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Abstract. Electromagnetic interference (EMI) shields in the form of coatings and films are useful for blocking
radiations in various household and industrial settings. Being transparent and flexible would enhance their utility domain.
In this study, we have fabricated transparent and flexible EMI shields made of metal meshes produced using the crack
templating method pioneered in the laboratory. A Cu metal mesh with polyethylene terephthalate (PET) sheet as its
substrate exhibited a visible transmittance of *85% and a sheet resistance of *0.83 X per square. The shielding
efficiency was tested over a wide spectral range of the Ku band (12–18 GHz), relevant to communication electronics. The
Cu mesh/PET film showed a remarkably high value for total EMI shielding (SET) with the average value being *41 dB.
The film could be laminated using a commonly available method, thus protecting exposure of the mesh to the environment. The laminated film is multifunctional, and this aspect was demonstrated by fabricating a large area (3.5 9 2.2 cm2)
Joule heater for defrosting and defogging applications.
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Introduction

Electromagnetic interference (EMI) shielding plays an
important role in the performance, safety and life of electronic devices [1,2]. The shielding is achieved using Faraday’s cages often in the form of films wrapped or laminated
around the device [3–5]. EMI shielding films made of
conductive and magnetic fillers such as carbon nanocomposites [6,7] magnetic nanoparticles [8] and carbon black
[9] are employed in day-to-day electronic equipment and
also in various military applications [10–12]. Alloys of
metals such as Fe, Co, Ni and Cu are used to combine
magnetic and electrical properties for enhanced EMI
shielding. Thick perforated metal films, with perforation in
the sub-micrometer wavelength range, are exploited for
microwave shielding typically used in a microwave oven
[13].
The basic feature of a EMI shield is its shielding effectiveness (SE), which involves typically three components,
reflection (SER), multiple reflections (SEMR) and absorption

(SEA). The total EMI SE (SET) of shielding materials is
defined as the logarithmic ratio of incoming (Pi) to outgoing
(Po) radiation power (equation (1)), and SET of 20 dB
which represents 99% attenuation is acceptable for many
practical applications.
 
Pi
SET ¼ 10log10
ð1Þ
¼ SER þ SEMR þ SEA
Po
The three components are dependent on the skin depth
(d) that is expressed as d = 1/(pflr)1/2, where f is the frequency, l is the permeability and r is the electrical conductivity. This clearly indicates that for achieving high SET,
the shielding material should be highly conductive with
thickness in the range of skin depth. In addition, different
applications require EMI shielding in different wavelength
ranges. The range, 300 MHz–3 GHz (UHF, L and S-bands)
is relevant to TV broadcasting, microwave oven as well as
for cellular telephone-based applications and as competent
materials, polymer composites and ferrites suit this band.
Radar communication, aircraft navigation and remote
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Table 1. Comparison of the recently reported transparent EMI shielding materials and their corresponding transmittance and shielding
performance.
Materials
Al square mesh
Al ring mesh
Ag random mesh
Ag ink-printed metal-mesh
Ag-mesh
Ag-mesh
Monolayer graphene
Ag nanowires
Graphene network fabrics (80 mesh)
Graphene network fabrics (120 mesh)
Interleaved RGO
Cu-Mesh

Thickness (nm)

SET (dB)

450
450
200
1040
50
200
\1
NA
6–12
6–12
20
1050

14 (18 GHz)
17 (18 GHz)
26 (15 GHz)
20 (10 GHz)
11.6 (15 GHz)
25 (15 GHz)
2.27 (7 GHz)
15 (10 GHz)
9.56 (10 GHz)
12.86 (10 GHz)
6.37 (8 GHz)
*49 (at 18 GHz)

