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Keywords: Radio frequency identification (RFID) is an emerging technology that has a crucial role in many areas. To be
Conductive ink suitable for these applications, RFID tags must be flexible, which presents greater manufacturing challenges.
Flexible electronics Printing as an additive manufacturing method is preferred over subtractive processes due to its efficient use of
Inijet printing materials and environmental friendliness. This review presents key properties of the printed patterns, namely
Screen-printing

Flectroless plating electrical conductivity, layer thickness, and surface morphology. It links them to the reading distance between
Passive RFID tag antenna the RFID tag and the reader. The types of conductive inks and their role in achieving a long-read distance
Wearable antenna of flexible antennas are also discussed. The properties of flexible substrates linked to the printing process
E-textile are also presented. These substrates were classified into paper, polymer, and textiles. This article considers
two laboratory-scale printing techniques commonly used in research: inkjet and screen printing. The printing
parameters of these printing techniques that affect the printing quality are covered. Furthermore, electroless
plating is presented as a metallization process or a complementary method to other printing techniques.
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1. Introduction

Radio frequency identification RFID is a rapidly evolving technol-
ogy. The RFID system consists of a tag, reader and computer. The
antenna is the main part of the tag. Passive RFID tags are preferred
over active ones because they are battery-free, durable, and more cost-
effective. If the tag does not contain a chip, it is called a chipless RFID
tag. RFID system applications start from a barcode replacement [1-
4] to more complex applications such as tracking [5], positioning [6],
access control systems [7] and toll systems [8]. Moreover, it became a
part of many areas from the Internet of Things (IoT) [9,10], wireless
sensor networks (WSN) [11-13], food industry [14-16] and construc-
tion industry [17,18], and medical applications [19,20]. Most of these
applications require a long tag-reader communication distance.

In the past, tags were fabricated on rigid substrates. However,
flexible and wearable tags are becoming increasingly popular today be-
cause they are cost effective, lightweight, smaller, highly customizable,
and integrable with many applications [21]. Flexible tags use flexible
materials such as paper, polymer films, and textiles as a substrate,
which brings additional fabrication challenges and restricts the ink
type and formulation [21]. For instance, wearable textile tags introduce
additional challenges to ink formulation, as the ink must be stretchable,
highly flexible, and washable for durability [22].

Fabrication processes that are safe for the environment, wise usage
of materials, and low-cost devices have become urging in recent years.
Printing as an additive manufacturing technique is the key to realizing
low-cost and environment-friendly RFIDs. Printing is advantageous
over-etching — the subtractive manufacturing technique that involves
a massive waste of chemicals that are usually harmful to the envi-
ronment [23-25]. There are various printing techniques for printed
electronics, such as: screen printing, gravure printing, flexographic and
offset printing, inkjet, aerosol jet, electrohydrodynamic jet [26-28].
The selection of a printing method for RFID depends on several factors,
such as print quality, throughput, resolution and achievable thickness.
The commonly used printing techniques in research are inkjet print-
ing [29,30] and screen printing [31]. Inkjet and screen printing offer
better print quality than gravure, offset and flexographic printing, their
precession is lower than that of new printing techniques such as aerosol
and electrohydrodynamic jet printing [28]. When it comes to cost,
scalability, ease of use and the thickness of the printed layer, inkjet and
screen printing offer a more balanced approach, making them viable
options for mass production of RFID antennas. Electroless plating is
used as a metallization process for heat-sensitive substrates [32] or as
a complementary process to other printing methods due to its excellent
print layer properties [33-35].

To the best of the authors’ knowledge, no review paper covers the
RFID tag antenna printing process. Furthermore, there is a lack of
review papers that link the RFID tag antenna performance to the ink
and substrate properties and the printing quality. This paper aims to fill
this gap; it focuses on printing UHF tag antennas on flexible substrates
and relates the antenna performance with the printed layer properties.
It considers two laboratory-scale additive printing techniques most used
in research: inkjet printing and screen printing. The suitable flexible
substrates, their properties, and treatment methods to improve printing
quality are included. Post-printing processes, such as sintering, are out
of the scope of this paper. However, it is worth mentioning that there
are several sintering methods, namely thermal, laser, infrared, plasma,
microwave, and electrical [36,37]. Since thermal sintering is mainly
used for its reliability, low cost, and ease of use [23], we review works
that use it as a post-processing method.

This paper is divided into four sections: The first section relates
antenna efficiency to the properties of the printed conductive layer,
including its conductivity, thickness, and surface morphology. The
second section introduces conductive inks, which are divided into five
subsections: metal nanoparticle inks, metal particle-free inks, polymer-
based inks, and carbon-based inks, and the last subsection discusses
the effect of ink type on the read distance between the tag and the
reader. The third section covers flexible substrates, classified into three
types: paper, polymer, and textile. The additional subsection discusses
substrate wettability. Finally, three printing techniques are discussed:
inkjet printing, screen printing and electroless plating.

2. Effect of the conductive printed layer properties on the tag
antenna performance

The read distance is the most crucial characteristic of the RFID tag
performance, especially for IoT, wireless sensor networks WSNs, road
tolls, indoor localization, and medical applications. The read distance
d can be estimated using the formula

i | P.G.Grt

a=2
dx Fin

(€8]
where 1 is the wavelength, P, and G, are the transmitted power by
the reader antenna and its gain, respectively, G, is the gain of the tag
antenna, P,, is the minimum threshold power required to power the
RFID ASIC (Application Specific Integrated Circuit) chip of the tag, and
7 is the power transmission coefficient, which indicates the impedance
match between the tag antenna (Z, = R, + jX,) and the RFID chip
(Zc = Re +jX ) [38,39], and defined as:

r= ReRa 0 gsis @

|Ze+ Z,

From Eq. (1), the read distance determined by the product P.G, is
known as the effective isotropic radiated power EIRP of the reader.
The EIRP factor must not exceed the maximum value regulated by
authorization organizations of each country. Moreover, G,z/P,, called
the tag sensitivity Py, [40]. P, value is provided by the chip manu-
facturer, = can be maximized by careful design of the antenna to match
the chip to its optimum value = = 1, and G, is highly dependent on
the conductivity of the antenna structure. Read distance also depends
on the radiation patterns and polarization of the reader and the tag
antenna [41].

In order to understand the impact of the tag antenna gain on the
communication distance between the tag and the reader, practical
values of the parameters in Eq. (1) are substituted as follows: EIRP =
P,G, = 4 watt (this is the standard value in the USA, Japan, and India.
Other countries specify other values around this), = = 1 for the tag
antenna is assumed to be fully matched to the chip, and ASIC chips
with P, = —18 dBm is commercially available, the operating frequency
f =915 MHz is the mid-frequency of the allocated spectrum for UHF
RFID. The read distance d will be

d =13.11/G, 3)

Because Eq. (1) does not consider losses due to polarization mismatch,
tag-to-reader orientation, packaging, communication medium attenua-
tion, and materials to which the tag is attached. Nevertheless, Eq. (3)
gives more understanding of the dependence of the read distance on the
tag gain. The antenna gain depends on its efficiency #, and directivity
D, as follows.

G=n.D 4)
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Fig. 1. Effect of the electrical conductivity on the antenna gain. (a) The antenna efficiency versus the conductivity of its structure. Reproduced with permission [42], 2015, IEEE.
(b) Dependence of the antenna gain on the sheet resistance. Reproduced with permission [45], 2016, IEEE.

The subsequent subsections discuss the properties of the printed layer
that influence antenna efficiency and gain. These properties are the
printed pattern’s conductivity, thickness, and surface morphology.

