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Stress-eliminated liquid-phase fabrication of
colloidal films above the critical crack
thickness

Shiyuan Liu 1,2,8 , Ying Hong2,8, Wang Hong3,8, Yi Zheng 2,4,8,
Xiaodan Yang 2,4, Xuemu Li2,4, Zhuomin Zhang 2,4, Xiaodong Yan2,4,
Yao Shan2, Weikang Lin 2,4, Zehua Peng5, Xingqi Zhang 6, Xi Yao 7 ,
Zuankai Wang 5 & Zhengbao Yang 2

The thickness of filmmaterials is a critical factor influencing properties such as
energy density, optical performance, and mechanical strength. However, the
long-standing challenge of the intrinsic thermodynamic limit on maximum
thickness often leads to detrimental cracking, compromising these desirable
properties. In this study, we present an approach called the stress-eliminated
liquid-phase fabrication (SELF) method. The SELFmethod eliminates the need
for substrates to support the precursor solution used for film fabrication. We
harness the intrinsic surface tension of the solution by confining it within
specifically designed grids in a framework, forming suspended liquid bridges.
This technique enables fabrication of crack-free ceramic films within a broad
thickness range from 1 to 100μm. Furthermore, the fabricated PZT films
exhibit a high piezoelectric coefficient (d33) of 229 pC N−1. The customizable
grids not only offer design freedom for film topologies but also facilitate the
fabrication of diverse film arrays without the need for destructive cutting
processes. Moreover, the freestanding nature of these films enhances their
adaptability for MEMS processing, and the “capillary bridge” topology allows
the PZT films to be used in ultrasound focusing transmitter, providing possi-
bilities in the medical imaging.

Colloidal films, characterized by their incorporation of sub-micron
dispersed particles, have their performance and applications crucially
determined by their thickness. Particularly, thick colloidal films play a
pivotal role in modulating photonic crystal pathways, enhancing
energy storage efficiency in batteries, and adjusting the mechanical
and electrical properties of ceramics1–6. However, the conventional
method of depositing precursor on a substrate followed by

evaporation or sintering presents significant limitations in controlling
the quality and thickness of these films7–9. When the thickness reaches
the so-called critical cracking thickness (CCT), according to Griffith’s
criterion for crack propagation, further solvent evaporation and
increased concentration can cause the stored elastic energy within to
exceed a critical threshold, leading to film rupture and failure3,10–12. For
instance, in piezoelectric ceramic films, this threshold rarely exceeds
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5μm, posing a challenge in applications such as wearable medical
imaging and micro-robotics where piezoelectric materials with thick-
nesses larger than tens of microns are required13,14.

Conventional approaches for improving the CCT rely on
increasingparticle sizes (suchas incorporating solid particles intopure
liquid-phase colloids) and adding binders, thereby improving the
mechanical strength of the films11,15–17. Through this approach, the
thickness of piezoceramic films can be increased to over 10μm18.
However, the introduction of heterogeneous phases inevitably com-
promises the material properties, resulting in the piezoelectric coef-
ficient d33 of thick films being anorder ofmagnitude lower than that of
pure-phase thin films or bulk ceramics19. Strategies have also been
explored to increase CCT by modulating the properties of substrates,
while the mismatch of factors such as lattice constants, thermal
expansion coefficients, and the hardness between the colloidal film
and the substrates will impact the film formation and further compli-
cate the control of CCT3,10,11. Additionally, the predominantmethod for
device fabrication has been the top-down thinning of bulkmaterials to

the desired thickness20. Yet, when the thickness is reduced to less than
100 µm, the material itself becomes highly susceptible to damage,
leading to substantial waste of raw materials.

In contrast to traditional film-substrate coating techniques, we
propose a stress-eliminated liquid-phase fabrication (SELF) strategy.
Our method leverages capillary forces to suspend pure-phase liquid
colloidal films above the substrate, allowing for evaporation, drying,
and sintering processes for phase changeswithout being influencedby
tensile stresses (Fig. 1a). This method allows for the large-scale pre-
paration of colloidal film materials of any thickness (including 1 to
100μm thick PZT films in this work), while maintaining high density
and crack-free, without sacrificing their functional characteristics.
Leveraging the rapid preparation of piezoelectric thick-film arrays via
the SELF method and the inherent concave shape of the resulting
ceramic films, we demonstrate their potential applications in con-
formal devices and ultrasound-focusing transmitters. These advance-
ments highlight application potential in non-invasivemedical imaging,
tumor ablation, and non-destructive testing.

