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ABSTRACT: Printed electronics are circuits that are additively I
manufactured using conductive pastes composed of micro-/ 45;‘

nanoconductive metal particles. Silver-based compounds are the

most widely used metals for such pastes due to their superior ... ...
conductivity and oxidation stability. However, the high cost of O’
silver (Ag) has demanded its replacement with more cost-effective Coppevoxl’t‘:e Prwn
and abundant metals such as copper (Cu). Despite its cost-  ruesier
effectiveness and abundance, Cu suffers from high oxidation  sweroxae sher
tendency and sintering temperature that have limited its
widespread utilization in printed electronics. In this work, we have developed a low-cost hybrid bimodal paste composed of Cu
microparticles (1—5 pm) and Ag nanoparticles (20—30 nm) (CuMPs/AgNPs) via nondestructive photonic sintering. The
concurrent melting of AgNPs and catalytic reduction of CuMPs allow the paste to be sintered at considerably low temperatures
using an intense-pulsed light (IPL) source. The required light energy density for effective sintering of different mixing ratios of
AgNPs and CuMPs was systematically measured using electrical, optical, and mechanical characterization techniques. These analyses
revealed that a minimum of 16 wt % AgNPs in the bimodal CuMP/AgNP paste with an IPL irradiation energy of 10.6 J/cm?* and
pulse duration of 5 ms achieved a minimum sheet resistance of 0.072 €/[] that results from localized melting of AgNPs between
adjacent CuMPs. Furthermore, the CuMP/AgNP films with a minimum of 6 wt % AgNPs showed significantly improved oxidation
stability characteristics even after 7 days of incubation in accelerated oxidation conditions [70 °C and 100% relative humidity (RH)].
As a proof of concept, we demonstrated an application of the developed paste (CuMPs-6 wt % AgNPs) by directly printing a
wireless resonant moisture sensor onto the interior region of a cardboard package box, which is capable of performing in situ
monitoring of the moisture ranging from 30 to 85% RH with an average linear sensitivity of —3.08 % RH/MHz.
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B INTRODUCTION materials (e.g., precious metal particles) into an organic binder
(e.g, polyvinyl alcohol, polyvinylpyrrolidone, and polyvinyl
butyral) that is dissolved in an organic solvent. After printing
the desired pattern, the paste needs to be properly dried or
cured to remove the solvent, strengthen the matrix, and form
percolation paths of conductive particles. Among different
conductive filler particles used in many conductive inks and
pastes, silver (Ag) has been reported to be the most widely
used material due to its high conductivity (¢ = 6.3 X 10" Q!

In recent years, there has been a growing interest in utilizing
novel additive manufacturing technologies as a suitable
fabrication method that enables high-volume production of
various low-cost electronic devices, such as radiofrequency
(RF) identification tags, wearable electronics, batteries, and
sensors. ° Unlike conventional photolithography based
fabrication methods which require several lengthy and time-

consuming processing steps, printed electronics (PE) offer a Z1 a1 . .
4,6—8 . ) m™") and oxidation resistance against many other metals.
great number of advantages™ in the manufacturing of

. . 1 . Despite the obvious merits of silver-based conductive pastes
electronic devices by providing a more cost-effective and . . L
. f . - . 3,910 such as the excellent conductivity and resistance to oxidation,
efficient use of materials with minimal waste production.”” . . . . . .
. . . the continuous increase in the raw material prices of precious
In addition, printed technologies are frequently used for the
fabrication of conductive elements (e.g., contacts, intercon-
nects, antennas, and electrodes) for flexible electronic devices
on a wide range of polymeric substrates that are chemically and
thermally incompatible with conventional integrated circuit
processes.'' ~"°
In general, the conductive pastes used in such printed

elements are created by dispersing small particles of conductive
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Figure 1. Schematic of the nanowelding process of CuMPs by AgNPs via xenon lamp irradiation, (a) fabrication of CuMP/AgNP hybrid bimodal
trace by screen printing, (b) photonic sintering and photothermochemical reduction of the trace by a xenon lamp, and (c) sintered trace with

reduced CuMPs welded together by AgNPs.

metals and the need for high temperature for curing/sintering
process have restricted their wide use to certain substrates on
which they can be printed. Lately, copper (Cu)-based
conductive pastes have been increasingly considered as a
potential replacement material for expensive noble-metal-based
conductive pastes. However, despite its lower cost, it has an
inherent tendency to oxidize under ambient conditions due to
the relatively low oxidation potential energy of Cu ions (0.34
V) as compared to Ag (0.799 V), which induces the inevitable
formation of an oxide layer on the Cu particles with low film
electrical conductivity after printing.16 Therefore, Cu-based
pastes will require a critical postdeposition sintering process to
transform printed patterns into conductive, solid metal
traces.'” In general, sintering processes of PE can be
categorized into chemical- and thermal-based approaches.
Most chemical sintering approaches involve exposing the
printed traces to a series of chemical solutions that first remove
the oxide layer, followed by electroless deposition of Cu
between the printed particles, forming a densely packed
conductive structure.'® Although such chemical sintering
processes are performed at relatively low temperatures with
cost-effective materials, the required long durations of
submerging the printed traces in liquid solutions impede its
wide industrial use, limiting its application to water-resistant
substrates.

