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Abstract
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Sintering of metal nanowire (NW) networks on transparent polymers is an emerging approach
for fabricating transparent conductive electrodes used in multiple devices. Pulsed light sintering
is a scalable sintering process in which large-area, broad-spectrum xenon lamp light causes rapid
NW fusion to increase network conductivity, while embedding the NWs in the polymer to
increase mechanical robustness. This paper develops a multiphysical approach for predicting
evolution of conductivity, NW fusion and nanoscale temperature gradients on the substrate
during pulsed light sintering of silver NWs on polycarbonate. Model predictions are successfully
validated against experimentally measured temperature and electrical resistance evolution. New
insight is obtained into the diameter-dependent kinetics of NW fusion and nanoscale temperature
gradients on the substrate, which are difficult to obtain experimentally. These observations also
lead to the understanding that NW embedding in intense pulsed light sintering (IPL) can occur
below the glass transition temperature of the polymer, and to a new differential thermal
expansion-based mechanism of NW embedding during IPL. These insights, and the developed
model, create a framework for physics-guided choice of NWs, substrate and process parameters
to control conductivity and prevent substrate damage during the process.

Supplementary material for this article is available online

Keywords: intense pulsed light sintering, transparent electrode, nanowire, multiphysical
modeling
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1. Introduction

Electrodes based on transparent and flexible conducting films
have applications in multiple devices including displays,
organic light emitting diodes, photovoltaic cells, flexible
heaters and wearable electronics. While indium-tin-oxide has
conventionally been used as the material for such films, its
brittleness and high cost have created a need to use alternative
materials [1]. Metallic nanowires (NW5s), e.g., silver (Ag) and
copper, deposited as morphologically sparse networks on

0957-4484,/18,/505205+15$33.00

transparent and flexible polymer substrates have emerged as a
potential alternative due to the high transmittance, high
flexibility, and low-cost deposition of the electrode. A key
requirement for such NW networks is low electrical resist-
ance, which must be achieved rapidly over large areas for
economic feasibility of the device.

One approach to achieving this is to increase the elec-
trical percolation of the NW network by fusing the NWs at
their contacts. Intense pulsed light sintering (IPL) has
emerged as a process that can perform this sintering rapidly,

© 2018 IOP Publishing Ltd Printed in the UK
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over a large area, and with low substrate damage [2]. IPL
uses large-area (e.g., optical footprint > 12 feet by 0.75
inches here) and broad-spectrum (energy distributed over
350-800 nm wavelengths) xenon lamp light to excite plasmon
resonance in the NWs. This heats up the NWs locally and
rapidly (e.g. in a few milliseconds in this work), leading to mass
transfer and neck formation at the NW contact points within a
few milliseconds over the above optical footprint. Due to its
large-area and high speed sintering capacity, non-contact and
ambient condition operation, and roll-to-roll compatibility [3-9]
IPL has a significant advantage in terms of scalable production
as compared to processes like thermal sintering, laser irradia-
tion, electrical fusion, and vapor deposition [10].

IPL of Ag NWs on PET substrates [11] has shown that
greater pulse fluence results in greater conductivity due to
increased fusion at the NW contacts, provided the fluence is
above a critical threshold. However, too high a fluence can
also cause temperature induced substrate damage. Increasing
the as-deposited areal concentration of the NWs reduces the
pre-IPL resistance, but also reduces the optical transmittance
of the NW network [12]. IPL can also enable embedding of
the NWs into the substrate, and consequently increase
mechanical robustness and adhesion, without any complex
chemical or coating processes [2, 13, 14]. A typically pro-
posed mechanism for NW embedding into the polymer during
IPL is that the local substrate temperature exceeds its glass
transition temperature, resulting in encapsulation of the NWs
by the softer polymer [2].

Currently, the choice of IPL parameters that prevent
substrate damage while achieving the desired conductivity is
performed via experimental iterations for each combination of
NW material, NW diameter, NW areal concentration, and
substrate material. There is a need to develop modeling
approaches that can provide insight into the evolution of
temperatures and electrical resistance during the process. This
is critical for enabling physics-based choice of NW proper-
ties, substrate material and IPL parameters. Multiple theor-
etical efforts have focused on predicting temperature
evolution during IPL of morphologically dense nanoparticle-
based films [15-19]. In comparison, there have been rela-
tively fewer theoretical efforts on IPL of morphologically
sparse NW networks. An effective medium based thermal
model with certain parameters of Ag NW network thickness
and density was used to predict peak temperature rise during
IPL [20]. However, the authors noted that the predicted
temperatures would be significantly higher with this approach
since the highly porous nature of the NW network and the
consequently significant deviation in thermal behavior from a
solid film not considered [13]. To account for this dis-
crepancy, since SEM showed that 20% of the area of the
substrate was covered by the NWs in experiments, the authors
assumed that the temperature was scaled by 20% of the pre-
dicted temperature rise. An electromagnetic model [10] was
also developed to capture localized heat generation in a NW
on a polymer substrate, but this analysis was not extended to
predicting temperature evolution and sintering in the NW
network.

