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ABSTRACT: Metallization with high conductivities is critical in the
design of high performance multilayer electroceramic devices. Cold
sintering offers exciting new opportunities in the integration of
different material classes; here we explore novel metal chemistries
and demonstrate their integration into ceramic multilayers. The
processing is enabled due to the cosintering of both the ceramic and
metal powders in fast times and at extremely low sintering
temperatures. Metal powders are printed as pastes and formed
into multilayers that can be cosintered with the ceramic ZnO; these
specific metals include Cu, Fe, and Al. The multilayer structures are
assembled and fabricated under a thick film process and enabled by
using a polypropylene carbonate binder system that can be removed
at low temperatures under N2−H2 forming gas, permitting control of
oxidation of the Cu, Fe, and Al. As a result, extremely high conductivity electrodes are fabricated and quantified through the
equivalent series resistance (ESR). In addition, new electrode composite concepts, such as mixed particles of Fe−Cu cosintered
in between the ZnO layers, are possible with the cold sintering process.
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■ INTRODUCTION

In the thick film production of multilayer ceramic capacitors
(MLCCs), there has been a remarkable increase in volumetric
capacitive efficiency over the past 15−20 years. To enable this,
there has been size reduction of the thicknesses of both the
electrodes and dielectric layers; at this time, the state-of-the-art
is driving these dimensions to below 0.5 μm while still
maintaining high reliability and yield in production.1,2 The
selection of base metal electrodes and/or high silver alloys has
been a major cost savings relative to the earlier technologies
that used Pt and/or Pd electrodes, and now base metal
chemistries dominate the metallization of choice with over
90% in the overall 3 trillion MLCC devices manufactured
annually.
There are many other examples of multilayer electroceramic

components and devices. These applications range from
capacitors, varistors, positive temperature coefficient resistors
(PTCR), negative temperature coefficient (NTC) thermistors,
inductors, piezoelectric transformers, actuators, electrocaloric
cooling systems, Li batteries, chemical sensors, microwave
filters, antennas, electronic packages, thermoelectrics, and
oxygen and planar solid oxide fuel cells.3−19 Table 1
summarizes the variety of basic materials and the metals that
are used in the multilayers. In all these applications, the
metallization function is to provide an embedded conductive
pathway on a layer to control/sense the electrical potential
around a nonmetal electroceramic material.

The fabrication of multilayer devices uses controlled tape
casting and/or screen-printing processes.20,21 Details of this
production method can be found elsewhere which covers many
important details in the engineering of the tapes, powders, inks
and their printing, drying, and lamination.22 The basic
operations under this process are summarized in Figure 1.
There are many different organic materials that can be blended
in the formation of slurries and pastes to allow dispersion,
dimensional stability of the tape under the rheological process
of casting, adhesion on lamination, printability, and the ability
to have enough strength in the handling and stacking process.
A clean binder removal that provides low residual carbon and
no-crack formation under the polymer decomposition, the
thermal profiles, and the kinetics of the decomposition
processes are all important.23,24

Additional defects in the cofiring process of multilayer
electroceramics arise from differential shrinkage rates between
the electrode layer and the respective ceramic layers.40−44

These create stresses that can lead to physical flaws in the
multilayers, such as warpages, cracking, and porosity. There are
also other concerns regarding the metallization in a cofired
electroceramic. For example, there can be a vapor transport
into the ceramic grain boundaries under the sintering process,
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and these metal ions can, under electrical bias and humidity,
migrate and create dendrites along the grain boundaries. This
drives short circuits across capacitive layers and failure of the
device. Such problems can exist with Ag electrodes in
dielectrics and piezoelectrics.33,45,46 In the case of Ag−Pd
alloy metallization, there can also be a segregation, with the Pd
undergoing an oxidation, and this can, under binder removal
and heating in the sintering process, both increase in volume
and then later shrink. In both cases, this propagates stresses
and creates a delamination in the firing of the multilayers.34

