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Transparent conductive materials still face significant challenges in simultaneously achieving high optical

transmittance, broadband electromagnetic interference (EMI) shielding, and excellent environmental

stability. In this work, a hexagonal–Voronoi composite metal mesh (HV-CMM) is proposed by integrating

a periodic hexagonal framework with stochastic Voronoi substructures, which effectively suppresses

optical diffraction while maintaining structural stability. By tuning the characteristic size of the Voronoi

features, a synergistic optimization of optical and electromagnetic performance is achieved. The

fabricated HV-CMM exhibits high optical transmittance of 78–83% and low haze of 4.5–4.8% in the

visible range. Owing to the disruption of long-range periodicity, coherent diffraction is effectively

suppressed, leading to improved visual uniformity. In the 1–18 GHz frequency range, the samples

demonstrate stable EMI shielding performance, with an average shielding effectiveness of 38.5 dB and

a maximum value of 47.8 dB at 12 GHz. In addition, the HV-CMM shows rapid and uniform

electrothermal response, reaching a temperature of 143 °C within 150 s under an applied voltage of 1 V.

The introduction of a Ni passivation layer significantly enhances environmental stability, reducing the

variation in sheet resistance from 152.9% for pure Cu to 42.4% after 240 h under 85 °C/85% RH

conditions. This work presents a structure–material co-design strategy, providing a new pathway for

multifunctional transparent conductive meshes in applications such as optical windows, defogging/

deicing systems, and electromagnetic protection.
1. Introduction

The rapid proliferation of wireless communications, portable
electronics, and Internet-of-Things systems has led to increas-
ingly complex electromagnetic environments.1–3 Consequently,
electromagnetic-shielding optical windows have become
essential components in advanced optoelectronic systems.4–6

Conventional EMI shielding materials, such as bulk metals and
continuous conductive lms,7–10 rely on high electrical
conductivity to reect and absorb electromagnetic waves;
however, they inherently suffer from poor visible-light trans-
mittance, limiting their applicability in transparent devices.

To overcome this limitation, metal mesh-based transparent
shielding structures have been extensively explored,11,12 where
optical transmittance and shielding effectiveness can be tuned
by adjusting linewidth, periodicity, and ll factor. However,
most reported designs employ strictly periodic geometries,13–17

whose inherent spatial periodicity induces pronounced optical
onductor Optoelectronic Materials and

iyuan, Shanxi 030051, China

ctronics Technology Group Corporation,

the Royal Society of Chemistry
diffraction in the visible range, resulting in discrete diffraction
orders and degraded imaging quality.18–22

To mitigate such directional diffraction, aperiodic or
random architectures,23–25 including crackle-template-derived
meshes,26–30 have been proposed. While these structures effec-
tively suppress diffraction, their stochastic nature makes it
difficult to achieve systematic optimization and reproducible
fabrication. In addition, random formation processes limit
structural uniformity and scalability over large areas. Therefore,
developing a structure that simultaneously enables diffraction
suppression and controllable, scalable fabrication remains
a key challenge.

To address this issue, we propose a hexagonal–Voronoi
composite metal mesh (HV-CMM) as a multifunctional plat-
form that integrates periodic and stochastic features. A
continuous hexagonal framework serves as a conductive back-
bone, ensuring low sheet resistance (Rs) and stable electrical
pathways. Meanwhile, embedded Voronoi-type substructures
disrupt long-range periodicity at the microscale, thereby sup-
pressing directional diffraction and improving optical unifor-
mity. Furthermore, a Cu/Ni composite system is employed,
where Cu provides high electrical conductivity and Ni enhances
environmental stability and interfacial durability.31
RSC Adv., 2026, 16, 25229–25235 | 25229
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The multifunctional performance of the HV-CMM is
systematically investigated. The fabricated samples exhibit high
and spectrally uniform transmittance (78–83%) in the visible
range (380–750 nm), with signicantly reduced diffraction
compared to conventional periodic meshes. In the 1–18 GHz
range, the HV-CMM achieves broadband EMI shielding with
effectiveness ranging from 25 to 50 dB. In addition, the struc-
ture demonstrates rapid and uniform Joule heating, reaching
a steady-state temperature of 143 °C under a 1 V bias. These
results highlight a scalable strategy for developing multifunc-
tional transparent systems integrating optical transparency,
EMI shielding, and electrothermal functionality.
2. Structure design and fabrication
2.1 Structure design

