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Abstract

Silver nanowires (AgNWs)-based transparent conductive films are critical for flexible electronics due
to their excellent optoelectronic properties and mechanical flexibility. We discussed the preparation
methods of AgNWs films, including Mayer rod coating, spray coating, spin coating, screen printing,
and inkjet printing, and analyzed their advantages, limitations, and applicable scenarios.
Furthermore, we systematically explored anti-oxidation strategies for AgNWs, such as surface
modification, composite structure design, and process optimization. Potential approaches to enhance
the conductivity, transparency, and flexibility of AgNWs films were also outlined. Finally, we
discussed future applications and challenges, offering insights for the development of next-
generation flexible transparent electrodes.

Keywords: silver nanowires films; transparent conductive properties; preparation technology;
antioxidation; research progress

1. Introduction

With the rapid development of flexible electronic devices, the demand for flexible transparent
conductive thin films (TCFs) has been increasing in the past two decades. It is known that TCFs are
widely used in foldable smartphones [1], wearable devices [2], organic light-emitting diodes [3],
organic solar cells (OSCs) [4], flexible sensors [5], electromagnetic shielding [6] and so on. The most
commonly used TCF material, indium tin oxide (ITO), which belongs to a transparent conductive
oxide (TCO), possesses outstanding electrical and optical performance, including relatively low
resistivity and high visible transmittance. However, due to the scarcity and high cost of metal indium,
as well as the tendency of ITO to crack under bending stress, the application of ITO in flexible devices
is limited. Unfortunately, other TCO materials also have the disadvantage of poor bendability.

In recent years, other flexible transparent conductive materials, including conductive polymers,
carbon nanotubes (CNTs), graphene, and silver nanowires (AgNWs), have attracted widespread
attention. Conductive polymers have attracted significant attention due to their solution
processability and flexibility. However, their structures are prone to damage, which may lead to the
loss of electrical conductivity [7]. Due to the difficulty in the large-scale preparation of uniform and
high-quality films, CNTs have not yet been widely applied [8]. Graphene is known for its exceptional
electrical, mechanical, and optical properties. However, the preparation of graphene mainly relies on
methods such as chemical vapor deposition, which requires high temperature, high pressure, large
equipment investment, and high operating costs [9]. In addition, the large-scale production of
graphene also faces technical challenges. For example, due to the easy stacking between graphene
layers, their electrical performance will significantly decrease.

As is well known, metallic silver has the highest conductivity, and AgNW can achieve uniform
dispersion on various substrates and construct effective networks, resulting in AgNW thin films with
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high transparency and good conductivity [10]. It has enormous potential for applications in fields
such as flexible displays, large-area solar cells, smart touch panels, and wearable electronic devices.
This paper reviews the characteristics, preparation methods, application fields, challenges, and
prospects of transparent conductive AgNW thin films, which may offer a reference for the research
and application of promising flexible TCFs.

2. Characteristics of Flexible Transparent Conductive Films

2.1. Transparency and Conductivity

The implementation mechanism of transparency and conductivity of AgNW is different from
TCO. AgNW is formed by a sparse conductive network of high aspect ratio nanowires (> 1000),
thereby achieving continuous conductive paths and high transmittance at low packing density. The
unique advantage of AgNWs lies in the high percolation threshold brought by their high aspect ratio.
Guo et al. [11] achieved a visible transmittance of 92.2% and a sheet resistance of 12.9 ()/sq at a
network density as low as 0.1 mg/cm? through the multi-layer-oriented arrangement of AgNWs.
Tao et al. [12] further pointed out that high visible transmittance of ~80% and low resistance of ~75
Q)/sq can be maintained simultaneously with haze < 2% by controlling the diameter of AgNWs (< 50
nm) and aspect ratio (> 2000), which is difficult to achieve with traditional materials such as ITO.
Chen et al. [13] successfully prepared large-area (70 x 15 cm?) stretchable ordered AgNW electrodes.
They utilized ionic liquid induction and ultra-wet transfer techniques to achieve a large-scale ordered
arrangement of AgNWSs, and further improved their performance through chemical welding
techniques. Zhang et al. [14] embedded AgNWs microgrids into polydimethylsiloxane (PDMS) to
prepare stretchable transparent conductive electrodes (TCEs), which were then used to fabricate
polymer dispersed liquid crystal (PDLC) devices with optical modulation, stretchability, and
pressure sensing functions. The embedded design reduces the thin layer resistance of the electrode
to 19.88 ()/sq and achieves a transparency of 85%. At 100% strain, the resistance only increased by
1.36 times. After 1000 bending cycles at a 5 mm radius, the resistance fluctuation is less than 20%.

2.2. Flexibility and Stability

The stability of the optoelectronic properties of flexible TCFs is closely related to the number of
bending or stretching cycles. Tang et al. [15] prepared the AgNWs/ super-flexible transparent wood
(STW) composite electrode via Meyer rod coating. The 91.4% visible transmittance after 1500 bending
cycles at a 2 mm radius can be maintained, which is attributed to the "sliding-rearrangement”
mechanism of the nanowire network rather than rigid fracture. However, due to stress concentration
during the bending process, high-density networks with tightly overlapping nanowires are prone to
fracture. Therefore, interface polymer coatings are needed to enhance mechanical compatibility. Hao
et al. [16] prepared electrochromic electrodes using stretchable AgNW/PT-PDMS composite
materials. It is worth noting that the electrode maintained excellent electrochromic performance after
10000 bending cycles or 500 stretching cycles. Wang et al. [17] prepared stretchable AgNW/Pat PDMS
conductive films on PDMS substrates using the rod coating method. Subsequently, the film was
applied to the manufacturing of stretchable strain sensors. The results not only demonstrated the
excellent flexibility of AgNW/Pat PDMS conductive film but also verified its high stability. Kim et al.
[18] inserted polyurethane urea between AgNWs and PDMS to enhance the interfacial adhesion
between AgNWs and PDMS. The AgNW film maintains the stability and reversibility of its
optoelectronic properties after 100 cycles of 50% stretching. These findings indicate that this newly
developed electrode has potential for direct integration into various high-performance flexible
electronic devices.

3. Preparation Methods of AgNW-based Transparent Conductive Films
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The main preparation methods of AgNW-based transparent conductive films include liquid-
phase chemical reduction, template method, and electrochemical method.

For large-scale preparation of discrete AgNW dispersions, liquid-phase chemical reduction
(especially the polyol method) is the most preferred and mature technical route at present.
Polyvinylpyrrolidone (PVP) is used as a structure directing agent and polyol as a solvent and a mild
reducing agent at the same time to selectively adsorb on the specific crystal plane (usually {100} plane)
of silver crystal, inhibit the growth of this plane, promote the preferred growth of silver atoms along
the<l11>direction, form a linear structure, and accurately adjust the synthesis parameters (such as
reaction temperature, molecular weight of PVP, NaBr concentration, etc.) to achieve the balance of
conductivity and transmittance of TCFs [19]. Because PVP residue may affect the subsequent
application performance, Ge et al. [20] proposed a rapid electrochemical cleaning strategy to
completely remove the polyvinylpyrrolidone (PVP) ligand on the surface of AgNWs and significantly
improve the in-plane and out-of-plane carrier transport performance of AgNW films. After cleaning,
the square resistance of the film decreased from 49 Q)/sq to 13 Q/sq (the transmittance at 550 nm was
90.91%), and the interface resistance decreased by 94.3%.