2.1. Conductivity of the printed pattern

The impact of the conductivity of the antenna structure on its
radiation efficiency was studied by Shahpari et al. [42]. Three wire
antennas in free space, dipole, Yagi-Uda, and meander, have been
simulated using FEKO EM software. Fig. 1(a) depicts the dependence of
the efficiency on the conductivity. As can be seen clearly from Fig. 1(a),
the meander antenna is more sensitive to reduced conductivity than
the other two antenna types. The three antennas were fabricated from
brass and graphite, and the measurements agree with the simulated
results. These findings agree with the measured results by [43,44]. The
effect of the sheet resistance Ry, of the printed layer of the antenna
on its gain and impedance matching has been studied by [45], the
study carried out by simulation of a half-wave dipole antenna with
impedance matching loop using QuickWave-3D electromagnetic solver.
The antenna designed for UHF RFID tags operates at 915 MHz. Fig. 1(b)
shows the antenna gain’s dependence on the antenna structure’s sheet
resistance

2.2. Thickness of the printed layer

Merilampi et al. [46] conducted a study on the effect of conductive
ink thickness on the performance of the printed tag antenna. At high
frequencies, the current density J at the surface has the highest value
J,, and decreases exponentially inside the conductive layer.

J(z) = 6E e /% = J e7/¢ J,=cE, , <z<t (5)

where ¢ is the conductivity of the printed layer, E, is the electric field
intensity at the surface, z is the depth from the surface, 7 is the substrate
thickness, and § is the skid depth defined as:

s= L 6

\Vrfuo
where u is the magnetic permeability.

The optimum thickness of the printed layer must be determined
for efficient use of the conductive ink. A thin layer less than § will
introduce high resistivity, leading to higher ohmic losses and reducing
the antenna’s radiation efficiency. Furthermore, over-thickening will
not introduce noticeable improvement because the current density
far from the surface is negligible. Thus, it is a waste of material to
over-thicken the printed layer. Therefore, it is crucial to determine
the minimum thickness to guarantee a good enough conductivity to
provide the required antenna efficiency. In the mass production of

RFID antennas, saving small amounts of ink per antenna can save
thousands of dollars daily. The efficient use of conductive materials
can achieve this; the antenna thickness varies according to the current
density distribution. Higher current density regions are thicker than
low current density [47]. The sheet resistance of the printed layer as a
function of ¢, § and the layer thickness ¢ is

1 —t/6\~1
Ry=—(l1-e 13) @)

The antenna’s radiation efficiency depends on the radiated power and
the power loss as follows.

P, R,
(8)

=P FP TR +R,

where P, is the total loss by the ohmic resistance and the dielectric loss
power due to the substrate, and P, is the radiated power.

Merilampi et al. simulated three quarter-wave dipole antennas to
resonate at 866 MHz, with an identical geometry except for the conduc-
tive layer thickness. The estimated skin depth was § = 15 pm. The three
thicknesses used were | = 13.9pm, #, = 21.5pm, and #; = 51.5um, which
are equivalent to 0.93 6, 1.43 6, and 3.43 § respectively, to confirm
the theoretical analysis. The substrate was Polyethylene naphthalate
PEN, and then it was simulated in free space to compare the losses
due to the substrate to the ohmic resistance losses. Fig. 2(a) shows that
the loss resistance decreases with the thickness increase, and Fig. 2(b)
shows a significant improvement in the antenna efficiency by increas-
ing the thickness. As it is apparent, the contribution of substrate losses
is minor compared with ohmic losses, and the radiation efficiency is
slightly reduced when PEN substrate is added. As a result, the antenna
gain will increase with the increase in radiation efficiency, according
to Eq. (4).

In addition, the three antennas were screen-printed on a PEN sub-
strate and assembled with an RFID chip to form a tag. Then, the
scattered power from the tag is measured versus the power transmitted
by the reader, as shown in Fig. 2(c). As expected, the tag with the
thickest antenna scattered the strongest power.

2.3. Surface morphology

Normally, the printed patterns suffer from different defects depend-
ing on the fabrication method [41]; for instance, the uneven layer is
associated with screen printing, as shown in Fig. 3(a). Assuming a draw
of a part of a printed conductive layer shown in Fig. 3(b), the height &
changes only in the direction of the current flow. By dividing the layer
into incremental slices, the resistance of each slice is R;, where

AL

R. =
' oWh ®
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Fig. 2. The performance of three screen-printed quarter wave dipoles for UHF RFID with different thicknesses 13.9 pm, 21.5 pm, and 50.5 pm. (a) Simulated loss resistance. (b)
Simulated radiation efficiency. (c) Measured backscattered signal power versus the transmitted power.

Source: Reproduced with permission [46], 2010, IEEE.

All resistances are connected in series, thus the total resistance Ry is

N
AL AL ¢ 1
R+ = = —_— f—
r=2 oWh; oW & i,

i=1

(10)

This relationship shows that the rate change of R, with respect to 4 is
greater for minimum values of 4 than the maximum values. This means
that the average value of the printed layer thickness ¢ is not accurate
enough to estimate the equivalent value of h. Instead, the standard
deviation is a more accurate tool and more suitable for evaluating the
impact of the surface morphology on the total resistance. It is clear
that the smaller the standard deviation (smoother surface), the lower
the total resistance. This analysis is for DC, and the situation is much
worse for ultra-high frequency current because the current density is
high in a region near the surface, according to Eq. (5).

Two roughness descriptors are recommended by the International
Standardization Organization (ISO) and the American National Stan-
dards Institute (ANSI). These descriptors are center line average rough-
ness R, and root mean square roughness R,, which are defined over
sample length L by Eq. (11) and Eq. (12), respectively.

1 L
Ra=z/0 1Z(0) dx an
1 [E )
R, = Z/o [Z(x)) dx 12)

where Z(x) is the height of the surface above the mean line at a distance
x from the origin [48,49].

When the printed layer is very thin, the uneven distribution of the
ink becomes evident, as noticed in the gravure-printed tag. The impact
of such a defect on the performance is evident in small traces with
high current densities, like the matching loop of a produced tag [41].
The two mass-production printing techniques, gravure and flexography
suffer from uneven printed film, especially for narrow traces of width
1 mm or less, which can become rough compared with other tech-
niques. This will severely degrade the conductivity, which may lead to
non-conductive traces for narrow traces printed perpendicular to the
printing direction [41,47]

Also, the substrate roughness has a large influence on the over-
all resistance of the printed films. Morais et al. printed PEDOT:PSS
polymer-based ink on three different substrates: bond paper, vegetal
paper, and PET film. The measured sheet resistance Rsh and the sub-
strate’s roughness are presented in Table 1 [50]. Since the current
density at the bottom of the conductive film is the same as at the
top, the sheet resistance of the film is related to the surface roughness
of the substrate because the smoothness of the printed film is highly
dependent on that of the substrate.

Three properties of the printed structure of the antenna were dis-
cussed, and their influence on the antenna efficiency was clarified.

Table 1
Measured sheet resistance of different flexible substrates along with their roughness
descriptors [50].

Substrate R, (nm) R, (nm) R, (KQ/sq)
Bond paper 1750 55.4 413
Vegetal paper 540 153.1 5.6
PET 730 32.7 2.3

First, antenna efficiency was found to be very sensitive to the conduc-
tivity of its structure. Second, the efficiency was significantly improved
as its thickness increased to approximately 3.5 times its skin depth.
Finally, the smooth surface of the printed antenna is important to
maintain its high efficiency.

3. Conductive ink

Conductive ink contains highly conductive material used to print
the conductive parts of printed electronics, such as conductive traces,
antennas, and electrodes. Conductive inks must have high electrical
conductivity, good adhesion to the substrate, good dispersion, good
stability and rheological properties, low sintering temperature, and
low cost and environmental friendliness [26]. Textile antennas impose
additional requirements on the ink; these antennas are required to be
washable, more flexible, and stretchable [51,52].

Generally, conductive inks consist of four main components: con-
ductive elements (called fillers or precursors), binders, solvents, and
additives, Fig. 4. The conductive inks are divided into two types based
on the form of conductive element: nanoparticle and particle-free inks.
If the conductive element is in nanoparticle form, it is called a conduc-
tive filler. Examples of these fillers are metal nanoparticles, graphene,
carbon nanotubes (CNT), and nanowires. The ink is called nanoparticle
ink. Meanwhile, if the conductive element is in the form of a chemical
compound called a precursor, the ink is called particle-free ink [53,54].

