J Mater Sci: Mater Electron

t‘)

Check for
updates

Silver nanoparticulate antenna tracks sintered
under carboxylic acid vapors for flexible radio-
frequency identification tag application
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ABSTRACT

Sintering of silver (Ag) nanoparticles (NPs) using carboxylic acid vapors was
introduced for conductive patterns applicable for flexible radio-frequency
identification (RFID) tag application. The printed Ag NP patterns on flexible
polyimide sheets were sintered in the atmosphere selected from air, Ny, or N»-
bubbled carboxylic acids. The sintering temperature was chosen from 80, 140,
and 200 °C. Microstructures, organic residues, and electrical and mechanical
properties of the sintered Ag patterns were compared, depending on sintering
atmospheres. The Ag NP patterns sintered in N)-bubbled formic acid (FA)
atmosphere revealed an effective decomposition of organic materials in the
patterns, resulting in lower electrical resistance and improved mechanical
hardness. The Ag pattern sintered in FA showed relatively low resistances with
0.029-0.039 Q for all temperatures. Upon folding tests, the Ag NP pattern sin-
tered in FA showed the smallest change in the resistance. The Ag NP pattern
sintered in FA at 140 °C had its highest hardness of 3.59 N/mm?. Sintering
conditions in FA at 140 °C for 1.5 min were chosen for the fabrication of flexible
RFID tags with two different shapes of squared and spiral antennas. The quality
factor (Q-factor) was in the range of 7.775-34.817 and 7.241-78.156, for squared
and spiral antennas, respectively.
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and circuits can be formed by either metal sputtering
method or printing of metal pastes or inks. The for-

1 Introduction

Conductive metal pastes or inks play an important
role in producing desired conductive layers onto
flexible substrates for fabricating various flexible
electronics such as flexible or wearable electronic
devices, solar cells, identification tags, and smart
sensors [1-11]. The conductive electrodes, patterns,
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mer needs an expensive and complex vacuum system
to deposit metal films and the latter enables fast, easy,
and cost-effective process. Copper (Cu) and silver
(Ag) are the most common conducting materials for
metal pastes or inks. Cu is more cost-effective and
has high conductivity and less electromigration
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effects [12, 13]. However, Cu can be easily oxidized
when it is exposed to air, resulting in the insulating
Cu oxide layer and reducing the electrical conduc-
tivity. In comparison, Ag is the most common con-
ductive ink due to its high conductivity and good
oxidation resistance [14-16]. Metal pastes or inks are
composed of metal nanoparticles (NPs), organic
capping molecules, solvents, and additives. Under
appropriate sintering conditions, organic materials in
the pastes or inks are removed and metal NP contacts
are enhanced to achieve a high electrical conductiv-
ity. Researchers have achieved a low temperature
sintering of Ag NP pastes and inks to fabricate con-
ductive patterns under atmospheres such as air,
nitrogen, or vacuum [17-19].

In this study, diverse sintering atmospheres chosen
from carboxylic acids have been adopted to investi-
gate the effect of sintering atmospheres on material
properties of conductive patterns using Ag NP inks.
Microstructures, organic residues, electrical resis-
tance, and mechanical hardness were observed and
compared, depending on sintering conditions. Opti-
mized sintering conditions were employed to fabri-
cate radio-frequency identification (RFID) antenna
tags to evaluate the electrical performance and to
observe possibility of application for flexible
electronics.

2 Experimental details

A printing system was assembled by a single-nozzle
pneumatic dispenser (Musashi ML-5000 XII) and a
desktop 3D printer. The dispenser comprised a syr-
inge, nozzle, and dispenser controller was suit-
able for dispensing a small volume of fluid. The
dispenser controller had a pneumatic control unit,
having an air pulse stabilizing circuit that eliminates
fluid volume fluctuation. This resulted in high dis-
pensing accuracy and consistency. An air compressor
connected to the dispenser provided the syringe and
nozzle with a pressure up to 0.7 MPa. The nozzle size
was selected from 0.1 to 0.4 mm. Flexible Kapton
polyimide (PI) sheets with a thickness of 0.1 mm
were used as substrates for printing. The Ag NP ink
with a model of PSI-211 was purchased from
NovaCentrix and its formulation properties included:
Ag solids content of 42 + 2 wt%, density of 1.6 g/ml,
viscosity of 35006000 cP at 10 s™', and acidity of
5.80 £ 0.05 pH. Overall size of Ag NPs was
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measured from the transmission electron microscope
images. About 56% of particles had the size below
10 nm and the average particle size was approxi-
mately 18 nm. Line patterns with a width of 1 mm
and a length of 20 mm were designed in the format of
G-code and loaded in the 3D printer. After the Ag NP
ink was filled in the syringe of the dispenser, the
pressure was injected into the syringe and nozzle
from the air compressor and the ink was ejected as
droplets from the nozzle. Then, Ag NP patterns were
printed on the PI substrate according to the pattern
images. The printed patterns were then dried in air
before sintering.

