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sintering of silver nanoparticle
ink and applications for flexible hybrid circuits†
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and Zheng Cui*b

Near infrared(NIR) sintering technology is a photonic sintering approach for metal nanoparticle inks, which

can selectively sinter metal nanoparticle inks more quickly and efficiently, and it is also compatible with

high-throughput manufacturing processes. In this paper, silver nanoparticle (AgNP) ink sintered by near

infrared light at a peak wavelength of 1100 nm was investigated. After only 8 seconds of exposure to NIR

irradiation, resistivity of 2.78 mU cm was achieved for thin films printed with AgNP ink, which was only

1.7-fold higher than that of bulk silver (1.59 mU cm). The structure of the sintered silver film was

examined by sintering printed silver nanoparticle ink samples having different thicknesses, and the results

showed that AgNPs were homogeneously coalesced throughout the cross-sections of films, indicating

the formation of dense silver layers. Furthermore, the morphology and electrical resistivity of the sintered

AgNP film dried by NIR were compared with those of the film dried on a hot plate. It was found that

drying conditions with a relatively long drying time rather than the drying temperature contributed to the

reduction of voids in the film and to the improvement in its density and electrical performance. Finally,

a flexible hybrid circuit integrated with a microcontroller chip on a poly(ethylene terephthalate)(PET)

substrate was fabricated by screen printing with AgNP ink for interconnects, and its surface roughness

and flexibility were investigated.
Introduction

Printed electronics have attracted a lot of attention, and they
have been investigated intensively over the past decade.1–5 In
contrast to traditional electronic device fabrication processes,
which require vacuum deposition, photolithography and etch
steps, the method for printed electronics is an additive method,
which only needs a two-step process to fabricate electronic
devices and circuits.6 In general, various printing technologies
such as screen,7 inkjet,8 gravure,9 exography,10 and offset11 can
be used to directly deposit functional materials in patterns; the
materials are used more efficiently with less waste, which is
especially benecial for large-area electronic systems using
expensive materials. Furthermore, printing is compatible with
exible substrates such as polymer foils and papers and can
produce exible electronic devices under ambient conditions.
The advantages of faster, simpler and cheaper processes
compared to those of conventional techniques contribute to the
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commercial success of printed or exible electronic devices.
Recently, many novel applications have been demonstrated
such as printed thin lm transistors,12 photovoltaic devices,13

sensors,14 displays,15 radio frequency identication tags
(RFID)16 and wearable electronics.17

The key feature of printed electronics is the use of functional
inks to fabricate components for exible electronic devices.
Many materials can be formulated into printable inks including
conductors,18 semiconductors,19 and insulating materials20 as
well as optical, chemical, magnetic or biological materials.21,22

So far, conductive ink is one of the most widely researched
subjects in printed electronics due to its wide use in almost
every printed electronic device. A broad class of materials
including conductive polymers23 and metal-based24 and carbon-
based25 materials has been studied for the formulation of
conductive inks. In particular, conductive inks prepared with
metallic nanoparticles are mostly employed because of their
high conductivity and low melting point. Kamyshny and Mag-
dassi26 reviewed conductive inks based on metallic nano-
particles, carbon nanotubes, and graphene and discussed their
applications for printed electronics. Currently, gold (Au), silver
(Ag), and copper (Cu) nanoparticles are commonly used for
printing conductive elements due to their superior electrical
conductivities.27 Among them, Ag is oen chosen because it
exhibits stability against oxidation in air compared to copper,
and it is also less expensive than gold. Although Cu has much
RSC Adv., 2018, 8, 30215–30222 | 30215

http://crossmark.crossref.org/dialog/?doi=10.1039/c8ra04468f&domain=pdf&date_stamp=2018-08-27
http://orcid.org/0000-0001-6870-8695
http://orcid.org/0000-0002-3951-1719


