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In printed electronics applications, specific resistances of conductive lines are
critical to the performance of the devices. The specific resistance of a silver
(Ag) nanoparticle electrode is affected by surface morphology of the layered
nanoparticles which were sintered by the heat treatment after printing. In
this work, the relationship between surface morphology and specific resistance
was investigated with various sintering temperatures and various layer
thicknesses of Ag nanoparticle ink. Ag nanoparticles with an average size of
approximately 50 nm were spin-coated on Eagle XG glass substrates with
various spin speed to change the layer thickness of Ag nanoparticles from
200 nm to 900 nm. Coated Ag nanoparticle layers were heated from 150�C to
450�C for 30 min in a furnace. The result showed that higher sintering tem-
perature produces larger grains in an Ag layer and decreases specific resis-
tance of the layer, but that the maximum allowable heating temperature is
limited by the thickness of the layer. When grain size exceeded the thickness
of the layer, the morphology of the Ag nanoparticles changed to submicron-
sized islands and the Ag layers did not have electrical conductivity any more.
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INTRODUCTION

Recently, interest has grown in printed electron-
ics because printing methods can replace the tradi-
tional silicon-based techniques, which require many
processing steps such as vacuum deposition, photo-
lithography, and etching. Printing offers the
potential for low-cost, large-area electronics for
displays, sensors, radiofrequency identification, and
polymer micro-electromechanical systems.1–6 Cru-
cial components of printed electronics include con-
ductive lines and electrodes using metal
nanoparticle inks. Gold nanoparticles have been
used for conductive materials due to their high
electrical conductivity and thermal stability. How-
ever, these particles are not widely applied in the
industry due to cost. Replacement by copper nano-
particles is an alternative, as copper has been

recently used in metal-wiring material in a semi-
conductor foundry by the introduction of the chem-
ical–mechanical polishing Damascene process.
However, printed copper nanoparticles oxidize rap-
idly under air conditions. Therefore, silver (Ag)
nanoparticle inks are currently the material of
choice for printing electrical conductive patterns in
printed electronics.7–9

Electrodes with high electrical conductivity are
advantageous because they can reduce not only
energy loss but also the resistance–capacitance time
delay to achieve high-speed circuits. In general,
printed Ag nanoparticle electrodes have higher
electrical conductivity when they are sintered at
higher temperature after printing, because elevated
temperature causes the metal nanoparticles to
agglomerate having enhanced connectivity among
the nanoparticles.10–12 However, unfortunately, the
increase of the electrical conductivity with elevating
sintering temperature has limitations. Further
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heating results in the loss of electrical conductivity
due to the formation of too large Ag agglomeration
and broken connectivity.13–16 The limitation of sin-
tering temperature could be critical to some appli-
cation where high temperature processes should be
followed up. For example, printing of oxide semi-
conductor thin film transistors (TFTs) might need
high-temperature treatments at 300–600�C for me-
tal oxides, and the already printed bottom elec-
trodes will also suffer the high temperature.17,18

In this background, the study of Perelaer et al. is
remarkable as it reported that no loss of conductivity
was observed until heating inkjet-printed silver lines
having a thickness of approximately 6 lm to 650�C
for five times, while the single printed lines having a
thickness of 1.5 lm had minimum resistance at
325�C.16 They also commented that the reason for the
different behavior of the resistance with increasing
temperature could be due to the formation of cracks
which would be more apt to occur in the lines having a
smaller thickness.16 However, further evidence on
the effect of layer thickness on the sintering charac-
teristics of Ag nanoparticles has not yet been
revealed, even though controlling the maximum
allowable temperature of printed Ag nanoparticles by
changing the layer thickness would be attractive.
Motivated by this, the variations of surface mor-
phology and specific resistance were experimentally
investigated with various sintering temperatures
and layer thicknesses of Ag nanoparticle ink on a
glass substrate.