The printed and dried Ag patterns were placed on
the hot plate covered with a stainless-steel box for
sintering process. The box was tightly sealed on top
of the hot plate and connected with a quarter-inch
tube for supply of sintering gas. Sintering gas was
selected from air, N, or N-bubbled carboxylic acids.
Carboxylic acids included: monocarboxylic acids
such as acetic acid (AA, C,H40O,), butyric acid (BA,
C4Hg0,), formic acid (FA, CH0O,), and propionic
acid (PA, C3H¢O,), dicarboxylic acid such as oxalic
acid (OA, C,H,0,), and tricarboxylic acid such as
citric acid (CA, CcHgOy). Purity of N, gas was 99.8%.
All chemical reagents with ACS 96+% were pur-
chased from Fisher Scientific. No process gas was
provided in the box for sintering in air. For sintering
in Ny, N; gas was introduced to the box through the
quarter-inch tube from the N, gas cylinder with a
pressure of 15 psi controlled by a gas regulator. For
sintering in Ny-bubbled carboxylic acids, a glass jar
having both inlet and outlet was prepared. After
filling with each carboxylic acid, the inlet and outlet
were connected to the N, gas cylinder and the box
through the quarter-inch tubes, respectively. N, gas
flowed into the jar though the outlet generated bub-
bles in the acid and these N,-bubbled carboxylic acid
vapors were introduced into the box through the
inlet. When the dried Ag NP patterns were placed at
the center of the hot plate enclosed by the box, the hot
plate was heated up to reach the set temperature with
a ramping rate of 16.7 °C/min and the sintering gas
was supplied into the box. Sintering temperature was
set below 200 °C to avoid the degradation of the PI
substrate. Sintering temperatures were chosen among
80, 140, and 200 °C and a duration time for sintering
was 1.5 min. Once the sintering process was com-
pleted, the sintered Ag patterns were released after
the box was cool down to room temperature.
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Microstructures of sintered Ag NP patterns were
examined using scanning electron microscopy (SEM,
5-4500 Type II, Hitachi) with the secondary electron
image resolution of 1.5 nm at 15 kVA and the mag-
nification up to x50,000. Crystallinity of the patterns
was observed using X-ray diffractometry (XRD,
Miniflex600, Rigaku) with CuKo: (1.5406 A) radiation.
Electrical resistance of Ag NP patterns was measured
using a four-point probe (Ossila). Surface morphol-
ogy and root mean square (RMS) roughness of Ag NP
patterns were observed using atomic force micro-
scopy (AFM, Dimension 3100, Veeco). Optical image
of the patterns was examined using optical micro-
scopy (HAL 100, Axiotech). Chemical composition of
organic residues remained in sintered Ag NP pat-
terns was measured using Fourier transform infrared
(FTIR) spectroscopy (FTIR-4700, Jasco). Microinden-
tation hardness tester (Micromet 5103, Buehler) with
a Vickers indenter was conducted to measure the
Vickers hardness.

To evaluate the electrical performance of sintered
Ag NP patterns, RFID antenna tags were fabricated
and characterized. Electrical characteristics of the
RFID antenna tag were determined in a 13.56 MHz
band using a network analyzer (N5234A PNA-L
Network Analyzer, Keysight Technologies). Fig-
ure la and b show schematic diagrams of squared
and spiral antennas, respectively. Dimensions with
inner diameter (d;j,), outer diameter (d.,y), inner
radius (r;,), and outer radius (r.,;) are indicated for
each diagram. Figure 1c and d present photos of
sintered Ag NP patterns on flexible PI substrate for
squared and spiral antennas, respectively.
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Fig. 1 Schematic diagram of a squared and b spiral antennas and
photos of sintered Ag NP patterns on flexible PI substrate for
¢ squared and d spiral antennas

Figure 2 shows the schematic diagram for setup
with the network analyzer to measure the return loss
(511) of the RFID antenna tag. An RFID transponder
was chosen from one of the 12C chips, M24LR04E-R
(13.56 MHz) purchased from STMicroelectronics.
Two wires were connected to the antenna terminals
with the I2C chip to create an RFID receiver. The
receiver was then linked to the network analyzer to
measure the return loss (Sq1). The network analyzer
was connected to the ground pin of the 12C and one
of the antenna terminals. The chip had an internal
tuning capacitance (C;) of 27.5 pF. An additional
tuning capacitor (C;) was connected in parallel with
the C; depending on antenna types.

