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Copper nanoparticles (NPs), due to their high electrical conductivity, low cost,
and easy availability, provide an excellent alternative to other metal NPs such
as gold, silver, and aluminum in applications ranging from direct printing of
conductive patterns on metal and flexible substrates for printed electronics
applications to making three-dimensional freeform structures for interconnect
fabrication for chip-packaging applications. Lack of research on identification
of optimum sintering parameters such as fluence/irradiance requirements for
sintering of Cu NPs serves as the primary motivation for this study. This
article focuses on the identification of a good sintering irradiance window for
Cu NPs on an aluminum substrate using a continuous wave (CW) laser. The
study also includes the comparison of CW laser sintering irradiance windows
obtained with substrates at different initial temperatures. The irradiance
requirements for sintering of Cu NPs with the substrate at 150-200°C were
found to be 5-17 times smaller than the irradiance requirements for sintering
with the substrate at room temperature. These findings were also compared
against the results obtained with a nanosecond (ns) laser and a femtosecond

(fs) laser.

INTRODUCTION

Recently, the sintering of nanoparticles (NPs) has
attracted much interest as an alternative to con-
ventional integrated circuit (IC) fabrication tech-
niques.'™ The ever-increasing demand for packing
more input—output (I/O) pin counts within a small
area to improve the performance and functionality
of IC devices is fueling this growth in interest in
sintering of NPs.®” Presently, interconnection
traces are designed to be on the order of 15-25 ym
in width and 20 ym in thickness.® To increase the
I/O packing density, it is desired to be able to
produce structures with much smaller dimensions
and pitch. A new additive manufacturing technique
called the micro-scale selective laser sintering sys-
tem (u-SLS) has been developed to produce micron-
sized features on a variety of substrates.®>®° The
system uses Cu NP inks as the primary material to
fabricate 1-um-sized features.

A number of research studies have been carried
out on studying the sintering of silver (Ag) and gold
(Au) nanoparticles because of the stability of these

(Published online November 27, 2017)

materials.*>1° However, there has been limited
research studying the sintering of Cu NPs until
recently.'’™'® The authors have presented recent
studies on the sintering characteristics of Cu NPs
using pulsed lasers and have also reported on the
impact of substrate diffusivity on the fluence/irra-
diance requirements for sintering of Cu NPg 1115
In this study, the authors present their experimen-
tal findings on the sintering irradiance require-
ments using a continuous wave (CW) laser and
compare them with the results from pulsed laser
experiments. The study presented also includes a
comprehensive investigation of the effect of the
substrate’s initial temperature on the sintering
irradiance requirements. The experiments were
conducted with two different thicknesses of Cu
layers—0.4 ym and 1.2 ym on an aluminum sub-
strate with four different exposure times, 10 ms,
50 ms, 200 ms, and 500 ms. Sintering irradiance
data from these experiments were compiled and
classified into different regions including no sinter-
ing, weak sintering, good sintering and melting on
the processing window.
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EXPERIMENTAL SETUP

A Cu NP ink (CI005-G from Intrinsiq Materials
Inc.) with an average particle size of 100 nm was
employed in this study. Two different thicknesses of
Cu NP films, 0.4 + 0.2 yum and 1.2 + 0.2 um, were
prepared by spin coating the NP dispersed ink on
the aluminum substrate using an EZ 6 Spin coater
(Best Tools, LLC). The films were then heated at
85°C for 15 min on a hot plate.

A 3 W diode pumped solid state (DPSS) laser
(Lasever Inc.) with a central wavelength of 532 nm
was used as the laser source. The laser beam was
Gaussian (waist diameter, 3 mm) and was focused
through a 50X (NA-0.55) long working distance
objective onto the samples through a series of
mirrors and mechanical shutter (see supplementary
Figure S1 for experimental setup). The laser powers
were measured using a thermal power measure-
ment sensor (Ophir optronics, 10A-P P/N 7Z02649).
Additionally, a CCD camera was installed for
focusing the beam and spot size determination. A
ceramic plate heater held to the XY stage using a
clamp was used to heat the samples to three
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different temperatures: 100 + 10°C, 150 + 10°C,
and 200 £ 10°C. Temperature measurements were
obtained using a K-type thermocouple.

