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Abstract

In this review, we highlight the essential parameters of some transparent ma-
terials for use in the design of transparent antennas. ITO films with a sheet
resistance of R, = 10 Q/sq and a 7'= 90% transmittance, we turn to materials
that can be serious alternatives for ITO, such as graphene 7'= 97% for R, = 60
Q/sq and the micro-mesh metal. Wire mesh seems to be the best alternative 7"
=93% for R, < 0.05 Q/sq but there is another technique to improve the visual
perception of the antenna which provides a lower resistance and a good R, =
0.022 Q/sq at T'= 81%, this is the micrometric pitch mesh.
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1. Introduction

To achieve a transparent antenna, it is necessary to use materials with high elec-
trical conductivity (210° S/m) and a good transmittance or optical transparency
(270%) in the visible range (400 - 800 nm). Called transparent conductive mate-
rials (TCM), these are solids that do not absorb visible light (gap greater than 3
eV). Among the materials, transparent conductive oxides (OTC), multilayers,
nanowires, graphene, metal networks can be distinguished [1]. They are charac-
terized by three main quantities: resistance by square R,, optical transparency T
and the figure of merit FMo. Many works currently exist in this field because of
their various applications: transparent electrodes for photovoltaic panels, flat
screens, low-emissivity glazing, pare-brises, antistatic and/or anti-glare screens,
etc. The objective of this review is to find the best transparent conductive mate-

rials with the best electrical and optical characteristics for the realization of
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transparent antennas.

2. Electrical and Optical Characteristics of Some
Transparent Conductive Materials Used in the Design of
Transparent Antennas

The optical characteristic is obtained from transparency or optical transmission.
It is usually expressed as a percentage, and defined as the ratio between the out-
going light intensity of materials 4 and the incident light intensity Z It corre-
sponds to the transparency ratio of the material and also depends on the wave-

length incident light:
T=1/1, (1)

The electrical characteristic is materialized by the sheet resistance expressed in
Q/square, is the ohmic resistance of a material of thickness ¢ deposited on a
square surface. It corresponds to the ratio between the resistivity p of the mate-
rial (in Om) and the thickness e of the thin layer (in m):

R, = pt @)
Thus, the ohmic resistance of a line of the rectangular shape of length Z and
width /can be written:

L L
R=p—=R,— 3

P ®
The compromise between optical transparency and a sheet resistance is ob-

tained from the figure of merit: It characterizes the performance of a device:

él ZO \/-IT

Ta - 2o N (4)
oy 2R, 1-~T

With Z = 377 Q the impedance of the vacuum, oy the electrical conductivity

F,M =

in continuous mode and o, the optical conductivity.

2.1. Transparent Conductive Oxides (TCOs)

The optoelectronic industry has long demanded electrodes which are at the same
time optically transparent and electrically conductive. Large bandgap semicon-
ductors with heavy metal doping have been widely investigated for these appli-
cations, is known as Transparent Conductive Oxides (TCOs). Among them, the
most widely used is Indium Tin Oxide (ITO - In,0;:Sn). The good trade-off be-
tween low electrical resistivity and high optical transmittance in the visible range
of the spectrum that can be achieved by TCOs has led to their use in many elec-
tro-optic devices such as solar cells, photo-detectors and Organic Light Emitting
Diodes (OLEDs). However, highly performing TCO films require accurate con-
trol of growth conditions such as doping concentration, oxygen pressure, or
substrate temperature as well as post-deposition annealing treatments carried
out to improve their electrical properties. Annealing treatments are usually re-

garded as a potential drawback for introducing the transparent electrode deposi-

DOI: 10.4236/0japr.2023.112002

12 Open Journal of Antennas and Propagation


https://doi.org/10.4236/ojapr.2023.112002

A. Sissoko et al.

tion process into an industrial flow. Moreover, polymeric substrates or materials
might not withstand the high temperatures required to improve the electrical
properties of indium tin oxide (ITO) films, this being a barrier to the develop-
ment of flexible devices [2].

