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Abstract

Perovskite solar cells (PSCs) offer unique advantage of enabling lightweight and flexible power sources compared to the
commercially available rigid wafer-based silicon solar cells, while their power conversion efficiencies are now nearly compa-
rable. To ensure high performance, flexibility and lightweight characteristics in flexible perovskite solar cells and modules,
it is essential to develop electrodes that are highly conductive, highly transparent, flexible and thin. In this review, we first
highlight important technical metric, figure of merits (FoM), that reflects not only the optical and electrical properties of the
transparent electrodes but also their mechanical flexibility. Then, we review recent advancements in transparent conductive
electrodes for flexible perovskite solar cells, focusing on various materials and designs including conducting polymers, metal
nanowires and meshes, carbon-based nanomaterials, transparent conducting oxides and other novel materials. Lastly, we

discuss the challenges and future prospects toward commercialization of flexible perovskite solar modules.

Keywords Perovskite solar cells - Flexible transparent conducting electrodes - Flexible optoelectronics - TCE design

principle - Mechanical reliability

Introduction

Hybrid organic—inorganic halide perovskites based solar
cells (PSC) have garnered significant attention in the field of
photovoltaics due to their remarkable power conversion effi-
ciencies (PCE) and cost-effective production processes [1].
The unique optoelectronic properties of perovskite materials,
which include high absorption coefficients [1], tunable band-
gaps [2], and long carrier diffusion lengths [3, 4], have ena-
bled PSCs to achieve astonishing efficiencies exceeding 26%
in a relatively short period since their inception [5]. Unlike
traditional silicon-based solar cells, perovskites can be pro-
cessed from solution at low temperatures [6—8], allowing
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more economic and versatile manufacturing techniques [9].
The advantage of high performance and economic produc-
tion positions PSCs as one of the most promising candidates
for next-generation solar energy harvesting technologies.
With the rising demand for portable, wearable, light-
weight, and multi-purpose electronic devices grows, the
necessity for flexible energy sources has become increas-
ingly important. Flexible lightweight perovskite solar cells
(f-PSCs) address this need by combining the superior opto-
electronic properties of the perovskite materials with the
mechanical flexibility required for integration into various
lightweight thin substrates. This represents a significant
advantage over commercially available rigid and relatively
heavier silicon solar cells. Several key factors suggest that
flexible and lightweight solar cell would be the ideal dis-
tinctive application of PSCs: the total device thickness of
only 1 pm excluding the substrate, perovskite photoactive
layers are compatible with flexible substrates due to their
low process temperatures [6], they are suitable for solution-
processed roll-to-roll (R2R) manufacturing [10, 11], and
they offer the highest power-per-weight ratio among all
existing solar cell technologies [12]. Recent advancements
have enabled f-PSC to achieve PCE comparable to their
rigid counterparts, with values reaching 25.09% (certified
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24.90%) [13]. Additionally, they have demonstrated superior
mechanical durability and flexibility, even with foldable and
crumpled flexibility [14, 15]. Previous research has shown
applications of f-PSCs as wearable power sources [16, 17],
in drones [12], small aerial vehicles [18] and other devices.
The ability to install lightweight f-PSCs on curved surfaces,
where conventional rigid solar cells are unsuitable, opens up
new possibilities for installation in diverse areas including
buildings, aerial vehicles, space power sources, and portable
power sources [19-25]. This significantly increase overall
the portion of renewable energy production and bring us
closer to achieving carbon neutrality.

The core device component when transforming rigid
PSCs (r-PSCs) into f-PSCs is the transparent conducting
electrodes (TCEs). Replacing rigid TCEs (r-TCEs) with flex-
ible TCEs (f-TCEs) requires more than simply switching
from a rigid substrate (e.g. glass) to a flexible substrate. The
polymer-based substrates typically used in f-TCEs impose
limitations on heat treatment temperatures, which can alter
the properties of indium-tin-oxide (ITO) coated on the flex-
ible substrates. Additionally, different process conditions
must be applied when coating functional layers, including
perovskite layer, on top of f-TCEs compared to fabricating
rigid perovskite solar cells (r-PSCs). This is due to different
physical properties of flexible substrates, such as thermal
conductivity and the coefficient of thermal expansion (CTE).
Meanwhile, traditional transparent conducting oxide (TCO)-
based TCEs used in r-PSCs are highly inflexible, necessi-
tating the use of alternative materials for f-TCEs [17, 26].
Various types of f-TCEs have been successfully fabricated
and applied to f-PSCs using novel nanomaterials such as
conductive polymers [28-30], metal nanowires and meshes
[31-36], graphene [37—40], or emerging nanomaterials [41].
The mechanical and optoelectronic properties of f-TCEs
vary significantly depending on the transparent electrode
material [42], and numerous considerations must be taken
into account during device fabrication with these materials.
Understanding the properties and fabrication techniques of
these materials is essential, especially since the architecture
and structure of the f-TCEs can also impact the performance
of f-PSCs [43, 44]. Therefore, comprehending the materials,
structures, and fabrication methods of transparent electrodes
is crucial.

