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Abstract

Ferroelectric field-effect transistors, which rely on ferroelectric polarization reversal to mod-
ulate the channel resistance, hold great promise for nonvolatile memory and neuromorphic
computing. The polarization switching dynamics are critical for achieving high-speed,
high-bit-density neuromorphic hardware. Here, we report a 1D-2D asymmetric heterojunc-
tion composed of a single-element tellurium (Te) nanowire and a magnetic metal, Fe3GaTe2.
Piezoresponse force microscopy reveals reversible polarization switching at room tempera-
ture. Utilizing this ferroelectric heterojunction, we construct ferroelectric semiconductor
field-effect transistors that exhibit tunable resistance states exceeding 7 bits, featuring an
on/off ratio of 103, a retention time exceeding 103 s, and ultrafast switching down to 20 ns.
Moreover, the transistor enables accurate recognition of six kinds of micro-defects with an
accuracy of 97.1% on the workpiece surface by convolutional neural network. This work
establishes the intrinsic relationship between ferroelectric polarization and resistance mod-
ulation, providing a device platform for next-generation multilevel storage and ultrafast
neuromorphic computing networks.

Keywords: Te nanowire; van der Waals heterojunction; ferroelectric semiconductor field-
effect transistor; neuromorphic computing; nonvolatile memory

1. Introduction
Ferroelectrics sustain a depolarization field under remanent polarization in the absence

of an external electric field [1–3]. The direction of this depolarization field can be reversed
by an external electric field, providing a physical basis for nonvolatile multilevel resistance
states in ferroelectric materials [4–7]. When a ferroelectric is employed as the gate insulator,
the channel conductance can be switched by the polarization state, enabling the realization
of ferroelectric field-effect transistors (FeFETs) [8–11]. Driven by polarization reversal,
these FeFETs represent a promising memory technology because of their fast switching
speed, continuously tunable (analog) memory states, and high data density suitable for
high-density integration [12–16]. To date, various hardware implementations have been
intensively explored to emulate synaptic functions, including metal-oxide-based memris-
tive systems [17], phase-change memory (PCM) arrays [18], halide perovskites [19], and
self-assembled nanowire networks [20], each offering unique advantages in speed, scaling,
or bio-compatibility. Among these, ferroelectric-gate architectures remain highly attractive.
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However, conventional FeFETs [21–27] suffer from severe charge screening effects at the
ferroelectric/semiconductor interface, which often induce unpredictable threshold voltage
variations and thus impede stable multilevel resistance state programming [28–30].

An alternative device architecture, the ferroelectric semiconductor field-effect transis-
tor (FeS-FET), employs a ferroelectric semiconductor as the channel material [31–33]. In this
configuration, the out-of-plane depolarization field modulates the in-plane transport prop-
erties, thereby enabling nonvolatile resistive switching directly within the channel [34,35].
Consequently, FeS-FETs can potentially eliminate the charge screening effects and leakage
currents that plague conventional FeFETs at the ferroelectric insulator/semiconductor inter-
face [36,37]. Recently, FeS-FETs based on In2Se3 layers have been reported, demonstrating
a high on/off ratio and low power consumption, establishing a promising direction for
further research on FeS-FETs [38–40]. However, despite the intrinsic advantages of ferro-
electric semiconductors—namely the high speed of polarization reversal and the capability
for partial domain reversal—the switching speed and the number of achievable nonvolatile
resistance states in FeS-FETs remain largely unexplored [41–45].

Here, we construct a FeS-FET by integrating a single-element ferroelectric Te nanowire
with a 2D metallic ferromagnet Fe3GaTe2 to form a 1D-2D lateral heterojunction, where
the heterojunction serves as the ferroelectric and channel layer. When electrical pulses are
applied through the Si/SiO2 to modulate polarization reversal, the FeS-FET exhibits long-
term retention exceeding 103 s, an ultrafast switching speed down to 20 ns, and more than
128 nonvolatile resistance states. These performance characteristics are primarily attributed
to the fast reversal of ferroelectric polarization and the partial switching of ferroelectric
domains. The simulation, based on a convolutional neural network (CNN), shows that the
device enables high-accuracy identification of micro-defects on workpiece surfaces.

