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Abstract— Making photonic sintering of metal nanoparticles,
a viable nanomanufacturing process for printed electronics
requires an understanding of all of the parameters that lead
to variability in the photonic sintering process. This article
examines the effects of variability in the exact location of
nanoparticles within a packing on the thermo-optical properties
of the assemblies. Multiple discrete-element method (DEM)
simulations for various nanoparticle packing configurations are
created, and the absorption, scattering, and extinction cross
sections for each of these configurations are calculated. The
results of these simulations are then validated using experimental
measurements on actual nanoparticle packings and analyzed to
determine how uncertainty in the initial nanoparticle packing
configuration translates into variances in its calculated thermo-
optical properties. Overall, it was found that simulations matched
very well with the absorptivity measurements between 400 and
800 nm wavelength light illumination that uncertainty in the
initial nanoparticle configuration resulted in about a 15%-25%
variance in the thermo-optical properties of the nanoparticle
packings for the analyzed cases.

Index Terms— Nanoparticle packings, optical plasmonics,
thermo-optical properties.

I. INTRODUCTION

VER the past decade, the ability to cheaply build custom
Oelectronics on a variety of substrates has allowed the
field of printed electronics to make rapid advances [1]-[3].
This flexibility and versatility in the printed electronics man-
ufacturing process have proven to be important for a number
of aerospace, biomedical, and sensing applications [4]-[6].
In printed electronics manufacturing, nanoparticle inks are
deposited onto a substrate using a variety of methods such
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as spin coating [7], inkjet printing [8], or aerosol jetting [9]
and then photonically cured to create electrically conductive
structures [10]. In the photonic sintering process, the metal
nanoparticles in the inks are exposed to high-power laser
energy, which causes the nanoparticles to heat up and sinter
together [11]-[13]. From [14]-[16], it was observed that
nanoparticle size, spacing, and the distance between adjacent
particles all potentially affect the thermo-optical properties and
the plasmonic behavior of nanoparticles that are of interest
to the photonic sintering. Therefore, selecting the correct
processing parameters to optimize the photonic sintering is
difficult since the exact configuration of the nanoparticles has
a large effect on the localized surface plasmons that can be
excited within the nanoparticle packing. These localized sur-
face plasmons are important within the nanoparticle packings
for the photonic sintering process because they can generate
very intense, nonlocal electromagnetic energy, which drives
the thermal energy transport within the packings [13], [17].
Furthermore, factors such as plasmonic mode structure and
resonant frequency are highly dependent on the details of the
interactions between metal nanoparticles and an underlying
dielectric substrate. Different packing arrangements could,
therefore, yield substantially different thermal transport and
sintering behavior. Thus, it is important to understand how
the exact configuration of nanoparticles within the nanoparticle
packing affects the thermo-optical properties of the packing,
in order to design photonic sintering processes that are robust
to variances in nanoparticle configuration and that will produce
the best-postcured metal structures.

To this end, multiple nanoparticle packings were generated
for this study, and an uncertainty analysis was performed to
assess the effects of variability in the nanoparticle packing con-
figuration on the thermo-optical properties of the nanoparticle
packings. In particular, four different nanoparticle packings
were generated using identical particle size distributions and
are 1 yum x 1 um in area and ~400 nm in thickness.
Both the particle size distributions and packing thicknesses
were chosen to match those used in a typical microscale
selective laser sintering system [10]. These results were used
to investigate the sensitivity of the thermo-optical properties to
detailed particle packing configuration for these four randomly
generated packings and the corresponding effects on near-field
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Fig. 1.

Copper nanoparticle packings. (a) SEM picture of typical copper
nanoparticle packing. (b) Copper nanoparticle packing generated by DEM
that are lognormally distributed, 116 nm mean radius and 48 nm standard
deviation.

interactions. Ultimately, these results will be used to predict
the nanoparticle packing’s temperature on the substrate and to
provide insights into interconnect part formation in processes
that utilize photonic sintering.

II. COMPUTATIONAL APPROACH

To explore the effect of random variability in nanoparticle
distribution within a packing, it is first necessary to generate
these random packings. This is done using a discrete-element
method (DEM) simulation, where each particle is defined
as a sphere with a corresponding radius and at a position
determined by the driving forces between the particles [18].
In this DEM simulation, the nanoparticles are initially placed
within a box with random positions and velocity vectors. The
nanoparticles are then released and allowed to interact with
each other until a stable nanoparticle configuration is achieved.
The details of this nanoparticle packing formation process are
given in [19].

