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A B S T R A C T   

The problem of sputtering of thick metal films on micro and nanotemplates is important for obtaining mesh 
transparent conductors with excellent optoelectric characteristics. In this work, we demonstrate for the first time 
the possibility of controlling the degree of peeling of the cell perimeter from the substrate for a cracked template 
based on egg white by alternating the operations of moistening the template with saturated water vapor and 
shock drying with hot air. Local peeling of the cracked template cells perimeter makes it possible to increase the 
thickness of the metal sputtered on the cracked template by more than 1 µm, which is not achievable for other 
lithographic approaches. Our technique was used to obtain thick Ag meshes with a low sheet resistance of no 
more than 1.59 Ω/sq and a transparency of about 89.1%. The thick Ag meshes show a shielding efficiency (SE) of 
49 dB or 99.998% of the incident power of an electromagnetic wave at a frequency of 1 GHz. In a sandwich 
geometry, thick Ag meshes, which simulates a real shielding window, the shielding efficiency (SE) reaches 71 dB 
with a transparency of more than 80%.   

1. Introduction 

In the modern world, the space surrounding a person is permeated 
with electromagnetic waves of various ranges. Parasitic electromagnetic 
microwave radiation can interfere with the correct operation of 
communication systems, precision measuring equipment, human life 
support systems (for example, pacemakers), as well as work in special 
programs. Also, according to numerous studies, non-ionizing microwave 
radiation in the frequency range of 0.1–300 GHz is a factor in provoking 
serious diseases in humans [1,2]. Recently, the attention of a large 
number of scientific teams has been paid to the development of shielding 

materials that can effectively reduce the negative factor of electromag-
netic interference [3,4]. 

Electromagnetic shielding of transparent objects such as computer 
monitors, displays of precision measuring equipment and building 
glazing has a big impact on information security [5]. As transparent 
shielding coatings for microwave radiation, the most promising are 
metal micro- and nanostructures, which include micro- and 
nanometer-scale meshes obtained using photolithography (PL) [6–9], 
imprint lithography [10,11], self-organization [12–15], 3D printing 
methods [16,17] and electrohydrodynamic jet printing [18]; Ag and Cu 
nanowires films [19–22]; as well as thin-film coatings with the 
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TCO/Me/TCO [23,24] structure. 
Metal meshes provide a shielding efficiency of more than 40 dB or a 

shielding of 99.99% of the power with a transparency of more than 80%. 
The high shielding efficiency is due to the low sheet resistance. An in-
crease in SE relative to currently obtained results can be achieved by 
forming a metal based transparent conductor with a sheet resistance of 
less than 0.5 Ω/sq, taking into account that the fill factor (FF) should be 
no more than 15% to ensure acceptable transparency, it is necessary to 
increase network structure thickness up to 500 nm and more. As a rule, 
templates formed by photolithography methods, as well as by self- 
organization processes, have restrictions on the thickness of the sput-
tered metal, which does not exceed 300 nm [12,25,26]. These limita-
tions are associated with the formation of a continuous film of 
metallization during the sputtering process, due to the fusion of the 
metal sputtered on the bottom of the template and the side face of the 
cell. As a result, when the template is removed, the mesh structure is 
damaged. The problem of obtaining thick mesh transparent conductors 
by vacuum metal sputtering methods is typical for all types of templates, 
both lithographic and self-assembled. In photolithography, this problem 
is solved in two ways: the first method is the formation of an acute angle 
between the substrate and the side faces of the photomask cells [27]; the 
second method is the use of a positive photoresist followed by etching of 
the cells of the network structure [6,28]. Based on the fact that there are 
now a limited number of solutions for solving this problem, it is 
important to develop approaches for alternative lithographic template 
structures that make it possible to form meshes transparent conductor 
with a thickness of more than 1 μm. 

It is important to note that there is an effective technique for 
increasing the thickness of mesh transparent conductors, which are 
produced by galvanic growing of Cu or Ni films on a seed mesh obtained 
using various templates [29–32]. This method is interesting because of 
the possibility of obtaining coatings with an extremely low sheet resis-
tance of less than 0.1 Ω/sq; however, an additional technological cycle 
does not always have a positive effect on economic costs. In this regard, 
one-stage methods for obtaining transparent conductors based on thick 
metallic meshes are attractive. 

In this work, for the first time, we propose a technique for cyclic 
exposure of the cracked template to moist and hot dry air, which pro-
vides local peeling of the cells perimeter. In the process of metal sput-
tering on templates with a peeling cells perimeter prevents the 
formation of a conformal metal film. Using a cracked template with 
peeling cells perimeter, Ag meshes with a thickness of more than 1 µm 
can be obtained on a flexible PET substrate. 

2. Materials and methods 

2.1. Materials 

Egg white, egg yolk obtained from food market. Ag (99,99%), Cr 
(99,99%) targets Kurt J. Lesker (USA). PET film 50 µm thick manufac-
tured by HiFi 747 (HiFi, UK) were used as substrates. PMMA thick sheets 
(Röhm GmbH, Germany) were used as spacers, the thickness of which 
was 1, 2, and 4 mm. 

2.2. Cracked template preparation 

To ensure strong adhesion of the cracked template, the PET substrate 
was pre-treated with a corona discharge using an Arcotec folienstation 
FER-B coronator (Arcotec GmbH, Germany). The value of the corona 
discharge current varied from 0 to 45%. The surface energy of the PET 
substrate was controlled using Accu Dyne Test (USA) test markers. 

Egg white was used as a precursor to form the cracked template. A 
liquid egg white layer was deposited onto a PET substrate using the slot 
die coating method. The thickness of the of egg white layer to obtain a 
cracked template was 20, 30 and 40 µm. After deposition, the egg white 
liquid layer was dried at room temperature - 20 ◦C and humidity - 55%. 

2.3. Forming cracked template with peeled cells perimeter 

In the moistening step, we use saturated water vapor. The moistening 
time of the cracked template was 3, 5, and 7 s. The technique has an 
iterative character. Decreasing the exposure time leads to insufficient 
moisture, which results in insufficient template response to shock dry-
ing. Externally, the template is slightly different from the original. 