This work: >50 μm
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Fig. 1 | The design of the SELF strategy. a The film fabrication route of the SELF
strategy. The wetting of artificially designed grids by colloidal precursors. The
precursors will dry with air, and the film arrays will be derived after the sintering
process. b The formation of the colloidal liquid bridge. c The detachment during

the drying process. d The crystallization results. e The photograph of the SELF-
derived samples, including the liquid on grids, PZT, BFO, and BCZT. f The SEM
result of the cross-sectional view of the SELF-derived film. The thickness of the film
exceeds 50 μm.
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Results
Design and mechanism of the SELF strategy
The SELF strategy requires designing polymer grids andusing colloidal
precursors. Initially, the colloidal liquid permeates the polymer grid.
The grids will confine the colloidal liquid and form complete capillary
bridge films, akin to the water film formed on a screen window during
rain (Fig. 1b–d). After undergoing a heating and drying process, the
colloidal film gradually contracts and solidifies, while the polymer grid
decomposes, resulting in the separation of the grid from the film
material (Fig. 1c). Through further drying and sintering processes, the
films will spontaneously contract and crystallize, yielding large-scale
film material arrays. (Fig. 1d). In this work, we fabricate various func-
tional ceramic films, including PbZr0.52Ti0.48O3 (PZT), BiFeO3, and
Ba0.85Ca0.15Zr0.2Ti0.3O3. The maximum thickness of the film of PZT
reaches 100μm,which is 10 times larger than the conventional coating
methods (Fig. 1e, f).

In the traditional processes employed for the fabrication of col-
loidalfilmmaterials, dropletsmustfirst be coated onto the surface of a
substrate (Fig. 2a). The droplets initially wet the substrate, with the
contact line expanding outwards. When the contact line remains pin-
ned, the evaporation at the edge of the liquid film is enhanced,
resulting in a generated capillary flow fromwithin the droplet towards
the contact line to compensate for the evaporative losses (Fig. 2a). This
flow drives suspended particles toward the edge, culminating in the
formation of a pancake-like deposition upon drying, which is known as
“coffee-ring effect” (Fig. 2b). This results in a thickness profile

characterized by a thin center and a thick edge (Fig. 2c). The tendency
of the crack formation during the drying process elevates with the
thickness increases. The crack is inevitablewhen the thickness exceeds
a critical value (Fig. 2d). These fissures originate from stress disparities
between the film and its substrate. These cracks stem from stress
mismatches between the film and its substrate, and the critical crack
thickness is influenced by multiple factors, including the differential
thermal expansion between the film and substrate, intrinsic stresses
developedduring sol-to-gel transformation, and theparticle size of the
film. Overall, due to a competition between the compressive capillary
pressure at the top of the colloidal film (colloid-air interface) and the
constraint provided by the substrate (colloid-substrate interface),
stress accumulation induced by drying occurs within the material. As
Griffith developed in 1921, based on the first law of thermodynamics,
the minimum stress σf required for material crack propagation meets
the following criteria (Suppl. Fig. 1):

σ ≥ σf =

ffiffiffiffiffiffiffiffiffiffi

2Eγs
πa

r

ð1Þ

Where σ is the tensile stress on the film, E is the elastic modulus of the
material, γs is the surface energy of the material, a is the length of a
single crack. Given the inevitability of defects in materials, as the film
thickness increases, the crack length a correspondingly enlarges, and
the associated minimum stress for crack propagation gradually
diminishes. When the thickness of the film exceeds the critical value,
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Fig. 2 | Comparison of the stress-eliminated liquid-phase fabrication (SELF)
method for preparing crack-free thick colloidal films with the conventional
method. a The conventional sol-gel method for ceramic films preparation. The
colloidal droplet wets the substrate surface, and the particles migrate toward the
edges under Marangoni flows. b After evaporation, the droplet forms a “pancake”
pattern, where the center is thinner and the edges are thicker. c The schematic
image of the cross view of the pancake-like deposits. The cracks begin to propagate
as the thickness increases. d The relationship between the film thickness with the
crack propagation tendency. e The Griffith’s theory of crack propogation model in
this case. fTheopticalmicroscope image of a crackPZTfilm. The scalebar indicates

