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Abstact

Recently, more and more studies are carried out
in the field of printed RFID tags. It is connected
with rapid development of new electronic
technology, i.e. printed electronics which utilizes
printing techniques, like screen printing, inkjet,
flexography or gravure, for production of electronic
components. This method is on one hand
environmentally friendly because it allows
eliminating wastes emerging during etching
process used commonly in electronics. On the other
hand, components can be printed on low cost
flexible substrates, like foil or paper. These two
factors cause that such products are cheap and can
be competitive with their equivalents used
currently.

In this study, investigations of RFID tag
antennas working in UHF frequency range made
with screen printing technique are described.
Conductive polymer pastes containing silver
nanopowder, silver flakes or carbon nanotubes
were used for antenna fabrication. Each of them
was deposited on foil and paper. Properties
of printed antennas were investigated by return loss
measurements performed in the frequency range
0.5+ 1.5 GHz. Achieved results were compared
with simulation carried out in CST Microwave
Studio. Antenna surface profile was checked using
optical profilometer or metallographic microscope.
Its mechanical tests were also conducted.
The obtained results showed that the best candidate
for antenna printing on flexible substrate was
the paste with silver nanopowder because
it combined high conductivity and high mechanical
durability.

1. Introduction

Nowadays, more and more investigations
are conducted in the field of printed electronics.
It makes possible to fabricate electronic compo-
nents using printing techniques. Among them
the most popular are screen printing [1-3], inkjet
[4], flexography [5] and gravure [6].

Use of printing techniques which are additive
process leads to decreasing of component’'s unit
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cost. No chemical wastes, like in the case
of etching technique, are coming into being.
In the effect, this technology contributes to prote-
ction of natural environment [7].

Lower unit cost of printed RFID antenna
comparing to etched ones contributes to wide-
spread of RFID technology. Currently, their high
price is the main obstacle to common use of RFID
tags [8].

Performance of screen printed RFID antennas
was characterized by Shin et al. [9]. The paste with
silver nanoparticles was used in their study
for antenna screen printing process. Also,
its radiation performance was evaluated. It was
revealed that silver antennas had comparable
parameters with copper etched ones.

Aside from silver nanoparticles other materials
for RFID antennas were tested. Syed et al. [10]
tested bulk and deposited copper, aluminum, bulk
silver and two commercial silver pastes. The results
revealed that the antenna printed with silver pastes
and made with deposited copper characterized with
comparable parameter. These results were
confirmed by Nikitin et al. [11].

Another study was conducted by Merilampi et
al. [12]. Polymer silver paste deposited on paper
with screen printing technique was investigated
for production of bow-tie antenna. It was noticed
that the substrate absorbed a solvent contained
inused paste because of its porous surface.
Regardless, the RFID tags with the elaborated
antenna worked properly.

Similar investigations were carried out by Rida
et al. [13]. Inkjet printing techniques were applied
for elaboration of UHF antenna. It was found that
paper can be excellent substrate for RFID tags.
This conclusion was confirmed by Yang et al. [14]
and by Amin et al. [15].

In this paper, investigations of UHF RFID tag
antennas carried out with screen printing technique
are described. Three type of conductive materials
containg silver flakes, silver nanopowder
and carbon nanotubes were used. The antennas
were screen printed on flexible substrates: foil
and paper. Their properties were evaluated
by return loss measurements depending on applied
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substrate, conductor and also multilayer printing.
The achieved results were compared with
simulation conducted in CST Microwave Studio.
Surface profile of antennas was investigated
by an optical profilometer and metallographic
microscope. Electromechanical properties of ela-
borated materials were also investigated.

2. Experimental

Three various conductive materials containing
silver flakes, silver nanopowder and carbon
nanotubes were investigated with regard to their
applicability for a production of RFID tag antennas
working in UHF frequency range. Semi-automatic
screen printer Ami Presco model 465 with
a polyester mesh screen 68T was used for their
printing on flexible substrate: paper and foils.
The first one was a commercially available photo
paper Everyday 180 gfnfEmtec) with a thickness
of 150 um. Two types of foil were applied:
polyethylene naphthalate foil PEN (Teonex Q51,
DuPont Teijin Films) and polyimide foil Kapton
HN500 (DuPont). Their thickness was 125.

Mentioned above conductive materials were
prepared according to following procedure.
Appropriate filler was added to a polymer resin
and grinded in a mortar. In the next step, obtained
composition was three-roll-milled in order to break
agglomerates.

After screen printing process the obtained
layers were cured in an oven in 220for 15 min.
Moreover, the layer made with the paste with silver
nanopowder was cured in 3@for 60 min.