The anodic aluminum oxide (AAO) template is the most widely used template in the preparation
of AgNWs. It can obtain ordered nanopore arrays through electrochemical anodic aluminum oxide
sheets. AgNW arrays with uniform diameter and ordered arrangement can be obtained by
electrodeposition or chemical deposition of silver in the pores, and finally dissolving the AAO
template with NaOH or H;PO,, and the length and diameter can be accurately controlled by the
template [21].

The electrochemical method is suitable for the growth of nanowire structures directly on the
target substrate. In the electrolyte containing silver ions (such as AgNOj3), AgNWs were reduced and
deposited on the cathode by applying current. Yorick et al. [22] proposed a bottom-up
electrochemical growth method and prepared a high aspect ratio AgNW grid transparent electrode
by substrate conformal imprint lithography combined with electrochemical deposition. The obtained
electrode has high transmittance (95.9%) and low sheet resistance (3.7 €}/sq), which breaks through
the trade-off between transmittance and resistance of traditional transparent electrodes, and the
process can be extended to large-area preparation. At present, the preparation processes of
transparent conductive films based on AgNWs mainly include Meyer Rod Coating, Spraying, Spin
Coating, Silk-screen Printing, Inkjet Printing, etc.

3.1. Meyer Rod Coating Method

The Meyer rod coating method is a relatively simple thin film preparation process, and its basic
method is as follows. Drop the AgNW dispersion onto the polymer substrate, and then use a Meyer
rod to evenly spread the solution into a thin film, as shown in Figure 1. The thickness of the membrane
is determined by the concentration of Meyer rods and dispersion solutions of different specifications.
Due to the advantages of good uniformity and low cost of the materials used in this coating method,
it is one of the popular coating methods in the current market.
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Figure 1. Preparation of AgNW-TCFs using the Meyer rod coating method [23].

Guo et al. [11] developed a conductive ink based on AgNWs aqueous solution and
hydroxypropyl methylcellulose (HPMC) and used Meyer rod coating technology to realize the
directional arrangement of AgNWs. Through this method, they prepared multilayer cross-linked
AgNWs/HPMC composite films. The transmittance of the films in the visible light region was 92.2%,
and the sheet resistance was 12.9 ()/sq. This method achieved the collaborative optimization of
"structure performance" through the directional arrangement induced by fluid mechanics, which had
both high performance and process simplicity, and better coordinated the contradiction between
uniformity and large-scale production in the traditional method. Tang et al. [15] used Meyer rod
coating technology to deposit AgNW on STW substrates to prepare flexible electrodes. Even after
1500 bending cycles at a 2 mm radius, the electrode maintained a high transmittance of 91.4% in the
visible light region, and the sheet resistance was 52 ()/sq. Zhang et al. [24] prepared an AgNW film
by the Meyer rod coating method and creatively used a xenon lamp to dynamically move at a speed
of 0.05 m/s for heating and curing. The AgNW film prepared by this method has high uniformity,
low sheet resistance (about 24 ()/sq), and high visible light transmittance (about 91%). The dynamic
movement of xenon lamps ensures uniform temperature distribution and effectively reduces the
agglomeration of AgNWs. Compared with natural drying (uniformity factor 0.3415) and static
heating (uniformity factor 0.5167), the uniformity of the film prepared by the dynamic heating
method is significantly improved, and its uniformity factor reaches 0.2915.

3.2. Spraying Method

The spraying technique is compatible with a wide range of substrate materials and enables
efficient, large-area film production. Furthermore, films with varying thicknesses can be fabricated
by adjusting the spraying duration, the concentration of the dispersion liquid, and the number of
spraying cycles according to specific requirements. Low material efficiency due to significant
material loss during the spinning process, and challenges in coating large-area or irregularly shaped
substrates [25]. This preparation method involves the direct deposition of the AgNWs dispersion
liquid onto the entire substrate to form a film, as depicted in Figure 2.
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Figure 2. Flowchart for the Preparation of AgNW-TCFs by Spray Deposition Method. (a) AgNWs solution, (b)
canister, (c) nitrogen gas pressurization, (d) spray nozzle, (e) AgNWs droplets, (f) glass substrate in a vertical
position, (g) hot plate (T = 100 °C), and (h) the spray nozzle is moved up and down(arm speed = 100 mm/s)
several times [26].

Crépelliere et al. [26] deposited AgNWs on the preheated glass substrate by spraying
technology. After spraying for 3 minutes, uniform coverage was achieved on an area of 100 cm?,
forming a dense conductive network. The performance parameters of the obtained AgNW networks
are: block resistance 9 ()/sq, visible light transmittance 91.7%, and haze factor 3.7%. At the same
performance level, their coverage area (100 cm?) is superior to most small-area preparation methods
reported in the literature. Gholami et al. [27] prepared the composite film of polystyrene (PS)
embedded in AgNWs by a spray deposition method, and further coated the gold layer on the surface
of AgNWs by the double pulse electrodeposition method, PS-AgNW@Au Composite electrode. The
test results show that the square resistance of the composite electrode is 24 (/sq, and the
transmittance in the visible light region is 84%. In the repeated bending test with a 4 mm radius, the
resistance increases by only 22% after 2000 bends. The composite structure has excellent chemical
stability, high conductivity, good light transmittance, and outstanding flexibility. Zheng et al. [28]
developed a straightforward spray-assisted method to achieve an ordered arrangement of AgNWs.
Compared to conventional AgNW electrodes, the ordered arrangement electrode showed significant
enhancements, with the former achieving a visible light transmittance of 86.6% and a sheet resistance
of 18.3 Q)/sq, whereas the latter exhibited a light transmittance of 85% and a sheet resistance of 63
Q)/sq. Electrochemical impedance spectroscopy (EIS) confirmed that the optimization of electrode
conductivity is the key. The orderly arrangement forms an efficient conductive network by reducing
the percolation threshold, which provides an electrode solution with low resistance and high
permeability for electrochromic devices.

3.3. Spin Coating Method

The spin coating process involves key steps to ensure a uniform film. Initially, the AgNW
dispersion is applied to the substrate, which is then secured on a high-speed rotating turntable. The
centrifugal force from the spinning spreads the liquid evenly, resulting in a consistent film. This
efficient method is widely used for thin film production across industries. The film-forming
uniformity is relatively low, the thickness control accuracy is poor, and it may cause uneven spray
particles or an orange peel effect [25].
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Song et al. [29] prepared innovative WOx/AgNWs FTCFs on flexible polyethylene naphthalate
(PEN) substrate by the solution method and spin coating process. The key to the film is the
introduction of an ultra-thin WOx layer, which can effectively inhibit the oxidation of AgNWs by
physically wrapping AgNW networks and significantly enhance the mechanical flexibility and
adhesion of the film to the pen substrate. Thanks to the multiple protection and enhancement of the
WO« layer, the composite film shows excellent comprehensive properties: not only has a block
resistance as low as 9.4 ()/sq and an optical transmittance as high as 82.6% but also shows excellent
mechanical stability (resistance change is less than 10% after 1000 bending times at a radius of 5 mm
or strip stripping test) and environmental stability (stable under high temperature, high humidity,
and strong oxidation conditions). Shi [30] prepared a flexible transparent conductive film on
polyethylene terephthalate (PET) substrate by a two-step spin coating method. After 6 layers of spin
coating, AgNWs with a diameter of 40 nm achieved a breakthrough in performance: the square
resistance was as low as 13 €)/sq, and the transmittance at 550 nm was 89.7% (haze 4.23%). AgNW
diameter has a decisive impact on the performance of conductive networks: under the same area
coverage, the smaller diameter (20 nm) forms a denser conductive network, making the square
resistance (24.8 ()/sq) significantly lower than the larger diameter (60 nm, 62.4 ()/sq). The film exhibits
excellent stability (the change rate of square resistance after 1000 bending cycles<10%) and excellent
infrared performance. Wang et al. [31] prepared an innovative MXene/AgNWs/graphene sandwich
structure hybrid TCFs by spin coating, using MXene as the intermediate layer to enhance adhesion,
and graphene as the top layer to protect and fill the AgNW network, improving conductivity,
flatness, and stability. The transmittance of the composite film at 550 nm is 87.5%, and the square
resistance is 14.4 Q/sq. The composite film has the advantages of low surface roughness, strong
adhesion, and high stability.

