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A novel process was developed for the fabrication of 5�50 mm lead zirconate titanate (PZT) thick films on
metal substrates. Tape cast PZT with a methyl cellulose binder was burned out at 275 °C, humidified, and
then partially densified at 300 °C by cold sintering with a wet lead nitrate liquid phase. Lamination of the
green tape on dense metal foils led to incomplete densification due to constrained sintering. However, when
metal foils were replaced with tape cast Cu, fully sintered PZT/Cu/PZT composites were acquired after a sec-
ondary heat treatment at 800 °C. The PZT films has a relative permittivity over 500 and a loss tangent ~12% at
100 Hz because of a Cu2O interface between the PZT and Cu presumably formed during the cold sintering
process. The polarization-electric field hysteresis loop shows a remanent polarization over 20 mC/cm2, and
the e31,f of the samples is -4.7 C/m2.
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1. Introduction

The internet of things (IoT) is driving an evolution in which indi-
vidual devices that seldom communicate with each other are being
replaced by those driven by inter-device collaboration and informa-
tion sharing. [1] Therefore, demands for sensors and actuators that
collect and share data are growing. Powering these devices remains
challenging due to the sheer number of devices; utilizing these devi-
ces in all-weather conditions or as body implants compounds these
challenges. However, self-powered devices utilizing energy harvest-
ers show promise and are gaining attention.

There are a number of ways to scavenge energy from the environ-
ment. Sunlight [2], wind [3], tide [4], and geothermal heat [5] ener-
gies have been employed for decades. These sources are suitable for
infrastructure power supplies but have limited potential in implant-
able devices. However, piezoelectric electromechanical energy har-
vesters (PEH) have been utilized successfully in wearable and
implanted devices that are small, low power, and isolated from the
external environment [6,7]. As piezoelectric ceramics are readily fab-
ricated, they are widely utilized in PEHs. This is abetted by the fact
that the production costs of ceramics are significantly smaller than
single crystals of the same composition, and the power output of
ceramic PEH is higher than that of polymer piezoelectrics [8].

In PEHs, cantilever structures have been widely adopted for low
power wearable and implantable electronics; [9] in these devices,
when the beams are strained, power can be generated using the pie-
zoelectric as the transducer. Specifically for a “3100 mode cantilever
PEH, in cases of which a z-direction polarization is generated from
strains in the x-y plane, the power of the PEH can be calculated by
the following equation: [10]

Prms ¼ v
4

e231
e0er

� �
Atð ÞS2 ð1Þ

where Prms is the root mean square (RMS) power, v is the angular
velocity of the vibration, e31 is the transverse piezoelectric constant,
e0 is the vacuum permittivity, er is the relative dielectric constant of
the piezoelectric layer, A and t are the active area/thickness of the
piezoelectric materials, and S is the zero to peak strain level.

Multiple approaches have been adopted to increase the output
power of a PEH. The first is to optimize the materials figure of merit
e231
er , which is often approximated by

e231;f
er . Randomly oriented bulk lead

zirconate titanate (PZT) typically have e31,f from �10 to �30 C/m2

depending on the compositions but the permittivities of PZT are well
above 1000. [11,12] As a consequence, the FoM for PZT ceramics are
typically below 0.15 C2/m4. Some improvements have been reported
in textured perovskite ceramics [13]. This can be substantially
increased to ~ 1 C2/m4 by domain engineering PZT films [13], though
this approach is typically limited in terms of the achievable piezo-
electric volume [8,14]. Despite the modest piezoelectric coefficients
(~3 C/m2), c-oriented Sc-doped AlN thin films have a FoM over 0.5 C2/
m4 due to the low permittivity ~18; [15] again, there are significant
challenges in increasing the thickness beyond a few microns without
loss of orientation.
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As an alternative approach, the volume of the piezoelectric can be
increased, since many thin film harvesters, in particular, are under
coupled [10]. Bimorph construction (in which piezoelectrics are
attached to both sides of the structure) is commonly used so as to
maximize the area or thickness of the piezoelectrics [16]. Beside
amplifying the power output, the piezoelectric thicknesses also con-
trol the output voltage for PEH [14]:

VOC ¼ Sxh31;f t ð2Þ
Where VOC is the open-circuit voltage, Sx is the in-plane strain, h31,f is
the effective piezoelectric voltage constant, and t is the thickness of
the piezoelectric layer. The magnitude of the open-circuit voltage is
important because the output from a PEH needs to be rectified, and
most rectifying circuits require a threshold voltage to operate. [17]
The voltages from thin film harvesters are often too low for rectifica-
tion due to the small thickness, while that harvested from the bulk
piezoelectrics are often too large for easy recharging of batteries.

