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Abstract
When fabricating inkjet-printed electronic devices and circuits, inkjet-printed conductive
materials require drying and sintering to improve electrical conductivity. Electrical conductivity
should be the same irrespective of pattern design, size, location, or density of adjacent patterns.
However, we demonstrate that spatial variations in the drying process for inkjet-printed patterns
with proximity to others cause resistivity variations. These resistivity variations are studied here
experimentally for different circuit patterns and in arrays of inkjet-printed square electrodes. This
variation depends not only on the location of each electrode in an array but also on the number of
electrodes. This means that for the same drying temperature and duration, the array with a larger
number of electrodes exhibits a larger resistivity variation. The sooner an electrode dries, the lower
resistivity it achieves. The resistivity variation between an individual electrode and the center
electrode in a 7× 7 electrode array can be a factor of seven. This variation decreases for lower
numbers of electrodes to a factor of three for a 3× 3 array. Furthermore, x-ray photoelectron
spectroscopy analyses provide evidence for the residual presence of carbon-based materials within
electrodes after the drying process. These results confirm that the location of electrodes within an
array significantly influences the amount of residual carbon-based materials, thereby contributing
to resistivity variations. Although intense pulsed light sintering can decrease this variation, its
optimal parameters depend on the printed designs, and our simulation results show a
non-uniform temperature profile over the electrode arrays. Temperature increases more at the
center of patterns than the corners, which can be useful in this case to improve resistivity
uniformity. In this study, for the first time, we show how different printed shapes and designs can
result in non-uniform resistivity after drying and sintering.

1. Introduction

Printed electronics can produce various electronic
thin-film devices, including diodes [1, 2], capacitors
[3], resistors [4, 5], solar cells [6, 7], sensors [8, 9],
batteries [10], antennas [11, 12], and transistors [13–
15]. Some advantages of printing methods are the
possibility of printing over large areas, cost reduction,
and rapidmanufacturing [16, 17]. Another advantage
of this technique for the fabrication of wearable and
flexible electronics is the use of biodegradable and

recyclable materials. For example, without the need
for etching and lithography masks, additive man-
ufacturing and printed electronics as a fabrication
method reduce the number of materials in a fab-
rication line [16, 17]. This feature also helps to cut
down on fabrication costs. Furthermore, circuits and
electrical devices may be printed on various surfaces
using functional inks, unlike traditional graphics arts
printing that is limited to pictorial patterns [18–
20]. Conductive inks [21] are particularly important
as almost all electronic devices and systems require
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electrodes or other metallic structures. The quality
factor (Q) of an inductor is influenced by its resist-
ance as shown in equation (1), where R is DC resist-
ance, and ωL is the inductive reactance

Q =
ωL

R
. (1)

The most popular inks for printing electrically
conductive connections in printed electronics, espe-
cially wearable electronics, are metal inks [22–24].
Metal nanoparticles or precursors may be dispersed
in water or organic solvents [25–27], and various sta-
bilizers are added to the inks to ensure proper stabil-
ity and prevent agglomeration or condensation. Gold
(Au) is recognized as an ink with the highest elec-
trical conductivity among metal inks. However, it is
not frequently used due to economic reasons. Silver
(Ag) offers almost the same qualities at a lower cost
[28]. Copper (Cu) nanoparticles have been used as a
less expensive substitute for silver inks. However, they
have a stronger tendency to oxidize in the presence
of air [29]. Conductive polymers have also recently
been explored as a result of their desirable qualit-
ies, such as low weight, flexibility, cost-effectiveness,
bio-compatibility, and ease of production. However,
there are some drawbacks to using conductive poly-
mers, such as lower electrical conductivity compared
to metal inks and carbon-based inks [30], low con-
centration of polymer inks that results in long drying
times, and also limitations in terms of stability and
processability [31].

After the ink is printed, solvents need to be
removed from the ink and vaporized. The remain-
ing ink components form a solid film when the liquid
phase evaporates. As the ink begins to dry, the vis-
cosity will increase, decreasing the evaporation speed.
In addition, the ligands and binders that encapsu-
late the nanoparticles to suspend them in solution
limit the electrical conductivity of the printed thin-
film pattern. These components should be decom-
posed during the sintering process. This process not
only deteriorates the organic components but also
fuses the nanoparticles, improving the printed pat-
tern’s electrical conductivity [32, 33]. Achieving uni-
form evaporation in inkjet-printed electronics poses
challenges, including the coffee-ring effect leading
to non-uniform thickness. This complexity, extend-
ing beyond traditional inks, involves anchored liquid
points during evaporation, as detailed by Deegan et al
[34]. Capillary flow, explained by Deegan’s work,
propels particles towards outer boundaries. Fischer’s
[35] model highlights convective currents transport-
ing solute to the droplet’s outer rim. Marangoni
effects influence fluid movements near edges. These
reports focus on the effect of non-uniform dry-
ing on fluid flow and thickness non-uniformities
within printed features. Here, we report the effect
of non-uniform drying on the material properties
of inkjet-printed nanoparticle conductors, namely