To simultaneously achieve high visible-light transmittance, low
sheet resistance, broadband electromagnetic interference (EMI)
shielding, and rapid as well as spatially uniform electrothermal
response, a metal mesh topology is proposed by integrating
a periodic hexagonal framework with an internal Voronoi-type
stochastic substructure (Fig. 1a and b).

The hexagonal backbone provides macroscopic mechanical
stability and enables good scalability for large-area fabrication.
Within each hexagonal unit, a controllable Voronoi-type
random mesh is introduced to disrupt long-range coherence,
thereby effectively suppressing optical diffraction. The average
characteristic size L of the Voronoi mesh can be continuously
tuned by adjusting the density of random seed points per unit
area, which is given by:

L ¼ 1
ffiffiffiffiffiffiffiffiffiffi
N=A

p (1)

where A denotes the total area and N represents the number of
random seed points. For effective electromagnetic shielding,
the average characteristic size L should be much smaller than
the wavelength of the incident microwave radiation. Mean-
while, the transmittance in the visible spectrum is primarily
determined by the shading ratio, dened as the ratio of the
open area to the total area.

The selection of structural parameters is critical for
balancing optical and electromagnetic performance. The
hexagonal unit size is designed to achieve a balance between the
periodic framework and the embedded random Voronoi
Fig. 1 (a) Schematic illustration of the proposed HV-CMM. (b)
Geometric details of a single unit cell.

25230 | RSC Adv., 2026, 16, 25229–25235
substructures. A too-small unit size leads to a highly periodic
arrangement with pronounced diffraction effects, while a too-
large unit size results in a loss of structural controllability due
to excessive randomness. Therefore, an intermediate hexagonal
size (500 mm) is adopted to simultaneously ensure diffraction
suppression and structural designability.

In addition, the linewidth and characteristic dimensions of
the mesh directly inuence both optical transmittance and EMI
shielding effectiveness. The Voronoi feature size is designed to
be much smaller than the wavelength in the 1–18 GHz range,
while remaining signicantly larger than the wavelength of
visible light, thereby enabling effective electromagnetic shield-
ing while maintaining high transparency. Based on these
considerations, together with preliminary simulations of line-
width and mesh size effects(Fig. 2a and b) the linewidth is set to
5 mm and the Voronoi feature size is selected to be approxi-
mately 62.5 mm.

Regarding the material system, a Cu/Ni composite structure
is employed as the conductive medium to balance cost, elec-
trical conductivity, and environmental stability. Copper
provides high intrinsic electrical conductivity, ensuring low
sheet resistance and efficient Joule heating response, whereas
nickel readily forms a Ni-rich passivation layer in ambient
conditions, signicantly enhancing oxidation resistance,
corrosion resistance, and damp-heat reliability.
2.2 Fabrication of metal mesh lm

