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ABSTRACT:Thermally driven sintering is widely used to enhance the
conductivity of metal nanowire (NW) ensembles in printed electronics
applications, with rapid nonisothermal sintering being increasingly employed to
minimize substrate damage. The rational design of the sintering process and the
NW morphology is hindered by a lack of mechanistically motivated and
computationally efficient models that can predict sintering-driven neck growth
between NWs and the resulting change in ensemble conductivity. We present a de
novo modeling framework that, for thefirst time, links rotation-regulated nanoscale neck growth observed in atomistic simulations to
continuum conductivity evolution in inch-scale NW ensembles via an analytical neck growth model and master curve formulations of
neck growth and resistivity. This framework is experimentally validated against the emergent intense pulsed light-sintering process
for Ag NWs. An ultralow computational effort of 0.2 CPU-h is achieved, 4−10 orders of magnitude reduction as compared to the
state of the art. We show that the inherent local variation in the relative NW orientation within an ensemble drives significant
junction-specificdifferences in neck growth kinetics and junction resistivity. This goes beyond the conventional assumption that the
neck growth kinetics is the same at all the NW junctions in an ensemble, with significant implications on how nanoscale neck growth
affects ensemble-scale conductivity. Through its low computational time, easy and rapid recalibration, and experimental relevance,
our framework constitutes a much-needed foundational enabler for a priori design of the sintering process and the NWs.
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1. INTRODUCTION

Metal nanowires (NWs) are of increasing interest for printing
electrically conductive structures in planar,1−10conformal,11,12

and structural13,14electronics. Such NWs, for example, of silver
and nickel, are commonly printed using inkjet, roll-to-roll, and
screen-based methods. While the NW geometry and ensemble
morphology affect the as-printed properties of the ensemble, a
subsequent sintering step that reduces resistivity via inter-NW
neck growth is often necessary to obtain high electrical
conductivity for many applications.15−17Conventional iso-
thermal oven sintering is limited by substrate damage, an issue
that is mitigated at the cost of throughput using low
temperatures over longer time periods.18Recently developed
nonisothermal sintering processes use energy sources like
lasers,19−21intense pulsed light,21−24and electrical current25to
rapidly and selectively heat the printed NW ensembles. This
enables rapid NW sintering while avoiding substrate damage.
These processes also achieve high throughput and scalability,
for example, intense pulsed light sintering (IPL) can achieve
conductivity as high as 18×106S/m over a 1 ft.×1 in. area in
as little as 2.5 s.26−29A common thread in the abovementioned
processes is that sintering is driven by heat, albeit the
mechanism and the rate at which this heat is created might
be different. Sintering-driven neck growth and the resulting
change in ensemble conductivity are primarily dependent on
the temperature history imposed by the sintering process and

