficiency achieved 21.5% tandem conversion efficiency [99]. Researchers designed perovskite/
DSSCs tandem solar cells in one recent study. The organic thioindigo based dye (C;¢HgO,S,) and
N719 were applied as photosensitizers in the fabrication of dye-sensitized solar cells. They obtained an
8.77% and 10.54% performance tandem solar cell consisting of a top perovskite solar cell and dye-
sensitized solar cells based on the organic dye and N719 respectively for the bottom cell. A tandem
system with a top dye-sensitized solar cell and a bottom perovskite solar cell was manufactured for the
first time from the organic dye. As predicted, the photovoltaic properties of all devices increased since
Voe-tan 18 the addition of two V. of single DSSCs. The tandem solar cells demonstrated a high V., but in
a tandem configuration, photocurrent was limited by the Jsc value of DSSC bottom cell [100].

In recent years, remarkable attempts have been made to achieve a variety of tandem devices based on
perovskite by optimizing certain critical parameters, such as absorber material band gaps. Overall, it can be
concluded that the efficiency with these tandem structures has been improved significantly. However, future
research can result in more developments in the future in this area.

Overall, in this section comparison of different types of DSSCs based on the physical appearance and
architectural assembly is presented. This section can be summarized as: proper selection of electrolytes
greatly affects the performance of DSSC devices, and we found from the literature that the quasi-solid
and polymer gel-electrolyte, proves to be a better option because of good ionic conductivity and contact
with electrode resulting in enhanced photovoltaic performances. Also, it can be summarized that tandem
can achieve good performance because the performance for both individual cells could be optimized
separately.

4 Technical Challenges/Limitations and Improvement Strategies

From the above discussion pertaining to the review of various types based on physical appearance and
architectural assembly, this section sums up the technical limitation and their possible improvement remedies
in tabular form in Tab. 1.
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Table 1: Technical challenges and improvement remedies of different types of DSSC

DSSC device type Challenge/Limitation Improvement strategy

Liquid electrolyte 1. Leakage that reduces drastically the stability of the DSSC 1. Solid-state electrolytes have been developed for
devices. performance improvement, stability and mitigating the
leakage issues.

2. High evaporation rate and high volatility responsible for 2. Ionic liquids at room temperature have been employed to
photodegradation and dye desorption that also hampers the minimize this problem successfully.

long-term stability of the DSSC devices.

Solid electrolyte Poor contact between electrolyte and photoanode interface 1. By introducing a redox couple into the solid-state
results in low conductivity that reduces overall performance. electrolyte, the conversion efficiency can be improved that
acts as a transport medium.
2. The quasi solid-state electrolyte can create good contact
between the electrolyte and photoanode interface. Besides,
Quasi solid-state electrolytes due to its unique network
structure of polymers increased the electrical conductivity.

Quasi-solid The power conversion efficiency is less than the liquid Research in this area is on-going but overall, quasi solid-state

electrolyte electrolyte-based devices. electrolytes have come up as a potential option for
electrolytes because they possess characteristics of both
liquid as well as the solid-state electrolyte.

n-n type tandem Light absorption on the counter electrode tends to limit the In the limited number of research, which has been reported to
overall power conversion efficiency. date, this has only been achieved in 2009 and 2011 by
controlled desorption method interactions between each
other was prevented by various dyes. However, still, the
research in this area and DSSC tandem with other numerous
solar technologies is required, which could efficiently widen
the applications of the DSSC technology.

p-n type tandem Electrodes in a p-n DSSC must-have complementary In the limited number of examples of p-n DSSC which have
absorption range for expanding the light utilization spectrum been reported to date, this has not been achieved. However,
for photon-to-current conversion responses. the p-n tandem design focused on two complete cells attained

improved efficiency by various mixtures of dyes.

DSSC tandem with ~ PSCs and tandem configuration can still not be The research reported to date is still on-going for the

other solar cells commercialized due to its instability in the long term. This development of its long-term stability. However, tandem
issue is due to perovskite materials as it quickly degrades in design cells accomplished better stability by a various
the occurrence of moisture and decomposes at higher tandem configuration such as optical splitting technique.
temperatures.

