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Abstract

Low-temperature printed electronics allow for the manufacturing of high-throughput, sustainable, cheap,
and flexible electronics. Silver microparticles are commonly used as conductive fillers in printing pastes,
owing to silver’s high conductivity and good oxidation resistance. They can be sintered at low tempera-
tures to achieve highly conductive prints, but a mechanistic understanding is lacking. The ecological and
financial impacts of using silver are high and need to be reduced.

In this thesis, I studied the low-temperature sintering of silver microflakes and spheres to screen-print
recyclable and sustainable conductors. A mechanism is proposed that explains the low-temperature sin-
tering of silver microparticles. Mechanically weak sinter necks could be created that increased the con-
ductivity and could be broken up through probe sonication, allowing for recycling and reusing of the
particles. Flakes led to more porous prints than spheres, which resulted in higher recycling yields.

The last chapters focus on the sintering of copper microparticles. We found that polymer-capped particles
required high-temperature treatments in a vacuum to have a comparable conductivity to silver-based
conductors. Silver-coated copper particles reached high conductivities at low temperatures in air by
forming silver necks bridging the copper cores. The particles could also be recycled and reused in a new
generation of prints.
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Zusammenfassung

Gedruckte Elektronik ermoglicht die Herstellung von nachhaltiger, kostengiinstiger und flexibler Elek-
tronik mit hohem Durchsatz. Aufgrund der hohen Leitfahigkeit und guten Oxidationsbestindigkeit von
Silber werden Silbermikropartikel hiufig als leitfahige Fiillstoffe in Druckpasten verwendet. Sie konnen
bei niedrigen Temperaturen gesintert werden, um leitfahige Drucke herzustellen, aber es fehlt ein mech-
anistisches Verstidndnis. Die 6kologischen und finanziellen Auswirkungen der Verwendung von Silber
sind hoch und miissen daher verringert werden.

In dieser Arbeit untersuchte ich die Niedrigtemperatursinterung von Silbermikroflocken und -kugeln,
um recycelbare und nachhaltige Leiter im Siebdruckverfahren herzustellen. Es wurde ein Mechanismus
vorgeschlagen, der das Niedrigtemperatursintern von Silbermikropartikeln erklart. Es konnten mecha-
nisch schwache Sinterhilse erzeugt werden, die die Leitfdhigkeit erhohten und durch Ultraschall aufge-
brochen werden konnten, was das Recycling und die Wiederverwendung der Partikel ermdglichte. Flocken
fiihrten zu pordseren Abdriicken als Kugeln, was zu einer hoheren Recyclingausbeute fiihrte.

Die letzten Kapitel befassen sich mit der Sinterung von Kupfermikropartikeln. Wir haben festgestellt,
dass polymerbeschichtete Partikel Hochtemperaturbehandlungen im Vakuum benétigen, um eine mit Sil-
berleitern vergleichbare Leitfihigkeit zu erreichen. Silberbeschichtete Kupferpartikel erreichten hohe
Leitfahigkeiten bei niedrigen Temperaturen an der Luft, indem sie Silberhélse bilden, die die Kupferkerne
iiberbriicken. Die Partikel konnten auch recycelt und in einer neuen Generation von Drucken wiederver-
wendet werden.
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1 Motivation

Electronics are all around us. You wake up with the alarm on your phone. Your smartwatch tracks
your heartbeat during a run in the morning. When you get home, you open your laptop to join that
online meeting. Not a day goes by without using the benefits of electronic devices and the importance of

electronics in our daily lives is only expected to further increase.

Paul Eisler invented the Printed Circuit Board (PCB) in 1936, which was considered to be a milestone
in the manufacturing of electronic devices [1]. Such PCBs are still the main component in the majority
of electronic devices that can be found on the market today. PCBs are made by coating or laminating a
copper film on a rigid substrate. Circuit designs of conductive traces can then be fabricated by using an
etching process. At last, the necessary electrical components of the device are mounted onto the circuit

board by soldering [2].

Despite the fact that PCBs are dominating the electronic market, there are drawbacks. PCBs generate
large amounts of metal waste, require energy-intensive processes, are rigid and relatively thick, make
use of environmentally unfriendly materials, and are hard to recycle [2,3]. These downsides of using
PCBs to manufacture electronics triggered research on alternative manufacturing techniques. One of

these alternatives is called printed electronics.

Printed electronics have the potential to make electronic devices cheaper, lighter, flexible, more environ-
mentally friendly, and more energy efficient [4—6]. Printed electronics can enable recycling routes after
the lifetime of electronic devices. In printed electronics, a conductive paste or ink, typically metal-based,
is printed on a non-conductive substrate. A large variety of substrates can be chosen, including flexible
substrates. In order to achieve a high conductivity of the traces, a post treatment removes non-conductive
solvents and sinters the particles. At last, additional electrical components of the circuit can be mounted
onto the substrate.

Printed electronics have already reached the market and can be found in applications such as wearable
devices, medical devices, and flexible displays. NFT tags that allow for contactless paying with your
bank card are made through printing electronics. Nonetheless, for electronic applications where high
reliability, complex circuit designs, and maximum performance are required, PCBs are still favored over
printed electronics. Printed electronics typically have a shorter lifetime and cannot reach the complexity
reached by using PCBs [2].

One of the main challenges that printed electronics face is to achieve as high conductivities of printed
traces as can be achieved for the conductive traces in PCBs. The conductive traces of PCBs are thin cop-
per films with a conductivity equal to the high bulk conductivity of copper (¢ = 5.96 x 107 Sm~1). The
conductive traces in printed electronics, however, rely on the conductivity of the printed paste after the
post treatment. The most common fillers of conductive pastes are silver nano- or microparticles. Such
pastes can potentially achieve the bulk conductivity of silver (¢ = 6.3 x 107 Sm™1!), which is comparable
to that of copper. However, even after high-temperature treatments, the conductivity of printed pastes
is typically lower [7, 8]. There is interest in research and industry to improve the electrical performance
of conductive pastes at a low thermal budget and temperatures that are compatible with commonly used

flexible substrates [7]. To achieve this the particles in printed pastes need to be sintered at low tempera-



tures. Due to the high surface area of nanoparticles, they typically can be sintered at low temperatures [7].
However, the large scale production is costly. Microparticles are cheaper, easier to upscale, and more
readily available. Standard sintering theory predicts high temperatures are required to sinter them [9,10],
nonetheless, numerous studies have demonstrated silver microparticle sintering at temperatures below
200 °C [11-13]. There is no consensus on the sintering mechanism of such particles. In this thesis, I will
elaborate on the sintering mechanism of such particles and use them to make highly conductive prints at

a low thermal budget.

Silver is an expensive metal and the mining, refining, and processing is resource intensive. The embod-
ied energy of silver is 15 MJIkg ™! [14], and the CO, equivalent emission is 25 000 kg [14]. There is a
strong incentive to shift from silver towards cheaper and more environmentally friendly filler materials.
Researchers have investigated the use of copper in conductive pastes and some conductive pastes have
already reached the market [ 15—-18]. Challenges that arise with replacing silver include copper’s tendency
to form electrically isolating oxides in ambient air [19,20]. As a result, copper-based printed conductors

require energy-intensive post processing or have lower conductivities than their silver-based competitors.

The high cost of silver and its high environmental impact are also incentives to recycle the silver from
printed conductors. Life cycle analysis studies have identified silver recycling as crucial for making
printed electronics more environmentally friendly than PCB-based electronics [2, 3]. Metals are con-
ventionally recycled from electronic waste through hydrometallurgical- or pyrometallurgical processes
[21]. Nonetheless, these processes are complex and energy-intensive. Kwon ef al. explored an alterna-
tive route to recycle silver from printed electronics [22]. Silver flakes could be recovered from a printed
polycaprolactone matrix by submersing the prints in water. They could recover up to 94 % of the silver
flakes, which they used to make a new generation of prints with similar electrical performances. Due
to the absence of sintering, however, the conductivity of these conductors is much lower than the com-
mercially available silver pastes. So far, there are no studies of recycling sintered silver particles from

printed conductors. In this thesis, I recycle and reuse weakly sintered metal particles.

The ideal printed conductor can reach a conductivity close to that of bulk silver at a low thermal budget,
makes use of sustainable materials, and can be easily recycled. In this thesis I design conductive pastes,
focusing on these targets. In Chapter 2, [ will first discuss the current state of the art in conductive pastes
for metal-based printed electronics. In Chapters 3 and 4, I will discuss how silver microparticles can be
exploited to create highly conductive, recyclable printed electronics at a low thermal budget. In Chapters
5 and 6, [ will address how silver can potentially be replaced or partially replaced by copper to both reduce
costs and increase the sustainability of printed electronics.



2 State of the art and theory

First, I will introduce the screen printing process and the requirements of conductive pastes. In the fol-
lowing section, common conductive fillers for conductive pastes are introduced. This work will only
focus on silver and copper powders as conductive filler material. Continuing, I will discuss dominating
conduction mechanisms in metal particle-based printed conductors, followed by a section on the electri-
cal characterization of such conductors. Afterward, the sintering of metal particles and how it improves
conductivity will be discussed. Then, I will give the state of the art on silver-based, copper-based, and
silver-coated copper-based printed conductors, focusing on achieving high conductivity at low tempera-
tures. In the last section, the literature on increasing the sustainability of printed electronics is presented,
including sustainable material choice and recycling of the conductive filler.

2.1 Screen-printed electronics

The high throughput and possibility to print thick layers make screen-printing a popular choice in PE
applications [23-25]. Figure 2.1 below shows the screen-printing process and screen-printing paste with
a typical formulation.

A) Screen printing process B) Printing paste

. . Conductive filler
/ﬂ (70 - 95 wt%)
“ ~o Dispersant
( \ (1 - 4 wt%)
| 4 || e |
(1-30wt%)

il /‘
Adhesive element
(1-13 wt%)

Figure 2.1: The screen-printing process for printed electronics. A) A schematic representation of a
screen printer. Adapted and reprinted with permission from [26]. B) A screen-printing paste and the
common paste additives [24].

Organic vehicle

The screen-printing process makes use of a screen printer, a mesh, a squeegee (the brush), a substrate,
and a printing paste (Figure 2.1A). Commercial printing pastes generally contain a conductive filler (in
this thesis metal particles), a dispersant to stabilize the conductive filler, an adhesive element to improve
adhesion to the substrate, and an organic vehicle to control the viscosity of the pastes (Figure 2.1B). Com-
mon substrates in printed electronics are plastics, such as polycarbonate, polyimide, and poly(ethylene
terephthalate) [7]. Screen-printing pastes need to be shear-thinning for the paste to flow under applied
shear (printing) and be static after the desired shape is printed. The dynamic viscosity at low shear rates
(15! or lower) should be in the range of 150 Pa - s to 1500 Pa - s and at high shear rates (500 s~!) in the
range of 4 Pa - s to 15Pa - s [23].

The mesh consists of a metallic frame with polyester or stainless steel wires spanning the frame. The
mesh count is the amount of threads per squared inch of the mesh. The printed layer thickness can be

tuned by tuning the mesh count: increasing the mesh count decreases the printed layer thickness. To



create a pattern a photo emulsion is applied to the mesh, an acetate sheet featuring the pattern is placed
over the mesh, and the photo emulsion is hardened through UV exposure. After removing the acetate

sheet and washing out the photo emulsion underneath, the patterned mesh is obtained.

For printing the paste is applied below the pattern, followed by filling the pattern with the squeegee, low-
ering the mesh onto the substrate, and pushing the paste onto the substrate. Afterward, the prints require
a post-treatment to remove organic solvents (the organic vehicle) and sinter the particles to increase the

conductivity. The sintering process will be discussed in more detail in Section 2.4.

2.2 Conductive fillers in printing pastes

Metals, carbon-based materials, and conducting polymers are used as a filler material in conductive paste
formulations [4, 5,27-29]. Metals are a logical choice due to their high intrinsic conductivity. The
most common choices are gold (¢ = 4.42 x 10" Sm™1), silver (¢ = 6.3 x 10" Sm™1'), aluminium
(0 = 3.78x 107 Sm™1), copper (¢ = 5.96 x 107 Sm™'), and nickel (¢ = 1.43 x 10" Sm~1) [5,30]. The
stability towards oxidation benefits silver and gold, but they are costly. Copper, aluminum, and nickel
have the tendency to oxidize and anti-oxidation strategies are required. However, they often increase

post-processing cost and complexity [19,20,31].

Metal-based fillers exist as nanoparticles, microparticles, and nanowires. The high aspect ratio of nanowires
makes it possible to make conductive ink formulations already at very low filler concentrations. However,
their tendency to agglomerate makes it challenging to create stable paste formulations with good print-
ability [32]. Furthermore, the high cost and difficulty of upscaling synthesis limit their use in commercial
conductive pastes [32]. Nanoparticles have the advantage of requiring a post treatment temperature typ-
ically below 200 °C, which makes it compatible with common flexible substrates [7]. The large-scale
production of nanoparticles is still challenging and costly. Nanoparticle loading of inks is typically low
due to their tendency to agglomerate, which makes it difficult to print thick layers. Microparticles are
cheaper, easier to upscale, and allow for higher metal loading in the paste. They often require a high post
treatment temperature, limiting the substrate choice and increasing the thermal budget of the manufac-
turing process of printed electronics [4]. Strategies to reduce the required post treatment temperature are

discussed in Section 2.5.

Carbon materials and conductive polymers can yield highly flexible and stretchable electronics, but their
conductivity is lower than metal-based printed conductors [5,28,29]. In the remainder of this thesis,
I will focus only on the use of metal particles for printed electronics. We will first look at conduction

mechanisms and electrical characterization of thin film, particle-based conductors.

2.3 Conductivity of printed conductors

Screen-printing of conductive pastes based on metal particles forms thin particle layers with typical thick-
nesses of below 100 wm [24]. In this section, I will first discuss the conduction mechanisms that contribute
to the electrical conductivity of the printed material. Afterward, I will discuss how such thin films can

be electrically characterized.



2.3.1 Conduction mechanisms in particle packings

The conductivity of a particle packing is determined by the ease of electron transport from particle to
particle, which is determined by the particle-particle contact properties. 1 will define two types of contacts
between particles here: “direct” metal-metal contacts and tunneling contacts. For direct contacts, the
metal surfaces are assumed to be in contact without an air gap separating the surfaces. Tunneling contacts
are contacts where the metal surfaces are separated by a thin air gap. | will define the area of the direct

particle-particle contacts A1, and the area of tunneling contacts As.

The resistance of electron flow through direct contacts is called constriction resistance [33]. The con-
striction resistance decreases with increasing A;. Compaction of the powder compact increases A; and
therefore decreases the constriction resistance. Without applying an external force on the particle pack-
ing, A; is small and the macroscopic resistivity of the particle layer is much higher than the intrinsic
resistivity of the particles [33-35].

The tunneling resistance scales exponentially with the tunneling distance [35]. Therefore, tunneling only
contributes to conduction when the tunneling distance, hence the distance between the particle surfaces,

is short enough. The current through a tunneling contact can be described as follows:

J:CO-V-exp_gd, (2.1)

where J is the current density, Cj the characteristic conductance, V' the applied voltage, d the tunneling
distance, and ¢ the characteristic tunneling length. The current flux through a tunneling contact, even with
short tunneling distances, is generally lower than the current flux through restriction contacts. Nonethe-
less, since Ao often is much larger than A;, tunneling cannot be neglected and significantly contributes

to the conductivity of printed metal particle layers [35].

2.3.2 Electrical characterization of thin film conductors

The most common way to electrically characterize thin film conductors is by using a four-point probe

setup (see Figure 2.2).



Figure 2.2: The four-point probe setup for electrical characterization of prints. A) Image of the setup.
B) Schematic illustration of the setup. [ is the current through the outer pins, AV the voltage drop over
the inner pins, s the spacing between the pins, and ¢ the thickness of the sample.

The four measurement pins are equally spaced and placed in the middle of the printed sample. The
outer two pins are connected to a current source, while the inner two pins are connected to a voltmeter.
The voltage is incrementally increased while measuring the current through the outer circuit. Then, the

resistance between the inner two pins can be calculated through Ohm‘s law:

AV

Rinner = T ) (2-2)

where I the current through the material, and AV the voltage drop over the inner two pins. Rjyner can be
converted to sheet resistance (Rg) [36],

- Rinner- (23)

Ry, 1s a property of the printed film and depends on the film thickness. For Equation 1.3 to be valid, the
lateral dimensions of the sample need to be at least 40 times larger than the probe spacing, so that the
current paths are not limited by the sample edges [37]. The thickness of the film needs to be less than
40 % of the probe spacing, so that current can be assumed to propagate cylindrically through the entire

layer thickness instead of spherically, as is the case for thicker samples [36].

In this thesis, the probe spacing is 1 mm, the samples have a lateral dimension of 1 by 3 cm?, and thick-
nesses ranging from 20 um to 80 um. The thickness requirement is fulfilled, but the lateral dimensions
are slightly smaller than 40 times the probe spacing. Based on the lateral dimensions, Ry, from Equation

1.3 is multiplied by a correction factor of 0.9345 to obtain the true sheet resistance.

If the film thickness is known, the bulk resistivity (p) can be calculated by,
p =1 Ra, (2.4)

where ¢ is the film thickness, and Ry, the sheet resistance [36]. The bulk resistivity treats the film
as a homogeneous conductor and does not contain information about the metal content of the printed

film. Reducing the metal content, however, is a common goal in printed electronics to reduce cost and
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environmental impact.

An effective way to take the metal content into consideration is to use a mass-normalized sheet resistance,
Rm/sh = m * Rgp, (2.5)

with m the metal mass of the printed layer. Minimizing R,, /¢, equals maximizing the conductivity at

minimal metal content. R,,, /g, will be used throughout the entire thesis.

Metal-based printed conductors are post-treated to induce sintering and increase electrical conductivity.
The sintering process and its effect on the electrical conductivity will be discussed in detail in Section
2.4. The four-point setup, as shown in Figure 2.2, was used for the electrical characterization of all
sintered conductors in this thesis. The robustness of the setup is a result of decoupling current and voltage
measurements, which discards pin-to-layer contact resistances. However, this setup cannot be used to
track conductivity changes in situ during the sintering of the printed films, which can give insights into
the sintering mechanism. For this purpose, I used an alternative electrical characterization setup (see
Figure 2.3).

A B
Silver adhesive Silver adhesive
paste paste
Printed line
Current source Current source
Ratotal = Rwires T Rcontacts Rp total = Rwire T Rcontacts T Rline

Riine = RB,total - RA,total

Figure 2.3: Schematics of the in-situ electrical characterization setup. A) The reference circuit. B) The
circuit with a connected sample. The resistance of circuit B minus the resistance of circuit A results in
the resistance of the printed sample.

Two copper wires of equal length were glued with conductive adhesive to the short edge of the printed
lines. These copper wires were attached to the same source meter as used in the four-point measurement

setup (see Figure 2.3B). In contrast to the four-point probe setup, the current and voltage determination is



not decoupled in this setup, and the contact- and wire resistances need to be taken into consideration. For
each experiment a reference sample was made, existing out of two copper wires with the same length,
connected with silver adhesive paste on one end, and connected to a source meter on the other end (see
Figure 2.3A). The measured resistance of the reference sample was assumed to be equal to the sum of
wire- and contact resistances in the printed sample setup. By subtracting the measured sample resistances
from the reference resistance, the printed line resistance was obtained. Since the dimensions of the printed
line are 1 by 3 cm?, dividing the line resistance by 3 resulted in the sheet resistance. The validity of this
setup was also checked by comparing the results to the sheet resistances obtained from a standard four-

point probe measurement (see Table 9.1 of the Supporting Information).



2.4 Sintering of powder compacts

Sintering is the process in which a powder compact is turned into a full-density object through heating
[9,38]. The driving force is the reduction of interfacial area, which is equivalent to reducing the Gibbs
free energy of the powder. The sintering process can make materials more strong, more ductile, less
porous, and more conductive (in the case of metals). These changes in material properties are caused by

the geometrical changes that are induced by sintering [9].

Archeological artifacts suggest that the sintering process dates back to almost 24000 BC [9]. Humans
found that the firing of pottery and ceramic objects could lead to stronger materials. The first written
reports on the sintering process were made in the 17*" century. Since then, a wide range of sintering
applications have appeared over the years [7,39—41]. Sintering played an important role in the develop-
ment of the light bulb, the fabrication of hard tools for shaping artificial diamonds, the manufacturing of
self-lubricating bearings [42], and manufacturing of complex parts for the automotive industry. After the

Second World War, sintering was applied to electronic, dental, and medical devices.

For printed electronics, sintering is used to increase the conductivity of particle-based, printed traces
[7,8]. The conductivity of a printed trace consisting of metal particles is limited by the contact resistances
among the particles [43, 44]. In order to compete with the conductivity of conductive traces in PCB
technologies, these contact resistances should be strongly reduced. Sintering induces the formation of
metallic connections among the particles, so-called sinter necks, which strongly reduce contact resistances
[9]. This is illustrated in Figure 2.4 below.

A) particle trace B) sintered particle trace

Need e N /N
: </ </ 7/ N/

D, ()(; < &
substrate substrate
' ,
€
conductive highly conductive
(pprint >> pAg) (pprint ~ pAg)

Figure 2.4: The effect of sintering on the conductivity of printed metal particle layers. A) A schemat-
ical representation of a printed trace of untreated metal particles is shown. Electrons can pass through
the particle-particle interfaces, rendering the trace conductive. Contact resistances at the particle-
particle interfaces limit the resistivity of the trace, resulting in orders of magnitude higher resistivity
compared to the respective metal. B) Heat-induced sintering of the particles leads to the formation of
sinter necks among the particles. Particle-particle resistances are diminished and a resistivity close to
that of silver can be achieved.



2.4.1 Sintering stages: from powder compact to full density

The process can be divided into three stages: initial stage, intermediate stage, and final stage [9,38]. In
this section, I will use two main indicators of sintering to discuss the different stages, namely the neck size
and the density of the powder compact. The neck size is typically expressed as the ratio of neck diameter
to particle diameter (X /D). Figure 2.5 shows both the initial neck geometry and the geometrical changes

that occur through sintering.

