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ABSTRACT: The complex micro-/nanoscale wrinkle morphology primarily
fabricated by elastic polymers is usually designed to realize unique
functionalities in physiological, biochemical, bioelectric, and optoelectronic
systems. In this work, we fabricated inorganic freestanding BaTiO3 ferroelectric
thin films with zigzag wrinkle morphology and successfully modulated the
ferroelectric domains to form an in-plane (IP) superstructure with periodic
surface charge distribution. Our piezoresponse force microscopy (PFM)
measurements and phase-field simulation demonstrate that the self-organized
strain/stress field in the zigzag-wrinkled BaTiO3 film generates a corresponding
pristine domain structure. These domains can be switched by tip-induced strain
gradient (flexoelectricity) and naturally form a robust and unique “braided” in-
plane domain pattern, which enables us to offer an effective and convenient way
to create a microscopic ferroelectric superstructure. The corresponding
periodic surface potential distribution provides an extra degree of freedom in addition to the morphology that could regulate
cells or polar molecules in physiological and bioelectric applications.
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■ INTRODUCTION

Wrinkled morphology is ubiquitous in biological systems, such
as white blood cells, papillae on a rose petal, bronchioles,
fingerprints, mucosa, and brain cortex in a growing length
scale.1 The dynamic wrinkled morphology has the function of
regulating the physiological, biochemical, and physical proper-
ties of biological systems. Inspired by mother nature, many
biomimetic wrinkled structures have been fabricated for the
purposes of self-cleaning,2 humidity and pressure sensing,3,4

cell culture,5,6 tuning hydrophobicity,7,8 and marine antifoul-
ing.9,10 These functional wrinkled structures are made from
flexible polymers or two-dimensional materials, and the
functionalities are mainly originated from the specially
designed morphology and strain field.11−14 Recently, the
successful fabrication of superelastic and parallel-wrinkled
inorganic ferroelectric perovskites has been realized.15,16 This
evokes the possibility to investigate functional wrinkled
surfaces based on stiff inorganic materials. Particularly, in
addition to the patterned topography, the corresponding
electrically charged surface of ferroelectric materials can
provide an additional degree of freedom to modulate the
electric-field-sensitive matters, such as cells, bacteria, polar
molecules, and so on. BaTiO3 (BTO) is a biocompatible
classic ferroelectric material. BTO nanoparticles have been
employed as nanocarriers for drug delivery.17 We use BTO
films as a representative sample to demonstrate the zigzag-

wrinkled morphology induced remarkable ferroelectric behav-
iors, such as the ferroelectric domain pattern shaped by the
complex zigzag-wrinkled structure and the modulation of the
ferroelectric domain orientation on top of the zigzag
morphology.
In this work, we successfully fabricated three-dimensional

freestanding periodic zigzag-wrinkled BTO ferroelectric thin
films. Different from the interfacial stress/strain due to the
lattice mismatch with the substrate in conventional epitaxial
films, the film here possesses unique internal periodic stress/
strain distribution. Our phase-field simulation verified that the
zigzag morphology leads to a complex strain and domain
distribution, which can be modulated by a tip-induced loading
force. The morphology-induced self-organized strain field
shapes the pristine domain into a metastable state that can
be easily switched to a robust “braided” in-plane (IP) domain
superstructure and opposite out-of-plane (OOP) domains
between peaks and valleys by tip-induced local strain gradient
(flexoelectricity effect). The braid-shaped IP ferroelectric
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superstructure has never been observed in epitaxial ferro-
electric thin films. Here, we offer an effective and convenient
way to create robust intricate ferroelectric superstructures,
which is more efficient than some conventional approaches,
such as periodic electrodes and epitaxial strains.18−20 In
addition to the functional morphology, the unique periodic
surface potential associated with wrinkled ferroelectric film can
help effectively tune cell functions, light field, or polar
molecules in the fields of bioelectric control, electro-optic
devices, and electrostatic modulation, respectively.

