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inspired from the human brain,[1] owns 
attractive features including highly par-
allel operation,[2,3] inherent scalability,[4] 
and extremely low power consump-
tion[5–7] compared with conventional Von 
Neumann architecture,[8,9] exhibiting great 
expectation in the field of intelligence and 
machine learning including autonomous 
systems, robotics, artificial intelligence 
accelerators, remote sensing, etc.,[10–13] 
The iterative learning process and contin-
uously increased analogue weight updates 
in long-term neuromorphic computing 
urgently require highly reliable hardware, 
as the analogue weight will be changed 
causing the decreased system accuracy 
once the hardware is unreliable.[14–16] As 
one of the most important and frequently-
used structure for the basic reliable hard-
ware of neuromorphic computing, the 
cross-array memory cell, composed of one 
switch unit and one memory unit, oper-
ates the calculation and data storage syner-
gistically.[1,17–19] Consequently, the cycling 
stability and endurance of the memory cell 
are major concern for highly-stable neuro-

morphic computer. However, the elemental segregation in the 
various materials used for switch unit and memory unit inevi-
tably occurs upon cycling, which challenges the compositional 
and structural stability, making the memory cell a failure.[20–22] 

Robust neuromorphic computing in the Big Data era calls for long-term 
stable crossbar-array memory cells; however, the elemental segregation in 
the switch unit and memory unit that inevitably occurs upon cycling breaks 
the compositional and structural stability, making the whole memory cell a 
failure. Searching for a novel material without segregation that can be used 
for both switch and memory units is the major concern to fabricate robust 
and reliable nonvolatile cross-array memory cells. Tellurium (Te) is found 
recently to be the only peculiar material without segregation for switching, 
but the memory function has not been demonstrated yet. Herein, apparent 
piezoelectricity is experimentally confirmed with spontaneous polarization 
behaviors in elementary 2D Te, even in monolayer tellurene (0.4 nm), due 
to the highly oriented polarization of the molecular structure and the non-
centrosymmetric lattice structure. A large memory window of 7000, a low 
working voltage of 2 V, and high on switching current up to 36.6 µA µm−1 
are achieved in the as-fabricated Te-based memory device, revealing the 
great promise of Te for both switching and memory units in one cell without 
segregation. The piezoelectric Te with spontaneous polarization provides a 
platform to build robust, reliable, and high-density logic-in-memory chips in 
neuromorphic computing.
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1. Introduction

Neuromorphic computing, a new architecture that carries 
out both processing and memory in neurons and synapses 
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Therefore, suppressing the elemental segregation at the inter-
face between switch unit, memory unit and the electrodes is 
the most critical to realize a robust and reliable memory cell.

In recent study, elementary Te is found to be the only peculiar 
material that can be used for switch unit without segregation.[23] 
However, inevitable compositional and structural inhomoge-
neity resulted from elemental segregation in memory unit still  
challenges the reliability of the whole memory cell. A new 
architecture of crossbar-array memory cell with Te for both 
memory and switch units can be expected to realize compo-
sitional and structural homogeneities of the whole memory 
structure during cycling and increase the integration density of 
electronics. It is regrettable that although many extraordinary 
electronic, optical, mechanical, and thermal related properties 
are achieved in 2D-Te-based devices,[24–34] the experimental 
work on memory function of pure 2D Te has not been reported 
yet. Piezoelectricity with spontaneous polarization is one option 
to fabricate memory device, and previous theories predicted that 
2D Te is piezoelectric[35] with polarization of 90 µC cm−2, and 
ferroelectric[36] with electric polarization of 1.02 × 10−10 C m−1, 
providing probability to build high-performance memory, but 
no experiment was confirmed. On one hand, a non-centrosym-
metric structure is typically demanded in piezoelectrics/ferro-
electrics, which is induced by different long-range Coulombic 
interaction and inhomogeneous charge density in different 
atoms.[37] On the contrary, the electronegativity of each atom 
in most elementary materials is expected to be equal and the 
structure is highly symmetric. On the other hand, large domi-
nated leakage current is inevitable due to the gap-less nature of 
the most elementary materials, challenging the observation of 
the polarization behavior via conventional method. Therefore, it 
is of vital importance to give experimental evidence for the state 
of the piezoelectricity with reliable spontaneous polarization in 
2D Te to build robust and reliable memory.

