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Oxygen-defective electrostrictors for

soft electromechanics
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Electromechanical metal oxides, such as piezoceramics, are often incompatible with soft polymers due to their
crystallinity requirements, leading to high processing temperatures. This study explores the potential of ceria-
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based thin films as electromechanical actuators for flexible electronics. Oxygen-deficient fluorites, like cerium
oxide, are centrosymmetric nonpiezoelectric crystalline metal oxides that demonstrate giant electrostriction.
These films, deposited at low temperatures, integrate seamlessly with various soft substrates like polyimide and
PET. Ceria thin films exhibit remarkable electrostriction (Ms3 > 10™'® m? V~2) and inverse pseudo-piezo coeffi-
cients (e33 > 500 pmV™"), enabling large displacements in soft electromechanical systems. Our study explores
resonant and off-resonant configurations in the low-frequency regime (<1 kHz), demonstrating versatility for
three-dimensional and transparent electronics. This work advances the understanding of oxygen-defective metal
oxide electromechanical properties and paves the way for developing versatile and efficient electromechanical
systems for applications in biomedical devices, optical devices, and beyond.

INTRODUCTION

Every dielectric material responds to electric fields by changing shape,
a phenomenon known as electrostriction (1). Electrostrictors com-
monly deliver limited strain. They follow Newnham’s empirical qua-
dratic law (2), where the electrostriction coeflicient is proportional to
the mechanical appliance and inversely to the dielectric constant (g).
Therefore, highly polarizable ceramics with high dielectric constant,
e.g., PMN-PT relaxor ferroelectrics (e > 10,000), usually achieve high
electrostriction, with a typical coefficient (Mj) in the order of 107 % t0
1077 m* V72 (3).

Recent findings have revealed that oxygen-defective fluorites such
as ceria, zirconia, and bismuth oxide can exhibit notably higher elec-
tromechanical responses than predicted by Newnham’s law, surpass-
ing the theoretical values by several orders of magnitude (4-6). This
effect has been defined as nonclassical (7) or giant (4) electrostriction
and is attributed to their unique defect chemistry (4, 5). The large con-
centration of electronic defects, i.e., oxygen vacancies (V;), induces a
high density of elastic dipoles, which are electrostatically activated
under the moderated electric fields (8). Notably, cerium oxide and the
other fluorites are centrosymmetric (9) and thus do not have piezo-
electric or ferroelectric properties. However, they demonstrate excep-
tional electrostriction capabilities, achieving and surpassing those
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of traditional piezoelectric materials (4, 5, 10, 11). As an example,
gadolinium-doped cerium oxide (Ce;_yGd,O;_x2, CGO) exhibits a
relative electrical permittivity of approximately 30 (5, 12), which is
considerably lower than relaxor ferroelectrics (13, 14). However, ceria
can attain high electromechanical properties with electrostriction
coefhicient (Mj;) that reach up to 107" m? V2 in the bulk form (15)
and 107" m* V% in atomically engineered heterostructures (16).

An explanation of the underlying mechanics behind the nonclas-
sical electrostriction in the various defective fluorites is still disjoint-
ed. However, a commonly accepted theory explains this phenomenon
in oxygen-defective ceria. Acceptor-doped ceria, e.g., Gd-doped
ceria (CGO), has high oxygen deficiency (V;) from the different
oxidation states of the cations, i.e., Ce**, Ce’*, and Gd**. Atomic Ce**
defects are created due to electrons released due V formation
(05 = 1/20, + V| + 2¢'), being incorporated by nearby Ce** cat-
ions. The oxygen defects induce viscoelastic distortion due to the
singularities of the lattice’s electrostatic and elastic forces (4, 17).
Density functional theory simulations predict that atomic distortion
generates orientable elastic dipoles, i.e., change of local oxidation and
bond length, that instantaneously polarize under the applied electric
fields (18, 19).

One important feature of nonclassical electrostrictors is that the
cubic structure applies to polycrystalline thin films without requiring
specific orientation. Unlike ferroelectric piezoelectrics, there is no
need for prior electrical polarization, as this feature is intrinsic/extrin-
sic and defect-induced (5). In addition, ceria electrostrictors do not
require high crystallinity to exhibit high electromechanical perfor-
mance but instead thrive in nanometric systems (20). Conversely, pi-
ezoceramics necessitate high crystallinity, imposing limitations on
preparation methods, often involving high processing temperatures
(21). The high temperature required when working with piezoceram-
ics severely restricts their compatibility with temperature-sensitive
materials, such as the polymers used in flexible electronics (22), forc-
ing complex thin-film transfer and buffering methods (20, 22).

The versatility of ceria-based actuators potentially enables deposi-
tion at room temperature (20), making them compatible with a wide
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range of low-temperature flexible substrates, e.g., polymers. Ceria ac-
tuators would allow the direct deposition of active electromechanical
materials on low-temperature substrates, further advancing this tech-
nology for impactful soft integrated micro-actuators (23).

Last, as for any electrostrictor, cerias electromechanical response is
proportional to the square of the applied electric field (1). Therefore,
the electrostriction coefficients tensor (Mj) is used as the scalar of the
square of the electric field to generate observed strain. However, if a
bias (Upc) is applied in conjunction with an alternating field (Uxc), a
large pseudo-piezoelectric response can be induced (2), i.e., the first-
harmonic oscillation linear to the applied electric field (10). Such a
feature further enhances the versatility of ceria actuators, mimicking
the response of current piezoceramics, defining the so-called pseudo-
piezo coefficients, e;; (see the Supplementary Materials and Materials
and Methods for details) (4, 10).

