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Te fabrication of fexible antennas for RFID applications can be divided into subtractive and additive methods. In this study,
a low-cost additive method is proposed, which involves printing aluminum paste and utilizing a galvanic replacement reaction.
Trough a galvanic replacement process, copper sulfate waste efuent was employed to convert the aluminum electrode into
a highly conductive copper electrode. Te physical characteristics of the Cu electrode, such as surface fatness, thickness, and Al-
Cu conversion ratio, were studied.Te Cu electrode, produced using an innovative additive technique at a temperature of 75°C for
15minutes, exhibits the lowest resistivity of 5.89×10–8Ωm.Tis resistivity is comparable to that of a commercial silver thick flm
electrode, making it suitable for use in manufacturing RFID antennas for RFID module applications. With an S11 of −40 dB at
1.26GHz, a maximum gain of 2.87 dBi, a maximum efciency of 53.63%, and a reading distance of 9meters, the RFID module
demonstrates impressive performance. Te reading distance of an RFID module with a copper foil antenna is longer (8.5meters).

1. Introduction

An RFID system comprises three components: an antenna,
a transceiver (often combined into one reader), and
a transponder (the tag) [1, 2]. Te conventional RFID an-
tenna process uses copper clad laminate (CCL) or fexible
copper clad laminate (FCCL) with exposure and etching
processes, which not only causes a large amount of copper
waste and copper scrap but also generates agent and de-
veloper waste during the process to be harmful to the en-
vironment. Te main motive of this work to alter FPCB
(fabricated printed circuit board) for RFID antennas now
uses the additive process rather than the conventional
subtractive method, which signifcantly decreases the trash
and sewage produced by the subtraction process [3, 4].

When utilized as substrates for fabricating fexible an-
tennas, fexible PET (polyethylene terephthalate) sheets
encounter two signifcant challenges in additive
manufacturing: low-temperature heat treatment and high
conductivity of the conductive paste [5]. Te primary ad-
ditive method currently in use involves screen printing thick

layers of silver (Ag) or copper (Cu) pastes, followed by
thermal treatment of those pastes in either an air or nitrogen
atmosphere. However, the cost of producing thick flm silver
paste or copper paste is high. In this work, a cost-efective
aluminum paste is used in place of the prohibitively ex-
pensive nanosilver paste and other copper paste substitutes
that are typically used in classic thick flm processes [6, 7].
Temost abundant metal on Earth (after silicon and oxygen)
is aluminum, which is printed onto a fexible PET substrate
sheet using an epoxy resin paste [8, 9]. However, since the Al
paste with epoxy resin is nonconductive, the thick flm
aluminum electrode, which was screen printed and had
a higher oxidation potential, was immersed in an aqueous
solution of CuSO4 for a certain duration. Ten, through
a process known as galvanic displacement oxidation-
reduction, the metal aluminum was replaced by the metal
copper, which has a higher reduction potential [10]. Our
work difers signifcantly from previous research in which
not only has Al replaced with Cu on the surface but also aim
to replace Al with Cu internally to the greatest extent fea-
sible, replaced with Cu internally. Tis is due to the porous
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structure of the dried aluminum paste with epoxy. Te
formation of a highly conductive Cu layer without elec-
troplating is then achieved by performing a galvanic dis-
placement reaction between Al paste and CuSO4 solution
with various additions. Following a galvanic displacement
reaction, the performance of the Cu conductor, including
roughness, conductivity, and the conversion ratio of Cu/Al,
is signifcantly infuenced by the additions in the CuSO4
solution. By the way, cutting-edge circular economy tech-
nology is proposed to create fexible substrates for antennas
by using the copper sulfate waste produced by the semi-
conductor industry upstream to perform a galvanic dis-
placement reaction [11]. To achieve high performance of
RFID tag antenna on fexible PET substrate, the Al electrode
will be completely transformed into a Cu electrode via the
galvanic displacement reduction-oxidation reaction.
Terefore, in this study, a low-cost and environmentally
friendly method was used to fabricate and verify the RFID
tag antenna performance [12].