400 μm (g). The crack propagation simulation results of the conventional film-
substrate model. h The SELF method for ceramic film preparation. The colloidal
liquid forms a capillary bridge in the resin-based grid. i The films solify after drying.
j The edge of the film detaches with the grid. k The relationship between the
thickness and the crack propagation tendency in the SELF method. l The stress
distribution and the crack propagation behavior.m The optical microscope image
of the film in the single grid. The scale bar indicates 400μm. n The crack propa-
gation simulation results of the SELF system. “0” in the damage field indicates
undamaged, and “1” indicates fully damaged.
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the material undergoes spontaneous fracturing (Fig. 2e). In the fabri-
cation of thin films utilizing traditional methodologies, the frequent
observation of extensive cracking indicates that the film materials
cannot be used (Fig. 2f).

For traditional film drying systems, the film itself is affected by
liquid evaporation and organic matter decomposition, resulting in an
overall compressive stress on the film. While the substrate induces
tensile stress on the edges of the film, aligning with the basic condi-
tions of the Griffith theory of fracture. Since the in-plane tensile stress
is imparted by the substrate material, is it possible to fabricate dense
film materials without relying on a substrate? We observed that when
two solid interfaces are sufficiently close, the liquid can overcome
gravity to suspend between the solids. This classic phenomenon is
known as the capillary bridge, which is one of the few ways for liquids
to suspend without substrates supporting on Earth. Inspired by this,
we designed a simple grid composed of the hydrophilic resin that
allows the liquid to be confined within the grid for the following pro-
cessing to achieve a stress-eliminated fabrication,whichwecalled SELF
method (Fig. 2h).

During the initial drying phase of the liquid bridge (below 100 °C),
as water and organic solvents evaporate, the liquid bridge gradually
contracts and solidifies, forming a self-supported gel or an amorphous
solid film (Fig. 2h). As the temperature rises, the grid material under-
goes thermal decomposition, detaching from the capillary bridge film,
and fully releasing the stress applied to the capillary bridge (Fig. 2i, j).
The detachment of the edge of the film indicates the external tensile
stress σ =0, which is much smaller than the minimum crack stress σf .
Thus, the requirements of the crack nucleation and propagation can
no longer bemet, preventing further growth ofmicrocracks within the
material (Fig. 2k). Since the film does not contact the substrate, there
will be no tensile stress on thefilm.The resin network that supports the
filmmaterial detaches from thefilm at a certain temperature (≈350 °C),
allowing the film to undergo spontaneous shrinkage during drying and
sintering without being affected by external forces. As a result, the
microcracks within the material cannot receive sufficient energy to
grow and propagate. However, due to factors such as gravity and air
turbulence, liquid capillary bridges cannot always remain stable. When
the liquid bridge film is too thin, it is easily disrupted by air impurities
and turbulence. When the liquid bridge film is thick, external factors
are less likely to cause the liquid bridge to break,making it easier to dry
and form a complete solid (Fig. 2l). The capillary films derived from
SELF method usually retain their integrity and cracks are rare to
detect (Fig. 2m).

To elucidate the effect ofmismatch stress on damage progression
within ceramic films, a computational analysis was conducted
employing a phase-field model21,22. This model shows the onset and
advancement of cracks in the ceramic film by stimulating the expan-
sion of the heated substrate or resin frame through equivalent dis-
placement (Suppl. Fig. 2). We compared the damage evolution and
showed the contours of the damage field of the conventional fabri-
cation system (Fig. 2g) and the SELF system (Fig. 2n). The phase field,
indicative ofdamage severity, is quantifiedon a scale fromzero (intact)
to one (completely damaged). The findings reveal that in the con-
ventional system, multiple cracks develop as a consequence of tensile
stress arising from the mismatch stress and the extensive adhesion
between film and substrate. Conversely, in the SELF system, cracking is
predominantly confined to the edge of the interface between the resin
and film, attributed to localized stress concentration and limited
bonding area. To further compare the cracking behavior of colloidal
films with the same thickness during the drying and heating processes
supported by conventional substrates, wewet the same grids with PZT
colloidal precursor (Suppl. Fig. 3). One sample is contacted with a
silicon wafer surface, and the other using the SELF method for com-
parison on the side. As the temperature slowly rises from room tem-
perature to 300 °C, the gel film in contact with the silicon wafer first

developed cracks, which gradually expanded, eventually forming large
pores. The SEM results further investigate the crack situation of the
film (Suppl. Fig. 4). Meanwhile, even if the grids of the SELF sample
undergo significant deformation at high temperatures, the gel films
remain dense and intact (Suppl. Movie 1), indicating that the SELF
method effectively overcomes the limitations of critical crack
thickness.

