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Abstract: We studied the effect of current supply duration at final-step currents during the stepwise
electrical sintering of silver (Ag) nanoparticles (NPs). Ag NPs ink was inkjet-printed onto Eagle-XG
glass substrates. Constant final-step currents of 0.4 and 0.5 A with various time intervals were
applied to the printed samples. The final-step current of 0.5 A damaged the line at a comparatively
shorter time duration. On the other hand, the lower final-step current of 0.4 A prevented the line
damage at longer time durations while producing comparatively lower Ag NPs specific resistance.
The minimum specific resistances of the printed samples sintered at 0.4 and 0.5 A were 3.59 µΩ·cm
and 3.79 µΩ·cm, respectively. Furthermore, numerical temperature estimation and scanning electron
microscope (SEM) analysis were conducted to elaborate on the results. The numerical temperature
estimation results implied that the lower estimated peak temperature at the final-step current of
0.4 A helped prevent Ag NP line damage. The SEM micrographs suggested that a high surface
porosity—caused by higher sintering peak temperatures—in the case of the 0.5 A final-step current
resulted in a comparatively higher Ag NP line-specific resistance. This contribution is a step forward
in the development of Ag NP sintering for printed electronics applications.

Keywords: stepwise current sintering; silver nanoparticle; specific resistance; neck growth; electri-
cal sintering

1. Introduction

Printed electronics has attracted enormous attention as a promising alternative to
conventional lithography. Among the several printing techniques [1–7], the inkjet printing
technique has stood out as a promising alternative to overcome the complex processes of
conventional lithography [8,9]. The inkjet printing technique is environmentally friendly
as it uses the exact amount of required material by allowing a direct patterning on the
substrate, hence preventing the use of chemicals etchants and the etching process en-
tirely [10,11]. This technology has been widely applied to flexible displays [12], flexible
solar cell arrays [13], and printed OFETs [14,15]. Highly conductive metal nanoparticle inks
such as silver [12,16] or copper nanoparticles [17–20] are generally adopted for the contacts
and tracks in electronic circuit design to minimize resistive losses. They are inkjet-printed
onto different substrates for producing printed features for electronic devices [14,15]. How-
ever, metal nanoparticle inks generally have too low electrical conductivity to meet the
general requirements due to the surfactants added in the ink to prevent agglomeration [9].
Therefore, once printed onto the substrate, the metal nanoparticle ink is heat-treated to
render the printed features conductive. This impediment demands a further step called
sintering, which is a thermal treatment for bonding particles together into a coherent,
predominantly solid structure via mass transport events that occur largely at the atomic
level [21]. Different techniques such as microwave oven [22,23], hotplate [24], laser [25,26],

Metals 2021, 11, 1878. https://doi.org/10.3390/met11111878 https://www.mdpi.com/journal/metals

https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://orcid.org/0000-0002-3099-7329
https://orcid.org/0000-0001-5168-2468
https://orcid.org/0000-0001-9045-0467
https://orcid.org/0000-0002-8978-474X
https://doi.org/10.3390/met11111878
https://doi.org/10.3390/met11111878
https://doi.org/10.3390/met11111878
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/met11111878
https://www.mdpi.com/journal/metals
https://www.mdpi.com/article/10.3390/met11111878?type=check_update&version=2


Metals 2021, 11, 1878 2 of 12

intense pulsed light (IPL) [27], and room temperature sintering [28] have been previously
studied each with their specific characteristics and outcomes. While oven sintering is the
conventional technique with the advantages of large area heat treatment and mass pro-
duction, it has certain drawbacks such as (i) it requires longer processing time, (ii) causes
thermal damage to the substrates, (iii) lacks selective sintering, and (iv) emits undesirable
gases. As an alternative to oven sintering, Allen et al. [29] proposed an unconventional
electrical sintering method by applying a constant voltage to the silver nanoparticle conduc-
tive ink line. In a later study, Moon et al. [30] demonstrated the constant current method
during the electrical sintering of Ag NPs as an alternative to the constant voltage method.
Furthermore, Alastalo et al. [31] introduced a numerical solution model related to the
heat expansion of silver nanoparticles when printed and sintered on a paper substrate.
Tan et al. [32] have presented contactless electrical sintering via induction heating with
a staggering Ag NPs specific resistance of 1.98 µΩ.cm. Hence, the studies demonstrated
the electrical sintering method with several key advantages such as (i) highly localized
sintering, (ii) short processing time, (iii) inducing minimal thermal damage to the substrate,
and (iv) allowing the in situ monitoring of the sintering quality. Moreover, in the current
study, we have demonstrated that the particular stepwise electrical sintering technique
allows the control over the process temperature and subsequently the NP final resistivity.

