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Abstract: During the thermal sintering of metal nanoparticles (NPs) the process temperature plays
the most important role in the outcome of the sintering results and the selection of a suitable substrate.
Here, temperature calculation during pulsed laser sintering of silver (Ag) nanoparticles (NPs) inkjet-
printed on glass substrates is presented. During the pulsed laser sintering of Ag NPs, a minimum
line resistivity less than twice the bulk silver resistivity was obtained within around 52 s under a laser
power of 276 mW. The temperature field during the pulsed laser sintering of Ag NPs was estimated
via a three-dimensional numerical model in which a temperature-dependent thermal conductivity of
Ag NPs was adopted. An algorithm for treating the thermal conductivity of the heated Ag NPs in a
region by a previous laser shot was devised for the improvement of the temperature field estimation.
A maximum temperature of approximately 204 °C over the Ag NPs line was obtained with a 276 mW
laser power and a scanning speed of 135 um/s.

Keywords: silver nanoparticles; temperature estimation; thermal conductivity; pulsed laser sintering;
inkjet-printing

1. Introduction

With the increasing need for developing innovative electronics devices, new methods
for patterning integrated circuits are devised to replace or compliment the conventional
microcircuit patterning techniques. Conventional photolithography has been in practice
since the fabrication of the first transistor in 1948 [1]. This patterning technique is costly,
wasteful, and complex for large-scale fabrication [2]. Moreover, the following subtrac-
tive processes such as reactive ion etching and wet etching produce hazardous chemicals
(i.e., film materials and chemical etchants) [3,4]. Since the current advances in flexible
electronics demand the use of polymer and paper substrates that are sensitive to high
temperatures and chemical etchants, the conventional subtractive microfabrication pro-
cesses are not applicable [5]. As a potential alternative, the demonstration of a roll-to-roll
printing and sintering system on polymer substrates establishes a gateway to the future of
the electronic industry [6,7].

Printed electronics has facilitated the printing techniques of metal nanoparticles (NPs)
for the fabrication of electronic devices such as near-field communication (NFC) tags [8],
thin-film transistors [9], organic field-effect transistors (OFETs) [10], biosensors [11], and
stretchable sensors [12]. Different metal NPs such as silver (Ag) [13], copper (Cu) [14],
and gold (Au) [15] of different sizes ranging from 2 to 50 nm are used due to their high
electrical conductivity. These metal NPs are included in inks with organic additives (binders,
dispersants, and organic solvents) to prevent their agglomeration among NPs. NPs inks are
printed onto various substrates to form the desired circuit patterns, followed by a sintering
step to render the printed tracks conductive.
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The thermal sintering is conventionally performed in an oven, which is called oven
sintering. However, the oven sintering method requires high-temperature heat treatment
at a minimum of around 200 °C and a long heating time of up to about 1 h or more,
which limits the use of heat-vulnerable substrates such as glass, polymer, and paper. [16].
To minimize the damage, rapid sintering methods such as electrical [17], microwave [18],
infrared [6], intense pulsed light [19], and laser [20] sintering methods have been extensively
investigated. Among them the laser sintering method is further divided into continuous
wave (CW) laser and pulsed laser sintering methods based on the mode of the laser
operation. Both have their shortcomings and advantages. CW laser sintering is known
to produce lower resistivities [21]; however, it induces large thermal diffusion length
and is not compatible with the sintering of sub-micrometer sized patterns due to large
heat affected zones [10]. On the other hand, one of the major advantages of pulsed laser
sintering method is the reduced thermal diffusion length and smaller heat-affected zone at
shorter pulse durations [10,22], which is crucial for the minimization of thermal damage
of the substrate.