Details of this type of mechanism and the associated strain
problems in AgPd electrodes have been investigated by Wang
et al. and others.47,48 In other examples, the electrode interface
with the semiconducting oxide material may have to be
designed to provide electrical stable contacts. In the case of
thermistors, such as NTC and PTCR, the electrode−
semiconductor interfaces must be the ohmic contacts and
remain stable with no drift in contact resistance over the
lifetime of the device. In multilayer ceramic capacitors, nickel
and copper have become the dominant electrode materials in

the production of these so-called base-metal electrodes. The
control of reduction and oxidation under the thermal
processing is critical in the design of successful devices, in
terms of both the ceramic and the interconnected metal
electrode system. This controls both the roughness of
electrodes and the interfacial Schottky barriers, aiding high
insulation resistance.
In the case of cold sintering, many new opportunities are

there to integrate many types of materials.49−54 Cold sintering
uses a transient phase that enables sintering at extremely low
temperatures below 300 °C and under uniaxial pressure with
pressures from 100 up to 500 MPa. This has been termed the
“cold sintering process”, and it has broad applications across
many different ceramic materials and composites; in the case of
electroceramic devices, the ability to integrate and cosinter
electrodes under such conditions will be essential as this
technology evolves.
The objective of this paper is to demonstrate the broad

number of metallizations that can be integrated into multilayer
electroceramics via cold sintering. Here we will focus on a

Table 1. Summary of the Various Metallization in Multilayer Electroceramic Components and Devices

application/device electroceramic material
cofired metallized

electrode ref

ceramic capacitor BaTiO3, Ca(Zr,Ti)O3, PbZrO3,BaTiO3−Bi(Mg0.5Ti0.5)O3, BiScO3−Pb
(Mg1/3Nb2/3)O3−PbTiO3

Pt, Pd, Ag−Pd, Ag, Ni,
Cu

1, 24−26

negative temperature coefficient resistor
(NTC)

NiMn2O4 Ag−Pd 5

positive temperature coefficient thermistor
(PTCR)

BaTiO3, (K,Bi)TiO3 Pt, Ni 27−29

magnetic inductors/filters (Ni,Zn)Fe2O4 Ag 10
piezoelectric transformers Pb(Zr,Ti)O3, Pb(Mg1/3Nb2/3)O3−PbTiO3 Pt, Ag, Ag−Pd, Cu 7, 8
piezoelectric actuators Pb(Zr,Ti)O3, (Na,K)NbO3 Pt, Ag−Pd, Cu 9, 29−34
multilayer Li batteries LiNiO2 (anodes/cathodes) Ag 35
microwave LTCC filters/antennas alumina-filled glass ceramics Ag, Cu, Au, Al 14, 36, 37
solid oxide fuel cell ZrO2 Ni cermet 19
laminar oxygen sensors ZrO2 Pt 38
multilayer varistors ZnO Pt, Ag−Pt, Ag−Pd 39

Figure 1. Schematic representation of metallization integration in cofired multilayer electroceramic devices.
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model ZnO ceramic, develop a multilayer process, and access
the microstructural development and the associated control of
oxidation as well as the resulting conductivity in terms of the
equivalent series resistance.

■ EXPERIMENTAL SECTION
Figure 1 shows the simplified schematic representation of the tape,
ink, and multilayer fabrication steps. To prepare prototypes for the
multilayer devices, we used different metal inks, Cu, Fe, Al, and mixed
Fe/Cu and selected a commercially available ZnO powder (Alfa
Aesar, nanopowder, 99+% (metals basis), CAS: 1314-13-2) for tape
preparation. The tape cast slurries were prepared from ZnO powder
and polypropylene carbonate (PPC) (QPAC-40, Empower Materials,
New Castle, DE). The tape casting slurry was prepared in MEK by
ball milling for 24 h. Details of binder and slurry preparation can be
found elsewhere.31 The slurry mixture was placed in a planetary mixer
to further mix and remove foam from slurry before casting. Slurries
were cast on a thick film with constant rate of doctor blade through
casting direction. Then they were dried and cut into 0.5 in. (12.7
mm) squares.
Metal inks (or electrodes) were prepared by mixing metal powders