2. Experimental Procedure

Figure 1 shows the experimental fows for this study.
In this study, the PET substrate utilized was sourced

from Kolon Industries Inc. Te conductive aluminum paste
employed was obtained from Li-Cheng Inc. Initially, the
PET substrate samples underwent a screen printing process
using a thick flm aluminum paste. Screen printing, which
involves the application of paste through a mesh onto
a surface, was employed in this procedure. Te printed
samples were subsequently subjected to a drying period of
approximately 30minutes at a temperature of 200°C. Fol-
lowing that, an aqueous solution of CuSO4. 5H2O(s) (100 g/l)
and 98% H2SO4 (aq) (50–60 g/l) was prepared for the sub-
sequent displacement reaction. Te pH of the CuSO4 (aq)
solution was maintained at 0.07. Subsequently, the samples
were immersed in a CuSO4 solution and placed on a hot
plate. Te temperature of the solution was carefully con-
trolled within a range of 45°C–75°C, and the samples were
subjected to varying time intervals between 5minutes and
50minutes to carry out the galvanic chemical displacement
reaction. In order to improve the copper deposition during
the displacement reaction, organic additives were also
used. Suppressor-type additives were introduced to the
CuSO4 solution to study their impact on the kinetics of Cu
reduction, whereas accelerators were seen to accelerate
the deposition rate. In a future publication, a thorough
analysis of the efects of various additives will be pre-
sented. Overall, as depicted in Figure 1, this experimental
approach was demonstrated, and various phases were
stated. Te physical properties of Cu electrode on PET
flm after galvanic displacement reaction including
thickness and roughness are examined by using an optical
microscope and scanning electron microscope. SJ-210
Mitutoyo uniformity analyzer was used to measure the
surface fatness (Ra) of the surface of Cu electrode after
galvanic displacement reaction. Multiple spots were used
to measure and calculate the sample copper surface’s
average fatness (Ra) value.

Te electrochemical dc polarization measurements were
conducted using a potentiostat/galvanostat (Princeton Ap-
plied Research PARSTAT model 2273). Resistance of Cu
electrode after displacement reaction was measured using
a two-probe LCR meter. Te resistivity of Cu electrode is
calculated based on the formula given as follows, where ρ
represents the resistivity, L represents the length, and A
represents the area.

R � ρ
L

A
. (1)

While tag antenna return loss is measured by vector
network analyzers, the reading distance of the tag antenna by
RFID readers and the antenna radiation pattern and ef-
ciency are measured by the anechoic chamber’s far-feld
measurement.

3. Results and Discussion

In this section, the infuence of solutions temperature and
immersed time on the microstructure and electrical prop-
erties of the electrodes after replacing aluminumwith copper
sulfate are discussed.

3.1. Electrochemical Analysis. In this study, the reduction-
oxidation substitution reaction of aqueous Cu2+ reacts with
the aluminum metal to yield Al3+ and copper metal, as il-
lustrated in Figure 2(a). Te basis for this approach is the
efect of organic additives on the kinetics of Cu reduction;
accelerator-type additions accelerate deposition while
suppressor-type additives slow it down [13].

Te potentiodynamic (PD) polarization scans were
carried out in electrochemical impedance spectroscopy (EIS)
to characterize the properties of the copper sulfate solution
with and without additives for the redox reaction as shown
in the following equation:

2Al + 3Cu2+⟶ 3Cu + 2Al3. (2)

3.1.1. Polarization Curve. Using electrochemical analysis to
examine the solution, a polarization curve is depicted in
Figure 2(b), illustrating that the corrosion current of the
electrode escalates with increasing temperature. During Cu
electroplating, the Cu ions oxidize from the Cu anode and
reduce to deposit on the Cu Cathode. With increasing
temperature, a decrease in both cathodic and anodic cur-
rents is observed. When the temperature rises, the rate of
corrosion and inhibition efciency (IE) rises. Compared to
Ag/AgCl, oxidation signifcantly improved the efciency of
copper deposition at various temperatures in terms of in-
hibitory efect. Temperature signifcantly infuences the
replacement rate because the amount of corrosion current is
directly proportional to the rate of reaction.Te temperature
of 75°C has the highest inhibition efciency, and the pre-
ferred current density for generating a copper deposition
with substantial current efciency was 0.25–1.5 A/dm2. As
a result, this demonstrates that copper can be efectively
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Figure 2: (a) Redox reaction of the Al metal with aqueous Cu2+ ions and (b) linear polarization at diferent temperatures.
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Figure 1: Design fowchart for this experiment.
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deposited on the surface of the aluminum electrode, pre-
venting corrosion of the aluminum.

