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ABSTRACT: The field of flexible transparent conductive films
(FTCFs) has been the subject of extensive research and
development over the past decades, especially due to the explosive
growth of flexible electronics. Laboratory research has developed a
series of novel materials with remarkable performance, yet a
significant gap remains between the academic breakthroughs and
widespread industrial application, mainly owing to the systemic
disconnect between lab conditions and the requirements of industrial-
scale production. This review provides a comprehensive, application-
driven requirement summary of FTCF technologies, analyzing status
on large-area production technologies and key breakthroughs on
materials and properties, identifying the critical bottlenecks impeding
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practical application, and suggesting strategies for future research and industrial development.
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1 Introduction

Flexible transparent conductive films (FTCFs) are foundational
components for flexible and wearable electronics [1-4]. The
combination of high optical transparency and excellent electrical
conductivity makes them a must for foldable displays, smart
windows, wearable sensors, and flexible photovoltaic devices
[5-10]. It is worth noting that the definitions of “flexibility” are
rapidly evolving with divergent application requirements. While
traditional flexibility denotes the ability to withstand one-
dimensional bending stress, next-generation wearable electronics
demand the ability to sustain repetitive multi-directional tensile
strains without structural or electrical failure. Furthermore, large-
area applications require conformability to arbitrary 3D surfaces.
Consequently, the advent of these technologies necessitates novel
transparent electrodes capable of withstanding complex mechanical
stress without compromising their performance. Many novel
materials and fabrication methods have been developed in research
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laboratories, including silver nanowires (AgNWs), silver meshes,
carbon nanotubes (CNTs), graphene, etc. Some of these candidates
have demonstrated impressive sheet resistance, optical
transmittance, and mechanical flexibility, rivaling or even
surpassing those of traditional indium tin oxide (ITO). However, a
disproportionately small number of these innovations have
successfully transitioned into mass production. A significant gap
still exists between these academic breakthroughs and widespread
industrial applications. This disconnect arises because laboratory-
scale optimization often prioritizes peak performance parameters
while neglecting the systemic constraints of industrial production,
such as process scalability, batch-to-batch reproducibility, long-
term reliability, and total cost of ownership.

There have been several comprehensive reviews of transparent
conductive materials categorizing technologies by material class,
such as metal oxides, carbon-based materials, metal nanowires,
ultra-thin metal films, metal meshes, and conductive polymers
[11-17]. While this approach is valuable for mapping the scientific
landscape of FTCFs, it fails to capture the market demands and
multifaceted challenges of commercialization.

Here, this review adopts an alternative, application-driven
framework to bridge the gap between new materials and industrial
production. The review first elaborates the specific performance
requirements of key end-use applications, including touchscreens,
heaters, electromagnetic interference (EMI) shielding, smart
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windows, photovoltaics, and electronic skins. The analysis of
practical requirements can critically assess how existing and
emerging FTCF technologies either meet or fall short of these
commercial benchmarks. Subsequently, the review focuses on the
issues of substrate selection, roll-to-roll (R2R) processing, and cost
evaluation in scalable manufacturing, revealing the pathway and
roadblocks in mass production. It then demonstrates the recent
progress in material optimization and structural design of FTCFs.
To clearly assess the proximity of different FTCF technologies to
practical applications, the manufacturing readiness level (MRL)
framework is also introduced to quantitatively evaluate the
industrial maturity. Finally, through matching material
performance with practical application requirements, the review
points out several bottlenecks that urgently need to be addressed for
FTCFs. By clarifying the specific gaps between current academic
achievements and industrial requirements, this review aims to guide
the development of FTCFs toward more commercially viable
pathways.

2 Application trends and requirements of large-
area flexible transparent conductive films

2.1 Touchscreens

Since the development of ITO deposition on polymeric films in the
late 1970s, ITO/polyethylene terephthalate (PET) films have
emerged as one of the leading commercial product successes for the
sputter roll coating industry, particularly driving the growth of
projected capacitive touch sensor market [18, 19]. In the field of
large-sized  touchscreens, although infrared touchscreens
demonstrate distinct cost advantage, they require raised bezels and
are susceptible to interference from strong ambient light or dust
[20]. Conversely, projected capacitive touchscreens support bezel-
less and curved designs, thereby securing a growing share of the
market. The adoption of FTCFs is strictly necessary to transcend
the limitations of flat surfaces, as the performance of modern
projected capacitive touchscreens is intrinsically linked to the
electrical properties of the FTCFs. As touchscreen size increases, the
required sheet resistance of the FTCFs must decrease significantly
to below 10 Q/sq to maintain functionality, speed, and accuracy
[21]. With excellent transparency but a relatively high sheet
resistance (< 50 Q/sq), ITO/PET films dominate the small-screen
market, where the resistance-capacitance (RC) delay and the signal-
to-noise ratio (SNR) are manageable. However, as screen size
increases, performance drops dramatically as resistance increases,
making ITO unsuitable for large-area applications [22].
Furthermore, the films must keep high optical transmittance
(> 90%) with minimal haze (< 1%) and suppress the formation of
visual artifacts that could interfere with the underlying display [23].
Additionally, a low surface roughness (< 10 nm) is required to
prevent short circuits caused by the penetration through the
dielectric layer. For emerging applications such as foldable
smartphones, the films are further required to withstand hundreds
of thousands of folding cycles at a bending radius of 1-2 mm.
Compatibility with scalable, low-cost manufacturing methods, such
as printing technologies and R2R processing, is vital for the
economic production of large flexible sensors [24]. Products based
on AgNWs, metal meshes, and ultra-thin metal films have been
demonstrated as solutions specifically to address the low-resistance
requirements of larger screens [12, 25-27]. These technologies can
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achieve sheet resistance values an order of magnitude lower than
that of ITO while maintaining acceptable optical properties, making
them indispensable for large-format touch displays. Recent
products from FlexTouch reported that the Cu mesh touch sensors
revealed higher SNR, better bending, higher transmittance and
better response than ITO-based sensors because of the use of low
sheet resistance materials. Typical commercially available AgNWs-
based touch sensors also revealed short response time and high
transmittance with size up to 110 inches. There have been reports
on CNTs, conductive polymers, and graphene-based touch screens,
but with only limited commercial success [13, 28, 29].

2.2 Transparent heaters (THs) and EMI shielding

Transparent and flexible films that provide both heating and EMI
shielding are getting increasing attention owing to their diverse
practical applications in complex electronic systems. In automotive,
radar, and aerospace applications, THs are essential for de-icing,
defogging, and thermal stabilization of windshields, cockpit
displays, and critical camera/sensor lenses, ensuring visibility and
proper electronic function in extreme cold [8]. Concurrently,
integrated EMI shielding in these same systems protects sensitive
onboard electronics from external and internal electromagnetic
radiation, which is critical for safety and compliance to military and
aerospace standards [9, 30]. Beyond transportation, these
multifunctional films are used for all-weather visibility in outdoor
kiosks and ATMs [31], and in specialized medical and laboratory
equipment for temperature control [32]. There is an inherent trade-
off in the material design, as the required increase in conductivity
for effective EMI shielding and rapid heating (often achieved by
increasing nanowire density) can reduce the crucial visible light
transmittance (transparency) and increase optical haze [33, 34]. In
addition, localized hotspots might be a problem due to
inhomogeneous current, which may decrease the device lifetime.
This led to the development of hybrid composites with materials
like CNTs to resolve these stability and uniformity issues [35, 36].

