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The increasing efficiency of perovskite solar cells (PSCs), driven by their low cost, low carbon footprint and
easy processability, offers real opportunities for new markets in innovative photovoltaic (PV) technology. A
crucial challenge in this transition is device instability. Carbon-based perovskite solar cells offer a promising
alternative with the advantages of more abundant materials and stable performance. This review provides

a comprehensive and critical analysis of recent advancements in carbon-based PSCs (C-PSCs) technology,
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discussing the advantage of this configuration in terms of deposition methods for large-area modules.
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Introduction

Worldwide, electricity demand is growing faster than the energy
supply.’? In addition, the conversion of fossil fuels into elec-
trical energy releases a large amount of CO, into the environ-
ment (11 Mtco, per year),* posing increasing risks to health and
the environment."*” Therefore, there is an urgent need to shift
from fossil fuel energy to clean, environmentally friendly
renewable energy sources such as solar, geothermal, wave,
wind, hydro, and hydrogen biomass."® Among these, solar
energy stands out as the most abundant and accessible renew-
able resource.">*° Photovoltaics (PVs) present a particularly
promising solution by directly converting sunlight into elec-
tricity without the need for intermediate steps. This simplified
process improves efficiency and usability, allowing PV systems
to produce significant amounts of electricity while maintaining
a minimal environmental impact.'***
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C-PSCs for applications ranging from large-area PVs to indoor applications and flexible electronics.

The PV sector encompasses a diverse array of solar cell
technologies, classified into distinct generations based on their
materials and manufacturing processes.'”** In this context, the
National Renewable Energy Laboratory (NREL) efficiency chart
underscores the continuous improvement of power conversion
efficiency (PCE) made across all generations of PV technolo-
gies.'® First-generation solar cells are primarily based on silicon
wafers and represent the most established and widely used
technology in the PV industry, with a certified record PCE of
27.1%" and recognized longevity."”*® Second-generation solar
cells utilize thin-film materials that are deposited on substrates,
offering flexibility and lower manufacturing costs." Key types
include copper-indium-gallium-selenide (CIGS) solar cells
with a record certified PCE of 23.3%.'® Lastly, third-generation
solar cells include advanced technologies that aim to surpass
the performance limitations of first- and second-generation
cells through innovative materials and structures.”®* Repre-
sentative examples are perovskite solar cells (PSCs), which can
achieve PCEs exceeding 26% in laboratory settings®* (certified
PCE as high as 26.7%)'® while offering easy and cost-effective
manufacturing.

Each generation of solar cells brings distinct advantages and
challenges, contributing to the ongoing evolution of PV tech-
nology and its role in addressing global energy needs. As
research progresses, advancements in these technologies
continue to push the boundaries of efficiency, cost, and appli-
cation potential, paving the way for more sustainable and
widespread use of solar energy.

In this context, PSCs stand out as a next-generation tech-
nology that could revolutionize the PV industry, offering the
potential for flexible, wearable, and highly efficient single-

This journal is © The Royal Society of Chemistry 2025


http://crossmark.crossref.org/dialog/?doi=10.1039/d5ta05091j&domain=pdf&date_stamp=2025-11-08
http://orcid.org/0000-0001-9185-5490
http://orcid.org/0000-0001-8704-4222
http://orcid.org/0000-0001-6828-2380
http://orcid.org/0000-0003-4386-7985
http://orcid.org/0000-0001-5955-4786
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta05091j
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA013044

Open Access Article. Published on 27 Thang Tam 2025. Downloaded on 06/03/2026 8:32:52 CH.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

junction solar devices that are easier and cheaper to manufac-
ture compared to traditional silicon-based solar cells.**** In
addition, combining the PSC in tandem with silicon solar cells
has reached over 34% power conversion efficiency.>*® This
rapid improvement is driven by the exceptional optoelectronic
characteristics of perovskite materials, which include high
charge carrier mobilities of 0.1-10 em® V' 57!, low trap
densities, defect tolerance,”” a tunable bandgap, and long
charge diffusion lengths under open-circuit conditions.>****°
Perovskite materials exhibit a versatile structural framework,
encompassing configurations with different dimensionalities
(3D, 2D, quasi-2D, 1D, and 0D).?® The most commonly studied
photoactive halide perovskites have a 3D crystal structure rep-
resented by the chemical formula ABX;, where A is a mono-
valent cation such as methylammonium (CH;NH;", denoted as
MA"), formamidinium (HC(NH,),", denoted as FA") or cesium
(Cs"), Bis a divalent metal cation (typically Pb>" or Sn**) and X is
a halide anion (Cl7, Br~ or I").*>*'*2 PSCs are available in two
device architectures: the regular (n-i-p) structure and the
inverted (p-i-n) structure. In these configurations, the perov-
skite material serves as the light-absorbing layer with intrinsic
semiconductor properties, while the surrounding semi-
conductors act as charge-selective layers. The regular architec-
ture can be further divided into mesoporous or planar types
based on the morphology of the n-type charge-selective layer. In
the mesoporous type, a porous scaffold is used to enhance
charge extraction, while the planar type relies on a compact
layer. These diverse configurations underscore the flexibility
and potential of PSCs in advancing solar energy
technologies.>***

Carbon electrodes in PSCs

Carbon materials are highly suited for PV applications, offering
exceptional electrical conductivity, chemical stability, and
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structural adaptability.***” Moreover, their abundance, low
production costs, and environmental friendliness position
carbon as a sustainable and economical alternative to costly
noble metals traditionally used as electrodes in solar cells.***”
Various carbon allotropes with different dimensionalities are
particularly effective in enhancing the performance of PSCs.
These include 0D nanoparticles (fullerene, C60), 1D linear
structures (carbon nanotubes, CNTs), 2D nanosheets (gra-
phene),**® and 3D structures like activated carbon, carbon
black, and graphite (Fig. 1a).”” Owing to their multifunctional
properties, carbon-based materials are utilized across various
layers and interfaces within PSCs, contributing to enhanced
efficiency, stability, and sustainability (Fig. 1b-e).>”**** Among
the different components of PSCs, the back (counter) electrode
has been a focal point for innovation, particularly in replacing
traditional metal electrodes, leading to the so-called carbon
PSCs (C-PSCs).**** This transition is crucial for advancing PSC
technology toward more scalable and cost-effective produc-
tion.*»*>4¢ In particular, eliminating metal electrodes in PSC
technology addresses issues of high cost, resource scarcity, and
environmental impact while improving scalability and
stability.**” Traditional PSCs employ precious metals such as
gold (Au) and silver (Ag) as rear electrode materials, but their
deposition requires energy-intensive processes such as thermal
evaporation in high-vacuum environments, which complicates
large-scale production and cost reduction.*>*® Furthermore, Au
and Ag can degrade cell performance and lifespan due to
migration into the perovskite layer and corrosion from moisture
or halides. In contrast, carbon materials offer a simpler and
more sustainable solution, facilitating large-area deposition
through high-throughput (roll-to-roll) printing methods for
perovskite solar module (PSM) manufacturing.

Carbon-based films are commonly designed to feature flex-
ibility, enabling flexible cell formats on lightweight plastic
substrates,”  compatible = with  industrial  roll-to-roll
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Fig. 1 Carbon-based materials in PSCs. (a) Various carbon allotropes, including fullerene, graphene, graphite, CNTs, and 3D structures, which
have been utilized or hold potential for use in PSCs. (b) ABXs perovskite crystal structure, with blue, green, and red dots representing A, B, and X
atoms, respectively. (c) Typical n—-i—p-PSC architecture, designed to enhance resistance against moisture intrusion. (d) A large-area PSM. (e)
Schematic illustration of the applications of carbon-based materials in different components of a PSC. The h—i—p device architecture comprises
a transparent conductive oxide (TCO) on top of a glass substrate, an electron-transporting layer (ETL), a perovskite layer, a hole-transporting layer
(HTL), and the top carbon electrode. Panels (a—d) reproduced from ref. 37, Wiley-VCH. Panel (e) adapted from ref. 39.
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Fig.2 Rapid advancementsin C-PSCs. (a) Published article statistics from Web of Science, reflecting the growing research interest in the field. (b)
Evolution of PCE values reported in the literature for PSCs and C-PSCs, demonstrating significant performance improvements over time. (c)
Figure of merit (FOM) g vs. unitary cost for various TCEs. The data underscore the trade-offs between performance and cost. (d) Comparison of
TCEs based on R and average visible transmittance (AVT). The plot illustrates the performance landscape of different TCE materials, including
AgNW, PEDOT:PSS, single-walled carbon nanotubes (SWCNTSs), and graphene-based technologies, showcasing their potential for optoelec-

tronic applications.