The silver flakes AX20LC (SF) were bought
from Amepox Microelectronics. Their average size
varied from 2 to 4um and maximum agglomerate
size from 6 to 12um. Their purity was equal to min.
99.99 % [16]. The silver flakes were added
in the proportion of 70/30 wt% to the polymer resin
poly(methyl methacrylate)-poly(butyl methacry-
late) PMMA-PBMA dissolved in butyl carbitol
acetate (10 wt%).

The silver nanopowder (nAg) was produced
by authors. Its average size measured on the basis
of SEM analysis was 6.5 nm. It was mixed
in the proportion of 80/20 wt% with the polymer
resin 10 wt% PMMA-PBMA dissolved in butyl
carbitol acetate.

The used multi-wall carbon nanotubes
(MWCNT) were bought from CheapTubes.com.
Combustion chemical vapour deposition (CCVD)
was used for their production. Their average length
varied from 0.5 to fum and diameter from 10 to 50
nm. MWCNT were added to 10 wt% solution
of poly(methyl methacrylate) PMMA in butyl
carbitol acetate.

The antenna pattern presented in Figure 1 [17]
was used in the conducted investigations.
It characterized with the square shape (20 x 20
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mm) and input impedance;,Z= 32 + 216 j )]
for the frequency 915 MHz.

Fig. 1. Pattern of the antenna used in the performed
investigation.

The materials used in the performed
investigations were characterized with regard
to their electrical parameters measured with four-
point method with the digital multimeter Agilent
HP34401A. Surface structure of printed antennas
was observed on an optical profilometer NT2000
Veeco. Microstructures of printed layers were
observed using the scanning electron microscope
(SEM) JOEL JSM-7600F. Return loss
for investigated antennas was checked using
the network analyzer N5242A PNA-X Agilent
Technologies. Their mechanical durability was
investigated using the Force Testing System
Mecmesin Multitest i-1.

3. Reaults and discussion

3.1. Antenna simulation

Before practical measurements a simulation

of the antenna presented in Figure 1 was performed.

The simulation software CST Microwave Studio
was applied. It made possible to evaluate properties
of tested antenna, especially its characteristic
of return loss and radiation pattern. Apart from it,
conducted simulation accounted for a reference
to the measurement results.

During performed reflection coefficient simu-
lation it was revealed that the investigated antenna
exhibited its basic resonant frequency near 915
MHz (Fig. 2). It was consistent with the initially
taken assumption mentioned in the second
paragraph (see Experimental).
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Fig. 2. Characteristic of antenna return loss
for the source impedance Z = 32 — 216].|

Radiation pattern was also taken into account
(Fig. 3; the scale means the antenna directivity).
It was simulated for the frequency 915 MHz.
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The substrate was polyimide foil. It was assumed
that its dielectric constant was 3.5 for the frequency
1 GHz and that antenna was made from silver.
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Fig. 3. Radiation pattern of the antenna used
in the conducted investigation.
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3.2. Resistance measur ements

Resistance measurements were carried out
for three investigated conductive materials in order
to evaluate their applicability for antenna printing.
It was noticed (Tab. 1) that the lowest sheet
resistance (19 &/ ) was achieved for the layer
printed with the paste nAg and the highest one
(6027Q/ ) with the paste MWCNT.

Tab. 1. Sheet resistance of the layers printed with
the investigated pastes.

Q RIQ/ ]
Substrate——zr nAg MWCNT
foil 0.248 0.019 6027
paper 0.031 X 1229

The higher resistance achieved for the layer
MWCNT can be probably a result either of higher
tunneling resistivity or smallest contact area
between filler particles according to the Eq. 1 [18].

Ro=p/d+pla (1)

where p; means intrinsic filler resistivity, d -
diameter of a contact spgqg, - tunneling resistivity
and a - contact area.

In order to verify this statement a microstru-
cture of the layers printed with elaborated materials
was analyzed (Fig. 4). It was carried our using
SEM microscope. The results revealed that silver
particles, both in a form of flakes and nanopowder,
were distributed uniformly. Another behavior was
observed for carbon nanotubes. This filler exhibited
a tendency to create cluster which caused that
CNTs were distributed chaotically in the printed
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layer. However, according to experiments

described in the literature it is possible to decrease
the CNT layer resistance by CNTs alignment using
electric or magnetic field [19-21].
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Fig. 4. Microstructure of the layers printed
with the pastes: a) nAg, b) SF, c) MWCNT
(magnification: 10 000 X).