3 Results and discussion
3.1 Electrical resistance and microstructure

Figure 3 presents the resistances of the Ag NP pat-
terns sintered in various sintering atmospheres and
temperatures. The sintering atmosphere was chosen
from air, N, and Ny-bubbled carboxylic acids
including AA, BA, FA, PA, OA, and CA. The sinter-
ing temperature was selected from 80, 140, and
200 °C, and sintering time was 1.5 min. The resis-
tances strongly depended on the sintering tempera-
ture and atmosphere. When the Ag NP patterns were
sintered at 80 °C, average resistances were measured
above 20 Q for N,, AA, BA, CA, and OA, and no
resistance was measured for air while the lowest
resistance of 0.039 Q was obtained for FA, followed
by 9.636 Q for PA. As the sintering temperature
increased to 140 and 200 °C, the resistances drasti-
cally decreased below 1 and 0.1 Q for all sintering
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Fig. 2 Schematic diagram for setup with the network analyzer to
measure the return loss (S;;) of the RFID antenna tag
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Fig. 3 Resistances of the Ag NP patterns sintered in air, N, and
N,-bubbled carboxylic acids of AA, BA, FA, PA, OA, and CA for
1.5 min at sintering temperatures of 80, 140, and 200 °C

atmospheres, respectively. Interestingly, the Ag pat-
tern sintered in FA maintained relatively low resis-
tances with 0.039, 0.036, and 0.029 Q for all
temperatures of 80, 140, and 200 °C, respectively
while the Ag patterns sintered in other atmospheres
showed higher resistances at 80 °C.

Figure 4a-h represent the SEM microstructures of
the Ag NP patterns sintered in air, N, and N,-bub-
bled various carboxylic acids including AA, BA, FA,
PA, OA, and CA, respectively. Sintering temperature
and time were 140 °C and 1.5 min, respectively. A
metallic NP ink is generally composed of metal NPs
dispersed in a carrier solvent. The solvent mainly

functions as a carrier without degrading the metal
NPs. Organic capping molecules as dispersing agents
enclose the metal NPs to prevent agglomeration or
oxidation of them as well as to control the shape and
size of the metal NPs during a synthesis of them.
Additives are also included with a small amount
below 5% by weight to determine the properties of
the ink such as tension, rheology, wettability, and
dispersion stability. Although information of all
organic materials in the ink was not disclosed, it is
generally accepted that organic materials derived
from the ingredients of the ink should be eliminated
by the sintering process to enhance electrical con-
ductivity. The removal of the capping molecules
during the sintering process also promotes the con-
tact of the metal NPs, causing further networking and
coalescence of the NPs and densification of the NP
film. For sintering in air or N,, some large grains
were observed but particles were remained and dis-
persed. The Ag NP patterns sintered in N,-bubbled
carboxylic acids showed some distinct characteristics.
When the particles make contact each other, a neck
between them occur instantly. The neck generally
grows by mass transport and diffusion and the grains
and grain boundaries are formed. Along with the
formation of grains and grain boundaries, pores
reach their equilibrium shapes. Pores give channels
along the grain edges and their shrinkage due to
grain growth contributes to the densification of the
film. It was expected that grain growth, pore

Fig. 4 SEM surface images of the Ag NP patterns sintered in a air, b N,, and N,-bubbled carboxylic acids of ¢ AA, d BA, e FA, f PA,

g OA, and h CA at 140 °C for 1.5 min
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distribution, unsintered particles, and organic resi-
dues could affect the properties of the Ag NP pat-
terns. It is likely that pore distribution was observed
for all carboxylic acids. Unsintered particles were
scattered in the microstructure of the patterns sin-
tered in all carboxylic acids except for FA although
larger grains were presented for sintering in PA, OA,
and CA. For sintering in FA, both coalescence and
grain growth were observed.

Figure 5a—f show the SEM microstructures of the
Ag NP patterns sintered in CA at 80, 140, and 200 °C
and in FA at 80, 140, and 200 °C, respectively. Sin-
tering time was 1.5 min. The resistances were 21.450,
0.208, and 0.028 Q for sintering in CA at 80, 140, and
200 °C, respectively, and 0.039, 0.036, and 0.029 Q for
sintering in FA at 80, 140, and 200 °C, respectively.
For sintering in CA at 80 °C, it is likely that most
particles were remained without participating in any
coalescence and grain growth. In comparison, net-
work structures and agglomeration were found for
sintering in FA at 80 °C. This difference in their
microstructures at 80 °C resulted in the big difference
in their resistances. It is probable that there could be
organic residues remained in the microstructure
when unsintered particles were still observed. These
organic residues could be one of the factors to having
higher electrical resistances. It could be explained
that higher resistance for sintering in CA at 140 °C
was due to unsintered particles, compared with that
for sintering in FA at 140 °C. At 200 °C, both

Fig. 5 SEM surface images of
the Ag NP patterns sintered in
CA at a 80, b 140, and

¢ 200 °C and FA at d 80,

e 140, and f 200 °C for

1.5 min

microstructures for sintering in CA and FA were very
similar with coalescence and grain growth and this
resulted in almost the same resistance.