In the experiment, we considered the temperature range with an 
acceptable response to shock drying, which was 100–140 ◦C, the time of 
one shock drying iteration was 5 s. 

2.4. Magnetron sputtering 

Silver was used to form a metal mesh transparent conductor, the 
sputtering thicknesses were 600, 1000, 1500 and 2500 nm. Argon with a 
purity of 99.99% was used as a working gas. Argon was supplied to the 
working chamber through a mass flow controller. The working chamber 
was evacuated using a turbomolecular pump. The residual and working 
gasses pressure was 2.3•10− 3 Pa and 2.2•10− 1 Pa, respectively. Power to 
the magnetron sputtering system was supplied from a unit generating 
DC pulses with a frequency of 133 kHz. Sputtering took place in the 
mode of stabilization of the discharge power, which was maintained at a 
level of 1 kW. In this case, the discharge current was 2.7 A. 

A quartz sensor was used to control the silver films thickness by 
measuring the resonant frequency change. 

2.5. Formation of shielding sandwich structures 

The procedure for forming a two-layer sandwich structure was as 
follows: at the first stage, 0.1 ml of HOA 63 was applied to the reverse 
side of the Ag mesh on a PET substrate with dimensions of 3 × 3 cm. 
From above, a drop was distributed using a PMMA spacer with different 
thicknesses of 1, 2, or 4 mm. The same operation was repeated for the 
opposite side of the sandwich structure. The resulting sandwich struc-
ture was pressed for 1 min with a force of 100 N. After that, without 
relieving pressure, the sandwich structure was exposed to UV radiation 
(20 W, λ = 365 nm) for 10 min. 

2.6. Microscopic study 

The morphology of the craсked templates and different thick Ag 
meshes was studied by optical and scanning electron microscopy (SEM) 
using TM 4000 (Hitachi, Japan), with the accelerating voltage 15 kV, 
and Hitachi S5500 (Japan) with the accelerating voltage 3 kV. SEM 
equiped with an energo-dispersive X-Ray spectrometer XFlash 430 
(EDX, Brucker, USA). 

Geometrical characteristics of cracked template and thick Ag meshes 
were calculated from 10 images, cells sizes and cracks width were 
averaged. 

Visualization of cells with a peeled perimeter and thick Ag meshes 
based this cracked templates was carried out in the cross-section mode. 
For this purpose, cross-sectional samples of cracked templates without 
peeling of the cells perimeter, after one iteration cells perimeter peeling 
and after two iterations cells perimeter peeling as well as thick Ag 
meshes based this cracked templates were prepared by focused ion beam 
(Ga+, 40 kV) single-beam FIB system FB-2100 (Hitachi, Japan). The 
image in the cross-section mode was obtained by scanning ion micro-
scopy (SIM) FB-2100 (Hitachi, Japan). 

The local surface morphology and thickness of meshes were deter-
mined by atomic force microscopy (AFM), SmartSPM-1000 (AIST-NT, 
USA). For best results, scanning was carried out in semi contact mode 
using high-resolution cantilevers NSG10 with a tip curvature radius of 
10 nm. 

A.S. Voronin et al.                                                                                                                                                                                                                              



Surfaces and Interfaces 38 (2023) 102793

3

2.7. Optoelectric study 

The spectral dependencies of the optical transmittance of the thick 
Ag meshes were measured in the range of 400–700 nm with a spectro-
photometer UV-3600 (Shimadzu, Japan). 

A four-probe method was used for sheet resistance measurements 
using a Keithley 2000 multimeter (Keithley, USA) and a four-probe head 
854–22–004–10–001,101 (Mill-Max, USA). 

2.8. Adhesion strength, mechanical and long-term stability 

The adhesion strength of thick Ag meshes studied using a tape test 
according to ASTM D 3359, in geometry B (notch lattice period was 2 
mm). The effect of the reusable tape test on sheet resistance and SE also 
studied. 3 M tape was used in all studies. 

The mechanical properties of Ag meshes were studied in comparative 
experiments at a laboratory stand in a cyclic mode. Cyclic bending al-
lows exploration of the accumulation of fatigue in meshes. In our ex-
periments, the number of bending cycles with a radius of 5 mm was 
1000.The mechanical properties of Ag meshes were studied in 
comparative experiments at laboratory stands. 

The long-term stability of thick Ag meshes to external conditions was 
studied in two modes. The first mode is a monthly exposure of thick Ag 
meshes at satureted humidity and room temperature, which was 20 ◦C. 
The second mode is a weekly exposure thick Ag meshes at a temperature 
of 85 ◦C and a saturated humidity. The experimental procedure was as 
follows: a small container with distilled water was placed in a glass with 
a ground-in lid to maintain satureted humidity. Then the test sample was 
placed in the container and autoclaved according to the above test 
protocols. The value of the sheet resistance of the coating was used as an 
evaluation criterion. 

2.9. EMI shielding measurements 

In this study, the SE of the materials was measured using a special 
16.00/6.95 mm air-filled coaxial cell (type II, 50 Ω, GOST RV 
51,914–2002). The advantages of this approach are a wide frequency 
range (from 10 MHz to 7 GHz), the ability to measure at low frequencies 
and a relatively simple and convenient measurement technique. It is 
required to ensure reliable electrical contact between the material 
sample and the conductors of the coaxial path over the entire area of 
their contact for the correctness of the result. To overcome this diffi-
culty, the specific design of the cell has a groove of varying thickness 
into which the sample is inserted and clamped. Electro-sealing gaskets 
made of dense metallized fabric were used for better electrical contact 
between the sample and the coaxial tract walls. The cell provides the 
correct result for conductive samples. 

The test bench includes a FieldFox N9916A (Keysight, USA) network 
analyzer, coaxial cable assemblies and a cell; we performed a full two- 
port calibration at the cell inputs. To determine the SE of a material 
sample:  

1 measure the spectrum S21 (or S12) of the cell without a sample 
(groove thickness-0 mm), S21OS (dB),  

2 measure the spectrum S21 (or S12) of the sample cell, S21S (dB),  
3 calculate the spectrum SE (dB) by formula (1), 

SE = S21OS − S21S (1)   

The dynamic measurement range of the SE unit is 80 dB and the 
measurement error is ± 2 dB. 