Figure 3 shows the thickness of copper electrode after
galvanic displacement reaction at diferent solution tem-
peratures with diferent immersed times. At a lower solution
temperature of 45°C, the thickness of Cu electrode gradually
increases with increasing immersed time.

On the contrary, at a higher solution temperature of
75°C, the thickness of the Cu electrode increases dramati-
cally within 5minutes of immersion. However, the thickness
of the Cu electrode does not show signifcant changes when
the immersion time is increased beyond that. Te minimum
thickness of the copper electrode is 22.2 μm after a galvanic
displacement reaction at 45°C for 5minutes. When the
solution temperature is increased to 75°C, the maximum
thickness of the copper electrode is approximately 27.4 μm,
and the fatness is approximately 3 μm after a galvanic
displacement reaction for 15minutes.

Figure 4 shows that the proportion of the Al electrode
replaced by Cu electrode increases as the temperature
gradually rises. When the solution temperature exceeds
55°C, the replacement ratio of Cu/Al gradually increases as
the temperature rises. However, the proportion of re-
placement signifcantly decreases with increasing tem-
perature when the replacement time exceeds 30minutes.
Figure 5 shows the scanning electron microscope (SEM),
optical microscopy, and cross-section of the sample and
cross-section of the sample surface at diferent tempera-
tures of solution for 15 min. In comparison with the tra-
ditional method of using copper foil for antennas, the
sample surface exhibited erratic and abnormal growth at
a lower temperature. At a higher solution temperature,
a smooth surface of the desired thickness of Cu was ob-
served. Figure 5 illustrates that at a high temperature of
75°C, the SEM analysis revealed a dense and smooth surface
of copper, resulting in a bright surface appearance.

3.2. Measurement of Electrical Property

3.2.1. Resistivity of Cu Electrode. Since aluminum paste
contains aluminum powder, resin, and glass powder, it is not
possible to replace the entire aluminum electrode with
a pure copper electrode by a galvanic displacement reaction.
Terefore, this section discusses the diference between the
resistivity of the copper electrodes replaced by the re-
placement method and the resistivity of thick flm copper
sintered in an N2 atmosphere [14], as shown in Figure 6.

Table 1 shows the resistance and resistivity of the Cu
electrodes after the replacement reaction at various solution
temperatures and immersion durations. Figure 6 shows that
the resistance decreases with an increase in solution tem-
perature, and the resistance decreases signifcantly after
15minutes of immersion time. From Table 1, the resistivity
decreases as the solution temperature increases from 45°C to
75°C for the same immersion time of 15minutes. Te lowest
resistivity is 5.89×10–8Ωm at 75°C for 15minutes, which is
achieved by the thick flm of Cu electrode sintered in a ni-
trogen atmosphere. Te smooth surface and dense micro-
structure of the copper used to replace aluminum in the

copper sulfate solution at 75°C for 15minutes are favorable
factors contributing to the resistivity.

3.2.2. RFID Tag Antenna Characteristics. In this study, the
RFID antenna is typically a printed dipole antenna (half-
wavelength) with a meander line for UHF RFID
(300MHz–3GHz) applications [15]. Te design was altered
to have a maximum 91.75× 6 millimeter footprint area and
was adapted from a previous article [16], as illustrated in
Figure 7(a). In comparison to HF tags, the UHF RFID band
ofers a reading distance with a 1.25mm spacing and
a reading range of up to 12meters. For applications re-
quiring 980MHz, it is appropriate. Te dipole antenna is the
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earliest and most basic structural form of antenna used in
radio communications. It is composed of two symmetrical
conductors that are connected to a feeder wire at each end.
Te simulation results of the return loss (S11) and 3D ra-
diation pattern for the half-wavelength dipole antenna with
a meander line are shown in Figures 7(b) and 7(c), re-
spectively. An axially symmetric radiation feld is produced
by the antenna [17].