3.4. Silk-screen Printing

The screen printing offers an efficient and cost-effective solution for creating films on various
substrates. The process involves several key steps: Initially, a screen with a tailored pattern is
developed, while AgNWs are blended into a suitable ink. This ink is then applied to the screen, where
pressure from a squeegee facilitates the ink's passage through the screen's mesh and onto the
substrate, effectively forming an AgNW film. This flexible printing method is ideal for producing
complex patterns, making it particularly useful in manufacturing flexible printed circuit boards and
flexible thin-film transistors [32].

Li et al. [33] used screen printing technology (HPMC AgNWs ink/98t mesh template) to prepare
a 15 x 20 cm? large area and high uniformity AgNW transparent conductive film. By adjusting the
concentration of AgNWs to optimize the conductive network, the film achieved excellent
comprehensive performance: low square resistance (13.0 + 0.6 £)/sq), high transmittance (95.3% @ 550
nm), low haze (3.86%), and high flatness (surface roughness 3.33 nm). The film can directly construct
a low-voltage-driven transparent heater, showing excellent heating uniformity and long-term
stability. Xu et al. [35] proposed a preparation method for AgNWs/graphene oxide (GO) hybrid
transparent electrodes based on screen printing: the functional design of the electrode structure was
realized by printing AgNWs and GO layers alternately. The electrode has high conductivity (11.9
Q/sq), high light transmittance (83.5% @ 550 nm), and excellent mechanical flexibility. Its core
advantages are derived from the triple protection mechanism of the GO layer: an antioxidant barrier
(preventing environmental erosion and maintaining stable performance after thermal oxidation
treatment), a mechanical buffer layer (resistance change rate < 5% after 1500 bending cycles), and
biological interface isolation (avoiding direct contact between AgNWs and skin to improve
biocompatibility). Li et al. [35] successfully prepared films with low square resistance (1.1 ~ 9.2 Q/sq)
and high transmittance (75.2 ~ 92.6%) by accurately controlling the mesh number of the screen (325
mesh) and the thickness of the AgQNW ink (10 um). This process innovatively combines the low-
concentration ink formula and flash rapid sintering technology to synchronously achieve high
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resolution, excellent conductivity, and optical properties in 20 x 20 cm? large-area printing, which
perfectly meets the needs of large-scale manufacturing.

3.5. Inkjet Printing Method

The inkjet printing represents an innovative technology with significant market potential in the
domain of large-area flexible and stretchable electronics. This process involves converting conductive
film materials into conductive inks, which are then rapidly deposited onto a substrate through
specialized nozzles to form a TCF. As illustrated in Figure 3, this method offers several advantages:
it enables the creation of complex patterns without the need for etching processes, promotes rapid
film formation, and is user-friendly. Additionally, it boasts a high material utilization rate.

Ink reservoir Driving signal

N\

Piezolic/Thermal treatment

AgNW/CuNW ink

Nozzle

A

Ink droplet
\>‘

Substrate

Thin film

<——— Substrate Motion
Figure 3. Schematic diagram of the inkjet printing process [36].

Wang et al. [37] developed AgNW inks suitable for inkjet printing and successfully prepared
high-performance AgNW-TCFs by inkjet printing on PET substrate. The films have both low square
resistance (13 (2/sq) and high transmittance (81.9%), and their excellent patterning ability and
conductive reliability are verified by precision printing of heart-shaped patterns. Wu et al. [38] used
inkjet printing technology, innovatively selected AgNWs with a length diameter ratio of 1000, and
added modified polysilane lubricant to prepare functional ink. By accurately controlling the
equipment temperature and ink concentration (inhibiting the aggregation of AgNWs), AgNW-TCFs
with tunable photoelectric properties were successfully prepared: the transmittance reached 83.1% at
550 nm wavelength, and the square resistance was precisely adjusted in the range of 34.0 ~ 78.3 Q)/sq.
The film also exhibits excellent mechanical stability - resistance change rate <2.5% after 1000 bending
cycles.

To further investigate the influence of deposition density on the performance of AGNW films,
the figure of merit (FOM) was introduced to evaluate the comprehensive performance (transparent
conductivity) of the TCF. The commonly adopted model is the ratio of direct current (DC)

conductivity O to phototransmittance O, , that is, Op./ Oy » which was taken into

consideration [39, 40]. This ratio can also be calculated from the sheet resistance and light
transmittance using Equation (1).
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FOM =22 = 7, /[2R (T, -1)] M
Oop

Zo represents the impedance of free space, which is a physical constant with a value of 376.7 Q. Rs
represents the sheet resistance, and its unit is (Q/sq. Tav represents light transmittance (%). The higher
the FOM value, the better the optoelectronic performance of the FTCFs, indicating good electrical
conductivity and high light transmittance.

Based on the data obtained from the above preparation methods of AgNWs and following
Equation (1), the calculation results of the FOM of AgNW films prepared by various methods are
shown in Table 1.

Table 1. Performance parameters for different AgNW film deposition methods.

Method of Film Deposition Tow! % Rs/ Q-sq?! FOM Reference
Meyer Rod Coating 92.2 12.9 352.33 [11]
Meyer Rod Coating 91 10 390.08 [24]

Spraying 91.7 9 709 [26]
Spraying 86.6 18.3 138 [28]

Spin Coating 82.6 9.4 199.78 [29]
Spin Coating 87.5 144 189.44 [31]
Silk-screen printing 95.3 13.6 568.47 [33]
Inkjet Printing 83.1 34.0 57.12 [37]
Inkjet Printing 74 2.9 399.74 [38]

Table 1 showcases the performance parameters of various thin-film deposition methods,
including Tw, Rs, FOM, and references. Meyer Rod Coating demonstrates high Tw (92.2% and 91%)
and relatively low Rs (12.9 Q)/sq and 10 )/sq), resulting in higher FOM (352.33 and 390.08), indicating
favorable transparent-conductiv9 properties. Spraying, with Tw around 84% and Rs of 24 Q/sq or
12.95 Q)/sq, has lower FOM (86.16 and 165.55), possibly due to film-uniformity issues. Spin Coating,
with Tw of 82.6%-87.5% and Rs of 9.4 Q/sq ~14.4 Q/sq, yields FOM values of 199.78 and 189.44,
balancing conductivity and transmittance. Silk-screen printing stands out with a Taw of 95.3%, Rs of
13.6 Q/sq, and the highest FOM (568.47), suggesting excellent comprehensive performance. Inkjet
Printing exhibits significant variability: T of 83.1% and 74%, Rs of 34.0 Q/sq and 2.9 Q/sq, leading
to FOM of 57.12 and 399.74, highlighting sensitivity to process parameters. Overall, each method has
unique strengths and limitations, guiding selections based on application needs for transparency,
conductivity, and process control.

Table 2. Advantages and Disadvantages of Different Film-forming Processes.

