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Flexoelectric manipulation of ferroelectric polarization

in self-strained tellurium

Yan Yan't, Xiongyi Liang"*>1t, Ligiang Wang*t, Yuxuan Zhang', Jiaming Zhou’, Weijun Wang',
Zhibo Zhang4, Yu Zhou®, Irum Firdous?, Zhengxun Lai’, Wei Wang1, Pengshan Xie',
Yuecheng Xiong®, Walid A. Daoud®, Zhiyong Fan®, Dong-Myeong Shin’, Yong Yang®, Yang Lu®*,

Xiao Cheng Zeng"**, You Meng”*, Johnny C. Ho'*'%1'«

Beyond conventional ferroelectric compounds, the realization of single-element ferroelectricity expands the scope
of ferroelectric materials and diversifies polarization mechanisms. However, strategies for manipulating ferroelec-
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tric dipoles in elemental ferroelectrics remain underexplored, limiting their broader applications. Here, we intro-
duce a universal flexoelectric manipulation strategy to tune the ferroelectric and piezoelectric polarization of
one-dimensional self-strained tellurium (Te) ferroelectrics. A substantial flexoelectric field of 9.55 microcoulombs
per square centimeter was observed in self-strained Te, inducing a polarization rotation of 18°, comparable to the
typical 15° rotation in ferroelectric PbTiO3 compounds. This substantial polarization rotation enhances ferroelectric
coercivity by 165% and piezoelectric responses by 75% compared to unstrained Te. Moreover, the flexoelectric ma-
nipulation of ferroelectric polarization demonstrated improved energy harvesting performance at the device level,
surpassing most existing counterparts. Our findings highlight the crucial role of flexoelectricity-ferroelectricity
coupling in developing high-performance single-element electromechanical devices and ferroelectronics.

INTRODUCTION

Ferroelectrics are featured by their switchable and nonvolatile spon-
taneous polarization, capable of various applications such as non-
volatile memories, neuromorphic computing, and renewable energy
harvesting (1-4). Typically, ferroelectricity is observed in compound
materials or mixtures, such as perovskite oxides and metal chal-
cogenides. Recently, single-element ferroelectrics have attracted
great attention due to their more straightforward composition
and structure and more accessible synthesis techniques. Free
from impurities, elemental segregation, or additional compounds,
these single-element ferroelectrics provide advantages in terms of
simplicity, purity, and stability compared to traditional compound
ferroelectrics (5-10). Low-dimensional materials made of single
elements are predicted to have ferroelectricity, such as group IV
elements (e.g., graphene and Si) and group V elements (e.g., P, As,
Sb, and Bi), especially some of them showcase the potential in
unconventional sliding and Moiré ferroelectricity (11-14). For
experimental progress, the two-dimensional (2D) Bi monolayer
was observed with in-plane spontaneous polarization, whereas
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1D Te nanowires hold out-of-plane ferroelectricity (15-17). How-
ever, elemental materials generally stabilize in nonpolar structures
with high symmetry; therefore, the ordered ferroelectric dipoles
seem difficult to align spontaneously. This hinders the appearance of
significant ferroelectric responses and limits their practical applica-
tions in various fields.

Flexoelectricity is an electromechanical coupling effect between
electrical polarization and inhomogeneous strain of solid-state ma-
terials. The flexoelectric-induced potential becomes pronounced
when material dimensions are reduced to the nanoscale (18, 19),
thus having a strong ability to tailor the electrical properties of
nanomaterials (20-24). For instance, in ferroelectric compounds,
the flexoelectricity effect is used to mechanically write their ferroelec-
tric domain (e.g., BaTiO3 and CaTiO3) (25, 26), producing room-
temperature ferroelectricity in centrosymmetric paraelectric materials
(e.g., SrTiO;3 and Bi,O,Se) (27, 28) and enhancing the ferroelectric
coercivity (19, 29). Nevertheless, the inhomogeneous strain fields
used in those works mainly stem from specialized substrates or epi-
taxial conditions, limiting the tunability and scalability of flexoelec-
tricity. Also, other approaches, like defect engineering and chemical
substitution, may degrade the properties of ferroelectrics (30, 31).
Thus, a previously unidentified strategy that could overcome
the limitations associated with strain engineering, defect engi-
neering, and chemical substitutions is needed for flexoelectricity-
ferroelectricity coupling.

In this study, we investigated the self-strained effect in elemental
tellurium (Te) ferroelectrics synthesized via an ultrafast vapor growth
strategy, with growth times as short as 1 min. Enhanced inversion-
symmetry breaking in self-strained Te induced a substantial flexo-
electric field of 9.55 pC cm™2. This flexoelectric field resulted in a
notable polarization rotation of 18°, comparable to the 15° rotation
observed in PbTiOj ferroelectric thin films (32). The self-strained
Te exhibited remarkable improvements in ferroelectric coercivity
(165%) and piezoelectric coefficient (75%) compared to unstrained
Te of the same thickness (40 nm). These enhancements are attributed
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to the ferroelectric polarization rotation (33-35). An in situ study us-
ing Te-based ferroelectric tunnel junctions (FTJs) demonstrated that
flexoelectricity generated by externally applied force has a strong ca-
pacity to control spontaneous ferroelectric polarization. Leveraging
this flexoelectricity-ferroelectricity coupling, self-strained Te-based
flexible nanogenerators produced higher output power than their un-
strained counterparts. Our research presents a powerful approach for
optimizing the electrical properties of single-element ferroelectrics,
thereby enriching their electromechanical applications.