In this review, we review recent developments of f-TCE
substrates, highlighting the properties of f-TCEs based on dif-
ferent materials, examples of their application in f-PSCs, and
the standards and engineering perspectives on the key per-
formance metrics of f-TCEs. To achieve high performance,
flexibility, and lightweight characteristics, the requirements
for sheet resistance (Rg), optical transmittance, and power-
per-weight ratio of the final f-PSC product are discussed. We
outline the evolution of the FoM as a key indicator of the opto-
electronic performance of {-TCEs, along with the mechanical
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engineering considerations necessary to ensure the flexibility
and mechanical durability of f-PSCs. In addition, we cover
fundamental principles and characteristics of conductive poly-
mers, metal nanowires and meshes, carbon allotropes, TCOs,
and emerging novel nanomaterials, as well as important con-
siderations when applying these materials to PSCs. Several
key examples are highlighted, with a particular emphasis on
the material suitability for fabricating large-area perovskite
solar modules (PSMs), which is essential for commerciali-
zation. Finally, we address the challenges that f-TCEs must
overcome to facilitate the commercialization of f-PSCs.

Performance of f-TCEs
Optoelectronic Performance of f-TCEs

TCEs are essential components in various optoelectronic
devices, including photovoltaics. Their performance is typi-
cally evaluated using a FoM that balances two critical physical
properties: optical transmittance and sheet resistance of TCEs.
Various FoMs have been proposed to quantify the balance
between these two critical properties. Here, we briefly review
key FoMs, providing a mathematical framework and compara-
tive analysis to understand their application and limitations.
Fraser and Cook (1972) defined a FoM as

T
¢FC - R_Ss
where T and Rg denote optical transmittance and sheet
resistance, respectively [46]. This FoM is the simplest form,
directly relating the two properties of TCE. It suggests that
higher transmittance and lower sheet resistance yield a better
TCE. Haacke (1976) modified the FoM to

Tl()

by = R
placing a stronger emphasis on transmittance, making it
more suitable for applications requiring high optical trans-
parency [47]. In 2002, Dressel and Griiner [48] proposed a
dimensionless FoM based on the ratio of direct current (DC)
conductivity (opc) to optical conductivity (6gp):

Opc

$bpe = ——
Oop

The T and optical conductivity are related as:

-2
oop - Ly
T=|1+ —— s

where Z is the impedance of free space (377 2). The DC
conductivity and sheet resistance are related by:
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Substituting these into the FoM equation yields:

188.5-T
R

s

bpc =

This FoM emphasizes the balance between electrical
and optical properties but can overestimate the value of
low Rg when T is low. Gamboa et al. [49] adopted

b= o

c = R,
where Jpy is the photocurrent density calculated consider-
ing the entire spectral range. This approach accounts for the
actual photovoltaic performance rather than a single wave-
length transmittance. Contreras et al. [5S0] used

T
¢TC = ﬁ’
s

where n is incorporated as an adjustable exponent to fine-
tune the balance between transmittance and sheet resistance.

Anand et al., (2021) [45] introduced the so-called exact
FoM, which is expressed as below:

¢ _ Pmax(T’ Rs)
T 5
e Pideal
where P, (T, Rg) is the maximum power output consid-

ering transmittance and sheet resistance, and P, is the
ideal maximum power output based on the Shockley—Queis-
ser limit. This FoM normalizes the TCE’s performance by
comparing it to the ideal photovoltaic performance when
using a TCE with measured transmittance. Thus it provides
a comprehensive measure that includes the effects of both
optical transmittance and sheet resistance over the full spec-
tral range.

The choice of FoM significantly impacts the assessment
of TCEs. Traditional FoMs, such as those proposed by Fraser
and Cook or Haacke, are simpler but may not fully capture
the performance required for modern applications. Advanced
FoMs, especially the exact FoM introduced by Anand et al.,
provide a more accurate and application-specific evaluation
by considering the complete spectral performance and pho-
tovoltaic efficiency. Anand et al. assessed the effectiveness
of different FoMs by simulating hypothetical TCEs with
varying transmittances from 10 to 100% and sheet resist-
ances from 0.1 to 10,000 Q-sq~! (Fig. 1). The contour plots
highlight that traditional FoMs exhibit a strong dependency
on sheet resistance (Fig. 1 A—C), while advanced FoMs like
those proposed by Gamboa and Contreras show a more bal-
anced impact (Fig. 1 D-F).

Mechanical performance of f-TCEs

Another critical performance aspect of f-TCEs is their
flexibility. To design and fabricate f-TCEs and f-PSCs
with high flexibility, a mechanical engineering approach
is required. Regarding the extent to which they can bend,
it is essential to understand the strain applied to each layer
in a multilayer thin film. The strain on a layer located at
position z in a multilayer thin film with »n layers, bent with
aradius of curvature r, is given by the following equation:
-,

£ b
r

where #, is the position of mechanical neutral plane, which
is described as below:

n . n h;
= Eh| (S ) - 4]

tb = p— s
2 E.h;

i=1"i"%

where E; and h; (or h;) represent the elastic moduli and thick-
ness of each layer of the substrate, respectively.

For instance, considering that the crack onset strain for
ITO, where cracks start to form, is approximately 1.19%
[51], it can be deduced that an ITO f-TCE placed on a
125 pm-thick PEN substrate can only be bent to a minimal
radius of curvature of around 10 mm. It is noteworthy that
the existence of a mechanical neutral plane in a multilayer
thin film under bending conditions where the strain is zero.
By intentionally positioning the key functional layers of a
perovskite solar cell at the vicinity of mechanical neutral
plane, the mechanical stability of the devices can be sig-
nificantly enhanced.

In terms of bending capability, the concept of flexural
rigidity is crucial. Flexural rigidity refers to the mate-
rial’s resistance to external stress attempting to bend it.
The lower the flexural rigidity, the more easily the material
bends under external stress, allowing it to conform more
closely to the surface it is placed on. The flexural rigidity
is particularly important for wearable electronics, and is
expressed as below [52]:

EP
D=——"F"——,
12(1 - ?)

where D is the flexural rigidity, E is the elastic modulus, ¢ is
the thickness, and v is the Poisson’s ratio.

