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Electronics and Optoelectronics Based on Tellurium

Jiajia Zha, Dechen Dong, Haoxin Huang, Yunpeng Xia, Jingyi Tong, Handa Liu,
Hau Ping Chan, Johnny C. Ho, Chunsong Zhao,* Yang Chai,* and Chaoliang Tan*

As a true 1D system, group-VIA tellurium (Te) is composed of van der Waals
bonded molecular chains within a triangular crystal lattice. This unique crystal
structure endows Te with many intriguing properties, including electronic,
optoelectronic, thermoelectric, piezoelectric, chirality, and topological
properties. In addition, the bandgap of Te exhibits thickness dependence,
ranging from 0.31 eV in bulk to 1.04 eV in the monolayer limit. These diverse
properties make Te suitable for a wide range of applications, addressing both
established and emerging challenges. This review begins with an elaboration
of the crystal structures and fundamental properties of Te, followed by a
detailed discussion of its various synthesis methods, which primarily include
solution phase, and chemical and physical vapor deposition technologies.
These methods form the foundation for designing Te-centered devices. Then
the device applications enabled by Te nanostructures are introduced, with an
emphasis on electronics, optoelectronics, sensors, and large-scale circuits.
Additionally, performance optimization strategies are discussed for Te-based
field-effect transistors. Finally, insights into future research directions and the
challenges that lie ahead in this field are shared.
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1. Introduction

Tellurium (Te) belongs to chalcogenide
family, with its discovery dating back to
the eighteenth century.[1,2] While oxygen
and sulphur, also members of the chalco-
gen group, are abundant on Earth, Te is
found in extremely small quantities, with
its rarity comparable to that of the noble
metal platinum (Pt).[3] Despite its scarcity,
Te plays a crucial role in human soci-
ety. Te has two allotropes that researchers
can easily distinguish at a glance: crys-
talline Te, which appears as a silvery lus-
trous gray, and amorphous Te, which is
brownish-black in color. Bulk Te crystal
and crystalline Te nanostructures, includ-
ing nanobelts, nanoflakes, nanowires, and
nanocrystals, have triagonal crystal struc-
tures composed of 1D helical Te molecu-
lar chains in van der Waals (vdW) stack-
ing. The unique crystal structure of Te
compared with those widely available vdW

materials with 2D crystal structures endows Te with many un-
usual properties and it quickly becomes a hot research topic since
its rediscovery. In a single chain, each Te atom covalently bonds
with two neighboring atoms, sharing a similar electronic config-
uration with selenium (Se). Of the six outer electrons distributed
in 5s25p4 configurations, two occupy the s-orbital in pair with
lower energy, two of the remaining four electrons are distributed
at one of the three p-orbitals, while the last two are ready for co-
valent bonding in half-filled p-orbitals.[4] Theoretical calculations
have predicted three possible crystal phases for monolayer Te:𝛼-
Te (1T-MoS2-like structure), 𝛽-Te (metastable tetragonal struc-
ture), and 𝛾-Te (2H-MoS2-like structure). The first two phases
have been experimentally demonstrated, while the latter is hy-
pothesized to be unstable at room temperature.[5–8] Additionally,
metallic 𝜖- and 𝜁 -phase Te few-layers have been reported in the-
oretical studies, although they have not yet been synthesized in
experiments.[9,10]

Compared with traditional 3D materials, vdW materials
exhibit immunity to surface-induced performance degrada-
tion due to the absence of dangling bonds at their surfaces.
These materials also provide convenient approaches for
constructing functional heterostructures or superlattices for
device design and physics research.[11–18] Furthermore, vdW
semiconductors hold great promise for extending Moore’s
law, thanks to their atomically thin nature.[19–24] Among
vdW semiconductors, the vast majority, represented by
the transition metal dichalcogenide (TMD) family, exhibit
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Figure 1. Schematic illustration of advanced electronics and optoelectronics based on Te.

n-type or n-type dominant ambipolar transport behaviors
at room temperature, while p-type counterparts are rarely
reported.[25–28] This significantly hinders the incorporation
of vdW materials into commercial integrated circuits. Al-
though black phosphorus (bP) provides an alternative, its
application is plagued by rapid degradation under ambient
condition.[29] On the other hand, Te nanostructures, as a sta-
ble and natural p-type vdW semiconductor with impressive
room-temperature hole mobilities up to ≈1000 cm2 V−1 s−1,
have been recently re-explored for their potential in future
electronics and optoelectronics.[19,20] In addition to elec-
tronic properties,[30–42] Te nanostructures exhibit a variety
of intriguing characteristics, including optoelectronic,[43–45]

optical,[46–48] thermoelectric,[49–59] piezoelectric,[60–64] topologi-
cal properties,[65–70] and chirality.[71–75] Owing to their unique
structural features and fascinating properties, various synthesis
strategies have been developed to obtain high-quality Te nanos-
tructures, which mainly include hydrothermal method,[76,77]

ultrasonic-assisted synthesis,[78] liquid-phase exfoliation,[79]

chemical/physical vapor deposition (CVD/PVD) via tubu-
lar furnaces,[80–88] and other PVD methods such as thermal
evaporation,[89–91] molecular beam epitaxy (MBE),[7,92–94] and
magnetron sputtering.[95,96] The prepared Te nanostructures

have been widely applied in advanced electronics,[76,80,85,90,97–111]

optoelectronics,[77,81,87,112–124] sensors,[125–135] and large-scale
circuits (Figure 1).[89,91,95,136,137] In addition, as a special Weyl
semiconductor induced by the strong spin-orbit coupling (SOC),
Te crystals provide an excellent platform for studying novel
physical phenomena.[102,103] Given the growing interest in Te
research, we believe that providing a timely critical Review
on this topic for a broad readership will encourage more re-
searchers to engage in this promising field and promote its
development.

Herein, we begin by introducing the basic crystal struc-
tures and properties of Te, which lay the foundation for subse-
quent device design. Next, we discuss various synthesis strate-
gies (e.g., hydrothermal method, ultrasonic-assisted synthesis,
liquid-phase exfoliation, and CVD/PVD methods) for the prepa-
ration of high-quality Te nanostructures, along with their ad-
vantages and limitations. Following that, we provide a compre-
hensive summary of the state-of-the-art Te-based device applica-
tions, categorizing them into electronics, optoelectronics, sen-
sors, and large-scale circuits. Finally, taking into account the
current progress, we conclude this review by sharing our per-
spective on the challenges and future prospects in this research
field.
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2. Properties

Understanding material properties is essential for developing
subsequent device designs. The fascinating properties of Te stem
from its unique crystal structure. In this section, we begin by
elaborating the crystal structures of Te and then introduce its
various properties, focusing on the energy band structure and
electronic properties, optical properties, piezoelectric properties,
thermoelectric properties, and ferroelectric properties. This in-
formation will provide our readers with fundamental knowledge
and inspire ideas for advanced device designs enabled by Te.

2.1. Crystal Structures

The crystal structure of Te is characterized by Te atomic chains
arranged in a triangular helix along the [0001] direction (z-axis),
where Te atoms form covalent bonds exclusively with their two
nearest neighbors (Figure 2a–c). This unique structure results in
inherent chirality and high anisotropy in Te. Moreover, the in-
triguing chain arrangement leads to dangling bonds solely at the
(0001) ends of the molecular chains, effectively minimizing car-
rier recombination at the surfaces and ensuring an extended car-
rier lifetime.[138] In the monolayer limit, also known as tellurene,
distinct structures emergy, namely 𝛼-Te, 𝛽-Te, and 𝛾-Te structures
(Figure 2d–f). Among these different phases, 𝛼-Te and 𝛽-Te ex-
hibit room-temperature stability due to their higher cohesive en-
ergy (2.62 eV per atom for 𝛼-Te and 2.56 eV per atom for 𝛽-Te),
while 𝛾-Te, with a lower cohesive energy of 2.46 eV per atom, is
unstable above 200 K.[5] Additionally, Yan et al. reported two other
ultra-stable novel allotropes of Te few-layers in theoretical calcu-
lations, namely metallic 𝜖- and 𝜁 -phase Te few layers.[9,10] These
two Te nanocrystals may find applications as the electrodes in
vdW devices and offer a platform for studying topological prop-
erties once being successfully synthesized in experiments.

The unique trilayer arrangement of Te leads to various in-
triguing properties of Te atoms in different layers. Te atoms in
the central layer, with a higher coordination number (nc), ex-
hibit metallic characteristics, while the Te atoms in outer lay-
ers, with a lower nc, behave more like a semiconductor.[5] This
nuanced understanding of the structural diversity of Te and the
layer number-dependent properties of its constituent Te atoms
not only enriches our comprehension of its behavior but also
lays the groundwork for leveraging these distinct characteris-
tics in various applications. For a better understanding of lat-
tice vibration in Te, Raman spectra have been studied in differ-
ent works.[76,139] Wang et al. fabricated a field-effect transistor
(FET) based on single-crystalline Te nanoflakes and studied the
thickness-dependent and angle-resolved Raman spectra.[76] As
shown in Figure 2g, the Raman spectra of Te demonstrate dis-
tinctive changes with varying thicknesses. Thicker Te nanoflakes
(>20.5 nm) exhibit three main Raman-active modes at 92 cm−1

(E1 transverse (TO) phonon mode), 121 cm−1 (A1 mode), and
143 cm−1 (E2 mode), aligning with bulk Te. As thickness de-
creases (20.5 to 9.1 nm), the E1 (LO) mode (105 cm−1) appears,
originating from the increasing deformation potential and weak-
ening electro-optic effects. Further thickness reduction (<9.1 nm)
induces degeneracy in E1 TO and LO modes with peak broaden-
ing, linked to intra-chain atomic displacement, electronic band
structure changes, and symmetry assignments.

Thinning also leads to significant blueshifts of A1 and E2

modes, distinguishing Te from other vdW materials, by atten-
uating inter-chain vdW interactions and enhancing intra-chain
covalent interactions.[76] The angle-resolved Raman spectra are
depicted in Figure 2h, showing that the intensities of all four
modes vary as the incident angle, clearly indicating the reduc-
tion of in-plane symmetry in the chiral-chain vdW structure of
Te nanoflake. Du et al. further analyzed the Raman spectra under
strains at different principle axes.[139] When applying the strain
along the Te atom chain, both A1 mode and E2 mode show a
blue shift or red shift corresponding to compressive or tensile
strains, respectively (Figure 2i–k). However, no significant shift
is observed when applying strains perpendicular to the Te atom
chain (Figure 2l–n). This direction-dependent phenomenon also
can be explained by the anisotropy of the Te crystal structure.

2.2. Energy Band Structure and Electronic Properties

The band structure is a fundamental concept crucial for un-
derstanding and predicting the properties of Te. In this sec-
tion, numerous theoretical calculations, primarily based on first-
principles density functional theory (DFT) and ab initio molec-
ular dynamics (MD) simulations, have been conducted to elu-
cidate the layer-dependent, strain-related, and near Dirac-cone
shaped bandgap of Te, showcasing its significant potential for ap-
plications in electronic and optoelectronic devices. The bandgap
of bulk Te was calculated to be 0.21 eV using ab initio MD,[75]

closely matching the experimental result of 0.32 eV.[42] Addition-
ally, to better understand the properties of low-dimensional Te,
Zhu et al. made pioneering predictions on the band structure
of monolayer Te using DFT. Their findings, based on Perdew-
Burke-Ernzerhof (PBE) + SOC, indicated that 𝛼-Te and 𝛽-Te
exhibit nearly direct or direct band structures at the Γ point,
with bandgaps of 0.46 eV and 1.03 eV, respectively, while 𝛾-
Te shows metallic properties (Figure 3a).[5] To deepen the un-
derstanding of the band structure of Te, Qiao et al. conducted
calculations on the band structure of few-layer 𝛼-Te using Vi-
enna ab initio simulations with DFT, employing the screened
hybrid functional of Heyd, Scuseria, and Ernzerhof (HSE06) +
SOC.[140] They found that as the layer number of 𝛼-Te increased,
the bandgap decreased from 1.17 eV for two-layer (2L) 𝛼-Te to
0.66 eV for 6L 𝛼-Te. Although the bandgap shows variations with
different functionals, a consistently common trend has been re-
vealed: The bandgap decreases as the layer number of Te in-
creases (top panel in Figure 3b). This trend has also been con-
firmed by Wu et al.[141] Specifically, the valence band maximum
(VBM) exhibited significant changes, shifting from −4.98 eV to
−4.35 eV, which was roughly three times that of the conduc-
tion band minimum (CBM), contributing to the bandgap de-
crease (bottom panel in Figure 3b). Numerous experimental stud-
ies on band structures also align with the calculation results.
Chen et al. obtained 5–7-layer 𝛽-Te by MBE on highly oriented
pyrolytic graphite (HOPG).[7] Their experimental results, mea-
sured by scanning tunneling microscopy (STM), demonstrated
that the bandgap decreases from 0.65 eV to 0.53 eV as the layer
number increases from 5L to 7L, consistent with previous theo-
retical calculations. A similar trend was observed in MBE-grown
few-layer Te on a graphene/6H-SiC (0001) substrate.[92] Both
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Figure 2. Crystal structures of Te. a–c) Schematic illustration of the Te lattice structure. d–f) Calculated tellurene structures and charge density of 𝛼-Te,
𝛽-Te, and 𝛾-Te, respectively. Reproduced with permission.[5] Copyright 2017, The American Physical Society. g) Layer-dependent and h) angle-resolved
Raman spectra of a Te nanoflake. Reproduced with permission.[76] Copyright 2018, Nature Publishing Group. i) Raman spectra of a Te thin film showing
Te atom chain strains. Raman shift of j) A1 and k) E2 modes in Te under atom chain strain. l) Raman spectra of Te showing vertical atom chain strains.
Raman shift of m) A1 and n) E2 modes in Te under strain perpendicular to the atom chain. Reproduced with permission.[139] Copyright 2017, The
American Chemical Society.

theoretical calculations and experimental results affirm the same
trend, which is the bandgap decreases as the layer number in-
creases. A series of theoretical investigations has consistently
projected that strain can induce phase transitions in Te, subse-
quently influencing its band structure and carrier transport prop-

erties. Xiang et al. delved into the phase transitions of bilayer Te
under external strain, uncovering two potential transitions: 𝛼→𝛽

and 𝛼→𝛾 phase transition under compressive and tensile strain,
respectively, through first-principle calculations.[142] This strain-
induced phase transition illuminates the potential applications
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Figure 3. Band structure, optical, thermoelectric, and ferroelectric properties of Te. a) Band structure of 𝛼-, 𝛽-, 𝛾-Te, with the bandgap illustrated using
different functions. Reproduced with permission.[5] Copyright 2017, The American Physical Society. b) Layer-dependent bandgap and positions of the
CBM/VBM. Reproduced with permission.[140] Copyright 2018, Elsevier. c) Strain-induced bandgap changes due to phase transition. Reproduced with
permission.[143] Copyright 2018, The American Physical Society. d) Band structure of tellurene. Inset: Zoom-in of the band structure in the small region
around the semi-Dirac cone at P1, indicated by a blue box. Bottom panel: Band contour for the bottom conduction band and top valence band in the
first BZ. Reproduced under the terms of the Creative Commons CC BY license.[144] Copyright 2017, IOP Publishing Ltd. e) Absorption coefficient of
𝛼-Te with varying thicknesses. Reproduced with permission.[140] Copyright 2018, Elsevier. f) Absorbance of 𝛽-Te at different thicknesses. Reproduced
with permission.[141] Copyright 2017, IOP Publishing Ltd. g–j) Absorption spectra of Te thin films from experiments. g) Reproduced with permission.[77]