In order to use a pulsed laser for NPs sintering, it is essential to select optimum laser
parameters for obtaining low electrical resistivities as well as avoiding thermal damage to
the substrate in use. Laser parameters such as intensity, pulse duration and repetition rates
decide the maximum sintering process temperature. Therefore, among others, accurate
thermal analysis during the pulsed laser sintering is indispensable since the maximum
sintering temperature is known to be highly responsible for the electrical properties and
surface morphology of the Ag NPs [23]. As such, several thermal analysis studies during
pulsed laser sintering of metal NPs have been reported [20,24]. A millisecond pulse laser
was used by Peng et al. for the investigation of heating effects during pulsed laser sintering
of Ag NPs. They estimated the Ag NPs melting temperature via theoretical calculations
based on a heat diffusion model. Constant thermal conductivity of bulk Ag (429 W/m-K)
was adopted in the study for the Ag NPs [25]. The calculations in the study suggested that
the melting temperature of about 50 nm Ag NPs was 440 °C. Zacharatos et al. studied the
thermal effects of a nanosecond pulsed laser sintering using a constant thermal conductivity
of 140 W/(m-K) for the Ag NPs ink. They studied a case with a maximum of 10 laser pulses
and discussed the accumulative thermal effects on the underlying polyethylene naphthalate
(PEN) substrate [24]. More recently, lateral and longitudinal thermal diffusion within the
copper NPs layer were elaborated during nanosecond pulsed laser sintering at different
laser scanning speeds [26]. These studies considered constant thermal conductivities
instead of using temperature-dependent thermal conductivity relations [26]. Bolduc et al.
examined the pulse shaping effect on the heat transfer process during microsecond pulsed
laser sintering of Ag NPs (50 nm) [20]. In their numerical model, to address the change in
the material properties during the pulse excitation and relaxation periods of pulsed laser
operation they considered a solid-liquid phase transition for the metal NPs at an estimated
phase change temperature of 255 °C to simulate the real-time sintering effects. However,
the melting behavior of Ag NPs (5-50 nm) has been known to be close to bulk Ag melting
temperatures in multiple studies [10,27-30]. Nanoparticles tend to coalesce in an attempt
to reduce their surface energy and the coalescence happen at low temperatures via solid
state diffusion process. Due to the thermodynamic size effect, metal nanoparticles exhibit
large melting point depression [29], e.g., 2 nm-sized nanoparticles are reported to melt at
around 130-140 °C [31]. Therefore, all these limitations need to be addressed with a novel
numerical model to accurately estimate the scanning pulsed laser sintering process while
considering the pulsed excitation and relaxation periods with temperature-dependent
thermal conductivity of Ag NPs.

In this work, we developed a numerical model that can precisely monitor the tem-
perature field by regulating the temperature-dependent material properties (thermal con-
ductivity and reflectivity) during the pulsed laser sintering. During a scanning pulsed
laser operation each pulse induces maximum temperature within the pulse-excited location
and subsequently this heating sinters the NPs. Hence maximum thermal conductivity is
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induced at each location where the laser pulse is incident as the NPs get sintered. Based
on our developed algorithm, the attained maximum thermal conductivity value does not
decrease with the decrease in the temperature during the pulse relaxation period. Subse-
quently, the attained maximum thermal conductivity of the sintered NPs by a previous
pulse acts as an initial condition for the laser pulse to follow. In this way, a real-time
sintering process distinguishing between the sintered and unsintered NPs is simulated
providing an improvement in the temperature field estimation. The presented temperature
estimation method overcomes the limitations of the reported methods so far.

2. Experimental Details

In this study, a commercially available silver (Ag) nanoparticle (NPs) ink (DGP 40LT-
15C, Advanced Nano Products ANP Inc., Sejong, Korea) is used. The ink contains approx-
imately 34 wt% of Ag NPs with an average of 50 nm particle size in triethylene glycol
monomethyl ether (TGME). The viscosity and surface tension of the ink was known to
vary from 10 to 17 cPs and 35 to 38 mNm !, respectively according to the information
provided by the supplier. The NPs ink was inkjet-printed (DMP-2831, Dimatix, Santa Clara,
CA, USA) onto glass substrates (Eagle XG 2000, Samsung-Corning, Glendale, AZ, USA)
and dried at 60 °C for 20 min. Two identical square pads were printed on each side of
the printed line for precise line resistivity measurement. The pads were baked at 250 °C
for 30 min prior to printing of the Ag NPs line to minimize the pad resistivity and reduce
errors in the resistivity measurement.