resistivity. The effect of non-uniform sintering of
nanoparticles has been studied for different sintering
methods such as laser sintering for rapid inkmetalliz-
ation or plasma sintering. Swift metallization results
from fast evaporation of volatile constituents, form-
ing a dense surface layer and causing defects. This
accelerated surface sintering hinders complete sinter-
ing toward the ink/substrate interface, leading to poor
adhesion post-sintering [36]. In these reports, non-
uniform sintering in the film thickness dimension is
studied. Here, we study the non-uniform evaporation
and sintering in the lateral pattern dimension lead-
ing to different resistivity values in different parts of a
circuit.

There are several sintering techniques for improv-
ing the electrical conductivity of metal nanoparticle
films. The most common is thermal sintering, car-
ried out on a hot plate or in an oven, potentially
in a reducing atmosphere for metals such as copper.
Nanoparticles have a high surface-to-volume ratio,
and the self-diffusion of metal nanoparticles is faster
than for bulk metal, which causes a lower melting
point for metal nanoparticles. Therefore, a temper-
ature around 80 ◦C–200 ◦C can remove the organic
components of the ink, and sinter the nanoparticles
[37]. Thermal sintering has two main drawbacks:
first, it can deform low-cost flexible plastic substrates,
and second, it can be time-consuming, especially for
roll-to-roll printing.

Conversely, photonic sintering methods allow the
sintering of nanoparticles on sensitive substrates [38,
39]. Among them, intense pulsed light (IPL) sinter-
ing using a xenon flash lamp is attractive for sin-
tering metal nanoparticles. When Kinney and col-
leagues published their historical patent in 1969, they
started using the IPL technique for sintering nano-
particles, which is now applied to printed materials
for electronic devices [40]. The thin film of metal
nanoparticles will absorb the millisecond pulsed light
and quickly cool down without heating the substrate,
making it possible to do so without damaging the
heat-sensitive polymer. Additionally, the IPL sinter-
ing method is fast, speeding up the production pro-
cess by increasing temperature within milliseconds
[41].

Many studies of IPL sintering have been per-
formed for uniform designs such as blanket films or
individual lines, which means that the heat energy
distribution is uniform, and the resistivity of the prin-
ted pattern can be uniform. However, to form differ-
ent electronic devices and circuits, such as sensors,
micro-heaters, wireless power transfer and antennas
[42–44], different-sized patterns must be printed on
a substrate that may include more complicated pat-
terns, for example, spirals, interdigitated lines, or
closely spaced electrodes in contrast to simple shapes
such as circles, rectangles, or squares. These printed
patterns also require a sintering process. A study by
Kim et al discovered that IPL sintering characteristics

2



Flex. Print. Electron. 9 (2024) 015011 M Ghalamboran et al

depend on the distance between adjacent printed
patterns and the size of them because wider lines
absorb more heat, which can spread more easily
across the smaller gaps.When this happenswith com-
plex patterns, it can be hard to achieve the same res-
istance everywhere within the pattern [45]. Another
process that can potentially lead to resistance vari-
ations when patterns are printed with small gap dis-
tances is the drying step. A study compared evapora-
tion of a single water droplet and a droplet surroun-
ded by six other droplets. The time of drying for single
water droplet is five times less than the droplet sur-
rounded by six droplets because the relative humid-
ity saturates the air around the center drop due to
the evaporation of neighboring drops. However, the
effect of this phenomenon on drying inks containing
functional materials was not studied [46].

Here in this paper, we show that electrical resistiv-
ity of printed metal nanoparticle conductors strongly
depends on the pattern design due to the drying
and subsequent sintering. This is important in sys-
tems with multiple different types of patterns as illus-
trated in figure 1(a). For example, a dense antenna
pattern will dry more slowly than a sparse pattern
such as resistive sensor leading to different resistivit-
ies. Conversely, subsequent IPL sintering can improve
the resistivity uniformity. Here, we demonstrate that
these two interlinked phenomena significantly affect
the resistance of several inkjet-printed patterns used
in printed devices and circuits and should be taken
into account by circuit designers. The effects are stud-
ied systematically using arrays of printed electrodes
with small gap distances. The term ‘variations’ in this
study refers to the differences in resistivity observed
between different patterns and different locations
within larger patterns, specifically how the resistivity
of printed conductors varies depending on their geo-
metric design.