In this work, robust room-temperature in-plane and out-of-
plane piezoelectricity with reliable spontaneous polarization 
in 2D elementary Te even monolayer tellurene (0.4  nm) are 
clearly observed experimentally and analyzed synthetically. The 
reason can be concluded as the highly oriented polarization of 
the molecular structure and the non-centrosymmetric lattice 
structure of Te, which lead to many anisotropic and sponta-
neous polarization behavior. The piezoelectric coefficient d33 is 
measured to be 20 pm V−1 and the high thermal stability with 
a Curie temperature of about 600 K is confirmed. The piezo 
response in monolayer tellurene is stable and has strong endur-
ance to ambient air condition, as the switchable piezoelectric 
states can be retain for 16.5 h and are still reprogrammable 
even after being kept in ambient air for 10 months, which over-
comes the common instability of almost 2D monolayer piezo-
electrics. The 2D-Te-based field effect transistor (FET) with 
charming memory window (7000) and low working voltage (2 V, 
with VDS = 100 mV) are further fabricated for potential applica-
tion in low-power neuromorphic computing. In the Te-based 
diode, a high on switching current up to 36.6 µA µm−1 without 
top-gate is realized. The memory behavior in the Te-based FET 
and diode provide a chance to eliminate the elemental segre-
gation in memory cell by integrating memory unit and switch 
unit into one single device using pure Te, inspiring the novel 
architecture for robust and reliable memory.

2. Results and Discussion

2.1. Characterization of Tellurene and Few-Layer Te

Te is composed of unique helical chiral chains along c-axis,  
which stack in hexagonal array via van der Waals force 
(Figure  1a; Figure S1, Supporting Information).[24] Due to the 
unique asymmetric structure, Te shows strong optical and 
electronic anisotropy. The X-ray diffraction (XRD) pattern in 
Figure S2 (Supporting Information) demonstrates the high 
purity and crystallinity of the as-synthesized 2D Te. The X-ray 
photoelectron spectroscopy (XPS) spectrum confirms the state 
of Te (Figure S3, Supporting Information). Two peaks located 
at 572.7 and 572.9  eV in the Te 3d5/2 spectrum are defined as 
Te0 and suboxide state, receptively, and no signal of Te4+ species  
or other states are observed. The suboxide state is resulted 
from the interaction of Te atoms and adsorbed O atoms, which 
is also known as transient species.[38] The results confirm the 
elemental purity of Te. Moreover, high-resolution transmission 
electron microscopy (HRTEM) image and selected-area elec-
tron diffraction (SAED) pattern in Figure S4 in the Supporting 
Information confirm the single crystal property of as-obtained 
Te. The thickness-dependent Raman spectra (Figure S5, 
Supporting Information) show obvious sharp peaks for bulk 
2D Te and monolayer tellurene, also evidence the good crystal 
quality of Te. Four peaks located at 89.5 cm−1 (E1-TO mode), 
101.5 cm−1 (E1-LO mode), 120.9 cm−1 (A1 mode), and 138.8 cm−1 
(E2 mode) can be observed for 10 nm-thick 2D Te (the vibration 
is shown in Figure S6 in the Supporting Information). As the 
thickness decreases, the E1-LO mode shows a redshift, while A1 
and E2 modes demonstrate a significant blueshift, which corre-
spond well with the previous reports.[24,26] Due to the unique 
chain structure, the interchain van der Waals interaction and 
intrachain covalent interaction are enhanced with the decrease 
of thickness, leading to stronger restoring force of Te atoms. 
Hence, the out-of-plane A1 mode shows anomalous identical 
Raman shift sensitivity to the thickness of Te.[39] The thickness 
of Te is measured by the atomic force microscopy (AFM), and 
the minimum value of which is 0.47  nm according to AFM 
height profile (Figure S7, Supporting Information), indicating 
the successful synthesis of monolayer Te, namely tellurene.