■ RESULTS AND DISCUSSION
Wrinkling of a stiff film can be realized by transferring it onto a
soft elastomeric substrate, which forms a bilayer system. A
large mechanical strain mismatch between the two layers can
be induced during a cooling process. We have successfully
fabricated the zigzag-wrinkled BTO in the bilayer system of a
single crystal BTO on a Polydimethylsiloxane (PDMS)
substrate (Figure 1). The X-ray diffraction (XRD) result
indicates that a single crystal (001) BTO film was obtained by
pulsed laser deposition (PLD) method, as shown in Figure S2.
First, the PDMS/BaTiO3/Sr3Al2O6/SrTiO3 (PDMS/BTO/
SAO/STO) heterostructure was immersed in hot water and
reached thermal equilibrium. The sacrificial SAO layer was
etched away by water so that PDMS-bonded BTO film was
lifted off from STO substrate. When gradually cooling to room
temperature, the PDMS layer shows obvious volume shrinkage.
BTO has an order of smaller thermal expansion coefficient
than PDMS. Thus, the zigzag-wrinkled morphology of the
BTO film is formed under biaxial compressive stress during the
contraction of PDMS (Figure 1a). Details of the method can
be found in the Experimental Details in the Supporting

Information and our previous work.15 The thickness of BTO
film has a dramatic influence on the period of wrinkled pattern,
as shown in Figure 1b. The thicker the BTO film, the larger the
wavelength, which is due to the largely increased buckling
strength. The crystallographic directions of BTO membranes
along the ⟨100⟩ view are labeled in Figure 1b. Figure 1c shows
the AFM image of a typical zigzag-wrinkled BTO film. The
wrinkle peak-to-peak amplitude is about 280 nm, and the
wavelength is about 5 μm according to the height profile in
Figure 1d.
Characterization of the domain structures and polarization

switching dynamics can be challenging for the complex
wrinkled ferroelectric film because of the highly uneven
morphology. In this case, piezoresponse force microscopy
(PFM) is the most appropriate method to investigate domain
structure. In PFM measurements, the phase images indicate
the relative polarization orientation. A 180° phase shift means
opposite polarization orientation, whereas the amplitude
images reveal the strength of electromechanical response,
primarily piezoresponse for ferroelectric materials. We carried
out vertical and lateral PFM (VPFM and LPFM) measure-
ments to acquire the OOP (z-axis) and IP (x-axis) ferroelectric
responses, respectively. The domain structures are intricate
due to the lower symmetry of zigzag morphology and varied
strain distribution. After being scanned with a loading force of
2.34 μN, the polarization orientation is switched from a
relatively disordered nanodomain state to a “stripe” OOP
domain structure with opposite polarization orientations
between peak and valley regions and a novel “braided” IP
domain structure (Figure 2a). We qualitatively defined the
polarization orientation along z- and x-axis after scanning with
2.34 μN loading force, indicated by the gray markers in the

Figure 1. Fabrication of zigzag-wrinkled BTO film. (a) Schematic of zigzag-wrinkled BTO film fabrication. (b) Optical images of zigzag-wrinkled
BTO film with different thicknesses. Scale bars are 20 μm. (c) AFM image of zigzag-wrinkled BTO film with thickness of 40 nm. (d) Profile of the
corresponding height data along the white line in (c).
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final state as shown in Figure 2a. A wider range of domain
structures are shown in Figure 2b, which unambiguously
exhibits the domain wall between the opposite domain
structure (IP-amplitude) and a periodic “braided” ferroelectric
superstructure (IP-phase). The scanning force dependent
domain evolution process is demonstrated in more detail in
section 4 of the Supporting Information. It should be noted
that the flexoelectricity field induced by the moderate scanning
force (1.17 μN) is not sufficient to overcome the potential
barrier and reach a stable state because of the film internal

strain. Therefore, the domain structure is relaxed when the
scanning force is removed. Besides, we conducted the same
PFM measurements on a nonwrinkled freestanding BTO film
(Figure S4). It is verified that the tip-induced ferroelectric
superstructure is unique to the zigzag-wrinkled BTO film.
The representative amplitude and phase hysteresis loops of

peak, valley, and transition regions are shown in Figure 2c. The
phase loops clearly demonstrate the polarization switching at
all different regions. To understand the effects of global strain/
stress field in the zigzag-wrinkled BTO film, around 30

Figure 2. IP and OOP ferroelectric domains of zigzag-wrinkled BTO obtained under large scanning force. (a) PFM phase color images mapped on
top of the 3D morphology and the schematic of the domain switching induced by the scanning force of tip. The yellow and gray dotted curves in
initial state images indicate the position of peak and valley, respectively; the gray markers in final state (OOP-Phase) image represent the net
polarization orientation, and the arrows in final state (IP-Phase) image are qualitative expressions of polarization component along x-axis. (b)
Typical IP-amplitude and IP-phase images overlapped on 3D morphology after scanning with a 2.34 μN loading force. (c) Typical phase and
amplitude hysteresis loops observed at peak, valley, and transition regions, respectively.