During sintering process, an effective removal of
organic capping molecules is mostly important in
order the particles to make contact each other. After
organic capping molecules are removed, the Ag NPs
contact each other and an instantaneous neck for-
mation occurs between the NPs, followed by the neck
growths through mass transport and diffusion and
grain boundaries formation and grain growth. It is
likely that formic acid played an important role in
eliminating capping molecules effectively and acted
as a facilitator to accelerate the contact and aggrega-
tion of NPs during sintering process. It is probable
that formic acid functioned as an etchant to decom-
pose organic compounds due to their acidity and
reaction with organic materials. It should be noted
that the reaction between formic acid vapors and
organic materials couldn’t be identified because the
composition of the Ag NP ink was not disclosed by
the manufacturer. At the low sintering temperature
of 80 °C, microstructures demonstrated that formic
acid was more effective than citric acid. More
agglomeration was found for sintering in FA and
some scattered unsintered particles were observed
for sintering in CA. More agglomeration in the
microstructure for sintering in FA led to lower elec-
trical resistance. As a result, for the low temperature
sintering process, formic acid was more effective than
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citric acid. When the sintering temperature increased
to 140 and 200 °C, the decomposition of the capping
molecules became easier and the contact between the
NPs, neck formation, and grain growth were more
progressed for both FA and CA cases. There was little
difference in microstructures for both cases at 200 °C,
consistent with the electrical resistance results. At the
high sintering temperature such as 200 °C, a domi-
nant factor to determine the microstructure and
electrical resistance was the temperature rather than
the atmosphere.

3.2 Surface morphology and optical surface
imagery

Figure 6a—h show the AFM surface morphologies of
the Ag NP patterns sintered in air, N, and Ny-bub-
bled carboxylic acids including AA, BA, FA, PA, OA,
and CA, respectively. Sintering temperature and time
were 140 °C and 1.5 min, respectively. As seen in the
SEM microstructures, the grains recognized by grain
boundaries as well as unsintered particles were
observed. The RMS roughness values of the Ag NP
patterns sintered in air, N, and Ny-bubbled car-
boxylic acids including AA, BA, FA, PA, OA, and CA
were calculated as 71.6, 94.2, 60.7, 89.3, 74.8, 72.4, 98.8,
and 63.6 nm, respectively. The RMS average was
obtained by measuring the average height deviations
of the mean line. The RMS roughness was calculated
by measuring the height of a surface’s microscopic
peaks and valleys, squaring those measurements,
determining the average of the squares, and finding
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the square root of that number. The lowest RMS
value of 60.7 nm was obtained for sintering in AA.
The morphology of the Ag pattern sintered in AA
showed relatively smaller grains along with unsin-
tered Ag NPs and this could cause the lowest RMS
value. The morphology of the Ag pattern sintered in
OA showed larger grains although some unsintered
Ag NPs were observed. The RMS roughness values
was 98.8 nm for OA. The pattern sintered in FA
showed somewhat low RMS value of 74.8 nm with
no indication of unsintered NPs. It is likely that the
grain growth of NPs is related to the surface
roughness.

Figure 7a-h represent the optical surface images of
the Ag NP patterns sintered in air, N, and N,-bub-
bled carboxylic acids including AA, BA, FA, PA, OA,
and CA, respectively, with a magnification of 20
times. Sintering temperature and time were 140 °C
and 1.5 min, respectively. No cracks propagated to
the bottom of the patterns were observed for all cases.
Overall images showed smooth and uniform surface
with no physical defects. The grooves on the surface
were found in the patterns sintered in air and did not
penetrate down to the substrate. Small pits or craters
were observed in the patterns sintered in AA, BA,
PA, OA, and CA. The pits or craters were much
smaller than the grooves from the pattern sintered in
air.

471 nm [P

400
350
300
250

Fig. 6 AFM surface morphologies of the Ag NP patterns sintered in a air, b N,, and N,-bubbled carboxylic acids of ¢ AA, d BA, e FA,

f PA, g OA, and h CA at 140 °C for 1.5 min
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Fig. 7 Optical images taken at x 20 magnification of the Ag NP patterns sintered in a air, b N,, and N,-bubbled carboxylic acids of ¢ AA,

d BA, e FA, f PA, g OA, and h CA at 140 °C for 1.5 min
3.3 XRD analysis

Figure 8 shows the XRD patterns of the Ag NP pat-
terns sintered in air, N, and Ny-bubbled carboxylic
acids including AA, BA, FA, PA, OA, and CA. Sin-
tering temperature and time were 140 °C and
1.5 min, respectively. For all samples, five diffraction
peaks corresponded to the diffraction of planes (111),
(200), (220), (311), and (222) of the face-centered cubic
(FCC) structure of Ag, assigned to approximately
38.2°,44.4°, 64.5°, 77.5°, and 81.6°, respectively. These
planes with their corresponding diffraction angle (26)
were confirmed by the standard JCPDS Card No. 04-
0783. The highest peak intensity for the plane (111)
was obtained among five peaks for all sintering
atmospheres. The grain size for each sintering
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3: AA L,A A A
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g FA L_A A An
Elea | o A A
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Fig. 8 XRD patterns of the Ag NP patterns sintered in air, N,, and
N,-bubbled carboxylic acids of AA, BA, FA, PA, OA, and CA at
140 °C for 1.5 min