RESULTS

Ferroelectricity enhancement in self-strained Te

The self-strained Te was synthesized using an ultrafast growth strat-
egy catalyzed by Au (figs. S1 and S2). The minimum growth time is
1 min, and the synthesis temperature is low to 100°C (see Materials
and Methods and table S1). The self-strained Te has a nanoneedle-
like shape characterized by marked diameter dimension reduction
along the c axis of Te (Fig. 1A). This dimension shrinking formed
quickly generates growth dislocations, like screw dislocations or
mixed dislocations, leading to a substantial internal strain gradient
(i.e., self-strain) (36, 37) (for detailed discussion, see Supplementary
Note 1 and fig. S3). High-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) images (fig. S4 and
crystal structure illustrations in fig. S5) show Te having a unique chiral
lattice structure that inherently lacks centrosymmetry. This feature
was also confirmed using angle-resolved second harmonic generation
(SHG) spectroscopy, by which the polar plot of the out-of-plane SHG
intensity demonstrates two-lobe symmetry (Fig. 1B), verifying the
structure asymmetry, a key premise of the appearance of ferroelec-
tricity. In addition, the SHG intensity of self-strained and unstrained
Te is compared in fig. S6. A reduction in SHG intensity is observed
in the self-strained Te, which may result from decreased nonlinear
susceptibility caused by the self-strain. Notably, the multivalency
nature of Te promotes the existence of both positive and negative
charge centers, implying that Te is a viable candidate for elemental
ferroelectricity (14, 17). Furthermore, the actual conductivity of our
Te nanoneedles was measured with different metal/Te/metal device
channel lengths. On the basis of the transfer length method, the
estimated resistivity of Te nanoneedles is found to be significantly
larger than that of metal and semimetal and is comparable to typical
semiconductors (see details in fig. S7). In this case, this noticeable
resistive effect can induce a considerable voltage drop in the Te
nanoneedle body and effectively suppress the current leakage, indi-
cating the ability to realize ferroelectric switching by applying an
electric field.

After that, dual ac resonance tracking-switching spectroscopy
piezoelectric force microscopy (DART-SS PFM) was used to identify
the out-of-plane ferroelectricity of self-strained Te (for detailed dis-
cussion, see Supplementary Note 2). The atomic force microscope
(AFM) images in Fig. 1C show the surface morphology and height
profile (along the black dotted line), in which different thicknesses
(ie., 10, 40, 70, 100, and 130 nm) from the body to tip were probed.
The corresponding PFM phase hysteresis in Fig. 1D shows a distinct
180° phase difference and a clear butterfly-shaped amplitude loop, in-
dicating the typical ferroelectric behavior of self-strained Te. The
phase hysteresis curves measured at five different thicknesses are
summarized in Fig. 1E, where the coercive field is inversely propor-
tional to the thickness (detailed data shown in figs. S8 to S14). Besides,
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PEM was also used to map and control the local distribution of fer-
roelectric domains in self-strained Te at both tip and body parts. The
ferroelectric domains at the tip areas can be fully switched in response
to the applied opposite dc bias (e.g., negative or positive), demonstrat-
ing good correspondence with the morphology (fig. S15). We found
that the ferroelectric domains in body areas only can be partially
switched, in which the domains of the middle parts having a thicker
thickness cannot be switched (fig. S16), indicating weak ferroelectric
properties and even nonferroelectric, well in line with the point PEM
measurement results (Fig. 1F and figs. S10 to S14). The phase mapping
data further confirmed the ferroelectric nature of our self-strained Te.
Notably, similar ferroelectric behaviors were also observed at the in-
clined edge of much wider Te nanowires and Te nanosheets (16).

The unstrained Te, including horizontally and vertically aligned
nanostructures (figs. S17 to $20), was also synthesized for properties
comparison. Its unstrained feature was revealed by high-resolution
TEM (fig. S21) and geometrical phase analysis (GPA), where a neg-
ligible level of internal strain was confirmed (fig. S22). The scaling
relationship between coercive field and thickness of unstrained Te
is also determined by combining the PFM signals (fig. S23) and
theoretical calculations (see Materials and Methods). Obviously,
the coercive field of self-strained Te is larger than that of unstrained
Te at the same thicknesses (Fig. 1F). Specifically, the out-of-plane
piezoelectric coeflicient (ds3) of self-strained (2.06 pm/V) is also
more substantial than that of unstrained Te (1.21 pm/V) under the
same conditions (figs. S24 and S25). We ascribe those enhanced
ferroelectric and piezoelectric responses to polarization rotation
induced by large internal inhomogeneous strain in self-strained Te,
which triggers the inversion symmetry breaking and favors the
charge redistribution.