Table 1. Statistical Analysis of Characteristics of PFM Hysteresis Loops in the Peak, Valley, and Transition Regions

imprint/Vb effective coercive bias/Vb

region PFM responsea mean sigma mean sigma percentage/%c

peak
asym + −0.83 0.7129 2.425 0.8546 16.67
asym − 1.29 0.5520 2.99 0.8431 58.33
sym 0.22 0.6241 2.89 0.8403 25.00

valley
asym + −1.02 0.5466 3.11 1.1887 47.22
asym − 0.87 0.6764 2.73 0.5780 33.33
sym −0.16 0.4541 3.16 1.3563 19.44

transition
asym + −1.16 0.4761 3.88 0.8718 40.91
asym − 1.22 0.5497 4.05 1.3965 27.27
sym −0.33 0.6626 3.90 1.0893 31.82

a“Asym +” indicates a stronger piezoresponse under positive electric bias; “Asym −” indicates a stronger piezoresponse under negative electric bias.
“Sym” indicates a symmetric piezoresponse between negative and positive electric bias. bImprint = (Vc+ + Vc−)/2. Effective coercive bias = (Vc+ −
Vc−)/2; Vc+ and Vc− are the positive and negative coercive biases, respectively. c“Percentage” indicates the probability of the particular type of PFM
hysteresis loops appearing in the peak, valley, and transition regions. The loading force during hysteresis loop measurements is 0.73 μN.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.1c05028
Nano Lett. 2022, 22, 2859−2866

2861

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c05028/suppl_file/nl1c05028_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c05028/suppl_file/nl1c05028_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c05028?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c05028?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c05028?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c05028?fig=fig2&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.1c05028?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


hysteresis loops were measured at random locations of peak,
valley, and transition regions, respectively. We carried out
statistical analysis of these loops to gain an insight into the
domain switching dynamics (Table 1). Most of the hysteresis
loops in the peak regions have a positive imprint with stronger
piezoresponse under negative bias (Pup is preferred), and most
hysteresis loops in valley regions show a negative imprint with
stronger piezoresponse under positive bias (Pdown is preferred).
The effective coercive bias at strained regions (both tensile and
compressive) is around 3 V, while at nearly strain-free regions
is around 4 V. We also observed that the zigzag-wrinkled BTO
film exhibits rich nanodomain structures, which demonstrates
that the microscale polarization orientation and strength are
the collective polarization states of these nanodomains (Figure
S5). The different strain-mediated build-in electric fields inside
the nanodomains may explain the variability of hysteresis loop
characteristics on the compressive or tensile strain regions, and
the details are elaborated in section 7 of the Supporting
Information. We have also conducted loading-force-dependent

local ferroelectric hysteresis measurements (section 8 of the
Supporting Information). With a larger loading force, an
increased negative imprint and stronger piezoresponse under
positive bias are observed. It indicates that the strain (gradient)
induced by the SPM tip can generate an effective build-in field,
which facilitates the polarization switching from the Pup state to
the Pdown state.
Furthermore, we evaluated the retention of the mechanically

induced domain switching by a SPM tip on the zigzag-wrinkled
BTO film. In Figure 3b, the central area enclosed by a blue
square was scanned with 2.34 μN loading force, and the whole
area was then scanned again with a small loading force (0.26
μN) 12 hours later. Stable OOP and IP ferroelectric domains
are created when the scanning force is sufficiently large (2.34
μN). In the case of flat epitaxial ferroelectric thin films,
ferroelectric domains are generally switched to the OOP
downward polarization by flexoelectricity.21,22 One exception
is that by adjusting the motion of an SPM tip,23 the very
localized IP polarization switching is observed in particular