RSC Advances Paper
lower cost as a raw material than Ag, it is easily oxidized to
copper oxide in post processing, creating a barrier to electron
conduction.28 To well disperse the metallic nanoparticles in
a desired solvent and to achieve high material loading, stabi-
lizing polymers are employed to prevent nanoparticle aggrega-
tion. Polymers (polyacrylic acid (PAA)29 or polyvinylpyrrolidone
(PVP)30) or some low molar mass compounds31 are frequently
used as stabilizers, which can adhere to the surface of nano-
particles and repulse the dispersed metal particles with steric,
electrostatic, or electrosteric effects.32

Aer solution deposition or printing, metallic nano-inks
require drying and sintering steps to form an electronic perco-
lation path and to improve their conductivity. In general, heat
treatment is used to decompose the organic stabilizer and
coalesce the nanoparticles.33 Typical heating temperatures re-
ported in the literature range between 125 �C and 250 �C, and
they are applied for up to 60 min. However, such high
temperature treatment for long time is inefficient and in
particular unsuitable for polymer-based substrates, which are
commonly used in printed electronics. Hence, the development
of alternative faster drying and sintering technologies with
selective heating without damaging the substrate is highly
desirable. Many researchers have studied various low-
temperature sintering methods such as chemical,34 laser,35

spark plasma,36 electrical,37 infrared,38 microwave,39 and intense
pulsed light40 methods. These techniques can successfully
convert metal precursor inks (including metal organic
compounds, metal salts, and metal nanoparticles) into
conductive structures.

Currently, attention is being focused on developing sintering
processes that are compatible with large area and high-
throughput manufacturing of exible electronics for commer-
cialized applications. Among the aforementioned sintering
techniques, infrared and intense pulsed light irradiations are
most suitable for large area sintering, and they are compatible
with roll-to-roll production because the sintering process occurs
in a few seconds or even in a fraction of a second.27 Tobjork
et al.41 demonstrated infrared sintering of AgNP ink on a paper
substrate to obtain conductivity of 10–20% of that of bulk silver
within 15 seconds. Cherrington et al.42 showed a more selective
sintering approach by NIR irradiation to cure AgNP ink in only
two seconds. Due to low NIR absorption of the polymer foil in
the NIR region, the Ag nano ink was selectively heated without
substrate deformation. Recently, Sowade et al.43 reported IR
drying and sintering of inkjet-printed silver layers on a poly-
ethylene naphthalate (PEN) substrate in a roll-to-roll (R2R)
process. Park et al.44,45 presented NIR sintering of an R2R
gravure-printed Ag layer. Hwang et al.46 developed a photonic
sintering method involving intense pulsed light, NIR light and
deep UV light to produce a copper lm. As a fast drying and
selective sintering technique, NIR has showed many potential
applications in printed electronics. However, the mechanistic
properties of NIR sintering have not been studied deeply. The
method for sintering a nanoparticle ink into a functional lm
with dense microstructure and smooth surface is a target of
printed electronics, which is not well-reported in previous
literature. These properties will determine the performance of
30216 | RSC Adv., 2018, 8, 30215–30222
a sintered functional lm and the range of applications in
printed devices.

In this paper, fast sintering of an AgNP ink by NIR irradiation
was demonstrated. The nanoparticles coalesced and formed
conductive paths with low resistivity in only a few seconds. The
sintering depth was investigated with AgNP lms having
different thicknesses, and the changes in the lm microstruc-
tures were observed from the cross-sections of sintered layers by
scanning electron microscopy (SEM). The effects of drying
conditions on electrical performance and morphology were
compared for both NIR and hot plate drying processes. The
surface roughness under different drying and sintering condi-
tions was measured. Furthermore, a exible hybrid circuit
integrated with silicon chips was fabricated by screen printing
and sintered with NIR on PET substrates. The mechanical
stability of the printed exible circuit in terms of adhesion to
the exible substrate was also evaluated.

