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Single- and Double-Layer Embedded Metal Meshes for
Flexible, Highly Transparent Electromagnetic Interference

Shielding

Mehdi Zarei, Mingxuan Li, Ekaterini Papazekos, Yang-Duan Su, Sneh Sinha,
S. Brett Walker, Melbs LeMieux, Paul R. Ohodnicki, and Paul W Leu*

Simulation and experimental studies are carried out on single-layer and
double-layer embedded metal meshes (SLEMM and DLEMM) to assess their
performance as transparent electromagnetic interference (EMI) shielding. The
structures consist of silver meshes embedded in polyethylene terephthalate
(PET). As a transparent electrode, SLEMMs exhibit a transparency of 82.7%
and a sheet resistance of 0.61 Qsq~' as well as 91.0% and 1.49 Qsq~'. This
performance corresponds to figures of merit of 3101 and 2620, respectively.
The SLEMMs achieve 48.0 dB EMI shielding efficiency (SE) in the frequency
range of 8-18 GHz (X- and Ku-bands) with 91% visible transmission and 56.2
dB EMI SE with 82.7% visible transmission. Samples exhibit stable
performance after 1000 bending cycles with a radius of curvature of 4 mm and
60 tape test cycles. DLEMMs consist of fabricating SLEMM on opposite sides
of the substrate where the distance can be varied using a spacer. Simulations
are performed to investigate how varying spacer distance between two layers
of metal meshes influences the EMI SE. DLEMMs are fabricated and achieved
an EMI SE of 77.7 dB with 81.7% visible transmission. SLEMMs and

shield against electromagnetic waves.
These shielding materials serve to
protect electronic components against
the harmful effects of radiation and
prevent the interference of undesired
signals.'”] In response to the require-
ments for EMI shielding, extensive
research has been conducted on a di-
verse range of materials including metal
films, 138121 metal meshes, >131% metal
nanowires,?>22] carbon nanotubes,!?*2*]
graphene, ) and MXenes.[?! Hybrid
structures are also garnering increasing
attention,?”-?! such as conductive oxide/
metal,[39-32] MXene/metal,[*334l and met-
al/graphene.[>>3¢]

Furthermore, a wide array of opto-
electronic devices, including LEDs, auto-
motive windows, displays, touchscreens,

DLEMMs may have a wide variety of applications in aerospace, medical, and

military applications.

1. Introduction

As electronic devices and systems continue to proliferate, there
is a growing demand for the creation of efficient materials to

and optical communication systems,
require materials capable of obstructing
radio frequency (RF) signals while main-
taining transparency to visible light.[37-3]
However, achieving this balance is
challenging. Materials like MXenes, thin films, graphene, and
carbon nanotubes become less effective when transparency is
a crucial requirement. In order to maintain transparency while
minimizing the trade-off in shielding effectiveness (SE),[3031:40]

M. Zarei

Department of Mechanical Engineering and Materials Science
University of Pittsburgh

Pittsburgh, PA 15260, USA

M. Li, E. Papazekos, P. W Leu

Department of Chemical Engineering
University of Pittsburgh

Pittsburgh, PA 15261, USA

E-mail: pleu@pitt.edu

Y.-D. Su, P. R. Ohodnicki

Mechanical Engineering and Materials Science
University of Pittsburgh

Pittsburgh, PA 15260, USA

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/admt.202302057

DOI: 10.1002/admt.202302057

Adv. Mater. Technol. 2024, 2302057

2302057 (1 of 11)

S. Sinha, S. B. Walker, M. LeMieux
Electroninks Incorporated

Austin, TX 78744, USA

P. R. Ohodnicki

Electrical and Computer Engineering
University of Pittsburgh

Pittsburgh, PA 15260, USA

P. W Leu

Department of Industrial Engineering
University of Pittsburgh

Pittsburgh, PA 15261, USA

P. W Leu

Department of Mechanical Engineering
University of Pittsburgh

Pittsburgh, PA 15261, USA

© 2024 Wiley-VCH GmbH


http://www.advmattechnol.de
mailto:pleu@pitt.edu
https://doi.org/10.1002/admt.202302057
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadmt.202302057&domain=pdf&date_stamp=2024-03-18

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOLOGIES

www.advancedsciencenews.com

these materials may be paired with conductive polymers such as
PEDOT:PSS*>3%l or materials with a high refractive index like in-
dium tin oxide (ITO) or zinc oxide (ZnO).[*!! In our prior work,
we investigated the potential of metal thin film/metal oxide com-
binations for this application.[*?]

As low sheet resistance is often an important factor in provid-
ing high performance EMI shielding performance, transparent
electrode materials with high transparency and low sheet resis-
tance, such as metal nanowires and metal meshes, have been
the subject of much interest for transparent EMI shielding.[**~7]
However, metal nanowires have challenges stemming from their
uneven dispersion, inherent percolation constraints, and notable
contact resistances between wires. In contrast, metal meshes
tend to exhibit consistent and uniform properties, free from per-
colation, and contact-related concerns.[*8!

