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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 um 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, pc.. and limited by particle—particle contact resis-
tances. They were reduced by treating the prints at 160 °C to 250 °C, leading to bulk film resistances
down to 41lpc,. 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: resis-
tances increased above 250 °C. These temperatures led to dewetting of the silver coating and fast cop-
per oxidation, resulting in a continuously increasing resistance. In a final study, we demonstrated that
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films treated below 200 °C can be recycled by recovering the metal powder from the printed conduc-

rsc.li/materials-c tors and that the powder can be printed again.

1 Introduction

Silver-based conductive pastes dominate printed electronics due to
their excellent conductivity," their resistance to oxidation,* and their
ability to withstand high temperatures.>* Printable pastes are typi-
cally composed of silver particles dispersed in a binder matrix and
can be employed to create highly conductive connections when
screen-printed. Nonetheless, the high cost of silver and its limited
global availability’ pose economic challenges for industries reliant
on silver-based electronic materials. Silver mining and extraction
processes have large ecological impacts.® Recycling silver from prints
can thus be economically and ecologically beneficial. Kwon et al.
demonstrated an approach to recycling silver micro flakes from a
printed conductor and reusing the flakes to print new conductors
without losing performance.”
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Besides the interest in recycling the silver used in printed
conductors, there is also a growing interest in replacing silver-
based pastes with cheaper, more sustainable, and readily
available alternatives. Copper has a high conductivity,® is
cheaper than silver,”'° and more abundant.>'' Therefore,
many attempts have been made to replace silver with copper
particles in conductive pastes.">" The challenge with copper,
however, arises from copper’s tendency to form electrically
insulating oxides in air'*™® and the fact that copper particles
typically require a higher sintering temperature than silver
despite of the comparable melting points.'>"? 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 Cu,O 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.””*° This native oxide layer passi-
vates the copper surfaces, preventing further growth. There is
consensus in the literature that the main component of the
native oxide is Cu,0;'” some groups claim the presence of
Cu0."®'® 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

This journal is © The Royal Society of Chemistry 2024
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diffusion barrier of the native oxide layer fails."* Choudhary
et al. found that films with thicknesses between 100 and
1000 nm** 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
increase conductivity by forming metallic necks between particles,
but the native oxide hinders efficient sintering below 400 °C.*°
Strategies to reduce the sintering temperature include polymer
surfactants,”** coating particles with metals,"*** and additives in
paste formulations.*®*°

The addition of r-ascorbic acid (AA, vitamin C) to copper-
based paste formulations can suppress the oxidation of
copper.’®*® 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 nan-
ometers 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 inter-
faces and hindered sintering. Incomplete sintering and weak
bonds were the result at 350 °C in nitrogen. The addition of AA
increased bonding strength®® by reducing Cu,O to Cu’ and
preventing further oxidation during sintering by scavenging
oxygen. Pacioni et al. used UV-visible and electron paramag-
netic resonance (EPR) spectroscopy to demonstrate that AA
slows down oxidation by reducing copper ions to Cu’. Gao
et al. reports that AA is scavenging oxygen through its own
oxidation.'®

A complementary strategy is to prevent copper particle
oxidation with thin silver coatings. They suppress oxidation at
room temperature in air for at least 6 months.”*>* 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.”* Yu et al. found an increase for 50 nm diameter copper
nanoparticles with and without silver shell from 85 to 157 °C.**
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.*® The oxidation of the copper core was a result of
dewetting, which exposed the copper surface and immediately
oxidized in air. Kim et al. showed that oxidation can even set in
before dewetting.”® A 100 nm thick copper film coated with a
10 nm silver layer exposed to air at 250 °C formed a Cu,O 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 Cu,O at
the air-exposed surface.