2.3 Smart windows

The global market for smart windows, including windows with
polymer-dispersed liquid crystal (PDLC) devices, suspended
particle (SPD) devices, and electrochromic (EC) devices, is
undergoing a period of accelerated expansion primarily fueled by
synergistic demands from the architectural and automotive sectors
[6]. In architecture, growth is mainly driven by the global trend
toward green building certifications, which requires superior energy
efficiency. Accordingly, electrochromic devices dominate this
application due to their capacity to dynamically regulate the solar
heat gain coefficient and visible light transmission, thereby
significantly reducing the operational electricity load [37]. Driven
by the focus on passenger experience, electrochromic devices are
also one of the fastest-growing parts for automobiles, as their rapid
switching speed is crucial for instantaneous privacy and glare
control in panoramic roofs [38]. Crucially for electric vehicles, the
thermal regulation provided by smart glass reduces the energy
drain from the air conditioning system, which directly contributes
to extended battery range [39]. The smart glass also facilitates the
integration of advanced driver-assistance systems and augmented
reality heads-up displays into the functional “smart windshield”. All
the above-mentioned flexible devices use two pieces of FTCFs
[40—42], which brings a fast boost on commercial demands. Table 1
gives typical parameters of these devices and typical properties of
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the required FTCFs. It is worth noticing that these parameters
depend strongly on the size of devices. Especially for electrochromic
devices with a driving voltage of only several volts, the ohmic loss
through a large area is a key factor limiting the device speed and
homogeneity [43—45].

24 Flexible photovoltaics

Traditional thin film solar cells, especially copper-indium-gallium-
selenium technologies, use transparent and conductive flexible
polyimide substrates mostly for space applications where weight,
durability, and flexibility are fatal parameters [46]. Ascent Solar was
the only supplier, mainly due to the production difficulties and
market scale of the products. Flexible organic photovoltaics (OPV)
is a newer technology known for being ultra-lightweight, semi-
transparent, and highly flexible. Besides traditional ITO films,
conductive polymers based FTCFs, specifically poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS), are
adopted for the R2R manufacturing of OPV in companies like
Heliatek [47]. Commercial solutions also include “FineX”
conductive mesh films provided by Panasonic and “Ag-stacked film”
provided by TDK for OPV applications. All these thin films
demonstrated not only low sheet resistance but also high
bendability which are highly desired for flexible applications
[16, 48, 49]. Novel studies on carbon-based FTCFs and polymer
composite-based FT'CFs are still in research level [50-53].

2.5 Electronic skins

Other than the above-mentioned flexible electronic devices,
stretchable tactile sensors, or “e-skin”, for humanoid robots are
advancing rapidly, moving beyond simple pressure sensing to
become a critical component for safe and dexterous interaction [7].
It represents the transition from robots that simply look human to
robots that can feel the world like humans. The field is currently
experiencing a rapid convergence of materials science, 3D printing,
and artificial intelligence, moving breakthroughs from the lab
toward practical application [54-56]. Current e-skin research
focuses on creating multifunctional, durable, and large-area skins
capable of intelligent signal processing [57-59]. To achieve
conformability on complex 3D surfaces, the FTCFs designed for e-
skins employ emerging solutions such as geometric engineering
and elastic composites [60, 61]. These strategies enable the
electrodes to preserve electrical conductivity even under significant
multi-directional tensile strains. Despite successes in research, a
humanoid robot fully covered in high-fidelity e-skin is not yet a
commercial reality due to several critical challenges. The complex
micro-fabrication processes that work in the lab are prohibitively
expensive and difficult to scale to cover the entire surface of a robot.
Reproducibility and cost-effectiveness for mass production remain

elusive [10]. Given that a functional robot will inevitably scrape,
bump, and wear down its skin, the fragility and sensitivity of most
current e-skins to mechanical stress and environmental conditions
remain a critical challenge, despite that self-healing materials are
promising [62]. Furthermore, linking and powering millions of
flexible sensors to a central processor is also a challenge [63]. The
operation of vast sensor arrays requires a constant power supply,
making batteries an unsustainable solution for mobile robots. This
limitation is pushing research toward integrated energy harvesting,
which is still in its early stages [64].

2.6 From application requirements to material selection

As summarized in Fig. 1, different applications exhibit distinct
requirements for FTCFs. Touchscreens necessitate high optical
clarity and touch sensitivity. Thus, FTCFs in touchscreens require a
sheet resistance below 10 )/sq to minimize RC delay, along with a
transmittance exceeding 90% and haze below 1% to ensure display
brightness and clarity. Transparent heaters prioritize fast and
uniform heat dissipation, imposing strict requirements on the
thermal conductivity. Furthermore, excellent thermal stability of
FTCFs is essential to withstand prolonged operation at elevated
temperatures. For EMI shielding applications, high electrical
conductivity is the primary consideration, followed by the capability
to reflect electromagnetic waves over a broad frequency range. In
smart windows, low sheet resistance is vital for improving switching
speeds. Additionally, FTCFs must possess robust chemical stability
to endure ion migration processes, particularly in electrochromic
devices. Flexible photovoltaics demand high transmittance at the
visible range to maximize photon harvesting. Unlike display
devices, higher haze is often acceptable or even beneficial here, as it
increases the optical path length via light scattering. It should be
noted that a low sheet resistance about 20 )/sq remains critical in
photovoltaics, especially for large-area modules. Regarding e-skins,
FTCFs’ mechanical properties such as elasticity, stretchability, and
fatigue resistance are of primary importance. Additionally, excellent
biocompatibility is required for direct human-contact applications.
In summary, the properties of FTCFs must be tailored to meet
specific application demands, since simultaneously optimizing all
properties is not a feasible strategy.

3 Issues of the mass production of flexible
transparent conductive films

3.1 Flexible substrates

The transition from laboratory-scale prototypes to commercially
viable FTCF products is governed by the constraints of high-
throughput manufacturing. Substrate selection constitutes the first

Table1 Key device parameters and requirements of FTCFs for smart window applications

Types of smart window PDLC

Main function On-demand privacy

Default state Opaque

Active state Transparent
Switching speed Very fast
Sheet resistance <200 Q/sq

Light transmittance > 85%-92%

Chemically/thermally stable,

Required durability & flexibility on flexible substrates

Chemically/thermally stable,

SPD EC
Dynamic tinting, glare/heat control Dynamic tinting, energy conserving
Dark Previous state (bi-stable)
Transparent Changes state (tints or clears)
fast Slow to fast
<200 Q/sq <20 Q/sq

> 80%-90% > 70%-90%

Chemically stable against the electrolyte,

on flexible substrates flexibility is a challenge

(B 7~ 2w | Sci@pen

Tsinghua University Pre

94908463 (3 of 19)

Nano Research, 2026, 19, 94908463


https://www.sciopen.com/article/10.26599/NR.2026.94908463
https://www.sciopen.com/article/10.26599/NR.2026.94908463
https://www.sciopen.com/article/10.26599/NR.2026.94908463
https://www.sciopen.com/article/10.26599/NR.2026.94908463
https://www.sciopen.com/article/10.26599/NR.2026.94908463
https://www.sciopen.com/article/10.26599/NR.2026.94908463
https://www.sciopen.com/article/10.26599/NR.2026.94908463
https://www.sciopen.com/article/10.26599/NR.2026.94908463

Zhang et al.