The fabrication process of the composite metal mesh is illus-
trated in Fig. 3. A high-transmittance K9 glass substrate
(1.6 mm thick) is used. To improve interfacial adhesion, a Ti
adhesion layer (10 nm) and a Cu seed layer (20 nm) are
sequentially deposited via DC magnetron sputtering, where the
Cu layer serves as the conductive base for electroplating. The
predesigned hexagonal–Voronoi pattern is then transferred
onto the photoresist via UV photolithography. Cu and Ni are
subsequently deposited by a two-step electroplating process.
Specically, Cu is electroplated in a copper sulfate electrolyte at
15 mA cm−2 for 30–60 s, followed by Ni electroplating at 6 mA
cm−2 for 1–3 min to form a uniform Ni overlayer. Aerward, the
photoresist is removed using acetone, and residual metal lms
in unpatterned regions are eliminated by ion beam etching.
This process yields a large-area hexagonal–Voronoi composite
metal mesh with uniform linewidth and high structural delity.
Fig. 2 Effect of structural parameters on the optical transmittance and
EMI shielding effectiveness of Cu mesh structures. (a) Linewidth. (b)
Mesh feature size.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Schematic illustration of the fabrication process of the mesh.

Fig. 5 (a) XRD patterns of the Cu/Ni mesh. (b) XRD patterns of the Cu
mesh.
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Based on the above fabrication process, transparent
conductive metal meshes were successfully prepared. To ensure
the reproducibility of the fabrication process, multiple samples
were independently fabricated under identical conditions, and
consistent structural and performance characteristics were ob-
tained. By tuning the electroplating time and current density,
three groups of samples with different metal thickness cong-
urations were obtained, denoted as Cu5, Cu4/Ni1, and Cu3/Ni2,
where the subscripts represent the thicknesses (in mm) of the Cu
and Ni layers, respectively, with a xed total metal thickness of 5
mm.

Optical microscopy and scanning electron microscopy (SEM)
images reveal uniform linewidths and high pattern delity of
the metal meshes (Fig. 4a–c). The linewidth is approximately 5
mm, with an average Voronoi cell size of ∼62.5 mm and
a hexagonal side length of 500 mm. Prolometry measurements
further conrm a uniform overall metal thickness of 5 mm
across the samples (Fig. 4d).

To analyze the compositional characteristics of the metal
mesh structures, X-ray diffraction (XRD) measurements were
performed on both pure Cu samples and Cu/Ni composite
samples (Fig. 5). The results show that, within the 40°–55°
range, the pure Cu sample exhibits two prominent diffraction
peaks located at 43.3° and 50.4°, corresponding to the (111) and
(200) planes of face-centered cubic Cu, respectively. In contrast,
the Cu/Ni composite samples display four diffraction peaks in
Fig. 4 (a–c) OM and SEM images of the mesh. (d) Thickness distri-
bution of the mesh.

© 2026 The Author(s). Published by the Royal Society of Chemistry
the same range, located at 43.3°, 44.5°, 50.4°, and 51.9°, which
can be attributed to the (111) and (200) planes of fcc Cu and Ni,
respectively.
3. Results and discussion
3.1 Optical transmittance and diffraction behavior

Optical transmittance is a key performance metric for trans-
parent conductive materials. The transmittance of the metal
mesh samples was characterized over the visible wavelength
range of 380–750 nm using a UV-vis spectrophotometer
(Fig. 6a).

All samples exhibit high and spectrally uniform trans-
mittance across the visible region, with average values ranging
from 78% to 83%. Only minor differences in transmittance are
observed among samples with different Cu/Ni thickness ratios,
indicating that, under xed geometric parameters such as
linewidth, unit size, and metal coverage ratio, the optical
transmittance is primarily governed by the metal coverage
rather than the specic material composition. In addition, haze
measurements show that the haze values remain within 4.5–
4.8% at a wavelength of 600 nm, demonstrating excellent visual
transparency (Fig. 6b).

In addition to optical transmittance, visual uniformity and
diffraction behavior are critical issues for transparent metal
meshes in optical window applications. Since the characteristic
feature size of the mesh is much larger than the wavelength of
visible light, its optical response is primarily governed by the
spatial frequency spectrum of the aperture structure. According
to Fourier optics theory, under Fraunhofer conditions, the far-
eld diffraction intensity can be expressed as the squared
magnitude of the two-dimensional Fourier transform of the
aperture function A(x, y).
Fig. 6 (a) Optical transmittance spectra of themesh. (b) Haze values of
the mesh.