The prepared sample was mounted on an X-Y translational stage (SGSP20-35, Sigma
Koki Co. Ltd., Sumida-ku, Tokyo, Japan). The translational stage could operate up to a
maximum scanning speed of 4000 um/s. An acousto-optic modulator (AOM) connected to
a fixed frequency driver (AA Optoelectronics Laboratory version, Nicolas Appert, Orsay,
France) was used to modulate an Nd: YAG continuous wave laser beam (Coherent Verdi
V5, 532 nm, Coherent Inc., Santa Clara, CA, USA) into the desired pulsed laser operation.
Scanning speeds of the modulated laser were varied at 14, 27, 81, 135, and 189 um/s.
During laser scanning the beams overlapped at 95%, 90%, 70%, 50%, and 30%, with above
mentioned scanning speeds of 14, 27, 81, 135, and 189 um/s, respectively. The Bragg angle
of the AOM was adjusted at 3° for maximized laser power. The laser power was maintained
at 276 mW from the AOM outlet. The repetition rate and the pulse duration were controlled
via an arbitrary waveform generator (Agilent 33250A, Agilent Technologies, Santa Clara,
CA, USA). Among various parameters, 100 ms pulse duration and 1 Hz repetition rate
were especially adopted for the numerical calculations. The schematic of the experimental
setup along with the printed ink line is shown in Figure 1. A convex lens was positioned
in front of the AOM at a focal length of 1000 mm from the sample. The beam diameter at
1000 mm focal length was approximately 270.9 um (at 1/¢? of Gaussian distribution), which
was designed to cover the total width of the printed Ag NPs line (135 pm). Approximately
50% of the Gaussian beam profile covered the entire width of the printed line as illustrated
in Figure S1 (Supplementary Materials). This value was equal to the full width at half
maximum (50%) of the Gaussian beam profile allowing the intense portion of the Gaussian
beam to irradiate on the surface of the Ag NPs line. Finally, the power of the pulsating
beam was measured with a laser power meter (FieldMax11-TO, Coherent Inc., Santa Clara,
CA, USA).
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Figure 1. Schematic diagram of the experimental setup for pulsed laser sintering of the Ag NPs
conductive ink lines. The dimensions of the conductive ink line along with the pads printed on either
side are depicted on the top left corner.

3. Numerical Calculations

A three-dimensional numerical calculation was carried out in COMSOL Multiphysics
for thermal analysis of the pulsed laser sintering process of inkjet-printed Ag NPs lines on
glass substrates. The two-dimensional cross-sectional schematic of the three-dimensional
calculation model is presented in Figure 2. The three-dimensional model is depicted in
Figure S2 (Supplementary Materials). The following assumptions were adopted for the
calculation model. The absorbed laser energy was completely converted into heat and
no phase change was considered for the Ag NPs because of the high melting temper-
atures of Ag NPs. Constant specific heat and density were adopted for Ag NPs. The
initial condition was set at 20 °C. The convection and radiation boundary conditions were
applied on the surface of the printed conductive ink line and the glass substrate in the
form of external natural convection. The natural convection coefficient is expressed in
Equation (S1) (Supplementary Materials).