Nano Research | Vol. 19, No. 4

Electronic skins
Requirements:

e High mechanical flexibility
& stretchability
o Good biocompatibility NS

Flexible photovoltaics
Requirements:

e Low sheet resistance
e Photo-thermal stability

Smart windows
Requirements:

e Rapid switching speed
e Good chemical stability

Flexible transparent
conductive film
(FTCF)

Touchscreens
Requirements:

e Low sheet resistance

e Visual artifacts suppressing

Transparent heaters
Requirements:

e Fast heat dissipation
e High thermal stability

EMI shielding

Requirements:
e High electrical conductivity
o Electromagnetic reflection

&

Figure1 Summary of different applications and corresponding requirements for FTCFs.

step in this process, as it dictates the thermal and mechanical limits
of following deposition and ultimately constrains device
performance and reliability. Although polymer substrates
inherently provide mechanical flexibility, industrial applications
require materials that function as fully engineered components [65].
In FTCF industry, PET substrates used are mainly “heat-stabilized”
biaxially oriented (BOPET) grades [66]. These are essential for
maintaining dimensional stability during high-temperature vacuum
deposition processes [67]. Unlike standard packaging-grade films,
optical-grade PET substrates intended for R2R magnetron
sputtering go through a post-stretching thermal relaxation process.
This process relieves residual internal stresses and reduces thermal
shrinkage to below 0.3% (machine direction/transverse direction)
after exposure to 150 °C for 30 min [68]. Such low shrinkage is
critical for touch applications, especially those using flexible ITO.
The semi-crystalline PET exhibits a roughness of approximately
15-30 nm due to anti-blocking particles added for winding
mechanics [69]. However, high-quality conductive oxide films
require a smooth nucleation surface to minimize variations in sheet
resistance and prevent open-circuit defects. Therefore, commercial
transparent-conductive-film-grade PET always comes with a pre-
applied, UV-cured acrylic or siloxane-based planarization layer
(hard coat), which not only smooths the surface but also acts as a
diffusion barrier for low molecular-weight oligomers [70, 71]. These
oligomers, primarily cyclic trimers inherent to PET polymerization
equilibrium, diffuse to the surface at temperatures above 110 °C and
crystallize into white particulate defects, which break the continuity
of nanoscale conductive coatings and increase optical haze [72, 73].
Optically, these engineered PET substrates achieve a total
transmission of 88%-92%, with haze levels maintained below
0.6%-1.0% [74-76].

By replacing the terephthalate unit in PET with a double
naphthalene ring, polyethylene naphtholate (PEN) films exhibit
significantly higher glass transition temperatures (T,) and Young’s
modulus [77, 78]. This improved thermal stability is particularly
valuable for applications such as perovskite solar cells, which
require heating during crystallization procedures [79]. Furthermore,
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PEN demonstrates superior intrinsic barrier properties. Its water
vapor transmission rate (WVTR) and oxygen transmission rate
(OTR) are approximately 3 to 5 times lower than those of PET,
owing to the denser molecular packing of the naphtholate moiety
[80—83]. This reduces the dependency on secondary encapsulation
layers in sensitive organic electronic devices. Typical PEN film
products, such as the Teonex® series (specifically grade Q65FA) by
Teijin DuPont Films, are engineered with surface pre-treatments
similar to optical PET to control surface roughness and oligomer
migration. However, the cost of such films is typically 4 to 5 times
higher than that of PET, which limits their commercial application.

Colorless polyimide (CPI) is the most expensive commercial
available substrate for FTCFs. It is specifically engineered to
overcome the thermodynamic and mechanical limits of polyesters
such as PET and PEN, while also avoid the parasitic absorption
typical of aromatic polyimides [84]. To achieve high optical
transparency (total transmission > 88%-90% and yellow index
< 3.0), the CPI polymer backbone is synthetically modified via the
incorporation of electron-withdrawing  substituents (e.g.,
trifluoromethyl groups) or alicyclic structures (e.g., cyclohexane)
[85, 86]. These modifications prevent the formation of intra- and
intermolecular charge-transfer complexes that absorb blue-violet
photons [87]. This molecular design gives CPI an exceptionally
high T, above 300 °C [88, 89], allowing it to endure harsh high-
temperature processing, such as the annealing of indium gallium
zinc oxide (IGZO) thin-film transistors or the crystallization of ultra-
low resistance ITO [90, 91]. Under these conditions, PET would
suffer catastrophic thermal degradation. Mechanically, CPI films
exhibit superior fatigue resistance, maintaining structural integrity
through hundreds of thousands of dynamic folding cycles at radii
below 1-2 mm [92, 93]. However, its pristine polymer surface is
relatively compliant (pencil hardness ~ HB) and generally requires
a siloxane-based hybrid hard coat to provide sufficient abrasion
resistance for use as exterior display cover windows [94, 95]. Based
on the above discussion, the properties and key
advantages/disadvantages of different flexible substrates are
summarized in Table 2.

® {24 | Sci@pen
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Table2 Properties and key advantages/disadvantages for flexible substrates

Materials PET PEN CPI
T, (°C) ~ 80 ~ 120 > 300
Optical transmittance 88%-92% 87%-88% 88%-90%
WVTR (g/(m?day)) 1.4-3 0.5-1.3 0.2-3
Surface properties Rough surface High Young’s modulus Soft surface

Relative cost Low
Key advantage Cost-effective

Key disadvantage Failure at high temperature

High Very high
Superior barrier properties Thermal and folding stability

High price Requires surface hardening

3.2 Roll-to-roll processing

The industrial-scale fabrication of FTCFs is predominantly
implemented using R2R platforms to meet high-throughput
requirements. Multiple deposition technologies can be integrated
into R2R architectures, and key manufacturing metrics—including
throughput, yield, reproducibility, and total cost of ownership—are
governed by the underlying deposition mechanisms and material
properties. As a result, different FTCF material systems impose
distinct process constraints and optimization challenges.

Flexible ITO films are primarily produced via R2R magnetron
sputtering (Fig. 2(a)), a process that requires a complex
optimization to balance the physical limitations of thin-film growth
with high-volume manufacturing [96]. The physics of reactive
sputtering and the thermal constraints of polymeric substrates are
both critical determining factors [97, 98]. In R2R systems,
production throughput depends not merely on web speed but also
on the dynamic deposition rate and the maximum permissible
thermal load on the substrate [98]. Modern high-throughput lines
utilize rotatable magnetrons instead of planar cathodes which allow
for significantly higher power densities (up to 20-30 kW/m)
[99, 100], and thus higher sputtering rates can be achieved without
melting the target bonding or overheating the substrate, provided
that the web is kept in intimate thermal contact with a precision-
cooled coating drum (typically maintained at —10 °C to 20 °C).
Throughput can be further scaled by arranging multiple cathodes in
series within the deposition zone [101]. However, this increases the
complexity of gas distribution, as each cathode requires a localized
gas environment to maintain uniformity [102]. Yield losses in R2R
ITO sputtering are frequently attributed to micro-arcing and
particulate generation. As the target material erodes, insulating
oxide patches can form on the target surface. These patches
accumulate charge until a dielectric breakdown occurs, resulting in
an arc that ejects macro-particles onto the moving web and creates
pinhole defects [103, 104]. To mitigate this issue, pulsed DC or
middle-frequency AC power supplies (20-100 kHz) are employed
[105-107]. These power sources periodically reverse the voltage
polarity at the target, discharging the accumulated positive ions on
the insulating regions before an arc can form [108, 109].
Furthermore, water vapor desorption during sputtering
incorporates hydrogen and hydroxyl groups into the ITO lattice,
which may significantly influence film conductivity [110-112].
Therefore, high-yield lines require sophisticated pumping
architectures, including differentially pumped unwinding chambers
and cryogenic (Meissner) traps to capture water vapor before it
reaches the process zone [98, 113]. Commercial flexible ITO
production lines are available from companies such as Applied
Materials and ULVAC Inc., with typically price of multi-million US
dollars and dynamic deposition rate of several meters per minute.
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These production lines can also be optimized to produce
oxide/metal/oxide (OMO)-structured FTCFs since they share the
same multi-layer nanofilm structure [114-117].

