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tal mesh etched by femtosecond
laser for high-performance electromagnetic
interference shielding window†

Yaqiang Zhang,ab Hongxing Dong,*a Qisong Li,a Nanli Mou,ab Lulu Chenab

and Long Zhang *ac

An excellent transparent electromagnetic interference (EMI) shielding window is proposed and

demonstrated theoretically and experimentally. The window is composed of double layers of Au–Ni

composite mesh, separated by the quartz-glass substrate. The simulation exhibits that the shielding

effectiveness (SE) of the double-layer mesh can be improved by increasing the thickness of the substrate

in the low frequency range far below the first interfere valley. The measured SE of the proposed

structure reaches over 37.61 dB covering an ultra-wide frequency ranging from 150 MHz to 5 GHz, with

a maximal SE of 75.84 dB at 3.58 GHz, while the average optical transmittance of the double-layer mesh

maintains �76.35% at 400–900 nm. Moreover, femtosecond laser direct writing processing technology

is used to manufacture the double-layer metal grids, the fabricated grids are not easy to be scuffed off

and has a longer operating life. Such a high-performance EMI shielding window has great potential

applications in precision optical monitoring instrument and military devices.
Introduction

Nowadays, electromagnetic interference (EMI) at radio
frequencies has caused a non-negligible negative impact on the
lifetimes of civil, commercial and electronic devices as well as
human health.1 To reduce such an undesirable impact, EMI
shielding technology is used to isolate the human settlements
or sophisticated instrument from the EMI sources.2,3 In prac-
tical applications, to satisfy the shielding requirement in optical
windows and electronic displays for aeronautic, medical,
civilian, and research facilities, shielding materials need good
optical transmittance while maintaining EMI shielding perfor-
mance. The development of transparent EMI shielding mate-
rials is imperative, but the existing great challenge is how to
balance the inherent contradiction between the high optical
transmittance and the strong shielding efficiency.4–8 Tremen-
dous efforts have been committed to achieving transparent EMI
shielding using a number of strategies and a variety of mate-
rials, including transparent conductive oxide, ultra-thin metal
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lms, various shapes of metal grids with micro periods, band-
pass frequency selective surface, silver nanowire, graphene
and other carbon-based materials.9–14 Among them, indium tin
oxide (ITO) is currently used in transparent coating, exhibiting
excellent visible light transmittance and strong electromagnetic
shielding efficiency. However, ITO has high production cost,
poor ultraviolet and infrared transmission that limit its devel-
opment in window.15,16 Similarly, the inherent conict between
the optical transmittance and shielding efficiency of traditional
monolayer metal mesh further restricts its applications.17

Therefore, it still remains a signicant technological challenge
to achieve high-performance transparent EMI shielding
window. Ref. 18 and 19 prove that double-layer metal mesh can
enhance EMI shielding performance effectively.18,19

Currently, the manufacture methods of the metal mesh for
EMI shielding window generally adopt ultraviolet mask lithog-
raphy or electron beam direct writing methods.20,21 Such
methods make the fabricated mesh only deposited on the
surface of the substrate, which will lead to low rmness and
durability to shorten the operating life. Especially in the face of
harsh application environment, such as erosion of wind, rain,
sand and stone, will make the shielding layer easy to be scuffed
off, resulting in the decrease of shielding performance. To solve
this problem, new micromachining methods need to be
explored. Femtosecond laser micromachining is a process in
which femtosecond laser pulses are focused on the surface or
interior of the material to induce micron sized structures. Due
to the ultrashort pulse width of femtosecond laser, energy
deposition at a time scale is shorter than electron–phonon
This journal is © The Royal Society of Chemistry 2019
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coupling processes in any materials, which can suppress the
formation of heat-affected zone allowing laser processing with
high precision and resolution.22–24 The unique advantage of
femtosecond laser processing over conventional lithography
methods, resides in the capability of focusing under surface or
inner of transparent substrates to sculpture deeply complex
shapes with grooved structure, both inorganic and organic.25–28

As a consequence, employing femtosecond laser technologies to
sculpture metal grids with micro sizes in transparent materials,
has a great potential on applications of excellent EMI shielding
window.