Silver-coated copper particles have been used in printed
conductive layers®***’* and to achieve sinter bonding of
integrated circuits for power electronics applications.*>™°
Swierzy et al. synthesized 1 pum -diameter microparticles with
copper cores and 20 nm-thick silver shells.>” Pastes were
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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.”® Kim et al. prepared
Cu@Ag nanoparticles with diameters ranging from 200 to
900 nm (average diameter of 450 nm).’® Pastes containing
these particles were screen printed and treated at 200 °C in
nitrogen for 60 min to reach 8.2 uQ 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 pQ ecm.**

The sintering of silver-coated copper particles has been
studied, too. It affects the conductivity of printed layers. Yu
et al. synthesized 50 nm-sized silver-coated copper particles and
sintered them in nitrogen at 350 °C.>* 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.*® 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 manu-
script, we show that low-temperature treatments of such parti-
cles 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 sin-
tering mechanisms that formed conductive silver necks brid-
ging the copper cores. Furthermore, we demonstrate that the
weakly sintered particles can be recovered from prints and the
recovered powder directly reused.

2 Materials and methods
2.1 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 pm, and
commercial atomized silver-coated copper flakes (AgCu
0204C-12 Flake, Ames Goldsmith, United Kingdom) with an
average diameter 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
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found to be 24.5 £+ 1.5, 38.6 &+ 5.3, and 74.0 £+ 7.8 um (mean +
standard deviation) for prints containing 1.5, 3, and 5 pm
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, Prizitherm, 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 sup-
presses convection and ensures minimal surface-normal tem-
perature 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%.

2.2 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 quan-
tified 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 connection. 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 temperature stable con-
ductive 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, Ger-
many) and mounted on a preheated programmable hot plate using
Kapton tape (Plano GmbH, Wetzlar, Germany). A constant voltage
bias of 0.1 mV 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 3.1.

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 CuKo radiation (4 = 1.54060, 40 KV,
40 mA) that we recorded within the 20 range from 10° to 80°.
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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 section). 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 400 000x, at a spot size of
4, and an acceleration voltage of 15 kV, 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.

3 Results and discussion
3.1 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 resis-
tance,

T AV

R = Q) 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 = Rnt (2)

where t 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,

Rm/sh =mX Rsh (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, Rysh,cu = 0.045 mQ sq' g, is reached
when the layer reaches the conductivity of bulk copper. In the
following, we provide R,,s, 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 particles (Cu@Ag-F) with an average
diameter of 3 um. 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 um diameter had silver shell
thicknesses of 40.8, 50.5, and 63.7 nm, Cu@Ag-F had a thickness of
31.3 nm (see Fig. S1 in the ESIT). We added t-ascorbic acid (AA) to all

This journal is © The Royal Society of Chemistry 2024
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Fig.1 Weight-normalized sheet resistances R, of printed films of
silver-copper core—shell particles after 30 min in air at temperature T. 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.

paste formulations to suppress copper oxidation during heat
treatments of the prints (for more details on the suppressing
effect of AA see Fig. S2 in the ESIt).'®*°

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
Fig. 1A). The degree of sintering was assessed using scanning
electron microscopy (SEM) and electrical characterization.

Fig. 1A shows that all sheet resistances R, , reached
minima at T min that depended on particle diameter and type:
Tgmin & 200 °C for 1.5 pm diameter Cu@Ag-S and 3 pm
Cu@Ag-F, and Trmin & 250 °C for 3 and 5 pm 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,,;sn at 110 to 200 °C, below Tg 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 (¢f. introduction).
We argue that a similar necking occurs between the shells of
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silver-coated copper particles,>**%*'
tion of electrical resistance.

The increasing R, s at T > Tg min is 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.”>”®*> 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 (¢f. introduction).
Copper oxides are insulating and likely increase R,;sh.

We evaluated this hypothesis and studied the formation of
copper oxides at T > Tg min using X-ray diffraction (XRD) and
energy dispersive X-ray spectroscopy (EDX) in the following.

with the expected reduc-

3.2 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 (Fig. 2A). Silver has characteristic diffraction reflexes
at 38 and 64.5°,%° 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
Cu,O caused reflexes at 2 — Theta = 36.4° and 61.5°.*> 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.'*"”

Additional energy-dispersive X-ray analysis (EDX) was used
to detect oxides. The ratio of the K, emission of oxygen and L,
emission of copper (details in the experimental section) are
shown in Fig. 2B. The oxide fraction clearly correlated with the
corresponding R,,sn at higher temperatures. It increased at
200 °C, already before XRD indicated a crystalline copper
phase, suggesting the formation of amorphous oxide layers
and consistent with literature.* 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 oxida-
tion at elevated temperatures is limited by the dewetting of the
silver coating (¢f introduction). We observed dewetting in
electron microscopy by exploiting the backscattered electron
(BSE) contrast caused by the atomic number difference between

20 : : : T T 6 05 ; : . . . 16
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= »
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Fig. 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/sh (red
line) from EDX are shown for prints of 1.5 pm Cu@Ag-S.
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250 °C

Fig. 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).