From a device fabrication perspective, another mechan-
ical engineering factor to consider is residual stress. Dur-
ing the fabrication of multilayer devices, thermal treat-
ment is often involved, which inevitably results in residual
stress due to the difference in CTEs. The extent of bending
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Fig.1 Comparison of FoM of TCE for photovoltaic applications. Exact FoM introduced by Anand et al. [45] covers the largest range of trans-
mittance and sheet resistance. Reproduced with permission from [45]. Copyright 2021, John Wiley and Sons

caused by residual stress when a film (f) is formed on a
substrate (s) can be expressed by the Stoney equation:

Ep
6(1—v;)ophy”

r =
where & is the film thickness, o is the residual stress. A
larger value of r indicates a flatter film; thus, maximizing
r is crucial.

Taking the above equation of flexural rigidity into account,
using materials with a smaller thickness and lower elastic
modulus is beneficial for enhancing mechanical flexibility in
the fabrication of f-TCEs. However, smaller values of these
parameters can increase deformation due to residual stress.

@ Springer

Therefore, it is imperative to design and fabricate the device
with a comprehensive consideration of all these factors.

The mechanical robustness of f-PSCs is typically demon-
strated by their ability to retain their initial PCE after numer-
ous bending cycles. The key test parameters are the radius of
curvature and the bending cycles, sometimes bending angle
and direction are taken into account.
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f-TCEs for f-PSCs Depending on Materials
Type

Conducting Polymers

Conductive polymers have been considered as promis-
ing TCE materials due to their excellent flexibility, while
presenting decent optoelectronic properties. The most
representative conducting polymer-based TCE material
is PEDOT-based compounds. Among them, Poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonic acid)
(PEDOT:PSS), in particular, has been widely used in vari-
ous devices such as PSCs, organic photovoltaics (OPVs),

L

8

Hard layer ——

Hard layer

organic light emitting diodes (OLEDs), and photodetectors
due to its superior optoelectronic properties and flexibility.

One of the primary challenges with using PEDOT:PSS
in PSCs is its chemical stability. The acidic nature of PSS
decomposes the perovskite layer when PSS and perovskite
layers are in contact. Therefore, developing techniques
to prevent the acidic PSS from contacting the perovskite
layer is essential when utilizing PEDOT:PSS in PSCs. For
instance, some studies have used a compact NiO, layer as
a hole transport layer (HTL) [53], or deposited a thin-film
like LiF layer between perovskite and PEDOT:PSS [54] to
prevent the direct contact between PSS and the perovskite
layer and ensure stable device operation (Fig. 2A). How-
ever, even with these buffer layers, there have been reports of
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Fig.2 Conductive polymer-based f-TCEs for PSCs. A Direct con-
tact between perovskite photoactive layer and acidic PEDOT:PSS
has been prevented using LiF interlayer. Reproduced with permis-
sion from [54]. Copyright 2020, Elsevier. B Acidic PSS chain has
been replaced by neutral EVA to prevent decomposition of perovs-

kite layer. Reproduced with permission from [56] Copyright 2020,
Springer Nature. C PSCs using highly-conductive PEDOT:PSS-Au
mesh hybrid f-TCE with neutral plane engineering show crumpling-
durable flexibility. Reproduced with permission from [15]. Copyright
2019, The Royal Society of Chemistry
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perovskite layer degradation when using PEDOT:PSS [55].
This issue is exacerbated under mechanical deformation of
f-PSCs, suggesting that buffer layers may not provide a fun-
damental solution.

An alternative approach to using buffer layers is to
replace the PSS with a material that does not degrade the
perovskite. Meng et al., for example, replaced the PSS with
ethylenevinylacetate (EVA) in the PEDOT:PSS used as a
HTL in f-PSCs (Fig. 2B) [56]. EVA, being neutral in pH,
did not degrade the perovskite layer upon direct contact and
even enhanced hydrophobicity compared to PSS, promoting
larger grain growth in the perovskite crystals. Consequently,
f-PSCs fabricated with PEDOT:EVA achieved a higher PCE
of 19.87%, excellent mechanical durability (retaining 85%
of initial efficiency after 7,000 cycles of bending tests with
a 3 mm radius of curvature), and high chemical stability
(retaining 85% of the original efficiency after 3000 h of
storage).

Another significant challenge for conductive polymer-
based TCE:s is their high sheet resistance. For the commer-
cialization of PSCs, large-area scalability is crucial, neces-
sitating TCEs with low sheet resistance as well as having
high FoM [57]. Pristine PEDOT:PSS exhibits relatively high
sheet resistance, ranging from 200 to 1000 Q-sq~" approxi-
mately [58]. With such sheet resistance, perovskite solar
cell modules with subcell widths of 5 mm would experi-
ence about a resistive power loss of 40%. In various field of
optoelectronics, numerous studies have focused on reducing
the sheet resistance of PEDOT:PSS. Various types of materi-
als including organic solvents such as ethyleneglycol (EG)
and dimethylsulfoxide (DMSO) [59-61], acidic dopants
[62—64], and ionic liquids [65, 66] have been applied, result-
ing in extremely high conductivity of 5012 S-cm™! [60]. Lee
et al. [15] developed a hybrid flexible TCE by introducing
an Au mesh into PEDOT:PSS (Fig. 2C). The incorporation
of the Au mesh significantly reduced the sheet resistance
with negligible loss in transmittance, resulting in f-PSCs
based on PEDOT:PSS/Au-mesh with a PCE of 17.03% for
a 0.0780 cm?>-sized device and 13.6% for a 1.2 cm*-sized
device. Notably, combining high conductivity from Au
mesh and high flexibility from PEDOT:PSS, these devices
maintained their efficiency after 10,000 bending cycles at a
0.5 mm radius of curvature and retained over 88% of their
initial efficiency after 100 crumpling cycles, showcasing
excellent mechanical durability, which was accompanied
with mechanical neutral plane engineering using protective
parylene-C capping layer.

