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ABSTRACT

Metal nanoparticle inks are excellent options for printing low-resistance metal conductors
and electrical interconnects. However, after deposition, these inks require high-temperature
annealing to sinter and increase conductivity. Infrared (IR) heaters are an efficient, roll-to-roll
compatible method to apply thermal energy. Here, we characterize a near-infrared (N-IR) heater’s
effects on the structure and properties of printed silver nanoparticle ink (UTD Ag40x, UT Dots
Inc.). A method was developed to measure the resistance and temperature of printed conductive
inks as a function of exposure to the IR heater. The N-IR heater was found to sinter the Ag40x

silver samples (lower the resistance of 7 mm printed lines to 1000 Q) in 11.6 + 1.5 min at maximum
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intensity with a large drop from the highest measured resistance (60 MQ) to 1000 Q in 1.2 £ 0.2
min. Decreasing the heater power increased the time to reach 1000 € (to 28.3 + 2.0 min at 80%),
but reducing from 60 MQ to 1000 Q still only takes 1.9 + 0.3 min. This suggests sintering
progresses rapidly once initiated. SEM images of the ink before and after IR heating show
microstructural changes associated with sintering and indicate the role of agglomerates and organic

binders in impeding sintering.

TEXT
Introduction:

Metal conductors act as interconnects between components and transmit power throughout
electronic circuits. For flexible electronics, conductor fabrication by printing processes is an
efficient alternative to traditional, subtractive fabrication techniques, which generate a significant
amount of waste.!? Printing has been demonstrated for the fabrication of a wide variety of
electrical components, including sensors, RFID antennas, and solar cells.>® All of these
applications require printed electrical conductors. Silver nanoparticle inks are widely used as a
starting material for fabricating these metal conductors. However, after deposition, nanoparticle
inks require thermal processing to remove solvents and organic binders, and coalesce the silver
nanoparticles into a cohesive, conductive film.” Melting of the silver nanoparticles requires a
temperature too high for most plastic, flexible substrates so sintering is used as a lower temperature
procedure to lower the resistance.?

Sintering is a thermally activated process that densifies a packed assembly of small
particles into a polycrystalline solid.” During heating, the nanoparticles lower their free energy by

diffusion processes that form contacts or necks between particles.! The particle assembly



densifies and individual particles become grains separated by grain boundaries.” For silver
nanoparticle inks, heating also removes organic binders that coat the surface of the particles.?
These processing steps require the application of thermal energy. There are several methods for
heating, including ovens, infrared (IR) heaters, and photonic sintering systems.

An IR heater emits electromagnetic waves in the range of 0.7 pm -400 um.'! The radiation
is emitted from the source and hits the sample without significantly heating the surrounding air,
unlike a conventional heater. Incident IR excites the molecules in the target substance, causing
vibrations and an increase in temperature.'!

IR heaters are of interest for sintering of nanoparticle inks for several reasons. These
heaters are compatible with roll-to-roll processing, capable of achieving high power densities, and
relatively low in cost compared to other heating systems.!®!! Compatibility with roll-to-roll
processing allows for large-scale, economical manufacturing of devices. Also, polymer substrates
commonly used in roll-to-roll processing do not have a strong absorbance in the IR and near
infrared (N-IR) range of the electromagnetic spectrum. This suggests that inks can be sintered
without degrading the plastic webs.!?

Past work on IR sintering of metal nanoparticle inks shows promising results with some
reports documenting sintering in seconds to minutes.!%!? The structural property changes and the
development of electrical properties are of interest for better understanding the sintering process.
Additionally, in situ electrical measurements during sintering have been shown to provide a unique
understanding of how the sintering process progresses by analyzing the electrical resistance of the
sample.'? In this work, we have analyzed the sintering of a silver nanoparticle ink by a N-IR heater
by in situ electrical resistance measurements during heating to better understand sintering

performance.



