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Abstract
A key challenge encountered by printed electronics is that the conductivity of sintered metal
nanoparticle (NP) traces is always several times smaller than the bulk metal conductivity.
Identifying the relative roles of the voids and the residual polymers on NP surfaces in sintered NP
traces, in determining such reduced conductivity, is essential. In this paper, we employ a
combination of electron microscopy imaging and detailed simulations to quantify the relative
roles of such voids and residual polymers in the conductivity of sintered traces of a commercial
(Novacentrix) silver nanoparticle-based ink. High resolution transmission electron microscopy
imaging revealed details of the morphology of the inks before and after being sintered at 150 °C.
Prior to sintering, NPs were randomly close packed into aggregates with nanometer thick polymer
layers in the interstices. The 2D porosity in the aggregates prior to sintering was near 20%. After
heating at 150 °C, NPs sintered together into dense aggregates (nanoaggregates or NAgs) with
sizes ranging from 100 to 500 nm and the 2D porosity decreased to near 10%. Within the NAgs,
the NPs were mostly connected via sintered metal bridges, while the outer surfaces of the NAgs
were coated with a nanometer thick layer of polymer. Motivated by these experimental results, we
developed a computational model for calculating the effective conductivity of the ink deposit
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represented by a prototypical NAg consisting of NPs connected by metallic bonds and having a
polymer layer on its outer surface placed in a surrounding medium. The calculations reveal that a
NAg that is 35%—-40% covered by a nanometer thick polymeric layer has a similar conductivity
compared to prior experimental measurements. The findings also demonstrate that the
conductivity is less influenced by the polymer layer thickness or the absolute value of the NAg
dimensions. Most importantly, we are able to infer that the reduced value of the conductivity of
the sintered traces is less dependent on the void fraction and is primarily attributed to the
incomplete removal of the polymeric material even after sintering.

Supplementary material for this article is available online

Keywords: nanoparticles, morphology, sintering, trace conductivity

(Some figures may appear in colour only in the online journal)

1. Introduction

The use of metal nanoparticle (NP) inks has been central in the
additive manufacturing of printed electronics [1-3]. NP inks
generally consist of highly concentrated (>30 wt%) colloidal
metal NPs in a low vapor pressure solvent, such as water. The
NPs are passivated with a polymer layer that gives them
colloidal stability before and during ink printing, preventing
formation of large heterogeneous NP aggregates in the ink.
After printing, the NP ink trace is heated to remove the solvent
and the polymeric stabilizer, and to aggregate and sinter the
NPs into a monolithic trace [1-3]. Heating causes sintering of
the NPs and increased conductivity of the NP traces. It has
been suggested that increasing the heat treatment temperature
and time leads to more efficient NP aggregation and sintering
and a larger conductivity of the NP traces (i.e. closer to the
conductivity of the corresponding bulk metals). For example,
sintering silver NPs at 140 °C for 10-15 min resulted in a
conductivity of the sintered traces that is ~30% of the bulk
silver conductivity [4, 5]. On the other hand, sintering silver
NPs for 10 min at 60 °C produced a conductivity of the
sintered traces that was only 10%—-12% of the bulk silver
conductivity [5]. In addition to simple heating, other methods
of sintering have also been employed resulting in typically
reduced conductivities as compared to what is accomplished
by simple heating. For example, room-temperature chemical
sintering leads to sintered traces with conductivities that were
15%-20% of the bulk silver [6, 7]. Under such circumstances
the simple heating based sintering procedure still remains the
most practiced method for sintering of printed metal NP
(especially silver NP) traces.

What fundamental physico-chemical processes occur
when the printed NP ink traces are subjected to simple
heating-based sintering? This has been one an important
question that needs to be answered for developing a more
widely usable NP based ink for printed -electronics
applications. The current hypothesis is that sintering leads to
the following processes: (1) evaporation of the solvent causes
the NPs to come very close to one another through capillary
forces; (2) the polymer capping ligands on the NP surface is
removed from the NP surface; and (3) the NPs aggregate and
sinter to form metallic contacts. Sintering occurs due to the
thermodynamic driving force that reduces the amount of

surface area and regions of high curvature between particles,
with the elevated temperature leading to enhanced surface
diffusion of silver towards the region of high curvature. In
order to confirm this hypothesis, it is necessary to quantify the
structure of the sintered traces at a resolution that allows the
visualization of not only the individual NPs, as has been
achieved using scanning electron microscopy (SEM) imaging
of NP aggregates/agglomerates within the sintered inks
[8-17], but also the NP-capping polymeric coating. Unfortu-
nately, such visualization inside an ink trace before and after
sintering has not yet been achieved. State-of-the-art transmis-
sion electron microscopy (TEM) imaging experiments have
delineated NPs (or NP clusters) in a sintered trace, but these
images did not visualize the polymer capping ligand or the
NP-NP inter-metallic necking [14, 18-20]. A lack of well-
resolved visualization of both polymer layers and metal NPs
inside a fully sintered ink, therefore, has limited the current
understanding of the physico-chemical processes involved in
the sintering of metallic NP ink to speculation.