In contrast to vacuum-based processing, R2R solution processing
serves as another essential mass production technique, as shown in
Fig. 2(b) [118]. A typical example is the fabrication of AgNW-based
FTCFs, in which the deposition of a thin, uniform liquid film onto
a moving web presents a complex physical process. This process is
governed by the interaction of viscous, capillary, and inertial forces
[119-121]. Slot-die coating is widely regarded as the premier
technique for fabricating high-performance FTCFs due to its pre-
metered nature [122—124]. As the ink passes through the slot gap,
the existing shear field can induce orientation of high-aspect-ratio
particles such as AgNWs. Computational fluid dynamics modeling
suggests that high shear rates in the slot align nanowires parallel to
the flow direction [125]. While this alignment can enhance
conductivity along the machine direction, isotropic conductivity is
usually desired. Therefore, process engineers must balance the shear
rate (via gap height and flow rate) to minimize excessive anisotropy
while ensuring flow stability [126]. The “ink” is not a simple carrier
but a sophisticated functional fluid engineered to navigate the
hydrodynamic stresses of the coating process. Here, solvent
selection is critical, as it governs drying rate and surface tension
[127-129], and solvent recycling is one of the key processes for
controlling production costs. Additionally, dispersions containing
AgNWs typically require a polymeric binder, which creates a
viscoelastic matrix that anchors the nanowires to the substrate and
to each other [130]. Once the liquid film is deposited, it must be
transformed into a solid, conductive network through drying and
sintering. Drying in R2R lines is typically done in hot-air
impingement tunnels [131, 132], where the rate of solvent
evaporation defines the final film morphology. As-deposited
AgNWs networks exhibit high resistance due to the insulating
polyvinylpyrrolidone (PVP) ligand shell and the poor physical
contact at their junctions [133]. Sintering is the crucial process of
welding these junctions to form a true metallic continuum. Among
various techniques, photonic sintering has emerged as an enabling
technology for high-speed R2R processing of AgNWs [134, 135].
Alternatively, cold sintering methods employing chemical agents
exhibit unique attractiveness for ultra-sensitive substrates. For
example, exposure to chloride ions or specific polymer overcoats
can dissolve the PVP shell and promote Ostwald ripening at the
nanowire junctions, fusing them at room temperature [136]. While
the total cost of ownership for AgNWs-based FTCFs benefits from
the elimination of high-vacuum infrastructure and the low areal
mass density of silver (~ 50-100 mg/m’) [137], realizing this
economic advantage depends on mastering the encapsulation of the
nanowires. Proper encapsulation is essential to prevent
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Figure2 (a) Schematics of roll-to-roll sputtering systems. Reproduced with permission from Ref. [96], © Kobe Steel, Ltd. 2016. (b) Schematics of roll-to-roll slot-die

coating systems. Reproduced with permission from Ref. [118], © Elsevier Ltd. 2014.

environmental sulfidation and electromigration, as these
phenomena remain the primary failure modes in real-world
applications [138, 139].

3.3 Cost evaluation

Overall, the cost of FTCF manufacturing emerges from the coupled
influences of substrate selection, deposition methodology, capital
investment, throughput, and yield. It is worth noting that although
some FTCFs have been commercially available, estimating their
manufacturing costs based on market prices remains difficult. This
is largely due to the prevalence of captive production, where major
manufacturers integrate the production of both raw materials and
end-products internally. This vertical integration of the supply
chain obscures the standalone cost of the FTCFs. A comparative
summary of the relative costs associated with different FTCF
material systems is presented in Table 3.

Flexible ITO dominates the FTCF market and therefore serves as

Table3 Relative cost analysis for different FTCF material systems

a practical baseline for cost comparison. Its high material and
equipment costs arise primarily from indium consumption and the
need for high-vacuum sputtering infrastructure. However, the
maturity and throughput of R2R sputtering lines largely offset these
initial expenses, resulting in a total cost of ownership that remains
acceptable for many commercial applications [140]. In contrast,
AgNW-based FTCFs can be produced using solution-based
methods that reduce capital investment and support high
manufacturing speeds. For these systems, the principal cost
constraint is the intrinsic price of silver. Copper-mesh electrodes
provide a substantial material-cost advantage over AgNWs while
achieving comparable electrical performance [45], and they can be
fabricated using high-throughput processes such as printing or wet
etching [141, 142], yielding significantly lower overall costs than
ITO. Carbon-based conductors, including CNTs and graphene,
benefit from low raw material costs. However, solution-processed
CNTs and reduced graphene oxide (GO) suffer from dispersion

Materials ITO AgNWs Metal mesh CNT Graphene (CVD)
Material cost High High Medium Low Low
Equipment cost High Low Low Low High
Production speed High High High Medium Low
Yield High Medium Medium Low Low
Estimated total cost Medium Medium Low High Very high
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instability and generally inferior electrical performance compared
with metal-based counterparts [143], resulting in relatively high
total costs despite inexpensive precursors. Conversely, chemical-
vapor-deposition-grown (CVD-grown) graphene offers superior
electrical properties but depends on costly vacuum deposition
equipment and requires a transfer step that limits throughput and
reduces yield [144]. As a result, the overall cost of high-quality CVD
graphene remains prohibitive for most large-area applications.

Based on the market data of 2024, the market size for FTCFs is
valued at approximately USD 3.83 billion, accounting for nearly
60% of the total transparent conductive film market. In terms of
material composition, ITO on PET substrates currently retains a
dominant position, holding approximately 40%-50% of the flexible
market share, predominantly in small-area and low-end
applications. This significant share is largely attributed to the well-
established manufacturing infrastructure in the flat panel display
industry. However, owing to their low sheet resistance and lower
equipment cost, AgNWs and metal meshes have rapidly captured
the majority share in high-end foldable display applications.
Notably, Chinese enterprises such as Huake Tek and Nuovo Film
have emerged as primary global suppliers of AgNWs, outpacing
major competitors in Japan and the United States during this
growth phase. Additionally, FlexTouch and Ofilm have successfully
commercialized advanced metal mesh technology, achieving full
localization of the supply chain within China. The market share of
these non-ITO materials is projected to reach 60%-70% by 2030.

4 Material considerations and optimization
methods for flexible transparent conductive films

4.1 Silver nanowires

The electrical conductivity of AgNWs is mainly controlled by the
intrinsic conductivity of individual nanowires and the contact
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resistance at wire-to-wire junctions. According to the percolation
theory, the AgNWSs network tends to become much more
conductive once the nanowire density surpasses a percolation
threshold [145]. Increasing the nanowire length significantly
reduces the number of junctions to form a continuous conductive
network, thereby lowering the percolation threshold. This allows for
high conductivity at a lower material density, which directly
benefits optical transmittance. Conversely, the nanowire diameter
primarily determines the light scattering cross-section. Thinner
nanowires exhibit improved optical transmittance and suppressed
haze, but with a reduction in intrinsic conductivity. To balance this
trade-off, maximizing the aspect ratio serves as the key strategy for
achieving low sheet resistance simultaneously with high
transmittance in AgNW-based FTCFs. The geometric dimensions
(length and diameter) of the nanowires can be controlled during
synthesis. For instance, high-aspect-ratio AgNWSs can be obtained
via the polyol method by optimizing the concentration of AgNO,
and the addition of Cl ions (Fig. 3(a)) [146, 147]. Bleiji et al
fabricated an ultra-long AgNW grid though a bottom-up
electrochemical growth method , achieving a low sheet resistance of
3.7 Q/sq at 95.9% transmittance [148]. Reducing junction resistance
primarily relies on welding processes. Various post-treatment
methods, such as photonic sintering, chemical welding, and
capillary-induced cold welding, have been applied, in consideration
of the thermal tolerance of the substrate [134—136, 149]. As shown
in Fig. 3(b), Jiang et al. reported efficient welding using Ti,C, Ty
MXene nanosheets, producing an electrode of 13.9 Q)/sq and 83.8%
transmittance [150]. In terms of mechanical stability, the
degradation of optoelectronic performance in AgNW-based FTCFs
under repetitive bending often results from crack formation in the
conductive layer or delamination from the substrate. Kim et al.
introduced polyurethane-urea (PUU) to enhance the adhesion
between AgNWs and a poly(dimethylsiloxane) (PDMS) substrate
(Fig. 3(c)) [151]. The AgNWs/PUU/PDMS electrode exhibited high