This work proposes an approach for developing micro-
electromechanical systems (MEMS) with oxygen-defective elec-
trostrictors directly integrated as thin films into flexible substrates and
soft polymers. The concept’s versatility is proved in various actuating
configurations with high technological relevance, including transpar-
ent substrates, optical media, and three-dimensional (3D) shapes.
Nonclassical CGO electrostrictors were chosen for the material’s rela-
tively known properties and deposition parameters (18). We used the
radio frequency magnetron sputtering (RF-MS) deposition technique
to deposit our ceramic thin films, a straightforward physical vapor
deposition (PVD) technique widely used in several thin-film tech-
nologies. The RF-MS technique is suitable for near-room temperature
deposition onto flexible electronics (24, 25).

RESULTS

Electromechanical, structural, and microstructural features
Because of its favorable mechanical and chemical stability properties,
we chose polyimide (PI) as our reference substrate for investigating
flexible substrates. P is also a key polymer in flexible electronics (26)
and medicine, e.g., implantable (27). With Young’s modulus of ap-
proximately 4 GPa and tensile strength of around 80 MPa (28), PI
contributes to its suitability as a solid and easily manipulable sub-
strate. Furthermore, substrates are readily available in various dimen-
sions and have already been used in developing MEMS (29). PL s also
ideal for initial testing due to its high heat resistance. Although the
film deposition is conducted without intentional substrate heating,
plasma-based deposition processes can induce mild heating (>120°C),
which can cause softening in temperature-sensitive polymers (30).
PT’s thermal stability is desirable for the initial test but not strictly nec-
essary, as we could also sputter the ceramic films onto less stable poly-
mers, such as polyethylene terephthalate (PET). To illustrate the
capabilities of a flexible substrate, we also used a ceramic substrate to
enable comparative analysis in this work. Thin films were thus depos-
ited under the same deposition conditions on glass substrates, i.e.,
fused silica (FS). Silica glasses are well established and widely used,
providing a reliable benchmark for stiff substrates (30, 31).

Previous work indicates that crystallinity and disorder embedded
in nanocrystalline structures in polycrystalline ceramics do not sup-
press the electromechanical properties of polycrystalline doped ceria
(32, 33). PVD methods at low temperatures are also known to yield
crystalline disorder due to the low diffusivity of the chemical species
on a cold substrate (34). In such conditions, while the energy and
chemical species in the plasma remain critical, the chemical and
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physical properties of the substrate result in less relevant influence on
the nucleation and growth of the deposited film (34, 35).

Figure 1A illustrates various typical features of the CGO thin
films deposited on PI with a TiN bottom electrode as a typical ex-
ample of the microstructures synthesized by RF-MS at room tem-
perature (without intentional substrate heating). The TiN coating
can effectively adhere to a wide range of polymers and is compatible
with sputtering techniques (36, 37). TiN is also an excellent electron-
ic conductor with a typical 1 to 100 S cm™" conductivity. Previous
investigations showed that TiN is a promising layer for overcoming
the adhesion problem between oxide films and silicon and excels in
electromechanical applications based on ceria, producing durable
and reliable electromechanical devices compared to metal-based
electrodes (38).

All samples maintain similar crystalline characteristics regardless
of the substrates, whether glass, PI, or PET (fig. S1). Both CGO and
TiN films were found to be polycrystalline and displayed relatively
broad diffraction peaks. X-ray diffraction (XRD) patterns of CGO
and TiN thin films match the fluorite structure (Fm3m). No evident
differences in substrate or secondary phases could be identified
among all samples.

Further details of the CGO thin-film microstructure can be seen
in the images by bright-field TEM. The analysis confirms columnar
grain growth. Similar microstructures have been previously reported
for ceria thin films deposited by sputtering (20, 39). Such a feature is
usually attributed to the directional nature of the sputtering process.
The limited mobility imposed by low substrate temperature coupled
with seeds formed during the initial deposition stages contributes to
the formation of such microstructure (40, 41). Electron diffraction
patterns confirm the presence of a crystalline cubic structure, match-
ing planar distances to ceria. The analysis also indicates a high level
of crystalline disorder in the structure.

The electromechanical properties are characterized by the one-
end fixed cantilever configuration. Such a geometry was chosen be-
cause it facilitates the conversion from the local cantilever deflection
into stress and the electromechanical coefficients with high preci-
sion (see Materials and Methods). Figure 1B shows the frequency-
dependent electromechanical response of the CGO10 films deposited
on glass and PI substrates in the cantilever configuration. The electro-
mechanical properties of CGO in the M3; mode are characterized us-
ing TiN as the bottom and top electrodes. Both samples on PI and
glass show similar electromechanical features, achieving displace-
ments in several tens of nanometers. Using Stoney’s formalism, we
can promptly calculate the electromechanical performance of the PI
and glass cantilevers (see Materials and Methods). Both samples
achieved M3; around ~ 107" m* V2 and e5; ~ 5 pm V7! (under a
60 kV/cm bias) (10, 42). Such values are comparable to those previ-
ously reported for ceria-based thin films. The M3, coefficient tends to
be lower when compared to M33, which is usually between 107® and
107°m* V72 (4, 12,43).

