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ABSTRACT: Concurrently reducing processing temperature,
electrical resistance, and material cost with scalable fabrication
capabilities is critical for conductive elements of flexible and
planar electronics. Intense pulsed light sintering (IPL) of mixed
dissimilar-shape conductive nanostructures may achieve this
goal. However, this potential is hindered by knowledge gaps on
how dissimilarity in nanostructure shape affects interparticle
neck growth kinetics in general and the self-damping coupling
between neck growth and optical absorption in IPL. We study
these phenomena for IPL of mixed Ag nanowires (NWs, 40 nm
diameter, 100—200 pm length) and nanospheres (NSs, 40 nm
diameter), both experimentally and by linking molecular
dynamics simulations with optical modeling. An optimal
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50:50 mixing ratio lowers resistivity (5.59 p€-cm) and peak temperatures (250—150 °C) relative to pure NS films and
reduces material costs relative to pure NW films with similar resistivity, in 2.5 s of IPL. The drop in peak temperatures in
consecutive optical pulses reduces with greater NW content. Sintering-induced dislocation generation drives higher neck growth
at NW—NS and NW—NW interfaces and anisotropic neck growth at NW—NS interfaces. This indicates that when NWs are
introduced into NS films, along with lesser number of interfacial contact points, an inherent reduction in sintering-induced
junction resistivity plays a major role in reducing film resistivity. The self-damping coupling and optical absorption, which drive
temperature evolution in IPL, are tunable by nanostructure shape. The introduction of NWs into a NS ensemble reduces the
dependence of optical absorption on neck growth. We discuss how these insights elucidate a set of physical phenomena that can
guide the choice of dissimilar shaped nanostructures to concurrently reduce resistivity and temperatures in IPL and other

sintering processes.
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1. INTRODUCTION

Silver (Ag) nanostructures are widely used as conductive
elements in printed flexible and planar electronics due to their
oxidation resistance, good dispersibility in water for ink
fabrication, and their low electrical resistivity.' © The
fabrication of printed circuits from such nanostructures for
applications such as energy stn:rralgna,5 solar cells,®’ transistors,”
and antennas’ on substrates such as paper,'’ fabric,'' and
thermall?' sensitive polymers'” has significant economic
impact.”” In a typical fabrication process, the printed Ag
nanostructures are sintered to fuse them into a contiguous
conductive structure. Simultaneously reducing sintering
temperatures, electrical resistance, material costs, and process-
ing time is a key requirement for such sintering processes.
Among the various extant sintering methods, the inherently
high scalability of the intense pulsed light sintering (IPL)
process has generated significant interest in the commun-
ity."** IPL sintering was first introduced in 2004 through
patents by Seiko Epson Corporation (JP2004-277832A and
JP2004-39846A). They suggested employing IPL to sinter
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metal nanoparticles. The first demonstration of IPL to sinter
nanomaterials on polymer substrates was reported in 2009 by
Kim et al.,” triggering enormous interest in the field of the
printed electronics. Since then, numerous studies on the
structural reformation and chemical modification of metallic,
carbon-based, and semiconductor nanomaterials using IPL
have been reported.

IPL uses high-energy pulsed visible light (power spectrum in
Supporting Information Figure S1) to sinter nanostructures in
seconds. Localized plasmonic absorption by Ag nanostructures
during IPL obviates direct heating of the bulk of the substrate,
and the large optical footprint (e.g., >1 ft x 1 in. possible in this
work) enables high thrn:mghput.24 However, the peak IPL
temperatures needed to achieve low resistivity after sintering
are still quite high for the typically used Ag nanosphere (NS)
films and patterns (e.g., ~250 °C for 20 nm diameter Ag™’).
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Figure 1. SEM images of unsintered and post-IPL films for (a—c) NS-only film; (d—f) 25% NW content film; (g—i) 50% NW content film; (j—I)
75% NW content film; (m—o) NW-only film. Scale bar corresponds to 500 nm length.

This necessitates small and expensive NSs to enable lower
temperature sintering or expensive thermally resistant sub-
strates like polyimide to tolerate the higher temperatures.