The symmetry and polarization of Te were explored by using 
angle-resolved polarized Raman spectroscopy (ARP Raman). 
Figure  1b presents the Raman spectra of 2D Te (thickness 
≈20  nm) nanoflake at configuration of 0 degree under un-, 
parallel-, and perpendicular-polarized Raman scattering. The 
intensity of E1-TO, A1 and E2 modes show different polarization 
behavior that the tendency becomes weaker or stronger under 
different configuration. To investigate the asymmetric behavior 
of 2D Te flakes, angle resolved Raman spectra were analyzed 
(Figure  1c,d; Figures S8 and S9, Supporting Information). An 
obvious anisotropic Raman behavior is observed, where the 
intensity of E1-TO mode and A1 mode show two-lobe shape, 
and the intensity of E2 mode shows four-lobe shape at parallel 
configuration (Figure 1c). When the polarization configuration 
turns to be perpendicular, all of the modes show four-lobe shape 
(Figure  1d). We define anisotropic Raman ratio as maximum 
Raman tensor intensity divided by the minimum, the ratio 
is calculated to be 35.3, 3.4, and 17.1 at parallel polarization, 
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13.5, 16.7, and 6.9 at perpendicular polarization for E1-TO 
mode, A1 mode and E2 mode, respectively. These high values 
of the Raman ratio indicate the strong anisotropic property of 
2D Te. Angle-resolved Raman spectra of Te with thickness of 
10 and 4  nm also demonstrate the same anisotropic Raman 
behavior (Figures S10–S13, Supporting Information), revealing 
the thickness-independent symmetry and polarization of Te. 
The anisotropic property was further confirmed by the angle-
resolved second-harmonic-generation spectroscopy (SHG), 
which is sensitive to the polarization and structure asymmetry  
in materials.[40] The polar plot of the in-plane total SHG 
intensity (Figure  1e) shows two-lobe symmetry, indicating the 
poor structure symmetry in 2D Te.[41–43]

To further understand the anisotropic property, in situ strain-
modulated Raman test on Te was carried out (Figure  1f,g; 
Figure S14, Supporting Information). When the force is applied 
perpendicular to the chain, an obvious blueshift is found for 
A1 and E2 modes, while the E1-TO mode remains unchanged. 
The reason can be ascribed to the decreased bond angle (θ) 
and increased distance (l) under tensile strain (Figure S6, 
Supporting Information), which can enhance the vibration of 
A1 and E2 modes but do not affect the vibration of E1-TO mode. 
The peak positions of A1 and E2 modes along with the applied 
strain are displayed in Figure 1g. The external strain field shows 
anisotropic affection to the lattice, which further confirms  
the strong anisotropic property of 2D Te. These results clearly 

demonstrate high structural asymmetry of Te, leading to 
anisotropic property including polarization. Many extraordinary 
properties can be expected in asymmetric system, like charming 
ferromagnetism, ferroelectricity and piezoelectricity.[44]

2.2. Theoretical Calculations and Symmetry Analysis

In order to understand the anisotropic property of Te 
deeply, first-principle calculations were then carried out. 
The charge density difference is used to describe the dif-
ference between the bond charge density and the atomic 
charge density, giving some insight of the electrons- or holes- 
distribu tion around the ion. Through the differential charge  
density, it is possible to clearly obtain the properties of the 
charge movement and the potential polarization direction of 
the bond during the bonding formation and the dipole coupling 
process.[45] The charge density difference of Te at the conduction 
band minimum (CBM) and valence band maximum (VBM) 
are shown in Figure 2a,b. From VBM states, strong intrachain 
covalent interaction bonding can be viewed. Moreover, the 
charge density difference shows large asymmetry of electronic 
distribution, which will lead to large electric dipole and result 
in electrical polarization. The nonspherical electronic occupied 
state in Figure 2a reveals a dipole polarization state in the mate-
rial, which provides objects to investigate the piezoelectricity 
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Figure 1. Anisotropic characterization of Te. a) Unique helical chiral-chain structure of Te. b) Normalized Raman spectrum at configurations of unpo-
larized, parallel-polarized, and perpendicular-polarized Raman along [0001]. c,d) Parallel- and perpendicular-polarized angle-resolved Raman intensity 
in a colored plot. e) Polar plot for total SHG intensity of Te. f) Raman spectra under tensile strain. g) Raman shift of A1 peak and E2 peak under strain.
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with spontaneous polarizations in Te. In this structure, more 
charges are transferred to side Te from two arm atoms, leading 
to preferential charges along b and c axis. This imbalance 
breaks the intrinsic symmetry of lattice structure, resulting in 
lower in-plane and out-of-plane symmetry in 2D Te. Herein, 2D 
Te films own non-zero value of e11/d11 and e33/d33, which means 
both in-plane and out-of-plane piezoelectric polarization are 
allowed under uniaxial strain (as shown in Figure 2c).

