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The fabrication of dense conductive patterns was achieved by low-temperature sintering of 1-3 pm micron
silver flakes. A small amount of 20—50 nm nanosilver particles were added in the gaps of the micron silver
flakes. The effects of sintering temperature, holding time and heating rate on the morphological evolution
and formation mechanism of the sintered silver pattern were investigated in detail. Interestingly, rapid
sintering (RS) can be achieved by removing the heating process from 70 °C up to the sintering

temperature. The electrical resistivity of the sintered silver patterns was 10.8 x 107° Q@ cm at 140 °C for
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Accepted 2nd March 2023 30 min under a pressure of 10 MPa. Moreover, the electrical resistivity of the sintered silver pattern for
RS for 20 min does not change significantly after 6000 bending cycles. This work provides a new
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1. Introduction

Nowadays, traditional rigid circuit boards cannot meet the
demand for electronic devices that focus on being both light-
weight and foldable."” Accordingly, fabrication of conductive
patterns on flexible substrates, e.g., polyimide** and paper,*”
has attracted much attention, with the process roughly
proceeding via two consecutive steps, ie., the deposition of
electrical/conductive materials and subsequent conversion of
printed patterns into conductive components. Conductive ink is
the core material and plays an important role in determining
the performance and quality of the conductive patterns, such as
electrical resistivity and reliability. Currently, many types of
conductive inks have been reported, including metal-based
inks,*® carbon composites'®* and conductive polymers.'**
Among them, metal-based inks have been widely implemented
due to their excellent conductivity and facile manufacturing
process.**

Silver ink remains one of the best options for conductive
inks, which is largely attributable to its excellent electrical
conductivity, i.e., 4.1 x 10’ S m ', and that its oxide is also
conductive."”® A sintering temperature above 200 °C is usually
required for silver ink to form highly conductive patterns.'®
However, a high sintering temperature limits the choice of
substrates. As such, it is very useful to decrease the sintering
temperature in the fabrication of conductive patterns. To this
end, researchers usually adopt the method of reducing the silver
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particle size to achieve low-temperature sintering. Ryu et al.
investigated the effects of particle size on the sintering process
of nanosilver conductive inks."” The results showed that the
specific resistance of 12 nm ink with higher surface energy was
50% lower than that of 50 nm ink after furnace sintering. The
sintered silver pattern exhibited a more uniform morphology
with compact aggregation.’®'® Shao et al. studied conductive
inks with the diameter of the nanosilver particles ranging from
50 to 70 nm.* The electrical resistivity could be as low as 5.6 x
107° Q cm, which is only 3.5 times higher than that of bulk
silver.

Nevertheless, nanosilver particles are easily agglomerated at
low temperature due to weak bonding, i.e., surface bonding.
This agglomeration will consume the sintering driving force
required for densification, thus making it difficult to achieve
compact aggregation with strong bonding by grain boundary
diffusion or lattice diffusion at high temperatures."®*® Some
researchers have studied different dispersing solvents, particle
shapes and sizes to inhibit the agglomeration of nanosilver
particles. Fernandes et al.** found that solvents with viscosities
ranging from 3.7 to 7.4 mPa s are suitable for inkjet printing
fabrication. Remadevi et al** studied the conductivity of
conductive ink with silver nanowires, and the sheet resistance
of the printed patterns reached 0.7 Q sq.”", exhibiting good
performance at 300 K. Mo et al.*® prepared nanosilver particles
with different average radii, ranging from 48 to 176 nm. It was
found that the resistivity of the sintered patterns increased
rapidly with decrease in particle size, since the contact resis-
tance of the interfaces between adjacent particles plays
a dominant role.