manufacturing.®>** In addition to flexibility, carbon electrodes
also exhibit hydrophobicity, acting as protective barriers against
moisture for long-term stable devices.*»*** As shown in Fig. 2a,
the growth in the number of publications related to carbon
electrodes in PSCs reflects the increasing interest and research
activity in this area. Significant progress has been made in
enhancing the PCE of C-PSCs in recent years, as depicted in
Fig. 2b.>* The journey began in 2013 when Ku et al. first inte-
grated carbon electrodes into PSCs, achieving a modest PCE of
6.64% using a carbon black/spheroidal graphite counter elec-
trode in mesoscopic heterojunction PSCs.*® Han et al. pioneered
the development of fully printable PSCs with carbon electrodes,
reaching a PCE of 12.8%.%® Initially, the research focused
primarily on devices without a HTL, which limited PCE
improvements. However, in 2016, the introduction of n-i-p
structures with various HTLs marked a turning point,* with
Chen et al. pushing the PCE to 14.38%.%” The following year,
Jeon and colleagues advanced the C-PSCs by using CNTs as
electrodes in a p-i-n architecture, leading to further improve-
ments.*® Zhang and colleagues subsequently increased the PCE
to 15.9% in 2017.%° Since then, substantial advancements have
been achieved, with current C-PSCs now reaching PCEs as high
as 22.2%, closely approaching those of metal-electrode-based
PSCs.®® This improvement is complemented by (1) exceptional
operational stability of C-PSCs,*** attributed to the
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hydrophobic nature of carbon materials, which effectively
prevent moisture-induced degradation; and *** (2) mechanical
flexibility of carbon-based films,*” making them compatible
with high-throughput roll-to-roll manufacturing processes.*”*

In addition to carbon back electrodes, transparent carbon
electrodes (TCEs) are often reported for PSCs as potential
solutions to balance cost, stability, and performance, especially
when compared to traditional TCOs and emerging alternatives
such as silver nanowires (AgNWs) and conductive polymers.*!
The Haacke parameter (¢y) is a metric used to evaluate the
performance of transparent conductive materials, specifically
their balance between optical transparency and electrical
conductivity. It is calculated as follows:

M = Tl O/USh’

where T is the transmittance (typically measured at a specific
wavelength, e.g., 550 nm for visible light) and oy, is the sheet
resistance of the material. Higher transparency and lower sheet
resistance yield a higher ¢y, value, making materials with
superior optical and electrical properties more favorable. The
exponent T'° heavily weights transparency, as achieving high
optical transparency is typically more challenging than
conductivity. Despite recent progress on TCEs, carbon materials
typically have a lower transparency-to-conductivity ratio than

This journal is © The Royal Society of Chemistry 2025
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TCOs, meaning they often require structural modifications to
achieve satisfactory performances. Thus far, TCOs, e.g., indium
tin oxide (ITO) and fluorine-doped tin oxide (FTO), remain the
industry standard, with oy, values on the order of 1-10 Q sq !
and transparencies >85% (TCOs can reach ¢, values as low as
~5 x 1072/Q).%2 The successful spray pyrolysis deposition of an
effective  TCO has eliminated the
processes,®” making it even more challenging to economically
compete with them when flexibility is not a strict requirement.
Traditional TCEs consist of conductive polymers, such as
solution-processed  poly(3,4-ethylenedioxythiophene)  poly-
styrene sulfonate (PEDOT:PSS).** In this material, the hydro-
phobic and conducting PEDOT and the hydrophilic electrically
insulating PSS are ionically bonded together, allowing the
material to be dispersed in polar solvents. While PEDOT:PSS
has been widely established as a hole transport material (HTM)
thanks to its high transparency, excellent flexibility and thermal
stability, its conductivity is limited by the insulating nature of
the PSS component.* Post-treatment methods (e.g., acid
doping) enhance its conductivity, reducing sheet resistance to
30-50 Q sq " with a transparency around 85%. This treatment
allows PEDOT electrodes to achieve ¢, values that are
competitive with those of TCOs, around 10 x 10~ %/Q.% Never-
theless, PEDOT has limitations in stability, especially under
high humidity or thermal stress. Treatments with a strong acid,
such as HClO,, can lower oy, but may damage plastic
substrates such as polyethylene terephthalate (PET), limiting its
application in flexible devices. Spray coating with mild acids has
been effective, although it typically increases the manufacturing
costs. Other TCEs made with materials such as graphene®®” or
CNTs generally exhibit sheet resistances of around 100-300 Q
sq * with transparency values between 60 and 85% for visible
light.*®*% Their ¢\ values are typically lower than those for
traditional TCOs. However, recent innovations have introduced
hierarchical carbon nanostructures as promising materials for
TCEs, leading to PCEs of up to 14.1%.”° Furthermore, their
adaptability to low-temperature deposition processes allows
them to be integrated into a broader range of substrates,
including polymers, enabling their use in diverse applications
such as wearable devices, portable electronics, and other semi-
transparent PV systems. The ability of TCEs to withstand
mechanical stresses without degradation further distinguishes
them from TCOs, which are brittle and prone to cracking under
flexural strain. These features position TCEs as a key enabler for
the next generation of flexible and stretchable electronic
devices. Future research is expected to focus on optimizing the
synthesis processes of TCEs, enhancing their stability under
environmental stressors, and reducing production costs to
accelerate their commercial adoption. Additionally, combining
carbon-based nanomaterials with other materials, such as
AgNWs or conductive polymers, could create hybrid structures
with tailored properties for specific applications, further
expanding their utility. For example, AgNWs and metal grids, in
combination with carbon-based materials, can reach 10-50 Q
sq~' with >80% transparency.”* These hybrids combine the
flexibility and conductivity of metals with the stability and low
cost of carbon but can suffer from high contact resistance and

reliance on vacuum
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a tendency to oxidize. In addition, the high cost of AgNWs
hinders their massive exploitation. Dielectric/Metal/Dielectric
(DMD) structures have been proposed as another possible
transparent electrode solution. However, while the metallic
layer permits obtaining high electrical conductivity, its high
reflectivity negatively affects T. Even though carbon materials
can be relatively inexpensive, their large-area deposition in the
form of thin films typically requires chemical vapour deposition
(CVD) and film transfer processes, increasing the overall costs
of TCEs. Solution-processed graphene alternatives, though less
expensive, often fall short in electrical performance, thus con-
straining commercial adoption for semi-transparent PSCs. In
conclusion, TCEs present a low-cost and flexible alternative to
traditional TCOs, especially where flexibility and stability are
prioritized over maximum conductivity and transparency.
However, their ¢y values generally lag behind those of TCOs
due to higher oy, values and moderate transparency levels.
While hybrid structures involving AgNWs and graphene
improve the performance, costs remain a barrier. Fig. 2c and
d summarize the performance achieved by TCEs, categorized in
different groups and compared to either TCOs or other
emerging technologies.

Scaling up of C-PSCs

Despite their promising stability and efficiency, scaling C-PSCs
from laboratory settings to large-scale production remains
challenging.”>”® Creating a pinhole-free and defect-free perov-
skite layer is essential for optimizing the performance and
stability of large-area PSCs, regardless of the type of rear elec-
trode used.”*”® However, this becomes even more challenging
with carbon electrodes due to the specific criticalities involved
in their deposition process. Carbon electrodes are typically
deposited from liquid viscous slurries (pastes), e.g., by processes
including doctor blade coating and screen printing. Other
deposition processes are spray coating, spin coating, and inkjet
printing, which, however, require low-viscosity carbon pastes,
commonly referred to as inks.** Regardless of the viscosity of
the pastes or inks, the solution-processing of carbon electrodes
can inadvertently damage the perovskite or other functional
layers. These processes can therefore increase the likelihood of
short circuits, a problem that is less pronounced with the use of
thin metallic electrodes, which generally allow for more
controlled and uniform deposition. To mitigate issues associ-
ated with solvent leaching and the high-temperature processing
needed for solvent removal, dry methods—categorized as
pressing transfer or lamination techniques—have been
proposed. However, achieving precise alignment of carbon
patterns during the transfer process for carbon perovskite solar
modules (C-PSMs) remains a critical challenge for industrial
implementation, as discussed hereafter.