In this paper, we employ a combination of nanoscale
visualization experiments with TEM and SEM and detailed
computations to unravel the key physics dictating the
conductivity of sintered silver NP traces. First, we image at
nanometer scale resolution the configuration and the morph-
ology of the silver NPs (and the nano-aggregates or NAgs that
they constitute) and the thickness and location of polymer
capping layers in an ink deposit before and after drying/
sintering (either dried at room temperature or sintered at
150 °C). For the ink dried at room temperature, we identify
distinct polymeric capping ligand layers, which separate
aggregated NPs. For the ink traces sintered at 150 °C, we find
a large number of NPs sinter and aggregate forming NAgs or
self-assembled NAgs, where there exist distinct inter-metallic
necks between neighboring NPs. This suggests a pronounced
onset of direct NP-NP metallic contacts that will lead to a larger
trace conductivity. On the other hand, while the thickness of the
existing polymer coating (on the NAgs) reduces after sintering
at an elevated temperature, they do not completely disappear.
This particular configuration trace enables us to identify that the
conductivity of the traces is a combination of the bulk metallic
conductivity that is associated with the direct NP-NP contacts
or necking and tunneling conductivity that is associated with
indirect contact between the NPs or NP aggregates through an
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Figure 1. Particle size analysis of silver NPs. (a) Dynamic light scattering distribution of silver NP ink after diluting 18 000 times by volume.
(b) Representative dark field STEM image of silver NPs from the ink dispersion. (c) Particle size distribution of the NPs determined by particle
counting of STEM images such as that shown in (b). Data shows the equivalent sphere diameter of the particles as determined from STEM.

intervening low conductivity organic layer. We justify such a
consideration by noting that the experimentally observed
conductivity of thermally sintered traces is ~30% of the bulk
silver conductivity, even when factoring in the effect of
appropriate porosity for the sintered traces [21]. These
observations beg the question: What is the conductivity of the
sintered traces consisting of NPs and NAgs that are partially
covered by an interstitial polymeric material? Answering this
question, therefore, is the next important step of this study. For
this purpose, we employ COMSOL based simulations for
calculating the effective conductivity of a system consisting of
a NP aggregate, with metal-metal NP contact within, that is
partly covered by a polymeric interphase material and
surrounded by a region of reduced conductivity. Existing
simulation studies in the literature probing the conductivity of
sintered NP aggregates do not consider the effect of the
presence of such residual polymeric interphase layer [22, 23].
Quantification of the average conductivity from the simulation
results reveals that 35%—40% polymer coverage on the NP
surface area leads to a trace conductivity equivalent to previous
experiments (30% of bulk conductivity) [4, 5]. We also
simulate a more realistic case, where instead of a single NAg,
we consider a structure consisting of self-assembled NAg: for
such a structure, the percentage of polymer coverage necessary
to ensure a trace conductivity that is 30% of the bulk
conductivity is slightly more than that for the case of a single
NAg. In all these calculations, we account for the effect of
voids that are present (and measured separately) in the sintered
traces, and we find that these voids have a much lesser influence
in reducing the conductivity of the sintered traces as compared
to the presence of the residual polymer layer present on the NP
surface even after the sintering. In fact our finding is in line with
a recent experimental study that has identified the significance
of the presence of residual polymeric layer, post low-
temperature sintering or sintering at 100 °C-200°C, in
significantly reducing the overall conductivity of the metal
NP deposits [24]. Previous studies have pointed to the
continuous increase in the conductivity of the silver NP traces
with an increase in the sintering temperature: however, none of
these studies identify or quantify the extent of the existence of
the polymer coating on the surface of the individual NPs or
individual NAgs even at the sintering temperatures and the

manner in which the existence of such residual polymer coating
(even after sintering) leads to the reduced conductivity of the
sintered traces [25-27].

2. Results

2.1. Experimental results on the morphology of the nanopar-
ticles inside the sintered traces

The purpose of this section is to quantify our experimental
findings pinpointing the morphology of the NPs inside the
sintered traces: specifically, we are interested to identify (a) the
average size of the NP aggregates; (b) the (possible) presence
of polymeric/organic coating around the individual NPs or NP
aggregates; (c) the average thickness of such polymeric/
organic coating; (d) the average porosity of the NP aggregates.

The silver NP ink particle properties and ink deposits
were characterized using dynamic light scattering (DLS) and
TEM to provide input parameters for the conductivity model.
The NPs were dispersed at 40 wt% in diethylene glycol and
water. Due to the high particle concentration in the ink, it was
diluted ~18 000 times by volume with water for the DLS
analysis and 1000 times by volume for TEM analysis of the
particle size distribution (PSD). DLS gives a qualitative
measure of the PSD based on the particles’ hydrodynamic
diameter, while the TEM imaging and image analysis generate
a quantitative PSD based on particle counting approaches.
Figure 1(a) shows the DLS PSD based on scattering intensity,
which shows peaks centered at ~25and ~80nm. In the
intensity-based PSD distribution, even relatively small
concentrations of large particles give a substantial peak height
due to their large scattering intensity, where scattering
intensity scales with radius to the sixth power. Therefore, we
attribute the 25nm peak to unaggregated particles, which
make up the majority of particles in solution, while the 80 nm
peak represented a minority fraction of aggregated particles.
Dark field scanning TEM (STEM) imaging was used to
determine the PSD of the NPs in the diluted ink (figure 1(b)).
The NP shapes (figure 1(c)) ranged from spherical to oblong
and had sizes ranging from about 10-60 nm with the majority
of particles near 20 nm in diameter, consistent with the DLS
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Figure 2. TEM imaging and elemental analysis of dried NP deposits and surface organic coating before (a)—(d) and after (e)—(h) sintering at
150 °C for 15 min. (a) Low magnification TEM image of unsintered silver NP deposit (dried at room temperature) formed by drop casting the
ink diluted 10 times in water. (b) Image showing interparticle connections separated by a thin organic layer (blue arrows). (c)—(d) High

magnification TEM images showing ~1 nm uniform amorphous organic layer coating the surface of each silver NP. (¢) TEM image of sintered
NP deposits showing NPs form metallic necks and 100-500 nm sintered aggregates. The solid yellow lines highlight a region where a neck was
observed to form between two sintered neighboring NPs while the dashed yellow circle highlights a large grain that has formed by complete
sintering. (f)—(g) High magnification TEM images show the organic coating layer is non-uniform after sintering and coats the outside of the
sintered aggregates. Green arrow in (g) shows an example of a particle surface with patchy surface organic coating. (h) Energy dispersive x-ray
spectrometry (EDS) elemental analysis line scan at the surface of a sintered silver NP showing the absence of surface oxidation. The red line

indicates the line across which EDS signal was acquired.

measurements. There were a few particle aggregates observed
with TEM with sizes >40nm, again consistent with DLS;
however, because the TEM PSD is on a particle number basis,
the PSD appears monomodal (figure 1(c)).