Solvents are responsible for the dispersion and dissolution of the ink
components. Also, they are employed to modify viscosity and surface
tension. Solvents are chosen to be volatile to evaporate completely
upon heating. In the ink industry, different additives are added to
modify different properties; the typical additives added to ink are sur-
factants, adhesion promoters, and rheology modifiers. Surfactants serve
as wetting agents or dispersing agents. Adhesion promoters enhance
the adhesion between the printed layer and the substrate. Rheology
modifiers known as thickeners are added to alter the viscosity and other
rheological properties to tailor the ink or paste for a specific printing
technique or machine [55,56].

A proper ink design plays an essential role in improving printed
pattern properties. It enables a highly conductive layer with a very
low portion of non-conductive particles upon sintering. At the same
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Fig. 3. Uneven printed layer thickness. (a) Scanning electron microscope micrograph of a screen-printed antenna with an average thickness of 21.5 pm. (b) Schematic diagram.

Source: Reproduced with permission [41], 2009, Hindawi.
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time, it reduces the sintering temperature to a level applicable to a
wide range of flexible substrates. Furthermore, it has to be compatible
with the targeted printing technique and has a long shelf-life. This
section is divided into three subsections: metal nanoparticle inks, metal
particle-free inks, polymer-based inks and carbon-based inks.

3.1. Metal nanoparticle inks

Metal nanoparticle inks contain metal nanoparticles as conductive
elements. Gold [57-61], Silver [54], copper [62-64], and nickel [65,
66] are the most utilized metals for their high conductivity, see Table 2.
Gold is a nonoxidizable noble metal but is costly compared with
other metals. Silver-based inks are the most developed and reported
conductive ink, are the most investigated in research, and are used
in the industry for printed electronics [43,67]. However, silver is an
expensive metal and is not suitable for large volume production of RFID
tags [37]. Also, gold and silver suffer from high electromigration that
can affect the durability of printed circuits if they include narrow-width
traces. A major challenge in this field is to find inexpensive alternatives
to expensive noble metals.

A wide range of metal nanoparticle inks has recently been devel-
oped to replace gold and silver inks, including copper NPs ink [68],

Table 2

Conductivity and resistivity of most used metals as a functional material
for conductive inks. The conductivity values are taken from [66], and
the resistivity from [75].

Material Conductivity Resistivity
Sm~! Q.m
Silver 6.30 x 107 1.59 x 1078
Copper 5.97 x 107 1.68 x 1078
Gold 4.11x 107 244 %1078
Aluminum 3.77 x 107 2.65x 1078
Nickel 1.43 x 107 6.99 x 1078

Nickel NPs ink, and core-shell NPs [69-72]. Copper NPs have issues
with stability and rapid oxidation. Core-shell NPs are developed to
protect easily oxidizable metals (copper and nickel) by covering them
with a shell of highly oxidation-resistant metal, typically silver, to form
air-stable ink.

Nevertheless, NP inks suffer from several drawbacks, such as ag-
glomeration of the suspended particles during synthesis, printing, and
storage, nozzle clogging in IJP, and high sintering temperatures (gen-
erally > 200 °C) [73]. Nanoparticle synthesis is a complex process
that includes high-speed centrifugation, multiple washing steps, high
vacuum drying, and high-temperature annealing [66]. The achieved
conductivity of sintered nanoparticle metals are much less than that
of bulk [74].

3.2. Metal particle-free inks

Metal particle-free inks are developed to solve most problems as-
sociated with utilizing NP inks. Metal particle-free inks are composed
mainly of metal salts or metal complexes and solvents. The formulation
of the particle-free inks is discussed in detail in [73]. They can be
directly decomposed by low-temperature thermal sintering or other
sintering techniques to produce pure metal, which leads to highly
conductive film. These inks have attracted much attention due to
their relatively low sintering temperature (< 200 °C) compared to
metal nanoparticle inks 200-400 °C. Because the inks contain metals
in a chemical compound, they possess excellent stability, no aggre-
gation during preparation and storage, nozzle clogging, and a more
straightforward preparation process than NP inks.

The complexing of metal salts decreases the energy required to
redox reactions, leading to lower decomposition temperatures. For
instance, the thermal decomposition of copper formate tetrahydrate
salt was compared with the salt complexed with an n-octyl amine
to examine the effect of complexing on the sintering temperature.
The Thermal gravimetric TG measurement in Fig. 5(a) shows that
mass loss occurs in two stages; n-octyl amine evaporates in the first
stage in the 80-110 °C temperature range. The second stage occurs in
the 130-140 °C temperature range when CuF decomposes sharply to
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Fig. 5. The effect of the water amount in the salt on the decomposition process. (a) Mass loss in percentage of the printed ink during thermal decomposition (1) CuF tetrahydrate
salt (2) CuF tetrahydrate complexed with n-octyl amine. Reproduced with permission [76], 2011 Elsevier. (b) TG analysis of the thermal composition of (1) dehydrated CuF, and
(2) dihydrated CuF complex. Reproduced with permission [78], 2015, Royal Society of Chemistry.

produce pure copper. On the other hand, in the case of CuF salt, the
composition stage happens in the range of 200-220 °C [76]. A similar
experiment with similar results has been reported by Farraj et al. in
which dehydrated CuF salt was compared with the salt complexed with
2-amino-2-methyl-1-propanol. The two inks are thermally decomposed
and TG analyzed. An identical result has been obtained by [77].

In addition, the study by [76] explains the role of water in dehy-
drated salt by comparing the decomposition process of the complexed
dehydrated salt to the use of anhydrous salt. The findings show that
the water has reduced the composition temperature and motivated the
complete decomposition of organic materials into gaseous by-products,
which leads to higher conductivity. Although anhydrous CuF contains
13% more copper than dehydrated CuF, the latter exhibited a four times
lower resistivity [78]. Thermal decomposition in the two experiments
was done using nitrogen flow to prevent the oxidation of copper. From
Fig. 5(a) and (b), the decomposition temperature of tetrahydrate CuF
is less than dehydrated CuF. The reason behind this could be the
difference in the amount of water used for salt.

The sintering temperature can be further reduced by the synergetic
effect of two different chain-length amines. For example, several self-
reducible Cuf-amine complex inks were formed by complexing copper
formate with different alkyl amines. The results show that the use of
a single alkylamine leads to reduced film resistivity with increasing
chain length, as shown in Table 3, and inks formed using two types
of amines with different alkyl chain lengths (short and long chains)
yield lower resistivity films than inks formed with one type of these
amines alone [77]. Hybrid amines not only reduce the sintering tem-
perature but also enhance the uniformity of nanoparticles in the printed
films [79] and help form a dense film structure of large particles filled
with small ones [80]. Finally, it is important to select amines with
low boiling temperatures for forming copper formate-amine ink for low
sintering temperatures and eliminating organic residual impurities after
sintering [81].

Table 4 compares the resistivity and layer thickness of some re-
ported MOD inks that have been thermally sintered at temperatures
less than 200 °C. Table 4 does not discuss the ink formulation. Because
of this, the complex agents and solvents are not listed. Most of the
inks were inkjet-printed on flexible substrates. Although most resistivity
values are still shallow, the layer thickness is thin. The printing process
must be repeated several times to have an acceptable thickness for
antenna applications. Some values of the electrical properties are given
in Sm~! (conductivity) or resistivity in different units. In Table 4, all
these values were converted into resistivity in pQ cm for comparison
purposes. Silver, copper, and nickel are the most suitable metals as
conductive components in inks. As mentioned earlier, each metal has its
advantages and disadvantages. One method to combine the advantages
of more than one metal and to avoid or eliminate the drawbacks of each

Table 3
Resistivity of copper films produced from different Cuf-amine
complex inks sintered at 200°C for 40 min [77].