Due to the significant difference in thermal properties of
the metal NWs and the polymer substrates, high temperature
gradients on the substrate are expected during IPL. Experimental
temperature measurement during IPL, with the nanoscale reso-
lution required to uncover these gradients, is quite difficult and
modeling may provide further insight. However, the above
modeling approaches do not account for randomness in NW
orientation and since nanoscale thermal analysis is not per-
formed the local temperatures in the polymer substrate cannot be
obtained. Further, these approaches do not model NW fusion
and subsequent change in resistance since the thermal models
are not linked to models of neck growth between the NWs. Neck
growth due to atomic diffusion between NWs can be modeled
using molecular dynamics (MD) simulations [21]. However, the
time scales involved in IPL (milliseconds of on-time and off-
time) are too long to directly use MD for modeling NW fusion
during IPL. Semi-analytical models of sintering between sphe-
rical nanoparticles have been developed [22] that can potentially
be linked to thermal analysis of IPL, but need to be informed
by size- and shape-specific diffusion coefficients to predict rea-
listic nanoscale neck growth between NWs. Such MD-informed
analytical models of solid-state neck growth between NWs have
not yet been explored ort been linked to the temperature and
resistance evolution during IPL of metal NW networks.

Physically, neck growth at the NW contacts during IPL
results in a reduction in NW network resistance. This neck
growth is due to atomic mass transfer at the NW contacts and
is governed by the temperature history of the NWs during IPL
(since external pressure is absent in the process). The NW
temperature evolution is in turn driven by the absorption of
xenon light and governed by the nanoscale heat transfer
between the NWs, the substrate and the environment. Further,
predicting substrate temperatures is critical to controlling
substrate damage. Capturing this multiphysical nature of IPL,
spanning from atomic mass diffusion at NW interfaces to
nanoscale optical absorption and thermal transport to
mesoscale conductivity evolution, is critical to physically
reasonable modeling of the process.

The goal of this paper is to develop a modeling frame-
work which uses the NW material, NW diameter, and the
optical absorption of the as-deposited NW network in the
energetic spectrum of the xenon lamp, to predict the change in
sheet resistance as a function of the IPL parameters. The
above inputs are usually determined easily, as shown in the
experimental portion of this paper. In this work, experiments
are performed to record the in-process temperature evolution,
electrical resistance, optical properties and NW network
morphology as a function of varying pulse fluence during IPL
of Ag NW networks on polycarbonate substrates. A nanoscale
thermal finite element analysis that accounts for randomness
in NW orientation is used to predict temperature evolution
and the predictions are successfully validated against
experimentally recorded temperatures. MD simulations of
fusion between NWs are performed and used to modify semi-
analytical models of nanoparticle sintering for predicting neck
growth at NW contacts as a function of the temperature his-
tory. This extended sintering model is then used in conjunc-
tion with temperature predictions from thermal analysis, and a
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Figure 1. Schematic of (a) aerosol-jet deposition of NW-inks (b) IPL
of deposited NW network.

thermodynamics-based analytical model of neck-size-depen-
dent electrical resistance, to predict the change in sheet
resistance of the NW network as a function of IPL fluence.
The sheet resistance predictions are successfully validated
against experimentally measured change in sheet resistance
after IPL. The obtained nanoscale view of temperature evol-
ution provides insight into temperature gradients on the
polymer substrate and leads us to a new mechanism of NW
embedding, which is difficult to obtain experimentally.

2. Methods

2.1. Experimental

Silver NWs of 50 nm nominal diameter and 100-200 pm
length (ACS Materials) were suspended in ethanol at a
concentration of 1 mgml ™', and aerosol-jet deposited on a
0.5 mm thick polycarbonate sheet (McMaster Carr, no surface
coating) using an ultrasonic atomizing nozzle (Sonaer Inc.).
This wide-area aerosol-jet nozzle was mounted on a three-axis
gantry stage to control nozzle height from the substrate, travel
speed of the nozzle and 2D path traversed in the plane of the
substrate (figure 1(a)). The solution delivery rate, atomizer
frequency and power, and nozzle air pressure were additional
controllable parameters. [PL. was performed using a Sinteron
3000 Xenon flash lamp (Xenon Corp.) with an elliptical
reflector, during which the coated samples were placed on a
moveable stage at a distance of 1.5 inches from the lamp
(figure 1(b)). The stage was initially held at room temper-
ature. The resulting optical footprint of the pulsed light at the
substrate was approximately 16 inches x 1.5 inches. The
xenon lamp energy spectrum, as provided by the manu-
facturer (figure S1 in supplementary information is available
online at stacks.iop.org/NANO/29/505205/mmedia). The
on-time 7,, (in microseconds) and the lamp voltage V (in
volts) are used to control the optical energy per pulse E,
according to the relationship E, = (V/3120)2'4 X t,, as
supplied by the manufacturer. The number of IPL pulses was
fixed at one and lamp voltage was fixed at 2.8 kV. E, was

varied at 4, 8, 12, 14 and 16Jcm 2 by changing t,, at
680, 1355, 2030, 2365 and 2705 us, respectively.