A) Neck geometry B) Structural changes

gircle neck Green body Initial stage Intermediate stage Final stage

Interconnected
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|
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Figure 2.5: Initial neck geometry and structural changes upon sintering of a powder compact. A) Neck
geometry of necks formed in the initial stage of sintering. Sintering results in the formation of saddle-
shaped necks. D is the particle diameter, X the sinter neck diameter, and p the saddle neck radius.
Adapted and reprinted with permission from [9]. B) Figure from: ”Influence of Sintering Parameters
on the Structure of Alumina Tubular Membranes Obtained by Freeze-Casting”, by P. Cristh Fonseca
Alves, Journal of Ceramic Science and Technology, Volume 14, Issue 2, Copyright (c) 2023. Avail-
able under Creative Commons Attribution 4.0 International (CC BY 4.0). Structural changes that the
powder compact undergoes through sintering from a powder to a dense compact. The starting geom-
etry is the green body powder compact. At the initiation of sintering necks are formed (initial stage).
Necks grow, leading to interconnected tubular pores (intermediate stage). Further sintering collapses
the tubular pores into closed/isolated spherical pores (final stage).

The initial density of the powder compact, the *green body density’, is determined by the packing of the
particles. It affects the coordination number of each particle, which can have an effect on both the onset
of sintering as well as its kinetics. The particles are connected with each other through point contacts,
which are kept together by weak van der Waals forces. When the sintering is initiated upon heating, the
particle contacts grow in size and form grain boundaries. Grain boundaries that connect two particles
are called sinter necks. The contact growth and initial neck formation start the initial stage of sintering
(Figure 2.5B, initial stage). The initially formed necks have a saddle-like shape [9] (Figure 2.5A). Necks
grow independently in size and do not yet interact with neighboring necks. The surface curvature is the
main driving force of initial stage sintering [9,45,46]. Initial stage neck growth continues until X /D
exceeds a value of 0.33, which is the point at which necks lose their individuality and start to interact

with neighboring necks.

In the intermediate stage, necks start to overlap, and open pores throughout the powder compact are
formed (Figure 2.5B, intermediate stage). The pore sizes increase through the merging of neighboring
pores. Grain growth makes the pores more round and smooth. These effects generate tubular pores
throughout the powder compact. They grow longer and the diameters decrease, until the pores become

unstable and collapse into spherical pores. This collapse typically occurs at a density of 90 % to 92 %,
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which introduces the final stage of sintering [9] (Figure 2.5B, final stage).

In the final stage of sintering, the closed pores decrease in size until the full density of the powder compact

is reached.

2.4.2 Mass transport mechanisms

Sintering a porous powder compact to a dense material occurs through diffusion-based mass transport
processes [9,38]. Multiple mass transport mechanisms can concurrently contribute to neck growth and
densification during sintering. The most common ones are schematically represented in Figure 2.6 below.

Plastic flow

Surface diffusion

Grain boundary diffusion

Lattice diffusion \
2

Wb

' Grain boundary

Figure 2.6: Common mass transport mechanisms in powder sintering. 1) Plastic flow, 2) surface diffu-
sion, 3) grain boundary diffusion, 4) lattice diffusion.

One of the first models that predicted neck growth over time was provided by Frenkel [47]. Frenkel
assumed the sintering of two amorphous spheres with mass transport only through viscous flow induced
by capillary forces that act upon the particles (Figure 2.6, 1). These capillary forces scale with the cur-
vature of the necks that decreases as neck sizes grow larger, hence the driving force for this transport
mechanism is larger during the initial phase of sintering [9]. Experiments on initial stage sintering of
glass spheres were in good agreement with Frenkel’s model of neck growth by viscous flow [48, 49].
Crystalline particles exhibit other transport mechanisms and other models are required [9].

Material transport to the neck over the particle surface occurs via surface diffusion (Figure 2.6, 2). The
surface of crystalline particles contains defects, such as extra atoms, vacancies, terraces, ledges, and kinks.
The defects act as pathways for atom diffusion over the surface and are called material sinks, while the
atoms that can move toward these sites are called material sources. A concave surface (the sinter neck) has
a higher density of sinks compared to a convex surface (particle surface), which generates a gradient of
material sinks towards the sinter neck [9]. This gradient is the driving force for material transport towards
the neck. In the initial stage of sintering, mass transport is dominated by surface diffusion [9, 50]. As
sintering progresses the curvature of necks and the driving force for surface diffusion towards the neck
decreases. At a certain point, the driving force is too small, and bulk diffusion takes over.

The two most common bulk diffusion transport mechanisms are grain boundary and lattice diffusion
[9,10,38]. A grain boundary is the interception of two adjacent grains and has a high defect density.

Mass transport along these grains is called grain boundary diffusion. Atoms can also diffuse through the
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lattice by vacancy hopping or movement at interstitial sites in the crystal lattice. Such diffusion is called
lattice diffusion. The high defect density of grain boundaries makes material transport along the grain
boundaries a process with lower activation energy compared to material transport through the lattices.
Therefore, it is in most cases grain boundary diffusion that takes over from surface diffusion after the
neck curvature has diminished [9, 50]. A fundamental difference between surface and bulk diffusion
(grain and lattice diffusion) is that bulk diffusion leads to densification of the powder compact, while
surface diffusion does not. The fact that surface diffusion dominates the initial stage of sintering therefore

explains why most of the powder densification occurs in the intermediate and final stage of sintering.

2.4.3 The effect of temperature

Sintering is a thermally activated process with a defined onset temperature. It is often compared to the
glass transition temperature of polymers, which marks the transition from frozen chains to liquid-like
chains that have high mobility and the capability to flow [9]. An early technique to determine the sintering
onset temperature was to mechanically stir a chamber filled with powder [9]. The powder was heated
until the motor was no longer capable of stirring, which was determined to be the onset temperature of
sintering. In this way, the ’sintering temperature’ of iron in vacuum was found to be 750 °C, roughly
49 % of the melting temperature of iron [9]. More accurate tools are now used to quantify the sintering
process which focuses mainly on neck size, densification, and specific surface area. The most common
tool to determine the sintering onset temperature is the dilatometer, which can measure the shrinkage of

a powder compact [9,51].

In the initial stage of sintering the main parameter of interest is the neck size, since not much densification
occurs yet. Equations that predict the rate of neck growth in the initial stage during isothermic sintering

have the following form [9]:

)= = (2.6)

b

where X is the neck radius, D the particle diameter, B a term of geometrical and material constants, and
t the time. The integers n, and m, and the parameter B have been established for several of the material
transport mechanisms described in the previous section. Figure 2.7 shows an overview of them for the

different transport mechanisms.
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(XD)"=Bt/D"

Mechanism n m B

viscous flow 2 1 I~/ ()

plastic flow 2 1 Ou~bDy /S (RT)

evaporation-condensation 3 2 @BP~/ pd) (/2P M7 R T

volume diffusion 5 3 80 Dy~ 01/ (RT)

grain boundary diffusion 6 4 200 Dg~ 2/ (R T)
- 4/

surface diffusion 7 4 56 Dg~ Y/ RT)

symbaols

~ = surface energy, J'.-"m: Dy = volume diffisivity, m’ /s

1) = viscosty, Pa-s Dy = surface diffusivity,

b= Burgers vector, m Dy = grain boundary diffusivity, m” /s

R = gas constant, ]/ (mol K) P = vapor presure, Pa

T =absolute temperatume, K M = molecular weight, kg/mol

p = theoretical density, kg/m™ 1= atomic volume, m™/maol

& = grain boundary width, m

Figure 2.7: Initial stage sintering equations. Adapted and reprinted with permission from [9].

The parameter B contains material properties, such as the diffusion coefficient, and depends on the tem-
perature:

—Q
B =Bg-exp——, 2.7
0" eXp (2.7)
where By is a pre-exponential factor, () the activation energy, R the gas constant, and 7" the temperature.
Due to this exponential dependency of the temperature, changing the sintering temperature has a stronger

effect on the sintering rate than increasing the sintering time.

Surface diffusion dominates the initial stage of sintering for most crystalline materials. Figure 2.8 shows
the neck-to-particle diameter ratio for 1.5 um particles as a function of time as calculated from equation
2.1, where n, m, and B are taken from surface diffusion in Figure 2.7.

A) 20 nm particles B) 1.5 pum particles
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Figure 2.8: Sinter neck growth over time at different temperatures calculated by the two-particle sinter-
ing model based on the equation on surface diffusion, as provided in Figure 2.7, of A) 1.5 pm-diameter
silver particles, and B) 20 nm-diameter silver particles. The ratio of neck diameter X over the particle
diameter D is plotted as a function of time for sintering at 200, 300, and 400 °C.
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For 1.5 um particles to form necks with a size of X /D = 0.05 within 90 min, the two-particle model
predicts a required temperature of at least 400 °C (Figure 2.8B). Despite this prediction, many examples
of silver microparticles sintered at lower temperatures are presented in literature and alternative sinter

mechanisms have been proposed. I will discuss these examples in the following section.

For 20 nm particles necks with a size of X /D = 0.1 are formed after only 10 min at 200 °C (Figure

2.8A). In the following section, I will discuss the use of silver nanoparticles in printed conductors.

2.5 Silver-based printed conductors

This thesis covers printed conductors based on silver and copper microparticles. The aim is to sinter
the particles at a low temperature to achieve high conductivities at a low thermal budget. The temper-
ature should be compatible with common substrates used in printed electronics, which generally cannot
withstand temperatures above 200 °C [7]. Recycling and reusing the particles is an additional objective,
which will be further discussed in Section 2.8.

In this section, the low-temperature sintering of silver particles and their use in printed conductors are
discussed. Both silver nano and microparticles can be sintered at low temperatures [7, 11-13]. The low-
temperature sintering of silver nanoparticles is usually attributed to the high surface area, which predicts
a lower sintering onset temperature [7]. Low-temperature sintering of microparticles is less understood

and cannot be predicted by surface and grain boundary diffusion mechanisms.

I will first discuss the state of the art in low-temperature sintering of silver nanoparticles, followed by
the state of the art for silver microparticles. At last, the effect of the shape of silver microparticles on

conductivity and sintering behavior will be discussed.

2.5.1 Sintering of silver nanoparticles

Silver nanoparticles (NPs) can already be found in several industrial conductive pastes on the market
[52—54]. Their most attractive feature is the highly mobile nature of atoms on the particle surface [7]. NPs
have a large surface area and high surface curvatures, which strongly increases diffusivity on the particle
surface [9]. Since initial stage sintering is dominated by surface diffusion, sintering onset temperatures are

typically much lower, and the rate of neck formation is much higher compared to micron-sized particles.

NPs require surfactants that stabilize the particles in pastes [7,8]. They impede electron flow and need
to be partially removed to achieve a high conductivity of the printed traces. Common surfactants include
polymers, amines, and carboxylic acids [55]. Their decomposition temperature is often above 250 °C,

but in certain cases, they can detach from the surface below these temperatures [7].

A common surfactant for silver NPs is polyvinylpyrrolidone (PVP) [8,56,57]. Mo et al. made pastes
containing synthesized silver NPs with sizes ranging from 48nm to 176 nm [57]. They could control
the size distribution by varying the Ag™ concentration in the reaction process. Interestingly, they found
that increasing particle size increased the conductivity of printed traces. They proposed that PVP limited
the conductivity and with increasing particle size the PVP content decreased. The best resistivity was
achieved for 158 nm-diameter silver NPs, which at 140 °C for 10 min resulted in a resistivity of only

2.89 times that of bulk silver. Ding et al. argued that not only the size of NPs is important, but also the
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width of the size distribution [56]. By using a ratio of AgNOs3 to PVP of 1:0.4, they obtained a broad size
distribution with an average particle size of 93 nm, which resulted in a densely packed layer after screen

printing. A resistivity of 2.4 times that of bulk silver was obtained after treatment at 160 °C for 75 min.

In 2010 Magdassi et al. introduced a strategy to remove the ligand around the particles chemically,
leading to spontaneous sintering of the NPs at room temperature [58]. They found that treating NPs with
electrolytes, such as NaCl, leads to the replacement of the ligands by CI™ ions. As a result, the 11 nm-
sized particles formed sintering necks, which they referred to as coalescence. The coalescence of printed
traces of NPs resulted in high conductivities up to 20 % that of bulk silver. In later work of Magdassi et
al., they optimized the salt concentration and could achieve 41 % that of bulk silver at room temperature
[59]. Additionally, they optimized the process by first inkjet printing the silver paste, followed by inkjet

printing an electrolyte solution on top of the layer as a sintering treatment [60].

Conductive pastes based on silver NPs still face several challenges. Inkjet printing of silver NPs, such as
in the work of Magdassi et al., requires printing multilayers [58,59]. Screen printing, as done by Ding et
al., yields thin layers with a thickness of only 4 um [56]. In industrial applications, thicker prints might be
required to achieve low resistance over long line distances. Furthermore, the NPs they developed require a
long sintering time of 75 min. The synthesis of NPs is still usually complex and time-consuming, making
it less attractive for industrial applications [61]. In the next section, low-temperature sintering of silver
microparticles for their use in printed conductors will be discussed.

2.5.2 Sintering of silver microparticles

Silver microparticles currently are the industrial standard for conductive pastes used in printed electronics.
They are available at large scale, synthesis routes are less complex than for NPs, and they generally
have good stability in conductive pastes. The main challenge for silver microparticles is to keep the
post treatment temperature low while keeping a high conductivity. Microparticles have a lower surface
curvature than nanoparticles and higher expected sintering temperatures (Figure 2.8). Surprisingly, there

are several examples of sinter neck formation of silver microparticles below 200 °C (Figure 2.9) [11-13].

15



rJ < nanoparticls

Figure 2.9: Examples of low temperature sintering of silver microparticles. Scanning electron micro-
scope images of silver microparticles sintered at A) 150 °C [12]. Image from: “Facile and Scalable
Synthesis of Ag Nano-Flowers that Can be Sintered Below 120 °C”, by Zeliang Guo, Advanced Elec-
tronic Materials, Volume 9, Issue 26, Copyright (c) 2022. Available under Creative Commons Attri-
bution 4.0 International (CC BY 4.0). B) 140 °C (our work) C) 140 °C. Adapted and reprinted with
permission from [11] D) 175 °C. Adapted and reprinted with permission from [13]. In each example,
the formation of sinter necks can be observed.

Guo et al. achieved a resistivity of 1.7 -p 4, by sintering 1.3 pm-diameter silver particles at 150 °C for
30 min (Figure 2.9A) [12]. They were able to synthesize microparticles composed of silver nanosheets.
They attributed the low sintering temperature to the fine nanoscale surface features. Zhan et al. treated
silver micro flakes (0.5 pm to 1.5 pm, thickness 30 nm) with NaNO3 and succinic acid and found that
140 °C after 30 min led to a resistivity of 67.5-p44 [11]. They suggested that the NaNO3 and succinic

acid removed surfactants, etched silver, and aided sintering.

Other studies found silver nanoparticles formed in situ, which they linked to the low sintering temperature
of silver microparticles (Figure 2.10) [13,62,63]. Yeom et al. observed nanoparticle formation from silver
micro flakes (average diameter 8 um, thickness 260 nm) at 250 °C and attributed this to the release of
microstrains in the silver flakes (Figure 2.10) [62]. Later, the same group observed nanoparticle formation
from spherical silver microparticles (Figure 2.10) [13]. They treated a bimodal micro powder (quasi-
spherical with average diameters of 0.4 and 2.5 um) at 175 °C and attributed the nanoparticle formation
to the presence of a polyvinylpyrrolidone (PVP) surfactant on the surface of the particles. This surfactant
was proposed to form a complex with silver ions on the surface, leading to an accumulation of ions
that later precipitated to form nanoparticles. Matsuhisa et al. sintered silver microflakes with ~ 5 pm
diameter at 140 °C in a fluoroelastomer matrix and observed the formation of silver nanoparticles [63].
Additionally, they saw an increase in nanoparticle population upon adding a fluorine-based surfactant S-
386 to the matrix. They proposed that Ag™ that was formed on the silver surface diffused into the polymer
where it was reduced by the fluorine surfactant to form nanoparticles. Interestingly, all the above studies
observed the in-situ formation of nanoparticles, but they all provide different explanations. Furthermore,
none of these studies clearly describe how the nanoparticle formation could contribute to low-temperature

neck formation in silver microparticles.
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Figure 2.10: Electron microscope images of silver nanoparticles that formed in situ during sintering

of silver microparticles. A) TEM images showing formed silver nanoparticles at the outer edge of the
silver microparticle. Adapted and reprinted with permission from [62]. B) SEM image of two sintered
silver microparticles with silver nanoparticles on their surface (own work). C) Silver nanoparticles that
formed between the sintered microparticles. Adapted and reprinted with permission from [13]. D-F)
SEM images of silver nanoparticles formed among silver microflakes during sintering. Adapted and
reprinted with permission from [63].

In Chapter 3 of this thesis, I will focus on the origin of in-sifu nanoparticle formation, how it depends
on particle type and chemical environment, and especially on what role it plays in the low-temperature
necking mechanism of silver microparticles. I will formulate a hypothesis that can explain the differences
in sintering temperature observed for different types of silver particles and provides an explanation of why

many silver particles can already form silver necks at such remarkably low temperatures.

2.5.3 Sintering of microscale silver flakes and spheres

Microscale flakes and spheres are dominating the market and are used in printing conductive traces from
silver-based pastes [12, 13,62, 64]. This section discusses the differences between flakes and spheres in

sintering, conductivity, and recyclability.

The flat and elongated nature of flakes typically creates larger particle-particle contact areas than spheres
[64]. The conductivity of a printed trace of particles is limited by the resistance of such particle contacts
[43,44]. They are caused by the constriction resistances at small particle-particle contacts and tunneling
resistances due to insulating interlayers [33]. The larger the particle-particle contact area, the lower this
resistance, and therefore the lower the resistance of the printed particle trace. It is therefore expected that

prints based on flakes have a lower resistance than prints based on spheres. The formation of sinter necks
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changes the picture, and the size of the necks starts to determine the particle-particle contact resistance
and thus the resistance of the prints. It remains unclear whether sintered flakes or sintered spheres result

in a higher conductivity.

In Chapter 4 of this thesis, I will compare flakes and spheres treated at different temperatures. 1 will
compare conductivities at temperatures below and above the onset temperature of neck formation. Ad-
ditionally, the recyclability of weakly and strongly sintered flakes and spheres will be compared. I will

elaborate more on the recyclability of printed electronics in Section 2.8.

2.6 Copper-based printed conductors

The mining, refining, and processing of silver are resource-intensive processes. Silver has an embodied
energy of 15MJkg™! [14], and a CO; equivalent emission of 25 000kg [14]. Silver prices have been
above 10 USD per ounce (353 USD per kilogram) since the year 2005. There are strong ecological and

economic incentives to replace silver with a cheaper and more sustainable alternative.

Copper has a high conductivity (¢ = 5.96 x 107 Sm~1) [65], is cheaper than silver [66,67], and more
abundant [68, 69]. Many studies have investigated the potential of copper replacing silver [31, 70, 71].
The main challenge is that copper spontaneously forms electrically isolating native oxide layers in air,
which both increases the sintering temperature and the electrical resistance of copper-based prints [19].
A common strategy is to sinter the prints in a vacuum or controlled atmosphere, but temperatures above
250 °C are usually required [70, 71].

The two most stable oxide phases of copper are Cu,O and CuO. A clean copper surface readily oxidizes
under ambient conditions to form a native oxide layer. It is predominately Cu,0O, though some studies
have also detected the presence of CuO [72,73]. The thickness of this oxide layer depends on parameters
such as humidity and temperature but is said to be a few nanometers under ambient conditions [72—
74]. The native oxide layer passivates and prevents further growth. Choudhary demonstrated that the
activation barrier for oxide diffusion through the native oxide layer of a 100 nm copper film occurred at
a temperature of 150 °C [75]. The resulting oxidation leads to a strong increase in the sheet resistance of
the thin film. X-Ray diffraction analysis (XRD) revealed the formation of Cu,0O at 200 °C and CuO at
320 °C. These observations are in line with many other literature studies that also conclude that CuO; is
first formed, and is converted to CuO at higher temperatures [72, 76—78]. Both CuyO and CuO impede
electron flow through copper interfaces. Their higher melting points increase the sintering temperature of
the copper particles [19]. To keep treatment temperatures low and the conductivity high, it is, therefore,
crucial to prevent copper oxidation during the heat treatment of printed conductors based on copper

particles.

Copper pastes for printed electronics require a conductive copper filler material, an anti-oxidation strat-
egy, and a post treatment to increase the conductivity (see Figure 2.11). The copper filler material can
be divided into nano- and microparticles. Microparticles generally need a high temperature for sintering.
Nanoparticles, due to their high surface curvature, can be sintered at much lower temperatures. How-
ever, they have a larger surface area and are more prone to oxidize than microparticles [78]. Common
anti-oxidation strategies for nano- and microparticles include capping particles with a polymer or small

organic molecules [79, 80], coating particles with metals [71, 80], and adding additives in the paste for-
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mulations [81, 82] (Figure 2.11). Capped particles have polymers or molecules attached to the surface
that block oxygen diffusion. Additives are present in the paste and slow down oxidation through their
interaction with oxygen. Coatings on particles are dense layers, typically metals, covering the surface

and preventing oxygen from reaching the particle core.

Copper filler material Post treatment ‘

Micro Nano Pressure-assisted

Spheres
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Figure 2.11: Common copper filler materials, anti-oxidation strategies, and sintering methods for
copper-based pastes for printed electronics applications. The main copper filler materials are micro-
and nano-sized spheres and flakes. As an anti-oxidation strategy acids are added to the pastes, parti-
cles are coated with metal shells, or particles are coated with small organic molecules or polymers.
The post-treatment can be done in a furnace either in air, in vacuum, or in inert gas. Alternatively, the
sintering process can be done under external pressure (adapted and reprinted with permission from
[83]) or via alternative sintering strategies, such as Intensive Pulsed Light (IPL) sintering. Image from:
”Rapid Pulsed Light Sintering of Silver Nanowires on Woven Polyester for personal thermal man-
agement with enhanced performance, durability and cost-effectiveness”, by H. Hyun-Jun, Scientific
Reports, Volume 8, Copyright (c¢) 2023. Available under Creative Commons Attribution 4.0 Interna-
tional (CC BY 4.0).