2. Results and Discussion
2.1. Structural Characterization of 1D-2D Te/Fe3GaTe2 Heterojunctions

Quasi-1D single-crystal Te nanowires were synthesized via a bottom-up hydrothermal
method. Scanning electron microscopy (SEM) reveals that the as-grown Te nanowires
have lengths exceeding tens of micrometers and widths below 100 nm (Figure 1a). The
as-prepared Te nanowire exhibits a trigonal crystalline phase (space group P3121) and a
characteristic chain-like structure along the c-axis (Figure 1b), indicating high crystallinity.
Mechanically exfoliated 2D Fe3GaTe2 flakes were precisely positioned onto one end of a
single Te nanowire using a dry transfer technique. Thus, a cross-dimensional 1D-2D lateral
Te/Fe3GaTe2 heterojunction can be constructed (Figure 1c). Raman spectroscopy (Figure 1d)
reveals distinct characteristic peaks of Te at 92 cm−1, 129 cm−1, and 147 cm−1 (green), and
of Fe3GaTe2 (red) at 128 cm−1 and 145 cm−1, confirming the successful preparation of
the Te/Fe3GaTe2 heterojunction. Notably, compared with bulk Te crystals (black), the
Te nanowire in the heterojunction exhibits not only broadening of the E1-TO phonon
mode but also the emergence of the E1-LO vibrational mode, indicating a reduction in
crystal symmetry.

https://doi.org/10.3390/nano16150935

https://doi.org/10.3390/nano16150935


Nanomaterials 2026, 16, 935 3 of 9

Figure 1. Morphology and atomic arrangement of the Te nanowire. (a) SEM morphology images
of Te nanowires on a SiO2/Si wafer. (b) The atomic lattice models of Te nanowires. (c) Illustration
image of a 1D-2D Te/Fe3GaTe2 heterojunction. (d) Raman spectra of Te and Fe3GaTe2 in the 1D-2D
Te/Fe3GaTe2 heterojunction and bulk Te.

2.2. Ferroelectric Characteristics of the 1D-2D Te/Fe3GaTe2 Heterojunction

To probe the ferroelectricity of the Te nanowire within the lateral Te/Fe3GaTe2 hetero-
junction, vertical piezoresponse force microscopy (PFM) measurements were strictly on
both the bare Te nanowire regions adjacent to the junction and the heterojunction overlap
region. To exclude artifacts arising from charge trapping/detrapping processes, an off-field
mode PFM measurement with the tip bias removed was employed to characterize the
intrinsic ferroelectric response and domain structure. The phase (Figure 2a) and amplitude
(Figure 2b) mappings, overlaid on the topography, reveal a belt-like domain distribution
and demonstrate excellent piezoelectricity with an effective piezoelectric coefficient d33 of
approximately 2.5 pm V−1. Off-field vertical PFM measurements conducted on this bare Te
nanowire region near the junction further yield a characteristic phase hysteresis loop (blue)
and amplitude butterfly loop (red), as shown in Figure 2c. Both loops exhibit a coercive
voltage of approximately ±2.5 V, consistent with the switching voltages derived from the
phase and amplitude responses. Furthermore, PFM measurements were also conducted
on the Te nanowire in the heterojunction overlap region. Similar PFM hysteresis loops can
also be observed in Figure S1. These ferroelectric characteristics confirm that the lateral
Te/Fe3GaTe2 heterojunction retains robust ferroelectricity after integration. This establishes
the essential physical basis for subsequently modulating the channel conductance via the
polarization field to achieve nonvolatile resistive switching.
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Figure 2. Ferroelectric hysteresis and domain of the 1D-2D Te/Fe3GaTe2 heterostructure. (a,b) Phase
(a) and amplitude (b) mapping of domain measured by vertical PFM in the Te/Fe3GaTe2 heterostruc-
ture. (c) Phase-voltage (blue) and amplitude-voltage (red) hysteresis loops measured by vertical
OFF-field PFM in Te/Fe3GaTe2 heterostructure.

2.3. Multiple Nonvolatile Resistive Switching Caused by Domain Reversal in FeS-FET

The Te/Fe3GaTe2 ferroelectric heterojunction (~36 nm-thick Fe3GaTe2 and ~22 nm-high
Te nanowire) functions as a lateral channel device featuring a localized vertical cross-
dimensional overlap interface. The vertical remanent polarization of the Te nanowire
directly modulates the in-plane transport properties of the carrier in the heterojunction.
Physically, current flows laterally from one contact electrode, across the 1D-2D interface,
and through the Te nanowire channel. Because Te is an intrinsic p-type semiconduc-
tor, the vertical polarization field of the Te nanowire tunes the carrier (hole) accumula-
tion/depletion within the junction, effectively shifting the local Fermi level and modulating
the barrier height.

