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Abstract:  Piezoelectric thick films are of real interest for devices such as ceramic
Micro-ElectroMechanical Systems (MEMS) because they bridge the gap between thin films and
bulk ceramics. The basic design of MEMS includes electrodes, a functional material, and a substrate,
and efforts are currently focused on simplified processes. In this respect, screen-printing combined
with a sacrificial layer approach is attractive due to its low cost and the wide range of targeted
materials. Both the role and the nature of the sacrificial layer, usually a carbon or mineral type, depend
on the process and the final device. First, a sacrificial layer method dedicated to screen-printed
thick-film ceramic and LTCC MEMS is presented. Second, the recent processing of piezoelectric
thick-film ceramic MEMS using spark plasma sintering combined with a protective layer approach is
introduced. Whatever the approach, the focus is on the interdependent effects of the microstructure,
chemistry, and strain/stress, which need to be controlled to ensure reliable and performant properties
of the multilayer electroceramics. Here the goal is to highlight the benefits and the large perspectives
of using sacrificial/protective layers, with an emphasis on the pros and cons of such a strategy when
targeting a complex piezoelectric MEMS design.

Keywords: sacrificial layer; protective layer; thick film; screen-printing; spark plasma sintering;
piezoelectric; carbonate

1. Introduction

In the world of applications based on MEMS (Micro-ElectroMechanical Systems), the use of
a piezoelectric material with direct and/or inverse effects is of real interest for sensing, actuating,
energy harvesting, or Structural Health Monitoring applications [1]. MEMS classification depends on
the nature of the substrate, so ceramic, silicon, and organic MEMS are all discussed. According to the
type of MEMS, specific fabrication techniques are required. In silicon MEMS, for example, either bulk or
surface micromachining is used to achieve free-standing layers [2]. These processes require numerous
and quite complicated fabrication steps. For each instance of micromachining, humid, or dry etching
is the final process stage leading to movable microstructures. Considering sacrificial surface silicon
micromachining, the microstructure is fabricated on top of both a silicon substrate and a sacrificial thin
film whose thickness determines the final gap between the substrate and the mechanical structure.
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In the case of bulk micromachining, the microsystem is fabricated from the silicon wafer thanks to
an etching process of the exposed silicon regions. It is important to point out here that in silicon
piezoelectric MEMS, the integrated piezoelectric layers are mainly thin films of AIN, ZnO, or PZT [3].
Nevertheless, for specific applications that require a higher volume of active material, thick films are
of real interest because they bridge the gap between thin films and bulk ceramics. Today, different
processing routes such as 3D printing, ink-jet, sol-gel, and aerosol are considered to shape thick films
with thicknesses in the range 1-100 um [4,5]. Among them, the screen-printing technology, widely used
in microelectronics and more recently in flexible electronics, appears to be an attractive technique due to
its simplicity, low cost, and wide range of targeted materials. For instance, silicon bulk micromachining
technology associated with screen-printing Pb(ZrTi)O3 (PZT) was successfully developed for preparing
micropumps, actuators, accelerometers, and energy harvesters [6]. However, MEMS processing
had to be improved and adapted to overcome issues such as the Pb diffusion towards silicon with
the formation of lead silicate compounds, the incompatibilities with standard silicon wet etching,
and the fragility of the mechanical silicon structure due to the pressure applied by the squeegee during
printing. The use of a sacrificial layer is easy to implement in MEMS processing and has allowed one
to optimize the process with a reduction in the number of fabrication steps. Its role depends on the
targeted device and is thus adapted to the process. In the case of ceramic MEMS, the sacrificial layer
allows one to partially remove a ceramic layer from its substrate leading to free standing structures.
This method based on a carbon type sacrificial layer was introduced in the early 1980s to develop the
first ceramic MEMS for pressure sensors based on screen-printed thick films [7,8]. Carbon or mineral
type sacrificial layers were also considered for releasing in the late 2000s for screen-printed PZT MEMS
with different geometries [9,10]. The use of the sacrificial layer approach was also considered at that
time for manufacturing LTCC (low-temperature co-fired ceramic) ceramic MEMS [11] to overcome the
collapse of the structures or cavities during hot rolling and/or final firing. The nature of the sacrificial
layer is obviously related to the type of MEMS (Si, organic, or ceramics) and to the active layer that is
subsequently released [12-14].

In this paper, LTTC ceramics MEMS that use green tape to structure the active ceramic layer and
thick-film ceramic MEMS based on screen-printed layers are considered.

The first part is devoted to a survey of literature highlighting three main types of sacrificial layers
whose removal during or at the end of the process will depend on their composition. Particular
emphasis will then be paid to the processing by conventional sintering of PZT-based thick-film MEMS
and their characteristics. It will be shown that, according to the active piezoelectric material and the
required conventional thermal treatment, both the nature of the sacrificial layer and the releasing
approach will have an impact on the chemistry, the microstructure, and strain/stress issues. Controlling
the whole process and selecting the relevant materials are crucial for the properties of the printed
piezoelectric thick-film MEMS.

In the second part of this paper, original approaches targeting bulk ceramic and thick-film ceramic
MEMS produced using advanced sintering techniques associated with protective layers are introduced.
While sacrificial materials have already been shown to act as a pore forming agent or as a thermal or
diffusion barrier for bulk ceramics [15,16], carbonate based protective materials have recently appeared
to efficiently prevent PZT from chemical reduction during spark plasma sintering (SPS) [17]. Chemistry,
microstructure, and stress/strain effects are again issues strongly linked to sintering and whose control
has an impact on the performance of the electroactive multilayer. An approach combining SPS and a
protective layer is illustrated based on our recent investigations on PZT thick-film ceramic MEMS with
an emphasis on the pros and cons of such a strategy targeting a complex MEMS design.
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Finally, we conclude with the challenges and opportunities of eco-friendly approaches aiming a
global improvement in processing in the field of electroactive ceramic MEMS.

2. Sacrificial Layers for LTCC and Thick-Film Ceramic MEMS

Considering ceramic MEMS, two technologies can be found: Screen-printing of thick-film ceramic
MEMS and LTCC ceramic MEMS. In thick-film ceramic MEMS, the ceramic, mainly alumina, is used
as a support for the structural layers, whereas in LTCC, green tapes formed from alumina and glass
powders are the support for the integration of further active or passive layers. The different approaches
used for surface micromachining of such ceramic MEMS are detailed in the following paragraphs.