:1 35, Conductive Ink Line

Convection i
0.28T and Radiation 5-"
- ®
S
500 Glass Substrate =
c
s )
=
< > 3
Unit: pm 3000

Figure 2. Two-dimensional cross-sectional schematic of the three-dimensional model used for tem-
perature calculation during the pulsed laser sintering of Ag NPs, where the two sides and the bottom
surface of the glass substrate are thermally insulated and the top surface of the ink and the glass
substrate is subjected to convection and radiation boundary conditions.
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Thermal insulation was applied at the two sides and bottom part of the glass sub-
strate, where the temperature gradient across these boundaries was zero. The pulsed laser
sintering of Ag NPs lines inkjet-printed on glass substrates was analyzed by a transient
three-dimensional heat conduction equation as follows:

c (9%, 9T\ _ o oL\ o[ dT;\ d/[ di\
plCW(&t+u18x>_8x(klax)+ay<klay taz\kigg ) Q)

where p, Cp, k, and u are density, specific heat capacity, thermal conductivity of the Ag
NPs/glass substrate, and moving velocity of the laser beam, respectively. The subscript
i=1and i =2 represent Ag NPs and glass substrate, respectively (See Table 1). In addition,
uy is the scanning velocity of the laser beam and u; is zero. The term Q;(¢) is the laser heat
source, which is given as follows:

B 12 Y
R(T)}ifzeXp{Z(x xfp+viz+(y Yip) }p(t)exp(—i), 0 =0,

where R(T), P, r, p(t), and <y are reflectivity, laser power, laser beam radius at 1/ % of
the Gaussian distribution, pulse time, and optical absorption length, respectively. The
terms v, f, Xfp, and Yp stand for speed of laser scanning speed, time after the start, and
initial laser focal x, y-position at the start in terms of the peak of the Gaussian beam,
respectively. The reflectivity and the absorption length at the laser wavelength were
acquired experimentally. Figure S3 (Supplementary Materials) shows the plot for the
normal reflectivity and absorption length of the incident laser beam against different
sintering temperatures. The data used in these plots were calculated from the optical
properties measured from ellipsometry [32]. To obtain the density of the printed Ag NPs
lines, the porosity in the printed lines was considered and determined as 26% (the method
has been described in the reference [33]). We assumed the empty space as air and the
rest as Ag NPs. The density and heat capacity of the printed lines were determined to be
7762.6 kg/m3 and 245 J/(kg-K), respectively. The material properties of the glass substrate
(Corning Eagle XG Slim glass, Samsung-Corning, Glendale, AZ, USA) were obtained from
the product information sheet provided by the manufacturer.

)

@

Table 1. Parameters used in the numerical calculations.

Parameters
(Silver NP Ink)

Symbol

Parameters

(Glass Substrate) Values

Values Symbol

Density
Emissivity
Heat Capacity
Convective Heat Transfer
Coefficient

Thermal Conductivity

Width
Thickness

01
€1

C}/f,l
h

ky

w1

7762.6 kg/m3
0.02
2457 /kg-K

Equation (S1)

{max(T,Tmax) > 624.4} x 375.5 +
{max(T,Tmax) < 624.4} x 0.06 x
exp{0.014 x max(T,Tmax)}
135 pm
~280 nm

Density 02 2600 kg/m3
Emissivity & 0.92
Heat Capacity cpo 840]/kg-K
Stephan-Boltzmann _8 204
C o 5.67 x 107° W/m°K
onstant

Thermal Conductivity ko 1.05 W/m-K

Width Wy
Thickness ty

24 mm
3 mm

The thermal conductivity of Ag NPs is known as a function of the process temperature.
Therefore, the temperature-dependent thermal conductivity of the Ag NPs obtained from
reference [34] was considered in this study. During the pulsed laser sintering process,
each pulse is followed by a relaxation period depending upon the pulse repetition rate.
The maximum temperature rise is attained at the end of each laser pulse consequently
inducing the Ag NPs thermal conductivity of sintered morphology. During the pulse
relaxation period, the temperature drops, and an algorithm that can store the maximum
temperature and the corresponding thermal conductivity by the previous laser shot as the
initial condition for the following laser shot. As a result, the elevated thermal conductivity
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of the sintered zone was not decreased by the NPs cooled temperature during the pulse
relaxation period.