the NW diameter.30Thus, the rational design to achieve the
desired conductivity with minimal substrate damage requires
models that link the NW size and the thermal history during
sintering to the ensemble conductivity via the physical state of
inter-NW neck growth.
Conductivity models for as-printed ensembles do not
explicitly consider sintering-driven neck growth.32−35Phenom-
enological models that explicitly consider neck growth have
modeled the ensemble conductivity as a function of the
instantaneous temperature.27,30,36This ignores the fact that the
temperature history and not just the instantaneous temper-
ature drive neck growth, especially under nonisothermal
sintering conditions.37,38As-printed NW ensembles typically
consist of multiple layers of stacked NWs with junction-to-
junction variations in the relative NW orientation (Figure 1a−
d). Recent molecular dynamics (MD) simulations have shown
significant local rotation of the NWs during sintering, which
tends to align the NWs to reduce the total surface energy
(Figure 1e).31The amount of this rotation depends on the
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NW radius and the junction-specific value of the initial
orientation angleθ(Figure 1f). The rotation drives greater
inter-NW neck growth and higher reduction in junction
resistivity than those expected from purely geometric
considerations. These atomistic simulations have also shown
that the neck formed between NWs is anisotropic in nature,
that is, the neck interface is a three-dimensional (3D)
hyperbolic paraboloid surface (Figure 1f).28This is unlike
the typical two-dimensional (2D) circular neck surface that is
created between sintering nanospheres. Because the neck size
dictates the junction resistance, incorporating the rotation-
regulated growth of 3D inter-NW necks is crucial for any
physically motivated model of sintering-driven conductivity in
NW ensembles. However, computational limitations do not
allow the direct use of MD for realistic NW radii (10−100 s of
nm), for practical NW ensembles that consist of numerous
NWs, and for experimentally relevant sintering durations.
There is a need to create mechanistically motivated models
that link the NW size, thermal history, and conductivity on
realistic time and length scales to eliminate the current reliance
on the experimental trial-and-error approach for designing the
sintering process and the NW radius.
This study develops a computationally efficient modeling
framework that, for thefirst time, incorporates atomistic
insights into capturing temperature-history-dependent neck
growth and electrical conductivity in inch-scale NW ensembles
over experimentally relevant time scales. The key modeling
components of this framework are (a) an analytical model of
neck growth between NW pairs based on fundamental
conservation equations and mechanistic observations from
MD simulations; (b) master neck growth curves (MNCs) for
the scalable prediction of junction-specific fusion in multi-NW
ensembles, derived using the abovementioned analytical
model; (c) master resistivity curves (MRCs) for the scalable
prediction of electrical conductivity in sintered NW ensembles,
derived using the MNCs, graph theory, and electricalfinite
element analysis (FEA). This framework is experimentally
validated against the conductivity evolution for inch-scale Ag
NW films exposed to varying nonisothermal temperature
histories in the increasingly popular IPL process. The impact of
our framework on enabling design-compatible computational
capabilities and new physical insight is discussed. While the
focus of this work is on Ag NWs due to their wide use in
printed electronics, our framework is also extensible to other

metallic NWs. We now discuss the approach and results of
each modeling component, followed by a demonstration and
discussion of the predictive capabilities of the entire frame-
work.

2. MODELING APPROACH AND RESULTS

2.1. Analytical Neck Growth Model.The first
component of our framework is an analytical model of neck
growth between stacked and nonaligned NW pairs (Figure 1c).
This model assumes that the change in ensemble resistivity
during sintering is solely due to inter-NW neck growth. It also
incorporates the following mechanistic insights from our past
MD simulations of isothermal sintering between Ag NW
pairs.31First, the neck boundary is modeled as a 3D curve, as
shown inFigure 1f. Second, because of NW rotation, the
diffusion coefficients corresponding to neck growth and the
virtual torque corresponding to NW rotation are functions of
the NW radiusR, instantaneous orientation angleθ, and the
sintering temperatureT. Readers are referred to this past work
for further details of MD simulations.31

We assume a single mechanism of neck growth, that is,
shrinkageδbetween the NWs with a corresponding diffusion
coefficientDeff. The specific surface energyγsand atomic
mobility are assumed to be isotropic along the neck boundary.
The normal stress on the neck surface due to atomic diffusion
is assumed to be symmetric about the center of the neck’s
surface. The major and minor axes of the planar neck area
measured from MD simulations, that is,AandB, respectively,
are geometrically related to the instantaneousθandδand to
the constant NW radiusR, as described in theSupporting
Information. This planform measurement ignores the non-
planar 3D nature of the inter-NW neck. Thus, we use a
perturbation parameterε=δ/k(A+B) to obtain an effective
elliptical neck surface with major axisa=A(1 +ε) and minor
axisb=B(1 +ε).39The value of the constantk(≈9) is based
on equating the perimeter of the effective ellipse to that of the
3D neck. This allows for the incorporation of the 3D shape of
the neck into the governing equations for the evolution ofδ
andθ. These governing equations are derived using
fundamental conservation equations in conjunction with the
abovementioned assumptions as follows.40−42

The atomic diffusivefluxjacross the neck surface is related
to the normal stressσon the neck boundary via energy
conservation (eq 1), whereTis the constant temperature,Ωis