$ 5399995999800
252 W«

_;:;> U
Pristine AgNW AgNW with SAM
H,S H,0
Hls HJO Yot 99, ¥ A
\\‘ {7/
v
O7 J'O OZ
5 nm Pristine AgNW Decorated AgNW

Figure3 (a) Scanning electron microscopy (SEM) image of AgNWs synthesized with optimal AgNO; concentration. Reproduced with permission from Ref. [147],
© Elsevier B.V. 2015. (b) Schematics and SEM image of the MXene-AgNWs embedded in poly(methyl methacrylate) (MXAg@PMMA) electrode. Reproduced with
permission from Ref. [150], © American Chemical Society 2022. (c) SEM image of the AgNWs/PUU/PDMS film. Reproduced with permission from Ref. [151],
© American Chemical Society 2015. (d) High-resolution transmission electron microscopy (HRTEM) and (e) high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) images of Ag/Cr,O; NW. Reproduced with permission from Ref. [154], © American Chemical Society 2023. (f) Schematics of the
surface modification and shield effect of the MBI molecule. Reproduced with permission from Ref. [155], © American Chemical Society 2018.
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stability, withstanding 100 stretching-releasing cycles at 50% strain.
Regarding chemical stability, AgNWSs are susceptible to sulfidation
when exposed to hydrogen sulfide and carbonyl sulfide in the
ambient air [152]. Their high specific surface area accelerates this
corrosion process. Depositing metals such as Ni or Pd onto
AgNWs to form core-shell metallic networks can mitigate this
issue [153]. This strategy not only improves corrosion resistance but
also allows tuning of the surface work function, enhancing its
performance in the OLED devices. Figures 3(d) and 3(e)
demonstrate a high-quality core-shell structural Ag/Cr,0, NW
with uniform Cr,O, coverage [154]. The modified AgNWs-based
films exhibited good oxidation resistance, thermal stability, and
mechanical flexibility, with minimal loss in the conductivity and
transmittance of the original AQNW network. Furthermore, Liu et
al. employed 2-mercaptobenzimidazole (MBI) molecules, which
chemisorbed onto AgNW surfaces via strong Ag-S bonds, forming
a hydrophobic shield, as shown in Fig. 3(f) [155]. The MBI-treated
AgNWs demonstrated enhancement in antioxidation and
antisulfidation, along with ultra-high thermal stability up to 400 °C.

4.2 Metal mesh

The optoelectronic performance of metal mesh electrodes is
primarily determined by their structural design and fabrication
precision. By carefully controlling geometric parameters such as line
width and pitch, an optimal balance between transparency and
conductivity can be achieved [156, 157]. High-precision patterning
techniques, such as photolithography and nanoimprint lithography,
have been employed to ensure fine and well-defined mesh
structures [158, 159]. To reduce manufacturing costs, Yuan et al.
introduced a solution-based two-step surface energy-directed
assembly (SEDA) process for efficiently fabricating high-resolution
Ag mesh, as illustrated in Fig. 4(a) [27]. Using SEDA, a line width
down to 2 um can be achieved on various substrates, resulting in an
Ag mesh with excellent optoelectronic properties of 1.79 ()/sq and
92% transmittance. As for optical performance, the periodic nature
of metal mesh can lead to moiré fringes, especially in touch panel
applications. To suppress moiré patterns, researchers have
developed random mesh architectures via electrohydrodynamic jet
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printing (Fig. 4(b)) and the crackle template method (Fig. 4(c))
[141, 160]. Similar to AgNWs, the stability of metal mesh is
constrained by silver’s susceptibility to sulfidation and copper’s
susceptibility to oxidation [161]. Therefore, surface encapsulation
strategies have been widely adopted. For instance, through a
thin poly(1-vinyl-3-ethylimidazolium bis(trifluoromethanesulfonyl)
imide) (P[VEIM][NTY,]) ionogel layer encapsulation (Fig. 4(d)),
Chang et al significantly improved the flexibility and
environmental stability of the Cu mesh [162]. Additionally,
mechanical stability can be further improved by coating the Ag
mesh with AgNWs, as demonstrated by Yang et al., maintaining
constant electrical performance over 5000 bending cycles [163].

4.3 Carbon-based materials

Carbon-based materials are promising for FTCFs due to their
exceptional chemical stability, mechanical flexibility, and high
theoretical carrier mobility for graphene. However, the transfer
process of CVD-grown graphene is prone to introducing wrinkles
and contamination, thereby reducing conductivity and uniformity
[17, 164]. Therefore, optimizing the transfer process is critical in the
practical fabrication. Figure 5(a) illustrates a direct R2R transfer
process using photocurable epoxy resin, which has been able to
fabricate a 100-m-long graphene FTCF with a sheet resistance as
low as 150 Q/sq [165]. Solution-processable CNTs offer a cost-
effective alternative, but their conductivity requires further
improvement for broader applications. A major challenge lies in
dispersing ultra-long CNTs without damage or shortening [28]. Liu
et al. developed polythiophene-functionalized CNTs (PMTA-
CNTs) to achieve better dispersion without compromising their
conductivity [166]. These functionalized CNTs can undergo UV-
triggered free-radical polymerization (Fig. 5(b)), forming a 3D cross-
linked network that delivers superior flexibility and an electrical
conductivity of 1613 S/m. Combing the acid doping method, Zhou
et al. find that the assistance of moderate acids can significantly
improve the exfoliation of CNTs with negligible structure damage
[167]. As shown in Figs. 5(c) and 5(d), the CNT films with H,SO,-
assisted dispersion exhibit sheet resistances of 75 /sq and 84%
transmittance with excellent chemical stability. Furthermore, hybrid
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Figure4 (a) Schematics of the functionalized substrate preparation and the SEDA process for Ag mesh fabrication. Reproduced with permission from Ref. [27], © Yuan,
S. Q. et al. 2023. (b) Double-sided random metal mesh pattern fabricated via electrohydrodynamic jet printing. Reproduced with permission from Ref. [160], © Elsevier
Ltd. 2022. (c) Copper mesh pattern fabricated via the crackle template method. Reproduced with permission from Ref. [141], © Chen, Z. B. et al. 2024. (d) Schematics of
the designing concept and fabrication process for ionogel/Cu grid-based FTCFs. Reproduced with permission from Ref. [162], © American Chemical Society 2018.

Nano Research, 2026, 19, 94908463

94908463 (8 of 19)

(8) 27 wa | Sci@pen


https://www.sciopen.com/article/10.26599/NR.2026.94908463
https://www.sciopen.com/article/10.26599/NR.2026.94908463
https://www.sciopen.com/article/10.26599/NR.2026.94908463
https://www.sciopen.com/article/10.26599/NR.2026.94908463
https://www.sciopen.com/article/10.26599/NR.2026.94908463
https://www.sciopen.com/article/10.26599/NR.2026.94908463
https://www.sciopen.com/article/10.26599/NR.2026.94908463
https://www.sciopen.com/article/10.26599/NR.2026.94908463

Nano Research | Vol. 19, No. 4

Zhang et al.