To simulate the ink printing process, microliter volumes
of the NP ink, diluted 10 times by volume, were drop cast onto
thin, porous carbon networks on TEM grids. It was necessary
to dilute the nanoparticle ink by 10 times prior to deposition
because the fully concentrated ink formed thick 3D deposits
that could not be imaged with TEM. The goal of the imaging
experiments was not to take images of a realistic ink deposit
but instead to determine how sintering affected the polymer
coating layer on the nanoparticles and to provide experimental
measurements of polymer layer thickness and coverage as
inputs for the numerical conductivity model. We selected
regions of the TEM sample that had close packed silver
nanoparticles in 2D film configurations, which most closely
replicated the close-packed arrangement of nanoparticles in a
real ink deposit and facilitated measuring the approximate
polymer coating thickness and coverage after sintering.
Thermogravimetric analysis (TGA) showed that baking to
150 °C resulted in a ~64% reduction in the mass of the ink
deposit (see figure S2 in the supplementary material), due
primarily to evaporation of residual solvent.

Low magnification TEM images of the unsintered sample
(dried in air) showed that close-packed 2D NP aggregates
formed over some of the holes in the lacey carbon network

with high NP loading (see figure 2(a)). Higher resolution TEM
images taken under defocused conditions revealed that
interparticle contacts in the deposit had amorphous conformal
~1 nm organic films in between (see figure 2(b), blue arrows).
There were no metallic connections between neighboring
particles. Each NP was surrounded by a conformal (~1 nm)
amorphous organic film (see figures 2(c), (d), red arrows),
which is likely a polymeric or organic molecule capping
ligand layer that stabilizes particles in the ink dispersion and
prevents aggregation. Here, we define a conformal coating as
one that allowed no exposure of bare nanoparticle surface, but
could have some roughness and nonuniform thickness. In
some cases, the organic coating layer was non-uniform and
showed local variations in thickness ranging from 0.5 to
1.5 nm. While the TEM images do not reveal the composition
of these films, the image contrast is consistent with an
amorphous organic, potentially polymeric, film [28].
Figures 2(e)—(g) show the TEM images of the NP deposits
after being sintered directly on the carbon TEM sample at
150 °C for 15 min in air. Significant interparticle sintering with
metallic necks forming between particles was observed in
regions of high NP concentration (figure 2(e)). Sintered NP
aggregates (caused by the sintering-driven aggregation of the
NPs) formed with sizes on the order of 100-500nm. Closer
interrogation showed that within the aggregates the NPs were
almost exclusively attached by metallic contacts, but that some
particles retained thin organic layers on their surface (see
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figures 2(f),(g)). Likewise, the outside of the aggregates was
coated by a thin organic layer. Nearly all organic coating
layers were non-conformal or patchy after sintering, indicating
removal of some of the organic layers. A non-conformal
coating was defined as one with both surface roughness and
bare regions of the nanoparticle with no observed amorphous
layer. The retention of the organic capping layer was not
surprising given the low sintering temperature of 150 °C,
which is well below the decomposition temperature of
common polymers used as capping ligands (for example,
polyvinylpyrollidone and dodecanethiol on NPs start to
decompose at 350 °C) [29, 30]. We have also conducted
sintering at 300 °C and found that all the polymer was
removed (see figure S1 in the supporting information). For the
present case (i.e. traces sintered at 150 °C), elemental analysis
of the surface of a sintered NP with energy dispersive x-ray
spectrometry (EDS) showed that there was no oxygen,
indicating no surface oxidation occurred during sintering
(see figure 2(h)). No carbon signal was detected with the EDS,
likely because the amount of carbon was below the detection
limit of EDS (~0.1 wt%), but the high-resolution TEM images
of the layer are consistent with the morphology of a thin
amorphous layer of organic molecules, such as a polymer.
We prepared thin layers of NP deposits on a thin carbon
TEM sample film and performed image analysis and statistical
analysis to assess the porosity of the as-made and sintered NP
deposits. Image analysis was used to compute the area fraction
of the NP material in NP deposits for more than ten
100 nm x 100 nm regions in several different low magnification
TEM images of the as-made and sintered samples (see
figures 3(a), (b), orange boxes). The regions were selected
randomly from different regions of each sample. The particle
area fraction was calculated for each region by dividing the total
area occupied by NPs by the total area of the sample region
(100% nm?). The pore area fraction is obtained by subtracting the
particle area fraction from one. Figure 3(c) shows box plots of
the porosity fraction for each sample, where the NP deposits had
a median pore fraction of 0.18 in the unsintered sample and 0.12
in the sintered sample. Statistical analysis using a Wilcoxon rank
sum test showed that the median pore fractions were signi-
ficantly different from each other with a p-value of p = 0.0014.
These measurements demonstrate that sintering leads to both the
formation of metallic interparticle necking as well as densifi-
cation of the NP deposits through the reduction of porosity.
Factors such as the local initial pore fraction, nanoparticle
size distribution, polymer coating thicknesses, and other kinetic
factors can affect the local amount of sintering and the final
pore fraction. Before and after TEM images of the nanoparticle
deposits were not taken at the same exact sample locations, so it
is not possible to rationalize the final pore fraction in terms of
these factors. Instead, the goal of this measurement was to
provide experimental inputs for pore fraction of the sintered
nanoparticle deposit into the numerical conductivity model.