Figure 1.Micrographs of NW networks (a) as-printed and (b) after sintering, from experiments described later in this work. Schematic of NW
configurations in (c) as-printed and (d) sintered states. (e) Snapshots of NW rotation during sintering from MD simulations. Reproduced with
permission from reference.31Copyright 2020 American Chemical Society. (f) Schematic of instantaneous orientationθand the 3D neck formed
between sintering NWs.
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the atomic volume of Ag, andkis the Boltzmann constant.σis
proportional to the curvatureKof the free neck surface, as
shown ineq 2, whereγsis the specific surface energy of Ag.

σ=
Ω
∇j

D

kT
eff

(1)

σ γ= K
s (2)

Kis approximated as 1/δ, based on the principle of mass
conservation, as described in theSupporting Information. The
force normal to the neck surface that causes shrinkage is
obtained by integratingσover the neck area, and it is equal to
the force exerted by the surface tension on the neck boundary.
The divergence of the diffusiveflux is constant because mass
flow within the neck surface is assumed to be isotropic. Using
these insights along with the symmetric stress condition at the
center of the neck and the principle of mass conservation yields
the rate expression forδineq 3(derivation ineqs S1−S7).
Here,Pis the perimeter factor of the effective planar ellipse,43

andψis the dihedral angle.

δ
γ

ψ=̇
Ω

−
Ä

Ç

ÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑ

D

kT

P

abab
K

P

ab

4
2 sin()seff

(3)

θ
ηπ

=̇
Γ

ab( )22
(4)

To incorporate NW rotation, we treat the evolution ofθas a
consequence of a virtual torqueΓapplied at the center of the
neck. Based on the conservation of angular momentum, and

using a rotational drag coefficient denoted asη,41,44the rate
expression forθis shown ineq 4. A detailed derivation of this
expression is provided ineqs S8−S11in the Supporting
Information.Eqs 3and4incorporate the coupling between the
rotation and neck growth that is observed in MD simulations
by couplingδandθviaaandb. Using the conservation of
momentum for a pair of NWs, the above expressions yield a
system of equations for an NW pair that is shown ineq 5
(individual NWs denoted by superscripts 1 and 2).45θandδ
for an NW pair are updated in a time-marching manner during
a sintering simulation, yielding the evolution of the neck area
via the change inaandb. Note thateq 5is extensible to a
multi-NW network based on the packing-driven connectivity
between the NWs.41
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in whichDeffandΓare given by
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The functional expressions forDeffandΓwere based on
qualitative observations from MD simulations. MD simulations
have shown that surface diffusion dominates inter-NW neck
growth.28,31 Thus, we model Deff as having a similar
dependence onR,θ, andT, as observed for the surface
diffusion coefficientDsfrom MD (e.g.,Figure 2a).Deffis cast as
having an Arrhenius dependence onTand a Gaussian
dependence onθ, as shown ineq 6.Rgis the universal gas
constant. The standard deviation of the Gaussian function, that
is,σD, is modeled as a linear function of temperatureT(eq
S14). The pre-exponential factorD0and the activation energy
Eaare cast as functions of radiusR(eq S16 and S17).
The functional dependence of the virtual torqueΓonR,θ,
andTis also based on observations from MD simulations (e.g.,

Figure 2b). These numerical values ofΓwere calculated from
MD simulations based on the moment of inertia of the NW
pair and the effective angular acceleration of the NWs over the
simulated sintering time. We modeledΓas a Gaussian function
of the instantaneousθ(eq 7). The functiongdepends on the
R,T, and the initial orientation angleθ0, as shown ineqs S18−
S20. The parameters in the expressions forD0,Ea,σD,g, andσT
were manually identified by comparing the neck area predicted
using the analytical model to that predicted by MD
simulations. These calibration MD simulations performed
isothermal sintering between equally sized NWs over a
sintering time of 400 ps for a range of NW radiiR(2.5−7.5
nm), initialθ(0°−65°), and isothermal sintering temperatures
(500−900 K).Figure S3shows that there is reasonable
agreement between the neck sizes predicted by the MD
simulations and using the analytical model for the calibration,
indicating reasonable model calibration.
This calibrated model was validated against MD simulations
corresponding to additional sintering conditions and NW
geometries.Figure 3a shows such a comparison for additional
combinations of initialθand sintering temperatures, for the