Polarization rotation induced by the self-strained approach
To verify our assumption, the self-strained feature of Te was studied
first. Raman spectra in Fig. 2A demonstrate an obvious blue shift in
the A; and E, modes, whereas the E; transverse (TO) phonon mode
remains unchanged as the probed position moves from the body
to the tip. This can be explained by the presence of internal tensile
strain, which decreases the bond angle (8) and increases interplanar
spacing (d) (fig. $26). Consequently, the vibration of the A; and E,
modes is enhanced, whereas the vibration of the E;-TO mode re-
mains unaffected. This phenomenon aligns well with external forces
applied perpendicular to the Te chain (10). Besides, density function-
al theory (DFT) calculations were used to simulate the ferroelectric
characteristics under different strain conditions. Clearly, there is no
charge transfer under unstrained conditions, whereas significant charge
redistribution responds to tensile or compressive strain. This strain
breaks the inversion symmetry, increasing upward or downward
polarization (Fig. 2B) (for more discussions of DFT calculations, re-
fer to Supplementary Note 3 and figs. S27 to S30).

Furthermore, cross-sectional HAADF-STEM was conducted at
the body (Fig. 2, C and D, and figs. S31 and S32) and tip positions
(Fig. 2, F and G, and fig. S33) from the same representative Te
nanoneedle. The corresponding GPA images directly visualize the
internal strain. The tip of self-strained Te exhibits substantially larger
internal strain than the body region, corroborating the results from
Raman spectra. Compared to the interfacial strain engineering
achieved using specific substrates (e.g., PbTiO3; on a DyScOj; sub-
strate), the self-strain effect in this work arises from growth dislocations
induced by the ultrafast growth strategy, representing an internal
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Fig. 1. Enhanced ferroelectricity in self-strained Te. (A) AFM morphology images of a typical self-strained Te with a needle-like shape. (B) SHG spectra of self-strained
Te that verified the significant structure asymmetry of Te. (C) Enlarged AFM morphology of self-strained Te (i) at the body and (ii) at the tip positions. The inserted figure
shows the height profile. (D) Off-field butterfly amplitude loop and phase hysteresis of self-strained Te (i) at the body and (ii) at the tip positions. a.u., arbitrary units.
(E) Off-field phase hysteresis curves were measured at five different thicknesses (10, 40, 70, 100, and 130 nm) from the body to the tip. The coercive field experienced a
notable enhancement when the AFM tip moved from the body to the tip. (F) Comparison of the scaling relationship between the coercive field and thickness of self-

strained Te and unstrained Te.

bulk effect. Also, the internal strain is highly inhomogeneous and dis-
continuous, which would promote the polarization rotation (23, 32).
Moiré patterns were observed in some self-strained Te without any
artificial stacking configurations (fig. S33), further highlighting the
powerfulness of growth dislocations induced by the self-strain effect
(for detailed analysis, see fig. S34 and Supplementary Note 1).

The strength of spontaneous polarization is linearly proportional
to atomic displacement. The local polarization at the unit cell scale
can be quantitatively assessed by measuring atomic displacement
(figs. S35 and S36) (38-40). The polarization vector map can be
obtained under different strain conditions (i.e., tensile, compressive,
and unstrained). The maximum ferroelectric polarization, calculated
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based on experimental data, was 27.3 pC cm™?, and this magnitude is
in good agreement with the value of 26.9 pC cm™ obtained from DFT
computation (for details, see Supplementary Note 3). The average trans-
verse flexoelectric polarization was determined as 9.55 pC cm > based
on the relation Py, & f3 (A83 / w), where f,;is the transverse flexo-
electric coefficient, Ag; is the out-of-plane strain, and w is the re-
laxation length (calculation details shown in Materials and Methods).
The comparable values between the flexoelectric and spontaneous
ferroelectric polarization were found in self-strained Te, suggesting
the possibility of a flexoelectricity-ferroelectricity coupling effect.
A maximum rotation angle (B) was calculated as 18° based on the
equation tanP = Py, / Prerror cOmparable to the rotated angle (15°)
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Fig. 2. Polarization rotation induced by the self-strained approach. (A) Raman spectra of self-strained Te indicating a substantial internal tensile strain. (B) Inversion
symmetry, charge redistribution, and polarization rotation under different strain conditions. HAADF-STEM image and corresponding GPA (C and D) at the body position
and (F and G) at the tip position. The polarization vector map of (E) the body and (H) the tip.

in PbTiO; ferroelectric thin film (32). This means the pronounced
transverse flexoelectric polarization can partially rotate the longitu-
dinal ferroelectric polarization. The polarization vector map illus-
trated in Fig. 2 (E and H) shows an apparent polarization rotation in
response to internal inhomogeneous strain (for polarization vector
mapping at a larger scale, see figs. S35 and S$36). The displacement
orientation and strain gradient are consistent. The rotation directions
of spontaneous polarization in compressive and tensile nanoregions
are contrary (e.g., upward direction at tensile nanoregions marked in
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red color in Fig. 2H, whereas the downward direction in blue color
highlights compressive nanoregions) (for details, see fig. S37),
confirming that polarization rotation is driven by flexoelectricity-
ferroelectricity coupling.