2.1. LTCC Ceramic MEMS

For the processing of LTCC ceramic MEMS, three types of sacrificial layers are reported [11,18]:
A carbon-based sacrificial layer burnt out during the sintering process and two mineral compositions,
a glass and a carbonate-based sacrificial layer. Both of them need removal after the firing process.

2.1.1. Carbon Approach

In the carbon approach, the carbon-based sacrificial layer is eliminated during the firing process
by oxidation. Here, sagging of the cavities has to be controlled thanks to an optimized sintering profile
and a fine control of the air/nitrogen ratio, leading to a gasification of the carbon while the carbon is
oxidized (Figure 1a). This approach was considered by Birol et al. [19], who used a graphite-based
sacrificial layer in the manufacturing of ceramic microfluidic microstructures and sensors. The authors
pointed out the complexity of the process and that it depends on the specifications of the final device:
The dimensions and the mechanical and functional properties. In particular, the influence of the
composition of the sacrificial layer, the carbon powder grain size, and the heat treatment on the
geometrical characteristics (sagging, delamination, swelling, etc.) of the fired microstructure was
highlighted. This study also raised the problem of microstructural warpage related to the departure of
the carbon products, which must take place before the complete elimination of the ceramic porosity.
Capacitive pressure sensors based on LTCC materials were also prepared by Dai et al. [20] in which
the role of the sacrificial layer nature and the thermal treatment to properly evacuate the combustion
products were underlined. This kind of sensor, with an inductor and a capacitor was composed of
four green tapes stacked together before their co-sintering at 900 °C, (Figure 1b). As shown before,
a polyimide or carbon sacrificial layer was also introduced into the multilayer and removed during
firing to create a cavity between the two capacitors plates and to ensure a good flatness of the top
electrode. Contrarily to the carbon layer, the polyimide layer dimensions had to be adapted to take
into account the coefficient of thermal expansion coefficient (CTE) mismatch with the tape material.
Experiments carried out with and without air evacuation channels showed that, despite the presence
of the air channel, residues of polyimide are still found in the cavity because of its relatively high
decomposition temperature (=600 °C), at which the LTCC tape was already too dense. Interestingly,
when using the carbon sacrificial layer, carbon oxidation could be controlled with carbon dioxide
evacuation through the porous ceramic before its final densification (Figure 1b). Thus, in this case,
the use of a vent channel and its further sealing would no longer be necessary.
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Figure 1. LTCC (low-temperature co-fired ceramic) ceramic Micro-ElectroMechanical Systems (MEMS).
(a) Photograph of a cavity after sintering without (left) and with carbon black paste (right) reproduced
with permission from [11] copyright 2001 Elsevier. (b) Scheme of a pressure sensor inspired from Dai
et al. [20]: 1. Principle; 2. CO; evacuation during the sintering through the dedicated channel or 3.
Through the porosity. (c) Scheme of a cantilever force sensor (capacitive principle) fabricated using a
sandwich sacrificial layer (inspired from Fournier et al. [21]).

2.1.2. Mineral Approach

In the mineral approach, the glass-type sacrificial layer (PbO-5i0, glass frit system) is removed by
a hydrofluoric acid solution at the end of the process. Nevertheless, the etching rate inside the cavities
is very low, with limited solubility in the lead silicate glass frit. Another drawback is that the etching
rate is comparable to that of the ceramic tapes of similar composition.

Mixtures of mineral-based sacrificial layer easily removable in a weak acid or base solution were
also explored by Birol et al. and Fournier et al. [19,21]. The sacrificial pastes were based on oxide
mixtures (CaO-H3BO3, CaO-B,03, and CaO-NayB4Oy7). The authors also reported sacrificial pastes
based on carbonates, i.e., a mix of carbon and calcium carbonate. Similar to the study reported by
Lucat et al. [22], the sacrificial layer based on CaCOj3 with carbon (28 wt% CaCOj3 + 72 wt% C) showed
the best results (good gap quality and no LTCC deformation). An LTCC capacitive anemometer was
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successfully fabricated with this process by using a sacrificial layer composed by the stacking of three
layers made of CaCO3_C and sandwiched between top and bottom pure carbon layers (Figure 1c).

The approach with a carbonate-based mineral sacrificial layer, partially decomposed during the
thermal treatment and for which the remaining carbonate was etched at the end of the process, was first
initiated by Lucat et al. in their investigation on thick-film ceramic MEMS [22,23]. Different types of
thick-film ceramics, including PZT MEMS performed using an epoxy matrix loaded with SrCOs as a
sacrificial layer, have been reported, and are illustrated in the following section.

2.2. Thick-Film Ceramic MEMS

2.2.1. Carbon Approach

G. Stecher et al. at Bosch Gmbh were pioneers in the patented work related to the manufacturing
of sensors in classical thick-film technology with the use of a carbon sacrificial layer [7,8].

This process of manufacturing a capacitive or piezoresistive pressure sensor by screen printing
is potentially exploitable for the realization of closed-cavity structures and can be described by the
following steps (Figure 2a): The deposition and the thermal treatment of a carbon filled polymer ink,
which acts as a sacrificial layer; the deposition of a glass-ceramic type dielectric that acts as a porous
structural layer and that is partially covering the substrate and completely overlaying the sacrificial
layer; firing under nitrogen in order to not oxidize the sacrificial layer while consolidating the structural
layer; firing the component under air to remove the sacrificial carbon layer through the porosity of the
structural layer; the deposition of a vitreous structural layer on the porous dielectric layer in order to
seal and mechanically reinforce the latter; the deposition of additional structural layers to functionalize
the sensor; and air firing to consolidate the sensor.

The first application resulting from this process was the fabrication of a pressure sensor using a
cavity formed by the substrate and an impermeable circular membrane on which four Wheatstone
bridge piezoresistors were screen-printed.