Material Volume resistivity
[pQ. cm]

Cuf-Butyl 29.60
Cuf-Amyl 15.15
Cuf-Hexyl 11.53
Cuf-Propyl-Hexyl 10.80
Cuf-Butyl-Hexyl 9.43
Cuf-Octyl 8.32
Cuf-Amyl-Octyl 8.23
Cuf-Hexyl-Octyl 7.90
Cuf-Propyl-Octyl 7.06
Cuf-Butyl-Octyl 4.28

one is using hybrid inks. For instance, copper nanoparticles are covered
by a thin layer of silver-a much more expensive metal, to protect
them from oxidization and yield a low-cost, air-stable nanoparticle
ink [69]. Similarly, nickel nanoparticles are covered by silver to form
Nickel-Silver Core-Shell Nanoparticles [72].

Recent work has been carried out to develop hybrid metal particle-
free inks to improve the stability and conductivity of printed patterns
at low cost and reduced sintering temperature. The idea is based on the
exploitation of the catalytic property of silver to facilitate reduction and
reduce the sintering temperature. By adding silver oxalate to copper
formate complex ink, the sintering temperature has been reduced from
175 to 142 °C [95], and sintering at 100 °C has been achieved by
adding Ag(I) g-ketocarboxylate to Cu(II) formate tetrahydrate [96]. The
printed patterns showed a high oxidation resistance at a temperature
of up to 140 °C and excellent stability at high humidity of 85%.

3.3. Polymer-based inks

Although metal particle-free inks yield flexible and highly con-
ductive films [79], their flexibility is still not enough. There are ap-
plications where greater flexibility is required, especially e-textiles.
Nanoparticle inks are more amenable to improving flexibility through
the use of a flexible binder and the proper selection of conductive fillers
and their concentration. However, this improvement comes at the cost
of conductivity.

Textile antennas are prone to harsh deformation-bending and
stretching, especially if the textile is more flexible and stretchable
than the cured ink. Traditional conductive inks are not flexible enough
to retain their electrical and mechanical properties. They tend to
crack and split and eventually degenerate. To tackle this problem, an
interface layer is introduced before printing the conductive pattern.
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Table 4
The electrical resistivity and layer thickness of some reported MOD inks that printed and thermally sintered at low temperatures below 200 °C.
Precursor Printing Substrate Sintering s 1* [um] Ref.
techniques Temp., Time [pR cm]

Silver nitrate Inkjet printing Glass 100°C, 60 min 13.7 0.3238 [82]
Silver nitrate Inkjet printing PET 150°C, 5 min 3-4.8 NA [83]
Silver nitrate Inkjet printing Silicon 90°C, 15 min 1.6 NA [84]
Silver nitrate Inkjet printing PET 150°C, 50 min 17 0.140 [85]
Silver oxide Inkjet printing PET 75°C, 20 min 6 0.15 [86]1
Silver oxalate Inkjet printing PI 150°C, 30 min 8.6 1.2 [871
Silver acetate Inkjet printing PET 75°C, 60 min 36.5 1.22 [88]
Silver tartrate Inkjet printing PET 160°C, 10 min 4.3 NA [891
Silver acetate Inkjet printing PET 150°C, 30 min 4.71 ~ 4° [90]1
Silver oxalate Spin coating 170°C, 20 min 6.71 [79]
Silver acetate Inkjet Paper NA 83.33 [91]
Silver oxide PI 100°C,40 min 16.8 [92]
Copper hydroxide Blade coating Glass 160°C, 30 min 238 NA [93]
Copper formate Squeegee coating Glass 140°C, 60 min 20 NA [76]
tetrahydrate

Copper formate Spin coating Glass 180°C, 1 min 18 NA [94]
tetrahydrate

a p is the electrical resistivity.
b ¢ = layer thickness.
¢ After printing 7-8 times.

This layer is normally screen-printed or deposited dielectric made from
polymer. Also, flexible inks have been developed for such conditions.
They are conformal and resilient to deformation [97].

Polymeric inks contain polymeric binders, solvents, conductive
fillers, and additives like surfactants. The rheological properties of
ink depend on the composition of the polymeric matrix, temper-
ature, filler particle size and amount. The ink can be tailored to
inkjet or screen printing by controlling these parameters. There is a
trade-off between electrical conductivity and ink stability. Low con-
ductive filler content leads to excellent stability but low electrical
conductivity and vice versa [51]. Conductive polymers appear to
be promising materials for wearable antennas [21]. Among them,
poly(3,4ethylenedioxythiophene) polystyrene sulfonate
PEDOT:PSS possesses the highest maximum conductivity of 1500 S/m.
Its conductivity can still be improved by adding conductive fillers such
as CNT, graphene and silver nanowires [21,98].

3.4. Carbon-based inks

graphene, and carbon nanotubes CNTs are intensively investigated.
These inks are low-cost, lightweight, flexible, and recyclable inks. They
have been developed to replace metals in some applications. Conduc-
tive films made from graphene inks [99] or CNT inks [100] are far more
flexible than those made from metal-based inks.

The use of graphene to formulate conductive inks is associated with
some drawbacks and limitations, including high annealing temperature
and low dispersion in water due to its hydrophobic nature [26]. The
graphene forms a low percentage by weight of the graphene ink, usually
less than 0.01 wt%. It requires tens of successive prints to achieve
acceptable layer thickness [26,37]. For this reason, the graphene ink
is not preferred for inkjet printing. Graphene ink is commonly screen-
printed [45,99,101,102]. The electrical conductivity of the printed
graphene pattern in [99] was 8.81 x 10* Sm™!, and in [101], it was
2.15 x 10* Sm™1.

Moreover, the sheet resistance of screen-printed lines of 40pm width
and 25 pm thickness was 30 Q.[]~! in [102]. Although the conductivity
can be enhanced by hybridization with higher conductive fillers like
Ag NPs, it is still far less than the conductivity of metals. However,
graphene inks are suitable for fabricating flexible and stretchable elec-
tronic devices [26]. A graphene screen-printed antenna tag for UHF
RFIDs was compared with a copper antenna of the same design. The
findings show that the graphene antenna has a limited communication
range compared to the copper antenna [45]. Therefore, the use of

graphene antenna is limited to the application where the read range
is not crucial.

CNTs’ strong van der Walls force causes ink agglomeration [26].
Arun has reviewed the utilization of CNTs for antenna construction.
The review concluded that the electrical conductivity of single-wall
CNTs (SWCNTs) and multiwall CNTs (MWCNTs) in their pristine form is
insufficient to achieve the desired radiation efficiency. Some techniques
enhance their conductivity, such as bundling and doping or a hybrid of
these techniques [100].

3.5. Effect of ink type on the read distance

To evaluate the effect of ink type on the antenna gain and the read
distance, two antennas were printed, one using PEDOT:PSS polymer
ink on glass and the second using engraved bulk copper on FR-4. They
achieved gains of —8.6 dB and 2 dB, respectively, and the measured
read distances were 0.73 and 8.7 m, respectively. Since losses in glass
substrate were found to be about the same as FR-4, the losses in the
polymeric ink are about 10 dB higher than losses of bulk copper [98].

Also, a meander dipole tag antenna that operates at 900 Mhz was
printed on PET films using commercial silver ink (1.6 x 10° S/m) and
another one using pure copper (5.8 x 107 S/m) by etching. The findings
show that the antenna fabricated from copper overperforms the an-
tenna fabricated from silver of the same design, and the measurements
show a significant difference. The antenna gains were 1.46 and 1.99
dBi, and the read range was 10 and 12 m for silver and copper antennas,
respectively [43]. Another study conducted by [44] compares RFID tag
antennas printed with commercial silver ink to copper-etched antennas
on PET films. The results agree well with those in [43]. Furthermore,
the study by [44] compared an electroless plated copper antenna with
a bulk copper etched antenna. The antenna efficiency of a 4.1 pm thick
deposited antenna was almost identical to that of 18 pm thick bulk
copper.