The samples on PI and glass exhibited displacement peaks around
85 and 550 Hz, attributed to the cantilevers’ first and second resonance
vibrational modes (Fig. 1B). The overall behavior of the cantilever is
successfully simulated and fitted using finite elements simulations. The
simulations confirm the resonance modes. The difference in peak fre-
quency and intensity is attributed to variations in the cantilevers’ mass,
dimensions, and mechanical properties (see the Supplementary Mate-
rials for the details). The simulation indicates that the M3; is the domi-
nant actuation mode, even with a cross-plane geometry. The reason for
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Fig. 1. Flat cantilevers. (A) Cross-section view by scanning electron microscopy (SEM) and TEM of the columnar microstructure of the CGO and TiN thin films. (B) Experi-
mental and simulated electrostrictive responses of cantilevers based on ceria thin films (ca. 500 nm) on polyimide (PI) and fused silica (FS) substrates. The bias (Upc, 60 kV/
cm) that induced first-harmonic response (pseudo-piezoelectric) was measured at 10 Hz under a 6-kV alternating field. (C) ioT-XRD of the as-prepared and under-bias films.
The sample was kept under a 0.4 MV/cm bias for 12 hours for the “ON” state. The right graph shows the (111), (200), and (311) peak shifts with increasing bias from 15V at

arate of 0.1V/s.

this is illustrated in Fig. 1B (detailed in figs. S2 and S3), which shows
the cross section of the cantilever device near the edge of the top elec-
trode. In the large region of length L. beneath the top electrode, the
electric field is perpendicular to the CGO film, which promotes the
transverse M3;-coupling. However, in a small region of length h ap-
proximately equal to the thickness of the CGO film, the electric (fringe)
field acquires a substantial component parallel to the CGO film, which
promotes the longitudinal M33-coupling. This coupling becomes dom-
inant if M3 h is larger than Ms; L.

The polymer-based cantilever exhibited an electromechanical re-
sponse five times higher at low frequencies (<100 Hz) than the sample
deposited on glass. However, the performance of the polymer-based
cantilever drops quickly for frequencies above 100 Hz, exhibiting
lower displacement than the ceramic substrate. Such an effect is due
to the PI substrate’s viscoelastic properties, leading to severe attenua-
tion due to dampening, which becomes progressively prominent with
frequency (44).

In operando synchrotron transmission XRD (ioT-XRD) analyses
were carried out to obtain a more comprehensive understanding of the
crystalline structure of the deposited CGO films. The ioT-XRD results
(Figure 1C) confirmed the polycrystalline nature of the sputtered thin
films. No texture could be observed, which is expected for films depos-
ited at room temperature due to the limited atomic mobility. Despite
the high resolution and intensity of the signals of the synchrotron line
(see Materials and Methods), the in operando measurements (Fig. 1C
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and fig. $4) show no clear change to the diffraction pattern upon ap-
plying an electric field. Such results emphasize the stability of ceria’s
fluorite structure and the TiN electrodes. Notably, we did not observe
the formation of any cerium oxide tetragonal phase in operando previ-
ously claimed in polycrystalline CGO deposited at high temperatures
as columnar crystalline thin films (45).

Although no changes to the diffraction pattern due to the applied
bias of ceria can be visually identified, careful refinement of the results
unveils a clear electromechanical response at the structure (fig. S4).
With an increase in voltage, there is a clear shift of the diffraction
peaks to lower angles (Fig. 1C), indicating an expansion of planar dis-
tances and the unit cell. Since the electric field is being applied out-of-
plane along the [111] direction and the diffraction experiment is in
the transmission geometry, an observed expansion is expected due to
the positive M3, coefficient associated with the electrostrictive behav-
iour. Notably, the expansion of the cell along the [111] direction is
larger than for the [100]. This observed expansion marks the first re-
ported instance of crystalline structural strain due to an electric field
for electromechanically active ceria-based ceramics. Previous reports
indicate that ceria can be reduced under a DC electric field (46),
which can induce an overall expansion of the unit cell due to the re-
duction of Ce*" to Ce** (47).

During stability ioT-XRD measurements (12 hours) under in-
tense electric bias (0.4 MV/cm), we observed other effects that could
be associated with electromigration and electrochemical reactions
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between the CGO and electrodes (fig. S1). Nevertheless, the films
showed chemical and mechanical stability under alternating electric
fields above 10 kV/cm for more than 10 cycles with no signs of deg-
radation (see stability test in fig. S1).

In summary, ceria-based electromechanically active thin films
were shown to be suitable for integration with PI. Low-temperature
processing was capable of producing highly active but sufficiently
stable films while being essential for integration with temperature-
sensitive polymers. Our results also indicate an electric field-induced
crystalline overall anisotropic expansion of the films.

3D deposition: Microtubes

To further develop the concept of coupling flexible substrates and ce-
ria actuators, we extended the development demonstrated for flat
films to 3D shapes by using microcapillaries as substrates. The tubular
geometry is highly relevant for biomedical applications, as it can be
used for the creation of a wide range of devices, such as micropumps
(48), fluid separators (49), and reactors (50). In addition, the round
geometry of a capillary offers an exposed continuous surface, which is
ideal for the deposition of thin films using PVD techniques.