In this paper, we propose an efficient transparent EMI
shielding window based on the double-layer Au–Ni composite
mesh. It simultaneously achieves high optical transmittance
and strong EMI shielding performance covering an ultra-wide
microwave region. The measured SE reaches over 37.61 dB in
the whole test frequency band, while the average visible trans-
mittance is �76.35%. Moreover, we apply femtosecond laser
direct writing processing to fabricate the double-layer mesh.
Both the theoretical and experimental results show that the
composite mesh has a good application prospect in the eld of
high-performance transparent EMI shielding materials, which
is urgently desirable for modern optoelectronic devices.
Theoretical calculation and simulation

Schematic illustration of the double-layer metal mesh is shown
in Fig. 1. Most of microwave and radio waves are reected by the
optical window and almost never pass through it, while visible
or infrared light can transmit without being affected. Two layers
of square grids are separated by the quartz glass with thickness
of h as the dielectric substrate. In order to maintain the balance
between the high transparency and excellent EMI shielding
performance, the period (p) of metal mesh is only a few hundred
micrometres, and the width of the metal line, i.e., d, is several
micrometres. Using Au (conductivity s ¼ 4.1 � 107 S m�1,
relative permeability mr ¼ 1) and Ni (conductivity s ¼ 1.45 � 107

S m�1, relative permeability mr ¼ 600) as the materials of the
metal mesh, and the Ni layer is plated below the Au layer. We
perform the numerical simulations by Anso high frequency
structure simulator (HFSS 15.0) soware, and the SE of the
window is calculated by S-parameter extraction method. S11 and
S21 represent the parameters of reected and transmitted
waves, respectively, where reectivity R ¼ |S11|

2 and
Fig. 1 Schematic diagram (a) of the optical window, and detailed
structure (b) of the square metal mesh.

This journal is © The Royal Society of Chemistry 2019
transmittance T ¼ |S21|
2, the equation related to EMI shielding

can be written as follows:29

SE (dB) ¼ �10 log10|T| (1)

A basic parameter determining shielding performance is the
thickness of the metal shielding material which is related to the
skin depth. When the thickness of the shielding material is less
than the skin depth, the shielding performance will decrease.
And the skin depth is the distance the wave travels when the
amplitude of the incident electromagnetic wave attenuates to 1/
e (approximately 36.8%) of the surface value, which is dened
the following equation:29

skin depth ðdÞ ¼ 1
ffiffiffiffiffiffiffiffiffiffiffiffi
pfms

p (2)

where m is the permeability of conductive materials, and f is the
frequency of the incident wave. Based on formula (2), at low
frequency, the skin depth of metal is relatively larger, degrading
the shielding of incident energy. Ferromagnetic metals with
high permeability can be used to reduce the skin depth to
improve this situation. As the increase of frequency, the
shielding performance gradually depends on conductivity of the
material.30 By using the composite of Au and Ni as the material
of metal grids, the EMI shielding covering broadband ranging
from megahertz to gigahertz frequency can be achieved.

We analyse the shielding performance of the double-layer
mesh at various quartz glass thickness of h, as shown in
Fig. 2(a). Here, the period of the metal mesh is set to p ¼ 200
mm, the line width is d ¼ 10 mm, the thickness of Ni layer is
100 nm, and the thickness of Au layer is 500 nm. It can be seen
that the SE of double-layer mesh rapidly increases with the
increase of the h from 2 mm to 6 mm at frequency below 10
GHz. When h is further increased, the increasing trends of the
SE curves become gradual and even generate resonant peaks at
high frequency. Moreover, the rst SE resonant peak of the
double-layer mesh occurs a shi to low frequency by increasing
h, because of the multi-beam interference effect (Fabry–Perot
effect). When the electromagnetic wave incidents the double-
layer metal mesh, it will penetrate into the upper grids and
occurs multiple reection between two mesh layers to enhance
the reection and dissipation of the incidence. At this point, we
use multi-beam interference theory to treat the double-layer
metal mesh as a whole lm system including the quartz glass
substrate. Since the absorption loss is not considered in this
theory, the sum of the absorptivity and reectivity is treated as
the equivalent reectivity of the lm system. Under the condi-
tion of normal incidence of electromagnetic wave, the equiva-
lent reectivity of the incident electromagnetic wave is related
to optical path difference, that is, the product of the refractive
index (n) and the thickness of the equivalent lm. The refractive
index of the quartz glass is 1.95. The thickness of metal mesh is
relatively small, so we use the thickness (h) of quartz glass to
describe the thickness of the equivalent lm. The relationship
between the equivalent reectivity and the optical thickness of
the double-layer mesh, under the normalized incidence with
RSC Adv., 2019, 9, 22282–22287 | 22283
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Fig. 2 (a) The simulated shielding effectiveness (SE) of the double-
layer mesh with various thickness of quartz glass substrate. (b) The
simulated reflectivity of the double-layer mesh under normalized
incidence with different wavelengths. The period of mesh is 200 mm,
the linewidth is 10 mm. The normalized incident wavelengths, l, are
30 mm (10 GHz frequency), 60 mm (5 GHz frequency), and 600 mm
(500 MHz frequency), respectively.