(a)

S UV irradiation

!
s .7
R
Gra/cu Ppro. N
Bonding e /
/ ‘&
PET/epoxy/gra./Cu /

—_—
(3]
—

)

10°

—@—None

—@— Post-HNO, doping
~@- Pre-HCI-HNO, treatment
~@— Pre-H,SO, treatment

PET  Gravure coating

(d):

—0—None
~—&— Post HNO, treatment

—0—Pre-HNO,-HC| treatment
—9—Pre-H,S0, treatment

Sheet resistance (Q/sq

Rs/Rs,
- N WAoo

Transmittance (%) Time (h)

75 8 8 90 95 100 0 100 200 300 400 500 i

Figure5 (a) Schematics of the R2R transfer system and the photograph of fabricated graphene FTCFs. Reproduced with permission from Ref. [165], © American
Institute of Physics 2013. (b) SEM images of PMTA-CNT coating before and after UV curing, indicating the formation of 3D network. Reproduced with permission from
Ref. [166], © Elsevier B.V. 2025. (c) Sheet resistance versus transmittance and (d) sheet resistance variation in damp-heat test of CNT films with different acid treatments.
Reproduced with permission from Ref. [167], © Elsevier B.V. 2020. (¢) Schematics of the fabrication process of the hybrid MXene/AgNW/graphene FTCFs. Reproduced

with permission from Ref. [168], © Elsevier Ltd. 2022.

structures that combine carbon materials with other conductive
components compensate for their inherent limitations in
conductivity and stability. Wang et al. reported a hybrid FTCF with
a sandwiched structure composed of MXene, AgNW, and graphene
(Fig. 5(e)) [168]. In this configuration, the bottom MXene layer
enhances substrate adhesion, the top graphene layer serves as a
protective barrier, and the intermediate AGNW network ensures
high conductivity. The resulting hybrid FTCFs displayed good
photoelectric performance of 14.4 Q)/sq sheet resistance and 87.5%
transmittance with enhanced stability, making them suitable for
transparent heater applications.

44 Transparent conductive oxide (TCO)

The optoelectronic properties of TCO have been optimized for
several decades, with typical low-temperature processed monolayer
ITO achieving a sheet resistance of 40 ()/sq and a transmittance of
85% [169]. Further enhancement of its conductivity often relies on
hybridization with metallic materials. Among various approaches,
the OMO structure enables synergistic optimization of optical and
electrical performance through coupling between high-refractive-
index oxide layers and an ultra-thin metal film. Ji et al
demonstrated a strategy for modulating the transmittance of an
OMO configuration. Figure 6(a) illustrates an asymmetric OMO
structure with its design parameters and reflection waves at various
interfaces. The simulated average transmittance can be tuned across
a wide range by adjusting the refractive index and thickness of the
top oxide layer (Fig. 6(b)) [170]. By precisely controlling the
thickness of metal and oxide layers (Fig. 6(c)), Zhang et al
fabricated an Mg and Ga codoped zinc oxide (MGZO)/Ag/MGZO
transparent electrode with a resistance of 10 Q/sq and 87%
transmittance [171]. A key challenge in fabricating OMO structures
is the growth of ultra-thin continuous metal layers. Huang et al.
reported that introducing a seed layer and metal doping can
effectively transfer the 3D island growth mode of Ag into a
continuous 2D growth, enabling the formation of continuous ultra-
thin Ag films, as illustrated in Fig. 6(d) [172, 173]. The inherent
brittleness of ceramic oxides poses challenges to the mechanical
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stability of TCO-based films. As shown in Figs. 6(e) and 6(f), Cheon
et al. utilized polytetrafluoroethylene (PTFE) to enhance interfacial
adhesion and dissipate strain energy, thereby suppressing crack
formation under bending stress [174]. The resulting PTFE/AgPdCu
(APC)/indium zinc oxide (IZO) FTCFs exhibited a sheet resistance
of 973 Q/sq and outstanding flexibility, maintaining stable
resistance after 10,000 bending cycles at a radius of 2 mm
(Fig. 6(g)). Furthermore, metal atom diffusion at interfaces can lead
to localized aggregation during aging or under thermal stress. This
phenomenon represents another critical cause of OMO structural
failure and warrants further investigation.

45 MXene

As a newly developed transparent conductive material, 2D
transition metal carbide MXene has attracted significant attention.
Via the traditional minimally intensive layer delamination (MILD)
approach, Ti,C,T, typically exhibits an intrinsic conductivity of
5800 S/cm. With an optimized evaporated-nitrogen MILD
synthesis, the conductivity can reach up to 24,000 S/cm [175]. The
unique hydrophilic nature of MXenes enables surfactant-free
aqueous ink formulation. This property addresses the dispersion
challenges common to carbon-based materials and thereby
significantly lowers processing costs. However, severe percolation
problems were found in ultra-thin MXene films, as shown in
Fig. 7(a) [176], making it difficult to simultaneously achieve high
transmittance (> 90%) and low sheet resistance. To address
this issue, Guo et al. synthesized large-sized Ti,C,T, flakes
(12.2 pm) to reduce interflake resistance and constructed compact
microstructures via blade coating [177]. The resulting films
achieved 800 /sq at a transmittance of 96.7%. Furthermore, by
optimizing ink rheology and slot-die conditions, they produced
large-area (approx. 250 cm?) and uniform Ti,C,T, films with a sheet
resistance of 498 O/sq at T = 94.5% [178]. The interconnected and
highly aligned MXene nanosheets form compact conductive paths,
effectively mitigating percolation problems. Nevertheless, previous
literature has pointed out the oxidation issue of Ti;C,T, MXene,
which easily degrades into insulating TiO, when exposed to
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Figure6 (a) Schematic diagram of OMO structure with design parameters and reflection waves at various interfaces. (b) Average transmittance versus refractive index
(n,) and thickness (d,) of the top oxide layer. Reproduced with permission from Ref. [170], © Ji, C. G. et al. 2020. (c) Simulation and experimental results of transmission
of MGZO/Ag/MGZO transparent electrode. Reproduced with permission from Ref. [171], © American Chemical Society 2021. (d) SEM and atomic force microscopy
(AFM) images of pure Ag and Ag(Cu) thin films on glass substrates with increasing thickness. Conceptual diagrams representing the evolution of pure Ag and Ag(Cu)
clusters with increasing thickness. Reproduced with permission from Ref. [172], © Elsevier B.V. 2018. (e) Schematics of the PTFE/APC/IZO FTCFs. (f) SEM images of the
damage to the IZO/APC/IZO and PTFE/APC/IZO FTCFs after 10,000 bending cycles. (g) Critical bending radius of the PTFE/APC/IZO FTCFs. Reproduced with
permission from Ref. [174], © Wiley-VCH GmbH 2024.
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Figure7 (a) Transmittance of Ti,C,T, films plotted as a function of sheet resistance. The solid line indicates the bulk-type conductivity behavior while the dashed line
represents the percolative behavior. Reproduced with permission from Ref. [176], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2016. (b) Water contact angle
measurements for Ti,C,T,, Ti,C,T,-Cl, and Ti,C,T,-F films. Reproduced with permission from Ref. [179], © American Chemical Society 2020. (c) Schematic illustration of
the mechanism of conductivity enhancement of PEDOT:PSS with PEG. Reproduced with permission from Ref. [183], © The Royal Society of Chemistry 2013. (d) AFM
phase images of PEDOT:PSS films with different Zonyl-FS300 concentrations. Reproduced with permission from Ref. [187], © WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim 2012.

moisture and oxygen. Strategies such as surface chemical
modification and hydrogen annealing have been employed to
enhance the oxidation stability [179, 180]. For instance, as shown in
Fig. 7(b), chloroalkylsilane and fluoroalkylsilane modifications on
Ti,C,T, films (denoted as Ti,C,T,-Cl and Ti,C,T,-F) created a
superhydrophobic surface, which effectively retards Ti,C,T,
degradation under humid atmosphere [179]. Additionally, the
mechanical flexibility of pure MXene films is limited by flake sliding

Nano Research, 2026, 19, 94908463

and cracking during bending. Hybridization with AgNWs offers a
viable solution, where AgNWs bridge the junctions between
nanosheets, simultaneously lowering resistance and improving
flexibility [150].