of iron (Fe) (Alfa-Aesar), copper (Cu) (SHOEI Chemical Inc.
Japan), aluminum (Al) (Ferro-Corporation), and a composite mixture
of Fe/Cu powders with dihydroterpineol (DHT, Alfa Aesar) and
ethyl cellulose. The metal powders and polymers were first mixed by
using an automatic mortar and pestle, which provides a high shear
mixing of the paste; then this is transferred into a planetary mixer (see
Figure 1 in ink preparation). Metal electrodes were screen printed
from the pastes into patterns on half-inch ZnO square tapes. Then
printed tapes were stacked alternately, and immediately afterward,
they were pressed lightly in a uniaxial press at 75 °C to improve the
stability of the multilayer before lamination. Stacked printed tapes
were laminated (IL4004, Pacific Trinetics Co., San Marcos, CA) at 75
°C under 3000 psi for 30 min. Each laminated multilayer sample was
then thermally treated for binder burnout (BBO). BBO was
performed at 250 °C for 3 h with a slow heating rate (0.5 °C/min)
in a H2(5 vol %)/N2(95 vol %) forming gas flowing atmosphere.
Binder-free multilayer samples were hooked in a beaker and stirred in
2 M acetic acid aqueous solution at 85 °C for 1 h. After
humidification, samples were placed in stainless steel 0.5 in. square
die and uniaxially pressed at 200 MPa. The die was heated to 260 °C
and held for 1 h under the same pressure condition. Eventually, the
pressure was released, and the die was left to cool. Multilayer samples
were taken out from the cooled die, and then electrical and structural
characterizations were carried out.
Electrical sheet resistance (ESR) was used to characterize on top

metal electrode materials of multilayer samples. ESR is performed by
using four electrical probes in a line with the same length (L) between
each of probes as sketched in Figure 2. The current of the first probe
is passed through to probe 4, while an induced voltage is measured

between the inner voltage probes (probes 2 and 3). The sheet
resistance is calculated by using eq 1:

R
V
I

G
ln(2)

( )sheet resistance
π= Δ

(1)

Although the unit of eq 1 is ohm (Ω), an alternative to the common
unit is ohms per square (Ω/sq), which represents the resistance
between opposite sides of a square and dimensionally equivalent to an
ohm used solely in the context of sheet resistance. The geometric
correction factor (G) only can be used when the sample dimensions
are significantly larger than the distance between probes. In our case,
the half-inch square multilayer sample shown in Figure 2 has an edge
ofW = 12.7 mm and the spacing of the probes is L = 1.3 mm; as such,
the geometric correction factor of our samples is 0.9313.55

X-ray diffraction (PANalytical Empyrean system) with Cu Kα1
radiation was performed on multilayer surface after binder burnout
and after sintering to identify phase composition, thereby revealing
the oxidation present on a metal powder (before sintering) and
electrode (after sintering). A schematic representation of the XRD
measurement is given in Figure S1. Microstructures of samples were
observed with a scanning electron microscope (SEM), and chemical
mapping was performed with energy dispersive spectroscopy (EDS)
(SEM, FEI Q250), both electrode and ceramic layers. Furthermore, to
understand the interface diffusion, oxidation, and structure between
the metal/metal, metal/ceramic, and ceramic/ceramic grains, high-
resolution transmission electron microscopy (FEI Talos, F200X,
Eindhoven, Netherlands) and energy dispersive spectroscopy (EDS)
mapping were performed by using a SuperX EDS by the scanning
transmission electron microscopy (STEM) mode using a high angle
annular dark field (HAADF) detector.

■ RESULTS AND DISCUSSION
To achieve preparation and densification of particulates into
dense and functional multilayered structures, two different
thermal processing treatments are applied. The first consists of
a thermal binder burnout, and the second is the sintering step.
It should be noted that Cu, Fe, and Al metals are easily
oxidized, even at a temperature around 150 °C under ambient
conditions.56−59 Therefore, temperature and atmosphere are
critical parameters in this debinding process, and yet the
temperatures must be high enough to allow total decom-
position and transport of binder out from the formed parts but
also low enough temperature to avoid metal oxidation.60,61