In recent work, IPL sintering of mixed nanowires (NWs)
and NSs*® showed the potential to achieve lower resistivity,
similar to observations in isothermal sintering.”” However, the
IPL temperatures were not reported. Further, the NW length
was small (comparable to the NS diameter), and much lower
resistivity is achievable with higher aspect-ratio NWs.”*
isothermal sintering, the inclusion of NWs into a NS ensemble
was posited to reduce postsintered conductlwty by reducing
number of interparticle contact points.”” This may be thought
to be the sole reason for reduced resistivity in the IPL of mixed
NWs and NSs. However, the use of mixed NW—NS structures
can influence temperatures and resistivity in IPL in the
following nontrivial ways. First, nanostructure shape can affect
the neck growth kinetics and therefore the junction resistivity
and film conductivity.”” For example, NW—NS and NS—NS
interfaces may have different neck growth rates since the
surface area to volume ratios are different.* Although there is
significant knowledge of NS—NS sintering,”'~** there is little
work on quantifying the neck growth kinetics and mechanisms
at NW—NS and NW—-NW interfaces. Second, unlike
isothermal oven sintering the temperature in IPL changes
dynamically with evolution of neck growth between nano-
structures. Plasmonic absorption during IPL increases the
ensemble temperature, and the resultant temperature-driven
neck growth reduces the sharpness of nanoscale features
between adjacent nanostructures. This creates a negative
feedback on further optical absorption and thus reduces
additional temperature rise and interparticle neck growth, i.e., a
self-damping coupling.'>'**> This self-damping couplmg
manifests as a reduction in peak temperatures in consecutive
IPL pulses. The significance of controlling this self-damping
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coupling is appreciated by noting that the degree of sintering
depends on achieving high enough temperature to overcome
the activation energy for mass transfer and on sustaining this
temperature (or higher) for a long enough time for significant
mass transfer.”’ Past work has modeled ogtlcal absorption in
sintered NW-only'® and mixed NW—NS* ensembles. These
works assumed purely shrinkage-based neck growth which was
constant at all nanostructure interface types, an assumption
that is shown to be erroneous in this work and thus could not
capture the effects of interface-specific neck growth on self-
damping in IPL sintering.

To simultaneously control temperature and resistivity in
TPL, there is a need to bridge the above knowledge gaps. This
study answers the following questions (1) How does the neck
growth kinetics for NW—NS and NW-NW interfaces
compare to NS—NS interfaces and what neck growth
mechanisms govern this comparison? (2) How does the
introduction of NWs into a NS ensemble affect self-damping
behavior in IPL, when interface-specific neck growth kinetics
are considered? QOur IPL experiments show that the
introduction of NWs into a NS ensemble reduces peak
sintering temperatures while achieving higher conductivity but
also uncovers a limit beyond which no added advantage is
obtained by adding additional NWs. Our molecular dynamics
(MD) simulations of sintering show unexpected trends in
interface-specific neck growth and anisotropic neck growth at
NW-NS interfaces. The mass transfer mechanisms that are
responsible for these observations are elucidated. Electro-
magnetic simulations of the sintered nanostructure ensembles
show that addition of NWs into a NS ensemble inherently
affects self-damping and absorption efficiency in IPL. To the
best of our knowledge, this is the first study that combines
experiments, MD simulations, and electromagnetic simulations
to reveal these previously unknown phenomena. The insights
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Figure 2. (a) Change in film resistivity due to IPL. (b) Peak pulse temperature as a function of nanowire content. (c) Full width at half maximum
(FWHM) of the (111) peak from X-ray diffraction (XRD) spectra. 0 pulse indicates as-deposited and dried film.

gained provide a set of physical considerations to guide the
choice of mixed-shape nanostructures in IPL, even beyond
NWs and NSs, for further reductions in temperature and
resistivity.