The resistance depended also from applied
substrate type as it can be seen in Table 1. It was
revealed that the SF and CNT layers printed
on paper characterized with the larger thickness.
It was equal to 23.60um and 8.67um (paper)
comparing to 9.75pum and 3.33 um (foil),
relatively (Fig. 5). The achieved results were
consistent with theoretical considerations which
point that together with an increase of layer
thickness its resistance decreases.

Fig. 5. Cross sections of the layers printed on paper
with the paste a) SF and b) MWCNT (mag. 200 X).
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3.3. Surface structur e obser vation

Apart from layer sheet resistance also
its surface structure (Fig. 6) can play an important
role. Average surface roughness has an influence
on a layer AC resistance. It changes per unit length
according to Eq. 2 [22].
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Fig. 7. 3D surface profile of the MWCNT antenna
printed on PEN foil.
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Fig. 8. 3D surface profile of the nAg layer antenna
printed on Kapton.

Fig. 6. Surface structure of the layers printed with
the paste: a) SF, b) nAg, ¢) MWCNT (mag. 200 X).

The average surface roughness measured with
a contact profilometer was 2.9, 0.4 and 0.5 for
the layer printed with the pastes SF, nAg and
MWCNT, relatively. In the consequence, the AC
resistance increased by approximately 13, 7
and 0 % for the mentioned above layers, relatively.

In order to investigate surface structure
of the printed layers more accurately optical
profilometer was applied. The achieved results
confirmed that a mapping of screen eyes took place
like it was observed on Figure 6. It was especially
seen for the SF antenna (Fig. 9).

Fig. 9. 3D surface profile of the SF layer printed
on paper.
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3.4. Return loss measur ements

Return loss measurements were carried out
in order to verify properties of elaborated antennas.
The biggest challenge in these measurements was
a construction of measurement probe. Syed et al.
[10] constructed a circuit board. It consisted of
a balun and balanced output terminals and it is
driven with a coaxial cable.

Similar circuit board was constructed in the
performed investigation (Fig. 7). Itconsisted
of a waveguide in the form of a 5@ non-
symmetrical strip line, SMA connector, output
produced as a pad connected to the ground
and the end of the strip line. A calibration was done
using a short section of conductor (short), @1
SMD resistor (load) and “free” output (open).
The probe provided limited accuracy however
it was sufficient for preliminary tests to verify
if the printed antennas worked properly in UHF
frequency range.

Fig. 7. A probe used in performed return loss
measurements.

In the performed investigations an influence
of substrate, conductor and applied number of prin-
ted layers were taken into consideration.

Characteristics of return loss for the antennas
printed on foil or paper with the paste SF are
presented in Figure 8. For comparison copper
antenna was measured.
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Fig. 8. Characteristics of return loss
for the antennas printed with the paste SF.

The basic resonant frequency was 957 and 1145
MHz for the antennas printed on paper and foil,
relatively. The shift of 188 MHz was noticed. It can
be a result of different dielectric constant between
paper and PEN foil. It is higher for paper
comparing to foil. According to theoretical
consideration [23] an increase of dielectric constant
results in a shift of reflection coefficient
characteristic to the left side like it was observed in
the conducted investigations.
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The second factor influenced on printed
antenna properties which was taken into conside-
ration was used conductive material (Fig. 9).
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Fig. 9. Characteristics of reflection coefficient
depending on used paste.

Presented above characteristics exhibited
different basic resonant frequency. It can be
probably connected with various structures

of printed antennas. Moreover, the minimum
of return loss was different. For antennas fabricated
with the paste SF it was -17 dB and with the paste
SP -12 dB.

Observed differences can be combined with
skin depth effect. It can be calculated from
the following equation [24]:

Jzi L=503 L

N, V4T U f @

For silver conductop, equals 1 ang is 3.410
7 Q. When basic resonant frequency is 15 MHz
the skin depth equal® = 9.7 um. The highest
antenna efficiency is achieved when its thickness
istwo times bigger than skin depth so it should
equal 19.4um. If the antenna has another thickness
its efficiency decreases [24].

In the conducted measurements the antenna
printed with the paste SF exhibited a thickness
which was comparable with an optimal value
resulting from skin depth. In the consequence,
the SF antenna characterized with the lower
minimum of S§; characteristic comparing to its
equivalent printed with the paste SP. The last one
provided a several times to low (than optimal)
thickness of ca. im.