The conductive ink is classified into four types depending on the
conductive element. Each type has its advantages and disadvantages,
and the choice depends on the application. Metal NP inks are mainly
used in the ink industry. Their main disadvantages are relatively high
sintering temperatures and low electrical conductivity. Since metal NP
inks have a much lower conductivity than pure metal, the skin depth
is much higher. And to reduce losses and achieve long-read distance,
the antenna thickness should be three time the skin depth [46]. For
example, in [46], the estimated skin depth of silver ink was 15 pm.
As mentioned in [28], this thickness can only be achieved by screen
printing. For this reason, screen printing is preferable to inkjet printing
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for this type of ink. Metal particle-free inks generally offer the highest
conductivity compared to other types of conductive inks, and the
sintering temperature is usually between room temperature and 200 °C.
They are usually inkjet printed because they do not cause nozzle
clogging and have a long shelf life. To obtain an acceptable thickness,
the printing process must be repeated multiple times because inkjet
prints a thin layer that is only about 1 pum thick [28]. Polymer-based
inks are developed for wearable electronics. They offer the highest
flexibility and stretchability, but their electrical conductivity values are
the lowest. Carbon-based inks are the most environmentally friendly
and cost-effective among other types; they are more flexible and lighter
than metal inks. Their conductivity is still moderate and can be used
for short-range RFID tags.

4. Substrates

In many applications, the need for flexible electronics increases
continuously for its advantages over rigid substrates. Flexible antennas
are used in many applications, including but not limited to RFID
tags [21]. Wearable antennas are a special type of flexible antennas.
It is increasingly desired in several applications, such as medical,
safety, military, sports, and fitness [103]. The flexible substrates are
low-cost, lightweight, stretchable, and can be mounted on curved sur-
faces. Different substrates are chosen for specific applications for their
properties. These properties include cost-efficiency, recyclability, trans-
parency, dielectric permittivity, piezoelectricity, biocompatibility, and
environmental safety [104].

Flexible substrates must meet several requirements to be applicable
for flexible electronics: high working temperature, low coefficient of
thermal expansion, printability, surface smoothness, and resistance to
solvents are the most important physical and chemical properties. The
most utilized substrates are classified into three groups: paper, polymer
and textile.

4.1. Paper substrates

Paper is a cellulose-based product derived primarily from wood
pulp. Although paper is the most cost-effective and recyclable eco-
friendly flexible substrate [105], its surface roughness and porosity are
its most well-known disadvantages. Papers are treated by coating and
calendering processes to modify their surface roughness, porosity, and
surface energy for better printability. By coating or laminating with
polymer materials, wax, or aluminum, the surface can be rendered
impermeable to various liquids. Multilayer coating can be applied
properly to achieve multiple properties [106]. Chipless RFID tags on
paper are used for package tracking applications [107] and humidity
sensors [108].

4.2. Polymer substrates
Various thermoplastic polymers are frequently used: Polyethylene

terephthalate PET, Polyethylene naphthalate PEN, polyimide PI, Polyte-
trafluoroethylene PTFE (Teflon), Polyvinyl chloride PVC, and

Table 5

Thermal properties of some polymers [27].
Substrate PI PET PEN TPU
T, [°C] 155-277 70-110 120-155 80
T,, [°I1C 250-452 115-258 269 180

Polyvinylidene fluoride PVDF. The main disadvantage of polymer
substrates is their temperature sensitivity. The maximum working
temperature 7,, of polymer substrates is dictated by the glass transition
temperature T,. Glass transition temperature is the temperature at
which the thermoplastic polymer transits from a solid state to a rubbery
state. It retains this state for various temperatures until it converts
into a highly viscous liquid at melting point Tm. The main thermal
properties of some of the most used polymeric substrates are presented
in Table 5.

4.3. Textile

Wearable antennas are divided by substrate into non-fabric and
fabric or textile antennas. The most common textile materials used as
substrates for wearable antennas are cotton, polyester, felt, fleece, silk,
linen, and blended fabrics [52,110].

There are different techniques to fabricate textile antennas, but
the most well-known ones are screen printing, inkjet printing, embroi-
dery, knitting, weaving, and adhesion [51,103,110]. Every technique
offers unique advantages and has its limitations and drawbacks. Most
investigated textile antennas are inkjet-printed [51,97,110-112] or
screen-printed [52,113,114]. Inkjet offers accuracy and ease of pro-
totyping, while screen printing is well-suited for thick-film printing.
The printing precision and quality of the screen-printed conductive
layer on a textile are significantly affected negatively by the surface
roughness, porosity, and surface energy of the textile [52,113,114].
Additionally, the diffusion of nanoparticles into fabric is a problem
for inkjet printing [97]. Adding a suitable interface layer on top of
the textile is enough to improve the printability. This layer is usually
applied using screen-printable UV curable dielectric ink [110,111] or
using iron-on transferable paper [97].

4.4. Wettability

The wettability of a solid surface is defined by Young’s equation.

Ysv =Vsp +Yrycosd 13

where yg, is solid-liquid surface tension, y;, is the liquid-vapor sur-
face tension, and yg; solid-vapor surface free energy. Both yg,, and y;
are measured in Joules per meter squared Jm~2. Furthermore, yg, is
measured in Newton per meter Nm~1. Practically, liquid surface tension
T and solid surface free energy .SFE are measured in millinewton per
meter mNm~!. ¢ is the contact angle, as shown in Fig. 6 [109].
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Table 6
The surface energy of some of the most used polymers as a substrate.
Material SFE
mNm™!
PET polyethylene terephthalate 44.60
PVC polyvinyl chloride 41.50
PVF Polyvinyl fluoride 36.70
PE Polyethylene 35.70
LDPE 31
HDPE 31
PVDF Polyvinylidene fluoride 30.30
PP Polypropylene 30.10
OPP 29
PTFE Polytetrafluoroethylene 20
PDMS polydimethylsiloxane 19.80

The printability of the substrate mainly depends on its wettability
behavior. Wettability and adhesion are the most important require-
ments in the printing process. Wettability and adhesion are directly
related to the contact angle 6 [27]. From Eq. (13), the contact angle
will be

cosf = Ysv — ¥sL (14)

YLy
The numerator determines whether the solid is wettable or not. If the
surface free energy of the solid yg, is greater than the liquid surface
tension yg; , the surface is called wettable or hydrophilic; otherwise, it
is called non-wettable or hydrophobic. The solid surface is hydrophilic
if & < 90° and hydrophilic if 90° < 8 < 180°. The ink spreads uniformly
on the surface when printed on hydrophilic substrates, while it forms
droplets if printed on hydrophobic surfaces. Examples of substrates
with high surface energy are ceramics, and substrates with low surface
energy are polymers.

Young’s equation does not consider the surface roughness, porosity,
existence of impurities, and functional groups on the surface. All these
surface properties influence the wettability and printing quality as a
consequence.

The wettability can be improved either by elevating the substrate
surface energy or by reducing the surface tension of the ink. This
improves not only the wettability but also the adhesion and printing
quality in general. The greater the difference between the substrate’s
surface energy and surface tension, the better the ink will wet and
adhere to the substrate [115]. Paper substrates have excellent wetta-
bility. Textile printing issues were discussed shortly in Section 4.3, and
polymer substrates usually have wettability issues because of their low
surface energy. Table 6 presents the surface energy of some polymers;
the surface energy values have been taken from [115] and Data-
Physics Instruments company-a provider of measurement equipment
for surface and interfacial science. The wettability of polymer substrates
can be improved by cleaning the substrate surface and increasing its
free energy. The purpose of cleansing is to eliminate contaminations
like hydrocarbon oils, unwanted particles such as dust gathered by a
static charge on the surface, or other chemicals used to fabricate the
substrates [116]. The surface energy is mainly increased by generat-
ing more functional groups on the surface [115]. There are different
techniques to increase the energy of the polymer surface, including
coating the substrate with a wetting agent [117-119], mechanical
roughening, chemical exposure and etching, corona, flame, and plasma
treatment [120]. The advantage of mechanical roughening is its dura-
bility, with no deterioration or aging over time. The downside of
chemical exposure is that the method has multiple processing steps
(washing, rinsing, and drying) and generates a large amount of haz-
ardous waste. Corona is the most widely used treatment method for
polymer substrate surfaces [115].