During the electrical sintering, the current is applied at the ends of the conductive ink
line. If the applied current is too high, the excessive thermal energy generated by Joule
heating could damage the line. Jang et al. [33] proposed a two-step sintering method to
prevent generating excessive thermal energy in the printed conductive ink by gradually
increasing the applied voltage, rendering a stable reduction in the resistance of the sam-
ple. Lee et al. [34] proposed a stepwise current-increment sintering technique to prevent
excessive thermal energy to the printed conductive ink due to high initial resistance. A
gradual increase in the current in the form of steps prevents the supply of excess energy to
the sample without damage. However, the current supply duration corresponding to the
final-step current remains the topic of exploration.

In this work, the effects of the current supply duration at the final step were investi-
gated during the stepwise electrical sintering of Ag NPs. During thermal sintering, the
electrical specific resistance of metal NPs is highly dependent on the sintering temperatures.
In a stepwise current increment electrical sintering technique, the maximum temperature
occurs at the final step of the current supply. By varying the final-step current duration,
the heating time and hence the maximum temperature can be controlled. This technique
allows the control over sintering temperature, and hence, the final specific resistance of
the Ag NPs such that it provides us with the choice of higher sintering temperatures
and discontinuous surface morphology or lower sintering temperatures but smooth and
continuous surface morphology. The effect of sintering temperatures has been studied by
Moon et al. [35] in which a 300 ◦C oven sintering temperature produced lower specific
resistivity compared to 250 ◦C at the expense of highly discontinuous surface morphology
containing large pores. However, at higher than 300 ◦C, the NP grain sizes became larger
than the thickness of the NP film layer, forming islands. In this study, the relation between
the temperature and electrical property change of the conductive ink line was examined
by solving a two-dimensional conduction equation, and the surface morphology was
carried out by analyzing the field emission scanning electron microscopt (FE-SEM) of the
sintered NPs.

2. Materials and Method

Figure 1 shows the FE-SEM image of the conductive ink line printed on the glass sub-
strate before sintering. Ag NPs ink (DGP 40LT-15C, ANP Inc., Sejong, Korea) with around
34 wt % solid content and an average particle size of about 50 nm uniformly dispersed in
triethylene glycol monomethyl ether (TGME) solvent was used. Glass substrates (Eagle XG
glasses, Samsung-Corning, Glendal, AZ, USA) were cleaned with acetone and isopropyl
alcohol (IPA) in an ultrasonic cleaner for 10 min each, respectively. Afterward, the glass
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substrate was kept in an oven at 110 ◦C for 30 min to remove the residual moisture. Two
identical pads (1000 µm × 1000 µm) were printed on the glass substrate and baked in
an oven at 250 ◦C for 30 min to reduce any error during the conductive line resistance
measurement. Subsequently, Ag NP ink lines were printed by connecting the pads with
130 µm × 3000 µm (W × L) dimensions. A pre-sintering process was carried out to ob-
tain uniform initial resistances of 1165 ± 88 Ω for each Ag NP line sample. This process
removed the printed ink moisture, leaving dry NP lines. The SEM (Hitachi S-4800, Hitachi
High-Tech. Co., Tokyo, Japan) image in Figure 1 depicts the adhering of NPs before the
initial point contact of the NPs where the initial point contact of the NPs indicates the
initiation of sintering [21]. Therefore, at this point, considering the high resistance and
mere adherence of the NPs, it is safe to say that the sintering process has not started. The
pre-sintering process was carried out by heating the printed samples on a hotplate at 55 ◦C
for 300 s.
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Figure 1. Field emission scanning electron microscope (FE-SEM) image of silver nanoparticles
before sintering.

Figure 2 illustrates the schematic diagram of the electrical circuit. The electrical
sintering was performed via a stepwise-current form generated from a computer-controlled
DC power supply. Sintering was carried out in four steps in each experiment. The current
was increased at each step corresponding to time variations (200 to 5150 ms) up to final-
step currents of 0.4 A and 0.5 A. Furthermore, to measure the supplied current, the series
resistor (1 Ω) was connected to the electrical circuit. The transientvoltage of the sample
was determined using an oscilloscope by connecting probes at both ends of the sample.
After the sintering process, the final resistance of the sintered samples was determined at
room temperature using a digital multimeter (L4411A, Agilent Technologies, Santa Clara,
CA, USA), and the specific resistance of the samples was calculated by Ohm’s Law. The
equation of the average specific resistance is as follows:

ρ = R
A
L

, (1)

where ρ, R, A, and L are the specific resistance, line resistance, cross-sectional area, and
length of the conductive line, respectively. The surface morphology of the sintered con-
ductive ink line was monitored by FE-SEM (Hitachi S-4800 Hitachi High-Tech. Co., Tokyo,
Japan). The line resistance was measured in situ via the digital multimeter during the
electrical sintering process.
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Figure 2. Schematics of the stepwise current sintering setup.