Figure 2A depicts the deposition of CGO10 and TiN on a PI tube.
Successful deposition of the ceramic films on the tubular devices is
evident, not only on the top surface of the tube but also along the
sides (fig. S5). The morphology and film thickness of the CGO10 and
TiN films at the top of the tube closely resemble the films deposited
on flat substrates (Fig. 1B). If taking small-angle steps, the top part of
the tube can be considered close to a flat deposition geometry. Fur-
ther details on the tubular film morphology can be found in the Sup-
plementary Materials.

Figure 2B illustrates the cross section of a tube exposed to a single
CGO and TiN deposition without moving the substrate. As a result of
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Fig. 2. Tubular film coating. (A) lllustration of the coating process on the tubular
substrates. Cross-section SEM view of the thin films deposited in (B) in-plane and
(C) cross-plane geometries.
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only part of the substrate being directly exposed to the target, a thick-
er film layer forms on one side of the tube, resulting in an asymmetric
electromechanical actuator. This asymmetric configuration enables a
bending motion similar to a cantilever (10). However, such asymme-
try can only be used for in-plane electrode configuration. Substantial
variation in film thickness and incremental porosity over the surface
angle render a cross-plane architecture vulnerable to shorting be-
tween top and bottom electrodes. Moreover, an asymmetric deposi-
tion would induce deviation from the center axis movement when
strain is applied.

Multiple depositions with varying substrate angles were conducted
to address these challenges, ensure a homogenous film thickness, and
prevent electrode shorting. As the single-layer sample demonstrated
that the thickness at 90° was approximately halved, two consecutive
depositions of each material (CGO and TiN) were performed with a
180° substrate rotation. The results of double-layer deposition for the
cross-plane geometry are presented in Fig. 2C.

Moreover, fig. S5 illustrates the combined film thickness for the
cross-plane configuration with double-layered depositions. As ex-
pected, we observed a decrease in film thickness moving away from
the position directly exposed to the target. Compared to the single
deposition, where the thickness dropped to half at 90°, the double-
layered sample exhibits a much smaller variation, with only a 10 to
15% decrease at perpendicular positions. Since the fluctuation is sym-
metrical, it does not adversely affect the application of strain or stress
along the tube axis.

The double deposition process was thus used to achieve symmet-
rical devices. Symmetric films maximize elongation/contraction
along the tube axis while minimizing side movements. The elec-
trostriction coefficients (M3, and M33) values shown in Fig. 3 for the
tubes are relative to the overall architecture, including the substrate,
rather than solely the CGO film. This approach highlights the impact
of the substrate on the final electromechanical response. Detailed in-
formation about the device and material performances can be found
in Table 1.

Figure 3A illustrates the electrostrictive response (second harmon-
ic) measured parallel to the tube axis (elongation/contraction) for the
symmetrical in-plane configuration. The PI-based device exhibits an
electrostrictive response approximately one order of magnitude higher
than the silica-based device due to the difference in Young’s modulus
of the substrates. The elastic modulus of PI is around 4 GPa, while FS
has an elastic modulus approximately one order of magnitude higher,
around 70 GPa. As a result, the PI substrate imposes less resistance,
leading to a higher strain than the glass substrate.

Figure 3B illustrates the electromechanical response (second har-
monic) for the symmetrical cross-plane devices. In the cross-plane
geometry, the measured strain is perpendicular to the applied field,
and thus, the appropriate coefficient to consider is Ms;. It is impor-
tant to note that the M3; coefficient for ceria is known to be lower
compared to the M3; coefficient (4, 10, 38). The cross-plane device on
PI also showed an improved strain response compared to the ce-
ramic tube.

One noteworthy point for the cross-plane is the proximity be-
tween the electrodes and the dielectric strength of the ceria film. In
general, voltages up to 800 V can be applied to pellets or in-plane de-
vices without the risk of damaging the sample. However, in the cross-
plane geometry, the film separating the electrodes has only a few
hundred nanometers (~500 nm). Thus, only tens of volts can result
in extremely high electric fields, and if not careful, can exceed the
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Fig. 3. Tubular devices performance. Electromechanical response over field and frequency for the (A) in-plane and (B) cross-plane tubular devices. The top illustrations
are finite element simulations of the geometries at 10 Hz, assuming an Ms3 of 6.107'° m*/V2. The u; and u, are relative to the radial and axis displacement.

dielectric strength of ceria (4.5 MV cm™") (51). However, this is not
necessarily a negative feature, as high electric fields and electrome-
chanical strain/stress can be attained with low voltages (<10 V) (52).

For the cross-plane device (Fig. 3B), an apparent relaxation phe-
nomenon is observed at low frequencies (<10 Hz), which is typical
for CGO electrostrictors. This behavior was not observed for the in-
plane devices, although they were prepared under the same deposi-
tion conditions. A possible electro-chemo-mechanical effect at the
ceria-electrode interface could contribute to the low-frequency re-
laxation, as previously reported in similar systems (53). The effect is
more pronounced at low frequencies (<10 Hz) due to the low kinet-
ics associated with oxygen transfer between ceria and the electrode.
The cross-plane configuration, with a larger active CGO-TiN area,
may enhance this effect compared to the in-plane devices. Such
electro-chemo-mechanical response could occur due to a native
TiO; layer formed during deposition (54). Redox at the ceria inter-
face with other oxides has been reported previously, and it can gener-
ate chemo-mechanical effects, especially in low-frequency regimes
where electrochemical processes are dominant (53). Yet, the forma-
tion of intermediary oxide phases in TiN, such as TiON, has also
been previously reported (55).