Analysis of film formation
In the SELF methodology, the construction of films is fundamentally
based on the formation and stable existence of capillary liquid films on
grids. Therefore, we need to investigate the forming conditions of
capillary films in practical scenarios. Since the formation of the capillary
film determines the final shaping of the PZT thick film, we use the filling
ratio α (the fraction of the liquid capillary film formed on the grids) of
the capillary film as an indicator to explore the success rate of the SELF
method (Fig. 3a). Basedonourexperiment results (200samples for each
parameter), we divided the filling ratio into three phases based on the
numerical range. When α>80%, it is classified as phase I. At this stage,
almost all the grids can form liquidfilms, resulting in the highest success
rate and suitability for high-throughput production. When 20%
<α <80%, it is classified as phase II. At this stage, the probability of film
formation is relatively high, suitable for most production needs. When
α <20%, it is classified as phase III. At this stage, the success rate of the
film formation is low, requiring further adjustment of solution con-
centration, grid parameters, and other factors to improve the success
rate. At small volume fractions, the liquidwill wet the corners of the grid
to minimize the surface energy. The angle formed between the menis-
cus of the liquid and the edge of the grid is governed by the contact
angle (CA). If the CA>90°, where the interface presents hydrophobic
behavior, the liquidwill be entirely precluded fromfilling thegrid. As the
liquid volume fraction increases, certain grids will be entirely occupied,
culminating in the complete saturation of all grids.

Based on the aspiration to obtain large-area, scalable, and highly
uniform materials, during our experiment, we submerge the grids
directly into the precursor liquid to ensure comprehensive filling.
However, influenced by external factors such as gravitational pull and
air circulation, as well as internal determinants like solution con-
centration, the CA, and even the shrinkage ratio during the drying
processes, the capillary bridges cannot fully occupy the grids with
arbitrary dimensions (Fig. 3b). Given the challenges in modulating
external variables, our researchpredominantly focusses on elucidating
the intrinsic connection between the liquid properties and the results
of the film formation. We first assess the relationship between the CA
of the PZT sol-gel solution utilized in this experiment and the resin of
the employed grid. The critical concentration of the PZT colloidal
precursor solution is 4.89mM, corresponding to a CA = 30°. Upon
diluting the solution with acetic acid, the CA decreases with the solu-
tion concentration (Fig. 3c).

The filling ratio α and the survival rate β determine the success
rate of fabricating films, where α is defined as the ratio of the number
of capillary films on the grids after extracted from the precursor liquid
to the total grids number of the grids, and β is defined as the ratio of
the remaining gel films at the end of the drying process to the initial
capillary liquid films.We employ grids with unit square sizes of 1, 1.5, 2,
2.5, and 3mm, respectively, and submerge them in the precursor
solutions with CA of 14°, 17°, 22°, 25°, 28°, and 30° to calculate the
filling ratio and survival rate (Suppl. Fig. 5).

In general, as the grid size decreases, the force required to oppose
the gravitational force of the capillary film also reduces, making film
formation more feasible. The existing studies suggest that higher CA
facilitates the formation of capillary films, which is not completely
valid in this study. The low concentration of the precursor solution
implies insufficient solute to sustain the stability of the capillary film
during the drying process, leading to its rupture. Taking the grids with
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a unit square size of 1.5mmas an example, almost all concentrations of
the precursor solution exhibit a filling ratio exceeding 80%. However,
after the drying process, the filling ratio for capillary films with lower
concentration shows a significant decline (Fig. 3d), which is also con-
sistent with the grids with any sizes (Fig. 3e). As the drying progresses,
certain segments of the liquid capillaryfilms tend to break, causing the
liquid to reallocate to nearby films to reduce surface energy. The
survival rate is plotted by the isopleth diagram (Fig. 3f). The trend
indicates that smaller unit square sizes result in an augmented survival
percentage of the capillary films.