Currently, ITO (Figure 1) is the dominant material used for industrial-scale
TCO applications. ITO not only has excellent properties with a sheet resistance
of 10 Q/square at around 90% optical transmittance [4], but also exhibits out-
standing stability and compatibility with both wet and dry device processes.
However, future optoelectronics require TCF materials which are mechanically
flexible, lightweight, and low fabrication cost. The growing demand for ITO due
to the development of solar cells may lead to an increase in substantial cost be-
cause of the relatively rare element of indium. In addition, ITO suffers from
poor mechanical flexibility [1], which suppresses its application for emerging
flexible, stretchable, and wearable electronic applications. However, due to the
limited reserve, and toxicity of indium, high leaf resistance, high-temperature
spraying process, poor mechanical ductility, and rising price, many research ef-
forts have focused on transparent ITO (or FTO) transparent conductors.

Presented alternatives include mainly graphene, carbon nanotubes, nanowires,
metal grids and metal films [4] [5]. The alternative metal oxides can use abun-
dant materials such as SnOx:F, CuO,:Al and ZnO:Al Similar to ITO, the manu-
facture of these oxides requires a vacuum and/or high temperature process to
achieve high transmittance and low sheet resistance [4] [6].

The transmittance of the ITO film can be approximated by:
=2t

T=ed (5)

I

where ¢ is the thickness of the film and J the skin depth for the visible wave-
lengths given by the formula [6]:

2 1
oo\ nf y,o
Figure 1. Indium tin oxide [3].
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fis the frequency of use, o the conductivity of the material and g, the perme-
ability of the vacuum.

An optical transparency of 85% with a sheet resistance of 2 Q/sq for a thickness
of 1100 nm was obtained with tin oxide and fluorine (SnO,:F) [7] while for a thick-
ness of 1000 nm of ITO, a transmittance ranging from 69% to 86% with a resistance
per square of 8.6 {)/sq was obtained. [8]. OTCs have a merit factor of 1000.

Several research groups in the last decade reported the dielectric-metal-dielectric

sandwich multilayer structures as alternative to I'TO [9] [10] [11].

2.2. Multilayer TCO/Metal/TCO

Multilayers have been used to reduce the ohmic resistance (R; < 10 Q/sq) of
OTC-based layers. Intermediate metal layers Ag, Au, Cu, Al... improve flexibil-
ity. The transmittance is approximately equal to that of the ITO at room tem-
perature with a merit factor ranging from 220 to 1500. A double multilayer
ICO/Ag/ICO/Ag/ICO (Figure 2) has an ohmic resistance of 1.2 Q/sq and a
transmittance of 82% [8]. Table 1 presents the electrical and optical parameters
of some certain multilayers.
The square resistance R; of the multilayer is calculated as follows:

i:1+1+1 (7)

Rs RsOTC RsMetaI RsOTC

TCO

metal

TCO OTC

T metal metal

$ s > TCO Or TCO
7

(@) (b)

Figure 2. Diagram of (a) single multilayer TCO; (b) double multilayer.

Table 1. The values of thickness e, Sheet resistance Rs and Transmittance 7 of some mul-

tilayers.
. Film thickness Sheet Transmittance (%) }
Film . o Réf
(nm) resistance({2/sq) in visible spectrum
ITO/Cu/ITO 85/13/85 4.7 28 < I'<61 [8]
ZnO/Ag/ZnO - 2.3 80% [12]
30/10/30 6 920 13
ZnO/Ag/ZnO 10/ [13]
. 24 80 [14]
ITO/Ag/ITO 57/9/40 7 95 [13]
GZO/Ag/GZO 30/10/30 7 90.7 [13]
ITO/AWITO 50/10/50 44 75 [15]
DOI: 10.4236/0japr.2023.112002 14 Open Journal of Antennas and Propagation
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The Ag is the best candidate with a lower absorption coefficient and refractive
index in the visible. Figure 3 shows the importance of Ag compared to Cu as an

intermediate layer [16].

2.3. Ultrathin Metallic Film

Ultra-Thin Metal Films (UTMF) have proven to be a feasible alternative to TCO
for transparent electrode applications. A sufficiently thin layer (a few nm to a
few tens of nm) of pure metal can become optically transparent while retaining
excellent electrical properties. Compared with ITO, nickel films show similar
optical transmittance in the visible range, greater transparency in the ultra violet
(UV) range and higher electrical conductivity [2] [17].