Fig. 1 shows the typical pure copper nanoparticle packings
such that four different packings were generated using DEM
simulations [19], where the nanoparticles have a mean radius
of 116 nm and a standard deviation of 48 nm. This size dis-
tribution of particles was chosen because it has been observed
from [20] and [21] that the typical copper nanoparticle ink
used in the experimental portion of this study has a log-normal
particle size distribution with a 116 nm mean radius and
48 nm standard deviation.

Once the nanoparticle packings have been built, the effect
of nanoparticle packing configuration on their thermo-optical
properties can be investigated by applying both TE- and
TM-polarized illuminations to the nanoparticle packings and
calculating the absorption, scattering, and extinction cross
sections of the nanoparticle packings. In these cross section
calculations, Maxwell’s equations are solved by using the
finite-difference frequency-domain method to obtain the scat-
tered electric field and the time-averaged Poynting vector for
the time-harmonic field. The absorption cross section is found
by the integration of energy flux over the volume of all parti-
cles, and the scattering cross section is calculated by surface
integration of the scattered Poynting vector over an imaginary
sphere covering all nanoparticles [14], [21]. These results
are then compared to the absorptivity value obtained from
spectroscopy measurements of copper nanoparticle packings.
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III. EXPERIMENTAL MEASUREMENT

The absorptivity of the nanoparticle packings by spreading a
thin layer of copper nanoparticles (~400 nm thick) on a glass
substrate was measured experimentally using UV-Vis-near
infrared response (NIR) spectroscopy, as shown in Fig. 2. For
this study, a Cary 5000 UV-Vis-NIR (Agilent Technologies,
Santa Clara, CA, USA) was used to measure the transmittance,
T, and reflectance, R, of the nanoparticle packings over a
wavelength range of 400-1064 nm. The absorptivity, A, is
then calculated as a function of wavelength from energy
conservation using the following equation: A =1— R —T.

IV. RESULTS

An optical absorption of nanoparticle packings has been
analyzed both experimentally and via computational simula-
tions for wavelengths between 400 and 1064 nm. For both TE
and TM polarizations, the simulated absorption cross section
is observed to decrease with an increasing wavelength for
wavelengths greater than 532 nm. Both the experimentally
measured absorptivity and the simulated absorption cross
section reach their maximum values at wavelengths of 532 nm
and below, with only small differences between the val-
ues at 400 and 532 nm. Fig. 3 shows both the measured
absorptivity and the simulated absorption cross section for
the four nanoparticle packings generated by DEM, which was
also provided in [20]. These have average absorption cross
sections of ~9.7 x 10~3m? for 400 and 532 nm, TE- and
TM-polarized light, respectively. The absorption cross section
is essentially observed polarization independent, which is as
expected due to the isotropic nature of the particle distribution
onto the substrate.

Overall, the wavelength dependence of the calculated
absorption cross section matches well with that of the
experimental absorptivity measurements for the four ana-
lyzed nanoparticles packings, as shown in Fig. 3. Relatively,
flat absorptivity is observed from 400 up to 532 nm from
both simulations and experimental analysis. Absorption starts
to decrease with an increasing wavelength from 532 up
to 800 nm. However, the measured absorptivity levels
off at about 0.62, whereas the simulated absorption cross
section continues to decrease with an increasing wavelength
above 800 nm. A number of possible factors may contribute
to this difference.
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Fig. 3. Simulated absorption cross section [oaps (mz)] and measured absorp-
tivity versus wavelength (nm) under TE- and TM-polarized laser illumination.

One potential source is the few nanometer thick
polyvinylpyrrolidone (PVP) coatings applied to the pure cop-
per nanoparticles to prevent the pure copper nanoparticles
from agglomeration and oxidization in experimental charac-
terization [20], [21]. The PVP coating is not modeled in the
numerical analysis in this work. It is possible that the effect
of the PVP coating on thermo-optical behavior could be more
important at wavelengths longer than 800 nm. Specifically,
surface plasmon dispersion relations and near-field plasmon
coupling are affected by particle size and distribution, particle
shape, dielectric coating and suspended medium character-
istics, and overall nanoparticle packing structure [22]-[24].
Electromagnetic energy transfer within arrangements such
as disordered nanoparticle chain arrays can be driven by
collective plasmon modes [25], [26]. Such collective plasmons
within closely spaced nanoparticles result in very high near-
field confinement of plasmons within the nanogaps leading
to highly nonlocalized energy transport between the nanopar-
ticles, and dielectric coating of metal nanoparticles leads to
changes in plasmonic behavior and the overall optical response
of the nanoparticle packing in [27] and [28]. An additional fac-
tor may be that near-field coupling between the nanoparticles
can be influenced by plasmon hybridization [29]-[31], and for
many types of particle clusters or packing structures, a second
local peak at higher wavelengths is typically observed due to
the contribution of higher order plasmon modes (i.e., quadru-
pole modes) [22], [32]. Thus, the effective optical property of
the PVP coating along with the randomness of the nanoparticle
packing, which leads to having different nanoparticle chain
lengths and structure, can result in a higher order resonant
frequency shift for the simulated and the measured absorption
at wavelengths at the near infrared. This implies that the effect
of the coating on higher order plasmon modes within the
disordered copper nanoparticle packing could be, especially,
important to predict the resonant wavelength at longer wave-
lengths. It should also be noted that the actual nanoparticles in
the experimental packings are not exact spheres as assumed in
the DEM simulation, which could also influence the absorption
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Fig. 5. Relative permittivity versus wavelength for copper nanoparticle.