2. Results and discussion

The pattern-dependent drying and sintering effects
are studied here by printing various line patterns with
different geometries, including square wave shapes,
large U shapes, straight lines, small U shapes, and
spirals (refer to figure 1(a)). These line patterns share
the same length and width but exhibit varying local
densities and numbers of corners. During the drying
step, the solvent’s vapor density is higher around pat-
terns characterized by increased local pattern density.
In contrast, during the subsequent sintering step, we
observed higher temperature rises. This elevated tem-
perature leads to a more substantial reduction in res-
istance, contributing to a higher resistance reduction
factor compared to patterns with lower local density
geometries, as depicted in figure 1(b).

The printed patterns are dried at 60 ◦C for 25min
and IPL sintered with 15 J cm−2. All the shapes are
printed with the same total amount of silver ink,

which is 1288 drops, and the same linewidth. By con-
trolling the total amount of silver ink (1288 drops)
and maintaining the same linewidth, we ensured that
variations in ink quantity per unit length and trace
thickness as well as overall trace length were not con-
tributing factors to the observed resistance differ-
ences between different shapes. The only difference
between the patterns is the number of corners and
the local density of the pattern. To calculate resistiv-
ity from resistance measurements for the different
patterns, microscope images of the printed patterns
were imported into COMSOL Multiphysics with the
average thickness of each pattern obtained from pro-
filometry, and the current and voltage distributions
were calculated. The results show a clear trend of
increasing resistivity after drying with increasing pat-
tern density in figure 1(b). The spiral design with
the closest printed features, i.e. adjacent lines, shows
the highest resistivity after drying compared to other
shapes (57% larger than the line shape with the lowest
density). The large U shape and small U shape are two
examples of the same fundamental shape to study the
effect of pattern density. The smaller U shape shows a
higher resistivity after drying compared to the large U
shape (26.8% higher). After IPL sintering, the spiral
design with the highest local pattern density shows
the highest resistivity reduction by a factor of 2.47 but
its resistivity after sintering is still 29.4% times larger
than the line shape. These experiments show that dry-
ing is dependent on the pattern geometry and com-
pact designs with small gap distances dry more slowly
than less dense designs resulting in a higher resistivity
for the same drying time. Conversely, after IPL sinter-
ing, compact designs with small gap distances show
a larger resistivity reduction factor than less dense
designs due to the more concentrated temperature
distribution over the designs with denser local pattern
density.

To study these phenomena more systematic-
ally, square-shaped electrodes with different pattern
densities are inkjet printed, shown schematically in
figure 2(a). The electrodes are printed as an indi-
vidual, and arrays of 9 (3 × 3), 25 (5 × 5), and
49 (7 × 7) square electrodes. Square array pat-
terns were chosen as our experimental platform for
several reasons. They offer a controlled and stand-
ardized environment, allowing systematic variation
of square location and density while keeping other
factors constant. This controlled setup is crucial for
isolating pattern-dependent variables, such as drying
and sintering. Furthermore, square arrays are versat-
ile and adaptable for studying a wide range of pat-
terns, making them a suitable model for establishing
fundamental principles that can be applied to more
complex designs commonly encountered in printed
electronics. Additionally, square arrays facilitate the
clear presentation of our findings and enhance access-
ibility to a broader audience. In essence, the use of
square arrays enables us to systematically investigate
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Figure 1. (a) Different pattern geometries that were studied after drying and sintering: (i) square wave, (ii) large U shape, (iii)
small U shape, (iv) spiral pattern, and (v) straight line. (b) Resistivity of these patterns after drying and sintering, which shows an
increasing trend from line to spiral pattern.