Figure 2.Effect of initialθand sintering temperature on (a) surface
diffusion coefficientDsand (b) effective torqueΓ, from MD
simulations for 400 ps sintering time andR= 2.5 nm.
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same sintering time of 400 ps and the same range ofRas that
used for calibration.Figure 3b shows the same comparison for
NW radii that are well beyond those used for calibration and
for additional sintering times. In all these validation cases, the
neck size predictions from our analytical model compare well
to MD predictions. Thus, our analytical model is extensible to
a wider range of thermal histories, initialθ, and NW radii than
those used for model calibration. This model does not need to
be recalibrated for additional NW radii becauseAandB, and
the parameters for the functionsD0,Ea,σD,g, andσTare
explicitly parameterized in terms of the NW radii.
Our analytical model reduces the computational effort by 6
orders of magnitude as compared to MD simulations, that is,
from 103to 10−3CPU-h. However, this model still cannot be
used as a design tool for experimentally relevant NW
ensembles. For example, the typical computational effort
needed using this model to predict neck growth in a random-
packed ensemble of about 100 NWs over a sintering time of 1
μs is 640 CPU-h. Even with 100 processors, the computational
time would be around 6.4 h. Because of numerical stability
limitations on the timestep used for solvingeq 5, increasing the
simulation time to millisecond and second levels used in
experiments will increase the computational effort and time to
an infeasible point. For example, even in rapid processes like
IPL, the typical sintering time is on the order of 100 s ofμsto
seconds. The concept of MNCs developed in the next section

leverages the abovementioned analytical model to tackle this
issue.
2.2. Master Neck Growth Curves.The second key aspect

of our framework is MNCs, which enable computationally
feasible modeling of junction-specific neck growth in multi-
NW ensembles. Inspired by the use of master curves to predict
macroscale porosity in the sintering of microparticles,40MNCs
predict neck growth between NW pairs as a function of a scalar
thermal history parameterΘ(eq 8).
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whereQis the constant activation energy andtsis the total
sintering time, with the temperatureTcast a function of timet
to allow for the incorporation of nonisothermal sintering. The
analytical neck growth model was used to predict the neck area
for a range of dummy temperature histories. These predictions
were used to manually calibrateQas a function of different
initialθfor a specified NW radiusR. The generated MNCs
level offbeyond a certainΘcorresponding to the maximum
possible neck growth (e.g.,Figure 4). The MNCs also shift to
the right with increasing initialθwhen the initialθis lesser
than 45°, but shift to the left beyond this critical initialθvalue.
This reflects the dependence of neck growth on the initialθas
seen in MD simulations (Figure 2).

χθ= ϕθ ΘA ()en 0
()ln()0 (9)

We cast the nonconstant portion of the MNCs as a function
ofΘand initialθ(denoted byθ0ineq 9). The functional
dependence ofχandϕonθ0was calibrated based on the
MNCs for the 25 and 50 nm NW radii that were used in our
experiments. Note that the calibration ofQ,χ, andϕfor
additional NW radii needs more data from the analytical neck
growth model, but it does not need additional runs of the more
resource-consuming MD simulations. Using the analytical
model for the calibration of MNCs also eliminates the need to
conduct MD simulations over sintering times that are
computationally inaccessible by MD, but are necessary for
covering the wide range of temperature histories needed to
derive MNCs.

Figure 3.Validation of the analytical model against MD simulations
for (a) varying NW radiusR, initial angleθ0, and sintering
temperature for a simulation time of 400 ps (b) varyingRbeyond
the range of radii used for model calibration at a constant temperature
of 450 K and initialθ=45°.