As a result, the FeS-FET exhibits Rds-Vg behavior under a continuous DC gate sweep,
showing a typical transfer curve (red line) in the field-effect transistor in Figure 3b. The
hysteresis loop is counterclockwise, with an ON/OFF ratio reaching 103, confirming P-type
carrier in the Te/Fe3GaTe2 heterojunction. In contrast, when a discrete gate pulse of ampli-
tude Vp (1 µs width) is applied and then completely removed, the non-volatile remanent
resistance state can be read out. This post-pulse state is plotted as the blue curve in Figure 3b.
Under these conditions, the Rds-Vp hysteresis immediately switches to a clockwise direc-
tion, exhibiting nonvolatile resistive switching with an ON/OFF ratio of up to 102 caused
by the opposite remanent electric field. To further investigate the continuously tunable
states, consecutive electrical pulses (1 µs width) with gradually increasing amplitudes
were applied to the gate. The FeS-FET shows 128 distinct resistance states (Figure 3c),
the resistance values of which decrease with gradually decreasing amplitudes, mimicking
synaptic behavior in neurons. Subsequently, retention measurements performed on all
128 states reveal no significant degradation over 3000 s (Figure 3d), demonstrating highly
stable long-term retention. To verify the statistical distinctness of these states, we extracted
the mean values and standard deviations (σ) of the states during the 3000 s retention test,
which are detailed in Figure S2. The calculated separation margins with error bars (±3σ)
show zero statistical overlap between adjacent levels, proving the high reproducibility
and low read noise of our device. Both HRS and LRS show long-term retention above
104 s in Figure S3. Interface trapping/detrapping typically exhibits unstable retention
spanning from several milliseconds to hundreds of seconds, confirming the origination of
ferroelectric reversal.
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Figure 3. Switching characteristics exhibiting nonvolatile memory of a Te/Fe3GaTe2 heterostructure.
(a) Schematic illustration of the memory device. (b) Rds-Vg characteristics for the Te/Fe3GaTe2

showing the nonvolatile memory after electric pulse. (c) Nonvolatile switching of Rds measured after
applying multiple Vp square pulses with the pulse width of 1 µs, exhibiting multilevel resistive states
above 128. (d) Resistance retentions for 128 distinct resistive states for up to 3000 s after applying Vp

with a pulse duration of 1 µs.

These continuously tunable nonvolatile resistance states are attributed to the partial
reversal of ferroelectric domains under successive pulse voltages. Combined with the
miniature size of the ferroelectric domains, the device achieves multi-bit storage states. Fur-
thermore, the ultrahigh information storage density is derived using the following formula:

Density
(

Tbit
in2

)
=

in2

Adomain
× 7 bits

where Adomain is the average area of a single ferroelectric domain. This yields a calculated
system-level information density of approximately 1.19 Tbit inch−2.

2.4. Ultrafast Resistive Switching (20 ns) in FeS-FET

Taking advantage of the ultrafast reversal of ferroelectric polarization, we character-
ized the resistive switching speed of the FeS-FET by applying electrical pulses with a width
of 20 ns. Here, the 20 ns refers strictly to the applied programming pulse width that suc-
cessfully triggers non-volatile polarization reversal. We employed a high-bandwidth pulse
generator connected through RF coplanar probe stations with 50 Ω impedance matching.
The calculated parasitic RC delay of our microscale device is below 1 ns, ensuring that the
applied 20 ns pulse is fully loaded across the channel heterojunction.

As shown in Figure 4a, the FeS-FET maintains stable switching characteristics under
repeated 20 ns pulses. The experimental results reveal that the device exhibits nonvolatile
bistable switching behavior with no obvious degradation after multiple cycles. Given that
charge trapping/detrapping processes and electrochemical ionic migration typically occur
on timescales exceeding 100 ns, the observed resistive switching can be reliably attributed
to polarization reversal of the ferroelectric heterojunction. Therefore, the observed ultrafast
nonvolatile bistable switching behavior is dominantly governed by the intrinsic, high-speed
polarization reversal within the 1D-2D ferroelectric heterojunction.
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Figure 4. Fast nonvolatile switching of the Te/Fe3GaTe2 heterostructure. (a) Nonvolatile switching
of Rds measured after applying gate voltage pulses with durations of 20 ns. (b) Rds-Vp hysteresis
loops showing the continuous-variable resistive states measured applying Vp pulse-width of 20 ns.
(c) Switching dependence of Rds on pulse amplitude after applying 20 ns pulses.

Subsequently, when the pulse amplitude is varied while keeping the pulse width
at 20 ns, the FeS-FET still yields a distinct clockwise Rds-Vp hysteresis loop (Figure 4b),
demonstrating a wide memory window and confirming the feasibility of achieving contin-
uously tunable resistance states even with 20 ns pulses. Furthermore, when the gate pulse
amplitude is reduced to 10 V, no resistive switching is observed (Figure 4c), indicating that
pulse voltages below the coercive voltage cannot induce switching. With its continuously
tunable resistance states, ultrahigh data density, and ultrafast operation speed, the FeS-FET
can be integrated with silicon circuits via three-dimensional heterogeneous integration to
realize CMOS-compatible neuromorphic devices.