At the end of the 2000s, Kok et al. also investigated the possibility of using piezoelectric cantilevers
for energy harvesting [13]. In this work, as in Birol et al.’s work [19] on LTTC ceramic MEMS,
the sacrificial layer was a screen-printed carbon layer that burnt out above 800 °C. Very recently,
other options of a sacrificial layer based on polyester or on epoxy loaded with corn starch were studied
by Santawitee et al. and Grall et al. [24,25]. These sacrificial layers were fully removed during the
sintering of the structural layers; as a result, highly densified piezoelectric cantilevers or disk types
were obtained. A difference in the thermal decomposition of these two new sacrificial layers (Figure 3)
was shown to influence the PZT sintering with higher densification in the case of the corn-starch-based
sacrificial layers, which have a higher decomposition temperature.
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Figure 2. Example of manufacturing steps of thick-film ceramic MEMS pressure sensors using two
sacrificial layer compositions: (a) Epoxy + carbon and (b) gold (inspired respectively from [8] and [26]).
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Figure 3. TGA and DTG of (a) polyester and (b) epoxy-corn starch sacrificial layers used for piezoelectric
thick-film ceramic MEMS fabrication.

2.2.2. Mineral Approach

Nearly 20 years after Stecher’s work, Sippola et al. [26] implemented a process for manufacturing
pressure sensors, also based on the sacrificial layer approach, but while considering the use of
a non-carbon sacrificial layer. This sensor was a sealed cavity formed by a dielectric membrane
screen-printed on an alumina substrate. This hermetic volume was obtained by screen-printing the
dielectric layer on a sacrificial gold layer, which was previously deposited on the alumina substrate
and then removed by an acid solution through an aperture made in the substrate (Figure 2b).

In the middle of 2000, Lucat et al. proposed to replace the carbon, metal, and glass phases by a
mineral carbonate in order to simplify the process [22,23]. In this new process, the sacrificial layer was
an epoxy resin filled with strontium carbonate powder. The main criteria in the choice of the carbonate
mineral part contained in the sacrificial layer were as follows: Its ease of elimination at the end of the
process in a weak acid or base solution and its physico—chemical stability (reactivity, melting point,
etc.) during heat treatment.

Moreover, as a base for screen-printing paste, the authors opted for the thermosetting epoxy
resin offering the best compromise between the following: Good chemical compatibility with other
materials; ease of application by screen-printing and enough stiffness to support the following deposit
of layers; and temperature resistance.

Thanks to the use of this epoxy-strontium carbonate composite ink, electrothermal copper
microactuators were successfully developed for the first time in 2007 [27]. The process was also
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applied to manufacture partially detached components from the substrate that are not intended to be
actuated, e.g., metal alloy resistors for heating sensors or 3D microstructures such as microchannels
(Figure 4a,b). In addition, the flexibility of this process made it possible to produce piezoresistive
cantilever force sensors [28] and piezoelectric components, partially or completely released from the
substrate for sensing, actuating, or Structural Health Monitoring [29-31]. For all these applications, the
sintering of the structural layers took place between 850 and 900 °C, while thermal decomposition of
the epoxy polymer base was achieved at 550 °C. The strontium carbonate included in the sacrificial
paste remained stable up to these temperatures and was then soluble at the end of the process in a
weak acidic solution (phosphoric acid H3POy) following the reaction:

MCOj() + 2H30™ & M** + COyy) + 3H,0 )

SEM analysis of a cross-section of a silver microchannel showed the efficiency of the process [22].
Nevertheless, chemical reactivity between the glass and carbonate was noticed in the case of a glass
microchannel, as illustrated by the Castaing microprobe analysis of an unreleased microchannel
(Figure 4c). This chemical reactivity was reduced by adding 5% CO; to the firing atmosphere, leading
to a decrease in the thickness of the interface (about 3 um) (Figure 4d).
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Figure 4. Thick-film ceramic MEMS associating screen-printing with an SrCOs3-epoxy sacrificial layer.
(a) Photographs of successfully fabricated microstructures. (b) Dimensions, photograph, and SEM
images of microchannels. (c,d) Interface glass/SrCO3 analysis revealing the presence of strontium:

(c) Castaing microprobe analysis after firing under air of the cross section of the interface glass/SrCOj3;
(d) SEM image after firing under air + 5% CO; [32].

To sum up, three main types of sacrificial layer compositions can be identified from a survey of
literature focused on thick films and LTTC ceramic MEMS: A glass- or metal-based composition that
will be chemically dissolved in a solution of strong acid or base at the end of the process, as in silicon
technology (this process requires selective etching to avoid attacking the structural layers); a composite
or all-organic composition based on carbon, corn starch, or polyester that is consumed during sintering
and thus bypasses the problem of removing the sacrificial layer at the end of the process; and a mineral
composition based on carbonate, presenting good compatibility with most of the structural layers and
easily removable at the end of the process with a weak acid.

Using these sacrificial-layer-based processes, the applications target microfluidic, sensing,
actuating, or energy harvesting. Some aspects of the fabrication process (sintering temperature, active
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material, sacrificial layer nature, and its removal) are given in Table 1 for each of the above-mentioned
ceramic MEMS examples (LTCC and thick-film type). It should be emphasized that, in the last decades,
PZT in thick-film architecture was mainly studied as an electroactive material because of its outstanding
properties and the wide range of potential applications. As a result, the following section is focused on
the processing and properties of the PZT-based thick-film ceramics.

Table 1. Key process-related characteristics distinguishing ceramic MEMS using the sacrificial layer
process and corresponding applications (TF = thick-film and LTCC = low-temperature co-fired ceramics)
[7-9,19-22,24-30,33-36].