A commonly used polymer capping agent for copper nano- and microparticles is polyvinylpyrrolidone
(PVP), which is also extensively used to stabilize silver particles. Cheng et al. synthesized copper
nanoparticles with an average diameter of 140 nm coated with PVP [84]. They could achieve a resis-
tivity of 17 p€ - cm at a temperature of 250 °C for 2 h under a mixed atmosphere of argon and hydrogen.
Liu et al. pretreated 30 nm-diameter copper nanoparticles with formic acid, followed by a sintering treat-
ment for 1 h in a nitrogen/hydrogen atmosphere at 260 °C and obtained a resistivity of 6.1 p€2 - cm [85].
Yokuyama et al. investigated the influence of the PVP concentration during copper nanoparticle synthe-
sis on the electrical performance of prints [86]. They made prints of 62 nm-sized particles and found that
optimizing the PVP concentration resulted in more densely packed particle layers that adhered better to
the substrate. They achieved a resistivity of 45 uQ - cm at 225 °C for 1 h under an argon and hydrogen

flow.
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Another common capping agent is citric acid. Sarwar et al. synthesized citrate-capped copper nanoparti-
cles and made screen-printed traces that were treated at only 60 °C in ambient air [87]. The printed paste
was sandwiched between layers of sodium alginate to further protect the printed traces from oxidation.
It was said that the citrate was desorbed during the heat treatment, which was followed by the merging
of the nanoparticles. As a result, they could obtain a resistivity of 74 uQ - cm. Hong et al. used formate
ions and dodecyl mercaptan to passivate the surface of commercial copper microflakes (80 nm thickness

and 3 um lateral size) [88]. They achieved a resistivity of 75 pQ - cm after sintering for 10 min at 170 °C.

L-Ascorbic Acid (AA), also known as vitamin C, can be used as an environmentally friendly additive
to suppress copper oxidation in conductive pastes [81, 82]. Gao ef al. printed copper pastes of copper
particles with diameters ranging from 1to 500 nm on a copper substrate and placed a copper chip onto
[81]. They sintered the paste to create a sintered joint and compared pastes with and without the addition
of AA while sintering at a temperature of 350 °C in nitrogen. The AA increased bonding strength by
reducing Cu,O to Cu” and preventing further oxidation during sintering by scavenging oxygen. Paciono
et al. also investigated the effect of AA on the oxidation of copper particles and found that it slows
down oxidation by reducing copper ions into Cu® [82]. They used UV-visible and Electron Paramagnetic

Resonance spectroscopy to support their claims.

It becomes evident from the examples above that despite the anti-oxidation strategies, the majority of
copper-based pastes require a controlled sintering environment and high temperature to achieve good
conductivities. In the next section, I discuss the state of the art in conductive pastes based on silver-
coated copper particles. Such particles employ a thin coating of silver that prevents copper oxidation by

forming a physical barrier between the oxygen and the copper core.

2.7 Silver-coated copper particles

Silver-coated copper particles can combine the low cost of copper with the oxidation resistance of silver.
A thin silver coating blocks oxygen diffusion towards the copper core. The stability of silver-coated
copper particles towards oxidation is limited by the stability of the silver coating. In ambient air, the
coating remains stable for at least 6 months [71, 80]. Dewetting of the silver coating, which occurs at
elevated temperatures, leads to exposure and oxidation of the underlying copper core. The dewetting of

silver-coated copper particles is schematically illustrated in Figure 2.12 below.

Hai et al. found that dewetting occurred at a temperature of 200 °C for 2 um-sized silver-coated copper
particles with a 260 nm thick silver coating [89]. Yu ef al. found an onset temperature of dewetting at
157 °C of 50 nm-sized silver-coated nanoparticles [90]. They used thermogravimetric analysis to show
that the particles increased in mass due to oxidation above this temperature. Grouchko et al. observed

dewetting at 250 °C for 40 nm-sized particles with a 2 nm-thick silver coating [91].

Silver-coated copper particles have been explored for their use in sinter bonding of chips in power elec-
tronics [92-96] and for printed electronics [90,97—-104]. Swierzy et al. developed a method to synthesize
silver-coated copper particles with an average diameter of 1 pm and a silver shell thickness of 20 nm [97].
From these particles, they formulated pastes that were printed using a bar coating method. The printed
layers rendered highly conductive after a heat treatment at 250 °C in nitrogen for 15 min. Dewetting at

temperatures above 250 °C led to copper oxidation and decreasing conductivity as a consequence. In later
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200 -300 °C
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Figure 2.12: Dewetting of silver-coated copper particles at elevated temperatures. A schematic illus-
tration and electron microscope images of particles before dewetting (on the left) and of particles after
dewetting (on the right). The dewetting results in the oxidation of the exposed copper copper. The
backscattered electron image (BSE) after dewetting shows the dewetted silver droplets with a bright
contrast (BSE image on the right).

work, they added propionic, oxalic, citric, or oleic to the pastes and found that they chemically increased
the conductivity of the prints [98]. Oleic acid was found to have the strongest enhancement effect. Kim
et al. screen-printed a paste containing 450 nm-diameter silver-coated copper particles and achieved a
resistivity at 200 °C in nitrogen for 1h of 8.2 u2 - cm [100]. Zhang ef al. used an even lower temperature
of 150 °C in nitrogen for 2 h using elliptic silver-coated nanoflakes and achieved 37.5 uf2 - cm [104].

The glass transition temperature (1) of most commonly used flexible substrates lies between 62 °C to
222 °C [7]. The post treatment temperature for flexible printed electronics should at least be kept below
this T,. Some of the examples above employ a heat treatment temperature of 200 °C or lower. Zhang et
al. prepared their conductive traces on a flexible polyimide substrate. Nonetheless, the main drawback
of all examples demonstrated so far is the fact that all heat treatments are done in nitrogen, in a vacuum,
or under high pressure. This makes their use in printed electronics less attractive compared to pure silver
particles, that can be sintered in ambient air conditions. In Chapter 6, I study the low-temperature sintering
mechanism in ambient air of silver-coated copper particles and their use in printed conductors.

2.8 Sustainability of printed electronics

Reducing cost and increasing compatibility with flexible substrates are important to consider, but we
cannot ignore the environmental aspect of manufacturing electronics by printing. Electronics continue
to become more important in our society, evidently leading to more and more electronic waste. How do
conventional PCB techniques compare to printing techniques when it comes to sustainability? Which
aspects of printed electronics have the most environmental impacts? And most importantly, what can be

done to minimize the environmental impact of printed electronics?
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A straightforward way to reduce the environmental impact of printed electronics is to use a low-impact
material as the substrate. Many researchers have investigated the use of paper or cardboard as a substrate
for printing conductors [105-107]. Polymeric binders in conductive paste formulations can be replaced by
low-impact alternatives. For example, Lv ef al. demonstrated the fabrication of an elastomeric conductor

for soft electronics applications using sustainable and recyclable vegetable oil as polymeric binder [108].

The largest sustainability gain can be achieved by changing the conductive filler material [2, 3, 109].
In the case of silver-based printed conductors, silver makes up for approximately 80 % of the global
warming potential [110]. Carbon-based conductors could reduce the environmental impact, but their low
conductivity limits their use. Alternatively, the silver content of printed conductors can be reduced to

make them more sustainable.

Maximizing conductivity is equivalent to minimizing silver use in printed conductors. The higher the
conductivity, the less silver is needed to achieve a certain conductance of the printed conductive trace.
As I have discussed in Section 2.4, the sintering of the particles in the trace is crucial to maximize the

conductivity of the printed trace.

A second, complementary strategy to reduce the amount of silver used in printed conductors is to recycle
the used silver. Available commercial processes to recycle precious metals from electronics waste include
mechanical processing, pyrometallurgical processing, and electrochemical separation processes [111—
113]. Waste PCBs are shredded and the metallic fraction is magnetically separated. Pyrometallurgical
processing involves heating the waste up to 500 °C to 2000 °C to burn out remaining organics and to
create a molten mass of mixed metals. For further purification of the metals, electrochemical treatments
are required. These processes are costly, require toxic reagents, require high temperatures, and release
toxic fumes [113]. Furthermore, the recycled metal needs to be processed into a powder before it can be
used in conductive pastes again. Some alternative recycling strategies of printed conductors that recycle

the silver as powder have been presented in literature [22, 106].

Kang et al. printed reversible inkjet-printed gold nanoparticle traces, where the gold nanoparticles could
be recovered after the lifetime [106]. They used a sinter-free hybrid nanoink, where the layers could be
rendered conductive without sintering the printed nanoparticle traces. Kwon et al. recovered and reused
metal powder from printed conductors without thermal treatment [22]. Silver flakes were recovered
from a polycaprolactone matrix and used in new prints with similar electrical performance. These works
demonstrate the possibility of recycling the silver powder from prints, nonetheless the absence of sintering
results in resistivities of 3270 times (Kang et al.) and 3000 times (Kwon et al.) for that of bulk silver.
Conventional sintering methods often result in dense metal layers, which would complicate the recovery
of the powder. There are no studies up to date that combine the sintering of particles with a method to
recycle them from the printed conductors after lifetime. In Chapter 3, I will introduce such a method for

silver microparticles.
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2.9 Research gaps addressed in this thesis

Whether a printed conductor is silver-, copper-, or carbon-based, they require high conductivity, low
treatment temperatures, ambient air treatments, and the possibility of recycling the conductive filler ma-
terial. In the previous sections, we have seen the main advances and remaining challenges for silver- and
copper-based printed conductors. The main challenge remains to sinter particles at low temperatures to
achieve high conductivities. Copper-based conductors require anti-oxidation strategies to prevent copper
oxidation which lowers the conductivity. Lastly, recycling strategies for the metal particles are required
to reduce the environmental impact of printed electronics. This thesis aims to contribute to the current
state of the art:

Gap 1: Low-temperature sintering mechanisms of silver microparticles. In Section 2.5, we have
seen that high conductivities have been achieved through sintering of silver microparticle traces at low
temperatures (200 °C and lower) [12, 13,63]. The formation of nanoparticles during sintering of mi-
croparticles has been observed and suggested to play a role in the low temperature sintering mechanism.
However, there is no agreement on the sintering mechanism, nor is it clear how nanoparticles would aid
sintering. In Chapter 3 of this thesis, I will present a mechanism that both explains the low temperature

sintering of silver microparticles and the formation of nanoparticles.

Gap 2: The best of two worlds: Sintering and recycling. Recycling and reusing the conductive filler
is crucial for making printed electronics more sustainable. So far, the potential of recycling and reusing
metal particles from printed conductors has been demonstrated in the works of Kang et al. and Kwon
et al. [22,106]. However, achieved conductivities are not yet competing with sintered conductors. In
Chapter 3, I will discuss how to combine sintering and recycling to obtain highly conductive, recyclable
printed conductors. The introduced recycling method is used to demonstrate the recycling of the metal

powders in Chapters 4 and 6.

Gap 3: Flakes versus spheres. Silver flakes and spheres have been discussed in the literature for their use
in printed electronics, including differences in sintering kinetics and achieved conductivities. Flakes are
presented as the more suitable option for obtaining high conductivities at a low temperature. Nonetheless,
it is not trivial whether this is true for higher sintering temperatures as well. Neither has the recyclability
of sintered flakes versus sintered spheres been studied. In Chapter 4, flakes and spheres were sintered at
temperatures ranging from 110 °C to 300 °C, and their electrical conductivity at each temperature were
compared. Mildly and strongly sintered flakes and spheres were recycled and their recovery percentage

was compared.

Gap 4: Copper-based printed conductors. In Chapter 5, I will discuss the sintering of polymer-capped
copper microparticles. Pastes were made containing 1.5 and 2.5 pm particles, ethylene glycol, and L-
Ascorbic acid (AA). The polymer capping served to protect the particle surface from oxygen and the AA
to scavenge oxygen during sintering through its own oxidation. The pastes were printed and sintered at
temperatures ranging from 200 °C to 400 °C in ambient air and in a vacuum. In Chapter 6, I studied the

low temperature sintering in ambient air and recycling of silver-coated copper spheres and flakes.
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3 Recyclability-by-design of Printed Electronics by
Low-Temperature Sintering of Silver Microparticles
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This chapter is based on the content of the article:

D. van Impelen, L. Gonzalez-Garcia, T. Kraus, Recyclability-by-design of Printed Electronics by Low-
Temperature Sintering of Silver Microparticles, Advanced Electronic Materials 2024.
https://doi.org/10.1002/aelm.202400533

The article is licensed under a Creative Commons CC BY license. Content is reused with permission of

the authors.
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3.1 Abstract

A low-temperature sintering mechanism of silver microparticles is established and used to enable the
design-for-recycling of printed electronics. We study the formation of necks during the initial phase sin-
tering of precipitated and atomized silver microparticles. Temperature- and time-dependent in-situ analy-
ses indicate the existence of a mobile silver species that provides efficient mass transport. The activation
energy of neck formation identifies silver ion formation as the rate-limiting step of low-temperature silver
sintering. We demonstrate that resistivities of 271 times that of bulk silver can be attained after 40 min
at 150°C. Low-temperature sintering not only reduces the energy required during thermal treatment,
but it yields layers that are suitable for recycling, too. The resulting layers have conductive necks that
are mechanically weak enough to be broken during recycling. We redispersed printed layers and reused
the recycled silver powder without loss of the electrical performance in new prints. Their conductivities
were industrially relevant, which makes this recyclability-by-design approach promising for manufactur-

ing more sustainable printed electronics.

3.2 Introduction

Metal-based pastes are the current industry standard for conductive adhesives, conductive paints, and
screen-printable conductive pastes. Their conductivity stems from metal nano- or microparticles, usually
with quasi-spherical or flake-like shapes [4, 7, 8]. Polymers and solvents are added to create pastes, tune
their viscosity for printing, protect the metal during further processing, and increase the adhesion and
mechanical robustness of the final printed structure.

Electronics can be printed using metal-based pastes [4, 5,7, 8] at high production rates [7, 8], low costs
[4,7,8], good sustainability [2,3], and for flexible electronic applications [114, 115]. The printed pastes
form traces in which the metal particles conduct electronically. High conductivities usually form only
after heat treatments, which increases energy requirements and limits the compatibility with flexible

substrates [7]. This has motivated research in pastes that reach high conductivities at low temperatures.

Silver is an interesting material to this end. The high intrinsic conductivity of silver (p44, = 1.59 u{2 cm)
[116], its conductive oxide [117], and its stability at elevated temperatures [118, 119] make silver the
standard metal in conductive metal pastes, albeit at considerable ecological and economical costs. The
mining, refining, and processing of silver are resource-intensive processes. Silver has an embodied energy
of 15MJ kg ™! [14], and a CO5 equivalent emission of 25 000 kg [14]. Silver prices have been above 10
USD per ounce (353 USD per kilogram) since the year 2005. There are thus considerable economic and

ecological incentives to reduce the required amount of silver and to recover silver from printed electronics.

In this contribution, we study how to minimize the amount of silver used in printed conductors and the
required temperatures simultaneously. We investigate whether the resulting prints can be recycled and
show that while trade-offs exist between silver use, temperature, and recyclability, industrially relevant
performances can be reached below 160 °C while retaining recyclability. The following sections discuss

how classical sinter theory and current research on silver particle sintering contributed to this goal.

The conductivity of printed, untreated leads is initially dominated by contact resistances between the

metal particles [43,44]. Thermal annealing induces the formation of metallic sinter necks between the
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particles by surface and bulk diffusion, which reduces the contact resistances and therefore increases
the conductivity of the leads [9, 38]. Classical sintering theory distinguishes initial, intermediate, and
final stage sintering that leads from a powder compact to a dense material [50]. Particle contacts in the
original powder compact are dominated by weak Van der Waals interactions. Theory predicts that the
particle contacts are converted into grain boundaries at approximately 75 % of the metal’s melting temper-
ature, the initial stage of sintering [51]. Surface diffusion, grain boundary diffusion, lattice diffusion, and
evaporation-condensation-controlled mass transport then contribute to neck growth [120]. The initially
high curvature of the saddle-like necks reduces and their cross-section increases. The initial stage ends
when the neck diameter reaches one-third of the particle size or when the powder compact has lost more
than 3 % of its volume [9, 121]. In the subsequent intermediate stage, the particles lose their individual
nature and merge. Cylindrical pores are formed, and grain growth starts. The cylindrical pores shrink
until they collapse at a relative density of approximately 90 % and leave spherical pores. The final stage

of sintering then removes the remaining pores [9].

Research of the past decade has shown that silver nanoparticles with diameters below 200 nm fuse at a
much lower temperatures, which has been exploited to create highly conductive silver prints at temper-
atures below 200 °C [7, 8, 122]. Such particles contain large fractions of organic stabilizers. They fuse
when these stabilizers are removed from the surface, but it is difficult to use them in thicker layers without
cracking. Furthermore, the synthesis route of nanoparticles is typically complex, which makes them less

attractive for industrial applications.

Most commercial conductive pastes are based on silver microparticles (AguP) that contain fewer surfac-
tants, are cheaper to produce than nanoparticles, and are available at scale. AguP are produced either by
chemical reduction by “precipitation” or from a metal melt by “atomization” [13, 123, 124]. Precipitated
nano- and microparticles carry an organic surfactant layer that is usually electrically insulating [125].
Atomization uses a stream of liquid metal that breaks into droplets in a gas or liquid jet, followed by the

solidification of a powder of metal microparticles [126], and does not require surfactants.

Standard theory implies that temperatures of approximately 721 °C (75 % of the melting temperature) are
required to create necks between such AguP [51]. If the grain size of the microparticles is smaller than
100 nm, a process called triple-grain boundary diffusion dominates mass transport during neck formation
[127,128]. This mechanism enables sintering already at 20 % of the melting temperature, 240 °C for
silver [51]. However, open literature shows that sinter necks already form at even lower temperatures:
1.3 pm diameter AguP formed necks already at 150 °C after 30 min as confirmed with Scanning Electron
Microscope (SEM) imaging [11, 12]. Guo et al.. explained this observation with nanoscale surface
features that enhance surface diffusion, enable sintering, and reduce bulk resistivity to 1.7-p44 [12].
Zhan et al. treated silver micro flakes (0.5 um to 1.5 um, thickness 30 nm) with Na/N O3 and succinic
acid and found that 140 °C after 30 min led to 67.5 -p44 [11]. They suggested that Na N O3 and succinic

acid remove surfactants, etch silver, and aid sintering.

Several groups report the in-situ formation of silver nanoparticles (AgNP) during low-temperature sin-
tering of AguP [13,62,63]. However, there is no consensus on the origin of the AgNP. Yeom et al.
claimed that silver micro flakes (average diameter 8 pm, thickness 260 nm) formed AgNP at 250 °C due
to the release of microstrains [62]. Later, the same group studied a bimodal silver micro powder (quasi-
spherical with average diameters of 0.4 and 2.5 um) at 175 °C and attributed the formation of AgNP to a
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complex of polyvinylpyrrolidone (PVP) on the particle surfaces with silver ions [13]. These ions are said
to be reduced by ethylene glycol to form AgNP, which was used as a solvent in the paste formulations.
Matsuhisa et al. sintered silver flakes (~ 5 pm diameter) at 140 °C inside a fluoroelastomer matrix and
found AgNP [63] at a density that was increased when adding the fluorine-based surfactant S-386 to the
matrix. The authors explained AgNP formation with the diffusion of Ag™ into the polymer, followed by
reduction by the surfactant. The link between low-temperature sintering, neck formation mechanisms,

and nanoparticle formation remains unclear in all of these studies.

Low-temperature sintering can lower the cost of printed conductors and make it possible to temperature-
sensitive flexible substrates. A less obvious consequence that has not been addressed in the literature
is the recyclability of low-temperature sintered leads. We propose that redispersion and reuse of used
silver particles is possible if the sinter necks are weak. Kwon et al. demonstrated the recovery and reuse
of metal powder from printed conductors without thermal treatment [22]. Silver flakes were recovered
from a polycaprolactone matrix and used in new prints with similar electrical performance. However,
such untreated films have relatively high bulk resistivities, equivalent to 3000 -p 44 in the case of Kwon
et al.. This has to be compensated with thicker films and larger silver amounts, which limits economic
and ecological benefits. To our knowledge, there are no reports on recycling and reusing sintered silver

particles from printed conductors.
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Figure 3.1: Low-temperature sintering of conductive printed silver films designed for recycling. Silver
micro powders (micrograph A) that are sintered at 200 °C form large sinter necks (B) that prevent re-
dispersion. (C) Low-temperature sintering leads to thin necks with a good electrical conductivity that
can be fractured for recovery.

In this work, we demonstrate the formation of a printed silver lead with a conductivity that is on the order
of currently used industrial materials. To this end, we combine a low-temperature sintering treatment of
AguP with a strategy to recycle and reuse the silver particles for new prints. The AguP are first printed,
sintered at a low temperature, and then redispersed to recover the sintered AguP in the “recyclability-by-
design” approach shown in Figure 3.1. The strategy is based on targeting to create sinter necks that are

mechanically weak and can be broken up again, but still lead to a significant conductivity increase of the
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printed conductor. Furthermore, we demonstrate how these recycled particles can be reused for printing a
new generation of printed conductors. Additionally, we propose a low-temperature sintering mechanism
based on a mobile silver ion concentration that explains both low-temperature sintering and the emergence
of silver nanoparticles. We study the neck formation between AguP experimentally and focus on the role
of organic compounds on the particle surfaces. Ligand-containing, chemically precipitated- are compared
with ligand-free atomized AguP in screen-printed particle films. We analyze the changes in conductivity
and microstructure during heat treatments ex-situ and in-situ as a function of particle origin, temperature,

and time.
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3.3 Results and discussion

3.3.1 Effective silver use through low-7" sintering

The bulk resistivities of freshly printed, silver-based conductors are below the bulk resistivity of pure
silver and dominated by the resistances at interfaces between particles [7]. Heat treatments reduce the
contact resistances such that conductivity increases. Porosity remains, however, so that the limiting

pag = 1.59 u€d cm [129] will not usually be reached.

Bulk resistivities are commonly determined by first measuring a sheet resistance

Ry=— 2V G3.1)

where AV and I are the potential difference and current between two points on a thin film with constant
thickness. Layers with equal bulk resistivities can have different porosities and thus, contain different

amounts of silver. In the following, we use a mass-normalized sheet resistance,
Rm/sh = m* Rgp, (3.2)

that contains m, the mass of silver in the printed layer, and provides a material property that is independent
of layer thickness (in contrast to sheet resistance). A dense layer of bulk silver has the lowest possible
value of R, /s 4y = 0.05 ”s‘—éz - g Minimizing R, /4, is equivalent to minimizing the electrical resistance

at a given silver content. Our aim in this contribution is to minimize R, /, while retaining recyclability.
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Figure 3.2: Effect of heat treatment on microstructure and conductivity of printed silver particle layers.
(A) Mass-weighted sheet resistance R, /4, after 30 °C at temperature T'. Arrows indicate the onset
temperatures for precipitated (blue) and atomized (green) particles. Each point represents the average
of three samples, error bars indicate +/- one standard deviation. (B) Top view SEM image of a precip-
itated particle layer treated at 110 °C and (C) at 200 °C. (D) Atomized particle layer treated at 200 °C
and (E) at 300 °C.