2.5. Identification of Micro-Defects on Workpiece Surfaces

To evaluate the application of the Te/Fe3GaTe2 FeS-FET for neuromorphic tasks, we
performed comprehensive simulations of a CNN for workpiece surface defect recognition,
with the synaptic weights modeled using the experimentally characterized multilevel
resistance states (Figure 5a). In this simulation framework, the measured 128 distinct
nonvolatile conductance levels (7 bits) serve as the discrete weight quantization levels
in the CNN, while the experimentally obtained linearity and symmetry of the resistance
modulation are incorporated into the weight update rules. The CNN architecture, con-
sisting of two convolutional layers for feature extraction and two fully connected layers
for classification, was trained on a labeled dataset of workpiece defect images via a back-
propagation algorithm. Defects are classified into the following six categories: crazing,
inclusion, patches, pitted surface, rolled-in scale, and scratches (labeled a–f, respectively,
in the confusion matrix). During the inference simulation, the forward propagation was
emulated by mapping the trained weight matrices onto the simulated conductance matrix,
where multiply accumulate operations were computed according to Kirchhoff’s current
law to emulate in-memory analog computing. The simulation results demonstrate that the
device’s multilevel capability enables the CNN to achieve a high classification accuracy of
97.1% after only 40 training epochs (Figure 5b) in detecting micro-defects on workpiece
surfaces. Moreover, the trained weights were quantized to 6-bit for the six defect categories.
Upon inference testing with 100 test images, the inference accuracy exceeded 90% for
each defect category, as illustrated in the confusion matrix in Figure 5c. These results
confirm the effectiveness of the FeS-FET array in recognizing micro-defects on workpiece
surfaces. Furthermore, by incorporating the measured ultrafast switching speed (20 ns),
this simulation study validates, at the system level, that the Te/Fe3GaTe2 FeS-FET platform
holds great promise for high-speed, high-precision industrial defect inspection.
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Figure 5. Simulations of micro-defects on workpiece surfaces with FeS-FET neuromorphic system.
(a) Schematics of the neuromorphic system. (b) The defect recognition rate. (c) The confusion matrix
shows high accuracy, with correct identifications of the six kinds of micro-defects.

3. Conclusions
In summary, we have demonstrated a ferroelectric semiconductor field-effect transistor

based on a 1D-2D lateral Te/Fe3GaTe2 heterojunction. The Te nanowire retains robust ferro-
electricity after heterojunction integration, as confirmed by piezoresponse force microscopy.
Driven by the vertical remanent polarization of Te, which modulates the in-plane resistance
of the channel heterojunction, the device achieves continuously tunable nonvolatile resis-
tance states exceeding 7 bits, an on/off ratio of 103, long-term retention over 103 s, ultrafast
switching down to 20 ns and an ultrahigh information density of 1.19 Tbit in−2.Compared
with other state-of-the-art ferroelectric and neuromorphic devices [17–19,31,46], our device
exhibits highly competitive advantages in ultrafast switching and multi-state capacity, as
summarized in Table S1. Furthermore, simulations based on the FeS-FET array achieve
97.1% accuracy in the identification of six types of micro-defects on workpiece surfaces.
These results establish the Te/Fe3GaTe2 heterojunction as a promising platform for next-
generation high-density nonvolatile memory and ultrafast neuromorphic computing.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/nano16150935/s1, Table S1: Performance benchmarking of our
Te/Fe3GaTe2 1D-2D FeS-FET against other state-of-the-art ferroelectric and neuromorphic devices;
Figure S1: Ferroelectric hysteresis of Te nanowire on the heterojunction overlap; Figure S2: Statis-
tical and noise analysis of the 128 resistance states and probability density distributions of several
representative states. Figure S3: Nonvolatile memory retention characteristics of the FeS-FET.

Author Contributions: S.W., Z.H. and T.W.: methodology, formal analysis, investigation, data
curation, writing—original draft preparation; Z.G. and Y.J.: validation, visualization; L.W. and
J.Z.: conceptualization, writing—review and editing, supervision, project administration, funding
acquisition. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (Grant No.
12274316) and the Natural Science Foundation of Jiangsu Province for Distinguished Young Scholar
(Grant No. BK20240048).

https://doi.org/10.3390/nano16150935

https://www.mdpi.com/article/10.3390/nano16150935/s1
https://www.mdpi.com/article/10.3390/nano16150935/s1
https://doi.org/10.3390/nano16150935


Nanomaterials 2026, 16, 935 8 of 9

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article and Supplementary Materials. Further inquiries and raw data supporting the reported results
can be directed to the corresponding authors upon reasonable request.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Catalan, G.; Seidel, J.; Ramesh, R.; Scott, J.F. Domain Wall Nanoelectronics. Rev. Mod. Phys. 2012, 84, 119–156. [CrossRef]
2. Garcia, V.; Bibes, M. Ferroelectric Tunnel Junctions for Information Storage and Processing. Nat. Commun. 2014, 5, 4289. [CrossRef]

[PubMed]
3. Chanthbouala, A.; Crassous, A.; Garcia, V.; Bouzehouane, K.; Fusil, S.; Moya, X.; Allibe, J.; Dlubak, B.; Grollier, J.; Xavier, S.; et al.