Despite some studies demonstrating PEDOT:PSS based
f-TCEs with excellent FoM and very low sheet resistance
[59, 64, 65], there are few instances where these f-TCEs
have been used to fabricate high-efficiency large-area PSMs.
The fabrication of PSMs typically involves laser process-
ing; however, conductive polymers are reported to degrade
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due to heat generated during this process, owing to their
low thermal stability. Consequently, high-efficiency PSMs
based on PEDOT:PSS have primarily employed mechanical
or chemical etching methods rather than laser processing,
indicating the need for additional research to address these
challenges [53, 56].

Metal Nanowires (nanowires) and Meshes

To harness the high conductivity of metals while maintain-
ing optical transparency, metal nanowires and metal mesh
structures can be employed as transparent electrodes. These
metal meshes and nanowires not only exhibit excellent opto-
electronic properties but also provide high mechanical dura-
bility due to the ductile nature of metals. With the appropri-
ate materials and fabrication processes, high-performance
f-TCEs can be fabricated at a very low cost. For instance,
Song et al. demonstrated highly conductive (Rg~7.9 Qsq.7h
and transparent (300-900 nm average transmittance ~ 85%)
Ag-mesh based f-TCEs via self-assembled bubble template
technique [36] (Fig. 3A), and even higher conductivity
(Rg~0.2-0.5 Q-sq.”!) and transmittance (~ 85%-87%) has
been demonstrated with Ni-mesh-based f-TCE fabricated
through simple and cost-effective nanoimprinting method
[34] (Fig. 3B).

Metal nanowires and meshes share similar character-
istics and performance as electrodes but differ in several
key aspects. One significant difference is that metal meshes
offer more design flexibility. Parameters such as mesh
width, spacing, shape, and thickness can be adjusted to engi-
neer the optoelectronic properties, which allows for more
ordered and controlled fabrication. Unlike metal nanowires,
metal meshes can be made thicker through various fabri-
cation methods. Increasing the thickness of the mesh can
significantly reduce sheet resistance without substantially
affecting light transmission, thereby enhancing the FoM of
f-TCEs. For example, Galagan et al. systematically studied
the effect of mesh thickness on optoelectronic property of
inkjet-printed Ag grid TCEs by controlling the processing
parameters, revealing the beneficial aspect of higher thick-
ness of metal meshes [67] (Fig. 3C).

However, there are limitations to increasing the height
of the mesh. PSCs are typically fabricated by coating
functional layers onto TCEs, and incorporating high-
aspect-ratio metal meshes into TCEs can lead to sig-
nificant surface roughness, preventing uniform coating
of the perovskite and charge transport layers (CTL). To
address this issue, a technique has been developed to
embed metal meshes within the substrate, effectively flat-
tening the surface of f-TCEs. For instances, 40-nm-thick
Ni meshes were successfully embedded in polyethylene
terephthalate (PET) substrate [34, 36], and even thicker
Ag meshes of 600 [35] and 700 nm [68] were embedded in
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Fig.3 Metal mesh and NW based f-TCEs for PSCs. f-TCEs and
f-PSCs using metal meshes produced with cost-effective fabrica-
tion processes such as A nanoimprinting and B template methods. A
Reproduced with permission from [36]. Copyright 2021, Elsevier. B
Reproduced with permission from [34]. Copyright 2020, John Wiley
and Sons. C Effect of height of metal meshes on performance of

ultraviolet (UV)-curable resin attached to PET substrates
(Fig. 3C). This produced remarkable optoelectronic prop-
erties (Rg~0.2-0.5 Q-sq.”" and T~ 85%-87% for Ni mesh,
Rg~7.05 and 1.67 Q-sq.”" and T~87.2% and 88.6% for
600- and 700 nm-thick Ag mesh, respectively). Kim et al.
systematically compared the effects of embedded and non-
embedded (embossed) Au meshes on PCE and mechanical
durability of f-PSCs against bending [14]. Embedding the
metal mesh significantly reduced non-radiative recombi-
nation due to incomplete coating and improved mechani-
cal durability by eliminating structures that induces stress
concentration on the perovskite layer (Fig. 3D). Combin-
ing advantages of embedding metal meshes within sub-
strate mentioned above and the fact that embedding mesh
also has potential to produce extremely conductive f-TCEs
by further increasing the embedded mesh thickness,

TCEs and solar cells. Reproduced with permission from [67]. Cop-
yright 2012, Elsevier. D Comparison of influence of embedded and
non-embedded (embossed) metal mesh on photovoltaic and mechani-
cal performance of f-PSCs. Reproduced with permission from [14].
Copyright 2022, John Wiley and Sons

embedded-mesh type f-TCEs are among the most promis-
ing forms of f-TCEs.