Thermocouples embedded into the nanomaterial film
have been used in past work [16] to measure temperature
evolution during IPL of dense spherical nanoparticle films.
However, given the morphologically porous and optically
transparent nature of the NW networks being considered here
the thermocouple would suffer direct exposure and heating by
the pulsed light itself. Therefore, a non-contact Micro-Epsilon
TIM 200 thermal camera was used to measure evolution of
surface temperature on the side of the sample facing the lamp.
Sample emissivity was calibrated by heating the coated
sample to 80 °C with a hotplate within the above described
IPL setup and adjusting the emissivity to match the steady-
state substrate temperature. Sheet resistance was measured
both before and after IPL using a four-point-probe (Signa-
tone) and a Keithley source meter. At least four separate
measurements were taken to obtain an average and standard
deviation in sheet resistance. The percentage optical trans-
missivity 7" and reflectivity R of the samples in a range of
300-800 nm were measured using a Jasco UV-vis Spectro-
photometer. Reflectance was measured using a 60 mm inte-
grating sphere integrated with the same instrument. The angle
of incidence was approximately 5 degrees and the reference
material was spectralon (99% reflectance). The corresponding
percentage optical absorption A was calculated as A = 100-7-R.

The effect of the aerosol-jet parameters on the deposited
network consistency and morphology has been extensively
investigated before, e.g., [23]. Further, the effect of changing
the areal NW concentration on as-deposited electrical resist-
ance and transmittance is also well known [12]. Since the
focus of this paper is on modeling the effect of the IPL
parameters on resistance evolution, the aerosol-jet parameters
and therefore the deposited NW area coverage were kept
constant here. The aerosol-jet nozzle was programmed to
travel in 10 overlapping in-plane tracks with 5 mm spacing
between tracks with the frequency and power input of the
ultrasonic atomizer set to 60 kHz and 8 Watts, respectively.
The nozzle travel speed and nozzle height were set at
6000 mm min~' and 35 mm above the substrate respectively.
The solution delivery rate to the nozzle from the syringe
pump was 1.5 ml min~" and air pressure to the nozzle was 0.5
psi. Five coating repetitions yielded an as-deposited sheet
resistance of 60 + 8 {)/sq.

2.2. Computational

The developed computational framework consists of the fol-
lowing linked components, i.e., optical absorption-based
nanoscale thermal model, a modified semi-analytical model of
NW sintering in turn informed by MD simulations, and a
thermodynamics-based model of change in network resist-
ance as a function of neck growth between NWs. These
models are now individually described in detail.

The thermal model implemented in COMSOL FEA
consists of a unit cell with individual 50 nm diameter Ag
NWs with their axes along random in-plane orientations,


http://stacks.iop.org/NANO/29/505205/mmedia

Nanotechnology 29 (2018) 505205

M Dexter et al

Nanowires

with symmetry boundary
conditions

Manually drawn red lines identify
NW orientation and position

Lateral faces of NWs

Infinite element layer

| Configuration 1

No. of NWs
—_ N w = [$)] D
No. of NWs
SRR e N

\

0

0 20 40 60 80 100 120 140 160 180
Angle of NW axis to horizontal

0 20 40 60 80 100 120 140 160 180
Angle of NW axis to horizontal

with symmetry boundary
conditions
(c) 100
L —
[0} S
2 —Transmission
= 50! - -Reflectance
g ‘—Absorption
[0}
o
400 500 600 700 800
Wavelength (nm)
5
Configuration 2, 4_\ Configuration 3
2 \
\
[¢]
AN
I EHENNINENEN
4

0 60 80 100 120 140 160
Angle of NW axis to horizontal

20

(d)

Figure 2. (a) Schematic of thermal finite element model. (b) Example of conversion of SEM image to COMSOL model. (c) Optical properties
of bare polycarbonate substrate. (d) Distribution of angles that the NW axis makes to the fixed in-plane horizontal axis for the different NW

configurations modeled here.

arranged in two layers on a polycarbonate substrate
(figure 2(a)). This number of layers was based on SEM
images from experiments, shown in section 3.1. The random
axis orientations were obtained from SEM images of the as-
deposited NWs and each layer contained half the total number
of NWs modeled. Further, for intersecting NWs in the same
layer a geometric simplification was made by combining them
into a single object. An example of one such SEM image, and
its conversion to a COMSOL model is shown in figure 2(b).
The substrate consisted of a layer of polycarbonate meshed
with regular elements, and an infinite element layer below it
with a pole distance equal to the polycarbonate substrate

thickness used in experiments. The bottom of the infinite
element substrate layer had an insulating boundary condition
as in experiments. Convective and conductive losses were
allowed from both the NWs and the substrate. Table 1 shows
the corresponding thermal properties of silver and poly-
carbonate and the convective loss coefficient. While the
thermal conductivity of metals like silver is known to be
dependent on the NW diameter [24] and is specified as that of
bulk silver here, it has no significant effect on temperature
evolution based on the consideration that the NW network has
a Biot number much lesser than 1, as will be explained
shortly.
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Table 1. Thermal properties used in FEA.