RSC Adv., 2026, 16, 25229–25235 | 25231
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I (kx,ky) = jF{A(x,y)}j2 (2)

For a periodic hexagonal mesh, the spatial frequency spec-
trum corresponds to a discrete reciprocal lattice, with optical
energy concentrated in a limited number of Bragg diffraction
orders, resulting in pronounced directional diffraction and
fringe patterns. In contrast, the hexagonal–Voronoi composite
mesh introduces stochastic substructures that disrupt long-
range periodicity, transforming the frequency spectrum into
a convolution of discrete and continuous components. This
redistributes the optical energy over a broader frequency range,
thereby suppressing and broadening the Bragg peaks.

Two-dimensional fast Fourier transform (FFT) simulations
were conducted to analyze both structures (Fig. 7a and b). The
periodic mesh exhibits distinct discrete diffraction peaks, with
energy concentrated in the zeroth and higher-order modes,
whereas the composite mesh shows a quasi-continuous distri-
bution centered at zero frequency with smooth decay, indi-
cating effective suppression of coherent diffraction. Further far-
eld diffraction experiments are consistent with the simula-
tions (Fig. 7c): the periodic mesh displays well-dened, high-
contrast diffraction fringes, while the composite mesh
exhibits diffused patterns with reduced fringe contrast and
a more uniform background, with no pronounced directional
diffraction features observed. These results conrm the effec-
tive suppression of long-range coherent scattering by the
composite structure.

3.2 Electromagnetic shielding performance

The electromagnetic shielding effectiveness is generally
composed of reection loss, absorption loss, and multiple
reection loss. For metal mesh structures, reection is typically
the dominant shielding mechanism due to the signicant
impedance mismatch between free space and the highly
conductive network. The reection process is closely related to
the electrical conductivity of the material and mainly occurs at
the material surface. Absorption is another important shielding
mechanism, and its contribution gradually increases with
increasing frequency. It is responsible for the dissipation and
Fig. 7 (a) Simulated far-field diffraction patterns. (b) Normalized
diffraction energy distributions (log scale). (c) Experimental far-field
diffraction patterns.

25232 | RSC Adv., 2026, 16, 25229–25235
attenuation of electromagnetic waves aer they penetrate into
the shielding material. The absorption process can be attrib-
uted to dielectric loss (including polarization loss and ohmic
loss) as well as magnetic loss.1,32

In this work, the continuous Cu network with low sheet
resistance provides efficient conductive pathways. When elec-
tromagnetic waves impinge on the mesh surface, the
pronounced impedance mismatch at the air–metal interface
leads to substantial reection of the incident waves. In addition
to reection, absorption loss also contributes to electromag-
netic attenuation through ohmic dissipation. The inter-
connected conductive network supports induced currents
under electromagnetic excitation, and part of the electromag-
netic energy is converted into heat via Joule heating. Further-
more, due to its relatively high magnetic permeability, Ni can
enhance electromagnetic attenuation through magnetic loss.33

The electromagnetic shielding effectiveness (SE) of the
samples was measured using a vector network analyzer (Fig. 8a).
The HV-CMM maintains stable shielding performance over the
1–18 GHz frequency range, with an average shielding effective-
ness of 38.5 dB and a maximum value of 47.8 dB at 12 GHz,
without noticeable degradation across the measured band. For
samples with different metal layer congurations, the shielding
effectiveness increases with increasing Cu thickness. Notably,
even with higher Ni content, the average shielding effectiveness
remains above 35 dB, indicating that the Ni overlayer has only
a limited impact on shielding performance.

It is worth noting that, unlike continuous conductive lms,
the shielding effectiveness of the mesh structure exhibits a non-
monotonic dependence on frequency, which has also been re-
ported in previous studies on metallic mesh systems.34,35 In the
present work, a decrease–increase–decrease trend is observed.
This behavior can be understood as a result of the frequency-
dependent interplay among reection, absorption, and trans-
mission processes in the conductive mesh structure. As the
frequency varies, the relative contributions of these mecha-
nisms evolve, leading to the observed non-monotonic shielding
response.