Ceramic MEMS Sacrificial Layer .
Type/Multilayer Nature Tsint Nature/Elimination Applications Ref/Year
7] 1984
TF - Polymer + carbon Pressure sensor {8} 1327
glas]fc(éfa/mic 850 °C Carbon black/burnt out Cavity [33] 1998
LTCC/ ) Lead-silicate/etching in Suspended bridging structure, [33] 1998
glass-ceramic buffered hydrofluoric acid cavity o
TF/electrode/dielectric - Au Pressure sensor [26] 2005
o Registration paste carbon . . ,,
TF/Ag 450 °C ink/burnt out Microwave inductor [34] 2005
LTCC 875°C Epoxy + carbon/burnt out Pressure sensor + microfluidic [19] 2006
poxy
LTTC/ Carbon + CaCOs/burnt out +
AePd 875 °C CaCO; etching in Capacitive anemometer [21] 2007
& phosphoric acid
TF/ o
AgPd/PZT/AgPd 850-950 °C Epoxy + carbon/burnt out Energy harvester [9] 2009
[22] 2008
TF/ Thermal actuator, [27] 2007
Au, Cu, Ag, glass, 850-900 °C Ep (())TJ};:SS:CCOO S/eetlc)}?;y t;zmt force sensor, microchannels, [28] 2010
piezoresistor on glass, A hos h(3)ric aci dg microresistors, piezoelectric [29]1 2013
Au/PZT/Au phosp transducers (gas detection, SHM) [30] 2014
[35] 2016
LTCC/ o Epoxy + carbon or Pressure
piezoresistor >700°C Polyimide/burnt out sensor 2012015
TF/Au/PZT/Au or o Piezoelectric cantilever and disk [36] 2019
AgPd/PZT/AgPd 900 °C Polyester/burnt out (mass sensing, cantilever sensors,) [24] 2020
TF/ o Epoxy + corn starch/burnt - s .
Au/PZT/Au 900 °C out Piezoelectric disks and cantilever [25] 2020

2.3. PZT Thick-Film Ceramic MEMS

In this section, since some studies have already reported PZT screen-printing on silicon [37,38]
followed by its release, only thick films printed on ceramic substrates and partially or completely
dissociated from the substrate are considered. Bounded screen-printed PZT layers can be found in
the literature [39-42], and more recently lead-free piezoelectric layers [43]; however, to the best of our
knowledge, only screen-printed PZT thick films have been released from the substrate. When processing
screen-printed PZT thick films using a conventional process, the PZT layers contain a residual porosity.
When the sintering temperature is increased above 950 °C, PZT’s stoechiometry can be modified if
the atmosphere is not controlled to prevent Pb losses. Interdiffusion phenomena between the layers
during co-sintering can also affect the properties. As a result, the use of a sintering aid, associated to an
isostatic pressing step was the selected option to improve densification while reducing the sintering
temperature [44,45]. Here, and according to the classification discussed above, we will classify the
used sacrificial layers in two categories according to the removal step:

e  Mineral SrCOs-based sacrificial layers etched at the end of the process.
e  Carbon-based or all organic sacrificial layers removed during the sintering.
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2.3.1. Mineral Approach

In the mineral approach, the SrCOj3 is mixed with epoxy to confer consistency to the screen-printable
ink. The microstructure of a free-standing PZT layer in a sandwich architecture between two Au
electrodes supporting the fragile piezoceramic layer can be compared to multilayers sintered on
alumina and stainless steel substrates (SS), respectively (Figure 5a,b). Au electrode and PZT layers are
successively printed, dried at 120 °C between each step, and the stacked layers are finally co-sintered.
All the layers are isostatically pressed at 40 MPa before sintering. Li,CO3Bi,O3CuO (LBCu) was
successfully used as a sintering aid to reduce the sintering temperature to 900 °C while keeping good
piezoelectric properties, as reported in [46]. The addition of only 3% in weight of LBCu was shown to
be efficient for PZT sintering, both the melting of the binary system Bi;O3-Li;CO3 and the presence
of CuO play a significant role in lowering the sintering temperature [47,48]. For bounded layers,
a diffusion/adhesion layer is formed between the substrate and the Au layer, as already observed
in [40,42]. In the case of the free-standing PZT layer, only a slight diffusion of Sr into the Au layer is
observed, showing the efficiency of the Au electrode as a barrier to limit PZT/SrCOj; cross-diffusion
(Figure 5c). The densification of bounded and free standing layers evaluated by Image]J [36] is quite
similar, with a porosity of 20-25%. This residual porosity is the consequence of the densification being
affected by the mechanical clamping of the substrates on one side, and by the constrained shrinkage on
the remaining SrCOj3 during the sintering on the other.

y
Stainless steel
w5@@  18vm WDLS

1. Screen-printing and drying

|- - T-epoxy:+SrCOL: - -]
| Al,O; substrate |
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3. Sacrificial layer etching

‘"T

AL

| Al, O substrate |
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Figure 5. Comparison of SEM microstructures of PZT + LBCu screen-printed layers sintered on
different supports (alumina substrate, stainless steel substrate, or epoxy + SrCO3). (a) Au/PZT/Au on
alumina substrate. (b) Au/PZT/Au on stainless steel substrate (55301). (c) Totally released Au/PZT/Au
disks after deposition on epoxy + SrCOj sacrificial layer and acidic dissolution in phosphoric acid.
(left) Fabrication steps; (middle) SEM of a microsection; (right) Castaing micropobe analysis at the
PZT/bottom electrode interface adapted with permission from [30] copyright 2014 Wiley
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2.3.2. Carbon Approach

In the carbon approach, the sacrificial layers are burnt during the sintering under air.
Kok et al. [9,49] reported a piezoelectric energy harvester based on free-standing PZT cantilevers (9 mm
wide, 4.5 to 18 mm long, ~90 um thick) for which a graphite sacrificial layer is used, as in LTCC ceramic
MEMS [191]. Here, because of the important thermal expansion coefficient’s mismatch between the
AgPd electrodes and the sandwiched PZT, additional thin uniform layers of non-active PZT (unpoled)
(=10 um) were hence printed on both sides of the cantilever to prevent delamination and warpage
(Figure 6a,b). All layers were co-fired in air at a temperature higher than 850 °C and the sacrificial
carbon layer was burnt out at the same time with a shrinkage of about 10%. Finally, the device showed
improved performances with better piezoelectric coefficient ds3 for the sintering temperature of 950 °C,
but more cracks were noticed compared to the sintering performed at 850 °C.