atmosphere was calculated using the Scherrer equa-
tion given by D = ﬁf—‘fse, where D is the average crys-
tallite size, 4 is the X-ray wavelength, f is the width of
the X-ray peak on the 20 axis, normally measured as
full width at half maximum (FWHM), 0 is the dif-
fracted Bragg angle, and K is the so-called Scherrer
constant [20]. K depends on the crystallite shape and
the size distribution, indices of the diffraction line,
and the actual definition used for § whether FWHM
or integral breadth [21]. K can have values anywhere
from 0.62 to 2.08. In this paper, K = 0.90 was used.
The overall average grain sizes were in the range of
18-21 nm. The largest and smallest grain sizes were
calculated for sintering in OA and CA, respectively.

For studying the electrical resistivity behavior of
polycrystalline metal films, contributions of surfaces
and grain boundaries are important [22-26]. Metal
films in nanometer dimensions show higher electrical
resistivity due to additional scattering centers for the
conduction electrons, mainly from surfaces and grain
boundaries. When the film surface is smooth enough,
the resistivity is dominated by the effect of grain
boundaries. As the surface roughness becomes larger,
a substantial increase in the resistivity is observed. It
was also reported that the films exhibit a stronger
grain boundaries effect when grains are smaller [22].
From the analyses of the electrical resistance, surface
roughness, and grain size, comparing results between
two cases of FA and OA, it was found that large grain
size (21 nm) and high RMS (98.8 nm) for OA resulted
in a high resistance (0.162 Q) and relatively small
grain size (20 nm) and low RMS (74.8 nm) for FA
resulted in a low resistance (0.036 Q). Because there
was little difference in grain sizes, it is likely that the
surface roughness contributed dominantly to the
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resistance. However, for sintering in AA and CA,
both RMS (60.7 and 63.6 nm) were small compared to
those for the rest of sintering atmospheres, but the
resistance was high with their respective values of
0.174 and 0.208 Q. Therefore, the effect of surface
roughness and grain size on the electrical resistance
can’t be explained by citing the references [22-26]. It
is probable that other factors affecting the resistance
can be considered. The organic residues could
determine the electrical resistance. Organic residues
remained the patterns would cause a high electrical
resistance. More agglomeration and grain growth
would be an indication of less organic residues
because they generally occur after contacting parti-
cles when organic residues (mainly capping mole-
cules) are removed. Unsintered particles scattered in
the pattern could lead to a high resistance because
joining and networking between particles for electri-
cal paths are not fully accomplished. Pores in the
microstructure would affect the roughness as well as
the electrical resistance. Dense microstructure with
less pores would result in a low resistance.

3.4 FTIR analysis

Figure 9a and b present the FTIR spectra of Ag NP
ink and the Ag NP patterns sintered in air, N,, and
N,-bubbled carboxylic acids including AA, BA, FA,
PA, OA, and CA, respectively. Sintering temperature
and time were 140 °C and 1.5 min, respectively. The
Ag NP ink contained organic materials including a
carrier solvent, capping molecules, and additives.
This reflected various chemical bonds in the spectra
including O-H stretching, C-H stretching, C-H
stretching, O-H bending, and C-H bending modes,

] Mater Sci: Mater Electron

14001300, and 850-750 cm™', respectively. Because
the Ag NP ink was an aqueous based ink, two O-H
chemical bonds were detected from the spectra. Ide-
ally, the sintered Ag NP patterns should not include
any organic residues after the decomposition of all
organic materials. However, insufficient sintering
conditions could result in organic residues left in the
patterns because some organic materials may not be
completely decomposed. The FTIR spectra are useful
to identify the organic residues. All Ag NP patterns
showed C-H stretching, C-O stretching, C-O
stretching, and C-H bending modes, corresponding
to  3000-2800,  1300-1200,  1100-1000, and
850-750 cm ™', respectively. It is probable that these
chemical bonds were induced from undecomposed
capping molecules and additives. The O-H stretching
and bending modes from the ink disappeared after
sintering. Although there was not considerable
change in the peak intensity of C-H stretching at
3000-2800 cm~' for all cases, depressed C-O
stretching and C-H bending modes at 1300-1250 and
1100-1050 cm ™! were observed for air and N, cases.
The resistances of the Ag patterns sintered in air or
N, showed almost one order higher than that in FA
but there was little change in the FTIR spectra. Thus,
other factors should be considered to determine the
relationship between the electrical resistance and
organic residues.