We prepared pastes containing 1.5 pm precipitated (P-) or 1.7 um atomized silver particles (A-AguP).
P-AguP had rough, A-AguP had smooth surfaces (see Figure S1 of the Supporting Information). Ther-

mogravimetric analysis indicated that P-AguP contained 0.4 wt-% of organic surfactants, while A-AguP
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did not contain any measurable surfactant (Figure S2 of the Supporting Information). Cross-sections
of printed lines prepared with a Focused lon Beam (FIB, cf. experimental section) revealed nanoporous
cores for P-AguP and dense cores for the A-AguP (Figure S3 of the Supporting Information). X-ray
Diffraction (XRD) indicated grain sizes of 36.7 nm for P-AguP and 20.4 nm for A-AguP (Figure S4 of
the Supporting Information).

Lines with an average thickness of 21.5 um and 37.5 pm of precipitated or atomized particles were printed
on glass slides and treated at different temperatures between 110 °C to 300 °C for 30 min (see Figure
3.2A). The degree of sintering was assessed using Scanning Electron Microscopy (SEM) and electrical
characterization. In addition, the crystal size for both particle types treated at different temperatures was

estimated using XRD.

Figure 3.2B shows that printed lines of precipitated particles treated at 110 °C contained separated par-
ticles without visible sinter necks. We estimate that SEM could detect any necks with diameters above
50nm. The R,, /s, of these lines were 2 orders of magnitude above that of bulk silver and dominated
by particle-particle contact resistances [130]. Figure 3.2C shows sinter necks formed in printed lines of
precipitated particles at 200 °C that reduced R, /s, to approximately 4R, /s, Aq-

Atomized particles did not yet form sinter necks at 200 °C, (see Figure 3.2D), which explains their
Rijsh = T8.5 % - g, 3 orders of magnitude above R, /s 44 (Figure 3.2A). Sinter necks did form at
300 °C (Figure 3.2E), and reduce Ry, /s to 8R,;, /5, 44 (Figure 3.2A).

The change in resistance, AR, /4, during 30 min sintering depended on temperature. It dropped between
110 and 200 °C for printed P-AguP lines and between 200 and 300 °C for printed lines containing A-AguP
(see Figure 3.2A). Lower temperatures did not change R,,, ., higher temperatures led to plateau values
of Ry, /sn- It appears that R, /., first decreases due to neck formation between the particles, followed by
further decreasing due to the growth of the sinter necks. An alternative hypothesis would be to assume
that not all necks are formed at once so that R, /s, drops as the number of necks increases until all

A-AguP have necks connecting them to their neighbors, and R,,, /4, reaches a plateau value.

X-Ray Diffraction (XRD) revealed that crystal growth started at 110 °C for P-AguP and at 160 °C for
A-AguP (Figure S5 of the Supporting Information). The onset of crystal growth at a lower temperature
for P-AguP is consistent with the decrease of R,,, /,, that already started at 110 °C for P-AguP.

The low temperature sintering of 1 pm-diameter precipitated particles was studied in pastes formulated
with industry-standard polymers and additives for improved printability and adhesion to the substrate, too.
The results were comparable to those shown above (details can be found in Section 6 of the Supporting

Information).

The observation that P-AguP sintering occurs at lower temperatures (110 — 200 °C) compared to A-
AguP (200 — 300 °C), demands a closer look at the sintering mechanism at play. In the next section,
we indirectly followed the evolution of sintering by in-situ tracking of the conductivity of prints during
heat treatments. Based on those results and the results in this section we then formulate a hypothesis
explaining both the observed differences between P-AguP and A-AguP, and the general observation that
sintering of these particles already occurs at such remarkably low temperatures.
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3.3.2 Low-7 sinter mechanism

We followed the evolution of the sinter necks during the heat treatment indirectly by observing elec-
trical conductivity in-situ. Samples made from P-AguP or A-AguP were placed on a hotplate, heated
to maximal temperatures of 130to 160 °C (P-AguP) or 250 to 350 °C (A-AguP), and held there for at
least 90 min. The electrical resistance was monitored (cf. experimental section). To save space we show
only one trace per temperature, nonetheless all measured samples (three or more) can be found in Figure
S7 (P-AguP) and Figure S8 (A-AguP) of the Supporting Information. The 2-point contacting scheme
used in the setup shown in Figure 3.3 was validated by comparison with a 4-point probe measurement of
1.5 um precipitated particles at 160 °C shown in Figure S9 of the Supporting Information. Large sample-
to-sample variations of dried, but not sintered, prints were confirmed with 4-point measurements. The
average R/, of 9 samples dried at 60 °C in vacuum for 2h was 31 “S‘—El) - g with a standard deviation
of 20 “;’—32 - g. Contact resistances also contributed to the variations of the initial resistances observed in

Figure 3.3A but did not affect the onset times of sintering that are analyzed here.
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Figure 3.3: Change in resistance R,,, /,;, and neck formation of layers formed from P-AguP and A-
AguP. Layers were heated to 7" at a rate of 28 °C min~* and kept for at least 90 min. (A) Resistance
evolution for P-AguP and (B) A-AguP. (C-F) Scanning electron micrographs of (C) P-AguP layers
treated at 130 °C and (D) 160 °C; (E-F) A-AguP layers treated at (E) 250 °C and (F) 275 °C. Yellow
arrows indicate sinter necks.

Figure 3.3A shows the time-dependent R, ., and SEM images of P-AguP layers. Sinter necks became
visible only above 130 °C (Figure 3.3C). We attribute the drop in electrical resistance below 130 °C during
the first 10 min to the removal of residual Ethylene Glycol (EG) that are visible in SEM cross-sections
(see Figure S10 in the Supporting Information). The dry films reached a plateau R,,, /5, = 10 ”s‘—éz - g that
did not decrease when heating longer.

Temperatures above 130 °C consistently led to a second, remarkably sharp drop in R,, /. Its onset
times decreased with increasing temperature (Figure 3.3A, Figure S11 of the Supporting Information).
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Given the changes in electrical conductivity and the evidence of neck formation, we conclude that sinter
necks formed through processes with a finite activation energy that require a time ¢opset and a minimal
temperature Tonset. They reduced the overall resistance drastically as soon as percolating electrical paths
had formed.

Printed lines of A-AguP exhibited the same, solvent-induced initial drop as P-AguP. Layers treated at
up to 250 °C reached plateau R, /4p,, suggesting an absence of sinter necks that was confirmed by SEM
(Figure 3.3E). Higher temperatures caused drops after 15 —90 min that were less sharp than for P-AguP
and correlated with the formation of the necks that are visible in Figure 3.3F.

Neck formation within 30 min at 160 °C for P-AguP and 300 °C for A-AguP exclude classical sintering
mechanisms [50, 51]. Our observations are consistent with other reports on neck formation between
AguP at temperatures of 140 to 250 °C[11-13,62]. In the following, we analyze our results and propose

a non-classical sintering mechanism for AguP.

The mass-normalized sheet resistance R/, of AguP layers sharply dropped at Zonset With rates rp =
OR,, /sh /oT ‘ fone that depended on temperature. Decreasing 7" increased t,nset and reduced rr. Let us
assume that this temperature dependence is related to the activation energy of one step in the mechanism.
We used a standard Arrhenius analysis to estimate the relevant activation energy as 140 kJmol~! [131].
This is below the activation energy 170 kJmol™! of silver-self diffusion at temperatures below 500 °C
[132].

Low-temperature neck formation apparently involves a different mass transfer mechanism that brings
silver to the particle-particle junction. We propose the existence of mobile silver species with transport
mechanisms that have lower activation energies than those in conventional sintering. In the following,

we will refer to the mobile silver species as

ions, without limiting the generality of the model. Mobile species may be complexed ions, atoms moving
in a different phase, or clusters, for example. Given the oxidative dissolution of silver that spontaneously
occurs at standard conditions [133, 134], silver ions are a likely candidate.

The existence of silver ions in printed AguP films was confirmed by experiments that we performed on
the rate of silver ion release from P-AguP and A-AguP. The powders were dispersed in isopropanol (IPA)
at a volume fraction of 0.001 (cf. experimental section), kept at room temperature, and the ion content of
the supernatant was measured after 12 h using ICP-OES. The P-AguP resulted in a released mass fraction
of silver in the supernatant of 445 ppm, A-AguP only 1.4 ppm. The difference is likely connected to the
surfactants that are present on P-AguP, complex silver ions, enhance release, and form a surface layer

with increased silver content [13,63].

Compact, atomized silver particles have clearly defined surfaces; porous, precipitated particles present
additional internal interfaces. To contribute to sintering, silver has to move to junctions. Literature
suggests that the chemical nature of the silver surface affects this transport. Glover ef al. found that
humidity strongly affected the transport of silver ions on the surface and hypothesized that a thin liquid
film became a transport medium of generated ions [134]. Other authors suggested organic ligands as a
possible medium [62, 63].

32



2
_.Tm)

Surface- and bulk-diffusion based mechanism (T sjp¢er~ 3

neck growth
—_—

N

o = silverions on surface

# = Agnanoparticle on surface

ion release

Stage 1 Stage 2 Stage 3

. . . . 1
Proposed sinter mechanism for Ag microparticles (T e < 3 Tw)

Figure 3.4: Classical surface- and bulk-diffusion (top) and low-temperature (bottom) sinter mecha-
nisms for AguP. (1) Bulk and (2) surface diffusion are the transport mechanisms that cause classical
sintering. Silver ions (red open circles) enable low-temperature sintering and cause nanoparticle forma-
tion (bottom).

Figure 3.4 illustrates our proposed sequence of low-temperature sintering with silver ions. First, ions
are released from the metal surface at a rate that increases with temperature (stage 1). They diffuse more
rapidly than Ag®, which enables larger transport rates than in classical sintering, but they must be reduced,
which involves nucleation. Let us imagine the mobile species in its matrix as a solution. A reaction into a
metallic solid may then occur via homogeneous or heterogeneous nucleation. Homogeneous nucleation
occurs when the concentration reaches a critical supersaturation [135,136] that should cause the formation
of metal particles.

Homogeneous silver nucleation has been observed by us (see Figure S12 in the Supporting Information)
and reported in the literature on low-temperature sintering that report nanoparticles on the surface of the
microparticles [13, 62, 63]. Nanoparticle formation has, in fact, been used as an explanation for low-
temperature sintering of silver microparticles. We suggest a more indirect connection: it is difficult
to believe that the nanoparticles preferentially form between particles, and unclear how they could be
converted into bulk silver necks. Instead, we propose that homogeneous nucleation is a side effect of the
accumulation of silver ions, but not the origin of the necks.

We propose that neck formation occurs through heterogeneous nucleation at lower concentrations and
deposits Ag° on existing metal surfaces. Silver ions form at all interfaces, increasing the local silver
concentrations depending on microscale geometry. Small gaps between adjacent silver particles lead to
increased local concentrations and heterogeneous nucleation that forms an incipient neck. At positions
where heterogeneous nucleation is not possible (e.g. at the outer edge of an organic surfactant shell),

concentration rises until homogeneous nucleation causes the formation of nanoparticles.

The overall mechanism proposed for low-temperature neck formation is illustrated in Figure 3.4. Ions

are released in stage 1 and start diffusing. When critical concentrations are reached, nanoparticles form
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through homogeneous nucleation, or necks through heterogeneous nucleation, depending on the geom-
etry (Figure 3.4, stage 2). Both necks and nanoparticles further grow through heterogeneous nucleation
(Figure 3.4, stage 3).

Increasing temperature increases the rate of ion formation exponentially. The rate of the local silver ion
concentration increase is thus a strong function of temperature. This explains the reduction of ¢yset from
140 to 20 min when increasing temperature from 140 to 160 °C. In contrast, ideal diffusivities are linear
in temperature, so the increase of the ion diffusivity can hardly explain the acceleration. A chemical
reaction with an exponential Arrhenius-type rate dependency is consistent with the observations. Note,
however, that the change in ¢yset Would be difficult to explain when assuming that the reduction reaction
is the kinetically limiting step: if the ion concentration was sufficient, nucleation should not have any

onset time. We conclude that silver ion formation is the limiting step of low-temperature sintering.

We never found nanoparticles, neck formation, or conductivity increases when storing the printed particle
layers at ambient conditions. Oxidative dissolution of silver in an adsorbed water layer already can occur
at room temperature [133, 134], but its rate is low. In the case of P-AguP, it took 12 hours to dissolve
0.044 % of the original silver mass into isopropanol at room temperature. Liu ef a/. studied ion release
kinetics of silver nanoparticles with a diameter ranging from 2 to 8 nm, and they observed a 4-fold increase
of release rates when increasing the temperature from 4to 37 °C [137]. It appears that the formation of

mobile species at room temperature is too slow for nucleation to occur at relevant time scales.

The sharp, temperature-dependent drops of R,,, /s, support our model. Ions are released from the surface
and reduced in the matrix at an exponentially temperature-dependent rate. The onset time ¢,pse¢ represents
the moment at which the silver ion concentration exceeds the critical concentration of heterogeneous

nucleation. The increase of rz with 7' is an obvious consequence of the larger flux of ions.

Our model explains the difference in Tj,set between P-AguP (140 °C) and A-AguP (275 °C), too. The ion
formation rate for P-AguP is larger due to the presence of surfactants and the larger specific silver surface
of the P-AguP. The concentration required for nucleation is thus reached at lower #ynset than for A-AguP.
We cannot exclude contributions of triple-grain boundary diffusion [51], but the observed sintering onset

temperature of 140 °C is too low to be explained by it alone.
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3.3.3 Recycling weakly sintered silver
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Figure 3.5: Recycling of low-T" sintered silver layers. (A) Preparation, printing, and sintering of new
materials and recycling of the printed layer. (B) R,/ and recovery rates of silver layers treated at
150 °C for 20, 40 and 60 minutes. Recovery became impossible after 60 min. (C) illustrates the strat-
egy of weakly sintering the particles, breaking up weak sinter necks, and recycling and reusing silver
powder for new prints.

Low-T sintering allowed us to reach resistivities of 271 -pa, (150 - R,;, /4, 44) already at 150 °C for P-
AguP. This caused sinter necks with diameters below 0.8 um. We show that they enable direct recycling

of the silver as a powder, as illustrated in Figure 3.5A.

Prints containing P-AguP were treated for 20, 40, and 60 min at a temperature of 150 °C and R,,, /5, was
determined (’initial’ in Figure 3.5B). The prints were removed from their glass substrates mechanically,
submerged in IPA, ultrasonicated, and redispersed using shear to create particle suspensions (see Figure
3.5A). The particles were then separated from the solvent by centrifugation and dried. The silver fraction
that could not be redispersed remained at the bottom of the centrifugation tube and was separated by
decanting, dried, weighed, and recorded as a loss. The recycled powder was used again in formulating a

new paste, and the cycle repeated.

Powder could be recovered from all prints, but the loss fraction increased with sintering time. Sintering at
150 °C for 20 min enabled recycling 99 % of the powder, compared to only 48 % after 40 min and 6 % after
60 min. SEM images of the redispersed and the lost fractions are shown in Figure S13 of the Supporting
Information. Electron microscopy showed large, sintered agglomerates that were not redispersed by

ultrasonication and caused the loss.

The size distributions of the recovered silver particles were comparable to the original powder; we suc-
cessfully used them to formulate pastes and printed them again (Figure S14 of the Supporting Infor-
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mation). The height profiles of recycled prints were comparable to the initial prints (Figure S15 of the
Supporting Information). Heat treatments at 150 °C for 20, 40, or 60 min led to the layers named ’recy-
cled prints’ in Figure 3.5B. Interestingly, recycled prints had lower R, /5, than fresh prints for identical
heat treatments. Recycled powders contained sintered agglomerates that apparently decreased R, /51, by
reducing the number of interfaces throughout the printed structure. We monitored the evolution of R,,, /4,
during a 150 °C treatment of a recycled print that contained P-AguP already sintered at 150 °C for 20 min.
The evolution of R,,, /., was exactly as for fresh particles described above, with the same #onset 0f 50 min,
only shifted to lower starting values (see Figure S16 in the Supporting Information). Prints made out of

powders that were more strongly sintered had different shapes without a clear ¢gpget.

In summary, we demonstrated that weak sintering of silver microparticles for 20 min at 150 °C reduced
Ry jsn 10 531 -pag (300 - Ry, /s 44) While enabling recovery and reuse of 99 % of the metal powder
from the prints. Increasing the sintering time to 40 min reduced R, /., approximately by a factor of 2
(271 -pagy), but reduced the recycling yield to 48 % of the metal powder. Note that the resistivities of
the recyclable and recycled printed leads are comparable to industrially applied materials. For exam-
ple, silver conductive pastes from Henkel, Dycotec, and Sigma-Aldrich, have resistivities ranging from
1.8 x107°Qem (11 -pay) t0 2.5 x 107° Q em (157 -pay) [138-140], on the same order as our recyclable

material.
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3.4 Conclusion

We studied the low-temperature sintering of silver microparticles (AguP) and used it to prepare printed
layers with resistivities of 271 -pa,4 (150 - Ry, /s, 44)- The sinter necks in these layers had diameters
below 0.8 pm; they were mechanically weak enough to cleave them in a subsequent recycling process

and recover the silver as printable powder.

Precipitated, surfactant-coated (P-), and surfactant-free, atomized silver microparticles (A-AguP) were
sintered at temperatures of 140 °C and 275 °C, both below the onset of surface and grain boundary diffu-
sion sintering. The formation of conductive necks at these temperatures implies the existence of a mobile
silver species, most likely ions, that provide mass transport fostered by surfactants. An Arrhenius analy-
sis of the temperature-dependent onset of sintering indicates an activation energy of 140 kJ mol !, which
suggests that the formation of silver ions at the silver surface is the rate-limiting step of low-1" sintering.
This leads to a characteristic, sharp drop in R,,, /sh for A-AguP at an onset time of ¢yyger, Which we link to
the formation of necks. Our model explains the common observation of nanoparticles in low-7" sintering

of silver, too: they form due to homogeneous nucleation at locations where no necks can form.

We used these results to introduce recyclability-by-design to printed silver layers. Weakly sintered P-
AguP layers reached p of 531 -pag (300 - R, /5, 44) at 150 °C after 20 min at an average thickness of
21.5 um, competitive to other printed conductive silver films. We recovered powder from the films and
were able to reuse 99 % of the silver in printing. The resulting prints surpassed the conductivity of the
original films. We studied the trade-off between sintering time and recyclability: sintering at 40 min
reduced p (and also R, /) by a factor of 2, but reduced the recycling yield to 48 % of the metal powder.
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3.5 Experimental section

Printing and preparation of metal pastes

Commercial precipitated (S14010-NM1 Ag powder, Ames Goldsmith, United Kingdom) and atomized
(Ag-HWQ 1.5 um, Fukuda Metal Foil and Powder Co., Ltd., Japan) silver microparticles with average
diameters of 1.5 um and 1.7 um were used to create screen printing pastes. The respective dry silver (Ag)
powder was mixed with ethylene glycol (EG, anhydrous 98 %, Sigma Aldrich) at weight ratios of 10:1
(Ag:EG, precipitated particles) or 9:1 (Ag:EG, atomized particles) using a bladeless mixer (SpeedMixer
DAC 150.3 SP, Hauschild, Germany) at 2350 rpm for 3 min, resulting in a highly viscous paste.

Lines of 1 x 3cm? were screen-printed with a manual screen printer using a mesh of 120 polyester
threads per centimeter on microscopy glass slides (VWR, ground edge frosted, Germany). The thickness
was determined taking the average of 3 samples, with a 3D confocal microscope MarSurf CM explorer
(Mahr, Germany), and found to be 21.5 um for the precipitated prints and 37.5 pm for the atomized prints.
Directly after printing, the prints were heat treated in air inside an oven (Thermoscientific VACUtherm,
Germany) at temperatures indicated in the main text for 30 min. Afterward, the samples were cooled

down at room temperature. Three samples were prepared for each heat treatment unless stated otherwise.

Characterization methods

Thermogravimetric analysis (Perkin Elmer TGA 8000, Germany) was performed to determine the weight
fraction of organic surfactants on the surface of both precipitated and atomized silver microparticles.
20 mg powder was heated in N, from 30 °C to 400 °C at 10 °C min !, then 900 °C at 30 °C min ..

The concentration of mobile silver that is released from the silver surfaces in the form of ions, complexes,
or clusters was quantified by washing and elemental analysis. The particles were dispersed in isopropanol
at a concentration of 1 mgmL~! and the dispersion was kept overnight to let the particles sediment.
The sedimented particles were then separated from the supernatant by decanting. Inductively Coupled
Plasma Optical Emission Spectroscopy (ICP-OES, Ultima2, Horiba Jobin Yvon, France) indicated the

concentration of free silver released from the particle surface.

The internal structure of the particles was analyzed using printed, untreated lines prepared as described
above. A cross-section was prepared by etching a trench through the entire printed layer with a Focused
Ion Beam (FEI Versa 3D DualBeam). The cross-section was imaged using Scanning Electron Microscopy
(SEM, Quanta 400 ESEM, Thermo Fisher Scientific GmbH, Germany) using the secondary electron
detector. Additional top-view SEM micrographs of other spots were used to verify the presence of sinter

necks between the particles by visual inspection.

Directly after the heat treatment, the electrical conductivities of the printed lines were quantified with a
four-point probe set up using a 2450 Sourcemeter (Keithley Instruments, Ohio, USA) using four in-line

conical gold pins (GKS-069 201 051 A 0700, Ingun, Germany) with a pin-to-pin distance of 1 mm.

Selected samples were electrically characterized in-situ during the heat treatment using a two-point con-
nection. The printed samples were first dried in a vacuum oven at 60 °C for 2 h. They were then mounted
on a programmable hot plate using Kapton tape (Plano GmbH, Wetzlar, Germany) and connected us-
ing two 20 cm copper wires at both ends of the printed line using conductive silver paste (G3692, Plano
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GmbH, Wetzlar, Germany), that led to a multichannel sourcemeter (DAQ6510 data acquisition logging
multi-meter system) which was equipped with multiplexer cards (7702 40-channel differential multi-
plexer module with screw terminals) from Keithley Instruments GmbH (Germering, Germany). The
copper wires were connected to the multichannel source meter using metallic clamps. A constant volt-
age bias of 0.1 mV was applied, and the resistance was calculated every second using Ohm’s Law, and

recorded.