Te techniques used to fabricate RFID antennas for UHF
band applications are contrasted in Figure 8 and Table 2. We
compare a novel additive procedure that utilizes the galvanic
displacement reaction of PET flm to the conventional
subtractive method, which involves etching copper foil.
Comparative images of RFID dipole antennas created using
various techniques are shown in Figures 9(a) and 9(b). Te
subtractive method, using the etching process, was
employed to create Figure 9(a), while the additive method,
involving printing and galvanic displacement reaction, was
utilized to fabricate Figure 9(b). Te fabrication procedures
were carried out at diferent temperatures and for varying
durations. Te novel additive method is undoubtedly
preferable to the subtractive method in terms of reducing the
usage of Cu material. Te performances of RFID tag an-
tennas created via the subtractive approach with an etching
process and the additive method with printing and a gal-
vanic displacement reaction at 75°C for 5–15minutes are
shown in Figures 10(a)–10(d). In the far-feld measurement
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Figure 5: Additive method PET antenna of the replacement condition in comparison with copper foil antenna.
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Figure 6: Resistance value of the PET antenna sample after
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Table 1: Resistivity after displacement reaction at diferent tem-
perature and time.

Resistivity (Ωm)
Temperature 45°C 55°C 65°C 75°CTime (min)
5 7.8×10–7 1.46×10–7 7.7×10–8 8.3×10–8

15 9.9×10–8 8.39×10–8 6.88×10–8 5.89 × 10–8

30 2.02×10–7 8.36×10–8 7.87×10–8 6.84×10–8

40 1.35×10–7 1.3×10–7 7.23×10–8 7.3×10–8

50 1.89×10–7 9.9×10–8 7.04×10–8 7.7×10–8

Te bold value indicates the lowest resistivity in these studies.
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of the anechoic chamber, the return loss, radiation pattern,
and antenna efciency of the tag antenna have been mea-
sured [15, 18]. Efective assessment of RFID module per-
formance metrics (gain, efciency, and read distance)
necessitates specifc testing methodologies. Gain is

established through a comparison of emitted and received
signal strengths across diferent distances. A controlled
environment is set up, involving a calibrated RFID reader
and standardized tag. Utilizing an antenna analyzer, the
power radiated by the tag antenna is measured to calculate

Subtraction Process

Photoresist Process on Copper Foil printed
circuit (Tag antenna)

Wet Etching process 

(a)

Additives Process used in this work. 

Tag Antenna pattern on PET substrate 

Chemical Replacement process

(b)

Figure 9: (a) Te copper foil antenna fabrication by the subtractive method utilizing the etching process and (b) printed dipole antenna on
a PI substrate using the additive method.
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efciency. Evaluation precision is enhanced through con-
sistent testing, meticulous data collection, statistical analysis,
and comparisons.

As per Table 3, impedance reduces with higher re-
placement temperatures. Figure 10 illustrates S11 antenna
outcomes and 3D radiation patterns for copper foil and
additive methods at 75°C for 5, 10, and 15minutes. Te
analysis and evaluation of the RFID tag antenna, conducted
without an IC, yield valuable insights into its behavior under
varying conditions. Experiments involved copper foil and
PETsubstrates subjected to difering temperature durations.
Copper foil exhibited an impressively low 0.05Ω impedance,
indicating efcient signal transmission. Despite a slight
attenuation in maximum gain (−3.5 dB), satisfactory energy
conversion was evident with a maximum efciency of
−17.75%. Notably, the return loss at 1.1–1.4GHz is less
favorable for shorter replacement durations (Figure 10(b)).
Te growing adoption of aluminum over copper is attributed
to lower proportions of the latter. Elevating copper content
notably reduces return loss within specifed frequency
ranges. Turning to PET substrate testing, distinct patterns
emerged with varying 75°C replacement durations. At
5minutes, impedance increased to 40Ω., signifying
heightened signal resistance. While maximum gain de-
creased (−2.25 dB), maximum efciency experienced mar-
ginal reduction (−18.41%). Extending replacement to
10minutes introduced a notable alteration in signal be-
havior, evident in the 3.2Ω.