PZT ceramic
AgPd
I Corbon sacrificial layer

(a)

agae 28KV X1,588  18Km WD13

18¥m WD1S

(c) (d)

Figure 6. Photographs and SEM images of PZT free-standing devices. (a) Assembly scheme (inspired
from [49]) (b) photograph of a free-standing cantilever (carbon sacrificial layer). Reproduced with
permission from [9], copyright 2009 IOP. (¢) Au/PZT/Au cantilever and AgPd/PZT/AgPd disks (polyester
sacrificial layer). (d) SEM images of PZT printed on a polyester sacrificial layer: Upper image: Polished
cross section; lower image: Fractured ceramic
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More recently, Grall et al. and Santawitee et al. [24,36] used a polyester sacrificial layer and
successfully released PZT disks and cantilevers, while obtaining density values close to those of bulk
ceramics. In this case, considering a cantilever of dimensions 8 x 2 x 0.1 mm?, made of PZT with LBCu
as a sintering aid and Au electrodes, a typical shrinkage of 13% was obtained after firing at 900 °C.
Moreover, with the same sintering conditions but with a disk shape, changing the electrode from Au
to AgPd led to enhanced piezoelectric properties. This gain in performance was associated with a
better quality of interface between the AgPd electrode and PZT, because of the presence of the MgTiO;
additive in the electrode helping to adjust the CTE of the electrode [24]. Photographs and SEM images
of PZT free-standing thick films components developed by Kok et al., Santawitee et al., and Grall
et al. [24,36,49] are shown in Figure 6. These images reveal curvatures and porosity-related oissues
that have to be overcome during the shaping and conventional sintering (T < 900 °C) of piezoelectric
screen-printed multilayers.

Piezoelectric transducer geometries chosen according to application can be simple disks, bridges,
or cantilevers. Their properties are compared in Table 2 to those of a commercial hard type PZT in bulk
(PZ26) or thick-film form (TF2100). The dielectric and piezoelectric properties are clearly correlated to
the density, PZT sintering aid, electrode, and sacrificial layer material choices. Disks fired on polyester
or corn starch present a higher density value (>7000 kg/m®). Thanks to improved densities, the relative
permittivity is higher than 600 and can even reach 1200 when using both AgPd electrodes and a
polyester sacrificial layer. These properties are clearly improved compared to those of the TF2100 thick
films sintered on alumina.

To sum up, the microstructures of PZT thick-film layers depend on the nature of the supporting
layer and/or on the substrate on which they are sintered. In addition to the influence of sintering
conditions and as illustrated in Figure 7, lateral shrinkage can also be improved by adapting the
sacrificial layer nature [24,25,30].

AlLO, substrate Il. Mineral sacrificial layer I11l. Composite or organic
. 2Us
(Epoxy + SrCOy) sacrificial layer
(Epoxy + corn starch or polyester )
@ @ Epoxy+ Sacrificial layer
. ] L SrCO; @ . -
A1,0,96% AL0,96% A1,0,96%
Interdiffusion | diffusi
Iayer nterl Ifrusion o
ayer 3
o 1 @ | He—— ©
| | —
B — o
L . : D,
@ Screen-printing and drying
@ riring D> D, > Dy,
@ Etching

Figure 7. Simplified scheme showing phenomena occurring during the PZT + LBCu sintering of
screen-printed thick films (disk shape) on a mineral or organic type sacrificial layer. D is the final
diameter of the disk cross-section.
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Table 2. Comparison of the properties of PZT films used in thick-film ceramic MEMS [9,24,25,30,31,40,42,46,49-51].

464

Supporting Substrate (S) or Multi- Sintering Aid and Relative
Sacrificial Layer (SL) for PZT Geometry/PZT Thickness . R Density (kg/m?3) Permittivity £33 —d31/d33 (pC/N) Ref/Year
Printing Layer/PZT Type Sintering Temperature (1 kHz, RT 1
SL Bridge Au/PZT/Au o 3 o B :
epoxy + StCO3/ 5 mm x 3.3 mm/80 um (PZT2) 5wt % glass °/850 °C 5500 150 [31] 2015
SL Cantilever Au/PZT/Au o 3 o )
epoxy + StCO3/ 8mm x 2 mm/100 im (P726 %) 5 wt % glass ©/900 °C 5500 340 90 [46] 2014
SL Cantilever PZT/AgPd/PZT/AgPd/PZT 4wt % glass 3/850 i 336 -20/53 [49] 2014
Carbon 18 mm x 9 mm (PZ29%) °C_950 °C
90 um 617 —28/80 [9] 2009
SL . 4 3wt % LBCu
epoxy + StCOs Disk Au/PZT/Au (PZ26 %) 1900 °C 5200 630 —40/- [30] 2014
SL Disk & 7.74 Au/PZT/Au 3wt % LBCu o ,
Polyester /100 um (PZ26 ) /900 °C 7400 600 121/ 4212020
SL Disk
® 7.5 mm AgPd/PZT/AgPd (PZ26 %) 3 wt % LBCu/900 °C 7400 1200 - [24] 2020
Polyester
/140 pm
PZT
SL Disk w 7.5 3 wt % LBCu 7500
epoxy + Corn-starch Cantilever 2 mm X 1 mm/100 pm AFI?;%E/*{?U /900 °C 7200 } ) (2512020
Thick-film TF1200 Insensor A/S - PZ264 sintering aid/850 °C [40] 5000 520 -50/200 [50] 2012
Commercial bulk Ferroperm - PZ264 - />1200 °C 7800 1300 —-130/330 [51] 2007

! RT = Room Temperature; 2 PZT synthetized by the solid phase method; ® Lead borosilicate glass;  PZ26 = hard relaxor PZT (Navy I) and PZ29 = traditional soft PZT.
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3. Protective Layers Combined with Spark Plasma Sintering: Bulk Ceramics and Thick-Film
Ceramic MEMS