SINTERING RESULTS

The laser powers for these experiments were
varied from 40 &+ 5 mW to 1000 + 30 mW, and the
spot size was fixed at 16 £+ 4 um. This corresponds
to an irradiance range from 19,894 + 10,253 W/cm?
to 497,359 + 249,127 W/em? [see supplementary
information (b) for irradiance calculation and sup-
plementary Table S1 for list of irradiances].

Four different exposure times (10 ms, 50 ms,
200 ms, and 500 ms) were used to investigate the
effects of changing exposure time on the sintering
irradiance requirement. The spots were classified
into four categories depending upon the morphology
of the sintered spot obtained.! The categories were
(1) no sintering: spots not affected by the laser, i.e.,
no necking between particles was observed; (2)
weak sintering: spots that showed considerable
necking between the particles but the necking was
not uniform across the spot area; (3) good sintering:

OOms

200 ms

Fig. 1. SEM images of spots sintered on a 0.4 um thick Cu layer with a power density of 99.47 + 49.98 kw/cm? for (a) 10 ms (b) 50 ms (c)
200 ms and (d) 500 ms with substrate at room temperature; (e) 10 ms (f) 50 ms (g) 200 ms and (h) 500 ms with substrate at 100°C; (i) 10 ms (j)
50 ms (k) 200 ms (I) 500 ms with substrate at 150°C.
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Fig. 2. Variation in onset of sintering and melting irradiances with
bed temperature with an exposure duration of 200 ms on a 1.2 um

thick Cu layer.
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spots that showed significant necking between all
the particles in the spot area; (4) melting/damage:
spots that showed formation of liquid melt pools
and the hydrodynamics of melt pool forced it to
flow to the periphery of the spot. In addition to
these thresholds, the sintering window was
defined as the range of irradiances between onset
of sintering and onset of melting irradiances.
Figure 1 shows the SEM images of sintered spots
on a 0.4-um-thick Cu layer with different sub-
strate temperatures and exposure times with an
incident irradiance of 99.47 + 49.98 kW/cm?. SEM
images in each row show the spots sintered at a
constant substrate temperature, while those in
each column show spots sintered at the same
exposure duration.

In well-sintered spots, such as Fig. 1g and h (see
supplementary Figure S2 for higher magnification
images), the particles were all connected to one
another through a series of inter-particle
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Fig. 3. Processing window for different sintering regions for 0.4 um thick Cu sample on Al substrate at (a) room temperature (b) 100°C (c) 150°C

(d) 200°C.
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Fig. 4. Processing window for different sintering regions for 1.2 um thick Cu sample on Al substrate at (a) room temperature (b) 100°C (c) 150°C

(d) 200°C.

connections. This continuity of the particles in the
spot area is essential to ensure that the sintered
spots match the physical, thermal and electrical
properties of the bulk material as closely as
possible.

DISCUSSION

From the SEM images shown in Fig. 1 (see
supplementary Figure S3 for SEM images of spots
sintered on the 1.2-um-thick Cu layer), it is evident
that sintering in the spot area is enhanced with
increasing bed temperature at the same irradiance
level and same exposure duration. This can also be
interpreted as the reduction in irradiance require-
ment for onset of sintering with increasing bed

temperatures. The plot in Fig. 2 shows the trend of
onset of sintering irradiance with bed temperature
(at a constant exposure duration of 200 ms on a 1.2-
um-thick Cu layer) and corroborates this trend of
decreasing irradiance requirement with increasing
bed temperatures.

In addition to the onset of the sintering threshold,
the melting threshold goes down with increasing
bed temperatures for both thicknesses of Cu NP
layers, as seen from the processing windows shown
in Figs. 3 and 4. This reduction in the sintering and
melting thresholds can be explained by the fact that
as the bed temperature is increased, lower energy is
required by NPs to reach the onset of sintering
temperature2 or melting temperature. Also, since
the temperature difference to be overcome is
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Table I. Average sintering and melting/damage irradiance range using different types of laser and at different bed temperatures for 1.2 ym

thick Cu layer

CW Laser

200°C
9947 £+ 5126

150°C
34,814 + 18,117

100°C
74,603 £+ 37,672

Room T

174,075 + 87,617

NS laser!

FS laser!

318 + 90
1655 + 350 323,283 + 112,347 373,019 + 186,931 124,340 + 62,624 124,340 + 62,624

55+ 13
220 + 42

)

Average onset of sintering irradiance (W/cm?)