Property Silver  Polycarbonate
Thermal conductivity (Wm ™ ' K™ 406 0.25
Density (gcm ™) 10.5 1.20
Specific heat capacity (KJ kg ' K™") 0.23 1.25
Convective loss coefficient (W m > K™ ') 10

Symmetry boundary conditions were used at the lateral
NW and substrate surfaces, as shown in figure 2(a). This
ensured that no heat left or entered the system by specifying
that n.q = 0, where n is the normal to the face and q is the
heat flux. Intuitively, this mirrors the unit cell geometry about
the four lateral symmetry planes by saying that the temper-
ature gradient across the plane is zero, thus capturing the fact
that the in-plane size of the substrate and the NW length is
larger than in the modeled unit cell.

To converge on the size of the unit cell the length of the
square unit cell was changed from 12, 8, 5 and 3 ym over
the same SEM image for fluence 4Jcm 2. These thermal
simulations were performed for three SEM images each
from the center, left side and right side of the sample, e.g.,
figures S2(a)—(c) in supplementary information. Representa-
tive temperature contours for these different sized unit cells
are shown in figures S2(d)—(e) (supplementary information).
The average substrate temperatures at the end of the optical
pulse were found to be very similar irrespective of the loca-
tion at which SEM images were taken (figures S2(f)—(h) in
supplementary information). Thus, the long-range order of the
NWs did not affect short range results significantly and a unit
cell size of 3 um x 3 pum was used as sufficient to model the
temperatures. Three distinct geometric configurations of NWs
(for unit cell size 3 yum x 3 pm) were used for distinct ther-
mal simulations for each pulse fluence. In these unit cells the
NWs covered 22%, 24% and 27% of the substrate area, very
close to that in experiments (25%). The wide distribution of
the NW orientation angles to the fixed horizontal axis and the
significant difference in the skewness of the distribution from
one configuration to another (figure 2(d)) captured a sig-
nificant variation in the NW orientation. At the same time,
modeling individual NWs ensured that nanoscale temperature
gradients on the polymer around the NWs were captured.

Since the bare polycarbonate substrate had very low
optical absorption (nearly 0%, figure 2(c)) in the energetic
spectrum of the xenon lamp, the thermal power Q driving the
temperature rise during IPL arose almost entirely from
absorption by the NWs as shown in equation (1). Here F is
the cumulative power output from the xenon lamp
(equation (2)), P is the constant total power input into the
lamp, A is the optical wavelength, X()) is the fractional power
spectrum of the xenon lamp as supplied by the manufacturer
and A()) is the fractional optical absorption of as-deposited
samples within the energetic spectrum of the xenon lamp. A
(M) was obtained by subtracting the absorption of the bare
polycarbonate (figure 2(c)) from that of the NW network
(shown later in results section), thus accounting for the the
difference in the optical properties of the substrate and the

NWs. Based on the known optical footprint of the lamp light
at the substrate ay,,,, and the known in-plane area of the NW
domains in the thermal simulation a;,, the total thermal
power in thermal simulations was specified as Q X dyjn/1amp-
Due to the relatively high inherent thermal conductivity of
silver even while accounting for NW size effects, the high
surface area to volume ratio of the NWs, and the high degree
of porosity in the network, the Biot number of the NW net-
work is less than 1. Therefore, the role of thermal con-
ductivity and temperature gradients in the NW network itself
is negligible and the total thermal power was applied as a
uniformly distributed heat source to the NW domain. We note
that since the measured A(\) is an average field response this
heat source (i.e., Q X @yim/A1amp) Was applied a total heat
source to the entire NW assembly rather than to each NW
FYU0™MA ). X ()

350 nm

Q 800 nm ’ (1)
350 nmX(/\)
800 nm
F=P > X\ )
350 nm

We note that the local orientations of the individual NWs
with respect to the electric field polarization can produce
spatially different heat flux. However, the resulting temper-
ature gradients in the NW network itself are ignored here
since they are expected to equilibrate out very quickly due to
a low Biot number. Via the above prescription of the heat
source based on the low Biot number we effectively treat the
NW network as a thin film consisting of NW ligaments with
explicitly modeled porosities, while avoiding the use of
effective thermal models that cannot account for such high
porosities. The ability of this thermal model to predict the
experimentally measured temperatures is a key measure of the
feasibility of the above model, and is discussed in the results
section.