Copyright 2018, The American Chemical Society. h) Reproduced with permission.[118] Copyright 2020, The American Chemical Society. i) Reproduced
under the terms of the Creative Commons CC BY license.[151] Copyright 2020, Nature Publishing Group. j) Reproduced with permission.[152] Copyright
2023, John Wiley & Sons, Inc. k) Lattice thermal conductivity in different directions. Reproduced with permission.[52] Copyright 2018, The American
Chemical Society. l) KL for Te using the full iterative solution of the Boltzmann equation and the zero-order RTA. Reproduced with permission.[49]

Copyright 2018, The Royal Society of Chemistry. m) Differential charge density of bilayer Te phases, showing layer-center Te atoms (red) and other Te
atoms (brown). Reproduced with permission.[158] Copyright 2018, The Royal Society of Chemistry.
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of Te nanostructures as high-performance functional materials
in electronics, optoelectronics, and piezoelectronics. Zhang et al.
took a step further by directly predicting the feasibility of mod-
ulating the bandgap through an external strain-induced phase
transition (Figure 3c).[143] In their work, three different crystal
phases of Te have been identified—the buckled square phase I,
the buckled rectangular phase II, and the planar square phase
III—and they can transition to other phases as the external strain
changes. The phase transition and the change of bond length in
each phase with the external strain, contribute to the change of
bandgap. According to the calculation results provided by Xian
et al., tellurene also displays a semi-Dirac cone band structure
as shown in top panel in Figure 3d, and anisotropy in ΓP1 and
ΓP2 direction as shown in bottom panel in Figure 3d, indicat-
ing its potential for high mobilities and the polarization-related
applications.[144]

Carrier mobility is another crucial parameter in the study and
design of electronic and optoelectronic devices, as it directly in-
fluences energy efficiency, speed, thermal noise, and other as-
pects. Initial calculations have demonstrated that the carrier mo-
bilities of monolayer and few-layer Te can reach thousands of
cm2∙V−1∙s−1,[5,140] showcasing an immense potential for the de-
velopment of high-speed, high-efficiency electronic and optoelec-
tronic devices. Given the anisotropic structure of Te and the cal-
culation results, numerous works report that the carrier mobility
exhibits extremely high anisotropic properties along and perpen-
dicular to the Te atom chain.[37,140] However, there are also theo-
retical calculation results suggesting that there may be no signif-
icant difference in transport properties between directions along
and perpendicular to the Te atom chain, which could arise from
the comparable effective masses and potentials for charge carri-
ers along different transport directions.[34,145]

Numerous experimental studies have also been conducted to
explore the potential high carrier mobility of Te. In these works,
three distinct categories of carrier mobility have been identified:
Field-effect mobility, effective mobility, and Hall mobility. Subse-
quently, we will discuss each of these three distinct types of mo-
bility in detail. Considering the fact that the majority of Te thin
films are used in manufacturing FETs, field-effect mobility has
become the mainstream characterization method. This charac-
terization is calculated using the following formula.[146]

𝜇FE = L
WCiVSD

(
𝜕ISD

𝜕VG

)
(1)

at the region of |VG − VT| >> VSD.
L and W are the length and width of the accumulation channel,

Ci is the gate-channel capacitance per unit area, VSD, VG, and VT
are the source–drain, gate, and threshold voltages, respectively.

For field-effect mobility, various experimental works have been
conducted and show a relatively high range of room-temperature
field-effect mobility from 700 to 1370 cm2∙V−1∙s−1 by selecting
proper channel thickness,[76] forming different morphologies, or
choosing dielectric with an atomically flat surface.[80,93]

Another figure of merit is effective mobility, which can be ob-
tained via the following equation.

𝜇eff = L
WCi

1
VG − VT − VSD

(
𝜕ISD

𝜕VSD

)
(2)

There are also some reports that apply effective mobility to
characterize carrier mobility. Zhao et al. synthesized wafer-scale
Te thin films by thermal evaporation at cryogenic temperatures
and constructed integrated circuits, achieving an effective mobil-
ity of 35 cm2∙V−1∙s−1. This relatively low value can be attributed to
the abundant defects and grain boundaries in the polycrystalline
thin film.[89] Amani et al. reported a solution-synthesized Te
nanoflakes for short-wave infrared (SWIR) photodetectors with
an effective mobility of 450 cm2∙V−1∙s−1. This significant increase
in effective mobility can be explained by the single-crystalline na-
ture of Te nanoflakes.[77]

Hall mobility refers to a kind of mobility obtained in
Hall-effect measurement. Hall mobility can be calculated via
Equation 3.[147]

𝜇Hall =
𝜎VHt

IB
(3)

where VH is the Hall voltage, t is the sample thickness, I and
B are the current and magnetic field, which can be measured
directly, and 𝜎 is the conductivity of the Hall-bar devices. Ren
et al. performed an electrolyte–gate transistor and gained a Hall
mobility of 500 cm2∙V−1∙s−1 in Hall measurements.[148] We have
summarized reported μFE, μeff, and μHall values in Te thin films
in Table 1.

Although field-effect mobilities, effective mobilities, and Hall
mobilities are obtained using different methods, all these val-
ues can reflect hole transport properties in Te samples un-
der an external electric field. Furthermore, as evidenced in
Table 1, the high hole mobility of Te has been consistently
verified by various studies. The high carrier mobility reported
in Te makes it an ideal candidate for the construction of
advanced electronics and optoelectronics with fast response
speed.

2.3. Optical Properties

The optical properties of a material are crucial factors to con-
sider when constructing advanced devices, particularly for op-
toelectronics. Many theoretical studies have been conducted on
the absorption spectra of Te to better understand potential device
designs based on Te nanostructures. Calculation results reveal a
wide absorption spectrum for Te, spanning from ultraviolet to
infrared (UV–IR) bands.[140,141] According to these calculations,
𝛼-Te exhibits anisotropic broadband light absorption, reaching
up to 1425 nm (0.8 eV) with an extremely high light absorp-
tion (as shown in left and middle panels in Figure 3e).[140] The
absorbances of few-layer 𝛼-Te (FL-𝛼-Te) are ≈2–3% per layer at
1.6 eV and 6–9% at 3.2 eV (right panel in Figure 3e), respectively,
displaying nearly two to three times the absorbance of bP.[150]

Wu et al.’s calculations show that 𝛽-Te also has a wide absorption
spectrum range, extending to 1100 nm (Figure 3f).[141] It is worth
noting that for both 𝛼- and 𝛽-Te, as layer thickness increases,
the absorbance of each layer decreases; however, the overall light
absorption still increases with increasing layer thickness. In ex-
periments, researchers have observed an even broader light ab-
sorption band, consistent with the calculated results.[77,118,151,152]

As shown in Figure 3g–j, experimental results indicate that
although the cut-off wavelength varies slightly in Te samples
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Table 1. Summary of carrier mobilities in Te thin films.

Mobility [cm2∙V−1∙s−1] Mobility category Synthesis method Thickness [nm] Refs.

700 Field-effect mobility Hydrothermal
syntheses

16.1 [76]

500 Hall mobility 15 [148]

450 Effective mobility 10 [77]

1370 Field-effect mobility CVD 59 [80]

500 Field-effect mobility 67.6 [87]

145 Field-effect mobility PVDa) – [85]

35 Effective mobility Thermal evaporation 8 [89]

182 Effective mobility Thermal evaporation 19 [90]

30.9 Field-effect mobility Magnetron sputtering 4 [95]

19 Hall mobility 10 [149]

707 Field-effect mobility MBE 16 [93]

1000 Field-effect mobility Solution based 10 [78]
a)

PVD used in Table 1, Table 2, and Table 3 refers to the physical vapor deposition in a tubular furance.

synthesized via different methods, the light absorption capabil-
ities can reach up to 4.6 μm, highlighting the great potential of
Te in IR photodetection. Both theoretical calculations and exper-
imental results demonstrate the broad absorption and high ab-
sorption coefficient of Te thin films, illustrating the extraordinary
potential of Te-based high-performance IR photodetectors with
polarization discrimination.

2.4. Piezoelectric Properties

Te displays a significant piezoelectric effect due to its symmetry-
breaking nature, which makes it suitable for a wide range of ap-
plications in diverse technological fields, such as sensing tech-
nologies, energy harvesting, and electronic devices. Comprehen-
sive computational studies reveal that the piezoelectric property
is uniquely observed in 𝛼-Te with broken symmetry.[106,153,154]

Specifically, Rao’s study demonstrates that Te possesses re-
markable piezoelectric constants, namely e11 = 130.82 pC∙m−1

and e31 = 5.920 pC∙m−1 for bi-layer Te, as determined by
DFT calculations.[106] These notable piezoelectric constants re-
sult from the charge density difference induced by symmetry-
breaking. In experimental work, Apet et al. successfully synthe-
sized a ≈1-nm Te film and used piezoresponse force microscopy
(PFM) to measure the piezoelectric coefficient, obtaining d33 = 1
pm∙V−1.[154] Both computational and experimental findings high-
light exceptional performance of Te in terms of piezoelectric ef-
fects, demonstrating its vast potential across various applications,
particularly in energy harvesting.

2.5. Thermoelectric Properties

Te also exhibits exceptional thermoelectric properties. To charac-
terize the efficiency of thermoelectric materials, a key parameter
known as the figure of merit (ZT) is commonly employed.[155]

The definition of ZT is given by the following equation.

ZT = S2𝜎T
𝜅E + 𝜅L

(4)

where S, 𝜎, 𝜅E, 𝜅L, and T are the Seebeck coefficient,
electrical conductivity, electronic thermal conductivity,
lattice thermal conductivity and absolute temperature,
respectively.

It is worth mentioning that since the Seebeck coefficient (S),
electrical conductivity (𝜎), and thermal conductivity (𝜅E) are usu-
ally correlated through the Wiedemann–Franz law,[156,157] mod-
ifying one parameter often results in compensatory changes in
other parameters, presenting a dilemma for significantly enhanc-
ing the thermoelectric figure of merit (ZT). Consequently, mini-
mizing lattice thermal conductivity (𝜅L) has emerged as a viable
strategy for improving ZT.

Several theoretical investigations have explored the exceptional
thermoelectric properties of Te, resulting from its low lattice ther-
mal conductivity. Sharma et al. employed first-principles calcula-
tions within semiclassical Boltzmann transport theory.[52] Their
findings indicated that monolayer Te exhibited 𝜅L of 0.43 and
1.29 W∙m−1·K−1 (Figure 3k), achieving high room-temperature
ZT values of 0.80 and 0.38 along the armchair and zigzag direc-
tions, respectively. These remarkable thermoelectric properties
arise from the effective scattering of acoustic phonons into opti-
cal phonons. Anisotropy in thermoelectric properties stems from
distinct phonon dispersion and scattering characteristics along
different directions.[52] The calculation results provided by Lin
et al. are also consisted with previous work, showing an extremely
low room-temperature lattice 𝜅L (Figure 3l), which is generated
from the prominent anharmonic phonon scattering process.[49]

Noteworthy is the observation that the lattice thermal conduc-
tivity decreases with increasing temperature due to heightened
acoustic-optical phonon scattering at elevated temperatures. Ex-
perimental results also confirmed the exceptional thermoelectric
properties of Te thin film. By testing the thermoelectrical proper-
ties of hydrothermal-synthesized Te thin film, Qiu et al. demon-
strated the outstanding thermoelectric performance of Te thin
films, with lattice thermal conductivity (𝜅L) of 1.50 W∙m−1·K−1

and ZT value of 0.63, respectively.[55] The outstanding thermo-
electric properties of Te reveal its enormous potential in applica-
tions for energy-harvesting devices and photothermoelectric pho-
todetectors.
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2.6. Ferroelectric Properties

Te has been predicted to exhibit ferroelectric properties due to
its broken symmetry. Theoretical studies, such as the work by
Wang et al., have provided insights into the ferroelectric nature
of few-layer 𝛼-Te using first-principle calculations.[158] Illustrated
in Figure 3m, 𝛼-Te displays a significant charge transfer between
the central and neighboring Te atoms, along with the separation
of positive and negative charge centers resulting from its broken
centrosymmetry. This separation of charge centers is a key factor
contributing to the ferroelectric property of 𝛼-Te. On the other
hand, the centrosymmetry of 𝛽-Te causes an overlap of positive
and negative charge centers, which prevents the material from ex-
hibiting ferroelectric properties. However, it is crucial to note that
there is currently a lack of experimental evidence supporting the
ferroelectric properties of Te. This gap in knowledge highlights
the need for further research efforts to not only validate the fer-
roelectric aspects of Te but also explore its potential applications.

3. Synthesis Methods

The synthesis of high-quality Te crystals is essential for investi-
gating their physical and chemical properties, as well as enabling
their practical applications. In this section, we present a concise
overview of six commonly employed synthesis techniques: hy-
drothermal synthesis, CVD/PVD using a tubular furnace, and
other PVD methods such as thermal evaporation, magnetron
sputtering, and MBE.

3.1. Hydrothermal Synthesis

Hydrothermal methods have been widely employed for syn-
thesizing Te nanostructures, primarily due to their cost
efficiency.[36,76,77,102,112,118] Figure 4a presents a schematic illustra-
tion of the traditional hydrothermal method. Notably, the work
by Wang et al. is considered as a seminal study in this field.[76]

Using the hydrothermal method, they successfully synthesized
single-crystalline 2D Te nanoflakes and examined the growth
mechanism. In their approach, Na2TeO3 and polyvinylpyrroli-
done (PVP) were initially dissolved in double-distilled water at
room temperature under magnetic stirring to form a homoge-
neous solution. This solution was then transferred into a Teflon-
lined stainless-steel autoclave filled with an aqueous ammonia
solution and hydrazine hydrate. After a series of heating, cooling,
centrifugation, and washing steps, large-sized Te nanoflakes with
lengths ranging from 50 to 100 μm and thicknesses from 10 to
100 nm were successfully obtained (Figure 4c,d). Moreover, high-
resolution transmission electron microscopy (HRTEM) diffrac-
tion patterns (Figure 4e) confirmed that Te nanoflakes tend to
grow laterally along the [0001] and [121̄0] directions, while stack-
ing perpendicularly along the [101̄0] direction. The research also
revealed that by optimizing the PVP ratio, the width of the
nanoflakes can be well controlled. Similarly, Amani et al. suc-
cessfully synthesized high-quality Te nanoflakes with high effec-
tive hole mobility up to 700 cm2∙V−1∙s−1.[77] They further demon-
strated that the thickness of Te nanoflakes could be controlled
by adjusting the reaction time. In addition to the hydrothermal

method, there are also other solution-based synthesis strategies
for Te crystals. For example, Qi et al. synthesized surfactant-free
Te thin films with high mobility (over 1000 cm2∙V−1∙s−1) via the
ultrasonication-assisted exfoliation of metastable 1T′-MoTe2.[78]

Although the Te film exhibits an excellent surface condition, the
low stability and the difficulty in synthesizing 1T′-MoTe2 limit
the widespread application of this method. Furthermore, Zhao
et al. developed an alignment strategy inspired by swimming jel-
lyfish for the wafer-scale alignment of Te nanowires.[159] The pre-
pared Te thin films exhibit considerable electronic performance
and hold great promise for subsequent device applications.

The versatility and simplicity of hydrothermal synthesis make
it a promising approach for synthesizing Te nanostructures for
various applications in nanoelectronics and other fields. How-
ever, further research is needed to obtain a relatively clean
surface. Additionally, the limited lateral area of hydrothermal-
synthesized Te samples hinders their applications in large-scale
circuits.