A fine mesh system was chosen for the calculation model. The overall average mesh
quality was 0.903. The one is the best possible quality value in the software. During
the simulation, shorter time steps played a significant role in producing precise results
and avoiding any discontinuity within the calculation period. Therefore, keeping the
computation time to a minimum, a time-step of 5 ms was chosen as the upper limit. The
parametric values adopted in the numerical model are listed in Table 1.

4. Results and Discussion

Ag NPs printed lines were sintered to find the effect of laser parameters on the surface
morphology and electrical properties. Beam duration of a CW laser was modulated into
milliseconds and microseconds with appropriate repetition rates. In Figure 3 the resistivities
of Ag NPs lines are presented with various scanning speeds of 14, 27, 81, 135, and 189 um/s.
The pulse durations of 10 and 100 ms with corresponding repetition rates of 10 and 1 Hz at
276 mW were tested to find the combinations that can produce low Ag NPs line resistivity.
A minimum resistivity of about 3 u()-cm was obtained with 100 ms and 1 Hz at the
scanning speed of 135 pm/s, which corresponded to 50% of pulse overlapping. With 95%
overlapping at 14 um/s with 100 ms and 1 Hz, the resistivity of approximately 3.7 uQ)-cm
was obtained. However, 95% overlapping at 14 um/s is impractical to be applied since the
total scanning times reaches to 500 s to cover the 7 mm-long sample. The laser parameters
of 100 ms, 1 Hz, and 135 um/s were adopted for the numerical calculation since the lowest
resistivity was obtained at this combination.

25||||||||||
f © 100 ms 1 Hz| ]
20 © 10ms 10 Hz| ]
g |
& L
Gist ]
= |
Z10f o . h
E i o
§ [ o
5 © 1
[ O °

0 20 40 60 80 100 120 140 160 180 200
Scanning speed (Lm/s)

Figure 3. Resistivity against various scanning speeds for 100 ms and 10 ms pulse durations at 1 Hz
and 10 Hz repetition rates.

The obtained minimum resistivity is an improved result compared with those from
previous laser sintering studies [35] and conventional oven sintering at much higher
temperatures and longer processing times [36,37]. Using similar Ag NPs ink composition,
Moon et al. [38] were able to produce 5.8 u()-cm via furnace sintering at 250 °C for 30 min.
Moreover, the obtained minimum resistivity of approximately 3 uQ-cm with 100 ms,
and laser parameters of 1 Hz, 276 mW, and 135 um/s is lower than the reported values
from several other sintering methods [18,39]. The discrepancies among the resistivity
values in Figure 3 have been found to be caused by several parameters such as surface
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morphology [40], laser wavelength effect [35,40], properties of the organic additives used
in the NPs ink [16,41], the size of NPs [36,42], laser power, and scanning speed [14,35,43].