In order for metal meshes to achieve high SE, a combination of
small width and deep trenches is needed.[*”) However, numerous
manufacturing methods, such as 3D printing, crack template,
and electroplating, encounter limitations in attaining widths be-
low five micrometers.3*5% Furthermore, controlling the width
of patterns proves challenging in some methods like electroplat-
ing, crack template, and self-assembly techniques, leading to vari-
ability in pattern widths. This variability also poses a challenge
for scale-up manufacturing application. Nanoimprint lithogra-
phy has proven to be challenging due to demolding difficulties,
achieving conformal contact, limitations in creating intricate fea-
tures, and concerns regarding durability issues.>!l In contrast,
photolithography is a reliable, scalable, and well-established tech-
nique for achieving uniform patterns with small width and large
thickness. Lithography processes in metal applications are typi-
cally accompanied by physical vapor deposition processes such
as metal evaporation or sputtering. However, these procedures
tend to be costly and time-consuming, particularly when dealing
with large thickness patterns.>]

In this paper, we demonstrate a facile and scalable fabrication
process to achieve embedded silver meshes in PET with small
width and large thickness. Trenches are etched into the flexible
PET by reactive ion etching (RIE), and reactive silver ink was em-
ployed to fill the trenches. As a transparent electrode, SLEMMs
exhibit a transparency of 82.7% and a sheet resistance of
0.61 Qsq7!, as well as 91.0% and 1.49 Qsq~!. This performance
corresponds to transparent electrode performance figures of
merit of 3101 and 2620, respectively. Our SLEMMs achieve an av-
erage EMI SE of 56.2 dB (8 to 18 GHz) with 82.7% visible trans-
mission and 48.0 dB EMI SE with 91.0% visible transmission.
The SE was evaluated in the X- (8 to 12 GHz) and Ku-bands (12
to 18 GHz). The X-band is widely used in radar applications such
as for air traffic control, weather monitoring, and military radar.
The Ku-band is used for satellite communications.

Next, we studied DLEMMs. Our simulations and experiments
indicate that increasing the spacer distance between two layers
of metal meshes enhances the EMI SE. By incorporating a 3 mm
thickness spacing to create flexible DLEMM, an EMI SE of 77.7
dB with 81.7% visible transmission was achieved. The increased
spacer distance amplifies the Fabry—Pérot effect, contributing to
enhanced EMI SE by enhancing the intensity of the electric field
between the metal meshes and increasing absorption. Our metal
meshes demonstrate the highest EMI SE performance in the lit-
erature for single-layer and double-layer metal meshes in the lit-
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erature. The integration of metal meshes into PET offers a variety
of advantages over glass such as flexibility, light weight, and me-
chanical durability. Embedded metal meshes may be utilized for
a variety of optoelectronic military, medical, and aerospace appli-
cations that require high SE and high visible transparency.

2. Results and Discussion

2.1. Single-Layer Embedded Metal Meshes (SLEMMs)

Figure 1 depicts the schematic of the SLEMM fabrication pro-
cess. A PET substrate (Figure 1la) is coated with photoresist
(Figure 1b), and a hexagonal pattern is transferred to this pho-
toresist using photolithography (Figure 1c). The hexagonal pat-
tern is transferred into the PET substrate by RIE (Figure 1d).
RIE is well-suited for etching high aspect ratio structures, such
as deep trenches or narrow channels with some control over the
etch depth with increasing etch time.[*! We use CF, at a flow
rate of 50 sccm and SF, at 20 sccm. Then the photoresist is
stripped (Figure 1e). Ag ink is coated onto the PET by drop cast-
ing and then cured at low temperatures compatible with the PET
(Figure 1f). The ink is initially soft cured at temperatures ramp-
ing up from 70 to 110 °C, increasing by 10 °C every 15 min. This
slow ramp process improves the filling of the trenches. The Ag
ink is then hard cured at 110 °C for 30 min. Before this hard
curing step, any excess Ag is removed from the sample using a
cleanroom wipe. At this stage, the Ag has not fully chemically re-
duced into solid silver state. In addition, the binders in the silver
ink have not fully cross-linked yet to provide for adhesion to the
substrate. As a result of the hard cure, the Ag fully converts to
its metallic solid state and firmly adheres to the underlying PET
substrate. This process removes the excess silver, revealing the
embedded metal meshes (Figure 1g, h). The metal meshes are
defined by their width W, pitch P, and thickness ¢ as shown in
the schematic in Figure 1i. The photolithography technique we
utilize is fundamentally scalable, making it well-suited for adap-
tation to larger production scales. Additionally, the subsequent
steps in our method, including the application of Ag ink, its cur-
ing, and the removal of excess ink, are all processes that lend
themselves to scalability and automation.