3. Result and discussion 

3.1. Concept cracked template with peeling of the cells perimeter 

The initial stage of formation of a cracked template based on egg 
white is described in detail in our previous works [31,32]. The main idea 
of this work is the hypothesis that the cracked template cells can be 
partially bent with followed by peeled perimeter during cycling of 
moistening – shock drying iterations. Schematically, the process of 
partial peeling of the perimeter of the cracked template cells and the 
features of sputtering of an silver film on such templates are shown in 
Fig. 1. 

The proposed technological process can be described based on the 
following considerations. The egg white that makes up the cracked 
template is a hygroscopic material. If you place the cracked template in 
an atmosphere with high humidity, the egg white layer absorbs moisture 
from the air, increasing its volume. First of all, moisture is absorbed in 
the surface layer of the egg white and then gradually diffuses deep into 
the cell. In the process of shock drying, moisture from the surface layers 
evaporates more actively than from the deeper ones. Therefore, a 
gradient of egg white shrinkage occurs in the cell volume. The shrinkage 
gradient generates mechanical stresses that tend to bend the edges of the 
cell. The cell perimeter is torn off when the generated mechanical 
stresses exceed the adhesion forces of the cell to the substrate. At the 
same time, the adhesion forces of the cell perimeter decrease at the stage 
of moisturizing the egg white layer, because moisture from the air enters 
the template cells mainly along their perimeter. The height of the rise of 
the edge of the template cell above the substrate depends on the pa-
rameters of the template moistening, the parameters of the shock drying, 
and the thickness of the cracked template. After complete drying, the 
bend of the edges of the cells is fixed in a predetermined position. 
Repeating iterations of moistening and shock drying is one way to in-
crease the area of the peripheral part of the template cells that hangs 
over the substrate. From the point of view of the morphological features 
of the sprayed mesh, in the process of peeling of the cells perimeter of 
the cracked template, the evidence of this process is the change in the 
cross section of the path from rectangular to trapezoidal. 

3.2. Selection of optimal parameters and analysis of the geometric 
characteristics of cracked template with cells perimeter peeling 

If we consider the literature results, then in the article [33] the 
morphogenesis of the peeling of the cells perimeter for cracked layers of 
latex was studied in detail. The effect of layer thickness, drying rate, and 
solvent type on the process of peeling the cells perimeter was consid-
ered. The key parameter influencing the peeling of the cells perimeter is 
the adhesion of the cracked material to the substrate. 

At the first stage, we studied the relationship between the surface 
energy of the PET substrate and the morphology of the cracked template. 
On Fig. 2 shows the dependence of the surface energy of the PET sub-
strate on the magnitude of the corona discharge current and the 
morphology of the cracked template for the PET substrate with different 
surface energies. 

The dependence of the surface energy has the form of two straight 
lines. With an increase in the corona discharge current from zero to 20%, 
no increase in the surface energy of the PET film is observed. The 
morphology of a cracked template formed on a PET substrate having a 
surface energy of 30 din/cm (corona discharge current of 15%) is shown 
in Fig. 2b. An inhomogeneous cracks width is observed, blind cracks and 
generally cracked template has poor adhesion. Such a cracked template 
is not technologically advanced, its cells can peel off during storage, 
transportation and metal sputtering. Increasing the surface energy of the 
PET substrate to 36 din/cm (the corona discharge current is 25%) 
demonstrates an increase in cracked template quality (Fig. 2c). The 
photograph clearly shows interference rings along the perimeter of the 
cells, which is associated with a partial peeling of their perimeter. 
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However, the amount of peeling of the cells perimeter is quite large, as 
evidenced by the fact that the area of the region with the observed 
interference is larger than the circle with strong adhesion to the sub-
strate [33]. Some heterogeneity is also observed, i.e. the perimeter of 
some cells is peeled more than others. Further increasing the surface 
energy of the PET substrate to 44 din/cm (the corona discharge current 
is 45%) demonstrates the cracked template as being the most suitable for 
laboratory and industrial formation of transparent conductor meshes 
(Fig. 2d). In further work, to form a cracked template, we used a PET 
substrate treated with a corona discharge with a the current of 45%. 

In addition to the adhesion of the template to the substrate, two 
parameters are important for the operation of peeling the cells perim-
eter. The first parameter is the cracked template moistening time. We 
use saturated water vapor for it. The optimal moistening time was 
determined experimentally; three values of 3, 5, and 7 s were consid-
ered. The shock drying temperature was fixed at 120 ◦C, the shock 
drying time was 5 s. The number of moistening-shock drying iterations 
was two. Fig. S1 shows photographs of cracked templates for two iter-
ations of cells perimeter peeling. It can be seen that the optimal 

moistening time is 3 s. Decreasing the moistening time results in poor 
template response. Outwardly, it differs slightly from the original. 
Increasing the exposure time to 5 s (Fig. S1) leads to over moistening of 
the cracked template. Merging of the thinnest cracks related to the 
secondary and subsequent stages of cracked template evolution is 
observed [34]. When the moistening time is increased to 7 s, coalescence 
of the main fractures can be observed, i.e. the percolation of the fracture 
network is disturbed (Fig. S1). 

The second key parameter influencing the process of obtaining a 
cracked template with a peeled cells perimeter is the air temperature 
during the shock drying process. The temperature should be high to 
create maximum mechanical stresses in each individual cell of the 
cracked template, but also should not lead to hardening of the egg white 
layer, which will complicate its washing at the stages of obtaining a 
mesh transparent conductor. The temperature range with an acceptable 
response to shock drying was experimentally determined. We consid-
ered the shock drying temperature range of 100–140 ◦C, (Fig. S2). 

After determining the appropriate parameter vector, the target line 
of cracked templates was formed. The coating thickness of the liquid egg 

Fig. 1. Schematic representation of the process of peeling of the cells perimeter of cracked template and features of silver sputtering on such templates.  