2.1.1. Summary of the experimental findings. The experiments
unravel two key issues. First and foremost, it established that
there is polymeric surface coverage on the metal nanoparticle

nano-aggregates even after sintering at 150 °C. Second, it
provided an estimation of the pore fraction in the sintered traces,
which could be used as input for our simulations. It is important
to note that while we are able to identify the presence of the
polymeric layer on the sintered metal nanoparticle nano-
aggregates, we cannot provide an exact number specifying the
extent surface coverage. TEM imaging and TGA measurements
cannot accurately measure the residual polymer coating because
of the lack of 3D information in TEM images, the wide particle-
to-particle variation of polymer coating, and the presence of
physisorbed water in the ink deposit that convolutes TGA
measurements. As a result, we would need simulations
(motivated by the geometric structure revealed by the
experiments and the experiment-revealed information of the
presence of the polymeric coating even for the sintered
nanoaggregates) to quantify the exact extent of the polymeric
surface coverage of the nano-aggregates that leads to the
observed decreased conductivity of the sintered metal
nanoparticle traces. Importantly, as will be revealed below,
the numerical simulations are uniquely capable of revealing the
amount of residual polymer necessary to achieve experimentally
observed conductivity reduction in printed inks.

2.2. Simulation results: quantification of the conductivity of the
sintered traces

The experimental TEM imaging provided several key
measurements (summarized in table 1) to build a numerical
model of NP trace conductivity. Let us first consider the
situation where we express the conductivity of the sintered
traces simply as the bulk metallic conductivity with the
consideration of the appropriate pore fraction. Under such
circumstances, following Rosker ef al [21] we can express the
conductivity of the sintered traces as:

231 — sovom]

(1)
2 + Pyoid

Osin,pore — UnzI:

where o, pore 18 the conductivity of the sintered traces, oy, is
the conductivity of the bulk metal, and ¢, ;; is the void fraction
(or pore fraction). Using ¢, ;4 = 0.12, we can use equation (1)
to obtain:

Osin,pore — 0.830;,. 2

This is too large a conductivity value for the sintered traces
given the fact that experimental study reports a conductivity of
the sintered traces of oyn pore = Tobserved ~ .30y

2.2.1. Proposed geometry and connection to experimental
results. Under such circumstances, we refer to the situation
as elucidated by the TEM imaging of the sintered traces
(please see figures 2(e)—(g) and the associated discussions)
showing that inside the NAgs the NPs were almost exclusively
attached by metallic contacts, with the surface of the aggregate
coated by a thin, non-uniform polymeric layer. This indicates
that some NAgs form direct metal-metal contacts with each
other, while others are connected indirectly via an intervening
polymeric layer. We shall like to differentiate here between the
metallic contacts formed between individual NPs inside a NAg
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Figure 3. Quantitative analysis of the porosity of the NP deposit. (a), (b) Representative TEM images used to measure the deposit porosity,
where (a) is unsintered and (b) is sintered. The orange boxes show example regions where a single porosity measurement was taken. (c) Box
plots of pore fraction for unsintered (and dried in air) and sintered NP deposits. The median porosity of the sintered sample was statistically
larger than the unsintered sample with a p-value of p = 0.0014 as determined by a Wilcoxon rank sum test.

and the contacts formed between two NAgs. Inside a NAg, the
individual NPs are primarily forming direct metal-metal
contacts; on the other hand, two NAgs can either form a direct
metal-metal contact or an indirect contact through an
intervening polymeric layer. The simplest way to consider
such a system is shown in figure 4, which shows a NAg that is
partially covered (on its outer surface) by the polymeric
capping layer. The extent of the NAg surface that is covered
by this polymeric layer can be made to vary by varying the
conical angle « (see figure 4). As this conical angle increases,
more and more percentage of the surface area is coated by
polymer and will participate in tunneling conduction
(tunneling conduction [25-27) becomes important when two

Table 1. Summary of the sintered NP aggregate properties determined
from TEM.

TEM measured model inputs

NP aggregate size 100-500 nm
Polymer layer thickness (fy) 0.3—1 nm
Aggregate void fraction (p, ;) 0.12

NAgs come in contact with each other through the intervening
polymeric layer that is present on the surface of one or both of
the NAgs) and a lesser percentage area contributes to direct
metal-metal contact (between two NAgs). With such a
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Interphase Layer

Nanoaggregate

Figure 4. Schematic of a NAg (inside which all the NPs form a direct
metal-metal contact) with a layer of interphase polymeric material
covering a portion of the outer surface of the NAg. Such a NAg is
typically witnessed for the case of sintered (at 150 °C) ink traces. The
conical angle ‘e’ determines the percentage of surface area covered
by the interphase polymer, whereas the orientation angle ‘6’ accounts
for random orientation of the NAgs in the printed traces with respect
to the applied electric field ‘E’.

geometry, we see that the conductivity is now dependent on
the direction of electric field. We expect the minimum
conductivity for the case when the cone axis is in line with
the electric field, i.e. the case where the electric field is most
distorted due to a head-on obstruction from interphase cap. On
the other hand, the maximum conductivity is expected when
the cone axis is perpendicular to the electric field i.e. when the
electric field is mostly parallel to the surface of the interphase
cap causing comparatively less disturbance in the electric field.
However, in actual inks, the polymer layer may be in any
direction relatively, and as a statistical average, we assume
each of the angle orientation as equiprobable. Thus, the
average conductivity is calculated by averaging over angle (0).