3.2. Chemical/Physical Vapor Deposition in a Tubular Furnace

Tubular furnaces provide an ideal reaction environment for
synthesizing high-quality nanocrystals, particularly single-
crystalline thin films. Tubular furnace-based synthesis strategy
can be divided into CVD and PVD methods, depending on
the reaction type. CVD is a pivotal material growth technology,
widely used to produce thin films on a heated substrate through
the chemical reaction of gas-phase precursors (Figure 4b). The
versatility of CVD is evidenced by its successful synthesis of
various high-quality vdW materials, including graphene[160–162]

and MoS2,[163,164] suggesting its potential for Te film synthesis
as well. Recently, by introducing atomically flat h-BN nanoflakes
as the growth substrate, Yang et al. obtained high-quality Te
nanobelts and fabricated p-type transistors with an ultrahigh
hole mobility of μFE = 1370 cm2∙V−1∙s−1 at room temperature
(Figure 4g).[80] The HRTEM results in Figure 6f and g illustrate
the well-defined and complete crystal lattice with a lattice con-
stant of 0.2 nm for (0001) faces parallel to the helical chains. The
high quality of Te nanobelts and clean interface between Te and
h-BN dielectric contribute to the high field-effect hole mobility
in the subsequent FET. Peng et al. also successfully synthesized
high-quality Te nanosheets using the CVD method and applied
it to high-performance near-infrared (NIR) photodetectors.[87]

In their work, SnTe2 powder served as the precursor, placed in
a quartz tube, with a silicon (Si) wafer as the substrate located
downstream of the carrier gas N2. By heating SnTe2 to 650 °C for
30 min, they synthesized high-quality Te nanosheets. HRTEM
and selected area electron diffraction (SAED) images demon-
strate the highly crystalline hexagonal structure and smooth
surface of the Te nanosheet. Notably, their work also showed
that Te nanowires could be obtained by adjusting the growing
temperature. Based on these experimental results, CVD can be
used for growing high-quality, single-crystalline Te nanostruc-
tures, but further efforts are needed to precisely control sample
thickness and develop the capability to synthesize large-scale Te
thin films.

The PVD method in a tubular furnace for synthesizing Te
nanocrystals is similar to the CVD method, with the main
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Figure 4. Hydrothermal-synthesized and CVD/PVD-synthesized Te nanostructures in a tubular furnace. a) Schematic illustration of the hydrothermal
synthesis process. b) Schematic illustration of CVD/PVD synthesis in a tubular furnace. c) Optical images of hydrothermal-synthesized Te nanoflakes.
d) Atomic force microscopy (AFM) characterization of a typical Te nanoflake sample. e) Diffraction pattern of Te nanoflakes. f) Thickness and width
modulation of Te nanoflakes. Reproduced with permission.[76] Copyright 2018, Nature Publishing Group. g) Optical image of Te nanobelts. h) HRTEM
image of the boundary between Te and h-BN. Reproduced under the terms of the Creative Commons CC BY license.[80] Copyright 2022, Springer Science.
i) AFM mapping of Te thin films (insets: Low-magnification view of a 0.85-nm thick nanoflake, scale bar: 10 μm (upper right); height profile of the Te thin
film (lower left)). j) HRTEM image of Te thin films, scale bar: 2 nm. Reproduced with permission.[165] Copyright 2019, IOP Publishing Ltd.

difference being the precursors used. Te nanocrystals are typi-
cally prepared from Te powders via a physical reaction route. The
PVD method in a tubular furnace shares a similar reaction sys-
tem to CVD, as illustrated in Figure 4b. For the application of
PVD in synthesizing Te thin films, Apte et al. initially synthesized
ultrathin Te films by evaporating Te source in Ar/H2 gas flow at
650 °C.[165] Te thin films with a thickness of 0.85 nm were suc-
cessfully obtained, and the hexagonal symmetry of Te was also
identified (Figure 4i,j). Furthermore, Yang et al. demonstrated
the possibility of controlling the orientation of Te atomic chains
on a GaSe substrate.[86] Specifically, the research revealed a well-
oriented alignment of Te atomic chains along the GaSe armchair
lattice direction. This crystal alignment results from the higher
binding energy difference, which acts as an energy barrier, be-
tween self-oriented Te along the armchair and zigzag edges of
GaSe. Recently, Meng et al. reported an attractive method for
large-scale, high-quality Te nanomesh synthesis on various flexi-
ble substrates at low temperature.[85] After the initial growth of Te

nanowires, followed by 2 hours of heating, the Te nanowires self-
welded with each other to form nanomeshes. This self-welding
property significantly simplifies the synthesis of Te nanomeshes
and provides relatively high mobility within the polycrystal sys-
tems. In addition, Wang et al. reported the vdW epitaxy growth
of hexagonal Te nanoplates on flexible mica substrate.[166] In con-
trast to previous reports, the c-axis of the prepared nanoplates
in this study is perpendicular to the substrate surface. In their
method, a PVD technique in a horizontal vacuum tube furnace
was adopted, where Te powder was used as the precursor, and
the introduction of mica sheets as the growth substrate facilitated
the migration of Te adatoms along the mica surface. The carrier
gas was high-purity Ar, and the reaction temperature was main-
tained above 500 °C. The successful synthesis of high-quality Te
thin films, precise control of Te atom chain orientation, and the
simplified fabrication of Te nanomeshes make PVD an appealing
method for synthesizing Te nanostructures and developing high-
performance Te-based electronics and optoelectronics. However,
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Figure 5. Thermal evaporation, magnetron sputtering, and magnetron sputtering-synthesized Te nanostructures. a–c) Schematic illustration of thermal
evaporation, magnetron sputtering, and MBE, respectively. d) Microscopy image of Te nanofilms. Reproduced with permission.[89] Copyright 2020,
Nature Publishing Group. e) Polarized light microscopy image of a patterned crystallized Te array with varying lateral dimensions. Reproduced with
permission.[90] Copyright 2021, John Wiley & Sons, Inc. f) HRTEM image of ultrathin Te on HOPG substrate. g) Polarized Raman spectra (left) and
angle-resolved radial plots (right) of the A1 mode intensities from Te films grown on HOPG (blue) and MgO (red). Reproduced under the terms of the
Creative Commons CC BY 3.0 license.[149] Copyright 2020, The Royal Society of Chemistry. h) Scanning electron microscopy (SEM) image of a Te needle
on an HOPG substrate. i) AFM image of a Te needle on HOPG substrate. j,k) HRTEM images of Te. Reproduced with permission.[93] Copyright 2018,
John Wiley & Sons, Inc.

similar to the challenges encountered in CVD methods, meticu-
lous efforts are necessary to attain precise control over the thick-
ness of Te films, especially in the context of ultrathin scenarios.

3.3. Thermal Evaporation

In addition to the PVD in a tubular furnace, high-quality Te thin
films can also be prepared using other PVD techniques, such as
thermal evaporation, magnetron sputtering, and MBE. Thermal
evaporation has been a long-studied method for the preparation
of Te thin films (Figure 5a).[167] Recently, Zhao et al. reported pio-
neering work on depositing high-quality Te thin films onto cryo-
genic deposition substrates.[89] Specifically, they utilized Te parti-
cles as the evaporation source and lowered the substrate temper-
ature to −80 °C to form high-quality Te thin film, as confirmed
by transmission electron microscopy (TEM) and diffraction pat-
tern results (Figure 5d). Subsequently, Zhao et al. obtained large-
area crystallized Te nanofilms by selecting an appropriate crystal-
lization temperature to both overcome the kinetic constraints be-
tween thermodynamically less-favorable amorphous Te and con-
trol a moderate crystallizing speed.[90] As shown in Figure 5e,
when carefully selecting 273.15 K as the crystallization temper-
ature, large-area (150 μm2) and highly oriented Te thin film was
successfully synthesized. Thermal evaporation can be considered
as an attractive method for the growth of wafer-scale Te samples;

however, further research is needed to reduce the defect density
and grain boundaries in polycrystalline Te thin films.

3.4. Magnetron Sputtering

Magnetron sputtering has emerged as a widely adopted tech-
nique for thin film deposition, particularly in the context of
large-area 2D thin films.[168–170] This process utilizes a magnet-
ically enhanced plasma to sputter material from a target source
onto a substrate, thereby forming a thin film (Figure 5b). In
response to the growing demand for large-area Te thin films,
magnetron sputtering has gained increasing prominence in the
synthesis of Te films. Significant contributions by Bianco et al.
showcased the successful synthesis of ultrathin Te films (2.5 nm)
on a HOPG substrate using unbalanced magnetron sputtering
(Figure 5f).[149] The Te structure exhibits a 3.8 Å spacing between
(100) planes, signifying the alignment of helical chains in a hori-
zontal orientation, with [0001] parallel to the HOPG surface. Fur-
thermore, by changing the substrate to MgO, they found that the
Te [0001] helical chains can grow in the vertical direction on the
MgO substrate and display different angle-resolved Raman spec-
tra (Figure 5g). Kim et al. further extended the capabilities of mag-
netron sputtering to enable the synthesis of single-crystalline Te
thin films directly on a Si wafer by introducing an Al2O3 encap-
sulation layer.[95] The employment of the Al2O3 encapsulation
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layer played a pivotal role in stabilizing the interfacial energy,
thereby significantly promoting the Te crystal size and facilitat-
ing the growth of large-area Te thin films. Although magnetron
sputtering has proven to be an effective method for synthesiz-
ing Te thin films and can control the orientation of Te atomic
chains through substrate selection, its difficulty in synthesiz-
ing large-area single-crystalline films hinders the achievement of
high carrier mobilities (19 and 30.9 cm2∙V−1∙s−1 in refs. [95,149],
respectively), which restricts its use in high-performance
devices.

3.5. Molecular Beam Epitaxy

MBE is widely recongnized as an effective technique for the
growth of vdW materials due to its exceptional capabilities.[171–173]

This method excels in providing precise control on thickness, en-
suring atomic-level precision, and maintaining high purity and
cleanliness throughout the growth process. A schematic illus-
tration of the MBE system is shown in Figure 5c. Huang et al.
successfully synthesized large-scale, atomically flat monolayer
and few-layer Te thin films on a graphene/6H-SiC(0001) sub-
strate, with step heights of 0.15 and 0.39 nm, respectively.[92]

Additionally, Zhou et al. developed a low-temperature MBE
method to synthesize high-quality 2D Te nanostructures on dif-
ferent substrates.[93] This versatile technique is applicable to
substrates such as SiO2/Si, polyethylene terephthalate (PET),
and HOPG. The Te growth on all three substrates resulted
in compact, needle-like nanostructures, with varying lengths.
For further analysis, the longest Te needles, observed on the
HOPG substrate, were examined (Figure 5h). AFM analysis
revealed that Te nanostructures had a smooth surface with
a height of 16 nm (Figure 5i). Scanning transmission elec-
tron microscopy (STEM) results (Figure 5j,k) displayed a typ-
ical hexagonal lattice and zig-zag chain structure, confirm-
ing the high quality of the Te needles. While MBE is an
excellent method for achieving precise control over atomic-
level thickness, further extensive research is required to ex-
plore its potential for producing large-scale Te thin films with
high crystallinity. This research is necessary to enhance the
method’s viability for practical applications, similar to the ther-
mal evaporation and magnetron sputtering methods discussed
earlier.

Table 2 summarizes the advantages and disadvantages of var-
ious synthesis methods for Te crystals. From this, it can be con-
cluded that achieving both high crystallinity and scalability in a

single method remains challenging at the current stage. We are
still in the process of developing a growth strategy capable of pro-
ducing high-quality Te thin films on a wafer scale for advanced
large-scale circuits.

4. Electronics

As a naturally stable, hole-dominated vdW semiconductor, Te
nanostructures offer a promising p-type option to complement
mainstream n-FETs based on other vdW materials, particu-
larly those from the extensive TMD family.[76,80,85,90,93,96,174,175]

While vdW semiconducting thin films hold great potential to
extend Moore’s law as a supplement to the Si industry, the
metal-semiconductor contact has long been a significant chal-
lenge, often referred to as a “Gordian knot,” in 2D FETs. Un-
like conventional Si FETs, ion implantation for achieving ohmic
contact is nearly impossible in 2D FETs due to the atomi-
cally thin nature of vdW channels. To reduce the contact re-
sistance or optimize carrier transport, various contact engi-
neering strategies have been explored to enhance the perfor-
mance of Te FETs.[98–101,176–178] Meanwhile, Te FETs typically ex-
hibit low room-temperature on/off current ratios, a limitation
caused by the narrow bandgap of the Te channel, which sig-
nificantly hinders their application in high-performance inte-
grated circuits. Recently, reports on topological phase change
transistors (TPCTs) based on Te nanoflakes offer a promising
solution. In these devices, the gate-tunable topological phase
change in Te enables a significantly higher on/off current ra-
tio, surpassing that of most 2D FETs.[102,103] Additionally, Te
nanostructures have potential application in floating gate (FG)
memory devices, nanogenerators, radio frequency (RF) diodes,
and electrical switches.[104–109,111,116,179] In this section, we dis-
cuss the application of Te nanostructures in electronics, includ-
ing FETs, TPCTs, and other devices beyond transistors. Given
that FETs operate based on the charge depletion/accumulation,
and to better distinguish between Te FETs and TPCTs, we re-
fer to conventional FETs as charge-based transistors in this
Review.

4.1. Charge-Based Transistors

The invention of the transistor and its development over the
past 75 years are arguably among the most far-reaching tech-
nological achievements in human history. With the scaling of

Table 2. Summary of different synthesis methods for Te crystals.

Synthesis strategy Crystallinity Scalability Cost Substrate compatibility Representative papers

Hydrothermal Single-crystalline Low Low High [76]

Ultrasonication-assisted exfoliation Single-crystalline Low Low High [78]

CVD/PVD Single-crystalline Middle Middle Middle [80,165]

Thermal evaporation Polycrystalline High High High [89]

Magnetron sputtering Polycrystalline High High Low [149]

Molecular beam epitaxy Polycrystalline High High Low [92]

Biomimetic alignment N.A. High Middle Middle [159]

N.A., Not applicable.
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3D semiconductor-based transistors approaching its physical
limit, the emergence of vdW semiconducting thin films offers
a promising solution to extend Moore’s law.[20,22,23] However,
among the various 2D FETs, most exhibit n-type transport behav-
ior, while p-type counterparts with competitive performance have
been rarely reported, posing a significant obstacle to the practi-
cal application of vdW semiconducting thin films. Black phos-
phorus, for example, demonstrates high hole mobility but suf-
fers from poor air stability.[180] The recent resurgence of interest
in Te has rekindled enthusiasm among researchers for design-
ing and fabricating high-performance 2D p-FETs. This renewed
interest was sparked by Wang et al’s report on the hydrother-
mal synthesis of ultrathin Te nanoflakes in 2017.[76] The strong
spin-orbit coupling in Te results in a small hole-effective mass,
leading to the expectation of high hole mobilities under an exter-
nal electric field.[181] The operation of p-type Te FETs is based on
the accumulation and depletion of hole densities in response to
gate voltage. When a negative (positive) gate voltage is applied,
the Fermi level in the Te channel moves closer to (further from)
the valence band, leading to the accumulation (depletion) of hole
density in the channel, which corresponds to the “ON” (“OFF”)
state of the p-type Te FET. Figure 6a,b shows the output and trans-
fer curves measured on a typical Te FET fabricated by Wang et al.,
where the channel thickness and length were 11.1 and 300 nm,
respectively. Notably, the maximum on-state current in the Te
FET reaches 1 mA/μm under the bias of 1.4 V, which is highly
encouraging. This large on-state current indicates a fast switch-
ing speed, a crucial figure of merit defined by the International
Technology Roadmap for Semiconductors (ITRS) and the Inter-
national Roadmap for Devices and Systems (IRDS) 2023.[182] The
unique 1D crystal structure of Te leads to anisotropic electrical
transport behaviors. As shown in Figure 6c, the field-effect hole
mobility (μhole) along the [0001] direction is ≈1.4 times higher
than that along the [12̄10] direction. Wang et al. also observed
that μhole increases with Te thickness, albeit at the cost of reduced
on/off current ratios (Figure 6d).