Commercial silver inks are often based on nanosilver parti-
cles, but the expense and time-consuming nature of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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nanoparticle synthesis still has shortcomings, and so the wide
application of nanosilver particles in inks is partly limited. The
cost of micron silver particles is 0.3-0.5% of that of nanosilver
particles, which can lower the cost of silver inks. Unfortunately,
micron silver particles have lower surface energy compared with
nanosilver particles, which makes it difficult to form dense
bonding interactions at low temperature. The formation of
dense bonding interactions at low temperature between micron
silver particles has, however, still attracted effort. To this end,
Wadayama et al.,** Li et al.*® and Du et al.*® introduced pressure
in the sintering process of silver inks to improve the densifi-
cation of the sintered pattern. Results show that pressure can
render the sintered pattern with a more uniform and compact
microstructure, leading to higher conductivity at low tempera-
tures. Although pressure-assisted sintering may not be flexible
due to the complexity of the fabrication process, it is still an
effective way for micron silver particles to form dense bonding
interactions at low temperatures. The pressure can increase the
sintering driving force of the silver particles, thus improving the
densification sintering at low temperatures.”” Currently, there
are few reports on the preparation of micron silver inks by
sintering of larger micrometer-sized particles, i.e., more than 2
pum. As such, it is still a hot issue to achieve dense bonding
interactions between larger micrometer-sized silver particles at
low temperature under low pressure. Meanwhile, the morpho-
logical evolution and reliability of sintered patterns with micron
silver ink have rarely been studied.

In this paper, dense conductive patterns were achieved by
low-temperature sintering of 1-3 um micron silver flakes. A
small amount of 20-50 nm nanoparticles were added into the
micron silver inks for the purpose of promoting bonding
interactions. The effects of the sintering temperature, holding
time and heating rate on the morphological evolution and
mechanical formation of the sintered silver pattern were
investigated. The electrical resistivity of the sintered silver
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patterns was 10.8 x 10~ ° Q cm at 140 °C for 30 min under an
applied pressure of 10 MPa. The micron silver inks were also
printed onto a substrate to make conductivity patterns, which
could be bent, twisted and rolled without any damage, due to
the strong adhesion between the sintered pattern and the
substrate. The electrical resistivity of the sintered silver patterns
did not change significantly after 6000 bending cycles.

2. Experimental

The fabrication process for novel micron (NM) silver ink is
shown in Fig. 1. For the preparation of the micron silver ink, 1-3
pm micron silver flakes were added into a mixture of water,
ethanol, ethylene glycol and glycerol in a volume ratio of about
21.0:9.0:39.5:30.5. The solid loading of micron silver flakes
for the conductive ink was 60 wt%. These were mechanically
stirred for one hour at room temperature. Next, a small amount
of 20-50 nm nanosilver particles was added into the ink and
mixed. After two hours of mechanical stirring, the micron silver
flakes and nanoparticles could be well coated by organic shells.
The micron silver inks were deposited onto polyethylene tere-
phthalate (PET) substrate using a screen-printing method.
Finally, the sintered silver pattern was formed after heating,
holding and cooling stages.

Fig. 2 shows the temperature profile of the NM silver ink. In
the heating stage, the sample was first heated from room
temperature to 70 °C, for the removal of organics, before sin-
tering.”® Then, pressure was applied onto the pattern with
a rapid heating rate to obtain a higher sintering driving force at
low temperatures. In the holding stage, the grain growth will be
accelerated by prolonging the holding time, with the help of
diffusion bonding between silver particles.” The pressure is
also beneficial for diffusion bonding between micron silver
flakes and nanosilver particles, to form a more uniform and
dense sintered structure. In the cooling stage, slow cooling, i.e.,
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Fig. 1 Diagram of the fabrication, printing and sintering processes of micron silver ink.
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Fig. 2 Temperature profile for the novel micron silver ink.