Experimental Methods and Materials:
Aerosol Jet Printing of Silver Ink

Aerosol jet printing was used to deposit silver nanoparticle lines onto glass slides. To
facilitate electrical characterization, gold contact pads were first prepared on the glass slides by
gold sputter deposition (Fullam EMS-76) through a shadow mask. See Figure la. The contact
pads were 2 mm x 2 mm squares separated by 7 mm. Silver nanoparticle ink (UTD Ag40X, UT
Dots Inc.) was used to print conductors between the centers of the contact pads for sintering
studies. This ink contains ~ 40 wt% silver nanoparticles (~10 nm in diameter) with organic
stabilizers dispersed in xylenes.”'* The ink was prepared for printing by adding 15% by volume
terpineol. Terpineol acts as a cosolvent and lowers the surface tension of the silver ink, which
assists with the formation of small aerosol particles.”>'>!® The ink was then printed with an aerosol
jet printer (AJ 100, Optomec) using a 150 um nozzle, a carrier gas flow of 10 standard cubic
centimeters per minute, sccm (10 scem corresponds to 0.17 cm?/s at standard temperature and
pressure) and a sheath gas flow of 60 sccm (1 cm?/s at standard temperature and pressure). The
printing speed was 1 mm/s and the stage was heated to 50 °C to promote solidification of the ink
when it contacts the substrate. Figure 1b shows an example height profile of a printed line

characterized by a KLA-Tencore P-16 stylus profilometer.
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Figure 1: (a) Aerosol Jet Printed silver lines and gold contact pads, and (b) height profile of a
printed conductor used to test the IR sintering systems.
IR Sintering of Silver Ink

The IR heater assembly with features annotated is shown in Figure 2a. The sample was
placed 12.9 cm below the face of the heater on a gold reflector. The reflector ensures that IR
waves transmitted through the substrate are reflected back onto the sample. A custom probe
system was used to contact the gold contact pads during heating so that real-time resistance could
be recorded (Figure 2b). Springs in the probes kept the tips in contact with the sample. Resistance
was measured with a digital multimeter (BK Precision, Model 393), which was connected to a
computer and accessed with BK Precision Test Bench software. Resistance was measured from
the time that the heater was turned on, through the sintering process, and after the heater was turned

off.
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Figure 2: (a) Overview image showing the N-IR heater and sample stage, (b) close up image of
the probe system used to measure electrical resistance during sintering, and (c) close up image of
the assembly used to measure sample temperature during IR sintering.

An Adphos N-IR heater (model NIR120 M3, Innovative Technologies GmbH) was used
in these studies. The heater emits at near infrared wavelengths, which are on the shorter side of
the infrared spectrum with a peak wavelength of 0.8 um.!” The Adphos heater has an effective
heating area of 124 mm x 337 mm (measured at the base of the built-in reflector) and a power

consumption of 5.1 kW at 100% power as measured by an Amprobe AMP-320 clamp meter. The

heater has adjustable power output from 1 to 100%. At 100% power, the N-IR heater has a power



output as calculated from the input electrical power and the opening on the heater of 122 kW/m?.
The efficiency of the heater is unknown, so all power levels reported in this paper are based on the
electrical input power of the heater.
Temperature Monitoring

To estimate the sample temperature during the sintering process, a piece of silver with
dimensions of 5 mm x 25 mm and 1 mm thick with a thermocouple attached to the back side was
placed at the same distance from the N-IR heater as the printed samples. The top surface of the
silver sample was aerosol jet printed with the same silver ink used for the conductors to provide
IR absorption similar to the printed silver lines. For support, the silver piece was attached to a
glass slide with Kapton tape, as shown in Figure 2c. The assembly was placed on the gold reflector
during the test to further simulate the sintering conditions for the silver conductors. Thermocouple
temperature data were recorded by a BK Precision Model 393 multimeter with a type K
thermocouple.
Scanning Electron Microscopy of Silver Ink

Scanning Electron Microscope (SEM) imaging was used to characterize the physical
changes in the silver nanoparticle lines after IR heating. SEM images were obtained using a
Hitachi S4700 field emission SEM.
Results and Discussion
Resistance Measurements