Experimental
Specimen preparation

The silver nanoparticle ink was purchased from PARU Company
(PG-007, Screen printing ink), and it contained 80 wt% AgNP
dispersed in glycols. The sizes of silver particles were in the
range of 20–200 nm, with most of the NPs falling in the 50–
150 nm range. To study the drying and sintering effect of NIR
irradiation, the ink was deposited on glass by spin coating and
was compared with that dried on a hot plate (50 �C) for 10 min.
To examine the sintering depth of NIR, the cross sectional areas
of the samples at various thicknesses were observed, and they
were scored using a diamond pen and gently broken. A exible
hybrid circuit was prepared using screen printing on a PET
substrate (A4100, TOYOBO Co., Ltd.) and integrated with
a micro controller chip (STM8S, STMicroelectronics).

Sintering and printing apparatus

The AgNP ink was sintered by NIR irradiation at room
temperature and ambient conditions. The NIR system consist-
ing of 9 twin tube NIR lamps, a power controller and a water-
cooling module (Heraeus Noblelight Co., Ltd.) had a peak
wavelength at around 1100 nm. The sintering area was 300 mm
� 200mm. Themaximum electrical power density of the system
was 360 kW m�2. In this study, a minimum sintering time of 2
seconds was set up because a stable time was needed for NIR
light irradiation. AgNP lms were placed at a distance of 3.5 cm
from the lamps. The output energy and on-time were adjusted
to change the sintering conditions.

A screen printing kit was purchased from Atma (AT-25PA,
China), and it consisted of a screen mask and squeegee. The
mask as an image carrier was composed of an aluminium frame
and screen metal stencil. A design layout of hybrid circuit was
transferred to the screen stencil.

Characterization

The morphology and cross section of the AgNP lm were
observed by scanning electron microscopy (SEM, Hitachi S-
This journal is © The Royal Society of Chemistry 2018



Table 1 The resistivity values of the AgNP film sintered by NIR with
power of 360 kW m�2 for 10 seconds

Sintering time (S) 0 2 4 6 8 10

Resistivity (mU cm) 26.9 9.92 3.8 3.32 2.78 2.99
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4800). The surface prole and thickness of the sintered lm
were measured with a proler meter (Dektak XT, Bruker). A UV-
visible spectrometer (Lambda 750, PerkinElmer) was used to
characterize the reectance of the AgNP lm. A four-point probe
station (Suzhou Jingge Electronic Co., Ltd.) was used tomeasure
the sheet resistance at room temperature. The resistivity was
calculated from the denition Rs¼ r/d, where r is the resistivity,
Rs is the sheet resistance, and d is the thickness. The mechan-
ical reliability of the sintered AgNP lm was investigated under
repeated rolling by a homemade bending tester with rolling
diameter of 7 mm.
Results and discussion

Fast, efficient and large-area sintering technologies are highly
desirable for the fabrication of printed electrically conductive
patterns. NIR irradiation enables fast heating of nanoparticles
in the printable ink and reduces the sintering time to a few
seconds. Fig. 1 shows the variation of electrical resistivity of
silver nanoparticles sintered by NIR with power of 360 kW m�2

over 10 seconds together with cross-sectional SEM images
(inset) of the sintered layer at different sintering times. The
resistivity decreased tremendously in the rst 4 seconds and
then declined gradually as the NIR irradiation time was pro-
longed to 10 seconds. It can be observed from the SEM images
that the polymer surrounding the silver nanoparticles was
quickly eliminated in 4 seconds, as shown in Fig. 1a–c. Subse-
quently, the nanoparticles coalesced and sintered into a lm,
which formed a percolation path, resulting in improvement in
electrical conductivity. The sintering process, according to the
literature,47 is classied into two primary processes. First, the
polymer stabilizer, which acts as a spacer and keeps the parti-
cles apart in the ink, desorbs or detaches from the metal
particle surface. The metal particles then move, approach each
other and get into direct contact. Second, unprotected adjacent
metal particles begin to aggregate and form necks driven by
surface atom diffusion, which minimizes the surface area. As
the temperature of AgNPs irradiated by NIR increased quickly,
Fig. 1 The resistivity of AgNP film sintered by NIR with power of 360
kW m�2 over 10 seconds and SEM images of the sintered film at (a)
0 second, (b) 2 seconds, (c) 4 seconds, (d) 6 seconds, (e) 8 seconds,
and (f) 10 seconds.