Two important ink components affect surface tension: solvents
and surfactants. Solvent-based inks have fewer wetting problems than
water-based inks because solvents have a much lower surface tension
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than water, as shown in Table 7. Water-based inks require adding
specific solvents and surfactants to reduce their surface tension. Typi-
cally, Alcohol solvents are more soluble in water than other solvents,
and their surface tension is low. Due to this, they are usually added
to water-based inks to reduce their surface tension. For instance, the
surface energy of water has been reduced from 72 to 33 mNm™!
by adding ethanol. Solvent-based inks typically have surface tensions
ranging from 20 to 30 mNm~!, while water-based inks often have
surface tensions ranging from 35 to 38 mNm~! [115]. The boiling
point BP of solvents determines their evaporation rate at sintering
and storage temperature. The solvent should be volatile enough to
evaporate quickly during sintering, but it should not be very volatile
to avoid dryness on the ink in printers or shelves.

Due to the high volatility of solvents, they quickly spread in the
air. Most of them are hazardous to human health and the environment,
even causing ozone layer depletion [121]. The danger of solvents can be
reduced by selecting a safer solvent; for instance, toluene and xylenes
are alternatives to benzene — the more hazardous solvent. Some com-
panies leading the pharmaceutical industry, such as Pfizer, Sanofi, and
AstraZeneca, have classified solvents into three groups according to
their hazardous level: preferred, usable, undesirable, or banned [122].
Table 7 presents the most used solvents in conductive ink formation,
and all are classified as preferred or usable. Examples of undesirable
solvents are benzene, hexanes, and halogenated hydrocarbons such as
chloroform and methyl chloride [123].

Tag antennas are commonly printed on three substrates: papers,
polymers and textiles. The applications determine which type is se-
lected. Common problems with substrates include wettability, porosity,
surface roughness and temperature sensitivity.

5. Printing techniques

Printing techniques have attracted researchers for the last two
decades as an additive fabrication method. It has many advantages
over etching techniques used in the semiconductor industry. It enables
low material waste, is environment-friendly by using less hazardous
chemicals, and is a user-friendly and low-cost fabrication process. Fur-
thermore, its low temperature and suitability for large-area electronics
made it suitable for fabricating flexible electronics in various fields,
such as flexible screens, solar cells, sensors and RFID. The printing
techniques most commonly used in research are inkjet and screen
printing. In the following sections, they are discussed, and their printing
parameters are related to the print quality and, therefore, the antenna
efficiency.

5.1. Inkjet printing

Inkjet printing IJP is a non-contact deposition method used to de-
posit chemical materials on rigid or flexible substrates. Inkjet printing
is preferred for its capability of automated production and provides
patterns with high resolution. Moreover, inkjet printing is suitable for
producing printed large-area electronics on flexible substrates [37].
There are two types of inkjet printers: the continuous inkjet printer
ClJ and the drop-on-demand printer DOP. The continuous inkjet printer
ClJ was invented first, and because of its complexity, it is not usually
used for printing functional inks. Later, DOD printers were invented
as an alternative to CIJ. The most used DOD printers are based on
thermal and piezoelectric effects. Thermal head printers have lower
costs than piezoelectric printers, but the latter can deposit a wider
variety of materials on various substrates. DOD inkjet printers have
extended from photocopying regular inks on paper to using materials
inkjet printers to deposition functional inks and biological fluids. The
conductive ink and the reducer agent can be loaded in different car-
tridges. Then, the deposition of the materials is controlled by setting
the color degree of the designed pattern. The chemicals can be printed
simultaneously [124,125], or on separate runs [126].
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Table 7

Some of the frequently used solvents and some of their properties.
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Solvent CAS BP°C T Solubility Classification Selection guide
[mNm] in water (Pfizer)
Water 7732-18-5 100 72.80 - - Preferred
Ethylene glycol 107-21-1 197.5 47.70 Miscible Ether Usable
Water : ethanol - - 33 - - -
o-Xylene 95-47-6 144.4 30.10 Insoluble Hydrocarbon Usable
m-Xylene 108-38-3 139.1 38.90 Insoluble Hydrocarbon Usable
Toluene 108-88-3 110.6 28.40 Insoluble Hydrocarbon Usable
n-butanol 71-36-3 117.7 25 Soluble Alcohol Preferred
1-Propanol 71-23-8 97.04 23.70 Miscible Alcohol Preferred
Ethyl acetate 141-78-6 77.10 23.60 Soluble Ether Preferred
Isopropanol 67-63-0 82.21 23 Miscible Alcohol Preferred
Methanol 64-17-5 78.24 22.10 Miscible Alcohol Preferred
N-Octane 111-65-9 125.62 21.62 Insoluble Hydrocarbon Unclassified

The boiling point, solubility in water, and classification of solvents were taken from [121]. A selection guide of solvents by Pfizer from [123].
Moreover, [99] compares several selection guides by different companies: Pfizer, GlaxoSmithKline, AstraZeneca, Sanofi, GCI-PR, and CHEM21.

All companies gave quite similar assessments to those of Pfizer.
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Fig. 7. (a) Schematic diagram of thermal and piezoelectric printers shows the mechanism of droplet generation. (b) Cross-section of printed single drops at three sintering
temperatures shows the development of the coffee-ring effect. Reproduced with permission [119], 2008, American Chemical Society (C) Surface morphology of sintered graphene
ink printed on the PI substrate and its roughness profile. Reproduced with permission [117], 2011, Springer.

Depending on how the ink is pushed out of the printhead to create
the droplets, there are four types of DoD 1JPs: thermal, piezoelectric,
electrostatic and acoustic. Fig. 7(a) shows the head of thermal and piezo
printers, the most commonly used printer types. Thermal printers use a
resistance heating element to quickly heat the ink so that it evaporates
and creates a bubble that pushes the ink out and forms a drop. Although
thermal printers are the cheapest, they are not suitable for temperature-
sensitive inks such as polymer inks because high temperatures can
damage the ink. Piezoelectric printers use piezoelectric phenomena
to deform the head to squeeze the ink and form droplets. There are
no restrictions regarding the type of ink. Piezoelectric printers do
not limit the use of ink type. They are a good choice for printing
heat-sensitive inks and biomaterials. Most available material printers
are piezoelectric, but their high cost is still a major disadvantage of
this type of printer. Electrostatic printers use electrostatic force to
eject the droplets. Although they offer higher resolution compared to
piezoelectric printers, few manufacturers supply this type. In acoustic
printers, the droplets are created by an ultrasonic beam generated by a

10

piezoelectric element and focused by an acoustic lens. The head of this
printer is safe from nozzle clogging, and they are applied for adhesive
coatings [30].

The printability of the ink can be described by a dimensionless
number Z, which is a function of the nozzle diameter (the diameter of
the printing orifice) a and the physical parameters of the inks: viscosity
n, density p, and surface tension y. Z is defined by Eq. (15) [30,127].
The printable range is defined as 4 > Z > 14 [127]. The droplet size
increases as Z increases [128].

_ (apn)?
n
The problem with inkjet printing is the need to print multiple
times to achieve the targeted thickness of the printed layer. Moreover,
errors grow with the increased number of printing runs caused by
ink spreading. [129]. Another common problem with inkjet-printed
patterns is the coffee-ring effect, as reported by [119] for inkjet-printed
conductive polymer ink (Fig. 7(b)) and by [117] for graphene-based

z (15)
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Fig. 8. Screen printing mesh. (a) Cross-section of the screen mesh. (b) Rotary screen printing system.
Source: Reproduced with permission [31], 2021, Elsevier.

inks (Fig. 7(c)) and by [129] for inkjet-printed silver ink. The coffee
ring phenomenon happens due to the evaporation of volatile ink sol-
vents after printing drop droplets on a substrate. It leaves behind a
ring-like solid along the edges due to the outward flow of ink during
drying—capillary effect [130]. Various strategies have been developed
to suppress the coffee-ring effect, and even there are approaches to
exploit this phenomenon for some applications [131].

