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ABSTRACT

Single-element  two-dimensional  (2D)  tellurium  (Te)  which  possesses  an
unusual  quasi-one-dimensional  atomic  chain  structure  is  a  new  member
in 2D materials family. 2D Te possesses high carrier mobility, wide tunable
bandgap,  strong  light-matter  interaction,  better  environmental  stability,
and strong anisotropy, making Te exhibit tremendous application potential
in  next-generation  electronic  and  optoelectronic  devices.  However,  as  an
emerging  2D  material,  the  research  on  fundamental  property  and  device
application of Te is still  in its infancy. Hence, this review summarizes the
most recent research progresses about the new star 2D Te and discusses its
future development direction. Firstly, the structural features, basic physical
properties,  and  various  preparation  methods  of  2D  Te  are  systemically
introduced. Then, we emphatically summarize the booming development
of 2D Te-based electronic and optoelectronic devices including field effect
transistors,  photodetectors  and  van  der  Waals  heterostructure  photodi-
odes. Finally, the future challenges, opportunities, and development direc-
tions of 2D Te-based electronic and optoelectronic devices are prospected.
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 1   Introduction

Over  the  past  decade,  two-dimensional  (2D)  materials,
such  as  graphene,  transition  metal  dichalcogenides
(TMDs),  black  phosphorus  (BP)  and  hexagonal  boron
nitride (h-BN), have inspired explosive research interests
in academic and industrial world [1–13]. Compared with
conventional 3D materials,  2D materials  are only a few
atomic layers thick, which endow them various unusual
optical,  electronic,  magnetic,  thermal  and  mechanical
properties  [14–17].  As  results,  2D  materials  have
displayed significant potential for numerous applications
like  electronics,  optoelectronics,  spin-electronics,  energy
conversation and storage, biomedicine, sensors,  environ-
ments, etc. [18–29].  Especially, the rich structures, high
carrier  mobility,  tunable  bandgap  and  strong  light-
matter  interactions  of  2D materials  enable  them one of
the  most  promising  candidates  for  building  high-perfor-
mance  electronic  and optoelectronic  devices  [30–35].  To
date,  2D  material-based  field  effect  transistors  (FETs)
have  achieved  a  leap  forward  in  small  size  and  low
power  consumption,  which  are  expected  to  further
extending  the  Moore’s  law  [36].  Moreover,  the  2D
photodetectors with high sensitivity, fast response speed,
low  noise,  and  wide  response  range  have  been  widely
explored  [37–47].  To  further  expand  the  research  in
these  fields,  exploring  new  2D  materials  with  superior
properties  and  building  their  novel  multifunctional
devices are the key projects in the 2D field.

Tellurium  (Te),  a  novel  single-element  2D  material,
has  attracted  great  research  interest  owing  to  its
unusual chiral helical-chain structure and accompanying
novel  optical  and  electrical  properties  [48, 49].  The
scarce p-type conduction feature together with the ultra-
high  carrier  mobility  (up  to  1000  cm2·V–1·s–1 at  room
temperature)  of  2D  Te  make  it  an  ideal  candidate  for
building  high-performance  electronic  devices  [50].  The
bandgap of 2D Te can be continuously modulated from

0.31  to  1.26  eV  with  the  thickness  down  from  bulk  to
single  layer,  this  wide-tunable  bandgap  enables  2D  Te
applicable  to  construct  the  broadband  photodetectors
[51]. The dangling-bond-free surface of 2D Te also allows
the design of heterostructures with atomic-level resolved
interfaces with diverse energy band alignments between
different  2D  materials,  which  would  bring  many  novel
properties and applications [52–55]. Moreover, the signif-
icant  linear  dichroism,  photoconductivity,  thermoelec-
tricity,  nonlinear  optical  response,  piezoelectricity,  and
topology  properties  of  2D  Te  provide  it  considerable
opportunities to fabricate novel multifunctional electronic
and  optoelectronic  devices  such  as  modulators,  logic
devices and polarization-sensitive photodetectors [56–64].
Importantly, the capable of large-scale synthesis and the
better  stability  of  2D  Te  endow  it  great  possibility  to
realize the above device applications.

Although there are some early reviews have described
the research progress of 2D Te [65–68],  the demand for
different functions of Te stimulate the booming develop-
ment  of  various  synthesis  techniques.  In  addition,  new
type  of  Te-based  electronic  and  optoelectronic  devices
have been further researched and developed during these
two  years.  Especially,  in  the  wake  of  the  deepening  of
Te  research,  many  new  challenges  and  opportunites
ahead for researchers, which will further motivate us to
devote persistent efforts. Hence, a timely comprehensive
review  is  of  special  significance  to  afford  the  latest
advances  and  perspectives  about  this  attractive  mate-
rial.

In this review, we give a systematical summary to the
research progress of 2D Te in recent years as schematically
shown in Fig. 1. Initially, we briefly introduce the structure
features, basic physical properties, and various preparation
methods of 2D Te. Additionally, we emphatically introduce
the booming electronic and optoelectronic applications of
2D  Te  including  FETs,  photodetectors  and  van  der
Waals  heterojunction  (vdWH)  photodiodes.  Finally,
current challenges and future perspectives regarding the
property exploration，controlled preparation and device
application of 2D Te are discussed.

 2   Structure and properties of tellurium

 2.1   Atomic structure

Combining  first-principles  calculation  and  experiment,
researchers found that Te should has three phase struc-
tures, including the hexagonal α-Te, the tetragonal β-Te
and the γ-Te, as shown in Figs. 2(a)–(c) [69]. Due to the
differences  in  cohesion  energy  (2.62  eV/atom  for α-Te,
2.56 eV/atom for β-Te and 2.46 eV/atom for γ-Te) and
phonon spectra, α-Te is the most stable phase structure
of few-layer Te at equilibrium state, and it can transform
into β phase  when  thickness  reduces  to  the  monolayer
limit [70]. The crystal structure of Te is composed of Te
atomic chains in a triangular helix that stacked together
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via vdW forces in a hexagonal array, and Te atoms form
covalent  bonds  with  only  the  two  nearest  neighbor  Te
atoms  in  the  helical  chain  [Figs.  2(d)–(f)]  [71].  The
unique in-plane asymmetric chiral chain structure of Te
crystal endows it strong anisotropic properties and many
novel physical properties that are different from those of
conventional  2D  materials.  Moreover,  the  quasi-1D
structure  feature  of  Te make it  can not  only  form into
the  2D  vdW  crystal,  but  also  form  into  the  1D  vdW
crystal, as discussed in the preparation section [72].

 2.2   Physical properties of tellurium

As an emerging member of 2D materials family, 2D Te
has  received  considerable  theoretical  and  experimental
studies for exploring its physical properties. It was found
that Te possesses excellent physical properties including
tunable  bandgap,  high  carrier  mobility,  strong
anisotropy, and better stability.

 2.2.1   Bandgap and carrier mobility

Density  functional  theory  (DFT)  has  been  used  to
explore  the  electronic  band  structure  of  monolayer  and
few-layer  Te  crystal.  It  was  found that  the  bandgap of
2D Te crystal can be significantly modulated via tuning
its  thickness  [73]. Figure  3(a)  presents  the  irreducible
Brillouin zone (BZ) of Te crystal, where the bandgap is
located  at  the  H  point.  Theory  calculations  show  that
bulk Te is a nearly direct bandgap semiconductor with a
bandgap  of  0.31  eV  [Fig.  3(b)],  while  bilayer  Te  is  an
indirect  bandgap  semiconductor  with  bandgap  of
1.17 eV [Fig. 3(c)]. As shown in Fig. 3(d), the band-edge
energy (conduction-band minimum (CBM) and valence-
band  maximum  (VBM))  of  Te  crystal  shows  linear
evolution as a function of thickness variation [74].

Owing to the thickness-tunable bandgap, 2D Te holds
great  promise  for  wide-band  optical  detection.  Using

 
Fig. 1  Overview of low-dimensional tellurium showing the fabrications, properties, and relevant device applications.
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DFT  calculations,  Wu et  al. and  Qiao et  al. [70, 73]
studied the light absorption of different layers β-Te and
α-Te,  respectively.  As  shown  in Fig.  3(e),  the  light
absorption  coefficient  of β-Te  shows  obvious  decrease

with  the  thickness  increase,  and  its  absorption  range
covers from 100 to 2000 nm. For α-Te, the absorbances
are  roughly  2%–3% per  layer  at  1.6  eV and  6%–9% at
3.2  eV,  which  are  nearly  twice  to  three-times  those  of

 
Fig. 2  Schematic  diagram of  the  structure  of  Te  crystal. (a–c) Top  and  side  views  of  Te  in  different  phase  structures:
(a) α-Te, (b) γ-Te and (c) β-Te [69]. (d–f) Atomic structures of Te (d) viewed from the x-axis, (e) single molecular chain,
and (f) viewed from the z-axis [71].