In contrast, thermal-based approaches involve the applica-
tion of heat to decompose and remove the oxide layer and
sinter the metal particles within the printed trace.'” Although it
is relatively easy and cheap, the high temperatures (>1000 °C)
of postprinting processes that are often required to reduce the
oxide layer (CuO and Cu,O) and sinter Cu-based conductive
pastes with micron-sized particles have limited their
application onto inorganic substrate materials." To reduce
the sintering temperature and have better compatibility with
temperature-sensitive substrates (e.g, polymer and paper),
many research groups have developed new forms of Cu-based
conductive pastes by utilizing smaller-sized particles or
protecting the Cu-particles with a nonoxidizable shell,
generally formed by various polymers and noble metals
(Ag)."® The melting temperature of Cu nanoparticles
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decreases with their diameter, enabling the utilization of
nondestructive and selective sintering techniques such as laser
and photonic sintering that can effectively reduce, melt, and
sinter these nanoparticles with significantly lower temperature
as compared to larger particles.'® Although Cu-nanoparticle-
based inks”™** have shown to require lower sintering
temperature due to nanoparticle melting-point depression
phenomenon,'®*® they tend to have relatively low oxidation
resistance even after sintering, resulting in instability and
observed decrease in electrical conductivity over time.*%”**
One of the commonly used techniques to minimize Cu
nanoparticle oxidation is to use core/shell nanoparticle
structure composed of Cu as the core inner material and a
noble metal shell as the outer layer.” In this approach, coating
of an oxidation-resistant and highly conductive metal such as
Ag onto the surface of the Cu core can both enhance the
conductivity and prevent copper oxidation.'®** Although this
approach has shown to provide a high level of conductivity up
to 13.5 u€2-cm, it still faces several challenges such as requiring
an inert sintering environment, lengthy synthesis process, and
high cost of Cu nanoparticles."***~* In addition, such inks are
based on the suspension of metallic nanoparticles in low-
viscosity carrier solutions that often exhibit good levels of
electrical conductivity only after multilayer printing and
subsequent sintering. Core/shell structures can also be used
to develop conductive pastes composed of silver-coated copper
microparticle conductive fillers. Despite lower cost and higher
oxidation resistance compared to silver-coated copper nano-
particles, such materials face a lengthy, cumbersome, and
expensive synthesis process that results in significantly higher
final cost of the paste.

The second category of ink formulation is bimodal hybrid
Cu inks which can be divided into two groups of Cu micro- or
nanoparticles mixed with another nanomaterial.”>~*' The
addition of the nanomaterial improves the microstructure of
the printed trace by filling the pores of the pattern, resulting in
improved packing density with less susceptibility to mechanical
failure. It also improves the conductivity of the pattern by
providing low effective sintering temperature that could be
easily achieved by faster sintering methods, such as micro-
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waves, IPL, and laser beam. For instance, a mixture of Cu
nanoparticle and multiwalled carbon nanotube (MWCNT) ink
sintered by photonic sintering has been shown to achleve
conductivity of up to 7 times higher than that of bulk copper.*
This is mostly due to the superior light absorption of the
MWCNT; however, the use of the MWCNT can significantly
increase the overall price of the ink. In a recent study, Joo et al.
showed that by using a mixture of Cu microparticles and
nanoparticles and flash light sintering, they were able to
achieve 67 and 61% relative improvement in resistivity as
compared to only nanoparticle- and microparticle-based Cu
pastes, respectively.37 However, the developed ink still suffered
from fast oxidation of Cu nanoparticles both during and after
sintering, resulting in unstable electrical conductivity.

Here, we have developed a low-cost hybrid bimodal ink
composed of CuMPs and AgNPs to be sintered by capable of
sintering by means of rapid IPL sintering. The simultaneous
melting of AgNPs and selective catalytic reduction of the outer
oxide layer of the CuMPs during the IPL irradiation process
enable an effective interconnected structure with reduced
contact resistance between the CuMPs. In other words, the
low-melting-point AgNPs serve as nanowelders between the
CuMPs while also minimizing the surface reoxidation of
CuMPs after the photothermochemical reduction process
(Figure 1). The use of CuMPs in the paste provides a favorable
cost reduction and the ability to print thick conductive metal
traces for different printed RF and antenna applications. In this
paper, we present the results of a systemic study in identifying
the optimum IPL process for effective sintering of screen-
printable pastes with different weight percentage ratios of
CuMPs and AgNPs. The conductive films are evaluated by
electrical, optical, and mechanical characterizations and
assessed to find the threshold weight percentage of AgNPs
in the paste to attain high electrical conductivity while
remaining economically viable for the production of low-cost
printed wireless sensors. As a proof-of-concept, we demon-
strate the use of the developed paste with optimal bimodal
CuMP to AgNP ratio and IPL sintering process for printing a
wireless passive moisture sensor that could monitor the

humidity level within a sealed package.

B EXPERIMENTAL SECTION

Bimodal Hybrid Paste Preparation. CuMPs 1-5 um in
diameter and AgNPs 20—30 nm in diameter were purchased from
Atlantic Equipment Engineers and SkySpring Nanomaterials,
respectively. Glycerol (99+ %) was purchased from Alfa Aesar. Poly
(vinylpolypyrrolidone) (PVP) (MW 360,000), as the binder and the
most effective steric stabilizer that prevents particle agglomeration and
binder, ethylene glycol (EG) (anhydrous, 99.8%), and ethyl alcohol,
pure (anhydrous, >99.5%) were obtained from Sigma-Aldrich. All the
materials were used as received. AgNPs with different conductive filler
weight fractions of 2, 4, 6, 8, and 16 wt % were mixed with CuMPs. In
the meantime, 0.74 g of PVP was dissolved in ethanol for 3 h under
sonication at room temperature. The dissolved PVP in ethanol was
mixed with 1 g of EG and 0.4 g of glycerol and sonicated for 2 h at
room temperature to obtain a homogenous solution. Then, 15.4 g of
CuMP/AgNP powder mixture was dispersed in the PVP solution by
ultrasonication for 2 h at 120 W power and 12 kHz frequency
(UP400S, Hielscher) to obtain a homogeneous dispersion of the
hybrid bimodal paste (Figure 2a). The paste was then printed on a
polyethylene terephthalate (PET) substrate (thickness 0.125 mm,
Sigma-Aldrich) by a screen-printing mesh with rectangular patterns of
length of 3 cm and width of 2 mm (MPS TF-100, Micro Printing
Systems). Several factors affect the thickness of the printed trace such
as screen mesh, where wider openings for the paste in the screen
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Figure 2. (a) Copper microparticle powder, silver nanoparticle
powder, and the developed hybrid bimodal paste; (b) TGA and DSC
thermal analysis of the developed paste.

result in higher thickness. In addition, viscosity and stencil thickness
can affect the final thickness of the printed trace.

Before each printing run, the paste was mixed in a centrifugal
THINKY mixer (ARE 310, THINKY) for 1 h, and after printing, the
paste was dried for 30 min in an oven at 90 °C.