Preparation _. . . Equipment Production . .
Method Film Uniformity Cost Efficiency Applicable Scenarios
Meyer Rod small scale in the
. good low slow
Coating laboratory
excellent Moderate electronic, optical
Spin Coating (small area) (except ‘hlgh- fast (small-area) devices
precision)
moderate architectural glass
Spraying (dependent on moderate fast solar cells
spray control)
. moderate (except low ..
Silk-screen . electronic circuits,
. foredgesand  (except high- fast
printing .. Sensors
corners) precision)
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Preparation _, . . Equipment Production . .
Method Film Uniformity Cost Efficiency Applicable Scenarios
Inkjet excellent high low (large-area) ml.croelectromc's,
Printin, (sprinkler head) (spray head fast (small-area) Flexible Electronics,
& P and ink) Biosensors

From Table 2, in the realm of AgNW film preparation, the process characteristics of different
methodologies diverge significantly owing to disparities in their underlying mechanisms. Spin-
coating and inkjet printing theoretically enable exceptionally high film uniformity through dynamic
solution spreading or precise ink droplet positioning. Nevertheless, the former is constrained by
uneven centrifugal force distribution at the edges of large-area substrates, while the latter is
susceptible to nozzle clogging and ink rheological properties, necessitating rigorous regulation of
operational parameters to achieve practical uniformity. The uniformity of spraying and screen
printing hinges directly on equipment precision, with spray stability and screen squeegee pressure
uniformity serving as critical control factors, respectively.

In terms of thickness control, spin-coating (via adjustments in rotation speed and solution
concentration) and inkjet printing (via the design of ink droplet volume and deposition layers) can
both achieve sub-micron-level precision, rendering them suitable for fabricating ultra-thin or multi-
layer composite structures. Conversely, screen printing and spraying technologies are better suited
for preparing medium-to-thick films due to their process characteristics. The former relies on screen
mesh count and paste viscosity, while the latter adjusts film thickness through spray volume and
number of passes, meeting the requirements for large-area uniform coatings.

Notable differences also emerge in equipment cost and production efficiency: Meyer rod coating
and screen printing entail lower basic equipment costs, with the latter enabling high-speed large-area
patterning production when integrated with automated production lines, making it ideal for low-
cost industrial mass production. Inkjet printing (particularly industrial-grade high-precision
systems) and spraying (automated spraying lines) incur medium-to-high costs. The former is more
appropriate for small-area high-precision patterning due to printing speed limitations, while the
latter serves as an efficient choice for large-area substrates (e.g., solar cells, architectural glass) under
its continuous coating capability.

In summary, spin-coating is the method of choice in laboratory research scenarios due to its
advantage in producing high-quality films in small-areas. In industrial applications, the selection
diverges based on requirements: screen printing is suitable for large-area patterning production,
spraying technology caters to large-area low-cost coating preparation, and inkjet printing
demonstrates unique advantages in constructing high-precision complex structures (e.g., flexible
electronics, biosensors) through its precise positioning capability. This exemplifies the process
adaptation logic from fundamental research to engineering applications.

4. Methods to AgNW Networks Coated with Metal Oxides

AgNW networks, as emerging structures for constructing efficient TCEs, show great potential
for future technological development. However, this structure suffers from problems such as
insufficient thermal, chemical, and electrical stability. For example, AgNWs are prone to oxidation
and agglomeration, and they also have relatively high interfacial contact resistance and need
optimization in surface roughness. Coating with metal oxides (MOx) is an important improvement
method. This approach can not only enhance the oxidation resistance and thermal stress resistance
of AgNW networks, and regulate optical and electrical properties, but also reduce interfacial contact
resistance, thereby further optimizing the comprehensive performance of AGNW networks.

The methods for improving the performance of AgNW networks based on metal oxide (MOx)
coatings are mainly divided into two categories: physical processes and chemical processes, as shown
in Figure 4. The following is a detailed explanation combining the characteristics, advantages, and
application scenarios of each process.
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4.1. Physical Vapor Deposition Methods

Physical vapor deposition (PVD) methods are widely used for coating AgNW networks with
metal oxides. These methods involve the transfer of material in the vapor phase and subsequent
deposition onto the AgNW surface, as shown in Figure 4c.

a) b)
MOx by Ch. Process: CVD

c)

MOx by Phy. Processes: Sputt, Evap, PLD

Figure 4. The main features related to the coating of metallic nanowires depend on the coating process. MOx
homogeneity, surface coverage, and conformality on the AgNWs depending on the method employed, namely
(Ch.) chemical processes (a) Atomic layer deposition (ALD), (b) Chemical vapor deposition (CVD), and (Phys.)
physical processes (c) Sputt, Evap, and Pulsed layer deposition (PLD) [41].

4.1.1. Sputtering Deposition

Sputtering deposition, as an efficient PVD technology, uses high-energy ions to bombard metal
oxide targets in the plasma environment to deposit sputtered particles on the surface of AgNW
networks, which has three core advantages: high deposition rate, nano thickness control, and
excellent coating uniformity. However, this technology needs high vacuum environment support,
and high-energy particle bombardment may damage the microstructure of AgNWs.

Qiu et al. [42] used magnetron sputtering to deposit silver on an electrospun PVA nanofiber
network to build a high aspect ratio AgNW network (aspect ratio > 2000) and used polyvinylidene
fluoride (PVDF) packaging technology to simultaneously improve light transmittance (95.24%),
conductivity (3.2 Q/sq) and environmental stability, solving the contradiction between light
transmission and shielding performance of traditional materials. Wu et al. [43] utilized radio-
frequency magnetron sputtering to deposit aluminum-doped ZnO (AZO) onto spin-coated AgNW
films. Through optimization of AgNW content (0.8 wt%), substrate temperature, and sputtering
pressure, the AZO/AgNW stacked films achieved a resistivity of 2.15 x 10 (-cm and 80.28%
transmittance in the 400 ~ 800 nm range, which were further fabricated into 2.4 GHz wide-band
transparent antennas for Bluetooth communication. This highlights sputtering’s ability to enhance
film crystallinity and compactness via elevated substrate temperatures and reduced pressures,
thereby improving both electrical conductivity and transmittance.

4.1.2. Pulsed layer deposition (PLD)

Generally, AgNWs are first prepared, dispersed, and deposited on a substrate, then placed in a
PLD chamber. Laser pulses are used to bombard metal or metal oxide targets (such as ZnO and TiO,),
causing the generated plasma to deposit films on the surface of AgNWs. This method can enhance
the stability of AgNWs, improve interfacial properties, and regulate optical properties, which are
used to prepare high-performance composite electrodes. However, it faces challenges such as
difficult uniform coating of films and insufficient interfacial bonding force.
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Zhao et al. [44] broke through the single function limitation of traditional metal sensors and
developed a multifunctional silver nanoporous sensing platform based on pulsed laser deposition
technology. The microstructure can be controlled by accurately adjusting the deposition parameters,
and the simultaneous realization: high sensitivity strain sensing (interface optimization to broaden
the detection range), surface-enhanced Raman scattering (SERS) trace detection (nanoporous
substrate enhanced Raman signal), and significant antibacterial activity (silver ion slow-release
antibacterial rate > 99%). The platform integrates mechanical sensing, molecular recognition, and
biosafety functions, providing a multi-scene collaborative monitoring solution for wearable
electronic devices.

PVD plays a critical role in coating MOx on AgNW networks. Sputtering deposition, which
involves bombarding metal oxide targets with energetic ions in a plasma environment, enables rapid
and precise control of uniform coating deposition. This method currently holds significant
application prospects in fields such as transparent electromagnetic shielding (e.g., wearable devices)
and flexible optoelectronics (e.g., transparent antennas). PLD deposits films on AgNWs via laser-
pulse bombardment, enhancing stability and performance, but faces challenges in coating uniformity
and interfacial bonding. Overall, despite operational challenges, PVD methods enable precise control
of coating properties, significantly enhancing the performance of AgNW networks in optoelectronics
and sensing applications.