T (%)
97.1
96.5
91
84.39
93.2
92.6
97.7
85
73.6
70.85
62
85 (74 specular
?11 haze)
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T, total transmittance; NA, not available.
sensing are tuned to work in the 3–30 GHz range (C, X, Ku
and K bands) where thin metal films serve better. It may be
noted that beyond the wavelength used in the microwave
oven (2.45 GHz), other ranges are mainly operated and
regulated by the government bodies.
Effective EMI shielding is considered crucial in avionics
design and certification [14] as EMI can cause electronic
malfunctioning or degradation over time in the open space,
resulting in incidents. Typically aviation and navy equipment possess metal bodies and therefore, are not sensed by
radar due to inherent shielding. However, these vehicles are
identifiable by their windows as the latter are usually made
of glass or acrylic, both being non-conducting and hence
EMI prone. It is clear that the material which forms the
window in such applications has to be well conducting and
be visibly transparent. However, the kind of transparency
(*20–30%), available with perforated metal sheets used in
microwave oven window, is rather poor though the sheets
serve to minimize radiation leakage. This issue is addressed
by coating the cockpit window with a thick layer of highly
conducting tin-doped indium oxide (ITO) so as to achieve
*30 dB at 1 GHz [15]. In other applications, any transparency available with a Faraday cage is in general considered good, as one can visualize the health of the
instruments housed inside.
But there are pertinent issues with ITO. Using ITO for
such large area coatings is uneconomical because of its cost.
The cockpit windows possess varied curvatures and sputtering ITO on such surfaces poses a big challenge particularly when the coating thickness is pre-determined often as
non-uniform to serve defrosting applications via joule
heating. Further, because of the brittle nature of ITO, the
coating has to be done over an already curved window pane
and not vice versa. Given these restrictions, ITO coatings
add to the cost and produce lot of wastage. In recent years,
many ITO alternatives have been proposed as cost-effective
flexible transparent conducting electrodes (TCEs) [16–18].

Materials such as graphene [2,19–21], graphene oxide
[22,23], carbon nanotubes [24], metal oxides [25] or their
blends [3,4] have been exploited for visibly transparent EMI
shielding. Han et al [26] obtained SET of *26 dB at
15 GHz for Ag nanowire networks with a transmittance of
91%. Single-layer graphene has also been explored which
allows 97.7% transmission in visible range but offers
average SET value of only 2.27 dB [19]. Lu et al [27] used a
stack of multilayer graphene and patterned metal network
architecture to achieve SET of 47.7 dB in the 12–18 GHz
range with an optical transmittance of 85% at 700 nm.
Some of the recent literature on transparent EMI shields
based on nanomaterials is provided in table 1. However,
patterning metal networks over a large area is challenging
while keeping the cost low.
In this study, we have employed Cu metal meshes to
achieve effective shielding in the Ku band. The Cu mesh
produced by a method developed in the laboratory are
essentially free of junction resistance [32,33] and exhibit
superior interconnectivity [34], and hence highly conducting percolating paths [35]. Specifically, we have examined
how well a Cu mesh can trap microwave radiation and serve
as an effective EMI shield. Indeed, the prepared TCE has
exhibited high SET values with optical transmittance of
*85%.

2.
2.1

Experimental
Fabrication of Cu wire mesh by crack lithograph

A commercially available precursor (CP) (Ming Ni Cosmetics Co., Guangzhou, China) consisting of the acrylic
emulsion was diluted using water : isopropyl alcohol (IPA)
mixture (15:85) to 0.8 g ml-1 and rigorously ultrasonicated
for 15 min. The polyethylene terephthalate (PET) substrates
(*80 lm) were cleaned with water and IPA before template
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coating. The suspended solution was spin coated at *700
rpm on PET substrate for 100 s. Upon drying, a crack network
formed spontaneously in the coated layer over the substrate.
Thermal deposition system (Hind High Vacuum Co., India)
was used for Cu deposition. In the final step, the template was
removed by rinsing with chloroform leaving the highly
transparent and conducting Cu network over the PET.

A homemade 4-probe setup was used to measure the sheet
resistance. The thickness of coated metal was measured
using Wyko NT9100 Optical Profiling system (Bruker,
USA). X-ray diffraction of metal mesh was performed using
Miniflex (Rigaku, Japan). The optical photograph was
acquired using Laben, India microscope.