This journal is © The Royal Society of Chemistry 2018
the silver nanoparticles diffused with each other and formed
a denser lm from 6 seconds to 10 seconds (Fig. 1d–f). The NIR
irradiation raised the temperature to about 700 �C in 4 seconds,
as shown in Fig. S1 (ESI†). Such a high temperature contributed
to stabilizer evaporation from the lm and condensed the
nanoparticles.

The resistivity changes in 2 second intervals during NIR
sintering are summarised in Table 1. The lowest resistivity value
of 2.78 mU cm was achieved in 8 seconds of NIR sintering, which
was 1.7-fold higher than that of bulk silver (1.59 mU cm). To the
best of our knowledge, this is the lowest resistivity ever achieved
by sintering AgNP ink in seconds. It was evident from the SEM
images that the lm sintered in 8 seconds exhibited the densest
structure (Fig. 1e), which is almost an ideal sintering state for
printed AgNP ink. Generally, a higher sintering energy or
temperature tends to decrease the resistivity further (ESI
Fig. S2†), which is consistent with the previously reported
results.48 However, when the sintering time approached 10
seconds in our case, the resistivity slightly increased due to the
formation of small voids in the lm.

It is noteworthy that huge morphology change also occurred
in the lm shown in Fig. 1f due to these microscopic voids,
which was caused by high sintering temperature. As shown in
Fig. S1 (ESI†), due to NIR irradiation, the temperature
continued to rise and reached about 1000 �C when the sintering
time was prolonged from 8 seconds to 10 seconds. In the AgNP
lm, there are two factors or sources that lead to the increase in
voids. One is the small gaps between the sintered nanoparticles
in Fig. 1e, which expanded at such a high temperature for
a longer time, resulting in the formation of more voids; another
is that a small amount of polymer that remained in the lm
evaporated and was eliminated from the lm, thus creating
voids. Meanwhile, the surface roughness of the sintered lm
was slightly higher than that shown in Fig. 1e due to the
formation of a porous structure.

For printed conductive lms using a nanoparticle ink, sin-
tering the nanoparticles into a dense structure with high
conductivity is desired, and the microstructure of the sintered
lm is essential for the electrical performance. From the SEM
images of Fig. 1, it can be observed that the nanoparticles
homogeneously coalesced and diffused to form a dense lm
during the sintering process. No differences in the sintering
states between the bottom side and top side near the lm
surface were found. Also, no swelling or peeling appeared in the
lm, which oen occurs in fast sintering techniques such as
ash lamp sintering because of shallow sintering depth.49 To
examine the sintering depth of NIR, AgNP lms having various
thicknesses from 1.7 mm to 7.8 mm were prepared and carefully
checked during the sintering process; this covered the
RSC Adv., 2018, 8, 30215–30222 | 30217



Fig. 2 Cross section images of the NIR-sintered AgNP film with thicknesses of (a) 1.7 mm; (b) 3.1 mm; (c) 4.2 mm; (d) 5.4 mm; (e) 7.8 mm.
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deposition thickness range of most printing methods. Fig. 2
shows cross sectional images of the sintered lm in the states of
polymer detachment or decomposition and neck formation. In
this stage, the nanoparticles that had absorbed NIR energy
coalesced, and necks grew rapidly aer the stabilizer evapo-
rated. If the absorption of NIR irradiation across the lm
thickness is non-uniform, the differences of sintering states can
be clearly presented.50 Fortunately, as NIR light can partially
penetrate into the nanoparticle lm,51 the silver particles inside
the lm were also sintered by NIR absorption. Even for thick
lms, as shown in Fig. 2e, the nanoparticles on the bottom
exhibited the same sintering state as that on the top side, which
indicated that the depth of NIR absorption is greater than 7.8
mm. In addition, it is noteworthy that the sintering of AgNP lm
was a negative feedback process, i.e., the reectance to NIR
irradiation increased when the nanoparticles were sintered to
coalesce and become a conductive lm (ESI Fig. S3†). Such
effect also contributed to the uniformity of nanoparticle
sintering.