 
Fig. 3  Tunable bandgap. (a) Brillouin zone of bulk and few-layer α-Te. Energy band structure of (b) bulk and (c) bilayer
α-Te [73]. (d) Band-edge energy of CBM and VBM as function of layer numbers [74]. (e) Calculated light absorption coefficient
of bulk, few-layer and monolayer β-Te [70]. (f) Bandgap as a function of the biaxial strain (red line with circles), uniaxial
strains along armchair (black line with squares) and zigzag (blue line with triangles) directions, respectively [79].
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BP.  In  experiments,  Peng et  al. [75]  measured  the
absorption  spectrum  of  2D  Te,  where  the  absorption
cutoff wavelength is about 0.35 eV, consistent well with
the theory results. Note that the narrow optical bandgap
of 2D Te allows it to be utilized for broadband photode-
tection. In addition, researchers have also simulated the
absorption  spectra  of  Te  nanosheet  and  nanowire  by
using  the  time-domain  finite  difference  method,  and
found  that  the  morphology  of  Te  crystal  has  a  slight
affect to its light absorption.

As well known that applying strain to semiconductors
is an easy-to-implement routine method for tuning their
energy  band  structure  [76–78].  In  this  regard,  it  would
be  possible  to  further  modulate  the  bandgap  of  2D  Te
via  applying strain.  Zhu et  al. [79]  calculated the  band
structure of 2D Te under the biaxial strains as shown in
Fig.  3(f).  It  is  found  that  CBM  shifts  down  gradually
towards  the  Fermi  Level  as  the  tensile  strain  increases
from 0% to 6%, whereas VBM almost does not change,
resulting  in  the  bandgap reduction.  Moreover,  applying
a compress strain on 2D Te can also modulate its energy
band  structure.  Notably,  the  manner  of  strain  applied
on 2D Te has significant effect on its bandgap modula-
tion.  For  example,  the  tensile  strain  applied  along  the
armchair  direction  of  Te  crystal  shows  more  significant
modulation  to  the  bandgap  of  Te  than  that  along  the
zigzag direction [Fig. 3(f)]. On the other hand, monolayer
Te  undergoes  a  direct-to-indirect  bandgap  transition
under  the  compressed  strain,  which  could  greatly
improve  its  light  absorption  and  thus  expanding  the
scope of optoelectronic applications.

m∗
e m∗

h

Carrier  mobility,  which  reflects  the  rate  of  electrons
and holes  movement in a solid material,  is  another key
intrinsic property of 2D semiconductors that determines
whether they are promising for application in electronic
devices. Zhu et al. [80] estimated the carrier mobility of
Te using the phonon finite method. The calculated effective
mass  of  electron  and hole  are  = 0.47 me and  =
0.58 me,  respectively,  indicating  that  Te  may  possess
high  electron  and  hole  mobilities.  In  experiment,
researchers do achieve the high carrier mobility of 2D Te,
the  room  temperature  carrier  mobilities  can  up  to
hundreds to thousands of cm2·V–1·s–1 [50]. Qiao et al. [73]
found  that  the  carrier  mobility  will  increase  with
increasing layer thickness, the hole mobility along the y-
direction in 5 and 6 layers is very large, while the electron
mobilities are generally 1–2 orders of magnitude smaller
than the hole mobilities, and the mobilities along the z-
direction  are  generally  smaller  than  that  along  the y-
direction.

 2.2.2   Anisotropy property

The  properties  of  2D  materials  are  closely  related  to
their  lattice  symmetry.  Compared  to  the  high  isotropy
of high-symmetry 2D materials, low-symmetry 2D mate-

rials  usually  exhibit  strong  in-plane  anisotropic  proper-
ties,  which provide more degree of freedom for building
novel  multifunctional  devices  [81–83].  As  demonstrated
above,  Te  crystal  possesses  a  quasi-1D  chiral  helical-
chain structure with strong covalent bonds in z-axis and
vdW interaction in x and y-axis, which introduces it an
intrinsic geometric anisotropy. Xian et al. [84] calculated
the  energy  band  structure  of  Te  crystal  by  considering
spin-orbit  coupling  (SOC).  The  results  show  a  Dirac-
cone-like  dispersions  exist  at  P1  (along  the  ΓM1  direc-
tion)  in  the  BZ  as  indicated  by  the  blue  boxes  in Fig.
4(a).  Clearly,  the  energy  band  profile  around  P1  show
that  the  band  dispersions  are  highly  anisotropic  [Fig.
4(b)].  Qiao et  al. [73]  calculated the  absorption spectra
of  Te  crystal  with  different  layers  along the x, y and z
directions.  Taking  the  bilayer  Te  as  an  example,  the
absorbance measured under incident light linearly polarize
along y and z directions is larger than that along x direc-
tion.  In  addition,  Wang et  al. [56]  studied  the
anisotropic optical properties of 2D Te by measuring the
differential reflection (ΔR) at different sample direction
θ,  as  shown  in Fig.  4(d).  Clearly,  the  ΔR show  a
pronounced angle dependence, the maximum and minimum
values  are  obtained  when θ equals  90  and  0°,  respec-
tively.  Angle-resolved  polarization  Raman  spectroscopy
was  also  utilized  to  reveal  the  anisotropy  of  2D  Te  as
shown in Fig. 4(e) [50]. Clearly, the four primary Raman
peaks located at 94, 105, 125 and 143 cm–1 show periodic
variation  with  polarization  angle  modulate  from  0  to
180°,  suggesting  strong  in-plane  anisotropy  of  Te.
Furthermore,  DFT  calculation  has  confirmed  that  the
effective carrier mass of both electron and hole in different
lattice  directions  of  Te  crystal  show  obvious  difference
[79], suggesting the strong anisotropic electrical transport
properties.  The  above  results  demonstrate  that  2D  Te
with strong optical and electrical anisotropy is beneficial
to develop novel optoelectronic devices.

 2.2.3   Stability

As a new 2D material, the structure and environmental
stability  of  Te  is  a  key  issue  for  its  applications.  Zhu
et al. [79] studied the kinetically thermodynamic stability
of  Te  via  theory  calculation. Figure  5(a)  shows  the
phonon  band  dispersions  of  Te  and  the  displacement
patterns corresponding to the six optical modes of the Γ
point,  which  illustrate  the  different  characteristics  of
bond  stretching  and  bending.  Clearly,  there  is  no  soft
phonon modes in the computed phonon dispersion spec-
trum of Te, suggesting that the Te is kinetically stable.
Moreover,  they  also  investigated  the  thermodynamic
stability  of  Te  using  the  ab  initio  molecular  dynamics
(MD) calculations at finite temperature, and found that
the  equilibrium  structures  of α-Te  and β-Te  are  very
stable  up  to  room  temperature,  while γ-Te  became
unstable at about 200 K. Take β-Te as an example, its
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atomic structure shows a tiny change at room tempera-
ture, revealing the high structural rigidity [Fig. 5(b)]. To
access the air-stability of Te, Qiao et al. [73] studied the
interaction between α-Te and O2 or H2O molecule. Fig.
5(c)  shows  the  schematic  atomic  structure  of
physisorbed O2 [Fig. 5(c) left] and H2O [Fig. 5(c) middle]
on  bilayer α-Te  as  well  as  the  energy  potential  of
physisorbed  O2 on  bilayer α-Te  in  the  most  stable
configuration [Fig.  5(c) right].  It  can be found that the
energy barrier of O2 adsorbed on bilayer α-Te can up to
0.85  eV  and  even  to  0.94  eV,  which  is  sufficient  to
prevent α-Te being oxidized at ambient conditions.  For
H2O, its adsorption energy on bilayer α-Te is –0.29 eV,
several  tens  of  meV stronger  than that  on  BP and the
intermolecular  interaction  energy  of  H2O,  which  results
in α-Te slightly hydrophilic (contact angle of 76°).