In addition to the hydrothermal method, single-crystalline
Te nanobelts can also be synthesized using a CVD system. In
2022, Yang et al. reported the growth of single-crystalline Te
nanobelts by introducing h-BN nanoflakes as the deposition sub-
strate in a CVD system.[80] The atomically flat interface provided
by h-BN significantly reduces the scattering centers, enabling an
ultrahigh room-temperature field-effect hole mobility of up to
1370 cm2 V−1 s−1 (Figure 6e). Additionally, the high vapor pres-
sure of ≈10−5 Torr at 250 °C, coupled with the low crystallization
temperature, facilitates the sublimation of Te and its recrystalliza-
tion on nearly any surface.[183,184] In 2023, Meng et al. reported the
vapor-phase growth of Te nanomesh on various substrates, in-
cluding rigid (sapphire, SiO2, and mica), flexible (polyimide (PI)
and polydimethylsiloxane (PDMS)), vdW nanoflakes (WS2 and
h-BN), and 3D curved (carbon fibers) surfaces.[85] Even more in-
triguing is that paper was also used as the growth substrate, with
the resulting photoconductor exhibiting a fast switching speed
as short as ≈3 μs. The conductance of a Te FET made from a
Te nanomesh thin film grown on 50-nm SiO2/p++ Si can be
effectively tuned by the gate bias, and μhole extracted in the lin-
ear region reaches 145 cm2∙V−1∙s−1 (Figure 6f,g). Additionally,
researchers have reported the biomimetic wafer-scale alignment
of Te nanowires for use in flexible and stretchable electronics.[159]

Their fabricated Te nanowire-based thin film transistor (TFT) re-
alized a high on/off current ratio of up to 104 and a field-effect
hole mobility exceeding 100 cm2 V−1 s−1.

Between 2019 and 2021, Zhao et al. developed and optimized
the low-temperature thermal evaporation technique for Te thin
films, leading to high-performance Te FETs and logic gates.[89,90]

By lowering the crystallization temperature of Te to 5 °C, they
were able to achieve a Te single-crystalline domain size of ≈150
μm2. The resulting Te FET, based on a single crystal, exhibited
an on/off current ratio of ≈105 and an effective hole mobility of
≈100 cm2 V−1 s−1 (Figure 6h,i). However, the tendency of Te to
sublimate at relatively low temperatures presents a challenge to
the thermal stability of Te FETs, necessitating further research to
address this issue.[185] Dielectric doping is a widely used strategy
to tune the threshold voltage of metal-oxide-semiconductor field-
effect transistor (MOSFETs).[186–188] The introduction of a dipole
via atomical layer deposition (ALD) of HfO2 at the interface be-
tween the metal oxide and Te nanoflakes can effectively dope the
Te channel to n-type. Based on this approach, Qiu et al. demon-
strated n-type Te FETs with performance comparable to their p-
type counterparts, making them suitable for high-performance
complementary metal-oxide-semiconductor (CMOS) devices.[97]

Specifically, a representative n-type Te FET exhibited a large
on-state current of 200 μA∙μm−1, a considerable on/off cur-
rent ratio of ≈103, a respectable field-effect electron mobility of
≈612 cm2∙V−1∙s−1, and a low contact resistance of 4.3 kΩ∙μm
(Figure 6j–l). Although challenges such as low on/off current ra-
tios and thermal stability remain to be addressed before Te can be
commercialized, its p-type semiconducting nature, air stability,
and high hole mobility make it an attractive vdW material plat-
form for future high-performance electronics.

4.2. Strategies for Performance Optimization of Te FETs

The realization of high-quality contacts in 2D FETs has long been
a significant challenge, as the ultrathin nature of vdW semicon-
ducting thin films is incompatible with common doping tech-
niques, such as ion implantation, used in the Si industry. While
recent reports have achieved contacts approaching the quantum
limit in 2D semiconductors, most of these advances have fo-
cused on n-FETs, particularly MoS2-based devices.[189–191] With
the emergence of p-type Te, researchers also explored various
methods to reduce Schottky barrier heights and tune transport
behaviors in Te FET.[98–101,177,178] To minimize the Femi level
pinning effect, which is typically unavoidable in conventional
metal-semiconductor contact, Zhang et al. were the first to report
the usage of vdW 1Tʹ-WS2 semimetal, with a work function of
≈4.95 eV, as the electrodes to reduce the Schottky barrier height
in p-type Te FETs.[98] By employing this all-vdW semimetal-
semiconductor contact strategy, they realized ohmic contact in Te
FETs (Figure 7a), reducing the Schottky barrier height for hole in-
jection to 3 ± 9 meV (Figure 7b). This improved contact quality
also led to a high μhole of ≈1304 cm2∙V−1∙s−1. Additionally, Lin
et al. studied the transport properties of p-type Te FETs using
high-work function metal Pt (≈5.65 eV) as contact electrodes, re-
porting a low contact resistance of 400 Ω∙μm (Figure 7c).[99] More
interestingly, Pt can serve as the photosensitive catalyst to control-
lably reduce the Te channel thickness in water, leading to larger
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Figure 6. Charge-based FETs enabled by Te nanostructures prepared through various methods. Hydrothermal-synthesized Te nanoflake: a) Output and
b) transfer curves of a p-type Te FET with a channel thickness of 11.1 nm and length of 300 nm. c) Mobility anisotropy ratio of hole mobility measured
along the [0001] direction over the [12̄10] direction on a batch of devices. Inset: Optical image of a representative device pair for anisotropic transport
measurement, with a scale bar of 10 μm. d) Thickness-dependent on/off current ratios and field-effect hole mobilities. Reproduced with permission.[76]

Copyright 2018, Nature Publishing Group. CVD-grown Te nanobelt on h-BN substrate: e) Room-temperature field-effect hole mobilities under different
Vg measured in a representative Te FET. Inset: Optical image of the measured device. Reproduced under the terms of the Creative Commons CC BY
license.[80] Copyright 2018, Springer Science. CVD-grown Te nanomesh thin film: f) Transfer and g) output curves of a Te FET. Inset of (f) shows the
semi-log-scale transfer curves. Inset of (g) provides the optical image of the measured device. Reproduced under the terms of the Creative Commons
CC BY license.[85] Copyright 2023, Nature Publishing Group. Low-temperature-thermal-evaporation Te single crystal: h) Transfer curves measured on
a Te FET. Inset: Schematic and optical image of a representative device. i) Thickness-dependent effective mobility measured on devices based on Te
single crystals evaporated at different temperatures. Reproduce with permission.[90] Copyright 2021, John Wiley & Sons, Inc. N-type Te FET via dielectric
doping: j) Transfer and k) output curves of n-type/p-type (with/without ALD dielectric doping) Te FETs. l) Extracted contact resistance in n-type Te FET
via transmission line mehtod (TLM). Inset: Schematic illustration of the n-type Te FET with ALD dielectric doping. Reproduced with permission.[97]

Copyright 2018, The Institute of Electrical and Electronics Engineers.

on/off current ratios. Conversely, when using Sc, which has a low
work function of ≈3.58 eV, as the contact metal, Qin et al. trans-
formed the p-type transport behavior in Te FET into ambipolar
transport, achieving a hole mobility of 648 cm2 V−1 s−1 and an
electron mobility of 489 cm2 V−1 s−1 (Figure 7d).[100]

To further enhance carrier injection efficiency, edge con-
tacts have been developed for layered semiconductors and are

expected to play an important role in constructing 2D FETs
within the gate-all-around (GAA) architecture.[192–200] In 2021,
Jiang et al. reported the use of edge contacts for Te-nanorod-
based FETs (Figure 7e).[101] Their study confirmed the for-
mation of Pd-Te alloy at the end of the Te nanorod, as evi-
denced by the HRTEM image (Figure 7f). The linear output
curves indicated good contact quality, with a contact resistance
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Figure 7. Different strategies for performance optimization of Te FETs. All-vdW semimetal-semiconductor contact: a) Linear output curves measured
under different Vg. Inset: Schematic illustration of 1Tʹ-WS2/Te stacking as a contact. b) Schottky barrier height extracted at flat band condition from
Arrhenius plots. Inset: Band diagram of the 1Tʹ-WS2/Te heterojunction at flat band condition. Reproduced with permission.[98] Copyright 2022, John Wiley
& Sons, Inc. High work-functional metal contact: c) Low contact resistance of Te FET enabled by high-work-function Pt. Reproduced with permission.[99]

Copyright 2022, John Wiley & Sons, Inc. Low work-functional metal contact: d) Ambipolar Te FET enabled by low work function metal Sr. Insets: Energy
diagram of Te, Cr, and Sc (left inset); optical image of a representative device (right inset). Reproduced with permission.[100] Copyright 2019, IOP
Publishing Ltd. Edge contact: e) Schematic illustration of end-bonded Pd-Te contact. f) Cross-section HRTEM image of a Te FET enabled by end-bonded
contacts. g) Output curves measured on a series of Te FETs with different channel lengths. Insets: Extracted contact resistance from the TLM method
(top) and AFM image of the measured devices (bottom). Reproduced with permission.[101] Copyright 2021, The American Chemical Society. SexTe1-x
alloy for bandgap tunning: h) Se composition-dependent bandgap of SexTe1-x alloy. Reproduced with permission.[201] Copyright 2020, John Wiley & Sons,
Inc. i) Relationship between μhole and on/off current ratio in SexTe1-x alloy-based FETs with varying Se composition. Inset: Optical image (top pannel)
and schematic illustration (bottom panel) of a SexTe1-x alloy-based FET. j) Thickness-dependent on/off current ratio (top panel) and μhole (bottom panel)
in Se0.3Te0.7 nanosheet-based FET. Reproduced with permission.[202] Copyright 2024, The American Chemical Society.

of 2.55 kΩ, as extracted by the TLM, for a channel width of
≈16 nm (Figure 7g). More intriguingly, Niu et al. developed gate-
controlled superconducting FETs based on the PdxTe–Te con-
tacts, acheived by diffusing Pd atoms into the Te channel.[110]

While some progress has been made in optimizing contacts
for Te FETs, the contact resistance reported thus far is still far
away from the quantum limit. Much more effort is needed in

this field, especially considering that Te is a unique p-type vdW
semiconductor.

Limited by its narrow bandgap, achieving a moderate on/off
current ratio at room temperature is a common challenge for Te
FETs. The growth of SexTe1-x alloys offers a promising solution
to this issue. In 2020, Tan et al. reported the low-temperature
evaporation of SexTe1-x thin films, which allowed for a tunable
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Table 3. Comparison between FETs enabled by Te and other vdW semiconductors.

Channel material (Preparation
method)

Channel/gate length [μm] Ion [μA μm−1]@Vds Ion/Ioff SS [mV dec−1] Contact resistance
[Ω∙μm]

Refs.

Monolayer MoS2 (CVD) 0.02 (channel) 1230@1 V 108 180 42 [189]

3-layer MoS2 (CVD) 0.01 (channel) 1220@0.7 V ≈108 74 69 [204]

Monolayer MoS2 (MOCVD) 0.035 (channel) 1135@1.5 V >107 N.A. 132 [191]

Monolayer MoS2 (CVD) 0.05 (channel) 1000@2 V ≈107 N.A. 660 [205]

Few-layer MoS2 (Exfoliated) 0.001 (gate) >10@1 V 106 65 N.A. [206]

Monolayer MoS2 (CVD) 0.00034 (gate) 0.545@1 V ≈105 117 N.A. [21]

Monolayer WS2 (CVD) 0.03 (channel) 414@1.5 ≈108 ≈90 1200 [207]

Monolayer WS2 (CVD) 0.05 (channel) 325@1 V
1.8× 108

N.A. 1100 [208]

Few-layer WS2 (Exfoliated) 0.1 (channel) 380@2 V
>4× 106

N.A. 700 [209]

2-layer WS2 (MOCVD) 0.1 (channel) 210@1 V >108 109 2380 [210]

2-layer MoSe2 (CVD) 0.5 (channel) 65@4 V 106 N.A. 60000 [211]

Monolayer WSe2 (CVD) 0.065 (channel) 300@−1 V
>2× 106

225 950 [212]

Monolayer WSe2 (Exfoliated) 3.5 (channel) 210@3 V 106 N.A. 7500 [213]

Multilayer MoTe2 (Exfoliated) 0.6 (channel) 65@−4 V ≈104 N.A. N.A. [214]

5-layer MoTe2 (Exfoliated) 0.1 (channel) 150@1 V 105 N.A. 2000 [215]

Multilayer SnS2 (Exfoliated) 0.4 (channel) 4@5 V 2 × 106 N.A. N.A. [216]

Monolayer SnSe2 (Exfoliated) ≈1 (channel) 30@1 V 104 N.A. N.A. [217]

3-layer ReSe2 (Exfoliated) 5 (channel) ≈1.5@2 V >104 1300 N.A. [218]

Few-lyaer InSe (Exfoliated) 0.02 (channel) 1350@0.5 >108 ≈60 <62 [219]

Few-layer bP (Exfoliated) 1 (channel) 580@−3 V ≈104 ≈170 N.A. [220]

Few-layer bP (Exfoliated) 0.8 (channel) 200@3 V >103 N.A. N.A. [221]

Few-layer bP (Exfoliated) 1 (channel) 194@−2 V 104 N.A. N.A. [222]

Few-layer bP (Exfoliated) 0.3–1.5 (channel) 920@1.8 Va) ≈104 N.A. 750 [223]

Few-layer bP (Exfoliated) 0.1 (channel) 480@−2 V ≈104 N.A. N.A. [224]

Few-layer Te (Hydrothermal) 0.3 (channel) 1000@−1.4 V ≈102 N.A. N.A. [76]

Few-layer Te (Hydrothermal) 3 (channel) 200@3 V ≈103 N.A. 4300 [97]

Multilayer Te (CVD) ≈10 (channel) 27@0.5 Va) ≈102 N.A. N.A. [80]

Te thin film (Thermal evaporation) 3.7 (channel) 120@−10 V ≈105 2700 N.A. [90]

Te thin film (Magnetron sputtering) 20 (channel) −20@−50 V >104 6500 N.A. [95]

Te nanomesh (PVDb)) ≈17 (channel) ≈50@5 Va) ≈103 N.A. N.A. [85]

Te nanowire array (Solution-phase) 20 (channel) −7@−20 V ≈104 N.A. N.A. [159]

Te nanowire (MBE) 6 (channel) ≈200@0.5 Va) >102 N.A. N.A. [93]

MOCVD, metal–organic chemical vapor deposition; N.A., not applicable;
a)

Although the highest Ion was obtained at a positive bias, the polarity of the reported transistor is
p-type.

bandgap from 0.31 eV (Te) to 1.87 eV (Se) (Figure 7h).[201] Al-
though the on/off current ratio reached 104, the effective mobil-
ities dropped to 1.2 cm2 V−1 s−1, likely due to enhanced carrier
scattering caused by the polycrystalline nature of the samples. In
2024, Huang et al. developed the precursor-confined CVD growth
method for producing single-crystalline SexTe1-x nanosheets for
high-performance p-type FETs.[202] The fabricated transistors (in-
set in Figure 7i) achieved a good balance between on/off cur-
rent ratios and room-temperature field-effect hole mobilities.
After optimizing the Se composition (x ≈ 0.3), the Se0.3Te0.7
nanosheet-based FET exhibited a considerable on/off current ra-
tio of 4 × 105 and a room-temperature field-effect hole mobility
of up to 120 cm2 V−1 s−1, as shown in Figure 7i. The authors

also illustrated the thickness-dependent on/off current ratio and
μhole in Se0.3Te0.7 FETs (Figure 7j), with results similar to those
reported for Te FETs.