Ultrathin films have a very low merit factor (5 to 13) metal are unsuitable for
microwave applications. A serious competitor of TCOs they have high resistiv-
ity, oxidize more easily and are mechanically fragile. They are associated with
other materials to protect them. The simplest transparent and conductive mate-
rial is the metal layer.

The minimum and maximum values of transmittance and sheet resistance for
silver and copper layers as a function of the thickness of these films are pre-
sented on Figure 4. The electrical and optical parameters of some ultrathin me-
tallic film are presented in Table 2.

100

100 1100 (b)

@ PEN-ITO-Ag-ITO ~ __—"\  PEN-ITO-AgiTO 148

9%} ":‘ :,' ) E 90 h i
;\? / < 4180 9 ;\? 144 _g
[} IS \q: 3 %
§ 92 {60 T § =
E ——a 5 B e
E 88 E g g
£ T 4140 B § S
= g = 2

84l - ] - g

80 . : 60 Ly et sy N .

5 10 20 5 10 15 20
Ag Thickness (nm) Ag Thickness (nm)

Figure 3. Transmittance at the wavelength of 550 nm and figure of merit of (a) IAgI and (b) ICul samples as a function of the
metal interlayer thickness on the PEN substrate [16].

Table 2. Film thickness, optical resistance and optical transparency in visible films.

Film Film thickness Sheet Transmittance (%) in Ref
(nm) resistance(Q/sq) visible spectrum
Ni 10 286 80 [2]
ITO 1000 8.6 69 - 86 (8]
Cu 10 8.3 45 - 64 (8] [17]
Cu 10,000 0.01 reflecting film [17]
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Figure 4. Representation of maximum transmittance and sheet resistance values obtained
for filtered Ag and Cu coatings as a function of film thickness [13].

2.4. Graphene

Graphene has been widely studied as a promising material due to its many fas-
cinating properties such as exceptional electronic conductivity, thermal conduc-
tivity, mechanical strength, optical transparency, and so on [18]. It has attracted
interest from many potential applications. Graphene is a miracle material, the
thinnest in the universe. Its charge carriers exhibit giant intrinsic mobility, have
the smallest effective mass (it is zero) and can travel micro meter-long distances
without scattering at room temperature.

Graphene exhibits very good electrical and optical properties in theory, and
thus it can be an ideal material for transparent conductive films (TCF) applica-
tion. He has a merit factor of about 210. However, the electrical properties
strongly depend on the quality of graphene. The best TCFs using four or five
layers of mechanically exfoliated graphene show a low leaf resistance of 8.8
Q/square for 84% transmittance. Solution processed graphene TCFs generally
show a sheet resistance of above 1000 Q)/square at a transmittance of 85% [4].
The transmittance of graphene is also outstanding at both visible [5] and tera-
hertz (THz) frequencies, unlike the indium tin oxide (ITO) film which shows
high transmittance at only visible frequencies, but very low at THz frequencies.
With high chemical stability, graphene is a promising candidate as transparent
electrodes [19]. Liquid crystal devices with graphene electrodes have been dem-
onstrated at visible and near infrared frequencies. Recently, graphene has been
widely studied at THz frequencies, such as graphene plasmonic structures, gra-
phene modulators, and Dirac fermion dynamics measurements. A phase shifter
at THz frequencies is an important component for applications.

The most promising efforts use graphene or ITO nanoparticle. A single layer
of graphene has a high transmission capacity (>88%), but the thin layer can be
difficult for the electrical connection because the resistivity of the sheet is about
230 Q) [19].
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The transmittance, the square resistance and the merit factor depend on the

number 1 of atomic monolayers and are given by:

0

T(%)=100-2.3-n

g = 624
n
_Z;n A1-0.023n

= X
128.4 1-+/1-0.023-n

(8)

)

(10)

An optical transparency of 97% and sheet resistance of 60 ()/sq were meas-

ured for a monolayer (Figure 5) [20].

The sheet resistance and the transmission decrease with the increase in the

number of layers for the multilayer graphene undoped and doped by thionyl

chloride (Figure 6).