spectrum. Furthermore, the directionality of the electromag-
netic scattering (i.e., nondirectional or asymmetric scattering)
and multipolar resonance effect for different particle sizes
spaced closely each other and placed on a glass substrate could
also be important at wavelengths longer than 800 nm.

The skin depth might also play an important role in explain-
ing this deviation at higher wavelengths. The skin depth ()
of a nanoparticle, shown in Fig. 4, is calculated as follows:

o—— L (1)

Re,/ —k(z)s,.

where ko is the free-space wavenumber, and &, represents
the complex relative permittivity function which is shown
in Fig. 5 [33].

The skin depth of a copper nanoparticle peaks between
500 and 600 nm and then decreases at longer wavelengths,
which is also where the numerical and experimental absorption
results start to deviate. This decrease in skin depth at longer
wavelengths may be significant as it is accompanied by an
increasing difference between the skin depth and electron
mean free path in copper. At 532 nm wavelength, the electron
mean free path in copper, which is around 36 nm, is almost
equal to the skin depth in copper; however, the skin depth is
only about two-thirds of the mean free path at 1064 nm wave-
length. Therefore, the numerical calculation from the finite-
element method (FEM) simulations could deviate from an
experiment at higher wavelengths due to the increased impor-
tance of quantum effects in the particles, which is not taken
into consideration in the numerical analysis [34]-[36]. The
decreased skin depth also results in extra collisions between
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Fig. 6. Calculated scattering cross sections [ogca (m?)] versus wavelength

under TE- and TM-polarized laser illumination.

the electrons and increases the damping within closely spaced
nanoparticle packings, which could also reduce the accuracy
of the magnetic and electric field calculations. It should
also be noted that new theoretical models and experiments
are required to characterize the subnanometer length-scale
quantum effects fully for nanoparticles spaced less than few
nanometers, in which such effects are not considered in this
work [37], [38].

A. Scattering and Extinction Analysis of Nanoparticle
Packings

Scattering cross section as a function of incoming laser
wavelength for both polarizations (TE and TM) is shown
in Fig. 6. It is observed that scattering cross section becomes
the highest average value (~7.5 x 107'3 m?) at 532 nm
wavelength for both TE- and TM-polarized laser light. This
is due to the surface plasmon polariton generation and near-
field scattering at 532 nm wavelength for copper nanopar-
ticles. At 1064 nm, the scattering cross section reaches its
lowest average value of ~5 x 1073 m? within the analyzed
wavelength range. Moreover, a higher average scattering cross
section on TE polarized than TM-polarized illumination for
each wavelength is observed. However, this result is not
statically significant and could be due to the effect of particle
distribution and particular particle sizes generated by the DEM
in the simulations.

The far-field radiation pattern, Ey,, can be obtained by
integrating the near-field electric and magnetic fields over an
arbitrary surface Sy and in a given direction 7 surrounding
the nanoparticles by using the formula given by [39]