The relaxed ion elastic and piezoelectric tensors are obtained 
as the sum of ionic and electronic contributions. Piezoelectric 
tensor is contributed by both ionic and electronic deviation and 
dipole variation, which is defined by[46]

C Cijkl
ij

kl
ijkl ijklC

d

d
el ionσ

ε
= = +  (1)

e
P

e eijk
i

jk
ijk ijk

d

d
el ion

ε
= = +  (2)

where σij is the stress tensor, εkl is the strain tensor, and Pi is 
the intrinsic polarization tensor. In 2D systems, we assume Z 

direction as εij = σij = 0 for i = 3 or j = 3.[46] Then the 2D elastic 
and piezoelectric tensors become[47]
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2D Te belongs to P3121 point group with D3 symmetry. We derive 
the expressions of the independent dij coefficients for this point 
group. Then the elastic and piezoelectric tensors become[48,49]
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Figure 2. Atomic structure and piezoelectric calculation of Te. a,b) Charge density difference at VBM (a) and CBM (b) of α-Te. c) Schematic for 
piezoelectric response of Te. d) Different e11 coefficients with strain and e) different d11 coefficients with strain.
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Combining these equations, we can solve the piezoelectric 
coefficients

e d Cil ik lk=  (8)
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Te is demonstrated to be a non-centrosymmetric lattice struc-
ture with highly oriented polarization of molecular structure. 
Theoretically, the absence of both the inversion symmetry 
and out-of-plane mirror symmetry, together with stretchable 
mechanical properties, lead to large in-plane and out-of-plane 
piezoelectric performance. The piezoelectric coefficient of  
tellurene was calculated by considering the lattice structure 
symmetry of single-layer tellurene and Equations (1,2,8,9).

We obtain eij for tellurene via fitting piezoelectric polariza-
tion with uniaxial strain. The d11 of 0.03 pm V−1 for monolayer 
tellurene, and high d33 of 15 pm V−1 for bilayer tellurene (shown 
in Figure 2d,e; Table S1, Supporting Information) are obtained. 
Moreover, it is interesting that the piezoelectric behavior can be 
modulated by strain. The nearly linear relationship between e11 
and d11 and strain are observed, which means that Te has poten-
tial application in high-density flexible force sensors to identify 
tensile and compressive forces.

Besides, the density functional theory (DFT) simulations 
also suggest the existence of spontaneous dipole polarization in  
α-Te, which imply the ferroelectric nature of piezoelectric Te. 
As shown in Figure S15 (Supporting Information), there are 
two polar-axis direction in α-Te. One is along the c axis ([0001] 
direction), which is also parallel to electrical fields of source and 
drain electrode, and contributes mainly to in-plane polarization. 
The other is along the b direction (90° to the c axis and 120° to 
the a axis); the polar vector has two field vectors, which con-
tribute to the out-of-plane and in-plane spontaneous polariza-
tion, respectively. These results confirm the piezoelectricity and 
weak ferroelectric nature theoretically. However, for gap-less 
semiconductors and semimetals, it is hard to directly detect the 
original ferroelectric domain wall via conventional methods.[50]