Perovskite deposition optimization

The inherently thicker and potentially less uniform carbon
layers require careful process optimization to avoid compro-
mising the integrity of the underlying perovskite layer, making

J. Mater. Chem. A, 2025, 13, 37700-37729 | 37703
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defect control in the latter even more critical compared to
traditional cells based on metallic rear electrodes. In this
scenario, research activities developed various strategies to
obtain high-quality (uniform and dense) perovskite layers,
including: (1) solvent engineering, considering anti-solvent
quenching and solvent additives; (2) thermal annealing, e.g.,
sequential annealing and hot-casting of perovskite precursors
on a pre-heated substrate, as well as post-deposition annealing
of the perovskite films; (3) compositional engineering, e.g., the
rational design of mixed cation and anion perovskites, the
introduction of passivating agents (such as fullerene deriva-
tives, alkylammonium salts, or polymers) into the perovskite
precursor solution to passivate grain boundaries, and the use of
polymer additives, such as polyethylene glycol (PEG) or poly-
vinylpyrrolidone (PVP), and inorganic additives, e.g., alkali
metals such as K" or Rb" salts, that enhance the crystallization
and grain size needed for smooth perovskite films with reduced
pinhole density; (4) optimizing deposition techniques and their
parameters, screening large-area deposition methods beyond
traditional spin coating, i.e., blade coating and slot-die coating,
and also vacuum-assisted deposition methods, mainly evapo-
ration; (5) substrate engineering, including the substrate treat-
ment with plasma or UV-ozone and the application of self-
assembled monolayers (SAMs) that provide wettability towards
perovskite precursor solutions; (6) layer-by-layer deposition,
pursued to reduce the likelihood of pinhole formation. Scalable
deposition techniques for large-area perovskite films have been
reviewed in previous literature.”®

Carbon electrode engineering and application methods

Beyond optimizing perovskite deposition methods, it is crucial
to optimize the formulation of the carbon paste and its depo-
sition to avoid the damage of the underling layers. To address
these aspects, the main research areas include the following: (1)
solvent engineering, considering the formulation of carbon
paste with solvents that are chemically compatible with the
device functional layers (i.e., perovskite and charge-transporting
layers, CTLs), while ensuring the rheological properties are
suitable for the selected deposition technique; (2) carbon elec-
trode processing, focusing on the screening of high-throughput
large-area deposition techniques, including roll-to-roll printing
ones (Fig. 3a),*® while optimizing the deposition parameters to
minimize chemical and thermomechanical stresses on the
underlying layers during carbon electrode formation (e.g.,
curing processes); (3) the development of dry transfer processes
(Fig. 3b), also referred to as lamination processes, including
hot-pressing,””” cold-isostatic pressing (CIP)***! and vacuum-
aided laminations,®** which avoid perovskite/CTL damage
from organic solvents and scraping tools. However, these dry
methods may complicate the upscaling of C-PSCs into C-PSMs
because of stringent alignment requirements during the
transfer of the carbon electrode atop the perovskite or CTL
films;”7798%848¢ and (4) the design of functional additives, e.g.,
the incorporation of adhesion promoters that improve the
adhesion of the carbon electrode to the perovskite or the CTL.
Other additives may include pigments and materials that

37704 | J Mater. Chem. A, 2025, 13, 37700-37729
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regulate the work function of the carbon electrodes, aiming to
match it with the HTL valence band (for hole extraction in n-i-p
PSCs) or the ETL conduction band (for electron extraction in p-
i-n PSCs).*”"* Fig. 4 illustrates the top PCEs achieved by large-
area (=1 cm?) C-PSCs made using various scalable deposition
techniques for carbon electrodes.

Carbon electrode patterning

In the development of large-area perovskite-based PVs, the
realization of minimodules, which are then connected into m?
scale solar panels, is the most common approach towards
commercially viable products.®®®* Consequently, it is crucial to
develop patterning techniques for the carbon electrodes.®” In
this context, the P1-P2-P3 patterning process is widely estab-
lished to produce PSMs by interconnecting individual cells.?**°
In more detail, this process involves three distinct laser scribing
steps (P1, P2, and P3) that help define the active areas and
electrical connections between the cells within a module.?*~*®
The P1 scribing step is used to isolate individual cells within
a module by creating grooves in the bottom conductive layer
(typically a TCO like ITO or FTO). A laser is used to remove
a narrow strip of the conductive layer along the desired scribe
line. This step ensures that the cells are electrically isolated
from each other. The P2 scribing step creates electrical inter-
connections between the layers, connecting the top of one cell
to the bottom of the adjacent cell. A laser is used to remove the
perovskite layer and the underlying CTL along a line that is
slightly offset from the P1 scribe. This exposes the bottom
electrode (previously patterned by P1) so that when the next
layers (typically the last CTL and top electrode) are deposited, it
contacts the bottom electrode of the adjacent cell. Lastly, the P3
scribing step is used to define the final cell areas and remove
excess material from the top electrode (which is often a carbon
or metal layer). A laser is used to scribe through the top elec-
trode layer (and any intermediate layers) along a line that is
offset from the P2 scribe but overlaps slightly with it. This
removes the top electrode material from the edges of the cell,
ensuring that the adjacent cells are electrically isolated. Laser
patterning offers exceptional precision, allowing for highly
accurate removal of the perovskite layer to create fine, well-
defined scribe lines.”®>*” It is also well-suited for high-
throughput manufacturing processes.”*

It can be easily integrated into automated production lines,
enabling rapid processing of large-area PSMs with consistent
quality.’*® Notably, P3 can also be carried out by directly
depositing patterned carbon electrodes, e.g., by screen printing,
or using mechanical scribing.>>'*”'*® However, contrary to laser-
based P3, these approaches are typically insufficient to mini-
mize the inactive areas between cells, which directly reduces the
overall PCE of the C-PSMs. Moreover, since screen printing and
mechanical scribing are contact methods, the tools involved
may experience physical wear and tear, which may damage the
C-PSMs and lead to a higher scrap rate. While screen printing
and mechanical scribing still have their roles, especially in
specific contexts or for cost-sensitive applications, laser P3
patterning remains superior in terms of accuracy, throughput,

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Schematic illustration of the structure of large-area C-PSCs and their fabrication methods.

and the ability to maximize the active area of PSMs towards
highly efficient large-area PSMs. However, the P3 process,
though well-established for metallic rear electrodes, remains
less understood and challenging when applied to thick (e.g., 10-
100 pm) carbon electrodes.”> In particular, standard laser

This journal is © The Royal Society of Chemistry 2025

settings optimized for metallic electrodes may not be suitable
for carbon, requiring careful adjustment of laser parameters
(such as wavelength, pulse duration, and power) to achieve
a clean cut without causing damage to the adjacent layers.’> The
risk of creating a short circuit due to incomplete scribing or
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material residues left after patterning is higher with carbon
electrodes. Laser patterning generates heat, which can be
excessive when patterning too thick carbon electrodes. The heat
generated during the laser process must be carefully controlled
to avoid damaging the perovskite layer underneath or altering
the properties of carbon electrodes, which may crack or
delaminate under thermomechanical stress. Lastly, the surface
roughness of carbon electrodes can interfere with the
patterning process. A rough surface can cause scattering of the
laser beam, leading to irregular cuts and making it difficult to
achieve the desired precision. This irregularity can result in
poor electrical isolation between cells, reducing the overall
efficiency of the module. Overall, while P3 patterning is essen-
tial for creating efficient and reliable PSMs, the unique prop-
erties of carbon electrodes introduce challenges that must be
addressed to advance C-PSM fabrication.

Notably, carbon electrodes may also be explored for the
realization of wafer-like area PSCs,* as established in the Si
solar cell industry, without relying on minimodule fabrication.
Specifically, large-area, wafer-like solar cells reduce the need for
interconnections between smaller sub-cells, which are neces-
sary in minimodules.' This simplification potentially leads to
a more streamlined manufacturing process with fewer steps
and lower potential for manufacturing defects at the cell
boundaries. Large-area cells have fewer edge boundaries
compared to a collection of minimodules, minimizing edge
losses and parasitic effects.”® With fewer interconnections,
large-area cells are less prone to failures that might occur at the
connection points between minimodules.”* This can enhance
the long-term reliability and durability of the solar modules.
Large-area cells also simplify solar panel assembly, avoiding the
intricate steps required to connect multiple minimodules into
larger arrays.* This can lead to lower production costs and

37706 | J Mater. Chem. A, 2025, 13, 37700-37729

improved yields. Large-area cells provide a more seamless and
uniform appearance, which is particularly advantageous for
building-integrated photovoltaics (BIPV) and other applications
where aesthetics are important.™® This seamless design inte-
grates easily into architectural elements, avoiding visible seams
or gaps. While large-area PSCs offer significant advantages over
minimodules, their development faces several formidable
challenges."> Key issues include the metallization of front
electrodes made from TCOs and achieving uniformity in large-
area perovskite layers. Although the research on large-area
perovskite films is well-established, metallizing TCO layers in
PSCs and other thin-film solar cells remains relatively unex-
plored. The challenge lies in the fact that the thickness of
metallic fingers and busbars can disrupt the delicate thin-film
structure, potentially affecting the cell’s performance. To
address these issues, techniques such as buried contact tech-
nology, embedding metallic contacts within the TCO or other
layers, offer promising solutions but require further develop-
ment. In contrast to the challenges associated with metallizing
TCO layers, metallizing carbon electrodes is more manageable.
This is largely because carbon electrodes can be effectively
metallized using low-temperature metallic pastes. Commer-
cially available pastes can be processed at temperatures below
120 °C, ensuring compatibility with the underlying layers and
avoiding potential thermal degradation. Additionally, low-
temperature metallic pastes are chemically compatible with
carbon electrodes, reducing the risk of adverse reactions that
could impact device performance.