Fabrication capability of the SELF strategy
To validate the feasibility of the SELF technique, we prepare PZT thick
films via colloidal precursors. In traditional methods, the precise
control of the concentration of the precursor for a single layer is
essential to obtain crack-free films. Contrary to the conventional sol-
gel techniques thatdemandas lowa solution concentration as possible
(<0.5M), we prepared PZT colloidal precursor solution with a much
higher concentration (2.5M) for using in SELF technique. Under the
influence of gravity, the adhesive force between the capillary film and
the gridwallsmay be insufficient to counteract gravitational pull when
the individual grid area is too large. Consequently, there is a limit to the
size of each film segment. To overcome this limitation, we utilize 3D

printing technology to fabricate grids composed of numerous arrays.
This approach enables the production of large-area ceramic films by
distributing the weight and gravitational forces across multiple smal-
ler, manageable sections. Although achieving uniform thickness in
capillary films presents a challenge, it is possible to modulate the
thickness distribution by optimizing the solution concentration and
drying conditions. Employing high-concentration precursor solutions
can reduce the discrepancy between the thickest and thinnest points
to less than 10% (Suppl. Fig. 6a). In contrast, using low-concentration
solutions may result in a thickness variation exceeding 90%
(Suppl. Fig. 6b).

The morphology of the film is intrinsically governed by the
architectural specifications of the grids structure (Fig. 4a). For PZT
films in this work, we can design and fabricate diverse topological
configurations, including triangles, rectangles, and hexagons, as long
as the dimension of the unit grid remains constrained below a
threshold of 3mm (Fig. 4b). The surface morphology is examined via
the optical microscope with backlight to show the potential cracks
more clearly. Furthermore, through design and optimization of the
distributions of the grids with different sizes, the colloidal solution can
confine itself exclusively to our predefined pathways, facilitating a
tailored arrangement of the film materials, such as the word “HELLO”
and the picture of a bear (Fig. 4b).
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Combined TGA and differential scanning calorimetry (DSC) in the
atmosphere can identify the phase transition of our material to take
place between 220 and 550 °C (Fig. 4c, d). The PZT colloidal film
undergoes a totalmass loss of ≈58%,with three derivative peaks at 250,
370, and 510 °C that correlate with three endothermic peaks of the
heat flow data. Each observed peak aligns with a sequence of three
distinct reactive phases. In the initial two phases, the reactions involve
the creation of peroxide groups, subsequently leading to a random
chain cleavage and the release of various species, including water,
carbon dioxide, hydrocarbons, and more substantial species. During
this primary phase, CO2 and H2O emissions co-exist with the release of
other species. The subsequent phase keeps this decomposition, but
without the emergence of any additional high-mass species.During the
final phase, the emissions of CO2 and H2O disappear gradually, fol-
lowed by a series of crystallization processes in the film. According to
the results, PZT precursor loses weight faster than the resin under
400 °C. Based on our observation, the separation of the PZT colloidal

films and the grids origins from 350 °C. The weight of resin is quickly
reduced until all the resins are decomposed when the temperature is
larger than 400 °C (Suppl. Fig. 7), while the weight of PZT will retain at
42%. Therefore, the shrinkage of the PZT precursor plays a more
important role under 400 °C to create the crack along the interface
between the films and the grids. When the temperature is larger than
400 °C, the decomposition of the resinwill result in the propagationof
the cracks until the materials are totally separated.

The crystallization process of the PZT film is investigated via X-ray
diffraction (Fig. 4e). Under 500 °C, an initial perovskite phase emerges,
accompanied by a number of secondary phases, suggesting partial
sintering. Between 600 and 800 °C, the perovskite phase is essentially
formed, but there are still minor extraneous peaks, which are detri-
mental to the performance of piezoelectric materials. When the sin-
tering temperature exceeds 800 °C, the crystal is gradually
crystallized. The Raman spectroscopy further examined the crystal-
linity of the PZT film (Suppl. Fig. 8). We further examined the surface
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morphology of PZT films with different sintering temperatures under
SEM (Suppl. Fig. 9). When the sintering temperature is larger than
1000 °C, grains will be too large, and the porosity is increased. Con-
versely, at temperatures below 800 °C, the ceramic crystallization is
incomplete. Therefore, in this study, the PZT films used for piezo-
electric properties measurement and device fabrication are sintered
at 900 °C.