Figure 3 shows results from in situ resistance measurements performed during N-IR
heating at 100 % power. In all cases, the heater was turned on at time 0. Initially, the resistance
of all lines was greater than the 60 MQ resistance measurement limit of the equipment. After

turning on the heater, it takes some time before the resistance drops below this limit. This delay



is possibly due to the burnout of the organic binder in addition to sintering. The displayed data
begins when the resistance of the samples drops below 60 MQ. The onset of measurable resistance
in the UTD Ag40x ink occurred at ~ 10.3 & 1.6 min with the heater at 100 % and a sample to heater
distance of 12.9 cm. Although these overall heating times for sintering are significantly longer
that those reported for some other custom ink formulations'?, the time is actually faster than those
reported for conventional oven sintering techniques using the same aerosol jet printed silver
nanoink used in our studies.”'*2° Moreover, the set-up required for this study has a larger distance
between the IR source and the sample than is typical, which may also lead to the longer times.
Interestingly, once the resistance becomes measurable (60 M Q), it drops rapidly to a value of less
than 100 Q. This result suggests that at some stage, the sintering process becomes rapid and
conductivity develops rapidly. It is important to note that the internal resistance of the
measurement system is only on the order of 3 €2, so it does not significantly affect the measured
resistance values. Fluctuations in the resistance value of the sintered conductors were observed

after the resistance leveled off. This is possibly due to the presence of a cooling fan in the heater.
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Figure 3: In situ resistance measurements of lines printed with UTD Ag40x silver ink for six
experiments with the N-IR heater at 100% power and a sample to heater distance of 12.9 cm.
The bulk property of resistivity can be used to compare the properties of the sintered metals

without any effects from the geometry of the printed features. Resistivity, p, is defined as:

_ RxAc

- (1)
where R is the measured resistance, A. is the cross-sectional area of the line, and L is the length of
the line. The cross-sectional area was estimated from profilometry scan data. During sintering,
the resistivity of the wire decreases. With the N-IR heater at 100 % power, a minimum p of 18.0
+ 1.8 uQecm was achieved for the lines printed from UTD Ag40x silver ink. The sintered silver
resistivity value is higher than that of bulk silver (1.51 pQecm) and higher than the reported
resistivity of other sintered silver nanoparticle inks, suggesting that complete binder burnout may
not have occurred or the porosity of the sintered silver is significant.”'® This hypothesis is further

supported by the SEM characterization discussed later in this paper.



Since the power output level of the N-IR heater can be varied, tests were carried out to
analyze its sintering performance at different power levels. The sintering performance was
observed to depend strongly on the power level of the heater. The times required to reduce the
resistance of the printed silver conductors to 1000 € for each of the power levels are shown in
Table 1. As the power level of the heater decreased, the time at which the silver ink samples
became conductive increased dramatically. When the power level of the N-IR heater was reduced
from 80% to 70%, the length of time required for the samples to sinter more than doubled, and the
sintering performance became much less consistent as observed in the large increase in the
standard deviation. The results suggest that a power level of ~80% is the minimum reliable power
for sintering the aerosol jet printed silver conductors with the configuration of our system.

Table 1 also reports the time required for the printed samples under the N-IR heater to
reduce from 60 MQ (the maximum resistance our system can measure) to 1000 Q. Interestingly,
these times are a small fraction of the total sintering time and only increase slightly as power level
is decreased to 80%. This result further suggests that once sintering begins, it progresses rapidly.
The time required at 70% power to reduce the resistance from 60 MQ to 1000 Q is significantly
longer, which further indicates that 80% power is the minimum reliable power for sintering the
UTD Ag40x silver ink in our system.

Table 1: Sintering performance of lines printed with UTD Ag40x silver ink with the N-IR heater
at different power levels and a sample to heater spacing of 12.9 cm.