2. RESULTS AND DISCUSSION

2.1. Temperature and Morphology Evolution in IPL
Experiments. Ag NSs (nominal diameter 40 nm, US
Research Nanomaterials) and NWs (nominal diameter 40
nm and length 100—200 gm, ACS Materials) were suspended
in ethanol and deposited on glass substrate as films of similar
thickness (Table S1), using a wide-area aerosol spray system.
Typically, nanostructures of diameter smaller than 10 nm are
more expensive, and most work in IPL has used larger
nanostructure diameters.”*™>* Thus, nanostructures with
diameter greater than 10 nm were used here. The NW/NS
ratio by weight was varied from 0 to 100% in 25% increments
(Table S1), and the total weight percentage of silver in all of
the inks was constant. IPL was performed using a pulsed linear
xenon lamp (Sinteron 3000, Xenon Corp.). The lamp on time
and incident fluence were fixed at 1275 ws and 20 J/cm?,
respectively, for 3 and 6 consecutive optical pulses. Additional
details on IPL procedure and characterization methods are
provided in the Methods section and in our previous work.>®

Scanning electron microscopy (SEM) images of the films, in
Figure 1, show post-IPL neck growth between the nanostruc-
tures for all NW/NS ratios. For the unsintered films, the
smooth axial surface of the NWs results in sharp nanoscale
features at the less numerous NW—NW interfaces (Figure 1m)
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in contrast to the more numerous NS—NW (Figure ld,g,j) and
NS—NS (Figure la) interfaces in other mixing ratios. For the
postsintered NS-only film, neck growth between NSs results in
more contiguous structures that exhibit a significant increase in
the nanoscale feature size in the film (Figure la—c). For a 25%
NW content film (e.g., Figure 1d—f), the NWs get embedded
into a bed of surrounding NSs after IPL but do not lose their
axial surface morphology. As the NW content increases further
(Figure 1g—o), the postsintered morphology again shows neck
growth but with retention of axial surface morphology of the
NWs. Overall, the increase in nanoscale feature size in the
postsintered film is lesser for increasing NW content.

Figure 2a shows that the resistivity of the as-deposited films
(dried at 70 °C, i.e., O pulses) reduces by nearly 2 orders of
magnitude with increase in NW content. This agrees with past
work”” and occurs because NWs provide more contiguous
pathways with lesser interparticle contacts for electron
percolation. After 3 pulses (2.5 s), the films with NW/NS
ratio of 50:50 achieve a resistivity of 9.5—11 pQ-cm (6—7.5
times that of bulk silver) and lie within 1 error of the resistivity
for 75:25 ratio films and pure NW films. The highest
temperature for all of the mixing ratios is in the first pulse
(Figure 2b). This first pulse temperature for pure NS films is
about 250 °C, similar to that in previous work,”® and decreases
with increasing NW content (Figures 2b and S2). This is
because the total optical absorption in the unsintered state
reduces with increasing NW content (Figure S3) due to
reduction in number of sharp nanoscale interfaces that can
plasmonically absorb light, as seen from SEM images in Figure
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Figure 3. Ensemble configurations for MD simulations (a) NS-only, (b) mixed NW—NS ensemble, (c) NW-only. (d—f) Side views of the
ensembles after sintering at 900 K. Inset figures show necks between the nanostructures. Here, we denote neck radius as x and NS/NW radius as r.

1. The $0:50 mixing ratio enables significant reduction in
maximum processing temperature to around 150 °C as
compared to NS-only films (around 250 °C), and adding
further NWs gives no additional reduction in the maximum
temperature. Since NWs are significantly more expensive than
NSs, a NW/NS ratio of 50:50 is therefore optimal for
achieving similar resistivity at lower costs than a pure NW film
while significantly reducing temperatures relative to a NS-only
film.

For all of the mixing ratios, the peak pulse temperature
drops after the first pulse (Figure 2b) and levels off after 3
pulses (within 1 error) due to a significant reduction in optical
absorption upon sintering (Figure S3). This drop in optical
absorption is the key driver for change in peak pulse
temperature with number of pulses. This results in minimal
change in crystallite size (leveling off in full width at half
maximum (FWHM) from X-ray diffraction (XRD) spectra,
Figure 2c) and in resistivity (Figure 2a) after 3 pulses. The
SEM images (Figure 1) also show that the morphology does
not change as significantly from 3 to 6 pulses, as it does from
as-deposited film to 3 pulses. This evolution of temperature
and morphology is a characteristic consequence of self-
damping coupling in IPL’® and indicates that the optical
absorption is too low after 3 pulses to cause any additional
neck growth in the film.