EXPERIMENTAL

The ink used (ANP, DGP-40LT-15C) contains
31 wt.% spherical Ag nanoparticles, having an
average diameter of 50 nm, dispersed in triethylene
glycol monoethyl ether (TGME). Suggested sinter-
ing conditions were 30–60 min at 150�C. Either
inkjet printing or spin coating was used for line-
patterning or film-coating of the Ag ink, respec-
tively. The drop-on-demand (DOD) inkjet printing
device (Dimatix, DMP-2381) consists of a cartridge-
type jetting head, a 2-D traverse stage, a monitoring
camera, and a working bed. It generates a series of
droplets with volumes of approximately 6.5 pl and a
drop diameter of 23 lm. Ink was printed on an
Eagle XG glass substrate with a thickness of
500 lm. Before printing, glass substrates were
cleaned in an ultrasonic cleaner by using acetone
and isopropyl alcohol. The substrates were dried in
an oven at 150�C for 15 min. The printed Ag line
was 3 mm long and 140 lm wide. Contacting pads
are printed at both ends of the line for ohmmeter
probes. To lower the electrical resistance, the sub-
strate was heated to 250�C for 30 min before
printing the line. Spin coating was used at various
speeds to vary the thickness of the Ag layer. The
glass (Eagle XG) substrate of 24 mm by 24 mm was
rotated at speeds of 500 rpm, 1000 rpm, and
2000 rpm. After spin coating, samples were dried at

50�C for 30 min. The printed and spin-coated sam-
ples were sintered in a furnace at various temper-
atures from 150�C to 450�C with an interval of 50�C.
Sintering time was set to 30 min because a previous
study revealed that the specific resistance of the
adopted Ag ink changes little after 20 min of heat-
ing in a furnace.19

Cross-sectional thickness profiles of inkjet-printed
lines and spin-coated layers were measured before
and after sintering using an Alpha-Step (KLA-Ten-
cor). Also, the thickness of the spin-coated layer was
obtained by averaging the cross-sectional thickness
profiles at 3 or 4 positions around the center of the
substrate, each of which had a scan length of
2.5 mm. The electrical resistance of a line was mea-
sured by a 1160 probe station (Signatone) and a 433B
milliohmmeter (Agilent). Sheet resistance of spin-
coated samples was measured using a M4P 302-
system four-point probe (MS TECH) and multimeter
(Fluke 8845A). The specific resistance was calculated
by multiplying the electrical resistance of the inkjet-
printed lines by the cross-sectional area and dividing
it by length, and the specific resistance of the spin-
coated samples was calculated by multiplying the
sheet resistance by the thickness. XRD was per-
formed to confirm the oxidation of Ag with temper-
ature. Specific resistance was related to the
morphology change of the printed metal nanoparti-
cles. To examine the morphology of the printed metal
nanoparticles, a SU8000 FESEM (Hitachi) was used.
Grain size was measured from the FESEM images:
the number of grains was counted along the diagonal
line on a FESEM image, and then the average grain
size was calculated by dividing the number of grains
by the length of the diagonal line.

RESULTS AND DISCUSSION

Figure 1 shows the specific resistance of inkjet-
printed silver nanoparticles as a function of furnace

Fig. 1. The change in specific resistance of inkjet-printed Ag nano-
particles treated at various temperatures for 30 min.
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temperature. The specific resistance was measured
at room temperature after the 30-min furnace
treatment. Before furnace sintering, electrical
resistance was more than 100 MX. The specific
resistance of the inkjet-printed silver nanoparticles
sintered at 150�C was 1.84 9 10�7 X m, which is
11.5 times higher than that of bulk Ag
(1.6 9 10�8 X m). The minimum specific resistance
was obtained at 250�C, 5.8 9 10�8 X m. This is 3.7
times higher than that of bulk Ag. When Ag nano-
particles were further heated at a higher tempera-
ture, the specific resistance began to increase and
electrical resistance exceeded the multimeter’s
measuring limit of 100 MX at 350�C. This nonlinear
variation of the specific resistance of Ag nanoparti-
cle layer agrees well with previous studies.13–16

To examine the reason of this nonlinear variation
of electrical conductivity, XRD measurements were
first carried out and the possible oxidation of Ag
nanoparticles were checked. As shown in Fig. 2, Ag
oxide was not formed in the temperature range

Fig. 3. FESEM images of inkjet-printed Ag nanoparticles treated at various temperatures: (a) 150�C, (b) 200�C, (c) 250�C, (d) 300�C, and
(e) 350�C.