Finally, power output can also be increased if the strain imposed
on the PEH is increased for the whole volume of the piezoelectric.
This has been done through use of trapezoidal-shaped cantilevers
[18] or the piezoelectric compliance mechanism (PCM) design [19],
both of which homogenize the strain distribution across the energy
harvester beams. Typically, bulk piezoelectric materials provide high
voltages with low power densities due to low strain levels experi-
enced as a consequence of the stiffness of the piezoelectric layers. For
example, a multilayer PZT stack harvester exhibited an 18.8 mW out-
put power at 613 Hz at extremely high accelerations (over 340 G,
1 G = 9.8 m/s2). This yielded a power density of only 0.1 mWcm�3G�2

[20]. Yang et al. thinned PZT plates from 300 mm to 50 mm to gain
more flexibility and found that the plates curved after polishing [21].
The warped plates were made into a “gullwing”-structured PEH with
a power density of 6.54 mW/cm3 at 7.8 Hz when excited via a rotat-
ing gear. Similarly, Huang et al. bonded 400 mm PZT plate on to a Si
wafer to avoid bending, and thinned the PZT to 65mmwith mechani-
cal lapping. The acquired power density at 1012 Hz is ~0.2
mWcm�3G�2 [22].

One aspect that would improve PEH that is missing from the liter-
ature, is the ability to readily fabricate dense piezoelectric layers with
film thicknesses from 5 � 100 mm in thickness, without needing to
bond and thin a bulk ceramic. Low temperature ceramic co-fire
(LTCC) technologies enabled screen printing of PZT thick films on
metal foils [23,24] but their electrical properties are typically not
comparable with bulk ceramics and sol-gel thin films, likely due to
poor densification [25] and secondary phase formation [26]. Fully sin-
tered PZT and PMN-PT thick films from 10�100 mm were reported
by Xu et al. [27] and Gentil et al. [28] via screen printing tapes on sap-
phire and sintering over 1100 °C. The films showed comparable per-
formances as bulk samples, but have to be transferred to a different
substrate for energy harvester applications. A sol infiltration process
for the fabrication of PZT thick films yielded relative permittivity
exceeding 900 with d33 values above 300 pC/N when crystallized
around 700 °C [29,30]. While relative densities exceeding 90% have
been reported by this method, the residual porosity tends to yield
low in-plane piezoelectric responses (d31 and e31,f). Even though
some sol gel-assisted methods succeeded in fabricating PZT thick
films with high e31,f [31], the film thicknesses rarely exceed 5 mm. As
indicated by Yeo et al., thicker sol-gel PZT films necessitate long proc-
essing times, but also develop extensive micro-cracks that are detri-
mental to the transverse piezoelectric coefficients [14].

Thus, the principle goal of this work is to improve the mechanical
and electrical properties of the tape cast PZT thick films on metal sub-
strates such that PEH can be further optimized. This was attempted
by adoption of cold sintering to break the typical thickness limitation
imposed by standard film deposition methods, without sacrificing
the film density. Cold sintering entails use of a transient liquid phase
in conjunction with pressure, to densify a wide variety of ceramics to
relative densities above 80% at temperatures below 300 °C [32�41].
This includes PZT ceramics [36,42,43], although a post-annealing step
is necessary to get a pore-free and phase-pure sample with a high
transverse piezoelectric coefficient. As the majority of cold sintering
research concentrates on bulk ceramics, there are comparatively few
demonstrations of thick film cold sintering processes [39�41]. It is
anticipated that a process to fabricate bimorph, dense PZT films that
are 5�50 mm thick on flexible substrates will benefit not only energy
harvesting, but also multi-layer ceramic capacitors (MLCC) and multi-
layer piezoelectric actuators.
2. Experimental procedure

The fabrication of PZT/metal/PZT 2�2 composites, a common con-
figuration for cantilever PEH, can be divided into 3 phases: the prepa-
ration of PZT and substrates, the sintering of PZT/metal/PZT
composites, and the characterizations of sintered composites.