Flexoelectric manipulation of ferroelectric polarization

Furthermore, to shed light on the capability of flexoelectricity in
controlling ferroelectric polarization, an in situ FTJ study was con-
ducted on self-strained Te with a 9-unit cell thickness (Fig. 3, A to
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Fig. 3. Flexoelectric manipulation of polarization by external mechanical forces. (A) Structural illustration of self-strained Te-based M/F/M asymmetry FTJs. (B and
C) The energy structures of Te-based FTJs are polarized in ON and OFF states. (D) I-V curves of Te-based FTJs responding to different applied biases (—3 or +3 V). (E) Inho-
mogeneous strain and the corresponding flexoelectric field distributed inside the Te barrier layer under an 800-nN force applied via the AFM tip. The operando /-V curves of
Te-based FTJs measured at different applied forces of (G) 60 nN, (H) 480 nN, (I) 750 nN, (J) 1020 nN, and (K) 1140 nN. (L) Rectification ratios as a function of applied forces.
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C). As the I-V curve of self-strained Te-based FTJs demonstrated
in Fig. 3D, a distinct transition from low resistance state (LRS) to
high resistance state (HRS) was observed after electrical poling
(£5 V) that exceeds the coercive field. This suggests that the ferro-
electric polarization direction switches from upward to downward,
inducing the tunneling electroresistance effect (41, 42). The ON/OFF
ratio is ~50, comparable to the performance of other conventional
ferroelectric material-based FTJs (e.g., BaTiO3) (41, 42).

Flexoelectricity generated by mechanical loads could alter the
ferroelectric polarization of self-strained Te (18, 43-45). Using a tip-
loaded method, the AFM tip was used to apply mechanical loads
perpendicular to the Te chain; the generated strain and correspond-
ing flexoelectric field were also simulated using the first-principles
calculations (see Materials and Methods). Under a tip-loaded force of
800 nN, a pronounced 3D inhomogeneous strain up to 6.6 X 10’ m™
was observed in theoretical results (Fig. 3E and fig. S38), correspond-
ing to a maximum flexoelectric field of 6.97 MV/cm (Fig. 3F). This
field is large enough to break the local inversion symmetry, capable
of switching local ferroelectric polarization and thereby modifying
the FTJ conductance (25, 26, 43, 44).

Furthermore, the strong ability of flexoelectricity in controlling
spontaneous ferroelectric polarization was experimentally confirmed,
reflected in the rectification ratios (RR = |I;v/I_y|, where Iy and
I_y are the output current at opposing bias) of FT7Js. Figure 3 (G to
I) shows a clear transition from LRS to HRS and a decreasing recti-
fication ratio when the applied force increased from 60 to 750 nN.
Supported by the calculations, the strain-induced polarization rever-
sal changes the mean barrier height by an amount of A > 0.1 eV,
which is substantial enough to affect the tunneling current (details
in Materials and Methods). This highlights the consistency between
our experimental and theoretical results. Further increasing the ap-
plied force above 900 nN, the rectification ratios would show an in-
creasing trend (Fig. 3, ] and K, and fig. $39), and an LRS would be
achieved again at an applied force of 1140 nN (Fig. 3K). This reversal
phenomenon results from the strain-regulated interaction between
barrier thickness and conduction band edge (43, 46). The extracted
rectification ratios as a function of applied forces are shown in
Fig. 3L. At the same time, a similar trend was also witnessed in
an 11-unit cell-thick Te-based FTJ, suggesting good repeatability
(figs. S40 and S41). Given that even slight perturbation or instability
from AFM facilities or the external environment can result in current
fluctuation, we repeated those I-V curve measurements 40 times for
self-strained and unstrained Te at various positions with similar
thickness to further validate the reproducibility. The raw and aver-
age I-V curves are demonstrated in figs. S42 and S43, where good
repeatability and operation stability were confirmed. The rectification
ratios of the self-strained and unstrained Te-based FT] were sum-
marized in fig. $44, from which a higher rectification factor was ob-
served from the self-strained Te-based FT] compared with the
unstrained Te-based counterpart, further indicating that the self-
strained feature could favor the charge redistribution.

Enhanced energy harvesting performances

Flexoelectricity-ferroelectricity coupling uncovered in self-strained
Te has the potential to develop high-performance electromechani-
cal electronics. As a device-level demonstration, the flexible nano-
generators were fabricated with a typical sandwich structure of Au/
Te/polymethyl methacrylate (PMMA)/Au (Fig. 4A), as verified in
the cross-sectional scanning electron microscopy (SEM) images
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(fig. S45). In a control experiment, both self-strained and unstrained
Te samples were used as the active layer of nanogenerators (Fig. 4B).
First, Young’s modulus of Te was measured as E, = 73.6 GPa using
the method of in situ uniaxial compression experiment (fig. S46),
matching the simulation results (60.0 GPa) and comparable to other
typical piezoelectric nanomaterials (table S2).