Solid-State Memories Based on Ferroelectric Tunnel Junctions. Nat. Nanotechnol. 2012, 7, 101–104.
4. Scott, J.F.; Paz de Araujo, C.A. Ferroelectric Memories. Science 1989, 246, 1400–1405. [CrossRef] [PubMed]
5. Boyn, S.; Grollier, J.; Lecerf, G.; Xu, B.; Locatelli, N.; Fusil, S.; Girod, S.; Carrétéro, C.; Garcia, K.; Xavier, S.; et al. Learning through

Ferroelectric Domain Dynamics in Solid-State Synapses. Nat. Commun. 2017, 8, 14736. [CrossRef] [PubMed]
6. Ramesh, R.; Spaldin, N.A. Multiferroics: Progress and Prospects in Thin Films. Nat. Mater. 2007, 6, 21–29. [CrossRef] [PubMed]
7. Li, P.; Kong, D.; Yang, J.; Cui, S.; Chen, Q.; Liu, Y.; He, Z.; Liu, F.; Xu, Y.; Wei, H.; et al. Engineering Nonvolatile Polarization in 2D

α-In2Se3/α-Ga2Se3 Ferroelectric Junctions. Nanomaterials 2025, 15, 163. [CrossRef] [PubMed]
8. Lederer, M.; Kämpfe, T.; Ali, T.; Müller, F.; Olivo, R.; Hoffmann, R.; Laleni, N.; Seidel, K. Ferroelectric Field Effect Transistors as a

Synapse for Neuromorphic Application. IEEE Trans. Electron Devices 2021, 68, 2295–2300. [CrossRef]
9. Jiao, H.; Wang, X.; Wu, S.; Chen, Y.; Chu, J.; Wang, J. Ferroelectric Field Effect Transistors for Electronics and Optoelectronics.

Appl. Phys. Rev. 2023, 10, 011310. [CrossRef]
10. Mikolajick, T.; Slesazeck, S.; Park, M.H.; Schroeder, U. Ferroelectric Hafnium Oxide for Ferroelectric Random-Access Memories

and Ferroelectric Field-Effect Transistors. MRS Bull. 2018, 43, 340–346. [CrossRef]
11. Khan, A.I.; Keshavarzi, A.; Datta, S. The Future of Ferroelectric Field-Effect Transistor Technology. Nat. Electron. 2020, 3, 588–597.

[CrossRef]
12. Zha, X.; Ye, H. FeFET-Based Computing-in-Memory Unit Circuit and Its Application. Nanomaterials 2025, 15, 319. [CrossRef]

[PubMed]
13. Lee, T.Y.; Lee, K.; Lim, H.H.; Song, M.S.; Yang, S.M.; Yoo, H.K.; Suh, D.I.; Zhu, Z.; Yoon, A.; MacDonald, M.R.; et al. Ferroelectric

Polarization-Switching Dynamics and Wake-up Effect in Si-Doped HfO2. ACS Appl. Mater. Interfaces 2019, 11, 3142–3149.
[CrossRef] [PubMed]

14. Lederer, M.; Kämpfe, T. Synaptic Devices Based on Ferroelectric Hafnium Oxide: Recent Advances, Challenges, and Future
Perspectives. Appl. Phys. Lett. 2025, 126, 130503. [CrossRef]

15. Vardar, A.; Günther, M.; Müller, F.; Laleni, N.; Seidel, K.; Kämpfe, T. Reliable Multi-Level Cell Programming in FeFET Arrays for
in-Memory Computing. Jpn. J. Appl. Phys. 2025, 64, 05SP09. [CrossRef]

16. He, R.; Zhang, B.; Wang, H.; Li, L.; Tang, P.; Bauer, G.; Zhong, Z. Ultrafast Switching Dynamics of the Ferroelectric Order in
Stacking-Engineered Ferroelectrics. Acta Mater. 2024, 262, 119416. [CrossRef]

17. Wang, Z.; Joshi, S.; Savel’ev, S.E.; Jiang, H.; Midya, R.; Lin, P.; Hu, M.; Ge, N.; Strachan, J.P.; Li, Z.; et al. Memristors with Diffusive
Dynamics as Synaptic Emulators for Neuromorphic Computing. Nat. Mater. 2017, 16, 101–108. [PubMed]