2.1. Preparation of PZT tape, metal foils, and Cu tapes

The PZT powder used for this experiment is attrition-milled PZT-
5A (PKI-509, Piezo Kinetics, Inc., Bellefonte, PA) with a medium parti-
cle size of ~500 nm. The milling procedures were described in the
previous publication [36]. Before tape casting, 2 g PZT powder was
mixed with 0.2 g Pb(NO3)2 (Sigma-Aldrich Corp., St. Louis, MO) and
1.5 mL deionized water in a mortar and pestle. The mixture was then
dried in a box oven at 120 °C for 12 h. The tape cast recipe included
two vehicles: vehicle A was composed of 95 wt% methyl ethyl ketone
(MEK, Alfa Aesar, Tewksbury, MA) and 5 wt% poly(propylene carbon-
ate) (QPAC��40, Empower Materials, Inc., New Castle, DE); vehicle B
consisted of 65 wt% MEK, 28 wt% QPAC��40, and 7 wt% butyl benzyl
phthalate (Santicizer-160, Tape Casting Warehouse, Inc., Morrisville,
PA). The dried PZT/Pb(NO3)2 powder was mixed with 1.38 g vehicle
A, 1 g MEK, and 0.68 g vehicle B with 1 min mixing between each
step (Thinky Mixer AR-250, Laguna Hills, CA). After de-foaming for
30 min, the slurry was tape cast on a Mylar sheet with a blade height
of ~8 mil (~203 mm) and at a speed of 8 cm/sec. The as-cast tape was
then air dried at room temperature for 10 min to remove MEK; the
final thickness of the dried tape was ~20mm.

This work explored the use of Ni foils, Ag foils and Cu foils as sub-
strates for the PZT films. Ni foils (25 mm, 99.99+%, Goodfellow Corpo-
ration, Coraopolis, PA) oxidize easily; if the oxygen partial pressure
during firing is low enough to retain metallic Ni, Pb is reduced.
LaNiO3/HfO2/Ni substrates were used to suppress the formation of
NiO and reduce contact between Ni and PZT. Here HfO2 was the pas-
sivation layer while LaNiO3 (LNO) served as the bottom electrode.
The processing details were similar to those described by Yeo et al.
[44] except that 100 nm HfO2 was deposited by atomic layer deposi-
tion at a rate of 0.93 A

�
/cycle. The silver foils (25 mm, 99.9%, Sigma-

Aldrich Corp., St. Louis, MO) were cut to size and used without any
further treatment. 5 layers (~100 nm) of PbO thin film were spun on
to the surface of the Cu foils (25 mm, 99.8%, Alfa Aesar, Tewksbury,
MA), following procedures described by Coleman et al. [45] to help
provide a transient liquid phase, but no additional processing was
required.

Given previous reports on constrained sintering limiting densifi-
cation of ceramics on dense substrates including rigid plates and
metal foils [46�49], tape cast Cu powder layers were also explored.
The tape casting procedures for Cu resembles that of the PZT tape:
6.70 g Cu (Shoei Chemical, Inc., Tokyo, Japan) were mixed with 5.5 g
binder containing 20 vol% QPAC��40 and 80 vol% propylene carbon-
ate. 0.4 mL MEK was added to the slurries in order to adjust the vis-
cosity before the slurries were homogenized in a mixer for 3 min.
The mixtures were then tape cast on Mylar sheets, followed by bak-
ing in an oven at 80 °C for 5 h to remove the solvent. The thickness of
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the Cu tapes after drying was ~90 mm when the tapes were cast with
a 13 mil (~330 mm) doctor blade height and a casting speed of 8 cm/
s.

2.2. Cold sintering and co-firing of PZT/metal/PZT 2�2 composites

The PZT tape was cut into circular pieces one half-inch in diameter
(~12.7 mm) and were stacked in a PZT/metal/PZT sandwich structure,
in which one layer of PZT tape was attached on each side of the metal
substrate. Lamination was done in a half-inch-diameter circular die
at 50 MPa, 80 °C for 20 min [50]. The organics were then burnt out.
For PZT on Ni or Ag foils, the burn out took place in a box furnace
under ambient conditions with a ramp rate of 0.4 °C/min to 275 °C, a
hold time of 180 min, and a cooling rate of 5 °C/min. For PZT on Cu
tapes, a low pO2 furnace with dry nitrogen, wet nitrogen and forming
gas (0.1 vol% H2 + 99.9 vol% N2) flow (pO2 = 10�12 atm) was used. The
temperature profile was the same as described above.