Hence, polypropylene carbonate (PPC, QPAC-40, Empower
Materials, New Castle, DE) was chosen as a binder system. We
performed the thermogravimetric analysis (TGA) measure-
ment at different temperatures to demonstrate the PPC-based
binder complete removal from the system. Figure 3 shows a
thermogravimetric analysis (TGA) of ZnO tape prepared by
using polypropylene carbonate binder systems at different
temperatures, ranging from 100 to 150 °C, using a 12 h dwell
time, under a nitrogen atmospheres. It is important to notice
the total binder removal at 150 °C after 4 h, as 14.0 wt % loss
is reached, corresponding to mass loss measured on ZnO tape
treated overnight at 250 °C. Binder removal can also be
achieved at lower temperatures by increasing the soaking time;
for example, at 125 °C, almost complete binder removal is
achieved after 12 h of heat treatment. In the case of the 100 °C
treatment, 10.2 wt % loss is observed after 12 h, which
corresponds to 73 wt % of total binder quantity. It is also
visible that mass loss is not complete after these 12 h at 100
°C, suggesting that it would be possible to further improve it
by increasing soaking time. In the present work, however, it is
not necessary to decrease temperature as low as 100 °C, since
burnout can also be achieved under vacuum at 250 °C,

Figure 2. Schematic representation of ESR measurement that consists
of four-point probes in contact with the electrode surface of
multilayer, having identical spacing (L). A current (I) flows through
probe 1 and is collected at probe 4; the voltage is concurrently
measured between probes 2 and 3.
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allowing total binder decomposition. The PPC-based binder
system has burnout efficiency as good, or better, than other
binder materials such as PVB/PVA or ethyl cellulose at
relatively low temperatures. In contrast to QPAC, PVB/PVA
or ethyl cellulose binder systems need to be firing at around
500 °C to removal the organic binders; moreover, it was
demonstrated that a detectable residual carbon was found even
if at 1000 °C in the N2 atmosphere.62−64 Furthermore, the
PPC binder system was demonstrated as an ideal binder
system for Cu and Ni metallization in multilayer ceramic
capacitors (MLCC) and low-temperature cofired ceramic
(LTCC) processing.31 Additionally, further proof of the
clean burnout of PPC binder is given by the lack of a residual
carbon signal after sintering (STEM-EDS analysis, Figures 7
and 8). It is shown that the BBO is performed effectively with
the use of the PPC binder system under the H2/N2 condition.
This result enables a new opportunity in low-temperature
processing of multilayer devices, since it opens possibilities in
integrating and forming low-temperature stability materials,
such as polymers, in ceramic-containing composites.
The second temperature treatment applied is the sintering

itself; with cold sintering strategies, this can be achieved at 260
°C in ambient atmosphere in a die. In that case, it is important
to realize that the sample is pressed in a die, which limits
contact with air. However, the system is not sealed, so metal
oxidation remains possible. After sintering, to access the
control of metal oxidation during sintering step, an XRD
analysis is performed on all samples as an initial check (Figure
S2). Figure 4 shows XRD diffractograms at the vicinity of
metal peak position. Bragg reflection positions of correspond-
ing oxides are marked for each sample. According to XRD
results, no large oxidation can be evidenced along the sintering
step, confirming stability of the materials through the two
thermal treatments. After BBO and sintering, XRD data of the
samples for the 2θ for the 30°−60° angle range can be seen in
Figures S2 and S3, respectively.
After confirmation of metallic phase purity by the XRD,

samples were observed by using SEM to control both their
microstructure and characterize cationic position using EDX
analysis. Figure 5 shows microstructures of the three different
samples containing Cu, Fe, and Al. The various metal powders

used have different particle size and shape, which is observed
on the resulting materials. While Fe and Cu grain sizes range
from 2 to 5 μm, Al grains are larger, with a grain size between 5
and 10 μm. The ZnO layers were prepared the same way for
each sample, resulting in a coherent layer thickness of ∼20 μm.
The ZnO microstructure is displayed in Figure 6f, showing
prismatic and highly dense microstructure, with no visible
porosity remaining after the cold sintering. These observations
correspond well to previous work done on bulk ZnO,53

showing almost complete densification in the presence of
acetic acid and water at temperatures as low as 250 °C.
It is important that the metals also show compatibility with