Fig. 2. Dependence of the surface energy of the PET substrate on the corona discharge current (a); Optical images cracked template on substrates with different 
surface energies: 30 din/cm (b) (red square on the plot); 36 din/cm (c) (blue square on the plot) and 44 din/cm (d) (green square on the plot) (scale bar 50 µm). 
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white layer was 20, 30, and 40 µm. The main goal was to study the 
change in the geometric characteristics of the cracked template with 
different thicknesses (Fig. S3). 

Fig. 3 shows SEM images of a cracked template, where the thickness 
of the liquid layer of egg white is 40 µm, without cells perimeter peeling 
(w/o CPP, Fig. 3a), after one iteration of cells perimeter peeling (CPP-1, 
Fig. 3b) and two iterations of cells perimeter peeling (CPP-2, Fig. 3c), 
respectively. 

According to SEM images (Fig. 3a-c), the main conclusions can be 
drawn about the evolution of the cracked template during the peeling of 
the cells perimeter. First, the operation of peeling the perimeter of the 
cells leads to a decrease in the average cells size. This occurs due to 
additional cracking for the relaxation of mechanical stresses accumu-
lated as a result of moistening- shock drying iterations. Secondly, an 
increase in the width of the cracks is observed due to the peeling of the 
cells; as a result, the projection of the cell onto the substrate plane be-
comes smaller. 

Using the cross-section images shown in the insets (Fig. 3a-c), we can 
judge the increase in the distance between the PET substrate and the cell 
perimeter within one crack. Cracked template w/o CPP does not show 
the presence of interference rings inside the cells according to optical 
photographs (Fig. S3g), however, detailed analysis of cross-section im-
ages (Fig. S4a and S4b) demonstrate the presence of a defective zone, 
which consists in local peeling of the cells perimeter, accompanied by 
tearing of the PET substrate. The width of the defect zone does not 
exceed 1 µm; the height of the cell overhanging the PET substrate is no 
more than 300 nm. For the CPP-1 template, the width of the perimeter 
peeling zone increases, according to our estimates, to 5 µm; the 
maximum peeling value is observed at the corners of the cell (Fig. S4h). 
Cross-section images (Fig. S4 c,d) show both an increase in the cell 
overhang over the PET substrate, which is about 1 µm, and an increase in 
peeling zone width. The CPP-2 template shows a distinct presence of 
interference rings inside the cells (Fig. S4i). For this type of template the 
width of the peel zone exceeds 10 µm, the cell overhang over the PET 
substrate mare when 1.5 µm (Fig. S4 e,f). 

Based on the SEM data, a statistical analysis of the cracked template 
of various thicknesses, before and after the peeling of the cells perimeter, 
was carried out. There is a trend associated with a decrease in the 

average cells size (Fig. 3d) and an increase in the width of the cracks 
(Fig. 3e), typical for all thicknesses of the egg white layer. For all 
thicknesses of the egg white layer, the value of 1-FF (Fig. 3f) has similar 
values due to the fact that a smaller cracked template thickness corre-
sponds not only to a smaller cells size, but also to a smaller cracks width. 
These templates correlate well with the literature results described in 
publications on cracked template [12,35–38] and on cracking in drop-
lets of colloidal solutions in general [39,40]. 

3.3. Morphological study of thick Ag meshes based on cracked template 
with peeling of the cells perimeter and their optoelectrical properties 

At the stage of magnetron sputtering of thick silver films, morpho-
logical features appear, showing a significant difference between the w/ 
o CPP, CPP-1 and CPP-2 templates. The formation of a continuous film of 
metal is easy to follow at the stage of washing. Fig. S5a shows photo-
graphs of sample based on a cracked template without peeling of the 
cells perimeter the process of soaking in DI water for 5 min, the thickness 
of the silver film is 1500 nm. It can be seen that the cracked template, 
which has not been subjected to the process of peeling the perimeter of 
the cells, swells with bubbles. SEM images show the fusion of the silver 
film belonging to the side face of the template and the path (Fig. S5b and 
S5c). At the same time, for the cracked template CPP-2, the cells 
perimeter peeling makes the swelling process uniform, and the washing 
process separates single cells (Fig. S5a). 

On Fig. 4a shows SEM images of Ag meshes based on various cracked 
templates with sputtered silver thicknesses of 600, 1000, 1500, and 
2500 nm. The green frame highlights the acceptable metal thicknesses at 
which the Ag mesh has no defects, the red highlights the silver thickness 
that are unacceptable for this type of template. 

The operation of peeling the perimeter of the cells makes it possible 
to sputtering a thicker film of silver. Thus, for the w/o CPP template, a 
high-quality coating was obtained only at thicknesses of 600 and 1000 
nm, at thicknesses of 1500 and 2500 nm (SEM images of Ag meshes with 
an unacceptable silver thickness have a red frame), multiple damage to 
the mesh structure is observed, associated with the merging of the path 
with the sputtered metal on the side face of the cells, the so-called 
"wings" [27]. The CPP-1 template makes it possible to increase the 

Fig. 3. SEM image cracked template (egg white layer thickness 40 µm) at various stages: w/o CPP (a); CPP-1(b); CPP-2 (c) (scale bar 100 µm); The insets show cross- 
section images of the cracked template-PET substrate interface at various stages of cell perimeter peeling: w/o CPP (d); CPP-1(e); CPP-2 (f) (scale bar 3 µm); Sta-
tistical analysis of mean cells size (d); average cracks width (e); the value of 1-FF (f) for cracked template, its dependence on the thickness of egg white layer and the 
number of iterations of peeling the perimeter of the cells. 
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thickness of the sputtered silver up to 1500 nm. For the CPP-2 template, 
the formation of "wings" was not observed even for silver sputtering with 
a thickness of 2500 nm. 

Cross-sectional examination of samples w/o CPP 600 nm (Fig. 4b) 
and CPP-2 2500 nm prior to the wash process shows significant differ-
ences in morphology. For the w/o CPP cracked template, even 600 nm 
silver causes spacing problems between the path and the film belonging 
to the side face of the cell (Fig. 4b). Meanwhile, for the CPP-2 template, 
even at the maximum silver thickness, there is a clear separation be-
tween the path and the film belonging to the side face of the cell 
(Fig. 4c). 