Figure 4.MNCs for NW radius of (a) 25 nm and (b) 50 nm. Legend is for initial angleθ0.
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Initial validation of the MNCs was performed by comparing
predictions of local neck growth to that from the direct use of
the analytical neck growth model for a four-NW ensemble
(Figure 5a) subjected to a nonmonotonic temperature history
(Figure S4). The sintering time and the number of NWs were
deliberately chosen to enable the computational feasibility of
the analytical model.Figure 5b compares the neck growth at
the junctions J1 and J2 inFigure 5a. We note that the MNCs
provide quantitatively comparable predictions of the evolution
of neck growth.
An interesting insight from this exercise arises from the
observation that the initial NW orientations are very different
at junctions J1 and J2. Both the analytical model and the
MNCs show that neck growth is significantly greater at J2 than
at J1. This indicates that in a multi-NW ensemble, the neck
growth at different NW junctions depends strongly on the
corresponding local NW orientation, which is spatially variable
in typical random-packed NW ensembles. Because the junction
resistivity depends significantly on the neck area (see the next
section), there is an orientation-regulated junction-specific
component to the ensemble conductivity. This is a key
departure from the state-of-the-art assumption that the
dynamics of neck growth and conductivity change are the
same at different NW junctions in a multi-NW ensemble. The

above exercise also demonstrates the significant computational
advantage achieved by MNCs over the analytical model, let
alone the MD simulations. While both the analytical model
and the MNCs for this small NW ensemble were executed
using seven processors, the computational time was 8 h for the
analytical model and 30 s for the MNC. Thus, MNCs enable
1000 times lesser computational effort than the analytical
model and 109times lesser effort than MD simulations. The
prediction of conductivity as a function of the thermal history
in the experimental validation section provides additional
validation of the MNCs.
2.3. Master Resistivity Curves.This section describes the

development of MRCs by linking junction-specificneck
growth to the electrical conductivity of NW ensembles. The
MRCs are derived by first explicitly modeling ensemble
resistivity as a function of sintering-driven junction-specific
neck growth and then casting the ensemble resistivity as a
function of the thermal history parameterΘ. This formulation
is based on the insight that because the sintering-induced
resistivity change occurs due to a reduction in the junction
resistance driven by inter-NW neck growth, and thus, the
qualitative dependence of the neck growth on the thermal
history should be reflected in the resistivity change. First, we
link nanoscale neck growth to ensemble resistivity by

Figure 5.(a) NW ensemble with an NW radius of 25 nm, showing junctions J1 and J2 at which neck growth is predicted. (b) Comparison of neck
growth between the direct use of the analytical neck growth model and MNCs for the nonisothermal temperature history shown inFigure S4.
Good comparison is obtained between analytical models and MNCs.

Figure 6.(a) NW pair with inter-NW junction shown (b) corresponding electrical circuit,RBdenotes resistances of the bulk of the NWs,RJis the
junction resistance, andREis the external resistance. (c) Predicted current density contours from FEA in COMSOL. Surfaces other than the ground
and source were electrically insulated.
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combining an existing analytical model of network resistivity46

with electrical FEA. For simplicity, this network resistivity
model is described in the context of an NW pair (Figure 6a).
The reader is referred to the literature for further computa-
tional details on the extension to multi-NW ensembles.46

As shown inFigure 6b, this NW pair and indeed any multi-
NW network consist of the bulk resistance of the NWs (RB1
andRB2), inter-NW junction resistances (RJ), and resistances
external to the NW network (RE). Electronflow in the
ensemble is governed by the network structure and the
material properties, which are represented by the incidenceN
and resistanceMmatrices, respectively.46Ifiis the number of
NW segments andjis the number of NW junctions in the
ensemble, then, the diagonal matrixMi,icontains theRB,RJ,
andRE values, and the incidence matrixNi,jcontains
information on the connectivity of the bulk and junction
resistances. Using Kirchhoff’s current and voltage laws yields
the equation for the entire NW network, as shown ineq 10,
whereVandCdenote the voltage and current, respectively,