Turning to PET substrate testing, distinct patterns
emerged with varying 75°C replacement durations. At
5minutes, impedance increased to 40Ω., signifying
heightened signal resistance. While maximum gain de-
creased (−2.25 dB), maximum efciency experienced mar-
ginal reduction (−18.41%). Extending replacement to
10minutes introduced a notable alteration in signal behavior,
evident in the 3.2 ohm impedance and improved maximum
gain (−1.97 dB). Maximum efciency remained consistent at
−18.88%. A 15-minute replacement at 75°C resulted in sig-
nifcant signal resistance reduction (0.826Ω), accompanied by
improved maximum gain (−1.13 dB) and a remarkable boost
in maximum efciency (−22.55%). Aluminum has mostly
supplanted copper due to the low proportion of copper.
Raising the copper percentage greatly reduces the return loss at
1.1–1.4GHz and 1.7–2GHz. While copper foil demonstrates
commendable signal efciency, PET substrate showcases
impedance and gain variations with diferent replacement
durations, impacting overall efciency. Tese results provide
crucial insights for optimizing RFID applications. In con-
clusion, evaluation of an RFID tag antenna without an in-
tegrated circuit reveals the complex relationship between
substrate type, temperature, and performance.

3.2.3. RFID Tag Antenna with Schottky Diode Characteristic.
RFID transponder, or tag consisting of antenna and Schottky
diode (IC), was used [19, 20]. One of the key benefts of
passive UHF tags is their range, which is important in
numerous circumstances. However, this RFID antenna
works higher than 1.26GHz frequencies, which are

occasionally referred to as microwave frequencies. Tere-
fore, a future study will also include microwave frequencies
above higher frequency RFID tags (2.45GHz). In this fre-
quency range, ultrahigh frequency (UHF) RFID and mi-
crowave RFID systems are commonly employed. RFID
systems operating above 1.26GHz, particularly in the UHF
andmicrowave frequency ranges, ofer enhanced capabilities
for various applications. UHF RFID chips, such as the
Monza R6 and Alien Higgs-3 [1, 2, 15], are commonly used
in this frequency range and are connected to the antenna
through precise bonding techniques to ensure a reliable
connection and optimal performance.

To confrm the performance of Cu antenna fabricated by
galvanic displacement, we measured the performances of tag
antenna with Schottky diode. Figure 11 shows schematic
images of (a) design and (b) fabricated additive antenna
mounted on the standard fxture method on the fxture to
reduce the environmental efect on the antenna measure-
ment [21, 22].

Utilizing the novel additive technique on a PETsubstrate
in accordance with the experimental analysis stated above
and antenna performance, a promising result was obtained
based on galvanic displacement reaction at 75°C for 15min.
Figure 12 shows the return loss and 3D radiation pattern for
the copper foil antenna with Schottky diode by using the
subtractive process and the antenna on PET with Schottky
diode by using the novel additive process at 75°C for
15minutes. Te return loss shows that when the tag antenna
is added with Schottky diode, the most obvious diference is
that the model at 1.1–1.4GHz becomes better, and the return
loss at 1.1–1.4GHz afects the gain magnitude which in-
directly afects the reading distance of the tag antenna. Te
antenna with IC having the best performance on S11 is
−40 dB at 1.26GHz and −40 dB with the maximum gain of
2.87 dBi. Te maximum efciency is 53.63%. Te reading
distance, which represents the RFID tag antenna’s propa-
gation distance, is used to assess the performance of RFID
tag with Schottky diode [22–24].Te reader used to measure
the reading distance is CS461 and the transmitting antenna
from convergence system limited (CSL) [25].