The temperature calculation was carried out by solving a two-dimensional heat
conduction equation using the COMSOL Multiphysics (COMSOL, Inc., District Avenue
Burlington, MA, USA). The Wiedemann-Franz law was used to estimate the transient ther-
mal conductivity of the Ag NP ink, which states that “The ratio of the thermal conductivity
to the electrical conductivity of metal at not too low temperatures is directly proportional
to the temperature [36],” and it is expressed as follows:

k = Lsilver · σ(t) · T, (2)

where k, σ(t), and T are the thermal conductivity, electrical conductivity of silver nanoparti-
cles, and temperature, respectively. The Lorentz number of silver, Lsilver, is 2.44 × 10−8 [36].
The electrical conductivity is the reciprocal of the specific resistance. We obtained the
electrical conductivity by the in situ measurement of line resistance, and subsequently,
the thermal conductivity via Equation (2). When comparing Equations (1) and (2), we
observe that the information regarding the change in the NP cross-sectional area is required
in the numerical model for estimating the thermal conductivity-dependent temperature.
However, since the area shrinkage when the NPs are thermally treated for short times
is negligible based on the previous study by oven sintering [37], therefore considering
a fraction of time taken during the electrical sintering compared to oven sintering, we
assumed that the area shrinkage remained constant throughout the sintering process. The
two-dimensional heat conduction equation is as follows:

ρicp,i
∂Ti
∂t

=
∂

∂x

(
ki

∂Ti
∂x

)
+

∂

∂y

(
ki

∂Ti
∂y

)
+ Si, i = 1, 2 (3)

Si = I2
(

ρe1l1
A1

)
, S2 = 0 (4)

where ρi, cp,i, and ki are the density, heat capacity, and thermal conductivity of Ag NPs
and the glass substrate, respectively. The subscript i is the representation for each material:
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1 for ink and 2 for the glass substrate. ρe, I, A1, and l1 are the resistivity, applied current,
cross-sectional area, and the length of the conductive ink line.

Figure 3 shows the schematics of the two-dimensional model of the Ag NPs ink
line printed on the glass substrate. The radiative and convective boundary conditions
were applied to the ink and the surface of the glass substrate. Both sides of the glass
substrate were subjected to an adiabatic condition by assuming symmetry. An interface
boundary condition was applied at the boundary between conductive ink and substrate.
The initial temperatures of the ink and glass substrates were 300 K. The parameters used
in temperature calculation are shown in Table 1. For ink and glass substrate meshes,
53,122 elements were adopted, respectively. The average mesh quality was 0.843 with 1 as
the best possible mesh quality.
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Figure 3. Two-dimensional numerical model of the patterned conductive ink line on the glass substrate.

Table 1. Parametric values used in the numerical calculation model.

Parameters
(Silver NP Ink) Symbol Values Parameters

(Glass Substrate) Symbol Values

Density ρ1 5400 kg/m3 Density ρ2 2600 kg/m3

Emissivity ε1 0.01–0.02 Emissivity ε2 0.92
Heat Capacity cp,1 245 J/kg·K Heat Capacity cp,2 840 J/kg·K

Convective Heat
Transfer Coefficient h 10 W/m2·K Stephan–Boltzmann

Constant σ
5.67 × 10−8

W/m2K4

Thermal Conductivity k1 Equation (2) Thermal Conductivity k2 1.05 W/m·K
Width w1 130 µm Width w2 2.4 cm