Figure 2. (a) Schematic of inkjet printer, (b) drying pattern of three different electrode arrays at four different times.

the fundamental effects of non-uniform drying and
IPL sintering on resistivity in different locations, lay-
ing a robust foundation for understanding pattern-
dependent resistivity variations in printed conduct-
ors that can be extrapolated to other practical applic-
ations. Moreover, an individual electrode was prin-
ted far away from the array to study its resistivity as
a reference electrode. The individual electrode dried
first, then the corners of arrays and finally the cen-
ter electrode in the array. The drying pattern of the
printed designs with gap distance of 250 µm is shown
in figure 2(b) at four different times on a hot plate
at 60 ◦C. The thickness of the square shape elec-
trodes is 500 ± 60 nm and the average thickness of
complex designs is 750 ± 70 nm. The thickness is

controlled through a variable drop spacing method,
which enhances both the sharpness of the edges and
the uniformity of thickness (shown in figure S1). In a
3 × 3 electrode array after 10 min the corners will be
dried, while the 5 × 5 and 7 × 7 arrays are still com-
pletely wet. The 7 × 7 array needs more drying time
than 3× 3 and 5× 5; even after 14min, the 7× 7 array
has many wet electrodes when most of the electrodes
are dried completely in the 5× 5 array. Here, the 7× 7
array with 250 µm gap is dried after 20 min and this
drying time is used for all other electrode arrays with
smaller size or larger gaps. For 100 µm gap distance
between electrodes, this time is increased to 30 min.

The average resistivity of electrodes with differ-
ent distances from the center electrode is measured
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Figure 3. (a) Resistivity versus distance from the center electrode for 7× 7 electrode array with 250 µm gap distance after drying
for 20 min at 60 ◦C. (b) Resistivity variation for center electrodes in 3× 3, 5× 5, and 7× 7 electrode arrays all with 100 µm gap
distance after drying at 60 ◦C for 30 min on a hot plate. (c) Resistivity variation for center electrodes in 7× 7 electrode arrays
with three different gap distances after drying at 60 ◦C for 30 min on a hot plate. (The error bar represents standard deviation).

after drying on a hot plate at 60 ◦C for 20 min
using the van der Pauw (VDP) method. The res-
ults for a 7 × 7 array with 250 µm gap distance are
shown in figure 3(a). There is a descending trend of
resistivity from the center to the corner electrodes,
which follows the drying pattern shown in figure 2(b).
The sooner the electrode dries, the lower resistivity
it achieves. The center electrode shows a resistivity
(1433 ± 208 µΩ.cm) 21 times larger than individual
electrodes (66.19 ± 4.27 µΩ.cm) and 19 times larger
than corner electrodes (71.99± 4.33 µΩ.cm).

In order to study the resistivity variation for elec-
trode arrays with different numbers of electrodes,
3 × 3 and 5 × 5 arrays were also studied with a gap
distance of 100 µm and 30 min drying on a hot plate.
The resistivity of the center electrodes is shown in
figure 3(b). This experiment demonstrates that the
resistivity of electrodes in an array depends on the
overall density of electrodes in the array, where the
center electrode in a 3 × 3 array shows smaller res-
istivity than center electrodes in 5 × 5 and 7 × 7
arrays. Also, the same drying condition were applied
to 7 × 7 arrays with three different gap distances
and the results are shown in figure 3(c). Increasing

gap distance increases evaporation rate, which causes
lower resistivity for the center electrodes.

During drying, both the number of electrodes
and the gap distance between them affect the vapor
density of the ink’s solvent. Increasing the num-
ber of electrodes and decreasing the gap distance
increases the vapor density in the center of an array,
which decreases the evaporation rate, and this can
cause a delay in the drying of the center electrode.
In order to show the vapor density effect on dry-
ing time and uniformity, drying of a 7 × 7 electrode
array was performed in an atmosphere saturated with
the ink’s solvent triethylene glycol monoethyl ether
(TGME). Drying time was increased from 30 min
to 45 min and resistivity variation from corner to
center electrodes was decreased to 25.15% compared
to normal drying under atmospheric conditions
(439.80%).

In order to study the generality of this phe-
nomenon, resistivity variations after drying were
studied with another ink that contains Cu nano-
particles. A 7 × 7 electrode array was printed and
dried in a vacuum oven at 60 ◦C. After 30 min
the corner and center electrodes show a resistivity
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Figure 4. Resistivity of individual, corner, and center
electrodes in a 7× 7 array with a gap distance of 100 µm
after sintering at different temperatures from 60 ◦C to
160 ◦C for 30 min. (The error bar represents standard
deviation).

of 49.4 ± 3.96 µΩ.cm and 109.38 ± 2.57 µΩ.cm,
respectively. This shows that the non-uniform drying
and resistivity variation phenomena are not limited
to one ink.