cooling within the furnace, was used to reduce cracks caused by
thermal stress.*

The surface morphologies of the sintered silver patterns
before and after sintering were observed by scanning electron
microscopy (SEM, S-4800, Hitachi, Japan). The resistivity of the
sintered silver patterns was measured using a four-point probe
(RTS-8, Probes Tech, China).** The pore distribution of the
sintered silver patterns was obtained using an image processing
method.*> The pores and sintered silver pattern could be
distinguished by the pixel threshold because the color of the
pores was darker than that of sintered silver. The total area of
the sintered silver pattern (S) and the pore area (S,) were
measured using Matlab software. The porosity ({) was calcu-
lated from the equation, { = S,/S. Pressure was applied using
a manual pressing machine (4128, Carver, USA), as shown in
Fig. 3. The heating temperature was adjusted using a program-
mable table. After the sample was dried, it was put onto the
lower plate and the upper plate was moved along the four
threaded rods to keep the two plates horizontal. The pressure
was controlled with a manual unit and displayed using a digital
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Fig. 3 Device for hot-press sintering.
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meter. During sintering, the upper and lower surfaces of the
sample were covered with polyimide film to prevent the sample
being polluted by the two plates.

3. Results and discussion

Fig. 4 shows the SEM image of the sintered silver pattern with
micron silver inks under different applied pressures. For
traditional micron (TM) silver inks, it is difficult to form dense
bonding interactions at the sintering temperature of 140 °C
(Fig. 4(a1)-(a3)), and there are few neck connections between
the micron silver flakes. This can be ascribed to the low surface
energy of the micron silver particles, which lowers the sintering
driving force in the sintering process.** In addition, there is no
significant change in bonding interactions between micron
silver flakes with pressures from 0 MPa to 10 MP. Fig. 4(b1)-(b3)
shows the SEM surface morphology of the sintered silver
pattern using the NM silver ink at 140 °C. The results show that
the nanosilver particles are connected by diffusion to form
larger particles, which are distributed into the gaps of the
micron silver flakes. Moreover, the nanosilver particles are also
in contact with adjacent micron silver flakes because of their
larger surface energy. The growth of nanoparticles promotes
close contact between the micron silver flakes.

According to the Kirkendall effect, two solids diffuse into
each other at different rates, and their boundary expands in the
direction of the faster-moving species.**** Nanosilver particles
are particularly susceptible to diffusion bonding, compared
with micron silver flakes, because they have an extremely high
surface area and volume ratio." As such, the boundary between
nanosilver particles and micron silver flakes will slowly move
towards the nanosilver particles, which may promote diffusion
bonding between the nanosilver and micron silver flakes. The
sintered silver pattern using the NM ink has a denser structure
under a pressure of 10 MPa, as shown in Fig. 4(b3). The stronger
bonding interactions in the sintered pattern could be obtained
with the help of pressure. This was also confirmed by the
Mackenzie-Shuttleworth sintering model, which illustrates the
close relationship between densification rate and pressure.®®
The highest densification rate should occur at a pressure of
10 MPa, resulting in a denser structure.

Fig. 5 shows the SEM images of sintered silver patterns at
different sintering temperatures. There are no obvious neck
connections between the two kinds of inks at low temperatures,
i.e., 100 °C. When the sintering temperature reached 140 °C,
obvious neck connections appeared in the sintered pattern with
the NM ink, especially bonding interactions between nanosilver
particles and micron silver flakes. The reason for this densifi-
cation on sintering is that the diffusion between the silver
particles is dominated by grain boundary diffusion at high
temperatures.’” Vacancies can be injected into adjacent grains
between grain boundaries by an atomic mechanism, resulting
in the Kirkendall effect, and thus significantly enhancing the
diffusion of nearby crystal regions.*®

The electrical resistivity decreases with increase in sintering
temperature, as given in Fig. 6. Although the TM silver inks have
a relatively high electrical resistivity, .e., 5.17 x 107> Q cm at

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 SEM micrographs of the sintered pattern with (al)—(a3) traditional micron silver ink and (b1)—-(b3) novel micron silver ink at a sintering

temperature of 140 °C for 30 min.