To benchmark the development of Te FETs, we have summa-
rized the performance of FETs enabled by various vdW semicon-
ductors in Table 3. In this table, the highest on-state current ob-
tained at a negative bias indicates the polarity of that reported
FET is p-type unless otherwise stated. We also recommend read-
ers to refer to McClellan et al.’s work for updates on the latest
developments in 2D FETs.[203] Five dimensions—channel length,
highest on-state current (Ion), on/off current ratio (Ion/Ioff), sub-
threshold swing (SS), and contact resistance—are used in Table 3
to evaluate FET performance. From these data, it is evident that
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Figure 8. TPCT and valley transistor enabled by hydrothermal-synthesized Te nanoflakes. TPCT: a) Comparison of the energy band diagram of Te
nanoflakes in conventional semiconductor and Weyl semimetal topological phases. b) Schematic illustration of a TPCT enabled by Te nanoflake with
ionic gating. c) B2-dependent chiral anomaly conductance measured under different Vg. d) Transfer curve measured on a Te TPCT. e) Benchmark of Te
TPCT performance compared with other 2D FETs. Reproduced under the terms of the Creative Commons CC BY-NC 4.0 license.[102] Copyright 2022, The
American Association for The Advancement of Science. Valley transistor: f) Schematic illustration of resistance state modulation in Te valley transistors.
Δ𝜖 denotes the energy separation between the Fermi level and the Weyl point. g) Dual-sweep transfer curves measured at B = 0.1 T. h) B2-dependent
output curves measured at different states. Inset: Long-time retention of two non-volatile valley states. Reproduced under the terms of the Creative
Commons CC BY license.[103] Copyright 2022, Nature Publishing Group.

the on-state current, with the standard voltage supply in the com-
mercial Si 10-nm node (0.7 V), in the most advanced 2D FETs
can surpass that of state-of-the-art Si FETs. However, compared
with those widely studied FETs based on other vdW semicon-
ductors, particularly MoS2 and InSe thin films, a systematic and
comprehensive exploration of high-performance Te FETs is still
lacking. Moreover, the channel length, on/off current ratio, and
SS in Te FETs are significantly inferior to those in the most ad-
vanced n-type vdW FETs. On the other hand, considering that Te
is a unique air-stable p-type vdW semiconductor with high room-
temperature hole mobility, more resources should be dedicated
to further exploiting the potential of Te FETs. Additionally, it is
worth noting that an n-type Te FET has also been demonstrated
by Qiu et al., as mentioned earlier.[97] Although its highest on-
state current reaches 200 μA∙μm−1 with a promising on/off cur-
rent ratio of 103, comparable to that of p-type Te FETs, this per-
formance still has considerable room for improvement to match
the state-of-the-art progress of 2D n-type FETs based on MoS2.

4.3. Topological Phase Change Transistors

The narrow bandgap of Te FETs results in low on/off current
ratios at room temperature, which hinders their application in
high-performance logic circuits. On the other hand, as a Weyl
semiconductor with the Fermi level close to the Weyl point, Te
can undergo a topological phase transition between a conven-
tional semiconductor and a Weyl semimetal through electro-
static gate modulation, as illustrated in Figure 8a.[102,103,148] The
working mechanism of Te-based TPCT arises from the chiral
anomaly current in Te crystals, which can be evidenced by typical
magneto-transport signatures, including angle-dependent nega-
tive longitudinal magnetoresistance, planar Hall effect, and non-
local transport.[225] Under a positive gate voltage, the Fermi level
moves away from the Weyl point, causing the Te TPCT to ex-
hibit a low-conductance state similar to that of a conventional
semiconductor, corresponding to the “OFF” state (left panel in
Figure 8a). Conversely, when the Fermi level is near the Weyl
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points under negative gate voltage, the TPCT displays the high-
conductance state characteristic of Weyl semimetals, correspond-
ing to the “ON” state (right panel in Figure 8a). Since the phase
transition occurs only at a high carrier density under an intense
external electric field, Chen et al. employed ionic electrolyte gat-
ing, using a solid-sate polyethylene oxide (PEO)/LiClO4 system,
to design Te TPCTs (Figure 8b).[102] Figure 8c,d compares the
transfer curves of conventional Te FETs and Te TPCTs. When the
temperature is reduced to 10 K, the conventional Te FET shows
an on/off conductance ratio of 2.1 × 104 and an on-state conduc-
tance of 443 μS∙μm−1. In contrast, the Te TPCT, under a constant
magnetic field of ≈5 T, achieves an extremely large on/off con-
ductance ratio of 3.5 × 108 and an on-state conductance of 39
mS∙μm−1 at a low operation voltage (≤2 V). These two perfor-
mance metrics are significantly superior to those of monolayer
MoS2-based FETs and Si FinFETs (Figure 8e).[226,227]

Leveraging the unique electronic structure of Te, Chen et al.
also developed a valley transistor for low-power neuromorphic
computing.[103] Unlike TPCTs, in Te valley transistors, the shift
of Fermi level close to the Weyl point, modulated by a negative
gate voltage, generates high valley resistance. Conversely, moving
the Fermi level away from the Weyl point under a positive gate
voltage results in low valley resistance (Figure 8f). The nonvolatile
valley sates are achieved by ion insertion/extraction between the
solid-state electrolyte and the Te channel, and the device exhibits
a large hysteresis window under a low magnetic field of 0.1 T
(Figure 8g). The linear curves clearly demonstrate two distinct set
and reset states, and these nonvolatile valley states can persist for
more than 10 000 s (Figure 8h). It is important to note that while
solid-state electrolyte gating can induce a much higher external
electric field than traditional MOSFET architectures, it typically
operates at the cost of increased gate-source leakage current.

4.4. Other Electronics

In addition to its widespread use as a channel material in tran-
sistors, Te has also been applied in various other electronic
devices, including the FG memory devices,[116,117] piezoelec-
tric/wearable nanogenerators,[62,104–106,179] RF diodes,[109] electri-
cal switches,[107,108,111] and more. The high carrier density and
unique band structure of Te make it an ideal material for con-
structing FG memory devices. In 2023, Zha et al. reported a
MoS2/h-BN/Te vdW heterostructure-based FG memory device
that exhibited a large ratio of 95.1% between the memory window
range and the control gate sweeping range (Figure 9a), an im-
pressive switching speed of ≈100 ns (Figure 9b), and high cycle
endurance (>4000 cycles) along with retention stability (>4000
s) (Figure 9c and d).[116] These performances are comparable to
the most advanced flash memory devices enabled by vdW layered
materials.[228,229] The smallest constitutional unit of 1D helical
molecular chains in Te nanostructures gives it a highly asymmet-
ric crystal structure, which contributes to its strong piezoelectric
effect.

In 2013, Lee et al. explored the design and fabrication of a
piezoelectric nanogenerator (NG) based on Te nanowires.[104]

They first theoretically confirmed that piezoelectric voltage could
only be generated when tensile stress was applied in the ra-
dial direction of the Te nanowires. Subsequently, the piezoelec-

tric nanogenerator was fabricated by embedding well-aligned
Te nanowires in an SU8 layer and encapsulating them with
two aluminum electrodes on a PI substrate. Experimental re-
sults demonstrated that as the number of Te nanowire layers in-
creased, the output voltage and current rose from 0.3 to 1.0 V
and from 15 to 60 nA, respectively (Figure 9e,f). Similarly, He
et al. reported flexible and wearable nanogenerators based on
ultrathin Te nanoflakes (Figure 9g).[105] When attached to a hu-
man arm, these devices successfully harvested bioenergy by con-
verting mechanical energy from repeated bending and straight-
ening motions into electrical power. In addition to its piezo-
electric applications, Te is also suitable for high-frequency elec-
tronics due to its high carrier mobilities. In 2023, Askar et al.
studied the RF applications of Te nanoflakes.[109] Their work in-
volved the fabrication of two RF didoes: a passive RF mixer based
on a Te-insulator-metal (TIM) diode and a zero-bias millimeter-
wave power detector based on a Te-metal (TM) diode. When
used as an upconverter, the TIM-based mixer demonstrated the
capability to operate at frequencies even higher than the pre-
dicted (Figure 9h). For the TM-based detector, the responsivity
at -20 dBm measured at 1 GHz reached 257 V∙W−1 (Figure 9i).
Although this research is still in its infancy, these results clearly
demonstrate the significant application potential of Te in high-
speed electronics. In Te FETs, avoiding a high Schottky barrier
is crucial because it reduces carrier injection efficiency, conse-
quently lowering the on-state current. However, Shen et al. de-
veloped a high-performance volatile switch centered around the
Te-TiN contact, where the high Schottky barrier of ≈0.95 eV re-
sults in a low OFF-sate current (Figure 9j).[107] Unlike conven-
tional chalcogenide-based selector switches, which often suffer
from the chemical complexity of diverse chalcogenide compo-
sitions, the reported single-element Te switch exhibits a large
drive current density (>11 MA cm−2) induced by the voltage
pulse-triggered crystal-liquid melting transition of Te, an ultra-
fast switching speed (<20 ns), and a considerable on/off current
ratio (≈103). The cycle endurance, tested by square voltage pulses,
can reach 2 × 108 cycles (Figure 9k). In addition to vertical mem-
ristor, Li et al. also fabricated horizontal memristors based on 2D
Te thin films, which hold potential for use as artificial synapses
in neuromorphic computing.[111] In summary, as a vdW semi-
conductor, the high carrier density, asymmetric crystal structure,
and high carrier mobilities of Te ensure its suitability for a wide
range of electronic applications.

As a brief summary of this section, Te’s unique structural fea-
tures and outstanding properties make it a promising material
for the development of advanced electronics. The Te-based appli-
cation discussed in this section clearly demonstrates its signifi-
cant potential in shaping the future of electronic devices.

5. Optoelectronics

Optoelectronics is another important application branch for
semiconductors, where the separation of photogenerated
electron-hole pairs under an external or built-in electric field
drives conductance changes or energy harvesting. Compared
with traditional bulk semiconductors, vdW layered semicon-
ductors typically exhibit stronger light-matter interactions,
immunity to surface-induced performance degradation, and
easier heterojunction construction due to the absence of
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Figure 9. Other electronics enabled by Te nanostructures. Te FG memory device: a) Memory window as a function of maximum control gate voltage
extracted from dual-sweep transfer curves. Inset: False-color SEM image of a Te FG memory device. b) Switching speed characterization of a Te FG device.
c) Cycle endurance and d) retention stability of a Te FG device. Reproduced with permission.[116] Copyright 2024, John Wiley & Sons, Inc. Piezoelectric
generator: e) Output voltage and f) current measured on piezoelectric nanogenerators based on 1, 3, 5-layer Te nanowire thin films. Inset of (e) depicts
a bent NG consisting of well-aligned t-Te nanowires. Reproduced with permission.[104] Copyright 2013, John Wiley & Sons, Inc. Wearable generator: g)
Schematic illustration of the wearable generator enabled by Te nanoflake (left) and optical images of the flat, folded, and rolled device (right). Reproduced
with permission.[105] Copyright 2017, Elsevier. RF diode: h) Output spectrum under a bias of −1.5 V for the TIM-based upconverter mixer enabled by
Te. Inset: Schematic illustration of the TIM diode. i) Frequency-dependent tangential responsivity at -20 dBm measured on a TM diode enabled by a
Te nanoflake. Inset: Schematic illustration of the TM diode. Reproduced under the terms of the Creative Commons CC BY license.[109] Copyright 2023,
Nature Publishing Group. Electrical switch: j) Cross-section TEM image and corresponding energy-dispersive spectroscopy elemental mapping of a single
Te electrical switch. k) Cycle endurance of a single Te electrical switch. Reproduced with permission.[107] Copyright 2021, The American Association for
The Advancement of Science.

dangling bonds, which mitigates lattice mismatch issues.[230–232]

As Te nanocrystals transition from bulk to the monolayer limit,
their bandgap increases from 0.31 to 1.04 eV, covering the short-
wave infrared (SWIR: 1–3 μm) to mid-wave infrared (MWIR:
3–5 μm) range, thus opening avenues for their application in IR
photodetectors.[77,83,87,115,118,138,151,233–235] Additionally, the high
carrier mobilities of Te can endow these IR photodetectors
with fast switching speeds. Moreover, stacking or epitaxial
growth of Te on other semiconductors can further broaden
its operational spectrum.[81,94,113,114,123,236–241] Leveraging its
thermoelectric properties, Te-enabled photodetectors can also
be designed to respond to broadband light.[55,112,242] With the
rise of the Internet of Things, Te nanocrystals are also be-
ing explored for use in developing advanced edge computing
systems.[116,117,124,243,244] Te-based optoelectronics is not limited
to information technology applications; they also have potential
in energy harvesting, particularly through the design and fabri-

cation of solar cells.[119–122,245,246] In this section, we will explore
Te-based optoelectronics and highlights its potential in future
advanced optoelectronic devices.

5.1. Photodetectors

Photodetectors are ubiquitous in modern society, with their op-
erational spectra largely determined by the bandgaps of the
photoactive materials. Constructing IR detectors is particularly
challenging because narrow bandgaps make them suscepti-
ble to thermal perturbations at room temperature, resulting
in significant noise. Commercially available IR photodetectors
are often made from complex compounds such as HgxCd1-xTe
and InxGa1-xAs, which typically involve expensive synthesis
processes and require bulky cryogenic systems to suppress
thermal noise for high specific detectivity.[247] Despite these
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challenges, high-performance IR photodetectors are crucial for
a wide range of applications, including night vision, medical
imaging, optical communication, and thermography.[248] Com-
pared with traditional materials, narrow-bandgap Te nanocrys-
tals offer advantages for fabricating IR photodetectors, includ-
ing straightforward synthesis methods, high immunity to ther-
mal noise, and high carrier mobilities. Depending on their
working mechanisms, Te-based photodetectors can generally be
categorized into three types: photoconductive,[44,45,77,83,84,118,151]

photovoltaic,[81,113,114,236,237,240,241,249–251] and photothermoelectric
photodetectors.[112,242,252] In photoconductive photodetectors, the
photoconductive effect is the primary mechanism. In these de-
vices, additional photogenerated carriers, stimulated by photons
with energy exceeding the bandgap of the semiconductor, are ac-
celerated under an external electric field, producing a photocur-
rent. In some cases, defect states within the bandgap can also
contribute to the generation of photocarriers. In Te photovoltaic
photodetectors, Te crystals are typically paired with n-type coun-
terparts to form p–n junctions. The built-in electric field in the
depletion region of the p–n junction helps separate the photo-
generated electron-hole pairs, resulting in short-circuit current
(ISC) and open-circuit voltage (VOC). This change in conductiv-
ity at zero bias, triggered by illumination, is the principle behind
the design of photovoltaic photodetectors. Furthermore, the ex-
cellent thermoelectric properties of Te make it suitable for use in
photothermoelectric photodetectors. In which devices, the tem-
perature gradient induced by non-uniform light illumination or
specifically designed metal nanostructures integrated with global
light illumination can generate an electrical voltage for photode-
tection. This photoresponse is not limited by the bandgap, al-
lowing Te photothermoelectric photodetectors to extend their re-
sponse spectrum into the long-wave infrared (LWIR: 8–12 μm)
region.