2.3. Piezoelectricity and Spontaneous 
Polarization Behavior in Te and Tellurene

The existence of piezoelectricity requires electrical dipole 
switching under force. To characterize the state of electrical 
dipole of tellurene at nanoscale, piezoresponse force microscopy 
(PFM) measurement was performed. In the process of PFM 
test, the conductive tip oscillates in contact with the surface,  
then the first harmonic component signal is detected to 
reflect surface electromechanical deformation. The deflection 

amplitude is proportional to the piezoelectric coefficient, and 
the phase gives information about polarization direction.  
Figure  3a,b shows out-of-plane PFM phase and amplitude 
image of monolayer tellurene after 4  V lithography (AFM 
height profile is shown in Figure S16 in the Supporting Infor-
mation). An 180° phase contrast is observed, confirming the 
piezoelectric nature. To test the stability to maintain the dipole 
state, long-time dependent PFM phase images were collected as 
shown in Figure S17 in the Supporting Information. After being 
exposed in ambient condition for 16.5 h, the contrast of the 
area with different phase is still clearly observed, showing good 
retention capability. Such a long-term retention suggests that 
the PFM contrast is ascribed to the piezoelectric behavior rather 
than the shorter-scale spurious effects.[51] Moreover, the sample 
was rewritten after being kept in ambient air for 10 months, the 
contrast of PFM phase (Figure S18, Supporting Information)  
is still identical clearly, demonstrating ultrastrong structure 
stability in air, which is a good merit compared with other 
piezoelectric atomic 2D materials. Besides, local PFM switching 
spectroscopy loop further confirms the robust piezoelectricity 
of Te, as demonstrated by readily apparent 180° phase hyster-
esis and its butterfly-shape amplitude (d33) loop in Figure  3c. 
During the local PFM switching test, PFM spectroscopy is per-
formed with gold electrode upon tellurene to avoid electrostatic 
artefacts from the tip and potential electromechanical contribu-
tions.[52,53] In this experiment, d33 is calculated to be 20 pm V−1, 
demonstrating obvious piezoelectric property (details is shown 
in Note S3, Piezoelectric Force Microscopy Measurements,  in 
the Supporting Information). The PFM phase image of 20 nm-
thick Te shown in Figure S19 in the Supporting Information 
also demonstrates the robust piezoelectricity in thick 2D Te.

It is worth noting that PFM tip can only impose out-of-plane 
electric field, which is difficult to detect in-plane piezoelectric 
switching behavior. To demonstrate the in-plane piezoelectric 
behavior and spontaneous polarization of tellurene, two-
terminal in-plane electrode device is fabricated using Ag/Au 
(20  nm/30  nm) as electrode. The Id−Vd curves are shown in 
Figure  3d. A large hysteresis loop is observed with the max-
imum conductance at Vd of 1.5–2.0 V for 1.6 nm-thick tellurene 
flake. This loop confirms the polarization switching of dipole, 
demonstrating room-temperature in-plane piezoelectricity 
and spontaneous polarization induced hysteresis behavior of  
tellurene.[54] Besides, the on current during the switch achieves 
as high as 36.6 µA µm−1 without top-gating, suggesting the 
potential application for low-power and high-speed non-
volatile memory applications. The unstable current observed 
in Figure S20 in the Supporting Information for monolayer 
tellurene is probably caused by adsorbates on monolayer 
surface and poor adhesion of Ag electrode,[55] which affect the 
contact property of tellurene with Ag electrode.