An analytical model of sintering between spherical
nanoparticles after [22] was modified to model neck growth
between NWs as a function of their predicted temperature
history. This model is based on an energy and mass balance
during sintering in the presence of externally applied forces
and temperature rise as a function of time. In the absence of
external mechanical forces (as in IPL) the rate equation for
evolution of neck radius x is expressed in terms of NW radius
R, diffusion parameter D, surface energy per unit area -y and
the dihedral angle v as

X = SR?W [4R(1 — cos g) + x sin ﬂ] 3)
X 2 2

The diffusion parameter is given by D = Dy 6, €2/kT where
Dyis the effective atomic diffusion coefficient between the NWs,
Oy is the thickness of the region in which atomic diffusion is
active (0.5 nm here, [25]), 2 is the atomic volume of silver
(10.27 cm® mol ! here, [26]), k is Boltzmann’s constant and T is
the temperature. The temperature dependent diffusion coefficient
was captured in an Arrhenius form using a pre-exponential factor
Dy and an activation energy term E, as Dy= D, &~ E/KD The
pre-exponential factor is essentially the diffusion coefficient at
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Figure 3. Snapshots from molecular dynamics simulations showing (a) setup of NW sintering simulation and bounding planes for dynamic
partition block used in post-processing (b) neck radius x at different times during the simulation. Shown here for 20 nm diameter Ag NWs.

infinite temperature. Here, the dihedral angle was fixed at 179° to
capture neck growth till x/R ~ 0.95. The specific surface energy
v was 7.1Jm ™2 [27].

To adapt the above model for predicting evolution of neck
radius x between sintering NWs, MD simulations were per-
formed to obtain NW size-dependent Dy and E, for two NWs
with orthogonal axes lying on top of each other (figure 3(a)).
The goal was not to directly simulate the heating of the NWs
during IPL, but to obtain effective diffusion coefficients for the
above analytical sintering model. MD simulations were per-
formed on the LAMMPS platform using the embedded-atom-
method [28] with temperature control and with no external
pressure applied. The temperature was controlled using a
Nose-Hoover thermostat. No heat loss to the environment was
considered. In this method the total energy of an atom E,,; is
calculated using a pairwise energy function Vi(r;) between
atoms i and j, where r;; is the distance between atoms i and j,
and an atom embedded energy Fi(p;) where p; is the electron
density. The total energy of the model is the summation of that
of all atoms of the system. The function parameters for silver
were obtained from past work [29]

1
Eip = 55 Vi(ry) + > _F(p). C))
i i

The NWs were initially placed 0.1 nm apart, equilibrated
for 50 ps at a temperature of 300 K, and then subjected to a
temperature ramp. NWs with diameter 10, 12, 15, 20 nm were
subjected to a temperature ramp of 300-900 K in 500 ps. Larger
NWs of 25, 30 and 35 nm diameter were subjected to a higher
temperature ramp of 300-1200 K in 150 ps to ensure that the
size-dependent trends for neck growth were not observed
from only a single temperature ramp. The MD-simulated and
prescribed temperature profiles were found to match well
(figure S3, supplementary information). The length of each NW
was fixed at 2.5 times its diameter to sufficiently capture the
potential contribution of atomic diffusion along the NW length
to neck growth, while reducing the computational time needed.
Each simulation was performed in the canonical ensemble
(NVT) with an integration time step of 1fs, temperature

stabilization at every 5 fs, and the use of non-periodic boundary
conditions to isolate the NWs. The evolution of neck radius
during the temperature ramp in MD simulations was measured
in the OVITO post-processing software by creating a 4 nm
thick dynamic partition block region at the NW interface
(figure 3(a)). Figure 3(b) shows the resulting cross section from
which x is obtained at different points of time during the MD
simulation.

We observe here that the ability of this MD geometry to
capture neck growth in the NW network is based on the
simplifying assumptions that the relative orientation of the
NW axis has little influence on neck growth, and that contact
between adjacent NWs occurs primarily as shown in
figure 3(a). We note that although no dispersant was used in
the experiments performed here, a dispersant on the NWs
may increase the activation energy of sintering and thus
reduce the sintering tendency of the NWs if it is not com-
pletely removed by the temperature induced by IPL.

The Riemann—Weber formulation (equation (5), [30])
was used to model the electrical resistance at the NW contacts
as a function of neck radius x. Here, R, is the effective
electrical resistance of a NW pair and R, is the electrical
resistance of the bulk material (1.59 x 107°Qm for Ag
here). Generally, the electrical resistance of an ensemble of
spherical conductive particles undergoing sintering depends
on the neck growth between the particles and on an electrical
percolation factor [31], which is dependent on the con-
nectivity between the nanomaterials. Therefore, here the sheet
resistance of the NW network can be approximated as
Kpere X R, where K., is a percolation factor. During sin-
tering of such spherical nanoparticle ensembles, K).,. can
change due to dynamic changes in contact points between
distinct nanoparticles undergoing fusion. In sparse NW net-
works such as the one being investigated here it is unlikely
that K,,.,. changes significantly since new contact points
between NWs are rarely created. Therefore, K,.. was
assumed to be a constant here. We denote the change in sheet
resistance after IPL as AR = Ry—R, where Ry and R are the
sheet resistance of as-deposited and post-IPL NW network.
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Since K, is constant the normalized change in sheet resist-
ance AR/R, is obtained from equation (6), where R, , and
R, o are the predicted R, of a NW pair at neck radius x and at
initial neck radius x0, respectively. Since K. is assumed
constant due to the sparsity of the NW network the expression
in equation (6) is agnostic of the percolation model, which is
why a specific percolation model is not mentioned here. The
initial neck radius x0 between the NWs corresponds to a small
neck growth that can occur between nanomaterials due to

adhesive forces even at room temperature [32].