 2.2.4   Chiral property

2D  Te  crystal  possesses  an  unusual  chiral  helix-chain
structure, which result in complex band structures with
Weyl  crossings  and  unique  spin  textures  that  bring
novel  gyrotropic  properties.  As  early  as  1960,  Nomura

discovered  the  strong  optical  rotatory  power  of  Te  via
measuring levo- and dextrorotatory Te crystal by single-
beam double-pass infrared spectrometer [85]. Asnin et al.
[86]  forecasted  a  novel  circular  photogalvanic  effect  in
Te via theory calculations, which deserve further explo-
ration  in  experiment.  Moreover,  the  current-induced
electronic magnetization effect was observed in bulk Te
by using nuclear magnetic resonance measurements [87].
This  effect  is  attributed  to  spin  splitting  of  the  bulk
band owing to the lack of inversion symmetry in trigonal
Te. In addition, the lack of mirror and inversion symmetries
also result in a unique radial spin texture in the Te band
structure. Recently, the all-electrical generation, manip-
ulation, and detection of chirality-dependent spin polar-
ization  were  achieved in  single-crystalline  Te nanowires
by recording a large and chirality-dependent unidirectional
magnetoresistance [88]. The orientation of the electrically
generated  spin  polarization  is  determined  by  the
nanowire  handedness  and  uniquely  follows  the  current
direction, while its magnitude can be manipulated by an
electrostatic  gate.  What’s  more,  the  topological  phase
transition  from  a  trivial  semiconductor  to  a  Weyl
semimetal  is  under  applied  external  pressure  when  the

 
Fig. 4  (a) Band structure of square Te. Inset: Zoom-in of the band structure in a small region around the semi-Dirac cone
at P1 as indicated by a blue box. (b) Band contour for the bottom conduction band (upper panel) and the top valence band
(lower panel)  in the first  BZ. Bottom. SOC is  included for all  results  [84]. (c) Optical  absorption spectra of  2L-α-Te as a
function of the polarization direction of the incident light along x, y and z [73]. (d) Peak differential reflection signal as a
function of θ which is the angle between the long side of the sheet and the horizontal direction in the laboratory configuration
[56]. (e) Angle-resolved polarization Raman spectra of 2D Te (thickness: 13.5 nm) [50].
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spin-polarized uppermost valence bands and conduction
band  are  inverted  across  the  bandgap  [89, 90].  As
demonstrated  above,  2D  Te  provides  an  ideal  platform
for  exploring  novel  chiral-related  polarization  optics,
multiferroics, and spintronics.

 3   Preparation approach of tellurium

The controlled preparation of 2D Te with desirable size,
morphology, thickness,  and crystal quality is significant
for  the  investigation  of  their  properties  and  potential

 
Fig. 5  (a) Phonon band dispersions of Te crystal (left panel) and the corresponding displacement patterns of the six optical
modes at Γ point: ZA, TA, LA, TO, LO and ZO (right) [79]. (b) Snapshots of ab initio MD simulations of monolayer Te
annealing at temperature of 300 K for 0, 0.5 and 1 ps [79]. (c) Atomic structures of physisorbed O2 and H2O on bilayer α-Te
(left) and energy profile of the reaction pathway for O2 on α-Te (right) [73].
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applications. Many synthesis methods have been developed
to  obtain  high-quality  Te  nanostructures  with  different
morphologies,  including  solution  synthesis,  liquid  phase
exfoliation,  chemical  vapor  deposition  and  physical
vapor deposition.

 3.1   Solution synthesis

The  low-dimensional  Te  reported  in  most  of  works  are
prepared  by  the  solution  synthesis  method  which  is  a
relatively simple method that have been used to synthesize
various  2D  TMDs  in  large-scale  [91–93].  The  solution
synthesis of low-dimensional Te crystal was achieved via
a  reduction  reaction  between  Na2TeO3 and  hydrazine
hydrate, and the polyvinylpyrrolidone was used to turn
the morphology of Te. During the synthesis process, Te
goes  through a gradual  transition from 1D nanowire  to
2D  nanosheet  with  increasing  time,  as  schematically
shown  in Fig.  6(a)  [50].  This  morphology  evolution
process is mainly due to the balance between kinetic and
thermodynamic  growth  that  determines  the  structural

transition.  So,  we  can  selectively  prepare  the  2D  Te
nanosheets via prolong the synthesis time. At the initial
growth  stage,  the  products  are  primary  1D  nanostruc-
tures, then the 1D Te nanostructure gradually transform
into  2D  Te  nanostructure.  Finally,  2D  Te  flakes  were
obtained with the reaction time extending. The obtained
2D Te nanosheets have better dispersibility in deionized
water, which is beneficial to fabricate the flexible electronic
devices  via  ink-jet  printing  [94–96].  The  domain  size  of
obtained Te nanosheets, with average thickness about 10
nm,  is  in  the  range  of  10–50  μm.  Moreover,  the  Te
nanosheets have relative high crystal quality and better
air stability. Thus, Te nanosheets synthesized by solution
method have been widely utilized to fabricating electronic
and optoelectronic devices reported recently [71, 97, 98].
Usually,  few  Te  nanowires  are  mixed  with  the  2D  Te
nanosheets, but they can be removed by centrifugation.

 3.2   Liquid-phase exfoliation

Liquid-phase exfoliation (LPE) is a powerful method for

 
Fig. 6  (a) Schematic  diagram of  hydrothermal  synthesis  of  Te nanosheets  and the morphological  evolution from 1D Te
structures to 2D Te structures (top); optical images of solution-grown Te nanosheets (bottom left), scale bar is 20 μm. Inset
is the digital photograph of Te solution dispersion; AFM image of a typical 2D Te nanosheet and the corresponding height
profile, scale bar is 1 μm (bottom right) [50]. (b) Schematic diagram of the CVD growth of low-dimensional Te crystal with
SnTe2 as Te precursor and the corresponding morphology of Te grown at different temperatures (top); schematic diagram of
the CVD growth process with TeO2 as Te precursor (bottom), and the OM image of obtained 2D Te nanosheets [75, 107].
(c) TEM and AFM image of liquid phase exfoliated Te nanosheets [102]. (d) Schematic diagram of PVD growth of 2D Te
nanosheets (first from left); OM image of 2D Te hexagonal nanoplates, scale bar is 30 μm (second from left); schematic of the
controlled phase transition process (second from right); polarized light microscopy image of the Te films (10 nm) crystallized
at 0 °C (first from right) [111, 112].
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the  scaled-up  fabrication  of  ultrathin  nanosheets  form
bulk  layered  materials.  Dispersing  them in  solvent  is  a
direct  and  effective  way  to  reduce  the  interlayer  vdW
force, which allows the LPE method possible to achieve
industrialization and commercialization due to its  high-
yield  mass  production  [99–101].  Xie et  al. [102]  for  the
first  time,  obtained  ultrathin  2D  Te  nanosheets  using
LPE. Firstly, Te powder was dissolved in isopropyl alcohol
solvent, and then the mixture was transferred to a plastic
tube  followed  by  probe  sonication  at  200  W ultrasonic
power.  Finally,  the  mixture  was  further  subjected  to
water-bath sonication at 400 W power to obtain 2D Te
nanosheet  solutions.  Transmission  electron  microscopy
(TEM) and atomic force microscope (AFM) images [Fig.
6(c)]  of  2D  Te  nanosheets  obtained  by  LPE  show  the
lateral  dimension  in  a  broad  range  from  41.5  to
177.5 nm with thicknesses ranging from 3.4 ± 0.3 to 6.4 ±
0.2 nm. Obviously, the preparation of Te nanosheets via
LPE  has  a  relatively  poor  controllability  including  the
size  and  thickness,  especially,  the  grain  size  is  much
small,  which  are  unfavorable  to  its  device  applications.
We  suggest  that  several  factors  including  ultrasonic
energy, favorable anisotropic characteristics and solvent-
nanosheet  interactions  of  bulk  materials  should  be
considered in future LPE preparation for improving the
stripping efficiency and controllability.