3.5 Mechanical folding test

Figure 10 presents the resistance ratio (R/Ry) of the
Ag NP patterns sintered in various sintering atmo-
spheres at 140 °C for 1.5 min after folding tests with
folding cycles between 10 and 50. The R; and R were

assigned to 3400-3200, 3000-2800, 1700-1600, resistances before and after folding test, respectively.
Flg..9 FTIR spectra of a Ag o v o s0H  sOH Gt 6
NP ink and b Ag NP patterns (a) 80 T I ' (b) | Ar M\
sintered in air, N5, and N,- . N I\ A
bubbled carboxylic acids of X 70t S | AA T
AA, BA, FA, PA, OA, and CA 3 s A
at 140 °C for 1.5 min € 6o g |* A
A
5 2" A
I—40_ I: (22 [\\
4000 3000 2000 1000 AS

Wavenumber (cm™)
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Fig. 10 Changes in resistance (R/Ry) of the Ag NP patterns

sintered in various sintering atmospheres at 140 °C for 1.5 min
after folding tests with folding cycles between 10 and 50

An inlet is a schematic diagram of folding test. The PI
substrate with sintered Ag NP patterns on it was
loaded in the folding tester, folded to — 180°, and
released back to 0°. The resistance values were
recorded every 10 folding cycles. Overall, the resis-
tance increased as the number of folding cycles
increased. The largest change in the resistance after
50 folding cycles was observed for the Ag NP pattern
sintered in air with 8.70 for RLO In comparison, the Ag

NP pattern sintered in FA showed a gradual increase
in the resistance as the number of folding cycles
increased and the smallest change in the resistance
with 2.39 for R%. Thus, the most reliable mechanical
stability was obtained for the Ag NP pattern sintered
in FA.

Figure 11a-h shows the optical surface images of
the Ag NP patterns sintered in air, N, and Nj-

bubbled carboxylic acids including AA, BA, FA, PA,
OA, and CA, respectively, with a magnification of 20
times, after folding tests with 50 cycles. Sintering
temperature and time were 140 °C and 1.5 min,
respectively. It was observed that cracks had formed
across the surface of the patterns. The Ag patterns
sintered in air and CA experienced a drastic change
in resistance and developed larger cracks. These
cracks separated the patterns into sections. The cracks
in the pattern sintered in air followed the grooves
that were present after sintering, giving the cracks a
chance to form in the weaker section of the patterns.
These cracks were larger than others found in the
different atmospheric conditions. The Ag pattern
sintered in CA had cracks generating in the longitu-
dinal direction of the conductive lines. Most cracks
were primarily located in the center of the conductive
lines, leaving the edges free of cracks. Fewer cracks
were found in the Ag patterns sintered in FA,
resulting in a small change in resistance after folding
test. It suggests that the cracks were just present on
the surface of the patterns and did not spread down
to the substrate. Some cracks found in the Ag pat-
terns sintered in N, and AA expanded across the
width of the line and caused increased resistance.
When performing the folding tests on the Ag patterns
sintered in AA, BA, PA, and OA, the sections of the
patterns were missing. Cracks were generated early
in the folding cycle. As the folding cycle continued,
the cracks developed into larger cracks, and eventu-
ally, a section broke off or rubbed away, making a
hole in the Ag patterns. As sections started to break
off, the cracks formed on the edges of the hole,
causing the size of the hole to increase and the
increase in the resistance as the folding cycles

Fig. 11 Optical images taken at x20 magnification of the Ag NP patterns sintered in a air, b N,, and N,-bubbled carboxylic acids of
c AA, d BA, e FA, f PA, g OA, and h CA at 140 °C for 1.5 min after folding tests with 50 cycles
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Fig. 12 Vickers hardness of Ag NP patterns sintered in air, N,
and N,-bubbled carboxylic acids of AA, BA, FA, PA, OA, and CA
for 1.5 min at sintering temperatures of 80, 140, and 200 °C

continued. It is likely that the pits observed in the
sintered patterns caused to generate cracks in small
areas as sections broke off of the patterns during the
folding process.

3.6 Vickers hardness

Figure 12 represents average Vickers hardness (HV)
values of sintered Ag NP patterns under various
sintering temperatures and atmospheres. Sintering
time was 1.5 min for all cases. The HV values are
found using the equation, HV = kE where HV is the
Vickers hardness, k is constant (k = 1/g, ~ 0.102, g,
is the standard acceleration due to gravity), F is the
test force (N), and S is the surface area of the
indentation (mm?®) found by applying the force to a
sample using a quadrangular pyramid diamond
indenter. The hardness values were measured in the
range of 0.37-2.03, 0.47-3.59, and 0.56-2.12 N/ mm?
for 80, 140, and 200 °C, respectively. As the sintering
temperature increased from 80 to 200 °C, the hard-
ness values of the Ag NP patterns sintered in air, N»,
AA, and BA increased while those sintered in PA or
OA decreased. In comparison, the Ag NP patterns
sintered in FA and CA showed their highest hardness
at 140 °C. Among all sintering conditions, the Ag NP
pattern sintered in FA at 140 °C had the highest
hardness of 3.59 N/mm?® The Ag NP patterns sin-
tered in FA at 140 °C showed the best performance in
terms of electrical and mechanical properties: the
electrical resistance with a relatively low value of
0.036 Q, a small change in the resistance with R/R of