140 °C, the decrease in electrical resistivity, i.e., 3.52 x 107°
Q cm, is not obvious, even at a pressure of 15 MPa (TM-15). The
reason for this may be that diffusion bonding between micron
silver flakes is difficult because of their low surface energy. For
the NM silver inks, the electrical resistivity of the sintered silver
pattern is 18.3 x 10~ ° Q cm, which is 64.6% lower than that of
the TM silver ink at a sintering temperature of 140 °C. Mean-
while, bonding interactions between nanosilver particles and
micron silver flakes can be easily achieved, and can be attrib-
uted to the larger surface energy of the nanosilver particles,
which will promote diffusion bonding with micron silver flakes.
When the pressure applied was 10 MPa (NM-10), the electrical
resistivity of the sintered silver pattern could reach 11.5 x 107°
Q cm due to an increase in the sintering driving force. At
a sintering temperature of 140 °C, the electrical resistivity of the
sintered silver pattern with NM-15 MPa is 11.2 x 10" ° Q cm,
which is only 2.6% lower than that of the sintered silver pattern
with NM-10 MPa. Considering the cost of pressurization,
a pressure of 10 MPa is sufficient for sintering of NM silver ink.

As seen in Fig. 7, prolonging the holding time can further
promote bonding interactions between silver particles, thereby
reducing the electrical resistivity of the sintered silver patterns.

© 2023 The Author(s). Published by the Royal Society of Chemistry

For the TM silver ink, the electrical resistivity of the sintered
silver patterns decreases slowly with increase in holding time.
The electrical resistivity of the sintered silver pattern with
a holding time of 30 min (4.9 x 10> Q cm) was only 5.7% lower
than with a holding time of 1 min (5.2 x 10~> Q cm). Such
results illustrate that it is difficult to achieve dense conductive
patterns by low-temperature sintering of 1-3 um micron silver
flakes. For the NM silver ink, i.e., NM-15, the electrical resistivity
of the sintered silver pattern with a holding time of 30 min (10.5
x 107° Q cm) was 6.3% lower than that at 1 min (11.2 x 10°°Q
cm). The pressure can further improve the sintering driving
force between nanosilver particles and micron silver flakes, thus
promoting their bonding interactions. These experiments
indicate that adding a small amount of nanosilver particles is
an effective way to improve the conductivity of sintered silver
patterns using micron silver inks.

To demonstrate the applicability of printed conductive
patterns, the sintered silver patterns were used as conductive
wires to power light-emitting diodes (LEDs) during bending,
twisting and rolling tests, as shown in Fig. 8. For the NM silver
ink, the LED worked normally when the sintered silver pattern
was used as the conductive wire. The LED still maintained

RSC Adv, 2023, 13, 8636-8645 | 8639
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Fig. 5 SEM micrographs of the sintered pattern with (al)—(a3) traditional micron silver ink and (b1)—(b3) novel micron silver ink at sintering

temperatures of 60 °C, 100 °C and 140 °C.
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Fig. 6 Electrical resistivity of the sintered silver pattern with different
sintering temperatures.

stable brightness and did not go out when the sintered silver
pattern was bent, twisted and rolled. The results show that the
sintered silver pattern using NM silver ink has high conductivity

8640 | RSC Adv, 2023, 13, 8636-8645

and reliability for practical applications. For the TM silver ink,
the LED can be lit when straight and bent sintered silver
patterns are used, but the brightness is very weak due to the
high electrical resistivity of the sintered silver pattern with TM
silver ink. Nevertheless, the LED goes out when the sintered
silver pattern underwent twisting and rolling tests, mainly
caused by the non-dense diffusion of the sintered pattern
derived from the low surface energy of the micron silver flakes.
During repeated bending processes, the LED also went out due
to short circuiting of the sintered silver pattern, which is
attributable to the breaking of weak interactions between the
micron silver flakes. For the sintered silver pattern with NM
silver ink, the bonding interactions between the micron silver
flakes are closely connected, with the help of the small amount
of added nanosilver particles. Moreover, the necks between the
micron silver flakes are denser and less prone to fracture during
bending, twisting and rolling tests.