As mentioned in the previous section, thick-film ceramic performances are strongly linked to strain
issues and microstructural features. For most piezoelectric ceramics, the sintering temperature (Tgint.)
is critical because, when too high, secondary phases, interdiffusion, non-stoichiometry, the volatility
of elements, and the lack of grain size control are hardly avoidable drawbacks. Properties including
electrical conductivity, piezoelectric strain and charge, and ferroelectric switching are all strongly
dependent on defect chemistry and microstructure. When considering conventional sintering, several
strategies aim to optimize sintering conditions. Among them and as recalled previously, sintering aids
such as LBCu, LiBiO; + CuO [47] or Li;COj3 + PbO [52] can allow one to efficiently lower the sintering
temperature below 1000 °C. However, the level of porosity, close to 20%, remains to be improved.
The control of the sintering atmosphere is also crucial for lead-based piezoelectric compositions.
The quite low melting point of lead oxide is an issue that can cause unwanted changes in stoichiometry
and thus in properties. In conventional sintering, green samples are generally placed on top of
sacrificial powders used to protect the sample from any chemical interaction with aluminum oxide
crucibles and/or to maintain a sufficiently high vapor pressure of PbO. A PbO or PbZrOj3 sacrificial
powder bed ensures the lead-rich atmosphere required to prevent PbO losses [53]. An alternative
powder bed consisting of ZrO, sand reacted with PbO was found to sufficiently reduce the PbO loss in
PZT compositions avoiding secondary phases. In addition, such a sacrificial mixture can be easily
removed from both the samples and the crucible after sintering [54].

The use of advanced sintering processes is another approach to optimize PZT densification at
low temperature. PZT ceramics were recently sintered at 300 °C by a Cold Sintering Process using
bimodal powders and Pb(NO3), as a sintering aid. The relative density and functional properties
were improved after a post annealing performed at 900 °C [55]. The advantages of spark plasma
sintering (SPS) in terms of enhanced sintering kinetics (combined action of pressure and electric
current) were also explored to obtain dense PZT ceramics in a shorter time and at a lower sintering
temperature compared to conventional sintering. A literature survey shows that PZT and related solid
solutions are sintered by SPS under low oxygen partial pressure at temperatures close to or higher than
900 °C without any sintering aid in most cases. However, a post-annealing treatment is systematically
performed under air and in the range 700-1100 °C to remove oxygen vacancies and associated charged
defects that contribute to the conductivity and can alter the poling process [56].

3.1. Sacrificial/Protective Materials Approaches Combined with Spark Plasma Sintering

In order to efficiently use SPS at temperatures not higher than 900 °C and in one step, the challenge
is to manage the thermal and chemical gradients arising from both fast kinetics and a low oxygen
partial pressure environment.

Both the heat conduction and current pathway will influence the chemistry and the
microstructure [57]. Thermal and electrical barriers using insulating disks or thermal buffers during
SPS were reported in the literature. These allow one to reduce the heat conduction and to control
the current distribution across punch/die/powder assembly (limited current leakage). They can be
located either directly in contact with the powder or between the rams and punches [58]. Alumina
powders were also used to prevent ferroelectric ceramics from chemical reduction during SPS [16] and
to prevent the pistons of the deforming copper spiral extremities in the co-sintering of transformers
for power electronics [59]. Alumina powder placed on both sides of ZnO samples were also used to
insulate ZnO from the current. Insulation prevents the influence of the electric field on the ZnO grains,
which affects the reactivity and diffusion during sintering [60]. Also noteworthy is the innovative
approach based on sacrificial Al,O3 or ZrO, powders reported by C. Maniére et al. to fabricate complex
shape materials with a controlled microstructure. The corresponding deformed interface method
includes the assembly, the sintering, and the removal of sacrificial parts [61,62].
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Here we focus on the use of carbonates as a protective powder layer targeting the one-step SPS of
PZT at a low temperature without sintering aids and avoiding an additional step of post-annealing
treatment. As mentioned in Section 2.3, SrCO3; was already successfully used as a sacrificial layer
to perform the released screen-printed piezoelectric disk or cantilevers [30]. Carbonates fulfill the
multiple criteria required to target not only ceramic but also screen-printed MEMS. The protective
layer placed on top of the PZT is expected to protect it from chemical reduction under a low oxygen
partial pressure environment, to be inert at the selected sintering temperature, to discard the chemical
interaction with the different layers (PZT, electrodes, and metallic substrate), and to be easily removed
by polishing or etching after sintering. Considering the decomposition temperature of some carbonates,
SrCO3 and BaCOj (the latter of which has an even higher decomposition temperature) were selected
as protective layers (Table 3).

Table 3. Decomposition temperature of carbonates.

Carbonate Decomposition Temperature (°C)
MgCO; 350
CaCOs 850
SrCO; 1100
BaCO; 1740

In the next section, the efficiency of SrCO3; and BaCOj protective layers is first demonstrated and
compared in the case of SPS of PZT ceramics. The microstructure, dielectric, and electromechanical
properties of the as-obtained PZT ceramics are compared to those of the PZT processed by conventional
sintering and by SPS in classical conditions without a protective layer. Afterward, it is shown that this
strategy was adapted to the sintering of screen-printed multilayers for MEMS applications.

3.2. Carbonates as a Protective Layer for PZT Bulk Ceramics by SPS

Sintering was performed using an SPS apparatus Syntex Inc., SPS-515S. The PZT powder without
a sintering aid was loaded in a cylindrical graphite die with an inner diameter of 10 mm and heated
under a low oxygen partial pressure. The temperature was raised at 50 °C/min and kept at a constant
value at 875 °C for 5 min. A pressure of 100 MPa was applied along the Z-axis of the graphite die
during the whole sintering process. When no protective layers were used, the samples were annealed
in air at 800 °C for 10 h in order to remove surface carbon contamination and to limit oxygen vacancies
caused by the reducing conditions. When protective layers were used, the carbonate powders were
deposited on the bottom and on the top of the PZT. The sintering cycle was kept similar to the one
described above, and no post annealing was performed. The removal of this protective layer after SPS
was ensured by either polishing or chemical etching in diluted phosphoric acid prior to microstructural
and electrical characterizations (Figure 8c).

(a) (b) ()

Figure 8. SEM images of fractured PZT ceramics sintered by spark plasma sintering (SPS) at 875 °C
without a sintering aid: (a) Without a protective layer and (b) with SrCOj3. (c) Elimination of the SrCOj3
layer by etching or polishing.
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PZT ceramics sintered without and with protective carbonate layers have an optimal relative
density close to 98%, estimated by geometrical measurements. The microstructural investigation made
on fractured ceramics revealed a homogeneous microstructure for all the ceramics with a comparable
average grain size in the range 2—4 um (Figure 8a,b). It can be concluded that the presence of a
protective layer during SPS does not significantly affect the densification.