The piezoelectric property is measured via quasi-static d33 meter
(Suppl. Fig. 10). The average d33 value is about 229 pCV−1, which is
comparable to that of un-doped PZT ceramics (Fig. 4f). Therefore, the
proposed SELF process can prepare films in a wide range of thick-
nesses while considering of high-quality crystals and electric proper-
ties, which eliminates the processing barrier between thin films to
thick or even bulk ceramics without sacrificing on performances.

For the commonly used piezoelectric array devices, it has been
observed that as the decreasing size of individual units, the likelihood
of extensive crack propagation increases, especially during cutting or
dicing. This occurrence can significantly compromise the performance
of the device, leading to possible operational inefficiencies or even
complete malfunction. Utilizing the SELF technique offers an effective
solution to address the challenges associated with cutting, enabling
the attainment of the desired array configurations simply by tailoring
the grid layout. Furthermore, owing to the intrinsic freestanding nat-
ure of the filmmaterials prepared via the SELF method, we can readily
transfer the fabricated films to any substrate or surface with varied
geometries. For instance, thederivedPZTfilms canbe transferredonto
the spherical surface to construct a conformal PZT array (Fig. 4g). By
integrating electrodes (silver paste at the bottom and Ag film sput-
tered at the top) on the PZT surface, we developed a spherical piezo-
electric sensor (Fig. 4h–j). When a force ranging from 0 to 10N is
applied to the device, an open-circuit voltage output between 0 and
2.5 V is observed. By fitting the data of the output voltage to the input
force, it is evident that the piezoelectric force sensor exhibits excellent
linearity.

Application in ultrasound focusing transmitter
Ultrasound-focusing technology realizes efficient and precise energy
transfer by concentrating ultrasonic waves in targeted areas, thereby
finding extensive applications in non-invasive medical imaging, tumor
ablation, and non-destructive testing. Traditional focused ultrasound
transmitters primarily utilize piezoelectric ceramic arrays and curved
piezoelectric ceramics toachieve focusingeffects2,23. However, array-type
piezoelectric ceramics involve precise cutting processes thatmay lead to
material loss and increased costs. Curved ceramics often require com-
plex fabrication processes and are typically characterized by large
volume and thickness, resulting in lower frequency response. Here, we
explore the rapid preparation of piezoelectric thick-film arrays using the
SELF method, which naturally results in films with concave shapes that
endow thicker edges and thinner centers. We processed these PZT films
into ultrasound transmitters that produce focused ultrasound fields.

To demonstrate the unidirectional focused ultrasound transmit-
ter, we utilize the traditional polishing method to flatten one side of
the film (Supplementary Note 2, Suppl. Figs. 11 and 12). Through a
series of processes, including electrode deposition and resin encap-
sulation, we fabricated a single focused ultrasound transmitter unit
(Fig. 5a). The specific fabricationmethods are described in detail in the
Methods section.

The experiment is conducted inside a water tank (Fig. 5b). When
the emitter generates ultrasonic waves, the hydrophone records the
sound pressure amplitude along the acoustic axis, moving in incre-
ments of 0.1mm. Numerical simulations indicate that an energy spot
appears at a distance of 5–7mm from the transmitter (Fig. 5c). The
impedance curve of the piezoelectric device is measured using a net-
work analyzer, revealing a thickness mode resonance frequency of
20MHz (Fig. 5d). To exhibit the universality of the ultrasonic

transmitter, we choose a commonly used frequency of 1MHz, which
differs from the device’s resonance frequency. We find that at 6.2mm,
the sound pressure is significantly higher than that at other positions,
which is consistent with the simulation results (Fig. 5d–f). This result
indicates that the concave mirror-shaped piezoelectric ceramic film
produced via SELF method has a high resonance frequency and is
inherently suited for ultrasonic applications.

Discussion
We introduce the stress-eliminated liquid-phase fabrication method,
elucidating its intrinsic merits in preventing the formation of cracks in
thin films during the drying process. We fabricate PZT ceramic films as
a paradigm to exhibit the advantages of this technique. The results
show that PZT films with diameters ranging from 0 to 3mm and
thicknesses from 1 to 100μm are easily derived via this method. The
observed d33 value of PZT reached 229 pCV−1, which closely parallels
the performance of bulk ceramics. Additionally, we delved into the
optimal conditions for film formation via the SELF method, deter-
mining that higher concentrations and smaller grid sizes facilitate
material preparation. We further attempt to craft diverse grid geo-
metries and various grids with distinct wettability pathways to show
the programming capability of the SELF method.