Tinti et al., Sci. Adv. 10, eadq3444 (2024) 30 August 2024

Comparing the response over frequency of the cross-plane and in-
plane devices, peaks in the electromechanical response are also visible
in Fig. 3B. Similar behavior observed for different electrode geome-
tries indicates that these features arise from the mechanical resonance
of the substrate. Simulations could not identify pure resonance modes
around this frequency range associated with the tube’s elongation mo-
tion. The observed peaks are probably due to lateral instabilities in-
duced by geometrical asymmetries in the samples.

In addition, upon applying a bias, these devices can show an
actuation similar to piezoceramics, i.e., first-harmonic response linear
to the electric field (fig. S6). Such response can be induced in all de-
vices, reaching a pseudo-piezoelectric coefficient (es3) of 724 pm V™!
(10 kV/cm bias) for the PI-based device. This pseudo-piezoelectric
response is instrumental in translating ceria actuators to the current
piezoelectric technology, allowing a seamless technology substitution.
It also provides a benchmark value for easier performance compari-
son. The pseudo-piezoelectric response is proportional to the elec-
trostrictive coeflicients (M3, and M33), and the detailed results can be
found in fig. S6 and Table 1.

Asymmetric film depositions were also used to verify if the tubular
devices could be actuated in a motion similar to a cantilever. For that,

50f 11

¥20Z ‘0€ 1NBnYy Lo Mlewusq Jo AISBAIUN BoIUYS | Te 610'80us 10s"Mamm//Sdny WO} pepeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

Table 1. Electromechanical coefficients. Electrostrictive and pseudo-piezoelectric coefficients of the tubular devices were measured at 10 Hz. The device data
represent the tube’s performance, including the substrate strain. The specific thin-film performance coefficients can be found below.

@10 Hz Quartz in-plane

Plin-plane

Quartz cross-plane Pl cross-plane

Device

les1] (pm V™ )** =

6.44(5)

*Measured at 10 kV/cm for in-plane and 100 kV/cm for cross-plane.

the TiN and CGO10 were only deposited on one side of the tube
(without rotating the substrate), similar to the deposition shown in
Fig. 2A. A thicker film was created on the substrate’s surface directly
exposed to the target, enabling lateral movement.

For completeness, fig. S7 presents the electromechanical response
of the asymmetric in-plane devices measured in a cantilever configu-
ration. Both devices were successfully actuated, generating a lateral
displacement in tens of nanometers. Calculating the strain/stress in-
duced by the thin films on the substrate is challenging due to the sub-
strates’ complex geometry and the film deposition asymmetry.

Overall, the results indicate that various factors, including film
deposition, substrate properties, device geometry, and dimensional
variations, influence the electromechanical response and behavior of
the tubular shape. Nevertheless, the concentric deposition of thin
films proved possible, creating active devices with different geome-
tries and actuation. Using a flexible capillary (PI) enhanced the deliv-
ered displacement by more than five times.

Transparent substrates for optical applications

Transparent electromechanics, e.g., piezo-phototronics and piezo-
photonics (56), are thriving in metamaterials and advanced optical
devices, where the strain at the transparent media drives marked
changes in the optical properties of the lenses (57). However, these
devices are usually complex to be integrated into polymers, as the
piezoelectric actuation requires a high level of crystallinity and even
optical transparency. Typically, optical-active devices based on piezo-
ceramics are assembled as separate components, complicating the
manufacture of micrometric lenses (58, 59). Room temperature ceria
direct deposition can thus allow a broader integration of materials
and ease of design miniaturization. We conducted tests using trans-
parent PET substrates to validate the concept of flexible devices using
CGO electrostrictors.

CGO was directly deposited on an indium tin oxide (ITO)/PET
substrate to align the technology to possible optical applications. In
the case of creating the lens, ITO was chosen as the electrode mate-
rial instead of TiN due to its favorable optical properties. Unlike TiN,
which is opaque, ITO is transparent to visible light, making it suitable
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**Measured with a 10 kV/cm bias for in-plane and 60 kV/cm bias for cross-plane.

for creating an optical device (Fig. 4A). In addition, ITO has demon-
strated compatibility with ceria thin films (60), further supporting its
selection as the ideal candidate for our lens fabrication.

Figure 4B demonstrates the film orthogonal expansion response
induced by cross-plane electrodes. In-plane stress is relevant for opti-
cal applications since it causes a curvature in the substrate. Such geo-
metrical changes can be effectively used in tuning the geometry of a
lens and, consequently, its focus point. The additional characteriza-
tion in fig. S8 illustrates the in-plane electromechanical response of
CGO grown on ITO/PET substrates. The strain observed for the sam-
ple deposited on glass is consistent with previous reports on CGO (10,
12). Notably, for the sample deposited on PET, the electrostriction
coefficient achieves a value of 2.3-107'° m® V™2 at 1 Hz, which is com-
parable to the previously shown values (Table 1) and in the high end
of what is usually reported for ceria-based actuators (4, 61).

The CGO-PET lens demonstrated a resonant frequency close to
105 Hz (Fig. 4B). The observed resonant phenomenon exceeds the
in-plane measurement’s magnitude by more than one order of mag-
nitude. Notably, the effect was enough to visually sense the vibration
upon applying an electric field. The calculated stress at 10 Hz was
approximately 21 MPa at 30 kV cm™. This effect, coupled with the
resonance frequency, allows the electrostriction characteristics to be
applied to transparent flexible devices such as optical lenses.

