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Fig. 1. (a) Scheme of the TCO/metal-nanofilm/TCO sand-
wich structure; (b) scheme of the TCO/metal-mesh/TCO

composite electrode structure; (c) typical structure of a
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metal mesh with bi-periodic square order; (d) typical struc-
ture of the two-dimensional Rayleigh composite, w is line-

width of the metal mesh, s is line spacing; h is line height.
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Fig. 2. The square array with the cell structure chosen for

calculation in a 2D Rayleigh composite model.
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Fig. 3. The simulation settings of a single layer of metal
mesh embedded in TCO: (a) The cell structure and rele-

vant parameters; (b) finite element meshing.
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Fig. 4. Comparison between simulation results and Rayleigh approximations before and after correction for the mesh-TCO layer resi-
stivity: (a) Dependence of the effective resistivity per vs. open ratio p, triangles is the simulation results for a layer of metal mesh
embedded in TCO with the structure shown in Fig. 3, black line is the calculated results from a square-lattice Rayleigh model in
the 2" order, red line is the calculated results from a hexagonal-lattice Rayleigh model in the 2" order, inset is the convergence of
the effective resistivity of the square Rayleigh model with the truncation order N for different open-ratios, the components in the
calculations are Ag and ITO with resistivity, pm = p1 =2 x 1077 Q-m, prco = p2 = 8.0096 x 106 Q- m[22; (b) comparison of
different mesh structure, downward is the square lattice with square hole as adopted in simulations, square lattice with circular hole
as adopted in the square Rayleigh model, hexagonal lattice with circular hole as adopted in the hexagonal Rayleigh model, I, is

the minimum of the metallic channel width, Imax is the maximum of the metallic channel width.
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Fig. 5. Distributions of electric potential and current density vector from the simulations for a layer of metal mesh embedded in
TCO: (a) The electric potential distribution for the mesh of a square array with square opens, from left to right p = 0.7, 0.6, 0.5;
(b) the current distributions in the metallic region for different meshes, open ratio p = 0.7 in the second figure from the left, open
ratio p = 0.5 in the second figure from the right, 1,11’ represents minimum of the metallic channel width, l2,ls’ represents maxi-

mum of the metallic channel width.
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Fig. 6. Comparison between the simulations results and the corrected Rayleigh approximation for the sheet resistance Rg, of the

sandwich TCO/metal-mesh/TCO electrode: (a) Scheme of the effective medium approximation of the sandwich electrode; (b) Rgp

vs. open-ratio pcurves for different component resistivity ratio o (h=10nm, p1 =2 x 1077 Q:m, pz = ap1 ); (c) Ry vs.

open-ratio pcurves for different mesh thickness h (a =50, p1 =2 X 1077 Q-m, p2=ap; ). Triangles represent simulation

results, solid lines represent results from the corrected Rayleigh approximation.
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Fig. 7. The variance of the sheet resistance Ry, with mesh
open-ratio p for an ITO/Ag-mesh/ITO composite sand-
wich electrode. Square represents experimental results for
the experiments in Ref.[14], solid line represents the fitted
result with the lattice-modified Rayleigh model, the relevant
structure and material parameters are as described in the

main text.
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Table 1.  Effects of the metal mesh thickness on the sandwich-structured composite electrodes.
h/nm 8 10 12 14 16 18 20
pAg/(nQ-cm) 37.8 18.6 7.94 7.10 6.51 4.91 4.64
Pe — 0 0.4675 0.5525 0.6375 0.7225 0.7650
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Fig. 8. The dependence of the ITO/Ag-mesh/ITO compos-
ite electrode on the mesh thickness h and open-ratio p,
rightward corresponding h = 8,10, 12, 14, 16, 18,20 nm ,
each dataset corresponding p =0 to p =0.85, with uni-
form step, other parameters are set up as described in the

main text.
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Fig. 9. (a) The variance of the shape factor of metal chan-
nels with open ratio for different mesh type, gray dash line
labeled Sq.&Sq., mesh of a bi-periodic square lattice, black
solid line labeled Sq. Rayleigh, Rayleigh model of a square
lattice, red solid line labeled Hex, Rayleigh represents
Rayleigh model of a hexagonal lattice; (b) the variance of
the relative error of different approximations with respect
to the simulation results, light-gray solid represents equival-
ent circuit approximation; blue-gray solid represents square
Rayleigh approximation in the 2! order; blue-green solid
represents hexagonal Rayleigh approximation in the 2" or-
der; blue squares represents high-order square Rayleigh ap-

proximation.
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Abstract

Transparent conducting oxides (TCOs), especially indium tin oxides (ITOs), have played an important role
in realizing optoelectronics devices. Composite electrodes fabricated by introducing different types of metal-
meshes into TCO have exhibited improved electric properties as well as good transparency. This technology can
also reduce the demand for ITO and provide the candidates of flexible electrodes for wearable devices. Analysis
of the electric properties of this type of electrode, such as the variance of the sheet resistance of the composite
electrodes with the embedded mesh structure parameters, can provide a theoretical basis for designing and
fabricating this electrode. But detailed studies are still lacking. This work focuses on the electrical property
analysis of the typical square hole and grid shaped metal mesh-TCO composite electrodes based on Rayleigh
model and finite-element simulation, respectively. The electric potential distribution and current density
distribution are obtained from the finite element calculations, revealing that the dramatic deformation of the
metallic channels in the composite results in the failure of a conventional Rayleigh model for the moderate and
high opening rates. Accordingly, we adopt a lattice correction to the Rayleigh model to reduce the channel
deformation by increasing the symmetry of the exterior boundary of the lattice cell. A comparison of the results
from the simulations with those from the second-order approximation of the lattice-adapted Rayleigh model
shows that the new analytic form of the effective conductivity is applicable to a much larger opening-rate range

for both the monolayer and the sandwich structures of metal-mesh TCO composite electrodes. The variances of
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the sheet resistance and the effective conductivity with different material and structure parameters of the
composite electrodes are calculated and discussed based on the lattice-adapted Rayleigh approximation. The
results are well consistent with experimental results. A comparison of our model with other theoretical models is
also made, showing that this lattice-adapted Rayleigh approximation can be used as a simple and efficient

theoretical tool to analyze and design the concerned transparent composite electrodes.
Keywords: transparent conductors, metal mesh electrodes, composites medium, finite element simulation
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