To evaluate the potential electronic application of semicon-
ducting piezoelectric tellurene, the two-terminal transistor 
using pure piezoelectric Te as channel with 300 nm SiO2 back 
gate was fabricated (the schematic structure map is shown in 
Figure S21 in the Supporting Information). A counterclock-
wise hysteresis loop with large memory window of 7000 is 
realized (Figure 3e), showing ability to build high-performance 
memory device. It is known that the hysteresis loop is not 
counterclockwise if there are large charge trapping processes 
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in the loop. So that the hysteresis loop is mainly induced by  
piezoelectricity with spontaneous polarization which further 
confirm the piezoelectric nature of 2D Te, showing interesting 
ferroelectric like hysteresis behavior in the device.[56] To gain a 
lower work voltage for low-power-consumption electronics, we 
also characterized the Te-based transistor on 10 nm-thick high-
dielectric HfO2 back-gated substrate, as shown in Figure 3f. The 
working gate voltage can be as low as 2 V with VDS = 100 mV, 
which potentially provides a path for high-performance transis-
tors with memory function. A series switching characteristics 
of tellurene field-effect transistors on a high-k HfO2 dielectric 
layer is carried out via different Vgs and Vds at 12 tellurene flakes 
(the data are shown in Figure S22 in the Supporting Informa-
tion). The lowest working gate voltage is observed at ≈1 V with 
VDS  = 1  V, with on/off ratio ≈7 orders and memory window 
≈300 (Figure S22i, Supporting Information). Besides, the  
IDS–VDS curves show good Schottky contact property. Herein, 
the results inspire a new architecture to build cross-bar memory 
array using pure Te, merging both memory and switch func-
tion in a single Te-based device, which can greatly improve the 
integration density and bring high compositional and structural 
homogeneity.

To uncover the polarization behavior of dipoles in piezo-
electric 2D Te, systematic deep SHG test was further performed 
(Figure  4a), which has been applied as a powerful tool to 
examine crystal orientation, strain-induced deformation and 
magnetic or electric polarization, etc., due to its prominent 
sensitivity to symmetry and crystal structure. Here we collected  

SHG signal of tellurene with thickness from monolayer to tetra-
layer (Figure  4b). All the spectra show SHG peak at 532  nm, 
revealing the non-centrosymmetric and strong anisotropic 
property of Te even the monolayer tellurene. The second-order 
nonlinear optical polarization is given as[57]

P E Ei ijk j k(2 ) ˆ ( ) ( )0
(2)ω ε χ ω ω=  (10)

P Pˆ ( ) ˆ(2)
0
(2)χ χ± = ±  (11)

where ε0 is the vacuum permittivity, ijk
ˆ (2)χ  is the second-order 

nonlinear coefficient tensor, and E(ω) is the electric field of inci-
dent light. For an electric dipole model, the reduced symmetry 
leads to the substantial dependence of Pi(2ω) to the electric 
dipole moment, which makes the SHG signal sensitive to 
the piezoelectric polarization. Besides, SHG is a noninvasive 
probing for electric orders as no external electric field is 
introduced compared with traditional PFM method, so that 
the intrinsic polarization state can be obtained without affec-
tion of extra voltage. Thus, we then carried out SHG mapping 
measurement of a few-layer Te sample to further examine the 
electric dipole polarization as a complement to PFM exami-
nation. The SHG intensity mapping shows anomalous inho-
mogeneous response in one flake (Figure  4c), the two typical 
regions marked as point one and two are further investigated 
via angle-resolved SHG shown in Figure 4d–g. As witnessed in 
Figure 4e,g, the crystal orientation at point one and two show 
small angle difference but large intensity difference.

Adv. Mater. 2022, 34, 2204697

Figure 3. Evidence for piezoelectricity and piezoelectric transistor behavior in Te. a,b) PFM amplitude and phase image of monolayer tellurene with ±4 V 
writing voltage at room temperature. c) PFM phase hysteretic and butterfly loops of 4 layers of tellurene. d) In-plane piezoelectric resistive switching 
for 1.6 nm-thick tellurene flakes. e) Piezoelectric transistor for 2 nm tellurene flakes on the SiO2 back gate. f) Piezoelectric transistor on the HfO2 back 
gate. Scale bar: 1 µm.
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Typically, this phenomenon can be induced by inhomoge-
neous thickness, inhomogeneous crystallinity, or electric dipole 
polarizing domain. The thickness and crystallinity distri bution 
of 2D Te were then examined using nondestructive Raman. 
By imaging the Raman position and full width at half maxima 
(FWHM) of A1 mode which are very sensitive to thickness and 
crystallinity,[58] the uniform thickness and crystallinity of the 
sample are clearly evidenced as no obvious contrast can be 
observed from the mappings (Figure S21, Supporting Infor-
mation). Consequently, the inhomogeneous SHG response 
should be resulted from electric dipole polarizing domain. 
Furthermore, we carried out PFM test at the same sample, the 
in-plane PFM phase image (upper right in Figure  4c) shows 
two distinguishable domains corresponding to the two distinct 
SHG mapping region, further implying inhomo geneous 
spontaneous in-plane polarization in Te. This anomalous 
pheno menon could be induced by weak ferroelectric behavior. 
However, due to the small bandgap of Te, it is hard to detect 
perfect original ferroelectric domain via PFM, because of the 
large leakage current among the lattice.