The hotplate was heated at 28 °C min~! to set-temperature while measuring resistance every second dur-
ing at least 90 min. The clamp-to-wire and wire-to-layer contact resistances were measured first and
subtracted from the resistance values of the connected sample. The sheet resistance was calculated by
dividing the printed layer resistance by the layer aspect ratio 3cm/1cm = 3. The sheet resistance was
multiplied by the overall weight of the printed layer from gravimetry to obtain a mass-normalized sheet

resistance.
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4.1 Abstract

Silver microflakes and -spheres are common fillers for electrically conductive screen-printing pastes.
Here, we report on the effects of filler shapes and sizes on conductivity, sintering, and recyclability. We
printed pastes based on flakes and spheres, treated them at 110 °C to 300 °C, and evaluated the electrical
conductivity of the resulting layers. The electrical conductivity of the layers treated at 110 °C was domi-
nated by particle-particle contact resistances; flakes yielded layers that were five times more conductive
than sphere-based layers due to differences in the particle-particle contact area. Increasing temperature
led to a reduction of the resistivity of all layers through sintering. At 300 °C, prints based on spheres
were 4 times more conductive than those from flakes. Tomography of the sintered structures showed that
the difference was caused by a lower tortuosity factor for spheres. In a final study, we showed that silver
flakes and spheres could be recycled after sintering and reused for a new generation of prints without
losing electrical performance. The more porous structure of sintered flakes allowed for higher recycling
yields compared to spheres. At 140 °C, 91.6 % of the flakes and 69.7 % of the spheres were recovered as

reusable dispersions.

4.2 Introduction

Printing electronic devices and circuits with conductive paste or ink formulations makes effective use of
conductive materials, enables low-temperature processing, and gives designers the possibility to use a
large variety of substrates [141,142]. Conductive paste formulations for screen printing typically contain
metal particles [142], carbon materials [143, 144], or conductive polymers [145] in non-conductive poly-
mer matrices. Silver particles dominate the market due to silver’s high electrical conductivity, conductive
oxide, and stability at high temperatures [146, 147]. Heat treatments after printing remove solvent and
sinter the particles, and a common challenge in paste development is to reach a high conductivity at low

or moderate temperatures and after short times.

Silver nanoparticles can rapidly fuse at low temperatures[148]. They have large specific surfaces that
are strongly curved, and the diffusion paths between particles are short. Treatments below 200 °C thus
result in highly conductive prints with a resistivity ranging from 3.45 pf2 - cm to 8.0 uf2 - cm. However,
nanoparticles are expensive and prone to agglomeration. Stabilized nanoparticles carry a relatively large

fraction of stabilizing organics that form pores and reduce conductivity [141, 148].

Silver microparticles are more readily available, contain lower amounts of organics, and are cheaper than
nanoparticles. They are often used as conductive fillers for metal-based screen printing pastes. Exper-
imental studies have shown that silver microparticles can be sintered at temperatures below 200 °C to
obtain resistivities down to 8.33 uf2 - cm [11-13, 149]. The observed sintering times are much shorter
than predicted diffusion-based sintering models [10]. Van Impelen et al. report that silver was not trans-
ported among microspheres with classical surface or bulk diffusion processes, but involved the creation
of mobile ionic silver that rapidly diffused and precipitated to form necks. This mechanism was aided
by residual organic molecules so that the onset temperature depended on the production method of the
particles [149]. Surfactant-containing precipitated silver particles started sintering at 140 °C, compared

to 275 °C for surfactant-free atomized silver particles.
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Silver microflakes are a common alternative filler [11, 64, 150—155]. Prints based on flakes can reach
low resistivities down to 284 uf2 - cm upon drying and without sintering, which has been attributed to the
high particle-particle interface area caused by the alignment of flakes [156]. Some groups reported that
micro flakes can be sintered at lower temperatures than microspheres [62, 150, 151] due to microstrains
in flakes [62]. The release of this microstrain resulted in the formation of nanoparticles, which aided the

sintering.

Silver is an expensive material and its production has a significant environmental impact. A life cycle
analysis by Naji et al. identified the conductive metal inks as the largest environmental impact factor of
printed electronic [110]. Recycling of metal powders can significantly reduce this impact. Kang et al.
designed a recyclable gold nanoparticle ink for inkjet printing [157]. The printed ink could be separated
from the substrate and the particles were redispersed by sonication to form a recovered ink formulation.
Kwon et al. printed conductors based on silver micro flakes and were able to recycle the silver particles
[22]. They formulated new pastes from the recovered silver particles and the recycled printed conductors
had similar electrical performances. None of these inks were sintered, however, and their conductivi-
ties were orders of magnitude above that of silver. Van Impelen et al. studied weakly sintered silver
microparticle structures and found that weak sinter necks could be broken to recover printable silver par-
ticles [149]. They reported a trade-off between reducing the resistance of the prints through sintering and
the ease of recycling the particles. We are not aware of any reports on the recycling of prints based on

silver micro flakes.

This manuscript directly compares the conductivities and the recyclabilities of silver microspheres and
-flakes in printed layers after heat treatments at 110 °C to 300 °C. We provide an explanation for the
increased conductivity observed for flakes treated at lower temperatures and spheres treated at higher
temperatures and show that flakes have a higher recycling efficiency. The resulting data enables a rational
choice of particle geometry and sintering temperatures depending on the desired application. To our
knowledge, we are the first to compare the electrical conductivity and recyclability of printed silver flakes

and spheres sintered at low and high temperatures.

4.3 Materials and methods

4.3.1 Metal powders

Precipitated silver microspheres with average diameters of 1 and 1.5 um (S14024-NM1 and S14010-NM 1
Ag powder, Ames Goldsmith, United Kingdom) and precipitated micro flakes with average equivalent
diameters of 2.8 and 3.2 um (SF65 and SF91 Ag powder, Ames Goldsmith, United Kingdom) were pur-
chased. The volume-equivalent sphere diameters of the flakes reported here were obtained from laser

diffraction.

4.3.2 Printing and preparation of paste

Pastes were prepared by mixing the particles with Ethylene Glycol (EG, anhydrous 98 %, Sigma Aldrich)
at a weight ratio of Ag:EG of 5:1 for flakes and 10:1 for spheres. A bladeless mixer (SpeedMixer DAC

150.3 SP, Hauschild, Germany) operated at 2350 rpm for 3 min ensured the formation of homogeneous,
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highly viscous pastes.

The pastes were used to screen-print rectangles of 1 x 3 cm? with a manual screen printer using a mesh of
100 polyester threads per centimeter on microscopy glass slides (VWR, ground edge frosted, Germany).
The thickness of the printed layers was determined with a 3D confocal microscope MarSurf CM explorer
(Mahr, Germany) by averaging three measurements on three samples. Prints containing 2.8 — and 3.2 pm
flakes had average thicknesses of 18.9 and 18.2 pm, prints containing 1 and 1.5 um spheres had 17.5 and
21 pm. Prints used for the experiments described in the section *Sintering of flakes and spheres at different
temperatures’ were placed in a preheated oven (Thermoscientific VACUtherm, Germany) for 30 min.
Prints used in experiments in Section 4.4.2 were placed on a preheated hotplate with a closed lid (PZ28-
3TD, Prazitherm, Germany) coupled to a PID controller (PR5-3T, Prazitherm, Germany) for 30 min. All

reported resistance values in this manuscript are an average of at least three samples.

4.3.3 Characterization methods

The weight fraction of surfactants on the particle surface was quantified with Thermogravimetric Analysis
(TGA, Perkin Elmer TGA 8000, Germany). 20 mg powder was heated in N, from 30 °C to 400 °C at
10°C min~", then to 900 °C at 30 °C min~".

A four-point probe measurement set-up with a 2450 Sourcemeter (Keithley Instruments, Ohio, USA) us-
ing four in-line conical gold pins (GKS-069 201 051 A 0700, Ingun, Germany) with a pin-to-pin distance
of 1 mm was used to measure the resistance of the printed samples. The mass-normalized sheet resistance

was determined, as introduced in previous work [149],
Rm/sh = m * Rgp, (4.1)

where m is the printed metal mass and Ry, the sheet resistance of the printed sample.

A dual beam electron microscope (FEI Versa 3D Dualbeam) was employed for focused ion beam scanning
electron microscopy (FIB-SEM) tomography. Software (Autoslice and View G3, Thermo Scientific,
USA) was used to control the microscope and automatically remove 350 slices of width 90 nm at an ion
current of 5 nA and 30 kV'. After every slice, a tilt-corrected secondary electron (SE) image (1536 x 1024
pixel, 90 nm pixel size) was recorded at a magnification of 1500 and a dwell-time of 1 zs. The SE images
were reconstructed using the AVIZO software (Version 2021, Thermo Scientific): the data processing
included image stack alignment, shearing, and cropping before edge-preserving non-local means filtering
yielded the final, 3D-reconstructed image stack. The stacks were subsequently segmented using manual
grayscale histogram thresholding. For a detailed description and a review of FIB-SEM tomography, we
refer the reader to the work of Holzer and Cantoni [158].

The silver phase provided good contrast against the pore space. This enabled us to set the threshold at
the minimum between the two present maxima of the two-phase (pores and silver) grayscale histogram.
Reconstructed volumes of size 46.8 ym x 15.6 upm x 15.6 um were cropped to obtain three isotropic,
binary cubes of size (15.6 um)3, where the silver phase voxels had a value 1 and the pore space 0. Each
cube was exported to a single .ti f file and used as input for the MATLAB code Taufactor[159], which
simulated Fickian diffusion on the silver phase voxels. The diffusional tortuosity (tortuosity factors) was
calculated by simulating the diffusional flux against a concentration gradient for the silver phase and a
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homogeneous representative volume element (REV)[160] in every direction and dividing their resulting
fluxes to yield the tortuosity factors 74, 74,y and 74 .. The individual directions were summarized in
74,3 as the root-mean-square of the individual directions. In total three cubes for each sample were
computed to obtain the mean 7, 3p. Geometrical tortuosity was calculated using the MATLAB code
“Tort3D” from Cecen et.al.[161]. This code calculates the distribution of geometrical tortuosities from
the binary volume in the z-direction only. We rotated the cubes twice to obtain the distributions for all
spatial directions. The root-mean-squares of the average 7, ., 7,4, and 7, . were calculated for each cube
to obtain the three-dimensional equivalent 7, 3p of the geometrical tortuosity, and again from three cubes

the mean 7, 3 was used to compare flakes and spheres.

4.4 Results and discussion

4.4.1 Sintering of flakes and spheres at different temperatures

We prepared pastes containing silver flakes and spheres. Silver flakes (Ag-F) had average diameters (of
the volume-equivalent spheres) of 2.8 and 3.2 um and the spheres (Ag-S) of 1 and 1.5 pm. Spheres had
monomodal size distributions, while flakes had bimodal size distributions with a peak at 1 pum and a peak
between 3 and 4 pm. Flakes had higher specific surface areas: 1.11 and 0.71 %2 for 2.8 and 3.2 pm Ag-F
compared to 0.37 and 0.26 %2 for 1and 1.5 pm Ag-S.

The spheres were produced by chemical precipitation and contained 0.41 and 0.33 wt-% of surfactants.
The flakes were made by mechanical milling of precipitated spheres and contained 0.5 and 0.4 wt-% of
surfactants. The pastes were screen printed on glass and treated in the oven at 110 °C to 300 °C for 30 min.
We used the mass-normalized sheet resistances (R,, /) introduced in previous work [149] to electrically

characterize the prints (see Section 4.3.3).

Figure 4.1 illustrates the decreasing mass-normalized sheet resistances after thermal annealing for all
prints. At 110 °C, the prints containing silver flakes reached R,, /s, =~ 3.0 “;—gl - g, considerably below
that of spheres at R,,, /g, ~ 14.9 “s‘—;z - g. Both spheres and flakes largely retained their original sizes and
shapes (see Figure S1 in the Supporting Information), and SEM imaging did not reveal the formation of

sinter necks (see Figure 4.1C and D).

Literature agrees that the resistance of dried metal particle prints is dominated by the particle-particle con-
tact resistances [33—35]. They are caused by the constriction resistances due to the small particle-particle
contacts and tunneling resistances due to insulating interlayers [33]. We propose that layers treated at
110 °C are still dominated by contact resistances. Flakes have larger overall particle-particle contact ar-
eas, which (at comparable particle sizes and surface states) reduces the overall contact resistances and
thus, R, /sn [64].

Annealing at higher temperatures changed the picture. For silver flakes, R,,, /¢, decreased with increasing
temperature and reached R, /g, ~ 0.4 ”S‘—? -g at 160and 200°C and R, /s, =~ 0.2 % - g at 300°C.
Layers made from silver spheres became more conductive at elevated temperatures: their resistances
reached R,/ ~ 1.2 “Sl—ff - g at 160 °C, but dropped to R, /g, ~ 0.1 % - g at 200 and 300 °C. This is
approximately twice that of bulk silver (R, /sn, g = 0.05 “S‘—flz - g).
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Figure 4.1: Electrical conductivities and microstructures of prints containing silver flakes and spheres
after thermal annealing for 30 min. (A) Mass-normalized sheet resistances R, /¢ as a function of tem-
perature 7" for prints containing 2.8 or 3.2 um flakes (green lines), and 1 or 1.5 um spheres (blue lines).
(B) Inset: resistance changes at 150 °C to 200 °C, where sphere become more conductive than flake
prints. (C) Top-view scanning electron micrographs of prints containing 2.8 pm flakes and (D) 1.5 um
spheres treated at 110 °C. (E-F) The same for flake and sphere prints after treatment at 200 °C.

Figures 4.1E and F illustrate the sinter necks that formed at 200 °C for flakes and spheres, respectively.
After the formation of such necks, conducting electrons no longer need to tunnel from particle to particle,
since the particles are now interconnected. The contact resistances decrease and become dominated by

the constriction resistance, which strongly depends on neck size [9, 33].

We propose that the necks are responsible for the drop in R,/ that we observed for both flakes and
spheres above 110 °C. At first, the tunneling contacts are converted into sinter necks, leading to a sharp
decrease in R, /g- The growth of initially formed necks more slowly reduces R,;, /¢, through the reduction
of the restriction resistance [33]. The drop in R,,, /¢, strongly slowed down above 160 °C for flakes and
above 200 °C for spheres. At 300 °C, large necks had formed and converted the printed structures into a

porous metal (see Figure S2 of the Supporting Information).

The R,/ of the porous metal formed at 300 °C was 4 times that of bulk polycrystalline silver [116]
for flakes and 2 times that for spheres. Multiple studies have shown that nanocrystalline metals have
higher resistivities than polycrystalline metals due to the large numbers of grain boundaries [162—164].
We measured the grain size of the porous metal formed from silver flakes and spheres sintered at 300 °C
using X-Ray Diffraction (XRD) and found sizes of 46 and 48 nm, respectively (see Figure S3 of the
supporting information). This difference is too small to explain the bulk conductivity differences: Qin
et al. measured a resistivity of 2.4 u£2 - cm for nanocrystalline silver with an average grain size of 25 nm
and 1.6 p€2 - cm for micron-sized grains [162]. We thus attribute the increased R, g, to the remaining

porosity.
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The thicknesses and weights of prints containing 2.8 pm-sized flakes (Figure 4.2A) and 1.5 pm-sized
spheres (Figure 4.2B) treated at 110 and 300 °C indicate minimal shrinkage for both, in agreement with
initial stage sintering [9]. Interestingly, the average thicknesses of flake- and spherical-based prints were
comparable, but the average weight per area of the sphere-based prints was almost twice that of flake-

based prints. This suggests a higher porosity of flake-based prints.
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Figure 4.2: Structures of sintered prints of flakes and spheres. Surface profiles of prints treated at

110 and 300 °C containing (A) 2.8 um flakes and (B) 1.5 um spheres from confocal microscopy. 3D
reconstructions from FIB-SEM tomography of (C) prints based on 2.8 um flakes treated at 300 °C and
(D) prints based on 1.5 um spheres treated at 300 °C.

We determined the porosities of sintered prints treated at 300 °C by cutting microscopic volumes of size
46.8 um x 15.6 um x 15.6 wm with a focused ion beam from the samples, removing slices from it
and recording 175 electron micrographs (Figure 4.2, see Materials and Methods). Porosities and the
geometrical and diffusional tortuosities of the silver phase were then calculated for three subvolumes as

described in the Methods section and averaged.

The average porosity of flake-based prints was found to be 0.349 compared to only 0.191 of sphere-based
prints. One might expect that flakes can pack efficiently in a tile-like fashion, but Yoshinaga et a/. already
noticed that metal microspheres pack more densely than flakes of comparable sizes [165]. They studied
packing in compressed powder electrodes; we propose that screen-printing of viscous pastes also leads
to porous flake arrangements.
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The higher porosity of the sintered flake structures explains the difference in R,, /s, Random poros-
ity causes constrictions and extends the lengths of conductive paths, increasing macroscopic electrical
resistance. The geometrical tortuosity of our printed structures can be quantified using the geometrical

tortuosity
Tg = — (42)

where L, is the length of the transport path and L the Euclidean distance between the start- and endpoint
of the path [166]. Large 7, imply longer transport paths that can indicate larger overall resistances, but
74 does not describe constrictions. The diffusional tortuosity has been defined to consider the effect of
passages with small cross-sections: b

- €

Td = : (4.3)
Deyy

where D, is the diffusivity through a porous volume with impenetrable walls, D is the intrinsic diffu-
sivity, and ¢ the porosity. 7 can be used as a measure of electrical conductivity because electron transport

in a potential gradient follows the same functional form as diffusion in a concentration gradient[167].

We calculated geometrical and diffusional tortuosity factors of our samples from their reconstructed
geometries using the open-source MATLAB codes “Tort3D’[161] and “TauFactor’[159], respectively.
Voxelized binary data from segmented 3D reconstructions of the silver phase of the prints were used as
input. The average 7 was 1.164 pm0.001 for the sintered flakes, compared to 1.069 pm0.003 for the sin-
tered spheres. The differences are small and both values close to 1, indicating that the different porosities

did not perceptibly increase the average path length of conducting electrons.

The diffusional tortuosities 7,4, however, were clearly different at 1.231 4+ 0.007 for sintered flakes and
1.677 £ 0.016 for sintered spheres. The conductive paths in sphere-based metal layers had more con-
strictions that locally increased the electrical resistance. They explain the higher R,,, g, of layers made
by sintering flakes even when the silver content was identical to that of spheres. In summary, the flake
prints electrically outperformed sphere prints after a treatment at 110 °C for 30 min. We propose that
this difference stems from larger particle-particle contact areas between the flakes that reduce R, /g
Increasing temperature led to a cross-over at 200 °C because spheres yielded denser layers that provided

conductive paths with less geometrical constrictions.

4.4.2 Recycling of flakes and spheres

The different contact geometries suggest that the recyclability of weakly sintered films differs for spheres
and flakes. To test this, pastes containing 2.8 pm flakes and 1.5 um spheres were printed, treated at

different temperatures, recycled, and used for new prints. The results are shown in Figure 4.3.

Figure 4.3 A shows the circular process of printing and recycling. Pastes containing spheres or flakes were
printed and treated at 120, 140, and 160 °C. The resistances of the prints are given in Figure 4.3B as ’ini-
tial’. The printed metal was then mechanically removed from the substrate to obtain “’recovered powder”
(see Figure 4.3A). The recovered powder contained individual particles and sintered aggregates. The
size of sinter necks increased with increasing treatment temperature, leading to more strongly sintered
aggregates in the recovered powder (see Figure S4 of the Supporting Information). To avoid clogging dur-

ing screen-printing, we fragmented aggregates by probe sonication in isopropanol (IPA). The sonicated
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Figure 4.3: The recycling of sintered prints of flakes and spheres followed the process shown in (A).
Weight-normalized sheet resistances R,,, /g, of prints of new (’initial’) and recycled particles are shown
in (B) as a function of sintering temperature 1" for 1.5 um spheres (blue) and 2.8 um flakes (green)
treated for 30 min. The weight fractions indicate how much powder was recycled from the initial prints.

suspension was kept at rest for 2 min so that it formed two phases: sedimented powder at the bottom and
dispersion in the supernatant (see Figure 4.3A). The sediment contained large aggregates, the dispersion
smaller aggregates or individual particles. The supernatant was decanted, centrifuged, and dried to obtain
the recycled powder. The sediment that could not be dispersed was removed and considered as loss. The
recycling yields indicated in Figure 4.3B were determined by dividing the weight of recycled powder by
the total weight of the recovered powder. The recycled powder was then reused to create a new paste,
printed, and treated at the same temperature as the initial prints. R, q, of the recycled prints are shown

in Figure 4.3B.

At 120°C, 99.6 % of the flakes and 94.2 % of the spheres were recycled. At 140 °C, 91.6 % of the flakes
were recycled but only 69.7 % of the spheres; at 160 °C, recycling yields were 44.7 % for flakes and
33.2 % for spheres.

The results are consistent with the evolution of sinter necks. No necks had formed at 120 °C (see Figure
S4 of the Supporting Information), minimizing the loss fraction and maximizing the recycling percentage
both of flakes and spheres. The situation changed at 140 °C. Flakes and spheres formed visible sinter
necks (see Figure S4 of the Supporting Information) that yielded sintered aggregates in the recovered
powder. Consequently, the loss fraction increased and the recycling yield decreased. The yield decreased
more rapidly with temperature for spheres than for flakes. Printed flakes were 1.8 times more porous
than printed spheres. We propose that the higher porosity made the flake layers mechanically weaker and
eased the breakup of aggregates in the recovered powder. The improved redispersibility reduced the loss
fraction and aided recycling (see Figure 4.4). This is consistent with the results of Wakamoto et al., who
compared the mechanical properties of sintered silver films at porosities of 5, 6, 14, and 25 %[ 168].
They used tensile testing to show that their ultimate tensile strength decreased with porosity, while brittle

fracture occurred at lower strains.
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Figure 4.4: Aggregates of sintered flakes were mechanically weaker and more easily dispersed by
probe sonication. Aggregates of sintered spheres were stronger, increasing the powder loss fraction.