It is useful to understand the manner in which such
simplistic consideration of individual NAgs partially covered
by the polymeric material enables reproducing the structure
suggested by experiments (see figure 2). To do that, let us
consider the three possible cases in which a NAg might exist.
These three cases are (1) a NAg that shows no coverage by the
polymeric interphase material leading to a self-assembled
system of NAgs where the NAgs are only connected via direct
metal-metal contacts (this scenario is not encountered for either
air-dried ink or sintered ink) (see figure 5(a)); (2) a NAg (inside
which all the NPs themselves are connected to each other via
the intervening polymeric layer) that shows complete coverage
by the polymeric interphase material leading to a system of self-
assembled NAgs where the NAgs are always connected to each
other by indirect metal-metal contacts through the intervening
interphase polymeric material (this scenario is encountered for
the case of air-dried ink, as evidenced by the experimental
results of figure 2) (see figure 5(b)); (3) a NAg (inside which all
the NPs are connected to each other via direct metallic bonds),
which is partially covered by an interphase polymeric layer

(such a NAg has been pictured in figure 4), which results in a
system of self-assembled NAgs with both direct metal-metal
contacts and indirect metal-metal contacts separated by a
polymer layer (this scenario is encountered for the inks sintered
at 150 °C, as evidenced by the experimental results of figure 2)
(see figure 5(c)).

2.2.2. Simulation domain and different (constant) conductivity
values associated with the different regions constituting this
domain. The simulation domain considered in our study has
been shown in figure 6. It consists of the representative NAg
with a partial surface coverage by the polymeric layer (see
figure 4) and the surroundings. We identify three regions in the
entire simulation domain: region 1 is the NAg (minus the
polymeric layer), region 2 is the polymer-layer part of the NAg,
and region 3 is the surroundings. In order to perform the
simulations, which in turn will provide the equivalent
conductivity, we first need to ascribe uniform average
conductivity values to these three regions.

For the polymeric layer depicted as region 2, which leads
to the indirect metal-metal contact (through the intervening
polymeric layer) between two NAgs, the electrical con-
ductivity is the tunneling conductivity (i, ). To calculate the
tunneling conductivity, we use the Simmons’ formula derived
for electron tunneling between two metal surfaces separated
by thin insulating film [28-30]. It shows that oy, (see
equation (3) below) decreases exponentially with the thickness
(t;ny) of the interphase (insulating film) layer:

2
e2(2m\)!'/? exp(—47r(tim)

h? h
Here, X is the potential barrier the electron needs to transverse
to tunnel, which is close to the work function of metal [31]
(which is 4.2eV for our case). Furthermore, m=
9.1093829 x 10" kg is the mass and e = 1.602 176 565 x
107"? C is the charge of an electron, and & = 6.626 068 x
10°* m?kg s~ is the Planck’s constant.

Next is the conductivity associated with region 1, which is
the metallic part (or polymer-layer-free part) of the NAg: this
part leads to the direct NAg-NAg contact (without any
intervening polymeric layer) and hence must be attributed a
uniform bulk metallic conductivity o, Finally, the con-
ductivity associated with the surroundings (i.e. region 3 in
figure 6) can be considered as Oyipexp = 0.30,.

Oint =

(2mA)%)- (3)

2.2.3. Governing equations for obtaining the equivalent
conductivity. With the knowledge of the different con-
ductivity values associated with the different regions of the
simulation domain (see figure 6), the next task that needs to
be performed for calculating the equivalent conductivity is to
solve for the electric field and the current density, average
these quantities in our simulation domain, and derive the
average conductivity from their ratio. Classically, several
papers have provided closed-form, analytical solutions for
the equivalent conductivity of a highly symmetric (e.g. in the
form of cylinders or spheres) heterogenous system [28, 29].
On the other hand, the objective of the present study is to
quantify the equivalent conductivity for a system represented
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(a)

(b)

Figure 5. Schematic of the three types of self-assembled system of NAgs constituting the dried/sintered traces. (a) Schematic of a self-
assembled system of NAgs where the individual NAgs are connected to one another exclusively through direct metal-metal contacts (see the
red dashed box denoting one such contact); no experimental results point to such a scenario. (b) Schematic of a self-assembled system of NAgs
where the individual NAgs are connected to one another exclusively through indirect metal-metal contact through an intervening interphase
polymeric layer (see the black dotted box denoting one such contact); experimental results for unsintered inks or inks dried in air (please see
figure 2) point to such a scenario. (c) Schematic of a self-assembled system of NAgs where the individual NAgs are connected by a mixture of
direct metal-metal contact (shown by red dashed box) and indirect metal-metal contact (through the intervening polymeric layer; shown by
black dotted box); experimental results for sintered inks (please see figure 2) point to such a scenario. The NAg-polymer-layer composite
structure, shown in figure 4, can be considered as a representative NAg that constitutes the NAg assembly shown in part (c).

500

z

L——x,//

-500

Figure 6. Schematic representation of the simulation domain identifying the three separate zones. The conductivities of region 1, 2, and 3 are

considered as g,,, o, and 0.3 g, respectively.

by a partially coated (with a polymeric layer) NAg (shown in
figure 4) in a surrounding medium (see figure 6): as explained
above, this representation enables the best possible capture of
the experimentally observed scenario where the self-
assembled NAgs (within the sintered traces) form a mixture
of direct metal-metal and indirect metal-metal (through an
intervening polymeric layer) contacts. Given that the
symmetry condition cannot be applied for the geometry
considered in figure 4, we cannot obtain for this case closed-
form analytical solutions quantifying the equivalent con-
ductivity, enforcing us to employ a numerical approach
(discussed later).