Average onset of melting/damage irradiance (W/cm

smaller, the particles reach the sintering tempera-
ture in a smaller time duration, reducing the heat
transfer losses in the system. Thus, raising the bed
temperature close to the onset of sintering temper-
ature provides two-way benefits with respect to the
sintering irradiance requirement.

Figure 1 also shows the variation in sintering
extent/quality with exposure duration at different
substrate temperatures. The extent of sintering was
found to improve with longer exposure times.
However, longer exposure times led to spots with
bigger heat-affected zones. Processing windows
shown in Figs. 3 and 4 indicate an inverse relation-
ship between the irradiance thresholds for sintering
and melting windows and exposure duration. This is
in contrast to the variation of these thresholds usin,
pulsed laser sintering with exposure duration.™’
Since pulsed lasers (ns, ps, and fs) have much longer
periods between two pulses compared to the pulse
duration (with a repetition rate < 100 kHz, the time
between pulses > 10 us), the NPs return to the
room temperature within that time duration, result-
ing in minimal influence of past train of pulses on
the sintering characteristics. Thus, sintering and
melting thresholds using pulsed lasers tend to be
independent of exposure duration. Using CW lasers,
there is a continuous supply of laser energy to the
particles and there is no time window for NPs to
return to the room temperature. Due to this accu-
mulation of the laser energy over time, the thresh-
olds vary with exposure times. These thresholds
were also found to be higher for the 1.2-uym samples
at all substrate temperatures compared to 0.4-um
samples.

The sintering window using a CW laser with
substrate at different temperatures was compared
with average irradiance requirements using pulsed
(ns and fs) lasers from recent studies conducted on
sintering characteristics of Cu NPs."!® With sub-
strate at room temperature, the sintering irradiance
window using a CW laser was found to be signifi-
cantly higher than the irradiance window using
pulsed lasers for both thicknesses (see process
windows in Figs. 3 and 4). Table I lists the onset
of sintering and onset of melting irradiances for 1.2-
um-thick Cu layer using different lasers and bed
temperatures. Peak powers developed during sin-
tering of NPs using pulsed lasers are orders of
magnitude higher than the powers developed dur-
ing CW laser sintering, and this is the reason for
higher irradiance requirements for CW laser sin-
tering. It was also interesting to note that the
sintering irradiance window reduced significantly
with increasing bed temperature. The onset of
sintering irradiance was reduced by a factor of
17.5 + 12.6 with a bed temperature at 200°C, and it
was reduced by a factor of 5.0 &+ 3.6 with bed
temperature at 150°C. Another advantage of per-
forming laser sintering with elevated bed tempera-
ture is the smaller residual thermal stress in the
finished part compared to sintering with the bed at
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room temperature.'®1” However, it is important to
consider the effects of oxidation of NPs at elevated
bed temperatures. In general, at elevated bed
temperatures, NPs tend to oxidize much faster
compared to oxidation at room temperature,ls’19
leading to a higher sintering temperature, which in
turn increases the sintering irradiance require-
ment. However, the NP ink used in this study
comprises NPs with a protective coating of
polyvinylpyrrolidone (PVP), which prevents the
particles from oxidation and agglomeration. PVP
has been found to decompose at temperatures as
high as 450°C;?° thus, heating the bed to 200°C does
not oxidize the particles, which ultimately results in
a lower energy requirement for sintering.

CONCLUSION

In this study, we presented a comprehensive
investigation of the dependence of sintering irradi-
ance using a CW laser with substrate initial tem-
peratures. The substrates were heated to three
different temperatures, 100°C, 150°C, and 200°C,
and the experiments were conducted to identify the
irradiance range for (1) no sintering, (2) weak
sintering, (3) good sintering and (4) melting on the
processing window. These ranges were then com-
pared with the results obtained using CW laser
sintering at room temperature. In addition to this,
the sintering irradiance window from these exper-
iments was also compared with the average sinter-
ing irradiances using ns and fs lasers. The variation
of these ranges with exposure duration was also
identified. The sintering irradiance threshold was
reduced by a factor of 5 + 3.6 with substrate at
150°C and by a factor of 17.5 + 12.6 with substrate
at 200°C when compared to the irradiance threshold
with substrate at room temperature. This directly
affects the maximum power requirement of the
laser and can substantially reduce the cost of
systems employing the CW laser as the laser source
for sintering in additive manufacturing of electronic
structures. With the knowledge of irradiance
requirements for sintering, future work will include
sintering experiments with the optical sub-system
of u-SLS at different bed temperatures.
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