The sinter necks at 160 °C were larger, making the aggregates more difficult to break (see Figure S4 of the
Supporting Information). Consequently, a larger amount ended up in the loss fraction, leading to lower

recycling yields both for flakes and spheres (see Figure 4.4B).

The R,, ¢, of the initial prints decreases with increasing temperature for spheres and flakes, consistent
with the formation of sinter necks. Initial prints consistently had greater R,,, /¢, than recycled prints. We
found small aggregates with visible sinter necks in electron micrographs of the recycled powders (Figure
S5 of the Supporting Information). We propose that they are small enough to fit through the screen-
printing mesh, which has a mesh opening size of 60 um, get embedded in the recycled prints, and lower

R, s through reducing the sum of particle-particle contact resistances.

4.5 Conclusions

We compared microscale silver flakes and spheres in metal-based printed conductors. Conductivities,
sintering mechanisms, and recyclabilities of prints with different particles at the same silver mass loading

per unit area were compared.

Conductive prints were obtained after 30 min at 110 °C for both flake- and sphere-based prints. Neither
flakes nor spheres sintered under these conditions, but tunnel barriers were removed. Flakes clearly
outperformed spheres in conductivity, they had only a quarter of the mass-normalized sheet resistance
R, /sn of spheres. We attribute this advantage to the larger overall particle-particle contact area of flakes

in prints.

Temperatures above 110 °C reduced R,,, /g, through the formation of sinter necks. The conductivity of

sphere prints exceeded that of flake prints when sintering at 200 °C and above. R,,, /, of spheres dropped
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to half of that of flakes and remained at this level when increasing temperature. Layers of sintered spheres

were less porous and had lower tortuosity factors than flake-based prints, explaining this difference.

The recycling of printed flakes yielded larger yields than that of spheres. The higher porosity of sintered
flake layers aided the mechanical breakup of aggregates and minimized the sedimented loss fraction. At
140°C, 91.6 % of the flakes but only 69.7 % of the spheres were recycled.

Overall, silver flakes are more suited for low thermal budget, highly conductive, and recyclable printed
conductors. Silver spheres enable reaching the lowest possible resistivity. Sintering the spheres at 200 °C

for 30 min resulted in a R, /g, of only twice that of bulk silver.
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S Copper particles for printed electronics

5.1 Introduction

There is a growing interest in replacing silver-based pastes with cheaper, more sustainable, and readily
available alternatives. Copper has a high conductivity [65], is cheaper than silver [66, 67], and more
abundant [68, 69]. Therefore, many attempts have been made to replace silver with copper particles in
conductive pastes [70,71]. Challenges include copper’s tendency to form electrically insulating oxides
in air [75,76, 82] and the fact that copper particles typically require a higher sintering temperature than
silver despite the comparable melting points [70, 71]. Printed copper conductors are usually treated at

temperatures above 250 °C in nitrogen or reducing atmosphere, which increases cost.

Copper has two stable oxide phases, namely CuyO and CuO. A clean copper surface oxidizes readily
in air at ambient conditions to form a thin native oxide layer with a thickness of a couple of nanometers
[72—74]. This native oxide layer passivates the copper surfaces, preventing further growth. There is
consensus in the literature that the main component of the native oxide is CuoO [72]; some groups claim
the presence of CuO [73, 74]. Since copper oxides are electrically insulating, the native oxide layer
affects the conduction across interfaces. The electrical conductivities of copper thin films degrade when
the temperature is increased in air such that the self-limiting diffusion barrier of the native oxide layer
fails [75]. Choudhary et al. found that films with thicknesses between 100 and 1000 nm [75] formed
an amorphous Cu,O phase on top of the native oxide layer at 150 °C that strongly increased their sheet

resistances.

Conductive films of printed copper particles suffer more severely from the native oxide layer. The high
specific surface area of copper powders renders them non-conductive after printing. Sintering can in-
crease conductivity by forming metallic necks between particles, but the native oxide hinders efficient
sintering below 400 °C [81]. Strategies to reduce the sintering temperature include polymer surfactants

[79,80], coating particles with metals [71, 80], and additives in paste formulations [81, 82].

The addition of L-ascorbic acid (AA, vitamin C) to copper-based paste formulations can suppress the
oxidation of copper[81, 82]. Gao et al. investigated this effect of AA addition on the sintering of copper
microparticles. Firstly, they printed a paste of copper particles with diameters from several nanometers to
500 nm on a copper substrate, placed a copper chip onto it, and sintered the paste to create sintered joints.
They found that copper oxides that formed during sintering blocked diffusion at the particle-particle and
particle-substrate interfaces and hindered sintering. Incomplete sintering and weak bonds were the result
at 350 °C in nitrogen. The addition of AA increased bonding strength[81] by reducing Cu,O to Cu® and
preventing further oxidation during sintering by scavenging oxygen. Pacioni et al. used UV-visible and
Electron Paramagnetic Resonance (EPR) spectroscopy to demonstrate that AA slows down oxidation by
reducing copper ions to Cu”. Gao e al. reports that AA is scavenging oxygen through its own oxidation
[82].

In this chapter, we prepare printed conductors based on commercially available copper microparticles
that were made via a polyol reduction process. In the polyol methods, a metal precursor is precipitated

in a glycol solvent to obtain the respective metal nano- or microparticles. This method yields particles
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that contain polymer on the surface, which renders the particles more resistant to oxidation [169, 170].

We exploited AA’s capability to further suppress copper oxidation.

5.2 Materials and Methods

5.2.1 Preparation and printing of pastes

Commercial precipitated copper particles (C1-1000 and C1-2000, Ames Goldsmith, United Kingdom)
with average diameters of 1.5 or 2.5 um were used to formulate screen printing pastes. The respective dry
powder was mixed with ethylene glycol (EG, anhydrous 98 %, Sigma Aldrich) at a weight ratio of 7.5:1
(powder:EG) using a bladeless mixer (SpeedMixer DAC 150.3 SP, Hauschild, Germany) at 2350 rpm for

3 min, resulting in a highly viscous paste.

Lines of 1 x 3cm? were screen-printed with a manual screen printer using a mesh of 100 polyester
threads per centimeter on microscopy glass slides (VWR, ground edge frosted, Germany). The film
thicknesses (average of 3 samples) were measured with a 3D confocal microscope MarSurf CM explorer
(Mabhr, Germany), and found to be 23.9 um and 24.0 um for the 1.5 — and 2.5 pum particles, respectively.
The printed samples were heat-treated at 200 °C in air or in vacuum inside an oven (Thermoscientific
VACUtherm, Germany). For higher temperature treatments in vacuum, a high temperature tubular oven
(D-7521, Gero, Neuheusen, Germany) connected to a vacuum pump (HiCube 80 Eco, D-35614, Pfeiffer
Vacuum, Asslar, Germany) was used. After the heat treatments, the samples were stored in laboratory air

where the temperature was kept around 20 °C and humidity below 50 %.

5.2.2 Characterization methods

The weight fraction of organic surfactants on the particle surface was determined via Thermogravimetric
analysis (Perkin Elmer TGA 8000, Germany). 20 mg powder was heated in N, from 30 °C to 400 °C at
10°Cmin~", then 900 °C at 30 °C min ™.

The electrical resistance of the printed lines was measured immediately after the samples had cooled
down with a four-point probe set up using a 2450 Sourcemeter (Keithley Instruments, Ohio, USA) using
four in-line conical gold pins (GKS-069 201 051 A 0700, Ingun, Germany) with pin-to-pin distances of
1mm. The resistances in Figure 5.1, treated in a Thermoscientific VACUtherm oven, are an average of
three samples, and the resistances in Figure 5.2, treated in a high temperature tubular vacuum oven, are
an average of at least two samples. Scanning Electron Microscope (SEM) imaging was used from the
topside of the prints to analyze the structure of the particles. Energy-dispersive X-ray spectroscopy was
performed using Noran System 7 X-ray Microanalysis System (Thermo Scientific, Germany) mounted
inside an SEM (same SEM as described before). Three particles per sample were chosen from top-view
SEM images at a magnification of 20000X. X-ray spectra were recorded with a zoom-in on the chosen
particles at a magnification of 400000X, at a spot size of 5, and an acceleration voltage of 15kV, and the
ratio of the K, Oxygen: K, Copper was determined. We report average ratios calculated from the three
particles to assess the amount of copper oxide formed during heat treatments.
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5.3 Air versus vacuum-annealing of copper-based prints

We printed lines of 1.5 and 2.5 um precipitated copper particles. The 1.5 and 2.5 pm particles contained
0.75 and 0.6 weight percentage of surfactants on the surface (Figure S1 of the Supporting Information).
The prints were treated at 200 °C for 2.5h in air and vacuum. The conductivity was determined using
a 4-point probe measurement, and the oxidation of particles was assessed with Energy Dispersive X-ray
(EDX) measurements (see Experimental section). A structural analysis of the treated particles was done

by Scanning Electron Microscope (SEM) imaging. The results are shown in Figure 5.1 below.
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Figure 5.1: Electrical, chemical, and structural analysis of 1.5 pm-diameter copper particles and parti-
cles treated at 200 °C in air and in vacuum for 2.5 h. (A) R,, s, as a function of post treatment. (B) The
ratio of the K, oxygen to the K, copper reflex intensities in EDX as a function of post-treatment. (C-
E) Top view SEM images of untreated prints (C), and prints treated at 200 °C in air (D) and in vacuum
(E) for 2.5 h. The left bottom corners of each SEM image show a picture of the respective print.

Figure 5.1A shows the resulting R, /q, of the prints. The untreated prints were non-conductive, the air-
treated prints had a high R,,, /¢, and the vacuum prints had a low R,,, ;,. Figure 5.1B shows the ratio
of the K, oxygen to the K, copper reflex intensities. A higher ratio indicates oxidation of the copper
particles in the prints. The ratio for untreated particles was on average 0.04 We propose that the oxygen
signal is a result of native oxide on the particles, from oxygen of the surfactants, or of the glass substrate.
Treatments in air caused a three-fold increase in this ratio, which strongly suggests oxide formation during
the post-treatment. The vacuum treatments, on the other hand, did not increase the oxygen-to-copper ratio
compared to the untreated particles. This indicates that the vacuum successfully suppressed oxide growth.
A five-fold decrease in R, g, for the vacuum treatment compared to the air treatment further supports

that the oxide formation during the post-treatment was successfully suppressed.

We also made pictures of the treated prints, shown in Figure 5.1C-E in the left bottom corner. Both the
untreated and vacuum-treated prints show the brown characteristic color of copper. The air-treated prints,

however, turned black, indicating the formation of CuO. The high resistivity of this copper oxide explains
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the five-fold higher R, /g, of air-treated prints compared to vacuum-treated prints.

Figure 5.1C-E shows top-view SEM images of the treated prints. The untreated particles have a smooth
surface with sharp edges (Figure 5.1C). The air-treated particles became rough (Figure 5.1D) and parti-
cles lost their individual nature, likely caused by the oxidation on the particle surface. Vacuum-treated
particles remained smooth on the surface (Figure 5.1E). Multiple particles were connected through clearly
visible sinter necks. Both the absence of copper oxide and the presence of sinter necks can explain the

five-fold decrease in R,,, /g, of vacuum-treated prints versus air-treated prints.

In the next section, we discuss the effect of the temperature of prints treated in a vacuum on the conduc-
tivity of the prints.

5.4 The effect of temperature on the resistivity of printed copper particles

Both prints containing 1.5 and 2.5 um copper particles were treated in a vacuum for 1 h at temperatures
ranging from 200 °C to 400 °C. R, g, of the prints were determined and top-view SEM images were
made. The results are shown in Figure 5.2 below.
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Figure 5.2: Electrical and structural analysis of copper-based prints treated at different temperatures in
vacuum. Prints containing 1.5, and 2.5 um particles were treated in vacuum at temperatures ranging

from 200 °C to 400 °C for 1 h. (A) R,, /sy as a function of temperature. Top-view SEM images of (B)
untreated prints, (C) prints treated at 350 , and (D) 400 °C, containing 1.5 um particles.

The prints containing 2.5 pm copper particles treated at 200 °C to 350 °C showed R,;, /¢, of 1 “S‘—ff -gto
10 nsq_gz - g. Increasing the temperature to 400 °C led to a clear increase by approximately 2 orders of

magnitude.

Figure 5.2B shows a top-view SEM image of an untreated print containing 1.5 um copper particles. The
particles had smooth surfaces with clearly defined edges. Particles treated at 350 °C (see Figure 5.2C)
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had rougher particle surfaces and sinter necks. The 400 °C treatment strongly changed the structure of
the particles (see Figure 5.2D). The particles lost their individual nature and the printed layer turned into
a fully dense structure. The rough surface morphology points towards strong oxidation. It appears that
at this high temperature, the small oxygen content present in the vacuum oven was sufficient to cause

severe oxidation. This severe oxidation explains the large increase in resistance of these prints.

Figure 5.2A shows lower resistances for 2.5 um copper particles at all temperatures. The conductivity
of particle-based conductors is usually limited by particle-particle contact resistances [43,44]. Larger
particles have fewer particle-particle contacts, increasing macroscopic conductivity. The 1.5 um particles
had an average specific surface area of 1.15 %2 compared to 0.55 %2 for 2.5 pm particles. A consequence
of the higher specific surface area of the 1.5 pm particles is the increased copper surface that is in contact

with air. This can lead to more severe oxidation, increasing individual contact resistances.

In summary, increasing the treatment temperature in vacuum led both to sintering and oxidation of the
copper particles. Sintering lowered the resistance, while oxidation increased the resistance. Below 350 °C
R,,, /sn remained stable and above 350 °C the oxidation of copper particles dominated, leading to a strongly
increasing R, /q,. Larger particles seem to lead to lower resistances due to their lower specific surface

arca.

5.5 Conclusions

Printed lines of 1.5 and 2.5 um polymer-coated copper particles were treated at elevated temperatures
to create conductive prints. Color changes of the samples, EDX, and SEM imaging strongly suggested
that the air treatments led to severe oxidation and therefore high resistances of the prints. Treating the
samples in a vacuum suppressed oxidation. Increasing the temperature in the temperature range of 200 °C
to 350 °C leads to increased sintering, but also to increased oxidation of the particles. As a result, R,,, /¢
stayed between 1to 10 “S‘—(? -g. The lowest R,,, /g, of Ry, /gy = 1.5 ”Sl—éz -2 (33 - Rypysh,cu) Was obtained

for prints containing 2.5 um copper particles treated at 250 °C in a vacuum for 1 h.

Sintering of silver microparticles resulted in R,,, /¢, that were of a factor 8 lower than the best-performing
copper-based prints of this chapter. Furthermore, a higher temperature and a vacuum were required for
sintering and controlling oxidation, which are both undesirable for industrial applications. Therefore,

despite copper’s lower price, they cannot yet compete with silver.

In the next chapter, I will discuss the use of silver-coated copper particles in printed conductors and their
potential to replace pure silver particles. Silver-coated copper particles need only a small amount of silver,

are commercially available, and are approximately a factor 3 cheaper than their pure silver counterpart.
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6 Low-temperature sintering of Cu@Ag microparticles
in air for recyclable printed electronics
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6.1 Abstract

Silver-coated copper microparticles combine the oxidation resistance of silver with the low cost of copper.
They are interesting components for printed conductive structures. We studied whether printed films of
such particles can be printed and sintered at low temperatures in air to create highly conductive films and
whether it is possible to recover the particles from them for recycling. Pastes containing 1.5 pm to 5 pm
spheres and 3 um flakes with L-ascorbic acid were prepared, screen-printed, and treated at temperatures of
110°C to 300 °C in air. The bulk resistance of films treated below 160 °C were two orders of magnitude
higher than that of bulk copper, pcy, and limited by particle-particle contact resistances. They were
reduced by treating the prints at 160 °C to 250 °C, leading to bulk film resistances down to 41pc,. We
demonstrate that the high mobility of silver enables the formation of necks that bridge the copper cores
and reduce resistivity in this temperature window. The sintered prints retained their conductivity for at
least 6 months. Treatments at higher temperatures in air were detrimental: resistances increased above
250 °C. These temperatures led to dewetting of the silver coating and fast copper oxidation, resulting in
a continuously increasing resistance. In a final study, we demonstrated that films treated below 200 °C
can be recycled by recovering the metal powder from the printed conductors and that the powder can be

printed again.

6.2 Introduction

Copper particle oxidation can be prevented with thin silver coatings. They suppress oxidation at room
temperature in air for at least 6 months [71,80]. Choi et al. performed thermogravimetry on 2 pm diameter
pure copper and silver-coated copper particles in air at 10 °C min~! and found an increase in the onset of
oxidation from 148 to 220 °C[171]. Yu et al. found an increase for 50 nm diameter copper nanoparticles
with and without silver shell from 85 to 157 °C [90]. Dewetting limits the protective effect of silver: Hai
et al. studied 2 pm diameter silver-coated copper particles with a 260 nm thick silver coating and found
that dewetting ensued at 200 °C [89]. The oxidation of the copper core was a result of dewetting, which
exposed the copper surface and immediately oxidized in air. Kim et a/. showed that oxidation can even
set in before dewetting [172]. A 100 nm thick copper film coated with a 10 nm silver layer exposed to air
at 250 °C formed a CuyO phase on top of the silver coating, as revealed by cross-sectional Transmission
Electron Microscope (TEM) imaging. Copper atoms diffused through the thin silver layer to form CuyO

at the air-exposed surface.

Silver-coated copper particles have been used in printed conductive layers [90,97—104] and to achieve
sinter bonding of integrated circuits for power electronics applications [92-96]. Swierzy ef al. synthe-
sized 1 um-diameter microparticles with copper cores and 20 nm-thick silver shells [97]. Pastes were
formulated, printed, and treated at 250 °C in nitrogen for 15 min to create conductive prints. In later
work, the authors used propionic, oxalic, citric, or oleic acid to chemically increase the conductivity of
the prints [98]. Kim et al. prepared Cu@Ag nanoparticles with diameters ranging from 200 to 900 nm
(average diameter of 450 nm) [100]. Pastes containing these particles were screen printed and treated
at 200 °C in nitrogen for 60 min to reach 8.2 uf) - cm. Zhang et al. screen-printed elliptic silver-coated
nanoflakes that were treated at 150 °C in nitrogen for 2 h and reached 37.5 uf) - cm [104].
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The sintering of silver-coated copper particles has been studied, too. It affects the conductivity of printed
layers. Yu ef al. synthesized 50 nm-sized silver-coated copper particles and sintered them in nitrogen
at 350 °C [90]. Dewetting set in at 156 °C, sintering of the silver coating at 200 °C, and sintering of the
copper cores at 250 °C. Kim et al. sintered 351 nm diameter silver-coated copper particles under isostatic
pressure at 350 °C and 10 MPa [173]. The particles formed silver necks before the copper cores started

to sinter.

Previous work on printed conductive layers of silver-coated copper particles relied on nitrogen, high
temperatures, and/or high isostatic pressures applied on the prints. In this manuscript, we show that
low-temperature treatments of such particles can yield relevant conductivities even in ambient air. We
used L-ascorbic acid to suppress the oxidation of copper and avoided silver dewetting. We discuss the
low-temperature sintering mechanisms that formed conductive silver necks bridging the copper cores.
Furthermore, we demonstrate that the weakly sintered particles can be recovered from prints and the

recovered powder directly reused.

6.3 Materials and methods

6.3.1 Preparation and printing of pastes

Commercial atomized silver-coated copper spheres (10 % Ag coated Cu-HWQ, Fukuda Metal Foil and
Powder Co., Ltd., Japan) with average diameters of 1.5, 3, and 5 um, and commercial atomized silver-
coated copper flakes (AgCu 0204C-12 Flake, Ames Goldsmith, United Kingdom) with an average di-
ameter of 3 um were used to formulate screen printing pastes. The diameter of the flakes was calculated
by the manufacturer from laser diffraction results assuming the particles to be spherical. We will refer to
this diameter in the remainder of this manuscript as equivalent diameter. The respective dry powder was
mixed with ethylene glycol (EG, anhydrous 98 %, Sigma Aldrich) at a weight ratio of 8:1 (Cu@Ag:EG,
1.5, 3 um spheres, and flakes) or 8.5:1 (Cu@Ag:EG, 5 um spheres) using a bladeless mixer (SpeedMixer
DAC 150.3 SP, Hauschild, Germany) at 2350 rpm for 3 min, resulting in a highly viscous paste.

Lines of 1 x 3 cm? were screen-printed with a manual screen printer using a mesh of 120 polyester threads
per centimeter on microscopy glass slides (VWR, ground edge frosted, Germany). The film thicknesses
(average of 3 samples) were measured with a 3D confocal microscope MarSurf CM explorer (Mahr,
Germany), and found to be 24.54+ 1.5, 38.6 &= 5.3, and 74.0 £ 7.8 um (mean = standard deviation) for
prints containing 1.5, 3 , and 5 um diameter coated spheres, and 24.9 £ 0.6 um for prints of coated flakes.
After printing, the samples were immediately placed on a hotplate with closed lit (PZ28-3TD, Prizitherm,
Germany) coupled to a PID controller (PR5-3T, Priazitherm, Germany) for 30 min set to the temperatures
given in the main text and then cooled down in ambient air. The specified ‘spread of temperature’ across
the hotplate is £2 °C, and the lid suppresses convection and ensures minimal surface-normal temperature
gradients. Three samples were prepared for each heat treatment. After the heat treatments, the samples

were stored in laboratory air where the temperature was kept around 20 °C and humidity below 50 %.
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6.3.2 Characterization methods

The internal structures of particles and prints were analyzed using cross sections prepared by creating
a trench in prints using a Focused Ion Beam (FEI Versa 3D DualBeam) and imaging using Scanning
Electron Microscopy (SEM, Quanta 400 ESEM, Thermo Fisher Scientific GmbH, Germany) with the
secondary electron detector.

The electrical conductivities of the printed lines were quantified immediately after the samples had cooled
down with a four-point probe set up using a 2450 Sourcemeter (Keithley Instruments, Ohio, USA) using
four in-line conical gold pins (GKS-069 201 051 A 0700, Ingun, Germany) with pin-to-pin distances of

1 mm.