Considering the ferroelectric nature predicted by previous 
theoretical result and ferroelectric behavior found in this work, 
we carried out PFM phase and amplitude test upon Te at the 

micrometer  scale, attempting to measure the polarization 
domain walls. As shown in Figure S22 (Supporting Informa-
tion), two areas with 180° phase contrast are observed (red 
line), which are not correlated with topography, revealing the 
piezoelectric Te shows some ferroelectric nature. However, the 
boundary is undistinguishable due to the large current leakage 
from the lattice.[50] The polarization-field ferroelectric loop 
shown in Figure S25 (Supporting Information) is also not defin-
itive, due to leakage current. Besides, we also carried out in situ 
Raman processing with sweeping of gate voltage (results and 
details are shown in Figure S23 in the Supporting Information). 
The result reveals that the lattice structure is strongly correlated 
with gate voltage further confirm the piezoelectric behavior and 
spontaneous polarization of 2D Te. Above all, we systematically 
investigated and demonstrated the robust piezoelectricity in 2D 
Te even the thickness is down to 0.4 nm from multiapproaches.

2.4. Thermal Stability

Thermal stability at high temperature is a key merit for high-
performance memory during cycling. To judge the stability of 
piezoelectric Te at high temperature, the dipole polarization and 

Adv. Mater. 2022, 34, 2204697

Figure 4. SHG characterization for spontaneous polarization in Te. a) Schematic diagram for SHG test for Te. b) SHG spectra of 1–4-layer tellurene. 
c) SHG mapping of Te flakes, the inset image in left and right side are the optical and PFM phase images, respectively. d,e) SHG spectrum and 
angle-resolved plot at point 1. f,g) SHG spectrum and angle-resolved plot at point 2, the slight angle-difference of the plots indicates different dipole 
polarization. The scale bar is 10 µm.
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structure stability were further examined via in situ tempera-
ture-dependent SHG and Raman spectroscopy. Conventionally, 
high thermal fluctuations will occur under high temperature, 
which would destabilize the dipole polarization and drive the 
structure into high-symmetry paraelectric phase with inversion 
symmetry.[59] In the result of temperature-dependent SHG, a 
gradual intensity change can be observed before 560 K, con-
firming the robust dipole polar order and asymmetric struc-
ture (Figure  5a,b). When the temperature is increased above 
574 K, a sharp drop of SHG intensity is observed, indicating 
a rapid dipole depolarization as the piezoelectric phase trans-
forms into high symmetric paraelectric phase. The high tran-
sition temperature is attributed to the stable structure of Te, 
as well as the large kinetic transition barrier from piezoelectric 

structure to high symmetric paraelectric structure. Moreover, 
temperature-dependent Raman was also carried out to further 
investigate the thermal structure stability (Figure  5c,d). Both 
Raman intensity of A1 and E2 modes are stable before 575 K 
while a rapid decrease occurs when the temperature is up 
to 600 K, showing very stable structure at high temperature. 
Besides, considering the harmful effect of blackbody radiation 
induced by high temperature to the Raman signal, a violet laser 
at 325 nm wavelength was equipped in the Raman instrument 
to retest the thermal stability (shown in Figures S26 and S27 
in the Supporting Information). All the tellurene films show 
ultrahigh thermal stability above 600 K, even above 725 K. Both 
the results demonstrate the Curie temperature of piezoelectric 
2D Te is about 580–600 K, which is much higher than that of 

Adv. Mater. 2022, 34, 2204697

Figure 5. Observation of temperature-dependent polarization and structure stability. a,b) Temperature-dependent SHG spectra and plot of SHG 
intensity at different temperature. c,d) Temperature-dependent Raman spectra (normalized by highest peak) and plot of Raman intensity of A1 and E2 
mode at different temperature.
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the most of predicted 2D piezoelectric materials and reported 
piezoelectric materials.