Photonic Sintering Process. Photonic sintering of the printed
pattern was performed by IPL irradiation using a PulseForge 1200
(NovaCentrix) equipped with three xenon gas lamp drivers at room
temperature and ambient conditions at a 2 cm distance from the
printed trace. To obtain the minimal sheet resistance, process
variables such as pulse irradiation energy density, pulse number, pulse
length, and pulse offtime were optimized. For more accurate results,
the pulse energy was verified with the built-in bolometer before each
sintering run. We identified that for the lowest sheet resistance, a
pulse length of 5 ms and an offtime of 2 s are required. To find the
optimum sintering IPL settings of the printed traces, the irradiation
energy was varied between 8.5 and 10.6 J/ cm? with different pulse
numbers (up to 6) at fixed pulse durations (S ms). The average sheet
resistance of three measurements after photonic sintering for each
weight percent paste composition of CuMPs and AgNPs was
recorded by using the four-probe technique (34401A, Agilent).

Material Property Characterization. Thermal analysis of the
bimodal hybrid paste and PVP was performed by thermogravimetric
analysis (TGA) (TG 209 F3 Tarsus, Netzsch) and differential
scanning calorimetry (DSC) (214 Polyma, Netzsch) at a fixed heating
rate of 18 °C/min in order to investigate the drying profile of the
paste. Surface and cross-sectional morphology and elemental
composition analysis of the bimodal paste were performed by an
optical (Stemi 2000-c, Zeiss) and a field-emission scanning electron
microscope equipped with an energy-dispersive X-ray detector
(Hitachi S-4800). The through-thickness profile of the bimodal
paste was investigated by confocal microscopy (Leica DCM8 Dual
Core Measuring Microscope, Leica Microsystems). The packing
density of the paste was analyzed by measuring percent porosity
through thickness of the paste obtained from cross-sectional scanning
electron microscopy images by color contrast estimation with Image]J

software.
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The crystalline structure of the bimodal paste was studied by
grazing incidence X-ray diffraction (GIXRD) by using a PANalytical
Empyrean multipurpose diffractometer (PANalytical, Almelo, The
Netherlands) with a fixed Cu Ka anode (4 = 1.541, 87 A) operating at
4S5 kV and 40 mA with an incident beam angle fixed at @ = 2°.

To examine oxidation resistance and electrical stability, the printed
traces with different weight percent of AgNPs and optimized IPL
sintering process were exposed to four environmental conditions. The
stability experiments were performed in an environmental chamber
with controlled relative humidity (RH) and temperature conditions
set to 23 °C with 40% RH, 23 °C with 100% RH, 70 °C with 40%
RH, and 70 °C with 100% RH. The changes in sheet resistance and
appearance were monitored every 24 h for all samples over the course
of 7 days.

Mechanical Characterization. The flexibility and adhesion of
the printed traces were investigated by the standard adhesion and
cyclic bending test. The adhesion test was performed according to the
standard tape peeling test with Scotch tape (Scotch 898, 3M). Scotch-
tape peel tests were performed by sticking the sticky side of a piece of
magic tape onto the printed trace and then peeling the tape off from
the substrate. Qualitative Scotch-tape peel tests were performed on
printed traces with different weight-percent AgNP and CuMP
compositions (CuMPs-0 wt % AgNPs, CuMPs-6 wt % AgNPs, and
CuMPs-16 wt % AgNPs) before and after optimized IPL sintering. To
assess the long-term electromechanical stability and flexibility of the
printed traces, a cyclic bending test was performed on IPL-sintered
samples by a universal testing machine (eXpert4000, Admet) at a
flexing rate of 10 mm/s while continuously recording changes in the
electrical conductivity of the printed traces. The universal testing
machine has a fixed clamp, where one end of the printed trace is
fastened and the other end is clamped to a motor-driven axial
displacement grip that applies the cyclic bending test to the other end
of the trace. Two pieces of copper tape were pressed on the two ends
of the printed trace on the substrate, followed by soldering a 2 cm-
long copper wire to the copper tapes to ensure proper ohmic contact
between the printed trace and electrical probes connected to the
digital multimeter (344014, Agilent). Data acquisition and storage
were done by using a custom-written script in Python.

B RESULTS AND DISCUSSION

Material and Electrical Property Assessment. In order
to achieve high-quality sintering, the paste must be properly
dried prior to the IPL sintering process. This process
eliminates potential damage to the printed film by the sudden
boiling and evaporation of solvents inside the deposited film
during IPL irradiation.

The conductive paste is designed at a fixed metal filler
percentage of 80 (with different ratios of CuMPs and AgNPs),
13% of PVP and ethanol, 5% EG as the reducing agent, and 2%
glycerol; Figure 2a.

Figure 2b shows TGA and DSC analysis that were
conducted to determine the proper drying process of the
CuMPs-6wt % AgNP bimodal paste.

The TGA data showing an initial mass loss area from 23 to
157 °C correspond to the evaporation of the paste solvent with
the majority of the solvent being evaporated at ~107 °C, as
confirmed by the strong endothermic peak observed in the
DSC graph. The DSC graph also shows an endothermic peak
at around ~200 °C, which corresponds to the boiling
temperature of EG.”> As the temperature increases to around
400 °C, another weight loss in the TGA data can be seen,
which corresponds to the decomposition of the PVP binder
(Figure S1) in the paste, as confirmed by the endothermic
peak in the DSC plot. At around 460 °C, the weight loss
corresponds to decomposition reaction of PVP is completed
and the TGA data showed a total of 20% weight loss of the
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paste, which indicates that the paste contains 80% of the
conductive filler, which is in good agreement with the initial
amount of the conductive filler used for paste preparation.

It should be noted that the irradiation of PVP with the
photonic lamp results in a gradient decomposition through the
thickness of the printed trace. While the PVP binder at the
surface of the trace experiences the highest decomposition rate,
the PVP at the interface undergoes less decomposition. This
characteristic ensures an enhanced and effective adhesion
between the substrate and the printed trace.