Er(F) = LI / (A x E —nf x (i x H)]eX"ds'
4z Sab
where k is the wavenumber, # is the impedance, and 7 is the
unit vector normal to the surface S,y.
Fig. 7 shows the angular distribution of radiation scattered
from representative nanoparticle packing under 532 nm and
TE-polarized light source. All the packings simulated in
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Fig. 7.  Far-field radiation pattern of 116 nm mean and 48 nm stan-
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this study showed similar types of patterns to those shown
in Fig. 7 under 532 nm and TE-polarized light illumination.
It was observed from these far-field radiation patterns that
light scattering occurs primarily in the forward direction for
the 532 nm, TE-polarized light; in other words, the forward
scattering through glass substrate is dominant over backward
scattering. This forward scattering is in fact characterized
by the interferences between magnetic and electric responses
and the contribution of the plasmon modes, which is affected
by the substrate and the particle size distribution. Furthermore,
strong sidelobes are observed in the far-field radiation pattern
due to the effect of the reflections within the nanoparticle
packing on a glass substrate. Overall, the spatial distribution
of light scattering is observed as asymmetric and directional
dependent. This result is somewhat expected because the
nanoparticle packing has different particle sizes which are also
smaller than the wavelength of the incident laser illumination.
It is also interesting that the strength of the sidelobes is also
comparable with the strength of the forward scattering. This
implies that the magnitude of the unwanted scattering and
the transmitted light to the glass substrate is close to each
other. Such unwanted scattering is desired to be eliminated
to help transport of energy delivered to the layers below the
current layer being sintered and improve the bonding between
the sintered layers.

Extinction cross section as a function of incoming laser
wavelength for both polarization (TE and TM) is shown
in Fig. 8. It is observed that the extinction cross section
becomes a maximum (~1.7 x 1072 m?) at 532 nm
wavelength for TE- and TM-polarized laser wavelength.
Extinction cross section also decreases with increasing wave-
lengths longer than 532 nm and becomes a minimum
(~0.8 x 1072 m?) at 1064 nm illumination. Almost a
50% reduction in the extinction cross section is possible by
using 1064 nm laser wavelength compared to 532 nm, which
implies that the light penetration into a nanoparticle packing
is affected significantly between 532 and 1064 nm wavelength
illumination. Furthermore, almost the same average extinction
cross section value is obtained for each TE- and TM-polarized
light, which shows that the polarization of the light source is
not a significant factor on the extinction cross section between
400 and 1064 nm wavelengths.
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Fig. 9 shows the simulated single-scatter albedo (w) versus
wavelength under TE- and TM-polarized laser illumination.
It is observed that w increases with an increasing wave-
length from 400 to 1064 nm, indicating that the overall
extinction is due mainly to scattering at longer wavelengths.
At a wavelength of around 650 nm, w is approximately 0.5,
which implies that the scattering and absorption cross sections
are approximately equal. Thus, absorption becomes more
important than scattering at wavelengths less than 650 nm,
but scattering starts to be dominant for copper nanoparticle
packings that have a log-normal particle size distribution with
a 116 nm mean radius and 48 nm standard deviation and
deposited onto ~400 nm-thick glass substrate at wavelengths
greater than 650 nm.

V. CONCLUSION

This study has analyzed optical absorption, scattering, and
extinction cross sections for different copper nanoparticle
packings placed on a glass substrate and quantified the
influence of variability in nanoparticle distributions on these
properties. Collective plasmon modes that are generated within
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these disordered and closely spaced nanoparticle distributions
are potentially affected by the particle size, coating, par-
ticle shape, packing structure, and substrate. The detailed
analysis showed that simulations matched very well with
the experimental measurements between 400 and 800 nm
wavelengths for copper nanoparticle packings that have a log-
normal particle size distribution with 116 nm mean radius and
48 nm standard deviation and deposited onto ~400 nm-thick
glass substrate. It was observed that the uncertainty in the
nanoparticle configuration can lead to 15%-25% variation
(one sigma) in the thermo-optical properties of the nanoparti-
cle packings at wavelengths between 400 and 1064 nm. The
highest absorption and extinction cross section are obtained
around 532 nm wavelength illumination, and the polarization
of the light source is not observed a significant effect on
thermo-optical properties. At wavelengths above 532 nm,
variability in the structure of the nanoparticle packings on
the computed scattering starts to increase. It is possible
that the effect of few nanometer thick PVP coating applied
onto pure copper nanoparticles on thermo-optical behavior
could be more important at wavelengths longer than 800 nm
although more analyses are needed to fully understand this
phenomenon.

This study demonstrates that illumination wavelength can
have a major effect on how energy translates into heat within
the nanoparticle packings. Overall, however, polarization and
the exact particle locations in the copper nanoparticle pack-
ings that have a log-normal particle size distribution with
116 nm mean radius and 48 nm standard deviation and placed
on ~400 nm-thick glass substrate are not observed a strong
effect on absorption between 400 and 800 nm wavelength
illumination, which means that precise control over the exact
location of nanoparticles within the packing should not be
necessary to get good uniformity in photonic sintering within
photonic nanoparticle sintering processes for the investigated
cases between 400 and 800 nm wavelength illumination.
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