Meanwhile, neither metal nanowires nor meshes can be
solely used as f-TCEs for perovskite solar cells. Non-noble
metals used in these structures such as Ag, Cu, and Ni can
react with the perovskite material, adversely affecting the
performance and stability of the solar cells. Additionally,
most materials used as CTLs in perovskite solar cells often
exhibit low conductivity, which hinders efficient lateral
charge transport and charge collection at the mesh or nanow-
ire electrodes. Therefore, other transparent electrode materi-
als such as conducting polymers, graphene, and TCOs are
often used as buffer layers in conjunction with metal nanow-
ires or meshes, forming hybrid-material type f-TCEs. Most
of the previous works cited above adopt buffer electrode
materials, with only a few exceptions [31, 69, 70].
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Carbon-Based Materials

Carbon allotrope-based transparent electrodes represent
another promising class of f-TCE materials. Notably, gra-
phene and carbon nanotubes (CNTs) exhibit exceptional
optical transparency and conductivity, making them attrac-
tive candidates for transparent electrodes. Graphene, for
instance, can theoretically achieve a conductivity of 10°
S-cm™! and single-layer graphene (SLG) can have an optical
transparency of over 95% [71, 72]. CNTs can theoretically
reach conductivities of 10*~10° S-cm™! with over 90% trans-
parency [71, 73]. Moreover, graphene boasts a theoretical
tensile strength of up to 1 TPa [74], while CNTs can exceed
100 GPa [75], making both materials highly suitable for flex-
ible transparent electrodes.

High-quality graphene can be obtained through chemical
vapor deposition (CVD) on metal thin films, typically Ni or
Cu, and its optoelectronic and mechanical properties can
be adjusted based on the number of graphene layers. CNTs
are classified into single-walled (SWNT), double-walled
(DWNT), and multi-walled (MWNT) types, depending on
the number of concentric tubes, with SWNTs and DWNTs
commonly used as transparent electrodes. Additionally,
CNTs can be metallic, semiconducting, or insulating based
on their chirality.

Despite of their theoretically excellent electrical con-
ductivities, the actual conductivities of fabricated graphene
and CNTs fall significantly short of these theoretical values.
CVD-grown graphene contains numerous grain boundaries
that degrade its electrical properties, and it is nearly impos-
sible to selectively produce only metallic CNTs. As a result,

the reported sheet resistances for graphene and CNTs range
from tens to hundreds of ©Q-sq.”!. Another issue related to
graphene and CNT based f-TCEs is that as graphene and
CNTs are primarily fabricated through CVD processes on
specific substrates. To produce f-TCEs with these materials,
it is crucial to develop transfer techniques that do not dam-
age the graphene and CNTs while transferring them onto
flexible substrates. Furthermore, since graphene and CNTs
are hydrophobic, surface modification might be necessary
to coat some functional layers in PSCs.

Jeon et al. utilized chemical doping methods to increase
the conductivity of CNTs. By applying HNO; to enhance the
conductivity of SWNTs, they reduced the sheet resistance
from 208.2 to 23.7 Q-sq._1 (Fig. 4A) [76]. Additionally, to
improve the conductivity of solution-processable DWNTs,
they applied trifluoromethanesulfonic (TFMS) acid, reduc-
ing the sheet resistance by 42.1% (Fig. 4B) [77]. Using the
doped SWNTs and DWNTs, they fabricated PSCs with effi-
ciencies of 15.3% and 17.2%, respectively. Meanwhile, the
Im group used AuCl; as a dopant for graphene to increase
adhesion and used a 3-aminopropyl triethoxysilane (APTES)
interlayer to reduce the sheet resistance, resulting in f-PSCs
with a high efficiency of 17.9% [78] (Fig. 4C).

Jeon group adopted an embedding transfer method on
colorless-polyimide (cPI) and parylene-C substrates for
SWNTs and DWNTs, respectively (Fig. 5A, B) [55, 79].
This method produced ultra-thin f-TCEs with thicknesses
within 10 pm without damaging the CNTs and provided
additional benefits, such as reducing the sheet resistance of
SWNTs and removing surface impurities from DWNTs. As a
result, they fabricated f-PSCs with very high PCEs of 15.2%
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Fig.5 Transfer techniques to fabricated CNT based f-TCEs where
(A) SWNT is embedded in cPI substrate and (B) DWNT is embedded
in CVD-processed parylene-C substate. A Reproduced with permis-
sion from [79]. Copyright 2021, John Wiley and Sons. C Direct com-
parison between SWNT and graphene as f-TCE materials for PSCs.

and 18.1% using SWNT/cPI and DWNT/parylene-C f-TCEs,
respectively. In the case of graphene, transfer is typically
performed using polymethylmethacrylate (PMMA), and it
can also be utilized as a transparent electrode in superstrate-
type f-PSCs through transfer methods using PDMS [80].

For surface modification, Yoon et al. successfully coated
hydrophilic PEDOT:PSS HTL on the hydrophobic graphene
surface by depositing MoO,, which acted as both a surface
modification agent and chemical dopant [39]. Xu et al. cre-
ated active sites on the graphene surface by applying eth-
ylene glycol (EG), enabling the successful formation of an
ALD-ZnO ETL on graphene. This modification led to a per-
formance enhancement by 133.9% compared to that of PSCs
using non-EG treated graphene [40].

It is noteworthy that Jeon et al. directly compared gra-
phene and CNTs as transparent electrodes for f-PSCs
(Fig. 5C) [81]. Graphene f-TCE-based PSCs demonstrated
higher PCE due to superior surface morphology and higher
transparency, resulting in higher open-circuit voltage (V)

P3 area

‘i,

Reprinted with permission from [81]. Copyright 2017, American
Chemical Society. D Laser scribing process on DWNT-based PSM.
Thermally stable DWNT electrodes remained intact even after harsh
P3 laser scribing. B, D Reproduced with permission from [55]. Copy-
right 2024, John Wiley and Sons

and short-circuit current density (Jgc). However, CNTs
exhibited superior mechanical durability. The study sug-
gested that CNTs could be more commercially viable than
graphene if combined with effective doping strategies and
coating techniques to control surface roughness.