The local morphology and actual thickness of the Ag meshes based 
on the above cracked template was determined by the AFM method. 
AFM images and profiles for Ag meshes CPP-2 with a sputtering thick-
ness of 2500 nm are shown in Fig. 4d and Fig. 4e, respectively. Based on 
the actual thickness of the Ag meshes, it can be concluded that only a 
part of the sputtered metal reaches the bottom of the crack. 

Fig. 4f shows plots of Ag meshes thickness vs. sputtered film thick-
ness. According to the results of linear approximation, the coefficient of 
metal mass transfer to the cracks bottom is 25.44% (w/o CPP), 40.71% 
(CPP-1) and 49.82% (CPP-2). The maximum thickness of the Ag mesh 
CPP-2 coating is 1.13 µm at a sputtered silver thickness of 2500 nm. 
Obviously, the transfer coefficient is related to the aspect ratio of the 
fracture, according to our estimates based on cross-section data, for the 
w/o CPP template, the value is L/H~0.33, for the CPP-1 template, an 
increase in L/H to ~0.58 is observed, finally for template CPP-2, this 
value is L/H~1. In the process of controlled peeling of the cells perim-
eter, we also observe an increase in the aspect ratio of cracks, as a result 
of which the coefficient of mass transfer of metal to the bottom of the 
cracks increases. 

Figs. 5a and Fig. S6 shows the appearance of the Ag mesh CPP-2 
1500 nm A4 sample format and cracked template CPP-2 roll sample. 
The main goal is to demonstrate the fact that the operation of peeling of 
the cells perimeter of the cracked template is uniform over the entire 
area of the sample and is reproducible. On Fig. 5b shows optical 

transmission in the range 400–780 nm for Ag meshes based on templates 
w/o CPP, CPP-1 and CPP-2 with 600 nm silver thickness. It is worth 
noting that we are operating with a transparency value that applies only 
to the Ag mesh transparent conductor, i.e. we do not take into account 
the losses associated with the PET substrate, which has a transmission 
value in the considered range of ~87% (Fig. S7). The optical trans-
mission of the mesh transparent conductor has a constant value over the 
entire wavelength range under consideration and is related to the Fill 
Factor. For regular meshes, transparency can be estimated from the 
equation 

T = 1 − FF =
(D − L)2

D2 (2)  

there D is the period of the mesh, L is the width of the path. Based on this 
formula, we can estimate the optical transparency for our Ag meshes. 
Based on Eq. (2), the transparency of the Ag mesh based on the w/o CPP 
template should be 95.6% (Fig. 3f), measured to be 95.2% transparency. 
For Ag meshes based on templates CPP-1 and CPP-2, with a silver 
sputtering thickness of 600 nm, it is 90.1% and 82.5% (Fig. 5b), 
respectively, while the transparency estimated from purely geometric 
considerations is 91.7% and 83.5% (Fig. 3f). 

On Fig. 5c shows the sheet resistance measurements at ten different 
points, for Ag meshes with the maximum thickness of the sputtered 
silver, for all types of cracked template. It can be seen that the maximum 
deviation observed for the Ag mesh w/o CPP 1000 nm sample is about 
9.7%, the average sheet resistance value is 5.5 Ω/sq. The average sheet 
resistance for the Ag mesh CPP-1 1500 nm is 1.59 Ω/sq, the maximum 
deviation is 27.04%, this is possibly caused by damage to the Ag mesh. 
Ag mesh CPP-2 2500 nm has an average sheet resistance of 0.28 Ω/sq, 
the maximum deviation from the average is 11.6%. 

Fig. 5d shows the parameters of all thick Ag meshes obtained in this 
work and their comparison with promising transparent conductors ob-
tained in the literature. Cracked template w/o CPP as the thickness of 
the sputtered silver increases from 600 nm to 1000 nm, the transparency 

Fig. 4. SEM images of different thickness Ag meshes based templates with varying degrees of peeling of the cells perimeter (a); Cross-section images 600 nm Ag 
sputtering on to template w/o CPP (b); Cross-section images 2500 nm silver sputtering on to template CPP-2(c); AFM images and profiles Ag mesh CPP-2 2500 nm (d, 
e); Relationship between the thickness of the sputtered silver and the actual thickness of the Ag meshes for various cracked templates (f). 
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decreases from 95.1 to 95% with a decrease in sheet resistance from 8.3 
Ω/sq to 5.55 Ω/sq. For the CPP-1 template, an increase in the silver 
thickness from 600 to 1500 nm i.e. 2.5 times led to a decrease in 
transparency from 90.1% to 89.1%, while the sheet resistance decreased 
from 3.68 Ω/sq to 1.59 Ω/sq. In the case of the CPP-2 template, as the 
metal thickness increases from 600 nm to 2500 nm, the optical trans-
mission decreases from 82.5% to 79.3%, while the sheet resistance de-
creases from 1.41 Ω/sq to 0.28 Ω/sq. All mesh samples retain high 
integrity, as evidenced by the absence of "wings" in the SEM data. 
Increasing the thickness of the metal does not have a strong effect on the 
transparency of the Ag meshes (Fig. 5d). Also in Fig. 5d compares thick 
Ag meshes based on cracked templates with peeled of the cells perimeter 
with literature data for transparent conductors of various geometry and 
structures. The plot shows metal meshes based on PL templates [27,41, 
42], self-organization templates [43–45], imprint lithography templates 
[10,46], and Ag NW`s films [21,47,48] and TCO/Me/ TCO films [49, 
50]. 

A universal characteristic for transparent conductors is the Figure of 
Merit (FoM), which is a universal function depending on optical trans-
mission and sheet resistance for a transparent conductor as well. FoM is 
defined by the equation [51] 

FoM =
Z0

2Rs

(
1̅ ̅
T

√ − 1
) (3) 

On Fig. 5f shows the FoM values for all obtained in the framework of 
Ag meshes. It can be seen that even for a cracked template without cells 
perimeter peeling, Ag meshes w/o CPP 1000 nm has a transparency of 
95% at a sheet resistance of 5.55 Ω/sq, which corresponds to a FoM 
value of more than 1303, this value is typical only for the highest quality 

transparent conductors. For Ag mesh based template CPP-2 with silver 
thickness 2500 nm, the FoM value is 5495, previously the coatings ob-
tained by vacuum sputtering methods did not show such a high FoM 
value. Only metal mesh transparent conductors obtained by electro-
chemical methods have a greater FoM value [29–31]. 