 3.3   Chemical vapor deposition

Chemical vapor deposition (CVD) is one of the represen-
tative  bottom-up  approaches  for  fabricating  traditional
semiconductor films and various 2D layered and nonlayered
materials [103–105]. Recent years, CVD growth has also
been  utilized  to  prepare  high-quality  2D  Te  in  large-
scale. Figure  6(b)  (top  left)  shows  the  schematic
diagram of CVD preparation of Te where SnTe2 powder
was  used  as  the  Te  source  and  Si  was  used  as  growth
substrate [75].  It  was found that the Te crystals  grown
at  different  temperatures  show  different  morphologies.
As  shown  in Fig.  6(b)  (top  right),  2D  Te  nanosheets
with the length and thickness ranging from 20 to 80 μm
and 20 to  200 nm,  respectively,  were  grown at  400 °C.
In contrast,  1D Te nanowires with length ranging from
10 to 50 μm and diameter around 200 nm are obtained
at  200  °C.  This  is  reasonable  as  the  Te  crystal  itself
possesses  the  intrinsic  quasi-1D  structure.  At  the  low-
temperature  region,  the  Te  crystal  preferentially  grow
into 1D nanowire due to the low surface energy of Te in
[001]  direction.  At  the  middle-  and  high-temperature
regions,  2D  Te  nanosheets  are  primarily  obtained.
Notably, the Te nanosheets grown at the middle-temper-
ature  region  are  mostly  rectangular  morphology,  while
that grown at the high-temperature region are primarily
pentagonal  or  hexagonal  morphology.  Clearly,  tuning
the  growth  temperature  should  be  an  effective  way  to
controllably  synthesize  1D  and  2D  Te.  Beside  SnTe2,
In2Te3 was also utilized as Te precursor for CVD growth

of  Te crystals  [106].  Notably,  such metal  Te precursors
would introduce extra elements into the growth system,
which  is  unfavorable  to  the  growth  of  high-quality  2D
Te. Zhai et al. [107]  reported synthesis  of  2D Te flakes
on mica substrate  using CVD growth with TeO2 as  Te
precursor  and  H2 as  the  reducing  atmosphere.  The  as-
grown  2D  Te  flakes  have  regular  triangle  morphology
with a uniform thickness of only 5 nm as shown in Fig.
6(b)  (bottom  right).  It  needs  to  be  note  that  the  H2
plays  a  key  role  in  the  growth  process  of  2D  Te  as
schematically shown in the bottom left of Fig. 6(b). The
presence of H2 promotes the formation of an intermediate
transition state (denoted as TeO2 + H2) that induced by
a hybrid action of O 2p of TeO2 and H 1s of H2. In addi-
tion,  the  formation  of  H2O as  an  intermediate  product
at  the  stage  of  another  intermediate  transition  state
(Te + H2O) is  conducive  to  the  frame composed of  Te
atoms  and  ultimately  2D  layered  Te  flakes  formation.
All  in  all,  CVD  growth  is  a  convenient  and  effective
method for the large-scale preparation of high-crystal 2D
Te. Of course,  it  is  still  challenging to precisely control
over the thickness and morphology of the 2D Te film.

 3.4   Physical vapor deposition

Physical  vapor  deposition  (PVD)  is  another  typical
bottom-up method for  the preparation of  2D materials.
PVD growth usually requires high purity source as well
as high vacuum environment, the solid or liquid precursors
evaporate  in  the  form of  atoms  or  molecules,  and  then
transports to the target substrate where it condenses or
deposits [108–110]. As Te is a single-element 2D materi-
als, PVD growth was recently widely used to synthesize
2D Te nanosheets. Apte et al. [111] reported the synthesis
of 2D Te nanosheets via PVD growth as shown in Fig.
6(d) (first from left). Pure Te bulk as precursor is placed
in  a  quartz  boat  at  the  high  temperature  zone,  and
SiO2/Si  substrate  is  located  at  the  low  temperature
growth zone. The growth of 2D Te flakes were achieved
at 450  °C  for  30  min  with  Ar  as  carrier  gas.  The
obtained  Te  flakes  have  a  thickness  of  0.85  nm,  corre-
sponding  to  three  atomic  layers  [Fig.  6(d)  second  from
left].  Moreover,  Zhao et  al. [112]  explored  the  kinetics
and dynamics of the crystallization of thermally evaporated
Te  films  for  its  large-area  single-crystal  preparation.
They  found  that  thermally  evaporated  Te  possesses  an
intriguing crystallization behavior,  where an amorphous
to  crystalline  phase  transition  happens  at  near-ambient
temperature.  By  controlling  the  crystallization  process,
the authors demonstrated the low-temperature processing
of  highly  crystalline  Te  films  with  large  grain  size  and
preferred  out-of-plane  orientation  ((100)  plane  parallel
to  the  surface).  As  results,  large-area  2D  Te  film  with
crystalline grain size up to 6 μm are prepared on various
substrates  including  glass  and  plastic.  Lu et  al. [113]
reported  the  synthesis  of  2D Te  films  on  pre-patterned
SiO2/Si  substrate  by  using  pulse-laser-assisted  PVD.
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They  obtained  centimeter-scale  2D  Te  films  with
uniform  thickness  and  high  crystal  quality.  Moreover,
molecular  beam  epitaxy,  a  PVD  approach  with  more
precise  control,  was  used  to  synthesize  2D  Te  film  on
various substrates such as mica, graphene and germanium
[114].  Hence,  PVD  growth  offers  a  large  freedom  for
modulate  the  crystal  quality,  thickness,  and  size  of  2D
Te  nanosheets,  which  is  beneficial  to  promote  the  Te-
based optoelectronic device applications.

 4   Tellurium-based electronic and
optoelectronic devices

Owing  to  the  high  carrier  mobility,  p-type  conductor

feature and wide-tunable bandgap,  2D Te is  considered
as  one  of  the  most  promising  candidates  for  building
high-performance  electronic  and  optoelectronic  devices.
In this section, we primarily discuss the recent research
progresses  of  Te-based  electronic  devices  and  photode-
tectors.

 4.1   Tellurium-based electronic devices

FET is an important electronic component in integrated
circuits. In order to further extend the Moore’s law, 2D
materials (such as graphene, BP, and TMDs) which can
effectively  avoid  the  short-channel  effect,  have  been
widely  used  as  semiconductor  channel  to  replace  the
traditional Si channel [115, 116]. As discussed above, the

 
Fig. 7  (a) Schematic diagram of structure 2D Te-based FET [130]. (b) Transfer curve of a typical long-channel 2D Te-
based FET with a thickness of 7.5 nm. (c) Statistic on/off ratio (orange triangles) and carrier mobility (gray circles) of 2D
Te-based FET as a function of thickness [50]. (d) Schematic illustration of Te-based FET with global bottom-gate structure
on h-BN/SiO2/Si substrate. (e) Carrier mobility of 2D Te-based FET extracted from the transfer curves under the bias voltage
of 10 mV. Inset: Optical image of a typical Te-based FET on h‑BN/SiO2/Si. (f) Summary of carrier mobility of the Te crystal
and other 2D materials reported in literature [117]. (g) Device structural diagram of 2D Te-based FET with the semimetal
1T′-WS2 as contacts. (h) Output curves of the 2D Te-based FET under different gate voltage. (i) Statistical carrier mobility
distribution of the 2D Te-based FETs. (j) Band structures of all-vdW semimetal-semiconductor contacts,  where ΦSB,n and
ΦSB,p refer to Schottky electron barrier and Schottky hole barrier, respectively [127].
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excellent physical properties of 2D Te together with the
capable  of  large-scale  preparation  enables  it  an  ideal
candidate  for  building  high-performance  FETs. Figure
7(a) presents the schematic structure of Te-based FETs.
In 2018, Wang et al. [50] for the first time explored the
electrical transport properties of solution-synthesized 2D
Te FET. The device exhibits a p-type conductor feature
with slight bipolar due to the narrow bandgap of Te [Fig.
7(b)].  Moreover,  the  on-off  ratio  of  the  device  is  about
106 and the carrier mobility up to 700 cm2·V–1·s–1 at Te
thickness of 16 nm [Fig. 7(c)], which is better than most
of  conventional  2D  materials.  However,  the  mobility
greatly reduces with the thickness decreasing due to the
susceptibility  of  thinner  Te nanosheet  to  the  interfacial
charge impurities and surface scattering.

In  view of  this,  Yang et  al. [117]  reported  the  direct
growth of high-quality Te nanoribbons on atomically flat
h-BN substrate and the fabrication of high-performance
Te-based FET, as shown in Fig. 7(d). The h-BN dielectric
substrate  not  only  provides  a  dangling  bond-free  ultra-
flat  surface  for  the  growth  of  high-quality  Te  nanorib-
bons, but also reduces scattering centers at the interface
between  the  channel  material  and  the  dielectric  layer.
As  results,  the  FET device  achieved  an  ultra-high  hole
mobility  up  to  1370  cm2·V–1·s–1 at  room  temperature
[Fig.  7(e)],  this  value  is  higher  than  that  of  the  well-
known 2D TMDs [Fig. 7(f)]. In addition, Qin et al. [118]
prepared  BN-encapsulated  Te  nanowires  via  physical
vapor  transport  method,  the  diameter  of  Te  nanowires
can  be  modulated  by  controlling  the  inner  diameter  of
BN  nanotubes.  Compared  with  bare  Te  nanowires  on
SiO2,  BN-encapsulated Te nanowires exhibit a dramati-
cally enhanced current-carrying capacity with a current
density of 1.5 × 108 A·cm–2 which exceeds that of most
semiconducting nanowires. Moreover, to further improve
the performance of Te-based FETs, alumina-encapsulated
2D  Te  film  was  prepared  via  magnetron  sputtering  at
low  temperature  of  150  °C  [119].  The  aluminum  oxide
(Al2O3) encapsulation layer assists the growth of hexagonal
Te  crystals  by  stabilizing  the  interface  and  enlarge  the
crystal  size  of  Te  film,  resulting  in  greatly  improved
FET performance. Compared to the unpackaged device,
the  off-current  is  reduced  by  a  factor  of  more  than 70,
enabling  an  on-off  ratio  of  5.8×105 and  a  subthreshold
swing of 6.5 V·dec–1.