18. Sebastian, A.; Le Gallo, M.; Khaddam-Aljameh, R.; Eleftheriou, E. Memory Devices and Applications for In-Memory Computing.
Nat. Nanotechnol. 2020, 15, 529–544. [CrossRef] [PubMed]

19. Bisquert, J.; Guerrero, A. Dynamic Instability and Time Domain Response of a Model Halide Perovskite Memristor for Artificial
Neurons. J. Phys. Chem. Lett. 2022, 13, 3789–3795. [CrossRef] [PubMed]

20. Diaz-Alvarez, A.; Higuchi, R.; Li, Q.; Shingaya, Y.; Nakayama, T. Associative Routing through Neuromorphic Nanowire Networks.
AIP Adv. 2020, 10, 025134. [CrossRef]

21. Ni, K.; Sharma, P.; Zhang, J.; Jerry, M.; Smith, J.A.; Tapily, K.; Clark, R.; Mahapatra, S.; Datta, S. Datta Critical Role of Interlayer in
Hf0.5Zr0.5O2 Ferroelectric FET Nonvolatile Memory Performance. IEEE Trans. 2018, 65, 2461–2469. [CrossRef]

22. Cui, E.; Lu, Y.; Yang, X.-L.; Dong, G.; Zhang, Y.; Bi, Y. Anchoring Subnanometric Cu4 Clusters in Graphitic-C3N5 for Highly
Efficient CO2 Photoreduction to Ethanol. Energy Environ. Sci. 2025, 18, 613–619. [CrossRef]

23. Tang, Z.; Shu, J.; Luo, A.-L.; Wu, X.; Feng, T.; Chao, H. Oxygen Self-Sufficient Ir–MnII/III Coordination-Assembled Nanoparticles
Evoke Apoptosis and Ferroptosis for Boosting Hypoxic Melanoma Photoimmunotherapy. ACS Nano 2026, 20, 5271–5287.
[CrossRef] [PubMed]

24. Kim, M.-K.; Lee, J.-S. Ferroelectric Analog Synaptic Transistors. Nano Lett. 2019, 19, 2044–2050. [CrossRef] [PubMed]

https://doi.org/10.3390/nano16150935

https://doi.org/10.1103/revmodphys.84.119
https://doi.org/10.1038/ncomms5289
https://www.ncbi.nlm.nih.gov/pubmed/25056141
https://doi.org/10.1126/science.246.4936.1400
https://www.ncbi.nlm.nih.gov/pubmed/17755995
https://doi.org/10.1038/ncomms14736
https://www.ncbi.nlm.nih.gov/pubmed/28368007
https://doi.org/10.1038/nmat1805
https://www.ncbi.nlm.nih.gov/pubmed/17199122
https://doi.org/10.3390/nano15030163
https://www.ncbi.nlm.nih.gov/pubmed/41441510
https://doi.org/10.1109/ted.2021.3068716
https://doi.org/10.1063/5.0090120
https://doi.org/10.1557/mrs.2018.92
https://doi.org/10.1038/s41928-020-00492-7
https://doi.org/10.3390/nano15040319
https://www.ncbi.nlm.nih.gov/pubmed/40358255
https://doi.org/10.1021/acsami.9b12878
https://www.ncbi.nlm.nih.gov/pubmed/30592198
https://doi.org/10.1063/5.0254762
https://doi.org/10.35848/1347-4065/adc745
https://doi.org/10.1016/j.actamat.2023.119416
https://www.ncbi.nlm.nih.gov/pubmed/27669052
https://doi.org/10.1038/s41565-020-0655-z
https://www.ncbi.nlm.nih.gov/pubmed/32231270
https://doi.org/10.1021/acs.jpclett.2c00790
https://www.ncbi.nlm.nih.gov/pubmed/35451841
https://doi.org/10.1063/1.5140579
https://doi.org/10.1109/ted.2018.2829122
https://doi.org/10.1039/d4ee02449d
https://doi.org/10.1021/acsnano.5c21399
https://www.ncbi.nlm.nih.gov/pubmed/41623158
https://doi.org/10.1021/acs.nanolett.9b00180
https://www.ncbi.nlm.nih.gov/pubmed/30698976
https://doi.org/10.3390/nano16150935


Nanomaterials 2026, 16, 935 9 of 9

25. Hu, Z.; Bernsten, S.N.; Shi, C.; Sangroniz, A.; Chen, E.Y.-X.; Miyake, G.M. Terpenoid-Based High-Performance Polyester with
Tacticity-Independent Crystallinity and Chemical Circularity. Chem 2024, 10, 3040–3054. [CrossRef] [PubMed]