Thickness t1 300 nm Thickness t2 0.5 cm

3. Results and Discussion

Figure 4 shows the current versus time chart for each final-step current of 0.4 A (a) and
0.5 A (b). The case of the final-step current of 0.4 A was tested for a total sintering duration
of 200, 250, 650, 1150, 2150, and 5150 ms, with which the initial three steps were completed
within 150 ms. So, the final-step current of 0.4 A applied to each case for durations of 50,
100, 500, 1000, 2000, and 5000 ms. Similarly, in the second case, the final-step current of 0.5
A was applied to the Ag NP lines for 50, 100, 500, 1000, 2000, and 2850 ms. The NP line
was damaged when 0.5 A was applied for 2850 ms. This line damage is depicted by the
sharp decrease in the current at around 3 s of the final-step current of 0.5 A.
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Figure 5 presents the specific resistance curves of the final-step currents with 0.4 A
and 0.5 A according to various final-step current supply durations. The specific resistance
was measured at room temperature after sintering. The specific resistance decreased with
the increased current supply duration at the final step. At the same time, the decrease
rate slowed down as the final step duration was reduced. When the conductive ink lines
were exposed to the final-step currents of 0.4 A and 0.5 A for 50 ms duration, the obtained
specific resistances were 6.22 and 7.87 µΩ·cm, respectively. They were about 4.94 and
3.9 times the specific resistance of bulk silver (1.59 µΩ·cm). The minimum specific resistance
of the 0.5 A case occurred at the sintering time of 2150 ms when the final-step current of
0.5 A was applied for 2000 ms. After 0.5 A current was supplied for 2850 ms, the conductive
lines were damaged due to the excessive temperature rise. However, the conductive lines
were successfully sintered with a supply of 0.4 A current for 5000 ms. The minimum
specific resistances of the conductive ink lines sintered at 0.4 A for 5000 ms was 3.59 µΩ·cm,
and the minimum specific resistance was 3.79 µΩ· when the conductive ink line was treated
with 0.5 A for 2000 ms. They were approximately 2.25 and 2.38 times that of bulk Ag. When
the conductive lines were sintered for the identical final-step current supply duration, the
lower specific resistance trend appeared with a 0.5 A current supply. However, the failure
of a 0.5 A current supply at a longer sintering duration can be a major drawback, while the
better line specific resistance is hard to obtain at shorter time durations with a supply of
0.5 A current. Therefore, the supply of a 0.4 A current for longer durations may be effective
to produce comparatively lower specific resistance of the printed lines.

Figure 6 presents the surface morphology of the sintered Ag NPs with final-step
currents of 0.4 A. The FE-SEM images are shown for the various final-step duration.
Typically, printed nanoparticle inks experience three different stages in the sintering process.
At the very beginning, in the pre-sintering stage, the surfactants enclosing the NPs are
evaporated by the supplied heat. Those surfactants prevent metal NPs from clogging
inside inkjet printer nozzles during the ejaculation of the metal NP droplets. Next, once the
surfactants are removed, the metal NPs start to agglomerate by adhering to each other and
with the supply of small amount of thermal energy they start forming initial inter-particle
necks. This stage is known to be the initial sintering stage [21]. The particles tend to attach
randomly by activated repacking and rearrangement through the point contact of the
particles. This point contact, consequently, initiates neck growth, which results in higher
packing density and grain boundary structure with minimized surface energy. This process
is possible by surface diffusion, which makes vacancies and atoms inside grains migrate
along particle surfaces [21]. Figure 6a,b shows the initially agglomerated structure when
sintered with the final-step current of 0.4 A for 50 ms and 100 ms, respectively. In the
intermediate stage, nanoparticles are densified and grain growth is initiated simultaneously,
as shown in Figure 6c,d. At this stage with a longer sintering duration, the necking between
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particles forms by surface diffusion with little actual densification [38]. Furthermore, when
the lines are heated for 1000 ms duration, further growth in the neck is distinguished.
This is caused by the grain boundary diffusion and the neck growth enhancement [25]. In
Figure 6c,d, the densification of the particles starts [39] with the increased grain growth,
and eventually, less grain boundary area is occupied. In the final stage, the grain growth
results in the larger average grain size with a fewer number of grains [21], as revealed
in Figure 6e,f with a final time duration of 2000 ms and 5000 ms, respectively. Here,
grain size enlargement initiates by atomic level diffusion within the crystal lattice. This
process is known to be time-consuming and occurs after the proper densification of the
microstructure [21,38]. This time-consuming diffusion explains the growth of larger grain
size, as shown in Figure 6f. Moreover, we notice a noticeable large pore formation at
5000 ms with large grains and visible grain boundaries indicating that further current
supply is likely to form islands and damage the NP line [35].
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Figure 5. Specific resistance vs. time plot for 0.5 A and 0.4 A final-step currents.