Improving  the  contact  between  semiconductor  and
metal electrode is also an effective means to enhance the
FET performance. Due to the Fermi level pinning effect
and the metal induced gap of metal electrodes, semicon-
ductor  devices  are  easily  plagued  by  high  Schottky
barriers of metal-semiconductor contacts, especially for p-
type  semiconductors  [120].  2D  materials  with  atomic-
scale thickness are more susceptible to contact interface
traps, lattice defects and chemical interactions [121–125].
Therefore,  in  order  to  construct  high-performance  Te-
based FETs, it  is  necessary to design suitable electrode

contacts to lower the Schottky barrier. Recently, Wang
et al. [126] calculated the interfacial  properties between
Te and a series of 2D metals by first-principles calcula-
tions.  They found that  the metallic  2D NbS2 and TaS2
can  form  p-type  ohmic  contacts  with  monolayer α-Te,
suggesting  that  2D  metal  as  contact  electrode  may  be
beneficial  to  building high-performance Te-based FETs.
In  experiment,  Zhang et  al. [127]  designed  a  Te-based
FET with full vdW contacts by using the 2D semimetal
1T'-WS2 as  contact  electrodes,  as  schematically  shown
in Fig.  7(g).  The  output  characteristic  curve  of  the
device  shows  good  linearity,  indicating  that  an  ohmic
contact is  formed between electrode and Te [Fig.  7(h)].
Moreover,  the  Te-based  FET exhibit  a  much high  hole
mobility up to 1304 cm2·V–1·s–1 [Fig. 7(i)], indicating the
great  improvement  of  the  device  performance  via  the
contact  optimization.  The  device  performance  enhance-
ment is  attributed to  the high work function (4.95 eV)
of the semimetal 1T′-WS2, which matches well with the
VBM  of  Te  [Fig.  7(j)],  forming  a  near-zero  Schottky
potential  base.  Moreover,  similar  performance  improve-
ments were achieved by choosing semimetal  PdTe2 and
PtTe2 as  contact  electrodes  of  the  Te-based  FET [128,
129].  From  the  above  research  works,  we  can  see  that
the Te-based FET exhibit excellent performance including
ultrahigh  mobility  and  large  on-off  ratio,  and  that  can
be  further  improved  by  improving  the  material  quality
as well as optimizing the electrode contact.

 4.2   Tellurium-based photodetectors

Owing  to  the  strong  light-matter  interaction,  wide-
tunable bandgap, and air stability of 2D Te, it has been
widely utilized to building broadband photodetectors. In
general,  the  photocurrent  generation mechanisms of  2D
Te-based photodetectors are photoconductive, photogating
or photo-thermoelectric  effects.  The metrics  to evaluate
the performance of photodetectors including responsivity
(R),  specific  detectivity  (D*),  response  spectrum  range,
response  time,  external  quantum  efficiency  (EQE),
photoconductive  gain  (G)  and  noise  equivalent  power
(NEP).  In  the  following  subsections,  we  systematically
introduce  the  booming  development  of  2D  Te-based
photodetectors.

Since Te is a heavily doped narrow bandgap semicon-
ductor  with  superior  conductivity  and  heavy  atomic
mass,  Te  has  excellent  thermoelectric  properties  and
thus  can  be  developed  as  a  thermoelectric  device  [58,
131].  Recently,  Qiu et  al. [132]  reported  a  Te-based
photodetector  working  by  the  photo-thermoelectric
effect. Figure  8(a)  shows  the  schematic  diagram  of  the
device structure, where the thermoelectric current gener-
ates between the two metal contacts via locally heating
the Te channel with a 633 nm laser to create temperature
gradient. When the laser illuminates the left side of the
channel, the local temperature of this side will be higher
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than the right. In this regard, the carrier concentration
at  the  left  end  will  also  be  higher,  which  creates  a
density gradient and the diffusion current flows from left
to  right,  as  described  in Fig.  8(b).  Similarly,  when  the
laser spot moves to the right, the thermoelectric current
will  flip  the  sign.  The  thermoelectric  current  can  be
observed in the whole channel as in Fig. 8(c) and gradually
changes from positive to negative values.

Tong et al. [63] reported a 2D Te-based photodetector
for  polarized  infrared  (IR)  photodetection  and  imaging
as schematically shown in Fig. 8(d). A large anisotropic
ratio  of  Te  ensures  polarized  imaging  in  a  scattering
environment, with the degree of linear polarization over
0.8, opening up possibilities for developing next-generation
polarized  mid-infrared  (MIR)  imaging  technology.
Subsequently,  the  same  group  prepared  the  Te-based

photodetector  with  simultaneous  action  of  photogating
effect and photoconductive effect [75]. As shown in Fig.
8(e),  the  Te-based  photodetector  exhibit  a  broadband
photoresponse  from  visible  (Vis)  (500  nm)  to  MIR
(2500  nm),  which  corresponding  will  with  its  narrow
bandgap. Moreover, the photocurrent and G are closely
dependent on the power intensity [Fig. 8(f)],  the G can
up to about 5600. The relationship between photocurrent
and power intensity could be fitted through a non-linear
function, Iph = cpk. The fitting result (k = 0.79) implying
that  the  device  under  laser  illumination  is  affected  by
the photogating effect, electron–hole generation, trapping
and  recombination  processes.  The R and D* of  the
photodetector  under  1550  nm  laser  irradiation  up  to
6650 A/W and 1.23 × 1012 Jones, respectively. Moreover,
the rise and fall times of the photodetector are 31.7 and

 
Fig. 8  (a) Schematic diagram of the Te-based photodetector, where two Ni electrodes were used as contact and a 633 nm,
He–Ne laser was used to heat up the Te flake locally. Inset: OM image of the device, the scale bar is 10 μm. (b) The principle
of LITE mapping. (c) The LIFE current mapping of the real device. The inset is the optical image of the same device [132].
(d) Schematic of the crystal structure of Te with a helical chain formed by three adjacent tellurium Atoms [63]. (e) Photoresponse
spectrum of Te-based photodetector under 500 to 2500 nm laser illumination with a power intensity of 0.01 mW·mm–2 at Vds
of 0.1 V. (f) Photocurrent and G versus power intensity under 1550 nm laser illumination. (g) Time-resolved photoresponse
of  Te  nanowire  photodetector  under  1550  nm laser  illumination  [75]. (h) The  detection  mechanism of  the  Te  detector  in
different bands [130]. (i) Contour plots of transfer curves measured at different light intensity in 80 K, Vds = 1 V [107].
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25.5  μs,  respectively  [Fig.  8(g)],  which  is  one  of  the
fastest speeds among the photoconductive IR detectors.
Ma et al. [130] further extended the photoresponse of Te-
based  photodetector  to  millimeter  wavelengths,  and
found  that  the  photocurrent  generation  at  Vis  and  IR
bands is owing to the photoconductive mechanism, while
that  at  terahertz  and  millimeter  wavelengths  is
attributed to the electromagnetic trap effect. A positive
photoconductance is observed in the Vis and IR bands,
while negative photoconductance is observed in the tera-
hertz  and  millimeter  wave  bands  [Fig.  8(h)].  Moreover,
Zhang et al. [107] found that the Te-based photodetector
exhibit a better gate-dependent photoresponse as shown

in Fig. 8(i).
To sum up, Te-based photodetectors have demonstrated

ultra-high  R,  wide  response  band,  fast  response  speed
and  diverse  physical  mechanisms.  The  photodetection
performance  can be  further  improved by enhancing  the
light–matter  interaction  and  constructing  vdWHs  as
discussed below.