Ag and Cu. Fig. 3 shows top-view BSE images of prints contain-
ing Cu@Ag-F treated for 30 at 200, 250, and 300 °C.

The Cu@Ag-F in Fig. 3A that were treated at 200 °C had no
visible contrast on their surfaces, indicating homogeneous
silver coatings. Treatment at 250 °C caused dewetting and
clearly contrasting silver droplets visible in Fig. 3B. They
coincided with the formation of Cu,O detected by XRD, sug-
gesting that dewetting preceded oxidation, as reported in
literature.'* The silver droplets were larger at 300 °C (Fig. 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 Tgmin, We now analyze in detail how
different treatment temperatures (below, at, and above Tg min)
affect R,,sn over time and propose a mechanism for the low-
temperature sintering of silver-coated particles.

3.3 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 um 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. Fig. 4A
shows the results.

Resistances dropped to a plateau value of 3 mQ sq ™" g in the
first 5 min for 90 and 110 °C and remained there for the
remainder of the experiment. Higher temperatures led to lower
plateau values that decreased from 2 mQ sq ' g at 160 °C to

A Cu@Ag sphere (3 pm) B
6 T T T T T T T 6
— 90 °C
s 110°C 5
5 160 °C ]
o giﬁ = 200 °C
B E 4 = 250°C 4
5 = .
ﬁ % 300 °C
T o 3 N - 43
£ i e v
g2 )
gé 24 =2
g8
; 14 —41
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Time t/ min
Fig. 4 (A) Resistance evolution of prints and (B) micro-structural changes

at 200 °C. (A) R.ssh @s measured in situ while treating different prints of
3 pm -sized Cu@Ag-S treated at 90 °C to 300 °C for 90 min. The
measurement started at O 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).
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1.5 mQ sq " g at 200 °C and 250 °C. At 300 °C, above Tg min,
R,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 (Fig. 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 Fig. 3A).

The continuous increase of R,,s, observed at T = 300 °C is
related to silver dewetting and copper oxidation. The onset of
dewetting at 250 °C leads to the formation of Cu,O (¢f. oxida-
tion and dewetting effects), but not necessarily to an increase of
Rysn, as the trace for 250 °C Fig. 4A shows. The constant R, s, =
1.45 mQ sq ' 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 mecha-
nism fails at 300 °C, where both copper oxidation and dewet-
ting 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 Fig. S3 of the ESIf).

Fig. 5 summarizes the proposed sintering processes of
silver-coated copper particles in air. Temperatures below
160 °C did not lend silver sufficient mobility to form sinter
necks, and R,,s, remained limited by the particle-particle
contact resistances to 3 mQ sq~ ' g to 6 mQ sq~ " g. Tempera-
tures of 160-250 °C mobilized the silver sufficiently to form
necks connecting the particles, but retained the continuity of

0

dewetting +

. copper oxidation
\

high resistance
(> 100 - Ry /m,cu)

°l<t
A v
7 Copper oxide
dried particle print

silver necking

160 - 250 °C
%
3 minimal changes

Fig. 5 Proposed sintering mechanisms of silver-coated copper particles
in air. Temperatures below 160 °C hardly affected the silver coating, sheet
resistances remained at Rysn & lOZ-Rm/Sh,CU, and the particles appeared
unchanged in electron microscopy (shown here: 5 pm Cu@Ag-S at
110 °C). Temperatures between 160 °C and 250 °C reduced R,sn to
~20-Rm/shcu and caused neck formation (shown here: 3 um Cu@Ag-S
treated at 200 °C). Temperatures above 250 °C increased R, to above
102-Rp/sncy and caused dewetting and oxidation (shown here: 5 um
Cu@Ag-S treated at 300 °C).