R 1 2R
Rp = Rsolid(_ + —In _)’ (5)
X ™ X
AR Ry« T4omZ
T i e B
0 p—x0 E+;IHE

Figure 4 shows how the above described models are
linked. For each NW diameter, the Dy and E,, in the analytical
sintering model were manually iterated to find a best-fit
between evolution of neck radius x predicted by MD and that
predicted by equation (3) for the same temperature ramps. The
trends of Dy and E,, as a function of NW diameter were fitted to
polynomial best-fit curves to find Dy and E,, for the 50 nm NW
diameter case corresponding to experiments. The initial neck
radius x0 between adjacent NWs was obtained as the neck

v

Evolution of neck size x during .| Conductivity |Theoretical

IPL, for desired NW diameter model AR/R,
580
£
&60
3
c 40
g
0
g 20
2 0
[0
i 0 4 8 12 14 16
n 2

Pulse fluence (J/cm?)
(b)

2

radius at the end of the equilibration phase in the MD simu-
lations, and then correlated to the NW diameter to find x0 for
50 nm diameter NWs. The temperature evolution of the
50 nm diameter NWs from thermal FEA, along with the above
derived diffusion parameters and initial neck radius, was used
to compute the evolution of x via numerical integration of
equation (3). Then, the theoretical AR/R, was calculated using
the conductivity model (equation (6)).

3. Results and discussion

3.1. Experimental

The peak temperature (averaged over multiple experiments)
shows a nearly linear dependence on the IPL fluence
(figure 5(a)). Representative examples of measured temper-
ature evolution for different IPL pulse fluences are provided
in figure S4 (supplementary information). The peak temper-
ature measured does not exceed the glass transition temper-
ature of the polycarbonate, which was measured to be 153 °C
using differential scanning calorimetry.

As described in the experimental methods section, the
temperature measurement in this work is via detection of
infrared radiation emitted by both the NWs and by the surface
of the polycarbonate. Analysis of SEM images of the
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Figure 6. (a) Optical absorption, before and after IPL. (b) Image illustratin% optical transmission of the NW network with the Rutgers
University logo clearly visible through the post-IPL NW sample (14 J cm™“ pulse fluence).

as-deposited NWs showed that the NWs cover only 25% of
the area of the polycarbonate (e.g. figure 2(b)). Along with
this observation, the fact that the radiative emissivity of
polycarbonate (=0.9) is significantly greater than that of sil-
ver (typically ~ 0.02-0.05) implies that most of the thermal
energy received by the infrared camera was from the poly-
carbonate substrate. Therefore, the temperature measured by
the thermal camera was closer to the average temperature of
the substrate than to the NW temperature. The observed
reduction in sheet resistance with increasing pulse fluence is
shown in figure 5(b). At low fluence (4] cm_z) there is a
negligible change in resistance, whereas the reduction is
significant at 8 and 12Jcm ™2, indicating that these higher
fluences are above the critical energy threshold needed for
observable reduction in resistance. Beyond 12Jcm™? the
change in resistance tapers off, a phenomenon that will be
explained after the computational modeling results are pre-
sented. The lowest resistance achieved is 8.5 §2/sq. Note that
each measurement shown in figure 5 was made with a freshly
prepared sample.

The optical transmission at the photopic wavelength for
humans (550 nm [33]) at 550 nm is 76% for unsintered
samples and post-IPL samples (figure S5(a), supplementary
information). This observation is similar to previous work
[20], which has shown that IPL results in a negligible change
in transmittance of the NW network below the damage
threshold fluence. Optical reflectance spectra (figure S5(b),
supplementary information) were used to obtain optical
absorption of the NW network before and after IPL
(figure 6(a)). Comparing these absorption curves to the nearly
zero optical absorption of bare polycarbonate (figure 2(c)), we
observe that the curves in figure 6(a) represent A(\) in
equation (1). Further, since there is no appreciable change in
optical absorption after IPL the total thermal power Q
(equation (1)) does not change dynamically during thermal
FEA. We note that the fabricated networks are still see
through, as demonstrated by the clear visualization of the
Rutgers university logo even when the IPL sintered sample is
kept above it (figure 6(b)). SEM images of the samples,
before and after IPL (figure 7) show that the NWs seem to

increasingly get embedded into the polymer as the pulse
energy increases. This increased NW embedding under
greater IPL fluence, and a consequently greater reliability
under mechanical loads has also been shown in past work
[13]. Overall, the observed dependence of electrical network
conductivity and the NW embedding phenomenon on pulse
fluence is consistent with previous experimental observations.