The periodic temperature fluctuations caused by the pulse interaction and relax-
ation periods are depicted in Figure 4. The position where the maximum temperature
appears coincides with the center of the irradiated laser beam at the specified moment.
The 7000 pum-long Ag NPs line is completely covered in approximately 52 s with a scan-
ning speed of 135 um/s. The maximum recorded temperature was around 204.4 °C. As
mentioned before, 5.8 u()-cm were obtained via furnace sintering at 250 °C for 30 min.
However, the lower resistivity of 3 u()-cm was produced at 204.4 °C in scanning pulsed
laser sintering. The drop in the temperature profile after attaining the maximum local
temperature at the end of each pulse is due to the pulse relaxation (0.9 s pulse relaxation
period). During the laser interaction period of 0.1 s, the energy is absorbed by the NPs
and subsequently conducted to the surrounding NPs. The laser energy absorption and
the subsequent heat loss from the NPs to their surroundings occur in less than 1 ns [44,45].
Therefore, the 0.1 s laser beam interaction period with the Ag NPs is long enough to cause a
continuous rise in the process temperature. The rise and fall of the temperature in the plot
depict the corresponding laser excitation and relaxation periods. During the simulation, the
starting position of the laser scan was at the boundary of the Ag NPs pad and Ag NPs line
such that half of the laser beam irradiated on the pad and half on the Ag NPs line. From
the plot we notice that the temperature rise is instantaneous as the pulse interacts with the
NPs without any time delay. However, the maximum temperature is attained after the laser
irradiation of 0.1 s. As soon as the pulse is relaxed (no heat source) the underlying NPs start
to cool, and it takes 0.905 s (0.9 s of no heat source and 5 ms of step time delay) to reach to
near room temperature until the next pulse hits. For the first laser pulse in Figure 4, the
temperature in the underlying Ag NPs layer increases and the Ag NPs layer is thermally
sintered, subsequently, increasing the corresponding thermal conductivity of the Ag NPs.
In the following pulse relaxation period, the process temperature drops, and the thermal
conductivity of the heated zone is initialized with the value of the corresponding maximum
temperature induced in the previous laser shot. The plot shows that a peak temperature of
about 204 °C is obtained at around 52 s. The peak temperature of around 207 °C produced
by the first pulse is slightly higher than the following peak temperature of about 201 °C.
The slightly lower following peak temperature of 201 °C is due to the absorption into 50 %
of the already irradiated area. As a result, half of the laser irradiation is absorbed by the
area with high thermal conductivity. This resulted from the high thermal diffusivity which
was caused by a slightly higher temperature from the previous laser pulse.

Typically, the heat relaxation time depends upon thermal diffusivity caused from the
increase in thermal conductivity and the decrease in heat capacitance. The abrupt cooling
rate within the initial time step after the peak temperature and the relatively moderate
cooling rates afterward, can be elaborated by the 2D surface plots as shown in Figure 5.
The time steps and the cooling rates for Figure 5 are extracted from Figure 4. The reason for
an abrupt cooling rate is due to the relatively small heat capacitance of silver nanoparticles
(bulk Ag, ¢y =245]/kg-K [34]) adopted in this study and high thermal conductivity induced
after the laser shot. The thermal conductivity of the glass substrate was known to be very
low at 1.05 W/m-K, which could not effectively act as a heat sink to help a faster heat
relaxation in the Ag NPs layer [46,47]. Therefore, the cooling via radiative and convective
cooling might be responsible for this fast cooling rate.

In Figure 6, the transient temperature behavior is depicted at a single point graph
in which a local maximum temperature is recorded at 27.05 s (at the center of the laser
beam). The previous temperature peaks appeared from the effect of previous laser pulses
at this point. The temperature history depicts that the previous laser beams have caused
the peaks at 26.05 s, 25.05 s, etc., and the peaks after 27.05 s are affected by the subsequent
laser beams. The corresponding maximum temperatures (Tmax) from the previous laser
shots, are stored for determining the corresponding thermal conductivity values for the
next temperature calculation. After 27.05 s the maximum temperature is fixed at 204 °C,
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hence the corresponding thermal conductivity is maintained in spite of the reduction in
temperature. The effect of higher thermal conductivity becomes immediately observable
after the 27.05 s. The peak at 28.05 s is shorter than the peak at 26.05 s. The temperature at
26.05 s is approximately 117 °C while that at 28.05 s is approximately 105 °C.
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Figure 4. Maximum temperature profile after a full pulsed laser scan over the printed Ag NP line.
The maximum recorded temperature was approximately 204.4 °C. The full laser scan across the entire
7000 pum length of the printed Ag NPs line takes around 52 s at a scanning speed of 135 um/s.
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Figure 5. 2D surface plots show the temperature distribution at different time steps. The first 5 ms
after the peak temperature shows high cooling rate while the cooling rates reduces as the time
steps progresses.