For printed electronic applications, it would be advanta-
geous if both drying and sintering of the printed ink can use the
same technology, which can simplify the process, reduce the
processing time, and enable roll-to-roll manufacturing. There-
fore, NIR was investigated for both drying and sintering of the
AgNP lm. In particular, the drying condition was evaluated for
its inuence on electrical performance. Fig. 3 shows the
microstructure of the AgNP lm sintered by NIR but with
different drying conditions. The lms, as shown in Fig. 3b and
c, were dried by NIR with 72 kWm�2 for 50 seconds and 108 kW
Fig. 3 Microstructure images of sintered AgNP film with different drying
dried by hot plate at 50 �C for 10 min and (e) the processed image, (b) drie
by NIR with 108 kW m�2 for 20 s and (g) the processed image, (d) sinter
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m�2 for 20 seconds, respectively. Interestingly, it can be found
that relatively larger voids were present in the lm with higher
drying temperatures (Fig. 3c). A denser lm with smaller voids
was achieved with a relatively longer drying time (Fig. 3b)
although the drying temperature was lower than that in Fig. 3c.
It seems that prolonging the drying time rather than raising the
drying temperature contributed to reducing the voids in the
sintered lm. To conrm this point, a drying process with a hot
plate at 50 �C for 10 minutes was conducted, and the densest
lm was obtained with few voids (Fig. 3a). In contrast, the AgNP
lm sintered by NIR directly, which could also be considered to
be drying and sintering under combined conditions, showed
more voids in the lm (Fig. 3d). The possible reason for this
phenomenon can be due to the degree of solvent or polymer
evaporation. With longer drying times, more solvent or polymer
evaporated, allowing nanoparticles to approach each other
more closely; hence, fewer voids occurred and a denser lm was
formed in the subsequent sintering process. It should be noted
that peeling of the lm may happen if it is directly sintered with
NIR without the prior drying step (Fig. S4, ESI†). This was due to
the amount of gas released, which was more severe if signicant
amounts of polymers or organic compounds remained in the
lm.

The resistivity values of the sintered AgNP lm with different
drying methods are listed in Table 2. It can be seen that the
resistivity increased as the drying time reduced and the voids
increased. To evaluate the effect of voids on resistivity, MATLAB
was used to process the SEM images of Fig. 3a–d, and the void
percentage was computed aer applying an appropriate
methods and the corresponding images processed using MATLAB: (a)
d by NIR with 72 kWm�2 for 50 s and (f) the processed image, (c) dried
ed by NIR directly and (h) the processed image.

This journal is © The Royal Society of Chemistry 2018



Table 2 Resistivity and void percentage of AgNP film sintered by NIR
with different drying conditions

Method of drying

Hot plate
50 �C
10 min

NIR 72
kW m�2

50 s

NIR 108
kW m�2

20 s Non

Resistivity (mU cm) 2.78 5 5.1 6.5
Void percentage (%) 0.12 6.5 7.4 13.3

Fig. 4 The surface profile of sintered AgNP film with hot plate at
120 �C and NIR with power of 360 kW m�2.

Fig. 5 Bending test results of AgNP patterns sintered with NIR and hot
plate (inset: photo of homemade bending tester).
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threshold (Fig. 3e–h). For image processing, black areas were
treated as voids and white areas as silver. The void percentage
values are summarised in Table 2. The data show that the
variation of void percentage is in accordance with the change in
resistivity. The lm with void percentage of 6.5% corresponds to
resistivity of 5 mU cm. When the void percentage is increased to
7.4% by drying with NIR at 108 kW m�2 for 20 seconds, the
resistivity is also slightly increased to 5.1 mU cm. Furthermore,
as the void percentage increases to 13.3%, the resistivity
increases to 6.5 mU cm. In contrast, the lm with void
percentage of 0.12% has the lowest resistivity.