3.2. Computational

Figure 8 shows contours of predicted temperature as a func-
tion of time, for pulse fluence of 16 J cm ™~ as a representative
case, and for two of the geometric configurations of NWs
simulated here (additional configuration in figure S6, sup-
plementary information). These geometric configurations of
the NWs correspond to NW orientations obtained from dis-
tinct SEM images from different regions of the sample.
Figures 9(a)-(e) compare the evolution of average substrate
temperature obtained from FEA and averaged over three
independent simulations to the measured temperature evol-
ution, i.e., the average substrate temperature in experiments.
The predicted substrate temperatures match well qualitatively
with experimentally measured temperatures and have a
maximum quantitative error of 10°C-15°C compared to
experiments. Figure 9(f) compares the predicted and exper-
imental average substrate temperature, and shows the pre-
dicted average NW temperatures, at the end of the pulse
duration. The standard deviation in the predictions is based on
predictions from the distinct NW configurations. The pre-
dicted peak value of average substrate temperature compares
well to the experimental value (within +7 °C) indicating that
the developed FEA can predict temperature evolution in the
process. The deviation in predicted temperature between
different NWs, at any given time during the simulations, was
less than 1°C independent of the network’s geometric
configuration.

The peak value of average NW temperature is approxi-
mately 13 °C greater than the peak value of the average
substrate temperature, irrespective of pulse fluence. Thus, the
ratio of NW temperature to substrate temperature reduces as
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Figure 7. SEM images of (a) unsintered NW networks; and post-IPL NW networks sintered with fluence (b) 4J em ™2 (c) 8Jem™

(d)12Jem 2 (e) 14Jem 2 () 16 Tem 2

pulse fluence increases. This is because increasing pulse flu-
ence, enabled by increasing pulse duration, results in the heat
spreading out into the substrate more uniformly than at low
pulse fluence. The maximum substrate temperature during
IPL is expected to be at the end of the pulse duration, and for
the largest pulse fluence. Figure 8 shows that the peak sub-
strate temperature does not exceed the glass transition temp-
erature of the polycarbonate (153 °C here). Therefore, the
embedding of the NWs observed in experiments here (e.g.,
figure 7(f) for pulse fluence 16 J cm™~2) is not via softening of
the polycarbonate beyond the glass transition temperature.
Figure 8 also shows that during the pulse on-time a high

2

temperature gradient is present in the polymer substrate
around the NWs, both in the plane and through the thickness
of the substrate. This temperature gradient has a radial pattern
that expands outwards from the NW-substrate contact region
with increasing on-time, with the maximum temperature in
this region being the same as that of the NW. The extent of
this temperature gradient does affect retention of heat by the
NWs during the pulse on-time, and therefore has an indirect
influence on sintering as well. Within just 0.5 ms of the pulse
off-time this gradient in the substrate is reduced significantly.
This is because in the absence of active optical heating the
lower regions of the substrate, which are also at lower
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Figure 8. Temperature contours (°C) predicted by thermal FEA for the two different geometric configurations of NWs shown in (a) and (b).

Shown here for 16 J cm™> IPL pulse fluence.

temperature, quickly conduct heat away from the region of
the substrate near the NWs.

These observations also provide an alternative hypothesis
for the mechanism behind the experimentally observed NW
embedding (figure 10). The typical thermal expansion coef-
ficient of polycarbonate (~65-70 x 107® K™') is much
greater than that of silver (=20 x 107% K™, The radial
temperature gradient in the substrate around the NWs during

the pulse on-time results in the radial region of the substrate
below the NWs expanding significantly more than the silver
NWs themselves, to form a local trough of polycarbonate
below the NWs (figure 10(b)). Due to their weight the NWs
sink into this trough. When the xenon light pulse is then
turned off the resulting thermal contraction of the poly-
carbonate results in the NW being partly encapsulated by the
polycarbonate around it (figure 10(c)), which is observed as
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Figure 10. Schematic of proposed mechanism of NW embedding during IPL.

the NWs getting embedded into the polymer. Greater pulse is seen in our experiments and in literature [12]. This
energy will result in greater temperature rise and therefore proposed mechanism might act as a complement to the glass
greater size of trough formed, thus magnifying this effect, as transition based mechanism, especially when temperatures
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Figure 12. Correlation of (a) activation energy E, (b) pre-exponential factor to the NW diameter, markers show data from MD simulations;
comparison of x/R evolution from MD simulations and post-stabilization x/r evolution from sintering model with best-fit E, and D for
(c) 10, 12, 15 and 20 nm diameter NWs (d) 25, 30, 35 nm diameter NWs. Corresponding imposed temperature ramps are mentioned in the

methods section.

reach high enough for the glass transition temperature of the
polymer substrate to be eventually exceeded.

The initial neck radius x0 (at time = 50 ps) predicted by
MD simulations linearly increases with NW radius R
(figure 11(a)). This relationship is used to find x0 for 50 nm
diameter as 6.55 nm. Note that the ratio x0/R which controls
the resistance at room temperature decreases with increase
NW radius (figure 11(b)), indicating that resistance at room
temperature reduces with an increase in the NW diameter.

12

Figures 12(a), (b) shows the best-fit Dy and E, obtained
by comparing the post-stabilization (time > 50 ps) evolution
of x/R predicted by MD to that predicted by the sintering
model. The activation energy for sintering increases with
greater NW diameter as per the bilinear relationship shown in
figure 12(a). This is due to decreasing surface area per unit
volume ratio of the NWs with an increase in diameter, which
results in lesser inherent drive of the NWs to reduce surface
area and therefore reduced tendency for sintering. The E, for
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Figure 13. (a) Comparison of experimentally measured and computationally predicted change in sheet resistance as a function of pulse
fluence during IPL. (b) Predicted evolution of ratio x/R during IPL, inset shows the evolution of the ratio of interparticle resistance R, to bulk
resistance R, with the ratio x/R between two adjacent NWs undergoing sintering.