Large-area demonstrators: C-PSMs

Until now, lab-scale C-PSCs with active sizes of around 0.05-1.0
cm” have achieved PCE values close to 20%, approaching those

This journal is © The Royal Society of Chemistry 2025
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of metal-electrode-based PSCs.*” Large-area C-PSMs are mainly
reported using “minimodule” formats, focusing on active areas
of at least 10 cm®.*” By optimization of the C-PSC architecture
(Fig. 5a), Cai et al."** successfully attained a PCE of 10.6% in a C-
PSM with an active area of 17.6 cm”. Additionally, they scaled up
efforts to develop larger modules measuring 45 x 65 cm?, and
constructed a solar farm featuring 32 perovskite panels
(Fig. 5b).*” Mesoscopic C-PSCs were manufactured using screen-
printing techniques on rigid glass substrates, achieving a PCE
greater than 10% for PSMs with active areas of 70 and 49 cm?
(Fig. 5¢ and d).**>'*® Hu et al. significantly advanced the field by
scaling up and integrating into a module size of 7 m?, enabling
integration into solar farms. Additionally, they have outlined
a production line, as depicted in Fig. 5e."** In 2018, De Rossi and
colleagues made a significant breakthrough in scaling up C-
PSCs by demonstrating the largest C-PSM to date, with an
active area of 198 cm® (ref. 117) (Fig. 5g-i). A group of
researchers at Swansea University have developed fully roll-to-
roll printed C-PSCs by utilizing a mix of low-temperature
device design and roll-to-roll-compatible solution-processable
electrodes, overcoming interlayer incompatibilities and
recombination losses. The team developed a carbon ink
compatible with both the device’s underlying layers and the
rheological requirements of roll-to-roll slot-die coating (Fig. 5j),
achieving a stabilized PCE of 10.84%, comparable to previous
roll-to-roll-coated devices with evaporated metal contacts.''®
Meanwhile, scientists from Monash University in Australia and
CSIRO Manufacturing have reported a method called CIP to
produce a flexible PSC with a bilayer electrode composed of
carbon and Ag. This electrode rivaled Au-carbon electrodes in

This journal is © The Royal Society of Chemistry 2025

terms of PCE and stability, while offering a cost-effective solu-
tion (Fig. 5k)."*® Afterwards, the same research teams developed
flexible PSMs using a roll-to-roll printing process, demon-
strating significant potential for mass production. The so-
produced cells achieved a PCE of 16.7% after the initial fabri-
cation of an electrode from carbon and Ag on a detachable PET
substrate, which was then pressed onto the PSC. The PET layer
was subsequently removed and reused (Fig. 51)."*

Flexible C-PSCs (FC-PSCs)

FC-PSCs have garnered significant interest compared to their
rigid counterparts due to their lightweight properties and
mechanical flexibility. Achieving strong interface contact
between the CTL and the carbon electrode is often challenging,
which results in somewhat lower PCEs than those of rigid
devices. Nevertheless, ongoing research has shown promising
developments in FC-PSCs (Fig. 6 and 7). Flexible substrates for
large-area C-PSCs are generally classified into two categories:
polymer substrates (e.g., polyethylene naphthalate (PEN) or
PET) and metal substrates (e.g, stainless steel, titanium, and
copper foils)."® In one study, optimizing the anodization time
for the formation of compact TiO, and using a tri-layer
graphene/polydimethylsiloxane (PDMS) electrode with a flex-
ible titanium substrate led to a PCE of 15.0% (mask area = 1
cm?®) when laminated with polytriarylamine (PTAA) as the HTL.
The device exhibited excellent bending stability, retaining
performance after 1000 bending cycles at bending radii of 12
mm, 8§ mm, and 4 mm (Fig. 6)."*° In FC-PSCs with regular (n-i-p)
or inverted (p-i-n) configurations, PEN/ITO or PET/indium zinc
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Fig. 6 Bending test of FC-PSCs.

oxide (IZO) substrates can be employed. Most FC-PSCs follow
a regular structure, with TiO, or SnO, serving as the ETL.
Scalable production of efficient, low-cost C-PSCs, using ambient
low-temperature processes, has led to the development of
CsPbBr;-based devices.'* For example, spray-coating CsBr onto
spin-coated PbBr, films followed by thermal annealing resulted
in a preferred crystal orientation (evolving from [020] into [031]).
An all-inorganic CsPbBrz-based FC-PSC achieved a PCE of
8.27%, slightly higher than its rigid counterpart (8%)."** After
1000 bending cycles with a bending radius of 5 mm, the flexible
device retained 76% of its initial PCE, demonstrating excellent
flexibility (Fig. 6).*** Self-adhesive carbon film electrodes,
applied via the pressing transfer method, have shown the
potential for higher PCEs than those of devices based on Au
electrodes.

View Article Online
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Highly efficient and mechanically robust flexible PSCs were
fabricated using an ultra-simple all-carbon electrode configu-
ration. The device structure was PEN/carbon/SnO,/perovskite/C,
where the top carbon electrode consisted of CNTs combined
with a low-concentration graphene layer. Large-area devices
with an active area of 1.0 cm? achieved a PCE of 10.38%, con-
firming both the electrode design and its suitable optical
transmittance, excellent flexibility, and enhanced conductivity.
After 4000 bending cycles with a bending radius of 4 mm, the
hot-pressed flexible device retained ~71% of its initial PCE,
demonstrating the strong mechanical flexibility of the all-
carbon-electrode FC-PSC.**

A modified room-temperature ethanol solvent process was
used to prepare reduced graphene oxide (rGO)-carbon quantum
dots (CQDs)-PEG composites as carbon electrodes (C-rCP).
Rigid C-rCP devices achieved higher PCEs (12.70%) than their
flexible counterparts (8.80%) when employing mixed cation
perovskites and spiro-OMeTAD. After 1000 bending cycles at
a bending radius of 17 mm, the flexible devices retained 80% of
their initial PCE (Fig. 6)."** Further improvements were achieved
with triple-cation perovskites and SnO,/[6,6]-phenyl-C61-butyric
acid methyl ester (PCBM) layers, leading to a PCE of 14.05%
using carbon/conductive cloth as the back electrode, applied
through pressing transfer. The conductive cloth’s flexibility and
softness enabled high performance in both rigid and flexible
devices. Notably, a device based on a self-adhesive carbon/
conductive cloth electrode exhibited excellent bending
stability, with a PCE degrading to 66% of its initial value after
1240 bending cycles at a 10 mm bending radius (Fig. 6)."* For
FC-PSCs, the highest PCE of 15.18% was reported in the p-i-n
configuration, namely, PET/IZO/PTAA/Csg 04(FA¢.83MAg 17)0.96-
Pb(I, g3Bro.17)3/PCBM:polymethylmethacrylate ~ (PMMA)/Cr/C.
The inclusion of an ultrathin Cr buffer layer facilitated ohmic
contact and effective electron collection. These FC-PSCs also
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Fig. 7 Stability achievements for large area (=1 cm?) rigid C-PSCs and FC-PSCs.
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exhibited exceptional operational stability at the maximum
power point (MPP) and thermal stability (85 °C) for over
1000 h.*** A high-pressure fabrication technique for rigid and
FC-PSCs achieved a PCE of 16.9% for a 5.5 cm?” cell, retaining
over 84% efficiency after more than 1000 h.*® Highly efficient
and reliable super-flexible perovskite solar cells were success-
fully showcased on PEN substrates using graphene as a trans-
parent electrode. The device achieved a performance of 16.8%
without hysteresis, similar to that of the counterpart made on
a flexible indium-tin-oxide electrode, which exhibited
a maximum efficiency of 17.3%. The flexible devices also
exhibited excellent stability against bending deformation,
retaining over 90% of their original efficiency after 1000
bending cycles, and 85% even after 5000 bending cycles with
a bending radius of 2 mm."® The mechanical characteristics,
particularly the formation of cracks, in polycrystalline perov-
skite thin films were examined by altering the substrate thick-
ness and identifying the fracture point. Understanding the
fracture point led to the creation of a crack-free perovskite thin
film on an extremely thin substrate (~2.5 um). High-efficiency
ultra-flexible perovskite photovoltaic devices (with a PCE of
17.03%) were fabricated. These devices preserved their perfor-
mance after 10 000 bending cycles at a bending radius of 0.5
mm, which is a phenomenal result. Moreover, utilizing a hybrid
transparent electrode made of a conducting polymer
(PEDOT:PSS) and gold mesh grid, we effectively increased the
active area (1.2 cm?), achieving an efficiency of 13.6% for an
area of 1 ecm>."’