5 Recent Trends in DSSCs

The dye sensitized solar cell (DSSC) have not yet grasped the power conversion efficiency higher than
15%, because this efficiency is apposite for the commercialization of DSSCs. The primitive work on dye-
sensitized solar cells was introduced by O’Regan and Gratzel in 1991 and in the last two decades the
research has grown rapidly and the device efficiency has been improved from 7% in 1991 to 14.2% in
2020 as illustrated in Fig. 2. Moreover, to increase overall performance of solar cells, tandem structure
are also widely being investigated. In the past decades, intensive research has been carried out on DSSC
and Tandem solar cells which has been reflected in terms of large number of publications. From 2010 to
2020, an estimated number of publications of 21,619 and 21,068 of “dye sensitized solar cell” and
4,321 and 3,720 of “tandem solar cells” have been published according to Web of science and Scopus
database, respectively as given in Figs. 9a and 9b.
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Figure 9: (a) Statistics of year wise number of publications using the key word “dye sensitized solar cells”
and “tandem solar cell” (Web of Science database). (b) Statistics of year wise number of publications using
the key word “dye sensitized solar cells” and “tandem solar cell” (Scopus database)

6 Conclusions

DSSCs are attractive because of low cost, colorfulness, flexibility and high efficiency in ambient light
and easy fabrication. In this review paper, an attempt has been made to present the comparison of different
articles published earlier, that gives the in-depth study of recent developments in different types the DSSCs
based on the physical appearance such as solid, liquid and quasi-solid and architectural assembly as n-n
tandem and p-n tandem. This review paper concludes that:

1. Appropriate selection of electrolytes greatly affects the performance of DSSC devices. Major
problem of liquid electrolyte DSSCs are sealing and leakage due to high volatile organic solvent
present in liquid electrolytes. Solid state electrolytes have poor ionic conductivity and bad contact
with electrode limit photovoltaic performance. Issues pertaining to the electrolytes are high
evaporation rate under the solar radiations. Changes in temperature affect the stability and cause
leakage from the DSSCs. Moreover, due to the limited gap between the counter electrode and
photoanode, the integration of electrolyte inside the DSSCs is another major issue. To overcome
these issues, the proper selection of materials for electrolyte is important for the overall
performance of DSSC. Therefore, we found in this research from the literature that combination
of solid and liquid-type electrolyte, known as the quasi-solid electrolyte, proves to be a better
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option to mitigate these issues. Also, to overcome these problems, polymer gel electrolytes based
quasi solid state-DSSCs are attractive because polymer based electrolytes have moderate ionic
conductivity and contact with electrode resulting comparable photovoltaic performances.

2. It is important that the tandem structure with two tandem cells positioned can achieve good
performance because the performance for both individual cells could be optimized separately.
Both n-n and n-p tandem designs of DSSC aim to improve the solar cell performance. Then-n
tandem structured DSSCs can be more efficient than single DSSC. Whereas the n-p tandem
structured DSSCs seem to lag much behind but the progress is still needed to increase overall
performance. Its further improvement relies on the development of new dyes which could utilize
the more solar light spectrum. It can be anticipated that costs needed to fabricate p-n tandem
structured DSSCs are less than the single n-type DSSC which makes this technology an
economically viable option for the future.

3. The combination of DSSC devices with CGIS and PSC in the tandem configuration is a new
approach for better performance of DSSCs. Tandem devices show greater efficiency than
individual devices due to an expansion of the sunlight spectrum. PSC tandem configuration
proves to be the best solution for water splitting and other applications.

7 Future Recommendations

DSSCs can be used as in various applications because of easy fabrication and cost-effectiveness.
However, for the commercialization, research is needed to improve the stability and overall performance
of the device. In this review paper, an attempt has been made to highlight the recent developments in
different types the DSSCs and issues pertaining to the stability and performance. Based on the issues, this
review paper recommends that:

1. Itis to be recommended that for the better stability of the device, research on the combination of solid
and liquid-type electrolyte i.e., quasi-solid and polymer gel electrolytes is needed.

2. It is recommended that research in tandem DSSC with other solar technologies is required, which
could efficiently widen the applications and cost-effectiveness of the DSSC technology.
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