 4.3   Tellurium-based photodetector with enhanced
light–matter interactions

Integrating 2D Te with nano-optical structures is consid-
ered to be an effective way to enhance the light absorption

 
Fig. 9  (a) Schematic diagram of the waveguide-integrated Te photodetector. Inset: View of the Te crystal structure along
the  [0001]  axis. (b) NEP  of  the  detector  as  a  function  of  device  channel  length  and  Te  thickness  [134]. (c) Schematic
diagram of  the structure of  the optical  cavity-coupled 2D Te SWIR photoconductor. (d) Absorption of  the Te layer with
fixed thickness of 18 nm as a function of wavelength and Al2O3 thickness. (e) R of 2D Te coupled with optical cavities with
different  Al2O3 thicknesses  [71]. (f) UV-Vis-NIR  absorption  spectra  of  Te  nanotubes,  Bi  QDs  and  Te/Bi  heterostructure.
(g) Plasma intensity of Te/Bi heterostructure with different Bi thickness and carrier doping levels (left) and absorption spectra
of pure Te and Te/Bi heterostructure (right). (h) Photoresponse of the Te/Bi heterostructure photodetector under different
wavelength light illumination in 0.5 M KOH aqueous solution at Vds = 0 V [139].
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of  Te  and  thus  improve  the  performance  of  Te-based
photodetectors.  2D  Te  crystal  has  naturally  passivated
surfaces without suspended bonds, and the vdW interac-
tions replacing covalent bonds in the out-of-plane direc-
tion. This structure feature allows 2D Te easily integrate
with  various  photonic  structures,  such  as  waveguides,
optical  microcavities  and  surface  plasmons,  which  is
beneficial  to  further  improve  its  photodetection  perfor-
mance.

Optical  waveguides  are  used  to  enhance  the  light
absorption of 2D materials by increasing the interaction
distance  with  the  swift  waves  propagating  along  the
waveguide  [133].  As  shown  in Fig.  9(a),  Deckoff–Jones
et al. [134] designed a Te-based photodetector integrated
with chalcogenide glass waveguides via theoretical simu-
lation.  They  found  that  the  waveguide  integration
extends  the  spectral  range  of  Te  to  the  MIR,  and  the
signal-to-noise ratio is improved by four orders of magni-
tude  as  shown in Fig.  9(b).  The NEP values  are  much
higher than the best values previously reported for inte-
grated detectors in MIR waveguides. Hence, the integration

of  Te  crystal  with  waveguide  strategy  provides  an
opportunity  to  build  high-performance  integrated  MIR
photodetectors. We think it would be realized in future
experiments as the chalcogenide glass could be deposited
directly  on  2D  materials  crystal  at  room  temperature
and  designed  into  patterns  for  using  as  wave-guiding
media [135]. Moreover, Amani et al. [71] used an optical
cavity  substrate  consisting  of  Au/Al2O3 to  limit  the
incident light to a small volume by circulating the resonant
light  inside  it,  thereby  significantly  increasing  the
absorption of Te and realizing a high-performance short
wave infrared (SWIR) photodetector. The device structure
is  shown  in Fig.  9(c),  where  Te  with  thickness  range
from  16–20  nm  as  the  channel,  and  an  optical  cavity
consisting  of  a  thick  Au  film  (100  nm)  and  an  Al2O3
dielectric spacer layer is utilized to enhance the absorp-
tion. The simulated optical absorption of Te as a function
of  wavelength  and  Al2O3 thickness  [Fig.  9(d)]  suggests
that the absorption peak can be tuned over a wide spectrum
range  by  adjusting  the  thickness  of  Al2O3 cavity.  As
shown  in Fig.  9(e),  the  cutoff  wavelength  of  the  Te
photodetector  can  be  tuned  to  3.4  μm,  fully  capturing

 
Fig. 10  (a) Schematic diagram of the structure and optical image of Te/MoSe2 vdWH photodetector. (b) Photoresponse
of Te/MoSe2 device under different wavelength illumination. Inset: Schematic diagram of the separation prosses of photogenerated
carries  at  the  interface  of  Te/MoSe2 heterojunction. (c) Schematic  diagram  of  polarization-sensitive  Te/MoSe2 vdWH
photodetector. (d) The polarized photocurrent of Te/MoSe2 device for the wavelength of 405 nm at room temperature [140].
(e) Schematic  diagram of  the structure of  Te/InSe vdWH photodetector. (f) I–V curves  of  Te/InSe vdWH photodetector
illuminated by light with wavelength from 300–1000 nm [98]. (g) Schematic of the structure of the Te/MoS2 vdWH photodetector
[141]. (h) Schematic of the structure of the Te/graphene vdWH photodetector [142]. (i) Schematic of the structure of the
Te/Si vdWH photodetector. (j) Photoresponse of Te/Si vdWH photodetector under different wavelength light illumination
[146]. (k) Schematic  diagram  of  a  Te/Si  vdWH  photodetector  and  digital  photograph  of  a  device  matrix  with  35  ×  35
photodetectors. (l) Spatial distribution of the corresponding responsivity of Te/Si vdWH photodetector [113].
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the SWIR band.
Plasma  excitation  enhancement  is  another  route  to

enhance  the  light  absorption  of  semiconductor,  and  it
has  been  widely  utilized  to  elevate  the  performance  of
2D materials-based photodetector [136–138]. Zhang et al.
[139]  prepared  a  Te-based  photodetector  by  coating
metallic  Bi  quantum  dots  (QDs)  on  Te  nanotubes,
where the electromagnetic waves induced by Bi QDs can
enhance  the  light  absorption  of  Te. Figure  9(f)  shows
the  UV-Vis-NIR  absorption  spectrum  of  the  Te@Bi
photodetector,  the  optical  absorption  at  the  UV region
(200–400 nm) is significantly enhanced. DFT calculations
show  that  the  plasma  intensity  increases  with  the  Bi
QDs thickness increase, as thicker Bi structure leads to
stronger  metallic  character  [left  side  of Fig.  9(g)].  In
comparison  with  the  pristine  Te,  the  absorption  of
Te@Bi heterojunction in UV region can be significantly
increased  by  carrier  injection  [right  side  of Fig.  9(g)],
especially  for  the  hole  injection  situation.  As  a  result,
the Te@Bi heterojunction photodetector shows prominent
photoresponse  with  high  stability  at  the  UV  region
[Fig. 9(h)].

 4.4   Tellurium-based vdW heterostructure
photodetectors

As  demonstrated  above,  the  high  carrier  mobility  and
wide-tunable  bandgap  make  Te  exhibit  great  potential
in photodetection application. However, the high carrier
mobility, large carrier density and relative weak absorption
of  Te  lead  to  Te-based  photodetectors  suffer  from  the
large dark-current and low D*, which are innate problems
of  photoconductive  detector.  Recently,  researchers  have
devoted  to  the  development  of  Te-based  vdWHs  with
distinct  mechanism  by  integrating  2D  or  1D  Te  with
other  2D  materials  for  achieving  high-performance
photodetection and more attractive new features.

 4.4.1   2D Te-based vdW heterostructure
photodetectors

In recent years, a series of 2D Te-based vdWH photode-
tectors have been reported. Zhao et al. [140] proposed a
novel  polarization-sensitive  self-powered  imaging
photodetector  with  high  performance  based  on  a  Te/
MoSe2 vdWH [Fig. 10(a)]. Thanks to the strong built-in
electric  field  brought  by  energy  band  alignment,  the
device shows a high rectification ratio of 104, indicating
a  photovoltaic  effect. Figure  10(b)  shows  the  self-
powered character of the device at different wavelength,
the  photocurrent  can  change  immediately  with  better
stability  when  the  light  switched  between  on  and  off.
Especially, an ultra-high photocurrent switching ratio of
105 can be achieved under a relatively weak light intensity
at the wavelength of 405 nm. The photodetector exhibits

obvious  polarization-sensitive,  the  anisotropy  ratio  of
photocurrent can reach as high as 16.39 [Figs. 10(c and
d)].  Besides,  InSe/Te  vdWH  photodetector  was  also
fabricated  [Fig.  10(e)],  forming  a  typical  type-II  band
alignment. The built-in electric field directed from InSe
to Te, which enables a record high forward rectification
ratio greater than 107 [98]. The device shows a broadband
photoresponse from 300 to 1000 nm [Fig. 10(f)], and the
on-off  ratio of photocurrent exceeds 104 under Vis light
(400 nm) illumination. Yao et al. [141] reported a high-
performance type-I Te/MoS2 vdWH photodetector [Fig.
10(g)]. The device selects Pd with high work function as
Te  contact  electrode  to  reduce  the  Schottky  barrier
height and thus improve the hole  transport,  Cr is  used
to  form  ohmic  contact  with  MoS2,  and  h-BN dielectric
with  dangling  bondless  surface  as  substrate  to  reduce
the scattering of Te/MoS2 heterojunction. As results, the
device exhibits well-behaved FET properties with a high
on/off  ratio  of  107 and  a  steep  subthreshold  swing  of
150  mV·dec–1,  as  well  as  obvious  photoresponse  during
the whole SWIR region (980–3000 nm). Peng et al. [142]
constructed  a  Te/graphene  vdWH  photodetector,
achieving  a  fast  response  time  (28  μs)  and  broadband
photoresponse  from  Vis  to  MIR  (637–3808  nm)  [Fig.
10(i)].  Specifically,  the  device  can  be  used  for  room
temperature  blackbody  detection  with  peak-detection-
rate up to 3.69 × 108 Jones.

