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Abstract

Metal network based transparent conducting electrodes are essential for the future optoelectronic devices due to their
mechanical flexibility and compatible with large-scale manufacturing. In this report, we investigated the morphological,
optical, electrical, and flexible properties of an electrodeposited silver (Ag) mesh transparent conducting electrodes based
on a self-cracking template. An overly coated Ag mesh (ED-TE Ag mesh) was prepared onto glass and PET substrates by
the sequential deposition steps including thermal evaporation and electroplating methods. The self-cracking template was
lift-off prior to the over coating of Ag by the electrodeposition step. The surface morphologies of ED-TE Ag meshes are
smooth and well interconnected. The Ag mesh thickness and line width are typically increased with the electroplating time
from O s to 30 s. The ED-TE Ag mesh shows higher optoelectronic performance with a larger figure of merit (2827 (Q/sq)™")
than the individual evaporated Ag mesh (756 (€/sq)™!) and the ITO film (311 (Q/sq)~!). Moreover, the low sheet resistance
(1.01 Q/sq) of the ED-TE Ag mesh is observed at 30 s. The ED-TE Ag mesh exhibits almost stable resistance to both concave
and convex bending tests, even at a smaller radius of curvature (<2 mm). Thus, these electrodes are more suitable for many
flexible device applications like solar cells, displays, etc.
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1 Introduction

Transparent conducting electrodes (TCEs) are important
components of optoelectronic devices [1], such as displays
[2], touch screens [3], and solar cells [4-6]. Oxide-based
materials [7], such as indium tin oxide (ITO) [8], Al-doped
zinc oxide (AZO) [9, 10], and F-doped tin oxide (FTO) [11],
have been widely used as transparent conductive electrodes
(TCEs) because of their high optical transmittance (> 90%)
in the visible wavelength regime and a low sheet resistance
of 10 Q.sq~! [12]. However, in the application of flexible
and wearable optoelectronic devices [13, 14], these mate-
rials cannot be suitable due to their brittleness, and also,
large scale bending causes high resistance. Recently, alter-
native flexible TCEs such as carbon nanotubes (CNTs) [12,
15, 16], graphene [17, 18], conductive polymer materials
[19, 20], and metal networks [21-23] have been explored.
Among them, metallic networks like metal nanowires and
metal mesh can reduce the constraint between transmittance
and sheet resistance to some extent and also, because of the
hollow metal structures, even they broaden the optical trans-
mission spectrum [1, 24, 25]. Particularly, the Ag metal net-
works such as nanowires and meshes are widely emerged as
the most promising materials in terms of its high electrical
conductivity, large area deposition, and superior mechani-
cal flexibility [26-39], and they can successfully replace
ITO thin films for thin-film solar cells [30, 31]. Though the
Ag nanowires are simple solution processing, they exhibit
intrinsic drawbacks of percolation and higher contact resist-
ances between wires [32].

In contrast, the Ag metal mesh can perfectly eliminate
the above drawbacks associated with the Ag nanowires.
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Moreover, the conductivity of the Ag mesh can be tuned
by varying its thickness with no effect on transmittance
[28, 33, 34]. The Ag mesh can be prepared by using sac-
rificial templates such as lithographic patterns, electro-
spun fiber meshes, and self-cracking networks. Though the
lithographic process creates highly controllable periodic
patterns, its production is expensive [28]. The self-crack-
ing material based on TiO, [14], CA600 [14], albumin,
or acrylic resins produces random cracks with a well-
uniformly connected network. Physical vapor deposition
methods, including thermal evaporation and sputtering,
are most widely used to deposit Ag on the self-cracking
template [35]. However, the maximum Ag mesh thickness
is strongly dependent on the crack width, height, pitch, etc.
On the other hand, a direct wet chemical process cannot
be used to deposit Ag into the crack networks. Because,
the crack templates can be easily peeled off from the sup-
porting substrate in the solution [36]. A higher thickness is
necessary to improve the electrical conductivity as well as
the optoelectronic performance of the Ag network.

In the present study, an overly coated Ag mesh was pre-
pared by two sequential deposition steps: (1) deposition of
Ag on the self-cracking template by thermal evaporation
and followed by lift off of the crack template. (2) Ag electro-
deposition onto thermally evaporated Ag mesh. The result-
ant Ag network was denoted as ED-TE Ag mesh. The opti-
cal, electrical, and flexible properties of the deposited Ag
mesh have been investigated. The ED-TE Ag mesh showed a
higher optoelectronic performance than the thermally evapo-
rated Ag mesh (TE Ag mesh) and ITO films. The ED-TE Ag
mesh showed excellent flexibility and stable resistance even
after bending at a smaller radius of curvature of ~ 2 mm.
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2 Experimental Section