26. Xu, P.; Han, W.; Rice, P.M.; Jeong, J.; Samant, M.G.; Mohseni, K.; Meyerheim, H.L.; Ostanin, S.; Maznichenko, I.V.; Mertig, I.; et al.
Reversible Formation of 2D Electron Gas at the LaFeO3/SrTiO3 Interface via Control of Oxygen Vacancies. Adv. Mater. 2017,
29, 1604447. [CrossRef]

27. Ma, T.P.; Han, J.-P. Why Is Nonvolatile Ferroelectric Memory Field-Effect Transistor Still Elusive? IEEE Electron Device Lett. 2002,
23, 386–388. [CrossRef]

28. Si, M.; Ye, P.D. The Critical Role of Charge Balance on the Memory Characteristics of Ferroelectric Field-Effect Transistors. IEEE
Trans. Electron Devices 2021, 68, 5108–5113. [CrossRef]

29. Park, K.; Chung, C.; Ku, B.; Yun, S.; Park, J.; Choi, C. Hf0.5Zr0.5O2/HfO2/Hf0.5Zr0.5O2 Laminated Thin Films and CF4 Plasma
Passivation for Improved Memory and Synaptic Characteristics of Ferroelectric Field-Effect Transistors. Nanoscale 2025, 17,
5689–5699. [CrossRef] [PubMed]

30. Byun, J.; Kho, W.; Hwang, H.; Kang, Y.; Kang, M.; Noh, T.; Kim, H.; Lee, J.; Kim, H.-B.; Ahn, J.-H.; et al. Spike Optimization
to Improve Properties of Ferroelectric Tunnel Junction Synaptic Devices for Neuromorphic Computing System Applications.
Nanomaterials 2023, 13, 2704. [CrossRef] [PubMed]

31. Si, M.; Saha, A.K.; Gao, S.; Qiu, G.; Qin, J.; Duan, Y.; Jian, J.; Niu, C.; Wang, H.; Wu, W.; et al. A Ferroelectric Semiconductor
Field-Effect Transistor. Nat. Electron. 2019, 2, 580–586. [CrossRef]

32. Wang, S.; Liu, L.; Gan, L.; Chen, H.; Hou, X.; Ding, Y.; Ma, S.; Zhang, D.W.; Zhou, P. Two-Dimensional Ferroelectric Channel
Transistors Integrating Ultra-Fast Memory and Neural Computing. Nat. Commun. 2021, 12, 53. [CrossRef] [PubMed]

33. Tsymbal, E.Y. Two-Dimensional Ferroelectricity by Design. Science 2021, 372, 1389–1390. [CrossRef]
34. Fei, Z.; Zhao, W.; Palomaki, T.A.; Sun, B.; Miller, M.K.; Zhao, Z.; Yan, J.; Xu, X.; Cobden, D.H. Ferroelectric Switching of a

Two-Dimensional Metal. Nature 2018, 560, 336–339. [CrossRef] [PubMed]
35. Miao, J.; Liu, X.; Jo, K.; He, K.; Saxena, R.; Song, B.; Zhang, H.; He, J.; Han, M.-G.; Hu, W.; et al. Gate-Tunable Semiconductor

Heterojunctions from 2D/3D van Der Waals Interfaces. Nano Lett. 2020, 20, 2907–2915. [CrossRef] [PubMed]
36. Lipatov, A.; Sharma, P.; Gruverman, A.; Sinitskii, A. Optoelectrical Molybdenum Disulfide (MoS2)—Ferroelectric Memories. ACS

Nano 2015, 9, 8089–8098. [CrossRef] [PubMed]
37. Sokolov, A.S.; Abbas, H.; Abbas, Y.; Choi, C. Towards Engineering in Memristors for Emerging Memory and Neuromorphic

Computing: A Review. J. Semicond. 2021, 42, 013101. [CrossRef]
38. Li, Q.; Wang, S.; Li, Z.; Hu, X.; Liu, Y.; Yu, J.; Yang, Y.; Wang, T.; Meng, J.; Sun, Q.; et al. High-Performance Ferroelectric Field-Effect

Transistors with Ultra-Thin Indium Tin Oxide Channels for Flexible and Transparent Electronics. Nat. Commun. 2024, 15, 2686.
[CrossRef] [PubMed]

39. Bai, L.; Ke, C.; Luo, Z.; Zhu, T.; You, L.; Liu, S. Intrinsic Ferroelectric Switching in Two-Dimensional α-In2Se3. ACS Nano 2024, 18,
26103–26114. [CrossRef]

40. Wan, S.; Li, Y.; Li, W.; Mao, X.; Zhu, W.; Zeng, H. Room-Temperature Ferroelectricity and a Switchable Diode Effect in Two-
Dimensional α-In2Se3 Thin Layers. Nanoscale 2018, 10, 14885–14892. [CrossRef] [PubMed]