3.
2.2

187

Results and discussion

Characterization
The metal mesh is fabricated using the crack lithography
and it consists of three steps as shown in figure 1a; CP spin
coating on a substrate, self-drying in the air, followed by Cu
deposition using thermal evaporation and finally, template
removal in water. The 15:85 ratio of water to IPA was used
to achieve uniform crack template over the large area, as
revealed in a previous study [36]. Figure 1b shows the
digital photograph of a 10 9 13 cm2 Cu-mesh/PET sample,

UV–vis spectrophotometer (Perkin-Elmer Model Lambda
750 UV/visible/near-IR spectrophotometer) was used for
transmittance measurement. The morphology and the
structure image were acquired using a field emission scanning electron microscope (FESEM, TESCAN-MIRA3 LM).
The chemical and elemental composition were investigated
by energy-dispersive X-ray (EDAX), Bruker, USA.

(a)

Crack patterning

(b)

Metal deposition
& Lift-off

(c)

25 µm
(d)

20 nm Cu mesh/PET
100 nm Cu mesh/PET
450 nm Cu mesh/PET
750 nm Cu mesh/PET
1050 nm Cu mesh/PET
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Figure 1. Fabrication and characterization of the TCE. (a) Schematic illustration of the fabrication steps for a large-area Cu-mesh on a
PET sheet. (b) Photograph of a Cu-mesh/PET sheet (*10 9 13 cm2), (c) optical microscope image of Cu-mesh, (d) optical transmittance
and Haze for different thicknesses of Cu-mesh measured in the visible range and (e) transmittance (at 550 nm) and sheet resistance as a
function of the mesh wire thickness.
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which exhibits good total transparency (*85% at 550 nm,
figure 1d). Optical microscope image (figure 1c) and
FESEM image (supplementary figure S1b) of a Cu-mesh
(average wire thickness *480 nm, supplementary figure S1a) show that the metal wires are unbroken and do not
contain any unconnected metal regions and thus form a
single wire network. Aimed at reducing the sheet resistance
of the metal mesh, a higher thickness of metal was deposited (up to 1051 nm). Accordingly, the sheet resistance
decreased considerably from *1 kX per square to 0.83 X
per square (see figure 1e), and interestingly, without compromising the transmittance (see figure 1d). This is understandable as the metal wire grows only vertically in the
crack groove with the width unchanged. This unique feature
of the fabrication process enables one to bring down the
sheet resistance of the EMI shield without affecting its
visible transmittance (only shadow losses increases with
thickness, which is minimal). The haze values are typically
in *1–4%, but for 1050 nm thickness, it was somewhat
higher (*11%) due to shadowing effect with diffused light
(figure 1d).
In the crack lithography-based metal mesh, two parameters are easily controllable—the thickness and the crack
width. The metal mesh width and the polygon size can be
tuned by altering the spin-coating speed while coating the
CP over the substrate. Increasing the spin-coating speed
decreases the crack groove width. Furthermore, for crack
template-based metal mesh, the crack width is proportional
to the crack spacing/polygon size (see figure 2c). Besides,
the metal fill factor is also higher for larger wire widths.
Thus, the overall properties of crack lithography-based
metal mesh can be expressed from this relation; crack width
µ polygon size µ metal fill factor µ (1/(sheet resistance))
[32,37]. First, we investigated the SET with the metal mesh
thickness. The SET values for the various Cu-mesh/PET
sheets were measured in the Ku band using a waveguide
setup attached with a vector network analyser (see figure 2).
The wire width for all meshes was *5 lm while the wire
thickness was in the range, *20 and 1050 nm. As can be
seen from figure 2a, the 20 nm mesh exhibits poor shielding
(*2–3 dB) due to high sheet resistance (*1 kX per square,
see figure 1e). With the increasing thickness, the sheet
resistance decreases drastically and accordingly, enhanced
SET values (figure 2a) were observed, as distinctly
observable at higher frequencies, typically expected as in
metal films [38]. The average SET value increases from *2
to *35 dB (figure 2b). Beyond 100 nm wire thickness, the
increase in SET is not much; multiple reflections as well as
resonant effects in the random metal mesh, may be playing
significant roles. The SET value of *49 dB for *1 lm
thick metal mesh at 18 GHz is remarkable, considering its
visible transparency of *85%.
Besides the thickness, the SET value also depends on wire
width/spacing and one would expect the SET value to
increase with wire width as the metal fill factor is higher for
larger widths (see figure 2c). On the contrary, we see lesser
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Figure 2. Plot of SET of Cu-mesh/PET (a) of varying thicknesses and (b) average SET value from 12 to 18 GHz range.
(c) The plot of metal fill factor and wire spacing with wire width.
The metal thickness was similar in all four cases, *450 nm. The
averaging was done over the entire range of frequencies used,
12–18 GHz. The error bars indicate the standard deviation values
in SET.