2.1 Fabrication of Silver Mesh-Based Transparent
Conducting Electrode

A crack template method was used to create the Ag mesh-
based network. The process flow of Ag mesh formation
using a self-cracking template is shown schematically in
Fig. 1. First, a commercially available acrylic based resin
(Lubrizol Carboset CR735) was spin-coated on the glass
and PET substrates for 30 seconds at 3000 rpm. After
drying at room temperature, the U-shaped grooves com-
pletely cracked down to the substrate with a well intercon-
nected crack network spontaneously. This template was
coated with silver using a thermal evaporation method.
Subsequently, the Ag coated substrate was immersed
in acetone and removed the sacrificial template. A thin
layer of Ag was deposited on the cracked region, form-
ing a silver mesh. An electrodeposition (ED) was used to
enhance the electrical properties of the mesh by increas-
ing the Ag thickness further. In a typical process, a silver
solution was prepared by dissolving 7 g of silver cyanide
(Acros Organics, 180230500), 15 g of potassium cyanide
(Sigma-Aldrich, 207810), 1.5 g of potassium carbonate
(Alfa-Aesar, A16625), and 5 g of sodium thiosulfate pen-
tahydrate (Alfa-Aesar, A17914) in 85 ml of DI water. A
silver mesh as a working electrode and a silver plate as a
reference electrode were then immersed in the silver solu-
tion under a constant current source of —4.5 mA.

(a) spin-coating of resin

(d) Ag mesh

(b) self-cracking template

— ’

The total optical transmittance of the deposited Ag
mesh was analyzed using a UV —visible spectrometer.
The sheet resistance of the Ag mesh was measured using
a four-point probe. The morphology of the self-cracking
template and the Ag mesh were characterized by using
an optical microscope (OM) and field-emission scanning
electron microscopy (FE-SEM). The mechanical flexibil-
ity was estimated by measuring the surface resistance of
ED-TE Ag mesh under both concave and convex bending
tests.

3 Results and Discussion

Figure 2 represents the optical microscopic images of the
crack template, TE Ag mesh, and ED-TE Ag mesh. Fig-
ure 2(a) reveals that the crack-to-crack spacing and crack
width of the template are 23.24 ym and 1.85 um, respec-
tively. From Fig. 2(b) and (c), it is evident that both TE
Ag and ED-TE Ag meshes exhibit a uniform distribution of
Ag with a well interconnected mesh network throughout the
surface. However, the electrodeposited Ag mesh line width
seems to become wider than the TE Ag mesh. Figure 3 illus-
trates the surface and cross-sectional morphologies of the
TE and ED-TE Ag meshes grown at O s and 30 s. From
Fig. 3(a) and (b), it is observed that both meshes seem to
have many polygon areas with seamless junctions of the Ag
networks. In addition to the smooth surface, the electrodepo-
sition directly expands the Ag mesh line width. As elec-
trodeposition time rises from 0 s to 30 s the Ag mesh line
width increases from 0.85 pum to 1.53 um. As a result, the

(¢) Ag on a cracked template

.l

Thermal
evaporation

(e) Electrodeposited Ag mesh

Lift off ' Electrodeposition 0

Fig.1 Schematic illustration of the Ag mesh transparent conduct-
ing electrode processing steps. a Spin coating of acrylic resin layer
on PET substrate, b generation of self-cracking template on drying
at room temperature, ¢ thermal evaporation of Ag metal on the self-
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Fig.2 Optical microscopic images of the a crack template, b thermally evaporated Ag mesh, and ¢ ED-TE Ag mesh

Fig.3 Surface and cross-sec-
tional SEM images of the elec-
trodeposited Ag mesh grown at
(a,c)0sand(b,d)30s

average spacing between polygons of the Ag mesh is reduced
from 22.96 pm to 15.0 um. Figure 3(c) and 3(d) denotes an
increase in the thickness of the Ag mesh from 350 nm to
750 nm grown at O s and 30 s, respectively. Besides, the
electrodeposited Ag uniformly covers the TE Ag mesh and
it becomes a single Ag layer at 30 s growth time.

Figure 4(a) shows the relationship between the Ag thick-
ness and electroplating time. The initial thickness of the Ag
at 0 s is 350 nm (TE Ag mesh). The Ag thickness gradually
increases to 450 nm, 600 nm, and 750 nm with increas-
ing electroplating time to 10 s, 20 s, and 30 s, respectively.
Figure 4(b) indicates the dependence of the sheet resistance
of the ED-TE Ag mesh on electroplating time. As the elec-
troplating time varies from 0 s to 10 s, 20 s, and 30 s, the
corresponding sheet resistance values of the Ag mesh reduce
from 5.7 Q.sq~'t0 2.48, 1.85, and 1.01 Q.sq~!, respectively.
This result is consistent with the thickness differences of the

Ag meshes. Furthermore, because of the random structure of
the Ag mesh network, charge carriers can be smoothly trans-
ported through these networks, resulting in a much lower
sheet resistance than ITO films (9.72 Q.sq™ ).