5.2. Screen printing

Screen printing is a contact printing method for applying a pat-
terned layer to various substrates by forcing a suspension called screen
printing paste through a screen onto the substrate. In the electronics
industry, screen printing deposits patterned layers of functional ma-
terials on various substrates. The screen consists of a mesh coated
with an emulsion, leaving open areas representing the pattern to be
printed and stretched by a metallic frame Fig. 6(a). In the printing
process, the screen is placed on top of the substrate, with a 0.5-1 mm
spacing gap between the mesh and the substrate. Then, an amount
of paste is placed on the mesh and pushed with a squeegee made of
polyurethane rubber supported by metal. The paste passes through the
open areas, leaving a patterned layer on the substrate. Rotary screen
printing enables mass production. Instead of a flat screen, a cylindrical
screen is used. The squeegee is fixed while the cylinder is rotated at
the same speed as the substrate moves. The paste is placed inside the
cylinder and continuously pushed via the mesh, as shown in Fig. 6(b).

The mesh wire is typically made from polyamide, polyester, or
stainless steel. Polyamide and polyester mesh distort, leading to a
relatively thin layer. Stainless steel meshes have thin, uniform wires
with very low extension, leading to high-resolution printing. The low
flexibility of stainless-steel screens makes them only suitable for print-
ing on flat surfaces. Due to this, they are mainly used in the electronics
industry [31].

The thickness of the wet-printed layer WT is estimated by

WT =(MT x OA) + ET (16)

where MT is the thickness of the mesh. Meanwhile, OA = [1—(M x D)]?
is the percentage of opening area, M is the mesh count, i.e., the number
of wires per inch, and D is the diameter of the mesh wires in inches.
ET equals 13 um for most of the applications [31]. A mesh with a high
ratio of mesh count M and wire diameter D provides a high-resolution
print [132]. However, the minimum size of the mesh openings must
be 3-5 times greater than the size of the particle in the paste [31].
The layer thickness can be achieved by screen printing, ranging from
a few micrometers to about 30 um. A thicker layer can be achieved
by repeating the printing after drying and sintering the previous layer.
The process can be repeated until the targeted thickness is reached. The
fabrication of tags involving narrow conductive traces (less than 1 mm)
is feasible by screen printing, unlike gravure printing and flexography,
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which have an issue with narrow traces [41,46]. Recently, printed lines
of 35um width have been applied in the industry [31]. While an average
finger width of 26.2pm was reported under laboratory conditions [133].

The printability of the paste is influenced by its rheological proper-
ties: viscosity and thixotropy. The two properties are dependent on the
shear rate. Viscosity is the ratio of the shear stress z to the shear rate
dy/dt that the paste experiences during printing. High viscosity means
high paste resistance to flow and vice versa [31]. The flow behavior
of the paste is unlike water or pure solvents that show a Newtonian
flow behavior, in which the viscosity does not change with the shear
rate. The paste shows pseudoplastic flow behavior under pressing by
squeegee during printing. The viscosity decreases as the shear rate
increases in this stage, as Fig. 9(a) depicts. After the release of the
squeegee, the viscosity increases again over time; this flow behavior
is called thixotropic, shown in Fig. 9(b). In a true thixotropy, the paste
retains exactly its initial viscosity. The area between the two curves in
Fig. 9(b) represents the hysteresis loop; a small area indicates rapid
viscosity recovery, which is important for realizing high-resolution
print [56,134].

The performance of screen-printed tag antennas is comparable with
etched tags [41]. However, screen printing suffers from an inherent
problem of the surface roughness of the printed pattern. Also, the
screen-printed pattern needs a thicker layer than the inkjet-printed
pattern due to the higher skin depth caused by lower conductivity [41,
129].

5.3. Electroless plating

Electroless plating is a method for coating surfaces of substrates or
objects with metals. The substrate is immersed in a bath, bearing the
metal to be deposited. Unlike electroplating, electroless plating does not
require DC current for the redox to occur. Electroless plating has ad-
vantages over electroplating. For instance, the capability of producing
uniform layers, the ability of deposition on dielectric substrates, and
better controllability over layer thickness [135]. Because electroless
plating enables an easily controllable, highly conductive, uniform, and
smooth, dense deposited layer, it can be applied to thin and thick
film metallization. The most concerns in the electroplating process are
the stability of the bath and its longevity, cost, safety issues, and the
properties of the deposited layer, especially metal purity, conductivity,
uniformity, smoothness, and adhesion to the substrate.

Electroless plating solves the problem of nozzle-clogging in the case
of inkjet printing and oxidation issues of some metals and is suitable
for printing on temperature-sensitive substrates. Due to its ability to
produce nearly pure metal traces, this technique is currently superior
for obtaining excellent electrical characteristics of printed traces [32].
It can also be used as a complementary process of other printing tech-
niques to improve the surface morphology, increase the conductivity of
the top region of the printed pattern, and reduce the surface roughness
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Fig. 9. The flow behavior of the screen printing paste. (a) Pseudoplastic flow behavior. (b) Thixotropic flow behavior.
Source: Reproduced with permission [56], 2010, John Wiley & Sons.
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Fig. 10. Cross-section SEM images of Cu-plated layer on patterned Ag seed. (a) Ag pattern of about 3 pm thickness covered with 6 pm Cu layer. (b) A Cu layer plated at 60 °C

for 50 min on an Ag seed of 300 nm thickness. (¢) Zoomed-in view of (b).
Source: Reproduced with permission [34], 2015 Springer.

Fig. 11. Surface morphologies of copper films were obtained by sintering for 60 min at 110 °C (a), 140 °C (b), and 160 °C (c).
Source: Reproduced with permission [76], 2011, Elsevier.

commonly occurring, especially in screen printing. Fig. 10 depicts a
cross-section of a printed layer; first, a silver screen was printed, and
an electroless plating of copper was carried out. Fig. 8 shows that
the plated copper layer is far smoother than the screen-printed silver
layer. This method can improve the antenna performance as the most
current flow near the surface. After the sintering and formation of
metal nanoparticles, gaps between particles responsible for increasing
the contact resistance between particles were observed on the surface,
as shown in Fig. 11. Meanwhile, the particles were well connected at
the bottom near the substrate [76].

The plating bath contains several constituents: metal salt, reducing
agent, complexing agent, pH adjusting agent, and additives. The main
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components are metal salt and a reducing agent. The metal salts
commonly used for electroless plating are silver nitride AgNOs, copper
sulfate CuSO, - 5 H, O, nickel sulfate NiSO, - 6 H,O, and nickel chloride,
NiCl, - 6 HyO. Reducers are added to react with the salt and produce a
pure metal that deposits on the substrate surface with a catalytic ability.
Complexing agents are added to increase the plating rate and enhance
the bath stability. Two types of baths exist in terms of pH value: acid
baths and alkaline baths. pH agents are responsible for maintaining the
pH value at the level where the redox reaction works appropriately and
controlling the plating rate. The pH level has an impact on the surface
roughness and the crystallinity of the coating. The additives are added
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Table 8

Journal of Science: Advanced Materials and Devices 9 (2024) 100778

Comparison of electroless plating work using different seeds, plating bath, and plating conditions.