Figure 2b also yields important observations on evolution of
film temperature during IPL. For the NS-only film, there is a
very sharp drop in temperature (~60%) within 3 pulses, with
the majority of the drop occurring in the second pulse. For
25% NW content, the temperature in the first pulse is similar
to that of the NS-only film, but the drop in temperature in
subsequent pulses is significantly lesser (x15%). For even
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greater NW content, the drop in temperature reduces
progressively (7—8% drop for 50 and 75% NW content) till
for the pure NW case the pulse peak temperatures are constant
within 1 error. In essence, the drop in temperature in
consecutive pulses progressively reduces with increasing NW
content. This is due to the relatively lesser reduction in optical
absorption from unsintered film to the 3-pulse sintered film, as
the NW content increases (Figure S3). The source of this
difference in postsintered optical behavior may be from the
film morphology. Since the post-IPL increase in nanoscale
feature size is mitigated with increasing NW content (Figure 1)
and smaller nanoscale feature size typically results in higher
absorption efficiency,’® the change in absorption upon IPL also
reduces with greater NW content. These observations point to
a potential inherent dependence of self-damping coupling on
shape mixing. However, the sintering-induced change in the
nanoscale feature size depends significantly on the degree of
neck growth at NS—NS, NW—NS, and NW—NW interfaces.
In our experiments, the significant differences in temperature
evolution cause different neck growth for different mixing
ratios, as seen from the FWHM trends (Figure 2c). Thus, our
experiments cannot justify the above claim of shape-dependent
self-damping by themselves since they cannot conclusively
assess the independent impact of mixing NWs and NSs on self-
damping behavior and neck growth kinetics. The results from
the MD simulations and electromagnetic modeling are used to
resolve this issue.

3.2. Neck Growth Kinetics. MD simulations of isothermal
sintering at 500, 700, and 900 K for 300 ps were performed
within the embedded atom method (EAM) framework,’”* as
described in the Methods section. Three NP ensembles cases,
ie, NS-only (Figure 3a), mixed NS—NW (Figure 3b), and
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NW-only (Figure 3c) were considered. The MD simulation
was successfully validated by comparing melting points,
predicted using the Lindemann index,” of single Ag NSs of
various diameters to past reports (Figures S4 and §5).*%* For
computational feasibility, the NW and NS diameters in the
sintering simulations were fixed at 15 nm. MD predictions
showed that the melting points of individual NS and NW of
this size were 1177 and 1116 K respectively, ie., very close to
the Ag bulk melting point of 1235 K expected for the 40 nm
diameter nanostructures used in experiments.”’ Thus, the
smaller diameters used in MD simulations here are not
expected to introduce significant size-dependent melting-
induced effects on sintering. The NW length was fixed at 60
nm to capture diffusion at NW—NW and NW—NS interfaces,
while avoiding the computationally difficult task of modeling a
NW with micrometer length and nanometer diameter. Greater
details on the MD simulations are described in the Methods
section.

The ratio x/r (Figure 3d—f) at a given nanostructure
interface is a key measure of neck growth" 3% and also controls
the interfacial junction resistivity R.. Generally, greater x/r
increases the contact area at the interface between adjacent
nanostructures, and the resulting increase in electron
percolation pathways reduces the R_. For example, for sintered
nanospheres R. depends on x/r as per the Riemann—Weber
relationship® (eq 1), where R,y is the electrical resistivity of
the bulk material. Although this formulation was developed for
sintering nanospheres, our past work® has shown that it can
also be used for NW—NW interfaces.

R = Ry lra"" + 2 In(2rx")] (1)

The evolution of x/r at different nanostructure interfaces, in
Figure 4, yields the following interesting observations. First, x/
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Figure 4. Average x/r at various interfaces after 300 ps of isothermal
sintering.

r for the NW-only case is nearly 2 times greater than that for
NS-only case. Thus, based on the Riemann—Weber
formulation R. at NW—NW interfaces is significantly lesser
than that at NS—NS interfaces. Past work in isothermal
sintering has posited that it is the reduction in number of
interfacial contact points that reduces resistivity of NW-only
films relative to NS-only films.”” Our above observation shows
that there is an additional and significant contribution of faster
neck growth at NW—NW interfaces to the lower resistivity in
NW-only films. The second observation is for the mixed NW—
NS ensemble. In the mixed ensemble, x/r and R, at the NW—