4.2. Chemical Deposition Methods

Chemical deposition methods rely on chemical reactions to deposit metal oxides on the AgNW
networks. These methods often operate under relatively mild conditions and can be more suitable
for large-scale production, as shown in Figures 4(a) and (b).

4.2.1. Chemical vapor deposition (CVD)

CVD, with metal-organic chemical vapor deposition (MOCVD) as a variant using
organometallic precursors, typically involves three sequential steps: vaporization of organometallic
compounds to generate gaseous precursors, transportation of these vapors by a carrier gas to the
substrate, and thermal decomposition of precursors on the substrate to form a continuous inorganic
film through nucleation and growth. This process of controlled precursor reaction to achieve
homogeneous coating is schematically shown in Figure 5 [45].

MOCVD ALD
e\ ocusors 25 \ Reducno

L]
.':ﬂ;‘%i '. By-products ﬁ“ '.hfﬁ $+8 »
Precursor vapor ‘,'m 1‘ o0 *
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000000O

Figure 5. General schemes of MOCVD and ALD processes [45].

4.2.2. Atomic Layer Deposition (ALD)

ALD, a subclass of CVD, is a vapor deposition technique based on surface-confined chemical
reactions with self-limiting characteristics. It enables atomic-level, precise growth (0.1~1 nm per
cycle) of MOx (e.g., AL,O;, TiO,, ZnO) on AgNW surfaces through periodic alternate introduction of
metal precursors (e.g., trimethylaluminum, TMA; tetra isopropyl titanate, TIPT) and reaction gases
(e.g., H2O, Oy).
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Li et al. [46] successfully prepared ZnO optical films with non-polar structure by ALD
technology combined with a heat treatment process. The research shows that the AgNW/ZnO
composite electrode prepared after 500 deposition cycles shows excellent thermal stability: after
heating at 400 °C for 180 minutes, the electrode still maintains a high transmittance of more than 95%
in the visible light band (380 ~ 780nm), and the square resistance only increases to 1.9 times of the
initial value, which is significantly better than the pure AgNW electrode without ZnO protection.
Weng et al. [47] used ALD technology to construct a 30-nanometer-thick TiO:z three-dimensional
conformal coating layer on the surface of AgNWs and PDMS substrates AgNWs@TiO:z The composite
film shows excellent comprehensive properties: the light transmittance reaches 75% in the visible
light range (380 ~ 780 nm), and the light transmittance retention still exceeds 95% after 500 bending
cycles (radius of curvature 5 mm). The results show that the TiO: coating not only significantly
enhances the interfacial adhesion between AgNWs and PDMS substrate, but also greatly improves
the thermal stability and oxidation resistance of the composite film under its unique barrier effect.

4.2.3. Solution Methods

The primary techniques of solution methods are electrochemical and sol-gel processes. In
electrochemical-based processes, silver ions (Ag*) in an electrolyte undergo reduction reactions on
the cathode surface under the action of an external electric field, leading to directional deposition and
growth into AgNWs. The sol-gel process utilizes reducing agents (such as sodium borohydride) to
reduce silver ions in silver salt solutions to nanoscale particles. Stabilizers (such as
polyvinylpyrrolidone, PVP) are employed to regulate particle aggregation, forming a sol that
gradually undergoes gelation and finally solidifies into AgNWs. Both processes exhibit low
deposition rates in the range of approximately 0.1 to 10 nm min.

Kang et al. [48] successfully prepared high-performance AgNWs/ZnO composite electrodes by
spraying AgNWs and spin coating 0.45M low-temperature sol-gel ZnO precursor and annealing at
150 °C for 0.5 hours. While maintaining excellent photoelectric performance (average visible light
transmittance of 84%, square resistance of 30 ~ 50 ()/sq), the surface RMS roughness of the electrode
is significantly reduced from 21.2nm to 8.5nm. It is particularly noteworthy that the ZnO-modified
layer makes the electrode show excellent mechanical stability (square resistance remains 44.3 Q/sq
after 10000 bending at 7.5mm curvature half diameter) and chemical stability (effectively inhibiting
Ag migration), which provides a reliable electrode solution for large-area printing of flexible solar
cells.

Chemical deposition methods, which involve depositing MOx onto AgNW networks via
chemical reactions, are characterized by mild reaction conditions and excellent scalability for large-
scale manufacturing. These techniques enable a wide range of strategies to customize the
optoelectronic properties, surface topography, and durability of AgNW-based composites. As a
result, they demonstrate substantial potential for applications in flexible electronics, optoelectronic
devices, and other emerging technological fields.

4.3. Hybrid Approaches

Hybrid techniques leverage a combination of physical deposition and chemical synthesis to
apply thin films onto substrate surfaces. Initially, a liquid solution is coated onto the surface to ensure
uniform dispersion and complete coverage. Subsequently, a curing step is performed to initiate
chemical processes aimed at removing any residual solvents and promoting the formation of the final
coating, thereby enabling the efficient fabrication and performance optimization of AgNWs.
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Table 3. Comparison Table of Characteristics and Typical Applications of AgNWs Prepared by Different

Methods.

Preparation _, . . Equipment Production . .
Method Film Uniformity Cost Efficiency Applicable Scenarios
Sputte.rllng excellent (dense, high medium TCEs (e.g., displays, solar

Deposition regular-structured) cells)
high-performance
Pulsed layer _ electronic devices (e.g.,
. excellent (precise . low .
deposition atterning) very high (small-area) gas sensors, high-
(PLD) P & frequency electronic
components)
Chemical . flexible electronic devices
vapor excellent (large- . high ) .
. ) . very high (e.g., flexible display
deposition area, high-quality) (large-area) .
screens, wearable devices)
(CVD)
Atomic layer ' low (layer-by- hlgh—sta'bll.lty electrodes
. extremely high . (e.g., lithium battery
deposition _ very high layer
(atomic level) . electrodes, UV
(ALD) deposition)
photodetectors)
flexible wearable devices
Solution poor (porous low relatively high (e.. g., flexible circuits,
methods structure) biosensors), low-cost

optoelectronic devices

From Table 3, different AgNW films preparation methods exhibit distinct characteristics in film
uniformity, equipment cost, production efficiency, and applicable scenarios. Sputtering deposition
provides excellent, dense, regular-structured films with high equipment cost and medium
production efficiency, suitable for TCEs in displays and solar cells. PLD ensures excellent precise
patterning but involves very high equipment cost and low small-area production efficiency, ideal for
high-performance electronic devices like gas sensors and high-frequency components. CVD can
produce high-quality thin films with large area and high quality. Although the equipment cost is
very high, the large-scale production efficiency is also high. It is more suitable for flexible electronic
devices such as flexible displays and wearable devices. ALD offers extremely high atomic-level film
uniformity, though with very high equipment cost and low layer-by-layer deposition efficiency,
applicable to high-stability electrodes like lithium-battery electrodes and UV photodetectors.
Solution methods, featuring low equipment cost and relatively high production efficiency, produce
poor porous-structured films, suitable for flexible wearable devices (e.g., flexible circuits, biosensors)
and low-cost optoelectronic devices.