Fig. 2. XRD results of Ag nanoparticles treated at various temper-
atures for 30 min.
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studied, which is in agreement with other results in
air.20,21 XRD analysis probed the formation of well-
crystallized silver. The (1 1 1), (2 0 0), and (2 2 0)
corresponded to the face-centered cubic structure of
the metallic silver.

The next approach of the examination was to
obtain FESEM images to observe the formation of
the neck connectivity of the sintered ink, which is
expected to be crucial in varying the specific resis-
tance. Figure 3 shows surface images of Ag nano-
particles after sintering. At 150�C, the initial shape
of the particles was maintained and a neck was
formed. Due to the neck formation between parti-
cles, the specific resistance was reduced. At 200�C,
silver nanoparticles were completely merged. In this
temperature regime, the mechanism for sintering is
surface energy reduction.10–12

In high-temperature regimes, such as those
depicted in Fig. 3b–e, the silver nanoparticles coalesce
into larger particles with increasing temperature by
grain boundary diffusion and lattice diffusion trig-
gered by Ostwald ripening.22,23 Then, the surface of
the ink provides more effective transport paths for
electron flow than in the lower sintering temperature
case. Above 250�C, grain and pore growth begins to
occur. Large pores existed after sintering at 300�C.
Due to the formation of large pores, specific resistance
did not decrease. At 350�C, the connection among sil-
ver nanoparticles was completely broken and submi-
cron-sized large silver islands having diameters of
500 nm or larger were formed. Therefore, the Ag layer
became to lose its electrical conductivity.

Figure 4 shows a cross-section of the printed ink
line measured by a surface profiler. The cross-sec-
tion of the ink line was selected at the middle point
of the printed line. Figure 4a represents the cross-
sectional shape of the inkjet-printed line. This
shows a coffee ring effect, that is, the thickness of
the center is lower than that of the edges. The
thickness of the center and edges were approxi-
mately 200 nm and 340 nm, respectively. Figure 4b
shows the average grain size and thickness of ink-
jet-printed lines as a function of temperature. With
increasing temperature, grain size increased and
approached the thickness of the line. Grain size was
similar to the thickness of the center of the line at
300�C. At 350�C, the grain size and the line thick-
ness could not be measured because of the formation
of silver islands as shown in Fig. 3e, whereas the
diameters of the islands were generally larger than
500 nm, which value could correspond to the maxi-
mum thickness of the line.

The above results imply that the breaking of the
Ag nanoparticle layers into Ag islands has a strong
relationship with the increase of grain size relative
to the thickness of the layer. To study the effect of
the grain size relative to the layer thickness on the
change in specific resistance and morphology, Ag
nanoparticle ink was spin-coated with various spin
speeds and then sintered at various temperatures.
Figure 5 shows the variation in average thickness of

the coated Ag layer with respect to rotational speed
of the spin coating, which shows an almost linear
decrease of the thickness with the spin speed. Each

Fig. 4. (a) Cross-section of inkjet-printed lines after sintering at
150�C for 30 min and (b) average grain size and thickness of inkjet-
printed lines with various temperatures.

Fig. 5. Average thickness of coated Ag layer as a function of rota-
tional speed of the spin coating.
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symbol in Fig. 5 represents the average thickness of
a spin-coated layer obtained by averaging cross-
sectional thickness profiles for 2500-lm scan length.
The standard deviation of each scan was in the
order of 10%, shown as error bars in the figure.

Figure 6 shows FESEM images of the layer sur-
faces. It was commonly observed for the Ag nano-
particles coated with various spin speeds that they
were sintered to make larger grains at higher tem-
perature until they formed islands. It was also

Fig. 6. FESEM images of spin-coated Ag nanoparticles with various spin speeds and temperatures.
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commonly observed that large pores began to be
noticeable just before the formation of Ag islands.
However, it is clearly shown that the temperature
at which Ag islands formed increased with
decreasing spin speed or increasing thickness:
300�C at 2000 rpm, 350�C at 1000 rpm, and 450�C

at 500 rpm. As a result, the island size at the for-
mation temperature and the grain size just before
the formation also increased with decreasing spin
speed or increasing thickness, as shown in the
images.