3. Conclusion

We have experimentally demonstrated robust in-plane and 
out-of-plane piezoelectricity with spontaneous polarization 
in elementary monolayer tellurene at room temperature. The 
unique helical chain structure and highly oriented polarization 
of molecular structure lead to large electronic dipole and spon-
taneous in-plane and out-of-plane polarization. Compared to 
most of the reported piezoelectric 2D materials, tellurene owns 
ultrahigh air stability that piezoelectric structure can be main-
tained at least 10 months in air. The 2D-Te-based FET realizes 
large memory window (7000) and low work voltage (2  V) and 
the on switching current achieves up to 36.6 µA µm−1 without 
top-gate. By systemic temperature-dependent SHG and Raman 
measurement, the stable thermal stability with high Curie 
temperature of ≈600 K is revealed. This discovery provides a 
chance to redesign architecture of crossbar-array memory using 
pure Te, merging memory and switching function in single 
device without composition segregation and providing a new 
platform to construct vdW Waals piezoelectric heterostructures 
for high-density electronics.

4. Experimental Section
Crystal Characterization: The angle-resolved Raman spectra were 

measured via a Raman spectrometer (HR Evolution, Horiba) with 633 nm  
laser incident; the linear polarizers were set in front of the sample and 
spectrometer. The half-wave plate was set in the path to rotate the 
incident direction in steps of 15° to measure the angle-resolved Raman 
spectra. The in situ FET Raman was carried out on a SmartRaman 
confocal-micro-Raman module under backscattering geometry. The 
SmartRaman module was developed by the Institute of Semiconductors, 
Chinese Academy of Sciences, and was coupled with a Horiba 
iHR550 spectrometer and a charge-coupled device (CCD) detector. 
An all-fiber ultrafast laser source served as the incident light in the 
spectrometer (Alpha 300R, WITec) to examine the second-harmonic 
generation (SHG) signals of the samples; the incident wavelength was 
1064 nm and the pulse width was ≈1 ps. The chemical composition 
and chemical state were tested by X-ray diffraction (XRD, Ultima 
IV, Rigku), X-ray photoelectron spectroscopy (XPS, AXIS SUPRA+, 
SHIMADZU). Microstructure and selected-area electron diffraction 
were carried out via transmission electron microscopy (TEM, Tecnai, 
FEI). PFM measurements were performed using a commercial atomic 
force microscope (MFP-3D, Asylum Research,) on gold substrate; 
a conductive Pt–Ir coated cantilever (EFM-10, Nano World, Asylum 
Research) was applied. The local piezoresponse hysteresis loops were 
recorded by spectroscopy piezoresponse force microscopy (SS-PFM), 
using a triangular-wave voltage.

Device Fabrication and Characterization: All the devices were fabricated 
by electron beam lithography; the conductive electrodes were deposited 
using thermal evaporation (Suzhou Fangsheng FS-450) with Cr/Au  
(5 nm/50 nm) unless specifically mentioned. All the electrical measurements 
were carried out via a semiconductor characterization system (Keithley 4200) 
in a Probe Station (DOT, PRCBE). The electrical measurements under in situ 
FET Raman were also carried out in a Mini-Probe Station (Air, PRCBE). All 
the measurements were made at room temperature.

Synthesis Method: Na2TeO3 (analytical grade) and poly(vinylpyrrolidone) 
(PVP, analytical grade, average molecular weight 24k) were dispersed  

in deionized water (33 mL) with a mass ratio of 1:5. The homogenous 
solution was poured into a Teflon-lined stainless-steel autoclave with 
2.2 mL aqueous ammonia solution (25–28 wt%) and 1.12 mL hydrazine 
hydrate solution (85 wt%) as a pH regulator and reducing agent. The 
autoclave was then placed into oven at 180 °C for 4 h and cooled down 
naturally. The product was washed using water for at least 3 times and 
transferred upon the substrate.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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