A sheet resistance value of 120 Q/sq for a single layer graphene with 97.5%

optical transparency was obtained by the plasma oxidation of graphene [21].
In Table 3 Graphene added to ferric chloride (FeCls) presents the right

100
1-no
- graphene
$ gl o o
3 - 6___9_0__0__69_m_%_q.)_%.0._0.
g P °°
g
172}
E 9% - 00
P 6@_ OO.@.@.@O.Q.--Q.@.@.
= N
— o bilayer graphene
941 1-2m0
| | |
400 500 600 700
wavelength A (nm)

Figure 5. Transmittance spectra of monolayer and bilayer regions of the sample.
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Figure 6. Sheet resistance vs Optical Transmittance for pristine and SOCL doped single

and multilayers graphene on Corning glass [21].
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Table 3. Optical resistance and transparency of some types of graphene’s

Graphene R; (Q/sq) T (%) Ref
Monolayer 60 97 [20]
Multilayer 30 90 [22]

+FeCls 8.8 84 [22]

Chemically doped 125 97.7 [22]

Thin layer (difficult to achieve) 230 >88% [23]

compromise of the sheet resistance and the transmittance.

2.5. Conductive Nanowires

Nanowires are flexible technology at low temperatures. With a merit factor
ranging from 60 to 150, they exist in two forms: metallic nanowires and carbon
nanotubes (CNT). Metal nanowires are becoming an effective alternative to ITO.
Due to the high conductivity, transparent conductive films can be obtained from
a nanoscale network of silver nanowires (Ag NWs) with a sheet resistance of 20
Q/square for a 95% transmittance [4]. Although silver is more expensive than
indium, Ag NWs offer roll-to-roll technology, which significantly reduces the
overall cost of TCF series production. It has been reported that AGNW TCFs are
used as touch sensors for Lenovo computers (China). However, the thermal and
chemical stability of metal nanowires has yet to be studied.

Copper nanowires (Cu NW) are becoming a more promising TCF technology
because copper is 100 times cheaper than silver. The best TCFs using Cu NW
show a sheet resistance of 100 Q/square for a 95% transmittance. The stability of
Cu NW against oxidation is a challenge [4].

Figure 7 presents the measurements of transmission against sheet resistance
of AgNWs deposited on glass substrate, on PET substrate compared with the
properties of an ITO layer on glass substrate.

The transmittance of graphene, silver nanowire, carbon nanowire, carbon
nanotube and silver films are shown in Figure 8.

The performances of technologies based on conductive nanowires are pre-
sented in Table 4. The hybrid solution (AgNWs + SWNTs) provides a more ef-
ficient film than the carbon nanotube but less efficient than some silver nano-
wires. It has a sheet resistance of 21 Ohms/square and an optical transparency of

87% giving a figure of merit of around 130.

2.6. Wire Mesh

Classically used in transparent electronic applications, the metal mesh is highly
conductive since it is based on a metal structure, and allows high transparency.
On the other hand, it remains visible to the naked eye since the width of the
metallization’s can reach 100 um (Figure 9). It also has better electrical and op-

tical performance than previous technologies, but its manufacture is more or less
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Figure 7. Measurements of transmission (7'at A = 550 nm), of the sheet resistance (R)
of AgNWs on glass (black rectangle), on PET (blue square), and of ITO layer on glass
(red dot). Solid line represents a fit of the AgNW films on glass substrate (black line) and
PET substrate (blue line). Inserted optical images of AgNWs annealed at 120 °C, 10 min
on glass and PET substrates [24].
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Figure 8. Transmittance (550 nm) plotted as a function of sheet resistance for thin films [25].

Table 4. Sheet resistance and transmittance of some nanowires

Nanowires Rs (Q/sq) T (%) Ref

13 85 26

AgNWs metal nanofilms) [26]

10 80 [24]

Single walled nanotube (SWNTs) 100 - 500 80 - 95 [27]
Hybrid (AgNWs + SWNTs) 21 87.5 [27]

complicated depending on the design. Transmittance is the ratio of the surface
of the openings in the patch to the entire surface of the patch, it is given by the

relation:
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(@ (b)

Figure 9. Meshed patch antennas (a) rectangular; (b) circular [28].