After drying, sintering treatment is necessary for
printed silver nanoparticles to improve overall res-
istivity of electrodes. Here, two different sintering
methods are applied: conventional thermal sintering
on a hot plate and IPL sintering as a photonicmethod.
The electrical resistivity of a 7 × 7 electrode array
with a gap distance of 100 µm is studied using a hot
plate at different temperatures (60 ◦C–160 ◦C) with
a sintering time of 30 min. The resistivity of three
different electrode locations (individual, corner, and
center electrodes) after thermal sintering are shown
in figure 4. It shows an improvement in electrical
resistivity of all electrodes with increasing sintering
temperature and also less variation from center to
corners compared to before sintering. After sintering
at 160 ◦C, a 17% resistivity variation remains between
center and corner and 27% between individual and
center.

IPL sintering is applied to all arrays (3× 3, 5× 5,
and 7 × 7) with the same gap distance (100 µm)
with different numbers of pulses and energy densit-
ies. During IPL sintering, the voltage is kept constant
at 2500 V for a range of 5–150 pulses. However, after
150 pulses, the resistivity no longer changes. To con-
tinue the sintering process, the voltage is increased
to 3000 V and 180 pulses are applied to the elec-
trodes. The resistivity of the individual electrode is
shown separately in figure 5(a), and all the results
for arrays are shown in figures 5(b)–(d). The res-
istivity of as dried individual electrodes reduces 22
times after initial sintering at 22.5 J cm−2 (from
66.19 ± 4.27 µΩ.cm to 2.99 ± 1.69 µΩ.cm), while
it is 16 times for corner (79.89 ± 3.57 µΩ.cm to

4.99 ± 0.48 µΩ.cm) and 65 times for center elec-
trodes (431.25 ± 65.75–6.61 ± 0.62 µΩ.cm) in a
7× 7 array. Increasing energy density to 1020 J cm−2

improves the resistivity to 1.85 ± 0.05 µΩ.cm,
2.05 ± 0.09 µΩ.cm, and 2.16 ± 0.06 µΩ.cm for
individual, corner and center electrodes, respectively.
With increasing number of electrodes, the variation
in resistivity from the corner to center electrodes
increases after drying. After sintering at 22.5 J cm−2,
corner and center of electrodes in an array with a
large number of electrodes still show a higher res-
istivity than smaller arrays. The resistivity after IPL at
1020 J cm−2 does not depend on array size. The res-
istivity of the center electrode in 3 × 3, 5 × 5, and
7 × 7 arrays is decreased by a factor of 82.12, 136.17,
and 199.65 respectively after sintering at 1020 J cm−2,
which is the best energy density for the lowest vari-
ation (less than 6%) between corner and center as well
as the lowest resistivity overall. Conversely, the lowest
variation after thermal sintering at 160 ◦C for 30 min
on a hot plate is still 17%.

Oversintering of electrodes after applying pulses
with 1224 J cm2 causes a resistivity increase for all
electrode arrays and is therefore the limit for increas-
ing the energy density. The SEM images in figure 5
show sintered nanoparticles in a corner electrode in
a 7 × 7 array with a gap distance of 100 µm. After
sintering at 1020 J cm2, the image (figure 5(e)) shows
a continuous and even silver surface, but after over-
sintering at 1224 J cm2 some holes can be seen in
figure 5(f), which increases the resistivity.

As discussed for the drying step, another para-
meter for controlling the resistivity variation in elec-
trode arrays is the gap distance between the prin-
ted electrodes. Three different gap distances are stud-
ied for a 7 × 7 electrode array, and the resistivity
of electrodes are normalized to the individual elec-
trode as shown in figure 6. Figure 6(a) shows a des-
cending trend for resistivity with increasing gap dis-
tance after drying. The resistivity of the center elec-
trode is 6.7 and 5.4 times larger than the individual
and corner electrodes, respectively, with a gap dis-
tance of 100 µm. This decreases to 1.7 and 1.6 times
for a gap distance of 1050µm.After IPL sinteringwith
an energy density of 540 J cm−2, the difference in res-
istivity of center electrodes between different gap dis-
tances decreases significantly (shown in figure 6(b)).
The difference becomes 8.3% from 100µm to 500µm
gap distance, and 17% from 100 µm to 1050 µm
(shown in figure 6(b)). As mentioned previously,
after sintering at 1020 J cm−2, overall resistivity is
minimized, corners and center have the lowest vari-
ation, and the difference between different gap dis-
tances is the lowest value as shown in figure 6(c).
After 1224 J cm−2, the descending trend with increas-
ing gap distance becomes stronger again and all res-
istivity values are increased (figure 6(d)). This means
that for a lower gap distance such as 100 µm, over-
sintering causes a larger resistivity, while for a larger
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Figure 5. Change in resistivity as a function of energy density for (a) individual electrode, and corners and centers of (b) 3× 3,
(c) 5× 5, and (d) 7× 7 arrays. Note, the y-axis scales are different in these graphs as larger arrays generally exhibit larger
resistivity. SEM images of corner electrode after sintering at (e) 1020 J cm−2 exhibiting minimum resistivity and (f) 1224 J cm−2

exhibiting oversintering. (The error bar represents standard deviation).