Certain samples were electrically characterized in situ during the heat treatment using a two-point connec-
tion. The printed samples were dried for at least 2 days in vacuum at room temperature and then connected
using copper wires at both ends of the printed line using conductive silver paste (G3692, Plano GmbH,
Wetzlar, Germany) for the 90, and 110 °C treatments and conductive epoxy (Duralco 124, high tem-
perature stable conductive silver epoxy from Polytec PT, Karlsbad, Germany) for all other temperature
treatments. The epoxy glue was treated in a vacuum for 30 min before the start of the experiment. The
samples were connected to a multichannel sourcemeter (DAQ6510 data acquisition logging multi-meter
system) equipped with multiplexer cards (7702 40-channel differential multiplexer module with screw
terminals) from Keithley Instruments GmbH (Germering, Germany) and mounted on a preheated pro-
grammable hot plate using Kapton tape (Plano GmbH, Wetzlar, Germany). A constant voltage bias of
0.1mV was applied, the current was measured every second, and the resistance from Ohm’s Law was
recorded for 90 min. We calculated mass-normalized sheet resistances by calculating sheet resistances
and multiplying them with the weight of the prints from gravimetry. More details on the mass-normalized
sheet resistance are given in the beginning of Section 6.4.1.

X-ray Diffraction (XRD) measurements were performed on either 50 mg of fresh powder or the equivalent
of powder scraped off from 3 heat-treated samples using a D8 Advance diffractometer (Bruker, Germany)
equipped with a copper source that emitted Cuk,, radiation (A = 1.54060 A, 40kV, 40 mA) that we
recorded within the 26 range from 10° to 80°.

Energy-dispersive X-ray spectroscopy was performed using Noran System 7 X-ray Microanalysis System
(Thermo Scientific, Germany) mounted inside an SEM (same SEM as described at the start of this sec-
tion). Three particles per sample were chosen from top-view SEM images at a magnification of 15000X.
X-ray spectra were recorded with a zoom-in on the chosen particles at a magnification of 400000X, at a
spot size of 4, and an acceleration voltage of 15kV, and the ratio of the K, Oxygen: K, Copper was
determined. We report average ratios calculated from the three particles to assess the amount of copper

oxide formed during heat treatments.
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6.4 Results and discussion

6.4.1 Sintering silver-coated copper particles

We studied the sintering of printed layers of commercial, silver-coated copper microparticles. Electrical

characterization of prints is typically done by first determining the sheet resistance,

T AV (6.1)

where AV and I are the potential difference and current between two points of a thin sheet with constant

thickness. The sheet resistance is then commonly used to obtain the effective resistivity,
p =Rt (6.2)

where ¢ is the printed film thickness. The resulting resistivity p is an apparent, average value that treats
the sheet as a homogeneous conductor.

Note that p obtained in this way contains little information on the amount of silver in the sheet. A printed
metal layer with a porosity of 10 % (layer A) can have the same resistivity as a layer with a porosity of
40 % (layer B) although it contains 1.5 times more metal. This makes it more difficult to compare the

amount of metal that has been used and its ecological and economical implications.

A suitable way to directly consider the metal content is to use a mass-normalized sheet resistance,
Ry jsh = mo* Ry, (6.3)

with m the metal mass of the printed layer. Just like p, R,, /¢ is a material property that is independent of
the layer thickness. Its lowest possible value, R, /¢ cu = 0.045 % - g, is reached when the layer reaches
the conductivity of bulk copper. In the following, we provide R, /g, throughout because it directly shows
how to minimize the required amount of metal to obtain maximal conductivities at low temperatures in

ambient air.

We used spherical particles (Cu@Ag-S) with average diameters of 1.5, 3, and 5 um, and flake-like par-
ticles (Cu@Ag-F) with an average diameter of 3 pm. Their copper cores were coated with 10 weight
percent of silver per total powder mass via electroless plating during production: Cu@Ag-S with 1.5, 3,
and 5 pm diameter had silver shell thicknesses of 40.8 , 50.5, and 63.7 nm, Cu@Ag-F had a thickness
of 31.3nm (see Figure S1 in the supporting information). We added L-Ascorbic Acid (AA) to all paste
formulations to suppress copper oxidation during heat treatments of the prints (for more details on the

suppressing effect of AA see Figure S2 in the supporting information) [81, 82].

Pastes containing Cu@Ag-S or Cu@Ag-F, Ethylene Glycol (EG), and AA were screen-printed on glass
slides into lines and treated at 110, 160, 200, 250, and 300 °C for 30 min in air (see Figure 6.1A). The
degree of sintering was assessed using Scanning Electron Microscopy (SEM) and electrical characteri-

zation.
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Figure 6.1: Weight-normalized sheet resistances R,), /g, of printed films of silver-copper core-shell par-
ticles after 30 min in air at temperature 7'. All particles contained 10 wt-% of silver as shells. Spherical
particles had average diameters of 1.5, 2.5, 5 um. Flakes had an equivalent average diameter of 3 pm.

Figure 6.1A shows that all sheet resistances R, /s, reached minima at T’ min that depended on particle
diameter and type: Tr min ~ 200 °C for 1.5 pm diameter Cu@Ag-S and 3 um Cu@Ag-F, and TR min ~
250 °C for 3and 5 um Cu@Ag-S. The existence of an optimal sintering temperature is in stark contrast to
pure silver particles, where increasing temperature at constant treatment time reduces resistance at least

until 300 °C, and no resistance increase is observed when further increasing the temperature.

The decrease of R, /¢, at 110to 200 °C, below T'r min, is likely caused by silver that is mobile at low
temperatures. The observation is consistent with many reports on the necking of pure silver microparticles
at 150 °C or below (cf. introduction). We argue that a similar necking occurs between the shells of silver-

coated copper particles [90, 173, 174], with the expected reduction of electrical resistance.

The increasing R, /sy at T' > T'r min 1s most likely caused by the oxidation of copper. Literature reports
that the silver films on copper start dewetting above 200 °C and expose copper surface [89, 91, 172].
Unprotected copper immediately reacts with ambient oxygen to form a native oxide layer even at room
temperature. Above 150 °C, oxygen can diffuse through this native oxide, making the oxide layer thicker

(cf. introduction). Copper oxides are insulating and likely increase R, g

We evaluated this hypothesis and studied the formation of copper oxides at 7' > T'r min using X-ray
Diffraction (XRD) and Energy Dispersive X-ray spectroscopy (EDX) in the following.
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Figure 6.2: Oxidation of silver-coated copper particles after heat treatments in air quantified by (A)
X-Ray Diffraction (XRD) and (B) Energy Dispersive X-ray spectroscopy (EDX). (A) Prints containing
1.5 um Cu@Ag-S treated at 110, 200, and 300 °C. Characteristic peaks of Cu, Ag CuO, and Cu,0O are
indicated in the graph. (B) The temperature-dependent ratio of the K, oxygen to the K, copper reflex
intensities (black line) and the normalized resistances R,,, g, (red line) from EDX are shown for prints
of 1.5 pum Cu@Ag-S.

6.4.2 Oxidation and dewetting effects

We recorded X-ray Diffraction (XRD) patterns of fresh powders and prints containing 1.5 pm Cu@Ag-
S treated at 110, 200, 250, and 300 °C (Figure 6.2A). Silver has characteristic diffraction reflexes at
38 and 64.5° [172], hence the maxima observed at these positions were assigned to the silver coating of

the particles.

Copper oxide peaks only formed at 250 °C and above, where Cu20 caused reflexes at 2 — T heta = 36.4°
and 61.5° [175]. They increased in intensity at 300 °C, and new peaks appeared indicating the formation
of'a CuO phase (2—Theta = 66.2° and 68°). This oxidation sequence is in line with literature on copper

particle oxidation in air [72,75].

Additional Energy-Dispersive X-ray analysis (EDX) was used to detect oxides. The ratio of the K, emis-
sion of oxygen and L, emission of copper (details in the experimental section) are shown in Figure 6.2B.
The oxide fraction clearly correlated with the corresponding R,,, /g, at higher temperatures. It increased
at 200 °C, already before XRD indicated a crystalline copper phase, suggesting the formation of amor-
phous oxide layers and consistent with literature [176]. The strong increase of the EDX ratio at 250 °C

is consistent with the oxide seen by XRD.

The stability of silver-coated copper particles towards oxidation at elevated temperatures is limited by
the dewetting of the silver coating (cf. introduction). We observed dewetting in electron microscopy by
exploiting the Backscattered Electron (BSE) contrast caused by the atomic number difference between
Ag and Cu. Figure 6.3 shows top-view BSE images of prints containing Cu@Ag-F treated for 30 min at
200, 250, and 300 °C.
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Figure 6.3: Dewetting of silver coatings on core-shell copper particles. Top-view BSE images of prints
containing Cu@Ag-F treated at (A) 200, (B) 250, and (C) 300 °C. Silver droplets that formed by
dewetting are indicated with the blue arrows in (B) and (C).

The Cu@Ag-F in Figure 6.3A that were treated at 200 °C had no visible contrast on their surfaces, indi-
cating homogeneous silver coatings. Treatment at 250 °C caused dewetting and clearly contrasting silver
droplets visible in Figure 6.3B. They coincided with the formation of Cu,0O detected by XRD, suggesting
that dewetting preceded oxidation, as reported in literature [75]. The silver droplets were larger at 300 °C
(Figure 6.3C), exposing more copper, and causing stronger oxidation as detected by XRD and EDX (see

above).

Having established that dewetting leads to oxidation at temperatures above T min, We now analyze in
detail how different treatment temperatures (below, at, and above T'r min) affect R, g, over time and

propose a mechanism for the low-temperature sintering of silver-coated particles.

6.4.3 Sintering mechanism of silver-coated copper particles

We followed the evolution of R,,, /¢, in situ while sintering 3 pm Cu@Ag-S. Layers with a thickness of
38.6 £ 5.3 pm were printed and dried in vacuum at room temperature for 24 h. The evolution of R,,, /¢,
was then followed via two electrical contacts during 90 min at 90, 110, 160, 200, or 300 °C. Figure
6.4A shows the results.
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Figure 6.4: (A) Resistance evolution of prints and (B) micro-structural changes at 200 °C. (A) Ry, /s
as measured in situ while treating different prints of 3 um-sized Cu@Ag-S treated at 90 °C to 300 °C
for 90 min. The measurement started at 0 min when placing the sample on a preheated hot plate. (B)
Electron microscopy of a cross-section prepared from a sample treated at 200 °C indicated silver necks
(white arrows).

Resistances dropped to a plateau value of 3 n;‘—cfl) - g in the first 5 min for90 and 110 °C and remained there
for the remainder of the experiment. Higher temperatures led to lower plateau values that decreased from
2 nsl—? -gat160°Cto 1.5 nsl—éz -g at 200and 250 °C. At 300 °C, above Tg min, Ry, /sn reached a minimum
after 3 min and then increased linearly during the entire temperature treatment.

The reduction of R, in the range of 110°C to 250 °C suggests the formation of silver necks that
are connecting the particles. Scanning Electron Microscopy (SEM) images of a cross-section taken after
90 min at 200 °C (Figure 6.4B) confirmed the existence of such necks. Note that the silver shell remained

continuous: no dewetting was visible at a temperature of 200 °C (see Figure 6.3A).

The continuous increase of R, /g, observed at 7' = 300 °C is related to silver dewetting and copper
oxidation. The onset of dewetting at 250 °C leads to the formation of Cu,0O (cf. oxidation and dewetting
effects), but not necessarily to an increase of R,, q,, as the trace for 250 °C Figure 6.4A shows. The
constant R/, = 1.5 % - g is likely caused by silver necks that keep the copper cores electrically
contacted and are not affected by oxide formation at other, exposed parts of the spheres. This mechanism
fails at 300 °C, where both copper oxidation and dewetting are more rapid. The copper cores expand
upon oxidation, inducing stresses and mechanical fracture of silver necks. Concurrently, the copper-silver
interface within the particles becomes insulating, reducing the conductive pathways. Other mechanisms
are likely to contribute: Hai et al. demonstrated that the diffusion of copper through the silver coating
of particles leads to the formation of pores at the copper-silver interface that reduces conductivity. Such

pores formed at and above 250 °C, too (see Figure S3 of the supporting information).
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Figure 6.5 summarizes the proposed sintering processes of silver-coated copper particles in air. Tem-
peratures below 160 °C did not lend silver sufficient mobility to form sinter necks, and R,,, /, remained
limited by the particle-particle contact resistances to 3 % -gto6 “S‘—gl - g. Temperatures of 160 — 250 °C
mobilized the silver sufficiently to form necks connecting the particles, but retained the continuity of
the shells that protect the copper from oxidation. They reduced R, g, to 1 “S‘—él -gto 1.5 “S‘—éz -2 (6.9 x
107°Q-cmt0 9.1 x 1072 € - cm). A combination of dewetting and rapid copper oxidation at tempera-
tures above 250 °C led to a continuously increasing R, /-

The mechanisms illustrated in Figure 6.5 explain the optimal sintering temperature T'g i, for the core-

shell particles that does not exist for homogeneous silver spheres.
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Figure 6.5: Proposed sintering mechanisms of silver-coated copper particles in air. Temperatures below
160 °C hardly affected the silver coating, sheet resistances remained at R, i, ~ 10° - R,, /sh,Cu> and
the particles appeared unchanged in electron microscopy (shown here: 5 um Cu@Ag-S at 110 °C).
Temperatures between 160 and 250 °C reduced R,;, /qp, to ~ 20 - Ry /sh,cu and caused neck formation
(shown here: 3 um Cu@Ag-S treated at 200 °C). Temperatures above 250 °C increased R,,, /¢, to above
10%-R,, /sh,cu and caused dewetting and oxidation (shown here: 5 pm Cu@Ag-S treated at 300 °C).

medium resistance
(~ 100 - Rsh/m,Cu)

We assessed the stability of prints by storing them under ambient conditions for 6 months. Figure 6.6
illustrates that the R, /g, of prints of 3 um Cu@Ag-S underwent no significant changes, indicating that
the samples were stable.
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Figure 6.6: Stability of weakly sintered prints under ambient conditions. R, of prints containing
3 pm-sized Cu@Ag-S after sintering ("fresh’) and after 6 months storage in laboratory air at standard
conditions (cf. Preparation and printing of pastes.)

6.4.4 Recyclability

We demonstrated that prints of silver-coated copper spheres and flakes consistently decrease in electrical
resistance R, /g, with increasing temperature until a certain temperature. Treatments at higher temper-
atures increased the resistance. Prints containing Cu@Ag-F resulted in the lowest R, /, for treatments
below 200 °C. We chose these films to study the recovery of metal powders from the prints. The redisper-
sion of the particles could simplify the recovery and recycling of metal particles from printed electronics
(cf. Introduction).

The cycle of making paste, printing, and recycling of metal powder is shown in Figure 6.7A. We prepared
prints containing Cu@Ag-F that were treated at three different temperatures. Pastes were printed on
glass slides, put in a vacuum at room temperature for 2 days, 80 °C for 30 min, or 160 °C for 30 min. The
R, sn of these prints are shown as “first generation” in the green bars in Figure 6.7B. The prints were then
mechanically removed, powder was collected, and new pastes were made from them. Lines were printed
on glass slides and treated identically to the first-generation prints that they came from. The R,, /g, for

these ’second generation’ prints are shown as blue bars in Figure 6.7B.

The R, ¢, of first-generation prints decreased with increasing temperature as discussed in the preced-
ing sections. The R,,, g, of all second-generation prints were larger than the respective first-generation
prints. We propose that this degradation reflects copper exposure or thinning of the silver coating due
to fracturing particle-particle contacts. Exposed and thinned silver coating causes native oxide growth
at room temperature [72—74]. Second-generation prints contain more particle-particle contacts with an
oxide layer that cause large contact resistances, leading to larger overall R, ;. This is consistent with
the small increase in R, /¢, for second-generation prints that were treated in a vacuum at room tempera-

ture. The mobility of silver at room temperature is too low for silver to migrate much, leading to a silver
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Figure 6.7: Recyclability of prints of silver-copper core-shell particles after three different heat treat-
ments. (A) Circular paste preparation, printing, and recycling. (B) Electrical performance of freshly
printed Cu@Ag-F compared to prints made from recycled Cu@Ag-F after vacuum drying at room tem-
perature for 2 days, thermal treatment at 80 °C for 30 min, and sintering at 160 °C for 30 min. Green
bars indicate fresh prints and blue bars indicate recycled prints.

coating that stays intact even after recycling of the particles.

In summary, it was possible to recycle weakly sintered Cu@Ag-F from prints, but the performance of
the material degraded. Heat treatments at 160 °C reduced R, /g, of the first generation to 2.9 “sl—? - g
(1.46 x 10~*Q - cm) but increased R,, /sh of the second generation of prints by a factor of 8. Limiting
the first-generation treatment to room temperature increased R, /g t0 5.2 “;—;2 g (2.72 x 1074 - cm)

for the first generation but limited the increase in the second generation to a factor of 2.

6.5 Conclusion

We prepared conductive films from silver-coated copper spheres (Cu@Ag-S) and flakes (Cu@Ag-F)
and treated them at low temperatures in air. The mass-normalized sheet resistances R,,, /¢, of all prints
decreased with increasing temperatures below T min that depended on the particle type and reached
a minimal R, g, of 1 “S‘—flz -gto 1.5 “sl—éz .2 (6.9 x107°Q-cmto 9.1 x 107°Q - cm). Treatments at
T > TR min increased Ry, g,

A combination of in-situ electrical characterization and cross-section SEM imaging revealed that the
dropping R, /s, below T'r min is a result of low-temperature silver sintering. A pronounced drop in R, /
appeared only above 160 °C. This characteristic drop was linked to the formation of silver necks that were
identified by cross-sectional SEM imaging.

Dewetting and oxidation were identified as the mechanisms increasing R, /sy at T > Tpg min. BSE
imaging revealed the onset of silver dewetting at 250 °C. Exposed copper areas and locally thinning silver
coatings enabled the formation of Cuy0O as confirmed by XRD. The combination of rapid oxidation of

exposed copper and the dewetting of particles led to a continuously increasing R,,, /¢, at and above 250 °C.
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The choice of sintering temperature is crucial to obtaining highly conductive prints of silver-coated cop-
per particles. Temperatures below 160 °C do not lead to sintering and limit R,,, /g, to 3 “2—? -gto6 % - g.
Temperatures above 250 °C increase R, /s, by oxidation and reduced silver necking. Sintering at 160 °C

to 250 °C minimizes R,,, /¢, to minimal values in the range of 1 “2—;2 -gtol.5 “2—;2 -2(6.9x107°Q - cmt0 9.1 x
10759 - cm).

We tested the recovery of weakly sintered prints of silver-coated copper particles. The first-generation
prints were treated and removed from the substrate to recover powders that were formulated as second-
generation pastes. The second-generation prints consistently had a higher R, /¢, than the respective first-
generation prints. We found a trade-off: room temperature drying of prints limited electrical degradation
after recycling to a factor of 2 while 160 °C let to a factor of 8. Depending on the application, it is possible

to enable recycling by minimizing sintering temperature at the cost of conductivity.
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7 Summary and conclusions

In Section 2.9, I presented four knowledge gaps in the state of the art of metal-based, printed conductors.
In this section, I will discuss in detail how we contributed to closing these knowledge gaps through the

work presented in Chapters 3 to 6 of this thesis.

7.1 Gap 1: Low-temperature sintering mechanisms of silver microparticles

To formulate a hypothesis on the low-temperature sintering mechanism of silver microparticles, we
studied the sintering and its effect on the conductivity of two different types of silver microparticles:
surfactant-containing precipitated- and surfactant-free atomized particles. The results are described in
Chapter 3 of this thesis. In the following, I sum up our major findings of this chapter regarding the low
temperature sintering of silver microparticles, which in the end led to our current understanding of the

mechanism:

+ Sintering of silver microparticles involves ion formation and precipitation, which occurs at
lower temperatures than classical sintering. We demonstrated that silver microparticles release
ions and the ion concentration in printed pastes increases upon heating until a critical concentration
for nucleation is reached. At this concentration, heterogeneous nucleation results in sinter neck

formation and homogeneous nucleation in nanoparticle formation.

* Precipitated particles sinter at a lower temperature than atomized particles. The resistance of
prints was tracked in situ at temperatures ranging from 110 °C to 300 °C. Above a certain minimum
temperature, we could identify a drop in resistance, with a defined onset time, which we linked to
the sintering of the particles. We defined this temperature as the onset temperature of sintering.
Precipitated particles had an onset temperature of 140 °C, compared to 275 °C for atomized parti-
cles. We demonstrated with inductively coupled plasma (ICP) measurements that this was related

to the increased ionic silver release during the sintering of precipitated particles.

Our hypothesis on the low-temperature sintering of silver microparticles explains the in-situ formation
of silver nanoparticles during sintering, which has been observed in multiple studies in literature [13,
62-64]. Unlike these studies have suggested, our mechanism proposes that the nanoparticles are not
aiding the sintering. Instead, heterogeneous nucleation causes the formation of necks at low temperatures.
Furthermore, we could link our hypothesis to differences that were observed for sintering different particle

types (atomized versus precipitated).
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7.2 Gap 2: The best of two worlds: Sintering and recycling

Chapter 3 introduced a recyclability-by-design method that allowed for the recycling and reusing of
weakly sintered silver microparticles. In Chapter 4, I used this method to compare the differences in
the recycling of flakes versus spheres. In the points below I highlight our findings on the recycling of

weakly sintered particles and their contribution to the current state of the art.

* There is a trade-off between sintering and recycling of silver microparticles. In Chapter 3,
silver microparticles were sintered at 150 °C for 20, 40, and 60 min. R, s, of the prints decreased
with increasing sintering time. The powder was recovered from the prints and sintered agglomer-
ates were broken up through tip-sonication. With increasing sintering time, the recovery percentage
of powder decreased from 99 % to 48 %, and finally to 6 %. SEM imaging revealed that the neck
sizes increased with increasing sintering time, which led to unbreakable necks and a decreased
recovery percentage. We found a trade-off: increasing the sintering time leads to an increased

conductivity, but lowers the recyclability of the particles.

* Prints made from recycled particles consistently resulted in a lower resistance than prints
made from untreated particles. For example, initial prints treated for 40 min at 150 °C resulted
ina R,/ = 7.7 “;—gl - g. After recycling and reusing the particles from these prints, new prints
were made and again treated for 40 min at 150 °C. These recycled prints had a R, /g, = 0.4 nsl—flz - g,
a factor 19 lower than the initial prints. We propose that this difference comes from the presence
of small sintered agglomerates present in the recycled powder. They are small enough to not cause
problems with clogging during screen-printing, but large enough to enhance the conductivity of

recycled prints. SEM imaging revealed the presence of such agglomerates in the recycled powder.