SET values for the larger widths (figure 3a), though the
thickness was similar in all cases (*450 nm). The plot in
figure 3b shows the actual trend. The mesh with the narrow
average wire width (*4.6 lm) exhibits 10 dB higher
SET (10-fold increase) than that with average width of
*10.2 lm, which is noteworthy. Thus, a metal mesh with
smaller wire spacing (lesser metal fill factor, also see figure 2c) does well because the open polygonal regions are
relatively much smaller with respect to the wavelength. Thus,
the effect of upshifting of SET in meshes with smaller crack
spacing (or smaller wire width) due to radiation trapping is
more significant than the downshift caused by the reduced
metal fill factor in comparison to the mesh of larger width.
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Figure 3. SET of Cu-mesh/PET (a) Cu-mesh of varying width at
a similar thickness (*450 nm). The inset shows the optical image
of metal mesh of different width. (b) Average SET value from 12
to 18 GHz range.

For the sake of comparison, other metals, Ag, Al and
Sn, were tried for EMI shielding. The plot of SET in Ku
band is shown in figure 4a and the average SET values are
plotted in figure 4b. For Ag, the average SET is slightly
higher (31.6 dB) than that of Cu (29.6 dB) and Sn (20.8 dB).
As Ag and Cu have similar values of conductivity and skin
depth (see table 2), small differences may arise due to the
somewhat higher thickness of Ag (*520 nm) compared to
Cu (*450 nm). Al (*510 nm) and Sn (*490 nm) with
relatively lower conductivities showed lower average SET
values of 19.7 and 20.8 dB, respectively. While Al and Sn
may be considered based on cost, Cu is still preferred given
its higher shielding efficiency and lower cost. A cost comparison related to the Au is also provided; however, Au is
unrealistic for the EMI shielding application owing to its
high cost (see table 2 for comparison).
A flexible and transparent EMI shielding film also
required to work as an efficient Joule heater for applications
involving defogging of cockpit windows etc. Figure 5a is
the digital photograph of a laminated Cu-mesh/PET produced using an office laminating machine. The lamination
is fast and low-cost solution for improving the durability of
the metal mesh towards bending. Figure 5b shows the plot
of relative resistance change with the bending cycle. The Cu
mesh showed only *10% increase in the resistance after

Figure 4. Plot of (a) SET and (b) average SET for Sn, Al and Ag,
with respect to Cu.

Table 2. Electrical conductivity, skin depth and approximate
costs for Cu, Ag, Al, Sn and Au.

Conductor
Cu
Ag
Al
Sn
Au

Electrical
conductivity
(S m -1) 9 106

Skin depth
(at 10 GHz)
(lm)

Metal cost
($)/10 g

59.8
63.0
35.7
8.7
45.2

0.652
0.634
0.820
1.66
0.753

0.07
7
0.05
0.8
580

1000 bending cycles at bending radius of as small as 5 mm.
However, the resistance increased up to 40% after 3000
bending cycles, and it may be due to the breaking of the
metal wires near the contact region. Figure 5c and d shows
the thermal microscopy images of the laminated Cu mesh
with the resistance of 20 X. As can be seen from the thermal
image, the surface temperature is uniform over the large
area. Here metal mesh of 20 X resistance was chosen in
order to keep the voltage value within 2–5 V to achieve
temperature of *80°C and below. The laminated device
clearly serves as an effective EMI shield while avoiding
possible fogging.
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(a)

(b)

(c)

(d)

Figure 5. A flexible Joule heater. (a) A photograph of encapsulated Cu mesh. The white arrows marking the boundary are guide to the
eyes. (b) The plot of change in resistance with the bending cycle (bending radius *5 mm). The thermography image of encapsulated
Joule heated Cu mesh at (c) 2 and (d) 5 V, respectively.