Table 5. Transparent conductive film comparison.

Material Transparency Sheet Resistance Efficiency
ITO Films 90% 4.6 Q/sq Low
Meshed Conductors 93% <0.05 Q/sq High
T= &ee—through %«100% (12)

atch

With similar transparencies, the wire mesh has a very low resistance com-
pared to the ITO (Table 5).
Wire mesh has the best merit factor: 145,000.

2.7. Micrometric Pitch Meshing

We start from the same principle as the wire mesh by reducing the width and the
mesh pitch so that it is invisible to the eye and the mesh thin film appears as
homogeneous. With this model, the value of R; is reduced, R, = 0.022 Q/sq at T
=81% [29]. There is a merit factor of 69,000.

To define the values of the parameters of the metal mesh so that it is as trans-
parent as possible, we use the performance of the human eye. The mesh pitch
must be smaller than human visual acuity: the angle under which two points are
observed must be less than G, = 4.9 x 107* rad [30], so that the eye is no longer
able to discriminate between them (Figure 10). Thus, depending on the distance
of the people to the mesh (the minimum distance being equal to that of vision of
the near point, or Punctum Proximum, Ze. L = 25 cm on average), the value of
the gap to manufacture these antennas corresponds to the opening G separating

two points and must remain less than:

G = L-tan (6, ) = L- 6,

(12)
With (Gnin = 4.9 x 107* rad), L: the distance at which the eye observes the two
points.

There are different calculation methods used for wire mesh and micro-pitch

mesh to determine the theoretical transmittance and resistance per sheet ac-
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cording to the mesh (Figure 11).

For a square mesh, the transmittance of the grid [30]:

2
T (%) = [%J Tsub (13)

For a rectangular mesh:

T(%)=[p‘_%JX(py_%Jxlw (14)

R =PR (15)
S
Z,xe p-s
FM ==2 16
’ 2p  p (19

2.8. Metal Micromaillage

Considered as a new technique to have a transparent material, metallic micro-

maillage a conductive film based on micro-metals (MM) nanoparticle technology

(@) (b)

Figure 10. Principle diagram of the discrimination of two objects observed with the
naked eye (a), mesh geometry (b).

Figure 11. Mesh pattern.
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Figure 12. Transparent MM conductive film.

self-assembly, it has a very remarkable property, microwave (Figure 12) [31].
Not only high optical transparency, but also high electrical conductivity. It has a
sheet resistance of 0.7 (}/sq and a visible light the transmittance is 75% [32]. His
merit factor equals 1700.

3. Conclusion

A certain number of technological solutions with low visual impact making it
possible despite everything to ensure electrical conductivity properties compara-
ble to those of conventional conductors were presented. Ultra-thin conductive
film offers the lowest figure of merit among transparent conductive materials
(less than 10), so it is not recommended for microwave applications. Conductive
transparent oxides, in particular the ITO historically used as TCM, present a
good compromise between resistivity and optical transparency with a figure of
merit reaching 1000. On the other hand, the electrical resistance of the ITO re-
mains high, and its implementation cost work is too high for the realization of
inexpensive devices. In addition, it suffers from low mechanical flexibility. These
shortcomings are improved with multi-layered OTC/metal/OTC solutions. The
figure of merit increases until it reaches about 1500 but its transparency is not
constant in the visible spectrum. Promising technologies such as nanowires and
graphene, with figures of merit of around 1080 and 230 respectively, exhibit high
resistances. Considering the characteristics and performances of the different
solutions, the metal mesh seems to offer the highest figure of merit (>100,000)
with a transmittance greater than 90% and a resistance per square less than 0.05
Ohm/sq. It therefore constitutes an interesting solution to synthesize optically
transparent conductive materials for the design of antennas with low visual im-
pact. Despite everything, the grids remain visible to the naked eye because of
their thickness. For the deposit to appear homogeneous, the mesh with micro-
metric pitch, with finer grid widths, also presents a significant figure of merit
(>50,000). The latter can be used to make antennas with low visual impact but

with a lower transmittance compared to thick mesh.
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