Figure 7 shows FE-SEM images of the samples sintered with a final-step current of
0.5 A. As the final step time increases, the supplied heating energy is increased, and a faster
neck formation can be noticed, as shown in Figure 7a–c. After being heated with the final
step duration of 1000 ms, grains started to grow to a much larger size, which ranges from
approximately 600 to 1000 nm, as presented in Figure 7d. When the final step duration
reaches 2000 ms, the average grain sizes range from 0.5 to 1.5 µm as shown in Figure 7e.
When the final step duration increased to 2850 ms, the samples were finally damaged with
a grain size of around ≈1.7 µm. However, large pore formation will affect the final specific
resistance of the conductive ink line, as shown in the 10,000x FE-SEM image in Figure 7g–i.
The pore formation in the sintered samples effectively prevents the reduction of Ag NPs’
specific resistance close to its bulk counterpart’s specific resistance. Hence, from the SEM
micrographs, it is evident that the increase in the final step duration beyond a certain level
consequently increased the size and the number of pores as well as the size of the grains
and grain boundaries, resulting in an overall discontinuous surface morphology.

Figure 8 presents the calculated maximum temperature according to the varied final-
step durations with a final-step current supply of 0.4 A and 0.5 A. The sintering temperature
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is known to affect the atomic diffusion mass flux and solvent removal among the nanoparti-
cles [40]. The agglomeration of the nanoparticles is enhanced, since the increased sintering
temperature leads to an accelerated redistribution of atoms and molecules among the
nanoparticles [41]. The calculated temperatures are elevated with the increasing current
supply duration, and the temperature slope is steeper at a final-step current of 0.5 A. When
the samples are sintered at the final-step current of 0.4 and 0.5 A for 50 ms, the temperatures
of the samples were 559 and 646 K, respectively. When the samples were heated with
0.4 A for 5000 ms and 0.5 A for 2000 ms, the estimated temperatures were 841 and 960 K,
respectively. The temperature of the damaged line was 1223 K with a final-step current
of 0.5 A for 2850 ms. This temperature is close to the melting temperature of bulk Ag
(1234.93 K). The high estimated temperature indicates that the line was damaged due to
layer discontinuity at the macro level caused by overheating.

Figure 9 reveals the relationship between the specific resistance of the conductive
ink line and the corresponding estimated temperature. The temperature increase can be
noticed with the increase in the final step time and applied currents. At around 800–850 K,
a steep decrease in the specific resistance for 0.4 A indicates the formation of a better
percolation network at this stage. The minimum specific resistance of the sample sintered
with a final current of 0.4 A for 5000 ms was 3.59 µΩ·cm at the temperature of 850 K. At
temperatures higher than 850 K in the case of 0.5 A, the decrease rate of specific resistance
according to temperature is slowed down. The slowing down of decrease rate is not as
significant as in Figure 5 because the increase rate of temperature has also slowed down in
these cases, as shown in Figure 8. In other words, at temperatures higher than 850 K, the
specific resistance decrease and temperature increase are both slowed down. The reason
behind this phenomenon can be similar to the cause of damaged lines, where lines were
damaged due to the discontinuity caused by overheating. We believe that the common
features of large pores as observed in Figure 7g–i are the indication of a common cause.
Higher porosity resulted in a comparatively higher final specific resistance of the NPs
lines with 0.5 A. An increase in the final-step current duration produced a better specific
resistivity than the increase in the current at the final step. The steady temperature caused
by the supply of the lower final-step current enabled a larger energy supply to the lines
to obtain lower specific resistivity of the sintered lines by producing fewer pores in the
sintered NPs morphology.
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Figure 8. Estimation of temperature during the electrical sintering of silver nanoparticle ink according
to 0.5 A and 0.4 A, final-step currents.
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4. Conclusions

In this study, the effect of current supply duration during the electrical sintering of
printed silver nanoparticle lines was investigated. We demonstrated that by controlling
the current supply duration, the sintering temperatures can be manipulated. As a result,
the final specific resistance of the printed Ag NPs lines can be obtained as desired until
the lines are damaged. Moreover, this technique allows us to choose between a smoother
surface morphology and a comparatively higher specific resistivity or discontinuous surface
morphology and lower specific resistance, which is also one of the advantages of the
conventional oven sintering. Between the 0.4 A and 0.5 A final-step currents, the 0.4 A final-
step current allowed the NPs sintering for 5000 ms inducing a comparatively lower specific
resistance of 3.59 µΩ·cm, which is 2.25 times the bulk Ag specific resistance. On the other
hand, the 0.5 A current damaged the NP line at 2850 ms. Additionally, the numerically
estimated temperatures and the FE-SEM micrographs suggested that the lower current
with longer sintering durations produced comparatively continuous surface morphology.
Meanwhile, the higher current produced highly porous structures at much shorter sintering
durations with higher temperatures. We believe our contribution to the study of electrical
sintering can be a step forward in the development of effective sintering techniques for
electronics applications.
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