* The trade-off between sintering and recycling is less pronounced for flakes than for spheres.
In Chapter 4, I compared flakes and spheres. The reusable fraction of recovered powder was con-
sistently higher for flakes than it was for spheres. For example, after a heat treatment 140 °C for
30min, 91.6 % of the recovered flakes could be reused for a new generation of prints, while for
spheres this was only 69.7 %. Increasing the temperature to 160 °C decreased these percentages
to 44.7% and 33.2 % for flakes and spheres, respectively. We propose that the higher porosity
of prints based on flakes resulted in an easier breakup of agglomerates and thus higher recovery

percentages.

Before, recycling and reusing of silver particles from printed conductors was only demonstrated for
printed conductors with relatively high resistances due to the absence of particle sintering [22, 106].
To our knowledge, we are the first to demonstrate the recycling and reusing of sintered silver particles.
This approach combines the high conductivity and recyclability of silver-based printed conductors and

contributes to the development of more sustainable printed electronics.
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7.3 Gap 3: Flakes versus spheres

To make a comparison between flakes and spheres, we considered three main aspects: the sintering, the
conductivity at different treatment temperatures, and the recyclability at different treatment temperatures.
In the previous section, we already saw that flakes had a better recyclability compared to spheres. In this
section, [ will discuss the differences observed in terms of sintering and conductivity at different treatment

temperatures. These were the main findings:

* At treatment temperatures below 160 °C, flakes result in a lower R, , than spheres. At
110 °C, both the flakes and the spheres don’t yet form sinter necks, and conductivity stems from a
percolating path of particles in contact with eachother. The resistance of such prints is dominated by
the particle-particle contact resistances [33—35]. Flakes have larger overall particle-particle contact

areas, which reduces the overall contact resistances and thus, R, /s, [64].

* At 200°C and above, R, /, of spheres is a factor 2 lower than the flakes. Increasing the
temperature changes the picture. At 200 °C the prints based on spheres become more conductive,
and they remained more conductive at higher temperatures, as well. At 300°C, R,,, /¢, of prints
based on flakes and spheres was a factor 4 and 2 higher than that of bulk silver. We propose that
both the small grain size (below 50 nm) and internal morphology of the printed structures explain
the higher R, /s, compared to the bulk silver reference. However, the higher R,,, /q, of flake-based
prints must stem from differences in the internal structure, since the grain sizes of sintered flakes
and spheres are comparable. We made 3D reconstructions of prints based on flakes and spheres
treated at 300 °C for 30 min and determined tortuosity factors. A higher tortuosity factor indicates
higher constriction resistances, thus higher R, /g, of the prints. The sintered flakes had a higher

tortuosity factor, which can explain their higher R,,, /q,.

In summary, sintered flakes result in higher recycling yields than sintered spheres. Sintered sphere prints,
however, have a lower porosity and therefore a factor 2 lower mass-normalized sheet resistance than

sintered flake prints.
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7.4 Gap 4: Copper-based printed conductors

In this thesis, I discussed two strategies for making copper-based printed conductors. The first strategy
involved a combination of polymer-coated copper particles with L-Ascorbic Acid to suppress copper
oxidation. Chapter 5 is dedicated to this strategy. The second strategy involved exploiting both the
oxidation resistance of silver and the low cost of copper by making use of silver-coated copper particles.
This strategy was combined with the use of L-Ascorbic Acid and the results were discussed in Chapter

6. Below we list the most important findings of Chapter 5.

* Sintering polymer-coated copper particles at 200 °C in ambient air leads to high resistances
due to oxidation. We treated printed pastes containing polymer-coated copper particles and L-
ascorbic acid at a temperature of 200 °C for 2.5 h. With Energy Dispersive X-ray (EDX) analysis,
we compared the ratio of K, oxygen to K, copper reflex intensities of both untreated particles
and the heat-treated particles. The ratio was about a factor of 3 higher for the heat-treated particles,
indicating that the treatment resulted in copper oxidation. The prints also turned black, which is
the color of CuO, indicating that oxidation occurred. As a result, R,,, /¢, was high (about 9 orders

of magnitude larger than R,,, /¢, cu)-

* Sintering the particles in vacuum at 200 °C suppresses oxidation and reduces R,, g by §
orders of magnitude. In an attempt to suppress the oxidation of copper, we did the same treatment
in vacuum. This time, the ratio of K, oxygen to K, copper reflex intensities did not change after
the heat treatment, nor did the color change. These results indicated that we could successfully

suppress the oxidation in this case. Consequently, R, /¢, decreased 5 orders of magnitude.

* Larger copper particles are more resistant to oxidation than smaller particles. I prepared
prints containing 1.5 — and 2.5 um copper particles and treated the prints at temperatures ranging
from 200 °C to 400 °C in vacuum. R, /¢, of prints containing 2.5 um particles were consistently
lower. We propose that the lower specific surface area leads to lower particle-particle contact
resistances and therefore to a lower R,, /g, Additionally, the lower specific surface area means

less copper-air interface area and hence less oxidation.

The results above demonstrate that printed conductors based on polymer-coated copper, even when L-
ascorbic acid is used for oxidation suppression, require the heat treatments to be in vacuum. The necessity
of using a vacuum strongly decreases the appeal of such printed conductors, which motivated us to switch
to an alternative copper-based printed conductor that can be treated in ambient air. For this purpose, we
investigated the use of silver-coated copper particles, which has been presented in Chapter 6. The main

findings are listed below:

* Silver-coated copper particles have an optimum treatment temperature (1'z min) at which
R, /sn is the lowest. We prepared prints of silver-coated copper flakes (average diameter 3 pm and
spheres (average diameters of 1.5, 3, and 5 um), and treated them in air at temperatures ranging
from 110 °C to 300 °C for 30 min. Interestingly, the prints had an optimum treatment temperature
at which R, /i, was the lowest. Above this temperature, R,,, /¢, of prints increased. This is in stark
contrast to what we have seen for silver particles, where R, /q, either decreases or remains the

same upon increasing the treatment temperature. Aditional, we found that T’r 1, was the highest
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for the particles with the lowest specific surface area (3, and 5 um spheres). We propose this is

related to the silver shell, which was thicker for these particles.

* Increasing the treatment temperature from 110 °C to T 1, leads to a continuously decreas-
ing R, /s, due to the formation of silver sinter necks. In Chapter 3, we have seen that the onset
temperature of sintering of silver microparticles was around 140 °C. This demonstrated that silver
can form necks at such low temperatures. It is therefore likely that the silver coating of silver-
coated copper particles is highly mobile and can form necks with adjacent particles. We attribute
the decreasing of R, /¢, until T min to the sinter neck formation of the coated particles. For parti-
cles treated at 200 °C we confirmed the formation of silver necks by means of cross-sectional SEM

imaging.

* Temperatures above T iy increased R, /¢, caused by dewetting of the silver shell, followed
by oxidation of the copper cores. To explain why R,, /¢, increases above Tg min, we performed
EDX, XRD, and BSE imaging of the heat-treated particles. The EDX analysis confirmed that oxide
started to form at 200 °C, while XRD first detected a CuO phase at 250 °C. BSE imaging of coated
flakes revealed that the onset temperature of dewetting occurred at 250 °C.

+ Silver-coated copper particles can be recycled and reused for a new generation of prints. We
used the recycling approach introduced in Chapter 3 to assess the recyclability of silver-coated
copper particles. Prints of silver-coated copper flakes that we only dried in vacuum, treated at
80 °C, and treated at 160 °C could all be recycled and reused for a new generation of prints. Unlike
the prints from recycled silver particles, these recycled prints resulted in a higher R,,, /g, compared
to the initial prints. This increase could be minimized by keeping the treatment temperature low (or
even only vacuum), however, this was at the cost of the conductivity of the initial prints. Hence,
there is a choice to be made: high conductivity of initial prints at the cost of losing conductivity for
recycled prints or minimizing conductivity loss of recycled prints by accepting a lower conductivity
of the initial prints.

Most literature studies that fabricated printed conductors based on silver-coated copper particles made
use of inert gas or vacuum during the sintering procedure [90,97—104]. We demonstrated that in combi-
nation with L-ascorbic acid, silver-coated copper particles can also reach high conductivities at moderate
temperatures in ambient air conditions. Furthermore, we found that silver-coated copper particles have
an optimal treatment temperature at which the resistivity is minimal. At this temperature, dewetting does
not occur and silver necks bridging the copper cores result in high conductivities. The lower cost and
low silver content of these particles make them a potential candidate to replace silver particles for the

manufacturing of printed electronics.
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8 Outlook

I have formulated silver- and copper-based pastes to make printed conductors and demonstrated that high
conductivities can be achieved at low treatment temperatures. The particles could be recycled and reused
after the lifetime of the prints. In this chapter, I will give an outlook on possible future investigations that

can help further improve these materials and make them ready for industrial applications.

In this thesis, I kept the paste formulations simple: metal particles dispersed in ethylene glycol. The
purpose of these simple pastes was to assess the effect of particle sintering on the conductivity of printed
pastes, without having to consider external effects on conductivity stemming from additives in the pastes.
Commercial pastes do contain additives, such as added polymers and additional solvents, to tune the

viscosity and optimize the adhesion and mechanical robustness of the final printed structures.

The effect of these additives on the conductivity, sintering mechanism, sintering onset temperatures, and
the recycling of particles should be investigated. The comparison between precipitated and atomized
particles, as done in Chapter 3, should also be made for these pastes. Another difference that should
be taken into consideration is the metal loading of the industrially relevant pastes. The printed simple
pastes contain only metal particles after sintering. The industrially relevant printed pastes will have a
lower metal content. To minimize the cost and ecological impact, the metal content should be as low as

possible, without affecting the conductivity of the prints.

After creating industrially relevant pastes, mechanical testing of printed structures would be required.
Pastes could be printed on a variety of flexible substrates and electrically characterized upon bending
and stretching. Another important parameter to be addressed is the adhesion to the substrate, which is
of great importance in many industrial applications. Such investigations explore their potential use in

applications, such as flexible and stretchable conductors or strain sensors.

Another aspect of the printed conductors that would benefit further investigations is the recycling pro-
cedure. The procedure presented in this thesis involves the recovery of the powder through the manual
removal of the printed structure followed by the breaking of sinter necks through tip-sonication. Indus-
trially relevant prints still contain additives after the sintering procedure, complicating the recycling. An
extra separation step needs to be implemented to separate the metal particles from the additives. A more
automated recycling route could be investigated where printed pastes can be removed upon applying an
external trigger. The work of Kwon et al. can be taken as inspiration, where the printed layers were

released upon submerging them in hot water [22].

I hope that this thesis, and potential follow-ups, will contribute to more sustainable, and cheaper printed

electronics solutions in the future.
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9 Supporting Information

9.1 Chapter 2: State of the art and theory

2-point in-situ setup (”;—;2) 4-point setup (”;—(?)
8.07 9.25
2.27 3.05
1110.63 974.16
33.23 39.85
1.60 5.03
11.20 15.21

Table 9.1: Comparison between 2-point probe and 4-point probe measurements
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9.2 Chapter 3: Recyclability-by-design of Printed Electronics by Low-
Temperature Sintering of Silver Microparticles

9.2.1 SEM images of the precipitated and atomized particles

Figure S1: (A) Top view SEM images of 1.5 um precipitated silver particles and (B) 1.7 pm atomized
particles.
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9.2.2 Surfactants on the surface of precipitated particles

100.4 T T T T T T T

100.3 —— 1.5 ym precipitated

100.2 —— 1.5 ym Atomized
100.1 |
100.0 A

99.9 + E

Weight / %

99.8 4

99.7 E

99.6 -

99.5 4 B

99.4

0 100 200 300 400 500 600 700 800
Temperature / °C

Figure S2: Thermogravimetric analysis (TGA) graphs of 1.5 um precipitated (blue line) and 1.7 pm
atomized silver particles (green line). It can be observed that precipitated particles show a weight loss
due to surfactant decomposition between 200 and 400 °C. The atomized particles don’t show a weight
loss over the entire temperature range due to the absence of organic surfactants.

9.2.3 Porosity of the particles

Figure S3: (A) Cross-sectional SEM images of prints containing 1 um precipitated and (B) 1.7 um
atomized silver particles. Pores can be observed in the particle cross-sections for precipitated particles
(A), compared to dense particle cross-sections for atomized particles (B).
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9.2.4 Determination of the grain size

A B
T T T T T T T T T T T T T T T T
1.0 - . 1.0 1 E
5 1.5 um precipitated particles 1.7 um atomized particles

: 0.8 . S 0.8+ e
p J
= A
2 2

§ 0.6 . ‘@ 06+ .
£ <
35 £
©

g o4 - © 044 E
E =
: g

S 0.2 . 5 0.2+ E

Ry J\ JL = U A

0.0 0.0 4 =

T T T T T T T T T T T T T T T T
35 40 45 50 55 60 65 70 75 80 35 40 45 50 55 60 65 70 75 80
2-Theta / degrees 2-Theta / degrees

Figure S4: (A) X-ray diffraction (XRD) graphs of 1.5 um precipitated and (B) 1.7 um atomized parti-
cles.

To determine the crystallite size of both precipitated and atomized particles Scherrer‘s formula was used:

K-

" B- cos(6) ©-h

Dy
D, is the crystallite diameter in nm, K is Scherrer’s constant (K = 0.94 is used, the value for spherical
grains with cubic symmetry), A is the x-ray wavelength in nm, B is full width at half maximum of the
observed peak, and 6 is the XRD peak position. D,, was determined for the (111) peak at § = 38.19° in
Figure S4 A and B.
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9.2.5 Growth of the grain size during sintering
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Figure S5: Grain growth due to sintering of both precipitated and atomized particles. (A) XRD graphs
of precipitated particles and (B) atomized particles, treated at 110, 160, 200, and 300 °C. (C) The
grain size of precipitated and atomized particles at each temperature.

The grain sizes in Figure S5 were determined in the same way as described in Section 9.2.4.
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9.2.6 Precipitated particles in commercial pastes

A

Sintered industrial paste
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e

Figure S6: A comparison of sintering behavior and adhesion of prints based on simple pastes studied
in the manuscript and industrial pastes made by our partner company. (A) A top-view SEM image of
a sintered industrial paste containing 1 um-diameter particles at 160 °C for 30 min. (B) Images before
and after a scotch-tape test of simple prints from the manuscript (above) and industrial prints by pastes

from our partner company (below).

We collaborated with a company that produces commercial screen-printing pastes (GSB Wahl) to test

full formulations and tested prints from those pastes using standard scotch adhesion tests. Figure S6

shows that the standard matrix enhanced adhesion as expected. Importantly, the sintering behavior of the

matrix-containing pastes was similar to the ethylene glycol-based pastes.
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9.2.7 Statistics of the in-situ measurements: Precipitated particles

Weight normalized sheet

Weight normalized sheet

Figure S7

1000

Precipitated Particles

T 1000

100

3
h

resistance R, "]
n

o
L

+ 100

40.1

0.01

1000

T T T
80 100 120

Time t [min]

T
180 200

100 o

- o
L L

resistance R, [
°
.

150°C

. 1000

T T T
60 80 100

Time t [min]

T 0.01
140 160

Weight normalized sheet

Weight normalized sheet

1000

100

o
L

i mQrg
resistance R, [M5q°]
L

o
L

1000

T T T
80 100 120

Time ¢ [min]

T
140

100

= =)
L L

resistance R, ["=9]
P
"

160°C

T T T
40 50 60

Time t [min]

70

1000

100

0.1

0.01

200

1000

100

0.1

0.01

100

. All in-situ measurements for each temperature for prints containing precipitated particles.
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9.2.8 Statistics of the in-situ measurements: Atomized particles

Atomized Particles
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Figure S8: All in-situ measurements for each temperature for prints containing atomized particles.



9.2.9 Validation of the two-wire in-situ measurements

4-point in situ at 160 °C
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Figure S9: Validation of the two-wire measurements of Figure 3A and B. (A) Four-point in-situ mea-
surement at 160 °C of 1.5 um precipitated particles.

The reference 4-point measurement in Figure S9 yielded the same clearly defined sintering onset times

as observed using the two-wire measurements in Figure 3.3A. The contact resistances of the two-wire

in-situ measurements did not affect the onset times that we analyze in Section 3.3.2 of the manuscript

9.2.10 Presence of residual solvent in the prints

- \ ' .o .»'v.\“A

Figure S10: Cross-sectional SEM images of printed layers of 1 um precipitated silver particles. The
yellow arrow in (A) points at a dark spot caused by residual Ethylene Glycol. The yellow arrows in
(B) point to droplets of Ethylene glycol still present in the printed structure. The droplets moved and
evaporated within minutes during imaging, which can be explained by the exposure to the vacuum.
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9.2.11 Sintering onset times determined from in-situ electrical characterization
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Figure S11: Average onset time as a function of temperature (130, 140, 150, and 160 °C) for the sin-
tering of precipitated particles. Each point in the graph represents the average onset time of sintering,
determined from Figure 3A, with the standard deviation shown as an error bar.

9.2.12 Occurrence of nanoparticles after heat-treated prints

Figure S12: SEM images of (A) 1.7 pm atomized silver particles treated at 250 °C for 30 min and (B)
1 um precipitated silver particles treated at 150 °C for 60 min. In both A and B silver nanoparticles can
be observed on the surface of the microparticles.
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9.2.13 Electron microscopy of reusable and non-reusable fractions after recycling

I 150 °C, 40 minutes I I 150 °C, 60 minutes I
dispersed phase sedimented phase dispersed phase sedimented phase

(reusable) (non-reusable) (reusable) (non-reusable)

Figure S13: Scanning Electron Microscopy (SEM) images of precipitated particles after heat treatment
and the recycling procedure. Both the dispersed phase (reusable powder) and the sedimented phase
(non-reusable powder) are shown for precipitated particles treated for 40 and 60 min at 150 °C.
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9.2.14 Particle size distributions of initial and recycled powder
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Figure S14: Cumulative, volume-weighted size distributions of initial and recycled precipitated silver
powders. The printed layers underwent a heat treatment at 150 °C for 40 min before recycling. Both
initial and recycled powders were measured in duplicate for reproducibility.
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9.2.15

A) Initial print (150 °C, 40 min)
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Figure S15: Thickness profiles of prints made with (A) fresh metal powders and (B) recycled metal
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B) Recycled print (150 °C, 40 min)
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powders. Both prints were treated at 150 °C for 40 min and measured using a 3D confocal microscope

MarSurf CM explorer (Mahr, Germany).

9.2.16 Electrical evolution of resistance during heating of recycled prints
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Figure S16: R,, ), is plotted as a function of T for prints containing fresh, recycled from 20 min at
150 °C, and recycled from 40 min at 150 °C precipitated 1.5 pm particles.
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9.3 Chapter 4: The importance of shape: flakes and spheres in recyclable
pastes for printed electronics

9.3.1 Prints of flakes and spheres treated at 110 °C

"4 4 “PIC ,\... h}‘.é' ’
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€) ,
=72 Y 1.5um spheres 4

7

Vi

Figure S1: Top-view SEM images of flakes and spheres after 30 min at 110 °C. 2.8 and 3.2 um flakes
on the left, and 1 and 1.5 pm spheres on the right.
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9.3.2 Porosity after sintering of flakes and spheres

2.8 pym flakes

\///v

.y

1 300°C,30 min [ .

1.5 ym spheres

Figure S2: Comparison of the porosity of prints containing flakes and spheres after sintering at 300 °C.
Top-view SEM images after sintering 2.8 um flakes (left micrograph) and 1.5 um spheres (right micro-

graph) for 30 min at 300 °C.
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9.3.3 Grain size of sintered flakes and spheres
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Figure S3: X-Ray Diffraction (XRD) graphs after sintering 2.8 um flakes (left) and 1.5 um spheres
(right) for 30 min at 300 °C.

Crystallite sizes from XRD graphs in Figure S3 were calculated using Scherrer‘s formula:

K- A

D, = 2
P B-cos(0)’

9.2)
where D), is the crystallite diameter in nm, K the Scherrer’s constant (K = 0.94 is used, assuming

spherical grains with cubic symmetry), A the x-ray wavelength in nm, B the full width at half maximum
of the observed peak, and 6 the XRD peak position.
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9.3.4 Effect of temperature on sinter necks

140°C

Figure S4: Top-view SEM images of 2.8 pm flakes (top row) and 1.5 um spheres (bottom row) after
sintering for 30 min at 120, 140, and 160 °C.

9.3.5 Sintered aggregates in recycled powder

Figure S5: SEM image of recycled 1.5 um spheres after sintering at 160 °C for 30 min.
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9.4 Chapter 5: Towards the replacement of silver by copper for printed
electronics.

9.4.1 Thermogravimetric analysis of precipitated copper particles

A) 1.5 um copper particles B) 2.5 pym copper particles
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Figure S1: Thermogravimetric analysis (TGA) of precipitated copper particles. The weight fraction
w is plotted as a function of the temperature 7. (A) TGA of 1.5 um copper particles, and (B) TGA of
2.5 um copper particles.
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9.5 Chapter 6: Low-temperature sintering of Cu@Ag microparticles in

air for recyclable printed electronics

9.5.1 The s silver coating

Cu@Ag-S 3 um

N\

Figure S1: The silver coating thickness was determined via cross-sectional SEM imaging. (A) EDX
mapping of a cross-sectional backscattered electron image of the 5 um Cu@Ag-S. (B) EDX line scan
of a cross-sectional backscattered electron image of the 5 um Cu@Ag-S. (C-F) The images from which
the silver coating thickness of 1.5, 3, and 5 um Cu@Ag-S, and 3 pm Cu@Ag-F were determined. The
yellow arrows indicate where the silver coating can be spotted in the image.
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9.5.2 The effect of using L-Ascorbic Acid
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Figure S2: The effect of using L-Ascorbic Acid (AA) in the paste formulation of coated copper par-
ticles is demonstrated. R,,,/,, as a function of temperature 7" is plotted for prints made from 5 pm
Cu@Ag-S pastes with (brown line) and without (black line) the addition of AA.

9.5.3 Internal pore formation at the silver-copper interface

Figure S3: The formation of internal pores at the copper-silver interface. A cross-sectional SEM image
of a print made from 3 pm Cu@Ag-S treated at 250 °C for 90 min. The white arrow indicates one of
the pores that formed at the copper-silver interface.
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