To create our proof-of-concept active lens, we deposited ring-
shaped gold top electrodes using a shadow mask (Fig. 4A). The
aperture was then immersed in transparent polydimethylsiloxane
(PDMSY), filling the middle hole and encapsulating the device from
the external environment (62). Figure 4C describes the electrome-
chanical activation of the device through the CGO ring. The simula-
tions show that we should expect a maximum displacement of 3 pm
at the center of the aperture.

An alternating electric field of 50 kV/cm (equivalent to 6 V) was
applied for 30 s at the resonant frequency (105 Hz). White light scat-
tering resulting from the roughness of the polymer layer was captured
before actuation, with the electric field, and after the test. Figure S9
shows optical microscopy frames captured during the actuation at 50
and 105 Hz. The resonance effect is evident, displaying periodic and
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Fig. 4. Depositions on transparent PET. (A) Photo and schematic representation
of the optical device with a centered optical path. (B) Electromechanical perfor-
mance over field and frequency for the sample deposited on ITO/PET. (C) Finite ele-
ment simulations of the proposed geometry undera 3 V.

uniform motion. This observation supports the result that a consider-
able strain occurs at the resonance frequency, even though the dis-
placement generated by the CGO ring is only a few nanometers.

Figure 5 presents a 3D view of the wave behavior over time, i.e.,
based on the data in fig. S9. The video of the effect is also reported as
movie S1. The graph depicts a diagonal wave motion occurring after
16 s, followed by the relaxation of the PDMS after removing the elec-
tric field. Various waves propagate in different directions, as indicated
by the dashed lines. The viscoelastic nature of the PDMS lens leads to
circular waves generated within the ring-shaped electrostrictor, creat-
ing interference between the waves. The velocity of these waves is re-
lated to the elastic constant and density of the polymer (63).

Polymer pulse propagation in this frequency range (<20 kHz) has
been previously observed (64). The longitudinal wave, propagating
in the same direction as the electrostrictive resonance vibration of
the CGO electrostriction under the PDMS, is transmitted to the up-
per surface of the PDMS, with some attenuation occurring during
this process (65). The superposition of multiple waves with time sug-
gests that waves with different starting points and velocities generate
interference. This effect supports the occurrence of resonance oscil-
lations. Furthermore, the surface recovers its original position when
the electric field is removed, indicating the reversibility and cyclical
nature of the effect.

DISCUSSION

Our study sheds light on how the properties of materials, the design
of devices, and their potential applications intersect in flexible elec-
tromechanical systems using ceria actuators. We demonstrated their
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Light scattering
pattern

Fringes

Fig. 5. Proof-of-concept lens. Light scattering schematic and 3D graph of the light
intensity fluctuations over time at different positions with an excitation at 170 Hz
(resonance frequency). Intensity fluctuations are normalized from minimum (O,
blue) to maximum (1, red).

compatibility with various substrate materials, showcasing their ver-
satility in accommodating different design requirements. Notably, we
underscore the critical role of functional electrode layers, shedding
light on the inadequacies of metallic materials regarding flexibility
and compatibility with flexible substrates.

We found that nanocrystalline structures in ceria actuators do
not just maintain but improve device performance. This effect con-
trasts with recent results on coherent films (61), which shows that
higher degrees of crystallinity can lead to comparable or even bet-
ter performances (20). The improved performance in nanocrystal-
line ceria actuators likely comes from defects, grain boundaries,
and better coupling between electrical and mechanical properties
(33, 66).

We also disclose that the material undergoes an overall expansion.
However, as expected, the M3, coefficient is orders of magnitude low-
er than the M3; (4, 10, 38). The simulations pointed out that a consid-
erable amount of the response observed in the transverse mode could
be arising from localized parallel mode activation. The M3; generates
substantial stress at the edges of the electrodes due to the electric field
alignment change. Such observation indicates that the M3, for ceria is
substantially lower than the reported, possibly following Newnham’s
relationship for electrostrictors (2). This observation points us to re-
think the current magnitude of the transversal mode since parallel
mode perturbations are usually deemed negligible for most materials
during characterization. In the case of ceria actuators, the several or-
ders of magnitude difference between M3 (~107'° m? V72) and the
reported Ms; (~107"° m? V%) make the isolation of pure transverse
actuation challenging.

The disparity between the M33; and M3, coefficients in ceria actua-
tors presents opportunities for novel device architectures. For in-
stance, the combination of offset cross-plane electrodes, which would
typically counteract each other’s effects in piezoceramics and other
actuators, becomes feasible and potentially advantageous in ceria-
based systems. This unique characteristic allows for actuating high-
ratio geometries with reduced voltages, as the opposing modes do not
cancel each other due to the overwhelming dominance of Ms3. Such
unexplored geometries open avenues for designing and optimizing
flexible electromechanical systems, offering exciting prospects for fu-
ture applications in diverse fields such as robotics, biomedical devices,
and beyond.
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Our investigation highlights the distinct response of ceria-based
actuators to various stress configurations. We can finely tune and
control strain in flexible devices by harnessing in-plane stress, lead-
ing to tailored mechanical behavior. This capability holds the poten-
tial for developing advanced flexible electronics and optoelectronics,
where precise control over mechanical properties is essential for op-
timizing device performance and functionality. In addition, manipu-
lating strain through in-plane stress opens up avenues for innovative
design strategies and novel applications in fields such as wearable
technology, soft robotics, and adaptive structures. Yet, by delving
into the diverse shapes and configurations, ceria reveals remarkable
adaptability across various applications.