To avoid damage to the PET substrate with low glass
transition temperature and based on the thermal analysis of the
paste obtained from DSC and TGA data (Figure 2), the oven
drying step for all compositions of CuMP/AgNP bimodal
printed traces was set to 90 °C for 30 min. It should be noted
that while higher drying temperatures of 157 °C were able to
provide a faster drying time (~10 min) on more temperature-
resistant substrates (e.g., glass), both drying temperatures (90
and 157 °C) resulted in the same final electrical resistance after
photonic sintering with optimal settings (Figure S2). There-
fore, to ensure the possibility of using the developed paste on a
wider range of temperature-sensitive polymeric substrates, we
utilized the lower-temperature drying procedure (90 °C for 30
min) throughout all experiments.

The sheet resistance of all printed traces with different
weight percentage compositions of CuMPs and AgNPs turned
out to be nonconductive after the drying process. This
observation is mainly due to the presence of an insulating
oxide layer (Cu,O) around the CuMPs as a result of copper’s
low stability in air. In order to reduce this inherent oxide layer,
a temperature of over 1000 °C'"” is needed to decompose the
oxide layer. However, subjecting the trace to such high thermal
energy would destroy the heat-sensitive substrate, such as PET
and other organic ingredients in the paste.

One of the possible solutions to address such issue is to mix
the paste with a reducing agent such as EG (C,H,0,) and PVP
that can reduce the formed Cu,O back to copper photo-
thermochemically at elevated temperatures.*” Although such
temperature is higher than the glass transition temperature of
PET, photonic sintering can selectively heat up the Cu,O on
the surface of the trace through absorption of the delivered
photonic thermal energy without damaging the PET. Such
absorption only occurs if the delivered photonic energy by the
photonic lamp (200—1200 nm wavelength spectrum) to the
oxide layers is higher than the band gaps of CuO and Cu,0O,
which are known to be 1.2 and 2.1 €V; respectively.**** As
soon as the photonic irradiation hits the surface of the printed
trace, heated Cu,O will react with the EG (C,H,0,) according
to the following reaction*”

2HO(CH,),0H + Cu,O
- 2C,H,0 + Cu,O
- CHO, + H,0 + Cu

In this reaction, the delivered thermal energy induced by
optical absorption of the formed Cu,O results in a rise of up to
the near-boiling point of EG; 160—200 °C. Accordingly, EG
starts to dehydrate, forming acetaldehyde (C,H,O) that
reduces the Cu,O to Cu through duplicative oxidation
alongside diacetyl (C,H40,) and water byproducts.42 Diacetyl
production during the photochemical reduction is due to
duplicate oxidation of acetaldehyde, which is previously
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Figure 3. Sheet resistance variation of photonically sintered CuMP—AgNP hybrid bimodal printed traces at energies of 8.5, 9.5, and 10.6 J/cm?
with pulse number (a) CuMPs-2 wt % AgNPs, (b) CuMPs-4 wt % AgNPs, (c) CuMPs-6 wt % AgNPs, (d) CuMPs-8 wt % AgNPs, (e) CuMPs-16
wt % AgNPs, and (f) comparison of the lowest sheet resistance obtained vs AgNP amount. Stars indicate an open circuit.

formed by EG dehydration.** The results of the analysis on the
developed paste with and without EG revealed that adding EG
to the paste could lead the sheet resistance of the paste up to
30 times lower than before adding EG (Figure S3).

Such high photonic thermal energy also enables formation of
alcohols, carboxyl acid, or acetic acid*® through photo-
degradation of PVP*"** that could further enhance reduction
of Cu,0."°

In addition, CuMPs also need to have sufficient electron
pathways between one another for the transportation of
electric charge. This electron pathway can be formed by adding
AgNPs to the paste. As the melting temperatures of AgNPs
decrease with their diameter, they require a significantly lower
amount of photonic sintering energy to melt. This AgNP
melting results in the formation of sufficient electron pathways
between reduced CuMPs. Figure 3a—e demonstrates the
resistance profile of the developed hybrid bimodal paste with
the pulse number irradiated with photonic energy levels of 8.5,
9.5, and 10.6 J/cm? respectively. Printed CuMPs-2 wt %
AgNPs, CuMPs-4 wt % AgNPs, CuMPs-6 wt % AgNPs,
CuMPs-8 wt % AgNPs, and CuMPs-16 wt % AgNPs could
withstand up to six pulses of 8.5 J/cm* with no damage to the
printed trace or substrate. The lowest achieved sheet resistance
turns out to be 0.84 and 0.75 €/[] for CuMPs-2 wt % AgNPs
and CuMPs-4 wt % AgNPs, respectively, when exposed to four
pulses of 8.5 J/cm®’. However, as the number of pulses
increases beyond four for these two compositions, the
resistance starts to increase, indicating reoxidation of Cu
microparticles. On the other hand, the lowest sheet resistance
observed for CuMPs-6 wt % AgNPs, CuMPs-8 wt % AgNPs,
and CuMPs-16 wt % AgNPs once exposed to 8.5 J/cm* of
energy is 0.24, 0.20, and 0.12 /[, respectively, only after two
pulses prior to Cu reoxidation initiation, which can be
observed in the increased peak intensity associated with the
Cu,0 in the GIXRD spectrum of the bimodal paste for both
CuMPs-6 wt % AgNP and CuMPs-16 wt % AgNP
compositions (Figure S4a) compared to optimum photonic
sintering setting crystalline structures. However, this is not the
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case when a higher energy (10.6 J/cm?®) is delivered to the
trace as the surface of the trace starts to develop localized
cracks and defects caused by overheating and thermally
deforming the PET polymeric substrate (Figure S4b,c). This
is mainly because as the amount of AgNPs in the paste is
increased, they absorb a higher portion of the light, which
results in transferring a higher amount of thermal energy to the
adjacent CuMPs, therefore expediting the reoxidation of the
CuMPs.