To further elucidate the relationship between shielding
effectiveness and electrical properties, the average EMI SE over
1–18 GHz is compared with the corresponding sheet resistance
for the three samples (Fig. 8b). The results show that the average
shielding effectiveness decreases with increasing sheet resis-
tance, indicating a general negative correlation between elec-
trical conductivity and EMI shielding performance. It should be
noted that shielding effectiveness arises from the combined
Fig. 8 (a) Electromagnetic shielding effectiveness of HV-CMM
samples. (b) SE vs. sheet resistance of HV-CMM samples.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Sheet resistance of HV-CMM samples under damp-heat
aging.
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contributions of reection and absorption mechanisms. In the
present system, while the Ni layer may introduce additional
attenuation, its effect is limited due to its small thickness.
Therefore, the observed trend is primarily governed by the sheet
resistance of the conductive network, rather than a simple
inverse proportional relationship.

3.3 Electrothermal performance

To ensure reliable operation of transparent EMI shielding
windows under practical conditions, effective electrothermal
performance is essential for mitigating degradation caused by
icing, fogging, and condensation. Therefore, the electrothermal
behavior of the hexagonal–Voronoi composite metal mesh (HV-
CMM) was systematically evaluated.

Under an applied voltage of 1 V, all samples exhibit rapid
Joule heating, reaching thermal equilibrium within 100–150 s,
with steady-state temperatures ranging from 128 to 143 °C
(Fig. 9a). Among them, the Cu5 sample shows the highest
temperature (∼143 °C), followed by Cu4/Ni1 (∼134 °C) and Cu3/
Ni2 (∼128 °C). This trend indicates that increasing Cu thickness
enhances electrothermal performance due to reduced sheet
resistance and increased Joule heating power density.

The Cu4/Ni1 sample was further evaluated under voltages
from 0.25 to 1.0 V (Fig. 9b and c). The current rapidly stabilizes
and shows an approximately linear dependence on voltage.
Both heating rate and steady-state temperature increase
monotonically with voltage, reaching ∼37, 56, 90, and 134 °C at
0.25, 0.5, 0.75, and 1.0 V, respectively. This behavior follows the
Joule heating relationship (P fV2/R). Infrared imaging reveals
a highly uniform temperature distribution without noticeable
hot spots (Fig. 9d), demonstrating the strong potential of the
HV-CMM for transparent heating, defogging, and adaptive
thermal management.

3.4 Environmental stability

To evaluate the electrical stability of the HV-CMM under harsh
environmental conditions, the fabricated samples were
Fig. 9 (a) Surface temperature evolution at 1 V for different Cu/Ni
thickness ratios. (b) Temperature–time curves and (c) corresponding
current–voltage characteristics of the Cu4/Ni1 sample. (d) Infrared
thermal images of the Cu4/Ni1 sample under different voltages.

© 2026 The Author(s). Published by the Royal Society of Chemistry
subjected to accelerated aging in a temperature–humidity
chamber. The test conditions were set at 85 °C and 85% relative
humidity (RH). The sheet resistance of the samples was
measured every 24 h using a four-point probe method (Fig. 10).

Aer 240 h, the sheet resistance of the pure Cu mesh
increased from 0.49 U per sq to 1.27 U per sq, corresponding to
a variation of approximately 152.9%, indicating signicant
performance degradation. In contrast, the Cu/Ni composite
meshes exhibit markedly reduced variation: the Cu4/Ni1 sample
increases from 0.58 U per sq to 1.05 U per sq (81%), while the
Cu3/Ni2 sample increases from 0.66 U per sq to 0.94 U per sq
(42.4%).