Two SLEMMs were fabricated, denoted as SLEMM-1 and
SLEMM-2, with nominal widths (W) of 2 pm for both samples
and nominal pitches (P) of 50 and 100 pm, respectively. Figure 2a
shows a line-scan profile of the SLEMM-1 after etching and pho-
toresist stripping as measured by optical profilometry. Both sam-
ples were etched for 300 s, resulting in a uniform trench thick-
ness of 2.2 pm. The depth of the patterns can be controlled by
adjusting the etch time, but the etch time is limited by the selec-
tivity of photoresist etching. During the etching process, the pho-
toresist layer is also etched. This introduces a limitation on the
maximum etching time and, consequently, the achievable depth
of the trenches. Beyond this point, further etching can lead to
damage in the unprotected areas, potentially creating roughness
due to the complete removal of the photoresist. This roughness
provides a potential location for trapping the silver in between
the meshes and reducing transparency.

Figure 2b shows a cross-sectional scanning electron micro-
scope (SEM) image of the samples after silver filling at an 88° an-
gle from directly overhead. This image illustrates the uniformity
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Figure 1. Schematic of PET-embedded Ag meshes fabrication flow process: a) a transparent PET substrate, b) photoresist coating, c) photolithography,
d) reactive-ion etching, e) photoresist stripping, f) Ag ink coating and curing, g) removal of Ag by a wiper before final curing, and finally h) the flexible
PET-embedded Ag mesh. i) The Ag meshes are hexagonal arrays embedded in a PET substrate defined by width W, pitch P, and thickness t. Additionally,

the schematic includes insets showing zoomed-in images of the cross-section at various fabrication stages.

and high-quality of the silver filling completed with only a single
ink casting. Figure 2 displays SEM images of the (c) SLEMM-1
and (d) SLEMM-2 samples after fabrication. The SLEMM-1 and
SLEMM-2 samples have measured widths of 4.0 and 3.7 pm,
respectively. The measured widths are larger than the nominal
widths because of sensitivity to the contact between the pho-
tomask and the substrate during exposure. The detailed infor-
mation on the structural parameters of SLEMMs can be found in
Table 1. In the top-view images (i), it is evident that the trenches
are uniformly and thoroughly filled with silver, with no traces of
silver between the meshes. This uniformity is advantageous, par-
ticularly for optoelectronic applications.l**! SEM images at an 82°
angle from directly overhead are also shown (ii). No silver is vis-
ible in the regions in between the trenches, indicating that the
wiping process effectively removes excess silver. There is some
evidence of under-filling, which could be mitigated by reducing

Table 1. Summary of structural parameters of SLEMMs.

Sample Nominal Measured Pitch Measured
width width [um] depth
[um] [um] [um]

SLEMM-1 2 4.0 50 2.2

SLEMM-2 2 3.7 100 2.2
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the width of the trenches. In general, narrower trenches tend to
achieve better filling compared to wider ones. During the Ag ink
curing process, there is a large reduction in volume due to evap-
oration. However, the surface tension in the aqueous silver ink
enables it to bulge over the top edge of the trench, resulting in
smaller width trenches with less under-filling.

Figure 3 illustrates the comparative performance of our
SLEMMs with other flexible metal meshes serving as transparent
electrodes. Figure 3a shows the transmission T at a wavelength of
550 nm versus sheet resistance R,. The SLEMM-1 and SLEMM-
2 samples have transmissions of 82.7% and 91%, respectively,
with R, of 0.61 and 1.49, respectively. Figure 3b plots 6 ,-/op for
the two metal meshes as a function of R, compared with other
works from the literature. o /o op is @ metric employed to as-
sess transparent electrodes, calculated as the ratio between their
direct current conductivity (o ) and optical conductivity (6 p). A
higher figure of merit signifies a more efficient device capable of
transmitting greater electrical current while preserving excellent
optical transparency. The figure of merit is related to T and R, by:

@=i VT (1)
Sor ZRsl—ﬁ

where Z, = 377 Q is the free space impedance. The SLEMM-
1 and SLEMM-2 samples achieve o /6, of 3100 and 2620,
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Figure 2. Structural characterization of SLEMMs. a) Optical profilometry measurement of SLEMM-1 sample after etching. The trench depths of both
the SLEMM-1 and SLEMM-2 samples are the same. b) cross-sectional scanning electron microscopy (SEM) image showing Ag filling of the trenches at
an 88° angle from directly overhead with an actual width of 3.7um. SEM images of (c) SLEMM-1 and (d) SLEMM-2 samples, captured from (i) top view

and (ii) at 82° angle from directly overhead.