4.6 PEDOT:PSS

PEDOT:PSS is a highly conductive and transparent polymer widely
employed as an electrode or charge-transport layer. It exhibits
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excellent mechanical flexibility and ensures uniform current
distribution. Composed of a conductive PEDOT phase and a
dispersing PSS phase, the polymer is water-dispersible and can be
readily processed into thin films via solution-based methods. As
PSS is electrically insulating, the overall conductivity of PEDOT:PSS
is intrinsically governed by the PSS content. For instance, the
commercial CLEVIOS™ series exhibits conductivities ranging from
10° to 1 S/cm with varied PSS ratio [181]. To enhance the
conductivity of PEDOT:PSS for FTCF applications, various
secondary doping and post-treatment strategies have been
developed. High-boiling-point polar solvents, such as dimethyl
sulfoxide (DMSO), polyethylene glycol (PEG), glycerol, and
sorbitol, are able to screen the coulombic interaction between
PEDOT" and PSS via dipole interactions [182—185]. This process
induces phase separation and linear orientation of the PEDOT
chains, as shown in Fig. 7(c) [183]. Alternatively, strong acid
treatments can convert ionic PSS into neutral PSSH and promote
phase separation, eventually increasing the film conductivity by up
to three orders of magnitude [186]. Vosgueritchian et al. reported
PEDOT:PSS films achieving a sheet resistance of 46 /sq at 82%
transmittance by utilizing a combination of DMSO and a
fluorosurfactant ~ Zonyl-FS300  [187].  This  performance
enhancement was attributed to improved phase separation and the
formation of more conductive PEDOT channels (Fig. 7(d)).
Regarding environmental durability, the long-term stability of
PEDOT:PSS is primarily compromised by its hygroscopic nature
and intrinsic acidity. By incorporating waterborne acrylic resin into
PEDOT:PSS, Jiang et al. successfully transformed the PEDOT:PSS
film surface from hydrophilic to hydrophobic. Consequently, the
air stability of solar cells fabricated with these electrodes was
significantly improved [188]. Furthermore, PEDOT:PSS serves as
an excellent matrix for composite FTCFs. Multiple studies have
demonstrated that composites integrating silver nanoparticles
(AgNPs), AgNWs, or MXene nanosheets with PEDOT:PSS exhibit
superior conductivity and mechanical stability [189, 190].

5 Challenges in the industrialization and
practical application of flexible transparent
conductive films

5.1 Manufacturing readiness level evaluation

The gap between the academic breakthroughs and industrial
application in FTCFs originates from a fundamental mismatch
between laboratory-scale optimization and manufacturing
readiness. First, academic research prioritizes maximizing the
performance such as sheet resistance and transmittance, while
neglecting the reproducibility in the fabrication process. In contrast,
industrial production is yield-oriented, prioritizing batch-to-batch
consistency through the strict control of factors such as raw
materials, environmental conditions, and equipment parameters.

Second, some laboratory-scale fabrication techniques are
intrinsically non-scalable. For instance, transferring AgNWs
deposition from spin-coating to R2R slot-die coating requires re-
optimization of ink rheology and drying dynamics to accommodate
continuous high-speed processing. Third, academic stability tests
are generally conducted under isolated conditions, remaining
limited understanding of degradation pathways involving multiple
factors, such as electrochemical migration. In most cases, industrial
applications require more complex and rigorous reliability test
conditions. Finally, the economic feasibility of new FTCFs extends
beyond raw material costs. The total industrial cost contains capital
investment, operating expenditures, throughput, and yield losses.
The cost assessments commonly used in academia often
underestimate these systemic expenses.

To clearly assess the proximity of different FTCF technologies to
practical applications, we applied the MRL framework to evaluate
their industrial readiness [191]. Currently, metal mesh technology
leads the field with an MRL of 9-10, having achieved full-scale
application in large-sized touchscreens. Production lines for
sub-3 pm metal mesh have already achieved stable yields,
accompanied by a mature supply chain. AgNWs follow closely with
an MRL of 8-9. As the haze and batch-to-batch variation issues
have been largely resolved by leading suppliers, AgNWs are now
transitioning to full-rate production for foldable smartphones.
Meanwhile, OMO structures and CNTs are both positioned at
MRL 7-8. For OMO with ultra-thin metal films, despite the mature
sputtering process with seed layers, its widespread application is
hindered by the high capital expenditure. Similarly, CNTs have only
achieved low-rate initial production for limited applications in
transparent heaters. In contrast, CVD graphene remains in the
“Prototype to Pilot Line” stage with an MRL of 5-7, primarily
restricted by its low cost-benefit ratio.

5.2 Matching practical requirements with the material
performance

Based on the specific requirements of various applications outlined
in Section 2.6, we can compare the performance metrics of different
FTCFs to identify the most suitable candidates for specific
application scenarios. A detailed comparison of key parameters for
these FTCF materials in practical applications is summarized in
Table 4. Taking capacitive touchscreens as an example, the most
stringent requirement is a low sheet resistance below 10 Q/sq,
particularly as screen dimensions increase. Consequently, only
metal-based FTCFs (including AgNWs, metal meshes, and ultra-
thin metal films) can satisfy this conductivity standard. There are
some differences among the three materials in terms of optical
performance and intrinsic stability. AgNWs offer the highest
transmittance of 91%-95% and superior flexibility but face
challenges in optical haze and environmental stability issues. Metal
meshes provide the best conductivity but require specialized designs
to suppress moiré patterns. Ultra-thin metal films, typically used in

Table4 Comparison of key parameters for different FTCF materials in practical applications

Materials Sheet resistance Transmittance Key advantages Key disadvantages
AgNWs ~10 Q/sq 91%-95% Medium Flexibility, low resistance Environmental stability, haze
Metal mesh <10 Q/sq 85%-90% Low resistance Moiré patterns
CNTs 100-500 Q/sq 85%-90% Flexibility, chemical stability High resistance
Graphene 30-100 Q/sq > 90% Very high Thermal conductivity Difficulty in transfer process
Ultra-thin metal film ~10 Q/sq 80%-90% Medium Low resistance Stability issues
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OMO structures, exhibit low resistance. However, metal migration
and aggregation remain significant stability challenges. In the
current touchscreen market, metal meshes find their main
application in tablets and notebooks, whereas AgNWs are preferred
for smaller foldable smartphones. In contrast, carbon-based
materials such as CNTs and graphene are generally unsuitable for
capacitive touchscreens due to their relatively high sheet resistance.