Following burn out, the samples were hung in a beaker half-filled
with deionized water heated to 80 °C for 60 min. Water vapor con-
denses on the sample and re-moistens the lead nitrate; this is
referred to as the “steaming” procedure. The stack was immediately
cold sintered at 300 °C under 500 MPa uniaxial pressure for 180 min.
Two pieces of 100 mm thick Kapton sheets were placed between the
sample and die rams to reduce the surface roughness of the PZT. To
lubricate the plunges in the die, a PTFE-contained release agent
(MR311, Sprayon, Cleveland, OH) was sprayed before loading the
samples.

The cold sintered PZT on Ni or Ag foils were then post-sintered at
700�900 °C with a ramp rate of 5 °C/min and a holding time of
180 min in a box furnace, while the PZT on Cu was heat treated in a
tube furnace with a pO2 = 10�12 atm to fully sinter the PZT and Cu
while reducing oxidation of Cu.

A schematic of the process flow is given in Fig. 1.

2.3. Characterization of PZT/metal/PZT 2�2 composites

The sintered sample surfaces and cross-sections were examined
in a field emission scanning electron microscope (FESEM, Merlin, Carl
Zeiss, Inc., Jena, Germany). Energy dispersive spectroscopy (EDS) was
conducted using an Aztec detector (Oxford Instruments, High
Wycombe, UK) on a NanoSEM 630 (FEI, Hillsboro, OR). The phase
purity of the PZT and the substrate were assessed by X-ray diffraction
(XRD, Empyrean, PANalytical Corp., Almelo, Netherlands), using Cu
Ka radiation from 2u = 10° to 72° with a step size of 0.026° 2u and a
scan rate of 0.067°/s. Fourier-transformed infrared spectroscopy
(Vertex 70v FT-IR spectrometer, Bruker Scientific LLC, Billerica, MA)
with a mid-IR detector (4000�400 cm�1) were applied on the as cold
sintered PZT on Cu tape to identify some organic impurity phases.
Fig. 1. Schematic flow chart for the fabrication of PZT/metal/PZT 2�2 composites. The p
After processing, 2 mm diameter circular silver electrodes (Leit-
siber 200, Ted Pella, Inc., Redding, CA) were painted on the sintered
PZT, the permittivity-loss and polarization-electric field (P-E) hyster-
esis loops were measured by an LCR meter (Hewlett-Packard 4284A,
Agilent Technologies, Inc., Palo Alto, CA) and a precision multiferroic
analyzer (Radiant Technologies, Inc., Albuquerque, NM), respectively.
The P-E loops helped determine the coercive fields (Ec) of the PZT
films, which were then used to calculate the poling voltage. Samples
were DC poled at room temperature under 3�4 times Ec using a pA
meter (Hewlett-Packard 4140B, Agilent Technologies, Inc., Palo Alto,
CA) for 20 min before piezoelectric coefficient (e31,f) measurements.
For all of the measurements, the high voltages were driven from the
substrates (bottom electrodes).

The e31,f measurements were carried out on a custom wafer flex-
ure station [51]. The specimens were glued on 4-inch silicon wafers,
with strain gauges (KFH-1.5�120-D16-11L1M2S, gauge factor ~1.95,
7 mm by 4 mm, Omega Engineering, Inc., Norwalk, CT) attached on
top of the PZT layer by super glue. Every measurement utilized two
strain gauges that were perpendicular to each other. The wafers were
flexed at 4 Hz via a speaker controlled by a lock-in amplifier (SR830,
Stanford Research Systems, Sunnyvale, CA). A quarter Wheatstone
bridge was used to process the signals from the strain gauges while a
charge integration circuit collected the charges generated from the
electrodes. The e31,f coefficient was calculated from [52]:

e31;f ¼
Q

A x1 þ x2ð Þ ð3Þ

where Q represents the charge generated from the electrode, A is the
area of the electrode, and x1, x2 are strains in two directions.
3. Results and discussion

3.1. PZT thick films on metal foils

In initial experiments, it was found that the burnt out PZT tapes
disintegrated either during steaming or when loaded into the press-
ing die if the samples were hand-stacked without lamination; this is
likely related to the low green density and small thickness of the PZT
tape. This problem could be largely ameliorated by adding a lamina-
tion step before cold sintering. Fig. 2(a) and (d) compares the 700 °C
post-sintered PZT tapes on Ni foils with and without the lamination
process. Lamination did not change the film microstructure signifi-
cantly but it greatly suppressed the macro-flaws in the PZT layer.