and subscriptsinandoutdenote electronflow in and out,
respectively.
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The functional dependence ofRJon NW radiusRand neck
areaAnwas obtained via the FEA of currentflow across the
junction of an NW pair (Figure 6c). A unit voltage was applied
to one end of one NW (source), and the output current was
measured on the opposite end of the other NW (ground).
Insulation boundary conditions were applied to all other faces
of the NWs. The total resistance of these two NW circuitRT
was calculated as the reciprocal of the current across the cross-
section of any NW. Because the junction and bulk resistances
are in series, the correspondingRJwas obtained asRT−RB1−
RB2. Simulations were performed for varyingAn, which was
manipulated by changing the orientationθand shrinkageδ.
The NW radius was varied from 5 to 100 nm to examine any
potential dependence ofRJon the radius. We found thatRJ

Figure 7.Peak temperature from experiments and thermal FEA for an NW radii of (a) 25 nm and (b) 50 nm. Electrical resistivity from experiments
and our modeling framework for NW radii of (c) 25 nm and (d) 50 nm. (e) Representative micrographs of the NW morphology before and after
sintering, as a function of the pulse energy used for IPL sintering. All length scales are 1μm.
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does not depend on the NW radius but has a power-law
dependence on the neck areaAn, as shown ineq 11.RBwas
computed using Pouillet’s law based on the assumption that
the resistivity of the bulk NW material is the same as that of
bulk silver (i.e., 1.59μΩcm).47REwas ignored because the
external resistances in experimental measurements are much
lower thanRJ. The output voltageVoutineq 10was evaluated
via matrix inversion by applying the unit voltage and zero
source current.46

= −R A100nJ
0.7

(11)

Eqs 10and11were used to derive MRCs for multi-NW
ensembles as follows. The ensembles were created using the
sequential packing method48 and an exemplar packed
ensemble is shown inFigure S5. Because packing is not the
focus of this study, we ignore contact mechanics or wrapping
of the NWs around each other for simplicity. The total height
of the ensembles was the same as thefilm thickness measured
in experiments. The ensemble width and depth, the number of
NWs per layer, and the intralayer spacing between the NWs
were iteratively determined for a given NW radius such that
the initial ensemble resistivity matched experimental measure-
ments for the unsinteredfilms. A typical ensemble had an in-
plane size of 7μm×7μm and contained at least 100 NWs.
For a given NW ensemble, the evolution of neck areaAnat
all the NW junctions was evaluated for a range of dummy
temperature histories by using the derived MNCs. The
corresponding junction resistivityRJwas updated as a function
of junction-specificAnusingeq 11. The ensemble resistivityρ
was then calculated usingeq 10. The computed ensemble
resistivity was related to the thermal history parameterΘ(eq
8) to yield MRCs of the form shown ineq 12. The values of
parametersxandyfor a given NW radius were identified from
MRCs created for multiple ensembles, for example, for the 25
and 50 nm NW radii used in our experiments. These MRCs
allow the direct prediction of ensemble resistivity based on the
temperature history from the thermal simulations of the
sintering process, as described in the next section.

ρ= + Θx yln (12)

2.4. Experimental Validation.The resistivity evolution
predicted using our overall framework was validated for the
IPL process. In IPL, the incidence of broad-spectrum, high-
energy, pulsed light on printed nanoparticles plasmonically
heats and sinters them into electrically contiguous structures.
The high electrical conductivity, low substrate damage, and
high throughput (feet/ms scales) have led to significant
interest in this process. Because of the pulsed nature of the IPL
light, the use of this process for validating our framework
allows us to examine the applicability to nonisothermal
sintering conditions. Because the cooling time after the optical
pulse is on the order of seconds and the optical pulse itself is
on the order of 100 s of microseconds, we are able to examine
the ability of our framework to capture longer time scales than
that possible with MD simulations. Note that our framework is
extensible across a range of thermally driven sintering
processes beyond IPL as long as the thermal history is known.
NWs of nominal radii 25 and 50 nm and length 100μm
were printed asfilms on polycarbonate substrates using aerosol
jet printing, after our previous work.29Thefilm thickness, peak
film temperature during IPL,film morphology, and the change
in resistivity after IPL were measured for varying optical