Besides  above  all-2D  heterojunctions,  the  dangling-
bond-free  surfaces  of  2D  materials  also  enable  vdW
interaction with different dimensional materials, forming
mixed-dimensional  vdWH  [143–145].  As  shown  in Fig.
10(i),  a  p–n  photodiode  based  on  2D  Te  and  3D  Si
mixed-dimensional  vdWH  with  type-I  band  alignment
was constructed [146]. The device exhibits a broadband
photoresponse from UV (325 nm) to NIR (1064 nm) and
achieves the largest photoresponse at 808 nm light irra-
diation  [Fig.  10(j)].  In  particular,  the  detector  exhibits
excellent  self-powered  performance  with  an  ultra-low
dark  current  of  only  2  pA  and  an  ultra-high Ilight/Idark
ratio of  over 105.  Lu et al. [113]  constructed large-scale
Te/Si 2D/3D heterojunction arrays by using high-quality
centimeter-scale Te nanofilms by pulsed laser deposition
[Fig.  10(k)].  The  average R,  EQE and D* of  the  Te/Si
vdWH photodetector reach 249 A/W, 76350% and 1.15 ×
1011 Jones,  respectively.  In  addition,  the  large-scale
device  arrays  exhibited  similar  performance  with  100%
productivity  for  100  randomly  tested  devices  as  shown
in Fig.  10(l).  Cao et  al. [147]  investigated  tunneling
heterojunctions  consisting  of  2D  Te  and  non-layered
In2S3. The Te/In2S3 vdWH possess a type-II band align-
ment,  and it  can be transformed into type-I or type-III
band alignment  depending  on  the  applied  electric  field,
which  allows  tunable  tunneling  of  the  photoinduced
carriers. The device combines the advantage of the high
G  from  the  photo-gating  effect  of  In2S3 and  the  fast
response (5 ms) of the tunneling heterojunction.
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 4.4.2   1D Te-based vdW heterostructure
photodetectors

Owing to the quasi-1D structure feature of Te crystal, it
can  not  only  form  into  2D  nanosheets  but  also  easily
form  into  quasi-1D  nanowires  during  its  preparation.
Hence,  many  novel  Te-based  photodetectors  with
intriguing properties have been constructed by combining
1D Te nanowires with various 2D materials.  Han et al.
constructed a mix-dimensional vertical vdWH by trans-
ferring  mechanically  exfoliated  2D  WS2 nanosheets  on
epitaxially  grown  1D  Te  [Fig.  11(a)]  [148].  The  photo-
generated  carrier  transport  process  of  Te/WS2 hetero-
junction under light illumination is schematically shown
in Fig. 11(b), where a type-II energy band alignment is
formed.  The  separation  of  photogenerated  electron-hole
pairs  in  the  depletion  region  of  WS2 and  Te  interface
driven by the built-in electric  field forms the photocur-
rent.  Notably,  the  photocurrent  generation  mechanism
of most Te-based vdWH photodetectors is analogous. As
shown in Fig. 11(c), the photoresponse of the photodetector
shows negligible degradation after 300 cycles of light on-
off switching, indicating an excellent stability. Tao et al.

[149] proposed a mixed dimensional vdWH of 1D Te and
2D  ReS2 [Fig.  11(d)].  The  type-II  heterojunction  can
improve  the  injection  and  separation  efficiency  of
photoexcited  electron-hole  pairs.  So,  the  heterojunction
device  has  both  ultrafast  optical  response  (5  ms)  and
high  R  (180  A/W).  Furthermore,  the  1D  Te  and  2D
Bi2O2Se  heterodiode  with  type-Ⅱ band  alignment  [Fig.
11(e)]  achieved  a  high  rectification  ratio  of  3.6  ×  104,
especially  they  obtained  a  super-linearity  photoelectric
conversion  phenomenon  that  can  be  explained  by  a
super-linearity model based on an intra-gap trap-assisted
complex [150].

Recently, several studies have endeavored to improve
the applicability of Te-based photodetectors by modifying
materials,  substrates,  or  depositing  charge-regulation
medium.  For  example,  Zhao et  al. [151]  selected  the
bipolar 2D MoTe2 to construct heterojunctions with 1D
Te nanowires  [Fig.  11(f)].  Due  to  the  bipolar  nature  of
MoTe2, forward rectifying and reverse rectifying charac-
teristics can be achieved by applying different gate volt-
ages. As a result, the device shows distinct gate-tunable
photoresponse  at  positive  and  negative  gate  voltages.

 
Fig. 11  (a) Schematic diagram of the structure of Te/WS2 vdWH photodetector. (b) Carrier transport dynamic of Te/
WS2 vdWH photodetector  under  light  illumination. (c) Photoresponse  of  Te/WS2 vdWH photodetector  under  light  on-off
switching  of  300  cycles  [148]. (d) Schematic  diagram  of  the  structure  of  Te/MoTe2 vdWH  photodetector.  Inset:  Atomic
structure of MoTe2 and Te crystals [151]. (e) Schematic diagram of the structure of the Te/C60/Sb2Se3 photodetector [152].
(f) Schematic diagram of the structure of the Te/ReS2 vdWH photodetector [149]. (g) Schematic diagram of the structure of
the  Te/Bi2O2Se  vdWH device  [150]. (h) Schematic  diagram of  a  flexible  hybrid  structure  of  Te  nanowires/Te  film  based
photodiode device arrays, the zoomed-in images show a single FET device and a 3D section of a single flexible FET device
with device layer labels [153].
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Zhang et  al. [152]  fabricated  a  Te/Sb2Se3 vdWH
photodetector as shown in Fig. 11(g). By depositing C60
between Te and Sb2Se3 as the charge regulation medium,
a  novel  binary  photocurrent  signal  output  phenomenon
depending on wavelengths and optical power densities is
observed. These works provide a new pathway to fabricate
multifunctional Te-based optoelectronic device, indicating
Te-based vdWH devices are expected to utilized in next-
generation  broadband  optoelectronic  devices  with  light-
controlled  logic  signal  recognition  function.  Moreover,
large-area  flexible  Te-based  FET  device  arrays  were
constructed via depositing 1D Te nanowires and 2D Te
films on a flexible substrate to form the mix-dimensional
heterostructure  [153].  These  devices  show  stable  and
uniform electrical, optical, and photoelectrical properties,
exhibiting  great  potential  of  Te  in  large-scale  flexible
optoelectronic device applications.

In summary, constructing Te-based vdWH is an effective
way to improve the photodetection performance such as
D* and response rate. Especially, the mixed-dimensional
vdWH provides more degree of freedom to the selection
of  materials  and  thus  can  compensate  for  the  intrinsic
weakness of 2D Te crystals to realize their full potential.
Moreover,  compared with  photoconductive  Te photode-
tectors,  Te-based  vdWH  photodiodes  have  a  built-in
electric  field,  which  helps  to  separate  and  collect
photogenerated carriers  to  shorten the response time of
the  detector.  To  facilitate  a  clear  comparison,  the
figures‑of‑merit for Te-based photodetectors are listed in
Table 1.

 5   Conclusion and perspectives

Within just a few years, there has been a rapid surge of

interest  and  tremendous  progress  for  the  attractive
single-element  2D  Te  material.  Besides  the  communal
properties  similar  to  other  2D  materials,  the  unusual
chiral helical-chain structure of Te endows them abundant
exciting  physicochemical  properties,  such  as  wide-
tunable  bandgap,  high  carrier  mobility  and  inherent
strong  anisotropy.  As  a  result,  it  has  been  shown  to
have potential for a wide range of important applications
including FET, inverter, broadband polarization-sensitive
photodetector,  and  photodiode.  Despite  it  has  achieved
considerable  research  progresses  and  been  revealed
extraordinary  application  potential,  the  research  about
2D Te is still  in its infancy stage, and many challenges
and  opportunities  about  its  property,  preparation  and
device application deserve to be further explored. There
are mainly include the following aspects.

 5.1   Property

Since the first preparation of 2D Te, a series of excellent
properties  have  been  discovered.  For  example,  2D  Te
possess a scare p-type conduction feature and an ultrahigh
carrier mobility (thousands of cm2·V–1·s–1),  which make
it  an  ideal  candidate  for  constructing  high-performance
FETs and logic devices. The strong light-matter interaction
together  with  the  wide  tunable  bandgap  of  2D  Te  are
highly  desired  for  building  broadband  optoelectronic
devices.  The  low  crystal  symmetry  of  Te  makes  it  an
anisotropic  2D  material  which  exhibits  strong
anisotropic  electrical,  optical,  vibrational,  thermal,  and
magnetic properties. These unique properties of Te open
up  excellent  potential  for  designing  conceptually  new
devices  where  the  strong  anisotropic  properties  are
required. Certainly,  the anisotropy ratio of  Te needs to
be further enhanced to fulfill the real applications, which

Table  1  Performance of Te-based photodetectors.