Studies have explored the fabrication of PSMs using
carbon-based f-TCEs. Kim et al. fabricated PSCs using
solution-processed DWNT f-TCEs and further developed
PSMs using laser scribing (Fig. 5D) [55]. Despite the high
sheet resistance of DWNTs (~280 Q-sq._l), which resulted
in a low PCE of approximately 3.3%, the DWNT-based
modules were operational. In contrast, PSMs made with
PEDOT:PSS {-TCEs failed to operate due to the vaporiza-
tion of PEDOT:PSS during the P3 laser scribing process,
which disrupted the subcell connections. DWNTs demon-
strated higher thermal stability than PEDOT:PSS, withstand-
ing the produced heat during the process without vaporizing
(Fig. 5D). This thermal stability suggests that carbon-based
transparent electrodes can be more suitable for f-PSC
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commercialization, given their comparable optoelectronic
and mechanical properties to conductive polymer-based
transparent electrodes. However, the high production costs
of graphene and CNTs due to current fabrication methods
remain a significant barrier. Future advancements should
focus on developing cost-effective techniques for producing
graphene and CNT-based f-TCEs to enhance their commer-
cial viability.

Transparent Conducting Oxides

Transparent conducting oxides are the fundamental trans-
parent electrodes for perovskite solar cells and have been
primarily used to fabricate high-efficiency PSCs due to
their superior optoelectronic properties. Consequently,
TCO-based f-TCEs have also been utilized to achieve
the highest performance in flexible perovskite solar cells
(f-PSCs). The most representative TCO materials include
ITO, indium-doped zinc oxide (IZO), and aluminium-
doped zinc oxide (AZO), which have been frequently used
as transparent electrodes for f-PSCs due to their excellent
optoelectronic properties and high flexibility [82]. Record
efficiencies have been achieved using TCO-based f-TCEs.
Two most popular strategies for achieving high-efficiency
f-PSCs are developing efficient charge transport layers
with an improved interface quality with perovskite layer
[13, 83-85], and incorporating additives that simultane-
ously enhance efficiency and mechanical characteristics
[86—89], which is outside of scope of this review. In PSM
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Fig.6 TCO based f-TCE for PSCs achieving both high efficiency and
excellent mechanical flexibility. A Mechanically-engineered ultrathin
ITO f-TCE PSCs and PSMs possessing high efficiency, foldable-
flexibility, and lightweight feature. Reproduced with permission from
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fabrication, TCOs are also the best option in obtaining
highest efficiency, enabling the production of a flexible
PSM with an efficiency of 18.71% with a device area of
36.50 cm” [85].

Although TCOs are the optimal choice in terms of solar
cell performance, their major drawback is their low flex-
ibility. TCOs are inherently brittle, and since their thin-film
forms are typically deposited via sputtering technique, often
requiring substrates thicker than 100 pm to withstand the
residual stress caused by heat generated during the process.
This makes achieving high flexibility very challenging.
Therefore, it is crucial to utilize the excellent optoelectronic
properties of TCOs while ensuring high flexibility.

Kim et al. developed a mechanically engineered ITO-
based f-TCE that maintains high flexibility while lev-
eraging the superior optoelectronic properties of TCOs
(Fig. 6A) [14]. To drastically reduce the stress applied to
ITO, they introduced an ultrathin (~ 10 um) substrate and
further incorporated AlO, with a high elastic modulus into
the substrate. This approach minimized the warping of the
substrate caused by the processing heat during ITO sputter-
ing. Consequently, they developed an f-TCE with superior
optoelectronic properties compared to commercial ITO-
based f-TCEs, maintaining conductivity even after 10,000
bending cycles at a radius of curvature of 0.5 mm. Based
on this f-TCE, they fabricated highly flexible f-PSCs and
flexible PSMs with high efficiency (19.16% for small device
and 13.16% for PSMs) and foldable flexibility, retaining its
initial efficiency after 10,000 cycles of bending test under
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[14]. Copyright 2022, John Wiley and Sons. B Process-engineered
double-layer ITO f-TCE with ultrathin flexible substrate, showing
high efficiency and mechanical durability. Reproduced with permis-
sion from [90]. Copyright 2023, John Wiley and Sons
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0.5 and 1.0 mm of bending radius for PSCs and PSMs,
respectively.

Ohashi et al. also aimed to develop highly flexible and
high-performance ITO-based transparent electrodes by
introducing an ultrathin substrate (Fig. 6B) [90]. To address
the warping caused by residual stress during ITO sputtering,
they adjusted the sputtering conditions to simultaneously
apply both positive and negative residual stress through dif-
ferent ITO layers. This approach led to the development of
an ultrathin, highly flexible ITO transparent electrode. Using
this electrode, they fabricated perovskite solar cells with an
efficiency of 18.2%, maintaining their initial efficiency even
after 1,200 bending cycles at a radius of curvature of 1 mm.

Novel Materials

In addition to the aforementioned TCE materials, new
classes of materials are being explored as transparent elec-
trode materials for f-PSCs. While extensive research has not
yet been conducted on these materials, several intriguing
candidates are worth introducing.