Seed Printing method Substrate Coating  Salt Reducer Plating time, temp.  h* pm  Plating rate” p° pQ cm  Ref.
nm,/ min

Cu MOD Inkjet FR-4, filter Copper Copper salt¢ CHOH® 45°C NA NA 2.38 [32]
paper

Ag NP Screen PI Copper NA CHOH 60°C, 50 min 3 60 NA [34]

Pd NP Inkjet slag fiber Copper Cuso, CHOH 35°C, 10 min 1.1 110 3.7 [136]
paper

PdCl, Inkjet Teslin paper Copper CuSo, CHOH 25°C, 50 min 3.87 77.4 29.41 [137]

AgNO5 Inkjet A4 paper Copper CuSO,-5H,0 CHOH 60°C, 8 min 1.8 225 4500 [124]

AgNO4 flexo. paper Copper CuSO,-5H,0 CHOH 45°C, 25 min 2.41 96.4 2.22 [33]

CuSO,- 5H,0 Inkjet PI Copper ~ CuSO,-5H,0 CHOH 60°C, 30 min 14.3 408.5 5.68 [138]

AgNO, Inkjet PET, PI Copper ~ CuSO,-5H,0  C,H,0, 55°C, 2 min 0.3 150 2.08 [35]

Cu NP Inkjet PET Copper CusO,-6H,0 DMAB 25°C, 6 h 1 2.77 5.43 [139]

AgNO, different methods  various Copper  CuSO,-5H,0  CHOH® NA 5 NA 1.85 [140]
materials

Copper MOD Screen spandex Copper Copper salt? CHOH*® 60 min ~2 33.33 10.29 [141]

CuSO,- 5H,0 Inkjet Aluminum Copper CusO,-6H,0 DMAB NaH,PO, 8h 3 6.25 8.70 [142]
nitride

Pd NP Inkjet slag fiber Nickel NiSO, -6 H,0 NaH,PO- H,O 75°C, 10 min 2 200 76.1 [136]
paper

AgNO4 Screen PET fabric Silver AgNO, Glucose 25°C, 30 min 0.94 31.3 80.84 [143]

2 h is the printed layer thickness.

b The plating rate was computed from the given data.
¢ p is the electrical resistivity.

4 Commercial solution containing copper salt.

¢ Commercial solution containing Formaldehyde CHOH.

to stabilize the bath to increase its life by preventing decomposition
from occurring [144].

The traditional copper plating baths are based on formaldehyde as
a reducing agent [32-34,124,136-138]. These baths have two disad-
vantages. Firstly, formaldehyde baths require a high pH value of more
than 11, limiting the number of substrates that can be used. Secondly,
formaldehyde is a volatile colorless gas that is flammable, extremely
toxic, and hazardous to human health [145].

Some researchers started to use safer alternatives to aldehydes
reducers, e.g., glyoxal C,H,0, [35]. Dimethylamino borane DMAB
has recently been used as a safer reducer than hazardous formalde-
hyde [139,142]. DMAB is a mild reducer, soluble in water, and operates
in a wide range of pH values. DMAB bath provides a highly pure and
smooth surface coating, has good stability, and does not decompose for
six months [139]. Researchers have paid more attention to electroless
plating of copper [146,147]. Sodium hypophosphite NaH,PO, is the
most attractive reducing agent due to its excellent bath stability, long
life, safety, and it can be recycled [139]. Sodium hypophosphite is
often used as a reducing agent for nickel salts. The possible pH value
of the bath is in the range of 4-11. However, plating at low pH
values (acidic range) will increase the phosphorous content in the
deposited layer—up to 25% of phosphorous content results from plating
at pH 4. Meanwhile, plating in the alkaline range yields less than 1%
phosphorous content. Other reducing agents used for nickel plating
along with their working pH range are sodium borohydride NaBH,
(12-14 pH), dimethylamine borane DMAB (CH3),NHBH; (6-10 pH),
hydrazine N,H,-H,0 (8-11 pH). The reducing agents used for silver
nitrate are Rochelle salt, glucose, and Hydrazine sulfate [144].

Table 8 presents details of selected works of electroless plating
of Cu, Ni, and Ag, which are the metals used for plating. It is no-
ticeable that formaldehyde is still mostly used as a reducing agent
for copper salt. The lowest copper plating resistivity values obtained
by using formaldehyde as the reducing agent are 1.85 pQ cm [140],
2.22 uQ cm [33] and 2.38 pQ cm [32]. These values are comparable
to the resistivity of bulk copper (1.68 uQ cm). A lower resistivity of
2.08uQ cm was achieved at a higher deposition rate using glyoxal as the

13

reducing agent instead of formaldehyde [35]. Although glyoxal is an
aldehyde compound, it is less toxic than formaldehyde. In [139,142],
DMAB was the reducing agent, and the resistivity values were 5.43
and 8.7 pQ cm, respectively. However, the deposition rate is slow, as
can be seen in Table 8 and as reported by [142]. Two high resistivity
values of 29.41 and 4500 pQ cm made of deposited copper [124,137]
and another of 67.1 pQ cm made of deposited nickel are all printed on
various paper substrates [136], the resistivity increased as the substrate
roughness increased. A similar scenario happened for deposited copper
on spandex textile [141] and silver on PET fabric [143].

The electroless plating method is used for the synthesis of core—
shell nanoparticles. Typically, Cu NPs (copper powder) are coated
by silver [148,149], or Ni NPs are coated by silver [72]; the silver
precursor is silver nitrate. Before the plating, the oxide layer must be
removed to allow silver to deposit on the surface of core particles,
yielding a high-quality core-shell composite powder. The synthesis of
the core-shell nanoparticle can be driven by a transmetalation reaction,
in which the copper atoms on the surface of the particles act as a
reducing agent for the silver. Using this method, the coating is uniform
and solely Cu-Ag core-shell NPs, with no individual silver particles
formed [69].

The most commonly used techniques for printing tag antennas
are inkjet printing and screen printing. Inkjet printing provides high-
resolution prints, but multiple prints are required to achieve the desired
thickness, reducing printing accuracy and the coffee ring effect, which
is a common problem. Screen printing uses ink with a higher viscosity
than inkjet printers, which produce a thicker layer because they contain
more conductive materials. Screen printed patterns are uneven, which
negatively affects UHF components, especially antennas. Electroless
plating is used as a complementary process to correct defects in patterns
printed by inkjet or screen printing, or a seed layer is printed using one
of these methods and then electroless plated to produce dense, smooth,
and highly conductive patterns.

6. Conclusion

The efficiency of the RFID tag antenna is highly dependent on its
electrical conductivity, thickness, and surface morphology. There are
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different types of ink: metal NP ink, metal particle-free ink, polymer-
based ink, and carbon-based ink. When long-distance communication

is required, particle-free ink is a good choice. In addition, this type of

ink is easier to prepare, more stable, has a longer shelf life and better
electrical properties, and solves nozzle clogging that often occurs when
printing nanoparticle inks. Therefore, metal particle-free ink is a po-
tential replacement for metal nanoparticle ink for flexible electronics,
especially flexible antennas. The formation of organometallic decompo-
sition MOD inks using metal complexes offers several advantages over
metal salt inks. MOD ink lowers the decomposition temperature and
can produce a nearly pure, highly conductive layer by reducing organic
residue.

Additionally, MOD inks are more stable. Polymer-based ink is the
most suitable choice for wearable applications due to its high flex-

ibility and stretchability, but this advantage comes with the cost of

communication distance. Carbon-based ink is becoming increasingly
popular due to its low cost and environmental friendliness. Three
different types of substrates are primarily used for flexible electronics,
with the choice depending on the application. Several challenges are
often encountered when printing these substrates, including wettabil-
ity, porosity, surface roughness, and temperature sensitivity. Several
methods to overcome these challenges include coating, treating the
substrate surface to improve wettability, and customizing the ink using
appropriate additives and solvents to improve wettability and adhe-
sion to the substrate. Printing as an additive manufacturing method
is preferred over subtractive methods for flexible electronics. There
are different printing methods, and each method has its advantages,
disadvantages, and limitations. Inkjet printing and screen printing out-
perform other printing techniques. Inkjet printing is commonly used for
particle-free inks, whereas nanoparticle inks are commonly produced
using screen printing. Both can be used in the laboratory or automated
for mass production. Finally, the electroless plating offers excellent
electrical properties compared to other printing processes and enables
printing quickly oxidizable metals, e.g., copper, at low temperatures.
In addition, it is a method that allows the synthesis of core-shell
nanoparticles.
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