the dense microstructures of ZnO ceramics and at the
controlled interfaces between the layers. To check whether
chemically graded interfaces occur with metal diffusion into
ceramic region, or vice versa, EDS mapping was performed. All
layers remain parallel to each other, with similar thicknesses
across the samples, and no evidence of delamination at the
interface was found. The cold sintering achieves densification
of both the zinc oxide and the metallic layer while avoiding
interdiffusion. Although the metal particles exhibit some
porosity due to the exceedingly low sintering temperature,
the formation of necks occurs between metal grains during
cold sintering, as can be seen from the micrographs in Figure 5.
Also, the effect of humidity on device performance should be
considered. This is shown in Figure 5a−c; we observe that
architectural design of the multilayers is preserved throughout
the all preparation processes. It is interesting that contrary to
the Cu and Al electrode layers, ZnO grains appear to intrude
into the Fe electrodes, as shown in Figure 5e. In fact, the
intrusion of ceramic or metal grains can be attributed to the
processing stage during printing, stacking or lamination of the
multilayer, or metal ink preparation during the experimental
steps outlined in Figure 1. The state-of-art processing will
ensure the continuous metal/ceramic layer to prevent any
incursion of layers in future work. Line profiling with EDS
scans (Figure 5g−i) was performed orthogonal to the
metallic−ceramic layers and confirm clean interfaces with the
absence of long-range cationic diffusion between adjacent

Figure 3. TGA under nitrogen at various temperatures on ZnO tapes.
The thermal ramp is set to 5 °C/min and the soaking time to 12 h. Figure 4. XRD plots of ZnO−Cu, ZnO−Al, and ZnO−Fe samples

after cold sintering. Their corresponding oxide peak positions are
represented by brown (Cu2O), green (Fe3O4), and gray (Al2O3) bars.

ACS Applied Electronic Materials Article

DOI: 10.1021/acsaelm.9b00184
ACS Appl. Electron. Mater. 2019, 1, 1198−1207

1201

http://pubs.acs.org/doi/suppl/10.1021/acsaelm.9b00184/suppl_file/el9b00184_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaelm.9b00184/suppl_file/el9b00184_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaelm.9b00184/suppl_file/el9b00184_si_001.pdf
http://dx.doi.org/10.1021/acsaelm.9b00184


layers, at least within the micrometer length scale resolution

given by the probe size. Collectively, these observations

confirm the quality of sintering and the feasibility of the cold

sintering process, in allowing the production of multilayer

device with dense microstructures and architectures, with

different materials, independent of their relative nature,

thermal stability, or chemical compatibility.

We have also found it possible to prepare pastes containing a
mixture of two metal powder chemistries to use composite
metal electrode for screen printing. Therefore, we could
produce multilayers with electrodes containing a mix of Fe and
Cu powders, as shown in Figure 6. This example contains a
Fe/Cu ratio of 0.25 by volume fraction.
To investigate the nanoscale interface chemistry of metal−

metal and metal−ceramic grains, STEM was performed on

Figure 5. (a−c) SEM−EDX mapping, (d−f) SEM zoom-in image of the interface region, and (g−i) EDX line scan across the metallic layer of
ZnO−M (M = Cu, Fe, Al) samples.

Figure 6. (a−d) SEM−EDX mapping of Zn, O, Cu and Fe elements, (e) resulting EDS mapping, and (f) ZnO phase microstructure of a sample
prepared from an ink containing 75 vol % of Cu and 25 vol % of Fe.
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samples, and chemical mapping was utilized. Figure 7a−e
displays typical multilayer ZnO−Cu samples at the interface

between some ZnO grains (top) and a Cu grain (bottom). As
confirmed from the EDS and STEM images, there is no
diffusion between the adjacent layers, even at the nanometer
level. It is clear no contamination arises during the process, and
there is no interdiffusion or interphase formation. Another
important observation is that there is no evidence even at the
nanoscale for the oxidation of copper from these STEM

mapping images. As was already indicated, at a temperature of
even 200 °C, the oxidation can easily57 occur in an air
atmosphere. Thus, the debinding atmosphere is crucial when
working with atmosphere sensitive metal electrode, even these
at very low temperatures. Thus, our strategy is to use H2(5 vol
%)/N2(95 vol %) forming a gas atmosphere to prevent any
oxidation of copper. The multilayer ZnO−Cu sample XRD
data of after debinding can be seen in Figure S1.
Figure 7f−g also shows the results from the multilayer