A comparison of the performance of the RFID tag an-
tenna with the Schottky diode between using the copper foil
with the subtractive process and using the PET flm with the
novel additive process at 75°C for 15min is shown in Table 4.
However, there may not be an obvious relationship between
impedance and reading distance [26, 27]. Te major dis-
tinction between the RFID copper foil tag antenna with
Schottky diode and the RFID PET tag antenna with Schottky
diode is maximum gain. Using a subtractive method, an
RFID copper foil tag antenna with a Schottky diode can
achieve a reading range of up to 8.5meters. S11 has a return
loss of −26 dB at 1.95GHz and 1.21GHz, respectively [28].
Te maximum gain and efciency are 2.24 dBi and 51.14%,
respectively. In comparison to a Schottky diode substrate,
the RFID PET tag antenna can be read over 9meters further
whenmade using an additive technique.Te Schottky diode-
equipped RFID PETtag antenna indicates the S11 return loss
at 1.2GHz and 2.05GHz, respectively. Te maximum gain
and efciency are 2.87 dBi and 53.63%, respectively.
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Figure 11: (a) Fixture design pattern and (b) fabricated additive antenna mounted on the fxture using a standard method.

Table 3: Antenna measurement result without IC.

Temperature (°C) Time (min) Substrate Impedance (Ω) Maximum gain
(dBi)

Maximum efciency
(%)

Copper foil version 0.05 −3.5 17.75
75 5 PET 40 −2.25 18.41
75 10 PET 3.2 −1.97 18.88
75 15 PET 0.826 −1.13 22.55
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Figure 12: Te results of return loss and 3D radiation pattern for (a) copper foil antenna and (b) additive method antenna with
Schottky diode.

Table 4: Comparison of performance for RFID tag antenna with Schottky diode by using the subtractive process and the novel additive
process.

Processes RFID copper foil
sample-subtractive method

Novel additive method
RFID sample at

75°C
Reading distance (m) 8.5 9
Impedance (Ω) 0.637 0.245
Maximum gain (dBi) 2.24 2.87
Maximum efciency (%) 51.14 53.63
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4. Conclusion

(1) A novel additive method for manufacturing RFID
tag antennas on PET fexible substrates has been
successfully developed. Tis method is simple, en-
vironmentally friendly, and difers from the existing
subtraction process. It is based on the utilization of
thick-flm screen-printing aluminum pastes and
galvanic replacement reaction. Future applications of
this innovative RFID antenna with additive tech-
nology will incorporate into a variety of devices for
information detection, collection, and asset man-
agement that can improve operational efectiveness
and industries with security related applications. In
addition, this additive work will be used to fabricate
compact millimeter wave frequency antennas for 5G,
automobile radar applications, etc.

(2) Te study investigated the impact of solution tem-
perature and immersion time on the microstructure
and electrical characteristics of the aluminum elec-
trode transformed into a copper electrode via
a galvanic replacement reaction. Te temperature of
the solution signifcantly afects the size of copper
grains, while the duration of immersion has a major
impact on the density of the copper surface. Te
resistivity of the copper electrode after the galvanic
replacement reaction at 75°C for 15minutes is
2.89×10–8Ωm, which is comparable to that of thick
flm copper (3.8×10−8Ωm).

(3) RFID copper foil tag antenna made by the traditional
subtractive process shows that the return loss is
−8 dB at 1.15–1.35GHz, −14 dB at 1.75–2.14GHz,
and the gain, the efciency is −3.55 dBi, 17.753%.
RFID copper electrode tag antenna on the PET
fexible substrate made by the novel additive method
shows that the return loss S11 is −8 dB at 1.2GHz,
−22 dB at 1.93GHz, and the gain, the efciency is
−2.25 dBi, 25.66%.

(4) RFID copper foil tag antenna with Schottky made by
the traditional subtractive process shows that return
losses are −31 dB at 1.21GHz, −26 dB at 1.95GHz,
and gain, efciency is 2.24 dBi, and 51.14%. Te
reading distance is 8.5m. On the other hand, the
RFID copper electrode tag antenna with Schottky
diode on the PETsubstrate made by the novel additive
method at 75°C for 15min shows the return loss S11 of
−40 dB at 1.2 6GHz, and −40 dB at 2.05GHz with the
maximum gain is 2.87 dBi. Also, the maximum ef-
ciency is 53.63%. Te reading distance is 9meters.
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