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Abstract—This Letter presents the results of a study of the physical properties of micromesh transparent elec-
trodes on a flexible substrate, obtained using a template in the form of silica layers subjected to controlled
cracking. For the first time, a combined approach to the control of parameters of a micromesh structure
(crack width and cell size) by varying the pH and the thickness of the sol layer is proposed. Using this
approach, transparent electrodes with a surface resistance of 4.1 Q/sq with a transparency of 85.7% were
obtained. Micromesh electrodes are characterized by linear optical transmission in the visible and IR ranges,
which opens up prospects for their use in optoelectronics.
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Much attention in the literature is paid to transpar-
ent electrodes on a flexible polymer carrier due to their
importance for flexible electronics, organic and
hybrid solar cells, and inorganic light-emitting diodes
(LEDs) and organic light-emitting diodes (OLEDs).
In addition to their use in optoelectronic problems,
transparent electrodes are employed as film heaters
and anti-icing coatings. In addition to transparent
conductive oxides, the main solutions in this area tra-
ditionally include films of carbon nanotubes [1],
graphene [2], metal nanowires [1], as well as metal
micro- and nanomeshes obtained using photo- [3]
and imprint lithography [4]. From a functional
point of view, metal meshes are most interesting
because they combine a low surface resistance of
less than 3—5 Q/sq and transparency of more than
85% |[5], as well as resistance to mechanical deforma-
tions and high operating temperatures. From an eco-
nomic point of view, standard lithographic approaches
are economically inefficient; therefore, priority is
given to methods of forming metal meshes based on
self-organization processes [5—8].

In [9] and independently in [10, 11], the possibility
of using cracked gel layers as templates for producing
micromesh transparent electrodes was demonstrated.
The main advantage of the method is the possibility of
low-cost formation of a template in the roll-to-roll
process. The technological process proposed consists

of four main stages. In the first stage, a liquid sol layer
is applied. The second stage is the drying of the layer
in air in order to evaporate the dispersion medium
with subsequent cracking of the gel. The third stage is
the deposition of metal films onto the patterns
obtained. The fourth stage is the removal of cells of the
template by means of washing in fluid and drying [9].

The objective of this work is to develop a new
approach to controlling the geometry of cracking by
varying the parameters of the silica sol and study the
effect of the geometrical parameters of the self-orga-
nized template on the optoelectronic parameters of
micromesh coatings.

To obtain silica sols, the initial reagents—tetrae-
thoxysilane (TEOS, (C,H;50),Si), ethanol
(C,H5;OH), deionized water—were mixed in a ratio of
3: 2: 2. HCI, which then catalyzes the hydrolysis of
TEOS, was added dropwise. The pH of the sols was 1,
1.5, and 2, respectively. The sols were applied onto
polyethylene terephthalate substrates (PET, HiFi,
Japan, thickness 100 um) using a Meyer rod. The layer
thickness was 36.6 and 25.2 um. Then the layers were
dried in air for 25 min at a relative humidity of 35—
40%, which ensured their complete cracking. The
morphology of the patterns was studied using optical
microscopy. Statistical processing of templates was
carried out on a sample of ten images. Silver was
deposited onto templates by the magnetron method;
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Fig. 1. (a) Image of a self-organized template based on a silica sol with pH = 1.5 and a layer thickness of 36.6 um. (b) Mean frac-
tion of the area occupied by the mesh cracks vs. pH and the thickness of the sol layer.

the deposition thickness was 100—300 nm. “Liftoff”
removal of the silica template was performed in a
0.1 M solution of NaOH for 3 min. The transmissivity
of transparent electrodes was measured in the wavelength
range of 400—1500 nm with a Shimadzu UV-3600 spec-
trophotometer (Japan). The surface resistance and
current—voltage characteristics were measured by a
two-electrode technique based on an STI 1 device.

The cracking of the gel layer on the substrate is
caused by oppositely directed forces arising during its
drying: one force, due to gel compaction, tends to
mechanically compress the layer in the substrate
plane, and the other (the force of gel adhesion to the
substrate) inhibits it. As a result, at some moment of
time, it becomes energetically favorable for the layer to
crack [12, 13]. The microscopic mechanism of
mechanical stresses in a gel layer is excessive capillary
pressure, which increases in the process of gel com-
paction [13].

Based on these considerations, it can be supposed
that the main approach to the control of the cracking
geometry is a change in the thickness of the liquid
layer. Another approach is control of capillary pres-
sure in a porous structure. The pH of the medium is a
key parameter determining the morphology of the
reaction products. An increase in the pH favors the
reduction in the length of the polysilicic acid chains,
which makes it possible to increase the porosity of the
gel and, therefore, the capillary pressure in it [13].

Figure 1a shows an image of a cracked silica film
with a sol pH of 1.5 and a layer thickness of 36.6 um.
Statistical analysis of micrographs showed the follow-
ing: an increase in the sol pH from 1 to 2 with varia-
tions in the film thickness of the sol film makes it pos-
sible to reduced the mean cell size from 97.5 £ 49.5 um
(pH = 1; 36.6 um) to 40.1 £ 17.9 um (pH = 2;
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25.2 um). In parallel with the cell size, the average
crack width decreases from 18.8 = 5.1 um (pH = 1;
36.6 um)to02.4 £+ 0.7 um (pH = 2; 25.2 um). Complex
control of parameters makes it possible to vary the
fraction of the area occupied by the mesh of cracks
from 11.1 £ 1.5 to 34.3 £ 9.1% (Fig. 1b).