5. Application of AgNW-TCFs

Due to trends such as the lightweight, thin, flexible, and high-performance nature of electronic
devices, advancements in touch screen technology, and improvements in the efficiency of solar cells,
AgNWs have significant application potential across various fields. This is attributed to their
exceptional properties, including high light transmittance, electrical conductivity, flexibility, and
stability. In recent years, the maturation of their preparation processes has resulted in reduced costs
and an expanded market scale. Furthermore, AgNWs align with the principles of environmental
protection and sustainable development, offering promising prospects for commercial applications.
For example, they can play a crucial role in areas such as organic light-emitting diodes, solar cells,
flexible sensors, and electromagnetic shielding.
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5.1. Organic Light-Emitting Diodes (OLEDs)

As a new type of TCE, the AgNW network has shown significant advantages in the field of
flexible OLEDs. Compared with traditional ITO, AgNW electrodes can be prepared in large-area by
low-temperature solution process (such as spin coating and spraying), which is compatible with
flexible substrates such as polyimide (PI) and PET, breaking the brittleness limit of ITO.

a i

et Tl

Figure 6. (a) Schematic diagram of the structure of a large-area flexible transparent touch screen; (b)
Demonstration of writing letters on the transparent touch screen recorded on the computer monitor; (c) Picture

of tracking a butterfly under the transparent touch screen [49] (color online).

Cho et al. [49] proposed an improved rod coating assembly technology, which realized the
preparation of a large area (> 20 x 20 cm?) cross arranged AgNW networks, with a thin layer resistance
of 21.0 Q/sq and a visible light transmittance of 95.0%, which was better than the random network,
as shown in Figure 6. Combined with mechanical discoloration spiropyran polydimethylsiloxane
composite film, a touch screen with flexibility, transparency, and force sensitive response is
developed, which can accurately monitor dynamic writing, track patterns and perceive local writing
force differences, providing a new platform for multifunctional flexible optoelectronic devices. Du et
al. [50] prepared an AgNW film with a low sheet resistance of 26.5 ()/sq, a high light transmittance
of 95.2% (at a wavelength of 550 nm), and a root-mean-square roughness of 5.4 nm through xenon
lamp beam irradiation. Furthermore, they fabricated a large-area flexible OLED (25 x 25 mm?) with
an external quantum efficiency (EQE) of 22.2% and a luminous efficacy of 78.0 cd/A. Wang et al. [51]
prepared a TisCoTx/AgNWs/PEDOT-PET film composite electrode that exhibited a low sheet
resistance (< 30 Q/sq) and a high light transmittance (> 80%) at a wavelength of 550 nm through the
spraying method, using a sandwich conductive structure formed by an AgNW network, a novel two-
dimensional nanosheet (with excellent electrical conductivity, hydrophilicity, and mechanical
flexibility), and PEDOT:PSS. The flexible OLED with this composite anode had a maximum
brightness, maximum current efficiency, and current density as high as 10040 cd/m?, 3.7 cd/A, and
535.5 mA/cm?, respectively. The low temperature welding (80 °C) of AgNW was realized by using
TisC2Tx surface functional groups, which avoided the damage of the high temperature process to the
thermal sensitive substrate. The sandwich structure design realizes the optimization of conductive
network connectivity, surface roughness, and environmental stability, and provides a high-
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performance ITO alternative for flexible wearable devices, foldable displays, and other fields. Qian
et al. [52] constructed TCFs with HPMC/AgNW/GP sandwich structures based on HPMC. The film
has a high transmittance of 81.5% and a low square resistance of 4.2 ()/sq at 550 nm, and its
comprehensive performance is better than that of similar AGNW-TCFs. As the anode of OLED, the
device shows excellent luminous performance and stability: the maximum brightness is 13740 cd/m?,
the maximum current efficiency is 10.6 CD/A, the maximum power efficiency is 5.5 Im/W, and the
maximum EQE is 2.9%. The GP layer optimizes charge transfer by enhancing hydrophilicity, while
the HPMC packaging layer synchronously reduces surface roughness and improves flexibility,
providing a new strategy for high-performance flexible optoelectronic devices.

Table 4. Performance comparison of AgNWs applied to OLED.

Turn-on Maximum Maximum L
. Area Current .
Material Substrate voltage . . uminance Reference
(em?) o Efficiency Ced/m?)
(cd/A)
LPMN-
processed PET 25x%x25 3 78.0 5118 [50]
AgNWs
TisC2Tx / PEDOT:
AgNWs PSS 4x4 7 37 10040 [51]
HRLOC/
AgNWs PI 20 x 20 18.37 20000 [53]
AgNWs GLASS 4x4 55 45.99 27310 [55]
Graphene
/AgNWs PET 9 15000 [56]
AgNWSs/ITO PI 1x1 7.7 5000 [58]
PVA/AgNWs PEN 10 35.3 18540 [59]

Table 4 enumerates a range of materials, highlighting variations in performance parameters such
as turn-on voltage, maximum current efficiency, and maximum luminous brightness. These
variations underscore the diverse optoelectronic properties inherent to different materials.

5.2. Organic Solar Cells (OSCs)

Flexible TCEs are crucial components of flexible organic solar cells (FOSCs), as their performance
directly influences the optoelectronic conversion efficiency of these cells. AgNWs exhibit excellent
electrical conductivity and light transmittance on flexible substrates, and their preparation process is
straightforward. When employed in the fabrication of TCEs for solar cells, AgNWs not only enhance
the conversion efficiency but also significantly reduce production costs. The fundamental structure
of FOSCs is illustrated in Figure 7.
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Figure 7. The structure of FOSCs is based on AgNW films [60].

Lei et al. [61] developed a foldable organic solar cell (FOSCs) based on AgNWs (agnws)
composite transparent electrodes. By doping 6 vol% ethylene glycols (eg) into PEDOT:pss ph1000 to
optimize the electrode performance, the device achieved a photoelectric conversion efficiency (PCE)
of 10.30%. In the mechanical stability test, the device still retains 90% of the initial PCE after 1000
bending cycles, and the PCE retention rate is more than 75% after 180 ° complete folding. Song et al.
[62] introduced ultra-flexible and ultra-light OSCs with a total thickness of less than 3 pm and a
weight of 4.83 g/m2. By introducing the ternary strategy of the third component of PC71BM, it reduced
the crystallization and agglomeration of the active layer, improved the ductility, and achieved a
stable PCE of 15.5% and a weight power ratio of 32.07 W/g. After 800 cycles of tension compression,
the PCE of the device remained more than 83%, and after 1000 hours of storage in a nitrogen
environment, the PCE remained more than 95%, laying the foundation for the integration of flexible
power supply and wearable electronics. Qi et al. [63] prepared cross aligned AgNWs by one-step
method and embedded them in biodegradable elastic polyester (PGSU) to construct a hybrid
electrode (light transmittance at 550 nm = 90%, square resistance 52.6 ()/sq). By limiting the solvent
evaporation rate of the perovskite precursor solution, the electrode significantly reduces the number
of nucleations and forms a large grain dense perovskite film, which improves the PCE of flexible and
degradable PSCs to 17.51%, close to the traditional to-pet based devices (16.86%). The device shows
excellent mechanical flexibility (PCE retention rate of 93.2% after 500 cycles at a bending radius of 9.3
mm) and environmental sustainability (complete degradation within a week), which provides a new
strategy for environmentally friendly flexible optoelectronic devices.

5.3. Flexible Sensors

The sensor can continuously monitor the operation status of electronic equipment. Among them,
the flexible sensor can evaluate human health, and its performance indicators include responsiveness,
sensitivity, hysteresis, and stability. Among metal nanowires, AgNWs exhibit superior electrical and
thermal conductivity, alongside a notable resistance to oxidation and corrosion. Consequently,
AgNW-TCFs are employed in the fabrication of devices such as conductive patches and biosensors,
offering more convenient and efficient solutions for medical diagnostics and treatment.