In order to further study the reliability of the sintered silver
patterns using NM silver ink, electrical resistivity changes
before and after bending cycles were also measured (given in
Fig. 9). All the samples were sintered at the sintering tempera-
ture of 140 °C for 30 min. The test condition was that the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Electrical resistivity of the sintered silver pattern with (a) tradi-
tional micron silver ink and (b) novel micron silver ink at different
holding times.

bending angle remained at about 90° during the bending cycles.
The results show that the electrical resistivity of the sintered
silver pattern with NM-15 had no significant change after 6000
bending cycles, and the electrical resistivity increased from 10.5
x 107°Q cm to 17.6 x 107° Q ecm. The NM-10 sample exhibited
a similar reliability for the sintered silver pattern to that for NM-
15. This indicates that a small amount of nanosilver particles
can help micron silver particles to achieve reliable bonding
interactions. The necks between the micron silver flakes are
closely connected, and so they can withstand long periods of
bending cycles.

For the sintered pattern of NM-0, the electrical resistivity
increased to 33.2 x 10~ ° Q c¢m after 6000 bending cycles. This
indicates that the bonding interactions between the nanosilver
particles and the micron silver flakes have not yet achieved
a dense structure, without an applied pressure. Thus, the necks
between the micron silver flakes are liable to break after a long
period of bending cycles. Therefore, the electrical resistivity of
the sintered silver pattern increases rapidly after fracture of the
necks. For the sintering patterns for TM-0 and TM-15, their
initial resistivity was relatively high (4.7 x 107> Q ¢cm and 3.1 x
107° Q cm, respectively), and the electrical resistivity also

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Photographs of the LED circuit with the sintered silver pattern
during bending, twisting and rolling tests with (a) novel micron silver
ink and (b) traditional micron silver ink.
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Fig. 9 Electrical resistivity of the sintered silver patterns as a function
of bending cycles.

increased rapidly (4.8 x 107* Q ecm and 1.9 x 10™* Q cm,
respectively) after 6000 bending cycles. This is mainly due to the
poor bonding quality of the sintered silver patterns using TM

RSC Adv, 2023, 13, 8636-8645 | 8641
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Fig. 10 Electrical resistivity of the sintered silver pattern with different
heating rates.

silver ink, which is easily cracked after a long period of bending
cycles. Moreover, the sintered silver patterns are porous struc-
tures, and the interactions between the micron silver flakes are
extremely fragile. The reason for the rapid increase in electrical
resistivity may be the contact loss between the micron silver
flakes when the necks begin to break.

Fig. 10 shows the electrical resistivity of micron silver ink at
different heating rates. First, the micron silver ink was heated
from room temperature to 70 °C at a heating rate of 5 °C min™".
Then, it was heated to 140 °C with a holding time of 30 min at
different heating rates. The RS condition means that the ink
was heated without use of a heating process from 70 °C to 140 °
C. The electrical resistivity of the sintered silver pattern with
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a pressure of 5 MPa, i.e., 14.3 x 10 ® Q cm, was lower than that
for pressureless sintering because the pressure provides
a higher driving force for sintering. Heating rate has almost no
impact on the electrical resistivity of the sintered silver pattern
for the NM silver ink. Under a pressure of 15 MPa, the sintered
silver pattern under RS conditions (11.6 x 10°° Q cm) has
a similar electrical resistivity to that at 1 °C min ™' (11.9 x 107°
Q cm). Under RS conditions, the electrical resistivity of the
sintered pattern with 10 MPa was 12.1 x 10~ ° Q cm, which is
also close to that of the sintered pattern with 15 MPa. On the
other hand, the electrical resistivity of the sintered pattern with
TM-15 MPawas 3.6 x 10> Q cm, which is 3.1 times higher than
that of the sintered pattern with NM-15 MPa.

Fig. 11 exhibits the pore distribution of the sintered silver
pattern using commercial nanosilver ink and the NM silver ink.
Results show that the sintered patterns using NM silver ink have
large pores, i.e., more than 1 um, which are 50 times larger than
those using nanosilver ink. Large pores can provide a better
channel for the evaporation of organics. For the nanosilver ink,
the pores between the nanosilver particles are relatively small,
which is not conducive to rapid evaporation of organics around
the silver particles. When the organics are completely evapo-
rated, the silver particles begin to connect with each other.
Therefore, the nanosilver ink needs a slower heating rate to help
in the evaporation of organics, while the NM silver ink can be
heated quickly with the help of the large pores between the
micron silver flakes.