NW interfaces are very similar to that for the NW-only case. At
the NW—NS interface, the x/r perpendicular to the NW axis is
similar to that for the NS-only case, and that along the NW
axis is significantly higher and similar to that for the NW-only
case. This anisotropy in x/r at NW—NS interfaces has not
been reported before. Since the Riemann—Weber equation has
not been validated for anisotropic neck growth, we use the fact
that interfacial contact area increases with x/r to understand
how R, at NW—NS interfaces compares to that at NW—NW
and NS—NS interfaces. Due to the above observed anisotropy
in x/r at NW—=NS interfaces and the observed interface-
specific evolution of x/r, the sintered interfacial contact area
depends on the interface type as NW—NW > NW-NS > NS—
NS. Since increasing contact area reduces junction resistivity,
the R, at NW—NS interfaces is lower than that at NS—NS
interfaces but not as low as that for NW—NW interfaces. The
increased conductivity in isothermal sintering of NS—NW
films as compared to NS-only films has been primarily
attributed to the creation of more contiguous percolation
pathways due to the introduction of NWs.” Our finding
suggests that reduced R, at NW—NS interfaces and at NW—
NW interfaces plays an additional and significant role in
resistivity reduction for mixed NW—NS ensembles relative to
NS-only ensembles. Qur observation also suggests that under
isothermal sintering at the same temperature, the resistivity of
NW-NS ensembles should still be higher than that of NW-
only ensembles, which is in line with experimental observations
from isothermal sintnaring.27

To identify the reasons behind the observed interface-
specific evolution of x/r, we analyzed surface and grain
boundary diffusion and dislocation generation in our MD
simulations. These are the neck growth mechanisms that are
typically significant in sintering of nanostructures.””*#*> Figure
S6 illustrates a representative example of motion of surface and
grain boundary atoms in the MD simulations. To calculate the
surface and grain boundary diffusion coefficients (Dg and Dgp
respectively), on average 30—S5S0 surface atoms and grain
boundary atoms were chosen near the interface between
adjacent nanostructures of interest. The Dg and D, calculated
using Einstein’s relationship® as described in the Methods
section, are plotted in Figure 5. The dependence of Dg on
interface type is NS—NS > NS—NW > NW—NW (Figure 5a).
If this surface diffusion is the dominant mechanism behind the
interface-specific differences in x/r, then the x/r trends should
be the opposite to that seen in Figure 4. On the other hand,
the Dgp varies with interface type as NW—NW > NW—-NS >
NS—NS (Figure 5b). Since greater Dgp should result in greater
x/r,’" this observed dependence of Dgg could explain the
interface-specific x/r trends in Figure 4, except for the fact that
Dgg & 1/3Ds, and surface diffusion dominates over grain
boundary diffusion. Thus, surface and grain boundary diffusion
cannot provide a complete explanation for the observed neck
growth trends.

Dislocation generation at different interfaces during sintering
was identified in the MD simulations, after the methodology
described by Stukowski et al.,*” as described in the Methods
section. During sintering, dislocation loops consisting of edge
and screw dislocations are created primarily at the interparticle
interfaces (Figure 6a,b). The total dislocation length Ly, was
calculated by adding the lengths of individual dislocation
segments at a given time point and temperature combination.
As time and sintering temperature increase, Ly reduces, as
expected (Figure 6¢c—e). The general dependence of Lj, on
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Figure 5. Coefficients for (a) surface diffusion, (b) grain boundary diffusion at different interfaces.

interface type is NW—NW > NW—NS > NS—NS, especially at
500 and 700 K (Figure 6¢,d). At 900 K, the Ly, values converge
to a similar value (Figure 6e). In the mixed ensembles, Ly, at
NW-NW interfaces is greater than that in NW-only
ensembles, and L at NS—NW interfaces is greater than that
at NS—NS interfaces in NS-only ensembles. Thus, the NS—
NW interaction in mixed ensembles increases dislocation
generation beyond those expected from NS-only and NW-only
ensembles. An important observation is that the dependence of
Ly, on the interface type is similar to that of x/r in Figure 4.
Greater dislocation generation generally increases neck growth
by increasing atomic diffusion from the volume of the
nanostructures™ and by increasing the sintering stresses.””
Since solely surface diffusion cannot explain the x/r trends,
grain boundary diffusion is much smaller than surface diftusion,
and dislocation generation trends are similar to the x/r trends,
we conclude that dislocation-induced mass transfer is the
dominant mechanism causing the observed interface-specific
changes in x/r.