Furthermore, we addressed the distinctions between systems oper-
ating at resonance and those operating off-resonance, elucidating the
trade-offs associated with high- and low-frequency operations. While
resonance-based systems offer enhanced performance and efficiency
at specific frequencies, they may be limited in their operational range.
In contrast, off-resonance systems provide greater flexibility in fre-
quency selection but may require higher energy input for comparable
actuation effects. Discussing these nuances offered valuable insights
into the design considerations and optimization strategies for ceria-
based electromechanical devices.

In conclusion, our study provides insights into how material
properties, device designs, and potential applications come together
in flexible electromechanical systems using ceria actuators. By un-
derstanding these key factors, we pave the way for developing more
advanced and functional flexible electronics and optoelectronics.
Our findings underscore the versatility and potential of ceria-based
actuators in enabling next-generation flexible electromechanical sys-
tems with enhanced functionality and performance.

MATERIALS AND METHODS

Sputtering deposition

CGO [10% (at.) gadolinium-doped ceria] thin films with a ~400 nm
thickness were deposited by RF-MS. The source was operated at
13.6 MHz, delivering 75 W and a DC self-bias (Vsp) of 304 Vpc. The
depositions were carried for 1.5 hours under argon (Ar) flow at
5.10™* torr, with a chamber base pressure of 1.9 x 107° torr.

Titanium nitrate (TiN) films were also deposited by sputter-
ing, but since TiN exhibits favorable electronic conductivity, the
conventional DC magnetron sputtering technique was used. TiN
was used for both electrodes and the bonding layer. TiN films were
deposited for 1.5 hours with a 350 Vpc and 0.2 A, rendering 60 W
power. The deposition was performed under a 1.5 X 10~ torr pres-
sure sustained by Ar flow, with a camber base pressure of 1.4 X
1077 torr.

Two electrode configurations were used to create the samples: in-
plane and cross-plane electrodes. For the in-plane electrodes, multiple
patches were deposited on the sample’s surface using a shadow mask,
enabling the application of an electric field parallel to the surface.
Cross-plane geometry comprises top and bottom electrodes separat-
ed by the active CGO thin film.

Flat FS glass, 140 pm thick, was used as a benchmark for rigid sub-
strates. PI (75 pm) and PET (178 pm) were used to deposit the flat
devices for flexible substrates. The PET was acquired precoated with a
1000-A-thick ITO layer (Sigma-Aldrich). For the tubular devices, two
different materials were used (ID, inner diameter; WT, wall thick-
ness): FS (ID, 99 pm; and WT, 10 pm) and PI (ID, 127 pm; and WT,
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19 pm). The tubular substrates were provided by companies Hilgen-
berg and Zeus, respectively.

Because of the small and delicate nature of the tubular devices,
handling them is not as straightforward as with flat substrates. The
tubes were cut into approximately 2 cm lengths and affixed within a
metallic scaffold using PI adhesive tape to facilitate manipulation.
This setup allows safe manipulation of the tubes and control of the
side where the thin films are deposited. In addition, the metallic
framework serves a dual purpose, acting as a protective barrier for the
deposited films and a stable mechanical base for subsequent electro-
mechanical measurements.

Tubular devices were created using mechanical masks to expose
only the area in which deposition was desired. The masks were made
from PI tubes (ID, 254 pm; and WT, 25 um) with a slightly larger
diameter than the tubes used as substrate. The masks were cut and
placed around the desired areas using a low-magnification optical mi-
croscope, creating geometries in-plane and cross-plane devices.

Microstructure and morphology

The microstructure of the thin film was visualized using a Zeiss Ultra-
55 field-emission scanning electron microscope. The cross-sectional
view of the flat films was acquired by fracturing or cutting the sub-
strate to reveal the structure. Because of the complex geometry and
limited dimensions, the cross-sectional view was achieved for the
tubes by cutting and polishing the surface with an ion mill (E-3500
Ion Milling System).

The cross-sectional high angle annular dark field-scanning trans-
mission electron microscopy lamellae are prepared with a focused
ion beam FEI HELIOS 650 dual-beam. Protective layers of carbon
and Pt were deposited on the top of the film. The analysis uses a
probe aberration-corrected FEI-TITAN 80-300 electron microscope
at 300 kV and equipped with the SUPER-X EDX detector.

Crystal structure characterization

XRD patterns were acquired with a Rigaku Miniflex 600 from 5° to
110° (26) with a 0.005° step and 1°/min rate. Copper radiation (CuKa,
1.54 A) filtered by a nickel foil was used. Additional in operando XRD
measurements were conducted at the DanMAX synchrotron beam-
line at MaxIV (67). The samples were placed vertically in a transmis-
sion geometry, and voltage was applied using a DC power supply
connected by copper wires to the sample’s top and bottom TiN elec-
trodes. Electric bias from 0 V to 32 V was incrementally applied si-
multaneously to the XRD measurement, simulating an in operando
condition. The x-ray radiation was set to a 15-keV energy, and the
diffraction patterns were captured with a DECTRIS PILATU3 X 2M
CdTe area detector.