In 2018, Amani et al. designed a high-performance SWIR pho-
todetector based on hydrothermal synthesized Te nanoflakes.[77]

To further enhance the light absorption, an optical cavity was cre-
ated by depositing Al2O3 onto Au substrate, with the Te nanoflake
then transferred onto the Al2O3 dielectric. The Au substrate
served as both a back reflector and a back gate. After optimiz-
ing the Al2O3 thickness, the peak responsivity reaches 13 A∙W−1

and 8 A∙W−1 at 1.4 μm and 2.4 μm, respectively (Figure 10a). At
an incident light wavelength of 1.7 μm, the specific detectivities
are 2.9 × 109 Jones at room temperature and 2.6 × 1011 Jones at
77 K (Figure 10b). For most vdW semiconductor-based IR pho-
todetectors reported at the laboratory stage, these figures of merit
have typically been characterized using laser sources. This often
leads to an overestimation of device performances due to incor-
rect calculations of optical power.[253] In 2021, Peng et al. reported
the blackbody response of Te-based IR photodetectors.[87] Black-
body radiation is a type of source that can closely mimic the actual
irradiation of the detected object, providing a more accurate mea-
sure of the practical application potential of the devices. Thanks
to the fast carrier mobilities of Te, the fabricated IR photodetec-
tor exhibits a fast rise/fall time of 31.7/25.5 μs (Figure 10c). As
shown by the dotted lines in Figure 10d, the blackbody peak pho-
toresponsivity and specific detectivity reach 5.19 A∙W−1 and 9.6
× 108 Jones at 1550 nm.

Leveraging the thermoelectric properties of Te, Dai et al.
demonstrated an LWIR photodetector integrated with Au meta-

materials (Figure 10e).[112] The polarization sensitivity of the de-
signed metamaterials was first simulated using the Lumerical
FDTD Solutions and HEAT packages (Figure 10f). The temper-
ature distribution mapping provided in Figure 10g clearly indi-
cates a significant temperature gradient localized around the de-
vice. The specially designed Au microstructure array endows this
photothermoelectric photodetector with high polarization sensi-
tivity (Figure 10h), and the responsivity can reach 410 V∙W−1

(Figure 10i). Te can also be stacked with MoS2 nanoflakes to build
a p–n junction with high photosensitivity in SWIR region.[113]

This heterojunction was fabricated by Yao et al. using an all-
dry transfer technique.[254] Before stacking the MoS2 and Te
nanoflakes, graphene and h-BN nanoflakes were pre-transferred
onto the SiO2/Si substrate to serve as the gate electrode and di-
electric, respectively. Under laser irradiation with an intensity of
12.4 mW∙cm−2, the room-temperature responsivities reach 28.4,
4.0, and 0.87 A∙W−1 at wavelengths of 0.98, 1.55 and 3.0 μm, re-
spectively (Figure 10j). The corresponding peak-specific detectiv-
ities were 2.7 × 1010, 3.4 × 109, and 7.8 × 108 Jones, respectively
(Figure 10k). In addition to MoS2 nanoflake, Tao et al. reported
the fabrication of Te/ReS2 heterojunction for high-performance
phototransistors.[114] In this work, the p-type 1D Te nanowire
was stacked with the n-type 2D ReS2 nanoflake to create a built-
in electric field, improving the separation efficiency of photo-
generated electron-hole pairs. When Vg = 0 V and the incident
laser intensity was 22.6 mW∙cm−2, the photocurrent approached
≈1 μA (Figure 10l). The peak responsivity and specific detectivity
reached 180 A∙W−1 and 5 × 109 Jones at a wavelength of 632 nm,
respectively (Figure 10m).

However, Te photodetectors typically suffer from large dark
currents due to their narrow bandgap. In 2023, Wang et al. de-
signed a high-performance SWIR Te photodetector with asym-
metric electrical source/drain contacts to address this issue.[115]

The significantly different Te-metal contact areas at the source
and drain electrodes create varying degrees of band bending,
which induces different photocurrents under light illumination
and results in a net photocurrent observed in the device even un-
der zero bias. A notable photocurrent of ≈20 μA is observed at
Vds = 0 V, as shown in Figure 10n. The peak self-powered spe-
cific detectivity reaches 3.24 × 109 Jones (Figure 10o). You et al.
reported the epitaxial growth of 1D Te onto 2D TMDs, form-
ing vdW p–n heterostructures for high-performance self-powered
photodetectors.[81] Under zero source-drain and gate bias (Vds =
Vgs = 0 V), the fabricated device exhibits significant photocur-
rent generation (Figure 10p). The exponent value of ≈0.73 in
the power-law fitting of the laser intensity-dependent photocur-
rent is close to unity, indicating that the photoresponsivity of
this device is less likely dominated by the photogating effect
(Figure 10q).[255,256] As a vdW narrow-bandgap semiconductor
with high carrier mobility, Te holds significant potential for use in
IR photodetectors. However, simple yet effective strategies need
to be developed to reduce its dark current at room temperature.

In addition to the photodetectors discussed, it is worth noting
that circular photogalvanic and photovoltaic effects (CPGE and
CPVE) have also been observed in Te crystals.[70,72,257–259] Both
effects stem from the chiral crystal structure of Te. Specifically,
in the case of CPGE, the three Weyl cones in the spin-split en-
ergy bands, created by strong SOC, result in two transition paths
corresponding to wavelengths of 4.0 and 10.6 μm, which are
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Figure 10. Various advanced photodetectors enabled by Te nanostructures. SWIR Te photodetector based on optical cavity: a) Photoresponsivity mea-
sured on Te photodetectors with optical cavities of varying Al2O3 thicknesses. Inset: Schematic illustration of the device. b) Specific detectivity of a Te
photodetector measured at different temperatures. Reproduced with permission.[77] Copyright 2018, The American Chemical Society. Blackbody room-
temperature IR photodetector based on Te nanobelt: c) Switching speed characterization of a blackbody Te photodetector. d) Responsivity and specific
detectivity measured under 1550-nm laser illumination, eliminating the gain (G) (triangle and pentagram) and blackbody calculation (dotted lines),
respectively. Inset: Experimental setup. Reproduced under the terms of the Creative Commons CC BY-NC 4.0 license.[87] Copyright 2021, The Ameri-
can Association for The Advancement of Science. LWIR photothermoelectric Te photodetector enabled by optical nanostructure with high polarization
sensitivity: e) Schematic illustration of the device architecture. f) Simulated electric field and adsorption power distribution. g) Stimulated temperature
mapping of the device with an input laser power of 30 mW. Scale bar: 10 μm. h) Polarization angle-dependent photoresponse under different light power
levels. i) Output photovoltage and polarization sensitivity as a function of input light power. Reproduced under the terms of the Creative Commons
CC BY license.[112] Copyright 2023, Nature Publishing Group. SWIR photodetector based on Te/MoS2 heterostructure: j) Responsivity and k) specific
detectivity as a function of input laser intensity at different wavelengths, measured on a SWIR photodetector. Inset of (j) shows the optical image of a
typical device. Reproduced with permission.[113] Copyright 2021, The Royal Society of Chemistry. Phototransistor based on Te/ReS2 heterojunction: l)
Output curves of a photodetector with Vg = 0 under different laser intensities. Inset: Schematic illustration of the device. m) Laser intensity-dependent
responsivity and specific detectivity. Reproduced with permission.[114] Copyright 2021, The American Chemical Socity. Self-powered SWIR Te photode-
tector with asymmetric contact: n) Output curves of a Te photodetector illuminated by a 1550-nm laser at different power levels. Inset: Optical image of
a typical device. o) Laser power-dependent specific detectivity under different bias conditions. Reproduced with permission.[115] Copyright 2023, John
Wiley & Sons, Inc. Self-powered photodetector based on epitaxial growth of Te/MoSe2 heterojunction: p) Current evolution of a device under differ-
ent laser illumination with different intensities at zero bias. Inset: Schematic illustration of the device. q) Laser intensity-dependent photocurrent and
photoresponsivity. Reproduced with permission.[81] Copyright 2024, John Wiley & Sons, Inc.
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sensitive to optical chirality.[70] For CPVE, Niu et al. reported the
formation of a p–n homojunction in a Te phototransistor by dop-
ing the Te channel through ALD of Al2O3, while the regions be-
neath the source/drain electrodes remained p-type.[72] The bulti-
in electric field near the contact region effectively separates pho-
togenerated carriers, leading to a photoresponse at zero bias. The
observed photocurrent is sensitive to circular polarization, in-
duced by the interaction between polarized light and the spiral
molecular chains in Te. These intriguing phenomena could pave
the way for the development of Te-based circularly polarized light
(CPL) photodetectors in the future.

5.2. Edge Computing

In conventional von Neumann computer architectures, the heavy
data shuttling between computing and memory units limits run-
ning speed and leads to significant heat dissipation issues.[260–263]

The emerging concepts of in-sensor and in-memory computing
offer promising solutions, particularly in light of the massive
data proliferation on sensor-rich platforms like self-driving ve-
hicles and wearable smart electronics. The development of in-
sensor computing is therefore both significant and urgent.[264]

VdW layered semiconductors are an ideal material platform due
to their high sensitivity to external stimuli, especially optical
signals.[265–275] However, most reported devices are limited to
operation in the visible light region, and there is a strong de-
mand for photoactive materials that can respond to IR light to
enable in-sensor computing beyond the visible spectrum. Com-
pared with those large bandgap vdW semiconductors, the nar-
row bandgap of Te covers the SWIR region, and its high IR
responsivity makes it a promising candidate for optoelectronic
memory devices operating in the IR region. Additionally, the
high carrier density in Te offers the possibility of using it as a
floating gate in flash memory devices. In 2022, Zha et al. re-
ported an in-sensor reservoir computing (RC) system that op-
erates in the optical communication band (1550 nm).[124] The
fabricated device, based on a Te/h-BN/graphene/CuInP2S6 het-
erostructure, exhibits both long-term potential/depression states
triggered by electrical pulse trains and short-term memory be-
haviors triggered by 1550-nm laser pulse trains (Figure 11a,b).
Leveraging the rich dynamics of this device, a fully memristive in-
sensor RC system was simulated, achieving a recognition accu-
racy on Modified National Institute of Standards and Technology
(MNIST) hand-written images comparable to the software base-
line (Figure 11c). The RC design allows this system to require
significantly fewer training operations than conventional artifi-
cial neural network (ANN) layers (Figure 11d).

In addition to its use as a channel material, Te can also serve
as the floating gate in flash memory devices.[116,117] Building
on this, Zha et al. developed a multifunctional FG memory de-
vice based on a MoS2/h-BN/Te vdW heterostructure for mul-
timodal RC.[116] This device not only demonstrates exceptional
long-term electronic/optoelectronic memory behaviors due to
the high charge density in the Te FG layer but also exhibits short-
term memory characteristics, resulting from the combined ef-
fects of charge trap states in the MoS2 channel and the Te FG
layer (Figure 11e,f). The dual response to both electrical and opti-
cal signals enables the design of a multimodal RC system based

on this device (Figure 11g), which achieved a 90.77% recogni-
tion accuracy on the Neuromorphic-MNIST (N-MNIST) dataset
(Figure 11h). Bach et al. also reported a similar vdW heterostruc-
ture for FG memory, where ReS2 was used as the channel ma-
terial instead of MoS2.[117] Compared with the study reported by
Zha et al., this device exhibits a broader response spectrum ex-
tending into the NIR range, but it has smaller ratios between the
memory window range and the sweeping range (Figure 11i). This
difference can be attributed to the lack of overlap between the
source/drain electrodes and the Te FG layer.[276,277] Given that the
bandgap of the RSe2 nanoflake is 1.5 eV, the NIR response of this
device is likely due to the photoresponse of the narrow-bandgap
Te FG layer (Figure 11j). By applying electrical pulses and laser
pulses at 532/980 nm as inputs, reconfigurable OR/AND logic
gates were realized (Figure 11k,l).

Te can also be integrated with other layered materials for
in-sensor computing. Yan et al. combined Te with 𝛼-In2Se3
to create a vdW heterojunction for neuromorphic computing
(Figure 11m).[123] The reported device functions as both a high-
performance photodetector and an optoelectronic synapse. As a
photodetector, it achieves high specific detectivities of 2.6 × 1011

and 7.5 × 1010 Jones at wavelengths of 1550 and 1940 nm, re-
spectively. As an optoelectronic synapse, the device exhibits sym-
metric multi-bit long-term potential/depression (LTP/LTD) states
with high linearity and repeatability (Figure 11n). A simulated
neuromorphic computing model based on this device achieved
recognition accuracy of over 90% even at a noise level of 60%
(Figure 11o). These proof-of-concept studies highlight the poten-
tial of Te in future edge computing systems.

5.3. Photovoltaic Solar Cells

Te nanostructures have also been applied in the construction of
photovoltaic solar cells for energy harvesting.[59,119–122,245,246,278]

Pokhrel et al. leveraged the advantages of Te nanowires, such
as low defect density and enhanced photoconductivity, to design
a high-performance photovoltaic device.[119] The reported thin-
film solar cell was developed from the existing CdTe photovoltaic
technology, using a Te nanowire thin film as a buffer layer for
the back contact of CdTe. To demonstrate the superiority of us-
ing Te nanowire thin films, J–V curves of solar cells with differ-
ent back contacts—Cu/Au, Cu/Te nanowires/Au, CuCl2/Au, and
CuCl2/Te nanowires/Au—were compared. The results revealed
that the device based on CuCl2/Te nanowires/Au exhibited the
highest performance, with an open-circuit voltage of 846 mV,
a short-circuit current density of 22.3 mA∙cm−2, a fill factor of
75.4%, and an efficiency of 14.6% (Figure 12a). Moreover, the
external quantum efficiencies (EQE) of these devices exceeded
80% at a wavelength of ≈600 nm (Figure 12b). In 2019, Wu et al.
conducted simulations integrating monolayer Te with TMDs for
high-efficiency solar cells.[120] In their first-principles DFT calcu-
lations, the bandgap of tellurene was set at 1.47 eV, with a mo-
bility of up to 2.87 × 103 cm2∙V−1∙s−1. The results revealed that
Te/MoTe2 and Te/WTe2 heterojunctions exhibit a broader optical
absorption range and higher absorption coefficient than bare Te,
MoTe2, and WTe2 (Figure 12c). The power conversion efficiency
(PCE) of Te/TMDs heterojunctions was predicted to be 22.5% for
WTe2 and 20.1% for MoTe2 (Figure 12d). These findings suggest
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Figure 11. Te-based optoelectronics for edge computing. Te-based optoelectronic memory device for RC working at the optical communication band:
a) Multibit memory states modulated by electrical pulse trains. Inset: Schematic illustration of the Te-based optoelectronic memory device. b) Short-
term optoelectronic memory triggered by 1550-nm laser pulse trains. c) Comparison of recognition accuracy of MNIST hand-written digits between the
stimulated RC network based on the device and software baseline. d) Comparison of the number of operations needed for RC, ANN without, and with
one hidden layer. Reproduced with permission.[124] Copyright 2023, John Wiley & Sons, Inc. Te FG optoelectronic memory device for multimodal RC:
PPF triggered by e) 532-nm laser pulse pairs and f) electrical pulse pairs with different interval. Inset of (e) depicts the device architecture. g) Schematic
illustration of multimodal RC with both electrical and optical pulses as inputs. h) Comparison of N-MNIST digit recognition accuracy for RC operating in
different modes and the software baseline. Reproduced with permission.[116] Copyright 2024, John Wiley & Sons, Inc. Multibit optoelectronic logic gate
based on Te FG optoelectronic memory device: i) On/off current ratios as functions of laser intensity and wavelength. Inset: Optical image of a typical
device. j) Energy band diagram of the device under 532-nm laser illumination (left panel) and 980-nm laser illumination (right panel). Output current
using the device as k) an OR and l) an AND gate, with the electrical pulse and 532-nm/980-nm laser pulses as inputs. Reproduced with permission.[117]

Copyright 2024, The American Chemical Society. NIR optoelectronic synapse made from Te: m) Schematic illustration of the device architecture. n)
LTP/LTD triggered by 1550-nm laser pulse and electrical pulse trains, respectively. o) Noise level-dependent recognition accuracy. Insets: Output images
of 10% and 70% noise level, respectively. Reproduced with permission.[123] Copyright 2023, Science Press (China).

that monolayer Te could be a promising candidate for future solar
cells.