In Figure 7, the spatial distributions of thermal conductivity are presented at three
points located in the start, middle, and the end of the printed line. Due to the nature of
the Gaussian beam, a decrease in the temperature was witnessed away from the center
of the beam [48]. At the start of the silver line, maximum value of about 44 W /(m-K) is
recorded against the maximum temperature of 201 °C. Furthermore, as we progress, the
conductivity of 46 W/(m-K) value is recorded against 203 °C at the middle of the line, and,
finally, the conductivity of 49 W/(m:K) value against 204.4 °C.
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Figure 6. The transient behavior of T (temperature) and Tmax (stored maximum temperature) plotted

at a point where the maximum temperature is recorded at 27.05 s.
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Figure 7. Spatial thermal conductivity distributions are presented at the start, middle, and end
throughout the sintered NP line. The magnified areas are highlighted the thermal conductivity

distribution at different points.

The reason behind the slightly increasing temperature trend in Figure 4 can be elabo-

rated by considering the “residual temperature”. It is defined as an initial temperature just
before the start of next laser pulse [20]. Figure 8 presents the residual temperatures after a
complete laser scan of the entire 7000 pm-long printed conductive line, which are extracted
from transient temperature variations in Figure 4. The region away from the domain hit by

a laser pulse does not cool to room temperature before the next pulse is hit. To understand
this, we calculated the thermal diffusion length induced by the pulsed laser operation
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to show how far the heat diffuses after a laser shot. For the current pulsed laser process
configuration, the thermal diffusion length is roughly estimated by the following relation.

d, = 2Var, 3)

where d;, «, and 7, stand for thermal diffusion length, thermal diffusivity, and pulse
duration, respectively. The thermal diffusivity is obtained from the Ag NPs thermal
conductivity of 49 W/m-K, density 7762.6 kg/m3, and heat capacity 245 J/kg-K values.
With a pulse duration of 100 ms, the calculated heat diffusion length is approximately
3.2 mm, which is much larger than the beam diameter of 270.9 um. Therefore, the region
ahead of the laser irradiation area is thermally affected before the irradiation of the scanning
laser beam. The residual temperature increases with the progressing pulse train. The pulse
repetition rate provides a shorter thermal relaxation period than the time needed for the Ag
NPs to cool off completely to room temperature (T; = 20 °C). This behavior indicates that a
residual temperature acts as an initial condition for the following laser pulse. Consequently,
the attained higher peak temperature cools to slightly higher residual temperature with each
progressing laser pulse. High residual temperatures can be detrimental to the underlying
substrate because it increases the overall process temperature and heating duration.
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Figure 8. The residual temperature profile was extracted from Figure 4. The inset shows a magnified
residual temperature curve from the temperature profile.