fluence (Figure S6). Temperature evolution was modeled
using thermal FEA from our past work, in which the NWfilm
was modeled as a continuum structure.38Further details on the
experimental and thermal simulation methods are provided in
the Methods section.
Figure 7a,b shows that our thermal simulation reasonably
predicts thefilm temperature during IPL. At the same pulse
fluence, the peak temperature is greater for the 25 nm radius
films because of their greater optical absorptivity over the
entire spectrum of the xenon light (Figure S6b). Thefilm’s
resistivity decreases with increasing pulsefluence up to 6 J/cm2

for 25 nm radiusfilms and up to 8 J/cm2for 50 nm radiusfilms
(Figure 7c,d). Beyond this radius-specific criticalfluence, the
film resistivity increases due to blowoff, as shown in past
work.11,13Figure 7c,d shows that our framework can predict
the resistivity within the pulsefluence range corresponding to
sintering, thus demonstrating that both the state (temperature)
and property (resistivity) can be modeled. Our framework is
not valid beyond the sintering range of pulsefluence because
the blowoffphenomenon is not considered in our models.
Figure 7e shows representative scanning electron microscopy
(SEM) images of NW ensembles as a function of the pulse
energy used for IPL. We observe local necking of the NWs
along their lengths because of atomic diffusion along the
length. This phenomenon may affect resistivity but is not
incorporated into our model. Given the accuracy of our
framework in the sintering regime, it is likely that this
lengthwise necking has a relatively lesser effect on resistivity in
the sintering regime than that of the inter-NW neck growth.
A significant advantage of our framework is the reduction in
the computational effort required. The computational time for
the direct use of the analytical neck growth model and the
analytical resistivity model for modeling conductivity in the
NW ensembles over 1μs of sintering time is around 10 h with
64 CPUs. Thus, the computational effort is 640 CPU-h. This
effort increases drastically as the size of the ensembles increases
to levels relevant to device-scale interconnects andfilms, and to
the ms and second time scales relevant to sintering practice.
Using such a modeling approach for the rational design of the
process and the NW size is practically infeasible. Our
framework builds on the analytical neck growth model and
the network resistivity model by converting them into MNCs
and MRCs, thus enabling computational times as little as 10 s
with 64 CPUs for inch-scalefilms over sintering times of
microseconds to seconds. This corresponds to a computational
effort of 0.2 CPU-h, a 4 orders of magnitude reduction
compared to the direct use of analytical models and a 10 orders
of magnitude reduction as compared to the direct use of MD
simulations if that is at all possible. This advantage is
complemented by the minimal effort needed for model
recalibration for additional NW radii, as follows. The most
time-consuming calibration step in our framework is the use of
multiple MD simulations to calibrate the analytical neck
growth model for different NW diameters. As stated earlier,
our successful expression of the model parameters as functions
of the NW radii obviates this step during recalibration. The
recalibration of the MNCs for specific NW radii takes little
time and effort because the underlying analytical neck growth
model is computationally fast. Similarly, the recalibration of the
MRCs for additional NW radii requires minimal effort because
it uses computationally efficient MNCs and analytical network
resistivity models along with explicit expressions of junction
resistance as a function of the neck area.
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The MD simulations performed in our past work, which are
the basis for the quantitative calibration of the MNCs, provide
a strong energetically motivated foundation for the retention of
the qualitative form of the analytical neck growth model and
thus of the MNCs across different metallic NW materials.31