A control sample was sintered at 700 °C without steaming and
cold sintering to study the effects of CSP on the PZT quality. As seen
in Fig. 2(d)�(g), after post-sintering the cold sintered sample pre-
sented mostly closed pores (relative density > 90% [53]), while the
conventionally sintered PZT tape was still in the initial stage of
hotograph on the bottom left shows a PZT thick film on Ni foil after post-sintering.



Fig. 2. (a) 700 °C post-sintered bimorph PZT thick films on LNO/HfO2/Ni foil without use of a lamination step. The red arrows indicate regions of delamination and macro-cracks. (b)
SEM image of the top PZT surface for a 700 °C post-sintered sample prepared without lamination. (c) (d) The 700 °C post-sintered sample (made with lamination), and its top surface
microstructure under FESEM. (f) (g) The sample and its top surface morphology of the 700 °C post-sintered PZT tape with lamination, but without steaming and cold sintering steps.
(e) (h) The cross-sectional SEM images showing the thicknesses of 700 °C post-sintered PZT tape with and without steaming and cold sintering steps, respectively.
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sintering (relative density typically between 60%�65%). The cold sin-
tered tape was a little over 10 mm thick. In contrast, the convention-
ally sintered PZT tape was 16 mm thick, consistent with its low
density.

The dielectric permittivity and loss tangent of the PZT thick films
on LNO/HfO2/Ni foil annealed at 700 °C with and without a cold sin-
tering step are displayed in Fig. 3(a). The cold sintered sample experi-
enced a possible Maxwell-Wagner relaxation at 2 kHz. As shown in
Fig. 3, the sample with steaming and cold sintering steps had a rela-
tive permittivity >3 times larger at 100 Hz than a conventionally sin-
tered film and a remanent polarization improvement of nearly
7 times under the same electric field, due to improved densification.
Pr of the cold sintered PZT thick film was comparable with that of
1 mm randomly-oriented 1 mol% Nb-doped PZT52/48 thin film on Pt/
Ti/SiO2/Si wafer obtained from the sol-gel method [54].

Notice that the relative permittivity of the cold sintered film is still
much lower than the typical permittivity of PZT-5A [55]. The coercive
Fig. 3. (a) The relative permittivity and loss tangent of 700 °C sintered PZT thick films with an
thick film and 700 °C conventionally sintered PZT thick film under the same applied electric fi
C post-annealed PZT thick film, and a 700 °C conventionally sintered PZT thick film at a highe
cm.).
field is ~2 times as high as Nb-doped PZT thin film. These results indi-
cate the existence of residual porosity and possibly lead oxide-rich
grain boundaries. In Fig. 2(d): closed pores can be seen in the sintered
PZT and the grain boundaries are not clear. Consequently, after the
cold sintered PZT film was poled at 3Ec (300 kV/cm), the measured
e31,f was only �2.6 § 0.01 C/m2 (95% confidence interval), a signifi-
cantly lower value than is typical of dense PZT-5A (�16 C/m2)
[55,56]. The sintered sample without CSP, however, returned zero
e31,f.

Attempts were then made to improve the density of PZT films
via increasing the annealing temperature. When cold sintered
PZT tapes were annealed at 900 °C, the PbO remaining from the
Pb(NO3)2 melted and served as a sintering aid. [57] Previous
work proved the cold sintered PZT pellet reached 99% relative
density after 900 °C post-annealing for 3 h. [36] The microstruc-
ture of PZT tape annealed at 900 °C on all three types of metal
foils is shown in Fig. 4(a)-(c). At 900 °C, cleaner grain boundaries
d without CSP. (b) The P-E hysteresis loops of cold sintered + 700 °C post-annealed PZT
eld. (c) The P-E hysteresis loops of a sol-gel Nb-PZT thin film [54], a cold sintered + 700 °
r electric field. (The conventionally sintered sample broke down at fields above 250 kV/
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can be observed from PZT compared with 700 °C anneal, but the
density of the films was still not satisfactory. The pores are still
interconnected, suggesting a relative density < 90%.