Responding to the applied periodic forces (illustrations inserted
at the bottom of Fig. 4C), the nanogenerators based on self-strained
Te generated stable peak voltage signals, in which the two distinct
peaks with reverse polarity correspond to the compressing and re-
leasing process (Fig. 4C). As supported by the COMSOL simulation,
self-strained Te could output higher electric potential (Fig. 4D) and
peak output voltage than unstrained Te (fig. S47) by nearly two and
four times, respectively, under the same conditions. Under a peri-
odic force of 85 N, the maximum output voltages from self-strained
Te-based nanogenerators (2.40 V) are larger than those of un-
strained vertical (1.75 V) and horizontal (0.42 V) Te-based devices,
which aligns with the simulation results (Fig. 4E). The performance
advantages of self-strained Te-based nanogenerators in terms of
output voltage (Fig. 4F), accumulated charge (Fig. 4G), and output
current (fig. S51) are witnessed under different mechanical periodic
forces (for detailed data, refer to figs. S48 to S51). The enhanced per-
formance of self-strained Te is attributed to the occurrence of polar-
ization rotation induced by flexoelectricity when periodic forces are
applied to the nanogenerator. Note that all the device outputs expe-
rience a monotonous increment with the applied forces, suggest-
ing the reliable operation of Te-based nanogenerators (Fig. 4F and
fig. S51).

Given the quasi-1D crystal structure, Te has intrinsic anisotropic
mechanical properties (fig. S52 and table S3). On the basis of this, the
outputs from vertical Te nanomaterial-based nanogenerator devices
are notably larger than those of horizontal devices (Fig. 4, F and G,
and fig. S51). The piezoelectric coefficients (ds3) were determined as
16.24 + 1.59 and 3.57 + 0.65 pC/N along the ¢ axis and a axis of the Te
crystal (Fig. 4G), respectively. Te's anisotropic energy harvesting abil-
ity could be used in intelligent electromechanical electronics, such as
directional stress sensors and energy generators (47, 48). These output
voltage and piezoelectric coefficients of self-strained Te are compa-
rable to those of typical piezoelectric nanomaterials, as summarized
in Fig. 4H and table S4. Practically, the self-strained Te-based nano-
generators can easily power the commercial light-emitting diode
(LED), with the LEDs alternating between on and off in response to
periodic compressive forces, using only one nanogenerator (for de-
tails, see Supplementary Note 4, fig. S53, and movie S1). Furthermore,
the piezoelectric potential generated by self-strained Te-based nano-
generators can effectively act as the gate voltage to stimulate the ion
gel-gated synaptic transistor, triggering significant excitatory postsyn-
aptic current (for details, see Supplementary Note 4, figs. S54 and S55,
and movie S2). These demonstrations underscore the considerable
application potential of self-strained Te-based nanogenerators in
various fields, such as self-powered systems, artificial somatosensory
systems, human health monitoring, etc.

DISCUSSION

In summary, we demonstrated the strong ability of flexoelectric ma-
nipulation of ferroelectric polarization in self-strained Te, leading
to pronounced ferroelectric coercivity and piezoelectric responses.
The self-strained effect enhances the inversion-symmetry breaking
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Fig. 4. Enhanced energy harvesting performances. (A) Structural illustration of a Te-based nanogenerator. (B) SEM images of three kinds of Te nanomaterials used in the
nanogenerator. (C) Output voltages of the vertical self-strained Te-based nanogenerator as a function of applied forces. The inset on the right side shows two distinct output
voltage peaks with a reverse polarity corresponding to the compressing and releasing process, and the inset below demonstrates the applied periodic forces. (D) COMSOL
Multiphysics simulations of self-strained and unstrained Te at the same applied force. (E) Maximum output voltages of nanogenerators generated by three different kinds of
Te nanomaterials. (F) Output voltage and (G) the accumulated charge as a function of applied forces. (H) Output voltage and piezoelectric coefficient of Te nanomaterials
compared with other low-dimensional piezoelectric nanomaterials. US-Te, unstrained Te; SS-Te, self-strained Te; PLLA, poly-L-lactic acid; PVDF, polyvinylidene difluoride.

and favors the electric dipole alignment of chiral Te chains, by which
a substantial increase in ferroelectric coercivity (165%) and piezo-
electric coeflicient (75%) was obtained. This self-strain approach
overcomes limitations associated with specialized substrates, epi-
taxial conditions, and chemical substitution that may degrade the
properties. Furthermore, the device-scale applicability of nanogen-
erators is demonstrated using self-strained Te, showing improved en-
ergy harvesting performance that surpasses most counterparts. On
the basis of the quasi-1D Te crystal structure, Te’s anisotropic energy
harvesting ability was also demonstrated, promising for directional
electromechanical electronics. Our work not only shows a feasible way

Yanetal., Sci. Adv. 11, eadu1716 (2025) 1 August 2025

to enhance and/or regulate the emerging single-element ferroelec-
tricity but also provides a platform for the design of flexoelectricity-
ferroelectricity coupled functional devices.