50 nm diameter NW is found as 25.8 kJ mole™' using the
correlation shown in figure 12(a). The Dy for 50 nm NW
diameter is similarly found to be 57.4nm?ps~' from
figure 12(b). Figures 12(c), (d) compare the neck evolution
predicted by MD to that predicted by the sintering model for
the best-fit Dy and E,,. The post-stabilization increase in x/R
for the same temperature ramp reduces with greater NW
diameter, from 16% to 13% for diameters for the first ramp
(figure 12(c)) and from 28% to 9% for the second temperature
ramp (figure 12(d)). This implies that smaller NW diameters
will enable greater degree of sintering and greater reduction in
resistance for the same temperature rise.

Figure 13(a) compares the predicted and experimentally
measured AR/Ry. Quantitatively, the predictions lie within the
standard deviation in experimental data, indicating good pre-
dictive capability of the developed framework in terms of
resistance change. The model predictions also show that AR/R,
tapers off beyond 12 Jcm 2, as is observed in experiments. It
might be thought that this is because additional neck growth
does not happen beyond 12Jcm 2 based on the assumption
that a maximum sintering limit has been reached, as stated in
past work on IPL of spherical nanoparticles [34]. However, the
evolution of maximum x/R with pulse fluence as predicted by
this validated sintering model (figure 13(b)) shows that this is
not the case. The evolution of x/R does not taper off beyond the
fluence of 12J cm ™2, on the other hand the x/R increase sub-
stantially after this fluence value. The reason for tapering off in
AR/Ry is more easily understood by examining the thermo-
dynamics-based Riemann—Weber formulation (equation (5))
and observing that the In (2R/x) term results in a gradual
tapering off in the change in resistance as the x/R increases
(inset in figure 13(b)).

4. Conclusions
This work develops a novel multiphysics framework to pre-

dict the key product performance metric of change in elec-
trical resistance and the key process performance metric of

13

substrate temperatures as a function of the process para-
meters, NW network properties and substrate properties
during IPL sintering of NW network based transparent con-
ductive electrodes. The thermal FEA component of this fra-
mework accounts for the random orientation of the NWs in
the network while using symmetry boundary conditions to
emulate longer NW length than in the modeled unit cell. The
sintering model accounts for NW diameter-dependent fusion
by obtaining the effective diffusion coefficient as a function
of the NW diameter from MD simulations. The influence of
the NW diameter and area coverage of the NW network on
optical absorption is incorporated by using the experimentally
measured optical absorption as an input, and via the obser-
vation that IPL does not change the optical absorption sig-
nificantly. This multiphysical framework is successfully
validated against experimentally observed temperature evol-
ution and normalized change in sheet resistance. The key
takeaways from this work are as follows.

(1) Both temperature and resistance change are predicted
well by the developed approach, despite significant
assumptions and a relatively small size of the thermal
unit cell. If the NW material, NW diameter and initial
optical absorption of the as-deposited NW network are
known then this approach can predict the change in
sheet resistance after IPL. Therefore, if the as-deposited
sheet resistance is known the post-IPL sheet resistance
can be predicted as a function of the IPL parameters.
This bridges a key gap by enabling physics-based
choice of NW properties, substrate properties and IPL
parameters to control the electrode’s conductivity and
thus take full advantage of the rapid and scalable nature
of IPL.

(2) The MD simulations performed show that the kinetics of
fusion between Ag NWs is significantly dependent on the
NW diameter, with the rate of sintering reducing faster
beyond a critical NW diameter (=20 nm here for Ag).
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This provides previously unknown insight into the
kinetics of fusion of Ag NWs.

(3) The thermal FEA provides new insight into temperature
gradients in the substrate during IPL and shows that the
ratio of NW temperature to substrate temperature
reduces with increasing pulse fluence. This is because
increasing pulse fluence, via greater pulse duration,
results in the heat diffusing to a greater extent into the
substrate.

(4) The experimental observations, combined with the
thermal model, also show that contrary to expectations
in literature NW embedding in IPL can occur below the
glass transition temperature of the polymer. The
predicted temperature gradients in the polymer yield
an alternative differential thermal expansion-based
mechanism of NW embedding which can be active
even below the glass transition temperature T, of the
substrate. At even higher pulse fluences where the T, of
the substrate might be reached this proposed mech-
anism may act in conjunction with the conventional
mechanism, which is based on sinking of the NWs into
a mushy post-T, polymer.

Future work will aim to integrate thermo-mechanical
models with this framework to quantitatively predict how
much NW embedding occurs. Further, as NW embedding
evolves the thermal interaction between the NWs and the
polymer might change due to greater contact area between
them. While this work has not accounted for this phenomenon
future work will consider it.
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