However, the gravity forces coupled with the surface tension of
the liquid render it challenging to stabilize films in grids exceeding
3mm. Consequently, the dimensions of individual films are inherently
restricted. Augmenting the fabrication scale necessitates a massive
arraydeployment. Potential avenues to address these limitations could
be surface tension optimization of the materials and the utilization of
external stimulations to counteract the influence of gravity, thereby
enlarging the individual film scale to adapt to diverse application
scenarios. Furthermore, the SELF method can also be used for nano-
scalematerial processing by using smaller grids, avoiding complicated
steps like photolithography anddicing,which significantly increase the
fabrication cost and difficulty.

In the SELF method, materials form within individual grids with-
out the interference of a substrate. This aspect allows the easy inte-
gration of the films with other materials and systems, paving the way
for the construction of electronic components and 3D devices. Inter-
estingly,filling gridswith a liquidprecursor that subsequently reacts to
form a film resembles the behavior of biomolecular condensates. This
suggests that thematerials fabrication is not theonly application of the
SELF method. By employing different liquid compositions in neigh-
boring grids, the method offers a platform for extensive investigation
into various biological and chemical processes, presenting significant
application potential in disciplines like biology, materials science, and
chemistry.

Methods
Materials preparation
Preparation of grids frameworks. The topologies of a single grid of
the grid framework are carefully designed. The grids are produced via
commercial stereolithography 3D printing (JC-M10, JANSUM) with the
commercial resin JC-H-00, which mainly contains polyurethane acry-
late, cyclic trimethylolpropane formal acrylate (CTFA), and 1,3,5-tri-
methylcyclohexyl acrylate. Thegrids areprintedwith 25μmlayers. The
grids are required to be rinsed by isopropyl alcohol twice and a post-
curing process by exposing them to 405 nm light before use.

Preparation of PZT [Pb(Zr0.52Ti0.48)O3] sol solution. The
Pb(Zr0.52Ti0.48)O3 solution contains Pb 10% excess to compensate for
the volatilization of PbO in high temperatures during the annealing
process. Lead (II) acetate trihydrate (Pb(CH3COOH2) ∙ 3H2O (TCI) with
6.8 g isfirstly dissolved in 3mLacetic acid (Alfa Aesar, 99%) in 90 °C for
1 h and mixed by magnetic stirring. When it is completely dissolved,
cool down the solution to room temperature. Zirconium (IV) n-
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propoxide (C12H28O4Zr, TCI, 70wt.% in 1-proponol) with 3.45 g is
mixed with 2.45 g titanium (IV) butoxide (C16H36O4Ti, TCI, 99%) in
another container. Then zirconium (IV) n-propoxide and titanium (IV)
butoxide are added to lead (II) acetate trihydrate the solution, and heat
up to 90 °C with stirring for 6 h in atmosphere. The as-prepared
solution will be stored in the atmosphere at least three days for aging.
Finally, a transparent and pale yellow PZT sol is obtained.

PZT films fabrication via SELF method. The prepared liquid solution
is first poured into a glass dish. Then, the 3D-printed grid framework is
carefully immersed into the solution. After ensuring that all the grids
are fully wetted, slowly lift the grid out of the solution, allowing the

solution to evenly suspend between the grid’s interstices. The sample
is then placed on a heating platform and dried at 60 °C. When the
liquid capillary bridges transition from to the gel state, the sample can
be carried directly into a muffle furnace for sintering. After cooling
with air, the PZT film array can be retrieved.

Characterization
Materials characterization. The surface morphologies are examined
via an optical electron microscope (AOSVI, AF516C) and a scanning
electron microscope (SEM, FEI Quanta 450). The crystal structure is
characterized by X-ray diffraction (XRD, Rigaku SmartLab). The Raman
spectrum is characterized by a Raman spectrometer (Perkinelmer
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Raman station 400 F). TheDSC and thermogravimetric (TG) curves are
conducted by a thermogravimetric analyzer (TGA/DSC 3+, METTLER
TOLEDO). The CA are measured by Standard Contact Angle Goni-
ometer (OCA25, Dataphysics). The voltage output is collected via an
oscilloscope (Rohde & Schwarz RTE1024).