Qin et al. [64] prepared an AgNWs/MXene/non-woven fabric composite material through the
dip-coating technique for use in a pressure sensor. Its unique sandwich structure features high
sensitivity (14.28 kPa! within the pressure range of 0.25 to 5 kPa) and also has a wide sensing range
(0.25 to 400 kPa), fast response and recovery times (60 ms/120 ms), excellent stability, and long-term
durability for applications in human motion detection. Chen et al. [65] used a liquid film rupture-
assisted self-assembly method of AgNWs to prepare conductive leaf veins, achieving a low sheet
resistance of 3.6 {)/sq and a high transparency of 79%. The pressure sensor fabricated based on these
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conductive leaf veins has a high sensitivity of 3.8 kPa™,, and it is capable of real-time monitoring of
human movements, showing great potential in applications such as motion monitoring and
information encryption. Castillo-Lépez et al. [66] deposited AgNWs in PVA by the drop-coating
method. The prepared sensor has an applied force range of 0 to 3.92 N and a sensitivity of 0.039 N,
and it has a good ability to detect changes in the applied force without external force.

5.4. Electromagnetic Shielding

Due to their high electrical conductivity, flexibility, and transparency, AgNWs have emerged as
core candidates for the next generation of electromagnetic shielding materials, with the potential to
propel the development of future electronic devices toward being lighter, thinner, and more
intelligent.

Jiang et al. [67] successfully prepared a flexible, high-performance electromagnetic interference
(EMI) shielding film that can be rapidly fabricated and is adaptable to various environments. By
scraping and coating aramid nanofibers (ANF) and spraying AgNWs to form a sandwich structure,
when 1.0 mg/cm? of AgNWs is added, the shielding effectiveness can reach 50.6 dB, and it exhibits
excellent performance in acidic and alkaline environments. This provides a new direction for the field
of ultra-thin high-performance EMI shielding films and has good application prospects. Guo et al.
[68] successfully prepared a composite film with a high-efficiency EMI SE of 84.3 dB and a low
reflection coefficient of 0.42 through a highly controllable vacuum-assisted filtration technique. This
composite film is composed of a low electrical conductivity CoFe,O,@MXene hybrid aggregated in
the top region as an impedance matching layer and highly conductive AgNWs deposited at the
bottom as an efficient shielding layer. Moreover, the ratio of the absorption loss (SEA) to the total
shielding effectiveness (SET) is much higher than the ratio of the reflection loss (SER) to the SET. The
research by Nguyen et al. [69] demonstrated a successful approach to developing multifunctional
EMI shielding materials through the structural design of multi-layer composite films. The film was
prepared by sequentially performing vacuum filtration on the suspensions of graphene fluoride
(GF)@ ANF and AgNWs@ANF. The EMI SE of the film within the X-band frequency range reaches
54 dB, and an ultra-high in-plane thermal conductivity of over 45 W/mK has been achieved.

5.5. Other Important Applications

Materials based on AgNWs also demonstrate significant potential in other critical applications,
including low-emissivity films, transparent heaters, computational memory, etc. For instance, low-
emissivity films fabricated by tailoring the network density and distribution of AgNWs achieve
efficient reflection of long-wave infrared radiation (8~14 um band) while maintaining high visible-
light transmittance, making them essential for energy-efficient architectural glazing, automotive
windshields, and thermal management systems in electronic devices [70]. Meanwhile, transparent
heaters based on AgNW composites leverage their high electrical conductivity and flexibility,
integrated into flexible substrates such as PET or PDMS, to enable uniform heat distribution and
rapid heating response. These find promising applications in defogging/defrosting devices, flexible
displays, and wearable thermal therapy systems (e.g., flexible electronic skins for promoting
transdermal drug absorption via localized heating) [71]. Additionally, AgNW-based resistive
random-access memory (RRAM) devices utilize the formation and rupture mechanisms of nanoscale
conductive filaments to achieve high integration density and low power consumption, with the
potential for neuromorphic computing by modulating the electrochemical reactions at the AgNW-
oxide interface to simulate synaptic behaviors. Collectively, these applications highlight the
interdisciplinary versatility of AgNWs driven by their unique electrical, optical, and structural
properties [72].

6. Stability Challenges and Mitigation in AgNW Networks

6.1. The Degradation Mechanism of AGQNWs
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The stability of AgNW networks under various stress conditions remains a critical challenge for
their practical implementation. Recent studies have highlighted four primary instability mechanisms:
Electrical Instability, thermal failure, photodegradation, and chemical corrosion.

6.1.1. Electrical Instability

Electrical instability in AgNW networks primarily arises from electromigration and Joule
heating effects. Under continuous current flow, AgNW networks suffer from electromigration effects,
leading to local heating and eventual breakdown of nanowire junctions. Under DC stress, electron
wind drives Ag* ions to migrate, forming Ag.O/AgOH precipitates at the anode and dendritic
growths at the cathode, leading to localized breakages [73,74]. Grazioli et al. [75] simulated that
AgNW networks fail instantaneously at 0.5 A due to Joule heating-induced melting, while AC
operation mitigates this by reducing directional ion movement.

6.1.2. Thermal Failure

Elevated temperatures accelerate oxidation processes and promote nanowire coalescence
through surface diffusion. This results in increased junction resistance and network fragmentation
over time. Thermal degradation of AgNWs is governed by the Rayleigh instability.

Ag electrodes were stable up to 200 °C without degradation of the optical properties and did not
show conductivity loss. However, as the annealing temperature was further increased, the optical
and electrical properties of the bare Ag nanowire electrode degraded significantly. After annealing
at 380 °C, the transmittance decreased from 90.7% to 85.0%, and haze increased from 1.24% to 7.29%
[76].

Jeong et al. [77] reported that unencapsulated AgNW-TCFs exhibited a significant increase in
sheet resistance from 75-80 )/sq to over 700 €)/sq after 4 days of thermal aging at 150 °C, which was
attributed to the diffusion-mediated surface aggregation (DMSA) effect. Notably, the degradation
process was accelerated under elevated temperatures and light exposure, ultimately leading to a
complete loss of conductivity.

6.1.3. Photodegradation

Under long-term light conditions, AgNW networks exhibit unique and complex behaviors
distinct from other electrode materials. UV irradiation can induce surface plasmon resonance,
generating a photo-thermal effect on AgNWs. This effect increases the local temperature of AGNW
networks, forms "hot spots”, and accelerates sulfidation and oxidation processes. Additionally, the
synergistic action of UV and O; can generate oxides such as AgO,, which disrupts the nanostructure
of nanowires, thereby reducing light transmittance and electrical conductivity.

Lin et al. [78] studied the degradation of AgNW-TCFs (initial sheet resistance ~30 {)/sq) under
Ultraviolet A (UVA) exposure. Resistance increased to 200 Q/sq after 16 h (75 °C), 24 h (60 °C), and
60 h (45 °C) of UVA exposure, versus 288 h under high damp heat (85 °C / 85% humidity) without
UVA, confirming UVA accelerates TCF performance loss.

6.1.4. Chemical Corrosion

One degradation mechanism of AgNWs in air is analogous to that of bulk silver, where chemical
corrosion is primarily governed by the interaction between their surface and atmospheric
components. Exposure to atmospheric sulfur compounds and moisture induces the formation of
silver sulfide, thereby severely deteriorating conductivity. Yan et al. recently reported the corrosion
of AgNWs by precursor reagents and the MAPbI; layer under varying environmental conditions in
perovskite solar cells [79].