3.4. EMI shielding performance of single thick Ag meshes and sandwich 
structures 

The SE value is related to the transmission coefficient T by the 
following equation SE=− T, so we can characterize the shielding coating 
by the SE value by taking the experimental value of the coefficient T 
with the opposite sign. 

As a rule, the shielding ability of a transparent conductor has a strong 
dependence on its sheet resistance. For shielding films whose thickness 
is less than the skin layer thickness, the shielding efficiency can be 
calculated using the thin layer model 

SE = 20lg
(

1+
Z0

2Rs

)

(4) 

Eq. (4) is in good agreement with experiment for continuous (TCO 
and TCO/ Me/ TCO films [24]) and quasi-continuous coatings (for 
example, for Ag and Cu NW`s films [21,22]) in the GHz frequency range. 

A schematic representation of a coaxial measuring stand with a 
sample placed in it is shown in Fig. 6b. 

The frequency dependence of the T coefficient for Ag mesh based on 
templates w/o CPP (Fig. 6c), CPP-1 (Fig. 6d) and CPP-2 (Fig. 6e) is 
typical for metal mesh transparent conductors. In the entire studied 
range, a monotonous increase in the T coefficient is observed, that is, a 

Fig. 5. External view of the sample based on the CPP-2 template 1500 nm, A4 format (a); Spectral dependence of optical transmission for Ag meshes 600 nm thick, 
for cracked templates w/o CPP, CPP-1 and CPP-2 (b); 10 point sheet resistance measurement for Ag meshes with maximum silver thickness, for templates w/o CPP, 
CPP-1 and CPP-2 (c); Optical transmission as a function of sheet resistance. For comparison, different high performance transparent conductor: thick Mo mesh, PL 
template [27]; SIZO/Ag/SIZO mesh, PL template [41]; Cu2O/ Cu/ Cu2O mesh, PL template [42]; Al mesh, cracked template [43]; Au mesh, grain boundary template 
[44], Ag mesh, cracked template [45]; 3D printed Ag NP mesh embedded in PDMS [46], Ag NP mesh, imprint template [10], Ag NP mesh, emulsion template [15]; 
welded Ag NW film [47]; Ag NW/PDMS films [48]; CA/Ag NW/ PU films [21]; Al2O3 /Ag/ MoOx film [49]; ITO/ Cu/ ITO film [50] (d); Dependence of FoM on Ag 
sputtering thickness for all types of templates (e). 
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uniform decrease in SE. Moreover, the less Ag meshes has sheet resis-
tance, the greater the slope. For Ag mesh w/o CPP 1000 nm, the value of 
T at a frequency of 10 MHz is − 28.87 dB, at a frequency of 7 GHz, the 
value of T is − 26.49 dB, i.e., the difference at the boundaries of the 
studied range is 2.38 dB. With a decrease in sheet resistance, for 
example, for Ag mesh CPP-2 2500 nm, the difference T at the boundaries 
of the studied range is 14.69 dB. This behavior of the frequency 
dependence of T is typical for mesh transparent conductors with a cells 
size of more than 50 µm; agreement with the thin layer model is 
observed only at frequencies not exceeding 1 GHz (Fig. 6f) and is 
consistent with the literature results [31,32]. At higher frequencies, 
there is a discrepancy with the thin layer model. The reason for the 
discrepancy between the experimental results and the model is diffrac-
tion effects. Mesh transparent conductor, can be represented as an array 
of irregular holes in a metal screen. For perforated screen, the maximum 
shielding efficiency can be calculated according to the equation [52] 

SEapp = 20lg
(

λ
2d

)

− 10lg(n) + 32
t
w

(5)  

there d is the maximum linear size of the hole; n is the number of holes at 
a distance of λ/2; t/w is the ratio of the thickness (t) to the width (w) of 
the screen. However, in the case of an array of closely spaced holes, if the 

distance is much smaller than the aperture width, the film behaves like a 
single aperture and can be estimated using the first term in Eq. (5). 

The comparative dependence of SE at 1 GHz on transparency at a 
wavelength of 550 nm is shown in Fig. 6g, the most promising trans-
parent conductors were chosen as objects of comparison - metallic 
meshes based PL templates [6,53,54], self-organized templates [15,32], 
films based on Ag NW`s such as Ag NW-PEDOT:PSS [55] and Ag NW-GO 
[56] composite films, electroplated Cu-Ag NW film [57], as well as 
graphene [58] and PANI films [59]. Analysis of the comparative plot 
shows that our Ag meshes based on cracked template with cells perim-
eter peeling are in the leading group of samples in all ranges of optical 
transparency. 

The concept of shielding sandwich structures is an obvious way to 
increase the SE while maintaining an acceptable optical transparency. 
The literature considers shielding sandwich structures consisting of two 
or more layers of metallic transparent conductors separated by a 
dielectric spacer [60–62]. In sandwich structures, an increase in SE is 
observed due to the successive interaction of the incident microwave 
radiation with two transparent conductors. In a shielding sandwich 
structure, resonances similar to those in a Fabry-Perot interferometer 
can be observed [63]. The resonant wavelength depends on the thick-
ness of the sandwich structure (the distance between the reflective films) 
and on the permittivity of the spacer [64]. On Fig. 7a shows a schematic 

Fig. 6. Schematic representation of the interaction of microwave radiation with Ag meshes based on cracked template with CPP (a); Schematic representation and 
photo of a measurement cell using a coaxial waveguide line (b); Spectral transmission in the range 0.01–7 GHz for thick Ag meshes based on w/o CPP (c), CPP-1 (d) 
and CPP-2 (e) cracked template; Comparison of SE according to the thin layer model with SE for various Ag meshes (f); SE values at 1 GHz as a function of optical 
transmittance. For comparison, the SE value of Al ring mesh [53], Cu nanomesh [6], Voronoi like Ag mesh [54], based PL templates; electroplated Cu meshes, based 
cracked template with small and large cells [32], Ag NP mesh, emulsion template [15]; Ag NW-PEDOT:PSS [55] and Ag NW-GO composite films [56], Cu-Ag NW film 
[56]; graphene film [58], PANI films [59] (g). 
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of the interaction of an electromagnetic wave with a shielding sandwich 
structure. In addition to the successive attenuation of the wave of each of 
the Ag meshes, losses associated with multiple internal reflections are 
observed in sandwich structures. 