Electromechanical measurement

For the electromechanical characterization, the vertical displacement
of the thin film was tracked using a nanovibration analyzer equipped
with a single beam laser interferometer (SIOS NA Analyzer) coupled
with an Ametek 7230 DSP lock-in amplifier. The lock-in amplifier
does not differentiate the direction of displacement, i.e., contraction
or expansion. Thus, all experimental data and calculated coefficients
are absolute values. The sample is placed on an optical table to reduce
vibration from the outside environment. A sinusoidal electric field
was applied using an Aim-TTI TGP 3100 function generator con-
nected to a Trek 2220 voltage amplifier. This setup allows measure-
ments from DC to 10 kHz with an amplitude resolution of 0.1 nm.
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For the flat samples, assuming the sample behaves as an ideal can-
tilever being homogeneously strained by a thin film, the displacement
measured at a point of a can be translated into curvature using Eq. 1.

_2d
e

Where Ak is the curvature, d the measured displacement, and L
the distance from the measured point to the fixed region of the can-

tilever. From the curvature (Ak), the stress induced by the thin film
can be calculated using Stoney’s Eq. 2 (68, 69).

Ak 1)

2
Ys ts

Ac = —
1 —v; 6t;

Ak )

Were Y; and v are the Young’s modulus and Poisson’s ratio of the
substrate, £ is the substrate’s thickness and t¢ is the film thickness.

Since ceria is an electrostrictor, a slightly different methodology
from classic piezoceramics is necessary to convert the stress to the
electromechanical coefficients. Electrostrictors exhibit an electrome-
chanical response proportional to the square of the electric field and
at double the frequency (second harmonic) (Eq. 3). Such a feature
enhances the versatility of ceria actuators since it can mimic the in-
verse piezoelectric effect (10, 45). By applying a bias simultaneously
with an alternating electric field, a response at the same frequency
and linear to the electric field is induced Eq. 4.

o {UAC -cos(2nft) + UDC}2 (3)
U? U?
Ule + %C +2U,¢ - Upg - cos(2nft) + %C -cos(2 - 2nft) (4)

Where 6 is the stress, Uac and Upc are the alternating electric
field, bias, fis the frequency, and ¢ is the time.

From the stress calculated in Eq. 2 and the electromechanical cou-
pling shown in Egs. 3 and 4, the electromechanical coefficients can
be calculated. From the second harmonic, we can define the elec-
trostriction coefficient (Mj) (4) (Eq. 5). From the bias-induced first
harmonic, we can define the so-called pseudo-piezo coefficient (e;)
(10) (Eq. 6).

(5)

(6)

Where Y is the Young’s modulus of the thin film (CGO = 200 GPa)
(70) and E is the electric field.

Stoney’s formalism was used to calculate the electromechanical
coeflicients of all flat samples. For the tubes actuated along their
length (elongation/contraction), a simpler approximation can be as-
sumed to calculate the coefficients for the thin films. The simple trac-
tion geometry allows a straightforward conversion between the strain
measured and the force induced by the thin film on the substrate.
Thus, Eq. 7 can be used to calculate the stress at the thin film, which
can then be applied in Egs. 5 and 6 to determine the electromechani-
cal coefficients.
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Y,

S.g.n.

2 2
1D ID
(3+vr)'-(3)]
2 2
w|(2ewrere) - (2w |
e-Y,- (ID-WT+WT?)
~ TE-(ID+TE+2WT)

@)

Y, is Young’s modulus of the substrate, € is the measured strain,
ID is the internal tube diameter, WT is the tube’s wall thickness, and
TF is the thin film thickness.

Theory and numerical simulation

Our theoretical treatment builds on our previous work on piezoelec-
tric actuation of microfluidic systems formulated as a second-order
perturbation theory of the continuum fields (71, 72). Here, we re-
strict the independent fields to be the mechanical displacement field
u and the electric potential ¢, and from these, we derive the depen-
dent fields, such as the strain and stress tensors s and o, as well as the
electric field and electric displacement E and D. As governing equa-
tions, we use Cauchy’s equation pd7u = V - o and the charge-free
first Maxwell equation V - D = 0. The present work deviates from our
previous work by including the nonlinear electrostrictive couplings
in the constitutive equations, which, for a given time-harmonic driv-
ing voltage at angular frequency w, leads to higher harmonics in the
electromechanical response of the system. Using the index notation,
our constitutive equations are

_E
6;; = Cijg S + My ELEy

1

(8a)

where Cgkl are the elastic moduli, m;y; are the electromechanical
coupling constants, and &} the electric permittivities. We use complex-

valued phase factors and study two cases in the limit of small voltage
actuation, purely time-harmonic AC voltage actuation _VAC e,
and combined DC and AC voltage actuation V°© + VAC ¢ on the
surface electrodes of the CGO film. For the pure AC case, the domi-
nant electrostriction response is second-order harmonic and propor-
tional to | VACJ?

V= V(l)efiwt + V(l)*eiwt (93)
= u

2) —i 2)% i
u; ( (2) ,—i20t + uf ) ei20t

+u e

(9b)

Where the asterisk denotes comglex conjugation. For the com-
bined DC and AC voltage drive VP© + VA ¢, the dominant elec-
trostriction response is a first-order time-harmonic and proportional
to |VDC VAC|

V = VO 4 ye-iot 4 (D) giot (10a)

= u?

1 ( 1) —iwt +u§1)*eiwt

+u e (10b)

u

As in our previous work, we implement these equations in the
Weak Form PDE Interface of Comsol Multiphysics.
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