MATERIALS AND METHODS

Synthesis of Te nanomaterials

All Te nanomaterials were synthesized using the physical vapor
deposition (PVD) method. The synthesis was conducted using a
two-zone vapor transport system equipped with a 1-inch inner di-
ameter quartz tube. In the high-temperature heating zone (500°C),
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an alumina boat containing 1 g of Te powders (Aldrich, pieces,
99.999%) was placed to vaporize the precursor powders. The sub-
strates, where the nanomaterials were to grow, were positioned in
the low-temperature heating zone (100°C). Before the growth pro-
cess, the system was evacuated, and an argon flow of 200 standard
cubic centimeter per minute (SCCM) was introduced for 30 min to
eliminate residual oxygen. To initiate growth, the vaporized Te was
carried by an argon flow of 50 SCCM from the high-temperature
zone to the low-temperature zone. The dimension and morphology
of the different Te nanomaterials were controlled by adjusting the
pressure, growth time, preannealing conditions, and catalysis. Hori-
zontal self-strained Te and unstrained Te were synthesized at atmo-
spheric pressure using a mica substrate without metal catalysis. In
contrast, the vertically self-strained Te and unstrained Te were grown
at 100 torr on a Au-coated silicon substrate. The Au served as the
catalyst to boost the growth, effectively reducing the growth time. The
Au-coated silicon substrate used for growing vertical self-strained Te
and the mica substrate used for synthesizing horizontal self-strained
Te were preannealed at 300°C for 20 min before growth. In contrast,
the Au-coated silicon substrate used to synthesize vertical unstrained
Te and the mica substrate for growing horizontal unstrained Te were
not subjected to preannealing. The growth temperature for all Te
nanomaterials was 100°C. The growth time was varied to control the
diameter and length of all Te nanomaterials.

Characterizations of Te nanomaterials

The surface morphologies of the Te nanomaterials were character-
ized by optical microscopy, SEM (XL30, FEI/Philips ESEM-FEG),
and AFM (Dimension Icon, Bruker). The Raman spectra were col-
lected by a confocal microscope spectrometer (Alpha 300R, WITec).
The crystal structures and crystallinity were examined by x-ray dif-
fraction (D2 Phaser XE-T, Bruker). The SHG spectroscopy (Alpha
300R, WITec) was used to identify the structural asymmetry. TEM
[high-resolution TEM (HRTEM), JEOL 2100F; HAADF-STEM, FEI-
Titan Cubed Themis G2] was used to study the crystal structures at
the atomic scale. The I-V curves of FTJs were measured using con-
ductive AFM (CAFM) (MFP-3D infinity, Oxford) using a CAFM tip
(ARROW-EFM, Nanoworld). The electrical bias was swiped from
—0.5 to 0.5 V. Using a polymer-based wet-transfer method, all SEM,
TEM, and CAFM samples were prepared by transferring Te samples
onto a certain substrate (e.g., Si substrate for SEM, Cu grids for
TEM, and Au-coated Si substrate for CAFM).

PFM measurements

Using a polymer-based wet-transfer method, the as-synthesized self-
strained Te was first transferred to the Au-coated silicon substrate.
The PFM (Dimension Icon of Bruker, and Cypher ES of Asylum Re-
search) was used to obtain butterfly amplitude loop and phase hys-
teresis by sweeping the AC bias voltage from —3 to 3 V using a
CAFM tip (SCM-PIT V2, Bruker). The PFM amplitude and phase
signals provide insights into local electromechanical responses and
differentiate various out-of-plane polarization orientations within a
ferroelectric domain. Consequently, this allows for the direct obser-
vation of nanoscale ferroelectricity.

Mechanical properties of Te

The mechanical property of Te was studied from both theoretical
and experimental aspects. The elastic tensor matrix was determined
by DFT calculations and Young’s modulus at both 3D spherical form
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and 2D projections on the (xy), (xz), and (yz) planes were directly
visualized using ELATE (49). The magnitude of Young’s modulus of
Te along the x, y, and z axes was determined as 36, 36, and 60 GPa,
respectively. Te demonstrated significant anisotropic properties, from
which we can expect that the outputs from horizontal and vertical Te
nanomaterials should be significantly different. Also, a quantitative
nanoindentation system (Hysitron PI 85 PicoIlndenter) equipped in-
side the SEM chamber (FEI Quanta 450 FESEM) was used to experi-
mentally determine Young’s modulus of vertical Te nanowires under
displacement-control mode. The vertically unstrained Te directly
grew on specialized Cu grids for nanoindentation. The mechanical
force was applied using an indenter along the ¢ axis of Te nanonee-
dles, whereas the feedback was monitored using pressure sensors, and
the strain rate was at ~2 X 107> s™". The Young’s modulus of vertical
Te nanowires was measured as E, = 73.64 GPa, matching the simu-
lation results (60 GPa).