Fig. 3 Manufactural process for the metal mesh of the window
fabrication.
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different wavelength (l), is illustrated in Fig. 2(b). For a specic
l, as shown in the inset of Fig. 2(b), the equivalent reectivity
increases gradually as the equivalent optical thickness of the
substrate increases from zero to l/4, while decreases and
generates a resonant peak as the optical thickness is approxi-
mately l/2. When reectivity increases, the microwave shielding
performance will obviously improve. Therefore, the shielding
effect of double-layer metal mesh can bemaximized by selecting
transparent dielectric substrates with appropriate thickness in
specic EMI shielding frequency bands.
Fig. 4 The optical schematic diagram of the femtosecond laser direct
writing processing system.
Experiment verification and results

The fabrication processing of the metal mesh on the quartz
glass substrate is shown in Fig. 3. Quartz glass circular plate
(diameter of 105 mm, thickness of 6 mm) was placed in ethanol
and acetone mixture for ultrasonic cleaning for 5 minutes, and
the surface was blow-dried with high purity nitrogen. Next,
a layer of positive photoresist (RDP-8003, Suzhou Research
Material Micro-nano Technology Co. Ltd. China) with thickness
22284 | RSC Adv., 2019, 9, 22282–22287
of 5 mm was sprayed on the quartz glass lm with a spray
machine (SC-500-V, Suzhou Meitu Semiconductor Technology
Co. Ltd. China), then the substrate was heated baking within 2
minutes to remove the solvent of photoresist, which can also
improve the adhesion of the glue.

Microscale square grids were etched by using femtosecond
laser direct-writing processing. The schematic diagram of the
optical path of the processing system, as shown in Fig. 4.
Femtosecond laser direct writing processing system mainly
consists of 350 fs femtosecond laser (Spirit High Q Laser,
Spectra-Physics Ltd. America), control system, optical path and
3D displacement platform. The sample coated photoresist is
placed on a 3D moving control platform and controlled by
computer precisely. Before micromachining, the processing
surface needed to be modulated horizontally so that the pro-
cessing plane was on the same horizontal plane. Due to the
large thickness of coated lm, it was necessary to use femto-
second beam to focus under the surface of quartz glass and etch
deeply grids with grooved structure, so as to enhance the
adhesion of metal lm and prevent it from being scuffed off.
Subsequently, the processing period of the grid was set as 200
mm on the soware, the repetition times were 2, and the pro-
cessing speed was 10 mm s�1. During processing, the laser
power was 1613 mW, and the repetition frequency was 100 kHz.
Aer that, the machining system runs automatically to nish
etching the grid structure.
This journal is © The Royal Society of Chemistry 2019
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Then, a 100 nm thick Ni layer was evaporated on the surface
of quartz glass by electron beam evaporation method, and
a 500 nm Au layer was evaporated on the top of the Ni layer.
Finally, the sample was placed in N-methyl pyrrolidone (NMP)
solution with ultrasonic heating at 65 �C for about 2 minutes to
remove residual photoresist, and obtained a complete metal
mesh. Similarly, the same machining process is used to fabri-
cate the metal grids on the other surface of the quartz glass.

The fabricated sample is shown in Fig. 5(a), and the “SIOM”

logo is clearly visible. Fig. 5(b) demonstrates that the period of
the metal grids is 200 mm, measured by 20� objective lens. By
measuring with a high magnication precision 100� objective
lens, the average line width of the metal wire is approximately
10.5 mm, as shown in Fig. 5(c). In the SEM images of the mesh
etched by femtosecond laser on the photoresist and the quartz
glass as show in Fig. 5(d) and (e), the width of the grooved
structure on the photoresist is approximately 13.4 mm, while
that of structure on the quartz glass is about 8.5 mm. The
femtosecond laser direct writing micromachining on the
photoresist belongs to ablative processing. Since the melting
Fig. 5 (a) Demonstration of the transparency of the double-layer
metal mesh laid over a photograph. (b and c) Micrographs of the metal
mesh and the line width of the mesh, respectively. The SEM images of
the grooved structure sculptured by femtosecond laser on (d) the
photoresist and (e) the quartz glass.