(a) (b)
100 ||||||I T T ||||||I 104:| |||||I T T ||||||I T T |||||&
® SLEMM-1 E E
. = SLEMM-2 E 3
o 95 ® Ag (Lei) L = _
s AL leasw L " i
S ool - v Ag (L) o
‘8 < 4 Cu/Ag L 103 . E
B ~ Ag (Sun) ~ E ® =
€ g5l v < Ag (Govind) a - o E
2 ® Ag (Yang) © - v -
g - - ¢ -
F 8o -
10°F E
75 Lol v ol NIRRT il Lol L 1
10° 10t 102 10° 10t 102

Sheet Resistance (£2/sq)

Sheet Resistance (£2/sq)

Figure 3. A performance comparison between our SLEMMs and other flexible metal meshes in the literature. a) transmission versus sheet resistance
and b) figure of merit 6pc/oop versus sheet resistance. The following works from the literature are included: Ag mesh (Lei),[>>] Ag mesh (Li),’°! Ag
mesh (Li),[°] Cu/Ag meshes,[>®] Ag mesh (Sun),l>’] Ag mesh (Govind),[8] and Ag mesh (Yang).[>]
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Figure 4. a) Transmission versus wavelength and b) EMI SE versus frequency in the range of 8-18 GHz for SLEMMs. The transmission wavelengths
covers the visible range. The frequency range shown covers the X- (8-12 GHz) and Ku-bands (12-18 GHz).

respectively. The superior performance of our samples indicates
that our fabrication method is capable of creating highly transpar-
ent and conductive metal meshes, which is beneficial for numer-
ous optoelectronic applications. Table S1 (Supporting Informa-
tion) provides details of the comparison between our samples and
other flexible metal meshes in the literature as transparent elec-
trodes.

Figure 4a displays the optical transmission results in the visi-
ble wavelength range of 400 to 800 nm. The transmission mea-
surements were adjusted to remove the influence of the sub-
strate, meaning that the final reported transmission values were
calculated by dividing the initially measured transmission by the
transmission of the substrate. A higher pitch results in a higher
transmission, as there is more non-mesh space for light to pass
through. However, this rise in transmission corresponds to a de-
crease in SE, as shown in Figure 4b. A balance must be achieved
between SE and T. For the same metal mesh width and thickness,
an increase in pitch leads to a decrease in SE. For the same pitch
and width, increasing thickness enhances both conductance and
SE while maintaining constant transmission. However, fabricat-
ing deeper trenches than what was achieved in this work is not
possible due to etching of the photoresist discussed earlier. The
SLEMM-1 and SLEMM-2 samples achieve an average EMI SE of
56.2 and 48.0 dB, respectively. The contribution of SE from re-
flection SEj and absorption SE, for each sample is detailed in
Figure Sla (Supporting Information) and the total reflection, ab-
sorption, and transmission are shown in Figure S1b (Support-
ing Information). This figure indicates that the reflection loss is
about the same across all samples at SE; of about 13 dB and the
meshes reflect about 95% of incident energy. The primary differ-
ence in performance for the samples comes from differences in
SE,. The theoretical transmission of the metallic metal mesh is
estimated by calculating the ratio of open area between the metal
mesh to the total surface area. Table 2 provides a comparison of
the simulation and experimental measurement for T, SE, and
R, of the fabricated samples. Simulations were previously used
to highlight the importance of minimizing the width of metal
meshes and maximizing their thickness in order to improve EMI
shielding performance.[*’! High frequency electromagnetic field
simulations using the finite element method were used to pre-
dict EMI SE performance. A conductivity of 20% of bulk Ag con-
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ductivity was used in simulations based on experiments with Ag
thin films (Figure S2, Supporting Information). The sheet re-
sistance was simulated from the finite element method and the
simulated transparency was calculated based on the fraction of
open area between the metal meshes. Good agreement can be
seen between the simulation and experimental results for the two
samples.

PET-embedded metal meshes offer flexibility, which may be
applicable for flexible electronics, roll-up displays, or wearable
devices. Surface-sputtered metal meshes often encounter adhe-
sion issues, which can lead to poor performance in bending tests.
In contrast, the embedded structures exhibit improved adhesion,
contributing to their superior bending test results. To evaluate the
mechanical durability of the embedded metal mesh samples in
flexible optoelectronics, we conducted bending and tape tests to
assess the mechanical performance of the manufactured metal
meshes. Figure 5a plots the outcomes of the bending tests. After
every 100 bending cycles, we measured and recorded the abso-
lute sheet resistance. The bending radius used was 4 mm, and
the samples were subjected to bending under tension. Each cycle
represents one cycle of tension and tension release from the sam-
ple. The inset figures show the relative sheet resistance enhance-
ment for both samples. After 1000 cycles, the SLEMM-1 sample
showed a sheet resistance increase from 0.6 to 0.8 Qsq~!, while
the SLEMM-2 sample exhibited a sheet resistance increase from
1.5 to 1.8 Qsq'. After the bending test, a 3M Scotch tape test was
applied to the samples (Figure 5b). After 60 cycles, the SLEMM-1
sample showed a sheet resistance increase from 0.8 to 0.9 Qsq !,
while the SLEMM-2 sample exhibited a sheet resistance increase

Table 2. Summary of the simulation and experiment performance for
SLEMMs.