For brevity, the reader is asked to review the above reference
study for further details. The quantitative dependence of
MRCs on the specific material of the metal NW is easily
incorporated by changing the electrical properties of the NW
material in the electromagnetic FEA. Thus, our framework
should be extendable across additional metallic NW materials,
although with quantitative recalibration of parameters required.
The specific model parameters that must be recalibrated when
the NW material is changed, and how these parameters can be
recalibrated, are now discussed briefly. We do not discuss the
changes in fundamental material properties like specific surface
energy, atomic volume, and bulk resistivity, which must
obviously be changed to match the specific NW material and
are obtainable from the literature. The values of the parameters
forDeffandΓin the analytical neck growth model (eqs 6and
7) will have to be recalibrated as described in theSupporting
Information, based on the quantitative evolution of neck
growth for the specific NW material, as predicted by additional
MD simulations. This calibrated analytical model can be
directly used for the recalibration of the parametersQ,χ, andϕ
for the MNCs, without additional MD simulations. Further-
more, the parametersxandyin the MRCs (eq 12) will have to
be recalibrated based on electromagnetic FEA with the correct
bulk resistivity of the NW material.

3. CONCLUSIONS

The major contribution of this work is to derive and
experimentally validate a hitherto absent multiscale modeling
approach that links neck growth and electrical conductivity
during the sintering of large multi-NW ensembles under
arbitrary temperature profiles. This framework links analytical
models of nanoscale neck growth motivated by mechanistic
insights from past atomistic simulations, physically grounded
master curve representations of neck growth and resistivity as
functions of thermal history, and sintering process-specific
thermal simulations (e.g., for the IPL process here).
Furthermore, the developed MNCs yield new insight into
junction-specific neck growth in NW ensembles, showing that
a local NW orientation in as-printed ensembles is a key
regulator of the corresponding local evolution in neck growth
and junction resistivity and therefore in the global evolution of
ensemble conductivity. Our framework is also easily extensible
to other sintering processes as long as thermal models of the
sintering process are available. The reduction in computational
effort, easy recalibration for additional NW radii, and
mechanistically grounded nature of our framework constitutes
a key scientific enabler for the rational design of the sintering
process and the NW morphology to achieve desired
conductivity under the constraints of thermal damage of the
substrate.

4. METHODS

4.1. Experimental Methods.Ag NW inks were prepared by
suspending as-received NWs of radii 25 and 50 nm and a nominal
length of 100μm from ACS Materials in ethanol at a concentration of
5 mg/mL. The inks were deposited on 25 mm×25 mm×2.5 mm
polycarbonate substrates using an aerosol jet printer to create thin
films (e.g.,Figure S7). The substrate was preheated to 70°Cto

quickly evaporate ethanol during printing. The printing nozzle was
fixed at 35 mm height above the substrate. The inkflow rate was 1
mL/min, and the atomizer used compressed air at 0.5 psi to aerosolize
the ink. The planar motion of the sample was at a velocity of 50 mm/s
and was achieved by motion stages on which the sample was
mounted. The number of printing passes wasfixed at 100. The
printedfilms were subjected to a single IPL pulse from a xenon lamp
(Sinteron 3000 system, Xenon Corporation) with an optical footprint
of 1 foot×1 in. The thinfilm was kept 1.5 in. away from the focal
plane of the lamp, and the lamp voltage was 3 kV. The opticalfluence
was varied by changing the pulse on time, as shown inTable S2. The
sheet resistance was measured using a Keithley source meter and a
four-point probe and was converted to resistivity based on thefilm
thickness measured using a Keyence optical profilometer. Thefilm
temperature during IPL was measured using a laser pyrometer (Metis-
M3, Process Sensors Ltd.). The optical absorption spectra of thefilms
were measured using an ultraviolet−visible (UV−vis) spectropho-
tometer with an integrating sphere (Jasco Inc., V−750). SEM (Zeiss
Sigma Field Emission 8100) was used to characterize the morphology
of the printed NP ensembles before and after IPL. At least four
experiments were performed to obtain the standard deviations for a
given combination of experimental process parameters.
4.2. Theoretical Methods.The temperature evolution of thefilm

during IPL was simulated using a previously developed thermalfinite
element model that treats thefilm as a continuum structure. The
material constants used in the thermal model are shown inTable S3.
Readers are referred to our previous work31for further details on the
MD simulations.
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