Upon increasing the amount of photonic energy to 9.5 J/
cm? an interesting phenomenon starts to happen, in which
except for CuMPs-2 wt % AgNPs, all the other compositions
start to burn under light upon increasing the pulse number
beyond 4. In addition, although the decreasing trend of the
sheet resistance with an increasing pulse number is observed
for bimodal paste compositions of up to CuMPs-6 wt %
AgNPs, reoxidation of the printed pattern is observed for
higher compositions, that is, CuMPs-8 wt % AgNPs and
CuMPs-16 wt % AgNPs. For 9.5 _]/cm2 of pulse energy, the
optimum sheet resistance measured for CuMPs-2 wt % AgNPs,
CuMPs-4 wt % AgNPs, CuMPs-6 wt % AgNPs, CuMPs-8 wt %
AgNPs, and CuMPs-16 wt % AgNPs is 0.43, 0.25, 0.21, 0.09,
and 0.081 Q/[], respectively. It is obvious that a higher AgNP
amount in the paste leads to lower sheet resistance. The lowest
sheet resistance achieved throughout the entire series of
experiments for every single composition is once the printed
trace is irradiated with only two pulses of 10.6 J/cm® energy
and can be summarized as 0.34, 0.14, 0.095, 0.092, and 0.072
Q/[] for CuMPs-2 wt % AgNPs, CuMPs-4 wt % AgNDPs,
CuMPs-6 wt % AgNPs, CuMPs-8 wt % AgNPs, and CuMPs-16
wt % AgNPs, respectively (Figure 3f).

It should be mentioned that for an energy level up to 10.6 J/
cm?, the CuMPs-0 wt % AgNPs paste composition showed no
conductivity after photonic sintering (Figure SSa); however, as
the energy rises to 13.34 J/cm? the trace shows low-level
conductivity (~GQ/[]) with local cracks at the edges of the
trace (Figure SS5b). Upon further increase in the energy density
to 16.3 J/cm?, although a minimum sheet resistance of 590 Q/
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Figure 4. Surface microscopic pictures of printed traces before (a,c,e) and after (b,d,f) photonic sintering with optimized process settings from left
to right for CuMPs-Owt % AgNPs, CuMPs-6wt % AgNPs, and Cu-16 wt % Ag bimodal pastes, respectively (scale bar: 1 mm).

Before sintering

After sintering

K

Figure S. Cross-sectional microstructure of printed traces before (a,c,e) and after (b,d,f) photonic sintering with optimized settings of two pulses at
10.6 J/cm? energy from left to right for CuMPs-Owt % AgNPs, CuMPs-6wt % AgNPs, and CuMPs-16wt % AgNPs, respectively (scale bar: 10 ym).

[ is obtained, the surface micrograph of the trace reveals large
defected areas as well as paste evaporation (Figure SSc).

Figure 3f reveals that the addition of only 6 wt % AgNPs to
the hybrid bimodal paste can turn a nonconductive trace to a
highly conductive one with a sheet resistance of as low as 0.095
Q/0 (p ~ 190 pQ-cm) after photonic sintering. Moreover,
this value for sheet resistance reaches a plateau once the
composition of AgNPs increases by 2 wt %. Although a
significant decrease in sheet resistance of the trace is observed
for CuMPs-16 wt % AgNPs (0.072 ©/[]) that results in the
highest achieved volume resistance of ~145 pQ-cm, adding
this much of AgNPs to the paste is not recommended as this
results in a relatively high final cost of the printed trace. On the
other hand, compared to CuMPs-16 wt % composition, the
CuMPs-6 wt % AgNP composition results in both close level
of conductivity and significantly lower final cost that makes it
the top candidate for the developed bimodal paste.

Figure 4a—f compares the surface optical micrographs of
CuMPs-0 wt % AgNPs, CuMPs-6 wt % AgNPs, and CuMPs-16
wt % AgNPs printed traces before and after photonic sintering

3357

with two pulses of 10.6 J/cm® energy density. It can be seen
that no significant color change is visible for the CuMPs-0 wt
% AgNP printed trace after photonic sintering (Figure 4a,b).
Nevertheless, the higher the AgNP content in the hybrid
bimodal paste, the brighter the surface of the printed trace after
photonic sintering (Figure 4c—f). This observation provides a
criterion for a qualitative assessment tool for the sheet
resistance of the developed hybrid bimodal paste, where the
brighter surfaces after photonic sintering show a higher
conductivity level compared to the darker ones. This
phenomenon is mostly attributed to the fact that the addition
of AgNPs to the paste not only acts as a nanowelders between
CuMPs, but also prevents reoxidation of Cu after photonic
sintering and exposure to oxygen. This is mainly because high
photonic thermal energy promotes the formation of a network
of AgNPs along Cu grain boundaries that hinders reoxidation
of CuMPs.”" To further evaluate the sheet resistance achieved
with the developed bimodal hybrid paste, we looked at
microstructural evolution of the printed trace along the
thickness with the composition of CuMPs-0 wt % AgNPs,
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Figure 6. Packing density analysis of printed traces before (a—c) and after (d—f) photonic sintering for (a,d) CuMPs-0 wt % AgNP, (b,e) CuMPs-6
wt % AgNP, and (c,f) CuMPs-16 wt % AgNP printed trace; (g) comparison of porosity of the printed traces before and after photonic sintering

with different wt % of AgNPs (scale bar: 10 ym).
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Figure 7. 3D confocal microscopy of printed traces (a—c) before and (d—f) after photonic sintering for (a,d) CuMPs-0 wt % AgNPs, (b,e) CuMPs-
6 wt % AgNPs, and (c,f) CuMPs-16 wt % AgNPs; (g—i) thickness profiles of printed traces before and after photonic sintering: (g) CuMPs-0 wt %

AgNPs, (h) CuMPs-6 wt % AgNPs, and (i) CuMPs-16 wt % AgNPs

CuMPs-6 wt % AgNPs, and CuMPs-16 wt % AgNPs before
and after photonic sintering by two pulses of 10.6 J/cm? energy
density (Figure Sa—f). The CuMPs-0 wt % AgNP composition
does not show regions of particles fusing together after
photonic sintering (Figure Sb), which explains why this
composition is nonconductive after irradiation with the pulsed
light.

Upon increasing the content of AgNPs in the bimodal
hybrid paste, localized sites of particles fused together, thus
forming electron pathways with the adjacent CuMPs (Figure
5d,f). During sintering, photonic energy is selectively absorbed
by AgNPs in the paste and due to their high surface area, they
heat up and melt within milliseconds. This phenomenon
results in atomic diffusion and necking growth-induced surface
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melting,”*>>>* resulting in overall fewer pores in the printed

trace that contributes to enhanced conductivity as well. This
diffusion is further confirmed from the EDX data on the
CuMPs-16 wt % AgNP composition, in which the fusion layer
with elemental compotion of at 82.48 atomic% of Ag and only
at 0.48 atomic% of Cu (Figure S6C) is detected, whereas these
numbers at a nonfusion layer are 76.13 atomic% for Cu and
14.11 atomic% for Ag (Figure S6b).