In order to calculate the electric field, Maxwell’s equation,
which reduces to Poisson’s equation (see equation(4)), is

solved for each of the three regions of the simulation domain
(shown in figure 6):

V2 =0,V = —E, 4)

where ¢ is electrostatic potential.

We subsequently obtain the current density vector [J ()]
by directly multiplying the scalar conductivity field o (¥)
(please note the o(¥) accounts for the variation of the
conductivity across different regions in the system, as
explained above) to the electric field, i.e.

J(#) = o(FE ®)

Obviously, o (¥) appearing in equation (5) is a discontinuous
function (or more precisely a piecewise continuous function)
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stemming from the fact that the three different regions in our
simulation domain (shown in figure 6) have different constant
conductivity values. However, it is mandatory to enforce the
current continuity between these different regions in our
simulation domain (this current continuity condition appears
as an interfacial continuity condition): as a result, the electric
field naturally becomes discontinuous. This discontinuity in
the electric field is a consequence of the charge accumulation
at the interface between two materials of unequal conductiv-
ities. Under such circumstances, the average current density
and the electric field (in z direction) can be expressed as:

f v+ fande

J. , 6

£ v 6)
j;mEZdV+fanZdV

.= v : (7

In equations (6), (7), V is the volume, -[ deV and fn deV

represent the volume integral of quantity X across the
interphase region and the NP region, and J; and E represent
the vector components of the current density and the electric
field in the z direction.
Finally, we can express the equivalent conductivity (0eq,0)
as:
S
Oeq0 = = ®)
€q EZ
It is important that one should also account for the effect of the
porosity that exists throughout the system: such a considera-
tion ensures that using equation (2) (with o4 replacing o, ), we
can get the final value of the equivalent conductivity as

Ueq = 0.830’6%0‘ (9)

Equation (9) suggests that if there was no polymer coating at
all, the conductivity of the sintered material would be 83% of
the bulk value due to porosity (as is hypothesized in the study
of Rosker et al [21]).

2.2.4. Numerical procedure. The numerical method (for
solving the electric field and the current density) was
implemented using the electrostatics module in COMSOL
Multiphysics. This module enables the solution for the electric
and current density for such composite systems (see figures 4
and 6), which in turn provide the equivalent conductivity.

The geometry (e.g. regions described in figure 6) was
achieved in COMSOL using primitives such as cube, sphere
and cone, and appropriate Boolean operations. Furthermore,
we do a parametric averaging over 6 (see figure 4) by rotating
our NAg assembly from 0° to 180° in the x—z plane: such a step
is necessary as the orientation of the interphase cap in actual
sintered inks is randomly positioned with respect to the
applied electric field direction.

We keep the prototypical NAg in an otherwise uniform
electric field. In COMSOL, we achieve this by creating a
bounding box of dimensions hundred times greater than the
radius of our NAg, and by assigning constant voltage on top
(10 V) and bottom (0V) faces by using constant Electric
Potential boundary condition. However, we note that the

A=
1 \ E

/
/

Figure 7. Electric field streamlines (green curves) around the NAg
(yellow region is of metal; blue region is of interphase polymer). We
consider a representative case where the polymeric layer is
characterized by a cone angle of o = 40°, which corresponds to 12% of
total sphere area covered by the interphase layer (i.e. 5 = 12%). The
nanoaggregate is rotated over multiple values of 6 to get a statistical
average (the picture considers § = 30°). Additionally, r,, = 10 nm (ryp
is the radius of the NP considered in the simulation) and #;,; = 0.3 nm.

actual value of applied voltage has no effect on the value of
equivalent conductivity. This is because our differential
equations and boundary conditions are linear in applied
voltage; hence both current density and electric field scale
proportionally with applied voltage to give same ratio of
equivalent conductivity. Finally, after attaining the solution for
different values of 6, we do the volume averaging of current
density and electric field as described in the equations (6)—(8)
by using Domain Probes in COMSOL.

2.2.5. Simulation results. After doing a mesh convergence
study, the average conductivity was calculated for two extreme
values of interphase polymeric layer thicknesses (namely
timp = 0.3nm, 1 nm) and two radii of representative NPs or
NAgs (r,p = 10 nm and 100 nm). The minimum thickness was
chosen as 0.3 nm since below a separation distance of 0.3 nm,
the silver atoms of two adjacent NPs (or NAgs) will start to
interact (due to very large van der Waals forces) fusing the two
adjacent NPs. Also, we get a polymer layer thickness of
0.3 nm from the TEM images.

Before discussing the results for the equivalent con-
ductivity, we shall like to discuss the results for the electric
field lines in the vicinity of the representative polymer-coated
NAg (shown in figure 4). Figure 7 shows the electric field
streamlines (green curves) around the NAg in the presence of
the applied electric field. If the entire domain had a single
conductivity (that of bulk metal), all electric field and current
density streamlines would be parallel to the direction of
external electric field (E). However, due to the heterogeneity
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Figure 8. Variation of the simulated values of the equivalent conductivity (o) for different percentages of 3 (which denotes the fraction of the

NP surface covered by the polymeric layer) for different values of the thickness of the polymeric layer () for (a) NAgs (or NPs) of 10 nm
dimension and (b) NAgs of 100 nm dimension. In the figure, we also point out the values of bulk metallic conductivity (g;,), bulk metallic
conductivity factoring in the effect of void fraction (considered as 12%) (Gin, pore» S€€ €quation 1), and the experimentally observed conductivity

of the sintered traces (0gin,exp OF Tobserved) that is ~30% of o,,. In both parts (a) and (b), we have identified the value(s) of 3 corresponding to
which o4 becomes equal t0 Typservea In the inset of part (b), we plot the variation of the conductivity ratio 1, which is defined as

Oeq for NAgsof 100 nm dimension

v =

Oeq for NAgs(or NPs) of 10 nm dimension

(stemming from different parts of the NAg-interphase system,
namely the metallic part and the polymer coating, having
different conductivity values) we see two interesting things.
First, when the electric field lines enter the NAg, they get
closer to each other, ensuring the prevalence of a larger current
density at such locations. Second, due to the presence of the
interphase polymeric capping, which is a highly non-
conductive region, the field lines get distorted and dispersed
while trying to move around the polymer layer. This is the
main reason for the drop in conductivity in the NAg-interphase
system.