Sample Simulations Experiments
T SE R, T SE R,
(%] [dB] [Qsq7) (%] [dB] [Qsq7]
SLEMM-1 84.6 55.3 0.29 82.7 56.2 0.61
SLEMM-2 92.7 51.6 0.34 91.0 48.0 1.49
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Figure 5. Sheet resistance change of SLEMMs under (a) bending test and (b) tape test with varying number of cycles. (c) EMI shielding efficiency

comparison before and after the application of both tests.

from 1.8 to 2.0 Qsq L. The observed changes in sheet resistance,
both after the bending test and the subsequent tape test, were
found to be relatively small, indicating that the samples exhib-
ited robust performance under these rigorous tests, with no sig-
nificant impact on their overall functionality. To ensure that the
bending and tape tests did not have a significant effect on the EMI
SE performance of the samples, SE measurements were taken
after both tests (Figure 5c). For the SLEMM-1 samples, the aver-
age SE decreased from 56.2 to 52.8 dB. Similarly, the SLEMM-2
samples exhibited a slight decrease from 48.0 to 46.9 dB. This
slight decrease in EMI SE is attributed to the slight increase in
sheet resistance. To ensure that the microstructure of the sam-
ples did not change during those tests, we captured top-view SEM
images of the samples after the tests, and the results have been
included in Figure S3 (Supporting Information). By comparing
SEM images before the tests (Figure 2) with SEM images after
the tests (Figure S3, Supporting Information), no alterations in
microstructure, cracking, or segmentation of Ag meshes were ob-
served.

In Figure 6, we compare the EMI SE and transmission perfor-
mance of our fabricated SLEMMs with other single-layer flexi-
ble metal mesh EMI shielding in the literature. Literature works
includes Ag mesh (Zarei),*¥ Ag/Cu mesh,[®" ZnO/Ag/ZnO,!
ITO/Cu-doped/ITO,3% Cu mesh (Walia),%2] Cu mesh (Liao),!%!
Ag mesh (Voronin),[* Ag mesh (Kim),[®) Ag mesh (Lei),>) Ag
mesh (Li),’”) and Cu mesh (Voronin).[®! Tt should be noted that
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different research papers explore a wide range of frequencies and
present SE values in different ways, such as maximum, mini-
mum, or average. However, for consistency with this paper, we
report the average SE within the 8-18 GHz range. Additional
information regarding the comparison of our results with other

60 = SLEMM-1
[ - _ = SLEMM-2
55 4 Ag mesh (Zarei)
o Ag/Cu mesh
50— . —1 | > zno/Ag/znO
< ITO/Cu-doped/ITO
45— — |2 Cu mesh (Walia)
N A < Cu mesh (Liao)
@40 — | © Ag mesh (Voronin)
& © » Ag mesh (Kim)
35— © > — ¢ Ag mesh (Lei)
+ Ag mesh (Li)
30— < R — o Cu mesh (Voronin)
<
25— - —
>
20— I
15 | | | | |
70 75 80 85 90 95 100
T (%)

Figure 6. Comparison of the EMI SE (dB) and transmission (at 550 nm) of
our SLEMMs with other single-layer flexible metal meshes in the literature.
The works from literature include Ag mesh (Zarei),[%°] Ag/Cu mesh,[6]
ZnO/Ag/ZnO,13 ITO/Cu-doped/ITO,13% Cu mesh (Walia),[52] Cu mesh
(Liao),[®°] Ag mesh (Voronin),[®4] Ag mesh (Kim),[®°] Ag mesh (Lei),[>’!]
Ag mesh (Li),1*® and Cu mesh (Voronin).[6¢]
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Figure 7. Characterization and EMI performance of DLEMMs. a) Schematic of DLEMM structure with a spacer distance between two mesh layers. Please
note that D is given in units of mm as opposed to W and P, which are listed in pm. b) Optical image of SLEMM-2/D3.25 sample with 81.7% transmission
at 550 nm with a PDMS spacer larger than the mesh layers. c) Transmission versus wavelength for different DLEMMs with increasing spacer thickness
d) EMI SE versus frequency in the range of 8-18 GHz for four DLEMMs with increasing thickness D.

studies works in literature can be found in Table S2 (Supporting
Information).