Figure 3. SPM tip-induced flexoelectric effect leads to the domain switching of zigzag-wrinkled BTO film. (a) Pristine VPFM, LPFM, and KPFM
images of wrinkled BTO under small loading force (0.26 μN). (b) VPFM, LPFM, and KPFM images of the wrinkled BTO film obtained 12 hours
later after the 2.34 μN loading force was applied within the blue square. (c) Zoomed-in VPFM, LPFM, and KPFM images enclosed by the blue
square in (b). Scan size is 36 μm × 36 μm for (a) and (b), and 18 μm × 18 μm for (c). (d, e) Line profiles of the corresponding height, OOP-
amplitude, IP-amplitude, and potential data (average over 10 pixels) along the red dotted lines in (a) and (b), respectively, where the blue dotted
lines in (e) mark the boundary of the part scanned by 2.34 μN loading force before.
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orientations of a BiFeO3 film. In our work, the periodic
wrinkled ferroelectric film endows flexoelectric effect an ability
to switch both OOP and IP polarizations regardless of the tip
motion. Instead of the highly localized IP domains, we
demonstrate a convenient way to generate a robust IP
ferroelectric superstructure. The zoomed-in VPFM and
LPFM images of this permanently switched region are
shown in Figure 3c. The domain structure is due to the
morphology-induced internal stress/strain distribution and the
robust flexoelectric effect induced by the SPM tip. Comparing
the PFM-phase images in Figure 3a,b, the valley region is
switched to Pdown, and some IP domains are also switched to
the opposite directions and formed a periodically arranged
“braided” domain structure with clear head-to-head and tail-to-
tail domain walls. The line profiles of the height, OOP-
amplitude, IP-amplitude, and surface potential images in
Figure 3a,b are shown in Figure 3d,e, respectively. The line-
profiles unambiguously exhibit the strongest OOP piezores-
ponse shifts from the peak region to the valley region, and the
IP piezoresponse and surface potential of the entire blue
square are enhanced. In our former research on parallel-
wrinkled BTO,15 the compressive stress/strain dominated
valley surface possesses a greater OOP component of effective
polarization, while the tensile strain dominated peak surface
possesses a greater IP component of effective polarization. In
the case of the zigzag wrinkled BTO, the valley regions also
exhibit a much stronger OOP response than that of peak
regions after the tip-induced domain switching. The IP
piezoresponse and domain structure are due to the interplay
between the morphology-induced internal stress/strain dis-
tribution and the robust flexoelectric effect induced by the
SPM tip. Kelvin probe force microscope (KPFM) results
before and after the tip-induced domain switching indicate that
the surface potential can be tailored by the corresponding
ferroelectric domain structure (Figures 3 and S8). Many
reported data24−26 show that ferroelectric materials in the
Pdown orientation have higher surface potential compared with
that of the Pup orientation. In the pristine state, surface
potential is strongly correlated with the film morphology
(Figure 3a). The zigzag peak region generally has a lower
potential than that of the valley region. After applying a strong

loading force, the surface potential of the film is substantially
increased, which is in consistent with the flexoelectric effect
induced polarization switching towards the Pdown orientation.
When we investigated the switched region in detail, the
relation between surface potential and morphology is broken.
Now it is closely correlated to the newly evolved IP domain
structure (Figure 3c). Such a versatile surface potential tuned
by the ferroelectric domains in zigzag-wrinkled BTO films
provides a promising alternative in flexible nanoscale
electronic, micromechanical, and biomedical applications.
To discern the 3D domain structure of the wrinkled BTO

film, we also conducted VPFM (OOP), x-LPFM (IP parallel to
wrinkle axis), and y-LPFM (IP normal to wrinkle axis) of the
same region with 1.44 μN scanning force (Figure S9). We
found that the VPFM response is stronger in the valley regions
and results in a “striped” domain structure corresponding to
the morphology. The y-LPFM response shows a multidomain
structure at peak region, whereas a rather uniform domain at
valley regions. On the basis of the piezoresponse and domain
structure observed at different orientations, the IP domain
should be preferably along the wrinkle axis.
We conducted phase-field simulations to gain a deeper

understanding of the ferroelectric domain switching induced
by the superimposed strain/stress from the zigzag-wrinkled
morphology and SPM tip, and the detailed simulation method
is shown in section 2 of the Supporting Information. Figure 4
shows the morphology, IP polarization components Px (along
x-axis) and Py (along y-axis), and OOP polarization
component Pz of zigzag-wrinkled BTO at pristine state and
under a loading force. The black curved lines indicate the
boundaries between peak and valley regions. As shown in
Figure 4b, the pristine polarizations are relatively disordered
and weak along x-axis. Along y-axis, strong polarizations form a
“striped” domain structure perpendicular to the wrinkle-
propagating direction. Along the z-axis, the relatively large
polarizations exhibit a periodic distribution at the side wall of
the wrinkled structure. However, we did not obtain similar
experimental results in the pristine state, which is probably due
to a more complicated stress/strain distribution in a real
sample and therefore generates a disordered domain state with
small effective polarization. Under the scanning force applied