For the nanosilver ink, the sintered silver also tends to
become denser with decreasing heating rate, and a higher
portion of smaller pores in the sintered silver pattern, ie.,
72.9%, was obtained at a heating rate of 1 °C min~" (Fig. 12(a)).
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Fig. 11 Pore distribution of the sintered silver pattern between (al) and (a2) micron silver ink and (bl) and (b2) nanosilver ink.
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In addition, a large frequency of 84.6% can be observed in the
sintered silver pattern with extended holding time (Fig. 12(b)).
When the silver pattern was heated directly to the sintering
temperature, however, many as-dried nanoparticles still existed
inside. Partial sintering may prevent the formation of necks
between silver particles. For the NM silver ink, a high portion of
larger pores was found in the sintered silver pattern. The
difference in the frequency of the larger pores between 1 °
C min" (66.5%) and the RS condition (69.9%) is not evident.
For the smaller pores, a higher portion of pores are found in the
sintered silver pattern at a holding time of 30 min (Fig. 12(d)).
The results show that prolonging the holding time can increase
the fraction of smaller pores in the NM silver ink due to neck
growth.

The advantage of the RS condition is elimination of the
heating time from room temperature to the sintering temper-
ature, which can greatly reduce the total sintering time. Addi-
tionally, there are two further advantages for the practical
application of NM silver inks. First, micron silver flakes are
cheaper than nanosilver particles, which can reduce the cost of
silver ink and promote its wide application in conductive
patterns. Second, micron silver ink has a high conductivity due
to its high silver content, i.e., more than 40%, and can with-
stand a small voltage drop of large current capacity.*

The reliability of the sintered silver pattern using micron
silver ink at different heating rates was also studied. As seen in
Fig. 13, the different heating rates have a significant influence
on the electrical resistivity of the sintered silver pattern after
6000 bending cycles. The electrical resistivity of the sintered
silver pattern with 1 °C min~" and RS condition increases by
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Fig. 13 Electrical resistivity of the silver patterns as a function of
bending cycles with different heating rates.

15.6 x 107° Q cm and 44.2 x 10°° Q cm, respectively. The
reason for this may be that the RS condition has passed the
heating stage, leading to reduction of the sintering time.
Unfortunately, less sintering time results in non-dense sinter-
ing between silver particles. The holding time of the sintered
silver pattern under the RS condition was also extended by 20
minutes (RS-20). The results show that the electrical resistivity
increases by only 16.4 x 10~° Q cm after 6000 bending cycles.
The reliability of the sintered silver pattern with the RS-20
condition can be improved to a level similar to that at heating
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Fig. 12 Pore-size distribution at different heating rates and holding times between (a and b) nanosilver ink and (c and d) micron silver ink.
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of 1 °C min~". The total sintering time of the sintered silver
pattern with the RS-20 condition was only 29 min, which is

63.3% lower than for a rate of 1 °C min .

4. Conclusion

In this study, the fabrication of dense bonding interactions was
achieved for micron silver ink with the help of the addition of
a small amount of nanosilver particles. The size of the micron
silver flakes ranged from 1 pm to 3 um. The growth of nano-
silver particles is beneficial for dense contact between the
micron silver flakes, enabling the formation of necks and
achieving highly conductive silver patterns. Importantly, rapid
sintering can be achieved by removing the heating process from
70 °C to the sintering temperature. Under a pressure of 10 MPa,
the electrical resistivity of the sintered silver patterns was 10.8 x
107° Q cm at 140 °C for 30 min. After bending, twisting and
rolling tests, an LED remained illuminated and worked nor-
mally. In addition, the electrical resistivity of the sintered silver
pattern under the RS-20 condition increased by only 16.4 x 10~°
after 6000 bending cycles. It should be noted that this method
of making micron silver inks has potential applications in
highly reliable and conductive patterns.
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