The porosity at 900 °C may be attributed to the degradation and
oxidation of the Ni substrate. The XRD patterns in Fig. 5 indicates that
the LaNiO3 layer was mostly eliminated above 850 °C [58] while the
Ni was heavily oxidized. The oxidation or cracking of Ni may have
degraded the quality of the PZT film. Thickening the HfO2 did not
eliminate oxidation, suggesting that Ni foil may not be the best solu-
tion for such devices.

Annealing of cold sintered PZT/Cu/PZT specimens was carried
out in a low pO2 furnace. Unlike Ni, there is a processing window
where the Cu can remain metallic while the Pb is oxidized [59].
These experiments exposed more issues on sintering PZT on
metal foils. Judging from the microstructures in Fig. 4(b) and (c),
porosity still existed in the PZT films. However, on Ag foil, clean
grain boundaries, closed triple points, and significant grain
growth were observed.

There are at least two reasons why incomplete densification
was observed. First, the post-annealing temperature may be too
low to allow complete densification. Secondly, the use of dense
metal foils could have induced constrained sintering [60]. The
second hypothesis helps explain why denser PZT films were
obtained on Ag rather than on Cu: Because 900 °C is close to the
melting temperature of Ag, (which could be further lowered due
to the formation of Ag-PbO solid solution [61]), a thin layer of liq-
uid phase may be formed at the interface of PZT and Ag. There-
fore, the constrained sintering problem may be mitigated by the
relaxation of stress at the Ag/PZT interface. However this also
degraded the potential of utilizing Ag as a substrate. Silver drop-
lets were seen on the PZT surface (marked by white arrows in
Fig. 4(c)), as confirmed in the EDS in Fig. 6. These shorted the
PZT film. (Notice that there are some zirconium-rich sites on the
film, probably originating from either the zirconia media used
during the milling of the PZT powder, or extensive lead leaching
into Ag. The Al and C EDS peaks are likely from the sample holder
and environmental contamination, respectively.)

It was hypothesized that if a thin layer PbO was spin cast on
the surface of Cu foil, the constrained sintering issue may be
relieved with the melting of PbO at 900 °C. It was found that the
sintering of PZT thick film was significantly improved, except that
the densification was not uniform, as shown by Fig. 4(d) and (e).
Fig. 4. SEM images of cold sintered and 900 °C-annealed PZT thick films on (a) LNO/HfO2/Ni f
a PbO coated Cu foil.
3.2. PZT thick films on tape cast Cu films

Based on the preliminary success of PZT sintering on PbO coated
Cu foil, a second approach to avoiding constrained sintering is the
simultaneous densification of PZT and the Cu substrate. Tape cast Cu
thick films were laminated with PZT tapes and the rest of the proce-
dures remained unchanged. In practice, it was found that the burnt
out PZT/Cu tape/PZT structure is very fragile. PZT and Cu densification
occurred during cold sintering, which enhanced the strength of the
composites. Fig. 7(a), (c), and (e) show a high compact density of Cu
and PZT after CSP, with a clean PZT-Cu interface.

Dense PZT was acquired (Fig. 7(f)) after annealing at 800 °C for
180 min in a low pO2 furnace. This is presumably a result of good PZT
and Cu compaction during CSP. And the formation of a PbO��Cu2O
eutectic melt may have also contributed [62], evidenced by the forma-
tion of a thin dense layer of PZT near Cu substrate after 700 °C post-
annealing (Fig. S-1 (g)). It is noted that a PZT thick film on Cu without
lead nitrate failed to sinter under the same conditions (Fig. S-2), mean-
ing that the cold sintering process is still essential. The sintered Cu layer
was 40§0.91 mm thick, sandwiched between 10§0.27 mm bimorph
PZT thick films (both with 95% confidence intervals), as seen in Fig. 7(b).
There is still an interface between post-annealed PZT and Cu like the
one shown in Fig. 7(d) which was rich in Cu and O as shown in Fig. S-3.
Fig. 8 further corroborated the existence of a Cu2O interface. The Cu2O
interface might originate from the oxidation of Cu following the decom-
position of lead nitrate during burn out and cold sintering:

2Pb NO3ð Þ2 ,2PbOþ 4NO2 þ O2 ð4Þ

4Cuþ O2 ,Cu2O ð5Þ
The above reactions are likely to be more complex in practice as