Figure 4. Phase-field simulation of the domain structure of zigzag-wrinkled BTO modulated by the scanning force induced by an SPM tip. The
model size is 120 nm × 120 nm. (a) Height distribution of zigzag-wrinkled BTO. (b) Distribution of IP polarization component Px (along x-axis),
Py (along the y-axis), and OOP polarization component Pz (along the z-axis) of pristine zigzag-wrinkled BTO. (c) Distribution IP polarization
components Px and Py under 1% external OOP strain scanning along the x-axis, and OOP polarization component Pz under 5% external OOP strain
scanning along the x-axis.
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by a SPM tip, a strong polarization component is along the x-
axis and a novel braided domain structure is observed in both
the peak and valley regions of the zigzag-wrinkled BTO film
(Px in Figure 4c). The polarization along the y-axis has a
different kind of periodic domain structure. The OOP domains
are switched to the conditions of more Pup domains in the peak
regions and much stronger Pdown domains in the valley regions
(Pz in Figure 4c). The simulation results of the stressed state
are in consistent with our PFM measurements. The
corresponding polarization vectors mapped on the 3D
morphology are shown in Figure S10. The resultant domain
switching behavior should be modulated by the unique
coupled strain conditions induced by the wrinkled morphology
and the SPM tip. In general, the normal strain components can
directly switch the polarization orientation by 180°, and the
shear strain components will induce an in-plane shift of
polarization orientation.27 Therefore, we further simulated the
strain distribution at the pristine state and stressed state under
scanning force (Figure S11). It is evident that the loading force
applied by the SPM tip (local external strain) interacts with the
internal strain of zigzag-wrinkled morphology and triggers a
striking change of strain conditions. It results in the IP braided
domain superstructure and the opposite OOP polarizations
between the peak and valley regions. The observed novel
braided IP domain structures along the x-axis are the result of a
strong coupling effect between the normal strain component
εxx and shear strain components εxy and εxz. To clarify the
effect of flexoelectricity on the tip-induced domain switching
process, we also simulate the polarization components with
and without flexoelectricity. When flexoelectricity has been
considered, the results are in more consistent with the PFM
results (Figure S12). We further simulated the flexoelectric
effect induced by the wrinkle morphology and by the SPM tip,
respectively, as shown in Figure S13. The results verify our
conclusion that flexoelectric effect induced by SPM tip
dominates the stable mechanical-induced domain switching.

■ CONCLUSION
In this work, we fabricated 3D freestanding periodic zigzag-
wrinkled inorganic BTO ferroelectric thin films and inves-
tigated the pristine domain structure and the intricate domain
evolution induced by the tip-loading force. The PFM results
manifest a pristine microscopic domain structure closely
correlated with the zigzag morphology. Massive nanoscale
domains exist in these microscale domain features, which can
be modulated by varied scanning force applied by the SPM tip.
Under a relatively large loading force, we consistently observed
opposite OOP polarization orientation between peak and
valley regions and a novel “braided” shape of IP domain
superstructure. The resultant behavior of the wrinkled film can
be interpreted as the coupling between the internal strain/
stress field of the zigzag-wrinkled morphology and the
flexoelectric effect induced by the SPM tip. Different from
other works, the flexoelectricity here can switch both OOP and
IP polarization orientation. The phase-field simulation results
unambiguously manifest the domain switching behaviors of the
zigzag-wrinkled ferroelectric thin film caused by the tip-
induced flexoelectricity. Such flexible ferroelectric thin films
with zigzag morphology and tunable ferroelectricity, as well as
the corresponding periodic electric potential distribution
according to the KPFM results, can be used in flexible sensors,
bioelectric control, electro-optic devices, electrostatic modu-
lation, and other related fields.
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