It was also found that a number of printed
layers played a significant role (Fig. 10). The
experiment was performed for the paste SP printed
on Kapton. The characteristics of return loss
for one- and two-layer printing revealed that
the second layer caused a change of properties
of investigated antenna. Its basic resonant
frequency was shifted from 859 to 1082 MHz.
Observed differences could result from different
layer structure (Fig. 11). After printing of second
layer the surface of antenna was more even. It was
noticed a decrease in the average roughness from
6.1um to 5.5um.
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Fig. 10. Characteristics of return loss for the paste
SP for one- and two-layer printing.

Fig. 11. Surface profile for two-layer printing.

Furthermore, no significant difference in the
minimum of return loss characteristic was noticed.
For a single layer it was -12 dB and for double one
-14 dB. This might be a result of larger thickness
(3pum for two-layer printing) which was closer
to the optimal one (19.4m).

3.5. Mechanical durability

One of the most important advantages
of printed RFID antennas is their flexibility. This
causes that RFID tags can be applied even
on corrugated surface and this does not lead to their
damage. Mechanical durability of investigated
screen printed antennas on low cost flexible
substrate was analyzed during bending exposure.

It was assumed that bending distance was
10 mm and speed of head 200 mm/min. Antennas
were exposed up to 1000 bending cycles.

Tab. 2. Increase of resistance after 1000 bending
cycles.

AR [%)]
Number SF nAg| MWCNT
of cycles - : >
foll paper | foil foll
0 0.00 0.00 | 0.00 0.00
100 15.93 3.61 1.2% 2.11
500 24.35 9.01 2.03 2.87
1000 39.65| 31.99| 2.65 2.86

The highest durability to bending cycle exhibited
the antenna printed with the paste with silver
nanopowder (nAg). It was even higher than for
the layer made with the paste with carbon
nanotubes (MWCNT) which characterize with
excellent mechanical properties [25]. Several times
lower durability was noticed for the SF antenna.
It exhibited above twelve times larger increase
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of its resistance after 1000 bending cycles.
The results revealed that the form of silver particles
played an essential role. Silver nanopowder
characterized with significantly smaller size

comparing to silver flakes. It could causes that
stresses emerging during bending cycles resulted
in larger damages in the layer structure.

It was observed that used substrate influenced
on mechanical durability of tested screen printed
antennas. In the case of the paste with carbon
nanotubes (MWCNT) cracks were appeared after
2+ 3 bending cycles. This resulted in creating
of open in the antenna layer (Fig. 12).

Fig. 12. Cracks appeared in the MWCNT antenna
after a few bending cycles (mag. 30 X).

The same phenomenon was occurred for the SF
antenna. Also cracks were appeared (Fig. 13).
However, in this case the electrical connection
inthe antenna layer did not break. Only above
30 % increase in its DC resistance was noticed after
1000 cycles.

Fig. 13. Cracks appeared in the SF antenna after
1000 bending cycles (mag. 100 X).

Observed cracks, both in the antenna printed with
the paste MWCNT and SF, were a result
of cracking of polymer coating a paper. These
phenomenons were not noticed for the layers
printed on foil, either on Kapton or PEN.

4, Summary

In this paper, investigations of screen printed
antennas on flexible substrates (foil and photo
paper) were described. Three types of conductive
materials containing carbon nanotubes, silver
nanopowder or silver flakes were used for antenna
printing. Electrical properties, surface profile,
return loss and mechanical durability on bending
stresses were measured for conducted layers.

The electrical measurements revealed that
the lowest sheet resistance was achieved for
the layer printed with the paste with silver
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nanopowder. The paste with carbon nanotubes
provided its highest value what resulted in poor
performance of MWCNT antenna. Such a big value
of sheet resistance for CNT layers can be caused
by haotic dispersion of carbon nanotubes. These
particles created clusters and in the consequence,
the probability of electron transmission between
them decreased and resistance increased. However,
silver particles were distributed uniformly.

Surface profile observations exhibited that
a mapping of screen eyes took place. It was
especially seen for the layers made with silver. The
surface roughness could be decreased when two-
layers printing was applied.

It was revealed that the paste with carbon
nanotubes was not suitable material for antenna
printing because of too high MWCNT antenna loss
resistance. Two other tested materials allowed to
produce antennas characterized with comparable
performance. It was found that multilayer printing
can contribute to a shift of antenna basic resonant
frequency. However, further investigations are
necessary to conducted in order to explain this
phenomenon.

The highest mechanical durability on bending
stresses was achieved for the layers printed with
the paste nAg. It was even higher than for the
MWCNT layers. After bending stresses the cracks
were appeared in the SF and MWCNT antennas
printed on paper. These damages were caused
by a cracking of polymer coating a paper.
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