Fig. 8 indicated an unknown peak at a low angle in the as cold sin-
tered samples. Although difficult to index, these peaks must be from
crystal structures with large lattice parameters, for example, lead
hydroxyl carbonates and lead hydroxyl nitrates. The oxidation of Cu
occurs at the interface between PZT and Cu, which is isolated from
the external gas flow. This may explain why the Cu2O layer cannot be
removed even while processing in low pO2 conditions. The Cu2O
intensity drop above 600 °C anneal is possibly caused by the X-ray
absorption in denser PZT, since necking and grain growth appear at
600 °C, indicated in Fig. S-1 (f). At this same temperature, PbO starts
to volatilize and most of it is eventually removed from the system.
oil, (b) Cu foil, (c) Ag foil (Ag particles marked by arrows), and (d) (e) different regions of



Fig. 5. XRD of the Ni foil coated by 30 nm/100 nm HfO2 and 100 nm LaNiO3 after being annealed from 700 °C to 900 °C for 180 min.

Fig. 6. (a) The top surface of 10 mm PZT thick film on Ag foil after a 900 °C, 180 min
anneal. (b)-(h) The EDS mapping showing the distribution of Pb, Zr, Ti, O, Ag, Al, and C
respectively. (i) The EDS spectrum of PZT surface.
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Fig. 9(a) demonstrates that the relative permittivity of post-sin-
tered PZT on Cu is 550 at 100 Hz, with a loss of 12%; these values are
convolutions of the response of the PZT and the Cu2O-rich inter-layer,
and are much lower than the bulk cold sintered and post-annealed
PZT discussed in the previous work [36]. The film P-E hysteresis loops
were imprinted. The +Ec is less than 50 kV/cm while �Ec is over
75 kV/cm. This could be either due to an artifact associated with
higher loss near the bottom electrode (Cu substrate), or a conse-
quence of the depolarization fields in the Cu2O inter-layer [63,64].
Moreover, since the post-annealing temperature of cold sintered PZT
specimen is several hundred °C lower than conventional sintering
conditions, the free energy for grain growth is significantly smaller,
Fig. 7. (a) (b) Cross-sections of the PZT on Cu tape after CSP (left) and after 900 °C post-
sintering (right) showing PZT/Cu/PZT structures. (c) (d) Zoomed in cross sections of as-
cold sintered (left) and 800 °C post-sintered (right) samples emphasizing the PZT-Cu
interface. (e) (f) The top surfaces of the as-cold sintered (left) and 800 °C post-sintered
(right) PZT films..



Fig. 8. The XRD patterns of as cold sintered and 400�800 °C post-annealed PZT on Cu. The unknown peaks were marked by “*”. The PTFE peaks in the as cold sintered sample are
most likely from the release agent mentioned in the experimental procedures to lubricate the plunges, which is corroborated by Fig. S-4.

Fig. 9. (a) The relative permittivity/loss tangent under different frequencies and (b) the P-E hysteresis loops at different applied electric fields of the 800 °C post-sintered PZT on Cu
tape.
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resulting in inferior dielectric and piezoelectric properties [65].
Due to the inter-layer and the small grain size, the e31,f of the
thick film was �4.7 § 0.04 C/m2 (95% confidence interval) after
poling at 160 V (4Ec) at room temperature for 20 min. The elec-
trical properties of PZT on Cu are much better than that on Ni
foils, with a lower coercive field, and a larger e31,f, though the
capacitor in series was problematic. These indicate the process-
property relationship of PZT films are inevitably complicated by
the substrate-film interactions. The cold sintering process serves
as an effective approach to controlling the densification of PZT,
but further optimizations of device performance have to be
addressed on grain size and substrate-PZT interfaces.
4. Conclusions

This work studied 10 mm thick film PZT/metal (Ni, Ag, and Cu)
composites prepared using cold sinter-assisted processing. It was
found that cracking and delamination of PZT on metal can be avoided
through cold sintering. LNO/HfO2/Ni foil has an oxidation problem
and is not suitable as the substrate for PZT films; Cu foils impede the
sintering of PZT tape due to constrained sintering; Ag foil substrates
produced electrically shorted PZT because of high diffusivity; PbO
coated Cu foil did not result in uniform densification of PZT. The film
densities, relative permittivity and e31,f found in co-fired PZT/Cu tape
make it an acceptable candidate for PZT/metal composites and poten-
tial piezoelectric energy harvesting applications.
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