Te nanomaterial-based nanogenerators

Three different Te nanomaterials, including vertical self-strained Te,
horizontal unstrained Te, and vertical unstrained Te, were used as
the active layer of nanogenerators. The vertical, self-strained, and
unstrained Te nanomaterials were directly synthesized on a Au-
coated polyethylene terephthalate (PET) flexible substrate. The gold
layer coated on the PET flexible substrate serves as the bottom elec-
trode and catalyst to boost the synthesis of Te nanomaterials. The
horizontal unstrained Te was first synthesized on a mica substrate
and then transferred to a gold-coated PET flexible substrate using a
polymer-based wet-transfer method. Subsequently, a PPMA layer was
spin-coated on the surface of the Te nanomaterials to act as an insulat-
ing layer, preventing electron leakage at the electrode/Te nanomaterials
interface. Afterward, a 150-nm Au layer was deposited on the PMMA
surface as the top electrode. In the end, a polydimethylsiloxane (PDMS)
elastomeric layer was spin-coated to encapsulate the devices and en-
hance their structural stability. Experimentally, the periodic com-
pressive stresses were perpendicularly applied to the Te active layers
of nanogenerators using a customized bending and compressing
system. The corresponding outputs were acquired through an oscil-
loscope (Tektronix, TBS1102B) equipped with a current pream-
plifier (SRS, SR570). Theoretically, the output difference between
vertically self-strained Te and unstrained Te-based nanogenerators
was simulated using COMSOL Multiphysics. To compute the elec-
trical potential and peak voltage generated in vertically self-strained
Te and unstrained Te responding to applied forces, the correspond-
ing 2D models were built using COMSOL Multiphysics. In the
simulation test, a time-varying vertical force was applied to the top
of the model, and the corresponding surface potential and peak
voltage were analyzed.

GPA and polarization vector map

The magnitude and distribution of strain inside Te nanomaterials
were obtained by extracting the real-space and Fourier-space infor-
mation of the HRTEM and HAADF-STEM images using strain ++
software. The strength of spontaneous polarization is linearly pro-
portional to atomic displacement, i.e., P, « Az, where P, is the spon-
taneous polarization and Az is the magnitude of the displacement.
Therefore, the local polarization and polarization vector map can be
quantitatively assessed by measuring atomic displacement. The pre-
cise coordinates of each atom in the HAADF-STEM images were
simulated using an efficient model-based estimation algorithm from
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StatSTEM (39, 40). The mean value of the off distance between the
center atom and two side atoms over 256 unit cells at the unstrained
top part was calculated and used as the reference. The magnitude of
atomic displacement of center atoms at the self-strained tip was pre-
cisely calculated compared with this reference.

Thickness-dependent coercive field of Te
The measured coercive field at different thicknesses (E,, ), when
accounting for the depolarization field, can be expressed as fol-
lows (46, 50)

E,= Ec - Edep

where Eg, is the thickness-dependent depolarization field, and E,
refer to the Janovec-Kay-Dunn (JKD) scaling relationship between
coercive field and thickness that can be written as

E.=kxds
8nP A
dep = cd

e

Here, d is the thickness and k is the material specified. P, is the
spontaneous polarization, A is the screening length and €, is the di-
electric constant of the electrode.

Polarization reversal modulated conductance in FTJs

In this work, an ultrathin Te ferroelectric layer was adopted as the
barrier layer, a Au layer coated on a silicon substrate served as the
bottom electrode, and a conductive Ptlr-coated AFM tip was used as
the top electrode to construct a typical metal/ferroelectric/metal
(M/F/M) asymmetry FTJ. The potential barrier for electron tunnel-
ing in this Te-based FTJ that takes the depolarization field into con-
sideration can be described below (46, 50)

o=

where t is the barrier thickness and ¢, is the barrier height at the
original state that is not influenced by applied strain and depolariza-
tion field. At is the interfacial layer thickness, and &, is the depo-
larization field that is proportional to out-of-plane polarization,
shown below

P —e€qep(t—At)x /At at 0<x <At
cb0+e€dep(x3 —t) atAr<x<t

Egep = — P/ [ci(t—At)+eoef]

where P is the magnitude of spontaneous polarization in the ab-
sence of a depolarization field, c; is the capacitance density, and g,
and ¢; is the permittivity of the vacuum and the relative out-of-plane
permittivity of the barrier layer, respectively.

The mean barrier height ¢ is obtained by the integration of ¢(x)

- 1 1 eP
¢=¢0+Ee(t_At)€d€qu)0__ S

2 €0€f
[Ci + t—At]
Thus, the modified magnitude of the mean barrier height by in-

homogeneous strain-induced polarization reversal can be described
as follows

MG e| P, | (t—At)
 [at—An+ege
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In the case of a Te-based FTJ, assuming ¢t = 3.5 nm, At < t,
P;=0.5C/m? ¢; = 0.5F/m? and & < 300, we obtain the change
in the amount of the mean barrier height Adp > 0.1 eV. This change
in the mean barrier height significantly affects the tunnel current,
meaning that the inhomogeneous strain-induced polarization re-
versal notably influences the conductance of FT7Js.