AgNW networks suffer from four interrelated degradation mechanisms under operational and
environmental stresses: (1) Electrical instability, driven by electromigration and Joule heating under
DC bias, induces Ag* ion migration, dendritic growth, and junction failure, with AC operation
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partially mitigating directional ion transport; (2) Thermal failure at elevated temperatures (> 200 °C)
activates Rayleigh instability and surface diffusion, leading to nanowire coalescence, junction
resistance increase, and optical haze; (3) Photodegradation via UV-induced plasmonic heating
accelerates oxidation/sulfidation, forming conductive hot spots and structural defects; (4) Chemical
corrosion by atmospheric sulfur, moisture, or reactive layers (e.g.,, MAPDbI;) converts AgNWs into
insulating Ag,S, degrading conductivity. These mechanisms often coexist synergistically,
exacerbating real-world stability challenges. While stability is critical for optoelectronic device
performance, achieving it requires addressing multifactorial degradation pathways, as isolated
solutions fail under concurrent thermal, electrical, and environmental stressors.

6.2. Mitigation Strategies

To enhance the stability of AgNW-TCFs, four advanced strategies have been developed:

6.2.1. Surface Encapsulation

ALD: TCFs based on AgNWs with fine encapsulation layers prepared using materials with
excellent thermal stability, such as ALO;, TiO,, ZnO, GO, and reduced graphene oxide (rGO), can
effectively inhibit the diffusion of silver atoms at high temperatures, thereby enhancing the thermal
stability of AgNW networks.

Yeh et al. [80]directly deposited a layer of TiO, on AgNWs coated with PVP via ALD. PVP serves
as a nucleation foundation for TiO, during the ALD process. The AgNW-TCFs with a conformal TiO,
protective layer maintain stability for up to 100 hours under heat treatment at 200 °C. When the
temperature increases to 300 °C, its thermal stability is significantly improved by more than 100-fold
compared to unprotected films.

6.2.2. Stabilization Additives

Entifar et al. [81] demonstrated that TEs treated with 11-aminoundecanoic acid exhibit a low
sheet resistance of 26 ()/sq, high transmittance of 90%, and exceptional stretchability, with resistance
variation maintained within ~10% under 120% stretching. Additionally, the introduction of a
conductive PEDOT:PSS overlayer significantly enhances the chemical stability of the stretchable
AgNW films.

6.2.3. Hybrid Nanocomposites

CNT Reinforcement: Interpenetrating CNT networks preserve electrical percolation under
thermal stress.

Pillai et al. [82] demonstrated that the Single-Walled Carbon Nanotubes (SWCNT)-AgNW-resin-
PET film electrode exhibits a peak current of approximately 470 pA at 0.8 V, which is an order of
magnitude higher than that of the AgNW electrode (ca. 46 pA). The hybrid film maintains a sheet
resistance of ~30 ()/sq with no mechanical degradation after 1000 bending cycles at an 8 mm radius,
showing nearly identical performance to unbended samples.

6.2.4. Process Optimization

Tang et al. [83] demonstrated that AgNW/ZnO composite TCEs processed via low-temperature
solution exhibit excellent flexibility, environmental and thermal stability (approximately 300 °C),
high electrical conductivity (~20 ()/sq), and good transmittance (~87% at 550 nm). This low-
temperature process successfully balances the key properties of high conductivity, high
transmittance, low roughness, and high stability, and its comprehensive performance is significantly
better than that of pure AgNW electrodes and commercial ITO material.

Choo et al. [84] coated GO sheets onto AgNW electrodes using a simple dipping method to
prevent UV irradiation and ozone from contacting the AgNW surface, thereby suppressing the
increase in sheet resistance in GO-treated AgNWs. Go and other coating materials are used to isolate
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environmental factors and inhibit UV degradation. At the same time, the heat treatment process is
optimized to avoid the temperature exceeding 160 °C to maintain the network integrity. The visible
light transmittance decreased from 94% to 88%, but the transverse surface plasmon resonance (TSPR)
peak was retained.

These strategies collectively address multifactorial degradation mechanisms, balancing
optoelectronic performance with environmental and mechanical resilience, thereby advancing
AgNW networks toward practical applications in flexible electronics and energy devices.

6.3. Future Challenges and Research Directions

Future research on metal nanowire (MNW) networks should focus on three key advancements
[85]:

1. Dynamic failure modeling: Develop cross-scale models (nano to macro) to simulate real-time
failure processes like hotspot diffusion under electrothermal stress, integrating microscale
mechanisms (e.g., Rayleigh instability, electromigration) with macroscale transport behaviors for
predictive failure propagation analysis.

2. Standardized testing: Establish unified lifetime metrics (e.g., time-to-failure, TTF) under multi-
stress conditions (thermal/chemical/mechanical coupling), replacing single extreme tests, and
standardize reporting of degradation kinetics (e.g., cyclic resistance changes).

3. Process optimization: Deploy roll-to-roll (R2R)-compatible encapsulation technologies (e.g.,
atomic layer deposition, ALD; GO) to enhance coating uniformity, reduce ALD energy use, and lower
GO processing costs for scalable manufacturing, ensuring cost-effective reliability across flexible
electronics and optoelectronic applications.

7. Conclusions and Outlook

7.1. Conclusions

This article reviews the research progress of AgNW transparent conductive thin films. The latest
research results show that the visible light transmittance of AgNW thin films is higher than 90%, the
sheet resistance is as low as 15 )/sq, and the optoelectronic properties can still be basically stable
after more than 10000 bending cycles, which makes it highly valuable in flexible optoelectronic
products. At present, various low-cost and easy to produce technologies include the development of
Mayer rod coating, spray deposition, spin coating, screen printing and inkjet printing, which can
produce AgNW films with large area (200 x 200 mm?). In addition, surface encapsulation (ALD
deposition of ZnO/TiO2), mixed composite materials (MXene/AgNW/graphene), and network
densification techniques can significantly improve the antioxidant performance of AgNW. These
make AgNW thin films have great application prospects in OLED, organic solar cells, flexible sensors,
and electromagnetic shielding.

7.2. Outlook and Future Directions

1. Despite significant progress, critical challenges remain:

e  Uniformity & Scalability: Achieving nanoscale homogeneity in large-area films requires roll-to-
roll (R2R) compatible processes. Screen printing and spray coating show industrial potential but
need improved thickness control.

e Long-Term Stability: Degradation under thermal (>200°C), UV, and chemical stresses
necessitates robust encapsulation. Hybrid approaches (e.g., GO/AgNW) and ALD-grown oxide
barriers (Al,O;, TiO,) offer promising solutions.

e  Cost-Effectiveness: Reducing silver usage via optimized network density and low-cost ink
formulations (e.g.,, HPMC-AgNW) is vital for commercialization.

2. Future research should prioritize:
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e Advanced Modeling: Develop multiscale simulations to predict failure modes (e.g., hotspot
formation under electrothermal stress).
e Standardized Testing: Establish unified metrics for lifetime assessment under combined
stressors (thermal-humidity-mechanical cycling).
e  Emerging Applications:
(1) Biomedical Devices: Antibacterial AgNW electrodes for wearable biosensors and smart
bandages.
(2) Energy Systems: Integration into fuel cells and supercapacitors to enhance charge transfer
efficiency.
(3) Smart Environments: Large-area AgNW-TCFs for energy-saving smart windows with
tunable emissivity.
(4) Neuromorphic Computing: AgNW-based resistive RAM for low-power synaptic devices.
The convergence of material innovation, process engineering, and cross-disciplinary
applications will drive AgNW-TCFs toward sustainable, high-performance flexible electronics,
ultimately fulfilling demands in consumer tech, healthcare, and green energy.
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