MXenes, a class of two-dimensional (2D) materials com-
posed of transition metal carbides, nitrides, or carbonitrides,
exhibit exceptional properties making them ideal for f-TCE
material in optoelectronic devices. MXenes demonstrate
significant advantages including low sheet resistance and
excellent mechanical flexibility. For instance, Zhou et al.
demonstrated Ti;C,T, MXene-based f-TCE for perovskite
light-emitting diodes (PLED), which achieved a sheet resist-
ance of 97.4 Q-sq.”! while maintaining high transparency,
and show negligible changes in electrical properties even
after 5000 bending cycles under bending radius of 1 mm

Fig.7 Novel nanomaterials and types of f-TCEs for PSCs. A Bam-
boo-derived paper-based f-TCE and B silk-derived f-TCE for highly
flexible and malleable perovskite solar cells. A Reproduced with per-

[91, 92]. Chen et al., also developed a hybrid f-TCE combin-
ing Ag NW and 2D MXenes platelets, which was applied
to f-PSCs and resulted in remarkable PCE of 20.22% [41].
Furthermore, the hydrophilic surfaces of MXenes allow for
uniform dispersion in polar solvents, facilitating cost-effec-
tive, large-scale production and aqueous solution processing
without surfactants or binders. These properties, combined
with their metallic conductivity and ability to be processed
in solution, enable MXenes to overcome limitations associ-
ated with other transparent conductive materials like CNTs,
graphene, and conducting polymers.

Another novel group of f-TCE worth to be introduced
is bio-originated f-TCE group. Despite this group actually
uses various TCE materials presented above, the novelty
lies in their materials used as flexible substrate. Cellulose-
based materials such as paper, bamboo, or fabrics such as
silk was successfully introduced as flexible substrate of
PSCs [16, 93-96]. Bio-compatibility is the most prominent
merit of these materials, enhancing eco-friendliness of PSCs
and PSCs’ potential as wearable power sources. Zhu et al.
employed bamboo-derived cellulose fabric as flexible sub-
strate, and successfully fabricated highly flexible (retained
70% of initial efficiency after 1,000 bending cycles at 4 mm
bending radius) and efficient (PCE of 11.68%) f-PSCs,
which can be bio-degraded with minimal pollutants whereas
petroleum-based PET substrates leave toxic residues [16]
(Fig. 7A). A f-TCE using silk-derived flexible substrate was
demonstrated by Ma et al.. Various shapes such as waves,
spirals, bowknots, and even paper crane were successfully
made using silk-based f-TCEs, showcasing its superior mal-
leability and pliability, as well as decent solar cell efficiency
(PCE of 10.40%) [96] (Fig. 7B).

mission from [16]. Copyright 2019, John Wiley and Sons. B Repro-
duced with permission from [96]. Copyright 2020, John Wiley and
Sons
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Challenges and Future Prospect
toward Commercialization

Extremely High Conductivity

As previously discussed, for the commercialization of
PSCs, it is essential to scale up their production. Most
thin-film solar cell technologies, including PSCs, utilize
transparent electrodes, which inherently involve a trade-
off between transparency and conductivity, limiting per-
formance enhancement. TCOs have a relatively low sheet
resistance of around 10 Q-sq.”", but this is still signifi-
cantly higher than that of metals, leading to inevitable
resistive losses when charges are collected through the
TCEs. As the area of the solar cell increases, these resis-
tive losses scale proportionally, negatively impacting the
fill factor of the device.

To address this issue, PSCs are modularized using a
monolithic module design to minimize resistive losses
caused by the low conductivity of TCEs. However, this
modularization creates inactive areas that do not contrib-
ute to power generation and requires very precise pro-
cessing conditions, making it challenging to optimize.
Additionally, the laser used for module fabrication can
damage the functional layers and the scribed areas, allow-
ing potential degradation sources such as moisture and
oxygen to infiltrate, thereby compromising the stability
of the PSCs.

Due to these challenges, it is highly desirable to pro-
duce modularization-free large-area PSCs, which requires
TCEs with extremely high conductivity. A notable exam-
ple is the finger and busbar type TCEs used in silicon
solar cells. Mimicking this approach, adopting metal
mesh-based transparent electrodes could enable the
production of modularization-free large-area PSCs. Li
et al. developed hybrid electrodes by embedding metal
meshes in ITO, and they have fabricated high-efficiency
(PCE of 22.5%) PSCs with an area exceeding 100 mm?
without modularization [97]. To achieve high transmit-
tance and high conductivity in such TCEs, technology
for fabricating high aspect ratio metal meshes must be
developed. These meshes should be embedded in the sub-
strate to prevent for it to hinder the coating of various
functional layers of the PSCs as previously discussed in
Sect. “Carbon Based Materials”. To fabricate high aspect
ratio metal meshes, alternative techniques to conventional
photolithography with thermal evaporation, such as aer-
osol printing [98—100] or electroplating [101], can be
employed. In case of superstrate design where TCEs are
formed on the device stack, printing techniques to form
high aspect ratio metal mesh on PSCs cell stack without
damaging underlying layers are required.