Transparent electrodes were formed using self-
organized templates with a fraction of the area occu-
pied by the mesh of cracks less than 20%: template A
(pH = L.5; 36.6 um), pattern B (pH = 2; 36.6 um),
pattern C (pH = 1.5; 25.2 um ), and pattern D (pH =
2; 25.2 pm). An image of the microgrid obtained on
the basis of template C is shown in Fig. 2a. The spec-
tral dependences of the optical transmittance of silver
micromeshes with a thickness of 100 nm on PET sub-
strates for the aforementioned collection of templates
in comparison with the data for a sample of commer-
cial indium tin oxide (ITO) (Mianyang Prochema,
15 Q/sq) are shown in Fig. 2b. The Fresnel reflection
from the boundaries of the PET substrate was sub-
tracted from the total transmittance spectra and
was ~10%.

The transparency of micromeshes is determined by
the metal filling ratio of the surface. In accordance
with the transparency mechanism under consider-
ation, the spectrum is linear in the entire range. The
reduction in the transparency of ITO in the IR range
is caused by the reflection of radiation by the plasma
of charge carriers [ 14]; this is also true for other oxides,
e.g., ZnO:Al, SnO,:F, etc. The linearity of the trans-
mittance and current—voltage characteristics (inset in
Fig. 2a) makes metal micromeshes promising trans-
parent electrodes for optoelectronic applications
capable of operating in a wide wavelength range. It is
also worth noting that, by varying the type of metal, it

2019



368 VORONIN et al.

1A () 90
80
70
8 60
Hl 50
& —— Ag mesh (template A)
40 e Ag mesh (template B)
3L Ag mesh (template C)
=== Ag mesh (template D)
200 um 20 1 1 1 1 1
| I I |
400 600 800 1000 1200 1400
A, nm

Fig. 2. (a) Image of a micromesh (template C) and (inset) its current—voltage characteristic. (b) Spectral optical transmittance of
silver micromeshes based on the entire collection of templates.
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Fig. 3. (a) Optical transparency vs. surface resistance for micromeshes of various thickness and mesh coatings obtained by the
most promising techniques using self-organization processes [6—8]. (b) Normalized surface resistance of a micromesh and ITO
vs. (left) bend radius and (right) the number of bending cycles.

is possible to control the work function of the elec- resistance of micromeshes with a thickness of 100—
trode in a wide range of energies. 300 nm. On the basis of the sample of self-organized

Figure 3a shows the dependence of the optical templates described above, it can be seen that the sur-
transmittance at a wavelength of 550 nm on the surface  face resistance decreases proportionally to the
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increase in the micromesh thickness. With a thickness
of silver of 300 nm on the basis of template C, a
micromesh with a surface resistance of 4.1 Q/sq was
formed with a transparency of 85.7%. The minimum
surface resistance is observed in a micromesh on the
basis of template 4 with a thickness of silver of 300 nm
(1.3 ©/sq; transparency of the micromesh of 77.3%),
since it corresponds to the maximum fill factor of the
surface (Fig. 3a). Optoelectronic parameters correlate
with the geometrical characteristics of the template.
The dependence of the transparency of micromeshes
on the thickness of silver is caused by the stochastic
structure of the templates, in which, along with large
cells, small cells (5—15 wm in size) are present. The
optical properties of meshes with a small cell size
strongly depend on the thickness of the metal due to
diffraction effects [3]. Comparison of the operational
characteristics of micromesh coatings and mesh coat-
ings obtained using the most relevant techniques based
on self-organization processes [6—8] shows that the
proposed approach holds promise (Fig. 3a).

The resistance of micromeshes to bending is sig-
nificantly higher than that of ITO film. At a bend
radius of 5 mm, a micromesh (template C, silver thick-
ness of 200 nm) increases its resistance by 30% (Fig. 3b).
The increase in the resistance of a commercial ITO elec-
trode under the same conditions exceeded 1000%. ITO
under conditions of deformation of the substrate caused
by the slip of polymer macromolecules is characterized
by brittle fracture in contrast to micromeshes, which
are characterized by plastic deformation. The sub-
strate thickness is a key factor, since it determines the
magnitude of deformation. Reducing the substrate
thickness contributes to the resistance of micromeshes
to bending. Under cyclic deformation with a small bend-
ing radius (15 mm), slight accumulation of fatigue in
micromesh samples (about 9% of the initial resistance)
over 500 bending cycles is observed (Fig. 3b). This fact is
also explained by the metallic nature of the micromesh
and is consistent with a number of experimental results
obtained on micro- and nanomeshes [5, 15].

Thus, the possibility of controlling the template’s
geometric parameters in a wide range has been
demonstrated. In particular, the possibility of chang-
ing the area of the metallization formed through the
template from 10 to 35% has been shown. The method
proposed makes it possible to obtain coatings that out-
perform ITO on polymeric substrates in the main
operational parameters. An important nuance is the
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universality of the technique in the choice of the sub-
strate. In particular, a micromesh can be formed on
ready-made silicon solar cells, which will improve the
efficiency of current collection.
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