Electromechanical measurements performed directly after SPS with and without an annealing
step are shown in Figure 9. Results with annealing were compared to those obtained with SrCO3 and
BaCOj as a protective layer. A slightly lower but comparable effective electromechanical coefficient k.
was observed for samples with a BaCOj3 protective layer, with a value of ~38%, whereas for SrCOs,
keﬁf ~ 40%.
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Figure 9. Comparison of impedance amplitude and impedance phase angle as a function of frequency
for ceramics sintered by SPS with and without carbonates protective layers. Without PL refers to
ceramics fabricated by SPS without a protective layer and post-annealed at 800 °C for 6 h.

These values are approaching those of a commercial PZ26 bulk ceramic (ke = 50%) and remain
appropriate for applications such as Structural Health Monitoring [30,31].

Despite a lower sintering temperature, 875 °C instead of 900 °C (screen-printed thick films) or
1200 °C (commercial ceramics), and the absence of additives, the electromechanical coupling factor
reaches a good value, close to 40%. The room temperature relative dielectric permittivity at 1 kHz
(not shown) for PZT sintered with BaCOj3 reaches 950 °C, a value lower than that obtained using
SrCQO; (i.e., 1500 °C). Relative densities are similar regardless of the nature of the protective layer, and a
microstructural effect can be discarded to explain such a difference in permittivity values according to
the nature of the protective layer used. However, a higher electric field can be applied to PZT ceramics
when sintered with BaCO3; compared to the PZT sintered with SrCOs. This could explain the lower
permittivity values when using BaCOs. This could also reflect that BaCO3 acts as a more efficient
thermal barrier against diffusion and chemical reduction with a lower level of charged defects within
the PZT as a result. Other effects such as electrode effects should be considered.

3.3. Towards Thick Films PZT Ceramic MEMS Sintered by SPS: Perspectives

3.3.1. Technical Adaptation

The good results obtained sintering thick films using a protective layer on one hand and
bulk ceramics by SPS (Section 3.2) on the other lead to the ultimate stage of obtaining a complete
thick-film-based MEMS by SPS in a single step. To do so, as in [42], the stack of layers (Au/PZT/Au) is
first screen-printed on a stainless steel substrate, and the assembly is then sintered by SPS in one step.

Due to a more complex architecture, sintering MEMS multilayers present a certain number
of issues to be mastered. Among them, the material’s thermal expansion coefficients, interfaces,
and delamination have to be considered for a reliable sintering/assembly.
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The challenge is to avoid delamination between the active piezoelectric layer and the electrodes
(bottom and/or top electrodes). This is mandatory to guarantee not only a viable process but also its
reproducibility, as well as the polarization of the active material. The delamination between the different
elements of the stack results from the concomitant contribution of mechanical (the thermal expansion
coefficient (TEC)) and chemical effects (interdiffusion), making the optimization step quite difficult.

The high heating rates used in SPS have proved to minimize and even prevent the interdiffusion
of chemical species and the formation of secondary phases and/or reaction fronts [63] while achieving
high densification (98%). The uniaxial pressure applied during sintering is mandatory to ensure the
assembly of the different elements of the stack and the densification while avoiding the flow or creep
of the sample and minimizing the TEC effects. To do so on such a complex multilayer architecture,
adaptation/modification of the basic graphite elements (graphite die) is mandatory.

Many examples of modified standard setups have already been reported for specific
experiments [64—68]. Starting from the standard graphite die used in SPS experiments, the design
of the graphite tools to be used was at first simplified to a “no die” setup with two & = 30 mm
cylinders. The first direct advantage of this setup is the energy saving during heating, given the much
lower graphite volume used compared with a classical complete die with the same inner diameter.
The improved placement of the thermocouple for the temperature measurement (almost at the sample)
allows for a much finer control of the sintering conditions. Finally, the configuration shown in Figure 10
allowed for the best results. A carbon element has been used in addition to the protective layer, in order
to guarantee a minimum contact pressure during sintering to avoid delamination.

Upper Punch

Thermocouple
(Temperature
measurement

near the sample)

- Graphite Paper

Carbon Element
Protective Layer

Sample

Lower Punch

Figure 10. Final optimized configuration for the modified SPS graphite die.

A temperature of 850 °C was identified as the best for this setup, given the proximity of the
thermocouple to the sample (a standard setup and a thermocouple at the surface of the die). The heating
rate was set at 50 °C/min in all experiments performed under a primary vacuum, and a holding time of
5 min was fixed.

The microstructure of a fracture of the PZT within the multilayer obtained in the conditions
described above was compared with that of the screen-printed PZT thick film conventionally sintered
on the same stainless steel substrate (Figure 11). Grain sizes were comparable (14 um), and in
both cases the grain size distribution remained quite large. The level of porosity lay in the same
range (15-20%), although in the case of SPS, the sintering temperature was slightly lower (850 °C
versus 900 °C), and the sintering dwell time was significantly shorter (5" instead of 2 h). In addition,
it is noteworthy that SPS was performed without a sintering aid and without a preliminary pressure
step. Compared to PZT ceramics sintered by SPS (Section 3.2), the increase in porosity within the
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stack can be mainly explained by the low pressure applied on the multilayer and the slightly lower
sintering temperature.

Figure 11. (a) SEM image of the active PZT layer within the Au/PZT/Au/SS sintered by SPS at 850 °C
without sintering aid and (b) SEM image of screen-printed PZT thick film (900 °C, 2 h, sintering
aid) [69].