Device Responsivity (A/W) Detectivity (Jones) On/off ratio Response time Spectral range (nm) Refs.

2D Te 15 1.24×108 104 / 532 nm [107]
2D Te 986 1.19×1010 / 2.5 μs Vis to millimeter wave [130]
2D Te 2.53 4.68×108 / [75]
1D Te 6650 1.23×1012 / 25.5 μs 500–2500 nm [75]
2D Te/MoSe2 2106 2.91×1013 105 22 ms 405–808 nm [140]
2D Te/InSe 0.45 1013 104 600 μs 300–1000 nm [98]
2D Te/MoS2 28.4 2.7×1010 107 / 980–3000 nm [141]
2D Te/Gra 0.0964 1.04×109 103 28 μs Vis to MIR [142]
2D Te/In2S3 146 2.1 ×1011 105 3 ms 405–808 nm [147]
2D Te/Si 6.49 7.79×1012 105 26 ms 325–1064 nm [146]
2D Te/Si 249 1.15×1011 108 4.4 ms 370.6–2240 nm [113]
1D Te/WS2 471 1.24×1012 52 14.7 ms 400–750 nm [148]
1D Te/MoTe2 3.0×104 4.9×1011 / 4.8 ms 520, 940, 1310 nm [151]
1D Te/Sb2Se3 110.8 1010-1013 / 31 ms 405–4500 nm [152]
1D Te/ReS2 180 7.2×109 103 5 ms Vis [149]
1DTe/Bi2O2Se 130 2.5×1011 104 330 μs 405, 532, 635 nm [150]
1D Te/2D Te 30 5.11×1011 104 2.37 s 405, 532, 638 nm [153]

TOPICAL REVIEW FRONTIERS OF PHYSICS

Tao Zhu, et al., Front. Phys. 18(3), 33601 (2023)   33601-17

 



could be realized by applying strain or coupling with the
anisotropic  plasma  nanostructures.  Especially,  the
unusual  chiral  helical-chain  structure  reflects  a  unique
feature of Weyl cones and can support helicity-dependent
photocurrent  generation,  providing  significant  opportu-
nities  for  exploring  the  novel  chirality-related  optical,
electrical,  and  chemical  properties  in  the  2D  system.
Moreover,  the  flexible  mechanical  properties  and  heavy
atomic mass in 2D Te led to a large in‑plane piezoelectric
coefficient and excellent thermoelectric properties, which
provides more choices for physical properties research.

 5.2   Preparation

Large-scale, high-quality 2D Te materials with different
morphologies  have  been  prepared  by  various  methods,
including  solution  synthesis,  LPE,  CVD,  and  PVD,
which promotes the development of  Te-based electronic
and  optoelectronic  device  applications.  However,  the
preparation  of  2D  Te  to  satisfy  the  high-performance
device  application  still  faces  many  problems  and  chal-
lenges.  For  example,  most  of  2D  Te  crystals  used  in
presently  reported  devices  are  prepared  by the  solution
synthesis  method  which  usually  led  to  the  low  crystal
quality  of  Te.  In  contrast,  vapor  phase  deposition
growth  can  prepare  high-quality  2D  Te  in  large-scale,
but  it  is  difficult  to  control  the  morphology,  thickness,
and  crystal  face.  Just  like  a  coin  with  two  sides,  the
quasi-1D  vdW  structure  feature  of  Te  endow  it  many
novel  properties,  but  that  also  make  Te  easily  grown
into  1D nanowire,  and  the  obtained  2D Te  has  several
different  crystal  faces.  To  date,  it  is  still  lacking  a
controllable  way  to  selective  obtain  1D  or  2D  Te  with
specified  crystal  face.  Hence,  it  is  necessary  to  further
develop  effective  vapor  deposition  growth  strategies  to
realize  the  morphology,  thickness,  and  crystal  face
controllable  preparation  of  Te  crystals.  Moreover,  the
strong anisotropy of  2D Te makes its  large-scale device
applications  have  higher  requirements  for  the  lattice
orientation than that of other isotropy 2D materials, as
the  random  orientations  of  Te  grains  prepared  via
present approaches inevitably bring heterogeneous prop-
erties. Hence, developing effective approaches to synthesize
large-scale 2D Te with uniform orientation and controllable
thickness  is  highly  desired,  and  that  should  be  the
primary  task  in  future  research  work.  Furthermore,  we
suggest  that  more  theory  simulation  about  Te  crystal
growth  should  be  emphasized,  which  could  guide  its
controllable synthesis. We believe, once the above goals
are  achieved,  the  fundamental  properties  and  device
performances  of  CVD-grown Te would have huge room
to be further improved.

The quasi-1D vdW structure and the distinctive prop-
erties  of  2D Te  offer  both  opportunities  and  challenges
for the integration of them with other 2D TMDs materials
to build many novel low-dimensional nanostructures for

engineering their interface structures, energy band struc-
tures,  properties,  and  device  applications.  Though
initially  progresses  have  been  achieved  in  all  above
aspects,  they  are  far  away  from  the  expectations,  and
thus  further  in-depth  studies  are  required.  All  in  all,
controlled  preparation  is  the  key  that  determines  the
future of Te.

 5.3   Device application

Thanks  to  the  superior  properties  and  the  successful
preparation  of  2D  Te,  its  electronic  and  optoelectronic
device applications have gottem a booming development
in  recent  years,  a  series  of  Te-based  devices  have  been
fabricated  such  as  FETs,  photodetectors,  and  photodi-
odes.  It  was  found  that  the  2D  Te-based  FET  show
outstanding  performance  compared  with  other  2D
TMDs in terms of the carrier mobility and on-off ratio,
and the 2D Te-based photodetectors superior performance
such as high R, broadband response, especially the ability
to detect polarized light. To further improve the perfor-
mance of 2D Te-based devices,  h-BN encapsulation, 2D
semi  metallic  materials  as  contact  electrodes  and nano-
optical  structures  integration  were  developed.  Though
great progresses have been achieved on the 2D Te-based
electronic  and  optoelectronic  devices,  these  researches
are still in the preliminary stage of exploration.

For the Te-based FET, the performance still has great
room to be further enhanced by optimizing the channel
length, electrode contacts as well as the dielectric layer.
In addition, combining the p-type 2D Te with the other
n-type  2D  TMDs  could  build  tunable  multivalue  logic
inverters. For the Te-based photodetector, present studies
are mainly focused on the Vis to NIR band, the development
of  ultra ‑broadband  (UV  to  terahertz  band)  devices  is
highly  preferred.  An  in-depth  understanding  of  the
photocurrent  generation  and  carrier  recombination
mechanisms  of  Te-based  photodetector  is  needed  for
further  improving  the  performance.  The  anisotropic
ratio  of  Te-based  polarization-sensitive  photodetector  is
relative larger that of most of anisotropic 2D TMDs, but
it  still  has  a  large  gap  to  the  reality  application.  We
think  there  are  several  possible  strategies  can  improve
the  anisotropic  ratio:  i)  construct  vdWH;  ii)  integrate
with anisotropic plasma nanostructures, iii) apply uniaxial
strain. The novel chirality-related optical and electronic
properties  are  also  directly  applicable  of  Te to  helicity-
sensitive optoelectronics devices to detect circular-polar-
ization optical. Moreover, 2D Te-based vdWH photode-
tectors are formed mostly by type-II energy band align-
ment, and the physical mechanism is mainly the photo-
voltaic  effect.  So,  it  is  necessary  to  explore  Te-based
vdWH  photodetectors  with  new  device  structures,
diverse  band  alignments  and  physical  mechanisms  in
future research. 2D Te can be easily integrated with on-
chip  structures,  such  as  waveguides,  photonic  crystals,
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and  metasurfaces,  to  further  enhance  optoelectronic
responses,  which  is  worth  more  investigation.  Finally,
the  exploration  of  2D  Te  in  photothermal  devices  and
blackbody  detection  devices  are  still  deficient,  it  is
necessary to further explore the mechanism and optimize
the device structure to enhance their performance.

In a word, the above features that enable 2D Te to be
unique and deserve to be studied in depth. Herein, Te is
just a more general  representation of  group-VIA single-
element  2D  crystals  or  those  similarly  low-symmetry
single-element 2D materials. We believe that this review
article will promote the exploration of 2D materials and
accelerate the development of materials science.
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