@ Springer
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2.39 after folding test with 50 cycles, and the highest
hardness of 3.59 N/mm?. For sintering in FA, when
the temperature increased from 80 to 140 °C, the
hardness increased from 2.03 to 3.59 N/mm? When
the temperature increased further to 200 °C, the
hardness decreased to 1.19 N/mm? Because the Ag
NP pattern sintered in FA at 140 °C showed the
highest hardness, it had a strong resistance to
mechanical stress. Thus, the smallest change in elec-
trical resistance was obtained after folding tests up to
50 cycles. It was known that formic acid vapor can be
used as a reducing agent due to its reactivity from the
-CHO group. It is possible that the -CHO group
would react with organic capping molecules and lead
to the removal of the capping molecules. As shown in
Fig. 12, the hardness decreased when the sintering
temperature increased from 140 to 200 °C. It was
reported that formic acid could decompose into H,
and CO, when the atmosphere temperature increases
more than 167 °C [27]. At the sintering temperature
of 200 °C, the -CHO groups could still be effective for
sintering however some formic acid could be
decomposed, producing H, and CO,. It is unlikely
that those decomposed gases contributed to the
reaction with the capping molecules. Instead, it is
possible that carbon dioxides were deposited on the
pattern, forming another type of organic residues and
leading to less mechanical strength. If they did not
penetrate deep into the thick pattern, it is unlikely
that they affected the electrical resistance.

Figure 13 shows the Vickers hardness and resis-
tance of the Ag NP patterns as a function of average
grain size (d~'/?) calculated from the XRD patterns
for various sintering atmospheres at 140 °C for

4 0.9
ma
<. |Hall-Petch /' {1 0.
€3 /ovmd s )
: £l g
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Fig. 13 Vickers hardness and resistance of the Ag NP patterns
sintered in various sintering atmospheres at 140 °C for 1.5 min as
a function of grain size
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Table 1 Antenna types designed with two different shapes of squared and spiral patterns with different dimensions

Antenna Number of din Aot Tin Tout Line width Line spacing C,  Equivalent inductance
turns (mm)  (mm) (mm) (mm) (mm) (mm) (pF)  (uH)

SQl 6 18 40 - — 1 1 40 1.51

SQ2 5 22 40 - - 1 1 55 127

SQ3 6 13 35 - - 1 1 70 1.12

SP1 7 - - 7.5 215 1 1 30 1.50

SP2 6 - - 9.5 215 1 1 50 1.33

SP3 6 - - 7.5 195 1 1 70 1.08

1.5 min. The Hall-Petch relationship has been
described that the yield stress ¢ and hence the
hardness scales with the inverse square root of grain
size, d, in polycrystalline materials and is given by the
following equation [28, 29]:

oc=o09+ kd~1/?

where k is a measure of the local stress needed to
initiate plastic flow at a grain boundary and oy is the
resistance to dislocation motion in the grain interior
[30]. According to the Hall-Petch relationship, the
strength of materials can be accomplished by reduc-
ing grain size. The strength of materials increases as
the grain size decreases to approximately 20-30 nm
where the highest strength can be obtained and starts
to soften with decreasing grain size below 20 nm. As
the grain size decreased, the hardness increased until
the d'/? reached to 0.222nm '/? and then
decreased. The transition from the Hall-Petch to the
inverse Hall-Petch occurred at 0.222 nm~'/? for d~'/?
where the highest hardness was found as 3.59 N/
mm? The sintering atmospheres of OA and PA
occupied the Hall-Petch region while those of Ny, air,
BA, AA, and CA the inverse Hall-Petch region. The
transition occurred for the sintering atmosphere of
FA. On the other hand, the resistance decreased as
the grain size decreased in the Hall-Petch region. The
lowest resistance was obtained at the transition with
0222 nm~'? for d~'/2. After the transition, the
resistance showed an increase at first but a decrease.
The highest hardness of 3.59 N/mm?” (point a) and
lowest resistance of 0.036 Q (point b) were obtained at
0.222 nm~"/? for /2, corresponding to the sintering
atmosphere of FA and the lowest hardness of 0.47 N/
mm? (point ¢) and highest resistance of 0.643 Q (point
d) at 0.224 nm~"/? for d~'/?, corresponding to the
sintering atmosphere of air.