This journal is © The Royal Society of Chemistry 2019
point of photoresist is much smaller than that of quartz glass,
the thermal diffusion area of photoresist during ablation is
slightly larger than that of quartz glass. In other words, the line
width of the grooved structure etched on the photoresist is
wider than that etched on the quartz glass. Besides, the edge of
the metal mesh during the process of degumming in the
ultrasonic process has a little drop of the metal. As a result, the
line width of the fabricated metal mesh is slightly smaller than
that of the grooved structure on the photoresist. Moreover, in
the coating lm process, the metal will deposit in the grooved
structure, forming a “deep surface-embedded” metal grids.
Compared with the metal mesh fabricated by conventional
lithographic, the metal mesh sculptured by femtosecond laser
has a better attachment on the substrate (Fig. S1 ESI†), which
maintains that it has excellent rmness, wear resistance and
durability.

Visible transmittance of the window was measured with
a UV/VIS/NIR spectrometer (Lambda 750) at wavelength of 400–
900 nm. The normal visible transmittance of the quartz glass,
monolayer mesh and double-layer mesh (same period and line
width) are depicted in Fig. 6. The quartz glass exhibits an
intrinsic average visible transmittance of 93.21% at 400–
900 nm. Meanwhile, the average measured transmittance of the
double-layer mesh is 76.35%, which is approximately 9.38% less
than that of single layer mesh (85.73%), indicating good optical
transmission performance.

The EMI SE was obtained by a measurement system
composed of a vector network analyzer (Agilent N5230A),
a transmitting antenna, and a receiving antenna. The receiving
antenna is installed in the microwave anechoic chamber, the
sample was placed on a perforated metal plate between trans-
mitting and receiving antenna, as illustrated in Fig. 7(a). The
systems was calibrated without the sample before the test.
Fig. 7(b) presents the simulated and measured EMI SE of
monolayer and double-layer mesh from 150 MHz to 5 GHz. The
monolayer mesh exhibits the measured SE of 19.74–48.34 dB.
Moreover, the double-layer mesh demonstrates excellent
shielding performance that the SE is over 37.61 dB from 150
MHz to 5 GHz, with a maximal SE of 75.84 dB at 3.58 GHz. The
Fig. 6 Normalized optical transmittance of quartz glass, monolayer
metal mesh and double-layer metal mesh from 400 nm to 900 nm.

RSC Adv., 2019, 9, 22282–22287 | 22285
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Fig. 7 (a) Schematic diagram for measuring the SE of fabricated
samples, (b) experimental and simulated results of double-layer and
monolayer mesh.
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SE of double-layer is increased by 26.79 dB (99.80% energy
attenuation) at 150 MHz and 10.91 dB (91.89% energy attenu-
ation) at 5 GHz, compared with that of themonolayer mesh. The
simulated SE of the monolayer mesh are higher than the
measured ones at low frequency, while they are in good agree-
ment as the frequency is further increased. However, the
simulated result of the double-layer mesh is slightly higher the
experimental result in the whole frequency band. The error is
owing to inhomogeneous thickness of metal lm, inhomoge-
neous the linewidth of the mesh, and the electrical conductivity
of the evaporated metal lm in the measurement is different
from that of the simulated condition. In addition, another
important reason is the error of the SE measurement system.
The tested wavelength at low frequency is larger than the size of
the sample, the perforated metal plate used to place the sample
has a certain deviation as a reference. In the practical experi-
ment, when the SE of the double-layer mesh reaches over 50 dB,
the transmittance is only 0.00001, and the small chinks between
the sample and the metal plate will also cause a signicant
impact on the SE. The enhanced SE of double-layer mesh
resulted from the multiple reections between the two mesh
layers, which increased the reectivity and dissipation of inci-
dent wave. Further, the Ni–Au composite mesh realizes the
22286 | RSC Adv., 2019, 9, 22282–22287
transition of shielding performance from megahertz frequency
to gigahertz frequency.

Conclusions

In conclusion, we developed and manufactured an excellent
Au–Ni composite mesh for transparent EMI shielding window.
Moreover, the window simultaneously achieves strong micro-
wave shielding performance and high optical transmittance.
Numerical simulation shows that the EMI SE of the double-layer
mesh is obviously enhanced by increasing the thickness of
substrate in the low frequency range far below the rst interfere
valley. The experimental results demonstrated that the window
can yield the SE greater than 37.61 dB from 150 MHz to 5 GHz,
with a maximal SE of 75.84 dB at 3.58 GHz, and an average
normalized optical transmittance of �76.35% at 400–900 nm.
In addition, femtosecond laser direct writing processing tech-
nology is used to manufacture double-layer metal grids,
ensuring that the fabricated grids have excellent rmness, wear
resistance and durability. These outstanding properties make
the double-layer mesh a powerful structure for EMI shielding
windows, as well as potential application in the precision
monitoring devices.
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