The degradation rates of MAPDI; films induced by light have
been investigated based on the charge polarity selectivity of the
underlying transporting layer under various surrounding
ambient conditions. Localized carrier polarities in the MAPbI;
film were confirmed, as the charge selectivity of the underlying
layer plays a crucial role in determining the degradation rate of
the MAPDI; films. The MAPbI; films containing localized holes
degraded more rapidly in the presence of H,O compared to
those with localized electrons, while an inverted trend of the
degradation rate emerged under O,-only ambient conditions.
Notably, the mixture of H,O and O, led to the fastest degrada-
tion for the localized hole-rich MAPDbI; film, whereas the
MAPDI; film with localized electrons was surprisingly stabilized
compared to the O, -only condition.**®

Despite the general understanding that ion instability
mainly contributes to degradation, there is no observation of
structural transformation at the atomistic scale. This observa-
tion is essential to understand how instabilities are induced by
external perturbations such as illumination or electrical bias,
enabling researchers to create effective methods to mitigate
them. An in situ transmission electron microscopy setup was
designed to facilitate real-time observation of amorphization in
perovskite materials under electrical biasing. To reverse the
device performance degradation caused by these structural
changes, the samples were heated at 50 °C, which resulted in
recrystallization and effectively restored their performance
losses.**

This journal is © The Royal Society of Chemistry 2025
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C-PSCs based on 3D/2D and 2D/3D
perovskites

The incorporation of a 2D perovskite into a 3D perovskite
scaffold has recently gained significant interest as an innovative
strategy to improve the stability of PSCs."****' Large-area
electrode-based PSCs using 3D/2D or 2D/3D perovskite config-
urations have been often studied as HTL-free designs. In these
devices, a 2D perovskite (PEA,PDbI,) and a 3D perovskite (triple
cation CsMAFA) are used. The absence of an HTL allows the
conduction and valence bands of the 2D perovskite interlayer to
effectively mitigate interfacial charge recombination effectively.
A post-treatment method was applied, where phenyl-
ethylammonium iodide (PEAI) reacted with excess Pbl, in the
pre-deposited perovskite layer, leading to the growth of the 2D
perovskite (PEA,PDbI,) at the interface between the 3D perovskite
and carbon layers. This method resulted in a PCE of 10.05%
achieved using screen-printed carbon electrodes. Suppressed
ion migration contributed to the device’s thermal stability, with
no observed PCE loss after heating to 150°C."** By spin-coating
a PEAI solution on a pre-deposited 3D perovskite and tuning the
composition of the perovskites, a PCE of 11.76% was obtained
for low-temperature-processed C-PSCs, attributed to the
reduced defect density and diminished non-radiative recombi-
nation.*® In addition, 3D/2D C-PSCs benefit from anchoring 2D
perovskites such as the (HOOC(CH,),NH;),Pbl, perovskite at
the mesoporous oxide lattice, where they serve as both
a protective barrier and a template for the growth of a stable 3D
CH;3;NH;PbI; perovskite. This results in an orthorhombic phase
that remains stable at room temperature. This molecular
junction between 2D/3D perovskite structures has achieved
a PCE of 11.9%. Additionally, an ultra-stable, fully printable
large-area (10 x 10 cm”) module C-PSM reached an 11.2% PCE
with long-term stability exceeding 5000 h.*** Another promising
approach for enhancing PSC stability and efficiency is the use of
1D perovskite materials as stabilizers, which shield the 3D
perovskite due to their excellent carrier transport properties and
structural flexibility. These materials effectively passivate
defects, and the production of TFPbI; facilitates perpendicular
crystal growth. As a result, micromodules with an aperture area
of 11.8 cm?, based on a 1D@3D perovskite structure, demon-
strated resilience under moisture and thermal stress, achieving
a PCE of 12.48%." Recently, Mallick et al. reported improve-
ments in perovskite solution infiltration by converting 2D
PEA,Pbl, perovskites into 3D FAPbI; and FA,MA(;_,PbI,Br;_y)
perovskites, overcoming the challenge of poor infiltration.
Compared to FAPbI;, the mixed-cation perovskites showed
better stability due to the incorporation of FA and Br during the
cation exchange process. The minimodule, fabricated by con-
necting two cells with a 2 cm® (0.5 cm x 4 cm) active area,
achieved a PCE of 6.30%."*° The PCE was further increased to
7.69% for a 1.2 cm” active area, due to an isopropyl alcohol (IPA)
solvent vapor annealing treatment that enhanced perovskite
crystallinity, improved pore filling, and produced a more
homogeneous perovskite film morphology when using the 2D/
3D mixed (5-AVA),(MA), ,Pbl;  perovskite precursor
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solution."”” Nazeeruddin and colleagues created an ultra-stable
2D/3D (HOOC(CH,)4NH3;),Pbl,/CH;NH;Pbl; perovskite junc-
tion, resulting in a C-PSC with one-year stability. Afterwards, C-
PSMs were produced using 8 cells, each measuring 85 x 7 mm?,
resulting in an active area of 5.95 cm? per cell and 47.60 cm? per
module. To demonstrate the scalability of the technology, fully
printed industrial processes were employed to fabricate 10 x 10
cm” C-PSMs. These modules maintained a PCE of 11.2% over
>10 000 h, with no performance loss under controlled standard
conditions.®”® By incorporating long-chain 2D C¢H1gN,O,Pbl,
(EDBEPbI,) (EDBE = 2,2-(ethylenedioxy)bis(ethylammonium))
microcrystals into a 3D perovskite precursor solution, the grain
boundaries of the 3D perovskite film were vertically passivated
with a phase-pure 2D perovskite. This vertical alignment does
not impede charge-carrier extraction from the 3D perovskite to
the electrodes. The 2D/3D blend significantly improved the
grain size, carrier lifetime, and vertical diffusion lengths. The C-
PSM, consisting of six cells, each with an area of almost 10 x 10
cm” (active area 57 cm?), resulted in an active area of 342 ¢cm”
per module. Using a FTO/SnO,/m-TiO,/
(EDBEPDI,4)0.03[CS0.05(FA0.83MAg.17)0.95PD(10.83BT0.17)3]0.07/Spiro-
OMeTAD/C configuration, these C-PSMs achieved a PCE of
approximately 11.59%."** Building on the 2D/3D perovskite
concept, a polymer was developed through the self-
polymerization of ethylene dimethacrylate (EDMA) and poly-
hedral oligomeric silsesquioxane (POSS). This polymer layer,
processed from a solution that does not degrade the 3D
perovskite, effectively limits ion diffusion. An impressive PCE of
19.6% was recorded for minimodules with a carbon cathode,
featuring an aperture area of 17.1 cm” This was achieved
through a novel 3D/2D perovskite modification with a certified
stabilized PCE of 18.2%.'”> This breakthrough opens new
possibilities for fabricating C-PSCs based on 2D/3D perovskites,
bringing them closer to commercialization.