Te nanowires can also replace noble metals like Pt or Au in in-
expensive, high-performance Si nanowire-based liquid-junction
solar cells (LJSCs) (Figure 12e).[121] By tethering Te nanowires

over Si nanowires and coating them with carbon, the power con-
version efficiency of LJSCs reaches ≈67% (Figure 12f). Mousavi-
Kamazani et al. also reported a simple sonochemical strat-
egy for synthesizing Te nanoparticles, with sizes ranging from
15 to 40 nm, for solar cell applications.[122] Interestingly, after
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Figure 12. Different Te nanostructures for photovoltaic applications. Photovoltaic cell based on Te nanowires: a) Comparison of J–V curves and b)
EQE of CdTe photovoltaic cells with Cu/Au, Cu/Te nanowires/Au, CuCl2/Au, and CuCl2/Te nanowires/Au back contacts. Inset of (a) summarizes the
open-circuit voltage, short-circuit current, fill factor, and efficiency of the corresponding devices. Inset of (b) shows the device architecture. Reproduced
under the terms of the Creative Commons CC BY-NC 3.0 license.[119] Copyright 2020, The Royal Society of Chemistry. Solar cell based on Te/TMD
heterojunction demonstrated by first-principle DFT calculations: c) Calculated absorption spectra of Te, MoTe2, WTe2, Te/MoTe2, and Te/MoTe2. d)
Calculated power conversion efficiency of solar cells based on Te/TMDs heterojunctions. Reproduced with permission.[120] Copyright 2019, The Royal
Society of Chemistry. Solar cell made from carbon@Te nanorods anchored to a Si nanowire scaffold: e) Schematic illustration of the solar cell under
measurement with solar illumination and the corresponding band diagram. f) Comparison of wavelength-dependent power conversion efficiency in
solar cells based on Si nanowires, Te nanorods anchored to a Si nanowiere scaffold, and carbon@Te nanorods anchored to a Si nanowire scaffold.
Reproduced with permission.[121] Copyright 2019, The American Chemical Society. Solar cell based on sonochemical-synthesized Te nanoparticles: g)
Comparison of J–V curves measured on solar cells made from Te nanoparticles with different morphologies. Sample 1: Te nanorode; Sample 5: sphere-like
Te nanoparticle; Sample 7: Rice-like nanoparticle. Reproduced with permission.[122] Copyright 2017, Elsevier.

evaluating the J–V curves of quantum dot-sensitized solar cells
fabricated with Te nanoparticles of different morphologies—
including Te nanorod (sample 1), sphere-like Te nanoparticle
(sample 5), and rice-like Te nanoparticle (sample 7)—the authors
found that the morphology of the Te nanoparticles significantly
impacts device performance (Figure 12g). The high conductivity
and appropriate bandgap of Te nanoparticles make them an ap-
pealing candidate for high-performance photovoltaic devices.

Electronics and optoelectronics are the two most critical ap-
plication areas for semiconductors. Compared with traditional
3D semiconductors, vdW layered semiconductors offer advan-
tages such as reduced short-channel effect, immunity to surface-
induced performance degradation, and stronger light–matter in-
teractions. Additionally, this unique material platform is highly
compatible with conventional CMOS technology, making it a
valuable supplement to the Si industry. Among various vdW
semiconductors, Te has been increasingly attracted the attention
of researchers due to its p-type semiconducting nature, high hole
mobility, air stability, and narrow bandgap that covers the SWIR
and MWIR regions. These appealing properties are likely to make
Te a prominent material in the coming decades.

6. Sensors

In addition to photodetectors, other sensors—including chem-
ical sensors, physical sensors, and gas sensors—play an indis-

pensable role in our daily lives. Unlike the electronics discussed
in the previous section, where conductance is primarily modu-
lated by an external electric field, the response of the sensors il-
lustrated in this section is mainly reflected by resistance changes
triggered by environmental stimuli such as metal ions, acid or
alkaline solutions, strain, and toxic gases. The selection of an ac-
tive material is crucial for developing high-sensitivity sensors.
Te nanocrystals, composed of 1D molecular chains, possess a
unique crystal structure that provides an extremely large surface-
to-volume ratio with abundant surface-active sites, leading to
high surface activity, making them ideal for use in chemical
and gas sensors.[125,126,132–135,279–285] Additionally, the piezoelectric
properties arising from the helical molecular chains in Te expand
its applications into nanoforce sensing.[128–131] This section fo-
cuses on studies related to various sensors based on Te nanos-
tructures.

6.1. Chemical Sensors

Given that gas sensors typically operate based on chemical re-
actions, “chemical sensors” in this review refer to Te-based de-
vices that respond to metal ions in solution, as well as to acidic
solutions. This distinguishes them from Te-based gas sensors,
which will be discussed in detail in section 6.3. In 2013, Wei
et al. synthesized Te nanotubes for detecting and removing Hg2+
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Figure 13. Various chemical sensors enabled by Te nanostructures. Detection of Hg2+ enabled by Te nanotubes: a) Ratio of the blue component to
the red component of the Te nanotubes-modified agarose gel membrane as a function of Hg2+ concentration. Inset: TEM images of Te nanotubes
synthesized under different experimental conditions. b) Detection selectivity towards Hg2+. c) Comparison of Hg2+ removal efficiency in DI water,
tap water, stream water, and sea water by AGM, Te nanotubes, Te nanowires-modified agarose gel membrane, and Te nanotubes-modified agarose gel
membrane. Reproduced with permission.[125] Copyright 2013, The Royal Society of Chemistry. Electrochemical sensing of Cu enabled by Te film: d)
Effect of the Te film on Cu response, recorded as square wave voltammograms in different examined solutions. (a: 0.1 M HCl; b: 0.1 M HCl and 60
μg∙L−1 of Cu; c: 0.1 M HCl, 60 μg∙L−1 of Cu, and 150 μg∙L−1 of Te) Inset: SEM image of the glassy carbon surface after depositing Te films. e) Cu peak
current as a function of Te concentration in different examined solutions. f) Detection of Cu in mineral water. Inset: Corresponding standard addition
plot. Reproduced with permission.[126] Copyright 2017, Elsevier. Sensing of H2O2 enabled by Te nanoparticles: g) Cycle endurance of the supercapacitor
enabled by Te nanoparticles at 30 mA∙cm−2. Inset: Field emission scanning electron microscopy (FESEM) image of the synthesized Te nanoparticles. h)
Current–voltage curves for the glassy carbon electrode (GCE)/Te/Nf with different H2O2 concentration. i) Current evolution with the addition of H2O2.
Reproduced with permission.[127] Copyright 2017, Elsevier.

ions.[125] The sensor, which was constructed using Te nanotubes-
modified agarose gel membrane (AGM), operated based on the
strong hybridization and galvanic replacement reaction between
Te and Hg. The performance of the device was evaluated using a
color analysis strategy developed with ImageJ software. The de-
tection limit, determined by a signal/noise ratio of 3, was ≈10 nM
for Hg2+ (Figure 13a), and the device demonstrated high selec-
tivity for Hg2+, as shown in Figure 13b. In addition to its de-

tection capabilities, the Te nanotube-based membrane achieved
a removal efficiency of >97% for Hg2+ in deionized (DI) wa-
ter (Figure 13c). Subsequently, Bobrowski et al. introduced an
electrochemical technique called anodic stripping voltammetry
(ASV) for detecting Cu ions.[126] Figure 13d illustrates the re-
sponse of a Te thin film deposited on a glassy carbon electrode
(Te/GC electrode) in square wave voltammograms across differ-
ent solutions, confirming the effectiveness of this approach for
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Figure 14. Various physical sensors enabled by Te nanostructures. Flexible strain sensor based on a Te micrometer wire: a) I–V curves of a Te micrometer
wire measured under different strain forcess. Insets: Schematic illustration of the bending movements. b) Current evolution with decreasing/increasing
strain. Reproduced with permission.[128] Copyright 2014, IOP Publishing, Ltd. Strain sensor based on PDMS encapsulated by Te nanowires: c) Strain-
dependent resistance variation. Insets: Cross-section TEM image of PDMS film encapsulated by Te nanowires (top) and schematic illustration of the
sensor architecture (bottom). d) Current evolution under compressive strain. Reproduced with permission.[129] Copyright 2021, IOP Publishing, Ltd.
Strain sensor based on dielectrophoretically aligned Te nanorods: Strain-dependent resistance variation measured on sensors fabricated on e) PI-foil and
f) PET-foil. Inset of (e) provides the SEM image of the synthesized Te nanorods. Reproduced with permission.[130] Copyright 2009, Elsevier. Nanoforce
sensor based on a Te microwire: g) I–V curves measured on a Te microwire under different forces. h) Energy band diagram of the Te microwire without
(left)/with (right) applied force. Reproduced with permission.[131] Copyright 2017, IOP Publishing, Ltd.

Cu ion detection. Since this method relies on the chemical reac-
tion between Te and Cu, the peak current measured by the Te/GC
electrode is highly dependent on the Te concentration in the elec-
trolyte (Figure 13e). The reliability of this technique was further
validated by accurately determining a Cu concentration of 9.3 ±
0.8 μg∙L−1 in a mineral water sample (Figure 13f). Manikandan
et al. integrated Te nanoparticles into a high-performance super-
capacitor designed as a non-enzymatic H2O2 sensor.[127] The fab-
ricated supercapacitor demonstrated high cycle endurance, fea-
turing graphite foil and glassy carbon electrodes coated with Te
nanoparticles (Figure 13g). The linear decrease of peak current
values at ≈−0.8 V in the I–V curves, observed with the successive
addition of H2O2, highlights the sensitivity of this supercapacitor
to H2O2 (Figure 13h). This sensitivity is further confirmed by the
current evolution curve (Figure 13i). Beyond Te-based superca-
pacitors for chemical sensing, Manoharen et al. developed wear-
able supercapacitors through the electrochemical deposition of
vertically aligned Te nanorods on flexible carbon cloth.[286] This
energy storage device, which exhibits high capacitance, signif-
icant energy density, and remarkable endurance, has potential
applications in powering portable electronic devices. The abun-
dant surface-active sites in Te nanostructures contribute to a high
chemical reaction efficiency, resulting in the high sensitivity to
target chemicals observed in these devices.

6.2. Physical Sensors

Sharing the same physical mechanism as previously introduced
nanogenerators centered around Te nanostructures, the piezo-
electric properties of Te enable physical sensors to convert

nanoforces into electrical signals, making them highly effective
for strain sensing.[128–131] Liang et al. reported a flexible strain
sensor based on a single ultralong Te nanowire.[128] In fabricat-
ing this device, the Te nanowire, measuring several millimeters
in length, was placed on a polystyrene (PS) substrate with its ends
fixed using silver paste. After annealing the structure at 80 °C in
vacuum for 10 h, the entire device was encapsulated in PDMS
to enhance its stability. The device exhibited a negative current
response under tensile strain and a positive current response
under compressive strain, compared with the unstrained con-
dition (Figure 14a). The effectiveness of the device was further
validated by observing current variations with increasing or de-
creasing compressive strains (Figure 14b). Selamneni et al. de-
signed a highly sensitive strain sensor by patterning PDMS with
a micropyramid structure using a laser-assisted engraving pro-
cess and integrating it with Te nanowires.[129] The linear relation-
ship between resistance variation and applied strain (Figure 14c),
as extracted from the current evolution under different compres-
sive strains (Figure 14d), corroborates the responsivity of the de-
vice to strain forces. Nocke et al. developed a novel strain sensor
by employing a dielectrophoretically align strategy to create Te
nanorod thin films, which were then embedded in polymer elas-
tic substrates.[130] The resistance variation under different strain
forces was compared for devices using PI and PET foils as sub-
strates (Figure 14e,f). As revealed by Kou et al., the distinct I–V
characteristics observed under varying strains in Te-based strain
sensors are attributed to nanoforce-induced variations in Schot-
tky barrier height (Figure 14g,h). The piezoelectric properties, de-
rived from the highly asymmetric crystal structure and high con-
ductance of Te nanocrystals, grant them significant potential for
future applications in advanced strain sensors. However, critical
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Figure 15. Various gas sensors enabled by Te nanostructures. Te-based gas sensor for NO2 detection: a) I–V curve measured on a Te gas sensor.
Insets: Schematic illustration of the device architecture (top) and AFM characterization of the Te nanoflake (bottom). b) Current response to NO2.
Reproduced with permission.[132] Copyright 2019, The Royal Society of Chemistry. c) NO2 selectivity of a Te gas sensor. Insets: Schematic illustration
of the device architecture (left) and electron transfer between Te and NO2 atoms (right). d) Long-term stability of the Te gas sensor. Reproduced with
permission.[133] Copyright 2020, The American Chemical Society. Te-based gas sensor for H2S detection: e) Energy band diagram depicting the charge
transfer between Te and H2S. f) Current evolution in response to different concentrations of H2S. Reproduced with permission.[134] Copyright 2020,
The American Chemical Society. Te-based piezotronics for water molecule detection: g) I–V curves measured at 21% humidity under different strains.
h) Relative humidity-dependent current change under different strains. Reproduced with permission.[135] Copyright 2019, IOP Publishing, Ltd.

issues such as device endurance need further exploration for suc-
cessful commercialization.

6.3. Gas Sensors

Similar to their application in chemical sensors, the abundant
surface-active sites in 1D vdW Te semiconductors make them
ideal candidates for fabricating gas sensors as well.[132–135,280–285]

Chemiresistive-type 2D gas sensors generally operate based on
electron transfer between the active material and gas molecules.
The electrical resistivity of the 2D channel can be effectively al-
tered by oxidizing gas molecules (e.g., NO2 and NO) that with-
draw electrons, or by reducing gas molecules (e.g., NH3 and CH4)
that donate electrons.[287] As a p-type vdW semiconductor, the
conductivity of Te crystals typically increases with oxidizing gas
molecules and decreases with reducing gas molecules. Addition-
ally, the electron donation or acceptance by gas molecules mod-
ulates the Fermi level position, which in turn alters the Schot-
tky barrier height at the contact between the Te channel and the
metal electrode, further impacting device conductivity. In 2019,
Wang et al. designed Te-based conductors for NO2 sensing.[132]

The 42-nm thick Te channel demonstrated high conductivity
(Figure 15a), and the conductance evolution triggered by NO2
injection showed high repeatability (Figure 15b). Thanks to the
high air stability of Te nanoflakes, the gas sensor fabricated by
Cui et al. not only exhibited high selectivity for NO2 (Figure 15c)
but also maintained excellent long-term stability over one month
(Figure 15d). In addition to NO2, Te also responds to H2S through
charge transfer, as demonstrated by Wang et al. (Figure 15e).[134]

The reported gas sensor, based on a Te nanoflake with ohmic

contact, exhibited high sensitivity to H2S even at a low con-
centration of 1 ppm (Figure 15f). Interestingly, Kou et al. re-
ported strain-enhanced sensitivity to water molecules in Te-based
piezotronics.[135] This device had a similar device architecture to
the previously introduced Te-enabled strain sensor. Under dif-
ferent strain conditions, the device displayed distinct current re-
sponses at a humidity of ≈21% (Figure 15g), with the highest hu-
midity sensitivity observed under a strain of 0.23% (Figure 15h).