low resistance
(20 - Rspjm,cu)

medium resistance
(~ 100 - Ryp/m,cu)
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Fig. 6 Stability of weakly sintered prints under ambient conditions. R/sh
of prints containing 3 um -sized Cu@Ag-S after sintering (fresh’) and after
6 months storage in laboratory air at standard conditions (cf. Preparation
and printing of pastes.).

the shells that protect the copper from oxidation. They reduced
Ryspnto 1mQ sq ' gto15mQsqg ' g(69 x 107°Q cm to
9.1 x 107> Q cm). A combination of dewetting and rapid copper
oxidation at temperatures above 250 °C led to a continuously
increasing Ry/sh.

The mechanisms illustrated in Fig. 5 explain the optimal
sintering temperature Tgmin for the core-shell particles that
does not exist for homogeneous silver spheres.

We assessed the stability of prints by storing them under
ambient conditions for 6 months. Fig. 6 illustrates that the
Ryysh of prints of 3 ym Cu@Ag-S underwent no significant
changes, indicating that the samples were stable.

3.4 Recyclability

We demonstrated that prints of silver-coated copper spheres
and flakes consistently decrease in electrical resistance R,;sn

A

100

View Article Online
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with increasing temperature until a certain temperature. Treat-
ments at higher temperatures 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 redispersion of the parti-
cles could simplify the recovery and recycling of metal particles
from printed electronics (¢f. Introduction).

The cycle of making paste, printing, and recycling of metal
powder is shown in Fig. 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 Fig. 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,,sn for these ’second generation’ prints are shown as blue
bars in Fig. 7B.

The R, of first-generation prints decreased with increasing
temperature as discussed in the preceding sections. The Ry, 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.'””"® Second-generation prints
contain more particle-particle contacts with an oxide layer that
cause large contact resistances, leading to larger overall R, s,. This
is consistent with the small increase in R, for second-generation
prints that were treated in a vacuum at room temperature. The
mobility of silver at room temperature is too low for silver to
migrate much, leading to a silver coating that stays intact even after
recycling of the particles.

printing paste

80

Q*g
sq
\

metal powder

v

H m,
resistance R, /

printed conductor ~

Weight normalized sheet

first generation
B second generation L

RT vac 80 °C

Temperature T/ °C

Fig. 7 Recyclability of prints of silver—copper core—shell particles after three different heat treatments. (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
temperature 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.
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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, of the first
generation to 2.9 mQ sq ' g (1.46 x 10~* Q cm) but increased
Rysn of the second generation of prints by a factor of
8. Limiting the first-generation treatment to room temperature
increased Rysn t0 5.2 mQ sq~ " g (2.72 x 10~* Q cm) for the first
generation but limited the increase in the second generation to
a factor of 2.

4 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 resis-
tances R,,sn of all prints decreased with increasing tempera-
tures below Tgmin that depended on the particle type and
reached a minimal R, of 1 mQ sq ' g to 1.5 mQ sq ' g
(6.9 x 107°Qem t0 9.1 x 107° Q cm). Treatments at T > Tg min
increased R,;sh.

A combination of in situ electrical characterization and
cross-section SEM imaging revealed that the dropping of
Ryysh below Ty min is a result of low-temperature silver sintering.
A pronounced drop in R,,s, 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 Rysh at T > Tg min. BSE imaging revealed the onset
of silver dewetting at 250 °C. Exposed copper areas and locally
thinning silver coatings enabled the formation of Cu,O as
confirmed by XRD. The combination of rapid oxidation of
exposed copper and the dewetting of particles led to a con-
tinuously increasing R,,s, at and above 250 °C.

The choice of sintering temperature is crucial to obtaining highly
conductive prints of silver-coated copper particles. Temperatures
below 160 °C do not lead to sintering and limit R, to 3 mQsq ' g
to 6 mQ sq ' g Temperatures above 250 °C increase Ry, by
oxidation and reduced silver necking. Sintering at 160 °C
to 250 °C minimizes R, to minimal values in the range of
1mQsq 'gto1.5mQsq ' g(6.9 x 10 °Qemto 9.1 x 10 ° Qem).

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 formu-
lated 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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