3.7 Characterization of RFID antenna tag

The antenna patterns were formed by sintering of
printed Ag NP ink on the PI substrate in N,-bubbled
FA at 140 °C for 1.5 min. The antenna was designed
with two different shapes of squared and spiral pat-
terns with different dimensions as shown in Table 1.
Three square antennas (5Q1, SQ2, and SQ3) were
designed with outer diameter (dqy) of 35 or 40 mm,
inner diameter (d;,) of 13, 18, or 22 mm, line width of
1 mm, line spacing of 1 mm, and number of turns of
5 or 6. Three spiral antennas (SP1, SP2, and SP3) were
designed with outer radius (roy) of 19.5 or 22.5 mm,
inner radius (r;,) of 7.5 or 9.5 mm, line width of
1 mm, line spacing of 1 mm, and number of turns of
6 or 7. In the design of a 13.56 MHz antenna, the main
parameter is the equivalent inductance (L,ny). The
inductance of squared antennas is calculated by
[31, 32]

d
Lam:Kl XﬂoXNZ Xm
where d is the average diameter given by %, pis

given by gwi;gm, and K1 and K2 depend on the layout
and are 2.34 and 2.75, respectively, for a squared
antenna.

The inductance of spiral antennas is calculated by

[31, 32]

a2

Loy = 31. NZx—
¢ =31.33 x py x x8a—|—11c

where a is the average radius given by "t ¢ is
given by 7oy — in, and p is 4m X 107 H/m.

Since large inductance may cause a small capaci-
tance of the tuning capacitor, each antenna was
designed to have the equivalent inductance of 1-2 pH
by connecting the tuning capacitor (C,) in parallel
with C; as shown in Fig. 2 [33].
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Fig. 14 Return loss (S;;) of a squared and b spiral antenna tags

Figure 14a and b shows return loss (S;;) of squared
and spiral antenna tags, respectively. Table 2 shows
resonance frequency (fp), return loss (S;1) at fo, full
band width at 3 dB above the minimum S;; at fo (fzw),
and quality factor (Q-factor) for all squared and spiral
antenna tags. The effective working range of the
antenna in frequency was in the range of 10-20 MHz.
For squared antennas, the resonance occurred at
13.193-13.832 MHz, and the maximum S;; values at
the resonance frequency were in the range between —
36.451 and — 20.295 dB. For spiral antennas, the res-
onance occurred at 13.903-15.553 MHz, and the
maximum Sq; values at the resonance frequency were
in the range between — 40.791 and — 16.258 dB. The
Q-factor defines as a ratio between resonant circuit
stored energy and the resonance band. The Q-factor

= f’;—"w, where fg is the

full band width at 3 dB above the minimum S;; at the
resonance frequency, f, [34-38]. A high Q-factor
should be obtained to improve the read performance
of RFID tags. The Q-factors were in the range of
7.775-34.817 and 7.241-78.156, for squared and spiral
antennas, respectively. The Q-factors showed higher
values as higher equivalent inductance was applied
for each squared and spiral antenna. It has been

is generally calculated by Q
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reported that the Q-factors with 5 to 20 are preferred
for RFID antenna tags fabricated in the 13.56 MHz
band [39]. Thus, three antennas of SQ3, SP2, and SP3
could be considered for fabrication of desirable RFID
antenna tags in the 13.56 MHz band. The Q-factor is
generally affected by parameters such as the number
of turns, the length, of the antenna, the spacing
between turns, and the thickness of antenna patterns.

4 Conclusion

Sintering of Ag NPs was performed using various
sintering atmospheres including carboxylic acids for
conductive antenna patterns applicable for flexible
RFID tag application. The microstructure and organic
residues of sintered Ag NP patterns were strongly
affected by atmosphere and temperature and resulted
in changes in electrical resistance and hardness.
Among carboxylic acids, sintering in FA was most
effective to remove organic materials and enhance
the particles agglomeration and grain growth,
resulting in low electrical resistance and high Vickers
hardness. The Ag NP pattern sintered in FA at 140 °C
for 1.5 min had its lowest resistance with 0.036 Q2 and
highest hardness of 3.59 N/mm? Upon folding tests
up to 50 cycles, the Ag NP pattern sintered in FA
showed the smallest change in the resistance and less
cracks developed on the surface. The Ag pattern
sintered in FA at 140 °C for 1.5 min was used for the
fabrication of flexible RFID antenna tag with two
different shapes of squared and spiral antennas. The
resonance frequency and return loss (S;;) were mea-
sured and the Q-factors were obtained in the range of
7.775-34.817 and 7.241-78.156, for squared and spiral
antennas, respectively.

Table 2 Resonance frequency

(fo), return loss (Siy) at fo, full Antenna Resonance frequency, fo (MHz) Sy1 at fo (dB) few (MHz) Q-factor
band width at 3 dB above the o, 13.718 — 36.451 0.394 34817
minimum S, at fo (few), and ) 13.193 — 30,983 0.445 29.647
quality factor (Q-factor) SQ3 13.832 — 20295 1.779 7.775
SP1 15.553 — 40.791 0.199 78.156
SP2 15.262 — 23393 0.859 17.767
SP3 13.903 — 16258 1.920 7.241
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