Composite carbon electrodes for C-
PSCs

Carbon black, CNTs, and graphene are the electrically conduc-
tive carbonaceous pigments most commonly used for the
formulation of carbon pastes for C-PSCs. Carbon black is a cost-
effective material commonly used to fabricate C-PSCs with
satisfactory PCE values, as well as ambient stability even
without any encapsulation.®*® Bio-carbons, produced from
recycled waste materials through carbonization processes, are
also being explored as low-cost and environmentally friendly
carbon pigments. These materials offer well-aligned band
structures and superior capabilities for extracting and collecting
photo-generated holes.**® However, due to the intrinsically weak
contact at the perovskite/carbon (C) interface, the initial PCE of
biomass-derived carbon electrodes remains suboptimal. Recent
advancements have improved PCEs from 10.19% to a certified
value of 11.08% by utilizing N,0O co-doped porous composite
carbon electrodes. These were created by mixing pyrolyzed di-
cyandiamide (DICY), KOH-activated soybean dregs, conductive
carbon black (CCB), and PMMA for an FTO/c-TiO,/m-TiO,/
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CH;3NH;PbI;/N-KSDC/C structure.’** A PCE of 6.32% was ach-
ieved for an 88 cm’ all-solution-processed single-cell C-PSC.
This improvement resulted from a layer-by-layer approach
using bio-inspired graphitic carbon, extracted from an invasive
plant species, and a mixed halide perovskite (CH;NH;PbI;_,-
Cl,). This interface-engineered structure (FTO/c-TiO,/m-TiO,/
CH;3NH;3PbI; 1, /GC@CH;NH3PbI; ,Cl,/C) further improved
device stability and performance.”® Since the perovskite/C
interface is effective in accelerating hole transport between
the two layers, multi-walled carbon nanotubes (MWCNTs) have
emerged as promising carbon electrode materials. MWCNTSs
exhibit a satisfactory work function, superior film formation
ability, high conductivity, and an advantageous tubular
morphology, which ensures better interface contact compared
to graphene and carbon nanocoils (CNCs)."**

In the context of optimizing band alignment, embedding
a sub-monolayer of nickel oxide nanoparticles (NiO NPs) before
spraying MWCNTs improved the PCE from 8.99% in the FTO/
Sn0,/Csg.05(MAg 15FA¢ g5)0.05Pb(Iy g5Bro.15)3 structure to 10.33%.
Finally, the PCE increased further to 11.2% when modular HTL-
free large-active-area devices were employed.”*® To achieve
optimized electrode structures and enhance conductivity, the
doctor blade coating technique was used to fabricate NiO@CSs
(carbon spheres)-composite electrodes via a low-temperature
process. This involved incorporating NiO into CSs (NiO@CSs-
composites) in the FTO/c-TiO,/CH3;NH;PbI,Cl/NiO@CSs struc-
ture. Two variations, NiO@CSs and NiO-C&C, were tested, and
PV characteristics indicated an increase in PCE from 11.7% to
12.5%, largely due to the presence of CS layers.****** The bene-
fits of graphene are also noteworthy. The application of a 2D
honeycomb structure of graphene enhances electron mobility
in PV devices, yielding a PCE of 8.96% for a 1 cm” active area,
using graphene oxide’s simple self-assembly method.”® By
depositing a low-temperature-processed graphene-based
carbon paste atop prototypical large-area (1 cm?) mesoscopic
and planar n-i-p structures (FTO/c,m-TiO, or SnO,/Csg os(-
FA¢.85MAo 15)0.95Pb(I0.85Br0.15)3/spiro-OMeTAD/C), PCEs  of
13.85% and 14.06% were achieved, respectively. To demon-
strate metallization compatibility with C-PSCs, the substrate
area was expanded to 6.76 cm?, and the aperture area to 4.00
cm?, resulting in a PCE of 13.86%.* As carbon electrodes can be
utilized in a diverse range of applications, a high-performance
PSC based on a CsPbl; absorber layer and a fully printable
three-layer carbon electrode was recently fabricated with the
structure of FTO/c-TiO,/CsPbl;/spiro-OMeTAD/C. The carbon
layers were comprised of a macroporous carbon layer at the
bottom, a graphite layer in the middle due to its high conduc-
tivity, and a thin, dense layer on the top. The three-layer carbon
electrode was applied to 1.0 cm® CsPblz-based perovskite solar
cells and demonstrated a PCE of 18.14%, highlighting the
potential of multilayer carbon electrodes to be cost-effective,
show stable device fabrication, and demonstrate enhanced
performance.'*® Notably, the sheet resistance and thickness of
the carbon electrodes were significantly reduced by using
carbon-coated FTO glass under pressure. Modular graphene-
based PSCs (G-PSCs) with a large active area of 1.30 cm”> ach-
ieved a PCE of 16.42%."°> To mitigate voltage loss in HTL-free C-
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PSCs, an ultrathin ferroelectric perovskite oxide PbTiO; layer
was strategically inserted between MAPDbI; and m-TiO,, result-
ing in an impressive PCE of 12.08%."” Among the highest re-
ported PCEs for this category of C-PSCs, a PCE value of 18.7%
was achieved with a bilayer-structured back electrode, which
included a layer of 10 wt% Ni-doped natural graphite (10Ni-G)
for interfacial charge extraction.'**

C-PSCs based on HTL-free and
organic/inorganic HTLs

By combining cost-effectiveness and high stability, HTM-free C-
PSCs are among the most promising solar cells for commer-
cialization, yet their stability lags behind the state-of-the art
HTM-based PSCs.”>”® C-PSCs without HTMs can be classified
into two main categories based on the type of carbon electrode:
mesoscopic carbon electrodes and flat carbon electrodes.
Typical HTM-free mesoscopic C-PSCs with a monolithic struc-
ture include a triple-layer mesoscopic design comprising TiO,,
ZrO,, and carbon,'%101115-117:1597161,165:170 - Alternatively, planar
HTM-free C-PSCs employ layer-by-layer structures, such as FTO/
TiO,/perovskite/C or ITO/SnO,/perovskite/C.**"*7*

The interface between the perovskite layer and the carbon
electrode is critical for enhancing PCE and stability in C-PSCs.
Surface modification techniques using materials such as poly-
lactic acid (PLA) with carbonyl (C=0) groups, CQDs,"* fluorine-
doped CQDs (FCQDs),”® ionic liquids such as 4-
(dimethylamino)-1-(2,2,2-trifluoroacetyl)pyridin-1-ium 2,2,2-tri-
fluoroacetate (DTPT),"** CNTs,'** potassium iodide (KI),*** and
cesium acetate (CsAc)™® have been shown to improve hole
injection and enhance device performance. For example, PLA-
modified HTM-free PSCs have achieved a PCE of 14.70% for
a 1 cm? device, one of the highest reported for a HTM-free C-
PSC.***

Although HTM-free C-PSCs have shown promising stability,
incorporating HTMs can further improve the hole extraction
efficiency.** In particular, HTMs in C-PSCs contribute to two
main benefits: (1) enhanced energy level alignment at the
perovskite/carbon electrode interface, facilitating efficient hole
extraction and reducing electron backflow; and (2) additional
stability since hydrophobic and thermally stable HTMs protect
C-PSCs from environmental degradation.'”

Most HTMs used in C-PSCs are organic materials such as
spiro-OMeTAD'"**'** and poly(3-hexylthiophene) (P3HT).'*>1¢>17
P3HT is particularly advantageous due to its low cost, simple
manufacturing, dopant-free oxidation process, hydrophobic
properties, and high thermal stability.'”” Over the past eight
years, the PCE of large-area C-PSCs with organic HTLs has
increased from 7.3%"7* to 17.02% for an active area of 1 cm>.'*
A composite of P3HT and graphene as an HTL resulted in
a record PCE of 17.05% for an active area of 50 cm?.'®

Despite progress with organic HTLs, challenges such as
interfacial diffusion and stability issues have driven interest in
inorganic HTLs for C-PSCs.'”® Inorganic or hybrid organic/
inorganic HTLs, including materials like cobalt oxide
(C0304),"7® copper-doped nickel oxide (Cu:NiO,),"”” and copper

This journal is © The Royal Society of Chemistry 2025

View Article Online

Journal of Materials Chemistry A

iodide (Cul),"”® offer significant advantages, such as low cost,
higher thermal and chemical stability, and solution process-
ability. These materials also feature wide bandgaps and high
optical transmittance, making them ideal for perovskite inte-
gration.** The combination of carbon-based electrodes with
inorganic HTLs has shown exceptional potential for improving
both performance and stability. For instance, integrating a Cul
HTL with a carbon counter electrode in a large-area module (8
cm? active area) achieved a PCE of 15.9%, along with superior
stability compared to non-sulfurized devices.'”®