@ Springer

Environmental Stability: Flexible Encapsulation
Technologies

Long-term stability is one of the critical challenges for the
commercialization of f-PSCs. Durability against external
factors such as heat and moisture is essential for all types
of solar cells, and achieving this requires the development
of effective encapsulation technologies. While conventional
r-PSCs can be encapsulated using glass lids and epoxy res-
ins, these methods are not suitable for f-PSCs. Therefore,
flexible encapsulation methods are necessary for flexible
solar cells. For flexible encapsulation at the top side of
f-PSCs, barrier foil encapsulation can be employed. This
method is similar to glass lid encapsulation and utilizes bar-
rier foil and sealants. Commonly used barrier foils include
ultra-thin glass thinner than 50 pm, graphene, metal foils,
and polymer nanocomposites. Polymer nanocomposites,
which incorporate various nanoparticles such as Al,O5, ZnO,
and graphene into the polymer matrix, are used to enhance
the moisture and oxygen barrier properties of the polymer.
Unlike r-PSCs, the substrates used for f-PSCs are permeable
to moisture and oxygen, necessitating the encapsulation of
the substrate as well. Thin film encapsulation (TFE) technol-
ogy can be applied for this purpose. TFE involves depositing
organic or inorganic thin films on flexible substrates like
PET and PEN to improve barrier properties while exhibit-
ing excellent flexibility due to their thin thickness (up to
several hundreds of nm). Thin films for TFE are typically
deposited using processes such as chemical vapor deposi-
tion (CVD), atomic layer deposition (ALD), and sputtering.
Among them, ALD is capable of forming pinhole-free thin
films and is used to deposit various inorganic layers such as
Al 05, ZrO,, TiO,, and HfO,.

The most common approach involves alternately stacking
organic and inorganic layers to create a multilayer (or multi-
dyad) structure. In this structure, inorganic layers primarily
serve as moisture and oxygen barriers, while organic lay-
ers help alleviate interfacial stress, enhance flexibility, and
increase the penetration length of external invasive agents.

Cost-Effective Production Technologies

Large-scale production of f-TCEs should also be guaranteed
for the commercialization of f-PSCs. The manufacturing
process for f-TCEs must be cost-effective and scalable. In the
case of PSCs, most functional layers can be fabricated using
solution processes, and since the annealing temperature is
not high, R2R application is feasible. Currently, commercial
f-TCEs-based on TCO are produced using R2R methods,
however, for the mass production of f-TCEs based on other
f-TCE materials, it is necessary to develop large-area R2R
coating or printing technologies for these materials.
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Jung et al. reported that a R2R process, which employs
the Mayer rod coating method, enables the fabrication of
Ag-nanowire electrodes embedded in a PET film. These
electrodes exhibit a sheet resistance of 5 Q-sq.”! and a trans-
mittance of 85%. [102] (Fig. 8A) Deng et al. demonstrated
another R2R process for producing graphene and Ag-nanow-
ire hybrid films via CVD and hot lamination. This approach
results in metal Ag-nanowire electrodes fully encapsulated
by a large-area monolayer graphene film and a flexible
transparent plastic substrate, achieving a sheet resistance of
approximately 8 Q-sq.”! and a transmittance of 94%. [103]
(Fig. 8B) Lin et al. developed an R2R process for fabricating
Ag-nanowire network electrodes, incorporating blow spin-
ning and simultaneous UV irradiation. These electrodes
exhibit a sheet resistance of around 12 Q-sq.”! and a trans-
mittance of 95%. [104] (Fig. 8C) Zhong et al. employed an
R2R continuous reverse-offset printing process to fabricate
metal mesh electrodes using Ag NP ink via slot-die coating,
resulting in electrodes with a sheet resistance of 9.86 Q-sq.™!
and a transmittance of 90%. [105] (Fig. 8D).

Promising coating technologies for large-scale substrates
include spray coating, slot-die coating, and dip coating. For
printing of patterned design, gravure printing, flexo printing,
inkjet printing, and nanoimprinting are potential candidates.
For materials like graphene, which are deposited using CVD
on particular substrate (Cu and Ni foils), it will be crucial

PET flm Embedded AgNWs
on PET film
IR drying
Pl film
"4/ V4 ’l/ B X
Mayer rod AgNWSs coating - \
UV-resin dispensing \
&l it
lamination Biiad ‘
Pl film

Grahene on Cu foil

Fig.8 Promising technologies for R2R method of f-TCEs. A Sche-
matic of the R2R process for fabricating embedded Ag-nanowire
electrodes via the Mayer rod coating method. Reproduced with
permission from [102]. Copyright 2017, Elsevier. B Schematic of
the R2R process for producing graphene and Ag-nanowire hybrid
films via CVD and hot lamination. Reprinted with permission from
[103]. Copyright 2015, American Chemical Society. C Schematic

to develop R2R transfer technologies while minimizing the
transfer damage on the quality of those TCE materials.

Conclusions

To accelerate the commercialization of f-PSCs, the devel-
opment of f-TCEs with exceptionally high conductivity,
environmental stability, and cost-effective production tech-
nologies is imperative. Various f-TCEs developed recently
were reviewed and their performances were compared with
respect to optical, electrical and mechanical properties
depending on different materials and designs that they used.
Future challenges and prospects towards commercialization
were also discussed. Progress in embedding metal mesh-
based TCEs within substrates, along with the exploration
of novel high-performance TCE materials, is essential to
minimize resistive losses and enable modularization-free
large-area PSCs. Additionally, the advancement of flexible
encapsulation techniques, such as thin film encapsulation
(TFE) utilizing alternating organic and inorganic layers,
will significantly enhance resistance to moisture and oxy-
gen. Finally, the realization of these components through
scalable and cost-effective production technologies is crucial
for their successful integration into commercial products.
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of the R2R fabrication of AgNF networks, including blow spinning
and simultaneous UV irradiation. Reproduced with permission from
[104]. Copyright 2017, John Wiley and Sons. D Schematic of the
R2R continuous reverse-offset printing process for mesh electrodes
using Ag NP ink via slot-die coating. Reproduced with permission
from [105]. Copyright 2020, John Wiley and Sons
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