Figure 4(c) depicts the variation of transmittance at 550 nm
as a function of the electroplating time. As the electroplating
time goes from O s to 30 s, the transmittance (@550 nm) of the
ED-TE Ag mesh slightly drops from 91.8% to 88.9%, 88.7%,
and 88%, respectively. When compared to TE Ag, the addition
of electrodeposited Ag not only increases the thickness but
also expands the mesh line width to some extent (Fig. 3b). As a
result, the transmittance loss of the ED-TE Ag mesh increases
from 2.9% for 10 s to 3.8% for 30 s. However, at 10 s and 20
s, the Ag meshes exhibit almost the same transmittance as
ITO film. The Ag mesh with a larger thickness (750 nm; 30
s) exhibits higher optical transmittance (88%) than the previ-
ously reported transmittance (86.3%) of a thin 100 nm thick
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Fig.4 Plots of a electrodeposition time vs. Ag thickness, b electro-
deposition time vs. sheet resistance, ¢ electrodeposition time vs.
transmittance at 550 nm wavelength, and the spectra of d optical
wavelength vs. transmittance of the Ag mesh

sputtered Ag network [36]. On the other hand, the total trans-
mittance of the Ag meshes is shown in Fig. 4(d). Because of
the sparse nature of the ED-TE and TE Ag meshes, the average
transmittance is almost constant (88.9%) in the wavelength
range of 325-1000 nm. Whereas the transmittance of ITO thin
film slightly drops at shorter and longer wavelengths.

It is clear that the reduction in sheet resistance is directly
proportional to an increase in Ag mesh thickness. Whereas the
fall in transmittance is directly proportional to an increase in
the Ag mesh line width. Both sheet resistance and transmit-
tance values decrease gradually as the electroplating time goes
from O s to 30 s. However, more loss is observed in the sheet
resistance than in the optical transmittance. To investigate the
further improvements in the optoelectronic performance of the
ED-TE Ag mesh compared to TE Ag and ITO, we calculated
the figure of merit (FoM). The FoM is defined as the ratio of
electrical conductance to optical conductance (o,./0,,,) and
can be evaluated by using the following expression [30, 31],

O 188.5
oM = = R oD M
o Ry (Toal? = 1)

where Ts5, is the optical transmittance at a wavelength of 550
nm and R, is the sheet resistance. The estimated FoM is as
shown in Fig. 5(a) by plotting the transmittance versus sheet
resistance (R;) for the ED-TE Ag mesh and TE Ag mesh.
Figure 5(b) also depicts the electroplating time-dependent
FoM. Figure 5(a) and (b) clearly evident that the ED-TE
Ag mesh outperformed the other transparent electrodes. The
FoMs of both TE Ag mesh and a reference ITO electrode
were ~756 and 311 (/sq)~". Whereas the FoMs of ED-TE
Ag mesh reaches to 1254, 1649, and 2827 (Q/sq)~" with
10 s, 20 s, and 30 s deposition times, respectively. Based
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Fig.5 plots of a optical transmittance vs. sheet resistance and b elec-
trodeposition time vs. figure of merit of the Ag mesh

on these FoM values, the ED-TE Ag mesh can be used as a
highly efficient transparent conducting electrode than the TE
Ag mesh and ITO films.

The mechanical flexibility of the ED-TE Ag mesh is
compared with that of the TE Ag network and the refer-
ence ITO film by performing a bending test. Samples were
prepared on the PET substrates. Figure 6(a) and (b) repre-
sents the schematic view of concave and convex bending
process. Figure 6(c) and (d) show the results of mechanical
stability under cyclic concave and convex bending tests.
The samples are repeatedly bent at different radius of cur-
vatures from 1 mm to 7 mm. The ED-TE Ag mesh and TE
Ag, exhibit almost no noticeable change in resistance, even
at a smaller radius of curvature (<2 mm). While the ITO
film shows an increased resistance even at the larger radius
of curvature (5 mm). Moreover, the change in resistance
is much higher in the concave bending than in the convex
bending for the ITO film.

4 Conclusion

We fabricated the Ag mesh onto glass and PET substrates
by the sequential deposition steps of thermal evaporation
and electroplating techniques. A self-cracking template
was used to form a smooth and well interconnected Ag
mesh network. However, this template was removed before
to the over coating of Ag by electrodeposition. The opti-
cal and electrical properties of the ED-TE Ag mesh were
studied as a function of electrodeposition time. The ED-TE
Ag mesh thickness and line width were increased with an
increase in time from O s to 30 s. The ED-TE Ag mesh
showed a higher figure of merit in terms of optoelectronic
performance than the TE Ag mesh and ITO films. The
ED-TE Ag mesh deposited at 30 s showed a lower sheet
resistance of 1.01 Q.sq~' and 88% of transmittance at 550
nm wavelength. Even at a smaller radius of curvature (<2
mm), the ED-TE Ag mesh showed almost stable resist-
ance to both concave and convex bending tests. There-
fore, this ED-TE Ag mesh is the best choice to use as an
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efficient flexible transparent electrode for optoelectronic
applications.
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