Figure 8 shows the variation of the (numerically
computed) equivalent conductivity (ozq). The curves (shown
in figure 8) were obtained for NP (or NAg) dimensions of
10 nm and 100 nm because 10 nm is the smallest possible size
of the NP in the ink and 100 nm can appropriately represent
the size of the NAgs formed after sintering. In figure 8, 3 is the
ratio of the surface area of the NP covered with interphase
material to the total NP surface area. Due to the drastic
difference between the conductivities of the NPs and the
polymeric material (or in other words, due to the difference
between the conductivity associated with the direct metal—
metal contact and the conductivity associated with the indirect
metal-metal contact through the intervening polymeric layer),
the equivalent conductivity dramatically decreases with
an increase in (. Figure 8 shows that for § ~ 35%—40%
(i.e. when 35%-40% of the NP surface is covered by
polymeric material), o.q becomes 30% of the bulk conductivity
of the silver (i.e. the scenario typically witnessed for the silver
NP traces sintered at 140 °C-150 °C for 15 min [4, 5]). We
observe insignificant effect of the thickness of the polymeric
layer, for a given NP (or NAg) size, in determining the critical
value of 3 that ensures the attainment of a value of o4 that is
30% of the bulk conductivity of the silver. On the other hand,

10

, with percentages of 3 for different values of the thickness of the polymeric layer (¢,,).

the change in the size of the NP (or NAg) seems to have a
significant effect on changing the conductivity only for a 3
value that is much larger than the critical 3 value (35%—40%)
for which the conductivity of the sintered traces becomes
~30% of the bulk conductivity of the silver (see the figure in
the inset of figure 8(b)). These observations confirm that the
very presence of the polymeric layer and the extent (in terms of
() to which the layer covers the NP (and hence enforces the
indirect metal-metal contact through the intervening poly-
meric layer) is the main factor responsible for reducing the
conductivity of the sintered traces.

We shall also like to point out here that we did perform
simulations for a set-up that consists of a self-assembled system
of NAgs (structure described in figure 5(c)) instead of a single
NAg. Such a self-assembled system of NAg might represent a
closer analog (than a single NAg) to the experimentally
observed configuration within a sintered trace (see figures 2(e)—
(g)). The detailed simulation procedure and the simulation
results for this self-assembled system of NAgs have been
provided in the supporting information (and figures S4 and S5
in the supplementary material). The key finding from these new
simulations is that for the case of self-assembled system of
NAgs, the critical value of 3 (i.e. the value of 3 corresponding
to which the conductivity of the sintered traces becomes ~30%
of the bulk conductivity) is slightly more than the critical value
of § for the case of single NAg (where this critical value of § is
35%-40%, depending on system parameters). For example, for
the case where we have considered the self-assembled system
of NAgs to consist of twelve NAgs (with the radius of each
NAg being 100 nm), the critical value of 3 becomes ~55%.
This difference is rather intuitive: a larger number of NAgs
(with each NAg having a conductivity of the bulk metal)
contributing to the o,y will lead to a larger value of oy
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200 nm

Figure 9. SEM image of the cross-section of a NP ink deposit after sintering at 150 °C.
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Figure 10. Variation of the simulated values of the equivalent conductivity (o.q) for different percentages of 3 (which denotes the fraction of the

NP surface covered by the polymeric layer) for different values of the thickness of the polymeric layer () and a 3D porosity of 27% for (a)
NAgs (or NPs) of 10 nm dimension and (b) NAgs of 100 nm dimension. In the figure, we also point out the values of bulk metallic conductivity
(o), bulk metallic conductivity factoring in the effect of void fraction or porosity (considered as 27%) (Ggin, pore, S€€ €quation 1), and the

experimentally observed conductivity of the sintered traces (Gyin,exp OF Tobserved) that is ~30% of o;,. In both parts (a) and (b), we have identified
the value(s) of 3 corresponding to which o, becomes equal t0 Ogpservea- In the inset of part (b), we plot the variation of the conductivity ratio ¢,

Oeq for NAgsof 100 nm dimension

which is defined as ¢ =

Oeq for NAgs(or NPs) of 10 nm dimension ’

Therefore, in order to ensure that o.q~ Oppserved, @ larger
coverage by the interphase polymeric material will be needed
for the case of self-assembled NAg system.