Power | Time to reach 1000 Q (min)* Time from 60 M Q to 1000 Q2 (min)*
100% 116+15 1.2+02
90% 186+2.0 14+0.7
80% 283+20 1.9+03
70% 65.1 £200 88+43

*Results based on 5 or 6 samples with errors of one standard deviation
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Temperature Changes During Sintering

To better understand the relationship between the heater power and sintering performance,
a series of temperature monitoring experiments were performed with the N-IR heater at varied
power settings. These experiments were carried out on aerosol jet printed patch on a bulk silver
substrate to ensure thermal contact with the thermal couple. Therefore, the temperatures measured
are approximations of the specimens printed on glass. As shown in Figure 4a, the temperature
measured at the substrate for all power settings increases rapidly during the first two minutes or so
of N-IR heating, then more slowly before eventually plateauing. The final temperature increases
approximately linearly with the power setting as shown in Figure 4b. Despite this linear trend, the
required sintering time was not found to linearly depend on power setting (Table 1). This result is
consistent with the thermally activated nature of both the decomposition of organic binder and
sintering. Also, the relatively rapid increase in sample temperature at each power level confirms
that the long delay before measurable resistance is observed in the printed conductors is not due

to time required for the sample to heat up.
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Figure 4: a) Substrate temperature as a function of time of a silver sample placed under the N-IR
heater at the specified power levels with a substrate to heater spacing of 12.9 cm. The heater was
turned off after 20 minutes. b) Substrate temperature after 20 minutes of heating as a function of
heater power level.
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SEM Characterization

SEM images taken before and after sintering of the UTD Ag40x silver ink are shown in
Figure 5. Significant physical changes are observed in the inks after sintering. The before sintering
aerosol jet printed samples (Fig. 5 ¢ and d) show ~500 nm particles, which are likely solidified
clusters of the 10 nm nanoparticles. SEM images of drop-cast and un-sintered samples of the silver
UTD Ag40x ink are also shown in Figure 5 (a and b). These drop-cast samples do not show the
same formation of ~500 nm clusters, which strongly suggests the aerosol jet printing process is the
source of these features. Williams, et al.?! also noticed similar clusters in aerosol jet printed copper
zinc tin sulfide nanoparticle inks and based on a study of deposition parameters, attributed the
clusters to drying of mist droplets during transport. The added terpineol does not appear to have
any effect on the cluster formation as drop-cast specimens prepared with or without terpineol were
nearly identical and did not contain clusters. The clusters of the silver nanoparticles also appear to
be surrounded by organic binders (Fig. 5d). On heating, these structures persist (eg. Fig. 5 e and
f), but the spaces between them decrease, presumably as the organics depart. Additionally,
individual nanoparticles become apparent in the microstructures of samples created using heating
conditions that led to significant resistance drops (e.g., Figures 5 g-j), indicating that organic binder
is pyrolyzed. Overall, densification is incomplete based on the void spaces observed between the
silver grains after sintering. This result is consistent with the electrical measurements
demonstrating higher than bulk resistivity and relatively long IR sintering times compared to

studies with other nanoparticle inks.
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Figure 5: Pre and Post sintering SEM images of printed UTD Ag40x silver ink samples after
various sintering conditions: (a) and (b) drop-cast and imaged before sintering, (c) and (d)
aerosol jet printed and imaged before sintering, (e) and (f) aerosol jet printed and imaged after 20
minutes sintering with N-IR at 60%, (g) and (h) aerosol jet printed and imaged after 20 minutes
sintering with N-IR at 80%, (1) and (j) aerosol jet printed and imaged after 20 minutes sintering
with N-IR at 100%.
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Conclusions

The IR sintering of UTD Ag40x silver nanoparticle ink was studied with a unique system
to measure the resistance of printed metal lines during the sintering process. This setup allowed
measurement of changes in the electrical properties of the printed material during the sintering
process. The in situ data showed that there is an initial delay in the appearance of conductivity,
then a rapid increase in conductivity, and finally a plateau where further significant changes in
conductivity are not observed. Increasing the power level of the N-IR heater system leads to a
linear increase in the temperature achieved during heating, which is observed to lead to a faster
sintering. Although a linear trend in sample temperature was observed with increasing the heater
power, this did not correspond to a linear decrease in the required time to sinter silver ink samples,
and ~80% power was required for achieving high conductivity silver lines. Microstructural studies
showed that removal of organic binders and agglomerated nanoparticle structures in the printed
material impede sintering. The techniques discussed here to sinter and characterize the progress
of N-IR sintering can be applied to a wide variety of electrically conductive inks. Overall, IR
heating successfully sinters conductive silver inks and the in sifu measurement technique
demonstrated here provides an efficient strategy for understanding the connections between
processing conditions and property development.
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