Figure 6. Transparent EMI shielding box. (a) Digital image of setup showing Wi-Fi router, mobile phone and metal box. Wi-Fi signal
attenuation from transparent (b) PET sheet and (c) Cu-mesh/PET.

We have also built a transparent Faraday cage using our
metal mesh. A prototype was fabricated using a steel box
with the top cover cut open and fixed with Cu-mesh/PET
(see figure 6b and c). Another cover plate with bare PET
served as the control. A Wi-Fi router (D-link_DIR_816,

*2.56 GHz) was kept outside the box, as shown in
figure 5a, as an EMI radiator. A smart phone installed with
a Wi-Fi analyser application (Wifi Analyzer by farproc)
showed the strength of various nearby Wi-Fi signals
(figure 6a). In the mobile phone application (Wi-Fi
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analyzer), the y-axis displays the Wi-Fi signal strength in
dBm scale (dBm refers to dB relative to 1 mW), whereas
the x-axis shows the different Wi-Fi channels. The Wi-Fi
signal of the placed Wi-Fi router is marked with the white
dotted rectangle as shown (figure 6b and c). Later, the box
was closed with the lid having a PET sheet on top as shown
in figure 5b. In the case of bare PET, the decrease in the WiFi signal strength is negligible. However, in case of Cumesh/PET, the Wi-Fi signal decreased by *30 dBm as
displayed on the phone screen (figure 6c, also see supplementary video S1). Additionally, some Wi-Fi signal crossed
the detectable limit of the mobile phone (*-90 dBm) and
thus cannot be found in the given scale of the mobile phone
screen. In addition, we have also seen the attenuation of
doorbell signal working at *480 MHz (see supplementary
figure S2).
The EMI shields developed in the study offer many
advantages; transparency, flexibility, Joule heating and low
cost. However, the shortfall of the fabrication protocol is
that it is a subtraction method wherein only a small portion
of deposited metal stays on the substrate (the fill factor)
while the rest gets washed away at the end of the fabrication
process. Earlier studies from the laboratory have described
methods to recover the washed away metal [32] which is of
concern particularly with respect to expansive metals such
as Ag. For this purpose, we have made use of copper,
which is electrically conductive and nearly comparable to
the best (Ag) but is much less expensive. The material cost
and the other related physical properties are shown in
table 2.

4.

Conclusion

In summary, a flexible TCE was fabricated using the crack
lithography which was shown to work as a highly efficient
EMI shield. The technique involves depositing inexpensive
metals such as Cu over virtually unlimited areas, which
involves simple process steps using low-cost ingredients.
Importantly, the invention has the potential to scale-up to a
large area transparent panel while being flexible when
desired. Considering the high interconnectivity, low sheet
resistance (0.83 X per square) and network-like structure,
the metal wire mesh can trap microwave radiation and work
as an effective, transparent EMI shield. EMI shielding
effectiveness (SET) of Cu mesh film is remarkable with SET
of *49 dB at 18 GHz while maintaining the transparency
*85%. Such a high SET was achieved by increasing the Cu
mesh thickness and decreasing the wire spacing without
much affecting the transparency, a novel feature of the
templating method employed. The film was laminated using
an inexpensive office lamination film (2 INR/A4 size) to
improve the stability toward scratch. Finally, the multifunctionality aspect of the EMI shield was demonstrated by
fabricating a large area (3.5 9 2.2 cm2) flexible Joule heater
reaching *80°C at 5 V. The Cu mesh-based transparent
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EMI shielding films developed in this study may find
widespread uses in electronic equipment and various military applications.
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