gap distance such as 1050 µm the resistivity increase
is less pronounced, and it is similar to the resistivity
of the same electrodes after sintering at 1020 J cm−2

(figures 6(e)–(g)). Also, figure S2 shows the non-
normalized resistivity variation of corner and center
after sintering at 1020 J cm−2 and 1224 J cm−2.

The reason for resistivity variations between
individual, corner and center electrodes in arrays
after hotplate drying could be different amounts of
carbon-basedmaterials (binders, surfactants, ligands,

and residual solvent) that remain in the electrodes.
In order to study the residual ink after 30 min
of drying on a hot plate at 60 ◦C, x-ray photo-
electron spectroscopy (XPS) is used for individual,
corner, and center electrodes of a 7 × 7 electrode
array with a gap distance of 100 µm. The results
are shown in table 1 and confirm that after drying
of the electrodes, the residual amount of carbon-
based materials is dependent on the position of elec-
trodes in an array, which causes resistivity variations.
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Figure 6. Average resistivity of corner and center electrodes in a 7× 7 array with three different gap distances normalized to the
individual electrode (a) after drying, (b) after IPL sintering at 540 J cm−2, (c) 1020 J cm−2, (d) 1224 J cm−2, and normalized
resistivity of corner and center electrodes for different energy densities at a gap distance of (e) 100 µm, (f) 500 µm, and (g)
1050 µm. (The error bar represents standard deviation directly).

SEM images of individual, corner, and center elec-
trodes (figure 7) show the morphology of the prin-
ted films after drying and IPL sintering. After dry-
ing before sintering, SEM images show individual
particles and no significant difference in morphology

because particles are not sintered yet. Differences
in resistivity can be explained by the differences in
carbon content from XPS (table 1). After sintering,
the images reveal distinct crack patterns, with fewer
cracks in the individual electrodes, more in the corner
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Figure 7. SEM images of (a) individual, (b) corner and (c) center electrodes of a 7× 7 array after drying at 60 ◦C for 30 min and
after IPL sintering (d), (e), and (f) at 1020 J cm−2.

Table 1. Atomic percentages of dried electrodes from XPS showing more residual ink inside of arrays.

XPS C1s Ag3d S2p O1s

Electrode Position Rel.At.% Rel.At.% Rel.At.% Rel.At.%
Individual 33.4 42.6 19.5 4.5
Corner 42.3 35.0 15.3 7.4
Centre 45.5 32.9 13.0 8.7

electrodes, and the highest number of cracks in the
center electrodes. These observations align with our
XPS analysis, indicating that the presence of cracks
correlates with the residual carbon residual content
after drying and resistivity.

The thermal processes during IPL sintering were
simulated using a time-dependent 3D COMSOL
Multiphysics model to the investigate temperature
distribution over square shaped silver electrodes on
the glass substrate. The size and thickness of elec-
trodes are the same as the experimental samples. Heat
transfer from the light source, convection, and surface
to ambient radiation are applied to the electrodes. A
single pulse with 4.6 J cm−2 energy density and 2 ms
pulse width is applied to a 3 × 3 electrode array for
four different gap distances. The temperature differ-
ence between corner and center at 2 ms is around
200 K and it is not dependent on the gap distance.
However, after the end of the light pulse during cool-
ing, the temperature gradient is different for different
gap distances. At 40ms, the temperature gradients for
arrays with 50 µm, 100 µm, 250 µm, and 500 µm gap
distance are 42 K, 37 K, 25 K, and 20 K, respectively

(figures 8(a)–(d)). The temperature variation results
for 5 × 5 and 7 × 7 electrode arrays with differ-
ent gap distances are provided in the supplementary
information.