These results demonstrate that the introduction of a Ni
passivation layer effectively suppresses resistance dri under
damp-heat conditions. This improvement can be attributed to
Fig. 11 Transmittance and SE of the samples before and after damp-
heat aging. (a–c) Transmittance of Cu3Ni2, Cu4Ni1, and Cu5 before and
after aging, respectively. (d–f) SE of Cu3Ni2, Cu4Ni1, and Cu5 before
and after aging.

RSC Adv., 2026, 16, 25229–25235 | 25233
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Table 1 Comparison of the performance of representative transparent EMI shielding materials

Material Transmittance(%) SE (dB) Rs (U per sq) Electrothermal Oxidation stability Ref.

ITO/PI >80 ∼16 ∼150 — — 36
graphene/Al network ∼93 ∼18 ∼20 — Intrinsic chemical stability of graphene 37
AgNWs 97 25 ∼23 50 °C(6V) Oxidation-prone 38
MXene/AgNWs/MXene 85.1 27.1 8.3 85.6 °C(5V) Rs [ ∼30%, MXene isolates from air 39
Cu mesh/PDMS ∼85.8 40.4 ∼0.33 110 °C(1V) PDMS isolates from air 31
This work 83 38.5 ∼0.58 134°C (1V) Rs[ ∼42.4%, Ni protection —
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the formation of a dense Ni-rich oxide layer, which inhibits
moisture penetration and mitigates the oxidation of the
underlying Cu, thereby preserving electrical conductivity.

To further evaluate the oxidation stability, the electromag-
netic shielding effectiveness and optical transmittance of the
samples were measured aer 240 h of damp-heat aging. The
results show that the optical transmittance remains nearly
unchanged before and aer aging, with variations within 4% for
all samples (Fig. 11a–c). This is because the metal coverage ratio
is primarily determined by the physical dimensions of the
mesh, which are not signicantly altered by surface oxidation.
Consequently, the overall transmittance remains stable. In
contrast, the EMI shielding effectiveness exhibits a noticeable
decrease aer aging. Specically, the SE values of Cu5, Cu4Ni1,
and Cu3Ni2 decrease by 9.2 dB, 5.3 dB, and 4.1 dB,
respectively(Fig. 11d–f). This degradation is attributed to the
fact that oxidation primarily affects the continuity of the
conductive network, increasing the sheet resistance and
reducing the ability to reect and attenuate electromagnetic
waves. These results indicate that the introduction of the Ni
protective layer effectively mitigates oxidation-induced perfor-
mance degradation (Table 1).
4. Conclusions

In summary, a hexagonal–Voronoi composite metal mesh (HV-
CMM) has been developed through a synergistic design of
hierarchical structure and Cu/Ni material system to achieve
multifunctional performance. The introduction of Voronoi
stochastic substructures effectively suppresses coherent
diffraction by redistributing optical energy in the spatial
frequency domain, thereby improving visual uniformity without
sacricing transparency.

The HV-CMM exhibits high optical transmittance (78–83%)
and low haze, together with stable EMI shielding performance
over a wide frequency range (1–18 GHz), achieving an average
shielding effectiveness of 35.5 dB. The results reveal a clear
inverse relationship between shielding effectiveness and sheet
resistance, emphasizing the critical role of electrical conduc-
tivity. Furthermore, the mesh demonstrates rapid and uniform
electrothermal behavior, with voltage-dependent heating char-
acteristics governed by Joule heating. The incorporation of a Ni
overlayer signicantly enhances environmental durability by
suppressing moisture-induced oxidation and stabilizing
conductive pathways, leading to markedly improved damp-heat
stability.
25234 | RSC Adv., 2026, 16, 25229–25235
Overall, this study establishes an effective approach for
designing transparent conductive meshes that simultaneously
meet the demands of optical transparency, EMI shielding,
electrothermal functionality, and environmental reliability,
offering strong potential for applications in smart windows,
defogging systems, and adaptive electromagnetic protection.
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