ZnO−Fe sample. These images confirm the formation of necks
between Fe grains during sintering (visible in Figure 7f); there
is also the presence of an oxide nanoscale layer on the Fe
grains. As already reported, an oxide layer can form on iron
particles at temperatures of 260 and 400 °C in dry and humid
atmosphere conditions, forming an oxide layer of 200 nm at
260 °C after 95 h.59 This result is consistent with the
observations of grains having oxide thicknesses ranging from
10 to 100 nm. The oxidation is driven by O2, H2O
(molecular), and acetic acid, all available under the cold
sintering conditions. In conventional LTCC process the
interdiffusion of metals in a ceramics matrix plays an essential
role in cofired multilayer ceramics. The process is exposed as
two firing steps: the binder burnout, which normally take place
at around at 500 and 600 °C to remove organics, and the
cofiring of ceramic and metallic phase which occurs above
850−1050 °C. There are many studies reporting interdiffusion
taking place during firing because the sintering temperature is
very close to the melting temperature of metals, especially
when cofiring with Ag and Cu, which have melting points of
961 and 1084 °C, respectively.31,65,66 Here, by use of the cold
sintering, the LTCC processing is performed at extremely low
temperatures below 300 °C, which well below the melting
points of Cu, Fe, and Al metals that are used as a metal layers
in this study. As depicted in TEM analysis (Figures 7 and 8),
the interfaces of ceramic/metal and metal/ceramic are very
clear, and no chemical and physical interdiffusions of the
adjacent layers are observed. This demonstrates the capability
of applying cold sintering to integrate the electrode and
ceramic matrix at low temperatures and thereby extend the
field of ultralow-temperature cofired ceramic processing.

Figure 7. STEM-EDS images of two samples: (a−e) ZnO−Cu and
(f−j) ZnO−Fe showing elements location at the interfaces between
ZnO and metal.

Figure 8. STEM-EDS mapping of ZnO−Cu/Fe volume fraction (50−50) of composite sample (a) microstructure of ZnO with Cu/Fe grains was
taken by the high angle annular dark field (HAADF) detector and (b−f) showing cationic and oxygen positions at the interface.
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In the case of the mixed composite electrode (Figure 7), the
Cu surface remains stable, while Fe grains have a surface
oxidation, as seen previously in the pure systems. Oxidation of
the Fe relative to the Cu is to be expected, given the heat of
oxidation and the reactivity series that are well-known and
listed in metals (Tables S1 and S2). It is also important to note
the lack of a carbon signature in the STEM EDS analysis
(Figures 7 and 8), indicating no residual carbon at the interface
or grain boundaries after sintering. This indicates that a clean
BBO was performed in the H2/N2 atmosphere with the
propylene carbonate-based binder system.
The all-important property of electrical conductivity can be

accessed via electric sheet resistance. Electric sheet resistance
(ESR or surface resistance) is a convenient characterization
technique that is used for the electrical properties of thin films
or thick metal sheet surfaces that are >1000 Å.67 Although the
cofired multilayer samples with Cu, Fe, and Al base metals
were all sintered under the same conditions, the samples also
were exposed to two different debinding atmospheres of N2
and H2 (5 vol %)/N2(95 vol %). It can be shown that from
Table 2 the BBO atmosphere strongly influences the electrical

sheet resistance via the oxidizing of metal. The multilayer
samples cofired with Fe and Al metals exhibit a very high sheet
resistance when using N2 gas atmosphere in the debinding
stage (Table 2), which is clearly due to an extensive oxidation

at the grain surfaces. When binder removal take place under a
H2/N2 forming gas, the ESR for Al electrode was greatly
improved, obtaining an ESR ∼ 2.3 × 104 mΩ/sq. This value
agrees with the ESR ∼ 2.4 × 103 mΩ/sq of Al thin film, which
were deposited by physical vapor deposition.68