Besides resistivity, surface roughness of printed conductive
patterns would also inuence the quality of signal trans-
mission, especially when the patterns act as conductive lines or
RF antennas in high-frequency circuit systems. This is because
the skin effect would stand out during current transfer, which is
dened that the electric current distributed within a conductor
that is mainly at the “skin” of the conductor. This means that
the current density is the largest near the surface of the
conductor and decreases with depths in the conductor. The skin
depth (d) is calculated by using the general formula,

d ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
1

pms f

s

where m is the magnetic permeability, s is the conductivity of
conductor, and f is the frequency of the signal. The skin depth
can be reduced to a few micrometers when the signal frequency
is up to tens of megahertz or several hundred megahertz. This
frequency is oen used in systems such as wireless circuits,52

and the frequency tends to get higher in modern electronic
products.

In general, the surface roughness of a printed lm is larger
than that formed by vacuum deposition, which can lead to
impedance changes and signal loss. To achieve reliable high
frequency signal transmission, surface roughness less than 1
mm is expected for actual applications of printed conductive
circuits in exible high-frequency electrics. As mentioned
before, sintering techniques and conditions have great inu-
ence on the morphology of printed nanoparticle lms. Fig. 4
shows the surface prole of sintered AgNP lm with NIR and
hot plate, which underwent a drying process before sintering. It
can be observed that the roughness increased with increasing
NIR sintering times. The roughness reached about 0.6 mmwhen
the nanoparticles were fully sintered with NIR for 10 seconds,
which was about 3 times of that obtained by sintering with a hot
plate for 15minutes. This is due to rapid elimination of polymer
or organics from the printed lm with fast NIR sintering.
This journal is © The Royal Society of Chemistry 2018
Predictably, the AgNP lm sintered by NIR directly (in Fig. 3d),
which resulted in intense evaporation of the polymer and
numerous void formations in the lm, exhibited the largest
roughness (ESI Fig. S5†). However, the roughness of NIR-
sintered lms (Fig. 4) was less than 1 mm, and the conductive
patterns meet the demands of applications in high-frequency
circuits.

Flexibility in terms of bending stability is also an important
property for exible electronic applications. To examine the
exibility of NIR-sintered AgNP lms, exible conductive
patterns were prepared on a PET substrate of 125 mm thickness,
and bending tests were performed by repeated rolling with
roller diameter of 7 mm (inset gures in Fig. 5). The resistivity
variation aer bending is shown in Fig. 5. With an increase in
rolling cycles, the resistivity increased gradually. Aer rolling
2000 times, the resistivity of the conductive patterns sintered
with NIR rose to 13.9 mU cm, which was �2 times higher than
that before rolling. In comparison, the resistivity of the AgNP
lm sintered by a hot plate was �3 times higher than the initial
value. The difference in resistivity change was because of their
respective sintering mechanisms. For hot plate baking, a long
processing time is required, and the temperature cannot exceed
RSC Adv., 2018, 8, 30215–30222 | 30219



Fig. 7 The photos of flexible substrate with irradiation of (a) 108 kW
m�2 in 15 seconds and (b) 144 kW m�2 in 4 seconds.
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150 �C as a higher temperature can result in PET deformation.
Furthermore, the temperature is transmitted from the PET
substrate to nanoparticles in this manner. While sintering by
NIR, the applied irradiation leads to a temperature rise of the
nanoparticles directly. As the PET substrate has negligible
absorption in the NIR range (ESI Fig. S6†) and the sintering time
is short to a few seconds, much energy can be exerted, and the
temperature of the nanoparticles raised by NIR irradiation is
more than 150 �C, which results in a better coalescence or
sintering degree than that for hot plate baking. Furthermore,
unlike hot plate baking, NIR was irradiated from the AgNP lm
side, and the heat was transmitted from nanoparticles to the
PET substrate, which contributed to the nanoparticles fusing
into the polymer substrate locally and increased adhesion.53 As
the NIR sintering time is short, the PET substrate was not
damaged by the transmitted heat on the macroscale. On the
other hand, the larger change in resistivity with hot plate sin-
tering was due to the decreasing contact between adjacent
particles, which were incompletely sintered, and some micro-
cracks appeared aer rolling (ESI Fig. S7†).