Figure 7 shows the change in average grain size
and aggregate size and average thickness with
temperatures and spin speeds. Aggregation is a
procedure that pre-sintered nanoparticles are bon-
ded together by solid necks of significant strength
such as metallic force. Before the grain growth, the
boundary between particles cannot be clearly iden-
tified in the FESEM images. As the grain boundary
can be clearly seen in the FESEM images, it is
defined as grain size. As shown in Fig. 6, the surface
morphology of Ag nanoparticles to 250�C was simi-
lar to that of the final aggregation of the nanopar-
ticles.24 Particle size to 250�C is defined as the
aggregate size. Above 300�C, grain growth occurred.
So, the average grain size could be measured from
FESEM images above 300�C. The dashed line rep-
resents the linear fit of the average thickness, which
decreases slightly with temperature possibly due to

Fig. 8. The temperature-dependent variations of (a) average grain
size and (b) specific resistances for different spin speeds.

Fig. 7. The change of average grain size and average thickness with
temperature: (a) 500 rpm, (b) 1000 rpm, (c) 2000 rpm.
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decreasing porosity in the layer with the progress of
sintering. In Fig. 7, with increasing temperature,
grain size approached the thickness of the film.
Aggregate size slowly increased from 50 nm to
150 nm until 250�C in all cases. Above 250�C, the
grain size of the Ag nanoparticles coated at 500 rpm
abruptly increased above 500 nm. As a result of the
increase in the grain size and the decrease in the
thickness with temperature, the grain size became
similar to the thickness of the layer at 400�C, 300�C,
and 250�C for 500 rpm, 1000 rpm, and 2000 rpm,
respectively. Finally, above those temperatures, Ag
islands were formed in the Ag layers and the layers
did not have any meaningful electrical conductivity.

As soon as the particles were placed in contact
with each other, necks formed between the parti-
cles. The necks grow by several different mecha-
nisms including surface diffusion, lattice diffusion
from the surface, vapor transport, grain boundary
diffusion, and lattice diffusion from the grain
boundary accompanied by plastic flow.25,26 It has
been reported that surface and grain boundary dif-
fusions were more significant transport processes in
sintering of metal nanoparticles at relatively low
temperatures.21 In contrast, the volumetric trans-
port processes such as lattice diffusions become
active at relatively higher temperatures.10–12 When
the grains have already grown to reach the surface
of the layers, and they are driven to keep growing by
the volumetric transport processes, the grains could
not grow together any further but separated into
islands. Therefore, at the breaking temperature, the
originally porous Ag layer with a closely packed
structure of nanoparticles changes to a discontinu-
ous layer consisting of solid islands and surrounding
voids.

The effect of the layer thickness, however, was
limited to the island formation phenomenon.
Figure 8 shows the change in the average grain size
and specific resistance with various temperatures
and spin speeds. With the increase of sintering
temperature to 300�C, the grain size increased and
specific resistance decreased exponentially, where
the difference in the spin speeds did not affect the
overall trends of these variations very much. The
noticeable isolations from the trends for both
the grain size and specific resistance were observed
only near the breaking temperature. Without
interruption of the island formation, the grain sizes
grew to approximately 650 nm and the specific
resistance of the silver layer spin-coated at 500 rpm
decreased to 3.0 9 10�8 X m at 300�C, due to the
decrease of the grain boundary area which is oper-
ated as electron-scattering sites. Above 300�C, the
variations of the grain sizes and specific resistance
diminished, not having clear directions.

CONCLUSION

The morphology of Ag nanoparticle ink printed or
coated with various thicknesses and sintered at

various temperatures was experimentally investi-
gated to show that the high-temperature stability of
the Ag nanoparticle layer is directly affected by the
layer thickness. At the beginning of the tempera-
ture elevation, the agglomeration of the Ag nano-
particles and growth of the grains enhanced the
electrical conductivity of the Ag layer. When the
temperature increased further, the sintered Ag
layer was broken into a separated array of submi-
cron islands and lost its electrical conductivity. This
result showed that the breaking temperature of the
sintered layer into the islands increases with the
thickness of the layer. The experimental observa-
tion revealed that, for a thin Ag nanoparticle layer
having submicron thickness, the breaking of the
sintered layer occurs when the grains grow to the
thickness of the layer, because growth further than
the thickness drives a grain to absorb the adjacent
grains to be detached from the surrounding layer.
As a result, the thicker layer enabled the enduring
of higher temperatures without breaking and,
therefore, to reach higher electric conductivity of
the layer.
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