Furthermore, Equation (3) tells us that a longer pulse duration will cause a wider
thermal diffusion length. The reason is that a longer pulse duration supplies prolonged
thermal energy to the underlying NPs providing enough time for the wider propagation
of heat as reported in a previous study [26]. The vertically deeper heat diffusion length is
known to cause complete sintering which tends to increase the possibility of the adhesion
strength between the NPs layer and the underlying substrate [26,40,49]. Figure 9 presents
the residual temperature plots under the varied experimental parameters. The correspond-
ing maximum temperature plots are presented in Figure S4 (Supplementary Materials).
The laser power for each case was adjusted such that each case produced almost similar
temperatures at the start of the laser scan. The cases shown in Figure 9a—c,e have the same
scanning speed, while the scanning speed of the cases shown in Figure 9a,d,f were chosen
so that the cases have the same pulse overlap. For the thermal diffusion lengths of 100, 10,
and 1 ms through the glass substrate are calculated to be 438.5 um, 138.6 pm, and 43.8 um,
respectively. These values suggest that longer pulse durations affect the substrate to a
comparatively higher degree.
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Figure 9. Effect of pulse duration, repetition rates, and scanning speed on residual temperatures
(a) 100 ms, 1 Hz, 135 um/s, and 276 mW, (b) 100 ms 1 Hz, 135 um/s, and 276 mW, (c) 10 ms, 10 Hz,
135 um/s, and 0.42 mW, (d) 10 ms, 10 Hz, 1350 um/s, and 0.42 mW, (e) 1 ms, 100 Hz, 135 um/s, and
1.7 W, (f) 10 ms, 10 Hz, 135 um/s, and 1.7 W. Different powers were chosen for each case to achieve
similar to starting temperature with 100 ms. The thermal diffusion length through the glass substrate
for 1 ms pulse duration is calculated to be 43.8 pum.
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Figure 10a,c show the temperature distribution of heat-affected zones in the vertical
direction and on the surface of the glass substrate at 51.05 s. The temperature distributions
are recorded at the end point of the Ag NPs line where the peak temperature of approxi-
mately 204 °C occurred at the center of the irradiated beam profile. Figure 10b depicts the
temperature curve along the broken line into the glass substrate as shown in Figure 10a. In
Figure 10d the profiles of the temperature distribution along the broken line in Figure 10c
resemble a Gaussian profile of a laser beam. The thin solid lines in Figure 10c are the
printed Ag NPs line and the pad. The temperature at the edge of the Ag NPs line is around
162 °C and is further reduced as the distance is increased away from the beam center. These
estimated temperatures are allowable for the flexible polyimide (PI) substrates which have
a glass transition temperature of around 385 °C during thermal sintering [18,42].
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Figure 10. (a) Cross-sectional temperature distribution at 51.05 s is illustrated. The white dashed line
represents the depth. (b) Temperature profile is shown with respect to depth through the printed Ag
NP line and the glass substrate. The inset shows the temperature distribution in the Ag NP layer.
(c) Top surface temperature distribution at 51.05 s is illustrated by the incident laser on the Ag NP line.
The white dashed line represents the arc length. (d) Temperature profile is presented with respect to
the arc length.
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5. Conclusions

In this contribution, pulsed laser sintering of inkjet-printed Ag NPs lines was con-
ducted. Using the laser power with 276 mW laser power, 100 ms pulse duration, and
1 Hz repetition rate at a scanning speed of 135 um/s, a very low Ag NPs resistivity of
approximately 3 p()-cm within 52 s was obtained, which is 1.9 times the bulk Ag resistivity
(1.6 uQ2). For accurate temperature calculation during pulsed laser sintering of Ag NPs, a
numerical model was developed. Our unique algorithm enabled us to store the maximum
temperature induced by the previous laser shot avoiding the thermal conductivity drop
during the pulse relaxation period. By storing the maximum temperature, the correspond-
ing thermal conductivity value could be stored, which was adopted as an initial condition
for the following laser shots. We elaborated on the effects of pulse duration, repetition
rates, and scanning speeds on the residual temperature and thermal diffusion length.
While longer pulse durations cause longer thermal diffusion lengths, the higher repetition
rates produce higher residual temperatures, which can be controlled by increasing the
scanning speed.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/app12073467/s1, Equation (S1): Convection heat transfer coefficient /1 used in the numerical
model, where, k, L, and Ray, are thermal conductivity, characteristic length, and Rayleigh number,
respectively, Figure S1: Illustration of a Gaussian beam profile which depicts the chosen beam
diameter (270.9 um) selected for the pulsed laser operation in comparison to the printed Ag NPs
line width of 135 um, Figure S2: 3-D model used for the temperature estimation during pulsed
laser sintering of inkjet-printed Ag NP line on a glass substrate, Figure S3: Normal reflectivity and
absorption length of Ag NPs structures measured by ellipsometry at different sintering temperature,
Figure S4: Maximum temperature plots for (a) 100 ms, 1 Hz, 135 um/s, 276 mW (b) 10 ms 1 Hz and
135 um/s, 276 mW. (c) 10 ms, 10 Hz, 135 pum/s and 420 mW (d) 10 ms, 10 Hz, 1350 um/s and 420 mW
(e) 1 ms, 100 Hz, 135 um/s and 1.7 W (f) 1 ms, 100 Hz, 13500 um/s and 1.7 W.
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