Generally, if we control the atmosphere in the binder
burnout process for the metals Fe, Al, and Cu and then apply
the cold sintering process, excellent conductivities can be
obtained. As seen from Table 2, the Cu layer has a sheet
resistance of 6.50 mΩ/sq, while the Fe metal layer presents a
sheet resistance of 114 mΩ/sq. To put these measurements in
context, Table S3 reveals many studies reported for deposition
and/or traditional thick film, and we see that the cold sintering
ESR is highly comparable with the reported data.
Figure 9 shows the trends and variability of sheet resistance

behaviors of Cu/Fe mixed metal composite cosintered with
ZnO as a function of volume fractions of Fe powders. The
figure also shows the schematics of the Cu and Fe metals that
are cold sintered in the electrode layers. We proposed this
schematic representation of ferroic oxide from TEM images,
where it can be shown (Figure 7) that the Fe metal grains are
covered by oxygen layer. As previously mentioned, the oxygen
layer thickness was determined to be in the nanometers range.
The property trends in diphasic composites can be
phenomenologically modeled with the rule of mixtures that
weight the averaged values of resistivity from the lowest to the
highest and the connectivity that weighs the parallel and series
contributions. As the volume fraction of the most resistive
increases, it will be most impacted around the critical
percolation volume fractions.69 The laws of mixture assume
that there are no chemical reactions that influence the trends.
In this specific case, we know that there is a chemical
interaction via an oxidation of the Fe particles, and this would
not be a problem provided that the thickness of that oxidation
layer was constant though all the volume fractions and
represented the oxidation of the pure Fe end member. As the

Table 2. Comparison of the Electric Sheet Resistance of Cu,
Fe, and Al Metal Sheets of Cofired Multilayers

ESR of metal sheets (mΩ/sq)

binder burnout
atmosphere

sintering
atmosphere Cu Fe Al

N2 in die
(ambient)

210 3.6 × 104 1.1 × 107

H2(5 vol %)/
N2(95 vol %)

in die
(ambient)

6.50 114 2.3 × 104

Figure 9. ESR measurements for ZnO−Fe/Cu samples with different metallic volume ratio.
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ESR has a maximum, this simple assumption does not hold,
and there is therefore a population of Fe particles that have
thicker oxidation layers under the process and thereby creates a
peak in ESR. The standard deviation is also greater in this
volume fraction range, indicating that reproducibility is difficult
to control with the oxidation kinetics also influencing the
highly sensitive regions near the percolation limits. When there
is an increase in the oxidation thick film around the grain
boundary, this limits the conduction across the interfaces.
When the volume fraction of iron is at <0.5 vol % at the
composite, the pure Cu metal grains connected with each
other, avoiding the resistive pathways of the Fe and Fe-oxide
layers. The sheet resistivity anomaly is at the 0.75 vol % of Fe;
pure Cu metal grains meet more oxidized Fe phase, and the
resistivity reaches the highest point of the Cu−Fe metal−metal
composite system due to the breaking up between Cu metal
network by the more oxidized Fe phase.70

■ CONCLUSIONS
A very important aspect of forming functional electroceramics
is the integration of metallization in a cofiring process with the
electroceramic material. Here we have determined the ability
to cold sinter metal and coprocess these into highly conductive
layers in a multilayer form. Specifically, we demonstrate this by
the prototyping of multilayered devices involving an oxide
layer (ZnO) and a metallic layer (e.g., Cu, Fe, and Al). An
important part of this is forming and removing polymers at low
temperatures. We have developed tapes and thick film
formulations based on polypropylene carbonate polymers
(QPAC) that under forming gases decomposition of the
polymer binder make it possible to be removed below 200 °C
and control the oxidation of metals such as Cu, Fe, and Al. The
metals could be densified and produce high conduction, as
quantified from a four-point measurement of the ESR, and
these compare extremely well with literature values. The
ceramic−metal interfaces show no porosity or interdiffusion
issues between the ZnO/metal interfaces. The highest
performance conductivity is with the Cu electrodes. In mixing
Cu and Fe powders to form composite electrodes, we have
seen that there is surface nanoscale oxidation (∼10 nm) on the
Fe, and this, combined with the percolation, increases the
standard deviation of the ESR.
The ability for the cosintering of metals and ceramics under

a cold sintering opens new opportunities to form a broader
group of materials, known as cermets, as well as the multilayer
formats that were the focus of this investigation.
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