Thus, the answer to our first question is that neck growth in
NW-NS ensembles is anisotropic and occurs at a different rate
than in NW—NW and NS—NS ensembles. Changes in the
dislocation-based mass transfer are primarily responsible for
this phenomenon. This insight of interface-specific neck
growth in sintering of mixed dissimilar-shape nanostructures
is significant due to its applicability beyond IPL, to other
processes like isothermal oven sintering and laser sintering.

It is worth examining the reason for interface-specific trends
in these sintering mechanisms. The driving force behind
surface diffusion is the effective curvature of the free surfaces,so
ie, of the nanostructure surfaces in contact, with greater
curvature resulting in greater surface diffusion.””* This
surface-curvature dependence is also seen for NS-only systems
where reduction in diameter increases Ds.>> The curvature of a
NW surface is anisotropic, with only curvature around the NW
axis being nonzero, as compared to a NS, which has fully
isotropic curvature. As a result, the effective curvature of a
NW-NW nanostructure system is lesser than that of a NW—
NS interface, which is in turn lesser than that of the NS—NS
interface. Thus, the driving force for surface diftusion and the
Dg changes with interface type as NS—NS > NS—NW > NW—
NW. Greater grain boundary diffusion during sintering is
primarily due to greater interfacial stresses, either due to
increased external applied pressure®”*” or due to increased
dislocation generation.”* Since there is no external pressure
applied in the MD simulations, the stress causing the observed
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grain boundary diffusion here is attributable primarily to
dislocation generation. The observed dependence of Lj on
interface type as NW—NW > NW-NS > NS—NS and the
resulting similarity in interface-specific dislocation-induced
stresses qualitatively explain the similar dependence of Dgy
on interface type. The dependence of dislocation generation
on the interface type is connected to the mechanism of how
dislocations are formed during nanostructure sintering. It has
been shown® that after initial neck formation, the previously
amorphous atoms on the free surface of the unsintered
nanostructures, that are now in the neck region, undergo
recrystallization to the bulk crystal structure (face-centered
cubic for Ag here) and give rise to dislocations. Therefore, a
potential source for the observed dependence of Ly on the
interface type is an interface-specific change in degree of
recrystallization after initial neck growth. However, further
verification of this mechanism is an open question, given the
potential effects of stresses from neighboring nanostructures
on additional dislocation generation at the interface of interest.

3.3. Electromagnetic Simulations. To answer our
second question, the unsintered and sintered ensemble
morphologies were used as nanostructures with an incident
electric field in finite element analysis of Maxwell's electro-
magnetic equations. The sintered geometries from MD
simulations were directly used to account for the interface-
specific differences in neck size, unlike previous work, which
assumed equal neck growth at all interfaces™ or did not study
mixed ensembles at all.”?° A unit electric field linearly
polarized along direction E and traveling along direction k was
incident on the nanostructure ensemble (Figure 7). The
ensemble was inside a spherical air shell, surrounded by a
perfectly matched layer that accommodated for spurious
reflections via a scattering boundary condition (Figure §7).%
The dielectric constants of Ag were obtained from the Drude—
Lorentz model.”* Further details on the electromagnetic model
are provided in the Methods section.