Our samples outperform other works in the literature due to
the small mesh width, large mesh depth, uniformity, and con-
nectivity of the mesh, along with the use of Ag ink, which pro-
vides higher conductivity compared to other metals and com-
posite materials. In general, a small width and large thickness
are key factors in achieving a higher SE with metal mesh struc-
tures. However, it’s worth noting that most of the metal meshes
manufactured to date have widths exceeding 5 pm. Additionally,
commonly employed 3D printing techniques like inkjet, gravure,
screen, and flexography tend to produce line widths greater than
10 pm. Producing metal meshes with substantial thickness poses
its own unique challenges. Electroplating and electrodeposition
methods offer potential solutions for increasing the thickness of
metal meshes. Nevertheless, these methods come with their lim-
itations, including the tendency for metal to deposit isotropically,
leading to an unintentional increase in width. Additionally, the
process of achieving a sputtered Ag thickness of up to 2.5 pm is
highly time-consuming and not suitable for scalable large-area
fabrication.[*l Here, we demonstrate a record performance for
transparent EMI shielding on a flexible substrate.

2.2. Double-Layer Embedded Metal Meshes (DLEMMs)
We next focused our attention on DLEMMs. Flexible DLEMMs

have previously been studied with Ag meshes by crack
lithography,[**) Ag meshes by nanoimprint lithography,5!l Ni
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meshes by nanoimprint lithography,®’) and multi-layer sil-
ver/metal oxides by deposition.3! By applying multiple layers of
metal meshes, the SE may be increased while maintaining an ac-
ceptable optical transparency. The enhanced SE results from the
attenuation of the radio wave through the Ag meshes as well as
the multiple internal reflections between the metal meshes.

We investigate how varying the distance between the Ag mesh
layers affects the EMI SE performance. Figure 7a shows the
schematic of structures studied, which consists of two Ag mesh
layers on opposite sides of the substrate where the total thickness
between the Ag meshes is D. Four different flexible DLEMMs
with varying thicknesses were evaluated, corresponding to thick-
ness values D of 0.25, 1.25, 2.25, and 3.25 mm. We refer to these
samples as DLEMM-1, DLEMM-2, DLEMM-3, and DLEMM-4,
respectively. Please note that D is given in units of mm as op-
posed to the metal mesh width W and pitch P, which are both
given in units of pm. Two SLEMMs of SLEMM-2 were used to
fabricate the DLEMM structures, since they have a higher trans-
parency than the SLEMM-1 samples and we expect the trans-
parency to decrease when creating double-layer metal meshes.
The PET substrate has a thickness of 0.125 mm.

The DLEMM-1 consists of stacking two single layers of metal
meshes back to back. To achieve larger thicknesses D, we
used polydimethylsiloxane (PDMS) as spacers between the two
SLEMMs. In the case of DLEMM-2, DLEMM-3, and DLEMM-4
samples, two single layers of metal meshes were affixed to op-
posite sides of a PDMS spacer with varying thicknesses of 1,
2, and 3 mm, respectively. Figure 7b shows an optical image of
the DLEMM-4 sample with 81.7 % transmission at 550 nm. The
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Table 3. Summary of the EMI performance of the DLEMMs.

Sample DistanceD Simulations Experiments
[mm] T SE T SE
(%] [dB] [%] [dB]
DLEMM-1 0.25 85.0 67.1 83.8 55.8
DLEMM-2 1.25 85.0 76.1 83.1 65.0
DLEMM-3 2.25 85.0 83.9 82.8 70.2
DLEMM-4 3.25 85.0 88.9 81.7 77.7

100 I I
90 e
[ ]
- 80 .«
Z 70 —
[1N]
o 60 DLEMM-1 H
e DLEMM-2
e DLEMM-3
50— ¢ DLEMM-4 ||
| l ® Simulation
40 .
0 1 2 3 4

D (mm)

Figure 8. High frequency electromagnetic field simulation results of
DLEMM s with different total thicknesses D compared to experimental re-
sults. Simulation results are shown with black circles and experimental
results are plotted in colored circles.

PDMS spacer is larger than the two metal mesh layers attached
to both sides, and its transparency is visible in the right portion of
the sample. Figure 7c displays the transmission for DLEMM sam-
ples within the visible wavelength range. In all reported trans-
mission measurements, the substrate contribution was excluded.
The reduction in transmission with increasing thickness may
be due to the haze in the metal meshes, where light is scat-
tered due to imperfections in the mesh such as roughness of
surfaces. However, the influence of thickness on SE is consid-
erably more pronounced (Figure 7d). By increasing the sample
thickness, SE increases significantly. The improvement in SE by
increasing the thickness is primarily due to an increase in SE, as
SE, remains approximately constant (Figure S4, Supporting In-
formation). There is no strict limit to fabricating thicker PDMS
thicknesses; however, it is important to note that a thicker PDMS
results in a less flexible substrate as the bending stiffness of the
material is proportional to D?.