3.3.2. Adaptation from the Point of View of Materials

Even if the optimization of the setup configuration is necessary, this aspect alone is not sufficient
to reach the optimized densification of multilayers. Several preliminary tests have evidenced that the
challenge in sintering the assembly relies more specifically on the control of the interfaces between the
PZT and the electrodes (bottom and/or top electrodes). Delamination issues remain the main drawback,
resulting in reduced conductivity, detrimental for piezoelectric properties. The key parameters to solve
this problem do concern not only SPS set-up and parameter optimization but also the screen-printing
process. Indeed the close link between temperature, mechanical constraints, and chemical reactivity
during SPS depends on the nature and thickness of the different components, which need to be addressed
even before the screen-printing process. Furthermore, the implementation of the sacrificial layer has to
be considered when dealing with mechanical constraints and chemical reactivity. Thus, some lines of
optimization can be highlighted, such as the nature of the protective layer, the substrate thickness,
and the nature of the electrodes.

e  Nature of carbonate protective layer

Previously, it was proved that highly densified ceramics with excellent properties can be obtained
without a post-SPS annealing step using SrCO3; or BaCOs as a protective layer. However, for multilayer
structures, the choice of using SrCO3 or BaCOj3 needs to be further studied. The carbonate can be
removed after SPS by chemical etching according to the reaction given in Section 2.2 (Equation (1)).
It has been observed that, when SrCOs is used, surface contamination (Sr content) on the sample
remains even after the chemical attack (Figure 12). One difficulty compared to ceramics sintered by
SPS using SrCOj is the fact that polishing the multilayer’s surface (to remove surface contamination) is
not possible without causing irreversible damages on the top gold electrode. Conversely, when using
BaCO;3, the surface of the sample is not contaminated, and the layer can be more easily removed.
This can be explained by the higher decomposition temperature (1350 °C) of BaCO3 compared with
SrCO; (Table 3) and, as a consequence, a higher stability in SPS conditions. BaCOj3 represents thus the
most promising option to protect the active PZT layer from chemical reduction and thus to avoid a
post—thermal treatment.
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e  Substrate thickness

One option to reduce temperature constraints arising mainly from the mismatch between thermal
expansion coefficients is to reduce PZT or SS layer thicknesses. Reducing the PZT layer’s thickness is
not appropriate since it will directly affect the piezoelectric performance. Therefore, by reducing the SS
substrate (initial thickness: 250 pm), delamination issues can be limited. Two different SS301 substrate
thicknesses were studied: 25 pm and 100 pm. Samples were fabricated using the same thick-film and
SPS process using BaCOj3 as a protective layer. Even if a good adhesion of the PZT layer was obtained,
regardless of the thickness of the substrate (25 or 100 um), further adaptation of the screen-printing
process is required to guarantee a suitable quality of printing.

e  Nature of electrodes

Au electrodes present good chemical compatibility with PZT, but Ag or Ag alloys are more
attractive at an industrial level (reduced cost). Ag has great conductivity but is likely to migrate,
and this can contribute to a failure of electric properties in PZT films. However, the presence of Pd,
glass, or oxide additives in Ag-based ink can minimize this effect and can act as sintering aids for PZT,
inducing a gain in densification and electrical properties at low co-firing temperature [24]. However,
the experiments performed with a 250 um substrate thickness using Ag/Pd electrodes did not show any
improvement in adhesion (Figure 13a). Conversely, and as expected, samples with a 100 um substrate
thickness exhibited the best features in terms of interfaces within the multilayer (Figure 13b).

(b)

Figure 12. Comparison of multilayers after SPS using different natures of protective layers. (a) Samples
after SPS for both SrCO3 and BaCOj3. (b) Sample with SrCOj after chemical attack with H3PO, showing
the appearance of surface contamination (whitening on the top Au electrode). (¢) Sample with a BaCOj3
protective layer after chemical removal.
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Figure 13. Samples obtained after SPS using Ag/Pd electrodes (a) with a 250 pm substrate thickness,
resulting in destroyed samples, and (b) with a 100 um substrate thickness, resulting in samples with
good adhesion.

4. Conclusions

In many instances, sacrifice and protection are merged for the progress of complex systems,
while keeping the environmental costs as low as possible. This very general law may apply to the
processes reported here. In the search for advanced ceramics MEMS, we have recalled the use of
different kinds of sacrificial layers for the fabrication of LTCC or thick-film MEMS. Stecher’s work,
more than 30 years ago, made it possible to initiate the realization of thick-film pressure sensors
with cavities thanks to surface micromachining as for silicon MEMS. A carbon sacrificial layer was
burnt out through a dielectric porous layer during the process. Processes using sacrificial layers have
been continuously improved and in particular have extended towards the fabrication of piezoelectric
thick-film or ceramic MEMS. To avoid long or aggressive procedures (hard chemical etching), mineral
glass or gold sacrificial layers are no longer investigated. The carbon sacrificial layer has remained
until today, and is mostly studied for piezoelectric MEMS, but PZT layers printed on a sacrificial layer
based on polyester or corn starch have recently allowed for densification values close to those of a bulk
PZT ceramic. Among the mineral-based layers, the use of strontium carbonate proved to be efficient
and versatile for the implementation of MEMS based on different materials (glass, glass-ceramic,
metals, PZT, etc.). Such a process is original because the mineral carbonate layer is retained during
firing, supporting upper layers during sintering. The chemical attack of the carbonate at the end of the
firing is soft and fast, without any damage of the MEMS. Even if carbonates (SrCO3 or CaCO3) used
for thick-film MEMS or LTCC present some disadvantages such as constrained sintering or possible
chemical reactivity with the active piezoelectric layers, they remain an element of choice because of
their easy elimination.

Based on these considerations, a carbonate layer, which is very efficient in shaping free-standing
piezoelectric resonators, has also been explored for designing ceramics and MEMS by SPS.

During the processing steps that require high temperatures, being able to control interdiffusion
between metal electrodes and piezoelectric oxides and keep the electrode integrity, is a concern.
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We have demonstrated that the same carbonate (SrCO3 or BaCOs) that is used as a sacrificial layer can
be inserted to allow SPS at a low temperature and to protect the full stack against contamination.
Carbonate layers can thus be simultaneously sacrificial and protective. Moreover, thanks to their
very broad stability range depending on their chemical content, carbonates can play this double role in
many instances. Due to the recent extension of sintering tools towards low temperature densification,
disposable oxides will be increasingly needed. Cold, hydrothermal, and SPS treatments have shown
their ability to densify numerous compounds at unprecedentedly low temperatures. The integration
of these compounds in actual devices may require sacrificial or protective layers that can be softly
removed after processing. Based on our findings, carbonates fulfill most or all of these requirements.
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