Figure 7 shows a representative example of the calculated
thermal dissipation density contours for unsintered and
sintered structures. The total thermal power dissipation q(4)
at each wavelength 1 was calculated from these contours,
multiplied by the corresponding fraction of total optical
irradiance, ie.,, X(4) from the xenon lamp (Figure S1), and
then divided by the volume V,, of the box enclosing each
ensemble (eq 2) to obtain total thermal dissipation under IPL
at 4, ie, Q(4). Using V,, rather than solid volume ensured
compatibility with mesoscale thermal models for IPL.”" In a
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typical mesoscale model, heat transfer is described by a lumped unit enclosed volume of film is used in this approach if the in-
capacitance approach (eq S3) due to the low Biot number of plane and thickness of the film are known. Figure S8 shows
the film,'”** and effective medium approximations are used to how Q(4) evolves with greater sintering temperatures, which
describe the heat capacity. So, thermal power dissipation per correspond to greater x/r and lower junction resistivity.
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Q(4) = 9(4)-X(2)/V,, (2)

The Q(4) was summed over the energetic spectrum of the
xenon lamp to obtain the total dissipated thermal power Q.
Figure 8 plots Q against average x/r in each ensemble, leading
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Figure 8. Change in total thermal power dissipated per unit enclosed
volume of the ensemble as a function of (x/r). Shown for incident
irradiance of 1 W/m>.

to the following observations. The NS-only curve exhibits a
significant reduction in Qr upon initial neck growth, and this
reduction levels off with increasing neck growth beyond a
point (e.g, x/r &~ 0.25 here). This trend for NS-only films
agrees with past work’® and with the rapid drop and then
leveling off in temperatures after the first pulse in Figure 2b. In
comparison, in the mixed ensemble case, the reduction in Qr
with increasing x/r is lower, and the leveling off in Qr is
reached at a higher x/r (%0.39 here). Thus, the negative
feedback of neck growth on Qp in NS-only ensembles is

3543

significantly mitigated by the introduction of NWs in the
mixed NW—NS case. This observation also agrees with the
experimental temperature evolution in Figure 2b, where the
addition of NWs to NSs progressively reduces the temperature
drop after the first pulse. For the NW-only case, the Qr
changes very little with x/r, again agreeing with temperature
observations in Figure 2b, which show a fairly constant peak
pulse temperature for the NW-only films. Overall, for the NS-
only case, the percentage change in Qr per unit change in x/r
is 164%, a significantly larger change as compared to those for
the mixed ensemble (54%) and NW-only (3%) cases.

We further note that at the same x/r, the magnitude of Qr
reduces with increasing NW content, indicating a reduced
optical absorption efficiency. These observations yield the
answer to our second question. The introduction of NWs into
a NS ensemble mitigates the negative feedback effect of neck
growth on optical absorption in IPL and simultaneously
reduces absorption efficiency. Thus, adding NWs to a NS
ensemble enables more sustained temperatures during IPL, but
the accompanying reduced optical absorption nullifies this
advantage if NW content is increased beyond a certain point.
This is the reason behind the existence of an optimum NW
content (50:50 mixing ratio) in our experiments as well.

3. CONCLUSIONS

This work combines experiments, mass transfer simulations,
and electromagnetic simulations to understand how neck
growth kinetics during sintering and self-damping optical
behavior in IPL is affected by the nanostructure shape
(specifically NWs and NSs here). The following is the major
findings. Neck growth kinetics at Ag NW—NS interfaces is
substantially anisotropic, greater than that at NW-NW
interfaces, and lesser than that at NS—NS interfaces. The
dominant mechanism behind this difference is an interface-
specific change in dislocation generation during sintering. This
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insight uncovers the non-negligible role played by mismatch in
nanostructure shape on junction resistivity and overall film
resistivity. The addition of NWs to a NS ensemble inherently
reduces self-damping behavior and optical absorption
efficiency in IPL, with the following implications for design
of NW—NS films. Too high NS content causes stronger self-
damping behavior along with lesser neck growth rate, which
limits the optical absorption capacity before low enough
resistivity is reached. Excessive NW content reduces optical
absorption efficiency to such an extent that it overwhelms the
accompanying advantages of increased neck growth kinetics
and more sustained optical absorption. Mixing NWs and NSs
in an optimal ratio (50:50 here) reaches a balance between
neck growth kinetics, optical absorption efficiency, and
sustained temperature in multiple pulses. We note that one
approach for using greater NW content would be to increase
the incident pulse irradiance, to offset the reduced optical
absorption efficiency while retaining lesser self-damping and
greater neck growth. However, there is also a material cost
factor to be considered since NWs are generally more
expensive than NSs.