Challenges of C-PSCs

Utilizing carbon-based materials shows significant potential in
enhancing PSC performances, maximizing charge transfer
while minimizing unwanted charge recombination, and
boosting stability, while reducing manufacturing costs. Table 1
summarizes the results achieved for C-PSCs in the relevant
literature. A standardized benchmark is needed to accurately
compare PSCs made with different carbon materials.'®® Addi-
tionally, the inherent characteristics of certain carbon mate-
rials, such as conductivity and structural properties (whether
amorphous or ordered), limit the performance of PSCs.* Air-
stable PSCs can benefit greatly from carbon electrodes with
thermal stability and water resistance. However, the PCE values
of C-PSCs still lag behind those of advanced PSCs that incor-
porate HTLs and metal electrodes.'® Graphite and carbon
black, commonly used as the carbon electrode material in C-
PSCs, suffer from poor hole selectivity because their Fermi
level only slightly aligns with the valence band of the perovskite,
leading to significant recombination loss. Additionally,
a limited number of studies have reported using carbon elec-
trodes that incorporate electron selectivity. Inadequate contact
between the carbon electrode and the perovskite, as well as
limitations in the fabrication methods, further hinder perfor-
mance by causing unwanted charge recombination and
reducing the PCE."® To improve C-PSCs, interfacial engineering
must be employed to address these contact issues and enhance
the extraction of photogenerated charge from the perovskite to
the carbon electrode."” Another key challenge in using carbon-
based materials to achieve optimal efficiency and durability is
the lack of a thorough understanding of the fundamental
processes required for industrial-scale production of the
resulting devices. Moreover, despite the potential of carbon-
based materials, they alone cannot fully address all stability
issues in PSCs. Intrinsic factors such as ion migration, interfa-
cial reactions, and the thermal instability of most perovskites
contribute significantly to the degradation of PSCs.'®*'® Ion
migration remains a major obstacle to extending the lifespan of
these cells.”® Defective sites, grain boundaries, and interfaces
exacerbate this problem by promoting degradation through the
interaction of mobile ions with electrons and holes.*® The
tendency of perovskite molecules to decompose into their
original components, such as MAX and PbX, (where X = I, Br,
Cl), also poses a threat to long-term stability. Another concern is
the thermal instability of perovskites, which is driven by
chemical and structural instabilities that have yet to be fully
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addressed. Certain perovskites experience phase and structural
changes within the temperature range critical for PV use,
particularly under full sunlight conditions (above 85 °C).'>%*
As soft materials, perovskites are highly responsive to even
small temperature changes, which further complicates their
application in long-lasting PV systems."*>

Prospects of C-PSMs

The growing interest in the use of carbon electrodes in PSMs is
reflected in the growing body of research over the past five
years.”” Table 2 summarizes the PV characteristics measured for
C-PSMs, as reported in the relevant literature. Fig. 8 reports the
PCEs of large-area C-PSCs and C-PSMs as a function of active
area. While the integration of carbon electrodes in PSMs shows
promise for moving the technology towards commercial
viability, several technical aspects must be considered to ensure
the economic feasibility of C-PSMs as a competitive product.
The main areas for further study and improvement include the
following: (i) Film uniformity and scaling: one major obstacle in
scaling C-PSMs is the decline in PCE when transitioning from
lab-scale solar cells to large modules. Achieving uniform coat-
ings on large surfaces using cost-effective methods such as
printing remains a significant challenge, particularly with the
perovskite layer, which has the greatest impact on device
performance.*” Research should focus on optimizing deposition
and annealing techniques to create high-quality films under
ambient conditions. Applying chemical modifications and
engineering methods from previous thin-film technologies
could help achieve this goal, leading to uniform CTLs and
perovskite films that enhance the PCE and reduce production
costs. These achievements will make C-PSMs competitive with
silicon-based solar modules.” (ii) Improved cell connection: as
PSMs are scaled up, the way cells are interconnected, typically
through scribing, directly affects the geometric fill factor (gFF),
a crucial determinant of module PCE. Laser scribing has
emerged as a promising technology that can enhance

4
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Fig. 8 Scaling-up process of C-PSCs. PCEs of large-area C-PSCs and
C-PSMs as a function of active area.
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performance when used alongside monolithic module fabrica-
tion techniques such as screen printing. Advances in laser
technology can improve the precision of scribing, leading to
higher gFF values, improved PCE, and minimized scaling los-
ses.*” (iii) Encapsulation for stability: effective encapsulation
strategies are critical for ensuring that PSMs can achieve life-
times comparable to commercially available PV products, which
typically last a decade or more. However, due to the multiple
layers within C-PSMs, each responding differently to tempera-
ture and chemical exposure, further research is needed. The
perovskite layer and several CTLs are highly susceptible to
degradation, requiring innovative solutions to ensure module
longevity. Addressing these encapsulation and stability chal-
lenges will be crucial in enabling C-PSMs to enter the PV market
in the near future.**** Overcoming these obstacles will be key to
unlocking the full potential of C-PSMs for commercial
applications.

Cost analysis

Perovskite solar cells based on carbon electrodes are under
active investigation, where the counter electrode is replaced by
a cost-effective carbon electrode, typically deposited as a carbon
paste using different deposition methods.*” The cost of carbon
materials is substantially lower than that of metals, e.g., carbon
black costs around USD 20 kg™, compared with USD 60 000
kg for Au, USD 3083 kg ' for Ag, and USD 633 kg™ for Cu,
making carbon a suitable choice for low-cost PSC fabrication.'**
At present, high-purity micronised graphite is priced around
USD 3650 per metric ton, while gold is priced at over USD 63.9
million per metric ton, resulting in a price difference of
approximately 18 000-fold."® Nevertheless, the amount of
material required for such electrodes must also be considered
in the overall cost balance. The manufacturing costs of
including standard PSCs, inverted PSCs, and HTL-free C-PSCs (1
m?) were calculated and compared in detail by Li et al.,'* taking
into account material costs, equipment depreciation, and
energy consumption, independent of efficiency and stability. By
substituting the metal electrode and HTL with a carbon elec-
trode, the production costs for C-PSCs were significantly
reduced compared to the other two PSC types. Specifically, the
overall cost decreased from $86.49 and $81.31 to $41.16, cor-
responding to a cost reduction of 49-52%, thereby making C-
PSCs a strong candidate for next-generation, cost-effective PV
technology." To ensure sufficient conductivity, the carbon
paste layer is typically ~20 pm thick, which is much thicker
than a metal counter electrode. Nevertheless, because carbon
paste costs only $0.01 g~ ' (equivalent to about 1.4% of the cost
of Ag at $0.71 g~ '), the material cost of carbon electrodes is
significantly lower than that of Ag electrodes. Consequently, the
overall material cost of C-PSCs amounts to about $15.04.
Calculations further indicate that the material cost of C-PSCs is
reduced by about 69.7% and 66.2% compared to standard and
inverted PSCs, respectively.'” A representative study by Kajal
utilized bottom-up cost modeling to analyze the production
costs of C-PSMs."” Two module types were considered: high-
temperature (Module A) and low-temperature (Module B).
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Each module was designed at 1 m” scale with 20 monolithically
integrated cells and a PCE equal to 75% of the corresponding
lab-scale device, accounting for losses when scaling from
a small area to a large area.”” The average production cost was
estimated at 0.21 USD per W and 0.15 USD per W for Modules A
and B, respectively. The corresponding LCOE (levelized cost of
energy) ranged from 0.034 to 0.016 USD per kWh for Module A
and from 0.030 to 0.014 USD per kWh for Module B, assuming
an operational lifetime of 10-25 years with 80% of the initial
PCE retained.*” Their analysis also revealed that the cost of
starting materials significantly influences overall module
economics. For Module A, ZrO, was identified as the primary
cost driver, whereas Module B showed the highest sensitivity to
variations in multiple factors.*” Additional studies confirm the
cost advantage of carbon-based architectures. Cai et al
designed two types of PSMs: a high-temperature carbon-based
PSM [FTO/c,m-TiO,/ZrO,/C with CH3;NH;Pbl;_,)(BF,),] and
a high-precision, high-efficiency PSM [ITO/PEDOT:PSS/
perovskite/PCBM/Ca/Al], and concluded that carbon-based
PSCs offered lower production costs.® Chang et al. assessed
three glass-based PSM structures FTO/c-TiO,/perovskite/P3HT/
Au,  FTO/c-TiO,/perovskite/P3HT/Ag, and  FTO/c-TiO,/
perovskite/P3HT/Ag, reporting estimated manufacturing costs
of $175, $102, and $90 m >, respectively.'”” Their analysis
further indicated that production costs in China could range
from $87 to $140 m > Song et al'*® examined three PSM
designs, i.e., single-junction, two-terminal, and four-terminal
all-perovskite tandem, and found the module selling prices
(MSPs) ranged from $0.32 to $0.37 W~ for U.S. manufacturing.
Li et al** investigated four module variants, i.e., Si PERC,
planar PSM, silicon/perovskite tandem, and perovskite/
perovskite tandem, achieving PCEs of 21%, 19%, 25%, and
22%, respectively. The corresponding production costs were
$89.59, $32.69, $121.18, and $45.23 m ™2, with estimated LCOEs
of 5.5, 4.34, 5.22, and 4.22 ¢ kWh™1.*” Overall, the estimated
manufacturing cost for a 1 m®> module is roughly USD 1800 for
traditional PSCs and USD 900 for carbon-based, HTM-free
devices. Although carbon-based PSCs generally exhibit ~30%
lower efficiency than traditional PSCs, this drawback is
compensated by their reduced production costs and improved
stability, making HTM-free, carbon-based PSCs highly prom-
ising candidates for cost-effective and scalable photovoltaic
fabrication.>**