In summary, Te nanostructures have shown significant poten-
tial for application in various senor devices, including chemical,
physical, and gas sensors, thanks to their high surface-volume
ratios and asymmetric crystal structures. While many challenges
remain to be addressed on the path to the commercialization of
Te-based sensors, Te, as an emerging 1D vdW semiconductor
with numerous intriguing properties, warrants further research
and development to advance its applications in this field.

7. Large-Scale Circuits

The preparation of large-scale polycrystalline Te thin films was
first reported over half a century ago,[40,167,174,288,289] but it did not
become central to the fabrication of large-scale circuits until its
recent resurgence.[89,91,95,136,137] As a unique p-type vdW semicon-
ductor with high air stability, significant carrier mobility, and im-
pressive IR response, Te is poised to play a crucial role in the
development of future advanced integrated circuits and IR imag-
ing systems. At the time of writing, preliminary explorations of Te
thin films in applications such as logic circuits,[89] large-scale ver-
tically interconnected CMOS,[91] oscillation ring,[136] large-scale
Te FET array,[95] and NIR imaging array[137] have shown promis-
ing progress.
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Figure 16. Large-scale circuits based on Te thin film. 2-bit multiplier made from Te thin film: a) Optical image and b) output voltage of a 2-bit Te-based
multiplier. Reproduced with permission.[89] Copyright 2020, Nature Publishing Group. Large-scale vertically interconnected CMOS based on Te/B2S3
thin films: c) Voltage gain curves measured on a vertically interconnected CMOS under different supply bias. Insets: Schematic illustration of the device
architecture (left) and an optical image of a CMOS device (right). d) Optical image of the CMOS array. Reproduced with permission.[91] Copyright 2023,
John Wiley & Sons, Ltd. Oscillation ring made from Te/IGZO thin films: e) Optical image of an oscillation ring consisting of 7 CMOS circuits. f) Output
voltage of the seven-stage ring oscillator. g) Oscillation frequency and propagation delay as a function of supply bias. Reproduced with permission.[136]

Copyright 2023, Elsevier. Large-scale Te FET array: h) Photograph of the large-scale Te FET array on a 4-inch wafer. i) Statistics of the mobility, SS, on/off
current ratio, and threshold voltage measured on 70 Te FETs from the wafer-scale Te FET array. Reproduced under the terms of the Creative Commons
CC BY license.[95] Copyright 2022, Nature Publishing Group. NIR imaging array based on CMOS-compatible Te/Si: j) Photograph of the NIR imaging
array (top panel) and optical images of the connection wires and a single pixel (bottom panel). k) Comparison of image recognition accuracy between
Te/Si arrays and Si arrays. Reproduced with permission.[137] Copyright 2023, John Wiley & Sons, Ltd.

In 2020, Zhao et al. developed a low-temperature (−80 °C)
evaporation method for the growth of large-scale polycrystalline
Te thin films, which enabled the demonstration of complex logic
circuits.[89] Figure 16a shows the optical image of a 2-bit mul-
tiplier consisting of 39 p-MOS made from Te thin films. The
output curves measured from this circuit block indicate that the
fabricated multiplier functions effectively, with a maximum out-
put voltage loss of just 3% (Figure 16b). Thanks to the low de-
position temperature, Te thin films can be deposited not only
on rigid SiO2/Si substrate but also on polymer substrates, en-
abling the development of flexible electronics. Compared with
the large-scale logic circuits composed of single-polarity transis-
tors used as both load and driver—known as pseudo-n/p-MOS
architectures—CMOS technology, which utilizes two channel

materials with different majority carrier types, offers significant
energy efficiency due to its greatly reduced static current.[290–295]

Ran et al. reported the fabrication of large-scale vertically inter-
connected CMOS circuits based on thermally evaporated Te and
Bi2S3 thin films (Figure 16c,d).[91] The fabrication process begins
with the deposition of patterned B2S3 channels on a SiO2/Si sub-
strate. Electron beam evaporation (EBE) was then used to deposit
Ti/Au (10/15 nm) electrodes at both ends of the n-type B2S3 thin
film channel. Next, a 20-nm Al2O3 layer was deposited via ALD as
the dielectric. On top of this layer, In/Au (5/15 nm) was deposited
via EBE to serve as the common gate, followed by the deposition
of another 20-nm Al2O3 layer as the dielectric for the top p-type Te
FET. Subsequently, the p-type Te channel was prepared through
thermal evaporation. Finally, Pd/Au (5/30 nm) was chosen as
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the source/drain electrodes for the Te FETs. The connection be-
tween the B2S3 and Te FET was achieved through a hole filled
with Ti/Au. The constructed 3D CMOS circuit demonstrated a
high voltage gain of 17 at Vdd = 4 V. In another study, Kim et al.
connected seven Te-indium gallium zinc oxide (IGZO) CMOS in-
verters end to end to design an oscillation ring. This ring operates
stably within a voltage range of up to 20 V, achieving a working
frequency of 392.16 kHz at this driven voltage, with a propaga-
tion delay of 182.14 ns (Figure 16e–g). Kim et al. also achieved
wafer-scale uniformity of polycrystalline Te thin films by deposit-
ing them via magnetron sputtering at room temperature on 4-
inch wafers, ensuring the integrity of Te FETs (Figure 16h).[95]

An investigation of 70 devices from the Te FET array demon-
strated high performance uniformity, with an average field-effect
carrier mobility of ≈30 cm2∙V−1∙s−1, an SS of ≈7 V∙dec−1, an
on/off current ratio of ≈105, and a threshold voltage of ≈2.5 V
(Figure 16i). Beyond electronic circuits, Te has also been utilized
in constructing large-scale IR imaging arrays. Recently, Li et al.
developed a Te/Si NIR photodetector using CMOS-compatible
technology.[137] In this work, high-quality Te thin films were de-
posited onto an n-type Si substrate via magnetron sputtering
to form a type II Te/Si heterojunction. Using the prepared p–n
junction, a 20 × 20 pixel NIR imaging array was demonstrated,
achieving high-contrast photoelectric imaging (Figure 16j). By in-
tegrating the imaging array with an ANN, the researchers created
an artificially simulated vision system that achieved significantly
higher imaging recognition accuracy than Si-based imaging array
(Figure 16k). In 2024, Zhang et al. extended the spectrum of Te-
based imaging array to the terahertz (THz) band.[296] The authors
demonstrated a mixed-dimensional homojunction based on 1D
Te nanowires and 2D Te nanofilms for dynamic large-array multi-
color displays, successfully producing painting colors under spe-
cific pump conditions.

Although still in its early stages, the successful demonstration
of large-scale circuits based on Te thin films, as introduced in this
section, is of significant reference value and paves the way for the
future design and fabrication of Te-based large-scale circuits.

8. Conclusions and Outlooks

The past few decades have seen rapid advancements in artifi-
cial intelligence, which have greatly enhanced our daily lives but
also introduced new demands for advanced electronics and opto-
electronics hardware. As the Si industry approaches its physical
limits, the solving of Moore’s law is driving researchers to ex-
plore new material platforms and develop novel computing di-
agrams beyond the von Neumann architecture, aiming to im-
prove both computing and energy efficiency. In this context, the
emergence of vdW layered materials offers a promising alterna-
tive. Unlike conventional bulk semiconductors, vdW layered ma-
terials, due to their atomically thin nature and lack of dangling
bonds at the surfaces, typically exhibit stronger light-matter in-
teraction per volume, greater immunity to short-channel effects
and surface-induced performance degradation, and easier het-
erostructure construction. However, most commonly used air-
stable vdW layered semiconductors exhibit n-type or n-type dom-
inated transport behaviors. The absence of a p-type counterpart
with comparable performances has become a significant limita-
tion, hindering researchers from fully exploring the potential ap-

plications of the vdW material family in advanced electronics and
optoelectronics.

The recently rediscovered vdW semiconductor Te offers a
promising solution. As a naturally p-type semiconductor with
high air stability and room-temperature carrier mobilities, Te
is well-suited for constructing high-performance p-FETs and
CMOS circuits when paired with n-type semiconductors like
MoS2. These could serve as the foundational building blocks for
future integrated circuits. Additionally, the thickness-dependent
bandgap of Te covers the SWIR to MWIR range, making it highly
promising for designing and fabricating high-performance IR
photodetectors. These photodetectors have potential applications
in various fields, including optical communication, night vision,
and medical imaging. Given these exceptional properties, we
present this comprehensive Review themed on Te and its ap-
plications in advanced electronics and optoelectronics, hoping
to inspire readers to explore and develop this novel material to
shape the future of electronics and optoelectronics together with
us. This Review begins with a detailed introduction to the basic
crystal structures of Te, which are fundamental to many of its
intriguing properties. Following this, we explore the band struc-
ture of Te and its intrinsic properties, including carrier mobilities,
optical, piezoelectric, thermoelectric, and ferroelectric properties.
These properties form the foundation for its diverse device appli-
cations. The Review than covers mainstream synthesis methods
for producing high-quality Te nanostructures. These methods
range from solution-phase-based techniques, such as hydrother-
mal and ultrasonic exfoliation (primarily for Te nanoflakes), to
vapor-phase methods like CVD/PVD in tubular furnaces (mainly
for Te nanobelts, nanorods, and nanomeshes), and other PVD
techniques including thermal evaporation, magnetron sputter-
ing, and MBE for Te thin films. Each synthesis route yields Te
nanostructures with different morphologies, enabling various
novel device designs. We then provide a comprehensive sum-
mary of the latest research on device applications involving Te
nanostructures. The papers reviewed are categorized by appli-
cation area, covering electronics (such as FETs, TPCTs, mem-
ory devices, nanogenerators, RF diodes, and electrical switches),
optoelectronics (including photodetectors, in-sensor computing
devices, and photovoltaic cells), sensors (encompassing chemi-
cal/physical and gas sensors), and large-scale circuits. Finally, we
share our insights into potential future research directions for Te.

Although a wide range of device applications based on Te have
been demonstrated, there is still a need for significant efforts to
address the remaining challenges in this research field. 1) Ther-
mal instability. While Te exhibits high air stability at room tem-
perature, Te devices often suffer from severe performance degra-
dation and even failure at temperatures above 200 °C. This is-
sue is believed to stem from the sublimation of the Te channel
due to its high vapor pressure and contact degradation caused by
interdiffusion between Te and metal electrodes.[185] Thermal in-
stability presents a significant challenge for practical applications
of Te in FETs and IR photodetectors, considering that FETs rely
on high device repeatability and IR photodetector must manage
the strong thermal effects of IR light, respectively. 2) Low on/off
current ratios. Although the narrow bandgap of Te ensures high
photoresponsivity in IR region, it also results in low on/off cur-
rent ratios, which limits its performance as a channel material
in electronics, particularly in basic FETs. Additionally, the high
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thermally excited current density at room temperature leads to
a high dark current in Te-based IR photodetectors, resulting in
low specific detectivity. While decreasing the thickness of Te can
increase the bandgap and thus improve the on/off current ratios,
this comes at the cost of reduced hole mobility and consequently
lower on-state current. 3) Preparation of single-crystalline Te thin
films on a large scale. As introduced in this Review, methods such
as thermal evaporation, magnetron sputtering, and MBE have
been developed to synthesize wafer-scale Te thin films, but these
samples remain polycrystalline. The abundance of grain bound-
aries increases the probability of carrier scattering, reducing car-
rier mobility and causing additional heat dissipation. The poly-
crystalline nature of Te thin films also affects device performance
uniformity in large-scale production. Currently, the statistic per-
formance of wafer-scale Te device arrays made from these Te thin
films is significantly inferior to that of their n-type counterparts
made from wafer-scale, high-quality MoS2 thin films.[189,297]

Given that the application of Te in advanced devices is still in
its infancy but holds significant potential for shaping future elec-
tronics and optoelectronics, several research directions in device
design and material growth could be pursued to advance this field
in the near future. 1) Developing strategies to improve the ther-
mal stability of Te device. To address the thermal instability of
Te devices caused by channel sublimation due to its high vapor
pressure, proper encapsulation layers can be deposited onto Te to
mitigate its sublimation. However, unlike conventional Si tech-
nology, the absence of dangling bonds on the surfaces of vdW
materials makes it challenging to deposit high-quality traditional
insulating metal oxides (e.g., Al2O3, HfO2, and ZrO2) via ALD as
encapsulation layers for Te. Additionally, high-temperature an-
nealing should be avoided after deposition. Novel high-𝜅 dielec-
tric, such as perovskite membranes and vdW dielectrics, could
offer promising solutions.[298,299] As for the contact issue, metal-
lic vdW materials like graphene could be used as electrodes in-
stead of conventional metal to prevent interdiffusion at the con-
tacts. 2) Designing new device architectures to squeeze out the
performance limit of Te FET. The narrow bandgap of Te provides
high carrier density but results in low on/off current ratios at
room temperature. To enhance gate controllability while main-
taining a large on-state current in Te FETs, new transistor ar-
chitectures, such as GAA structure, could be explored to achieve
high-performance Te FETs with both large on/off current ratios
and high on-state current.[198–200] Moreover, the current shortest
channel length of Te FETs remains in the hundreds of nanome-
ters; developing ultrashort-channel Te FETs in the future could
push the technology to its quantum limit. These explorations
could help fairly assess the application potential of Te and pro-
mote its stable development. 3) Synthesizing single-crystalline Te
thin films on a wafer scale. Single-crystalline vdW semiconduc-
tor thin films offer superior device performance and uniformity,
but its synthesis remains a significant challenge. To grow high-
quality Te thin films, different material growth strategies, such as
substrate engineering, should be explored. Using substrate with
atomically flat surface could promote the uniform nucleation of
target thin films.[300–303] Additionally, growth parameters should
be carefully tuned to control the thickness of Te thin films and
achieve the desired bandgap. Theoretical calculations should be
conducted concurrently to uncover the growth physics and op-
timize the material growth process. 4) Designing and fabricat-

ing Te-based in-sensor/in-memory computing systems for the IR
region. The superior IR response of Te makes it a strong can-
didate for in-sensor computing systems operating in the long-
wavelength region, complementing systems that operate in the
visible range. Our group has previously reported the fabrication
of vdW heterostructure enabled by Te for in-sensor computing
systems in the optical communication band, though this work
remains at the single-device level.[124] In the future, with the suc-
cessful growth of high-quality Te thin films, hardware/software
codesign for Te-based in-sensor computing architectures is likely
to become a prominent research spot. Additionally, given the
demonstration of high-performance electrical switches enabled
by Te,[107] developing high-performance in-memory computing
systems could also be a promising research direction. 5) Exploit-
ing its intrinsic chirality to develop chiral devices based on Te.
Chirality is another intriguing property of Te, but chiral devices
based on Te have been rarely explored. For instance, CPL detec-
tion is crucial in many fields and conventional CPL detection
systems rely on redundant optical components.[304–307] Te nanos-
tructures with different chirality hold great promise for enabling
a highly compact CPL detection system. It is important to note
that the helical Te chains align along the c-axis, which is often
perpendicular to the substrate surface during growth. Therefore,
designing an effective CPL light-matter coupling strategy is a crit-
ical technical challenge that requires more thinking.
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