41. Sui, F.; Li, H.; Qi, R.; Jin, M.; Lv, Z.; Wu, M.; Liu, X.; Zheng, Y.; Liu, B.; Ge, R.; et al. Atomic-Level Polarization Reversal in Sliding
Ferroelectric Semiconductors. Nat. Commun. 2024, 15, 3799. [CrossRef] [PubMed]

42. Yang, T.; Wang, B.; Hu, J.-M.; Chen, L.-Q. Domain Dynamics under Ultrafast Electric-Field Pulses. Phys. Rev. Lett. 2020,
124, 107601. [CrossRef] [PubMed]

43. Pavlenko, M.A.; Tikhonov, Y.A.; Razumnaya, A.G.; Vinokur, V.M.; Lukyanchuk, I.A. Temperature Dependence of Dielectric
Properties of Ferroelectric Heterostructures with Domain-Provided Negative Capacitance. Nanomaterials 2022, 12, 75. [CrossRef]

44. Luo, X.-F.; Xia, Z.-P.; Zhao, J.-Z. The Physical Origin of Electric Polarizations in Two Dimensional Ferroelectric Monolayer
Materials. J. Phys. Condens. Matter 2025, 37, 193005. [CrossRef]

45. Xue, F.; He, X.; Ma, Y.; Zheng, D.; Zhang, C.; Li, L.-J.; He, J.-H.; Yu, B.; Zhang, X. Unraveling the Origin of Ferroelectric Resistance
Switching through the Interfacial Engineering of Layered Ferroelectric-Metal Junctions. Nat. Commun. 2021, 12, 7291. [CrossRef]
[PubMed]

46. Huang, X.; Tong, L.; Xu, L.; Shi, W.; Peng, Z.; Li, Z.; Yu, X.; Li, W.; Wang, Y.; Zhang, X.; et al. 2D MoS2-Based Reconfigurable
Analog Hardware. Nat. Commun. 2025, 16, 101. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/nano16150935

https://doi.org/10.1016/j.chempr.2024.05.024
https://www.ncbi.nlm.nih.gov/pubmed/39539487
https://doi.org/10.1002/adma.201604447
https://doi.org/10.1109/led.2002.1015207
https://doi.org/10.1109/ted.2021.3108441
https://doi.org/10.1039/d4nr04592k
https://www.ncbi.nlm.nih.gov/pubmed/39936919
https://doi.org/10.3390/nano13192704
https://www.ncbi.nlm.nih.gov/pubmed/37836345
https://doi.org/10.1038/s41928-019-0338-7
https://doi.org/10.1038/s41467-020-20257-2
https://www.ncbi.nlm.nih.gov/pubmed/33397907
https://doi.org/10.1126/science.abi7296
https://doi.org/10.1038/s41586-018-0336-3
https://www.ncbi.nlm.nih.gov/pubmed/30038286
https://doi.org/10.1021/acs.nanolett.0c00741
https://www.ncbi.nlm.nih.gov/pubmed/32196351
https://doi.org/10.1021/acsnano.5b02078
https://www.ncbi.nlm.nih.gov/pubmed/26222209
https://doi.org/10.1088/1674-4926/42/1/013101
https://doi.org/10.1038/s41467-024-46878-5
https://www.ncbi.nlm.nih.gov/pubmed/38538586
https://doi.org/10.1021/acsnano.4c06619
https://doi.org/10.1039/c8nr04422h
https://www.ncbi.nlm.nih.gov/pubmed/30043785
https://doi.org/10.1038/s41467-024-48218-z
https://www.ncbi.nlm.nih.gov/pubmed/38714769
https://doi.org/10.1103/physrevlett.124.107601
https://www.ncbi.nlm.nih.gov/pubmed/32216398
https://doi.org/10.1142/s2010135x22440015
https://doi.org/10.1088/1361-648x/adc6e0
https://doi.org/10.1038/s41467-021-27617-6
https://www.ncbi.nlm.nih.gov/pubmed/34911970
https://doi.org/10.1038/s41467-024-55395-4
https://www.ncbi.nlm.nih.gov/pubmed/39747070
https://doi.org/10.3390/nano16150935

	Introduction 
	Results and Discussion 
	Structural Characterization of 1D-2D Te/Fe3GaTe2 Heterojunctions 
	Ferroelectric Characteristics of the 1D-2D Te/Fe3GaTe2 Heterojunction 
	Multiple Nonvolatile Resistive Switching Caused by Domain Reversal in FeS-FET 
	Ultrafast Resistive Switching (20 ns) in FeS-FET 
	Identification of Micro-Defects on Workpiece Surfaces 

	Conclusions 
	References