To better understand the increase in SE performance in
DLEMMs, we conducted simulations with varying thickness be-
tween two metal mesh layers. Figure 8 presents the simulation
results and compares them to our experimental results for the
DLEMMs of varying total thicknesses D. Good agreement can be
seen between the simulation and experimental results. The fabri-
cated flexible DLEMM samples underperform simulations, likely
due to underfilling of the trenches as discussed earlier. Simula-
tions for the SLEMM-2 predict an SE of 51.6 dB with a trans-
parency of 92.7%. In contrast, the DLEMMs have an SE from
67.1to 88.9 dB with increasing thickness from 0.25 to 3.25 mm. A
maximum SE of 86.7 dB is observed at a total thickness of 5.6mm
(Figure S5, Supporting Information), though these samples were
not fabricated as such large thickness samples tend to suffer from
increasing leakage and noise from the environment through the
sides of the sample.

The large improvement in SE in the DLEMM samples com-
pared to the SLEMM samples is due to the Fabry—Pérot effect.
In our DLEMMs, the Fabry-Pérot effect is particularly relevant
for the frequency band of 8-18 GHz. For this frequency range,
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the first-order harmonic peak of resonance occurs at cavity thick-
nesses between 4.2 and 9.4 mm. Since the thicknesses we are ex-
ploring in DLEMMs are all below 4 mm, an increase in thickness
moves the structure closer to the first-order harmonic peak. The
structures exhibit an increase in SE, and thus, SE. As the thick-
ness of the spacer between the two metal meshes increases, our
structure approaches the optimal condition for the first-order res-
onance, leading to a more pronounced absorption and improved
SE within this specific frequency band. Simulation for a longer
range of D are shown in Figure S5 (Supporting Information),
where a maximum SE may be observed around D = 5.5 mm. The
effect may be exploited in EMI shielding applications as it is par-
ticularly significant at radio frequencies.[*®%% The Fabry-Pérot
effect augments SE through multiple reflections between the two
metal meshes, leading to increased absorption. Figure S1 (Sup-
porting Information) shows the shielding contribution of reflec-
tion and absorption for all the samples fabricated in this study.
Since the reflection values for DLEMM structures are similar to
those of SLEMM samples, the primary reason for a higher SE
value in these structures is the increased absorption due to mul-
tiple reflections. The radio waves are trapped between the two
single-layer metal meshes and thus absorption is enhanced.

Table 3 provides details of T and SE on the DLEMM struc-
tures. Good agreement can be seen between the simulation and
experimental results. The transmission T for the DLEMMs are
calculated by assuming that the metal meshes are not aligned
and instead offset by a random shift in the x — and y — direc-
tion with uniform probability. The visible transparency is then
estimated based on the fraction of area that is not blocked by the
metal mesh.

In Figure 9, we compare the EMI SE performance and trans-
mission of our flexible DLEMMs with other double-layer flexible
transparent metal meshes in the literature. Literature works in-
cludes ZnO/Ag/ZnO,*!! Ag mesh,[®* and Ni mesh.®”] Similar to
the single-layer comparison, we used the same consistency for
reporting SE and transmission. Additional information regard-
ing the comparison of our results with other works can be found
in Table S2 (Supporting Information). A higher performance in
our single-layer metal meshes can be further enhanced in double-
layer metal meshes.

3. Conclusion

Our fabrication approach allowed us to create single- and double-
layer metal meshes embedded in PET with narrow widths
and large thicknesses. We utilized reactive silver ink for filling
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Figure 9. Comparison of the EMI SE (dB) and transmission (at 550 nm)
of our DLEMMs with other flexible double-layer metal meshes in the liter-
ature: ZnO/Ag/ZnO,3"] Ag mesh,[%*] and Ni mesh.[¢7]

the meshes, circumventing the need for expensive machinery.
Through simulations, we identified that increasing the spacer
distance between layers of metal mesh enhances SE. Our experi-
mental results showcase the excellent EMI SE and transparency
of these structures. As a transparent electrode, SLEMMs exhibit
a transparency of 82.7% and sheet resistance of 0.61 Qsq~!, as
well as 91.0% and 1.49 Qsq~'. This performance corresponds
to figures of merit of 3101 and 2620, respectively. Our SLEMMs
achieve 48.0 dB EMI SE with 91% visible transmission and 56.2
dB EMI SE with 82.7% visible transmission. These flexible metal
mesh-embedded substrates hold great promise for a wide range
of optoelectronic applications, owing to their remarkable trans-
parent EMI shielding capabilities achieved through the com-
bination of high-conductivity of silver, small widths, and large
thicknesses.

4. Experimental Section

Ink Information: Commercially available EI-1201, an Ag metal-
complex based conductive inks from Electroninks Inc, was used in this
study. The ink was derived from a formulation previously developed by
one of the authors.[7% In these inks, the ammonia ligands compounds act
as a stabilizer. When the ink was cured in an oven, the liable ammonia lig-
ands compounds evaporate and the Ag compound was reduced to form
Ag. Figure S2 (Supporting Information) shows the characterization of R,
against Ag film thickness of this grade of ink.