These insights constitute a set of physical phenomena to
guide the choice of dissimilarly shaped nanostructures (beyond
NWs and NSs™) that should be mixed to concurrently reduce
resistivity and temperatures in IPL. The ideal nanostructure
shapes to be mixed should concurrently reduce self-damping,
increase or retain high optical absorption efficiency, and
increase or retain similar levels of neck growth rates as the
unmixed nanostructures. Further, the insight on neck growth
kinetics between dissimilar nanostructure shapes is applicable
for designing shape composition in sintering processes beyond
IPL as well. Although our work cannot determine the optimal
ratio, in which to mix dissimilar-shape nanostructures, this will
be possible using larger scale molecular dynamics and optical
simulations that are increasingly being developed. This work
also raises open questions on the exact reasons for interface-
specific dislocation generation and whether there is an
underlying shape descriptor for mixed nanostructures that
describes the dependence of self-damping on nanostructure
shape and relative nanostructure size. Efforts to find such a
shape descriptor can play a significant role in not just IPL but
also in understanding the optical behavior of sintered mixed-
shape nanostructures.

4. METHODS

4.1. Experimental Methods. Ag NSs and NWs were mixed in
ethanol in a total concentration by weight of 5%. The aerosol jet
printing parameters used are described in our previous work,>® and
the films were dried at room temperature for 5 min after printing. The
IPL experiments were performed at ambient temperature. At least five
experiments were conducted for each NW/NS ratio. The film
thickness, IPL temperatures, film resistivity, morphology, crystallinity,
and optical absorption were measured as described in our previous
work. ™

4.2. Molecular Dynamics Methods. The embedded atom
method (EAM),”” with potential functions from Mishin et al.*® was
used here. The Ag NSs consisted of 110400 atoms, and Ag NWs
consisted of 665 288 atoms. All initial distances between the two
interfaces were set as 1 A°, within the EAM interaction cut-off
distance. The simulations were performed in the LAMMPS software”’
with the Nosé—Hoover thermostat for temperature control. The
nanostructures were subjected to a uniform temperature by ignoring
heat transfer effects. A time step of 5 ps was chosen since it was
validated to conserve energy well. The diffusion coefficients were

calculated by choosing surface and grain boundary atoms close to the

desired interfaces and using Einstein’s relatiorlshjp‘HS which is given by
_1d
"~ 6N at

Y lnlty + ©) = rlt) o
In eq 3, N is the number of atoms, t, is the time origin, 7 is the
observation time, r(f,) is atom position at time origin, and Y,
represents summation over the chosen number of atoms N over all
time origins. Here, 7 is the simulation time of 300 ps and f; is at the
beginning of the simulation. On average, the number of atoms N was
30—50 for calculation of both surfaces and grain boundary diffusion
coefficients. The MD model was successfully validated by comparing
the melting points for single Ag NS of various diameters to that from
literature, as described in the Supporting Information in Discussion
S4 and Figures S4 and S5. Further, the melting points for a single NS
and NW, calculated using the above method, were found to be 1177
and 1116 K. Therefore, the MD simulation temperatures were below
the nanostructure’s melting point and within the bounds of solid-state
sintering,

Identification of dislocations in sintered structures was performed
using the dislocation analysis method after Stukowski et al,¥ as
implemented in the open-source OVITO software. In this method,
dislocations are identified by mapping atomic bonds from the
dislocated interface to an ideal template configuration to find
dislocation-induced displacements and concurrently determine the
dislocation’s Burgers vector. The input crystal type for this analysis
was face-centered cubic, corresponding to the crystal structure of Ag,
and the dislocations were represented as screw and edge dislocations,
as shown in Figure 6ab.

2.3. Electromagnetic Simulations. The simulations were
performed in the COMSOL software. The ensemble morphologies
predicted by MD simulations were used as the nanostructure
ensemble geometries in electromagnetic simulations. The electric
field polarization was perpendicular to the axis of the top NW. This
maximized the degree of coupling of the electromagnetic field into the
ensemble.'® The mesh sizes and geometric parameters of the air shell
and the perfectly matched layer were refined till convergence in the
predicted absorption curves was obtained (Figure S7). The
simulations were conducted over the 400—700 nm wavelength
range, in increments of 25 nm, since this is the spectrum over which
most of the xenon lamp energy lies.
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