This simulation illustrates the temperature distri-
bution over electrode arrays with different gap dis-
tances. Printed electrodes with smaller gap distance
show a higher resistivity after drying compared to
a larger gap distance but the temperature distribu-
tion during IPL leads to a higher resistivity reduction
factor compared to the larger gap distance. Moreover,
the electrodes with smaller gap distance oversinter at
a lower energy density compared to the larger gap
distance due to the higher temperature difference
that also lasts for a longer time for smaller gap dis-
tance. The temperature variation is not dependent on
the number of electrodes, while it is dependent on
the gap distance. For the same gap distance but dif-
ferent number of electrodes, temperature variations
are similar. This is also observed experimentally in
figures 5(b)–(d) where the lowest resistivity and the
resistivity after oversintering are the same for different
numbers of electrodes with a constant gap distance.
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Figure 8. Temperature variation during IPL sintering of a 3× 3 electrode array with a single pulse of 4.6 J cm−2 with (a) 50 µm,
(b) 100 µm, (c) 250 µm, and (d) 500 µm gap distance.

This means the gap distance between electrodes plays
the most important role, which is shown in figures S3
and S4.

3. Conclusion

In this work, we report the resistivity variation of
printed electrodes in different designs, pattern sizes
and densities using inkjet printing of metal nano-
particles. The pattern-dependent drying and sinter-
ing effects on the resistivity of electrodes are stud-
ied. It is shown that for the same drying temperat-
ure and duration, the sooner the electrode dries the
lower its resistivity will be. Electrode arrays with dif-
ferent numbers of electrodes and gap distances are
studied after drying and sintering. Higher number
of electrodes and lower gap distance between elec-
trodes result in higher resistivity after drying.We used
COMSOL Multiphysics to simulate how temperat-
ure changes in electrode arrays during IPL sintering.
This helped us study how the design, size, and dens-
ity of the printed elements affect the temperature. We
found that the difference in temperature between the
center and the corners of the array depends on the gap
distance between them. When this gap is smaller, the
reduction in resistivity is more significant compared

to arrays with larger gap distances after IPL sinter-
ing. The resistivity variation is studied for a number
of line patterns with different local geometry density
and number of corners but the same volume of ink
(number of droplets). The patterns with a higher local
pattern density and the same number of corners show
a higher resistivity. In addition, after IPL sintering,
the patterns with higher local pattern density result
in a higher resistivity reduction factor. These effects
need to be characterized when developing new prin-
ted electronics processes to enable circuit designers to
consider the effect of pattern geometry on resistance
and circuit performance in their designs. AnAI-based
predictive model can estimate the resistivity of inkjet-
printed designs based on various parameters, includ-
ing design, drying, and sintering conditions. Future
research in this direction could enhance our ability
to optimize printed electronics. These insights will
empower circuit designers to optimize printed cir-
cuits effectively, considering parameters such as fea-
ture spacing, shape, gap distances, and sintering set-
tings, ensuring the desired electrical performance in
various printed electronic applications and advancing
the field of printed electronics. Also, simulating the
drying process of inkjet-printed patterns could help
to further understand how different designs affect
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evaporation rates and vapor pressure. Future work
could also study convection drying and the effect of
air flow during drying to control resistivity variations.
In summary, our study provides practical guidance
for optimizing printed circuits. For dense patterns,
careful control of feature spacing, especially with IPL
power management, is crucial. If there is flexibility in
the layout, strategic considerations of shapes and gap
distances can bemade to optimize electrical perform-
ance. Minimizing oversintering is vital for achiev-
ing uniform resistivity. For specific resistivity goals,
adjusting shape, gap distances, and applying IPL sin-
tering with customized settings are recommended.
These insights empower designers to tailor their lay-
outs effectively, ensuring desired electrical perform-
ance in diverse printed electronic applications.

4. Materials andmethods

4.1. Inkjet printing
A square pattern (1mm× 1mm) is printed individu-
ally and in arrays of 9, 25, and 49 squares on borosilic-
ate glass substrates (Fisher Scientific) using two dif-
ferent commercial inks: silver nanoparticle ink (ANP
DGP 40LT-15 C, Advanced Nano Products, Co.,
Sejong, Korea) and copper nanoparticle ink (Metalon
CI-005, NovaCentrix, Austin, TX). The solvent of
the silver and copper nanoparticle inks are TGME
and glycol ether respectively. A piezoelectric inkjet
nozzle with a diameter of 60 µm (MJ-ATP-01-60-
8MX, Microfab Technologies, Inc. Plano, TX) is used
in a custom-made inkjet printer. In order to have
stable jetting, a trapezoidal bipolar waveform of 60 V
peak-to-peak is applied to the nozzle to jet the silver
ink with 10–17 mPa.s and copper ink with 13 mPa.s
viscosity. The printed copper and silver electrodes are
dried in a vacuum oven and on a hot plate at 60 ◦C,
respectively. The square patterns are printed with an
inward spiral drop sequence with 120 µm drop spa-
cing for the first boundary, and the rest of the spiral is
printed with 65 µmdrop spacing. Arrays of 9 (3× 3),
25 (5× 5), and 49 (7× 7) square electrodes are prin-
ted with different gap distances. Five more complic-
ated line patterns (line, spiral, small and largeU shape
and square wave) are printed with a same total num-
ber of droplets to study the resistivity variation due to
differences in pattern.