Piezoelectric measurement
PZT filmmaterials are first coated with 100nm silver electrodes on the
top and bottom sides using magnetron sputtering, and then the PZT
film is fixed onto a conductive substrate (here: stainless steel). The
films are then heated in an oil bath to 120 °C, and a DC electric field of
50 kV cm−1 is applied. After polarizing for 1 h, the oil bath is cooled to
room temperature, and the DC power supply is turned off, completing
the polarization process. Before performing PFM testing, the PZT
samples are left at room temperature for 24 h to avoid the influence of
surface charges and other factors. The d33 value of the PZT films is
measured by the quasi-static d33 meter (YE2730A, SINOCERA). The
resonance frequency and the phase angle are measured via the ENA
network analyzer (E5061B, Keysight).

Simulations
Phase-fieldmethod analysis. The phase-fieldmethod is used to study
the fracture behavior of the ceramic film in the colloidal-substrate
system and the single grid system (detailed information in Supple-
mentaryNote 1). The analysis is implemented into the general software
package ABAQUS as a UEL (user-defined element). It is required to
utilize the theory of linear elastic fracture energy variation as well as
the specific form of crack regularization for the brittle material24. The
PF-CZM constitutivemodel andMiehe strain energy splitmethod have
been assigned to the ceramic film with 10μm thickness using plane
strain elements25. An efficient and robust staggered scheme is adopted,
decoupling the fracturing phase and displacement field. In the actual
preparation process, mismatch stress originates from the chemical
shrinkage and solidification of ceramic film and the thermal expansion
of Si Substrate or resin grid26. To simplify the analysis, an equivalent 4%
strain by displacement control was applied to Si Substrate or resin grid
to study crack propagation without considering thermal effects and
chemical process. The monotonic tensile loading and the boundary
condition were then imposed on the model. The length scale para-
meter is set as 1μm,which should be four times above the element size
to ensure the accuracy of crack prediction. The damage phase field
from zero (undamaged) to one (fully damaged) on the ceramic film in
the colloidal-substrate system and Single Grid are presented in this
research.

Acoustic field simulations
We employed COMSOL Multiphysics 6.1 to simulate ultrasound pro-
pagation and sound field distribution in water, serving as a mutual
validation for experimental outcomes. Ultrasound waves originated
from a slightly curved surface modeled as a circular arc in a two-
dimensional simulation, incorporating geometric details of the pie-
zoelectric thin film. The arc span matched the film’s edge length of
6mm,with a sagitta of 0.05mmand a radius of 90mm.Weutilized the
PressureAcoustics, FrequencyDomainmodule to induce oscillation of
the arc at 1MHz, projecting sound waves into a water domain
(7mm× 11.5mm) bordered by a Perfectly Matched Layer to prevent
wave reflections. Tomaintain simulation accuracy, themaximummesh
size was kept below one-seventh of the ultrasonic wavelength. The
resulting intensity diagram showed sound waves concentrating along
the acoustic axis and forming an energy spot between 5 and 6.5mm
from the source, aligning well with the experimental data.

Device manufacturing
Conformal sensor arrays. The magnetron sputtering (Q150TS,
Quorum) is used to coat a 100nm thick silver conductive film on both

the upper and lower surfaces of the PZT film. Next, the film is fixed
onto a stainless steel shell using silver paste. We designed a serpentine
electrode array to make physical contact with the PZT film and used
thermoplastic polyurethane encapsulation to secure the structure,
resulting in a spherical mechanical sensor.

Ultrasound focusing transmitter
One side of the film is polished to obtain a flat surface, and then a
100nm thick silver conductive film is deposited on it via magnetron
sputtering (Fig. 5a). Simultaneously, we fabricate a 10 × 10 × 2mm3

planar substrate via 3D printing, adhere the planar side of the piezo-
electricfilm to the substrate pre-coatedwith electrodes, andfix it using
epoxy. After the epoxy fully cures, the top surface of the PZT is also
coated with a 100 nm thick silver film via magnetron sputtering, and
the conductive path is connected to the substrate to facilitate external
wiring. The sound pressure is measured by a hydrophone (NH1000,
Precision Acoustics).

Data availability
The data that support the findings of this study are available from the
corresponding authors upon request. Source data are provided with
this paper.
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