Pores in the printed trace can be one of the main
contributing factors that result in inefficient sintering and
high resistivity. In some cases, when the pores are trapped
within the microstructure of the trace, it might be cumbersome
to identify them and understand how they can influence the
sintering quality only by cross-sectional micrographs. One
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possible solution is packing density analysis by Image]
software,e where color-contrast images of the printed traces
before and after sintering can visually provide evidence on the
quantitative porosity reduction. Figure 6 demonstrates Image]
packing density analysis of CuMPs-0 wt % AgNPs, CuMPs-6
wt % AgNPs, and CuMPs-16 wt % AgNPs before (Figure 6a—
c) and after photonic sintering (Figure 6d—f) by two pulses of
10.6 J/cm® energy density. These results demonstrate that
increasing the amount of AgNPs in the paste results in
improved packing density for CuMPs-0 wt % AgNPs, CuMPs-
6 wt % AgNPs, and CuMPs-16 wt % AgNPs to 7.5, 2.3, and
1.2%; respectively, after photonic sintering (Figure 6g).

Another quantitative approach that accounts for porosity
estimation through the thickness of the printed traces is to look
at the thickness profile of the trace before and after photonic
sintering. Figure 7 illustrates the 3D microscopy profile of the
printed traces with compositions of CuMPs-0 wt % AgNPs,
CuMPs-6 wt % AgNPs, and CuMPs-16 wt % AgNPs before
(Figure 7a—c) and after (Figure 7d—f) photonic sintering by
two pulses of 10.6 J/cm? energy density. For all compositions,
before sintering, a thickness of ~20 um was measured.
Although there is almost no thickness reduction for CuMPs-0
wt % AgNPs (Figure 7g), there is a thickness reduction of
average of 4 and 6 ym for CuMPs-6wt % AgNP (Figure 7h)
and CuMPs-16wt % AgNP (Figure 7i) compositions,
respectively, which results from decreased porosity and binder
removal due to flash irradiation, which is mostly promoted by
AgNP melting. Further increase in the amount of AgNPs in the
paste (20 wt %) not only does not result in a significant
thickness reduction after photonic sintering (Figure S7a) but
also could result in more risk of particle aggregation, significant
surface damage, and formation of nodule-like structures after
photonic sintering (Figure S7¢).

The formed aggregated sites due to higher content of AgNPs
in the paste might result in ineffective sintering by forming
nodule-like structures due to nonuniform distribution of the
nanoparticles throughout the CuMP network (Figures Se and
7f). However, this effect is minimal for optimum CuMPs-6 wt
% AgNP concentration, as can be observed in Figures 5d and
7e.

The crystalline structure of sintered hybrid bimodal paste
with different compositions of CuMPs and AgNPs is shown in
Figure 8. Although a large oxide peak is still visible for the
CuMPs-0 wt % AgNP composition, as the amount of AgNPs
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Figure 8. GIXRD spectrum of the hybrid bimodal paste after
photonic sintering with two pulses at 10.6 J/cm” energy for CuMPs-
Owt % AgNP, CuMPs-6wt % AgNP, and CuMPs-16wt % AgNP
compositions.
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increases, the intensity of the peak decreases up to a point
where the oxide peak disappears for the CuMPs-16 wt %
AgNP composition, indicating the complete reduction of
Cu,O. This indicates that to get a highly sintered trace with
high metallic purity, a combination of EG-reducing mechanism
and formation of a network of AgNPs along Cu grain
boundaries is required. This corresponds to the obtained sheet
resistance of 0.095 and 0.072 Q/[] for sintered CuMPs-6 wt %
AgNPs and CuMPs-16 wt % AgNP compositions, respectively,
which only can be achieved by complete removal of the oxide
layer formed around the copper particles. This removal allows
AgNPs to efficiently act as a nanowelder between CuMPs and
turn the printed trace into a highly conductive pattern.
Sheet Resistance Stability Assessment. Reoxidation of
copper after sintering upon exposure to air mostly nucleates
from the particle grain boundaries;”' however, we believe that
dissolving a network of AgNPs along Cu grain boundaries at
photonic sintering-induced high thermal energy can signifi-
cantly delay Cu reoxidation and maintain low sheet resistance
even in humid environments. Figure 9a—d is an experimental
proof of this claim, where we show sheet resistance evolution
of CuMPs-2 wt % AgNP, CuMPs-4 wt % AgNP, CuMPs-6 wt
% AgNP, CuMPs-8 wt % AgNP, and CuMPs-16 wt % AgNP
hybrid bimodal paste photonically sintered by the optimized
setting of two pulses at 10.6 J/cm” energy density for 1 week.
Figure 9a shows the changes in the metal films under ambient
conditions (T = 23 °C and RH = 40%). The sheet resistance of
CuMPs-2 wt % AgNP hybrid bimodal paste undergoes an
abrupt increase to 4.43 Q/[] after 3 days, while other
compositions of CuMP/AgNP bimodal paste with higher
AgNP amounts remain at a stable level. This result is
consistent with the surface morphology inspection analysis of
the CuMPs-2 wt % AgNP and CuMPs-16 wt % AgNP bimodal
compositions after 7 days of exposure to an ambient
environment where dark regions can be seen over the surface
of CuMPs-2 wt % AgNPs, indicating reoxidation of the printed
trace, while CuMPs-16 wt % AgNPs show no sign of
reoxidation by changing color (Figure 9e,f). As the temper-
ature of the environment is increased to 70 °C, the onset of
sheet resistance abrupt change for CuMPs-2 wt % AgNPs starts
from day 2 of the measurements that goes up to 20.18 /[] at
the end of day 7 (Figure 9b). In addition to CuMPs-2 wt %
AgNP composition, CuMPs-4 wt % AgMPs show unstable
sheet resistance values after S days of exposure to 70 °C, rising
to 1.97 /[] at the end of day 7. On the other hand, for higher
amounts of AgNPs, that is, 6, 8, and 16 wt %, Figure 9b
indicates stable sheet resistance during the 7 days of
measurements. This finding is consistent with the sheet
resistance evolution results obtained when the RH is set to
100% and temperature is varied between the minimum and
maximum values of 23 and 70 °C (Figure 9¢,d). However, the
differences arise from the cases where AgNP content in the
bimodal paste is less than 6 wt %. For instance, compared to
the room-temperature environment where the sheet resistance
of CuMPs-4 wt % AgNP bimodal paste remains stable
throughout the experiment, as the RH rises to 100%, a
significant increase in the sheet resistance from 0.14 to 76.6 Q/
[ at the end of day 7 can be seen (Figure 9c). This trend is
even more severe once the printed pattern is placed in an
environment with T = 70 °C and RH = 100%, where CuMPs-2
wt % AgNP and CuMPs-4 wt % AgNP bimodal compositions
become nonconductive only after 3 and S days of exposure to
the environment, respectively (Figure 9d). In contrast,
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Figure 9. Oxidation sheet resistance evolution of printed traces after photonic sintering with two pulses at 10.6 J/cm? energy subject to (a) ambient
conditions (23 °C and 40% RH), (b) room temperature with elevated humidity (23 °C and 100% RH), (c) high temperature (70 °C) and 40%
RH, and (d) high temperature (70 °C) and 100% RH, photographs of the printed traces after 7 days in (e,f) room temperature with elevated
humidity (23 °C and 100% RH), and (g—h) high temperature (70 °C) and 100% RH. Stars indicate an open circuit (scale bar: 3 mm).
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Figure 10. Photographs of the surface of the printed traces after the adhesion test and respective peeled taped (with dotted border) (a—c) before
and (d—f) after photonic sintering with the optimized photonic setting of two pulses at 10.6 J/cm? energy from left to right for CuMPs-Owt %
AgNPs, CuMPs-6wt % AgNPs, and CuMPs-16wt % AgNPs; respectively (scale bar: 3 mm).