In this work, we consider shielding sandwich structures, which 
consisted of the following layers, as a transparent conductor, we chose 
Ag meshes CPP-1 1500 nm, since they have the best balance between 
transparency and SE, according to the above studies, the resistance of 
such coatings was 1.59 Ω/sq, the optical transparency was 89.1%. To 
separate two Ag meshes of the same type, PMMA spacers with a thick-
ness of 1, 2, and 4 mm were used. The appearance of shielding sandwich 
structures and a demonstration of their high transparency are shown in 
Fig. 7b and c. 

The irregular Ag mesh based cracked template structure in sandwich 
geometry does not have moiré patterns and other optical artifacts 
associated with light diffraction, which are typical for square, hexagonal 
and other regular meshes. On Fig. 7d is a photomicrograph of two Ag 
meshes CPP-1 1500 nm superimposed on each other. On Fig. 7e shows 

the spectral dependence of optical transmission for sandwich structures 
with different PMMA spacer thicknesses. As for single-layer Ag mesh 
transparent conductors, we do not take into account the reflection from 
the substrate boundaries in the given spectra. The spectral transmission 
of PET/ PMMA/ PET structures with different PMMA spacer thicknesses 
are shown in Fig. S8. The resulting shielding sandwich structures have 
an optical transmission of 80.45% for a 1 mm thick PMMA spacer, 
80.02% for a 2 mm thick PMMA spacer, and 78.14% for a 4 mm thick 
PMMA spacer. Increasing the spacer thickness leads to a slight decrease 
in optical transmission. In the range of 400–550 nm, a decrease in op-
tical transmission is observed for all types of sandwich structures, which 
is most likely caused by Rayleigh light scattering. 

Fig. 7f shows the spectral dependence of the coefficient T; in the 
range from 10 MHz to 1 GHz, a decrease in T is observed, and hence an 
increase in SE. In the range of 1–7 GHz, sandwich structures demon-
strate an almost constant value of T with a small local minimum at 3.5 
GHz. This behavior of the T spectra is characteristic of all samples under 
consideration. An increase in the spacer thickness in shielding sandwich 

Fig. 7. Schematic representation of the interaction of electromagnetic waves with a shielding sandwich structures (a); Demonstration of the high transparency of the 
CPP-1 1500 nm/ PMMA (4 mm)/ CPP-1 1500 nm sample with the Pínus sibírica background (b); Photo of shielding sandwich structures based on CPP-1 1500 nm Ag 
meshes with PMMA spacers of various thicknesses (c); Micro image of CPP-1 1500 nm/ PMMA (4 mm)/ CPP-1 1500 nm sandwich structure on top of each other (d); 
Transmittance spectra of sandwich structures with different PMMA spacer thicknesses (e); Spectral transmission in the range 0.01–7 GHz for sandwich structures 
based on CPP-1 1500 nm Ag meshes with PMMA spacers of various thicknesses (f); Comparison of SE sandwich structures CPP-1 1500/ PMMA/ CPP-1 1500 with 
literature results in the form of sandwich structures based on PL template: Ni mesh/photopolymer/ Ni mesh [60]; Al ring mesh/quatz/ Al ring mesh [61]; laser etched 
NiAu mesh/ quartz/ NiAu mesh [62]; Ag NW mesh/ PET (3 layer) [63]; MXenes-Ag NW/ epoxy (1–4 layers) [66]; ZnO/ Ag/ ZnO/ PET/ ZnO/ Ag/ ZnO film [67], 
graphene/PET (1–8 layers) [68] (g). 
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structures leads to a consistent increase in the maximum SE value, which 
takes the values of 65.09 dB (1 mm PMMA spacer), 71.01 dB (2 mm 
PMMA spacer) and 78.35 dB (4 mm PMMA spacer) at a wavelength of 
3.5 GHz. The main shielding mechanism for sandwich structures, as in 
the case of single-layer Ag meshes, is microwave radiation reflection. A 
sandwich structure with a 4 mm thick PMMA spacer is a prototype of a 
shielding window that can be used in the design and construction of 
facilities with increased requirements for information protection, pro-
vides SE more than 78 dB in the 1–7 GHz range. 

The comparative dependence of the SE value on the optical trans-
mission of our sandwich structures with the literature results is shown in 
Fig. 7g. A comparison of the spectral dependences indicates the cor-
rectness of our measurements, since their frequency dependence is 
similar to the previously published results and model calculations [61]. 
As can be seen from the comparative dependences, two layers are 
enough for thick Ag meshes to provide a shielding efficiency of>70 dB 
while maintaining transparency above 80%. Transparent conductors 
such as Ag NW mesh [65] and MXenes/Ag NW hybrid films [66] require 
more layers due to the fact that the sheet resistance of a transparent 
conductor is more than 5 Ω/sq, which ultimately leads to a decrease in 
the balance between optical transmission and SE. 

3.5. Adhesion strength, mechanical properties, long-term stability and 
their effect on EMI shielding properties 

In addition to excellent optoelectric characteristics and high shield-
ing efficiency, it is important for any coating to maintain these 

parameters for a long time when exposed to various stress factors. The 
main criteria that can be used to characterize a transparent conductor 
include stability to adhesive tape peeling and bending deformation with 
a small radius, as well as oxidation by air oxygen and water vapor, both 
at room and at elevated temperatures. 