Integration of carbon electrodes into
tandem perovskite solar cells

In tandem solar cells, carbon-based materials like graphene and
CNTs play a crucial role in enhancing performance and
stability. They replace traditional metal electrodes, offering
high transparency, flexibility, and resistance to ion migration
and sputtering damage.””* Analogous to the cases in PSCs,
nanocarbon materials can be used in Si-perovskite tandem solar
cells as electrodes or interfacial layers. The first report was by
Lang et al.>* who demonstrated four-terminal tandem devices,
where graphene was used as the contact material between the

This journal is © The Royal Society of Chemistry 2025
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Au electrodes and the perovskite layer. Electrodes made from
large-area CVD graphene combine a flexible transfer process
with excellent optoelectronic properties, making them ideal for
perovskite/silicon tandem solar cells exceeding the Shockley-
Queisser limit. A transparent, high-quality single-layer gra-
phene contact was successfully implemented in PSCs, achieving
electrical performance comparable to standard Au contacts,
with ~1 V of V¢ and identical charge collection efficiency. The
spiro-OMeTAD/graphene electrode is thus suitable for both
four-terminal and monolithic perovskite tandem solar cells.>*”
In 2020, Lee et al.*** used floating-catalyst-grown CNT electrodes
in four-terminal Si-perovskite tandem solar cells for the first
time. CNT electrode-laminated PSCs, when combined with n-
type tunnel oxide passivated contact (TOPCon) silicon solar
cells in a four-terminal tandem configuration, achieved a high
power conversion efficiency of 24.42%. While CNT electrodes
show higher infrared transmittance than ITO/MoO,, optical
simulations revealed lower actual transmittance due to total
internal reflection and scattering. This study marks the use of
CNT electrodes in tandem solar cells and demonstrates their
advantages, including flexibility, absence of ion migration-
induced degradation, high optical conductivity, and ease of
transfer. Compared to graphene, which suffers from grain
defects and low reproducibility despite its high transparency,
CNT electrodes avoid such issues and offer exceptional
mechanical stretchability and the potential for solution pro-
cessing. Among the various silicon solar cell types tested, the n-
type TOPCon Si bottom cell paired with a CNT-based PSC top
cell delivered the best performance.”* Hang et al.*** demon-
strated a four-terminal perovskite-graphene-Si tandem. Select-
ing a graphene/silicon heterojunction solar cell as a bottom cell
enabled the entire fabrication to be easily and successfully
performed at high temperatures of over 200 °C. CNT-based PSCs
were proposed for silicon-perovskite tandem use, with COM-
SOL simulations predicting 23.7% PCE in a four-terminal
configuration.’®® The optimized HTL-free semi-transparent
carbon-based PSC, combined with a silicon bottom cell using
current matching, achieved 28.62% PCE, V¢ of 2.138 V, Jsc of
15.60 mA cm 2, and FF of 85.79%. This approach offers
a simple, stable, and cost-effective route for efficient silicon/
perovskite tandems.>*® A carbon-based all-perovskite tandem
solar cell was investigated with the structure ITO/SnO,, Cs ,-
FA, sPb(I, 5Brg 3)3/WS,/M0O5/ITO/Ceo, MAPb, 5sSn, 51,/
PEDOT:PSS/carbon. The bandgap configuration of the cell was
1.75 eV/1.17 eV, corresponding to a theoretical efficiency limit
of 36%. Our analysis demonstrates the effectiveness of
embedding cubic plasmonic metallic nanoparticles of Au and
Ag within the absorber layers, which reduces the need for
thicker absorber layers while
manufacturing costs and mitigating Pb toxicity.

simultaneously
207

lowering

Conclusions and outlook

This review emphasizes the critical role of carbon electrodes in
advancing PSCs. C-PSCs offer a pathway to more sustainable,
scalable, and cost-effective perovskite-based PV technologies.
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Through innovations in carbon pastes and deposition
methods, devices with active areas up to 342 cm” now achieve
operational PCEs rivalling those of metal-based counterparts,***
with modules demonstrating PCEs exceeding 19.6% under real-
world conditions.'” The use of scalable fabrication techniques
such as screen printing, doctor blade coating, and roll-to-roll
processes has further enhanced the feasibility of large-area
manufacturing, significantly reducing production costs. Addi-
tionally, the hydrophobic nature of carbon electrodes acts as an
inherent moisture barrier, contributing to the remarkable
stability of C-PSCs.

While carbon electrodes are pivotal, their full potential is
realized through synergistic advancements in other layers.
Innovations in perovskite deposition, including solvent engi-
neering and compositional tuning, have produced defect-free
films with enlarged grain sizes and minimized recombination
losses. This ensures efficient charge extraction, leveraging the
high conductivity of carbon electrodes. Interfacial engineering
has also addressed mismatched energy levels, further
enhancing device performance. Advances in interface engi-
neering such as hydrophobic polymers and 2D/3D hybrid
perovskite layers,'” complement carbon electrodes by
enhancing both stability and durability under harsh environ-
mental conditions.

The use of advanced carbon composites has unlocked new
performance benchmarks for C-PSCs. Materials like CNTs,
graphene, and bio-derived carbons have shown promise in
improving conductivity, reducing interfacial resistance, and
enhancing mechanical stability.

Carbon electrodes are particularly well-suited for flexible and
lightweight solar cells, addressing the demand for portable and
wearable PV applications. FC-PSCs have achieved PCE of 16.9%
with remarkable bending stability over thousands of cycles,
highlighting their durability and mechanical adaptability.*
These properties, combined with the compatibility of carbon
electrodes with roll-to-roll printing, position perovskite-based
PVs as frontrunners in emerging markets such as portable
electronics, foldable displays, and BIPVs.

The inherent stability of carbon electrodes underpins the
long-term viability of C-PSCs. Devices with carbon electrodes
have demonstrated exceptional resistance to moisture and
thermal degradation, with operational stability exceeding 10
000 h under ambient conditions. Advances in encapsulation
and interfacial engineering have further enhanced this stability,
ensuring that carbon-based modules can compete with silicon-
based PVs in terms of durability. Modules operating under high
humidity and elevated temperatures retain PCEs above 90% of
their initial values, underscoring the resilience of carbon elec-
trodes in real-world environments.

While significant progress has been made, challenges
remain in optimizing carbon electrode interfaces to reduce
recombination losses and improve work function alignment.
The integration of laser-based patterning techniques for
module interconnections also requires refinement to address
thermal stresses and ensure precision in thick carbon electrode
layers. Developing new carbon composites with tailored elec-
trical and mechanical properties will be critical for enhancing
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device performance and scalability. Furthermore, addressing
the intrinsic limitations of perovskite materials, such as ion
migration and phase instability, will be key to unlocking the full
potential of carbon-based devices. To accelerate the commer-
cialization of C-PSCs, future research should focus on:

e Interface optimization: enhancing interfacial contact
between carbon electrodes and perovskite layers through
advanced surface treatments and functional additives.

e Advanced carbon composites: exploring hybrid carbon
materials with enhanced conductivity, stability, and work
function tunability.

e High-throughput manufacturing: scaling up fabrication
processes, including roll-to-roll and slot-die coating, to achieve
cost-effective production of large-area modules.

e Long-term stability studies: investigating degradation
mechanisms under real-world conditions to develop robust
encapsulation and stabilization strategies.

Overall, carbon electrodes are positioned to drive the next
generation of sustainable and efficient PV technologies. By
addressing the remaining challenges and synergizing
advancements across all device layers, C-PSCs have the poten-
tial to deliver high-performance solar modules that rival
conventional silicon-based systems, paving the way for
a sustainable and energy-efficient future.
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