CuMPs-6 wt % AgNP, CuMPs-8 wt % AgNP, and CuMPs-16
wt % AgNP compositions remain stable over the period of 7
days of measurements (Figure 9c,d). Comparing the photo-
graphs of CuMPs-2 wt % AgNPs and CuMPs-16 wt % AgNPs
after 7 days of exposure to T = 70 °C and RH = 100% reveals
the fact that large areas of surface defects and bubbles on the
surface of CuMPs-2 wt % AgNPs obstructs the electron
pathway formation by AgNPs after photonic sintering (Figure
9g), while no deep defect on the surface of the CuMPs-16 wt
% AgNPs is observed (Figure 9h). It can be concluded that
oxidation stability of the bimodal paste heavily depends on the
amount of AgNPs in the paste, where the addition of 6 wt % of
AgNPs should be sufficient to avoid reoxidation of the printed
trace after photonic sintering. This is mainly because as the
amount of AgNPs is increased in the bimodal paste, the
number of Ag-rich phases on the surface of the printed trace
increases, thus showing a higher tendency to avoid reoxidation
of the surface due to lower surface energy of Ag (1.25 J/m?)
compared to Cu (1.85 J/cm?).”>>*

Flexibility and Adhesion Assessment. Figure 10a—f
demonstrates results of the adhesion test for CuMPs-0 wt %
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AgNP, CuMPs-6 wt % AgNP, and CuMPs-16 wt % AgNP
hybrid bimodal paste (from left to right) with the peeled tape
before (Figure 10a—c) and after (Figure 10d—f) photonic
sintering with optimum settings. The results indicate firm and
enhanced adhesion of the printed trace to PET, where both
CuMPs-6 wt % AgNP and CuMPs-16 wt % AgNP printed
traces do not detach from the substrate after photonic
sintering. We believe that this is mainly because of the
improved packing density of the printed trace after photonic
sintering. The addition of AgNPs significantly contributes to
improving the packing density of the paste by minimizing the
pores within the Cu microstructure of the printed trace. It
should be noted that minimal pore density within the material
results in less likelihood of crack initiation and growth as the
pore sites in the printed trace can act as strong stress
concentrates and contribute to accelerating the crack growth.
Herein, we identified that the addition of only 6 wt % AgNPs
to the CuMPs can significantly improve the packing density of
the material and avoid crack nucleation within the material for
the highest adhesion performance. The results of the cyclic
bending test on different compositions of hybrid bimodal paste
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photonically sintered with the optimum setting reveal an
interesting point that CuMPs-2 wt % AgNP bimodal paste can
only withstand less than 70 cycles before electrical
disconnection. On the other hand, CuMPs-4 wt % AgNPs
although maintain their conductivity until the end of the 200th
cycle of bending, they show an increase in sheet resistance to
107.82 Q/[] (Figure 11c). Comparatively, a higher amount of

— 2 Wt% 4Wt% — - -6 Wt%
8 Wt%—-— 16 Wt%
*

50 100 150 200
Cycles
e i
(e) A\
— « o - ,'E

Figure 11. Photonically sintered CuMPs-6wt % AgNP printed trace
(a) before and (b) after subjecting to cyclic bending (c) sheet
resistance change of the printed traces with various weight
percentages of AgNPs form 0 to 16 wt % (e) as a function bending
cycles, a 3 X 2 array of circuit lighting with photonically sintered
CuMPs-6 wt % AgNP printed trace (d) before and (e,f) after applying
DC voltage to the circuit. Star indicates high resistance and an open
circuit (all scale bars: 1 cm).

AgNPs in the bimodal paste results in relatively stable sheet
resistance even after 200 bending cycles (Figure 11c). This
high mechanical and electrical stability of the CuMPs/AgNP
hybrid bimodal paste is attributed to the improved
densification of the microstructure induced by enhanced
packing density created by the AgNP welding joints created
between the CuMP network. Figure 11d,e demonstrates a
simple circuit application of 3 X 2 arrays of light-emitting
diodes (LEDs) bonded to the surface of the screen-printed
CuMPs-6 wt % AgNP hybrid bimodal paste by fast-drying
silver paint and photonically sintered by the optimal setting.
The flexible printed circuit can withstand mechanical bending
with a high radius of curvature with no change in the
illumination intensity of the LEDs (Figure 11f).