To demonstrate the suitability of NIR sintering techniques
for printed electronics, a exible hybrid circuit was designed
and fabricated by integrating a microcontroller chip and prin-
ted interconnects on a PET substrate. The exible conductive
circuit was screen printed and sintered with NIR irradiation.
Then, the controller chip and electrical components were inte-
grated on the exible circuit with low-temperature thermo-
compression bonding using an anisotropic conductive paste
(DELO AC265). The controller chip was programmed to ash an
LED (Fig. 6a). Aer bending and twisting the PET substrate, the
hybrid circuit system could still function normally (Fig. 6b),
which showed that the printed hybrid circuit had good
mechanical properties.

It should be noted that the results of NIR sintering in the
present study are based on the nanoparticle ink. Although there
is minimal absorption by PET in the NIR range (ESI, Fig. S6†),
thermal effects caused by NIR can still damage the substrate
aer processing at a high temperature or for a long time. As
shown in Fig. 7b, the exible substrate was deformed at an
irradiation power of 144 kW m�2 in 4 seconds. With higher
powers or longer processing times, the deformation of the
exible substrate was more serious. However, at a power of 108
kW m�2 for 15 seconds (Fig. 7a), the PET substrate was not
damaged, and resistivity of 6 mU cm was achieved. Fortunately,
NIR irradiation enables fast heating of nanoparticles in a few
Fig. 6 Flexible hybrid circuit integrated silicon chip and printed circuit
in (a) working state and (b) bending state.

30220 | RSC Adv., 2018, 8, 30215–30222
seconds, and the heat transfer to the exible substrate that
leads to deformation needs some time; thus, it is possible to
sinter the nanoparticle ink without damaging the PET
substrate. Nonetheless, a balance should be struck between the
irradiation power and processing time on the thermo-sensitive
substrate. Alternatively, a high power ash of NIR followed by
low-power irradiation can also achieve good sintering. For
example, it was observed that when the silver ink was irradiated
with a high NIR power for a few seconds followed by decrease in
the sintering temperature to about 150 �C, AgNPs began to
sinter together in the low-temperature stage. In this way, the
silver ink could be sintered without depositing too much energy
into the substrate, thus reducing the risk of plastic substrate
damage. This may open a new way for sintering nanoparticle
inks on exible substrates. The mechanism of this phenom-
enon will be further researched and discussed in another
article.
Conclusions

This study demonstrated that AgNP-based printable inks
could be sintered by NIR irradiation in a fast and efficient
manner without damaging exible substrates. A microscopi-
cally dense silver lm was obtained with only 8 seconds of NIR
irradiation. A resistivity value of 2.78 mU cm was achieved for
the sintered silver lm, which was only 1.7-fold higher than
that of bulk silver (1.59 mU cm). To the best of our knowledge,
this is the lowest resistivity ever achieved by sintering AgNP
ink over a few seconds. Due to deep absorption of NIR, Ag
nanoparticle ink with a thickness up to 8 mm could be sintered
uniformly. Besides sintering parameters, drying conditions in
terms of temperature and time also strongly inuenced the
electrical resistivity and morphology of AgNP lm. The surface
roughness and mechanical exibility of the sintered lm were
also investigated. As a practical demonstration, a hybrid
circuit on a exible PET substrate was fabricated by printing
AgNP ink to form interconnects and integrating a micro-
controller chip to control the light emission of the LED. The
hybrid circuit worked well even when subjected to bending
and twisting.
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