According to ASTM D 3359, the adhesive properties of coatings can 
be assessed using the tape test. The adhesion strength of the Ag mesh in 
our case depends on the energy of interaction between the adhesion Cr 
film and the PET substrate. The interaction between the substrate and Cr 
depends on the sputtering mode and thermal load. The geometrical 
parameters of the Ag mesh, such as the thickness and width of the track, 
also affect the adhesive properties of the coating. Fig. 8 shows photo-
micrographs of the same element of the notch lattice before the tape test, 
after one cycle and after 100 cycles, respectively, for Ag meshes w/o CPP 
1000 nm. We see an absolutely identical Ag mesh for all three photo-
graphs (Fig. 8a) therefore, this mesh can be assigned to the 5th class of 
adhesive strength. For Ag meshes CPP-2 2500 nm, a damaged path 
(marked with a red circle) was observed after the notching lattice step, 
after one tape test cycle we did not observe visible changes, however, 
after 100 tape test cycles we saw an increase in the damaged area 
(Fig. 8b). It is fair to attribute Ag meshes CPP-2 2500 nm to the 4th class 
of adhesive strength. Fig. 8c shows a histogram of the adhesive strength 
value according to ASTM D 3359, with the exception of CPP-2 2500 nm 
which we assigned to the adhesive strength class 4, all other coatings 
belong to the adhesive strength class 5, then examination by optical 
microscopy of the testing area did not show peeling more than 5% of the 
entire study area. 

Fig. 8. Microphotographs of samples w/o CPP 1000 nm before tape test, after 10 cycles of tape test and after 100 cycles of tape test, respectively (a); Micropho-
tographs of CPP-2 2500 nm samples before tape test, after 10 tape test cycles, and after 100 tape test cycles, respectively (b); Overall tape test results for Ag meshes 
based on templates w/o CPP, CPP-1 and CPP-2 at various silver sputtering thicknesses (c); Dependence of the absolute sheet resistance of Ag mesh CPP-2 1000 nm on 
the number of tape peeling cycles and T spectra before and after 100 tape peeling cycles (d); Dependence of the absolute sheet resistance of Ag mesh CPP-2 1000 nm 
on the number of bending cycles with a radius of 5 mm and T before and after 1000 bending cycles (e); Dependence of the absolute sheet resistance of Ag mesh CPP-2 
1000 nm on the exposure time at room temperature and saturated humidity and T before and after one month exposure under given conditions (f); Dependence of the 
absolute sheet resistance of Ag mesh CPP-2 1000 nm on exposure time at 85 ◦C and saturated humidity and T before and after one month exposure under given 
conditions (g). 
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For transparent shielding films, it is important to study the effect of 
various stress factors on the sheet resistance and SE of Ag meshes. Tape 
peeling, bending, and exposure to saturated humidity and high tem-
perature for a long time were chosen as stress factors. For these studies, 5 
independent samples of Ag meshes CPP-2 1000 nm were used. 

Fig. 8d shows the dependence of the absolute sheet resistance on the 
number of tape peeling cycles. The above analysis shows that our Ag 
meshes have a strong adhesion to the substrate, the measurement of 
sheet resistance also showed no change in the behavior of the coating 
after 100 tape peeling cycles. If we compare the T spectra for Ag meshes 
CPP-2 1000 nm before and after 100 cycles of tape peeling, we can see a 
discrepancy in the spectra. In particular, at a frequency of 10 MHz, the 
difference between the spectra is 0.43 dB, while at a frequency of 7 GHz 
it increases to 1.55 dB. It can be assumed that this is due to a small 
delamination of the mesh segment, as a result of which the average cells 
size has changed locally, which can be considered as an aperture with a 
large linear size. 

Fig. 8e shows the dependence of sheet resistance on the number of 
bending cycles, with a radius of 5 mm. It can be seen that 1000 cycles do 
not lead to a change in sheet resistance. This high flexural resistance 
results from two factors. First, Ag mesh has high ductility and resistance 
to fatigue stress accumulation, which was previously described in the 
literature [69]. Secondly, we used a PET substrate with a thickness of 50 
µm, and, as is known, the thickness of the substrate is proportional to the 
amount of film deformation during bending [70]. The spectral depen-
dence of SE for the reference sample and the sample after 1000 bending 
cycles are identical. 

We carried out climatic tests in two modes, at a temperature of 20 ◦C 
(Fig. 8f) and 85 ◦C (Fig. 8g) with saturated humidity, which led to 
condensation on the surface of the Ag mesh. In both cases, there was no 
change in sheet resistance over the entire observation period. The 
following conclusion can be drawn: thick Ag meshes based on a cracked 
template with peeling of the cells perimeter demonstrate stability to 
corrosive effects of air oxygen and water vapor. The spectral de-
pendences of T in both cases are identical to the reference Ag mesh CPP- 
2 1000 nm. It can be noted that thick Ag meshes have excellent oxidation 
stability, significantly exceeding those of Ag and Cu NW films, as well as 
thin metal mesh transparent conductors, which, as a rule, require 
passivation layers to protect against the corrosive effects of oxygen and 
water vapor. The following materials have been proposed as passivating 
layers: graphene [26], MXenes [66,71], thin polymer films, for example, 
PMMA [20], PES [19,22], epoxy resin [72], TCO [73], all these types of 
passivating layers demonstrate a significant increase in corrosion sta-
bility both in the case of Ag and Cu NW`s, and in the case of thin Ag 
meshes. 

4. Conclusion 

We have demonstrated for the first time the possibility of controlled 
peeling of the cells perimeter of cracked template. Peeling of the cells 
perimeter occurs during the relaxation of mechanical stresses that 
accumulate during successive iterations of moistening and shock drying. 
A cracked template with a partially peeled cell perimeter makes it 
possible to obtain an Ag mesh transparent conductor with a thickness of 
more than 1 µm by magnetron sputtering. Such a result has not been 
previously demonstrated in the literature. The high efficiency of 
shielding of microwave radiation in the range of 0.01–7 GHz is shown. 
Thick Ag meshes based on cracked template with peeled cells perimeter 
demonstrate excellent stability under various stress tests, as well as 
maintaining the original shielding parameters. Thick Ag meshes based 
on cracked template, due to the excellent balance between optical 
transmission and SE, are excellent candidates for shielding sandwich 
structures, demonstrating SE 71.01 dB at a transparency of 80.02% with 
no optical artifacts characteristic of regular mesh transparent 
conductors. 
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