4.2. Post-processing by drying and IPL sintering
Printed squares are dried on a hot plate at 60 ◦C for
20 min to create solid films of metal nanoparticles.
The next step is IPL sintering (X-1100, XENON
Corporation, Wilmington, MA) with different IPL
parameters to control the quality of thin films and
yield the lowest electrical resistivity in ambient condi-
tions at room temperature. The IPL parameters dir-
ectly change the energy density (J.cm−2 per pulse).
The pulse width of the incident light can be con-
trolled, which will also affect the energy density per

pulse. Pulses with energy density between 4.5 J cm−2

(2 ms pulse width and 2500 V) and 6.8 J cm−2 (3 ms
pulse width and 3000 V) are applied to the printed
squareswith different numbers of pulses (5–180). The
samples are placed at a distance of 2.5 cm from the
light source.

4.3. Characterization
The electrical resistivity ismeasured using a probe sta-
tion connected to a semiconductor parameter ana-
lyzer (Keithley 4200A). Four probe needles touch the
corners of an individual square, and the sheet resist-
ance of the thin film will be calculated by the VDP
method. Two of the needles will have a swept current
applied, and the other two will record the voltages.
Four resistances will be calculated from these meas-
urements with four different probe configurations
called R1, R2, R3, and R4; and the experimental sheet
resistance of the square shaped sample (Rs,exp) can
be calculated after R1, R2, R3, and R4 measurements
using equation (2). In our case, as the sample is thin
compared to its lateral dimensions, needles are placed
at the corners of the square, the surface is homogen-
eous, and there are no holes in it, R1, R2, R3, and
R4 are equal, and equation (2) can be simplified as
equation (3) [47]

exp

(
−πR1 +R3

2Rs,exp

)
+ exp

(
−πR2 +R4

2Rs,exp

)
= 1 (2)

Rs,exp =
π

ln(2)

V

I
. (3)

The electrical resistivity is calculated with the
thickness of the printed thin film measured using a
stylus profilometer (Alpha-Step, D-600, KLA-Tencor,
Milpitas, CA). For the resistance measurement of the
complex designs, a two-point probe measurement
is used by applying voltage and recording current
using the same semiconductor parameter analyzer
(Keithley 4200A). Also, the error bar represents the
standard deviation of multiple measurements from
five different samples for each condition. Resistance
of different line patterns is converted into resistivity
using a COMSOL Multiphysics model. Microscope
images of the different printed patterns are imported
into COMSOLwith the average thickness of each pat-
tern obtained from profilometry. The model is solved
to obtain current and voltage distributions for unit
resistivity. The experimental resistivity is obtained
by dividing the experimental resistance by the simu-
lated resistance. Scanning electronmicroscopy (SEM)
is performed with a field emission SEM (FEG-SEM,
Fisher Quanta 3D) to take images of the printed thin
films before sintering, after sintering, and after over-
sintering. XPS measurements are performed using a
K-alpha x-ray photoelectron spectrometer (Escalab
250Xi, Thermo Fisher Scientific, East Grinstead, UK).
The survey spectra are taken with 1 eV step size and
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a 100 eV pass energy. Elemental spectra are recorded
with 0.1 eV step size and a pass energy of 20 eV.

4.4. Simulation
The thermal processes during IPL sintering are sim-
ulated to gain more insights into the heat and tem-
perature distribution over the printed electrodes on
the glass substrate. A time-dependent 3D COMSOL
Multiphysics model is created based on the built-
in heat transfer models. The model simulates the
heat distribution of the IPL on the silver electrodes
and solves the heat transfer equation for three main
boundary conditions. General inward heat flux on
the top surface of electrodes is used to simulate the
energy density of IPL sintering. Convective cooling
heat flux is applied for both electrodes and glass sub-
strate. Surface to ambient radiation is only used for
electrodes. The pulse width and energy density are
chosen based on experiments, and a 2 ms pulse with
4.6 J.cm−2 is applied to the 9 (3× 3), 25 (5× 5), and
49 (7 × 7) electrode arrays. Only a quarter of each
array is simulated using symmetry to reduce the com-
putational volume.
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