DFT computation details

The structural and electrical properties of the system were computed
by using spin-polarized DFT as implemented in the Vienna ab initio
simulation package (VASP 6.4) (51-53). A generalized gradient ap-
proximation with Perdew-Burke-Ernzerhof (PBE) functional was
selected to describe the exchange-correlation interaction (54). The
ion-electron interaction was characterized by the projector augmented
wave method with a kinetic energy cutoff of 400 eV. Van der Waals
interactions were accounted for using Grimme’s DFT-D3 method
(55). All the DFT calculations were carried out until the total energy
and force were less than 107> eV per atom and 0.01 eV A™", respec-
tively. For sampling the Brillouin zone, a Monkhorst-Pack grid of
12 X 12 x 12 K-point was used to optimize the lattice constants and
atomic positions. To explore the flexoelectric tensor, the Brillouin
zone integration was sampled using 6 X 2 X 2 Monkhorst-Pack K-
grids for the transverse model and 6 X 6 X 1 for the longitudinal and
shear model, respectively. The dielectric constant and the Born ef-
fective charges were calculated using the density functional per-
turbation theory (56-58). The local polarization of a unit cell in
direction i (i = x, y, )

1 .
Pi= XwZD, M
]

where V is the unit cell volume, wj is the number of unit cells that
share the atom, D; is the atomic displacement vector from the ideal
lattice site of atom j, and Z] * is the Born effective charge tensor. Index

j runs over all atoms in the unit cell. Given that the PBE function
generally underestimates the bandgap of semiconductors, a more
accurate functional Heyd-Scuseria-Ernzerhof (HSE06) was used to
calculate the bandgap of Te (59, 60) (fig. S27). The Lobster software
was used to perform the crystal orbital Hamilton population analysis
to obtain the bonding and antibonding information (61). The spon-
taneous electric polarization of Te was predicted using the modern
Berry phase method (62).

Theoretical simulations of the strain distributions

The Hertz contact mechanics of a spherical indenter were used to
calculate Te bulk’s strain distribution and strain gradient under a
mechanically loaded tip-force model (63). The normal pressure dis-
tribution beneath a spherical indenter in a cylindrical coordinate
system can be obtained by Egs. 2 to 8

o _3f1-ma
Pm 2 3 72
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3 F,R 3

_ [ZIT(HZ)] (5)
F
Pm = @ (6)
u—l{(1’2+zz—a2)+[(r2+z2—a2)2+azz];}

=5 (7)

—2  1—vy2
1_1=v _ ~~¥ 8)

Y Y Yy
where 1, z, and 0 are cylindrical coordinates, a is the radius of the
contact area, ¢ is the stress, p, is the mean pressure on the contact
area, F; = 800 nN is the tip loading force, and R = 20 nm is the ra-
dius of the silicon tip. v = 0.228 and Y. = 36.688 GPa are Poisson’s
ratio and Young’s modulus for Te, respectively. The silicon tip is con-
sidered a rigid hemisphere, and the Poisson’s ratio and Young’s mod-
ulus are vr = 0.200 and Y'r = 180.000 GPa, respectively. With Hooke’s
law, the strain distribution can be calculated by

€

€ = % [Grr _V(Gzz+699)] (9)
€, = %[Gzz_v(crr_'_cﬂe)] (10)
€gp = %[GOG_V(GW-’-GZZ)] (11)

Theoretical simulations of the flexoelectric polarization
To investigate the coupling effects between the polarization and the
strain gradient, direct flexoelectric polarization distributions of Te
under an AFM tip force can be expressed by (64)
oe Kkl
P, = Uijlg——

axj

(12)

where P; is the local polarization of a unit cell in direction i (i = x, y,
z), ujji is the flexoelectric coefficient (where j, k, and [ also represent

- dey - . .
X, y, and z directions), and % is the strain gradient (where x; repre-
j

sents x, y, and z coordinates). In Eq. 12, the Einstein summation
convention is used. The flexoelectric coefhicients of Te in the longi-
tudinal (Uxxee Uyyyys and uz;;), transverse (e Upyso Usrzzs Uzzxno
Uyyzzs and Uzzy,), and shear directions (s Usexzs Uyxyxo Upzyes Uzxzx
and uyy,,) are calculated by using the VASP, and the values are as
follows: —30.57, 14.75, 60.93, 35.81, 36.99, 31.76, 13.07, —14.15,
—18.12, 1.43, —0.67, 1.39, 0.14, —0.78, and 0.19 nC/m, respectively.
It is important to note that the precise values of the flexoelectric
coeflicients u;; are unknown due to the difficulties in experimentally

Yan et al., Sci. Adv. 11, eadu1716 (2025) 1 August 2025

extracting them. As a result, there may be discrepancies between ex-
perimental and theoretical values for various reasons (18, 65, 66). Fur-
thermore, it is worth noting that a hidden symmetry was proposed in
the flexoelectric tensor, which further reduces the number of inde-
pendent coefficients (67). The electric field can be calculated by

(13)

where P is the polarization and ¢, is the relative dielectric constant
obtained from the density functional perturbation theory.
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