The figure of merit (FOM) serves as a frequently used parameter
in academic literature for assessing the combined optical and
electrical performance of FTCFs. It provides a benchmark
that facilitates the direct comparison of FTCFs across different
material systems and structures. The classic Haacke’s FOM (®y) is
defined by the transmittance (T) and sheet resistance (R,),
expressed as [192]

@y = T'/R, (1)

where the exponent ¢ is empirically assigned. Typically, g = 10 is
adopted to reflect that transmittance exceeding 90% is sufficient for
most applications. Alternatively, the ratio of optical and DC
conductivity (0,,/0nc) is used as another definition of FOM.
According to theory, the dependence of 0,,/0;,c on T and R, can be
described by the formula [193]

Zo 00y
T=(1 o 2
< + 2R, UDC> )

where Z, represents the vacuum impedance. These two metrics
effectively characterize the intrinsic optical and electrical properties
of materials, where a higher FOM indicates superior transmittance
at a particular sheet resistance. However, commercial devices
generally impose rigid absolute thresholds for sheet resistance and
transmittance, such as the 10 /sq and 90% requirements for
capacitive touchscreens discussed previously. While the FOM
illustrates the trade-off trend between T and R, it does not
guarantee compliance with specific application  criteria.
Consequently, the FOM provides limited guidance for matching
FTCF performance with practical requirements. Furthermore, the
FOM fails to account for stability and scalability, which are often
more critical factors for commercial applications.

5.3 Critical bottlenecks for metal-based FTCFs

The development of low-operation-voltage devices such as
electrochromic devices requires extremely low sheet resistance to
ensure large-area homogeneity and fast response. Similarly,
emerging perovskite photovoltaics require ultrahigh conductivity
for efficient charge collection. For applications with low sheet
resistance below 10 €)/sq, the use of conductive metals (especially
sitver and copper) is the only practically applicable pathway.
Beyond chemical stability in harsh environments, electrochemical
migration has recently been identified as a new degradation
mechanism for metal-based FTCFs. Under forward bias in the
presence of an electrolyte, metallic components within the FTCF
can oxidize, dissolve into the electrolyte, and migrate as cations
toward the cathode under the applied electric field. This process not
only compromises the FTCF structure but also threatens other
functional layers in the device. In the perovskite solar cells,
researchers find that aged devices exhibit corrosion of Ag electrodes
and diffusion of Ag" ions along cell edges. These Ag" ions react with
iodide species released from perovskite decomposition, forming
Agl at the interface and creating pinholes that lead to shunt
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paths [194]. Jeong et al. developed a hybrid FTCF consisting of a
Cu grid embedded in polyimide and capped with a graphene layer,
in which graphene serves as a barrier against both Cu
electrochemical migration and halide diffusion [195]. Similarly,
Domanski et al. demonstrated that inserting a Cr interlayer between
the hole transport layer and the Au electrode effectively suppresses
Au migration under operating conditions [196]. However, in light-
emitting electrochemical cells, silver migration is not just a failure
mechanism but can be intrinsically related to the p-doping process
of the device. This necessitates complex designs that decouple hole
injection from exciton formation to prevent degradation in stability
[197]. In summary, suppressing electromigration requires
comprehensive optimization based on the device’s operational
principles and architecture. The development of metal-based
FTCFs with long-term operational stability still remains
challenging.

Another key challenge for FTCFs in most applications is the
tailoring of optical appearance with special focus on haze and color
neutrality. Haze arises primarily from light scattering caused by
structural features of the conductive material. In the case of
AgNWs, the scattering intensity depends on nanowire diameter,
and thus reducing the diameter contributes to lower optical haze.
Yuan et al. synthesized ultra-thin AgNWs with the diameter down
to 16 nm by using tetrabutyl ammonium dibromochloride
(TBADBC) as the organic auxiliary [198]. The resulting FTCF
exhibited a transmittance of 90.60%, a haze of 0.95%, and a sheet
resistance of 110.8 Q)/sq. This result highlights the inherent trade-off
between haze and conductivity. This trade-off can be further
managed by increasing the number density of the thinner wires,
which maintains the percolation network while reducing optical
scattering [199]. Haze is also influenced by refractive index
mismatches among the nanowires, air voids, and the substrate.
Filling the voids with an index-matching material can effectively
suppress scattering, enabling lower haze even in denser networks.
In a study by Chae et al., a sandwich-like electrode was fabricated
by deposition of GO films on both sides of the AgNW network
[200]. The inhomogeneous nature of GO films lead to refractive
index mismatch at the interfaces, leading to pronounced scattering
within the electrode. By controlling GO deposition parameters, the
transparency and haze levels of the electrode could be predictably
tuned. Notably, different applications impose distinct requirements
on electrode haze. For instance, LED devices and touch screens
demand low haze to ensure display clarity, whereas photovoltaic
devices benefit from higher haze for enhanced light trapping.
Therefore, haze modulation must be optimized according to the
specific application scenarios.

In display and transparent window applications, FTCFs must
exhibit neutral color characteristics to ensure accurate color
reproduction. Within the Commission Internationale de I'Eclairage
(CIE) L*a*b* color space, a neutral color corresponds to a* and b*
values close to zero. AgNW-based FTCFs typically exhibit a
yellowish tint, characterized by a high positive b* value. The yellow
color arises principally from the surface plasmon resonance (SPR)
of the silver nanowires, which has an absorption band in the
350-390 nm wavelength region [201]. To reduce b* values and
achieve color neutrality, several tuning and compensation strategies
have been developed. Reducing the aspect ratio of AgNWs can
induce a blue shift of the SPR absorption band out of the visible
spectrum, thereby mitigating the yellow tint [202]. Cheon et al.
demonstrated that a simple hydrazine treatment alters the chemical
environment and dielectric constant around the AgNWs, shifting
the plasmon absorption and reducing yellowness [203]. Similarly,
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coating AgNWs with low-refractive-index materials such as CaF,
and MgF, has been shown to effectively suppress yellowing. A more
direct approach involves compensating the yellow tint using
materials with a negative b* value. For example, Kitamura et al.
functionalized AgNWs with a polymer ligand (polyethylenimine-
methoxy polyethylene glycol, PEI-mPEG) to adsorb an anionic blue
dye (copper phthalocyanine-3,4,4"4"-tetrasulfonic acid tetrasodium
salt, CuPTS) [204]. The complementary absorption in the UV-blue
region resulted in a flatter absorption profile, leading to a more
neutral color. Additionally, the intrinsic blue tint of conductive
polymers like PEDOT:PSS can be utilized to counteract the
yellowish appearance of AgNWs in AgNWs/PEDOT composite
electrodes [205, 206].

6 Conclusion and perspectives

Materials are valuable only for being used. The present review
discussed the major application fields of FTCFs and their specific
requirements on FTCF properties, summarized the major large-
area production pathways, and showcased recent major progress on
materials and properties control. Achieving FTCFs with low sheet
resistance and high transmittance remains the largest challenge,
especially for large-area devices running under low voltage. Metal-
containing films and/or structures are highly desired for such
applications but face difficulties in both performance and stability.
Furthermore, the transition from laboratory achievements to
industrialization is often hindered by the cost of commercial
substrates and the lack of specifically designed R2R systems. To
bridge the gap between academic research and industrial
application, concerted academia-industry collaboration is required
to address the following critical challenges:

(1) Achieving low-temperature fabrication of metal-free FTCFs
with extremely low sheet resistance to meet the stringent
requirements of large-area perovskite solar cells (< 10 Q/sq) and
electrochromic devices (< 5 Q/sq).

(2)  Understanding the fundamental mechanisms of
electrochemical migration in metal-based FTCFs and developing
practical strategies to ensure long-term operational stability.

(3) Customizing FTCF materials and structures for
electrochromic devices to satisfy the highly differentiated
requirements of distinct terminals, such as architectural windows,
automotive glass, and AR glasses.

(4) Discovering indispensable, market-driven applications for
stretchable FTCFs to drive the establishment of standardized
fabrication and characterization protocols.

Research and development on FTCFs, as one of the key materials
for flexible electronics, will be speed up with focusing on key
challenges in materials properties and considering large-area
production and processing.
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