Printed Wireless Humidity Sensor. A highly stable and
conductive paste provides the unique possibility of printing
low-cost RF elements such as antennas and coils, where high
electrical conductivity is critical for their effective performance.
To demonstrate an application of the developed bimodal
conductive paste in printed low-cost RF technologies, an all-
printed chipless sensor is designed and characterized for
wireless moisture monitoring inside packaged products.
Increased moisture levels in packaging can result in decreased
product quality, low shelf life, and bacterial growth, leading to
food-borne illness.”*® Figure 12a—d shows the process of
printing a wireless sensor and assembly inside a commercial
cardboard box to monitor the moisture content of sealed
packages. The simplicity of the process enables the sensors to
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Figure 12. Photograph of the cardboard substrate (a) before and (b)
after direct printing of the photonically sintered CuMPs-6wt % AgNP
sensor, (c,d) a commercial cardboard package box with the printed
wireless moisture sensor inside the (e) moisture measurement
experimental setup in the anechoic chamber, (f) measured S, as a
function of frequency for RH levels of 30—85% and demonstration of
the resonant frequency shift with increased RH in the environment
(inset), and (g) measured resonant frequency variation of the printed
sensor over the 30—85% RH range. (scale bar: 2 mm).

be printed directly into the interior of the packaging box and
potentially be used in the standard packaging process of
products. The device consists of an interdigitated electrode
(IDE) structure as a capacitive moisture sensor that bridges the
two meandered extensions of a dipole antenna. The wireless
moisture sensing involves a reader sending an interrogation
signal to the printed sensor. When the sensor receives the
interrogation signal, it retransmits part of the incident signal
back to the reader by embedding the resonant frequency
information in the reflected RF spectrum. The resonant
frequency of the retransmitted signal is a function of the
effective length of the antenna and the dielectric properties of
the medium surrounding the IDE structure, as described in the
equation below.

£,

c

2L [e g

where L is the length of the antenna, €. is the effective
dielectric constant of the surrounding substrate, and ¢ is the
speed of light. Alteration of the dielectric properties of the
cardboard substrate, due to the absorption of moisture at
elevated humidity levels, changes the net capacitance of the
IDE section of the sensor, which, in turn, leads to a shift in the
resonant frequency of the sensor. This change in the resonant
frequency can be detected wirelessly in the reflected signal as a
resonant peak in the RF spectrum received by the external
reader antenna.

The strength of the retransmitted signal depends on the
conductivity of the metal used in the sensor pattern. The high
conductivity of the metallic pattern is an important require-
ment to improve the quality of the RF signal retransmission
from the sensor to the reader antenna. On the other hand, the
final cost of the material and scalability of the process is critical
for the sensors to be economically feasible and practical to be
implemented in the packaging process.

To meet the cost requirement, the conductive traces for the
wireless sensor was prepared by using stencil printing a
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bimodal paste with a minimum amount of AgNPs (CuMPs-6
wt % AgNPs) and optimized photonic sintering settings, which
provided the needed stable electrical and mechanical perform-
ance. The printed passive chipless wireless moisture sensor
with an overall dimension of 10 cm is shown in Figure 12b.

The wireless moisture monitoring performance of the sensor
was tested in an anechoic chamber within an experimental
setup that allowed changing the RH level around the wireless
sensor using a gas bubbler containing water at a constant
temperature (21 °C). A cross-polarized horn antenna was used
as a reader antenna to detect the changes in the resonant
frequency of the sensor under different RH levels; Figure 12e.
The shift in the resonant frequency of the sensor was obtained
by analyzing the backscattered signal from the sensor tag,
which is received by the horn antenna that is connected to a
Vector Network Analyzer (ES072A, Agilent Technologies).

The performance and sensitivity of the printed sensor are
evaluated within the RH range of 30—85%. Figure 12f shows
the backscattered signal spectrum from the sensor where S, is
measured by the horn antenna over a frequency range of 0.4—2
GHz. The results demonstrate a shift in the resonant frequency
(f,) from ~849 MHz for 30% RH to 836.72 MHz for 85% RH
(Figure 12f inset) with a linear sensitivity of —3.08 %RH/MHz
(** ~ 91%) (Figure 12g).

As demonstrated, the described wireless sensor exploits the
hygroscopic characteristics of the cardboard substrate as the
sensing element for detecting changes in RH within the
environment. The random distributed cellulolytic micro-
structure network of the cardboard provides a natural
hygroscopic dielectric material for sensing humidity. At
elevated RH conditions, the water molecules in the ambient
environment are absorbed within the cellulose fibers in the
cardboard. Due to the high dielectric constant value (~80), the
absorbed moisture in the cardboard leads to an increase in its
effective dielectric constant. This change results in an overall
increase in the capacitive IDE element of the sensor and is
reflected as a decrease in the overall resonant frequency of the
wireless sensor.

B CONCLUSIONS

We have demonstrated a novel formulation of a bimodal
CuMP and AgNP paste with photonic sintering for printing
highly conductive circuits on temperature-sensitive polymeric
substrates. The photonic irradiation energy not only induced
AgNP melting that results in providing sufficient electron
pathway between Cu microparticles but also could reduce
Cu,O to bulk copper photothermochemically. The minimum
sheet resistance observed was 0.072 Q/[] for CuMPs-16 wt %
AgNPs after sintering with two pulses at 10.6 J/cm® energy
with superior oxidation resistance stability of up to 7 days at 70
°C and 100% RH environment. Scanning electron microscopy
and GIXRD analysis confirmed AgNP melting and electron
pathway formation between CuMPs as well as reduction of
Cu,0 after photonic sintering, justifying the exceptionally high
level of the conductivity measured. The printed hybrid
bimodal paste showed promising adhesion and electro-
mechanical properties with only 6 wt % addition of AgNPs
with high cyclic bending stability. Finally, we demonstrated an
application of the developed bimodal paste for screen-printing
a wireless passive moisture sensor that allows for in situ quality
monitoring of moisture-sensitive content in a sealed modified
atmosphere package in atmosphereic condition. Our sensor
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can easily be integrated into the current packing process for
tracking and quality monitoring of food and pharmaceuticals.
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