2.3. Calculations considering 3D porosity of the printed traces

The calculations provided above is based on the TEM-
imaging based (see figure 3) porosity values of the 2D NP
structure. In real-world printed electronics, however, the
printed traces are ‘thick’ lines that have 3D porosity. We did
print such a line with an undiluted ink and imaged its cross-

11

with percentages of 3 for different values of the thickness of the polymeric layer ().

section with SEM to assess the porosity (see figure 9) after
sintering Here a NP trace was printed on aluminum foil,
sintered, and then cut with a sharp razor blade to reveal the
cross-section for imaging. SEM imaging showed that the
nanoparticles were randomly close packed in the sintered
deposit with some larger pores on the order of several particle
diameters wide (red arrows). It is possible these pores were
generated in the creation of the cross-section sample.
However, it is not possible to quantify the pore fraction
within the deposit based on the SEM image due to the low
resolution and 3D nature of the image.
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Under such circumstances, we resorted to existing
literature to identify the 3D porosity information of the printed
traces. There have been some studies that have obtained the
3D porosity of the printed and sintered silver-NP-ink traces
indirectly by using density measurements and the values
suggest a porosity that is approximately 27% (stemming from
a density value of 73% of bulk silver) [32]. In figure 10, we re-
plot the variation of the equivalent conductivity with g for this
particular porosity value (27%) of the printed and sintered
traces. The results indicate a slight decrease in the critical 3
value (i.e. § value where the equivalent conductivity is equal
to the observed conductivity, which is 30% of ¢;,,) as compared
to the case where 2D porosity (12%) was considered (please
compare figure 8(a) with figures 10(a) and 8(b) with
figure 10(b)).

3. Conclusions

In this paper, we provide an analysis that aims to identify the
relative effects of voids and residual polymer layer on NP and
NAg surfaces (even after sintering) in the reduced con-
ductivity of sintered traces of metal NP inks. High resolution
TEM imaging, providing unprecedented micro-nanoscopic
details of the sintered inks, reveal that under typical sintering
conditions (e.g. sintering of commercial silver NP inks at
150 °C for 15 min) there exists a significant amount of residual
non-conductive polymeric layer on the outer surface of the
NAgs present within the sintered traces. The experiments,
while confirm the presence of the polymeric surface coverage
on the sintered NAgs, it cannot exactly quantify the extent of
the coverage of the polymeric layer on the surface of the
NAgs. Therefore, we next develop a computational frame-
work, motivated by the experimental finding about the
geometry of the sintered NAgs with the presence of polymeric
layer on the surface of the NAgs, for calculating the equivalent
conductivity of the system that accounts for the specific
microstructure of the sintered ink consisting of NAgs and
remnant polymeric material: the computations establish that
presence of such polymer (to an extent where it covers
35%-40% of the outer surface of the NAgs) can explain the
reduced conductivity of the sintered traces. This work
therefore highlights the importance of first principles models,
informed by the experimental data, to quantify the mechan-
isms for reduced conductivity in nanoparticle ink deposits. We
anticipate that this finding will motivate the vast research
community that works with metal NP based conductive inks to
design such inks that employ less amount of polymeric
material, or employ polymeric materials that are either
completely removed at ~150 °C (possibly by a mechanism
such as chemical sintering) or are more conductive (e.g.
conductive polymers): such design improvement will ensure
enhanced conductivity of the sintered traces without
necessitating an increase in the sintering temperature or the
time of sintering.
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4. Materials and methods

4.1. TEM and EDS

Samples for TEM were prepared by drop casting 1 ul of silver
NP ink (Novacentrix, Metalon JS-A101A) diluted either 1000
(for PSD analysis) or 10 times (for porosity and sintering
studies) by volume with DI water onto lacey carbon coated
copper TEM sample grids (01894, Ted Pella, USA), following
by drying in atmosphere at room temperature. After initial
imaging of the NP deposit, the entire sample was baked in an
oven at 150 °C for 15 min TEM imaging, STEM imaging, and
EDS were performed in a JEOL JEM-2100F with a Schottky
emitter operating at 200 kV. STEM and TEM images were
processed in ImageJ and EDS data were processed in the
Bruker EDS software. EDS elemental analysis was performed
by collecting and integrating the characteristic x-ray peaks of
each element (Ag, C, O) as a function of position along a line
scanned across the NP surface using a Bruker Flash 6T/60
windowless silicon EDS detector. Porosity and particle size
measurements from TEM images were performed using
custom image analysis algorithms coded in house in
MATLAB.

4.2. Scanning electron microscopy

Ink deposits were prepared by printing silver NP ink
(Novacentrix, Metalon JS-A101A) on aluminum foil. The
ink was deposited in short lines ~10cm long on aluminum
foil. Ink was deposited in several passes to build up a deposit
that was 10-15 pm thick after printing and curing at 150 °C. A
razor blade was used to cut through the deposits and reveal the
cross-section. The sample was mounted using an aluminum
sample stub with the cross-section surface normal to the
electron beam. The cross-section was imaged with a scanning
electron microscope (SEM) (Hitachi SU70) using 5 kV beam
energy and an Everhardt-Thornley secondary electron
detector.

4.3. Dynamic light scattering

DLS was performed on a photon correlation spectrometer
(Photocor instruments, Estonia, EU). The NP ink sample was
diluted 18 000 times by volume with DI water. The detector
was situated at an angle of 90° to the laser pathway. The
autocorrelation function was fit to a multi-exponential decay
function and the hydrodynamic diameter distribution was
extracted from fits of the autocorrelation function using the
Stokes-Einstein equation assuming spherical particles.

4.4. Thermogravimetric analysis

Thermogravimetric analysis (TGA) was performed on a
Shimadzu TGA-50. A milligram quantity of ink was added
to the alumina crucible and the temperature was increased
initially to 100 °C for 10 min to evaporate the residual solvent.
Then the temperature was increased up to 400°C with a
heating rate of 10 °C min~' in air.
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4.5. Supporting information

Additional results for sintering conducted at 300 °C; Results
for thermogravimetric analysis and ink printing; Derivation of
the Relationship of 2D pore fraction to 3D pore fraction;
simulation results and discussions for the system consisting of
self-assembled NAgs instead of a single NAg.
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