Fabrication of PET-Embedded Ag Mesh:  The process for fabricating Ag
meshes embedded in PET is illustrated in Figure 1. PET sheets (MELINEX
ST505) were Purchased from Tekra Inc., with a thickness of 125 pm.
The sheets were trimmed into 30 mm X 30 mm samples using a scis-
sor. Subsequently, these samples underwent ultrasonic cleaning in ace-
tone, methanol, and isopropyl alcohol (IPA), each for a duration of
10 min. Finally, they were dried using nitrogen gas. To enhance the ad-
hesion of the photoresist to the PET, HMDS was sputtered onto the sub-
strate using a vapor prime oven system. Subsequently, a layer of AZ4110
photoresist was spin-coated onto the substrate at a spin speed of 2500
rpm, resulting in a thickness of 1.5 pm. All samples were baked at 98
°C for 4 min. Patterns were made on the photoresist using the Quintel
Q4000 MA Mask Aligner with UV light exposure, and were developed for
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2 min in AZ400 K (1:4) (from MicroChemicals). Reactive ion etching (RIE)
was used to transfer the patterns to the PET with a gas flow of 50 sccm
CF4 and 20 sccm SFg, a pressure of 30 mT, and a power of 250 W. The
depth of the patterns could be controlled by adjusting the etch time, but
there was a limitation as the photoresist also gets etched during the pro-
cess. Once the photoresist was completely etched, it could damage the
PET substrate by creating some roughness, which may trap silver and re-
duce transmission. Therefore, the maximum achievable etch time for 1.5
pm thickness of the photoresist was utilized. An etch time of 300 s was
selected, resulting in a depth of 2.2 pm, as obtained from optical pro-
filometry measurement. The photoresist was removed from the sample
by ultrasonication in acetone, methanol, and IPA, each for 10 min. Then,
the samples were dried using nitrogen gas. Particle-free silver ink (EI-1201
from Electroninks) was drop-cast on the samples. The reactive silver ink
was filtered through a 0.22 pm syringe filter to eliminate large particles
prior to drop casting. Flexible PET substrates were weighted at the edges
to ensure flatness of the samples. Due to its low surface tension, the sil-
ver ink effectively wets the surface uniformly. For a 30 mm X 30 mm sam-
ple size, 1.7 g of ink was drop-cast to ensure sufficient ink for proper fill-
ing of trenches. Samples were ramp-cured starting at 70 °C with a step
increase of 10 °C every 15 min. The final curing temperature was set at
110 °C. Prior to the hard curing process, Ag was wiped off the sample us-
ing a cleanroom wiper following the soft curing of Ag. Subsequently, a final
curing step lasting 30 min was carried out to ensure the complete curing
of Ag. The samples were then spray-washed with acetone, methanol, and
IPA to remove any Ag particulates. To create different PDMS thicknesses,
Dow SYLGARD 184 Silicone Elastomer was used. This material is a two-
component solution with a mixing ratio of 10:1. After mixing in a petri dish,
a pump was used to remove the bubbles created during mixing and then
cured it at 60 °C for 2 h. After peeling of the PDMS from the petri dish, UV
glue was used to attach two metal mesh layers to both sides of the PDMS.

Characterization: A probe station with a semiconductor device ana-
lyzer (B1500A Semiconductor Device Analyzer from Keysight Technolo-
gies) was used to measure sheet resistance via the van der Pauw method.
To get a high resolution images of the embedded Ag meshes, scanning
electron microscopy (Zeiss SIGMA VP) was employed. The total trans-
mittance was measured over the wavelength range of 400 to 800 nm
using a UV-vis—NIR spectrometer with a 60 mm diameter integrating
sphere (JASCO Spectrophotometer V-770). The transmission values re-
ported in this study were calculated by excluding the effect of the substrate
transmission. To achieve this, the measured transmission values were di-
vided by the substrate transmission. A 3D Optical Profilometer (Bruker)
was used to measure the depth of the etched samples. The electromag-
netic interference shielding effectiveness (EMI SE) was determined us-
ing the coaxial transmission line method, with the aid of an HP 7822D
Vector Network Analyzer (VNA) for signal generation and detection. The
sample was positioned between two waveguide flanges, with the appro-
priate flange chosen based on the desired frequency range. The waveg-
uide flanges were secured in place using screws and nuts to prevent any
shifting during the measurement. The X band and Ku band waveguide
flanges were obtained from Pasternack. The data was smoothed using
a weighted average around five neighboring points for the double-layer
meshes.

Simulations: EMI shielding performance was simulated using
the Ansys High Frequency Structure Simulator (HFSS). HFSS uti-
lizes the finite element method to solve Maxwell's equations. The
simulated transparency of the metal meshes was approximated by
calculating the fraction of open area between the metal meshes
based on their pitches and measured widths. The sheet resis-
tance was simulated in Comsol finite element analysis, where the
conductivity of the silver was assumed to be 20% of that of bulk
conductivity.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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